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ABSTRACT

Since the Industrial Revolution, the intensity of human activities has increased exponentially,
particularly during the Great Acceleration, which began approximately in 1950. This unprecedented
growth has led to observable perturbations in the Earth system, which have been grouped and
quantified in nine planetary boundaries that delimit “a safe operating space for humanity”. The
introduction of novel entities — contaminants released due to anthropogenic activities— into
the environment is one of the most recently quantified boundaries, though still with significant
uncertainties. Anthropogenic organic chemicals are arguably the most concerning among the
novel entities. Due to their particular physicochemical properties, these compounds may exhibit
persistence, bioaccumulation, potential for long-range transport, and toxicity; properties that
define persistent organic pollutants (POPs) and are commonly used as criteria for their risk
assessment and regulation. Their ubiquitous presence in the environment poses a threat to the
well-being of all organisms, a threat that has long been insufficiently acknowledged.

The global ocean is often the main sink of these contaminants. As a vital component of
the Earth system, it sustains life through numerous processes, which may be compromised by
the presence of anthropogenic pollutants. In the marine environment, classic pollutants such
as polychlorinated biphenyls (PCBs) or polycyclic aromatic hydrocarbons (PAHs), have been
intensively studied, whereas the same cannot be said for emerging contaminants, such as the
organophosphate esters (OPEs) or per- and polyfluoroalkyl substances (PFAS). Nevertheless,
several knowledge gaps remain for both cases, particularly regarding their persistence and fate in
the often poorly addressed remote regions, where more field measurements are urgently needed.

The interaction between marine microorganisms and organic contaminants under oceanic
conditions has been particularly overlooked. Marine bacteria play a key role in carbon and nutrient
cycling, sustaining marine biogeochemical cycles and the food web. Their high metabolic activity
makes them important drivers of the fate of organic contaminants composing the anthropogenic
dissolved organic carbon (ADOC), as demonstrated in highly polluted sites like oil spills. However,
their role in processing background contaminant concentrations in the open ocean remains
poorly studied. More field-based research is needed to understand the implications of this
two-way interaction, where microbes might influence the fate of organic contaminants, while
anthropogenic contaminants may shape microbial communities. Such insights are essential for
proper risk assessment of organic contaminants in the global ocean.

The central working hypothesis of this thesis is that background concentrations of organic
contaminants, which are ubiquitously present in the oceans, significantly affect the composition
and functioning of marine microbial communities, while the microbial loop modulates ADOC pool
concentrations through biodegradation. To explore this, the general objective was to investigate
the microbial biogeochemistry of key families of organic contaminants relevant to the global
ocean, such as PAHs, OPEs, and PFAS, ensuring that the obtained results were as representative
as possible of real oceanic conditions. A particular focus was placed on remote areas, such as the
coastal Antarctica and the open ocean.



To achieve this, data was obtained from field measurements and field experiments,
combining the direct measurement of contaminant concentrations with metagenomic data of
microbial communities and, whenfeasible, datafor other environmentally relevant physicochemical
and biological parameters. More specifically, two time series analyses were performed using
field data on environmental concentrations of PAHs and PFAS over three austral summers (from
2014 to 2018) on two Antarctic Peninsula islands, Livingston and Deception. Additionally, data
on microbial community composition by 16S rRNA gene amplicon sequencing was analyzed, and
multivariate approaches and other statistical tests were applied to assess the potential interactions
between environmental concentrations of contaminants and microbial community composition.
Furthermore, a similar approach was applied in another study using already published data on PAH
concentrations and 16S amplicon sequencing from the Malaspina circumnavigation expedition,
which covered the tropical and temperate oceans. This study also included the identification of an
aromatic hydrocarbon-degrading gene in metagenomic datasets and its use as a biomarker for
PAH biodegradation at background environmental levels, employing a bicinformatics approach
we developed for this purpose. Lastly, the potential for OPE biodegradation in the Atlantic and
Southern Oceans was addressed through a study in which six field experiments were conducted
during two oceanographic campaigns carried out during this thesis. OPE concentrations were
measured, alongside bacterial production rates and other parameters to gain insights into the role
of biodegradation as an oceanic sink for OPEs in the surface ocean.

The results of this thesis provide the largest database of concentrations of PAHs and
PFAS in coastal Antarctica, showing a large temporal and spatial variability that was partially
attributed to inputs from snowmelt and geographical features of the Livingston and Deception
Islands. The assessment of PAH biogeochemical features revealed increased biodegradation
following large snowmelt inputs, suggesting that bacterial activity — and consequently, the extent
of PAH biodegradation —, depended on snowmelt input. Regarding PFAS, a preferential decrease
of sulfonated compounds was observed, suggesting a potential role of microbial-mediated
desulfurization as a PFAS sink. The concurrent assessment of contaminant concentrations and
microbial communities revealed significant correlations between amplicon sequence variants
(ASVs) and chemical compounds for PAHs and PFAS, further highlighting the potential mutual
interaction even at background concentrations. However, results also indicated that other
environmental factors play an important role, evidencing the complexity of biogeochemical
controls under low concentrations of contaminants.

The identification of the aromatic ring hydroxylating dioxygenase gene in the Genome
Taxonomy Database (GTDB) and the Malaspina Vertical Profiles Gene Database showed that the
potential for aromatic hydrocarbon degradation is distributed across multiple branches of the
bacterial and archaeal phylogenomic trees and is present throughout the temperate and tropical
ocean. Results showed a negative correlation between gene abundance and the concentration of
the low molecular weight fraction of the PAHs, as well as a higher gene abundance in the particle-
attached fraction associated with lower PAH concentrations in plankton. Furthermore, background
concentration levels of PAHs were found to be significant factors in explaining the variation in the
bacterial community composition, together with other previously described environmental factors
such as temperature, nutrient concentrations, and planktonic biomass.



Field experiments on OPE exposure revealed asignificant decrease related to biodegradation
for two highly hydrophobic OPEs with aromatic moieties in the Atlantic Ocean after 48 hours.
Moreover, the increase in protein production activity of heterotrophic bacteria significantly
correlated with greater OPE depletion, highlighting the role of a biological process behind this
observation. Overall, the results of this study represent the first report of OPE biodegradation field
experiments conducted in the open ocean, where naturally occurring microbial communities were
challenged to environmentally relevant concentrations of OPEs. These findings pave the way for
future research on the fate and microbial biogeochemistry of these compounds in the surface
ocean under real environmental conditions.

Overall, this thesis evidences that the concurrent characterization of contaminants and
microbial communities through field-based measurements is a powerful approach for obtaining
results that accurately represent real environmental conditions. Our findings suggest that
environmental levels of organic contaminants, although not having the same driving force as other
environmentalfactors, should stillbe considered as arelevant factor significantly influencing marine
microbial communities. Similarly, microbial-mediated degradation was found to be a potential
oceanic sink for emerging contaminants. These results raise new questions regarding the extent
of biodegradation and the potential effects of organic contaminants on marine biogeochemical
cycles, which future research must address. Understanding the complex biogeochemistry of
these contaminants is crucial for conducting accurate risk assessments, particularly in the current
and future context of increasing production and release of anthropogenic compounds, and the
intensification of other environmental stressors derived from climate change.



RESUM

Des de la Revolucié Industrial, la intensitat de les activitats humanes ha augmentat
exponencialment, particularment durant la Gran Acceleracié, que va comencar aproximadament
el 1950. Aquest creixement sense precedents ha portat a pertorbacions observables en el
sistema terrestre, que s’han agrupat i quantificat en nou limits planetaris que delimiten “un
espai operatiu segur per a la humanitat”. La introduccié de noves entitats —contaminants
alliberats a causa d'activitats antropogéniques— al medi ambient és un dels limits quantificats
més recentment, encara que amb incerteses significatives. Els productes quimics organics
antropogenics son sens dubte els més preocupants entre les noves entitats. A causa de les
seves propietats fisicoquimiques particulars, aquests compostos poden presentar persisténcia,
bioacumulacié, potencial de transport de llarga distancia i toxicitat; propietats que defineixen als
contaminants organics persistents (COPs) i s'utilitzen comunament com a criteris per a la seva
avaluaci6 i regulacio6 de riscos. La seva preséncia omnipresent en el medi ambient suposa una
amenaga per al benestar de tots els organismes, una amenaga que durant molt de temps ha estat
insuficientment reconeguda.

L'ocea global és sovint el principal embornal d’aquests contaminants. Com a component
vital del sistema terrestre, sosté la vida a través de nombrosos processos, que poden veure's
compromesos per la preséncia de contaminants antropogénics. En el medi mari s’han estudiat
intensament contaminants classics com els bifenils policlorats (PCBs) o els hidrocarburs
aromatics policiclics (PAHs), mentre que no es pot dir el mateix dels contaminants emergents,
com els ésters organofosforats (OPEs) o les substancies per- i polifluoroalquilades (PFAS). No
obstant aix0, queden diverses llacunes de coneixement per a tots dos casos, en particular pel
que fa a la seva persisténcia i el seu desti en les regions remotes, sovint mal abordades, on es
necessiten urgentment més mesures de camp.

La interacci6 entre els microorganismes marins i els contaminants organics en condicions
oceaniques ha estat especialment ignorada. Els bacteris marins tenen un paper clau en el cicle
del carboni i els nutrients, sostenint els cicles biogeoquimics marins i la xarxa alimentaria. La
seva alta activitat metabolica els converteix en importants impulsors del desti dels contaminants
organics que componen el carboni organic dissolt antropogénic (ADOC), com es demostra en
llocs altament contaminats com els vessaments de petroli. No obstant aixo, el seu paper en el
processament de les concentracions de contaminants de fons a l'ocea obert segueix sent poc
estudiat. Es necessita més investigacié basada en el camp per comprendre les implicacions
d’aquesta interaccié bidireccional, on els microbis poden influir en el desti dels contaminants
organics, mentre que els contaminants antropogénics poden donar forma a les comunitats
microbianes. Aquests coneixements sén essencials per a una avaluacié adequada del risc dels
contaminants organics en l'ocea global.

La hipotesi de treball central d'aquesta tesi és que les concentracions de fons de
contaminants organics, els quals es troben de manera omnipresent en els oceans, afecten
significativament la composicié i el funcionament de les comunitats microbianes marines,
mentre que el bucle microbia modula les concentracions dels compostos que componen el ADOC
a través de la biodegradacié. Per explorar-ho, l'objectiu general era investigar la biogeoquimica
microbiana de families clau de contaminants organics rellevants per a l'ocea global, com els PAHSs,



OPEs i PFAS, assegurant que els resultats obtinguts fossin el més representatius possible de les
condicions oceaniques reals. Es va posar un focus particular en arees remotes, com I'Antartida
costanera i I'ocea obert.

Per aconseguir-ho, es van obtenir dades a partir de mesures de camp i experiments de camp,
combinant la mesura directa de concentracions de contaminants amb dades metagenomiques
de comunitats microbianes i, quan fos factible, dades per a altres parametres fisicoquimics i
biologics rellevants ambientalment. Més especificament, es van realitzar dues analisis de séries
temporals utilitzant dades de camp sobre les concentracions ambientals de PAH i PFAS durant tres
estius australs (de 2014 a 2018) en dues illes de la Peninsula Antartica, Livingston i Deception. A
més, es van analitzar dades sobre la composicié de la comunitat microbiana per seqiienciacio
d’amplicon gen 16S rRNA, i es van aplicar enfocaments multivariants i altres proves estadistiques
per avaluar les interaccions potencials entre les concentracions ambientals de contaminants i la
composicio de la comunitat microbiana. A més, es va aplicar un enfocament similar en un altre
estudi utilitzant dades ja publicades sobre les concentracions de PAHs i la seqiienciacié d'amplicon
16S de I'expedicié de circumnavegacio de Malaspina, que cobria els oceans tropicals i temperats.
Aquest estudi també va incloure la identificacié d'un gen de degradacié d’hidrocarburs aromatics
en conjunts de dades metagenomiques i el seu Us com a biomarcador per a la biodegradacié de
PAHSs a nivells ambientals de fons, utilitzant un enfocament bioinformatic que hem desenvolupat
per a aquest proposit. Finalment, es va abordar el potencial de la biodegradaci6é dels OPE als
oceans Atlantic i Austral mitjangant un estudi en el qual es van realitzar sis experiments de camp
durant dues campanyes oceanografiques realitzades durant aquesta tesi. Es van mesurar les
concentracions d'OPEs, juntament amb les taxes de produccié bacteriana i altres parametres per
obtenir informacio sobre el paper de la biodegradacié com a embornal oceanic per a les OPEs en
l'ocea superficial.

Els resultats d’aquesta tesi proporcionen la base de dades més gran de concentracions
de PAHs i PFAS a I'Antartida costanera, mostrant una gran variabilitat temporal i espacial que es
va atribuir parcialment a les entrades de fosa de neu i caracteristiques geografiques de les illes
Livingston i Deception. L'avaluacié de les caracteristiques biogeoquimiques dels PAHs va revelar
un augment de la biodegradacié després de grans entrades de fosa de neu, el que suggereix que
I'activitat bacteriana - i en conseqliéncia, I'extensio de la biodegradaci6 dels PAHs -, depenia de
I'entrada de fosa de neu. Pel que fa als PFAS, es va observar una disminucié preferencial dels
compostos sulfonats, suggerint un paper potencial de la desulfuracié mediada per microbis com
a embornal de PFAS. L'avaluacioé concurrent de concentracions de contaminants i comunitats
microbianes va revelar correlacions significatives entre les variants de sequiencia d’amplicon
(ASVs) i els compostos quimics per als PAHs i PFAS, destacant encara més la interaccié mutua
potencial fins i tot en concentracions de fons. No obstant aixo, els resultats també van indicar
que altres factors ambientals tenen un paper important, evidenciant la complexitat dels controls
biogeoquimics sota baixes concentracions de contaminants.

La identificacio del gen dioxigenasa hidroxilant de I'anell aromatic a la base de dades
Genome Taxonomy Database (GTDB) i la base de dades de gens de Perfils Verticals de Malaspina
va mostrar que el potencial de degradacié d’hidrocarburs aromatics es distribueix a través de



multiples branques dels arbres filogenomics bacterians i arqueobacterians i esta present a tot
l'ocea temperat i tropical. Els resultats van mostrar una correlacié negativa entre I'abundancia
del gen i la concentraci6 de la fraccié de baix pes molecular de les PAHSs, aixi com una major
abundancia del gen en la fraccié particulada associada amb concentracions més baixes de PAH
en el plancton. A més, es va trobar que els nivells de concentraci6 de fons dels PAHs eren factors
significatius per explicar la variacié en la composicié de la comunitat bacteriana, juntament
amb altres factors ambientals descrits anteriorment com la temperatura, les concentracions de
nutrients i la biomassa planctonica.

Els experiments de camp sobre I'exposicié a OPEs van revelar una disminucio significativa
relacionada amb la biodegradacié per a dues OPEs altament hidrofobes i amb substituents
aromatics a I'Ocea Atlantic després de 48 hores. A més, 'augment de l'activitat de produccio
de proteines de bacteris heterotrofs es va correlacionar significativament amb un major
esgotament dels OPEs, destacant el paper d’'un procés biologic darrere d'aquesta observacio.
En general, els resultats d’aquest estudi representen el primer informe d'experiments de camp de
biodegradacié d'OPEs realitzats en l'ocea obert, on les comunitats microbianes d'origen natural
van ser desafiades a concentracions ambientalment rellevants d’'aquets compostos. Aquests
resultats aplanen el cami per a futures investigacions sobre el desti i la biogeoquimica microbiana
d’aquests compostos en l'ocea superficial sota condicions ambientals reals.

En general, aquesta tesi evidencia que la caracteritzacié concurrent de contaminants
i comunitats microbianes a través de mesures basades en el camp és un enfocament potent
per obtenir resultats que representen amb precisié6 condicions ambientals reals. Els nostres
resultats suggereixen que els nivells ambientals de contaminants organics, encara que no tinguin
la mateixa forga impulsora que altres factors ambientals, han de considerar-se com un factor
rellevant que influeix significativament en les comunitats microbianes marines. De la mateixa
manera, es va trobar que la degradacié mediada per microbis era un possible embornal oceanic
per als contaminants emergents. Aquests resultats plantegen noves preguntes sobre I'abast de
la biodegradacio i els possibles efectes dels contaminants organics en els cicles biogeoquimics
marins, que la recerca futura ha d'abordar. La comprensi6 de la biogeoquimica complexa
d’aquests contaminants és crucial per dur a terme avaluacions de risc precises, particularment
en el context actual i futur d'augment de la produccié i alliberament de compostos antropogenics,
i la intensificacié d'altres factors d'estres ambiental derivats del canvi climatic.



LABURPENA

Industria Iraultzaz geroztik, giza jardueren intentsitatea esponentzialki handitu da, batez
ere Azelerazio Handian, gutxi gorabehera 1950ean hasi zena. Aurrekaririk gabeko hazkunde
horrek perturbazio behagarriak eragin ditu Lur sisteman, bederatzi muga planetariotan bildu eta
kuantifikatu egin direnak «gizateriarentzako operazio-espazio seguru bat» ezarriz. Entitate berrien
—jarduera antropogenikoen ondorioz askatutako kutsatzaileak— sarrera ingurumenera berriki
kuantifikatutako mugetako bat da, oraindik ziurgabetasun handiak dituena bere inguruan. Produktu
kimiko organiko antropogenikoak dira, zalantzarik gabe, entitate berrien artean kezkagarrienak.
Bere propietate fisiko-kimiko berezien ondorioz, konposatu horiek iraunkortasuna, biometaketa,
irismen luzeko garraiorako ahalmena eta toxikotasuna erakuts dezakete. Propietate horiek
poluitzaile organiko iraunkorrak (POP) definitzen dituzte, eta, eskuarki, arriskuak ebaluatzeko eta
erregulazio irizpide gisa erabiltzen dira. Propietate horietaz gain, kutsatzaile hauek ingurumenean
nonahiko presentzia izatea arrisku bat da organismo guztien ongizaterako, eta arrisku hori aspaldi
ez da behar bezala aitortu.

Ozeano globalaizan ohi da kutsatzaile horien harraska nagusia. Lur sistemaren ezinbesteko
osagai honek bizitzari eusten dio prozesu ugariren bidez, kutsatzaile antropogenikoen presentziak
kolokan jar ditzakeenak. Itsas ingurunean, kutsatzaile klasikoak, hala nola poliklorobifeniloak
(PCB) edo hidrokarburo aromatiko poliziklikoak (PAH), modu intentsiboan aztertu dira; aldiz,
ezin da gauza bera esan kutsatzaile emergenteei dagokienez, hala nola organofosfatoen esterrak
(OPEak) edo per- eta polifluoroalkiloak (PFAS). Hala ere, bi kasuetarako hainbat ezagutza-hutsune
geratzen dira, batez ere beren iraunkortasunari eta patuari dagokienez gutxi ikertutako urruneko
eskualdeetan, non landa-neurketa gehiago premiazkoak diren.

Baldintza ozeanikoetan itsas mikroorganismoen eta kutsatzaile organikoen arteko
elkarrekintza bereziki alde batera utzi da. Itsas bakterioek funtsezko zeregina dute karbonoaren eta
mantenugaien ziklaketan, itsas ziklo biogeokimikoei eta elikadura sareari eusten baitiete. Jarduera
metaboliko handia dutenez, karbono organiko disolbatu antropogenikoa (ADOC) konposatzen
duten poluitzaile organikoen patuaren eragile garrantzitsuak dira, oso poluituta dauden lekuetan
frogatzen den bezala, petrolio-isuriak kasu. Hala ere, ozeano irekian poluitzaileen hondoko
kontzentrazioen prozesamenduan duten eginkizuna gutxi aztertuta dago oraindik. Alorrean
oinarritutako ikerketa gehiago behar dira bi norabideko elkarrekintza horren ondorioak ulertzeko,
non mikrobioek kutsatzaile organikoen patuan eragin lezaketen, kutsatzaile antropogenikoek
mikrobio-komunitateak molda ditzaketen bitartean. Ezagutza horiek funtsezkoak dira ozeano
globaleko kutsatzaile organikoen arriskuak behar bezala ebaluatzeko.

Tesi honen lan-hipotesi nagusia da kutsatzaile organikoen hondo-kontzentrazioek,
ozeanoetan nonahi daudenek, nabarmen eragiten dutela itsasoko mikrobio-komunitateen
osaeran eta funtzionamenduan, eta mikrobio-begiztak, berriz, ADOC poolaren kontzentrazioak
modulatzen dituela biodegradazioaren bidez. Hau esploratzeko, helburu orokorra ozeano
globalerako garrantzitsuak diren kutsatzaile organikoen funtsezko familien biogeokimika
mikrobiarra ikertzea izan zen, hala nola PAHak, OPEak, eta PFASak, lortutako emaitzak benetako
baldintza ozeanikoen ahalik eta adierazgarrienak zirela ziurtatuz. Arreta berezia jarri zen urruneko
eremuetan, hala nola kostaldeko Antartikan eta ozeano irekian.



Hori lortzeko, datuak lortu ziren landa-neurketa eta landa-esperimentuen bitartez,
kutsatzaileen kontzentrazioen zuzeneko neurketa mikrobio-komunitateen datu metagenomikoekin
eta, bideragarria zenean, ingurumenerako garrantzitsuak diren beste parametro fisiko-kimiko eta
biologiko batzuetarako datuekin konbinatuz. Zehatzago esanda, denboran-zeharreko bi analisi
egin ziren, Antartikako penintsulako bi uhartetan, Livingston eta Deception, PAHen eta PFASen
hiru austral udatan (2014tik 2018ra) izandako ingurumen-kontzentrazioei buruzko landa-datuak
erabiliz. Horrez gain, 16S rRNA genearen anplikoiaren sekuentziazioaren bidezko mikrobio-
komunitatearen konposizioari buruzko datuak aztertu ziren, eta aldagai anitzeko ikuspegiak
eta beste proba estatistiko batzuk aplikatu ziren, kutsatzaileen ingurumen-kontzentrazioen
eta mikrobio-komunitatearen konposizioaren arteko elkarrekintza potentzialak ebaluatzeko.
Gainera, antzeko ikuspegia aplikatu zen beste ikerketa batean, Malaspina zirkumnabigazio
espedizioaren PAH kontzentrazioei eta 16S anplikoi sekuentziazioari buruz jada argitaratutako
datuak erabiliz, ozeano tropikalak eta epelak aztertu zituena. lkerketa horretan, datu multzo
metagenomikoetan hidrokarburo aromatikoak degradatzen dituen gene baten identifikazioa
egin zen, eta biomarkatzaile gisa erabili zen hondoko ingurumen-mailetan ematen den PAHen
biodegradaziorako, horretarako garatu genuen ikuspegi bioinformatiko bat erabiliz. Azkenik,
Ozeano Atlantikoan eta Hegoaldeko Ozeanoan OPEak biodegradatzeko potentziala aztertu zen,
bi kanpaina ozeanografikotan egindako sei landa-esperimentuen bidez. OPE kontzentrazioak
neurtu ziren, bakterioen ekoizpen-tasekin eta beste parametro batzuekin batera, biodegradazioak
gainazaleko ozeanoko OPEetarako harraska ozeaniko gisa duen paperari buruzko ezagutzak
lortzeko.

Tesi honen emaitzek kostaldeko Antartikako PAHen eta PFASen kontzentrazioen datu-base
handiena ematen dute. Datu hauek denbora- eta espazio-aldakortasun handia erakutsi zuten,
elur-urtzeen sarrerei eta Livingston eta Deception uharteetako ezaugarri geografikoei partzialki
egotzi zitzaiena. PAHen ezaugarri biogeokimikoen ebaluazioak elur-urtze sarrera handien
ondorengo biodegradazioa handitu zela agerian utzi zuen, bakterioen jarduera —eta, ondorioz,
PAHen biodegradazioaren hedadura—, elur-urtze sarreraren araberakoa zela iradokiz. PFASari
dagokionez, konposatu sulfonatuen lehentasunezko jaitsiera ikusi zen, PFASen hustuleku gisa
mikrobio-bidezko desulfurazioaren rol potentziala iradokiz. Poluitzaile-kontzentrazioen eta
mikrobio-komunitateen ebaluazio konkurrenteak korrelazio esanguratsuak aurkitu zituen anplikoi-
sekuentziako aldaeren (ASV) eta PAHetarako eta PFASetarako konposatu kimikoen artean, eta
are gehiago nabarmendu zuen elkarrekiko interakzio potentziala, baita hondo-kontzentrazioetan
ere. Hala ere, emaitzek beste ingurumen-faktore batzuek ere zeregin garrantzitsua dutela
adierazi zuten, poluitzaile-kontzentrazio baxuen gain eragiten duten kontrol biogeokimikoen
konplexutasuna agerian utziz.

Genomaren Taxonomiaren Datu-Basean (GTDB) eta Malaspina profil bertikalen gene-
datu-basean egindako eraztun aromatikoko dioxigenasa hidroxilatzaile genearen identifikazioek
erakutsi zuten hidrokarburo aromatikoak degradatzeko ahalmena zuhaitz filogenomiko
bakteriano eta arkeoen adar ugaritan banatzen dela eta ozeano epel eta tropikal osoan dagoela.
Emaitzek korrelazio negatiboa erakutsi zuten gene-ugaritasunaren eta PAHen pisu molekular
txikiko frakzioaren kontzentrazioaren artean, baita gene-ugaritasun handiagoa ere planktonean
PAH kontzentrazio txikiagoekin lotutako partikulari lotutako frakzioan. Gainera, PAHen hondoko
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kontzentrazio-mailak bakterio-komunitatearen konposizioaren aldaketa azaltzeko faktore
esanguratsuak zirela ikusi zen, aurretik deskribatutako beste ingurumen-faktore batzuekin batera,
hala nola tenperatura, mantenugaien kontzentrazioak eta biomasa planktonikoa.

OPEenesposizioariburuzkolanda-esperimentuek biodegradazioarekin lotutako beherakada
nabarmena azaleratu zuten Ozeano Atlantikoan 48 orduren ondoren ordezkatzaile aromatikoak
dituzten bi OPE oso hidrofoborentzat. Bestalde, bakterio heterotrofoen proteina-ekoizpenaren
jardueraren handitzeak korrelazio nabarmena agertu zuen OPEen agortze handiagoarekin,
agortze horren atzean prozesu biologiko baten eginkizuna dagoela nabarmenduz. Oro har,
ikerketa honek ozeano irekian egindako OPEen biodegradazioaren lehen emaitzak adierazten
ditu, non jatorri naturaleko mikrobio-komunitateak ingurumen mailako OPE-kontzentrazio
esanguratsupean inkubatu ziren. Aurkikuntza horiek bidea errazten dute etorkizunean konposatu
horien patuari eta biogeokimika mikrobiarrari buruzko ikerketak egiteko, benetako ingurumen-
baldintza ozeanikoetan.

Oro har, tesi honek agerian uzten du kutsatzaileen eta mikrobio-komunitateen karakterizazio
konkurrentea, lekuan oinarritutako neurketen bidez, ikuspegi indartsua dela benetako ingurumen-
baldintzak zehaztasunez adierazten dituzten emaitzak lortzeko. Gure aurkikuntzek iradokitzen
dute kutsatzaile organikoen ingurumen-mailak, nahiz eta beste ingurumen-faktore batzuen
indar eragile bera ez izan, oraindik ere faktore garrantzitsutzat hartu behar direla, itsas mikrobio-
komunitateetan eragin nabarmena baitute. Era berean, ikusi zen mikrobio-bidezko degradazioa
harraska ozeaniko potentziala zela kutsatzaile emergenteentzat. Emaitza horiek galdera
berriak sortzen dituzte biodegradazioaren hedadurari eta kutsatzaile organikoek itsas ziklo
biogeokimikoetan izan ditzaketen ondorioei buruz, eta etorkizuneko ikerketek horiei heldu behar
diete. Kutsatzaile horien biogeokimika konplexua ulertzea funtsezkoa da arriskuen ebaluazio
zehatzak egiteko, batez ere konposatu antropogenikoen ekoizpena eta askapena areagotzen ari
den egungo eta etorkizuneko testuinguruari begira, are eta gehiago klima-aldaketatik eratorritako
beste ingurumen-faktore estresagarri batzuen intentsifikazioa kontutan hartzen badugu.
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THESIS STRUCTURE

The present thesis is structured into 8 chapters. Chapter 1 provides a general introduction
on biogeochemistry of marine pollution, summarizing existing knowledge on the current levels,
biogeochemical cycling, and effects and interactions of organic contaminants with marine
microbial communities. It starts addressing the global concern of anthropogenic chemical
pollution in the Earth system, with a particular focus on organic contaminants in the global ocean.
It includes an overview of the properties and current regulations, as well as sources, transport,
and fate of Persistent Organic Pollutants and Contaminants of Emerging Concern, emphasizing
on the selected families of contaminants. Finally, it provides various background aspects of
marine microbial communities and their role in marine biogeochemical cycles, reviews microbial-
mediated biodegradation of organic contaminants, and examines the potential influence of these
compounds on microbial communities. This chapter highlights the need of field evidences to
assess persistence of contaminants in the marine environment, and the lack of studies on the
linkages between background concentrations of organic contaminants and marine microbial
communities in large oceanic regions such as the open ocean and remote areas such as polar
environments.

Chapter 2 presents the main objectives of the thesis.

Chapter 3 contains an overview of the sampling and analysis methodologies employed in
this thesis.

The main body of the thesis is presented in Chapters 4, 5 and 6, which compile the
obtained results and their discussion. It is structured as scientific publications completed within
the framework of the doctoral thesis. Chapter 4 examines the biogeochemical processes driving
the occurrence of PAHs and PFAS in the coastal environments of two Antarctic islands. Chapters
5 and 6 are related to the open ocean, where Chapter 5 focuses on the assessment of OPE
biodegradation through field experiments performed in the Atlantic and Southern Oceans, while
Chapter 6 explores the potential for PAH biodegradation in the ocean by analyzing the occurrence
of biomarker genes using bioinformatic approaches.

Finally, Chapter 7 presents a general discussion of all the obtained results, including
thoughts on future research perspectives, while Chapter 8 summarizes the overall conclusions
derived from the work conducted during this doctoral thesis. Importantly, at the end of each
chapter a list of the bibliographic references cited within that chapter is given.
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1.1 Impact of human activities on the Earth system

Since its formation as a planet, environmental conditions on Earth have undergone
significant fluctuations. To delineate these periods in Earth’s history, the geological time scale was
created. This representation of time relies on rock records to define the events that demarcate the
boundaries between geological eras. The most recent of these geological eras is the Holocene,
which began approximately 10,000 years ago and has been recognized as an unusually long
period of stable environmental conditions (Petit et al., 1999). During this era of constancy,
human civilizations have progressed and flourished (Rockstrém et al., 2009). This progressive
development throughout human history has allowed them to interact and modify the landscape
and surrounding environment.

For virtually all of human existence, human activities have been an insignificant force in the
dynamics of the physical, chemical, and biological global-scale cycles (Steffen et al., 2004). The
complex and self-regulating system formed by the interaction of these cycles is referred to as the
Earth system. However, the Industrial Revolution in the late eighteenth century changed the scale
of the human imprint on the Earth system. The use of fossil fuels allowed human emancipation
and transition from solar energy (understanding solar radiation as the primary source of energy for
the processes of living organisms at or near the Earth'’s surface, including humans for the majority
of their existence), to a novel cost-effective energy source with high calorific capacity (Hubbert,
1949). This energy source, along with the advances in technology (industrialization), provided
the means for an unprecedented exponential growth in productivity, largely driven by the profit
motive inherent in capitalism (Anderson, 2009; Lux, 2003; Nevile, 2016). This dramatic increase
of human activities (Figure 1.1), especially during the Great Acceleration since 1950 (after World
War 11), has altered the magnitude of the human-induced, or anthropogenic, changes, to a level
where they now exert measurable global-scale changes on the Earth system (Figure 1.2).
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Figure 1.1 Trends from 1750 to 2010 in globally aggregated indicators for socio-economic development. (1)
Global population data according to the HYDE (History Database of the Global Environment, 2013) database.
Data before 1950 are modelled. (2) Global real GDP (Gross Domestic Product) in year 2070 US dollars. (3)
Global foreign direct investment in current (accessed 2013) US dollars. (4) Global urban population data
according to the HYDE database. Data before 1950 are modelled. (5) World primary energy use. (6) Global
fertilizer (nitrogen, phosphate and potassium) consumption. (7) Global total number of existing large dams
(15 m height above foundation). (8) Global water use is sum of irrigation, domestic, manufacturing and
electricity water withdrawals and livestock water consumption from. (9) Global paper production from 1961
to 2010. (10) Global number of new motor vehicles per year. (11) Global sum of fixed landlines and mobile
phone subscriptions. (12) Number of international arrivals per year for the period 1950-2010. From Steffen
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Earth system trends
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Figure 1.2 Trends from 1750 to 2010 in indicators for the structure and functioning of the Earth system. (1)
Carbon dioxide, (2) nitrous oxide, and (3) methane from firn and ice core records (Law Dome, Antarctica)
and Cape Grim, Australia. (4) Maximum percentage total column ozone decline (2-year moving average)
over Halley, Antarctica. (5) Global surface temperature anomaly. (6) Ocean acidification expressed as global
mean surface ocean hydrogen ion concentration. (7) Global marine fishes capture production (the sum of
coastal, demersal and pelagic marine fish species only). (8) Global aquaculture shrimp production (the sum
of 25 cultured shrimp species) as a proxy for coastal zone modification. (9) Model-calculated human-induced
perturbation flux of nitrogen into the coastal margin. (10) Loss of tropical forests compared with 1700. (11)
Increase in agricultural land area. (12) Percentage decrease in terrestrial mean species abundance relative to
abundance in undisturbed ecosystems as an approximation for degradation of the terrestrial biosphere. From
Steffen et al. (2015a). Copyright © 2015 by Sage Publications. Reprinted by permission of Sage Publications.
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The concept of global change emerged to define these anthropogenic global-scale
environmental changes, and even the proposition of a new geological era arose, termed the
Anthropocene (Crutzen & Stoermer, 2021). It is important to note that global change encompasses
not only climate change but also all alterations that influence the functioning of the Earth system
(Casas, 2022). Furthermore, it signifies the global nature of the issue, wherein even localized
activities affect the overall Earth system, either through repeated ubiquitous cumulative changes
or via systemic alterations (Steffen et al., 2004).

The continuous and increasing pressure exerted by anthropogenic activities is pushing
the Earth system beyond its normal operating range. In response to this observation, Rockstrém
et al. (2009) investigated the Earth system'’s capacity to absorb this impact before experiencing
an irreversible alteration of global environmental conditions, potentially marking the end of the
Holocene. They proposed nine planetary boundaries, each of which would delineate the safe
operating space for humanity before crossing thresholds that could shift into a new state with
potentially disastrous consequences for humans. According to their estimations, three of the
boundaries were already crossed, while others could not be quantified. Richardson et al. (2023)
updated the planetary boundaries assessment framework and found that six of the nine boundaries
are outside the safe operating space (Figure 1.3). The transgressed boundaries correspond to
climate change, freshwater change, land system change, biogeochemical flows (phosphorus and
nitrogen cycles), biosphere integrity, and novel entities; while ocean acidification is approaching
the threshold of transgression. Quantifying the upper ends of the boundaries poses a great
challenge, that in some cases hampers a precise determination of this upper edges. As a result,
the upper edges of the wedges for the novel entities and the genetic diversity component of the
biosphere integrity boundaries are blurred either because the upper end of the zone of increasing
risk has not yet been quantitatively defined (novel entities) or because the current value is known
only with great uncertainty (loss of genetic diversity). Both, however, are well outside of the safe
operating space (Figure 1.3).This thesis will focus on the novel entities boundary, which was
established to assess the potential that anthropogenic chemical pollution has to cause severe
ecosystem and human health problems (Persson et al., 2022). The novel entities driver of global
change, and its boundary, will be studied here for a large oceanic region, and several families of
organic synthetic chemicals.

1.2 Anthropogenic chemical pollution

The novel entities boundary, originally named chemical pollution (Rockstréom et al., 2009), is
defined as “new substances, new forms of existing substances and modified life forms”, including
“chemicals and other new types of engineered materials or organisms not previously known to
the Earth system as well as naturally occurring elements (for example, heavy metals) mobilized
by anthropogenic activities” (Steffen et al., 2015b). This planetary boundary was established to
address and evaluate what has long been largely overlooked regarding global change (Bernhardt
et al., 2017; Rockstrom et al., 2009): the role of synthetic chemicals as agents of global change.
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As previously elucidated, during the last 200 years, particularly since 1950, human activities
have increased significantly, resulting in an unprecedented exponential growth of the socio-
economic trends (Figure 1.1). Throughout this period, chemical technologies have proven to be
essential for human activities and production (Wang et al., 2020a). Consequently, this exponential
growth has been mirrored in the chemical industry. Through an analysis of chemical reactions
stored in the Reaxys database, Llanos et al. (2019) reported that the number of new chemicals
has grown exponentially from 1800 to 2015, with an annual production rate of 4.4%. From all the
synthesized chemicals, according to an analysis of 22 chemical inventories from 19 countries
done by Wang et al. (2020a), the number of chemicals and chemical mixtures available in the
market exceeds 350,000. Notably, of all the Chemical Abstracts Service registry numbers (CAS
numbers) representing individual compounds they reported, approximately 87% corresponded
to organic chemicals (carbon-based chemical substances). Similarly, in their attempt to quantify
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Global production normalized to year 2000

1.75] Per capita production capacity

the planetary boundary for novel entities, Persson et al. (2022) reported high growth rates over
the last decades in the global trends of chemical industry production (Figure 1.4). The production

of plastics, pesticide active ingredients, and several key monomers and solvents for the chemical
industry has increased significantly in comparison to the global production values in 2000. This

trend follows the pace of the great acceleration shown above for other anthropogenic activities

(Figure 1.1) and changes in the Earth system (Figure 1.2).

Although chemicals provide benefits in certain areas (e.g., flame retardants), the intensive
production and use of synthetic chemicals comes at a cost. During their lifecycle, many of these
compounds are released and end up in the environment, where their potential effects on Earth
system processes are usually not well known. Toxicological studies conducted under controlled
laboratory conditions have demonstrated adverse effects on model organisms. However, these
results are insufficient for comprehending and predicting the impact of complex mixtures of
chemical contaminants under real environmental conditions. The large number of compounds
released into the environment, the potential synergistic negative effects, the indirect effects
mediated through species interactions, the interaction of chemicals with core ecosystem
processes such as primary production, nutrient retention, carbon sequestration, ... All of these
factors contribute additional layers of complexity to the comprehension of the environmental
impacts of anthropogenic chemical pollution (Bernhardt et al., 2017). As Bernhardt et al. (2017)
stated, “understanding the environmental impacts of synthetic chemicals in the real world requires
ecological investigations in complex systems”. A better understanding of the biogeochemistry of
synthetic chemicals is needed to effectively quantify their threat and implement corresponding
regulations.

29 Global production capacity Figure 1.4 Current rising global trends of
chemical industry production, expressed as the
relative growth in some novel entities between
2000 and 2017 (for when comparable data
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1.2.1 Organic contaminants: properties and regulation

Physicochemical properties

Various terms have been established to describe the introduction of novel entities into
the environment. The term “contaminant” refers to a foreign and potentially toxic substance
present in the environment above background levels. When a contaminant is demonstrated to
exert adverse biological effects with empirical evidence, it is subsequentially classified as a
pollutant. According to Steffen et al. (2015b), the anthropogenic introduction of novel entities
into the environment is of particular concern when these entities exhibit persistence, potential
for long-range transport resulting in widespread distribution, accumulation in organisms and
the environment, and potential adverse effects (e.g., toxicity) on critical Earth system processes.
Various types of anthropogenic contaminants exhibit these characteristics and are considered
of significant concern, such as plastic pollution. However, anthropogenic organic pollutants are
arguably the most pertinent among the novel entities. The organic pollutants that show these
four properties are known as Persistent Organic Pollutants (POPs), whereas those that show all
except the potential for long-range transport are classified as Persistent, Bioaccumulative, and
Toxic (PBT) chemicals. The inherent physicochemical characteristics of POPs and PBTs determine
their environmental behavior. Consequently, the quantification of specific key properties and
environmental parameters serves as a criterion for classifying organic chemicals as POPs or PBTs.

Persistence: It reflects the potential of a compound to last for long periods of time in the
environment. Itis usually attributed to extremely slow or nonexistent transformation through
abiotic or biological processes. Since the environment lacks the capacity to effectively
remove these contaminants, they can accumulate through various compartments and
persist sufficiently to undergo long-range transport, potentially resulting in unexpected
exposure and effects. The high persistence of organic chemicals alone presents numerous
environmental and health risks, to the extent that recently, it has been proposed as a
sufficient criterion for chemical regulation (Cousins et al., 2019). Persistence of organic
chemicals is usually quantified by the determination of their degradation half-lifes in
individual environmental media (water, soil or sediment). Generally, chemicals with one
degradation half-life exceeding 6 months are considered to be highly persistent (Cousins et
al., 2019). However, under real environmental conditions, there are partitioning and transport
processes that hamper the determination of persistence, by limiting their availability for
abiotic or biotic degradation. Prediction on biodegradation could be improved by a better
determination of the microbial consortia responsible for their transformations. However,
very little is yet known about which microbial taxa, genes, and enzyme groups are key for
the degradation of most of the chemicals, particularly in the marine environment.
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Bioaccumulation and biomagnification (Figure 1.5): Bioaccumulation is defined as
the increase in concentration of a chemical substance in a biological organism over time,
whereas biomagnification refers to the increase in concentration of a chemical substance
as it progresses up the food chain. Both result in elevated concentrations of contaminants
in biota compared to their concentration in the environment. These phenomena are
the consequence of the hydrophobic nature and high lipid solubility of many organic
contaminants, indicating a significant propensity for the chemical to accumulate in organic
matter, such as the tissues of living organisms. Evidence of bioaccumulation is determined
by the bioconcentration factor (BCF), which quantifies the enrichment of a chemical in
biota relative to the environmental water concentrations. It is defined as

Cp
BCF = -2 (Eq.1)
Cw

where C; and Cw are the chemical concentrations in the biota and water, respectively.
Chemicals with a BCF greater than 5000 are classified as bioaccumulative (UNEP, 2023).
In the absence of this data, octanol-water partition coefficient (Kow) can also be used. This
property is considered to be representative of the hydrophobicity, and it is defined as

Co
Kow = C_(EQ- 2)
w

where Co and Cw are the chemical concentrations in the octanol and water phase,
respectively. Chemicals exhibiting log Kow values greater than 5 are considered to
bioaccumulate (UNEP, 2023).
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Toxicity: Persistent organic pollutants can elicit toxic effects through acute or chronic
toxicity. Although both are relevant, considering that exposure to POPs typically involves
long-term exposure to low concentrations, researchers have emphasized the importance
of assessing chronic toxicity (Vallack et al., 1998). Exposure to even low levels of POPs
can lead to increased cancer risk, reproductive disorders, alterations of the immune
system, neurobehavioral impairment, endocrine disruption, genotoxicity, and increased
birth defects (World Health Organization. Regional Office for Europe, 2003). Acute toxicity
data is usually reported as the median lethal concentration (LCso), which is defined as the
concentration of a chemical required to kill or significantly impair half of the exposed test
organisms. Conversely, chronic toxicity experiments frequently assess sublethal effects,
with results expressed in terms of no observed effects concentration (NOEC) or lowest
observed effects concentration (LOEC). In recent years, the advancement and refinement
of cellular and molecular experimental techniques have provided a means for measuring
sublethal effects at the organism'’s cellular level, thereby expanding the potential to address
chronic toxicity (Harmon, 2015). The toxic effects of mixtures, especially complex cocktails
of synthetic chemicals is nowadays an emerging topic of research.

Potential for long-range transport: It describes the capacity of a compound to travel long
distances due to its physicochemical properties. Either because of having a semi-volatile
nature resulting in long-range atmospheric transport (LRAT) and subsequent deposition,
or due to their high persistence allowing them enough time for global transport by other
means (e.g., long-range oceanic transport), these contaminants are globally distributed
(Figure 1.6). They even reach remote regions far from where they have been produced and
used, such as polar environments. The potential for long-range transport has been assessed
through modeling of environmental fate properties, but these models often struggle to
accurately predict the real potential of organic compounds due to the complexity of the
processes they undergo in the environment. Therefore, direct measurements of chemical
concentrations in remote locations far from their sources remain the most straightforward
and reliable way to demonstrate a chemical’s ability to reach distant locations. Antarctica is
of particular interest, as detection of chemicals in the most remote region can provide “the
strongest evidence for persistence and mobility” (Bengtson Nash et al., 2023).
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Characterizing key physicochemical properties is important for understanding the
environmental distribution of organic chemicals across different compartments and, consequently,
predicting their fate. However, it is important to note that a complete understanding of a
contaminant’s fate cannotbe achieved solely by examining its properties. Many other environmental
factors influence the fate of contaminants, including atmospheric and oceanic currents as well
as biogeochemical processes, among others. These factors must be considered together with
the physicochemical properties to gain a more accurate understanding of the real situation. To
achieve that level of understanding, direct measurements of chemicals in the environment are
necessary, as they often provide the most reliable and strong evidence of a chemical’s fate.

The main properties that need to be addressed to understand a contaminant’s fate are
vapor pressure, water solubility, the three partition coefficients between air, water, and octanol,
and degradation rates or susceptibility to degradation in the different compartments. Additional
properties utilized when relevant are the dissociation constant in water and the molecular
weight, MW (Mackay et al., 2006; Semeena, 2005). Vapor pressure and water solubility are both
measurements of the maximum capacity of a solvent phase to hold a dissolved chemical, with
air and water serving as the solvents in these cases, respectively. Phase partition coefficients are
defined as the equilibrium concentration ratio of a compound between two phases, characterizing
its equilibrium distribution across those phases. For the concentration of a compound (C) in the
phases i and j, the partition coefficient would be a dimensionless ratio given by this formula:



K _G Eq.3
ij—Ej( q.3)

The three partition coefficients generally used in environmental chemistry are air-water
partition coefficient (Kaw), octanol-water partition coefficient (Kow), and octanol-air partition
coefficient (Koa) (Figure 1.7). Kaw can be estimated from vapor pressure and water solubility,
representing a compound’s propensity to migrate from water into air. However, when these
parameters are challenging to measure, it is preferable to directly measure the Kaw, also known
as the dimensionless Henry's law constant, H' (Mackay et al., 2006). This is done by directly
calculating the ratio between the concentration in air and the concentration in water. Another
approach to estimate Kaw is by using the Henry’s law constant by:

H
Kiw=H =——(Eqg.4
AW RxT(q )

where R is the universal gas constant (8.314 Pa m® K' mol™), T is the absolute temperature (K),
and H is the Henry’s law constant (Pa m® mol™). H defines the partitioning of a solute between
the gas and water phases at equilibrium, and reflects the volatility of a solute in aqueous solution.

ORGANIC Figure 1.7 Diagram of the relationship
PHASE between air, water, and organic phases
'OCTANOL LIKE' (octanol is used as a surrogate of organic

matter), and their partition coefficients.
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Kow offers a direct estimate of hydrophobicity or the tendency to distribute between water
and organic substances such as lipids, waxes, and natural organic matter. Since octanol was
found to be the most representative lipid-phase solvent for a variety of substances it has been
used as a surrogate of organic matter (Baskaran & Wania, 2023). Koa describes the partition of
a chemical between air and the organic phase, and it has been used to describe the partitioning
to vegetation, soil, aerosol particles, surfaces, materials, and animal tissue (Baskaran & Wania,
2023; Mackay et al., 2006).

The partition coefficients described above are directly related to the chemical structure
of the organic contaminants. The majority of typical organic contaminants exhibit a significant
hydrophobic nature (Mackay et al., 2006). As a general rule, an increase in MW is associated
with enhanced hydrophobicity. Additionally, the nature of substituents plays a role in determining
hydrophobicity. For instance, in the case of the polychlorinated biphenyls (PCBs), the degree
of chlorine substitution directly correlates with the compound’s hydrophobicity (Vallack et al.,
1998). MW also affects volatility; typically, compounds with low molecular weight are more prone
to volatilization and have a higher potential for LRTA. In contrast, heavier compounds are more
likely to adhere to particles, soils, sediments, and organic matter. The chemical structure also
significantly influences the persistence of organic contaminants, as it determines the reactivity
of a compound to undergo degradation through abiotic (e.g., photodegradation) or biotic (e.g.,
biodegradation) processes. For example, anthropogenic organic contaminants with chemical
structures that do not resemble any naturally occurring compound pose a challenge for the
biochemical degradation mechanisms, which have not been evolutionarily adapted to break down
such compounds (Manzetti et al., 2014).

Regulation of organic contaminants

Since the 1960s, when the ubiquitous presence of organic contaminants started to draw
attention from researchers and scientists, ecotoxicological studies have identified various
commercially utilized compounds as detrimental to the Earth system. The publication of Rachel
Carson’s book “Silent Spring” in 1962 is considered an important event that contributed to the
establishment of the field of ecotoxicology and catalyzed the modern environmental movement
by popularizing the concern about organic pollution (Bernhardt et al., 2017). In her book, she
outlined the detrimental impacts that pesticides such as dichlorodiphenyltrichloroethane (DDT)
were having on the environment. Additional examples of compounds that have been identified
as detrimental include the chlorofluorocarbons (CFCs) and their role in the degradation of the
stratospheric ozone layer (Adams & Halden, 2010), as well as the PCBs and their persistent toxic
effects on the biosphere (Beyer & Biziuk, 2009).

These efforts screening organic contaminants resulted in the first local regulations to
restrict or ban their production and use, such as the restrictions on organochlorine pesticides
(OCPs) in the 1970s (Muir & Howard, 2006). Eventually, restrictions reached international levels
and culminated with the United Nations Environment Programme (UNEP) Stockholm Convention
on POPs in 2001, a global environmental treaty that aims to safeguard both human well-being



and the environment from the harmful impacts POPs (UNEP, 2023). The treaty initially listed 12
chemicals, colloquially referred to as the “dirty dozen” or legacy POPs, and included nine OCPs,
PCBs used in industrial applications, and by-products such as polychlorinated dibenzo-p-dioxins
and polychlorinated dibenzofurans (PCDD/PCDF). Since then, new chemicals have been proposed
for listing under the convention, and nowadays, the list includes a total of 38 chemicals (Table
1.1). These recently identified POPs, often referred to as emerging POPs, include polybrominated
diphenyl ethers (PBDEs), the perfluoroalkyl substances (PFAS) perfluorooctanoic acid (PFOA)
and perfluorooctane sulfonic acid (PFOS), and insecticides such as the hexachlorocyclohexanes
(HCHSs), among others. The list will probably continue to increase, as “new” chemical contaminants
continue to be reported and considered contaminants of emerging concern (CECs), such as the
organophosphate esters (OPEs), other PFAS compounds, plastic additives, and others (Wang et
al., 2024a).

The Stockholm Convention is not the only regulatory treaty currently addressing organic
contaminants. The Environmental Protection Agency (EPA), an independent agency of the United
States tasked with the mission to protect human health and the environment, developed the
Priority Pollutant list in 1977 for water testing and regulatory purposes. The list currently includes
126 compounds that have been reported as toxic pollutants and detected in aquatic environments
(USEPA, 1982). Among the listed compounds are numerous organochlorine compounds (some
of which are also included in the Stockholm Convention), as well as other hazardous organic
pollutants, such as the Polycyclic Aromatic Hydrocarbons (PAHs) and phthalates.

In the European Union (EU), the Water Framework Directive (European Commission,
2000) and the Marine Strategy Framework Directive (European Commission, 2008) are the main
regulatory policies aimed at achieving a good environmental status of the EU’s inland, coastal
surface and marine waters. Pollution is among the qualitative descriptors they assess, with a
designated list of pollutants and corresponding quality standard threshold concentrations. As
an example, the Water Framework Directive includes OCPs, PBDEs, PAHs, and DDTs, along with
metals, pharmaceuticals, and other industrial substances. In addition to these directives, the EU
also has its regulatory agency, the European Chemicals Agency (ECHA), which is the organization
responsible for assessing the potential risks of chemicals to human health and the environment.
When a chemical compound is determined to be hazardous, it becomes subject to restrictions
under the Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) regulation,
which is applicable throughout the European Union. Among the compounds they asses, the ECHA
is currently developing regulations for flame retardants, for which they recently published the
proposed regulatory strategy (ECHA, 2023). The aim is to implement restrictions on hazardous
flame retardants, with implementation not anticipated before 2025. Examples of flame retardants
include organohalogen flame retardants, among which PBDEs are already incorporated in the
Stockholm Convention, and organophosphorus flame retardants, such as the OPEs (de Boer et
al., 2024).
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Table 1.1 POPs currently listed in the Stockholm Convention (UNEP, 2023), classified in three annexes. Keys:
pesticide @ ; industrial chemicals & ; unintentional by-products @ .

Annex A (Elimination): Parties are required to take action to stop the manufacture and
application of the chemicals listed under Annex A.

Aldrin @
Decabromodiphenyl ether
(commercial mixture,
c-decaBDE) &

Dieldrin @
Hexabromobiphenyl &
Hexachlorobenzene (HCB) @ &
Beta hexachlorocyclohexane @
Mirex @

Polychlorinated biphenyls (PCB)
A

Perfluorohexane sulfonic acid
(PFHxS), its salts and PFHxS-
related compounds &

Tetrabromodiphenyl ether and
pentabromodiphenyl ether &

Chlordane @ Chlordecone @
Dechlorane plus & Dicofol @
Endrin @ Heptachlor @

Hexabromocyclododecane
(HBCDD) &

Hexabromodiphenyl ether and
heptabromodiphenyl ether &

Hexachlorobutadiene & Alpha hexachlorocyclohexane @

Lindane @ Metoxychlor @
Pentachlorophenol and its salts

Pentachlorobenzene & 4 and esters @

Perfluorooctanoic acid (PFOA),
its salts and PFOA-related
compounds &

Polychlorinated naphthalenes &

Short-chain chlorinated paraffins
(SCCPs) &

Technical endosulfan and its
related isomers @

Toxaphene @ UV-328 &

Annex B (Restriction): Parties are required to implement measures limiting the manufacture
and application of chemicals listed under this annex, considering any applicable acceptable
purposes and/or particular exemptions outlined in Annex B..

DDT @

Perfluorooctane sulfonic acid (PFOS), its salts and perfluorooctane
sulfonyl fluoride (PFOSF) @ &

Annex C (Unintentional production): Parties are required to implement strategies aimed at
minimizing the unintentional release of chemicals listed under Annex C.

Hexachlorobenzene (HCB) &

Polychlorinated biphenyls (PCB)
]

Polychlorinated naphthalenes

Hexachlorobutadiene & Pentachlorobenzene @

Polychlorinated dibenzo-p-
dioxins (PCDDs) @

Polychlorinated dibenzofurans
(PCDFs) @



Despite the existence of numerous regulations, the number of non-regulated chemical
compounds in the market significantly surpasses that of regulated ones. Therefore, addressing
the ecotoxicology and biogeochemistry of emerging contaminants entering the Earth system
becomes crucial in order to improve regulatory policies. It is noteworthy that even compounds
subject to restrictions, or even complete phase-out, will continue to pose long-term threats to the
Earth system due to their persistence Thus, a comprehensive understanding of the biogeochemical
processes of these compounds is essential for their effective elimination from the environment.
The regulation of a chemical compound does not necessarily entail the resolution of associated
issues; rather, it constitutes the initial step towards addressing the problem.

1.2.2 Organic contaminants selected for this thesis

Polycyclic Aromatic Hydrocarbons (PAHSs)

Polycyclic aromatic hydrocarbons (PAHs) are a large group of organic compounds
containing two or more fused aromatic (benzene) rings. Depending on the number of rings, PAHs
are categorized into low molecular weight PAHs (LMW PAHs; having two or three aromatic rings)
and high molecular weight PAHs (HMW PAHSs; having four or more aromatic rings). Naphthalene
represents the most fundamental structure among the PAHs, comprising two aromatic rings,
while benzo[g,h,ilperylene, consisting of six rings, is classified as one of the HMW PAHs. The
aromatic rings can also incorporate substituents, as in the case of the methylated PAHs, or contain
heteroatoms within the ring structures.

Due to their non-polar organic structure, PAHs are predominantly hydrophobic and
lipophilic. The physicochemical properties of PAHs, and, consequently, their environmental fate,
generally vary following their MW (Table 1.2). Vapor pressure and water solubility decrease when
MW increases. As a result, compared to HMW PAHs, LMW PAHSs are reasonably more volatile and
more soluble in water, and consequently, more susceptible to degradation (Ghosal et al., 2016).
On the other hand, the very low vapor pressure and water solubility of HMW PAHs cause them
to adsorb strongly onto particles, such as soil and sediments, particularly to the organic matter
and black carbon fractions. Due to their properties, PAHs are considered recalcitrant pollutants,
especially HMW PAHs due to strong sorption to particles. The increased chemical stability
and adsorption tendency conferred by additional aromatic rings make HMW PAHSs particularly
recalcitrant to degradation processes.

PAHSs are naturally occurring organic compounds that originate from pyrogenic, petrogenic,
or biogenic processes, with their emission sources divided as either natural or anthropogenic
(Mojiri et al., 2019; Patel et al., 2020). Petrogenic PAHs result from direct inputs of petroleum,
represented by accidental oil spills, and natural oil seeps. PAHs of biogenic origin include those
synthesized by plants, algae, microorganisms, and phytoplankton, as well as those formed during
gradual transformation of organic matter (Rocha & Palma, 2019) . However, most PAHs are
believed to originate from pyrogenic sources, which are the result of the incomplete combustion
of fossil fuels, biomass, and other organic matter. Although natural sources such as volcanoes and
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forest fires contribute to the formation of pyrogenic PAHs, they have been found to be marginal
compared to the anthropogenic emission sources (Duran & Cravo-Laureau, 2016; Ghosal et
al., 2016; Patel et al., 2020). PAH emitting anthropogenic activities include power production,
waste incineration, fossil fuel-powered engines, coal tar production, iron, steel, and aluminum
production, cement manufacturing, dye production, and rubber tire manufacturing, among others
(Patel etal., 2020). The combination of the mentioned natural and anthropogenic sources, together
with the subsequent global transport processes, has resulted in the widespread distribution of
PAHs, which are now ubiquitously present across nearly all environmental compartments (air,
water, soil, and sediment, Lawal, 2017).

Although PAHs are not included in the POPs list due to not fulfilling the high persistence
criteria, they have been drawing attention for decades due to their ubiquitous presence, high
concentrations in the environment, and toxicity. Data from toxicological and epidemiological
studies have demonstrated the various mechanisms by which PAHs exert toxic effects on living
organisms, such as humans or aquatic animals (Honda & Suzuki, 2020; Patel et al., 2020). The
LMW PAHs are acutely toxic, and as MW increases, the acute toxicity decreases and carcinogenicity
increases, making the HMW PAHSs to be largely considered as genotoxic (Ghosal et al., 2016;
Ravindra et al., 2008; Straif et al., 2005; Working Group on Polycyclic Aromatic Hydrocarbons,
2021). Due to being a widespread organic pollutant with potentially hazardous effects on human
health, the U.S. EPA included 16 PAH compounds in their list of priority pollutants. Furthermore,
the International Agency for Research on Cancer (IARC) classified the PAHs into four groups,
regarding the strength of evidence for their carcinogenicity: not classifiable (Group 3), possible
(Group 2B), probable (Group 2A) or human (Group 1) carcinogens (IARC Working Group on
the Evaluation of Carcinogenic Risks to Humans, 2010; Working Group on Polycyclic Aromatic
Hydrocarbons, 2021). In the EU, the European Commission has established regulations setting
the maximum permissible limits for the sum of four PAHs in food (Regulation 2023/915, 2023)
and defining the environmental quality standard concentrations for 11 PAHs listed in the Water
Framework Directive (European Commission, 2000). Additionally, the ECHA has implemented
restrictions on 8 PAH compounds in market products under the REACH regulation.

Organophosphate esters (OPEs): flame retardants and plasticizers

OPEs are a wide group of synthetic organic chemicals that share one basic common feature
in their chemical structure: a central phosphate molecule and identical or different heterogeneous
substituents (Greaves & Letcher, 2017). Three primary forms of OPEs exist: the organophosphate
(OP) triesters, the OP diesters (degradation products of the triesters), and polyphosphates (Wang
et al., 2020b). Among these, OP triesters are the most extensively used (X. Li, Zhao, et al., 2020).
Henceforth, the term OPEs will specifically refer to the OP triesters. Depending on the substituents
OPEs are classified as trialkyl derivatives, triaryl derivatives, and aryl-alkyl derivatives. Another
important feature of the chemical structure of OPEs is the presence or absence of halogens
(mainly chlorine) according to which the OPEs are categorized into two groups: halogenated or
chlorinated OPEs, and non-halogenated OPEs.



As a consequence of the diverse substituent types, OPEs exhibit a broad spectrum of
physicochemical properties (Table 1.3), ranging from very polar to very hydrophobic (Greaves &
Letcher, 2017). As an example, log Kow range from -9.8 to 10.6 (van der Veen & de Boer, 2012),
although the most commonly used OPEs stay in the range between 1 and 5, indicating that they
are more lipophilic than hydrophilic (Dou & Wang, 2023; Greaves & Letcher, 2017). Solubility
tends to decrease with the increase of molecular weight, and the Henry’s law constants and vapor
pressure show a wide range of values, from high volatility to low volatility, indicating that the
partitioning between air and environmental waters is highly variable (van der Veen & de Boer,
2012). This variability makes OPEs particularly challenging when attempting to assess their
environmental behavior.

Generally, halogenated OPEs are used as flame-retardants, whereas non-halogenated OPEs
are predominantly utilized as plasticizers and lubricants, though in some cases they are also used
as flame-retardants (Andresen et al., 2004). OPEs are added to a large extent of industrial and
household products, such as textiles, rubber, polyurethane foam, furniture, electronics, paints,
polyvinyl chloride (PVC) plastics, lubricants and hydraulic fluids (European Chemicals Agency,
2023; van der Veen & de Boer, 2012; Wei et al., 2015). In most of these products, OPEs are present
as additives rather than chemically bonded to the material, particularly when they are added to
increase flame retardancy. As a result, these compounds are readily released into the surrounding
environment from products through volatilization, leaching and abrasion, because they are merely
mixed with the host material instead of chemically bonded to the other constituents (Dou & Wang,
2023; Wei et al., 2015).

In the last decades, there has been a massive increase in the use of OPEs, mainly due
to the phase-out of PBDEs during the 2000s. OPEs have taken the place of PBDEs and other
banned brominated flame retardants in the global market, a shift that has been reflected in
their production volumes. In 1992 the global consumption was estimated in 100,000 tons/year,
which by 2013 increased to 620,000 tons/year, accounting for a 30% of the total global flame
retardants (Dou & Wang, 2023; Greaves & Letcher, 2017; Wang et al., 2021a; Xie et al., 2022).
By 2017, the amount was estimated to be 760,000 tons/year, a 30% of the 2.53 million tonnes
of flame retardants consumed globally (Chen & Ma, 2021; X. Wang et al., 2020b). This amount
will presumably increase, as the global consumption of flame retardant chemicals is estimated
to continue growing in the following years. The extensive utilization of OPEs was motivated by
estimations suggesting that OPEs would exhibit lower persistence, reduced bioaccumulation,
and a diminished potential for widespread distribution compared to PBDEs (Blum et al., 2019).
Nevertheless, multiple research studies have demonstrated that OPEs exhibit greater mobility and
persistence than initially anticipated (Fu et al., 2021; Rodgers et al., 2018; Siihring et al., 2020),
and can even exert toxic effects on humans and biota (Antonopoulou et al., 2022; Blum et al.,
2019; Dou & Wang, 2023; Hong et al., 2018; Hu et al., 2023; J.-X. Liu et al., 2022; Wang et al.,
2020b). This unexpected persistency, together with their global utilization, has resulted in the
widespread distribution of OPEs in the environment, where they have been detected in nearly all
the compartments, even at remote areas (R. Liet al., 2023; Moéller et al., 2012a; Wang et al., 2020b;
Wei et al., 2015; Xie et al., 2022). These findings have collectively increased awareness regarding
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OPEs, which are now classified as CECs. Nevertheless, there remains an absence of international
regulations addressing this issue. The ECHA recently published its proposed regulatory strategy
for flame retardants (ECHA, 2023); however, concerns have been raised regarding the potential
efficacy of this regulation in meeting the necessary standards (de Boer et al., 2024).

Per- and polyfluoroalkyl substances (PFAS)

PFAS constitute a large group of thousands of synthetic chemicals that have been produced
since the 1940s and are widely used in industrial applications and consumer products. Their
surfactant properties, thermal and chemical stability, and water and oil repellency make them
suitable for many applications, such as surfactants, fire-fighting foam, textiles, water-proof
fabrics, non-sticking cooking pans, food packaging, paper products, personal care products,
pharmaceuticals, and coating paints, among others (Gliige et al., 2020). PFAS consist of carbon
atom-containing aliphatic substances on which the hydrogen atoms are fully (per-) or partially
(poly-) substituted by fluorine atoms, attached with a functional group head, usually carboxylic
or sulfonic acids (Zhang et al., 2022). The high stability of PFAS is attributed to the presence
of numerous C-F bonds in the perfluoroalkyl moiety, which exhibit exceptionally low chemical
reactivity and are highly resistant to cleavage. The perfluoroalkyl group’s bonds contribute to
enhanced molecular characteristics: strong acidity, reduced water surface tension, water and oil
repellency, and high thermal, chemical, and biochemical stability (Wang et al., 2017).

Per- and polyfluoroalkyl substances (PFAS) encompass a diverse array of individual
compounds and isomers that are categorized into distinct families. Among them, perfluoroalkyl
acids (PFAAs) have gathered significant attention. This focus is attributed not only to the high
persistence of PFAAs, their widespread application in various industries and products, and their
directemission into the environment; but also, to their indirect formation through the environmental
degradation or metabolism of precursor substances (Buck et al., 2011). For the purpose of this
thesis, perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkyl sulfonic acids (PFSAs) will be
the target compounds from the family of PFAAs (Table 1.4). They are mostly produced and present
as linear carbon chains, and depending on the number of carbon atoms present in the chain they
are divided as “short” or “long” chain compounds (Buck et al., 2011). These PFAS compounds
exhibit high persistence and water solubility, characteristics that facilitate their long-range
transport through water currents and aerosols (Ahrens et al., 2011; Prevedouros et al., 2006),
complemented by the atmospheric transport and deposition of the (semi) volatile precursors
(Young & Mabury, 2010), resulting in their global distribution in the environment (Ahrens &
Bundschuh, 2014; Casas et al., 2020; Gonzalez-Gaya et al., 2014; Nakayama et al., 2019).

The persistence, bioaccumulation, and toxicity of PFAS (Ahrens & Bundschuh, 2014,
Fenton et al., 2021; Teaf et al., 2019; Xiang et al., 2019), in conjunction with their widespread
distribution, have prompted increasing attention from the scientific community and policymakers,
particularly regarding the ubiquitous PFOA and PFOS. For instance, data from the early 2000s
indicated that PFOA was detected in blood samples from nearly the entire U.S. general population
(>99%) (Teaf et al., 2019). The Stockholm Convention’s Annex B was updated in 2009 to include
PFOS and its salt, still allowing for specific exceptions in their production and use. However,



PFOA, its salts, and PFOA-related compounds were not added until 2019, when they were listed
under the Annex A. Later, in 2022, perfluorohexane sulfonic acid (PFHxS), along with its salts and
related compounds, were also included in Annex A (UNEP, 2023). PFAS levels in drinking waters
have also been regulated by many countries, where the United States has taken the lead with the
National Primary Drinking Water Regulation (NPDWR) for six PFAS that EPA announced on 2024
(USEPA, 2024a). Through this regulation, the EPA established unprecedented threshold levels for
six PFAS compounds (which included PFOA, PFOS and PFHxS), which are more stringent than
any current state standards for PFAS. Additionally, in 2024 the EPA has also published the Final
Aquatic Life water Quality Criteria for PFOA and PFOS, which gather the latest scientific knowledge
regarding the effects of these two compounds on freshwater organisms (USEPA, 2024b). These
regulations seem to be promising for addressing the issue of PFAS pollution. However, (Wang
et al., 2017) pointed out several flaws of the PFAS control measures. The extensive number of
PFAS compounds involved renders it neither practical nor feasible to assess them individually,
particularly considering that the predominant industrial practice of phasing out one PFAS is to
substitute it with another similar PFAS. Furthermore, due to their persistence, the effectiveness of
phasing-out alone is limited, and remediation strategies are necessary, wherein biodegradation
presents novel possibilities.
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Table 1.2 Physicochemical properties of the PAHs selected for this thesis. References: a Patel et al. 2020, b
Joa et al. 2009, c LaGrega et al. 2001, d Lehndorff & Schwark 2009, e Finizio et al. 1997, f Burkhard 2000, g

Mackay et al. 2006, h Odabasi et al. 2006, i Kang et al. 2016.

Compound Abbreviation = Chemical structure MW Sy v, Log Log
(g/mol)  (mg/L) (Pa) Kow Koa
Acenaphthene Ace . 154 3.8a 3.0x107 3.92c 6.31g
. b
Fluorene Flu . 166 19a 9.0x1072 4.18¢c 6.68 ¢
-0 ’
Methylfluorene MFlu 180 1.09 4.0x10* 497
Dibenzothiophene DBT s 184 1.47 2.7x10 4.38 7.24
d
Methyl- MDBT s 198
dibenzothiophene i I
Dimethyl- DMDBT s 212
dibenzothiophene O O
Phenanthrene Phe 6 178 1.15a 2.0x107 4.57 ¢ 7.45e
O O b
Methyl- MPhe 192 0.27 5.5x10°% 4.99 7.49
phenanthrene
Dimethyl- DMPhe 206 0.1 2.4x10°% 5.44 8.03
phenanthrene
d
Trimethyl- TMPhe 220
phenanthrene



Table 1.2 Physicochemical properties of the PAHs selected for this thesis. References: a Patel et al. 2020, b
Joa et al. 2009, c LaGrega et al. 2001, d Lehndorff & Schwark 2009, e Finizio et al. 1997, f Burkhard 2000, g

Mackay et al. 2006, h Odabasi et al. 2006, i Kang et al. 2016 (continued).

Compound Abbreviation = Chemical structure MW Sy v, Log Log
(g/mol)  (mg/L) (Pa) Kow Koa
Anthracene Ant 178 0.045a 1.0x10°  4.54c 7.34e
b
Fluoranthene Flt O 202 0.26a 1.2x10°% 5.22c 8.60 e
1) b
Pyrene Pyr 202 0.13a 6.0x10* 5.18¢c 8.61e
b
Methyl-pyrene MPyr 216 0.10 5.48
| (1)
Dimethyl-pyrene DMPyr 230
Benzo[g,h,i] B[g,h,ilf 226
fluoranthene
Benzo[a] B[alant 228 0.011a 2.8x10° 591c¢ 9.56 e
anthracene b
Chrysene Cry 228 1.5x10°  5.7x107 5.65¢c 10.44 e
a b
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Table 1.2 Physicochemical properties of the PAHs selected for this thesis. References: a Patel et al. 2020, b
Joa et al. 2009, c LaGrega et al. 2001, d Lehndorff & Schwark 2009, e Finizio et al. 1997, f Burkhard 2000, g
Mackay et al. 2006, h Odabasi et al. 2006, i Kang et al. 2016 (continued).

Compound Abbreviation = Chemical structure MW Sy v, Log Log
(g/mol)  (mg/L) (Pa) Kow Koa
Methyl- MCry 242
chrysene ‘ O
Benzo[b] B[blf 252 1.5x10° 6.20 f 11.19e
fluoranthene a
Benzo[k] B[Kk]f 252 8x10* 5.2x10% 6.11f 11.19e
fluoranthene O" a b
Benzo[e] Blelpyr 252 6.12f 1113 e
pyrene
Benzo[a] Blalpyr 252 3.8x10°  7.0x107 6.13f 11.56 h
pyrene a b
Perylene Pery ! 252 5.82f 11.7
Indeno[1,2,3-cd] In[1,2,3-cd] 276 6.2x107? 6.72h 12.43h
pyrene pyr a
Dibenzo[a,h] Dib[a,h]ant 278 5x10+ 3.7x107° 6.50 h 12.59h
anthracene a b



Table 1.2 Physicochemical properties of the PAHs selected for this thesis. References: a Patel et al. 2020, b
Joa et al. 2009, c LaGrega et al. 2001, d Lehndorff & Schwark 2009, e Finizio et al. 1997, f Burkhard 2000, g
Mackay et al. 2006, h Odabasi et al. 2006, i Kang et al. 2016 (continued).

Compound Abbreviation = Chemical structure MW Sy v, Log Log
(g/mol)  (mg/L) (Pa) Kow Kon

Benzo[g,h,i] B[g,h,ilpery 276 2.6x10* 6x10® 6.90 h 12.55h
perylene a b
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1.3 Organic contaminants in the global ocean

The global ocean covers 71% of Earth’s surface and includes all marine water. However,
what makes the global ocean relevant is not just its vastness. It contains 97% of the world’s water,
and the marine biota inhabiting its diverse ecosystems constitute a critical food source supporting
economies in numerous countries (IPCC (Intergovernmental Panel on Climate Change), 2019). It
plays a crucial role in the global climate system, mitigating climate change and stabilizing global
climate by absorbing 90% of the excess heat released into the environment, distributing the
heat through oceanic currents, and sequestering nearly one-third of the anthropogenic carbon
dioxide emissions (Gruber et al., 2019). Furthermore, marine microbial communities constitute a
significant source of atmospheric oxygen, as it is estimated that approximately 70% is generated
through the photosynthetic activity of phytoplankton (Echeveste et al., 2010; Sekerci & Petrovskii,
2015). Consequently, oceans are crucial for human health and the well-being of the Earth system
(World Health Organization, 2019).

Nevertheless, human activities are having a significant negative impact on the global
ocean. Halpern et al. (2019) assessed the pace of change of cumulative human impacts (CHI)
by calculating and mapping the cumulative impact of 14 stressors related to human activities
(including climate change, fishing, land-based pressures, and other commercial activities) on
21 different marine ecosystems globally for each of eleven years spanning 2003-2013. They
found that almost 60% of the ocean is experiencing a significant increase of cumulative impact,
particularly due to climate change, but also from pollution and fishing (Figure 1.8).

e s AN 0.52

.
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0.2
0.1

-0.21
-0.3

Figure 1.8 Annual change in CHI estimated using a linear regression model from 2003 to 2013. From Halpern
et al. (2019). Licensed under CC BY 4.0. https:/creativecommons.org/licenses/by/4.0/



Anthropogenic pollution of the global ocean is therefore a widespread existing problem.
Human activities result in a complex mixture of contaminants entering the marine environment,
such as plastics, manufactured chemicals, mercury, crude oil, pesticides, and nutrients (Figure
1.9). The major classes of marine chemical contaminants composing this complex mixture are
the families of PAHs, OPEs, and PFAS, together with other halogenated hydrocarbons (e.g., PCBs,
PBDEs), pesticides (e.g., DDT), and organometals. Oceans are the ultimate sink for these organic
contaminants, which depending on their persistence, will remain there for long periods of time,
posing a serious threat to marine ecosystems and human health (Landrigan et al., 2020; World
Health Organization, 2019). However, ocean pollution remains inadequately recognized and
insufficiently understood (Back to Blue, 2022; Hatje et al., 2022). Elucidating the interactions
between organic contaminants and marine ecosystems will facilitate our comprehension of their
environmental fate, ultimately enabling more effective approaches to address the issue of oceanic
pollution.

OCEAN POLLUTION e e

Pollution of the oceans is widespread, worsening, than 80% discharges. Ocean pollution has multiple
and in most countries poorly controlled. Human arises from negative impacts on ecosystems and
activities result in a complex mixture of land-based human health, particularly in vulnerable
substances entering the aquatic environment sources populations

PLASTIC WASTE

0 million metric tons of plastic
8 ach year. Plastic pollution

OIL SPILLS

0il spills kill beneficial marine
microorganisms that produce oxygen. They
lead also to adisruption of food sources and
destruction of fragile habitats such as
estuaries and coral reefs

MANUFACTURED CHEMICAL

\\f\\ﬁﬂﬂ WILL STAHL-TIMMINS

Figure 1.9 Representation of the complex mixture of anthropogenic pollutants that constitute oceanic
pollution. From Landrigan et al. (2020). Licensed under CC BY 4.0. https:/creativecommons.org/licenses/

by/4.0/
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1.3.1 Sources and transport

Organic contaminants (with the exception of crude oil spills, and ship’s contamination)
originate on terrestrial sources and enter the ocean through atmospheric or land-based inputs
(see Figure 1.10). These terrestrial inputs include industrial discharges, agricultural and urban
runoff, wastewater effluents, and other anthropogenic activities, which can directly enter the
marine environment or arrive via riverine systems (Landrigan et al., 2020; Wang et al., 2024a).
Three mechanisms of atmospheric deposition govern atmospheric inputs: dry deposition of
particle-bound contaminants, wet deposition (which involves the washout of gas and particle-
bound contaminants by rain or snow), and diffusive air-water exchange between the gaseous
phase in the atmosphere and the dissolved marine phase. (Dachs & Méjanelle, 2010). Unlike
the other mechanisms, diffusive exchange is a bidirectional and continuously occurring process.
It is driven by the chemical equilibrium between the gas and the dissolved phase, where the
contaminant will either volatilize or deposit to reach this equilibrium.

In the oceans, organic contaminant concentrations are in some regions influenced by
proximity to source, with the highest concentrations typically occurring near population centers
and industrial areas. This is evidenced by the observation of higher concentrations of organic
contaminants and POPs in coastal areas close to the anthropogenic sources compared the
open ocean and remote areas such as the poles (Gioia et al., 2011; lwata et al., 1993). Despite
exhibiting lower concentrations, the large volume of the oceans and their function as the ultimate
sink implies that they play an important role as a global reservoir of organic contaminants (Jurado
et al., 2004). However, the technical difficulties and the high costs associated with the use of
research vessels and other types of specific infrastructure have resulted in less experimental data
about the occurrence and fate of organic contaminants in the open ocean (Gioia et al., 2011).

Although rivers can be important sources of POPs to coastal areas, it is widely accepted
that the atmosphere plays a dominant role in inputs to the open ocean, particularly for semi-
volatile organic contaminants. Indeed, the atmosphere has been considered the most significant
and rapid route of transport for POPs to surface waters (Atlas & Giam, 1981; Dachs & Méjanelle,
2010; Gioia et al., 2011). Among the mechanisms of atmospheric deposition, for those POPs
present in the atmosphere predominantly in the gas phase (PCBs, HCHs, LWM PAHS), air-water
diffusive exchange constitutes the main mechanism of deposition on a global scale compared to
dry and wet deposition (Jurado et al., 2004, 2005). On the contrary, for other heavier compounds
with higher affinity to aerosol particles, such as HMW PAHs, dry/wet deposition could be the
dominant mechanism of removal from the atmosphere (Gioia et al., 2011; Gonzéalez-Gaya et al.,
2014; Jurado et al., 2005). Furthermore, during precipitation events wet deposition is found to
be the dominant deposition mechanism, probably due to the great efficiency of rain and snow
when scavenging gas- and aerosol-phase organic contaminants (Casas et al., 2021; Jurado et
al., 2005).



Regarding organic contaminants with lower volatility and hydrophobicity than traditional
POPs, the transport mechanisms to open oceans are not as well elucidated. In the case of PFAS,
particularly the ionic PFAAs and its two maximum exponents PFOA and PFOS, their main sources
in the marine environment were thought to be mostly terrestrial by wastewater and riverine inputs
(Pistocchi & Loos, 2009). However, later studies have highlighted the importance of atmospheric
deposition, whose contribution was found to be even 1-2 orders of magnitude greater than that
of wastewater treatment plan discharges in the Baltic Sea (Filipovic et al., 2013). The same study
also found that riverine input was dominant, similar to reports from the Bohai Sea, where river
inflow was the primary source of coastal PFAAs (Du et al., 2022). Once in the ocean, the water
solubility of ionic PFAS enables them to be further transported by the oceanic currents (Casal et
al., 2017; Gonzalez-Gaya et al., 2014). Atmospheric transport is also suggested to significantly
influence on the long-range transport of PFAS, particularly in remote areas where the influence
of oceanic currents is limited (Casal et al., 2019), such as the Antarctic waters, where long-range
oceanic transport is thought to be hindered by the Antarctic circumpolar current (Bengtson Nash
et al., 2010). Among the atmospheric sources of PFAS, such as the formation in the atmosphere
via degradation from volatile precursors, the enrichment of PFAAs in sea spray aerosols (SSA)
has been demonstrated to be a significant mechanism of PFAAs remobilization from seawater
to air (Sha et al., 2022, 2024). Notably, Casas et al. (2020) found PFAS to be enriched in sea
spray aerosol relative to bulk seawater, based on simultaneous field measurements conducted in
the Southern Ocean. Additionally, PFAS may undergo long-range atmospheric transport bound to
other types of aerosols, such as organic and inorganic particles (Faust, 2023). Altogether, these
processes facilitate the transport of PFAS to remote regions.

Regarding the OPEs, the diverse range of physicochemical properties within this class of
compounds presents challenges in determining the predominance of one transport mechanism
over others. The primary sources of OPEs in marine ecosystems are land-based (Wei et al., 2015).
These include atmospheric release from man-made products (e.g., e-waste) and input from
rivers. These terrestrial sources contribute to the presence of OPEs in coastal and offshore regions
through atmospheric transport and deposition (Castro-Jiménez & Sempéré, 2018), as well as
waterborne transport associated with oceanic currents (Schmidt et al., 2019). Furthermore, OPEs
are potentially released in situ in marine environments by oceanic plastic debris, representing
localized sources of OPEs and other organic plasticizers (Xie et al., 2022). Concerning long-range
atmospheric transport and deposition, the atmospheric half-life of organophosphate esters (OPEs)
was initially estimated to be insufficient for long-distance travel (Blum et al., 2019). However,
several studies have reported environmental data showing occurrence of OPEs in the atmosphere,
demonstrating that the most prevalent OPEs indeed undergo atmospheric long-range transport
(Castro-Jiménez et al., 2016; J. Li et al., 2017; Moller et al., 2012b). Moreover, atmospheric
deposition through air-water exchange has been proposed as the primary input route for OPEs into
the environment (Marlina et al., 2024). Experimental data and subsequent estimations indicate
that OPEs in the atmosphere have longer lifetimes than previously anticipated (Siihring et al.,
2020); however, it remains uncertain whether this is attributable to the presence of atmospheric
water or to partitioning to the particle phase (Fu et al., 2021). OPEs can also undergo long-range
transport via oceanic currents, where chlorinated OPEs in particular are efficiently transported
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due to their persistence, lower volatility, and higher solubility than the non-chlorinated OPEs (Xie
et al., 2022). Consequently, a higher abundance of chlorinated-OPEs is commonly reported in the
marine environments (Castro-Jiménez & Sempéré, 2018; Xie et al., 2022).
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Figure 1.10 Cycling of the organic contaminant pool that comprises the Anthropogenic Dissolved
Organic Carbon (ADOC) in the upper layer of the oceans. Red arrows indicate the sources, transport, and
transformation processes that ADOC compounds undergo. The transformation products of ADOC resulting
from abiotic or biotic processes are referred as tADOC. Black arrows indicate the transformation and sink
processes that the overall dissolved organic carbon (DOC) pool, including ADOC, undergoes in the water
column. The reported effects of ADOC on marine microbial communities are summarized.

50

Chapter 1

General Introduction



Chapter 1

General Introduction

51

1.3.2 Fate and sinks

Upon entering the ocean, organic contaminants undergo partitioning among various
environmental compartments, specifically water, particulate matter, and biota. This partitioning
will depend on sorption processes, partitioning coefficients, and additional physicochemical
properties specific to each compound, as well as on environmental conditions, such as the
amount of suspended particulate matter or water temperature (Galban-Malagén et al., 2012).
Generally, the environmental processes that organic contaminants undergo are linked to the
oceanic carbon cycle. In fact, dissolved organic contaminants constitute what has been defined as
the anthropogenic dissolved organic carbon (ADOC) pool (Vila-Costa et al., 2020). This complex
mixture comprises both man-made synthetic organic chemicals and various organic compounds
released into the environment as a consequence of anthropogenic activities.

ADOC compounds in the euphotic zone are depleted through transformation or other sinks,
related to abiotic and biotic processes, depending on their persistence. The highly hydrophobic
ADOC compounds, such as POPs and PAHs, will preferentially partition into organic matter. This
organic matter is present in the particulate phase, either as particles and aggregates of different
organic matrices, or as the cells of living organisms, such as phytoplankton (Gioia et al., 2011).
Notably, the tendency of hydrophobic ADOC compounds to bioaccumulate in these marine primary
producers serves as the principal pathway for ADOC entry into the marine food web, subsequently
leading to amplification of concentrations towards higher trophic levels through biomagnification
processes (Berrojalbiz et al., 2009; Jamieson et al., 2017; Romero-Romero et al., 2017). Once
organic contaminants partition into suspended particles by sorption or passive uptake, they
can be removed from the surface waters and delivered to the deep ocean by what is known as
the biological pump. The biological pump is defined as the complex ensemble of biophysical
processes through which phytoplankton fix carbon dioxide, and a fraction of the resultant organic
matter is subsequently exported to the deep ocean by settling particles (e.g., phytoplankton
dead cells, organic matter aggregates, zooplankton fecal pellets) (Galban-Malagon et al., 2012;
Sanganyado et al., 2021; Turner, 2015). This important process of the oceanic carbon cycle has
the capacity to reduce the dissolved concentrations of organic contaminants in the surface ocean,
thereby enhancing the air-to-water flux of pollutants by diffusive exchange, ultimately modulating
the atmospheric transport and deposition of these compounds (Dachs et al., 2002; Galban-
Malagén et al., 2012; Gioia et al., 2011; Lohmann et al., 2007; Sanganyado et al., 2021).

However, processes other than the biological pump modulate ADOC concentrations. The
less persistent and/or less hydrophobic ADOC compounds are susceptible to transformation
and subsequent removal via abiotic processes, such as photodegradation or hydrolysis, and
biotic processes, collectively referred to as biotransformation. Even though abiotic degradation,
especially photodegradation, may play a role in surface waters, microbial degradation is the main
marine sink for many contaminants (Gonzalez-Gaya, Martinez-Varela, et al., 2019). Microbial
communities mediate biotransformation and may result in the complete respiration of certain
compounds to CO2 by heterotrophic microorganisms. Biotransformation and respiration are
integrated into the microbial loop, a complex trophic pathway where dissolved organic carbon



(DOC) and nutrients are cycled through bacteria, viruses, protozoa, and their interactions (Fenchel,
2008; Valiela, 2015). Not all the DOC is susceptible of remineralization, and the most recalcitrant
fraction of DOC that resists biodegradation is sequestered to the deep ocean by the microbial
carbon pump, analogous to the process observed in the biological pump (Buchan et al., 2014).
Although the microbial loop is a ubiquitous feature of the global ocean and plays an important
role in the marine carbon cycle, its role in the transformation and fate of the ADOC compounds
remains poorly characterized, particularly for those CECs with limited environmental research
conducted on them (Gonzalez-Gaya, Casal, et al., 2019).

As Dachs and Méjanelle (2010) stated, “pollutants should be viewed as travelers that
will be traveling, and affecting ecosystems during their journey until they are degraded and/or
sequestered by the deep ocean”. Therefore, oceans play an important role in determining the
transport, fate, and sinks of organic contaminants and their potential impact on the Earth system
(Dachs et al., 2002). Acquiring comprehensive data regarding the biotic and abiotic potential of
the ocean to modulate global organic contaminant concentrations is essential for conducting
accurate modeling and risk assessment of these compounds in the environment. Unfortunately,
many of the aspects of these complex issue remain understudied, including the potential of
microbial communities to biotransform ADOC compounds, particularly for those CECs that have
emerged in recent decades and in remote areas where experimental work is very demanding,
such as the open ocean or the polar regions.

1.4 Marine microbial communities

Although they are invisible to the human eye, the huge number of marine microbes (bacteria,
viruses, and protists) in the oceans far exceeds all multi-cellular metazoa in abundance, biomass,
metabolic activity, and genetic and biochemical diversity (Pomeroy et al., 2007). A single liter of
seawater is estimated to contain about one billion of these single-celled organisms, while the
total amount of bacteria in the global ocean is estimated to be around 10%° (Whitman et al., 1998).
The significance of bacteria extends beyond their biomass; their surface area plays a crucial role.
While biomass (or volume) determines the maximum potential for metabolism and growth, the cell
surface acts as the gateway for all organic and inorganic nutrients, oxygen, and waste products.
Consequently, the rate of metabolism per unit of biomass is governed by the relationship between
surface area and volume (Pomeroy et al., 2007). Regarding the surface area associated to bacteria
in the euphotic zone of the oceans, it is far more overwhelming than their biomass (Figure 1.11).
Considering surface area as an indicator of metabolic activity, this observation underscores the
significant metabolic role of bacteria in oceanic ecosystems, emphasizing that the oceans are
primarily a microbial environment.
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Figure 1.11 Distribution of biomass and calculated surface area (expressed as a percentage of total) for
planktonic trophic groups in the euphotic zone of the oceans. The biomass value is a geometric mean of the
data from various oceanic areas; surface area is calculated assuming simple spherical geometry. The total

biomass for the plankton is 50 mg C m™ and the total surface area is 1.2 m? m™3. From Pomeroy et al. (2007).
Licensed under CC BY 4.0. https:/creativecommons.org/licenses/by/4.0/

Marine microorganism can be classified depending on the energy and carbon sources they
rely on. According to the carbon source, two main groups arise: autotrophs or primary producers,
those organisms that rely on the conversion of CO2 to organic compounds (CO: fixation); and
heterotrophs or secondary producers, those unable to fix CO2 that have to use organic carbon
compounds. However, this division is not clear since the discovery of marine microorganism able
to switch between trophic strategies, known as mixotrophs. These marine microorganisms and
their interactions predominantly influence the flux of energy and biologically significant elements
in the ocean, thereby maintaining the global ocean and Earth system equilibrium.

Phytoplankton in the photic layer of the ocean are estimated to produce more than 50%
of the oxygen on Earth, while they simultaneously sustain the marine food webs by the primary
production of organic matter from inorganic CO2. However, not all the produced organic matter
enters the classic marine food web. Approximately one-half of the carbon fixed by photosynthetic
primary producers is released as dissolved organic matter (DOM) and subsequently processed by
heterotrophic bacteria (Buchan et al., 2014). These marine microorganisms play a central role in
converting DOM and nutrients into particulate organic matter (POM), forms that can be utilized by
other organisms in the food web, thus reincorporating them into the food web. This key process,
referred to as the microbial loop, allows higher trophic levels to access the pool of organic matter



that was not available for them in the form of DOM, thus sustaining global biogeochemical cycles,
ecosystems, and productivity (Y. Li et al., 2014; Okuda et al., 2014).

This microbial loop mediated recycling of DOM (and therefore of the DOC compounds
within the DOM pool) and nutrients is the result of the interaction of microorganisms and DOM.
Four possible mechanisms of interaction have been described (Kujawinski, 2011; Kujawinski et
al., 2016). First, microorganisms can consume and incorporate whole or enzymatically modified
molecules into metabolic pathways for biomass synthesis or energy production, resulting in
subsequenttransferto highertrophiclevelsvia predation orcompleterespirationto CO2 (Kujawinski,
2011). Second, microorganisms can produce and release organic compounds that become part of
the DOM as metabolic by-products, exudates (e.g., for nutrient acquisition or chemical defense),
or during cell death caused by processes like viral shunt or grazing. This released DOM contains
carbon and regenerated inorganic nutrients, such as nitrogen and phosphorus, which are then
reutilized by phytoplankton and other bacteria (Pomeroy et al., 2007). Third, microorganisms can
transform compounds by enzymatic activity, producing transformation products that remain in the
DOM pool. As a result of this transformation, some of the compounds may become recalcitrant to
further microbial transformation and be subjected to long-term carbon storage via the microbial
carbon pump (Jiao et al., 2010). Lastly, microorganisms may ignore the compound if it has already
become refractory due to prior abiotic or biotic alterations (Kujawinski, 2011) (Figure 1.10).

Among the large domain of prokaryotic microorganism that marine bacteria constitute,
this thesis will focus on marine heterotrophic bacteria, due to their potential to transform ADOC
compounds and their pivotal role in the C global cycling meditating the balance between the
production and consumption of organic matter in the ocean (Kim et al., 2023). Depending on
the availability of carbon and nutrients and their taxonomy, heterotrophic bacteria show different
lifestyles. Those adapted to high-nutrient conditions are known as copiotrophs, whereas those that
prefer low-nutrient concentrations are known as oligotrophs (Buchan et al., 2014). Copiotrophs
are able to rapidly respond to high-nutrient availability and thrive due to the diverse metabolic
capabilities they harbor, while oligotrophs rely on a simpler but less energetically demanding
metabolism. Additionally, bacteria can also be divided as free-living (FL) or particle-attached
(PA), taking also into account those able to shift between the two lifestyles. Although FL bacteria
constitute the majority of marine bacteria in the epipelagic zone, PA bacteria exhibit higher per-
cell activities and possess a more diverse metabolic capacity (Urvoy et al., 2022; Wang et al.,
2024b). As a result, particles are regarded as hot spots of bacterial activity and organic matter
biotransformation (Urvoy et al., 2022).

For many years, the sole method of investigating the biodiversity and metabolic capacities
of marine microbes was through the culture and isolation of pure bacterial cultures. However,
this approach was later recognized to have a significant bias due to the fact that the majority
of marine bacteria are not cultivable (Yilmaz et al., 2016). It was not until the development of
molecular techniques that allowed DNA sequencing that the diversity in the naturally occurring
bacterial communities began to be understood. PCR amplification of the prokaryotic 16S
ribosomal RNA (16S rRNA) gene and subsequent taxonomic classification through bioinformatic
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tools is now a widely used approach. More recently, thanks to the drop of sequencing costs, direct
DNA sequencing and complete reconstruction of bacterial genomes from metagenomic data,
known as metagenome-assembled genomes (MAGS), is also used. This methodology is gaining
relevance since it enables not only taxonomic classification but also facilitates the investigation
of the potential metabolic capacity of bacterial communities.

Based on the accumulated data, current research indicates that the majority of known
marine prokaryotic microorganisms are classified within approximately twelve broad phylogenetic
divisions orphyla (Yilmazetal., 2016). Regarding marine heterotrophic bacteria, bacteria belonging
to the Bacteroidota phyla or to the Alphaproteobacteria or Gammaproteobacteria classes of the
Pseodomonadota (previous Proteobacteria) phyla usually dominate bacterial communities (Ruiz-
Gonzélez et al., 2019; Sanz-Séez et al., 2020). Alpha- and Gammaproteobacteria in particular
encompass thousands of bacterial species, with very diverse metabolic capacities. Despite all
the advances in marine microbiology, many unknown marine bacteria remain to be identified, and
even for those taxonomically classified, there are still many questions regarding their potential
metabolic capacities. Advancing research in this field is therefore essential to better understand
the potential of marine microbial communities to interact with organic contaminants and the
possible consequences of such interaction.

1.4.1 Role of marine microbes in contaminant fate

Whether because they obtain a metabolic advantage in the form of energy and nutrients, or
due to the fortuitous transformation by promiscuous enzymes intended for the metabolic pathway
of a different compound — a process known as co-metabolism (Benner et al., 2015; Nzila, 2013)-
, biotransformation of organic contaminants by marine microorganisms is a relevant process
occurringinthe global ocean. Biotransformation does not always resultinthe complete degradation
of a compound (biodegradation), as there are cases where it results in transformation products
with higher toxicity and persistence than the original compound (bioactivation; Gerba, 2019). The
potential for microbial loop-mediated biotransformation of anthropogenic organic contaminants
has been assessed to different extents, depending on the specific chemical or chemical families
under study. However, such assessments are usually limited to study acute exposition to high
concentrations of contaminants, with the main objective of developing a suitable bioremediation
method for heavily contaminated sites. Meanwhile, the potential biotransformation of the pool of
compounds that compose ADOC at low background concentrations and under chronic exposure
is underestimated, and information regarding the biodegradation rates under these realistic
concentrations in the oceans is scarce. The following paragraphs summarize what is known
about the environmental biodegradation of PAHs, OPEs, and PFAAs.

PAH biodegradation

PAHs represent an exemplary family of pollutants for which microbial degradation is quite
well characterized, with established metabolic pathways and identified key genes (Mallick et al.,
2011). This has been motivated by the increasing interest in biological remediation methods for



PAH-contaminated sites. As compounds that can originate from natural sources, or biomass
combustion, PAHs have been part of the biogeochemical cycles for millions of years (Henner
et al.,, 1997). As a result, marine microorganisms, predominantly bacteria and archaea, have
developed diverse strategies to utilize PAHs as both an energy and carbon source. Predominantly,
bacteria exhibit a preference for aerobic conditions in the degradation of PAHs. For the purposes
of this thesis, the focus will be on reactions occurring under aerobic conditions.

In the presence of oxygen, PAHs are degraded via oxygenase-mediated metabolism by
monooxygenase or dioxygenase enzymes (Ghosal et al., 2016; Patel et al., 2020). Generally, the
initial and rate-limiting step is the incorporation of two oxygen molecules into an aromatic ring
by the key aromatic ring hydroxylating dioxygenase (ARHD), forming a cis-dihydrodiol, which is
then rearomatized to a diol intermediate by a dehydrogenase (Figure 1.12). These intermediates
may then be cleaved by intradiol or extradiol ring-cleaving dioxygenases, such as the cathecol
dioxygenase (Duran & Cravo-Laureau, 2016; Ghosal et al., 2016; Mallick et al., 2011). The re-
aromatization and ring cleavage reactions will alternate, ultimately leading to aliphatic products
that enter the central metabolism via the tricarboxylic acid cycle (Ghosal et al., 2016; Walton
& Buchan, 2024). Due to the high conservation and substrate specificity of the alpha subunit
of the ARHD enzyme, it has been selected as an appropriate biomarker for investigating PAH
degradation functionalities in environmental contexts, and it is frequently utilized (Gonzalez-Gaya,
Martinez-Varela, et al., 2019; S. Li et al., 2022; Walton & Buchan, 2024).

The taxonomic classification of the main bacterial players involved in the degradation of
PAHSs in the ocean is also quite well studied, particularly due to all the research that has been
conducted after oil spills, both in field studies and under controlled laboratory conditions.
(Gutierrez et al., 2013; Joye et al., 2014; Kimes et al., 2014). Bacteria with the metabolic capacity
to degrade hydrocarbons and use them as substrates are known as hydrocarbonoclastic bacteria
(HCB), and PAH degraders are among them (Yakimov et al., 2022). HCB are ubiquitously present
in the marine environment, albeit in low abundance, as they are part of the rare biosphere
(Kleindienst et al., 2016; Yakimov et al., 2022). However, this fast-growing opportunistic bacterium
can bloom following an influx of PAHs or other hydrocarbons, becoming predominant until
hydrocarbon exhaustion (Joye et al., 2014; Kimes et al., 2014; Kleindienst et al., 2016; Lozada
et al., 2014). Almost all the marine PAH degraders fall within the Gammaproteobacteria, and
Alphaproteobacteria classes, where several bacterial genera with PAH degrading capacity have
been characterized, such as Pseudomonas, Cycloclasticus or Burkholderia, and Sphingomonas,
Rhodoccocus or Hyphomonas, respectively (Y. Huang et al., 2023; Krivoruchko et al., 2023; Q. Liu
et al., 2024; Peng et al., 2020; Somee et al., 2022; Vaidya et al., 2017; Wang et al., 2018; Yagi &
Madsen, 2009). ARHDs genes have actually been found to be very diverse and widespread among
the bacterial tree (Iwai et al., 2010; Kaur et al., 2023; Yagi & Madsen, 2009). Furthermore, it is not
common to find all the PAH degradation route genes in individual genomes (Géngora et al., 2024;
Somee et al., 2022). Instead, several studies have shown that PAH and hydrocarbon degradation
by bacterial consortia is more efficient, which suggests that the removal of these complex mixtures
of compounds requires the metabolic capabilities of the whole microbial community (Gallego et
al., 2014; Kumari et al., 2018; Vaidya et al., 2017). Consistent with this observation, numerous
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genes involved in hydrocarbon degradation are frequently located on plasmids associated with
horizontal gene transfer processes (DeBruyn et al., 2012; Q. Liu et al., 2024; Ma et al., 2006),
which further enhances the cooperative nature of hydrocarbon degradation.
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HCB are not only important for PAH elimination after oil spills. Gonzalez-Gaya et al. (2019)
calculated that the integrated sinking flux of PAHs due to the biological pump was two orders of
magnitude lower than the atmospheric input. The fact that 99% of the PAH do not settle to the
deep ocean suggests that they are being removed by biotic or abiotic processes in the photic zone
of the water column. However, after assessing PAH photodegradation by diagnostic ratios, results
suggested that microbial degradation is the primary mechanism responsible for depleting the
more abundant PAHs within the upper 200 m of the water column (Gonzéalez-Gaya et al., 2019).
Microbial degradation is widely recognized as the primary process determining the fate of PAHs in



PAH-contaminated marine environments (Duran & Cravo-Laureau, 2016; Ghosal et al., 2016), and
this phenomenon may also apply to the chronic background PAH pollution in the global ocean, or
at least to the tropical and subtropical waters studied in (Gonzalez-Gaya et al., 2019). However,
the diversity of the microbial communities exposed to this background PAH concentrations
remains poorly addressed. To comprehend how the intricate interplay among environmental
factors, chemicals, and microbial communities determines the fate of PAHs in the world’s oceans,
it is essential to conduct on-site measurements of biodegradation rates, assess the presence of
PAH-degrading microbes, and evaluate their metabolic capabilities under real-world conditions.

OPE biodegradation

Environmental degradation processes for OPEs are important since they determine the
environmental fate and, thus the potential effects that OPEs will exert on the ecosystems (Xie et
al., 2022). Abiotic processes such as hydrolysis and photodegradation in aquatic environments
have been assessed, with different degrees of degradation depending on the compound
structure, as well as on other environmental parameters, such as pH or dissolved oxygen (Cristale
et al., 2017; Su et al., 2016). With respect to biodegradation processes in aquatic ecosystems,
limited research has been conducted, particularly concerning the marine environment. Most
of the work done regarding bacterial biodegradation has been centered on soil and sediments
of highly polluted areas or activated sludge from wastewater treatment plants. Takahashi et al.
(2013, 2010) isolated two bacterial strains, belonging to Sphingobium sp. and Sphingomonas
sp., with the ability to remove the chlorinated OPEs TDCPP and TCEP. Regarding degradation of
aryl-phosphates, a Roseobacter strain (Kawagoshi et al., 2004) and consortia of Rhodococcus
and Sphingopyxis strains have been reported (Wang et al., 2019). Additionally, Sphingomonas
and Sphingobium strains able to degrade the alkyl-OPE TBP have also been reported (J. Liu et al.,
2019; Rangu et al., 2014).

Regarding the marine environment, few studies have attempted to address this issue, and
all of them have been conducted in the Mediterranean Sea. (Castro-Jiménez et al., 2022) reported
higher overall OPE degradation rates under biotic conditions for experiments conducted with
coastal sediments from a site with high urban pressure. Biodegradation for seawater experiments
has also been reported, where biodegradation of certain OPEs occurred under phosphorus-
limited conditions, suggesting their utilization as phosphorus sources (Despotovi¢ et al., 2022;
Vila-Costa et al., 2019).

The main OPE biodegradation route is thought to be by the cleavage of the ester bond and
the formation of the corresponding phenols/alcohols and the ester metabolites (Figure 1.13). This
initial step is catalyzed by a particular phosphoesterase, known as phosphotriesterase (PTE). The
resulting di- and mono-esters can then be further hydrolyzed by the phosphodiesterases (PDE) and
phosphomonoesterases or phosphatases (PME) (Takahashi et al., 2017). Phosphotriesterases
capable of hydrolyzing various organophosphate compounds, such as those utilized in pesticides
and nerve agents, are well-documented. Nevertheless, the substituents present in OPE flame
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retardants and plasticizers exhibit poor leaving group characteristics, resulting in ester bonds
that demonstrate resistance to hydrolysis by these common PTEs (Despotovi¢ et al., 2022; Wang
etal., 2022). PTEs able to degrade OPE flame retardant and plasticizers have been isolated only in
a handful of soil bacteria (X. Li, Reheman, et al., 2020; Rangu et al., 2014; Takahashi et al., 2017,
Wang et al., 2021b, 2022), while (Despotovi¢ et al., 2022) have reported the sole PTE isolated
from marine bacteria to date.

In the ocean phosphorus is an essential nutrient, and when inorganic phosphorus is
limited, bacteria obtain this nutrient from other forms of dissolved organic phosphorus, mainly
phosphomonoesters and diesters, by the use of the phosphatases and phosphodiesterases
(Despotovi¢ et al., 2022). As a result, phosphatases such as the alkaline phosphatases PhoA and
PhoX are widespread in the oceans (Sebastian & Ammerman, 2009; Srivastava et al., 2021). PhoA
has even been suggested to be a promiscuous enzyme showing not only phosphatase activity,
but also PDE and PTE activities (Srivastava et al., 2021). However, OPE degradation by this type of
phosphatases has not been reported yet. The absence of reports regarding oceanic degradation
of OPE flame retardants and plasticizers by either PTEs or other phosphatases raises the question
of whether bacteria can degrade these anthropogenic compounds and utilize them as alternative
phosphorus sources, or if they are unable to metabolize these exogenous compounds, particularly
those microbial communities with no previous acute exposure to them.
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Figure 1.13 Simplified representation of the phosphoesterases-mediated degradation pathway of OPEs.

Alternatively, reactions occurring on the substituents of OPE compounds have been
reported, such as methylation or hydroxylation (Yu et al., 2023). This observation raises the
question to whether the direct degradation of the aromatic of aliphatic groups is feasible,
particularly considering that the metabolic capacity to degrade hydrocarbons is widely distributed
in the ocean (Q. Liu et al., 2024). However, despite some studies showing the occurrence of
OPE diesters and hydroxylated OPE in marine sediments offshore China’s East Coast (Gao et
al., 2025; Liang et al., 2024), there is no evidence of such type of reactions occurring in marine
environments. Further research is needed to assess the potential of microbial degradation as an
oceanic sink of OPEs and to enhance our understanding of the fate of these contaminants in the
global ocean.



PFAAs biodegradation

The strong biological and chemical resistance of the PFAS has resulted in their designation
as “forever chemicals”. Biodegradation of completely fluorinated compounds such as the PFAAs
is very rare, and there are several factors supporting this scarcity. In biology, fluorine is very
rare compared to the other halogens. Thousands of chlorinated natural compounds have been
identified, and bacteria have naturally developed organochloride metabolism, resulting in chloride
that can be used to maintain the physiological chloride balance. On the contrary, only some dozen
of fluorine-containing natural compounds are known, and they are singly fluorinated. On top of that,
bacteria and other organisms do not use fluoride as they do with the other halogens, and fluoride
is highly toxic for bacteria. So, while bacteria have evolved to obtain a physiological advantage
of the chlorinated compounds, the metabolism of fluorinated compounds needs additional
components without obtaining any cellular benefit from it. The lack of long-exposure to highly
fluorinated natural compounds, the absence of selective benefit, and the particular chemistry of
fluorine has resulted in PFAS degraders to be a very rare event in natural environments (Wackett,
2021, 2022).

However, there are some recent studies showing that biodegradation is possible, mainly on
the heteroatoms of the molecule when present. Huang and Jaffé (2019) found defluorination and
the subsequent shortening of the molecule for microbial incubation of PFOA and PFOS with an
Acidimicrobium strain, and Yu et al. (2020) found defluorination of Cs polyfluorinated compounds
by a microbial consortium. The presence of functional groups in the most commercially abundant
PFAS, such as carboxyl or sulfonyl groups in the PFAAs, offers a weaker point to attack than the
C-F bonds, resulting in defluorination initiated by radical decarboxylation or radical desulfonation
reactions (Figure 1.14; Wackett, 2022). Interestingly, after exposing naturally occurring microbial
communities from a seawater flooded volcanic caldera, Cerro-Galvez et al. (2020) found a
significant decrease of PFOS and an increase of transcripts encoding for sulfur metabolism,
suggesting desulfurization of PFOS molecules. Nevertheless, no evidence of defluorination
was found. In general, the microbial metabolic degradation of heavily fluorinated compounds
represents an uncommon phenotype, and, furthermore, the only successful evidence documented
demonstrates relatively slow biodegradation rates (Wackett, 2022). Therefore, it seems unlikely
that biodegradation plays an important role as an oceanic sink of PFAAs, compared to other
vertical transport mechanisms proposed for their removal from the global surface oceans (Casal
et al., 2017; Gonzalez-Gaya, Casal, et al., 2019; Lohmann et al., 2013). Nevertheless, it has
been emphasized that continued research into the natural biodegradation of PFAS is essential
to identify, and potentially engineer, microorganisms capable of more efficient biodegradation
(Wackett, 2022).
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Figure 1.14 Radical decarboxylation proposed mechanism for the complete defluorination of
perfluorooctanoate. From (Wackett, 2022). Licensed under CC BY 4.0. https:/creativecommons.org/
licenses/by/4.0/



1.4.2 Potential impact of ADOC on marine microbes

Marine microbial communities respond to changes in the availability, composition, and
concentration of DOC and other essential nutrients, even when these variations are minimal
(Hutchins & Fu, 2017). Although microbial responses associated with changes in DOC have
been investigated (Moran et al., 2016), the potential effects of changes in the ADOC pool remain
unexplored, as ADOC is generally considered an insignificant fraction of the DOC. However,
despite ADOC concentrations usually being two orders of magnitude lower than DOC in the
dissolved phase, the disproportionately hydrophobic nature of ADOC results in large ADOC
bioaccumulation in cell membrane lipids, increasing its concentrations to the micromolar range in
the particulate phase, at which it may exert potential toxic effects on microorganisms (Vila-Costa
et al., 2020). Just by intercalating into the cell membranes, these organic contaminants already
cause a baseline toxicity to the cells, termed narcosis. Cellular narcosis is the consequence of the
perturbation that hydrophobic organic pollutants induce in the structure and functioning of cellular
membranes, which, depending on the strength of the interaction with the membrane, can result
in toxic effects that compromise organism viability (Escher et al., 2017; Wezel & Opperhuizen,
1995).

Among the negative impacts of ADOC compounds on marine bacteria, several studies have
already addressed the toxic effects that they exert on marine phytoplankton. The observed effects
include decrease of cell abundance, loss of viability, growth impairment, and dysregulation of
photosynthetic genes, resulting in a reduction of productivity (Echeveste et al., 2010, 2016;
Fernandez-Pinos et al., 2017; Tetu et al., 2019). Furthermore, after performing a review of
studies reporting effects of contaminants on marine ecosystems function, Johnston et al. (2015)
concluded that up to 70% of the studies found negative impacts on primary production, reducing
productivity and increasing respiration (Figure 1.10). However, most of the studies assessing
the toxicity of organic contaminants are performed under experimental conditions that differ
from realistic environmental conditions, by only testing isolated cell lines and neglecting the
ecological interactions that would occur between the components of naturally occurring microbial
communities, or by applying organic contaminants at concentrations significantly higher than
those typically found in the environment.

In light of this limitation, a series of studies examined the responses of coastal microbial
communities from diverse ecosystems exposed to environmentally relevant concentrations of
ADOC, and reported the activation of detoxifying and cell-repair mechanism (Cerro-Galvez et al.,
2019; Cerro-Galvez etal., 2019; Cerro-Galvez et al., 2021). They also reported changes in microbial
community composition after ADOC exposure, due to the stimulation of bacterial taxa belonging
to the rare biosphere. While the presence of ADOC is detrimental for some organisms, those with
the metabolic capacity to use them as substrates will obtain a metabolic advantage and thrive,
resulting in the observed changes in the overall microbial community composition (Figure 1.15).
Actually, ADOC compounds containing heteroatoms such as phosphorus, sulfur or nitrogen may
provide an alternative source of these essential and often limited nutrients in addition to carbon
and energy, which may result in the dysregulation of the marine trophic regimes and the marine
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biogeochemical cycles (Vila-Costa et al., 2020). Although these compounds are generally not the
preferred source of nutrients, existing studies report the potential use of ADOC compounds as a
nutrient sources under specific conditions, such as OPEs and PFOS for phosphorus and sulfur,
respectively (Cerro-Galvez et al., 2020; Despotovi¢ et al., 2022; Vila-Costa et al., 2019).

Although the presence of some ADOC compounds in the marine environment is quite
recent, their effects on the microbial communities are already arising. Regardless of the changesin
concentrations of individual compounds, the concentrations of the total pool of ADOC compounds
are expected to continue rising, subsequently increasing the intensity of ADOC modulation on
microbial communities and biogeochemical cycles (Vila-Costa et al., 2020). Due to their chronic
exposure itis plausible that given enough time some microbes will eventually develop the metabolic
machinery to obtain advantage from them, resulting in the alteration of the biogeochemical cycles
as we know. In this scenario, the collection of data regarding ADOC cycling in the environment and
its interactions with marine microbial communities becomes imperative, in order to elucidate this
vector of global change and implement appropriate risk assessment regulations.
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Objectives

This thesis aimed to gain insights into the bidirectional interaction between marine microbial
communities in the upper ocean and relevant families of organic contaminants that are part of the
ADOC pool, particularly in less characterized remote areas such as the open ocean and Antarctic
waters. Focus has been placed on the potential role of naturally occurring microbial communities
in determining the fate of organic contaminants through biodegradation, as well as the capacity
of these compounds to modulate microbial community composition and functionality.

The general working hypothesis of this thesis was that the background concentrations of
organic contaminants with ubiquitous presence in the oceans significantly affect the composition
and functioning of marine microbial communities, while the microbial loop modulates ADOC
pool concentrations through biodegradation. However, both anthropogenic organic pollution and
microbial pump-mediated biodegradation tend to be excluded or neglected as relevant factors in
microbial ecology and environmental chemistry, respectively.

The following hypotheses were tested in this thesis:

* The presence of genes responsible for PAH degradation is a widespread feature in
marine microbial communities that can be used to assess/predict/model the potential
of naturally occurring microbial communities to degrade PAHSs.

e The analysis of concurrent data on the occurrence of organic contaminants and marine
microbial communities is a powerful and often unexplored approach to finding patterns
and interactions.

e The biodegradation of contaminants of emerging concern, such as OPEs at
environmentally relevant concentrations, is a relevant factor determining their fate in
the open ocean.

*  Thereareseveral methods that can be used in environmental chemistry when addressing
biodegradation of organic contaminants, such as diagnostic ratios, historically used
in organic geochemistry, experimental assessment of degradation by measured
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depletion of the chemical in parallel to a suit of biological and chemical measurements,
and bioinformatics approaches applied to extensive data sets. These three approaches
can be used effectively, with their advantages and disadvantages depending on the
contaminant family and the previous knowledge on their degradation potential.

Therefore, the general objective of this thesis was to assess the microbial biogeochemistry
of certain families of organic contaminants that are relevant in the global ocean and constitute
part of the anthropogenic organic carbon pool. To achieve this, data was obtained from field
measurements and field experiments, combining the direct measurement of contaminant
concentrations with metagenomic data of microbial communities and, when feasible, data for
other environmentally relevant physicochemical and biological parameters. It is important to
note that background knowledge regarding the biodegradation of organic contaminants varies
depending on the chemical family. For well-established pollutants such as PAHs, biodegradation
processes have been characterized, whereas for emerging contaminants such as OPEs and
PFAAs, several unknowns remain regarding their biodegradation (i.e., identification of degradation
genes, routes, taxa, etc.). Consequently, specific objectives were formulated based on the existing
knowledge and limitations associated with each chemical family, in order to contribute to the
overall understanding of the biodegradation processes.

The specific objectives of this thesis were to:

1. Provide the largest data set to date on PAH occurrence and seasonal variability in
Antarctic coastal seawater and plankton, and the concurrent composition of the
microbial community.

2. Explore the influence of environmental and biological factors, particularly bacterial
communities, on the occurrence and variability of PAHs in the water column in coastal
Antarctica.

3. Determine the potential of field biogeochemical assessments in identifying PAH
biodegradation within the marine coastal Antarctic environment.

4. Evaluate the role of marine microbial communities and their promoted biodegradation
as a potential sink for PFAAs in the marine coastal Antarctic environment.

5. Determine the occurrence of OPE biodegradation by marine microbial communities
and quantify the extent of OPE losses attributable to biodegradation across diverse
biogeochemical regions in the Atlantic and Southern Oceans. Explore biogeochemical
controls on OPE’s degradation.

6. Explorethe responses of marine microbial communities to OPE exposure under oceanic
conditions, focusing on community composition, bacterial production, and bacterial
abundance.



7. Develop a new bioinformatic approach to identify aromatic hydrocarbon-degrading
biomarker genes in metagenomic datasets that addresses the limitations of current
methodologies.

8. Explore the use of aromatic hydrocarbon-degrading biomarker genes as a predictive
tool to assess the potential of naturally occurring marine microbial communities to
degrade PAH concentrations at background environmental levels in the tropical and
temperate global ocean, as well the influence of PAHs on oceanic communities.

Objectives 1 to 3 are addressed in Publication |, where we created a dataset of PAH
concentrations, with concurrent measurements of marine microbial communities from
metagenomic data, comprising three time series of measurements during three austral summers
in coastal Antarctica. We analyzed the data to find correlations between the fluctuations of
PAH concentrations, the presence of hydrocarbonoclastic bacteria, and other environmental
parameters, and to obtain a more comprehensive understanding of the cycling of PAHs in
coastal Antarctica. Objective 4 is addressed in Publication Il, where we employed a large multi-
compartment dataset of PFAAs concentrations at coastal maritime Antarctica to study the
trends of individual PFAAs compounds in seawater and explore the correlations between their
concentrations and the composition of the bacterial communities during three austral summers.
Objectives 5 and 6 are addressed in Publication Ill, where in a series of experiments carried out
in situ across the Atlantic and Southern Oceans we exposed marine microbial communities to six
OPEs under oceanic conditions, and we concurrently measured microbial community response
and OPE concentrations. Objectives 7 and 8 are addressed in Publication IV, where we developed
a new bioinformatic approach to find PAH-degrading genes in metagenomic datasets in a reliable
way, and we performed an exploratory analysis of the occurrence of PAH degrading genes
and concurrent measurements of PAH concentrations and other physicochemical parameters
obtained from the Malaspina circumnavigation expedition.

82

Chapter 2

Objectives






CHAPTER 3

Brief Overview of
Methodological Approaches

3.1 Sampling

3.1.1 Study area

3.1.2 Contamination control

3.1.3 Sampling methodologies
3.2 Sample treatment and analysis

3.2.1 Analytical chemistry methodologies
3.2.2 Molecular biology methodologies
3.2.3 Bioinformatic tools and software

3.3 References






3.1 Sampling

3.1.1 Study area

To address the objectives of this thesis, field-based measurements and experiments were
performed with seawater from remote areas. Remote areas in the context of this thesis refer to
those marine regions distant from the main primary sources of anthropogenic organic chemical
pollution, represented here either as sites located in the open ocean far from the coast or as
coastal maritime areas in remote regions such as Antarctica. Sampling these sites is complex,
as it is usually conducted during sampling campaigns that require specific infrastructure, such as
oceanographic vessels and/or field-based research stations.

Chapter 4 encompasses the results of three Antarctic sampling campaigns carried out in the
South Shetland Islands, Antarctic Peninsula. The first campaign was carried out during the austral
summer of 2014-2015 (from December 1, 2014 to March 1, 2015) at Livingston Island (62°39’S,
60°23'W). Results from this campaign have been previously published and were incorporated into
the analyses performed in this thesis. The second campaign took place in the austral summer of
2016-2017 (from January 22 to February 20, 2017) at Deception Island (62°59’S, 60°37'W). The
last one was conducted during the austral summer of 2017-2018 (from January 8 to March 1,
2018) at Livingston Island. Both Livingston and Deception Islands host Antarctic stations operated
by Spain: the Juan Carlos | and Gabriel de Castilla stations, respectively (Figure 3.1). Established
in 1988, they have been operating during consecutive austral summers, which usually span from
mid-November to March. Additionally, Livingston Island also hosts another scientific base, the St.
Kliment Ohridski Base, managed by Bulgaria. Deception Island, in turn, hosts the Argentine base
‘Decepcion’.
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Figure 3.1 Map depicting the oceanographic expeditions and Antarctic campaigns, illustrating the marine
sampling regions pertinent to the fieldwork of this thesis.
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Chapter 5 comprises samples taken during the ANTOM (Transport and biogeochemistry of
emerging pollutants and ANThropogenic Organic Matter in the Southern Ocean), oceanographic
campaigns. The research campaign was divided into two oceanographic cruises. The first
expedition, ANTOM-1, consisted of a latitudinal transect that traversed the Atlantic Ocean,
starting in Vigo, Spain, and ending in Punta Arenas, Chile. The cruise was conducted onboard
the research vessel Sarmiento de Gamboa, from December 15, 2020, to January 15, 2021.
The second expedition, ANTOM-2, took place in the Southern Ocean onboard RV Hespérides,
between January 22 and February 8, 2022. During this cruise nearshore (Bransfield and Gerlache
Straits) and offshore waters were sampled, covering a region of the Southern Ocean from the
South Shetland Islands at 62°S to the Bellinghausen Sea at 71°S.

Chapter 6 is based on samples and data collected during the Malaspina 2010 expedition,
an oceanographic campaign that circumnavigated the globe from December 13, 2010, to July
11, 2021, spanning a duration of 7 months and traversing the Atlantic, Indian, and Pacific Oceans
(Duarte, 2015). The data re-analyzed and re-assessed for this study has been previously published
in separate works (Gonzalez-Gaya et al., 2016, 2019; Ruiz-Gonzalez et al., 2019; Sanchez et al.,
2024).

3.1.2 Contamination control

Environmental concentrations of organic contaminants are relatively low, often close to
method detection limits. Therefore, rigorous quality control procedures are essential to avoid
sample contamination and trace any potential incidents from sample collection through final
analysis. Consequently, recipients, tubes and connections made of stainless steel, glass, or
polytetrafluoroethylene (PTFE) were employed during the sampling for the determination OPEs
and PAHs environmental concentrations, avoiding the use of any other type of plastic. In the
context of PFAS analysis, equipment composed of stainless steel or polypropylene (PP) was
utilized, with the exclusion of all fluoropolymer plastics and fluoroelastomer materials. Glassware
was similarly excluded from PFAS analysis due to the potential for analyte loss. All sampling and
laboratory materials were subjected to pre-cleaning with methanol and/or acetone prior to use
in order to prevent potential contamination. Glassware and glass fiber filters were subjected to
pre-combustion at 450°C for a duration of 4h prior to their utilization for sampling or sample
treatment/analysis. To control potential contamination during sampling campaigns, field blank
measurements were conducted. Field blanks were collected in a manner analogous to actual
sample collection and were subsequently treated and processed using identical methodologies
as the samples.

In the context of water sampling and treatment for microbiological protocols, the primary
consideration is the maintenance of sterility. To achieve this goal, the labware employed to collect
and/or handle water samples was pre-cleaned with 70% ethanol or 10% HCI, or subjected to UV-
radiation. Additionally, the solutions and reagents employed in the protocols were autoclaved or
filter-sterilized when necessary.
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3.1.3 Sampling methodologies

Characterization of the water column

Prior to the collection of the water sample, a CTD (Conductivity, Temperature, and Depth)
sensor was deployed at each sampling location to measure water temperature, salinity, turbidity,
dissolved oxygen concentration, fluorescence, and photosynthetically active radiation (PAR)
throughout the water column.

Water sampling

The water sampling methodology varied depending on the campaign (oceanographic or
coastal Antarctica) and the intended measurements.

For determination of organic pollutants

At coastal Antarctica, sampling was
conducted from a rigid inflatable boat. For the
analysis of PAHs, between 100-120 L of surface
seawater were collected in 20 L aluminum jerry
cans and transported to the research stations for
their immediate filtration and extraction. Briefly,
the collected seawater was filtered through a
pre-combusted and pre-weighed glass fiber filter
(0.7 ym, GF/F Whatmann) and then through a
pre-cleaned XAD-2 adsorbent-packed stainless
steel column. XAD-2 columns were stored at 4°C
for refrigerated transport until further analysis
in the ultraclean lab in Barcelona. The filtration
and extraction was performed outdoors to avoid
changes of temperature influencing particle-
water re-partitioning. Regarding seawater for the
analysis of PFAS, water samples were collected
at different depths with a Niskin bottle and
stored into 2 L PP bottles. Then, samples were
extracted at the research station’s laboratory
using an established solid phase extraction (SPE)
methodology (Casas et al., 2020). Figure 3.2 Inflatable boat used for sampling.

At the oceanographic cruises sampling was conducted directly from the vessel. In the case
of PAH analysis during the Malaspina expedition, subsurface water samples were collected at
a depth of 4 m using the boat’s built-in continuous water sampling systems. Briefly, particles
were retained over pre-combusted and pre-weighed glass fiber filters (0.7 pym pore size, GF/F
Whatmann) and contaminants in the filtrate were concentrated in XAD-2 adsorbent-packed



stainless steel columns. The filters were stored at
-20 °C, while the XAD columns were kept refrigerated
until they underwent further processing in the
laboratory. Regarding OPE analysis in environmental
samples and field experiments, surface seawater was
collected using a rosette sampler filled with Niskin
bottles and coupled to the CTD sensor. Subsequent
OPE extraction was performed by filtering the water
sample and preconcentrating the filtrate using a SPE
methodology.

For microbial community characterization and
other analysis

Additional ~ water  samples for  the
characterization of microbial communities by
DNA sequencing approaches and measurements
of physiological parameters such as prokaryotic
abundances were also collected in parallel to the
chemical samples. Environmental parameters such
as inorganic nutrients, and other variables were
measured using the same collected water. Generally,
Figure 3.3 Rosette sampler coupled to CTD water samples for these purposes were collected
sensor. utilizing Niskin bottles, directly deployed from the rigid

inflatable boat (Coastal Antarctica), or mounted on
the rosette sampler (oceanographic cruises). Subsequent
processing and analysis of these water samples were
conducted utilizing previously sterilized equipment.

Plankton

Plankton samples were gathered by vertically
dragging a 50 ym mesh size net (Figure 3.4). The collected
samples were then filtered through pre-combusted and
pre-weighed filters (2.7 ym pore size, GF/D, Whatmann),
using a filtration system. Filters were stored at -20°C
until their analysis in the laboratory. The sampling depths
ranged from 20 to 160 m in the Malaspina expedition, and
from 12 to 60 m in Coastal Antarctica.

Figure 3.4 Plankton net
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3.2 Sample treatment and analysis

This thesis employs two distinct approaches to get a better understanding of the microbially
mediated biogeochemistry of organic contaminants in the ocean: statistical analysis of field-
measured datasets on chemical concentrations and microbiological parameters from concurrent
field samples, and field exposure experiments involving the addition of organic contaminants
within environmental ranges. To achieve this, various analytical chemistry and molecular biology
techniques have been applied, providing an interdisciplinary and comprehensive perspective on
organic contaminant biogeochemistry through integrated data analysis. In the following section,
a brief description of each applied technique will be given, as a general overview. Further details
regarding materials and methods are elucidated in the corresponding methods section of each
publication.

3.2.1 Analytical chemistry methodologies

Surr. addition Cold storage IS addition

i

Instrumental

Clean-up and

analysis

Sampling » m » fractionation

Figure 3.5 General steps of sample preparation for chemical analysis of organic compounds. ‘Surr.’ refers to
surrogate, while ‘IS’ stands for Internal standard.

Prior to chemical analysis, all samples must undergo a sample preparation procedure
(Figure 3.5). Generally, this procedure comprises a sample extraction step conducted in the field
laboratory immediately following sample collection, which enables the concentration of large
volumes of water samples into small volumes, facilitating storage and transport. In this thesis,
the aforementioned XAD-2 packed stainless steel columns and SPE cartridges were employed.
Specifically, XAD-2 columns were used for the analysis of PAHs, while OPEs and PFAS were
extracted using Oasis HLB (6 cm?, 200 mg, Waters) and Oasis WAX (6 cm?, 150 mg, Waters) SPE
cartridges, respectively. This extraction step typically involves the addition of a recovery standard,
also called surrogates, to monitor potential analyte losses during sample treatment. These
surrogates are generally deuterium-labeled versions of the target compounds or structurally
similar to the target compounds. In the case of those samples concentrated on filters, such
as plankton and water particulate phase, the filters were transported and then extracted using
the Soxhlet extraction method in a clean lab. Once extracted, they were subjected to the same
procedure as the water samples.
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Figure 3.6 Sample preparation procedure for PAHs analysis using XAD and filters for water and plankton
samples.

After the extraction step in the sampling campaign, the cold-stored concentrated samples
are transported and processed in the home institution. In this case, samples were transported
to Barcelona, where they were subjected to clean-up and fractionation steps in the ultraclean
laboratory of the Institute of Environmental Assessment and Water Research (IDAEA-CSIC). These
steps are intended for the isolation of the target analytes from potential interfering co-extractives,
as well as the elimination of solvents used during sample elution and clean-up steps, and the
preparation of the analytes in a chemical form suitable for their characterization and quantification
(Fletouris, 2007). The specific steps and reagents used are therefore optimized, depending on the
physicochemical properties of the target compounds, and the instrumental analysis to be used.
The protocols used for the samples in this thesis are already established protocols described
previously (Casal et al., 2018; Casas et al., 2020; Trilla-Prieto et al., 2024). Briefly, XAD-2 columns
were sequentially eluted with solvents with different polarities. XAD-2 eluents, as well as Soxhlet
extracts, were then subjected to evaporation to reduce the volume, before fractionating them on
a 5 g of silica gel and 3 g of 3 % deactivated neutral alumina column with 25 mL of hexane and
40 mL of dichloromethane:hexane (1:3, v:v). The dichloromethane:hexane fraction containing the
PAHs was concentrated and solvent exchanged to isooctane with a final volume of 100 pL (Figure
3.6). SPE cartridges were thawed and centrifuged to remove the remaining water. Regarding
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elution, 12 mL methyl tert butyl ether:methanol (9:1; v/v) were used for the OPEs, while methanol
followed by methanol with 0.1% of ammonia was employed for PFAS. Residual water was removed
with baked sodium sulfate and eluents were concentrated under a gentle stream of N2. Finally,
OPE eluents were reconstituted with toluene, and PFAS eluents were reconstituted with 50:50
methanol/HPLC-grade water (Figure 3.7).

Ultraclean laboratory

K

W’

Water
samples filtration

o

J

Field laboratory 1
(Ll IS
\ AU S [
| Ll
Surrogate v LE ﬂ
/ f {1 Elution: N
J [ ‘\\ N‘V ‘” [f ‘\\ F1. MeOH 2 MeOH:Water UPLC-MS/MS
e teddl | F2.MeOH0.15% EVaPOTation (s0:50) LC-MS Or/bitraTJr
i) | m ammonia
AR

GF/F

Elution: Remove water: Toluene
Mtbe:MeoH Sodium sulfate N,

(9:1) column Evaporation

Remove

water

.

GC-MS/MS

\

Figure 3.7 Sample preparation procedure for OPEs and PFAS analysis using SPE for water samples.

The last step is the instrumental analysis for the identification and quantification of the
selected families of organic contaminants. In this thesis, it was performed by chromatographic
techniques coupled to mass spectrometry. The chromatograph allows for the separation of
the chemical compounds that form the pool of compounds in each sample, while the mass
spectrometer acts as the detector, identifying the different analytes that sequentially come from
the chromatograph by their mass spectrum. PAH analysis were conducted by gas chromatography
coupled to a single quadrupole mass spectrometer (GC-MS), while OPEs were analyzed by gas
chromatography coupled to a triple quadrupole mass spectrometer (GC-MS/MS) (Gonzalez-Gaya
et al., 2014; Trilla-Prieto et al., 2024). Regarding the analysis of PFAS, Ultra Performance Liquid
Chromatography coupled to a triple quadrupole mass spectrometer (UPLC-MS/MS) and LC-MS
Orbitrap were used (Casas et al., 2020; Gonzalez-Gaya, Dachs, et al., 2014). Internal standards
were added before instrumental analysis to correct for variability in the analytical instruments.



3.2.2 Molecular biology methodologies

The use of techniques based on molecular biology allows studying the microbiological
aspects of the environmental samples. The development of culture-independent techniques,
such as amplicon sequencing of the 16S rRNA gene and various omics approaches, has
significantly enhanced our understanding of microbial diversity by overcoming the limitations
imposed by reliance on a restricted number of culturable isolates. In this thesis, this culture-
independent approach has been applied to study naturally occurring microbial communities in
their full environmental complexity. The following techniques were used for the characterization
of microbial community composition and community functionality:

Community composition

Amplicon sequencing of the 16S rRNA gene

The 16S rRNA gene encoding the small subunit of the ribosomal RNA molecules is highly
conserved in most bacteria and archaea, and, consequently, it is widely used as a biomarker
gene for the identification and taxonomic classification or prokaryotes in environmental samples.
Through the extraction of DNA from environmental samples, amplification and sequencing of the
16S rRNA gene can be performed on the environmental DNA to characterize microbial community
composition. Briefly, samples were incubated with lysozyme, proteinase K, and sodium dodecyl
sulfate (SDS), and nucleic acids were extracted using the standard phenol-chloroform protocol
(Vila-Costa et al., 2019). Regarding 16S amplicon sequencing, the V4-V5 region of the 16S rRNA
gene was amplified with the primers 515F-Y and 926R (Parada et al., 2016). Sequencing was
conducted by external services utilizing lllumina MiSeq platforms.

Metagenomics

Instead of targeting a single biomarker gene, through metagenomics a comprehensive
analysis of total DNA isolated from environmental samples is performed. In this approach,
the entire collection of genes and genomes within a community, known as the metagenome,
is sequenced using next-generation sequencing platforms. The resulting sequences are then
taxonomically/functionally classified using publicly available reference databases, providing
insights into the taxonomy and functional potential of microbial communities. For the purpose of
this thesis, a gene catalog constructed from metagenomic sequencing of DNA samples obtained
from the Malaspina expedition was analyzed (Sanchez et al., 2024).

Flow cytometry

Flow cytometry is a technique that allows the quantification of cell abundances of aquatic
microbial populations. In this thesis, it was used to determine prokaryotic cell abundances, as
well as to differentiate between prokaryote cells with low nucleic acid and high nucleic acid
content (LNA and HNA, respectively) (Gasol & Moran, 2015). Briefly, subsamples of 1.8 ml were
fixed with 1% buffered paraformaldehyde solution (pH 7.0) plus 0.05% glutaraldehyde, and left
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at room temperature in the dark for 10 minutes. 400 pL of the fixed samples were placed in flow
cytometric tubes, 4 pL of SYBR Green | working solution (previously diluted in DMSO) were added,
and tubes were let at room temperature for 10 minutes. Finally, samples were run on the flow
cytometer, such as the BD Accuri C6 Plus.

Community functionality

Leucine Incorporation Rates (LIR)

This technique allows the estimation of heterotrophic bacterial production measured
as leucine incorporation rates. It consists of
incubating microbial communities with a certain
added amount of radiolabelled leucine (L-[3,4,5-
3H(N)] leucine), and then measuring the amount
of labelled leucine incorporated into the newly
synthesized bacterial proteins over time (Smith &
Azam, 1992). Briefly, 1.2 ml triplicate live and one
killed (5% trichloroacetic acid, TCA) subsamples
were incubated with 3H-leucine (40 nM) for 4-5
hours at controlled temperature in the dark.
Incubations were stopped by the addition of 120
ul of cold TCA 50% and then frozen (-20 °C) until
further processing by centrifugation and TCA
rinsing. DPM counts were measured using a Tri-
carb 3100TR liquid scintillation analyzer (Perkin

Elmer), and converted to leucine incorporation
rates. Figure 3.7 Performing the leucine incorporation

protocol onboard.

NADS (Nucleic Acid Double Staining)

The NADS viability protocol is based on the combination of the cell-permanent nucleic acid
stain SYBR Green | and the cell-impermeant Propidium lodide (Pl) fluorescent probe. It is used
to quantify the percentage of cells with intact membranes (termed as “viable” or live) versus the
cells with damaged membranes (termed as “non-viable” or dead) by flow cytometry (Falcioni et
al., 2008). Briefly, 400 pL of water sample were dispensed in flow cytometric tubes. Then, 4 pL of
SYBR Green | working solution (previously diluted in DMSO) and 4 pL of Pl solution were added.
Tubes were incubated for 15 minutes at room temperature before running the samples using a BD
Accuri C6 Plus flow cytometer.



3.2.3 Bioinformatic tools and software

Computational methodologies are essential for data processing, analysis, and visualization,
particularly inthe context of large databases, where the utilization of specialized software becomes
necessary. For this thesis, the following bioinformatic tools and software were employed:

DNA sequencing data processing

Processing the vast amount of data generated by DNA sequencing techniques requires
significant computational capacity and the use of bioinformatics tools in order to translate it into
analyzable data. The specific procedures vary depending on the sequencing approach.

Ampliseq, a 16S amplicon sequencing analysis workflow

The Ampliseq pipeline (https:/nf-co.refampliseq/2.6.1/) from nf-core (https:/nf-co.re/) was
used to process 16S rRNA raw amplicon sequences and characterize prokaryotic community
composition (Straub et al., 2020). This bioinformatic analysis pipeline, developed for amplicon
sequencing, automatically executes a multistep process using multiple bioinformatic tools,
ultimately producing data on amplicon sequence variants (ASVs) and their abundances or counts
for each sample through the implementation of the DADA2 software (Callahan et al., 2016). The
taxonomic classification of the inferred ASVs is performed with reference taxonomic databases
such as the SILVA high quality ribosomal RNA database, or the Genome Taxonomy Database
(GTDB).

Metagenomic data

Sequencing the whole collection of genes and genomes present in a sample provides access
to the functional gene composition of microbial communities, thus giving more information than
the taxonomic analysis of the 16S rRNA gene sequencing. However, this comes at a cost, with
higher sequencing expenses and increased computational resources required for data processing.
The processing of metagenomic sequencing raw data typically involves assembling clean reads
into larger DNA fragments called contigs. This contigs can then be used to reconstruct individual
genomes, the so-called metagenome-assembled genomes or MAGSs, or can be functionally and
taxonomically annotated and used to build a gene catalog. In this thesis, a gene catalog (the
Malaspina Vertical Profiles Gene Database, Sanchez et al., 2024) build from a set of metagenomes
from the Malaspina expedition was used to survey specific biomarker genes related to aromatic
hydrocarbon degradation.
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Data analysis, visualization and statistics

R software

Ris a programming language and free software used for statistical computing and creation
of graphics (R Core Team, 2024). In this thesis R was used through RStudio, an integrated
development environment for R, to prepare and normalize chemical and biological data, perform
statistical analysis and tests, and generate the corresponding plots and graphics with the results.

Anvi'o
Anvi'o is an advanced analysis and visualization platform for ‘omics data (Eren et al., 2015).

It was used to generate plots illustrating the distribution of identified biomarker genes within the
GTDB database in the phylogenomic trees of Bacteria and Archaea (Publication 1V).

HMMER and phylogenetic placement with Phyloplace

HMMER is a sequence bioanalysis tool used for searching sequence databases for
sequence homologs (Eddy, 2011). To do so it uses probabilistic models called profile Hidden
Markov Models (HMMs). Profile HMMs comprise the evolutionary changes that have occurred in
a set of related sequences, by performing a multiple sequence alignment and capturing position-
specific information about how conserved each amino acid is in each column of the alignment.
HMMER is often used with a profile database, such as the Pfam protein family database (Finn et al.,
2007), where each Pfam profile represents a protein family or domain. Each of these Pfam profiles
consist of a collection of multiple sequence alignments and profile HMMs. In this thesis, HMMER
was used to query the Pfam profile of a biomarker gene associated with aromatic hydrocarbon
degradation across different sequence datasets.

In order to improve the identification of genes coding for that specific Pfam profile, an
additional step was implemented, based on phylogenetic placement of the sequences obtained
from the HMMER search on a reference phylogenetic tree. To do so, a reference phylogeny for the
protein family was estimated, in which clans containing manually curated aromatic hydrocarbon
degrading enzymes with experimental evidence were identified. The query sequences classified
in one of these specific clans in the reference by the Phyloplace tool were finally selected as
positive hits (Lundin, 2023).
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4.1 Why Antarctica matters for environmental chemistry

Antarctica is considered the most remote region on Earth. Distant from the contamination
sources arising from human activities, with sparse populations and low number of local
contamination sources (Bengtson Nash et al., 2023), surrounded by the Southern Ocean, and
protected by the Antarctic Circumpolar Current (Figure 4.1), which forms a physical barrier
inhibiting effective north—south transport of surface waters of the surrounding oceans (Bengtson
Nash, 2011), it is often termed as a pristine environment. Furthermore, all human activities on
Antarctica are governed by the Antarctic Treaty system, which designates the continent as a zone
of peace and science. More specifically, the Protocol on Environmental Protection to the Antarctic
Treaty, signed in 1991 and in force since 1998, establishes Antarctica as a natural reserve. It
applies to tourism, non-governmental, and governmental activities within the Antarctic Treaty
Area, ensuring that they do not adversely impact the Antarctic environment or its scientific and
aesthetic values. Altogether, its unique characteristics and unprecedented international regulation
render Antarctica a huge natural laboratory.

In the field of environmental chemistry, detecting anthropogenic substances in Antarctica’s
ecosystemis crucial for highlighting the potential worldwide occurrence and impacts of concerning
chemicals. While persistence and mobility criteria are often evaluated via theoretical modeling
approaches, these predictions carry significant uncertainty without the support of environmental
occurrence datasets. Determining the presence of a chemical in Antarctic environmental samples
provides compelling evidence of its persistence and capacity for long-range transport, which is
crucial for regulatory purposes by minimizing or eliminating such uncertainty. (Bengtson Nash
et al., 2023). In this context, Antarctica has been proposed as a Sentinel of global pollution
(Casas, 2022), comparable to how polar regions are considered as “early warning” regions for
the manifestations of environmental effects of global change, particularly climate change (IPCC,
2019).
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3.06

Figure 4.1 The  Antarctic
Circumpolar Current, surrounded
by the Subantarctic Front and
other oceanic currents from
adjacent oceans. Abbreviations:
C = Current, G = Gyre. Image from
Adobe Stock (135050870).

The occurrence of POPs in Antarctica has been already documented, detecting POPs in
different abiotic and biotic components (Bhardwaj et al., 2018; Fuoco et al., 2009; Galban-Malagén
etal., 2018; Khairy et al., 2016; Mwangi et al., 2016; Vecchiato et al., 2015), as well as many other
anthropogenic organic contaminants (Cabrerizo et al., 2014; Casal et al., 2019; Trilla-Prieto et al.,
2024; Xie et al., 2020). Atmospheric long-range transport is considered the main delivery pathway,
although some entrance from the ocean through upwelling waters or by the formation of sea-
spray aerosols has also been proposed for certain chemicals (Bengtson Nash, 2011; Bengtson
Nash et al., 2010; Casas et al., 2020; Sha et al., 2024). Additionally, local sources originating
from scientific stations have also been reported (Hale et al., 2008; Khairy et al., 2016; Wild et al.,
2015). Concentrations of organic contaminants are generally low compared to temperate regions;
however, certain Antarctic regions are more susceptible to the influx of contaminants, such as the
Antarctic Peninsula. This region is more exposed to air masses from northern latitudes carrying
organic chemicals and resulting in higher atmospheric concentrations than the rest of maritime
Antarctica (Casal et al., 2017; Galban-Malagén et al., 2013). Furthermore, Coastal Antarctica and
the Antarctic Peninsula, in particular, receive greater precipitation than Continental Antarctica
(Dalaiden et al., 2020; Turner et al., 2019; Vignon et al., 2021), which contributes to the input
of chemicals through rain and snow-driven wet deposition (Casal et al., 2017; Casas et al.,
2021; Khairy et al., 2016), subsequently leading to the entrance of contaminants to the marine
environment from snowmelt (Casal et al., 2018; Khairy et al., 2016).



Despite the gathered knowledge, the field of Antarctic research on organic contaminants
faces several challenges. The challenging working conditions in the Antarctic and Southern
Ocean result in studies on organic contaminants often being limited to a small number of
samples, which constrains the possibility of compound monitoring over time and on a large
spatial scale (Bengtson Nash et al., 2023). Furthermore, very little is known about the capabilities
of Antarctic organisms to respond to the background exposure of organic contaminants. It has
been hypothesized that due to the low level of historical exposure to anthropogenic organic
chemicals Antarctic phylogenies have not developed detoxification mechanisms comparable to
those of temperate and tropical counterparts (Bengtson Nash, 2011). Cerro-Galvez et al., (2019)
reported responses of microbial communities in polar coastal seawaters to exposure of ADOC at
environmentally relevant concentrations, where they detected changes in microbial communities
and expression of cellular adaptation and detoxifying mechanisms. However, more research is
needed in order to gain insights into the potential effects that organic contaminants exert on
the Antarctic ecosystems, particularly over those microorganisms that sustain the Antarctic food
webs. Similarly, assessing the metabolic potential of local microbial communities to transform
anthropogenic contaminants is crucial to understand the biogeochemistry and fate of these
compounds in maritime Antarctica.

The effects of climate change on the Antarctic ecosystems also pose a challenge, as all
major drivers of organic chemical behavior and fate are likely to be affected, such as air and sea
temperature, precipitation events, organic carbon cycling, ...(Bengtson Nash et al., 2023). For
example, modeling results predict an increase in precipitation, particularly in the Antarctic coastal
region (Turner et al., 2014). Furthermore, rainfall is expected to contribute more significantly to
total precipitation, especially in the Antarctic Peninsula (Vignon et al., 2021). The coupling of
increased wet deposition (with the consequent snow and rain-driven amplification of organic
contaminants), and increased inputs of snowmelt due to rainfall and warming temperatures
(Jones et al., 2019), will likely result in an increased input of chemicals into coastal seawaters.
Consequently, the potential of the Antarctic Peninsula region to become not only a sentinel of
pollution, but a net sink of organic contaminants may increase in the coming decades (Casas,
2022). Since these cold regions act as traps for organic chemicals, understanding the fate of these
compounds is essential, especially in the context of climate change and increasing anthropogenic
impacts. Gathering data on the occurrence of organic contaminants across different environmental
compartments, tracking their concentrations over time, and studying their biogeochemistry and
coupling with the local microbial communities are therefore some of the aspects that need to be
addressed for a proper risk assessment of organic chemicals. These aspects are investigated in
this thesis.
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ABSTRACT: The temporal trend of polycyclic aromatic hydro-
carbons (PAHs) in coastal waters with highly dynamic sources and
sinks is largely unknown, especially for polar regions. Here, we
show the concurrent measurements of 73 individual PAHs and
environmental data, including the composition of the bacterial
community, during three austral summers at coastal Livingston
(2015 and 2018) and Deception (2017) islands (Antarctica). The
Livingston 2015 campaign was characterized by a larger snow
melting input of PAHs and nutrients. The assessment of PAH
diagnostic ratios, such as parent to alkyl-PAHs or LMW to HMW
PAHs, showed that there was a larger biodegradation during the
Livingston 2015 campaign than in the Deception 2017 and
Livingston 2018 campaigns. The biogeochemical cycling, including
microbial degradation, was thus yearly dependent on snow-derived inputs of matter, including PAHs, consistent with the microbial
community significantly different between the different campaigns. The bivariate correlations between bacterial taxa and PAH
concentrations showed that a decrease in PAH concentrations was concurrent with the higher abundance of some bacterial taxa,
specifically the order Pseudomonadales in the class Gammaproteobacteria, known facultative hydrocarbonoclastic bacteria previously
reported in degradation studies of oil spills. The work shows the potential for elucidation of biogeochemical processes by intensive
field-derived time series, even in the harsh and highly variable Antarctic environment.

KEYWORDS: polycyclic aromatic hydrocarbons, PAH, coastal Antarctica, biodegradation, biogeochemical processes,
marine bacterial communities

B INTRODUCTION Peninsula region.”” The understanding of the sources and
dynamics of PAHs in coastal areas, especially in polar regions,
is especially important for PAHs. PAHs and other semivolatile
aromatic-like compounds are among the main families of
anthropogenic organic chemicals entering the ocean and
account for a relevant fraction of the anthropo§enic dissolved
organic carbon in the marine environment.'”'" Furthermore,
together with other families of pollutants, they form complex
mixtures of or§anic pollutants that are toxic to marine
phytoplankton.'

Once in the water column, the fate of PAHs is dominated by
the biological pump and degradation.'" The biological pump is
the settling of organic matter-bound PAHs into deep waters
and sediments. This is the sinking of PAHs that have been

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in
the oceans and polar regions."™* Even though most emissions
of PAHs are land-based due to the use of fossil fuels and
biomass burning,” PAHs can reach remote regions, such as
Antarctica, through long-range atmospheric transport and
deposition."® Diffusive air—water exchange is the main input of
PAHs for most oceanic regions.3’4‘7 However, for maritime
Antarctica, snow scavenging of atmospheric PAHs and the
subsequent melting of the snowpack play a key role as a
pollutant input to coastal seawater.’ Indeed, PAH concen-
trations in seawater have been shown to increase gradually
during the austral summer due to the melting of the snowpack
accumulated during the preceding winter—spring, which, when
melted, flashed-out pollutants from land to the sea.’ Never-
theless, this was described for the 2014—201S5 austral summer, Received:  August 2, 2022

after an important snowpack was accumulated and melted. The Revised:  January 5, 2023

extent of the snow events and snowpack is highly variable Accepted: January 6, 2023

yearly, and thus there is a dearth of understanding of the Published: January 19, 2023
variability of PAH cycling depending on snow accumulation,

which in turn depends on the weather patterns in the Antarctic
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Figure 1. Location of the sampling sites for water and plankton samples at coastal Livin§ston (left panel) and Deception Islands (right panel) in the
South Shetlands Islands (Antarctica). Figure created using Quantarctica version 3.2.”

incorporated in phytoplankton or partitioned to detritus and
other organic carbon pools driven by PAH hydrophobicity.
However, the biological pump removes only 1% of the
atmospheric inputs of PAHs.'" The vast majority of PAHs
entering the ocean are degraded in the photic zone. Even
though photodegradation can occur, the overall PAH sink is
dominated by microbial degradation.'”"® Despite this
relevance, the study of microbial degradation of PAHs under
field conditions has been mainly centered under scenarios of
high concentrations, such as those found in oil spills,"*'* with
few field studies addressing the degradation of PAHs when
these occur at their background levels.'®

Hydrocarbon-degrading bacteria are known as hydro-
carbonoclastic bacteria (HCB), which include obligate HCB,
that is, bacteria that only grow using hydrocarbons as carbon
and energy sources, and facultative HCB, those able to grow
with alternative carbon sources.'” HCB are naturally found at
low abundances but can become predominant shortly after
pulses of hydrocarbons (both aliphatic and aromatic).'®7°
HCB are also ubiquitous in remote environments such as polar
sea ice, the surface microlayer, or deep marine nonpolluted
seawater.”' >> HCB belong to different phylogenetic groups,
including members in the most common marine dominant
classes, Gammaproteobacteria, Alphaproteobacteria, and Flavo-
bacteria. In polar environments, there is a suite of microbial
responses, including biodegradation, due to exposure to
mixtures of anthropogenic dissolved organic carbon
(ADOC).'** Other works assessing the influence of ADOC
on polar bacteria at ultratrace concentrations have reported the
growth of the rare biosphere, in some cases, HCB.***
Nevertheless, studies attempting to compare HCB presence to
the occurrence of PAH in seawater and assess their mutual
interactions are still scarce at background environmental levels,
despite the reported HCB and PAH co-occurrence under
scenarios of oil spills."®*** In addition, the interactions of
HCB and PAHs have never been reported for time series of
measurements. Dynamics of PAHs over the austral summer
may depend on the highly variable snow deposition events,
glacier melting, and other environmental conditions. Charac-
terizing potential consumers might provide hints toward a
better elucidation of the biogeochemistry of PAHs, and
especially biodegradation, in these ecosystems.

The objectives of this work were (i) to contribute with the
largest data set to date on PAHs in Antarctic seawater and
plankton as well as HCB communities, comprising three-time
series of measurements in maritime Antarctica during three
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austral summers, (ii) to explore the influence of environmental
factors, and especially microbial communities including HCB,
on the occurrence and variability of PAHs in the water column
under scenarios of variable strength of snow melting, (iii)
explore the potential of in situ field biogeochemical assess-
ments to identify the role of HCB in the PAH degradation in
the marine environment.

M MATERIALS AND METHODS

Site Description. This study comprises samples collected
during three different sampling campaigns performed during
the austral summer. Two of the campaigns took place at South
and False Bays of Livingston Island (62° 39’ S, 60° 23’ W)
from December Ist, 2014, to March 1st, 2015, and from
January 8th to March Ist, 2018, respectively. The third
campaign took place at the inner bay of Deception Island (62°
59”S, 60° 37" W) from January 22nd to February 20th, 2017.
Both islands are part of the South Shetland Archipelago, lying
150 km north of the Antarctic Peninsula. Livingston Island has
a surface area of 850 km” and it is mostly covered by glaciers.
The only two research stations on the island are located at
South Bay: the Spanish Antarctic research station Juan Carlos I
and the Bulgarian research station Saint Kliment Ohridski.
Both stations operate only during the summer months,
accounting for a maximum population of 50 people. Deception
Island, which has a surface area of 72 km?, is a volcanic island
where over half of the area is covered by glaciers, with Port
Foster in the caldera. Currently, there are two research stations
that are only operative during the summer months: the Spanish
Antarctic research station Gabriel de Castilla and the
Argentinian Antarctic station Deception. The conditions at
coastal Livingston are representative of the maritime sector of
the Antarctic Peninsula and other Antarctic sectors receiving
important snow inputs and under the influence of glaciers. In
contrast, Port Foster at Deception is a particular site that may
not be fully representative of other Antarctic coastal sites due
to the geometry and influence of the volcano.

Sampling. Simultaneous plankton and seawater samples
were taken from a rigid inflatable boat at 8 different locations
(Figure 1, Table $1).* Station 1 (St-1) was located off-shore
Punta Hanna at the eastern side of South Bay. Stations 2—5
(St-2—St-S) were located at different locations in South Bay
and at different distances from the Pimpirev and Johnsons
glaciers. In fact, St-4 is located in a small bay only 200 m from
the Johnsons glacier. All five stations for Livingston Island were
sampled during the 2018 campaign (Livingston 2018), while

https://doi.org/10.1021/acs.est.2c05583
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only St-3 and St-4 were sampled during the 2014—2015
campaign (Livingston 2015). Additional plankton samples
were taken at stations 6 and 7, next to Miers Bluff and inside
False Bay, respectively. Conversely, Station 8 (St-8) is located
inside Port Foster Bay at Deception Island and was sampled
during the 2016—2017 campaign (Deception 2017).

Concurrently with water sampling, CTD depth profiles were
taken to evaluate water temperature, salinity, turbidity,
fluorescence, and photosynthetic active radiation (PAR)
(Table S2).

In total, 46 surface seawater samples were collected. Twenty-
six, seven, and thirteen during the Livingston 2015, Deception
2017, and Livingston 2018 sampling campaigns, respectively.
Up to 100—120 L of seawater at 0.5—1 m depth was collected
in 20 L aluminum jerry cans and transported to the research
stations for their immediate filtration and extraction. This took
place outside of the research stations to keep the temperature
at ambient levels (1—4 °C), so no repartitioning between
dissolved and particle phases occurred during sample
manipulation. This also avoided any potential contamination
from indoor air. Briefly, seawater was filtered through a
precombusted and preweighed glass fiber filter (140 mm, GF/
F Whatman) and then through a precleaned XAD-2 adsorbent
(50 g, Supelco), packed in stainless steel columns. XAD-2
columns were stored at 4 °C for refrigerated transport until
further analysis in a clean lab in Barcelona. GF/F filters were
wrapped in precombusted aluminum foil and stored at —20 °C
in air-tight plastic bags. The GF/F filters corresponding to
surface particles were not analyzed for this study.

Fifty plankton samples were collected using a conical
plankton net with a 50 y#m mesh size by three vertical hauls
from the bottom to the surface. The sampling depths ranged
from 12 m to 60 m (Table S1). The samples were collected at
8 different sampling stations (St-1—St-8) (Figure 1 and Table
S1). Samples were filtered through precombusted and
preweighed glass fiber filters (47 mm, GF/D Whatman). The
filters containing plankton samples were wrapped in
precombusted aluminum foil and stored at —20 °C in air-
tight plastic bags until further analysis in a clean lab in
Barcelona.

Fifteen milliliters of the water samples was taken and kept at
—20 °C for analyzing dissolved inorganic nutrients: nitrate +
nitrite (NO;~ + NO,”), ammonium (NH,"), and phosphate
(PO,*7). For the absolute quantification of bacterial
abundance (BA) by flow cytometry, 1.8 mL of the water
sample was fixed with a 1% buffered paraformaldehyde
solution (pH 7.0) plus 0.05% glutaraldehyde (P + G), left at
room temperature in the dark for 10 min, and frozen and
stored at —80 °C until further processing.

Samples for 16S rDNA library construction were collected
from surface water and analyzed as reported elsewhere.”* Four
liters of each sample was prefiltered through 3 ym pore size 47
mm diameter polytetrafluoroethylene filters (Millipore, Bill-
erica, MA) to remove grazers and the particle-attached living
fraction and sequentially onto 0.2 ym pore size 47 mm PTFE
(Millipore, Billerica, MA) filters to capture the free-living
bacteria fraction, using a peristaltic pump with a flow of <50
mL min~". Each filter was placed in 1 mL of the lysis buffer (50
mM Tris HCl, 40 mM EDTA, 0.75 M sucrose). All filters were
stored at —20 °C until further processing.

Analytical Procedures for PAH Determination. The
procedures followed for the extraction, identification, and
quantification of PAHs are described in Annex S1 in the
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Supporting Information and were the same for the three
campaigns. Quality assurance and quality control are reported
in Annex S2 in the Supporting Information. Briefly, strict
measures were taken to clean the material used during
sampling and analysis. Field blanks consisted of GF/D filters
and XAD-2 columns that followed the same process as the
samples, albeit without the pass of plankton or water.
Recoveries and limits of quantification are summarized in
Tables S3 and S4 in the Supporting Information. Recoveries
ranged between 41 and 100% and between 19 and 100% for
the plankton and water-dissolved phases, respectively.
Concentrations were corrected for surrogate recoveries to
account for the different recoveries of the lighter surrogates for
the 2017—2018 water sampling.

The following parent and alkylated PAHs were analyzed:
phenanthrene (Phe), anthracene (Ant), dibenzonthiophene
(DBT), fluoranthrene (Flt), pyrene (Pyr), benzo[a]anthracene
(B[a]ant), chrysene (Cry), benzo[b]fluoranthene (B[b]f),
benzo[k]fluoranthene (B[k]f), benzo[e]pyrene (B[e]pyr),
benzo[a]pyrene (B[alpyr), perylene (Pery), dibenzo[a,h]-
anthracene (Dib[a,h]ant), benzo[gh,i]perylene (B[gh,i]pery),
indeno[1,2,3-cd]pyrene (In[1,2,3-cd]pyr), benzo[ghi]-
fluoranthrene (B[gh,i]f), methylfluorene (Y MFlu, sum of 4
isomers), methylphenanthrenes ()} MPhe, sum of S isomers),
dimethylphenanthrenes ()} DMPhe, sum of 10 isomers),
trymethylphenanthrenes (), TMPhe, sum of 12 isomers),
methyldibenzonthiophenes (})MDBT, sum of 3 isomers),
dimethyldibenzonthiophenes ()_DMDBT, sum of 6 isomers),
methylpyrenes (3, MPyr, sum of S isomers), dimethylpyrenes
(3. DMPyr, sum of 8 isomers), and methylchrysenes (). MCry,
sum of 4 isomers).

PAH concentrations in the water-dissolved and plankton
phases for the Livingston 2015 campaign have been reported
in a companion publication and are used here when needed.®

Bacterial Abundance and Nutrient Quantification.
Bacterial abundance was estimated by flow cytometry as
described elsewhere.’’ Dissolved inorganic nutrients were
analyzed by standard segmented flow with colorimetric
detection using a SEAL Analyzer AA3 HR.** Detection limits
(defined as three times the standard deviation of 10 replicates
at 50% diluted samples) were 0.006 uM for NO5;~, 0.003 uM
for NO,™, 0.003 uM for NH,*, and 0.01 uM for PO,>~ (Table
SS).

Nucleic Acids Extraction and Sequencing. After
unthawing, samples were incubated with lysozyme, proteinase
K, and sodium dodecyl sulfate (SDS), and nucleic acids were
extracted simultaneously with phenol/chloroform/ isoamzl
alcohol (25:24:1) and chloroform/isoamyl alcohol (24:1).
The resulting solution was concentrated to 200 yL using an
Amicon Ultra 10-kDa filter unit (Millipore). Partial bacterial
16S gene fragments of both DNA were amplified using primers
SISE-Y and 926R** plus adapters for Illumina MiSeq
sequencing. The PCR reaction mixture was thermocycled at
95 °C for 3 min, 30 cycles at 95 °C for 45 s, 50 °C for 45 s, and
68 °C for 90 s, followed by a final extension of 5 min at 68 °C.
PCR amplicon sizes were checked in tris-acetate-EDTA (TAE)
agarose gels. Illumina MiSeq sequencing was conducted at the
Pompeu Fabra University Sequencing Service. The complete
nucleotide sequence data set generated and analyzed in this
study was deposited in the sequence read archive (SRA) under
the bioproject accession # PRINA739708 and SUB9892364.

Bioinformatics. DADA2 v1.4 was used to differentiate the
16S V4-S amplicon sequence variants (ASVs) and remove

https://doi.org/10.1021/acs.est.2c05583
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Figure 2. Concentrations of low MW PAHs (upper panels) and high MW PAHs (lower panels) in the water-dissolved phase for the three sampling
campaigns at Livingston and Deception Islands. The red line indicates the seawater temperature.

chimeras (parameters: maxN = 0, maxEE = 2,4, trunclen =
227,210).> DADA2 resolves ASVs by modeling the errors in
Illumina-sequenced amplicon reads. The approach is thresh-
old-free, inferring exact variants up to 1 nucleotide difference
using the quality score distribution in a probability model.
Previously, spurious sequences and primers were trimmed
using cutadapt v.1.16.° Taxonomic assignment of the ASVs
was performed with the SILVA algorithm classifier against
SILVA database release 138 (Quast et al., 2013). Taxonomic
assignment of the ASVs was performed with the RDP
algorithm classifier against RDP database release 11.5.%
ASVs classified as Mitochondria or Chloroplast were removed.
The final ASV table contained 69 samples, obtaining for the
entire sample set 7359 ASVs from 16S rRNA gene V4-S
fragments, from which 1844 were unique. The maximum and
minimum number of unique ASVs per sample was 425 and 49,
respectively, with an average of 153.3 + 76.4. To allow for
comparisons between samples, samples below 5000 reads/
sample were filtered, and rarefaction was done to the minimum
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sequencing depth (6131 reads/sample) with the rrarefy()
function from package vegan v2.3-7 in the R environment.”®
The identification of HCB was gerformed following the same
approach reported elsewhere.'® The list of HCB genera
includes genera either collected from hydrocarbon-polluted
environments, usually oil spills, observed to have stimulated
growth following hydrocarbon exposure (both aromatic and
aliphatic hydrocarbons), or showing hydrocarbon catabolic
activity, both from isolates and from marine environments,
after metagenome-assembled genomes reconstruction.
Validation of 16S Sequencing Data by Quantitative
PCR (qPCR). The relative abundances assessed by 16S
sequencing were validated using qPCR to estimate the
abundances of 16S rRNA of one group of HCB, the genera
Colwellia, psychrophilic genera of obligate HCB.*® Quantita-
tive PCR was performed using a LightCycler 480 SYBR Green
I Master (A F. Hoffmann—La Roche AG, Inc) in a LightCycler
480 II (A F. Hoffmann—La Roche AG, Inc), in 20uL reaction
volumes on 96-well plates. PCR conditions were reproduced

https://doi.org/10.1021/acs.est.2c05583
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using the Colwellia-specific primers pair COL134 and
COL209* following Krolicka et al.** All samples were run
as technical duplicates along with the quantification curve to
reduce variability between assays. The plasmid used for the
quantification curves was pNORM conjugative plasmid.*"
Quantification limits (LOQ) were established as the minimum
amount of plasmid that could be detected without interference
from the negative control. The quality criteria within the
standard curve were R? > 0.99, and a slope between —3.1 and
—3.4. The accepted efficiency of the reactions ranged from 97
to 100%. Melting curves were obtained to confirm
amplification specificity. The amplification protocol was
performed following the manufacturer’s guidelines.
Statistical Analysis. All statistical analyses were carried
out with R v4.1.0 software (http://www.r-project.org/).
Analysis of variance (ANOVA) followed by a post-hoc
Tukey HSD was used to test significant differences among
samples, using the stast v4.1.0 and agricolae v1.3.5 packages in
R. Package ggpubr v0.4.0 was used for Pearson correlations (p
< 0.05). A nonmetric multidimensional scaling (NMDS)
approach was used to assess the clustering of the samples based
on their ASV composition using function metaMDS from
vegan v2.5-7 package in R’ PERmutational Multivariate
ANOVA™ was used with function Adonis from package vegan
to elucidate the factors (ie, campaign, site, date) that
significantly structured the microbial communities. Heatmaps
(heatmap.2 function from the gplots v3.1.1 package) were used
to visualize Pearson correlations between bacterial taxa and
environmental data among the different samples, whereas
PLS2 (plsdepot v0.1.17 package) was used to explore the
correlation between the relative bacterial taxa abundance
(predictive, X-matrix) and the environmental data in each
sample. Further graphs were plotted using package ggplot

v3.3.5, also in the R environment.™

B RESULTS AND DISCUSSION

Occurrence of PAHs in Seawater and Plankton. The
concentrations of the 73 targeted parent and alkylated PAHs in
the water-dissolved phase and plankton phases at coastal
Livingston and Deception Islands are reported in Tables S6
and S7 and shown in Figures 2 and S2. Dissolved-phase
concentrations of ),,;PAHs at coastal Deception and Living-
ston Islands averaged 9.4 (2.9—27.0) ng L™" and 1.9 (0.2—4.5)
ng L7, respectively. These concentrations are within the range
of those reported in the open oceans and the Arctic
Ocean.>*** However, these coastal concentrations are
significantly lower than those reported in other coastal regions
such as the coastal eastern Indian Ocean (West Australia
coast),” coastal Mediterranean,*®*” or Eastern Asia (Eastern
China coast).**™*° This is consistent with the small population
in the research stations at South Bay and Port Foster
(Livingston and Deception Islands, respectively) and the
remoteness to populated regions. The Antarctic circumpolar
current acts as a barrier for the North—South transport of
organic pollutants by oceanic currents;”' therefore, PAHs
reaching coastal Antarctica are driven by long-range atmos-
pheric transport followed by air—water diffusive exchange or
wet deposition." %>

The water-dissolved-phase PAH profile was dominated by
3—4 ring PAHs such as phenanthrene, methylphenanthrenes,
pyrene, and fluoranthene, among others, consistent with
previous works of PAHs in remote oceanic regions, including
Antarctica.>*'"*** For the most abundant PAHs, concen-
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trations at Deception were significantly higher than in
Livingston (Figure S3). Concentrations between the latter
were not significantly different. Even though the dissolved-
phase concentrations were sampled at South Bay during two
austral summers, there are some differences between the two
years. The Livingston 2015 campaign summer was charac-
terized by an important snowpack accumulated during the
previous winter and spring, which melted during the summer.
On the contrary, snow deposition was lower in the winter
before the Livingston 2018 campaign, with less snow cover and
thus lower snowmelt inputs during the summer (see pictures in
Figure S1). It has been shown that snow amplification of
concentrations and melting is an important input of PAHs
during the austral summer, increasing the coastal seawater
concentrations of PAHs and other pollutants.***** The
concentrations at the end of the Livingston 2015 campaign
were slightly higher than those in the 2018 campaign for some
alkyl-PAHs, such as dimethylphenanthrenes. During the austral
summer of 2015, dissolved- and gas-phase concentrations were
close to equilibrium, with a net deposition and net
volatilization in the early and late summer, respectively.6
During the Livingston 2018 campaign, there were probably, as
well, close to equilibrium air and water phase concentrations,
as dissolved-phase concentrations were similar in both
campaigns. Therefore, the differences in atmospheric deposi-
tion between Livingston 2015 and 2018 were due to the wet
deposition of snow. Nevertheless, despite these differences in
inputs due to snow melting, the overall PAH concentrations in
2015 and 2018 were not different, suggesting that the removal
processes of dissolved-phase PAHs could have mitigated
differences in the source strength. This mitigation can be
caused by the biological pump (sorption to phytoplankton,
zooplankton, bacteria, and organic detritus followed by the
sinking of particles) or abiotic or biotic degradation. Both
processes will affect high and low MW PAHs, respectively
(Table S8).

Plankton-phase concentrations of ) ,;PAHs at coastal
Deception and Livingston Islands averaged 495 (72—2005)
ng g' and 102 (15-479) ng g', respectively. These
concentrations are comparable to those reported in the
south Atlantic or south Pacific oceans but slightly lower than
those reported for the Indian Ocean or the Mediterranean
Sea.'""* The PAH profile is similar to that found in the water-
dissolved phase, consistent with dynamic plankton—water
partitioning, and is dominated by 3—4 ring PAHs, with high
abundances of alkyl-PAHs (Figure S2). There is high
variability in plankton-phase concentrations, consistent with
previous studies,""** which is probably the result not only of
the intrinsic variability of plankton biomass but also of different
strengths of sources and degradation processes affecting the
PAH concentrations (see below). The comparison of PAH
concentrations in plankton for the three campaigns shows that
for most PAHs with 3—5 aromatic rings, the levels at
Deception Island were significantly higher than those at
Livingston Island (Figure S4). For most compounds, there are
no significant differences between the two campaigns
performed at Livingston Island, despite the higher PAH fluxes
from snow melting during the Livingston 2015 campaign.

Geochemical Evidences for PAH Biodegradation.
There are a number of trends and patterns that provide
geochemical insights into the biodegradation of PAHs. These
include PAH patterns in seawater and plankton, partitioning
among the different phases, and the ratios of individual PAHs

https://doi.org/10.1021/acs.est.2c05583
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that can be used to identify either the source of PAHs or the
extent of weathering (photo- and biodegradation). First,
biodegradation is faster for parent PAHs than alkyl-PAHs.>
We found that Phe/(3MPhe + > DMPhe + Y TMPhe),
DBT/(XMDBT + YDMDBT), and Pyr/(XMPyr +
> DMPyr) ratios in the water-dissolved phase were signifi-
cantly lower for the Livingston 2015 campaign than in the
other two campaigns. While these ratios were kept consistently
low during the Livingston 2015 campaign, the ratios decreased
over the austral summer for the other two campaigns, but these
never reached the low levels of the Livingston 2015 campaign
(Figures SS). Second, generally, LMW PAHs (having 3—4
aromatic rings) are mainly found in the dissolved phase, are
more bio-available for degradation, and show higher
degradation rates.”*™>® Thus, the ratios between LMW and
HMW PAH are good indicators of the degree of
biodegradation of PAH."" These were lower for the Livingston
2015 campaign than for the other two campaigns, even though
a decrease in this ratio during the Livingston 2018 campaign
was observed (Figure S6).

Third, photodegradation could occur in surface waters.
Photolysis of B[a]Ant has been shown to be faster than that of
Cry, and thus the ratio B[a]Ant/Cry can be tentatively used
for photodegradation.”® The B[a]Ant/Cry ratio in the
dissolved-phase samples from the surface was lower as well
during the 2015 campaign than the other two campaigns, also
consistent with a higher degree of photodegradation. However,
the extent of photodegradation was discernible only at the
surface since such a trend of the B[a]ant/Cry ratio was not
observed for the plankton-phase PAHs integrating the water
column. A larger sink due to biodegradation than photo-
degradagilon has also been reported before for other oceanic
regions.

Finally, an assessment of partitioning also provides addi-
tional clues on the relevance of biodegradation. The PAH
partition between the dissolved phase and the organic matter
pools due to their hydrophobicity. Compound-specific
bioconcentration factors (BCF, L kg™') in all of the samples
were calculated by
BCE = cplamktonlo3
1

where Cjieon is the concentration in the plankton phase (ng
g™") and C,,, is the concentration in the water-dissolved
phase (ng L™").

There were significant linear correlations between the BCFs
and the octanol—water partition coefficient (Kqy) for both the
Deception 2017 and Livingston 2018 campaigns (p < 0.05),
explaining 28 and 39% of the variability in BCFs. However, for
the Livingston 2015 campaign, even significantly, it only
explained 4% of the variability. Such differences can be due to
various factors, such as faster growth rates of the microbial
communities favored by snow inputs, thus inducing lower
Colankton Dy dilution. Alternatively, a larger degradation of
dissolved-phase compounds (lower C,,.) can increase the
BCF of the less hydrophobic chemicals, resulting in shallower
slopes during the 2015 campaign and thus driving a lower
degree of equilibrium between the dissolved and plankton
phases. (Figure S7).

Further evidence of PAH degradation from partitioning
comes from a multicompartmental work comprising atmos-
pheric, snow, soil, and seawater samples for the Livingston

water
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2015 campaign.>* In this companion work, it was observed that
the fugacity ratios between seawater and air for alkylated PAHs
were higher, closer to the predicted values due to inputs from
snow amplification than for parent PAHs. Such differences
between parent and alkyl-PAHs are also indicative of microbial
degradation of PAH. In addition, a comprehensive assessment
of the variability of plankton-phase PAHs from various oceans
(including the Livingston 2015 concentrations)'' showed that
biodegradation was the main sink for 3—4 ring PAHs.

All of these geochemical pieces of evidence show a key role
of biodegradation explaining the occurrence of PAHs, but with
different strengths for different austral summers and of larger
magnitude during the Livingston 2015 campaign. Whereas the
increasing trend in PAH concentrations for the 2015 campaign
(Figure 2) was driven by the large PAH inputs from snow
melting, geochemical evidence suggests that biodegradation
was more active during this austral summer (201S) than for
the other campaigns (2017, 2018). The importance of
biodegradation on the PAH occurrence is hidden under the
increase of PAH due to snowmelt inputs. Conversely, for the
2017 and 2018 campaigns, when the snow had already melted
at the beginning of the campaign (smaller snowpack), the
decrease of the PAH concentrations was apparent (Figure 2),
consistent with biodegradation, even if it was of lower
magnitude than during the 2015 campaign. This suggests
that the biogeochemistry of PAHs in coastal Antarctica is not
only due to different magnitudes of snow-related inputs but
also to different extents of biodegradation driven by potential
differences in the HCB community, which in turn would also
be dependent on the snow- and glacier-derived inputs of
nutrients or organic matter.”” In fact, the concentrations of
inorganic nutrients during the Livingston 2015 campaign were
significantly higher than the other two campaigns (Figure S8).

Microbial Structure and Hydrocarbonoclastic Bac-
teria Abundance. Characterization of the free-living micro-
bial communities was performed for concurrent samples to
those of PAHs and for the three sampling campaigns and is
reported here for the first time. The microbial community
composition was significantly different in each campaign
(Permanova test, p < 0.05), and samples clustered together
according to the campaigns (Figure S9). In general, microbial
communities in all three campaigns were dominated by the
classes Bacteroidia (ranging from 10 to 5$3% of relative
contribution to the total 16S rDNA pool, mean 38 + 9%),
Gammaproteobacteria (9—71, 30 + 11%), and Alphaproteobac-
teria (15—60%, mean 31 + 11%) (Figure S10). Bacteroidia was
mostly accounted for by the order Flavobacteriales, Gammap-
roteobacteria by orders Enterobacterales and Pseudomonadales,
and Alphaproteobacteria by SARI1 and Rhodobacterales,
consistent with previous reports in this region.”**"*> Within
Alphaproteobacteria, SARI1 had a significantly higher con-
tribution in Deception 2017, where the lowest nutrient
concentrations were measured, consistent with the SARII
frugal lifestyle and their success in nutrient-poor environ-
ments.”> Within Gammaproteobacteria, Enterobacterales and
Pseudomonadales had a significantly higher contribution in
Livingston 2015 site with the highest concentrations of
nutrients, whereas Gammaproteobacteria other than Pseudomo-
nadales and Enterobacterales showed the opposite pattern. This
is consistent with their copiotroph lifestyle already observed in
other marine environments.** Within Bacteroidia, Flavobacter-
iales was the main taxa for the three campaigns, with a decrease

https://doi.org/10.1021/acs.est.2c05583
Environ. Sci. Technol. 2023, 57, 1625—1636



Environmental Science & Technology

pubs.acs.org/est

Livingston 2015
80% 80%

@
=]
B

60%

40%

16S Relative Contribution

20%

o
S

12/15/2014
12/16/2014
12/18/2014
12/23/2014
12/26/2014
12/29/2014
12/31/2014
1/2/2015
1/5/2015
1/7/2015
1/9/2015
1/12/2015
1/14/2015
1/16/2015
1/19/2015
1/21/2015
1/23/2015
1/26/2015
1/29/2015
2/2/2015
2/5/2015
2/12/2015
2/16/2015
2/19/2015

HCB
Arcobacter Colwellia Flavobacterium Pseudoalteromonas
. Bacillus . Rhodoferax . Jannaschia . Pseudomonas

Livingston 2018 Deception 2017
80% 40

[ |
4
60% 30
—
|
40% 20 o
c
£
3
g
O
20% 10

o

0%

NSNS
S 9o o000 O0Q9Q
R N T
BOAWBWP =B
RSN IR I
=< SRR

Psychrobacter > Dissolved phase PAH

. Sulfitobacter

Figure 3. Relative contributions of the top 10 more abundant hydrocarbonoclastic bacteria (HCB) found in coastal waters of Livingston and

Deception Islands for the three sampling campaigns.

in Deception 2017 in favor of SARII compared to the other
campaigns.

Bacterial taxa identified as HCB contributed to the total pool
of 16S ASV reads on average 13 + 13%, ranging from 2 to 30%
(except for 2 days at Livingston 2018 when a bloom of
Psychrobacter reached a contribution of 58%) (Figure 3). The
lowest diversity of HCB taxa was detected at Deception 2017,
whereas the HCB community in Livingston Island was richer
and more diverse (Table S9). HCB was mostly accounted for
by Sulfitobacter at the genus level at all of the campaigns, with
relative abundances ranging from 0.015 to 30%, with mean
values of 9 & 6%. The presence of Sulfitobacter in the Antarctic
Peninsula has also been reported previously at similar relative
abundances.®*® Other major contributors were facultative
HCB such as Psychrobacter, Pseudoalteromonas, Alkanindiges,
and Acinetobacter. Obligate HCB (Oleispira, Colwellia)*® and
other facultative HCB such as Marinomonas, Glaciecola, and
Pseudomonas were present at lower relative abundances (Table
$9). These HCB taxa have been previously found in Antarctic
waters and sediments, and in some manipulative experiments
at low temperatures, their role in PAH degradation has been
reported.' 47

The relative abundances of 16S rDNA ASV reads calculated
using 16S amplicon sequencing data were validated for genus
Colwellia by qPCR using taxonomical specific primers. A
significant correlation between the relative abundances of
Colwellia in the 16S rDNA ASV pool vs. absolute
concentrations of Colwellia assessed by qPCR was observed
(p < 0.05) in samples obtained at Johnsons Dock during the
Livingston 2015 campaign (Figure S11). These results provide
a quantitative validation of the relative abundances assessed by
16S sequencing.

Role of Bacteria on the Fate and Occurrence of PAHs.
As discussed above, the temporal trends of PAHs in water and
plankton, as well as the diagnostic ratios, showed evidence of
the influence of varying snow-associated inputs of PAHs and
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degradation. Benchmarking allows blocking such variability in
PAH abundances due to processes (inputs or sinks) different
than biodegradation. Such an approach has been used before
for assessing persistence in field and laboratory works.**®
Here, we used chrysene as a reference chemical for the
benchmarking; since it is not within the 3—4 aromatic ring
PAHs, which are efficiently biodegraded, it is degraded by
photolysis at a slower pace than other PAHs, and it is still not
very hydrophobic, so it does not settle fast to sediments.
Conversely, chrysene is also abundant in snow inputs,é‘ll and
benchmarking by chrysene allows blocking the variable yearly
influence of snow inputs. The temporal trends of relative
abundances of PAHs in the water-dissolved phase (as those
derived by normalizing to chrysene) showed that the increase
of concentrations during the Livingston 2015 campaign due to
snow inputs was not apparent anymore (Figure 4). The lower
relative abundances of chrysene-normalized LMW PAH
concentrations during Livingston 2015 support a higher PAH
biodegradation in that period. The potential for biodegradation
was assessed by the presence of HCB that was, however, not
significantly higher in Livingston 2015 than in the other 2
campaigns (Figure 3), suggesting that activity is not directly
uniquely linked to HCB abundances but to other environ-
mental parameters such as temperature and nutrient
availabilities,”® factors that are related to snow/ glacier inputs,
which can induce a different composition of HCB in different
years.

To get insights into taxa in the HCB group with a potential
relevance on PAH fate, Pearson correlations between the
relative abundances of specific taxa and the chrysene-
normalized PAH concentrations in the water-dissolved phase
were calculated. These correlations were significantly positive
and negative for several taxa (Figure 5). The significant
positive correlations may be related to common factors driving
the occurrence of both abundances (for example, glacier/snow
melting inputs) and do not offer evidence for causation
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Figure 4. Temporal trends of relative abundances of PAHs in the water-dissolved phase after normalizing to chrysene for the three campaigns. The
benchmarking using chrysene blocks the influence of different inputs such as snow, allowing us to compare the different degradation for the three
campaigns, with lower relative contributions at Livingston 2015 consistent with larger biodegradation. The green line shows the sum of the relative
abundances of all of the PAHs, the blue line is the sum of LMW PAHs, and the red line is the sum of HMW PAHs.

between bacterial abundances and PAHs in either direction.
On the other hand, there were significant negative correlations
between the abundance of LMW PAHs (and thus total PAHs)
and that of 6 specific ASV, four of which belonged to
Pseudomonadales. This group is described as facultative HCB in
many studies and they bloom after pulses of PAH in the early
stages of oil spill accidents in seawater at low temper-
atures.”' ™" At low “background” concentrations of PAH,
Pseudomonadales have been found to play a role in degrading
PAH at the surface microlayer of coastal Antarctica.'® That the
3—4 aromatic ring PAHs decrease when the abundances of
Pseudomonadales increase is consistent with their microbial
degradation. Interestingly, water-dissolved-phase HMW PAHs
did not show any significant negative correlations with the 16S
amplicon sequencing data, probably because these included
free-living bacteria but not the particle-associated bacteria
which may interact with particle-bound HMW PAHs.'® PLS
analysis showed that members of Pseudomonadales and
Flavobacteriales orders were key contributors to principal
component 1 (Figures S12 and S13), which separated the
Livingston 2015 campaign from the others. It is noteworthy
that these same ASV of Pseudomonadales and Flavobacteriales
were those correlating negatively with PAH concentrations.
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The degradation of PAHs during this campaign was maximal,
as discerned above from geochemical evidence including the
PAH diagnostic ratios. High nutrient conditions, maybe due to
a stronger glacier/snow melting, may have favored the higher
abundances of these taxa. If true, this would mean that snow
melting triggers a higher PAH input but also a larger
biodegradation potential of the microbial community.

The concurrent assessment of PAHs during three austral
summers shows a large yearly variability in the occurrence of
certain PAHs. The importance of snow inputs was highly
variable, with a clear influence on the temporal trends of PAHs.
However, biodegradation was also maximal for the same year
with large inputs of melting snow. There was a covariability of
certain bacteria and PAHs that would need further research to
confirm their role as keystone taxa of microbiomes degrading
PAHs in polar environments. The concurrent characterization
of pollutants and microbial communities in field-derived time
series of measurements is a powerful approach and provides
important tools to discern the complexity of biogeochemistry
and thus the fate and sinks for pollutants in the environment.

https://doi.org/10.1021/acs.est.2c05583
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ASV31 (g: OMB0(NORS), f: Halieaceae, o: Pseudomonadales)

ASV68 (g: Planktomarina, f: Rhodobacteraceae, o: Rhodobacterales)
ASV33 (g: Brevundimonas, f: Caulobacteraceae, o: Caulobacterales)
ASV60 (g: NS5 marine group, f: Flavobacteriaceae, o: Flavobacteriales)
ASV2 (g: na, f: Cryomorphaceae, o: Flavobacteriales)

ASV46 (g: Polaribacter, f: Flavobacteriaceae, o: Flavobacteriales)
ASV3 (g: NS2b marine group, f: Flavobacteriaceae, o: Flavobacteriales)
ASV27 (g: na, f: Cryomorphaceae, o: Flavobacteriales)

ASV67 (g: SAR92, f: Porticoccaceae, o: Pseudomonadales)

ASV5 (g: na, f: Nitrincolaceae, o: Pseudomonadales)

ASV34 (g: SAR92, f: Porticoccaceae, o: Pseudomonadales)

ASV41 (g: Polaribacter, f: Flavobacteriaceae, o: Flavobacteriales)
ASV9 (g: na, f: Cryomorphaceae, o: Flavobacteriales)

ASV4 (g: na, f: Nitrincolaceae, o: Pseudomonadales)

ASV24 (g: Polaribacter, f: Flavobacteriaceae, o: Flavobacteriales)
ASV38 (g: na, f: SAR86, o: Pseudomonadales)

ASV17 (g: Planktomarina, f: Rhodobacteraceae, o: Rhodobacterales)
ASV7 (g: Clade la, f: Clade |, o: SAR11)

ASV55 (g: Clade la, f: Clade 1, o: SAR11)

ASV58 (g: Clade la, f: Clade I, o: SAR11)

ASV12 (g: NS5 marine group, f: Flavobacteriaceae, o: Flavobacteriales)
ASV26 (g: na, , f: Flavobacteriaceae, o: Flavobacteriales)

ASV14 (g: Yoonia—-Loktanella, f: Rhodobacteraceae, o: Rhodobacterales)
ASV51 (g: Sulfitobacter, f: Rhodobacteraceae, o: Rhodobacterales)
ASV57 (g: na, f: NS9 marine group, o: Flavobacteriales)

ASV64 (g: Aurantivirga, f: Flavobacteriaceae, o: Flavobacteriales)
ASV65 (g: na, f: Methylophagaceae, o: Nitrosococcales)

ASV43 (g: Ascidiaceihabitans, f: Rhodobacteraceae, o: Rhodobacterales)
ASV32 (g: Amylibacter, f: Rhodobacteraceae, o: Rhodobacterales)
ASV44 (g: Polaribacter, f: Flavobacteriaceae, o: Flavobacteriales)
ASV8 (g: OM43 clade, f: Methylophilaceae, o: Burkholderiales)

ASV52 (g: Oceanicoccus, f: Spongiibacteraceae, o: Pseudomonadales)
ASV56 (g: na, f: SAR86, o: Pseudomonadales)
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Figure 5. Correlation heatmap between ASV relative abundances and environmental variables. PAH concentrations in the water-dissolved phase
were benchmarked for chrysene. Positive and negative correlations are indicated with red and blue colors, respectively. Significant correlations (p <
0.05) are represented with a blue asterisk. NH,", PO, NOXT: Inorganic nutrients. BA: Bacterial abundance. PAR: Photosynthetically active
radiation. Colors on the ASV taxonomy indicate the class (Gammaproteobacteria in yellow, Alphaproteobacteria in blue, and Bacteroidia in red).
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Annex S1. Analytical Procedures for PAH determination

Sample handling (filtrations and elution through the XAD-2 column) was performed outside the
Antarctic stations to avoid potential contamination from the in-side laboratory. Further
processing of the samples was performed in a clean lab (ISO 5). The analytical methodology has
been reported elsewhere. ! Briefly, XAD-2 columns were eluted with 200 mL of methanol,
followed by 200 mL of dichloromethane and 100 ml of hexane at a flow rate of 2 mL min-1 using
an axial piston pump. The methanol fraction was concentrated and liquid-liquid extracted with
50 mL of hexane for three times. The hexane extracts were dried over anhydrous sodium sulphate
and combined with the dichloromethane and hexane fractions. After reducing the volume with
a rotatory evaporator, the extracts were fractioned with 25 ml of hexane, 40 ml of
dichloromethane:hexane (1:3, v:v) and 20 ml dichloromethane:acetone (70:30, v:iv)ona 5 gof a
silica gel column (silica 60-200 mesh, activated at 250 °C for 24 h) and 3 g of 3 % deactivated
neutral alumina column (aluminum oxide 90, activated at 250 °C for 12 h). Plankton samples were
lyophilized during 5 h and Soxhlet-extracted with dicloromethane:hexane (1:1, v:v) during 24 h,
and fractionated using the same procedure than for the dissolved phase. The perdeuterated
standards acenaphthene-d10, phenanthrene-d10, crysene-d12 and perylene-d12 were added

before extraction for recovery control.

Before the injection, the vials were spiked with 50 ng of the perdeuterated standards anthracene-
d10, pyrene-d10 and benzo[b]fluoranthrene-d12 that were used as injection (internal) standards.
PAH quantification was performed with an Agilent 6890 Series gas chromatograph coupled to a
mass spectrometer Agilent 5973 (GCMS) operating in selected ion monitoring (SIM) and electron
impact mode (El). A 30 m capillary column (HP-5MS, 0.25mm x 0.25um film thickness) was used.
The oven temperature was increased to 90 °C (held for 1 min), then increased to 175 °C at 6
°C/min (held for 4 min), increased to 235 °C at 3 °C/min, increased to 300 °C at 8 °C/min (held for
8 min), and finally to 315 °C for 5 min (held for 8 min). Injector and transfer line temperatures

were 280 and 300 °C, respectively. 2 pl of sample were injected in split less mode.

Annex S2. Quality Assurance/Quality Control for PAH analysis



All containers, tubes and connections used during sampling and chemical analysis were of
stainless steel, glass or PTFE, and they had been pre-cleaned with acetone prior use in order to

avoid contamination.

Field blanks consisted of GF/D filters and XAD-2 columns that followed the same process as the
samples albeit without the pass of plankton or water. Procedural and/or field blanks were
analyzed with each batch of 4-6 samples to monitor potential contamination during sampling and
extraction. The limits of quantification (LOQs) were defined as the mean concentration of field
or procedural blanks, whichever higher, plus three times the standard deviation of the blank
response. For the analytes which were not found in procedural blanks, LOQ were derived from
the lowest standard in the calibration curve (three times the signal-to-noise ratio of the lowest
standard in the calibration curve). Surrogate recoveries are resumed in Table S3 and limits of

guantification are listed in Table S4.
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Table S2. Ancillary data for the seawater samples (average between 0.2 to 5 m depth) obtained
from the CTD cast. PAR means photosynthetic active radiation and n.d. means no-data available.

Sampling . Temperature Salinity Fluorescence Turbidity

Date station Campaign °c) (PSU)  (RFU) PAR (NTU)
15/12/2014 St-3 Livingston 2015 0.46 34.01 0.52 129.51 4.86
16/12/2014 St-4 Livingston 2015 0.82 33.68 0.33 161.21 5.97
18/12/2014 St-3 Livingston 2015 0.70 33.81 0.68 207.84 5.50
23/12/2014 St-4 Livingston 2015 1.24 33.70 0.50 203.10 3.90
24/12/2014 St-3 Livingston 2015 0.20 34.00 0.22 367.00 3.17
26/12/2014 St-4 Livingston 2015 1.24 33.70 0.50 203.10 3.90
29/12/2014 St-3 Livingston 2015 0.48 33.99 0.41 295.60 3.59
31/12/2014 St-4 Livingston 2015 1.33 33.84 0.28 431.20 3.92
02/01/2015 St-4 Livingston 2015 1.52 33.77 0.25 294.90 2.65
05/01/2015 St-3 Livingston 2015 134 33.55 0.59 259.30 4.87
07/01/2015 St-4 Livingston 2015 1.32 33.59 0.43 550.20 4.92
09/01/2015 St-3 Livingston 2015 1.12 33.95 0.57 126.04 2.27
12/01/2015 St-3 Livingston 2015 1.64 33.81 0.43 307.60 3.13
14/01/2015 St-4 Livingston 2015 1.97 33.36 1.21 154.07 3.68
16/01/2015 St-3 Livingston 2015 1.26 33.91 1.91 68.30 3.02
19/01/2015 St-4 Livingston 2015 1.23 33.69 1.01 176.72 5.95
21/01/2015 St-3 Livingston 2015 0.40 33.55 0.91 179.76 5.70
23/01/2015 St-4 Livingston 2015 1.15 33.34 1.57 49.63 6.65
26/01/2015 St-3 Livingston 2015 1.55 33.55 1.12 81.98 5.79
29/01/2015 St-4 Livingston 2015 1.51 33.29 1.63 29.66 10.55
02/02/2015 St-3 Livingston 2015 1.82 33.73 1.21 67.37 5.07
05/02/2015 St-4 Livingston 2015 1.71 33.19 1.04 67.40 12.38
10/02/2015 St-3 Livingston 2015 1.66 33.58 1.62 46.30 7.24
12/02/2015 St-4 Livingston 2015 1.83 33.33 1.52 42.01 10.46
16/02/2015 St-3 Livingston 2015 1.82 33.52 0.68 305.40 6.15
19/02/2015 St-4 Livingston 2015 1.91 33.39 0.92 137.83 8.23
25/01/2017 St-8 Deception 2017 2.55 34.00 5.32 10.22 3.96
30/01/2017 St-8 Deception 2017 2.01 34.02 1.27 267.22 3.66
02/02/2017 St-8 Deception 2017 2.23 33.48 1.03 236.03 3.64
05/02/2017 St-8 Deception 2017 2.40 33.73 421 102.64 4.35
09/02/2017 St-8 Deception 2017 2.43 33.74 431 17.63 3.68
11/02/2017 St-8 Deception 2017 2.71 33.68 5.46 52.19 4.13
15/02/2017 St-8 Deception 2017 2.43 33.81 2.36 57.16 3.67
17/02/2017 St-8 Deception 2017 2.50 33.90 1.29 202.91 3.67
08/01/2018 St-4 Livingston 2018 n.d n.d n.d n.d n.d
11/01/2018 St-2 Livingston 2018 n.d n.d n.d n.d n.d
16/01/2018 St-4 Livingston 2018 n.d n.d n.d n.d n.d
20/01/2018 St-2 Livingston 2018 1.60 34.14 0.66 0.27 3.56
22/01/2018 St-4 Livingston 2018 1.42 33.30 0.40 0.27 7.84
23/01/2018 St-6 Livingston 2018 0.68 33.63 0.29 0.27 7.17
23/01/2018 St-7 Livingston 2018 1.99 33.96 0.59 0.27 3.74
24/01/2018 St-2 Livingston 2018 2.23 33.94 0.88 0.27 3.66
25/01/2018 St-4 Livingston 2018 1.71 33.46 0.27 0.27 5.85
27/01/2018 St-2 Livingston 2018 2.43 33.68 0.31 0.27 4.86
29/01/2018 St-4 Livingston 2018 1.87 33.49 0.58 0.27 6.04
03/02/2018 St-2 Livingston 2018 1.59 34.75 0.15 0.27 3.55
05/02/2018 St-4 Livingston 2018 1.47 33.61 0.44 0.27 6.41
08/02/2018 St-1 Livingston 2018 2.25 33.82 0.19 0.27 8.56
12/02/2018 St-2 Livingston 2018 1.76 33.67 0.18 0.27 7.11
16/02/2018 St-4 Livingston 2018 1.78 33.26 0.23 0.27 7.44
20/02/2018 St-2 Livingston 2018 2.93 33.86 0.23 0.27 3.87
23/02/2018 St-4 Livingston 2018 1.82 33.16 0.19 0.27 9.83
28/02/2018 St-5 Livingston 2018 1.14 33.63 0.28 0.27 5.44
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01/03/2018

St-2
St-1

Livingston 2018
Livingston 2018

n.d
1.73

n.d
33.94

n.d
0.30

n.d
0.27

n.d
4.08




Table S3. Recoveries of PAH surrogates for each sampling campaign.

Livingston 2015

Surrogate Seawater Plankton
acenaphthene-
d1o 6319.5% 65+18%
phenanthrene-
di1o 96+17% 72+12%
crysene-d12 85+25% 85+14%
perylene-d12 100+17% 100+25%
Livingston 2018
Surrogate Seawater Plankton
phenanthrene-
di1o 19+12% 5145.7%
perylene-d12 67+33% 77+23%
Deception 2017
Surrogate Seawater Plankton
phenanthrene-
di1o 20+11% 31+4.8%
perylene-d12 64+32% 66+7.5%
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Table S4. Limits of quantification for PAHs for seawater and plankton samples for Deception 2017
and Livingston 2018. The limits of quantification (LOQs, ng) were defined as the mean
concentration of field blanks plus three times the standard deviation of the blank response. For
the analytes not detected in blanks, LOQs were derived from the lowest standard in calibration
curve (three times the signal-to-noise ratio of the lowest standard in the calibration curve).

Liv. 2018 sea- Dec. 2017 sea- Liv. 2018 plank-  Dec. 2017 plank-

PAH water (ng) water (ng) ton (ng) ton (ng)
MFlu(1) 0.005 0.005 0.005 0.018
MFlu(2) 0.005 0.005 0.005 0.021
MFlu(3) 0.005 0.005 0.018 0.038
MFlu(4) 0.058 0.005 0.040 0.066
DBT 0.069 0.086 0.077 0.011
MDBT(1) 0.068 0.137 0.020 0.011
MDBT(2) 0.034 0.101 0.009 0.005
MDBT(3) 0.005 0.043 0.010 0.005
DMDBT(1) 0.005 0.085 0.005 0.005
DMDBT(2) 0.005 0.044 0.005 0.005
DMDBT(3) 0.042 0.189 0.005 0.005
DMDBT(4) 0.005 0.095 0.005 0.005
DMDBT(5) 0.005 0.037 0.005 0.005
Phe 0.632 0.941 0.244 0.364
MPhe(1) 0.065 0.108 0.024 0.047
MPhe(2) 0.084 0.157 0.035 0.064
MPhe(5) 1.017 1.085 0.009 0.005
MPhe(3) 0.085 0.136 0.034 0.087
MPhe(4) 0.045 0.131 0.028 0.057
DMPhe(1) 0.016 0.051 0.005 0.005
DMPhe(2) 0.017 0.039 0.005 0.005
DMPhe(3) 0.005 0.005 0.005 0.005
DMPhe(4) 0.047 0.129 0.005 0.005
DMPhe(5) 0.029 0.070 0.005 0.005
DMDBT(6) 0.005 0.005 0.005 0.005
DMPhe(6) 0.023 0.065 0.005 0.022
DMPhe(7) 0.005 0.005 0.005 0.005
DMPhe(8) 0.005 0.005 0.005 0.005
DMPhe(9) 0.009 0.005 0.005 0.005
DMPhe(10) 0.005 0.005 0.005 0.005
TMPhe(1) 0.005 0.005 0.005 0.005
TMPhe(2) 0.005 0.005 0.005 0.005
TMPhe(3) 0.005 0.005 0.005 0.005
TMPhe(4) 0.005 0.005 0.005 0.005
TMPhe(5) 0.005 0.005 0.005 0.005




TMPhe(6)
TMPhe(7)
TMPhe(8)
TMPhe(9)
TMPhe(10)
TMPhe(11)
TMPhe(12)
Ant
Flt
Pyr
MPyr(1)
MPyr(2)
MPyr(3)
MPyr(4)
MPyr(5)
DMPyr(1)
DMPyr(2)
DMPyr(3)
DMPyr(4)
DMPyr(5)
DMPyr(6)
DMPyr(7)
DMPyr(8)
Blg,h,ilf
B[a]ant
Cry
MCry(1
MCry(3
MCry(4
MCry(2
B[b]f
B[k]f
Blelpyr
Blalpyr
Pery
In[1,2,3-
cd]pyr
Dib[a,h]ant
B[g,h,i]pery

)
)
)
)

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.580
0.581
0.981
0.005
0.092
0.063
0.087
0.064
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
1.263
0.160
0.160
0.160
0.160
0.160
0.160
0.035
0.072
0.160
0.160
0.160

0.160
0.160
0.160

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.049
1.761
1.085
0.005
0.124
0.037
0.093
0.005
0.005
0.005
0.005
0.005
0.033
0.035
0.055
0.147
1.466
0.160
0.160
0.160
0.160
0.160
0.160
0.090
0.118
0.160
0.160
0.160

0.430
0.160
0.160

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.019
0.036
0.031
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.160
0.160
0.160
0.160
0.160
0.160
0.160
0.134
0.010
0.160
0.160
0.160

0.160
0.160
0.160

0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.026
0.253
0.079
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.160
0.160
0.160
0.160
0.160
0.160
0.160
0.010
0.010
0.160
0.160
0.160

0.160
0.160
0.160
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Table S5: Nutrient concentrations and bacterial abundances for the water samples. Bacterial
abundances were measured by flow cytometry for the Deception 2017 and Livingston 2018
campaigns, but by counts of the 16S for the Livingston 2015 campaign. Those measured by flow
cytometry are multiplied by 1000 to transform the units from cells/mL to copies of 16S/L,
assuming that each cell has 1 copy of the 16S gene.

Date Station Campaign NNOC?;; N-NHﬂ P-P043_‘1 Ba‘:t‘::::bu“
(umol L) (kmol L) (umol L) (copies16S L?)
15/12/2014 St-3 Livingston 2015 29.13 1.34 2.03 2.08E+09
16/12/2014 St-4 Livingston 2015 24.84 3.77 1.74 3.54E+09
18/12/2014 St-3 Livingston 2015 16.18 2.07 1.44 1.25E+09
23/12/2014 St-4 Livingston 2015 23.46 3.94 1.78 6.86E+09
24/12/2014 St-3 Livingston 2015 24.02 4.68 1.65 6.60E+09
26/12/2014 St-4 Livingston 2015 18.49 12.60 1.46 5.09E+09
29/12/2014 St-3 Livingston 2015 27.67 22.62 1.83 6.34E+09
31/12/2014 St-4 Livingston 2015 24.00 22.40 1.77 1.09E+10
02/01/2015 St-4 Livingston 2015 23.83 10.65 1.86 5.78E+08
05/01/2015 St-3 Livingston 2015 15.39 22.75 1.35 8.08E+09
07/01/2015 St-4 Livingston 2015 17.27 22.48 1.64 5.73E+09
09/01/2015 St-3 Livingston 2015 15.46 22.51 1.35 2.00E+10
12/01/2015 St-3 Livingston 2015 21.49 7.95 1.61 1.23E+10
14/01/2015 St-4 Livingston 2015 14.87 21.41 1.36 1.42E+10
16/01/2015 St-3 Livingston 2015 22.88 8.84 1.64 4.21E+09
19/01/2015 St-4 Livingston 2015 19.51 22.95 1.72 1.64E+10
21/01/2015 St-3 Livingston 2015 25.82 22.64 1.81 5.90E+09
23/01/2015 St-4 Livingston 2015 21.41 1.66 1.75 7.27E+09
26/01/2015 St-3 Livingston 2015 20.18 23.21 1.66 5.70E+09
29/01/2015 St-4 Livingston 2015 14.16 21.76 1.75 1.34E+09
02/02/2015 St-3 Livingston 2015 12.00 22.77 1.72 1.15E+09
05/02/2015 St-4 Livingston 2015 18.36 8.59 1.87 1.33E+09
10/02/2015 St-3 Livingston 2015 21.87 23.15 1.95 4.78E+10
12/02/2015 St-4 Livingston 2015 12.97 22.83 2.19 7.85E+09
16/02/2015 St-3 Livingston 2015 23.92 22.86 1.96 2.98E+09
19/02/2015 St-4 Livingston 2015 20.66 14.48 2.11 1.29E+09
25/01/2017 St-8 Deception 2017 7.65 0.56 0.46 5.12E+08
30/01/2017 St-8 Deception 2017 20.40 0.27 1.08 4.57E+08
02/02/2017 St-8 Deception 2017 18.93 0.11 1.04 4.97E+08
05/02/2017 St-8 Deception 2017 10.13 0.05 0.58 6.85E+08
09/02/2017 St-8 Deception 2017 16.14 0.40 1.20 6.24E+08
11/02/2017 St-8 Deception 2017 14.34 0.06 0.93 4.48E+08
15/02/2017 St-8 Deception 2017 8.50 0.73 1.12 3.80E+08

137



17/02/2017
08/01/2018
11/01/2018
16/01/2018
20/01/2018
22/01/2018
23/01/2018
23/01/2018
24/01/2018
25/01/2018
27/01/2018
29/01/2018
03/02/2018
05/02/2018
08/02/2018
12/02/2018
16/02/2018
20/02/2018
23/02/2018
28/02/2018
28/02/2018
01/03/2018

St-8
St-4
St-2
St-4
St-2
St-4
St-6
St-7
St-2
St-4
St-2
St-4
St-2
St-4
St-1
St-2
St-4
St-2
St-4
St-5
St-2
St-1

Deception 2017
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018
Livingston 2018

13.20
9.58
n.d
19.83
26.15
19.36
n.d
n.d
26.83
18.31
23.27
n.d
18.82
15.32
23.36
20.70
17.75
20.78
14.53
24.25
18.45
10.59

0.11
7.65
n.d
10.80
1.97
20.91
n.d
n.d
2.65
2.84
2.52
n.d
10.80
5.08
3.07
13.05
9.76
6.97
8.51
5.32
4.72
1.12

0.91
1.06
n.d
2.12
1.69
1.53
n.d
n.d
1.87
1.42
1.40
n.d
1.65
1.46
1.62
1.33
1.32
1.38
1.26
1.39
1.23
1.16

3.47E+08
n.d
n.d
2.22E+08
1.89E+08
2.37E+08
n.d
n.d
2.15E+08
1.98E+08
1.47E+08
1.54E+08
9.50E+07
1.50E+08
1.43E+08
4.57E+07
1.68E+08
n.d
3.69E+08
n.d
n.d
1.81E+08
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Table S8: Classification of the PAHs analyzed in this study as low molecular weight (LMW) PAH or
high molecular weight (HMW) PAH according to the number of aromatic rings and molecular

weight.

LMW HMW
SMFlu B[g,h,i]f
DBT B[a]ant
>MDBT Cry
Phe SMCry
YMPhe B[b]f
SDMPhe B[K]f
STMPhe B[e]pyr
Ant B[a]pyr
Flt Pery
Pyr In[1,2,3-cd]pyr
SMPyr Dib[a,h]ant
SDMPyr B[g,h,i]pery
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Table S9: Relative abundances (%) of HCB taxa, expressed as the mean, standard deviation,
maximum and minimum of each taxa for each campaign.

Livingston 2015 Deception 2017 Livingston 2018
HCB Mean Sd Max. Min. | Mean Sd Max. Min. | Mean Sd Max. Min.
HCB_Sulfitobacter 3.78 5.17 17.40 0.01 3.20 297 11.60 0.02 4.23 6.15 29.61 0.03
HCB_Psychrobacter 0.06 0.06 0.20 0.02 0.03 000 0.03 0.03 4.20 14.28 58.07 0.02
HCB_Bacillus 0.49 0.83 1.95 0.03
HCB_Pseudoalter-
omonas 1.03 1.09 3.49 0.02 0.02 0.01 0.03 0.02 0.24 0.41 1.64 0.02
HCB_Marinomonas 0.07 0.06 0.11 0.03 0.12 0.22 0.52 0.02
HCB_Flavobacterium 0.09 0.06 0.21 0.02 0.07 0.08 0.20 0.02 0.12 0.14 0.82 0.02
HCB_Pseudomonas 0.06 0.04 0.11 0.03 0.09 0.08 0.18 0.02 0.11 0.21 1.13 0.02
HCB_Rhodoferax 0.15 0.15 0.15 0.10 0.07 0.26 0.03
HCB_Nocardioides 0.02 0.02 0.02 0.09 0.16 0.46 0.02
HCB_Sphingobium 0.07 0.04 0.15 0.02
HCB_Colwellia 0.22 0.82 7.58 0.02 0.05 0.02 0.08 0.04 0.07 0.13 0.90 0.02
HCB_Alkanindiges 0.07 0.07 0.07 0.12 0.05 0.16 0.07 0.07 0.05 0.17 0.02
HCB_Shewanella 0.13 0.19 0.70 0.02 0.07 0.07 0.07 0.07 0.05 0.14 0.02
HCB_Jannaschia 0.07 0.09 0.17 0.02
HCB_Arcobacter 0.22 0.13 0.31 0.13 0.07 0.07 0.07
HCB_Sulfuricurvum 0.15 0.09 0.21 0.05 0.05 0.04 0.13 0.02
HCB_Sphingomonas 0.05 0.06 0.21 0.02
HCB_Arenimonas 0.05 0.00 0.05 0.05
HCB_Polaromonas 0.07 0.03 0.11 0.02 0.05 0.02 0.08 0.02
HCB_Novosphingobium 0.05 0.03 0.08 0.02
HCB_Arthrobacter 0.05 0.04 0.08 0.02
HCB_Thiobacillus 0.05 0.03 0.08 0.02 0.04 0.02 0.07 0.02
HCB_Rhodococcus 0.04 0.02 0.08 0.02
HCB_Woeseia 0.06 0.06 0.06 0.04 0.02  0.05 0.02
HCB_Ralstonia 0.03 0.03 0.03
HCB_Glaciecola 0.03 0.03 0.03 0.03 0.00 0.03 0.03
HCB_Psychrilyobacter 0.03 0.02 0.06 0.02 0.03 0.02 0.05 0.02
HCB_Bacteroides 0.04 0.02 0.07 0.02 0.03 0.02 0.08 0.02
HCB_Thalassotalea 0.04 0.03 0.08 0.02 0.03 0.01 0.05 0.02
HCB_Acinetobacter 0.25 0.05 0.29 0.20 0.03 0.01 0.05 0.02
HCB_Nonlabens 0.09 0.03 0.11 0.07 0.03 0.02 0.05 0.02
HCB_Faecalibacterium 0.03 0.01 0.05 0.02
HCB_Paludibacter 0.02 0.02 0.02 0.02 0.01 0.03 0.02
HCB_Lachnoclostridium 0.02 0.02 0.02
HCB_Proteiniphilum 0.02 0.02 0.02
HCB_Desulfobacterium 0.02 0.02 0.02 0.02 0.02 0.02
HCB_Bdellovibrio 0.02 0.00 0.02 0.02
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HCB_Geobacter
HCB_Cutibacterium
HCB_Vibrio
HCB_Oleispira
HCB_Halomonas
HCB_Cytophaga
HCB_Marinobacter
HCB_Thauera

0.14
0.10
0.10
0.03
0.02
0.02
0.02

0.10
0.05

0.14
0.21
0.13
0.03
0.02
0.02
0.02

0.14
0.03
0.07
0.03
0.02
0.02
0.02

0.02

0.02

0.02
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bI.iv'ingston Island in January 2015 e |

Deception Island in January 2017

IR cadeih e, . o

Figure S1: Picture of South bay for the 2015, 2017 and 2018 campaigns (January) showing the
difference in snow cover.
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ARTICLE INFO

ABSTRACT

Keywords: The sources, biogeochemical controls and sinks of perfluoroalkyl substances, such as perfluoroalkyl acids
PFAS (PFAAs), in polar coastal regions are largely unknown. These were evaluated by measuring a large multi-
PFAAs compartment dataset of PFAAs concentrations at coastal Livingston and Deception Islands (maritime
];82 Antarctica) during three austral summers. PFAAs were abundant in atmospheric-derived samples (aerosols, rain,
POPs snow), consistent with the importance of atmospheric deposition as an input of PFAAs to Antarctica. Such PFAAs
Southern ocean deposition was unequivocally demonstrated by the occurrence of PFAAs in small Antarctic lakes. Several lines of
Coastal evidence supported the relevant amplification of PFAAs concentrations in surface waters driven by snow scav-
Antarctica enging of sea-spray aerosol-bound PFAAs followed by snow-melting. For example, vertical profiles showed

Long-range transport
Lakes

higher PFAAs concentrations at lower-salinity surface seawaters, and PFAAs concentrations in snow were
significantly higher than in seawater. The higher levels of PFAAs at Deception Island than at Livingston Island are

Snow consistent with the semi-enclosed nature of the bay. Concentrations of PFOS decreased from 2014 to 2018,
Seawater consistent with observations in other oceans. The sink of PFAAs due to the biological pump, transfer to the food
Amplification . . s .

Degradation web, and losses due to sea-spray aerosols alone are unlikely to have driven the decrease in PFOS concentrations.

Marine bacteria

An exploratory assessment of the potential sinks of PFAAs suggests that microbial degradation of perfluoroalkyl

sulfonates should be a research priority for the evaluation of PFAAs persistence in the coming decade.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are an ever-increasing
family of synthetic chemicals widely used in industrial and consumer
applications, since the late 1940s (Lindstrom et al., 2011; Oliaei et al.,
2012). Many PFAS, particularly perfluoroalkyl acids (PFAAs), bio-
accumulate and biomagnify, are toxic to biota and humans, are
extremely persistent in the environment, and can be transported over
long distances to reach remote regions (Casas et al., 2020; Del Vento
et al., 2012; Maclnnis et al., 2019a; Young et al., 2007). Numerous ef-
forts and societal resources have been invested to investigate, regulate
the use, and reduce the occurrence of these contaminants in the envi-
ronment. Perflurooctanoic acid (PFOA) and perfluorooctanesulfonic
acid (PFOS) are the two PFAAs that have been most widely assessed in

* This paper has been recommended for acceptance by Jiayin Dai.
* Corresponding author.
E-mail address: jordi.dachs@idaea.csic.es (J. Dachs).
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terms of occurrence and impacts. In 2006, the U.S. Environmental
Protection Agency (EPA) launched the PFOA Stewardship program on
the elimination of PFOA and its precursors (U.S. Environmental Pro-
tection Agency.EPA.). Later, PFOS and its salts were added in Annex B of
the Stockholm Convention on Persistent Organic Pollutants in 2009, and
PFOA and its salts were listed under the Annex A, as persistent organic
pollutants (POPs), calling for the worldwide restriction on their use.
PFAAs are ubiquitous in all the oceans (Ahrens et al., 2010;
Gonzalez-Gaya et al., 2019, 2014; Muir and Miaz, 2021), and for many
years, oceanic currents were thought to be the main global transport
mechanism of ionic PFAAs (Armitage et al., 2009; Stemmler and Lam-
mel, 2010; Yamashita et al., 2008). However, PFAAs have been reported
in land areas far away from the coast (Rankin et al., 2016) and in remote
regions (Young et al., 2007). This is the case of Antarctica and parts of
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the Southern Ocean, where maritime transport from the Atlantic, Pacific
and Indian oceans is restricted by the Antarctic Circumpolar Current
(ACQ), which acts as a barrier for north-south exchange (Bengtson Nash
etal., 2010; P. Benskin et al., 2012; Yamashita et al., 2008). Despite this,
perfluoroalkyl carboxylates and perfluoroalkyl sulfonates (PFCAs and
PFSAs) have been found in coastal Antarctic waters at concentrations of
few to hundreds pg L1 (Cai et al., 2012a; Casal et al., 2017b; Casas
et al., 2020; Wei et al., 2007; Wild et al., 2015; Zhao et al., 2012). This
suggests that marine currents may not be the main transport mechanism
accounting for the PFAAs occurrence in the maritime Antarctica. At-
mospheric concentrations of neutral PFAS (i.e. precursors of ionic PFAS)
have been shown to be ubiquitous in the oceanic atmosphere, including
the Southern ocean (Del Vento et al., 2012; Martin et al., 2006; Wang
et al., 2015; Young and Mabury, 2010), which is consistent with the
arrival of PFAAs to the Antarctic coast by atmospheric transport and
subsequent atmospheric oxidation and deposition, rather than direct
transport by ocean currents (Casal et al., 2017b). Therefore, like for
semivolatile POPs (Casal et al., 2019, 2018; Casas et al., 2021; Khairy
et al., 2016; Zhang et al., 2015), wet deposition may play an important
role on neutral and ionic PFAS transport, not only for polar regions, but
across different climatic zones.

Previous studies have measured high concentrations of
S PFCA+Y"PFSA in Antarctic snow (760-3600 pg L) (Casal et al.,
2017b; Wang et al., 2015) and rain (400-8400 pg L™Y) (Casas et al.,
2021), pointing out the importance of wet deposition on their occur-
rence. These deposition processes can lead to significant PFAAs con-
centrations in water and soils, a process named amplification, (Casal
etal., 2019; Casas et al., 2021). These concentrations are many orders of
magnitude higher than those derived from air-surface partitioning,
which is negligible for PFCAs and PFSAs. Amplification processes can
also occur in the sea-surface microlayer (SML) and during the formation
of sea-spray aerosols (SSA). SML is the layer between 1 and 1000 pm
thick at the surface of the ocean and presents an enrichment of organic
matter (OM) and of the microorganisms that live in this layer (Marti-
nez-Varela et al., 2020). The SML is also characterized by its hydro-
phobic character caused by the enrichment of OM and surfactants,
enhancing the surface enrichment of hydrophobic and amphiphilic
substances such as PFAAs (Casas et al., 2020). SSA are formed from the
SML via bubble bursting which are entrained by the wind (Guieu et al.,
2017; Lewis and Schwartz, 2004), and by this mechanism PFAAs can be
transferred to the atmosphere. The enrichment factor of PFAAs at coastal
Antarctic ranged between 1.2 and 5, and between 522 and 4690, in the
SML and SSA, respectively, when compared to underlying waters. The
atmospheric transport of PFAAs associated with the SSA (Casal et al.,
2017b; Casas et al., 2020; Johansson et al., 2019; Sha et al., 2021) and
their subsequent deposition by wet deposition (snow and rain) (Casal
et al., 2017b; Casas et al., 2021) are an important transport mechanism
contributing to PFAAs occurrence in the maritime Antarctica.

Other processes driving the amplification of PFAAs concentrations in
Antarctic coastal seawaters include melting glaciers (Bogdal et al.,
2009), and remobilization by flushing of stored PFAAs due to
snow-melting (Casal et al., 2017b). In addition, studies have identified
penguin feces (guano) as an amplification process of POP concentrations
in coastal Antarctica (Cabrerizo et al., 2012; Huang et al., 2014; Roosens
et al., 2007), but little attention has been paid to the dynamics of PFAAs
entering the coastal environment through guano. Generally, little is
known about the drivers of variability of PFAAs occurrence in the highly
dynamic coastal Antarctica, as well as their sources and sinks.

The objectives of this work were (i) to develop a large multi-
compartment data set for PFAAs in the western Antarctic coast, by
assessing their occurrence in relevant environmental matrices
(seawater, snow deposition, snowmelt, lake water) at Livingston and
Deception Islands (South Shetland Islands, Antarctica), (ii) to determine
the drivers of variability of PFAAs occurrence and amplification pro-
cesses at coastal Antarctica, and iii) to explore the potential sinks of
PFAAs in the maritime Antarctica.
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2. Materials and methods
2.1. Study area

The sampling was conducted at Livingston Island (62° 39’ S, 60° 23’
W) and Deception Island (62° 58' S, 60° 39° W) (Figure S1, in the Sup-
plementary Information, SI). These two islands belong to the South
Shetland Archipelago in the Antarctic Peninsula. Samples from Decep-
tion Island were collected during the 2017 austral summer (January 23 -
February 17), while samples from Livingston Island were collected in
2018 (January 02 - March 01). The average air temperature during the
sampling campaign was 1.6 + 1.7 °C, ranging from —2.9 to 5.1 °C, at
Deception Island, and 2.1 + 1.8 °C, ranging from —5.4 to 10.2, at Liv-
ingston Island. The sampling stations (st) are shown in Figures S2 and
$3, and ancillary information is given in Table S1. Livingston Island has
an area of 850 km? and is mostly covered by glaciers (Temniskova-To-
palova, D., & Chipev, 2001). Only about 10% of the area of the island is
free of snow and ice during the austral summer, and the highest eleva-
tion is 1700 m. The Spanish Antarctic research station Juan Carlos I
(JCI) and the Bulgarian research station Saint Kliment Ohridki (St.KO)
are situated in South Bay, in the western Hurd Peninsula. With only two
research stations, this area is less populated and less visited by cruise
tourism than Deception Island. Deception Island is a volcanic island and
has an area of 72 km?, with a highest elevation of 542 m and over half of
the island is covered by glaciers. The caldera, named Port Foster, is
connected to the open ocean through a 550 m wide channel in the
caldera wall; therefore, it is a unique natural harbor that is well pro-
tected from the open ocean. The only research stations currently active
are the Argentine summer research station Deception (Dec) and the
Spanish research station Gabriel de Castilla (GC), both located in Port
Foster.

2.2. Sampling methodology

Seawater sampling was conducted from a rigid inflatable boat at
different sampling sites (Figure S2-S3A), and collected in 2 L poly-
propylene (PP) bottles. The seawater samples were collected at different
depths between surface and 30 m depth, with a Niskin bottle and poured
into 2 L PP bottles after their collection. Before seawater collection, CTD
(Conductivity, Temperature, Depth) profiles were taken to evaluate
water temperature, salinity, turbidity, fluorescence and photosynthetic
active radiation (Table S2). After collection, samples were transported to
the research station and were filtered through pre-combusted GF/F glass
fiber filters (47 mm diameter, Whatmann 0.7 pm mesh size) on a glass
filtration unit, then spiked with 50 pg of nine recovery standards
(Table S3).

Surface snow samples, snowmelt and lake water samples were
collected with a stainless steel shovel into PP bottles from different
sampling sites (Figure 52-S3B). Snowmelt samples were collected from
stream unequivocally originating from snow or ice melting. For snow
samples, only the top 2-3 cm of snow was collected. After collection,
snow samples were left to melt at 4-6 °C for 24-48 h at the research
station in sealed PP bottles. Snow, snowmelt collected from streams, and
lake water samples were also filtered and spiked like seawater samples.

PFAAs were extracted using an established solid phase extraction
(SPE) method with OASIS WAX cartridges (6 cm®, 150 mg; Waters) with
minor modifications (Casas et al., 2020; Yamashita et al., 2005).

Fifteen mL of sample were taken and kept at —20 °C for analyzing
nutrients: nitrogen (NO,), ammonium (NHZ) and phosphate (PO%’). For
bacterial abundance (BA), 1.8 mL of the water samples were fixed with
1% buffered paraformaldehyde solution (pH 7.0) plus 0.05% glutaral-
dehyde (P + G), left at room temperature in the dark for 10 min, and
frozen and stored at —80 °C until further processing.

Samples for bacterial taxonomy 16S rDNA library construction were
collected from surface seawater. Four liters of each sample were pre-
filtered through 3 pm pore size 47 mm diameter polytetrafluoroethylene
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filters (Millipore, Bellerica, MA) to remove grazers and the particle-
attached living fraction, and sequentially onto 0.2 pm pore-size 47
mm Teflon (Millipore, Billerica, MA) under filters to capture the free-
living bacteria cells fraction, using a peristaltic pump with flow of
<50 mL min~'. Each filter was placed in 1 mL lysis buffer (50 mM Tris
HCI, 40 mM EDTA, 0.75 M sucrose) and stored at —20 °C until further
processing.

The detailed procedure followed for the elution, identification and
quantification of PFAAs, the nutrients and bacterial taxonomy 16S rDNA
analysis are described in the Annex S1 in SL.

2.3. Quality assurance and quality control (QA/QC)

All containers used were made of stainless steel or polypropylene and
all sampling materials were rinsed with methanol before sample
collection or use to avoid contamination. All filters were precombusted
at 450 °C for 4h. Procedural blank SPE cartridges were also analyzed to
monitor potential contamination during sample treatment. In addition,
field blanks consisted of SPE cartridges that were transported to sam-
pling sites, shipped back to the laboratory together with the samples,
and processed in the same manner as samples; albeit without the
extraction of 2L of water. Levels of PFAAs in the field and procedural
blanks are given in Table S4. Recovery of surrogate standards spiked
before the SPE extraction are presented in Table S5. Concentrations
were not corrected for surrogates (Casal et al., 2017b; Casas et al., 2021;
Gonzalez-Gaya et al., 2019). The limits of quantification (LODs) were
defined as the mean concentration of field blanks plus three times the
standard deviation (SD) of the blank value. For the analytes not detected
in blanks, LOD was derived from the lowest standard in the calibration
curves (Table S6). Table S7 shows the detection frequency in each ma-
trix analyzed in this study. Bioinformatics annotation and statistical
analyses are described in Annex S2 in SI.

3. Results and discussion

3.1. Overall PFAAs multi-compartmental occurrence at coastal
Antarctica

The targeted PFAAs were analyzed in surface seawater, deep
seawater, fresh snow, and snowmelt from both Livingston and Deception
Islands. In addition, at Deception Island, PFAAs were also analyzed in
lake water. Compound specific concentrations are shown in Tables S7-
S10. Aerosol and rain PFCAs and PFSAs concentrations have been re-
ported and discussed elsewhere (Casas et al., 2021), and are used here
when needed. Considering all matrices (Fig. 1 and S4), the most
frequently detected PFCAs were PFOA (average detection frequency for
all matrices, 91%) and PFNA (90%), and for PFSAs was PFBS (83%).
PFBA had the highest average concentrations of all target analytes in all
matrices, with a detection frequency of 88%. A large number of targeted
PFAAs were detected in atmospheric samples, including the
aerosol-phase (total particulates) and in wet deposition samples of rain
and snow.

3.2. PFAAs in coastal seawater

Concentrations of > PFAAs in surface seawater from Livingston Is-
land (n = 40) averaged 250 + 210 pg L™}, ranging from 25 to 1020 pg
L1 (Fig. 2, Table S7). The average 3" PFAAs concentrations at Johnson
glacier station (st-28) from the 2018 austral summer (190 + 140 pg LY
were in the same range as those reported at the same sampling station
during the 2014-2015 austral summer (190 + 100 pg L™1) (Casal et al.,
2017b). This previous assessment was centered on sampling in front of
the Johnson glacier at Livingston Island. A key difference, and novel
contribution of this work, is that here we assess PFAAs occurrence
covering a large coastal region, as five spatial transects were examined
covering large areas around South and False Bays in Livingston Island
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(Figure S3 and S5), in addition to the sampling at Deception Island.

The pattern of concentrations of individual PFAAs and the ) PFAAs
did not show significant spatial differences in South and False bays
(ANOVA test, p > 0.05), but coastal waters from st-25 and st-26 were
those with higher PFAAs levels (Figure S5 and S6), with average
> "PFAAs concentrations of 610 + 580 pg L~! and 500 + 500 pg L7},
respectively. These stations are located close to two different penguin
colonies in South Bay, east of Hurd Peninsula (Figure S3). St-29 also had
high concentrations (377 + 203 pg L™1), and to minor extend in St-30, in
comparison with other sample locations. Likely because this station is
located close to a large penguin colony at Hannah Point (Figure S3).
These peaks in concentrations, however, show a factor of 2 differences
for different sampling dates (Figure S5), indicating a high variability in
these seawater masses in the proximity of local coastal sources. These
high concentrations are consistent with the hypothesis that penguin
guano could act as an amplifier of concentrations in coastal Antarctica
facilitated by penguins foraging in regional waters and defecating at the
colony or its adjacent waters. Run-off of guano-bound PFAAs by melting
snow transfers the amplified PFAAs signal in guano to adjacent waters. It
is unlikely that this potential influence of guano is confounded with that
from snow/ice melting due to different locations of major glacier inputs
and penguin colonies. Profiles of PFAAs concentrations in the samples
also agree with the penguin amplification hypothesis. Specifically, the
PFAAs with higher concentrations in the penguin’s influenced stations
were PFPeA, PFBA and PFHxA. PFOA, PNA, PFUdA and PFTrDA were
also detected in these samples. High concentrations of PFHxXA, PFPeA,
PFOA and PFNA have been reported in penguin guano from Tierra del
Fuego (Patagonia, south America), and PFOS, PFHxXA and PFBS were
reported in penguin guano from Antarctica (Llorca et al., 2012).
Roscales and coworkers (2019) also detected high concentrations and a
high contribution of PFHxA and PFOS in plasma from Gentoo penguins
in Livingston Island (Roscales et al., 2019).

PFBA and PFPeA were the main PFAAs in seawater around Living-
ston Island, with an average contribution of 21% and 20% to ) PFAAs,
respectively (Figure S7), whereas the C9-14 PFAAs accounted for a
smaller contribution, always below 10% of Y PFAAs. PFOS contributed
on average less than 10% to Y PFAAs, consistent with previous studies
in the Arctic (Zhao et al., 2012), but in the lower range of previous works
in these and other Antarctic coastal sites (Cai et al., 2012b; Casal et al.,
2017b). C4-C7 PFCA were generally significantly inter-correlated in
surface seawater at Livingston Island (r2 0.17-0.99, Figure S8), while
PFOA was correlated with PFOS and long chain PFCAs. Such correla-
tions are consistent with similar sources and biogeochemistry.

In this study, concentrations of PFAAs from Livingston Island were
not significantly correlated with water salinity and temperature when
all stations were considered. Only PFOS concentrations in surface
seawater showed a significant positive correlation with turbidity (rg =
0.82, p < 0.05) (Figure S9), as glaciers/snow inputs are associated with
larger turbidity due to erosion and increased primary production, it
suggests that freshwater inputs could be a source of PFOS. PFUnDA
concentrations in surface seawater were positively correlated with NO,T
(rg = 0.95, p < 0.05), PFNA was positively correlated with P»PO%‘ (rg =
0.42, p < 0.05), and only PFOA was positively correlated with bacterial
abundance (rlz, = 0.31, p < 0.05). These correlations are consistent with
the role of snowmelt and glacier melting contributing to PFAAs in
coastal Antarctica (Casal et al., 2017b), and its associated nutrient in-
puts increasing the microbial abundances.

Vertical PFAAs profiles from 1.5 m to 30 m depth were measured at a
number of seawater sampling stations (Figure S3 and S10), and the
maximum concentrations were present near the surface, from 1.5m to 5
m depth. For the vertical profiles at False Bay and Hannah Point, PFAAs
concentrations showed a significant negative correlation with salinity (p
< 0.05) and a significant positive correlation with turbidity (p < 0.05)
(False Bay, st-25 and Hannah Point, st-29, Fig. 3 and Figure S11),
consistent with significant inputs of snowmelt to coastal seawater PFAAs
concentrations.
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Concentrations of ) PFAAs in surface seawater from Deception Is-
land (n = 11) averaged 1200 + 610 pg LY ranging from 240 to 2100 pg
L1 (Fig. 2, Table S7), which was an order of magnitude higher than at
Livingston Island. However, the maximum concentrations measured
were still one order of magnitude lower than the > PFAAs concentra-
tions reported for King George Island, also in the South Shetland ar-
chipelago (Cai et al., 2012a). The difference in Y PFAAs concentrations
between Livingston and Deception islands is explained by the high
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concentrations of PFBA (1300 + 320 pg L_l) and PFHXA (400 + 75 pg
L hat Deception island, which dominated the PFAS profile (Figure S12)
contributing more than 95%. PFOS concentrations at Deception (30 +
5.7 pg L™1) were also one order of magnitude higher than in Livingston
Island (1.1 + 0.5 pg L’l). PFNA was significantly correlated with PFOA
and PFDA in Deception surface seawater, but there were no other sig-
nificant correlations among PFAAs. None of the concentrations of PFAAs
from Deception Island were significantly correlated with water CTD,
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Fig. 1. Concentrations of individual PFAAs (pg/L, mean and +2 SD) in aerosol, snow, rain, snowmelt, surface seawater and depth seawater from Livingston Is-

land (2018).
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nutrients or BA abundances.

3.3. PFAS in snow, rain, snowmelt and lake water

Atmospheric wet deposition of PFAS in snow and rain are key inputs
in maritime Antarctica, with potential for amplification of seawater
concentrations (Casal et al., 2019; Casas et al., 2021). Y PFAAs in snow
samples from Deception Island ranged from 240 to 20000 pg L~}
(Figure S13, Table S8), with the profile dominated by PFBA, which
contributed more than 50% to ) PFAAs on average. This was followed
by PFOA (13%) and PFOS (8%). > PFSAs contribution in snow samples
from Deception Island was less than 15% of Y PFAAs. On Deception
Island, near-field surface snow collected close to GC research station
(st-1, Figure S2) showed the highest concentrations (3_PFAAs of 10000
pg L’l).

Only three samples of fresh snow were collected at Livingston Island
due to the few snow events occurring during the 3-month campaign
(Figure S13). However, the sample that presented the highest concen-
tration (st-20) was also located within the perimeter of the JC1 research
station with a ) PFAAs concentration of 2500 pg L 1 (Figure S3B,
Figure S13, Table S8). The PFAAs concentrations in snow were com-
parable, but two-fold higher than reported before at Livingston Island
when the > PFAAs average was 1300 pg L™ for surface snow samples
from the JCI transited areas (Casal et al., 2017b); the increase may be
related to the research station enlargement between the two campaigns.
PFBA was the PFCA with the highest concentration, contributing on
average to more than 70% in all snow samples from Livingston Island,
followed by PFPeA and PFOA. PFSAs had a small contribution to
S"PFAAs (<1% of ) PFAAs). Wet deposition samples (snow and rain)
and aerosols were the matrices with the highest number of individual
PFAS detected (Fig. 1, Figure S1 and Table S6), consistent with the
important role of long-range atmospheric transport as a source of PFAS
in this region (Casal et al., 2019; Casas et al., 2021).

Average ) PFAAs concentrations in snowmelt ranged from 1200 to
6700 pg L' at Livingston Island, and between 1200 and 4400 pg L™ at
Deception Island (Table S9; Figure S14). PFBA was again the compound
with the highest concentrations and highest contribution (>80% in
Livingston Island and >60% in Deception Island), followed by PFOS and
PFOA. Sampling site st-02 was inside a penguin colony, with high con-
centrations of PFPeA (99%), followed by PFBA and PFOA. We calculated
the ratio between average concentrations of individual PFCA in snow
deposition (Cgp) to the average concentration in snowmelt (Cgy). The
Csp/Cgm ratios were generally around 1 or higher for all individual

Environmental Pollution 338 (2023) 122608

PFCA, (Table S10, SI), with significant positive correlation between Csp/
Cgsm ratios and the number of carbons in the PFCA alkylated chain (#C)
(Figure S15), consistent with a higher proportion of long-chain PFCA in
fresh snow than snow-melt as reported elsewhere (Casal et al., 2017b).

The small lakes on these Antarctic islands receive water from at-
mospheric deposition only. Therefore, these are interesting as un-
equivocal confirmation of the potential of atmospheric inputs to support
aquatic concentrations of PFAAs, an approach that has been used his-
torically in temperate regions to demonstrate the relevance of atmo-
spheric inputs of POPs (Swackhamer et al., 1988). Regarding lake water
samples from Deception Island, Y PFAAs ranged between 280 and 3900
pg L7, with a mean concentration of 1800 pg L' (Table S11;
Figure S16), being lower than those concentrations reported in snow-
melt. These concentrations are in a lower range than those in lakes from
King George Island (2100-4800 pg L1 (Cai et al., 2012a). The most
abundant compound and with higher concentrations in lake water was
PFBA, accounting for more than 80% of > PFAAs and with an average
concentration of 1500 pg L™ (Figure S4).

3.4. The role of amplification processes as drivers of concentrations in
coastal Antarctica

In the environment, there are a number of transport and partitioning
processes that lead to amplification of concentrations and fugacities
(Casal et al., 2019; Casas et al., 2021, 2020; Macdonald et al., 2002). In
the polar environment, these are especially relevant due to the low
temperatures and high biomass of phytoplankton and bacteria which
can exacerbate these processes. These include enhanced bio-
accumulation and persistence at low temperatures,*” snow and rain as
effective scavengers of atmospheric pollutants, 33! and partitioning at
the surface microlayer. ® The latter may be favored by exudation of
surfactant-like organic chemicals by the abundant phytoplankton, with
implications to transfer to sea-spray aerosol.

A number of laboratory-based studies have shown a strong enrich-
ment of long-chain perfluoroalkyl acids (PFAA) in SSA in comparison to
seawater (Johansson et al., 2019; McMurdo et al., 2008; Reth et al.,
2011; Sha et al., 2021). Modelling approaches estimate an important
emission of PFAAs associated with SSA in the Southern Ocean
(Johansson et al., 2019). Moreover, field studies in coastal Antarctica
(Casas et al., 2020) and in coastal Norway (Sha et al., 2022) show high
enrichment factors of PFAAs in SSA, ranging between 522 and 4690 in
coastal Antarctica (Casas et al., 2020). This shows the effective ampli-
fication of PFAAs in SSA, which can drive potential long-range
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Fig. 2. Surface seawater PFAA concentrations in pg L™! in Deception and Livingston Islands.
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Fig. 3. Vertical profiles of PFAAs in seawater from Livingston Island (2018) and correlations between PFAAs concentrations and salinity and turbidity in seawater.
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atmospheric transport and deposition of PFAS. Besides, wet deposition
can amplify concentrations in coastal waters by scavenging of
SSA-bound PFAAs by snow and rain (Casal et al., 2019; Casas et al.,
2021). This is especially important in the maritime Antarctica because
SSA are the dominant pool of aerosols in this region (Maskey et al.,
2011). Snow has received more attention in polar environments as an
amplification mechanism for PFAS than rain events, even though rain-
fall events are common during austral summer in the Antarctic Penin-
sula (Carrasco and Cordero, 2020), and rainfall occurrence is predicted
to increase in the coming decades (Vignon et al., 2021). In this study,
mean Y PFAAs concentrations in rain (4000 pg L) was higher than in
snow (1400 pg LY at Livingston Island, consistent with the recent
meta-analysis of amplification potential of rain and snow (Casas et al.,
2021).

The measurements of PFAAs in SSA, wet deposition (snow and rain)
and snowmelt provide insights into long-range atmospheric transport
and deposition to Deception Island lakes, and its bay (Port Foster).
Several studies have shown evidence that glacial- and snow-melt can
impact surface water concentrations of PFAAs (Maclnnis et al., 2019b;
Skaaretal., 2019; Veillette et al., 2012) and other POPs (Cabrerizo et al.,
2019; Helm et al., 2002; Lafreniere et al., 2006). High PFAAs concen-
trations in glacial- and snowmelt-impacted surface waters from Lake
Linnévatnet (Svalvard, Norway) in 2014 and 2015, dominated by PFBA
(mean 0.6 ng/L) and PFOA (mean 0.3 pg L~1) have been reported (Skaar
etal., 2019). Elevated concentrations of PFCAs were also observed in the
water column during snowmelt periods compared to ice-covered or
ice-free periods in Lake Hazen in the Canadian High Arctic (Maclnnis
et al., 2019b). In this work, the correlations of some PFAAs in coastal
seawater with turbidity and nutrients, as well vertical profiles with
maximum PFAAs concentrations when salinity was lower (Fig. 3), sup-
port the hypothesis that coastal inputs from snowmelt and glaciers play
a significant role in the local occurrence of PFAAs. The comparison of
concentrations between snow, lake water and seawater provides further
evidence. Fig. 4 shows the ratio between lake and surface seawater, as
well as the ratio between snow and seawater for Deception Island. PFBA

and PFOA were enriched in lake and in snow when compared with
seawater, confirming that PFAS were entering the lakes and surface
seawater by atmospheric inputs. Foster Bay is semi-enclosed, with
longer seawater residence time, when compared with South Bay at
Livingston Island. Consequently, the higher concentrations in Foster Bay
(Fig. 2) can be explained by the magnitude of the amplification pro-
cesses or drivers explained in this study (wet deposition for example), as
well as different residence times of the water mass inside Foster Bay. In
addition, Deception Island is one of the most frequently visited location
by tourists in Antarctica. In 2016/2017 season, 2470 visitors (tourists,
staff and crew) visited Baily Head, at Deception Island (IAATO, 2019).
This could also contribute to the high concentrations of PFAAs in Foster
Bay. Such tourism is not relevant at Livingston Island. The magnitude of
Tourism as a source of PFAAs cannot be quantified here, but the results
suggest its influence is local. Figure S17 shows the ratio between the
mean surface seawater concentrations of individual PFAAs in Deception
Island versus Livingston Island. PFOS, PFBA, PFHxA and PFOA ratios
above 1, indicating that these compounds are more enriched at Decep-
tion Island, consistent with the drivers mentioned above.

Rain and snow deposition is of larger magnitude in the Western
peninsula region than other Antarctic regions, and the Southern Ocean
receives larger wet deposition inputs than many oceanic regions such as
the Southern Atlantic (Jurado et al., 2005). Therefore, the low, but
sometimes higher concentrations than in other oceanic regions, reported
here for coastal Antarctica are consistent with such an enhanced wet
deposition of PFAAs.

Temporal comparisons of PFAAs concentrations at coastal Living-
ston, between austral summers of 2014-2015 and 2017-2018, show that
concentrations of PFOS, PFOA and PFHpA have decreased (ANOVA p <
0.05), whereas PFNA, PFHxA, PFPeA, PFDoDA are not significantly
different, and PFUnDA and PFTrDA concentrations have increased
significantly (ANOVA, p < 0.05). The sampling and analysis followed
the same methodology for both campaigns, and differences would be the
result of different relevance of their sources, cycling and sinks. The in-
puts due to atmospheric deposition and currents have been commented
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Fig. 4. Ratio between snow and surface seawater (Csp/Csw) and lake and
surface seawater (Cpaxe/Csw) at Deception Island. Results are shown as a box
plot. The black horizontal line inside each box represents the median; the boxes
represent the 25th and 75th percentiles of concentrations above the LOQ. The
upper whisker extends from the hinge to the largest value (excluding outliers)
no further than 1.5 * IQR from the hinge (where IQR is the inter-quartile range,
or distance between the first and third quartiles). The lower whisker extends
(excluding outliers) from the hinge to the smallest value at most 1.5 * IQR of the
hinge. There are no outliers represented. Each dot is a measure. The dashed line
marks 1.

above, as well as the amplification mechanism coupled with these PFAS
sources. Even though the snow pack and melting was quantitatively
more important in the 2015 campaign than that in 2018, PFOS is not
enriched in snow (Casal et al. 2017a,b) so the snow input of PFOS were
not higher in 2015 than in 2018. It is thus noteworthy to evaluate po-
tential PFAAs sinks from the water column.

3.5. PFAS sinks at coastal Antarctica

The Antarctic circumpolar current acts as a barrier to the entrance of
pollutants by ocean currents to the maritime Antarctica (Bengtson Nash
et al., 2010), but for the same reason, it can also be a barrier for the
export of pollutants from the region. Therefore, the potential outputs or
sinks of PFAAs from the maritime Antarctica water column are settling
fluxes due to the biological pump, eddy diffusion, aerosolization with
sea-spray, and potential degradation. The extent of the biological pump
as a PFAAs removal mechanism from the ocean surface has been eval-
uated before for the Southern ocean and elsewhere (Casal et al., 2017b,

Environmental Pollution 338 (2023) 122608

2017a; Gonzalez-Gaya et al., 2019), and it is of larger magnitude than
that of the vertical flux due to eddy diffusivity (Gonzalez-Gaya et al.,
2019; Lohmann et al., 2013). The average residence time due to the
settling in the water column due to the combined biological pump and
diffusion sinks is of 360 and 32 years for PFOA and PFOS, respectively
(Gonzalez-Gaya et al., 2019). In Antarctic waters, these residence times
could be significantly lower due to the higher primary productivity in
comparison to the global oceans. Nevertheless, it is not plausible that the
observed decrease of PFOS concentrations after few years in surface
seawater was due to settling fluxes alone.

The concentrations of PFOS reported here for the years 2017-2018
are very low, in fact these were below LOQ for many sampling events.
The ratio PFOS/PFOA for surface seawater ranged from 0 to 1.02, with a
maximum PFOS/PFOA of 1 and 0.1 at Deception and Livingston Islands
respectively, lower than those reported previously for the same Ant-
arctic environment in 2014-15 (0-2.6) (Casal et al., 2017b), and for
other oceans. For example, Muir and Miaz (2021) compiled previous
reports of PFOS and PFOA with medians of the ratio PFOS/PFOA of 5.4,
2.5 and 0.2 for the maritime Antarctica during the periods 2000-2009,
2010-2014, and 2015-2019, respectively. These ratios are lower than
those in the South Atlantic, which were 2.86, 15 and 1.36 for the same
time periods 2000-2009, 2010-2014 and 2015-2019, respectively
(Muir and Miaz, 2021). The apparent decrease of PFOS/PFOA ratio is
noteworthy in many marine regions. The preferential descrease of PFOS
in comparison to PFOA, cannot be due neither to losses by aero-
solization, since enrichment factors of PFOS and PFOA during sea-spray
formation are not significantly different (Casas et al., 2020).

PFAAs in general have been nicknamed “forever chemicals”, based
on the strong C-F bond and multiples evidences of their persistence in
the environment. Even though degradation of PFAAs has been reported
under artificial-engineered systems (Lei et al., 2020; Lewis et al., 2020;
Singh et al., 2019; Stonebridge et al., 2020; Trang et al., 2022) these
evidences have been elusive for the natural environment. However,
some recent reports suggest that microbial degradation could be
feasible. For example, ether-PFAS, although with different structures of
those targeted here, have been suggested to be degraded by soil
microbiomes (Jiang et al., 2021). On the other hand, PFOS and PFOA
have also been suggested to be degraded by an Acidimicrobium sp. strain
under culture conditions (Huang 2019). With larger marine significance,
a recent work has shown PFOS degradation by bacteria in seawater for
the first time; precisely in Deception Island (Antarctica) (Cerro-G Alvez
et al., 2020). This degradation was a desulfurization, and thus did not
imply breaking the strong C-F bonds. Such desulfurization is feasible in
the environment due to the fact that use of organic S is energetically
favourable in comparison to the use of inorganic S. Therefore, it is
noteworthy to further evaluate the occurrence of PFOS and other PFAAs
and how it is related to the in-situ microbial populations, even though
further experiments on the degradation of PFOS and other PFSA, which
would have allowed demonstrating if any degradation occurred were
not done.

3.6. PFAAs and microorganisms

We explored the correlations between PFAAs concentrations and
other environmental parameters (nutrient concentrations, salinity, etc.)
and the composition of the bacterial communities in the same samples.
This analysis was done for the concentrations of PFCA and PFSA re-
ported here for the 2016-2017 and 2017-18 austral summers, but also
for the FPCA and PFSA concentrations during the 2014-2015 summer
reported previously (Casal et al., 2017b), and for which the bacterial
taxonomy has also been characterized using the analysis of 16S rDNA
amplicons (Iriarte et al., 2023). Total number of reads per samples
ranged from 6131 to 149614, with unique ASV per sample ranging from
49 to 384 (Figure S18, Text S2).

The composition of free living bacterial communities derived from
the analysis of 16S rDNA amplicons showed a general dominance of the
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classes Flavobacteriia (ranging from 10 to 53% of relative contribution
to the total 16S rDNA pool, mean 38 + 9%), Gammaproteobacteria
(9-71%, 30 + 11%) and Alphaproteobacteria (15-60%, 31 + 11%).
Bacteroidia was mostly accounted by the order Flavobacteriales, Gam-
maproteobacteria by orders Enterobacterales and Pseudomonadales,
and Alphaproteobacteria by SAR11 and Rhodobacterales, consistent
with previous reports (Martinez-Varela et al., 2020; Ozturk et al., 2022).
We selected the most abundant taxa (>50 reads in at least one sample) to
be correlated with physicochemical data. Bacterial taxa could be divided
into two main groups according to the different correlation between
their relative abundances and the concentrations of PFAAs (Fig. 5). One
group of taxa, dominated by different genus in the Rhodobacteraceae
and Flavobacteriaceae families, positively correlated with the Y "PFCA
and temperature. These genera have a typical copiotrophic lifestyle
(Landa et al., 2016; Ruiz-Gonzalez et al., 2019), and this co-variability
may be related to snow- and glacier-melt inputs that introduce PFAAs
and organic and inorganic nutrients into surface waters. Oppositely, a
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second group of specific taxa of Pseudomonadales and Flavobacteriales
showed negative significant correlations with > PFCA and ) PFSA
concentrations, indicating potential taxa sensitive to PFAAs toxicities.
The PFSA/PFCA ratio showed only one significant negative correlation
with the abundance of Rhodobacteraceae, in the order Rhodobacterales
within the Alphaproteobacteria (Fig. 5). Rhodobacterales was the order
that showed the highest contribution to the pool of transcripts of
PFOS-degrading bacteria in coastal Antarctica and accounted for most of
the desulfuring gene expression in PFOS-exposed communities (Cerro-G
Alvez et al., 2020). Correlations do not demonstrate a causality, and
further work is needed to demonstrate a relevant microbial degradation
of PFSAs. Such degradation would be linked to the cycle of dissolved
organic sulfur in the ocean, which contain biogenic sulfonates.
Nevertheless, these data are suggestive of a role for certain bacterial
taxa in the biodegradation of some specific PFAAs, with a particular
focus on to PFSA desulfuration in Antarctic seawater, a topic that de-
serves further exploration in the future. In addition, it is feasible that the
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international measures taken against PFOS in 2009 within the Stock-
holm Convention, have led to a decrease of their emissions and subse-
quent transport to Antarctica, and that the Antarctic ecosystem is slowly,
within a time-frame of several years, removing PFOS from the envi-
ronment. The microbial biodiversity in the ocean is huge, with a vast
machinery able to multiple and surprising metabolisms. The study of
these natural biodegradation processes, and how these relate to the
different PFAS inputs, the bioavailable PFAAs, and biogeochemical
variables is an urgent research need for the next decade.

4. Conclusions

The concentrations of PFAAs in seawater, snow, rain and plankton
from a large sample set from Livingston and Deception islands (Southern
Shetland, Antarctica), shows that PFAAs are ubiquitious in the maritime
Antarctica, and with concentrations comparable to other oceanic re-
gions. The enrichment of PFAS in snow and rain when compared with
seawater, further confirms the important role of wet deposition as an
input of PFAS to the Antarctic environment. This is further confirmed by
higher concentrations of PFAS in vertical profiles related to low salinity,
and the occurrence of PFAS in lakes with only atmospheric sources of
PFAS. The PFOS/PFOA ratio shows that it has decreased during the last
decade, as previously observed in other oceanic regions. The assessment
of the potential sinks of PFAAs, suggest that in addition to the biological
pump removing plankton associated PFAAs, the depletion of PFSA by
microbial degradation linked to the organic sulfur cycle is feasible, and
should receive further attention in future research efforts.
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ANNEXES

Annex S1. Sample Analysis

At the research station’s laboratory, after the GF/F filtration of the samples, PFAS were
extracted using an established solid phase extraction (SPE) method with OASIS WAX
cartridges (6 cm3, 150 mg; Waters) with minor modifications (Casas et al., 2020). The
cartridges were previously conditioned with 4 mL of methanol, 4 mL of methanol containing
0.1% ammonia and 4 mL of precleaned HPLC- grade water. After loading 2 L of water sample
through the cartridges, these were washed with 4 mL of HPLC- grade water, dried under
vacuum, and stored at -20°C in sealed bags. After the sampling campaign, the samples
were eluted and concentrated in an ultraclean laboratory (ISO-5) at the Institute of
Environmental Assessment and Water Research (IDAEA-CSIC). Briefly, OASIS WAX cartridges
were pH washed with 4 mL of ammonium acetate buffer (25 mM pH 4) and centrifuged to
remove the remaining water and then eluted with 4 mL methanol, followed by 8 mL of
methanol containing 0.1% ammonia. The final eluents (8 mL of methanol containing 0.1%
ammonia) were concentrated under N2 and reconstituted in PP vials with 0.2 mL of a
solution 50:50 methanol/HPLC-grade. Before the instrumental analysis, the vials were

spiked with 10 pg of six internal standards (Table S3).

A total of 7 perfluoroalkyl sulfonic acids (PFSAs) and 14 perfluoroalkyl carboxylic acids
(PFCAs) were the target compounds, including C4-C16 and C18 PFCAs, and C4-C6, and C8
and C10-C12 PFSAs; C# indicates the total number of carbon atoms (Table S3).

PFAS were analyzed by ultra-performance liquid chromatography coupled to a triple
quadrupole mass spectrometer (UPLC-MS/MS, XEVO TQS, Waters, Milford, MA) based on an
established method with minor modifications (Casas et al., 2021, 2020; Gonzalez-Gaya et
al., 2014). A PFAS isolator column (Isolator column Waters ACQUITY UPLC) was installed
between the pump and injector and used to separate background contaminations from the
sample to be analyzed. A guard column (Waters Acquity UPLC BEH C18 1.7 um Vanguard

2,1 x 5 mm) was installed between the injector and the analytical column to remove



potential contamination in the mobile phase and minimize extra column volumes. Each ten
microliter extract was loaded into a Waters Acquity UPLC BEH Shield RP18 analytical column
(1.7 pm, 2.1 x 100 mm; Waters) maintained at 50 °C. Mobile phase consisted of water and
methanol:acetonitrile (80:20) with a constant 2mM of amonium acetate buffer at flow rate
of 0.3 mL min-1. Analytes were ionized with an electrospray ionization (ESI) source
operating in negative ion mode. Multiple-reaction-monitoring (MRM) mode was used for
data acquisition. Each sample was injected in duplicate. To eliminate any potential
carryover, acetonitrile was injected in duplicate and passed through the system after every
sample or calibration standard. Selected extracts were analyzed with ultra-high-pressure
liquid chromatography (UHPLC, Ultimate 300) and HRMS (Q Exactive Orbitrap HF-X,
Thermo Fisher Scientific) using electrospray ionization (ESI) in positive and negative mode.
Extracts (20pL) were injected to the column (Waters Acquity UPLC BEH C18). The mobile
phase were 10mM ammonium acetate in water (A) and methanol (B). LC-HRMS was
operated in HRMS full scan.

Nutrient (NOx, N-NH4+, PO43-) analyses were done by standard segmented flow with
colorimetric detection43 using a SEAL Analyzer AA3 HR. For the inorganic nutrients
analysis, detection limits (defined as three times the standard deviation, SD, of 10 replicates
at 50% diluted samples) were 0.006 uM for NO3-, 0.003 uM for NO2-, 0.003 uM for NH4+,
and 0.01 uM for PO43—. Bacterial abundance (BA) was determined by flow cytometry using
a FACS Calibur (Becton Dickinson) flow cytometer, as described elsewhere (Gasol and
Moran, 2015).

Filters for 16S rDNA sequencing were unthawed and incubated with lysozyme, proteinase K
and sodium dodecyl sulfate. Nucleic acids were extracted simultaneously with
phenil/chloroform/isoamyl alcohol (25:24:1, v:v:v) and with chloroform/isoamyl alcohol
(24:1, v:v)44. The resulting solution was concentrated to 200 ul using an Amicon Ultra 10-
kDa filter unit (Millipore). Partial bacterial 16S gene fragments of DNA were amplified using
primers 515f/926r45 plus adaptors for lllumina MiSeq sequencing. The PCR reaction
mixture was thermocycled at 95°C for 3 min, 30 cycles at 95°C for 45 s, 50°C for 45 s, and

68°C for 90 s, followed by a final extension of 5 min at 68°C. PCR amplicon sizes were
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checked in tris- acetate-EDTA (TAE) agarose gels. lllumina MiSeq sequencing (2 x 250 bp)
was conducted at the Pompeu Fabra University Sequencing Service. The complete
nucleotide sequences obtained in this study have been deposited in the European

Nucleotide Archive under the accession number PRJEB52605.

ANNEX S2. Bioinformatic annotation and statistical analyses

Quality control, trimming of the reads, processing, inference of amplicon sequence variants
(ASV), and taxonomical classification were done using the nf-core/amplicon 1.2.0dev.
pipeline https://github.com/nf-core/ampliseq, settings: ‘trunclenf 225-trunclenr 180(Bedia
et al., 2018; D.L. Massart, B.G.M.Vandeginste, S.N.Deming, Y. Michotte, n.d.). In short, nf-
core/amplicon pipeline uses FastQC v.0.11.9 for quality control (Chemometrics: a textbook),
primers are trimmed using Cutadapt v3.2(Parada et al., 2016), then data was imported to
QIIME2 v2021.2.0(Straub et al., 2020) where chimeras were removed and ASVs generated
using DADA2(Ewels et al., 2020) and classified against the SILVA v.138 database(Andrews,
2020). ASVs classified as Mitochondria or Chloroplast were removed. Normalization of
library sizes to mitigate biases introduced by varying read counts in samples was
accomplished through rarefaction using the vegan v2.6.2 package. Rarefaction resulted in
349467 reads, which clustered into 1916 unique ASVs

All statistical analyses were performed with R studio 1.4 or SPSS Statistics version 22.0 (IBM
Corp.).

Significance was set to p<0.05. Correlation analyses were performed by Pearson rank-order
analysis and differences in PFAS concentrations among sampling sites were evaluated by
means of one-way ANOVAs. Kruskal-Wallis and post-hoc Mann-Whitney U tests were used
to evaluate differences in 3PFAS concentrations between sampling stations as well between
matrices (95% confidence interval). PFAS concentrations in the next sections are presented
as mean = SD unless otherwise noted. Heatmaps were used to visualize correlations
between environmental data including pollutant concentrations and relative abundance of

taxonomical groups. In this case, only those ASV with 50 or more reads in at least one



sample were selected, resulting in a list of 68 unique ASVs. The number of unique ASVs per
sample varied between 30 and 58, while the number of reads per sample fell within the
range of 4871 to 5985. Further graphs were carried out using the “ggplots2” package, also in

the R environment.
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FIGURES

Figure S1. Livingston and Deception Islands (South Shetland, Antarctic Peninsula) location.
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Figure S2. Sampling stations (st) in Deception Island.
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B)

A pesearch station @ It @Aerosol/ain @
Figure S3. Seawater sampling stations (st) in Livingston Island (A) and snow, snowmelt

aerosol and rain sampling stations (B).



4 000 000 7000

AEROSOLS — SNOW
3000 000
5000
4
2000 000 990
3000
1,000 000 2000
Sl 1 10004 [
300 00!
750
200 000
500
100 000
250
1 B ‘ ”
0 0 :
4000 30000
RAIN SNOW MELT
3000
20000
2000
= 10000
2 1000
&
_Ei = ¥ v JIn S k 4
E§ l 200
£ 30
3 150
=
(o] 200
Q A 100 l
100 L 1
50 .
‘ 1
0 0 s
2500 1500
LAKE WATER SEA WATER
2000
1000
1500
1000
500 1
500
I
150 100
75
100
50 [
2
l,l
0 ey g It ones s s S5 <
BOEES8FER2E592288283 EEESEERERTLERR-R
fEmpgosealinsdaadsol tigg@gatiradoaal
g 1O o oo b Lwa mloc/)lu_ e &&n_
0 7y 0w o o o w o
okon oton
LLD-I.L KL w
['% o o o
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snow, snow melt, lake water and seawater samples.
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Figure S6. Average concentrations of PFAS in surface seawater in pg/L from Livingston
Island in different sampling locations. Results are shown as a box plot. The horizontal line
inside each box represents the median, the boxes represent the 25th and 75th percentiles of
concentrations above the LOQ. The upper whisker extends from the hinge to the largest
value no further than 1.5*IQR from the hinge (where IQR is the inter-quartile range, or
distance between the first and third quartiles). The lower whisker extends from the hinge to

the smallest value at most 1.5*IQR of the hinge. The dots are outliers.
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Figure S8. Correlations between individual PFAS in surface seawater samples from Livingston

Island (a) and Deception Island (b). The color intensity and the numbers inside each square

indicate the strength (r-value) of the Pearson correlation. Positive correlations are displayed

in blue and negative correlations in red color. Only correlations with p<0.05 are shown. In

the right side of the correlogram, the legend color shows the correlation coefficients and the

corresponding colors.
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Figure S9. Correlation plot with confidence interval at 95% of PFOS concentrations in surface

seawater with Turbidity in Livingston Island.
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Figure S12. Relative composition (%) of PFAS

Deception Island.
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Figure S18. Sequencing of 16S amplicon for bacterial community characterization. Total

number of 16S rRNA gene reads per library (left panel), and number of unique ASV per

sample (right panel), before normalizing by sequencing depth.



TABLES

Table S1. Sampling stations information.

Station Island Location Sample type
st01 Deception  Gabriel de Castilla research station  rain, snow
st02 Deception  Pinguinera Punta Descubierta melt

st03 Deception  Crater lake lake

st04 Deception  Zapatilla lake lake

st05 Deception Irizar lake lake

st06 Deception  Telefon bay melt

st07 Deception  Soto lake lake

st08 Deception  Whalers bay melt, snow
st09 Deception  Colatinas sw

st10 Deception  Transect point 1 swW

stll Deception  Transect point 2 sw

st12 Deception  Transect point 3 sw

st13 Deception  Transect point 4 sw

st14 Deception  Fumarole bay melt, snow
st15 Deception  Baily Head melt, snow
st16 Deception  Crater 70 lake lake

st17 Deception  Collins point melt

st18 Deception  Black glacier sw

st19 Deception  Mecon point aerosol,snow
st20 Livingston Nautica aerosol, rain, snow
st21 Livingston Melt river near JCI melt

st22 Livingston  False bay transect pointl sw

st23 Livingston  False bay transect point2 sw

st24 Livingston  False bay transect point3 sw

st25 Livingston  False bay Hurd Peninsula pointl sw, swd
st26 Livingston  False bay Hurd Peninsula point2 sw

st27 Livingston  False bay Hurd Peninsula point3 sw

st28 Livingston  Jhonsons glacier sw,swd
st29 Livingston ~ Hanna point transect point6 sw,swd
st30 Livingston ~ Hanna point transect point5 swW

st31 Livingston ~ Hanna point transect point4 swW

st32 Livingston  Hanna point transect point3 sw

st33 Livingston ~ Hanna point transect point2 swW

st34 Livingston ~ Hanna point transect pointl sw

st35 Livingston  South bay sw,swd
st36 Livingston ~ Emona encorage sw

st37 Livingston ~ Mount Reina Sofia snow

st38 Livingston  Juan Carlos | research station snow

st39 Livingston  Raquelias Rocks sw

st40 Livingston  Melt lake near Jhonsons glacier melt

st41 Livingston  Melt lake near mount Reina Sofia melt

st42 Livingston  Melt lake near Nautica melt

st43 Livingston  Melt lake near Nautica melt
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Table S2. Average CTD data from seawater sample stations.

Station Date Depth sland Temperature Conductivity  Salinity  Fluorescence  Turbidity
(m) (°Q) (S/m) (PSv) (RFU) (NTU)
st09 2017-01-25 1.5 Deception 2.55 3.05 34.00 5.03 3.76
st09 2017-01-30 1.5 Deception 2.04 3.00 33.99 0.97 3.66
st09 2017-02-09 1.5 Deception 245 3.02 33.74 4.15 3.72
st09 2017-02-10 1.5 Deception 2.68 3.04 33.79 4.27 421
st09 2017-02-15 1.5 Deception 2.49 3.02 33.79 245 3.66
st09 2017-02-17 1.5 Deception 251 3.03 33.90 0.96 3.66
st39 2018-01-18 1.5 Livingston 1.64 2.92 33.37 0.13 12.67
st28 2018-01-19 1.5 Livingston 1.64 2.92 33.37 0.13 12.67
st28 2018-01-22 1.5 Livingston 132 2.86 32.97 0.11 12.52
st22 2018-01-23 1.5 Livingston 193 2.99 33.93 0.04 3.76
st25 2018-01-23 1.5 Livingston 0.82 2.86 33.54 0.02 7.39
st35 2018-01-24 1.5 Livingston 214 3.00 3391 0.09 3.66
st28 2018-01-25 1.5 Livingston 1.78 2.92 33.24 0.11 8.09
st22 2018-01-26 1.5 Livingston 1.93 2.99 33.97 0.04 3.75
st25 2018-01-26 1.5 Livingston 0.97 2.89 33.67 0.03 7.94
st25 2018-01-26 10 Livingston 1.52 2.95 33.92 0.08 3.59
st25 2018-01-26 20 Livingston 1.19 2.93 33.96 0.05 3.66
st25 2018-01-26 30 Livingston 133 2.95 34.04 0.05 3.05
st35 2018-01-27 1.5 Livingston 2.75 3.02 33.41 0.05 6.80
st28 2018-01-29 1.5 Livingston 1.90 2.94 33.42 0.04 8.49
st28 2018-02-06 1.5 Livingston 1.47 2.92 33.53 0.09 8.67
st28 2018-02-06 6  Livingston 1.48 2.93 33.75 0.10 4.17
st28 2018-02-06 13 Livingston 1.45 2.94 33.80 0.07 3.51
st35 2018-02-06 1.5 Livingston 1.47 2.92 33,53 0.09 8.67
st29 2018-02-08 1.5 Livingston 2.32 3.00 33.71 0.11 11.86
st29 2018-02-08 6 Livingston 194 2.99 34.00 0.13 5.62
st29 2018-02-08 15 Livingston 1.96 3.00 34.03 0.13 3.75
st29 2018-02-08 30 Livingston 2.03 3.01 34.04 0.14 3.66
st35 2018-02-12 1.5 Livingston 1.70 2.93 33.47 0.19 8.65
st28 2018-02-16 1.5 Livingston 1.75 2.92 33.22 0.31 8.45
st28 2018-02-23 1.5 Livingston 1.77 2.90 33.02 0.19 10.79
st36 2018-02-28 1.5 Livingston 0.96 2.87 33.58 0.12 6.31
st35 2018-02-28 1.5 Livingston 0.96 2.87 33.58 0.12 6.31
st35 2018-02-28 6  Livingston 1.29 2.92 33.72 0.27 5.34
st35 2018-02-28 15 Livingston 1.55 2.95 33.89 0.30 434
st35 2018-02-28 30 Livingston 1.18 2.93 34.03 0.12 3.59
st29 2018-03-01 1.5 Livingston 1.73 297 33.92 0.15 4.40
st29 2018-03-01 5  Livingston 1.73 2.97 33.97 0.29 3.66
st29 2018-03-01 15 Livingston 1.70 2.98 34.03 0.22 3.05
st29 2018-03-01 30 Livingston 1.42 2.96 34.12 0.16 3.05




Table S3. Target, recovery and internal standards used and precursor and product ion used

in the UPLC-MS/MS and the exact mass used in the UHPLC-HRMS.

Compound Acronym Precursorion  Product lon Exact mass
Perfluoroalkanesulfonic acids PFSA
Perfluorobutane sulfonic acid PFBS 299 80 298.943
Perfluoropentane sulfonic acid PFPeS*b 348.939
Perfluorohexane sulfonic acid PFHxS with Br- PFHxS? 399 80 398.936
Perfluorooctane sulfonic acid PFOS with 499 80 498.930

Br-PFOS?

Br 7-PFOS?

Br 5, 6, 4-PFOS?

Br 8, 10-PFOS*2
Perfluorononane sulfonic acid PFNS*b 572.120
Perfluorodecane sulfonic acid PFDS* 599 80 598.924
Perfluorododecane sulfonic acid PFDoDS* 699 80 698.917
Perfluoroethylcyclohexane sufonate PFECHS* 461 381 460.933
Perfluoroalkyl carboxylic acids PFCA
Perfluorobutanoic acid PFBA 213 169 212.979
Perfluoropentanoic acid PFPeA 263 219 262.976
Perfluorohexanoic acid PFHXA 313 269 312.973
Perfluoroheptanoic acid PFHpA 363 319 362.970
Perfluorooctanoic acid PFOA withBr-PFOA? 413 369 412.966
Perfluorononanoic acid PFNA 463 419 462.963
Perfluorodecanoic acid PFDA 513 469 512.960
Perfluoroundecanoic acid PFUNDA 563 519 562.956
Perfluorododecanoic acid PFDoDA 613 569 612.954
Perfluorotridecanoic acid PFTrDA 663 619 662.950
Perfluorotetradecanoic acid PFTeDA* 713 669 712.947
Perfluorohexadecanoic acid PFHXDA* 813 769 812.941
Perfluorooctadecanoic acid PFODA* 913 869 912.934

Recovery standard
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Perfluoro-n-[13Cs]butanoic acid
Perfluoro-n-[1,2-13Cz]hexanoic acid
Perfluoro-n-[1,2,3,4-13Cs]octanoic acid
Perfluoro-n-[1,2,3,4,5-13Cs]nonanoic acid
Perfluoro-n-[1,2-13C;]decanoic acid
Perfluoro-n-[1,2-13C;]Jundecanoic acid
Perfluoro-n-[1,2-13Cz]dodecanoic acid
Sodium perfluoro-1-hexane['80z]sulfonate

Sodium perfluoro-1-[1,2,3,4-13Cs]octanesulfonate

Internal standard

Perfluoro-n-[2,3,4-13Cs]butanoic acid
Perfluoro-n-[13Cs]pentanoic acid

Sodium perfluoro-1-[13Cs]-octanesulfonate
Perfluoro-n-[!3Cgoctanoic acid

Sodium perfluoro-1-[1,2,3-13C3]-hexanesulfonate

Perfluoro-n-[1,2,3,4,5,6,7-13C7]Jundecanoic acid

PFBA 13C,
PFHxA 13C,
PFOA 13¢,
PFNA 13Cs
PFDA 13C,
PFUNDA B3¢,
PFDODA 1C,
PFHXS 180,

PFOS 13Cq

PFBA 13C3
PFPeA 13Cs
PFOS 13Cs
PFOA 3Cg
PFHxS 13C3

PFUNDA ¢,

217

315

417

468

515

570

615

403

503

216

268

507

421

402

570

172

270

372

423

470

525

570

84

80

172

223

80

376

99

525

216.993

314.980

416.980

467.980

514.967

564.964

614.960

402.945

502.944

215.989

506.957

420.993

401.947

569.980

Those compounds with * were not detected. =only analyzed by UPLC-MS/MS. °= only

analyzed by UHPLC-HRMS. All standards were supplied by Wellington Laboratories.



Table S4. Levels of PFAAs in the procedural and field blanks.
Oasis WAX field blanks

Water samples from Water samples Oasis WAX
from Livingston Island Deception Procedural
blanks
Island
Mean (pg) Sd Mean (pg) Sd | Mean (pg) Sd
PFBA 4.6 1.0 15 11 32 08
PFPeA n.d n.d n.d
s n.d 0.2 n.d
PFHxA nd nd n.d
PFHPA n.d n.d 0.2 0.1
PFHxS nd nd nd
PFOA 0.6 0.2 0.3 0.5 0.6 0.3
PFECHS n.d nd n.d
PFNA n.d n.d n.d
PFOS 0.4 04 0.1 n.d
PFDA n.d n.d n.d
PFUNDA nd n.d n.d
PFDS n.d n.d n.d
PFDoDA n.d n.d n.d
PFTrDA n.d n.d n.d
PFDoDeS n.d n.d n.d
PFTeDA n.d n.d n.d
PFHXDA n.d n.d n.d
PFODA n.d n.d n.d
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Table S11. Ratio between average concentrations of individual PFCA in snow deposition

(Csp) to the average concentration in snowmelt (Csm): Csp/Csm for Livingston and Deception

Islands.

Livingston  Deception
Compound Csp/Csm  Csp/Csm
PFBA 04 25
PFPeA 0.01
PFHpA 0.1 23
PFOA 0.6 11
PFNA 1.1 16
PFDA 13
PFUNDA 1.6 14
PFDoDA 1.0 20
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ABSTRACT: Understanding the biodegradation of organic pollutants is
crucial for assessing the persistence and fate of these contaminants and
improve their risk assessment, eventually drawing policy. The occurrence of
organophosphate ester (OPE) flame retardants and plasticizers has been
widely reported in the marine environment. However, few studies have
assessed the potential of marine microorganisms to degrade them, particularly
under oceanic conditions. Here, we report the results of six degradation
experiments where in situ bacterial communities were challenged with
environmentally relevant concentrations of OPEs in the Atlantic and Southern
Oceans. Hydrophobic aryl-OPEs significantly decreased by 60% and 25% in
the Atlantic and Southern Oceans, respectively. In Atlantic waters, up to 40%
of OPE depletion was due to sorption to cells and close to 20% to

EHDPP

OPE loss due to biodegradation

biodegradation. The cold temperatures of the Southern Ocean resulted in a

slower, nondetectable biodegradation, further confirmed by bacterial production results. Bacterial composition exposed to OPEs also
showed a larger degree of changes in the Atlantic than in the Southern Ocean. Significant negative correlations were found between
the fold changes in bacterial production and the decreases in OPE concentrations, suggesting that bacterial carbon demand is

directly related to OPE biodegradation in the oceans.

KEYWORDS: organophosphate esters (OPEs), plasticizers, bacterial production, biodegradation, Atlantic Ocean, Southern Ocean

H INTRODUCTION

Persistence is thought to be an extremely important property
in the risk assessment and prioritization of contaminants.’
However, degradation tests in idealized conditions do not
reflect the real persistence of synthetic chemicals in the
environment.”* At the global scale, the degradation of organic
pollutants in the vast ocean is of great importance, even though
field experiments in the open ocean have barely been
performed before,”® and generally for legacy persistent organic
pollutants or hydrocarbons.”™"°

Organophosphate esters (OPEs) are widely used as flame
retardants and plasticizers in a myriad of products."”'* OPEs
are global pollutants and ubiguitous in all environments, also in
the marine environment.'*'* Their widespread environmental
occurrence has raised concerns, with toxicity studies indicating
threats to human health and ecosystems.'>'>™>° Despite the
importance of biodegradation in determining the fate of
organic pollutants, studies on OPE degradation by bacteria
remain limited, primarily focusing on soils, sediments, and
wastewater treatment plants.”’~>* The interactions of OPEs
and marine microbial communities, which are essential to food
webs and biogeochemical cycles, remain largely unknown."
OPEs, as phosphorus-containing compounds, may introduce a
significant anthropogenic source of dissolved organic phos-

© 2025 American Chemical Society
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phorus (DOP) to marine ecosystems, >’

potentially disrupt-
ing phosphorus and carbon biogeochemical cycles. In large
nutrient-poor ocean regions, where P is often limited, marine
microorganisms rely on alternative sources like DOP to meet
their P demands.”*™** Marine bacteria might utilize OPEs
under phosphorus-limited conditions as reported in coastal
Mediterranean waters.”” Several marine isolates show OPE
degradation capacity,30 with unknown environmental rele-
vance. However, the biodegradation of OPEs in open oceans is
unknown. Factors affecting biodegradation include compound
properties (e.g., concentration, structure, bioavailability),
microbial community traits (e.g, presence of degrading
genes, metabolic flexibility), and environmental variables
(e.g., temperature, pH, nutrient Ievels).3l_33
compounds like OPEs, degradation is particularly challenging

For synthetic
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Figure 1. (A) Water sampling locations for each experiment done during ANTOM oceanographic campaigns. Longhurst biogeochemical provinces
corresponding to each location are colored on the map: North Atlantic Tropical Gyral Province (NATR), Western Tropical Atlantic Province
(WTRA), South Atlantic Gyral Province (SATL), and Austral Polar Province (APLR). Made with QGIS v.3.20. (B) OPEs compound decrease
percentage due to sorption to cells and biodegradation, calculated using the 0.2-filtered control concentrations as baseline measurements. Results of
experiment 3 could not be included due to limitations in the field experiment.

due to their lack of resemblance to natural biogenic molecules,
making their role in marine phosphorus cycling uncertain.

This study aimed to assess the potential role of
biodegradation of OPEs in the marine environment and to
gain insight into bacteria-OPE interactions. This is the first
time that microbial responses and degradation of OPEs are
assessed in situ, under oceanic conditions.

B METHODS AND MATERIALS

Six degradation experiments were performed, in which
concentrations were quantified concurrently with the physio-
logical response and changes in the taxonomic composition of
the prokaryotic communities exposed to OPEs. These
experiments were performed in situ during two oceanographic
campaigns. The first, ANTOM-1, was a latitudinal (38°N-
47°S) transect across the Atlantic Ocean (from Vigo, Spain, to
Punta Arenas, Chile) onboard the research vessel Sarmiento de
Gamboa, carried out between December 15, 2020 and January
15, 2021 (Figure 1A). The second, ANTOM-2, took place in
the Southern Ocean onboard RV Hespérides, between January
22 and February 8, 2022. Coastal (Bransfield and Gerlache
Straits) and offshore waters were sampled between the South
Shetland Islands (62°S) and the Bellinghausen Sea (71°S)

(Figure 1A). The water column depth ranged from 4827 to
5382 m in the Atlantic Ocean, and around 250 m in the
Antarctic continental shelf.

Seawater samples were taken 5 m below the surface at six
locations (Figure 1A) using a rosette sampler coupled to a
Conductivity, Temperature, and Depth (CTD) sensor (12 L
Niskin bottles, Sea-Bird Scientific). Several physicochemical
properties were measured at each sampling location: water
temperature, salinity, turbidity, dissolved oxygen, total
chlorophyll, bacterial abundance, heterotrophic bacterial
production, and photosynthetically active radiation (PAR)
(Table S1, Annex S1). Concurrent OPE concentrations in
subsurface water from the Atlantic and Southern oceans were
used as a proxy for field surface OPE concentrations.”

Exposure experiments were performed with CTD-collected
seawater filtered through a 200 um nylon mesh, and
subsequently filtered through 3 pm pore-size polycarbonate
(PC) membrane filters (Isopore, Millipore) using a peristaltic
pump at 40 rpm, to exclude grazers and particle-associated
bacteria, thereby reducing variability. Exposure experiments
comprised a 48-h incubation (T48) with OPE amendments at
in situ temperature-controlled conditions in the dark ran in
duplicate (Annex S2, Figure S1). Initial time point was

https://doi.org/10.1021/acs.estlett.4c01128
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sampled after 30 min of OPE spike (T0). Sorption controls
(SC hereafter) were prepared by inactivating cells through
heating at 70 °C for 10 min.** and were used to assess OPE
partitioning between dead cells and seawater, or losses during
final filtration, which can deplete the dissolved phase
concentration.*® Controls to assess for OPEs losses due to
abiotic factors (e.g., sorption to bottle walls, volatilization, and
hydrolysis) were prepared by filtering the seawater through
0.2-um polytetrafluoroethylene (PTFE) filters. All conditions
were spiked with 100 uL of a 4 ng L' OPE mix in acetone
(TnBP, EHDPP, TCEP, TCPP, TPhP, and TmCP; Table S2),
into precombusted (450 °C, 4 h) 2 L glass bottles, allowing
acetone to evaporate for 30 min before adding seawater. These
compounds were selected to cover a wide range of
physicochemical properties, comprising halogenated-, aryl-,
and alkyl-OPEs (Table S3), and are commonly found in
seawater.'* The targeted nominal concentration was 200 ng
L™ (per compound).

After incubation, aliquots of seawater were taken from the
biotic bottles for flow cytometric determination of prokaryotic
cell abundance and membrane compromised cell abundance
(NADS), and heterotrophic bacterial production. Biomass for
16S rRNA gene sequencing was collected by filtering the
remaining volume onto 0.2 ym pore-size PTFE filters, while
the filtrate was preconcentrated using a solid phase extraction
(SPE) system for the determination of OPE concentrations
(Annex S3).

Sorption controls were analyzed to determine cell viability
by NADS, which confirmed that most of the cells were not
viable (average nonviable cells >95%, Figure S2). Then, they
were filtered and SPE extracted. 0.2-filtered control bottles
were directly preconcentrated on SPE and analyzed for the
determination of OPEs.

A nutrient limitation experiment was performed in parallel
to each OPE incubation to assess the nutrient limitation
regimes at each site. Briefly, previously baked (450 °C, 4 h)
100 mL glass bottles were filled with 3 ym prefiltered seawater
to exclude grazers and particle-associated bacteria. Five
different amendments were designed to cover different nutrient
limitation regimes and the potential role of OPE compounds as
carbon or phosphorus sources: controls (Ctrl.), nitrogen and
phosphorus (N+Pi), phosphorus + carbon (Pi+C), nitrogen +
carbon (N+C), and OPE + nitrogen (OPEs+N) (Figure S3).
Glucose (10 uM final concentration), inorganic phosphate
(0.25 uM final concentration), and ammonium (2 M final
concentration) were used as carbon, phosphorus, and nitrogen
sources, respectively. OPEs were added to a final nominal
concentration of 2000 ng L™" to the bottles following the same
spiking strategy reported above. This elevated concentration
was intended to simulate a comparable P molar concentration
to that of the inorganic phosphate treatment. Bottles were
incubated in duplicate at the same conditions described
previously for 24 h. Samples to quantify bacterial production
and prokaryotic cell abundance were taken at the end of the
incubation.

Procedures for the determination of bacterial abundance,
NADS, bacterial production, and OPE concentrations have
been reported before and are described in Supporting
Information as well as the detailed QA-QC, and the statistical
analyses (Annex S1, S3, and S4).

B RESULTS AND DISCUSSION

Environmental Conditions Differentiate Sampling
Locations. Four different Longhurst biogeochemical prov-
inces were covered by the six experiments performed, which
included North Atlantic Tropical and the South Atlantic Gyres,
the South Subtropical Convergence zone, and polar waters
(Figure 1A). Whether the biogeochemical provinces were
under different nutrient limitation regimes was tested by
measuring bacterial heterotrophic production after nutrient
additions in 24 h incubations. Results suggest that Exp.1 was
colimited by N and Pi, Exp.2 was mainly limited by C, Exp.3
had no limitation, and Exp.4 was mainly limited by N with
minor limitation by Pi. These results are in agreement with
results from Browning and Moore (2023) showing primary
limitation by N with co/serial limitation by P in the northern
hemisphere subtropical waters.”” In experiments 3 and 6 from
the Southern Ocean none of the nutrient amendments
triggered bacterial activity or growth. Previous studies have
noted that in cold temperature conditions, the bacterial
response time to nutrient amendments is prolonged compared
to that in temperate waters.”” The results are also consistent
with observations of the Southern Ocean being generally not
limited for N or P.

Dissimilarity between sampling locations was assessed by
PCA of the environmental variables. Almost 70% of the total
variance was explained by the first two principal components
(48.8% PC1, 20.5% PC2). PC1 mainly separated the Atlantic
and Southern Oceans, with temperature, turbidity, salinity,
dissolved oxygen, bacterial abundance, and total chlorophyll
strongly correlated with PC1 (Figure S4). The water
temperature in the Atlantic Ocean ranged between 23.6 and
27.5 °C, while in Antarctica it was near 0 °C. Bacterial
abundance (7.2 X 10° vs 2.3 X 10° cell mL™), salinity (36.4 vs
33.8 PSU), and turbidity (0.21 vs 0.17 NTU) were also higher
in the Atlantic Ocean. On the other side, dissolved oxygen (6.5
vs 10.7 mg L") and total chlorophyll & (0.1 vs 0.9 ug L™" were
higher in the Southern Ocean (Table S1). In agreement with
this, an NMDS analysis performed with the initial bacterial
community compositions also separated the Atlantic and
Southern Oceans. Both were dominated by Cyanobacteriota,
but to different extents (25.0 + 3.8% and 38 + 6.5%,
respectively, Figure SS). After them, Alphaproteobacteria
pelagibacterales (23.0 = 5.2%), Gammaproteobacteria enter-
obacterales (8.7 + S5.7%), other Alphaproteobacteria (8.0 +
1.7%), and Gammaproteobacteria SAR86 (6.5 + 1.8%) were
the most abundant in the Atlantic Ocean; whereas
Gammaproteobacteria pseudomonadales (18.4 + 12.2%),
Alphaproteobacteria pelagibacterales (14.5 + 4.9%), Alphapro-
teobacteria rhodobacterales (11.2 + 7.8%), and Bacteroidota
flavobacteriales (9.5 + 1.9) appeared in the Southern Ocean.
Environmental factors such as temperature have been
previously described as main drivers modulating microbial
populations.***

PC2 was mainly correlated with individual OPE concen-
trations at the sampling sites, based on published subsurface
water OPE concentrations data from the Atlantic and Southern
Oceans.>* The OPE concentrations of the 6 compounds
ranged from 6.8 ng L™ at Exp.2 location to 262 at Exp.3
location in the Atlantic Ocean, and from 9.2 ng L™" at Exp.5
location to 32.7 at Exp.6 location in the Southern Ocean. The
mean Y.,,OPE concentrations were 12.7 + 7.5 ng L™ for the
Atlantic Ocean, and 17.1 + 9.1 ng L™ for the Southern

https://doi.org/10.1021/acs.estlett.4c01128
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Figure 2. Barplot of the relative abundance of the 28 and 19 ASVs with the greatest fold change for the Atlantic and Southern Oceans, respectively.
ASVs from the Atlantic Ocean experiments are at the top, while those from Southern Ocean experiments are at the bottom. Individual experiments
and incubation times (TO, initial time viable bacteria treatment; T48, 48-h incubation viable bacteria treatment) are shown.

Ocean.”* The exposure Y cOPE concentrations ranged from
902 ng L' to 1139 ng L7}, which are below nominal
concentration due to abiotic factors. These concentrations are
higher than those in offshore marine environments.*’
However, it is still within the range of OPE concentrations
found in coastal waters close to urban areas,'* and lower than
in the Atlantic Ocean under the influence of the Amazon River
plume.*!

Decrease of the Most Hydrophobic OPEs. The
comparison of the OPE concentrations in the 48h biotic
incubation with the 0.2-filtered and sorption controls showed a
significant decrease of TmCP and EHDPP in most of the
experiments, while no clear trend was observed for the other
OPEs (Figure S6, Table $S4). Interestingly, these compounds
were the most hydrophobic OPEs of the mixture, with log Kow
> 5 (octanol—water partition coefficient). This decrease could
be due to sorption to microbial cells, or to biodegradation.*®
The experiments conducted in the Atlantic Ocean revealed
that the 48h biotic incubation ratios, when compared to 0.2-
filtered or sorption controls (Figures S7 and S8), were below 1
for TmCP (ranging from 0.38 to 0.46, and 0.61 to 0.75,
respectively) and EHDPP (ranging from 0.29 to 0.47, and 0.54
to 0.70, respectively), indicating the occurrence of both cell
partitioning and biodegradation. Conversely, in the Southern
Ocean experiments, the biotic incubation to sorption controls
ratios were around 1 (ranging from 1.08 to 1.34 considering
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both TmCP and EHDPP), implying that the observed
decrease was due to cell partitioning, not biodegradation.
The 48-h incubation period was likely insufficient to capture
the degradation of other OPEs.

The experiments conducted in the Atlantic Ocean revealed
that out of a 60% total decrease (with respect to 0.2-filtered
concentrations) in TmCP and EHDPP concentrations, roughly
40% was attributed to sorption to cells, while the remaining
20% was potentially due to biodegradation (Figure 1B and
Figure S9). The overall assessment of biodegradation in
relation to log Kqy showed a step change for compounds with
log Kow > S (Figure S9). Additional studies are necessary to
determine whether increased hydrophobicity correlates with a
potential underlying trend in enhanced biodegradation. In the
Southern Ocean, sorption accounted for a 25—30% of TmCP
and EHDPP decrease (Figure 1B and Figure $10). TmCP and
EHDPP losses due to other abiotic factors were found to be
minimal (Table SS). The occurrence of sorption to cells is
consistent with the significant negative correlation between the
concentration ratios in sorption and 0.2-filtered controls and
Log Kow (Figure S11).

Changes in Bacterial Community Composition. Alpha
diversity analyses revealed a significant reduction in Chaol and
Shannon diversity indexes (Wilcoxon, p = 6 X 10™* and p = 3
X 107% respectively) for the Atlantic Ocean experiments
following 48h incubations, whereas Southern Ocean experi-

https://doi.org/10.1021/acs.estlett.4c01128
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Figure 3. Scatter plots showing the relationship between changes in OPE concentrations due to biodegradation and changes in bacterial production
(BP) levels after incubation (see Annex S4). The dashed line represents a log(1) ratio of 0. Adjusted R* and p values were calculated using Pearson
correlation. Equations were derived from linear model fits to the data points.

ments showed no clear trend (Figures S12—S14). A NMDS
analysis performed per ocean further confirmed a shift in
bacterial communities over time (Figure S15), consistent with
changes observed in the relative abundance of the main
taxonomic groups (Figure SS). To identify the specific
amplicon sequence variants (ASVs) driving these changes,
the fold change in the relative abundances of individual ASVs
was calculated, and the most relevant ASVs were selected
(Annex S4). Up to 28 and 19 ASVs were selected for the
Atlantic and Southern Ocean, respectively (Tables SS and S6).
In the Atlantic Ocean experiments, ASV1 and ASV3, both
classified as Alteromonas macleodii, increased their abundance
in all the experiments (Figure S16), while initially abundant
ASVs annotated as Prochlorococcus decreased. This was further
confirmed by their T48 relative abundances (Figure 2), where
A. macleodii increased from 4 to 27% of the bacterial
community, while Prochlorococcus decreased from 19 to 9%.
Alteromonas macleodii is a potential OPE degrader that has
already been shown to be important for organic matter cycling
due to their fast response, metabolic versatility, and
resistance.’”*>*

In the Southern Ocean experiments, the decrease of
cyanobacterial ASVs was followed by an increase of taxa
classified in the Enterobacterales, Flavobacteriales, and Rhodo-
bacterales orders, and generally associated with cold environ-
ments (Figure 2, Figure S17, and Table S6): Moritella sp.,
Polaribacter sp., Polaribacter irgensii, and Yoonia sp. Interest-
ingly, these taxa have been reported as hydrocarbonoclastic
bacteria in polar coastal waters.**~*° It could be possible that
both the aromatic moiety and their sorption to particles
facilitates aryl-OPEs biodegradation. The experimental setup
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likely promoted heterotrophic bacterial growth while diminish-
ing the primary producers’ abundance.

Can Bacterial Metabolism Explain OPE Degradation?
Bacterial production, measured as Leucine Incorporation Rates
(LIRs), increased in the Atlantic Ocean incubations. In
contrast, no increase was observed in the Southern Ocean
experiments (Figure S18). Bacterial abundances increased,
including Antarctic waters, mostly thanks to the proliferation
of high nucleic acid-containing prokaryotes (Figure S19B, and
C), consistent with the proliferation of heterotrophic versatile
fast-growing bacteria previously discussed, which usually have
large genomes.*¥*7*

Significant negative correlations between the LIR fold
change and the changes in TmCP and EHDPP concentrations
due to biodegradation were found (Figure 3). Although the
results for the other compounds were not statistically
significant, a similar negative trend was observed. These
findings suggest that the rates of OPE biodegradation increase
when heterotrophic bacteria exhibit enhanced protein
production activity. This could imply that OPEs were being
used as a source of C or P. To investigate this hypothesis,
OPEs were added as a nutrient together with N in the nutrient
limitation experiment. Only experiment at station 1, showed an
increase in bacterial production compared to the control
treatment (Figure S3); however, it remained unclear whether
OPEs served as a source of P, C, or if the response was solely
attributable to N addition.

The results reported here show biodegradation of the more
hydrophobic OPEs (containing aromatic moieties) in the
Atlantic Ocean, consistent with previous works reporting
preferential degradation of aryl-OPEs in comparison to alkyl-
and hangenated—OPEs.49’50 Similarly, experiments performed

https://doi.org/10.1021/acs.estlett.4c01128
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with coastal Mediterranean seawater reported a significant
decrease of TmCP and EHDPP.” Longer incubation periods
could have resulted in the observation of biodegradation for
additional compounds, but this approach would have also led
to a more pronounced shift in bacterial community
composition, thereby making the results less representative of
natural bacterial communities.

Further research is needed to assess if OPEs can serve as a P
or C source, the relevance for marine biogeochemical cycles,
and the persistence of OPEs. This work also shows that on-site
experiments for biodegradation provide important information
and are feasible, opening new ground for evaluating the
persistence of organic contaminants in the ocean.
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Annex S1: Analytical procedures for determining water ancillary and environmental
data.

Measurement of water basic parameters

The rosette of Niskin bottles used to take water samples was mounted on a conductivity-
temperature-depth (CTD) profiler (SeaBird SBE 911 plus). Water temperature, salinity,
turbidity, dissolved oxygen, photosynthetically active radiation (PAR), and water’s
transparency as beam transmittance (Cstar) were recorded at each station with the CTD
sensors installed in the rosette sampler.

Total Chlorophyll a concentration determination method

Total Chlorophyll a (Chl a) concentration was measured in surface water samples collected
with a Niskin bottle attached to the boat oceanographic rosette. For each sample, 250 mL
were gently filtered under dim light in triplicate through a size fraction cascade system with
20, 2 and 0.22 um size pore 47-mm Filter-Lab polycarbonate filters, and immediately stored
at -20 °C until further analysis. Chl a extraction was carried out with 90% acetone and the
concentration in each sample (ug/L) was estimated following the protocol in Strickland and
Parsons (1972) ! using a Turner A10 fluorometer previously calibrated with a pure Chl a
standard (SIGMA C5753-1mg). The final total Chl a concentration value is the result of the
sum of Chl a concentration at each size fraction.

DNA extraction, sequencing and taxonomical identification of bacterial communities

Samples for 16S rRNA gene sequencing were collected after 30 min (T0O) and 48 h (T48) of the
beginning of the experiment. Seawater (2 L) from the incubation bottles was filtered through
47-mm-diameter, 0.2-um pore-size PTFE filters (Omnipore, Millipore) under low vacuum
pressure using a baked-glass filter holder. PTFE have been shown to be optimal in order to
minimize sampling time, but allowing an optimum extraction efficiency of DNA 2. After
filtration, each filter was placed into lysis buffer (50 mM Tris HCI, 40 mM EDTA, 0.75 M
Sucrose) at —20 °C to preserve nucleic acids until analysis.

For DNA extraction, samples were incubated with lysozyme, proteinase K, and sodium
dodecyl sulfate (SDS), and nucleic acids were extracted simultaneously with
phenol/chloroform/isoamyl alcohol (25: 24: 1 vol: vol: vol) and with chloroform/isoamyl
alcohol (24: 1, vol: vol). Aqueous phases were separated, nucleic acids were precipitated with
ammonium acetate (4 M) and isopropanol, then washed with ethanol 70%, and finally dried
using an Eppendorf Concentrator Plus (15 min, 30 °C, V/AL mode) and redissolved in 50 pL of
DNase/RNase free water (Water Molecular biology grade, PanReac Applichem).

Aliquots of the total DNA were sent to Novogene Europe (Cambridge, UK) for Bacterial 16S
Amplicon Sequencing. Briefly, the region V4-V5 of the 16S rDNA was amplified with specific
primers barcoding for amplicon generation (515F-Y/926R) 3. PCR products were quality-
checked, pooled, end-paired, A-tailed, joined with lllumina adapters, and purified. Then,



libraries were prepared on a paired-end lllumina platform, generating 250 bp paired-end raw
reads. No negative controls, from DNA extraction to sequencing, were assessed in this study.

Processing of the raw reads was performed following nf-core/ampliseq pipeline (v.2.11.0)
within Nextflow (v.24.04.2) 4> ,using pipeline default values for the parameters. Briefly, the
pipeline performs quality checking, followed by primer trimming of the raw reads. MultiQC ©
reports showed good quality for the dataset, with mean sequence quality Phred scores across
the reads to be above 35. Primers were trimmed using cutadapt 7 and all untrimmed
sequences were discarded. Sequences that did not contain primer sequences were
considered artifacts. Less than 4.8% of the sequences were discarded per sample and a mean
of 99.4% of the sequences per sample passed the filtering. The pipeline then uses DADA2
(v.1.30.0) 8 to perform denoising, chimera removal, and inference of amplicon sequence
variants (ASVs) total counts per sample. Quality filtering parameters used by DADA2 were the
following: reads were trimmed to a specific length and the length cutoff was automatically
determined by the median quality of all input reads. Reads were trimmed before median
quality dropped below 25 and at least 75% of reads were retained, resulting in a trim of
forward reads at 223 bp and reverse reads at 222 bp, reads shorter than this were discarded.
Reads with more than 2 expected errors were discarded. Taxonomic classification was
performed by DADA2 and the database ‘SBDI-GTDB - Sativa curated 16S GTDB database -
Release R0O9-RS220-1" °.

Ultimately, 2476 unique ASVs were obtained across all samples. The final database contained
1,312,895 reads, at least 23,405 and at most 76,190 per sample (average 54,704). The
complete nucleotide sequence data set generated and analyzed in this study was deposited
in the European Nucleotide Archive (ENA) under the bioproject accession # PRJEB82241.

Flow cytometric determination of prokaryotic cell abundances and membrane-
compromised cells (NADS)

Flow cytometric determination of prokaryotic cell abundances

Subsamples of 1.8 ml for quantification of abundances of prokaryotes were fixed with 1%
buffered paraformaldehyde solution (pH 7.0) plus 0.05% glutaraldehyde, left at room
temperature in the dark for 10 minutes, flash-frozen in liquid nitrogen and stored at -80 °C.
Prokaryotic cell abundance was estimated by flow cytometry as described elsewhere °.
Briefly, 400 uL of the fixed samples were placed in flow cytometric tubes. Then, 4 pL of SYBR
Green | working solution (previously diluted in DMSO) were added and tubes were let at room
temperature for 10 minutes. Samples were run using a BD Accuri C6 Plus flow cytometer. The
resulting cytograms were analyzed using FlowJo software to quantify the high-nucleic acid-
containing (HNA) and the low-nucleic acid-containing (LNA) prokaryotes.

NADS (Nucleic Acid Double Staining) protocol

This protocol does not work with fixed samples; therefore, it was performed onboard. The
protocol is described elsewhere 0, Briefly, 400 pL of water sample were dispensed in flow
cytometric tubes. Then, 4 uL of SYBR Green | working solution (previously diluted in DMSO)
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and 4 uL of PI solution (Propidium lodide diluted in Mili-Q water) were added. Tubes were
incubated for 15 minutes at room temperature before running the samples using a BD Accuri
C6 Plus flow cytometer. The resulting cytograms were analyzed using FlowJo software to
quantify the percentage of “viable” cells with intact membranes and “non-viable” cells with
damaged membranes. It is generally accepted that bacterial permeability to exclusion stains,
such as PI (with a molecular weight of 668.4), is associated with the presence of substantial
and presumably irreparable breaches in the membrane 12,

Heterotrophic bacterial production (as Leucine incorporation rates, LIR)

Bacterial production was estimated as the incorporation of 3H-leucine into protein using the
microcentrifuge method described by Smith and Azam (1992) 2. Briefly, 1.2 ml triplicate live
and one killed (5% trichloroacetic acid, TCA) subsamples were incubated with 3H-leucine (40
nM) for 4-5 hours at in situ temperature in the dark. Incubations were stopped by addition of
120 pl of cold TCA 50% and then frozen (-20 °C) until further processing by centrifugation and
TCA rinsing. DPM counts were measured using a Tri-carb 3100TR liquid scintillation analyzer
(Perkin Elmer), and converted to leucine incorporation rates.



Annex S2: Additional details of the experimental setup.

Processing of the sampled seawater

Two 12L Niskin bottles were filled per site at 5 m depth. This water was then filtered through
a 200 um nylon mesh into a pre-cleaned 20L carboy for homogenization, and subsequently
filtered through 3 um pore-size polycarbonate (PC) membrane filters (Isopore, Millipore) into
a second pre-cleaned 20L carboy, using a peristaltic pump at 40 rpm. The water in this second
carboy was used to fill all the different condition bottles and, also, the bottles of the nutrient
addition experiment.

Preparation of the sorption controls

Using the 3 um filtered water sorption controls (SC) were prepared by heating the water in a
thermostatic bath at 70 °C during 10-15 min. The temperature was monitored with a
thermometer. After the heat treatment, the water was let at room temperature to cool down
and was finally used to fill the corresponding bottles with spiked OPEs.

These controls were mainly intended to assess a number of metabolism-independent
processes (physical and chemical adsorption, electrostatic interaction, ion exchange,
complexation, chelation, and microprecipitation) taking place essentially in the cell wall,
which can be resumed as the passive uptake of pollutants from aqueous solutions by non-
growing or non-living microbial mass, so-called bio-sorption 3. At the same time, this control
also accounts for the potential sorption of the OPEs to the 0.2 pore-size PTFE filters. Heat
treatment was chosen as the best method to create a non-viable microbial population, in
order to achieve as little physicochemical modification of the seawater as possible while
preserving a minimum cell integrity rather than destroying the cells. Heat treatment at 70 °C
for 5 minutes has been shown to cause membrane damage in marine microbes, resulting in
80% non-viable cells as assessed by the NADS protocol 4, with no measurable leucine uptake.
Other authors have reported similar trends in lake water samples that were heat-exposed *°.
In our case, NADS analysis of the heat-treated controls reported on average 95% of non-viable
cells (Figure S2).

Preparation of the 0.2-filtered controls

To prepare the 0.2-filtered controls (FC), the 3 um filtered water was further filtered using 0.2
pum pore-size polytetrafluoroethylene (PTFE) filters and the peristaltic pump at 40 rpm. The
corresponding bottles where OPEs had already been spiked were filled with this water.

Sterile filtration using 0.2 um pore-size filters was chosen to significantly reduce microbial
biomass while minimizing disturbance to the chemical composition of natural seawater 6.
While pasteurization could increase sterility, it would also alter the original chemical
properties, reducing comparability *”. Although 0.2 um filtration does not completely remove
microbes, our flow cytometry counts from the 0.2-filtered controls showed 90% bacterial
removal, consistent with previous studies that showed retention efficiencies typically
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between 91-99% *&1°. While small microbes where possibly present in the filtrate, these are
predominantly the least active bacteria 2°. We hypothesize that this substantially reduced and
less active microbial population had minimal impact on OPE concentrations compared to the
fully biotic treatments.

Temperature control during incubations

For the Atlantic Ocean experiments, the temperature during incubations was controlled by
incubating the bottles inside a thermoregulated laboratory using a Stulz Comptrol 1002 A/C
system. The system was set to adjust the room temperature according to the seawater
temperature measured by the in-built thermosalinograph (SBE21, Sea Bird Scientific) that
measured the seawater that the oceanographic ship constantly pumped, which circulated to
the labs or to the deck. This seawater was taken from below the ship, thus at 4-4.5 m depth.
For the Southern Ocean experiments, the temperature was controlled by incubating the
bottles inside a thermostatic incubator set at 4 °C (the minimum temperature available).



Annex S3: Determination of OPE concentration; Quality Assurance and Quality Control.

OPE analyses

The procedures followed for extraction, identification, and quantification are the ones
described in Trilla-Prieto et al. (2024) 2!, with slight modofications. Briefly, after the
experiment, samples were filtered with 0.2-um pore-size PTFE filters (Omnipore, Millipore)
to collect bacterial DNA. Then, they filtered water was loaded onto a solid-phase extraction
cartridge (Oasis HLB, 6 cm3, 200 mg; Waters) using a vacuum manifold. Cartridges were
conditioned with 6 mL of 2-propanol and 12 ml of HPLC-grade water, and then spiked with 50
ng of a mix of labelled recovery standards (D27-TNBP, D15-TPhP, D12-TCEP, D21-TPrP, D18-
TCPP and D51-TEHP). were washed with 6 mL of chromatographic-grade water at 5% of
methanol, dried under vacuum for 10 to 15 minutes, and stored at -202C in sealed bags before
further treatment analysis in an ultraclean laboratory.

Once in the ultraclean laboratory, HLB cartridges were unfreeze for 3 hours at room
temperature, centrifuged at 3500 rpm for 4’ and eluted with 12 ml methyl tert-butyl
ether:methanol (3:1; v/v). The residual water was removed by adding 3 g of pre-baked sodium
sulfate. The final eluents were concentrated under N2 and reconstituted in 100 pL of toluene.
50 ng of perdeuterated Internal standards (d15-TDCPP, M6TBEP and MTPHP) were added
before the instrumental analysis.

OPEs were analyzed by gas chromatography-tandem mass spectrometry (GC-MS/MS) on an
Agilent 7890A gas chromatograph coupled to an Agilent 7000B triple cuadrupole analyzer
(gQq). The chromatographic separation was carried out using a HP-5MS column (30m, 0.25
mm internal diameter, 0.25 um film thickness). Methane was used as ionization gas and
helium was used as carrier gas at a constant flow mode of 20ml min-1. Two pl of sample were
injected in splitless mode and injection port temperature of 280 °C. The column temperatures
were: 90 °C for 1 min, increased at 15 °C min-1 to 200°C held for 6 min, then at 5 °C min-1 to
250 °C, held for 6 min and then at 10°C min-1 to 315°C, held for 10 min. The detection was
carried out using electronic impact ionization (EI) mode in positive mode. The El source,
transfer line and quadrupole temperature were 230°C, 280 °C and 300 °C, respectively.
Acquisition was performed in multiple reaction monitoring (MRM). Finally, concentrations of
the six OPE compounds were determined using the MassHunter Quantitative Analysis
Software (Agilent).

Quality Assurance/Quality Control

Quality Assurance/Quality Control used are described Trilla-Prieto et al. (2024) 2. Briefly,
Field blanks consisted of GF/F filters and Oasis HLB cartridges that followed the same
procedure, transport, and analysis as the field samples. Laboratory blanks (procedural blanks)
followed the same extraction and analysis as the samples. A procedural and field blank were
analyzed for each batch of 10 samples to monitor potential contamination. Concentrations
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were recovery and blank corrected. The limits of quantification (LOQs) were defined as the
mean concentration of field and procedural blanks plus three times the standard deviation.
All concentrations were above LOQs. The recoveries were monitored using TNBP-d27, TCEP-
d12, TCPP-d18, TEHP-d51, and TPhP-d15 as surrogate standards prior to extraction. Surrogate
recoveries averaged 70% and 73% for the samples from the Atlantic and Southern Ocean,
respectively. Details about LOQs, blank concentrations and recovery values can be found in
Trilla-Prieto et al. (2024) 21



Annex S4: Statistical analyses

All the statistical analyses were performed using R v.4.4.1 software (http://www.r-project.org/).
Principal Component Analysis of the environmental variables was conducted utilizing the
prcomp function (with the parameters scale and center set as TRUE) from the stats v.4.1.1
package. The non-metric multidimensional Scaling (NMDS) analysis were done using the
metaMDS function from vegan v.2.6-6.1 package on the AVS absolute count database %2.
Alpha diversity was assessed by computing the Chaol index and Shannon index with
estimateR and diversity functions from vegan package on sub-sampled data rarefied to the
minimum read count of all samples. Bacterial community composition was assessed by
computing relative abundances using total sum scaling normalization for all the ASVs with
taxonomic classification. T-test analysis were done using the compare_means and
stat_compare_means functions from the ggpubr v.0.6.0 package. To study variations
between treatments associated with specific taxa, log2 fold change of the ratio of the relative
abundance between T48 and TO of individual ASV was computed. First, those non-detected
ASVs at TO or T48 times were excluded. After calculating the fold change values, to assess
which ASVs were actually driving the bacterial community shift, we excluded those ASV whose
relative abundances were not at least a 1% of the total community at T48 for those that grew,
or at TO for those that decreased. This resulted in a list of 28 ASVs for the Atlantic Ocean
experiments, and of 19 ASVs for the Southern Ocean. Fold change heatmaps of the selected
ASVs were created using pheatmap function from pheatmap v.1.0.12 package. Linear
regression plots were done using the stat_smooth and stat_poly_eq functions from ggplot2
v.3.5.1 and ggpmisc v.0.6.0. packages, respectively.

To perform the linear regression analysis between changes in OPE concentrations and
bacterial production rates, biotic treatment T48 replicate values were treated as individual
data points. For the TO bacterial production and sorption control concentration values, the
mean of the two replicates was used. Each T48 value was then normalized to the
corresponding mean value of the sorption control or TO, generating the data points shown in
the plot.
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Table S2: Chemical structures and acronyms of the OPEs present in this study. *TCPP comes
as a mixture of isomers, where Tris(1-chloro-2-propyl) phosphate is the main isomer, followed by

bis(1-chloro-2-propyl)-2-chloropropyl
phosphate. TCPP results are presented as the sum of the three isomers.

phosphate, and

bis(2-chloropropyl)-1-chloro-2-propyl

OPE compounds used in the experiments

Name Acronym Group Chemical structure
Tri-n-butyl TnBP Alkyl-OPE
phosphate \/\/°xj/°\/\/
cl
Tris (2-
chloroethyl) TCEP Chlorinated-OPE ® o
phosphate CIA/O\@/ e
Cl
*Tris(1-chloro-
2-propyl) >TCPP Chlorinated-OPE 0.3 o
phosphate YT
Triphenyl TPhP Aryl-OPE Qﬁﬂ
phosphate @/‘7 i @
Tri-m-cresyl /@
phosphate TmCP Aryl-OPE \@/o\ﬁ/o\lg/
2-Ethylhexyl @\U
diphenyl EHDPP Aryl-OPE Q\A/avu
phosphate ©/ 4

236

Chapter 5

Assessment of OPE Biodegradation Across the

Atlantic and Southern Oceans



S10d3J-Uo11eN|BAS-)SII-|BJUSWIUOIIAUS /SUOIIBIIgNd /JUBWIUIBA0S /XN ° A0S MMM //:sd1ay

d-3-3409L0E00HDS :3p0J 3onpoid Hoday piezeH JIXaL =noy
[BIUSWUCIALT

(£-¥6-T¥2T "ou Sy)) @1eydsoyd |Auaydip |AxayjAyi3-z [p4ezey wua3-8uo| ‘JuawuoliAua d13enbe ay) 03
:10daJ UOIIBN|BAD JSII [EJUBWUOIIAUT  SnopJezeH] $1934)a Sulise| Suol yum ay)| a1zenbe 03 21x0] (%88'87) TTYH N
e Foseed oo 3t st nene 4,1 oo Bt WOUXVE ES 100 Wse 6Tt ddOH3
*a1eydsoyd-jAuaydip 532940 Bunse| Suoj yum o, enbe 03 21x03 AJaA :(%S€°99) OTYH
-JAxay|Ay13-z/punodwiod/A08 yiu-wiu igauwaydqnd//:sdny wouy yzoz ‘vT ISNSny panaiiay [paezey a1nde ‘JuawuoliAua dnenbe
-a3eydsoyd Auaydip |Axay|Ay3a-z ‘9TLyT @12 103 Alewwns punodwo) waydgnd ay) 01 snopaezeH Suiuiepn] )1 anenbe 01 21x01 AJaA :(%€2L) 00VH
*(#z0z) uonewsoju| ASojouyaalolg Joj AU [BUOIIEN [uonejeyui “Aj1a1x0y 21noy Jadueq] pajeyul Ji 21xo] :(%S8°TT) TEEH
S10d3J-Uo11eN|BAS-)SII-|BJUSWIUOIIAUS /SUOIIBIIIgNd /JUBWIUIBA0S /XN ° A0S MMM //:sd1ay [paezey wia3-8uo| JuawuoiiAua d13enbe ay) 03
d-3-TNDY60800HDS :9P0D 19npoId Hoday  snopiezeH] s309442 Buiise| Buo| Yum 41| denbe 03 21x0] :(%89°86) TTVH piezep ey
(S-8£-0€€T "ou SyD) aeydsoyd [p4ezEYy 3)1N0E ‘QUBWIUOIIAUS Jl3enbe |E1UBWUCHAUT
|Asa1o11] :310d3J UOIIEN|BAB YSII [RIUBIUOIIAUT 3y3 03 snopuezeH Suiuiep] a. enbe 03 21x0} AJaA :(%89°8Y) 00VH
[lewsap 0T X 66 s 9€'0 LE'BIE Tv0-€95  dOWL

“a1eydsoyd “A1121x03 23N2Y BuILIB ] UDIS YUM 3DBIUOD Ul [NJULIeH :(%89°86) ZTEH
1Asa12-N-141 /punodwiod /A0S yiuwiurigou-wayagnd//:sdiy wouy yZoz ‘T IsnSny pansuiay [1e10 “A121x03 21N2Y SuluIe\] PAMO][BMS JI INjWlBH :(%89°86) ZOEH
“a1eydsoyd |Asaud-N-1L ‘ZECTT AID Jo} Alewwns punodwo) waydqnd [1ewuap ‘An1d1x03 9anae {|eso ‘A3Idix01 21ndy
“(#z0z) uonewsoju| ASojouyaalolg Joj J2Ua) [BUOIIEN  SUIUIBAA] UDJS YUM JDBIUOD Ul JO PAMO]|BMS JI [NjWieH :(%0S) ZTEH+ZOEH

saouesqns

-pasa3sidal/s|edjwayd-uo-uonewoul/1sang/gam/na edoinaeyda//:diy :3|qejiey “[auluo]

«(dd1) @1eydsoyd piezeH
JAuaydui] :aweu 22ueIsqNS 10} 140dIY NOILYNTYAI PUB 8% 3211V HOV3IY Aq paunbas [EMURWUOIIAUT
e NOISNT1INOD NOILYNTYAI 3INVISENS U3WNIO0p UOIsN|ou0) Uoen|ens adueisgns, [paezey wi21-8uo] ‘uaWUOIIAUB deNbE BU) 01 LOLXESE 65 6T 679z 9-98STT  dUdl

snopJezeH] s393443 Sunse| Buo| yum a1 d13enbe 03 21xo (%8L°8T) TT¥H
“a1eydsoyd [paezey wua3-8uo| quawuoliAua d1jenbe ay) 03 snoplezeH Suiuiepm]
-JAuaydu | /punodwod/A08 yiuwjurigouwayagnd//:sdiy woly $Z0zZ ‘vT Isn3ny panaliiay 5323442 Bunise| Suo| yum 3y d1zenbe 03 21x03 AJ3A :(%9£°98) OTYH
*a1eydsoyd |Auaydu] ‘6878 @12 404 Alewwing punodwo) waydgnd [pJezey 33n2€ QUaWIUOIIAUS dljenbe
*(#20z) uonewuoju| ASojouyaalolg 10y 23U |eUOIIEN 3y} 03 snopuezeH Suiuiep] a. enbe 03 21x03 AJaA :(%69°€8) 00VH

r'na edoina//:diy :3|qejieay *[auluo]
« LNINSSISSY NS1Y (ddDL) uen|
31VHASOHd (TAHLITAHLIN-T-OYOTHI-Z)SI¥L H0daY JUaWSSassy yjsiy uolun ueadoiny,

0T X¥'T R 0T X80T ¥ ~78-7L9ET
“ajeydsoyd-TjAdoud-z E 65T € 95'LZE  S¥8-. ddoL

-0J0Jy2-T~ sl 1 /punodwiod/A0S yiu-wjurigau-wayaqnd//:sd1y wouy yz0z ‘vT 1SnSny pansulay [paezey wia1-8uo) IAU d1jenbe ay) 01 1]
-a1eydsoyd (jAdoud-z-040jya-T)s11 ‘97197 A1D 410} Arewwns punodwo) waydgnd 5199)49 Sunse| Suo| yum ay1| o1nenbe oy [njwieH (%6v vT) ZTYH
“(#z0g) uonewsoju| ASojouyaalolg Joj J2Ud) [RUOIIEN [1e10 “Aa121x0) 91N0Y SuluIBA\] PAMO|[BMS JI INjWIBH :(%98°66) ZOEH

*a1eydsoyd-~|Ay1a0401yd
-7~ su1/punodwod/A08 yiuwjurigouwayagnd//:sdiy wolj $Z0z ‘vT 1SnSny panaiay [paezey wisy-8uo| ‘JuswiuoliAu d13enbe ayy plezey piezey uelL|
*ajeydsoyd (JAY12010jYy2-g)siL ‘5628 A1D 404 Atewwns punodwo) waydgnd 03 snopiezeH] s199)49 Sunse| Suo| yum 41| anenbe 01 21x0] :(%00T) TTYH [EjuSLIUOIIAUg yieaq

K A A: A A - . .
(#z0z) uonewloju| A3ojouydalolg 4o} 191Ud) [BUONEN [An21x03 3ARdNpoIday sa8ueq] Avjiiay a8ewep A (%TT TT) 409€H LOTXVTT 8.'T 0T XZ8L 67587 8-96-STT FERIR
[Aa121x01 @An2NpoIday Ja8ueq]
urna‘edoina//:dny :3jqejieny “[auljuo] 1Yo uioqun ay3 Jo Ay|iJay a8ewep Aeln (%8¢ 88) 09EH
'600Z . LN3NSS3SSY [Awoiuagournae) Bujuie ] 1asued uisne Jo pa3dadsns :(%00T) TSEH
NSIY d3DL ‘ILVHASOHd (TAHLIOYOTHI-Z) SIYL Moday Juawissassy sty uojun ueadoiny,, [1eJ0 “Ayd1x03 832y BujuIeM] PIMOJIEMS 41 INJULIBH (%61 °L6) ZOEH
piezeH e
esH
-3uo) - b |
[paezey wisy-8uoy 12 oenbe ay 03 ) ST0 00t 08z T€997  8-€£-92T  dgul
“a1eydsoyd $199}J9 unse| 8uo| yum ayi| o13enbe oy [njwiieH (%€ 8T) ZTVH
-lAxnqu 1 /punodwod/A08 yiu wjuigau-wayagqnd//:sdny wouy yZ0z ‘vT IsnSny pansiiay [A: 330u)a.e) Bujuiepn] J@dued Buisned Jo pa3dadsns :(%T6°66) TSEH
-21eydsoyd JAInquL ‘ZSETE 1D 404 Arewwng punodwo) waydqnd [uoneII/UOIS0110D UG BujuieA] UOIIRILLI UYS SBSNED (%00T) STEH
*(#202) uonewloju| ASojouydalolg 10y J23U3) |RUOIIEN [1e40 “A3121x03 @3N2Y Bulule\] PAMO|[BMS §I INJWIBH :(%00T) ZOEH
(;18w)
ERITEIETEN] sjuawajels piezey SHO Ayajes |eaiway) (ed) A M9 y30| p ‘M'IN "ON SYD wAuosy
Hignjos

‘sjusWIIadxa ay3 Ul pasn s3dO XIS Y3 Jo s8uluiem A1ajes |edlwayd pue sajpuadold |ediwayd0disAyd €S ajqel

SUB22() UIBYINOS pue dluey

§ soydeyd 9y} ssoloy uonepesfopolg 3O 4O JUSWSSISSY

237



Table S4: Results of the grouped t-test for the comparison of the concentrations of each
individual OPE compound for each experiment. The groups are BT for 48-hour biotic
treatment (viable bacteria 48-hour incubation treatment), SC for sorption control (non-viable
heat-treated bacteria 48-hour treatment), and FC for 0.2-filtered control (3 and 0.2 um
filtered water 48-hour treatment).

experiment compound groupl group2 p p.signi method
1 TnBP BT SC 0.46 ns T-test
1 TnBP BT FC 0.53 ns T-test
1 TnBP SC FC 0.36 ns T-test
1 TCEP BT SC 0.51 ns T-test
1 TCEP BT FC 0.41 ns T-test
1 TCEP SC FC 0.82 ns T-test
1 TPhP BT SC 0.09 ns T-test
1 TPhP BT FC 0.12 ns T-test
1 TPhP SC FC 0.41 ns T-test
1 TmCP BT SC 0.20 ns T-test
1 TmCP BT FC 0.02 * T-test
1 TmCP SC FC 0.02 * T-test
1 EHDPP BT SC 0.06 ns T-test
1 EHDPP BT FC 0.00 *k T-test
1 EHDPP SC FC 0.01 * T-test
1 >TCPP BT SC 0.29 ns T-test
1 >TCPP BT FC 0.14 ns T-test
1 >TCPP SC FC 0.18 ns T-test
2 TnBP BT SC 0.91 ns T-test
2 TnBP BT FC 0.16 ns T-test
2 TnBP SC FC 0.73 ns T-test
2 TCEP BT SC 0.48 ns T-test
2 TCEP BT FC 0.09 ns T-test
2 TCEP SC FC 0.27 ns T-test
2 TPhP BT SC 0.06 ns T-test
2 TPhP BT FC 0.52 ns T-test
2 TPhP SC FC 0.33 ns T-test
2 TmCP BT SC 0.25 ns T-test
2 TmCP BT FC 0.11 ns T-test
2 TmCP SC FC 0.33 ns T-test
2 EHDPP BT SC 0.00 ** T-test
2 EHDPP BT FC 0.01 * T-test
2 EHDPP SC FC 0.04 * T-test
2 >TCPP BT SC 0.32 ns T-test
2 STCPP BT FC 0.35 ns T-test
2 >TCPP SC FC 0.73 ns T-test
4 TnBP BT SC 0.71 ns T-test
4 TnBP BT FC 0.41 ns T-test
4 TnBP SC FC 0.30 ns T-test
4 TCEP BT SC 0.52 ns T-test
4 TCEP BT FC 0.03 * T-test
4 TCEP SC FC 0.20 ns T-test
4 TPhP BT SC 0.66 ns T-test
4 TPhP BT FC 0.43 ns T-test
4 TPhP SC FC 0.28 ns T-test
4 TmCP BT SC 0.03 * T-test
4 TmCP BT FC 0.04 * T-test
4 TmCP SC FC 0.05 ns T-test
4 EHDPP BT SC 0.02 * T-test
4 EHDPP BT FC 0.05 ns T-test
4 EHDPP SC FC 0.09 ns T-test
4 >TCPP BT SC 0.52 ns T-test
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T-test
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Table S5: Mass balance results of OPE losses taking as baseline the nominal concentration of
200ng/L. These values are the mean of TmCP and EHDPP compounds. “n.d.” stands for non-
detected losses. The losses between the nominal concentration and the 0.2-filtered control
account for abiotic factors (sorption to wall, abiotic degradation). The differences between
0.2-filtered and sorption control account for sorption to cells and the PTFE filter (sorption
loss), and the reaming losses are due to microbial degradation, here referred to as biotic loss.

experiment mean_abiotic_loss

mean_sorption_loss

mean_biotic_loss

1

o U B~AN

0.06
0.16
0.04
n.d.
n.d.

0.44
0.23
0.41
0.33
0.27

0.19
0.22
0.16
n.d.
n.d.
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Chapter 5

Assessment of OPE Biodegradation Across the

Atlantic and Southern Oceans

OPEs nominal
concentration 200 ng/L

200 pm nylon mesh

3 um PC filter

T48

TO Biotic | | T48 Biotic Sorption

T48 0.2-
filtered

Figure S1: Experimental setup. Water was pre-filtered using a 3um pore-size polycarbonate
(PC) filter in order to exclude grazers and particles as potential sources of stochastic variability
between replicates. PTFE stands for polytetrafluoroethylene.
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Figure S2: NADS results showing the percentage of viable and non-viable cells in the
analyzed sorption controls.
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. Other Bacteroidota
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. Other Archaea
Other bacterial groups

Figure S5: Structure of the bacterial community for each experiment at TO (initial time biotic

treatment) and T48 (48-hour incubation biotic treatment).
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Figure S6: Boxplots showing individual OPE concentrations at each experiment. Green boxes
represent 48-hour biotic treatments (viable bacteria 48-hour incubation treatment), orange
boxes represent 48-hour sorption controls (non-viable heat-treated bacteria 48-hour
treatment), and white boxes represent 48-hour 0.2-filtered controls (3 and 0.2 um filtered
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Figure S7: Concentration ratios of OPE compounds between 48-hour biotic treatments (BT)
and 0.2-filtered controls (FC) across different experiments. The dashed line indicates a ratio

of 1, and error bars represent the 95% confidence interval for each measurement.
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1, and error bars represent the 95% confidence interval for each measurement.
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Figure S9: Percentage of individual OPE compound concentration loss in the Atlantic Ocean
experiments (Exp.1, Exp.2 and Exp.4) due to: A) partitioning to bacteria cells and other
particulate organic matter < 3 um + biodegradation by bacteria; B) only partitioning to
bacteria cells and other particulate organic matter < 3 um; C) only biodegradation by bacteria.
All the percentages are calculated using the 0.2-filtered control concentrations as baseline
measurements.
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Figure S10: Percentage of individual OPE compound concentration loss in the Southern Ocean
experiments (Exp.5and Exp.6) due to: A) partitioning to bacteria cells and other particulate
organic matter < 3 um + biodegradation by bacteria; B) only partitioning to bacteria cells and
other particulate organic matter < 3 um; C) only biodegradation by bacteria. All the
percentages are calculated using the 0.2-filtered control concentrations as baseline

measurements.
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Figure S11: Ratios between sorption control (SC) and 0.2-filtered control (FC) OPE
concentrations vs octanol-water partition coefficient (Kow). As the hydrophobicity of the
compound increases, the ratio decreases following an exponential curve.
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Figure S12: Alpha diversity indexes per ocean and incubation time (TO, initial time biotic
treatment; T48 ,48-hour incubation biotic treatment): A) Chaol index, an indicator of species
richness (total number of ASVs in a sample) that is sensitive to rare ASVs (singletons and
doubletons). B) Shannon index, a measure of diversity that combines species richness and

Time
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their relative abundance. Significant differences were addressed by a Wilcoxon test.
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Figure S13: Chaol indexes per experiment and incubation time (TO, initial time biotic
treatment; T48 ,48-hour incubation biotic treatment).
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Figure S14: Shannon indexes per experiment and incubation time (TO, initial time biotic
treatment; T48 ,48-hour incubation biotic treatment).
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Figure S15: NMDS analysis for dissimilarities in the microbial community composition at the
different sampling times (TO, initial time biotic treatment; T48 ,48-hour incubation biotic
treatment) per ocean: A) Atlantic Ocean experiments, B) Southern Ocean experiments.
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Figure S16: Heatmap showing the Log fold change of the relative abundance of each of the
28 ASVs selected to explain the microbial community shift in the Atlantic Ocean experiments.
The taxonomic label represents the most detailed classification available for that specific ASV.
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Figure S17: Heatmap showing the Log: fold change of the relative abundance of each of the

19 ASVs selected to explain the microbial community shift in the Southern Ocean
experiments. The taxonomic label represents the most detailed classification available for
that specific ASV.
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Figure S18: Barplots of the bacterial production results for each experiment and incubation
time (TO, initial time biotic treatment; T48 ,48-hour incubation biotic treatment), expressed
as the Leucine incorporation rates per liter.
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ABSTRACT

Knowledge of Earth's microbiomes capacity to degrade aromatic compounds is limited
by the lack of precise tools for accurately targeting degrading genes and their associated
taxa. Additionally, these estimates are hardly compared to in situ background concentrations
of polycyclic aromatic hydrocarbons (PAHSs), particularly in oceanic waters. This knowledge is
important for assessing the persistence of the widespread and abundant PAHs in the environment,
and their interactions with microbes. Here, we present a new tool to identify aromatic ring-
hydroxylating dioxygenase a-subunit (arhdA) gene sequences by combining profile-based search
with phylogenetic placement in a reference phylogeny. We identified arhdA-harboring taxa in
the both the Genome Taxonomy Database and the Malaspina Vertical Profiles Gene Database,
a gene catalog derived from metagenomes collected during the Malaspina expedition. We found
that multiple ubiquitous taxa in tropical and temperate oceans harbor arhdA. The comparison of
arhdA gene abundances in seawater metagenomes with the field PAH concentrations showed
that higher abundances of arhdA gene copies per cell were negatively correlated with 2-4 ring
PAHSs, consistent with the known degradation of lighter PAHs. Gene abundances were significantly
higher in the particle-associated fraction than in the free-living fraction, suggesting particulate
matter as a relevant reservoir of PAH degraders. Finally, we show that PAHs modulate, with other
environmental variables, the structure of oceanic microbial communities.
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HIGHLIGHTS

* A new protein identification method based on phylogenetic placement was developed.

* Aromatic ring hydroxylating dioxygenases (ARHDs) were identified in public data.

e QOil spill-related ARHD-harboring taxa were found in tropical and temperate oceans.

*  ARHD abundance correlated with polycyclic aromatic hydrocarbon (PAH) concentrations.

* Background levels of PAHs influence microbial populations alongside other factors.
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INTRODUCTION

Aromatic hydrocarbons (AHs) are among the most widespread organic contaminants in
the environment. Among them, polycyclic aromatic hydrocarbons (PAHs) and other semi-volatile
aromatic-like compounds (SALCs) have drawn particular attention, with several classified as
priority pollutants by the U.S. Environmental Protection Agency. Although they can originate from
natural sources (e.g., natural oil seeps, forest fires), anthropogenic combustion of oil, coal, and
biomass and the subsequent fluvial run-off and atmospheric deposition are considered to be the
primary source of PAHs in the global ocean (Duran and Cravo-Laureau, 2016; Gonzalez-Gaya et
al., 2016). The ubiquitous presence of these substances in marine ecosystems is evident even
in pristine regions distant from anthropogenic sources, such as subtropical oceanic gyres and
polar environments (Cai et al., 2016; Gonzalez-Gaya et al., 2016; Liu et al., 2022; Zhang et al.,
2023, 2022). Due to their chemical properties, PAHs are recalcitrant and can exert toxic effects on
aquatic animals, microorganisms, and humans (Honda and Suzuki, 2020; Patel et al., 2020). PAHs
interact with the microbial communities in a bidirectional manner, undergoing biodegradation
through specific metabolic processes while simultaneously influencing microbial diversities, and
potentially, activities. Both aspects have been mostly studied under high concentrations of PAHSs,
but hardly addressed under background concentrations.

This is especially true in the marine environment, where many studies have been devoted
to the measurement of PAH concentrations, but few have assessed their large-scale distribution
in the ocean (Cai et al., 2016; Gonzalez-Gaya et al., 2019; Zhang et al., 2023). Biodegradation
of hydrocarbons has been deeply characterized under oil spill conditions (Kimes et al., 2014),
while the consumption of PAHs at background concentrations has barely been assessed.
Biodegradation is key for understanding the sinks of marine PAHs since as much as 99% of
airborne PAHs are microbially degraded in the photic water column (Gonzélez-Gaya et al., 2019).
However, significant gaps exist in the understanding of biodegradation potential, prevalence and
importance in marine microbiomes under realistic conditions since it is also highly dependent on
complex environmental conditions.

Identifying and quantifying bacteria capable of degrading PAH in the environment is the
initial step to determine their persistence. Hydrocarbonoclastic bacteria (HCB), which can utilize
hydrocarbons as a carbon or energy source either obligately or facultatively, have been extensively
studied through culturing to identify their taxonomies and key degradation pathways and genes
(Ghosal et al., 2016). The most common aerobic AH degradation route starts with the oxidative
cleavage of an aromatic ring by aromatic ring-hydroxylating dioxygenases (ARHDs) (Mallick et
al.,, 2011). The catalytic or oxygenase component of these multicomponent enzyme systems
is composed of two subunits, a and B (ARHDa and ARHDJ respectively, encoded by the ardhA
and ardhB genes), where the ARHDa contains the catalytic center. It is highly conserved and has
previously been used as a marker to study potential PAH-degrading organisms in environmental
studies (Gonzalez-Gaya et al., 2019; Li et al., 2022; Vilchez-Vargas et al., 2013).



Quantification errors and mismatches in ardhA and ardhB genes arising from the HCB
detection methodology have been detected. Hidden Markov Models (HMMs) are widely used in
bioinformatics for tasks such as protein sequence alignment and homology detection. Genomic
data can be screened for arhdA occurrence and abundance, using the hmmsearch function from
HMMER (Eddy, 2011) and HMMs such as the Pfam (Finn et al., 2007) model PF00848, which
defines the catalytic domain of the ARHDa. Recent findings suggest this approach is inaccurate,
causing ambiguous hits due to the ARHDa protein family’s limited specificity.(Love et al., 2021).
In particular, genes coding for homologous enzymes lacking AH-oxidation capacity can reach
high scores, complicating the identification of true ARHD enzymes. To address this limitation,
more specific HMM profiles have been developed, such as the Calgary approach for ANnoTating
HYDrocarbon degradation genes (CANT-HYD) (Khot et al., 2022). CANT-HYD is a database
comprising 37 HMMs of marker genes associated with both anaerobic and aerobic degradation
pathways of aliphatic and aromatic hydrocarbons that allows the analysis of high-throughput
sequence data. While the curated CANT-HYD HMM database improves accuracy in annotating
hydrocarbon degradation genes, a restrictive confidence threshold may exclude potential hits,
limiting the discovery of new biomarker genes. Identifying novel genes is particularly relevant, as
studies have shown that the diversity of arhdA genes in natural environments is poorly characterized
(Iwai etal., 2011; Li et al., 2022). Further assessment and comparison of the CANT-HYD approach
with alternative methods are therefore necessary, especially for analyzing AH biodegradation at
background oceanic levels. An alternative to improve functional classification in metagenomic
analyses is adding phylogenetic inference to hmmsearch results, as it is considered the gold
standard for assigning function to sequences based on evolutionary relationships (Ohno, 1970).
While estimating phylogenies for large sequence sets can be time-consuming, phylogenetic
placement algorithms offer a scalable solution by integrating sequences into reference phylogenies
(Czech et al., 2022). The main challenge is the lack of comprehensive reference phylogenies with
functional annotations, but databases like Uniprot, especially its manually curated “SwissProt”
section, provide a robust starting point for building such resources (Boutet et al., 2007).

The objective of this study was to explore the dual relationship between PAHs and
microorganisms, studying how AH-degraders can influence PAH fate and how PAHs impact the
structure of microbial communities. We aimed to develop a method for reliable identification of
ARDHa sequences in large datasets and use this knowledge to assess AH degradation potential
in open-ocean microbial communities, correlating it with the occurrence of PAHs at surface and
deep chlorophyll maximum (DCM) depths in the temperate and subtropical ocean. The approach
was based on phylogenetic classification of ARHDa sequences in genomes and metagenomes
and overcomes previous limitations when identifying AH degraders. This reliable methodology of
ARHDa sequences allows the quantification of the pollutant-bacteria interactions and paves the
path to gene-centric biogeochemistry of pollutants.
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MATERIAL AND METHODS

Construction and curation of reference tree for ring-hydroxylating dioxygenases,
identification in Genome Taxonomy Database (GTDB) and Anvi’o tree construction

To identify ring-hydroxylating enzymes among species-representative GTDB genomes
(RO7-RS207) (Parks et al., 2022), we used HMMER (v.3.1b2) (Eddy, 2011) and the Pfam profile
“Ring hydroxylating alpha subunit (catalytic domain)” (PF00848) (Finn et al., 2007) with gathering
threshold (model-specific bit score threshold defined for each HMM profile). Since paralogs not
involved in degradation of AHs have been described (lwai et al., 2011), we estimated a reference
phylogeny for the protein family in which we identified clans containing manually curated AH-
degrading enzymes from SwissProt (Boutet et al., 2007) (see Lundin (2023a) for a full method
description).

Sequences from GTDB genomes were subsequently placed and classified in the reference
phylogeny with nf-core/phyloplace (v1.0, Lundin, 2023b) that uses EPA-NG (v.0.3.8; Barbera et al.,
2019), which phylogenetically places the query sequences in the reference tree and uses GAPPA
(v.0.8.0, Czech et al., 2020) to classify them and produce a tree with the query sequences placed
among the references. The phylogenomic trees of Bacteria and Archaea from GTDB, subset to
the class level, were used to create plots to illustrate the taxonomic distribution of the identified
ARHDa proteins with Anvi'o (v.8, Eren et al., 2015).

To assess the CANT-HYD approach (Khot et al., 2022), the HMMs associated with the
a-subunit of the ARHD involved in the aerobic degradation of AHs — MAH_alpha, NdoB and non-
NdoB - were used to query the same set of species-representative GTDB genomes. We used
HMMER, with the noise cutoff threshold recommended by the CANT-HYD authors.

Data from Malaspina Expedition

Environmental ancillary data, PAH concentrations, 16S rRNA amplicon sequences, and
metagenome data were obtained during the Malaspina 2010 circumnavigation expedition (from
December 2010 to July 2011) and published in separate works (Gonzalez-Gaya et al., 2019, 2016;
Ruiz-Gonzélez et al., 2019; Sanchez et al., 2024). See annexes S1 and S2 for details. Stations were
located along a transect in the tropical and subtropical Atlantic, Indian, and Pacific oceans (Figure
1). Selected samples included those from surface waters (4 m) and, when available, from the
Deep Chlorophyll Maximum, DCM, (48-150 m), in which PAH concentrations and DNA material
were analyzed simultaneously.
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Figure 1. Location of the samples from the Malaspina circumnavigation expedition used in this study. The
inclusion of sampling sites was based on the availability of physicochemical and genomic data, with the
latter represented by 16S rRNA gene sequences (black dots), metagenomic sequences (red circles), or both
(black dots with red outline). The limits of the oceanic biogeographical provinces have been incorporated.
The provinces crossed during the Malaspina 2010 circumnavigation are colored. NASE, North Atlantic
Subtropical Gyral; NATR, North Atlantic Tropical Gyral; CARB, Caribbean Province; WTRA, Western Tropical
Atlantic; SATL, South Atlantic Gyral; BENG, Benguela Current Coastal Province; EARF, East Africa Coastal;
ISSG, Indian South Subtropical Gyre; AUSW, West Australian Coastal Province; SSTC, South Subtropical
Convergence; SPSG, South Pacific Subtropical Gyre; PEQD, Pacific Equatorial Divergence; NPTG, North
Pacific Tropical Gyre; PNEC, North Pacific Equatorial Countercurrent. Map created using the open-source
application QGIS (v.3.20.0).
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Identification of arhdA-genes in the Malaspina Vertical Profiles Gene Database data using
phylogenetic placement

The identification of genes coding for proteins matching the Pfam PF00848 HMM in the
Malaspina Vertical Profiles Gene Database (M-GeneDB-VP, Sanchez et al., 2024) was done
following the same steps as described above for the GTDB database. Briefly, the PF00848 HMM
was used to search all the protein sequences of the M-GeneDB-VP, a gene catalog constructed
from the Malaspina Microbial Vertical Profiles metagenomes dataset (see Sanchez et al., 2024
for more details). The sequences were subsequently placed in the reference phylogeny described
above with nf-core/phyloplace. The files containing the gene sequences, annotations for functional
and taxonomic profiles, and counts of reads from each metagenome mapping to the gene catalog
were downloaded from the European Bioinformatics Institute BioStudies repository (accession
S-BSST1059). The protein sequences that compose this catalog correspond to samples taken at
different depths and filter sizes (free-living fraction, FL, 0.22-3.0 ym; particle-attached fraction,
PA, 3.0-20 ym) at 11 stations during the Malaspina 2010 circumnavigation expedition. From this
dataset we selected the samples corresponding to surface and DCM depths, for which we have
concurrent PAH measurements, yielding a total of 39 samples.

Functional and taxonomic profiles of the identified candidate proteins, along with their
abundances, were obtained from the M-GeneDB-VP annotation and read count files. We used
the gene length single-copy marker gene normalized gene abundances provided by the authors.
According to Sdnchez et al. (2024), gene counts in the database were transformed to gene-length
relative abundances by calculating the ratio between count and gene length in bp. Subsequently,
gene length normalized abundances were normalized to relative cell numbers in the sample by
dividing them by the geometric median abundance of 10 universal single-copy marker genes.
Normalizing coverage-corrected read counts by the abundance of these marker genes acts as a
proxy for the number of gene copies per cell (Salazar et al., 2019).

Statistical analyses

Bacterial ASV counts were Hellinger-transformed using the function decostand from the
vegan package in R. Environmental data variables were log10-transformed and the values were
subsequently transformed to z-scores by subtracting the mean of the variable and then dividing
by its standard deviation. arhdA gene abundance values from the M-GeneDB-VP were log10-
transformed for the Multiple Linear Regression (MLR) models. MLR models were computed using
the Im function from the stats package. Explanatory or independent variables were manually
selected by iteratively removing the variable with the highest p-value among the non-significant
variables. Redundancy Analysis (RDAs) were performed with default settings, using the rda
function from vegan. Forward selections with the double-stopping criterion to control for type-|
error rate were performed to test which environmental factors had a significant influence on
the bacterial community composition using the function ordiR2step. The significance and the
marginal effects of the selected variables were assessed by a permutation test using the function
anova (by = “mar”). The analyses were run with R version 4.3.3 (2024-02-29) in all cases. Versions
of packages can be found in Table S1.



RESULTS AND DISCUSSION

Identification of ARHDa proteins and the phylogenetic diversity of arhdA-harboring genomes

To improve identification rates with better selectivity and accuracy, we applied phylogenetic
placement of candidate proteins retrieved by HMM search with the PF00848 profile on a reference
tree. After estimation of a reference phylogeny, we identified six clans (potential clades in an
unrooted tree) (Wilkinson et al., 2007) in the tree (Figure 2) and identified proteins functionally
annotated in SwissProt (Boutet et al., 2007). In “ClanA”, consisting of 85 sequences, we
found proteins annotated as “naphthalene dioxygenase”, “benzene dioxygenase”, “biphenyl

"ot

dioxygenase”, “chlorobenzene dioxygenase”, and “phenylpropionate/cinnamic acid dioxygenase”.
“ClanB” contained proteins annotated in SwissProt as “p-cumate dioxygenase”, “terephthalate
dioxygenase”, “anthranilate dioxygenase”, “salicylate hydroxylase”, “aminobenzenesulfonate
dioxygenase”, “halobenzoate dioxygenase”, “benzoate dioxygenase” and “toluate dioxygenase”.
In the other four, we only found two annotations among SwissProt proteins, “Carnitine
monooxygenase” and “Choline monooxygenase” (Figure 2). Similarly, (Li et al., 2022) also found
several gene names after collecting amino acid sequences annotated as ARHDa from public
databases, highlighting the diversity of target AHs these genes interact with (Iwai et al., 2011).
Only clanA and clanB hence appear to represent dioxygenases with aromatic substrates, and only

proteins placed in these two clans were considered ARHDas and used in the analyses below.

We applied this approach to all species-representative genomes in GTDB, which includes
genomes from aquatic, terrestrial and atmospheric environments (R07-RS207, (Parks et al.,
2022), and identified 43,171 unique candidate proteins, which were subsequently narrowed down
to 11,956 following phylogenetic placement. These candidate proteins were encoded by 5,770
bacterial genomes containing 11,895 genes and 49 archaeal genomes containing 61 genes. As
many as 72 genomes harbored 10 or more copies of the gene per genome (Table S2). These
results were compared to the results from the CANT-HYD approach applied to the same set of
GTDB genomes (Figure S1). This approach detected 4,383 candidate proteins associated with
the ARHDa, which were divided between NdoB, MAH_alpha, and non-NdoB HMMs, with 740, 404
and 3239, respectively. Interestingly, based on the phylogenetic placement of these candidate
proteins, those annotated as NdoB or MAH_alpha were assigned to either clan A (1,139 proteins)
or clan B (5 proteins). In contrast, non-NdoB were assigned to clans F, E, and D, with 2,993,
244, and 2 proteins, respectively. Furthermore, most of the proteins identified as non-NdoB were
phylogenetically annotated as Carnitine monooxygenase, which is not an aromatic compound,
suggesting that they were likely not ARDHas.
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In aggregate, NdoB and MAH_alpha candidate proteins resulted in less than 10% of the
candidate proteins phylogenetically assigned to clans A or B (Table S2). It has previously been
suggested that the reduced number of reference sequences used to create the HMMs in CANT-
HYD could cause divergent sequences to go undetected (Géngora et al., 2024). Our analysis lends
some support to this hypothesis, and phylogenetic placement in our reference tree provides a less
conservative classification tool.

Bacterial arhdA-harboring genomes were widely distributed across different orders
and classes, with the ratio between the number of species predicted to encode arhdA vs total
number of species per class ranging from 0 to 0.75, and the number of arhdA copies per
species ranging from 0 to 4.25 (Figure 3A, Table S3). In most of the classes, the presence of
arhdA was low (< 0.15). Bacterial taxa with a higher number of copies were “Candidatus
Entotheonella”, “Candidatus Binatia”, Gammaproteobacteria, Alphaproteobacteria, “Candidatus
Methylomirabilia”, UBA9160, J058, and Actinomycetes. Among them, Gammaproteobacteria,
Alphaproteobacteria, and Actinomycetes had the highest number of arhdA copies per class
(6111, 2813, and 1979, respectively), which is consistent with the high number of confirmed
AH-degrading taxa they harbor (Ghosal et al., 2016; Lu et al.,, 2019). In general, the order
Burkholderiales within Gammaproteobacteria accounted for the majority of arhdA copies,
followed by Pseudomonadales (Gammaproteobacteria), Mycobacteriales (Actinomycetota), and
Sphingomonadales (Alphaproteobacteria), consistent with previous studies that showed both the
presence of genes and important roles of the four orders in the degradation of PAHs (Figure S2)
(Bacosa et al., 2021; Lu et al., 2019; Pérez-Pantoja et al., 2012; Somee et al., 2022). Interestingly,
“Ca. Entotheonella”, the type genus, is a symbiont of the marine sponge Theonella swinhoei with
the metabolic capacity to use a wide variety of carbon sources (Liu et al., 2016). Marine sponges,
known for accumulating pollutants, host AH-degrading bacteria, suggesting “Ca. Entotheonella”
spp. as potential AH degraders. (Marzuki et al., 2021). “Candidatus Methylomirabilis” (also known
as Rokubacteria) is a bacterial genus with large genomes that encode genes for the oxidative
degradation of aromatic compounds (Becraft et al., 2017). Members of the “Ca. Binatia” class
(Desulfubacterota, formerly the Deltaproteobacteria class), have also been suggested as potential
AH degraders (Somee et al., 2022).

Among the genomes harboring 10 or more copies, genera with high AH degradation
potential appeared, such as Cycloclasticus (Methylococcales), Pigmentiphaga (Burkholderiales),
Mycobacterium (Mycobacteriales), Rugosibacter (Burkholderiales), and Immundisolibacter
(Immundisolibacterales). All of them have been described as efficient PAH degraders and found
in oil-contaminated sites (Corteselli et al., 2017a; Jeon et al., 2024; Wang et al., 2018). They are
facultative consumers of AHs that also consume other organic compounds in the environment
(Liu et al., 2024). Surprisingly, a genome classified as Immundisolibacter cernigliae, isolated
from a PAH-contaminated site (Corteselli et al., 2017b), harbored 46 copies. Somee et al. (2022)
also found multiple copies of AH degrading genes in this genome. Furthermore, Gongora et al.
(2024) found several copies of arhdA and other genes involved in AH degradation pathways in a
metagenome-assembled genome (MAG) classified to the Immundisolibacteraceae family.
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Figure 3. Phylogeny of all GTDB (release r207) species representative genomes at Class level. (A) bacteria,
(B) archaea. Only taxonomic classes corresponding to the genomes where at least one arhdA gene has been
identified are shown in colors (inner ring). The remaining rings, from inner to outer, display the following
information per class: the number of species, the proportion of species with the arhdA gene to the total
number of species (no. of sp. arhdA / no. of sp.), and the mean number of arhdA genes per species (no. of
arhdA / no. of sp.). Branches are colored according to taxonomic phyla.

Only five classes of archaea with arhdA genes were found (Figure 3B). Halobacteria
(Halobacteriota) and Thermoproteia (Thermoproteota) had the highest number of copies per
class (40 and 16, respectively), two orders of magnitude lower than those found in the bacterial
genomes. Consistent with previous studies, arhdA-harboring archaea were found to contain few
copies of the gene (Table S4). Somee et al. (2022) also noted that the enzymes for the initial
degradation of hydrocarbons were rarely present in archaea. Halobacteriales and Sulfolobales
were the orders that accounted for most of these (Figure S3). Previous studies have shown the
capacity of archaea to degrade AH, although mostly in anaerobic environments so likely not using
the ARDH enzyme (Zhang et al., 2021).




The presence of the gene encoding ARHDa across various branches of bacterial and
archaeal phylogenomic trees indicates that the capacity for aerobic degradation of AHs is not
restricted to specific taxa. Several studies support that horizontal gene transfer events between
microbial groups contribute to the wide taxonomic distribution of this enzyme and the occurrence
of multiple copies per genome (DeBruyn et al., 2012; Ma et al., 2006; Somee et al., 2022).
Furthermore, individual genomes seldom contain all the genes necessary for the complete
degradation (Géngora et al., 2024; Somee et al., 2022). Instead, bacterial consortia are generally
more efficient at fully degrading AHs and crude oil (Pandolfo et al., 2023; Vaidya et al., 2017).
These findings reiterate that microbial cooperation is typically essential for AH degradation, with
gene transfer promoting this cooperative process.

Distribution of ARHDa in free-living (FL) and particle-attached (PA) bacterial communities in
the tropical and subtropical oceans

ARHDa sequences are ubiquitous in the Earth microbiome, as demonstrated previously.
The application of this novel methodology to detect ARHDa sequences was implemented in
the analysis of results from the Malaspina circumnavigation, enabling the exploration of gene-
chemical interactions in the ocean. More specifically, candidate protein sequences for 17 and 22
samples of surface and DCM DNA, respectively, were obtained from the Malaspina Vertical Profiles
Gene Database (M-GeneDB-VP). The initial 21969 candidate proteins found by HMM search were
narrowed down to 5339 unique sequences after phylogenetic placement among clanA and clanB
in the reference tree. From these candidates, 2268 were present in the 39 samples for which we
had concurrent PAH measurements. Taxonomic annotation of the M-GeneDB-VP genes restricted
the results to marine organismes, revealing that 1966 corresponded to bacteria, 39 to archaea, 9 to
eukaryotes, 1 to viruses, and 255 remained unclassified. For our analyses, we focused exclusively
on bacterial and archaeal genes (Table S5). Unfortunately, a considerable portion of the bacterial
and archaeal sequences were unclassified at the class level or lower.

Consistent with the focus on oceanic environment, up to 40% of the unique ARHDa
sequences found were assigned to marine orders fromthe alphaproteobacterial class (“Candidatus
Pelagibacterales”,Rhodospirillales,Hyphomicrobiales,Rhodobacterales,and Sphingomonadales),
while 6% were assigned to marine orders from the gammaproteobacterial class (Cellvibrionales,
Thiotrichales, Oceanospirillales, and Alteromonadales, Figure S4). Surprisingly, a high number
of sequences were assigned to the widespread marine genus “Candidatus Pelagibacter”.
Similarly, (Peeb et al., 2022) found AH degradation genes to be predominantly affiliated as “Ca.
Pelagibacter” in an experiment with ice-encapsulated crude oil. However, the lack of evidence of
hydrocarbon degradation by “Ca. Pelagibacter” places this association in question. Although “Ca.
Pelagibacter” has previously been found to increase following the crude oil biodegradation period
(Brakstad et al., 2015), further research is necessary to establish a direct correlation between
this genus and hydrocarbon degradation. Relevant genera for AH degradation were found, such
as Pseudoalteromonas, with experimentally characterized PAH degrading strains (Hedlund and
Staley, 2006), and environmental studies showing their response to low and high doses of PAH
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exposure (Krolicka et al., 2017; Martinez-Varela et al., 2022); or Sulfitobacter, whose relative
abundances have been correlated with background concentrations of PAHs (Iriarte et al., 2023)
(Table S5). The list of arhdA-harboring bacteria also included typical marine PAH degraders
such as Colwellia, and to a lesser extent, Cycloclasticus. Both genera are considered potential
biomarkers of PAH degradation in seawater due to typically being rare, but forming opportunistic
blooms under high PAH concentrations (Kleindienst et al., 2016; Krolicka et al., 2019). To get
a better picture of the taxa with AH degradation potential we computed the average number of
annotated arhdA genes per order. The highest average number of genes was found in the orders
Alteromonadales, Oceanospirillales, Mycobacteriales, and Moraxellales (Table S6). These marine
orders have frequently been identified under exposure to high concentrations of AH in oil spill
accidents (Bacosa et al., 2018; Mason et al., 2012).

In contrast, only two classes of environmental archaea were detected in the gene catalog,
both exhibiting a low average number of ahrdA genes (Table S6). Within these, only the order
“Candidatus Poseidoniales” could be identified. This taxon represents the most abundant
archaeal group in surface seawaters (Rinke et al., 2019). Their genomes contain genes for
medium-chain alkane degradation, and they have shown transcriptomic activity when exposed
to low concentrations of hydrophobic pollutants, including alkanes and PAHs (Love et al., 2021;
Vila-Costa et al., 2023).

Abundances of arhdA genes per cell in bacteria averaged 0.79+0.34 at the 11 stations,
ranging from 0.28 at station 49 to 1.45 at station 76 (Figure S5). These values are lower but still
at the same order of magnitude as previously reported (Gonzalez-Gaya et al., 2019). Regarding
the water layers, DCM average abundance (0.47+0.26) was higher than surface average
(0.36+0.22), but not statistically significant according to a paired t-test (p-value = 0.17). The
comparison of abundances per filter-fraction, separating particle attached (PA) and free-living
(FL) bacteria, showed significantly higher values in the PA fraction (mean 0.27) compared to the
FL fractions (mean 0.15, paired t-test, p-value = 0.007), even after excluding station 76, which
had a disproportionately high PA gene abundance due to a gene taxonomically annotated as
Rhodococcus sp. CUA-806 (Figure S6, Table S7). That particular gene was also responsible for the
high abundances found in the surface PA samples 63, 83, and 92, accounting on average for almost
30% of the gene copies per cell found in all the PA samples. Rhodococcus strains have previously
shown strong hydrocarbon degradation potential and are being proposed for the bioremediation
of organic and inorganic pollutants (Nazari et al., 2022). Regarding AH degradation, a study where
133 isolated Rhodococcus strains were tested demonstrated their capacity to oxidize AHs, and
found 23 to 69 ARHD coding genes in their genomes (Krivoruchko et al., 2023). Another specific
marine Rhodococcus strain has also been found to encode several PAH-degrading genes and is
capable of utilizing PAHs, especially HMW ones (Peng et al., 2020). Similarly, various studies show
the capacity of Rhodococcus, as well as other bacteria such as Mycobacterium, Burkholderia,
Cycloclasticus, Pseudomonas, and Sphingomonas, to degrade the HMW PAH pyrene (DeBruyn et
al., 2012; Vaidya et al., 2017; Zada et al., 2021). These results are consistent with recent studies
in coastal Antarctica, where PA bacteria demonstrated a higher capacity for PAH degradation than
FL bacteria (Martinez-Varela et al., 2022). Although AH concentrations account for less than 1%



of DOC (Liu et al., 2024), the taxa associated with background AH concentrations largely overlap
with those previously reported in oil spills.

Correlation between arhdA gene abundances and PAH concentrations in the tropical and
subtropical oceans

To test whether higher arhdA gene abundances correlate with PAH concentrations, we
correlated the sum of LMW and HMW PAH concentrations in the dissolved, particulate, and
planktonic phase with gene abundances in the two size fractions (FL and PA) at the two different
depths (surface and DCM) (Figures 4, S7, and S8). Significant negative correlations (Figure S9)
were found between LMW PAHs in the dissolved phase and gene abundances in the FL fraction
in both surface (p-value = 0.01, R%q;. = 0.51) and DCM (p-value = 0.005, R%.q;. = 0.55) layers, as
well as in the PA fraction at DCM (p-value = 0.02, R%q;. = 0.39). The lowest concentration of LMW
PAHs was observed off the southeastern Australian coast, where the highest arhdA abundances
occurred (Figure 4). This aligns with the fact that LMW PAHs — typically those with 2-4 aromatic
rings — are the most labile fraction of PAHs and are prone to biodegradation (Ghosal et al., 2016;
Gonzalez-Gaya et al., 2019). These compounds are also less hydrophobic, making them more
likely to remain in the dissolved phase, which increases their encounter rate with marine degraders.
These results suggest that a higher potential for PAH degradation (indicated by greater arhdA
gene abundance) within the bacterial community correlates with lower PAH concentrations, likely
due to microbial degradation.

The FL/PA ratios of arhdA gene abundances versus PAH concentrations were significantly
negatively correlated with HMW dissolved water concentrations (p-value = 0.04, R? = 0.32) and
positively correlated with LMW (p-value = 0.009, R? = 0.51) and HMW (p-value = 0.003, R? = 0.60)
concentrations in plankton at the DCM (Figure S10). HMW PAHs, being more lipophilic than LMW
PAHSs, have a higher tendency to bioaccumulate in organic tissues, including plankton. A higher
abundance of arhdA genes in the PA fraction (indicating a lower FL/PA ratio) was associated
with lower PAH concentrations in plankton. This finding suggests that the PA fraction serves
as a hotspot for PAH biodegradation in the oceans, as previously proposed (Martinez-Varela et
al., 2022). PAH bioaccumulation in plankton could enhance the abundance of arhdA genes in
PA, promoting degradation, which can eventually be detected in the dissolved phase as well by
particle-water partitioning. Overall, the evidence from single linear correlations suggests that at
sites with background PAH concentrations, bacteria influence PAH levels rather than the other
way around (Iriarte et al., 2023). If PAH-driven shaping of bacterial communities does occur, it
may be subtle and likely interacts with other environmental factors, such as temperature, nutrient
concentrations, PAH bioavailability, and prior exposure to PAH, among others (Singh and Kumar
Mishra, 2021; Varjani and Upasani, 2017).
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Figure 4. Geographic distribution and abundance (estimated gene copies per cell) of genes identified as
arhdA in the M-GeneDB-VP database per size fraction (free-living fraction, 0.22-3.0 um; particle-attached
fraction, 3.0-20 pm), concurrently with the sum of the PAH compounds in the seawater dissolved phase per
water layer (surface water, 3 m; DCM, Deep Chlorophyll Maximum).

Environmental drivers of arhdA gene abundances in the tropical and subtropical oceans

In order to assess which environmental factors could explain the variability in the AH
degrading potential across samples, Multiple Linear Regression (MLR) analysis was performed,
using the arhdA gene abundance as a proxy of PAH degrading potential. Manual selection of
variables on models trying to explain the variability of arhdA abundance (as copies per cell)
resulted in the same simple linear correlation with LMW PAHs (Table S8) described above (Figure
S9). Alternatively, seawater temperature showed a negative correlation with arhdA abundance
(p-value =0.017, R?=0.15). Temperature has previously been described as the main environmental
driver for microbial community composition in the epipelagic layer (Sunagawa et al., 2015).

Absolute abundance of arhdA gene (gene per liter) was also tested. This was obtained by
multiplying arhdA gene abundance per cell by heterotrophic bacterial abundance (cell counts
per liter). The model that best explained the variability (p-value = 5%10-4, R? = 0.51) included the
nitrate+nitrite concentrations, total chlorophyll a concentrations, the concentrations of LMW PAH
and HMW PAH in the particulate phase, as well the HMW PAH concentrations in the dissolved
and planktonic phases, as explanatory variables (Table S8). Thus, microbial PAH degraders



(or their arhdA gene abundance) are modulated not only by PAH concentrations, but common
environmental variables modulating microbial communities, such as nutrient concentrations
(nitrogen) and planktonic biomass (as given by chlorophyll a). This regression model explains
half of the variability in arhdA gene abundance and appears to depend on biogeochemical drivers
such as nutrients and biomass, in addition to a complex function of the PAH concentrations
across different phases. This is the first time that abundances of degradation genes in the marine
environment for a contaminant have been correlated with concurrent pollutant concentrations.
This finding implies that pollutants, while generally less influential than nutrients and other
biogeochemical drivers (Bristow et al., 2017; Iriarte et al., 2023), can still significantly affect
microbial communities capable of using PAHs as a carbon source.

Do AHs influence the structuring of microbial communities in the tropical and subtropical
oceans?

Further exploration of the influence of PAHs, and generally AHs, on oceanic microbial
communities (not limited to potential degraders), was performed by including PAH concentrations
plus other relevant environmental factors influencing community structure (temperature, nutrients,
etc.) in a Redundancy Analysis (RDA). Automated forward selection RDA identified water total
chlorophyll a concentration, water temperature, water in vivo fluorescence, and LMW PAHSs in
water (dissolved concentrations) as significant in explaining a portion of the variation in the
heterotrophic bacterial community composition (p-value = 0.001). These results are consistent
with the ones obtained above for the arhdA gene abundance. Specifically, a permutation test
on the automatically selected variables showed that total chlorophyll a concentration (p-value
= 0.001), temperature (p-value = 0.003), LMW PAHSs in water (p-value = 0.006), and in vivo
fluorescence (p-value =0.010) were significantly related to the variation in the bacterial community
composition along the transect (Figure 5, Table S9). The cumulative variance of the species-
environment relationship explained by the four RDAs was 17.39%. To evaluate the proportion of
variance explained by these four variables, we compared this value to the variance explained by
the first four Principal Components (PCs) of a Principal Component Analysis (PCA) model applied
to the same dataset. This comparison was conducted because the variance explained by an
unconstrained componentin PCA represents the maximum amount of variance that any component
can elucidate. The first four PCs of the unconstrained model explained 42.17%, meaning that the
RDA forward-selected variables explained 41.24% of the maximum variance they could potentially
explain (Table S9). These results suggest a significant impact of PAH on the heterotrophic fraction
of microbial communities, which have been shown to respond to background concentrations of
organic pollutants at transcriptomic and physiological levels. Often, this response includes taxon-
specific stimulation of respiration and other heterotrophic activities, along with the activation of
antioxidative mechanisms (Cerro-Galvez et al., 2021; Martinez-Varela et al., 2021).
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When cyanobacteria were included in the analysis, not only obligate heterotrophic bacteria,
temperature (p-value = 0.001), total chlorophyll a concentration (p-value = 0.005) and LMW PAHs
in water (p-value = 0.002) were automatically selected as significant according to the permutation
test (Figure S11, Table S9). The cumulative variance explained by the RDAs in this new model
was 19.30%. The variance explained by the first three PCs in the unconstrained PCA model was
48.35%, meaning that the RDA forward-selected variables explained a 40.00% of the maximum
variance they could potentially explain (Table S9). This is consistent with previous data indicating a
higher sensitivity of the smallest phytoplanktonic cells to the negative effects of organic pollutants
on populations and photosynthesis (Echeveste et al., 2016).

CONCLUSIONS

Using our methodology based on the phylogenetic placement of candidate protein
sequences retrieved with HMMER into a reference phylogenetic tree, we identified ARHDa
sequences in publicly available MAGs and metagenomes, and selected those query sequences
that were phylogenetically placed in clans containing manually curated AH-degrading enzymes.
Taxonomic annotation of these sequences from sites with background concentrations of PAHs
revealed specific AH degrading taxa also found under oil spill conditions. Overall, the results of
the statistical analyses suggest that background PAH concentrations may influence microbial
populations, alongside known factors such as temperature and chlorophyll a, with already-known
influence (Fuhrmanetal.,2015; Ruiz-Gonzéalezetal., 2019). Although AHs representa minor portion
of DOC, they may significantly influence microbial communities due to their hydrophobic nature
(Cerro-Galvez et al., 2021). The methodology applied here for AHs could also be used for other
organic contaminants. Nevertheless, the scarcity of field measurements for many contaminants,
along with the large unknowns surrounding contaminant degradation genes, hampers their
inclusion as a determinant factor modulating marine microbial communities and, eventually,
influencing major biogeochemical cycles. In this study, we have provided unique evidence of the
role of background pollution as a potential vector influencing global biodiversity, which further
emphasizes the urgent need to assess the influence of pollution-microbial interactions on other
vectors of the current environmental global change (Persson et al., 2022).

Funding sources

J. Iriarte acknowledges the predoctoral FPU fellowship (FPU19/02782) funded by the
Spanish Ministry of Science. This work was supported by the Spanish Research Agency through
projects PANTOC (PID2021-127769NB-100) and MIQAS (PID2021-1280840B-100). The research
group of Global Change and Genomic Biogeochemistry receives support from the Catalan
Government (2021-SGR-00448).

Chapter 6

286

Occurrence of Aromatic Hydrocarbon-degrading Genes in the

Temperate and Tropical Ocean



Chapter 6

Occurrence of Aromatic Hydrocarbon-degrading Genes in the

Temperate and Tropical Ocean

287
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The following are the Supplementary data to this article.

Multimedia component 1: Word document with Annexes S1 and S2, Figures S1-S11 and Tables
S1, S4, S6, S8 and S9.

Multimedia component 2: Spreadsheet with Table S2.
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Multimedia component 7: Spreadsheet with Table S7.
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Annex S1: 16S rRNA gene amplicon sequencing and taxonomic annotation using ampliseq
pipeline

Sequencing of the 16S rRNA gene in the surface stations was done as described elsewhere
(Ruiz-Gonzalez et al., 2019). Briefly, the V4-V5 region of the 16S rRNA gene was amplified with
the primers 515F and 926R (Parada et al., 2016) and sequenced in an lllumina MiSeq platform
using 2 x 250 bp paired-end approach at the Research and Testing Laboratory facility (Lubbock,
TX, USA; http:/www.researchandtesting.com).

The raw 16S rRNA gene amplicon sequencing data were downloaded from the European
Nucleotide Archive (acc. num. PRJUEB25224) and were analyzed using the nf-core pipeline for
amplicon sequencing called ampliseq (v.2.4.0) within Nextflow (v.22.04.5). Briefly, primer trimming
was skipped (—skip_cutadapt) since the primer sequences had already been removed from the
raw data. DADA2 (v.1.22.0) (Callahan et al., 2016) incorporated in the Ampliseq pipeline was used
for denoising and quality control followed by inference of amplicon sequence variants (ASVs) and
chimera removal (parameters: maxN =0, maxEE = 2,2, trunclen =232, 218). Taxonomic assigment
of the ASVs used SBDI-GTDB (Sativa curated 16S GTDB database, R07-RS207-1; FigShare. doi:
10.17044/scilifelab.14869077.v49). ASVs annotated as mitochondria or chloroplast were filtered
out by default by Ampliseq. The dataset accounted for a total of 7047 unique ASVs.

Annex S2: PAH concentrations data from Malaspina expedition

PAH concentrations were measured in the dissolved phase, particulated phase and
plankton, and have been reported elsewhere (Gonzalez-Gaya et al., 2016, 2019). This is the
largest available dataset on oceanic PAHs, and as all samples have been analyzed by the same
research group using the same methodology there is not biass between oceans. We use these
concentrations in this work when needed. Briefly, water samples for the dissolved and particulate
phases were taken at 4 m depth using the continuous seawater system of the ship, and during
transects. In order to match the PAH concentrations with the other environmental variables
measured at static stations, the initial coordinates of each transect have been considered as the
sampling point, and only those sampling points for which physicochemical and genomic data
were available have been included in this study. In the case of some metagenomic samples for
which there was no data on PAH concentrations nor environmental variables we computed the
mean of the data of the prior and posterior stations (stations 19, 49 and 141), or directly used the
data of the closest station (stations 30, 76, 92 and 101). For the metagenomic samples obtained
from the DCM, the in-situ pollutant concentrations were assumed to equal the one measured at
surface. Concurrently, plankton samples were gathered from vertical trawls with a 50um mesh
size net from 20 m deeper than the deep chlorophyll maxima depth (DCM) to the surface (depths
ranging from 20 to 160).



Table S1: Versions of R and packages used in this analysis.

Package
DT

base

car
carData
colorspace
corrplot
cowplot
data.table
ggnewscale
ggpmisc
g8pp
ggrepel
ggtree
kfigr

knitr
lattice
lemon
patchwork
permute
stats
tidyverse
treeio
vegan

viridis

Version

0.32

433

3.1.2

1.45

0.22.5

0.4.9

0.9.7

4.4.1

2.0.0

1.22.0

2.6.4

0.6.5

Citation

Xie, Cheng, and Tan (2024)
R Core Team (2024)

Fox and Weisberg (2019)

Fox, Weisberg, and Price (2022)

Zeileis, Hornik, and Murrell (2009); Stauffer et al. (2009); Zeileis et al. (2020)

Wei and Simko (2021)

Wilke (2024)

Barrett et al. (2024)

Campitelli (2024)

Aphalo (2023)

Aphalo (2024)

Slowikowski (2024)

Yu et al. (2017); Yu et al. (2018); Yu (2020); Yu (2022)
Koohafkan (2021)

Xie (2014); Xie (2015); Xie (2023)
Sarkar (2008)

Edwards (2024)

Pedersen (2024)

Simpson (2022)

R Core Team (2024)

Wickham et al. (2019)

Wang et al. (2020); Yu (2022b)
Oksanen et al. (2022)

Garnier et al. (2024)
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Table S2: Bacterial genomes with arhdA hits from GTDB (R07-RS207), genome taxonomy and
number of hits per method (phyloplace or CANT-HYD approach).

*This file is deposited in the CORA,Repositori de Dades de Recerca, and can be accessed
in the following dataset: IRIARTE MARTINEZ, JON, 2025, “Table S2. Bacterial genomes with
arhdA hits from GTDB (R07-RS207), genome taxonomy and number of hits per method”, https:/
doi.org/10.34810/data2017.

Table S3: Anvi'o bacterial tree data.

*This file is deposited in the CORA, Repositori de Dades de Recerca, and can be accessed
in the following dataset: IRIARTE MARTINEZ, JON, 2025, “Table S3. Anvi'o bacterial tree data”,
https:/doi.org/10.34810/data2019.
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Table S5: Taxonomic annotation of unique arhdA hits from Malaspina Vertical Profiles Gene
Database (M-GeneDB-VP) database.

*This file is deposited in the CORA,Repositori de Dades de Recerca, and can be accessed in
the following dataset: IRIARTE MARTINEZ, JON, 2025, “Table S5. Taxonomic annotation of unique
arhdA hits from Malaspina Vertical Profiles Gene Database (M-GeneDB-VP) database.”, https:/doi.
org/10.34810/data2020.

Table S6: Average number of arhdA gene copies and taxonomic classification per order.

303

Domain Class order average_gene_copies
Bacteria Gammaproteobacteria Alteromonadales 7.25
Bacteria Gammaproteobacteria Oceanospirillales 6.67
Bacteria Actinomycetes Mycobacteriales 6.53
Bacteria Gammaproteobacteria Moraxellales 6.50
Bacteria Gammaproteobacteria Acidiferrobacterales 5.00
Bacteria Nitriliruptoria Euzebyales 5.00
Bacteria Gammaproteobacteria Pseudomonadales 4.50
Bacteria  Alphaproteobacteria Hyphomonadales 4.40
Bacteria Acidimicrobiia Acidimicrobiales 4.20
Bacteria Actinomycetes Micrococcales 4.00
Bacteria Flavobacteriia Flavobacteriales 4.00
Bacteria Oligoflexia Bacteriovoracales 4.00
Bacteria Verrucomicrobiia Verrucomicrobiales 4.00
Bacteria Gammaproteobacteria unclassified 3.93
Bacteria  Alphaproteobacteria Rhodospirillales 3.91
Bacteria Gammaproteobacteria Cellvibrionales 3.80
Bacteria  Alphaproteobacteria unclassified 3.79
Bacteria Actinomycetes unclassified 3.79
Bacteria unclassified unclassified 3.76
Bacteria  Alphaproteobacteria Rhodobacterales 3.55
Bacteria Dehalococcoidia unclassified 3.50
Archaea unclassified unclassified 3.42
Bacteria Gammaproteobacteria Xanthomonadales 3.33
Bacteria  Alphaproteobacteria Sphingomonadales 3.25
Bacteria  Alphaproteobacteria Pelagibacterales 3.04
Bacteria  Alphaproteobacteria Hyphomicrobiales 3.03
Bacteria Balneolia Balneolales 3.00
Bacteria Planctomycetia Planctomycetales 3.00
Bacteria Saprospiria Saprospirales 3.00



Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Archaea
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria

Actinomycetes
Gammaproteobacteria
Gammaproteobacteria

Cytophagia

Acidimicrobiia

Gammaproteobacteria
Deltaproteobacteria
Alphaproteobacteria

Betaproteobacteria
Deltaproteobacteria

Gammaproteobacteria

Planctomycetia

Candidatus Poseidoniia
Betaproteobacteria
Betaproteobacteria

Actinomycetes

Blastocatellia
Opitutia
unclassified

Pseudonocardiales
Chromatiales
Nevskiales
Cytophagales
unclassified
Thiotrichales
unclassified
Rickettsiales
Nitrosomonadales
Myxococcales
Legionellales
Pirellulales
Candidatus Poseidoniales
Burkholderiales
unclassified
Propionibacteriales
Blastocatellales
Puniceicoccales
Oscillatoriales

2.86
2.75
2.50
2.25
2.17
2.15
2.04
2.00
2.00
2.00
2.00
2.00
1.67
1.56
1.25
1.00
1.00
1.00
1.00

Table S7: Individual gene abundance, taxonomy, and phyloplace functional annotation of the hits

found in each Malaspina sample.

*This file is deposited in the CORA,Repositori de Dades de Recerca, and can be accessed
“Table S7. Individual gene abundance, taxonomy, and phyloplace
functional annotation of aromatic ring hydroxylating dioxygenase alpha subunit gene hits found in

in the following dataset:

Malaspina database samples.”, https:/doi.org/10.34810/data2021.
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HMM search of ARHDa sequences
among species-representative
GTDB genomes (R07-RS207)

PFO0848 HMM
43171 hits

Phyloplace
11956 hits

Figure S1: Comparison of the three methods used in this study to retrieve potential ARHD
a-subunit sequences from GTDB species representative genomes. The yellow circle represents
the HMM search using the HMM PF00848, the green circle represents the HMM search with
PF00848 and the subsequent phylogenetic placement and selection of ARHDa sequences, and
the red circle represents the HMM search using CANT-HYD HMMs (NdoB and MAH_alpha) with
parameters recommended by the authors. The areas of the circles are proportional to the number
of hits detected by each method.



GTDB arhdA bacterial phylogenetic diversity plot ( 11895 )
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Figure S2: Taxonomy of the 11,895 unique potential arhdA gene hits obtained from GTDB
classified as bacteria, represented as the relative abundance of the main taxa at each taxonomic

level, from phylum to family.
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GTDB arhdA archaeal phylogenetic diversity plot ( 61 )
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Phylum Class Order Family Genus
Top 3 phylum Halobacteriota . Thermoproteota . Thermoplasmatota

Top 5 class Halobacteria . Thermoproteia . Nitrososphaeria . Poseidoniia . Thermoplasmata

Top 5 order  Halobacteriales [[| Sultoiobaies [ Nitrososphacraies || Poseidonizies || RBG-16-65-12
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Figure S3: Taxonomy of the 61 unique potential arhdA gene hits obtained from GTDB classified
as archaea, represented as the relative abundance of the main taxa at each taxonomic level, from
phylum to family.
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M-GeneDB-VP arhdA phylogenetic diversity of unique genes ( 2005 )
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Figure S4: Taxonomy of the 2005 unique potential arhdA gene hits obtained from Malaspina
Vertical Profiles Gene Database (M-GeneDB-VP), represented as the relative abundance of the
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arhdA gene copies per cell

Surface

DCM
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Figure S6: Barplot of arhdA abundance as gene copies per cell per station and water layer. Colors
represent the bacterial size fraction (free-living fraction, 0.22-3.0 ym; particle-attached fraction,
3.0-20 ym) from where the metagenomes were sequenced.
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Figure S7: Geographic distribution and abundance (gene copies per cell) of genes identified as
arhdA in the M-GeneDB-VP database per size fraction (free-living fraction, 0.22-3.0 ym; particle-
attached fraction, 3.0-20 ym), concurrently with the sum of the PAH compounds in the seawater
particulate phase per water layer (Surface water, 3 m; Deep Chlorophyll Maximum, DCM).
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Figure S8: Geographic distribution and abundance (gene copies per cell) of genes identified as
arhdA in the M-GeneDB-VP database per size fraction (free-living fraction, 0.22-3.0 ym; particle-
attached fraction, 3.0-20 ym), concurrently with the sum of the PAH compounds in the plankton
phase per water layer (Surface water, 3 m; Deep Chlorophyll Maximum, DCM).
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Figure S9: Linear regression plots of arhdA gene copies per cell vs PAH concentrations. Individual
plots are created per sample matrix where the PAHs are measured (Cw, seawater dissolved
phase; Cp, seawater particulate phase; Cplankton, planktonic phase), per water layer (Surface
water, 3 m; Deep Chlorophyll Maximum, DCM), and per metagenomic sample size fraction (free-
living fraction, 0.22-3.0 um; particle-attached fraction, 3.0-20 ym). P value according to Pearson
correlation.
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7.1 Main discussion

The research presented in this thesis contributes to the understanding of marine microbial
community-mediated biogeochemical processes and their role in determining the fate of
anthropogenic organic contaminants under the realistic conditions found in the oceans. To do so,
this thesis integrates datasets from the traditionally distinct disciplines of environmental chemistry
and marine microbiology, and utilizes different approaches, ranging from bioinformatics to field
experiments, to assess microbial biogeochemistry.

7.1.1 Advancing knowledge on marine pollution

As stated throughout this thesis, chemical pollution is not a localized issue, but rather
a first-order global threat comparable to climate change (Persson et al., 2022). Chemical
pollution and its impact on the marine environment are of particular concern, considering that
the global ocean covers approximately 70% of the planet’s surface and plays a fundamental role
in supporting life on Earth. Nevertheless, a significant knowledge gap persists regarding the
relevance and impact of marine chemical pollution on a global scale, especially in remote areas.
As the UNESCO Intergovernmental Oceanographic Commission stated in the State of the Ocean
Report published in 2022 “Despite the global significance of ocean pollution, observations remain
limited, geographically and thematically, being mainly concentrated at the ocean surface and in
coastal areas” (Enevoldsen et al., 2022). Furthermore, in The Zero-Pollution Ocean: A Call to Close
the Evidence-Gap report published by the Back to Blue initiative, the knowledge gaps concerning
marine pollution are stated, including the scale gap, which refers to the inability to draw large-
scale conclusions about the impact of pollution; the geography gap, referring to the imbalance
between well-studied areas versus other that remain unexplored; and the long-term monitoring
gap, which addresses how point-in-time studies hamper the discernment of trends (Back to
Blue, 2022). The scientific community is drawing attention to the fragmented nature of current
knowledge regarding chemical pollution and emphasizing the urgency of advancing toward a
more comprehensive understanding of the global landscape of chemical pollution (Abessa et al.,
2018; Hatje et al., 2022; Naidu et al., 2021). In line with this call, all the studies presented in this
thesis aim to contribute to addressing one or more of the aforementioned knowledge gaps.
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Publications | and Il present data of PAHs and PFAAs concentrations in surface seawater
and plankton samples from the Livingston and Deception Islands in the Antarctic Peninsula.
Data on the occurrence of organic contaminants, particularly those of emerging concerns such
as the PFAAs, in remote areas such as the poles are often limited, and these studies contribute
to addressing the geographical knowledge gap. Furthermore, the polar regions, particularly
Antarctica, function as sentinels of global pollution (Casas, 2022), facilitating the understanding of
long-range contaminant transport mechanisms and persistence worldwide, thereby contributing
to closing the scale gap. This is thanks to their remote location from primary pollution sources and
their cold environments, which might act as sinks for contaminants (Bengtson Nash, 2011). The
datasets presented in these studies also facilitated the analysis of concentration trends over time,
not only within each austral summer but also between two austral summers on Livingston Island
by complementing previously reported data of PAHs and PFAAs (Casal et al., 2017, 2018), thus
contributing to the long-term monitoring of these contaminants in maritime Antarctica.

In the case of PFAAs, temporal comparisons showed a decrease in the concentrations of
PFOS, PFOA, and PFHpA, whereas further confirmed the dominance of the short-chain PFBA
already observed in the 2014-2015 campaign (Casal et al., 2017). PFBA has been previously
shown to dominate snow and lake samples in the Antarctic Peninsula (Cai, Yang, et al., 2012),
as well as in snow and surface seawater samples in the Arctic Ocean (Cai, Zhao, et al., 2012).
The phase-out of PFOA and PFOS and their subsequent replacement with short-chain PFAS may
account for this phenomenon (Renner, 2006), a trend that has been previously observed in the
proximity to fluorochemical industry parks and in the global ocean (Muir & Miaz, 2021; Wang
et al., 2016). The temporal comparison also highlighted a preferential decrease of PFOS over
PFOA, which could not be attributed solely to settling fluxes or aerosolization, and suggested a
potential role for microbial-mediated desulfurization, a process previously documented precisely
in Deception Island (Cerro-Galvez et al., 2020).

With respect to PAHSs, the quantification of individual compounds extends the assessment
beyond the initial determination of their occurrence. The use of the so-called diagnostic ratios
based on isomer stability during PAH formation to identify their source (i.e., petrogenic, pyrogenic,
mixed, ...) is quite extended (Biache et al., 2014; Stogiannidis & Laane, 2015). In the Antarctic
Peninsula, according to the bibliography, the assessment of PAH diagnostic ratios reveals no
discernible pattern, but rather a mixture of PAHs originated from local and global sources, where
both natural and anthropogenic processes play a role (Cabrerizo et al., 2016; Szopinska et al.,
2019). Nevertheless, in our investigation, we did not employ the diagnostic ratios to ascertain
the PAH source; rather, we used them to evaluate the state of PAH biodegradation. Research
has demonstrated that microbial degradation induces characteristic alterations in the relative
distribution of PAHs, due to the accelerated degradation of PAHs with fewer aromatic rings or
the preferential degradation of parent PAHs compared to alkylated variants (Wang et al., 1998).
Consequently, specific isomer ratios were utilized as geochemical indicators of biodegradation,
such as the parent-to-alkyl-PAHs ratios for selected compounds, and were compared inter-
annually, revealing that the extent of PAH biodegradation varied between sampling campaigns.
Increased snowmelt contributed to an increase in surface seawater PAH concentrations, but



could also potentially enhance PAH biodegradation mediated by increased microbial activities
(Bunse & Pinhassi, 2017). This hypothesis is supported by the observation that maritime snow
and snowmelt provide organic carbon and nutrients to seawater (Nowak et al., 2018).

Publications Il and IV do not present new data on the marine occurrence of contaminants,
only for the experiments performed, but instead try to assess the potential role of biodegradation
as an oceanic sink of OPEs and PAHs using different methodological approaches. In an effort
to approximate oceanic conditions and maximize representativeness, both publications have in
common that are not limited to studying one specific area, but rather try to encompass multiple
biogeochemical regimes and oceanic regions. This way, the conclusions derived from these
studies apply to extensive regions of the global ocean, thereby mitigating the scale gap while
contributing also to reduce the geographic gap concerning the biogeochemistry of organic
contaminants in the open ocean. This is particularly relevant in the case of publication Ill, which,
to the best of our knowledge, represents the first reports of OPE biodegradation rates, and of any
contaminant of emerging concern, measured in situ using surface seawater in the open ocean.
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7.1.2 Integrating disciplines to explore microbial biogeochemistry

One particularly relevant contribution of this thesis is that it explores the potential of
concurrent field measurements of organic contaminant concentrations and microbial community
parameters onthe same samples as amethodtoinferthe mutual interaction between contaminants’
fate and microbial activities in the oceans under realistic scenarios. Understanding the factors
that determine the persistence and fate of organic contaminants under realistic environmental
conditions and the extent of microbial bioremediation is essential for a full risk assessment and
consequent regulations of contaminants (Cousins et al., 2019). Unfortunately, the knowledge
gathered mostly falls in the context of bioremediation under high contaminant concentrations,
thus hampering the understanding of biodegradation at low background concentrations.
Advanced methodological approaches involving interdisciplinary expertise are required to gather
insights into how biotransformation works under low concentrations of contaminant mixtures
and complex natural microbial communities (Fenner et al., 2021), in order to comprehensively
include and characterize those factors influencing contaminant fate and microbial activity in field
environmental settings (Nogales et al., 2011). However, this complexity and difficulties associated
to field studies result in a scarcity of studies addressing this issue. Among the existing studies,
most of them focus on highly impacted/polluted areas, such as oil spills or highly industrialized
regions (Dubinsky et al., 2013; Lin et al., 2023). Since our goal is to understand the impact of
background ubiquitous levels of organic contaminants, the focus is placed on remote areas far
from the sources of pollution such as oceanic gyres and Antarctic sites.

Publications | and Il combined data of PAHs and PFAS environmental concentrations with
data on microbial community composition by 16S rRNA gene amplicon sequencing, as well as
data on seawater physicochemical properties at coastal Antarctica. The statistical analyses
and correlation tests conducted with these datasets enabled us to derive observations that
would not have been attainable through alternative methods, such as significant correlations
between relative abundances of certain Amplicon Sequence Variants (ASVs) and contaminant
concentrations. In Publication I, negative correlations between dissolved phase LMW PAHs
and ASVs of the Pseudomonadales and Flavobacteriales orders were found. These orders
were preferentially correlated to concentrations during the 2014-2015 campaign, the one with
chemical evidence of increased degradation of PAHs. The ASVs found to negatively correlate
to LMW PAHs concentrations (that is, Nitrincolaceae and SAR92 within the Pseudomonadales
order, Polaribacter in the Flavobacteriales order) have been described as bloom-responsive
taxa associated with organic matter availability in maritime Antarctica (Piontek et al., 2022).
Furthermore, Polaribacter has been shown to play a role in hydrocarbon and oil degradation in
cold and temperate environments, and some strains able to grow on hydrocarbons have been
even isolated (Brakstad et al., 2017; Garneau et al., 2016; Kwon et al., 2019; Prabagaran et al.,
2007; Zhou et al., 2024). In the aftermath of the Deepwater Horizon Qil spill, Polaribacter was
found to be enriched in the late succession of hydrocarbon degrading bacteria, and Flavobacteria
were suggested to take advantage of the organic residues derived from the decaying bloom of
early hydrocarbon degraders, as well as of the recalcitrant components of crude oil, such as
the PAHs (Dubinsky et al., 2013). In our investigation, it was not possible to determine whether



Polaribacter were directly responsible for low LMW PAH concentrations or served as biomarkers
of oligotrophic bacteria responding to organic matter availability. Both hypotheses are plausible
and not mutually exclusive. However, taking all the evidence into account, results suggest that
snowmelt-driven bloom of bacterial activity promoted PAH biodegradation, probably through
the action of facultative hydrocarbonoclastic bacteria (HCB), generalist microorganisms with
the capacity to use hydrocarbons as well as a wide range of other carbon sources as growth
substrates. Exposure to PAHs has been previously reported to promote the growth of facultative
HCB, such as Pseudoalteromonas, while enriching the expression of PAH-degrading genes in the
surface microlayer at coastal Antarctica (Martinez-Varela et al., 2022), supporting the role of PAH
as growth substrates for marine HCB.

In Publication IV, PAH concentrations were correlated to both 16S amplicon sequencing
data and physicochemical parameters obtained from samples collected during the Malaspina
circumnavigation expedition (Duarte, 2015). Additionally, in this study, the potential for aromatic
hydrocarbon degradation was also evaluated by using the abundance of aromatic ring hydroxylating
dioxygenase alpha subunit gene as a proxy, measured from a gene catalogue constructed with
selected sequenced metagenomes (Sanchez et al., 2024). Statistical analyses showed a negative
correlation between the abundance of the gene and the occurrence of dissolved phase LMW PAHs
concentrations, among others. This finding is in line with what was found in Publication I, where
negative correlations were found between the abundance of oligotrophic potential facultative
HCBs and concentrations of LMW PAHSs.

Results from both publications suggest that at background environmental concentrations
of PAHSs, those sites exhibiting higher potential for aromatic hydrocarbon degradation report
lower concentrations of the most labile fraction of PAHs. This phenomenon is not observed at
sites with high PAH concentrations, where PAH-degrading bacterial genera are generally found to
be significantly abundant (Lin et al., 2023; Zhou et al., 2023). However, it is important to note that
biodegradation drivers may change fundamentally when shifting from high to low concentrations
of contaminants, as environmental conditions become more significant than the selective pressure
exerted by the contaminant (Fenner et al., 2021). Based on these findings, it seems appropriate
to postulate that, at low background concentrations of PAHs, microbial communities shaped by
environmental factors determine the fate and composition of the PAH pool.

However, the potential of anthropogenic organic compounds, such as PAHs, to modulate
microbial communities should also be considered (see section 1.4.2 in the introduction).
Experimental evidence for this was obtained in Publication IV, where dissolved phase LMW
PAH concentration was a significant explanatory variable of microbial community composition
in a redundancy analysis, along with other well-established environmental factors of bacterial
community structures such as water temperature and chlorophyll a concentration (Sunagawa
et al., 2015), suggesting a relevant yet neglected role of background PAH concentrations driving
microbial community compositions (Martinez-Varela et al., 2023). In addition to the direct
responses of bacteria, PAHs may also modulate microbial communities indirectly by exerting
negative effects on phytoplankton and grazers (Almeda et al., 2013; Barata et al., 2005; Bellas &
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Thor, 2007; Fernandez-Pinos et al., 2017). Therefore, there is an entanglement of PAH pollution
and microbial communities, which involves multiple biological players and physicochemical
processes in a complex interplay. Furthermore, given the current estimates of increasing
environmental contamination by anthropogenic organic compounds, the increasing stress from
ocean warming and acidification caused by climate change, and the reduced capacity to cope
with these stressors due to biodiversity loss in future global scenarios, the thresholds at which
organic contaminants significantly affect ecosystems might change, most probably becoming
lower. Therefore, results from this thesis call attention to organic contaminants as significant
factors modulating microbial communities, as discussed further below.

Regarding Publication I, correlation analysis between the occurrence of PFAAs and the
abundance of individual ASVs offered a way to explore if the observed preferential decrease of PFOS
over PFOA could be related to the presence of certain microbial taxa. The PFSA/PFCA ratio showed
only one significant negative correlation with the abundance of Amylibacter (Rhodobacteraceae
family, in the order Rhodobacterales). Amylibacter has been previously related to the metabolism
of organic sulfur compounds in temperate coastal waters (Li et al., 2024; O'Brien et al., 2022),
and has been directly linked to the metabolism of DMSP, an organosulfur compound produced
by phytoplankton (Gonzélez et al., 2019). Furthermore, Priest et al. (2024) related an enrichment
in sulfur metabolism, such as sulfur oxidation and sulfite reduction, found in an Arctic marine
microbiome to an Amylibacter ASV dominating the prokaryotic community. Notably, among PFOS-
degrading bacteria in coastal Antarctica, the order Rhodobacterales made the most significant
contribution to the transcript pool and accounted for most of the desulfuring gene expression
in microbial communities exposed to PFOS (Cerro-Galvez et al., 2020). Therefore, the negative
correlation found is consistent with the results reported by previous studies. However, further
work supporting a mechanistic understanding of microbial degradation of PFOS is needed to
confirm this observation. If confirmed, it would link PFOS desulfurization in the Antarctic marine
environment to the cycle of dissolved organic and inorganic sulfur and biogenic organosulfur
compounds.

While concurrent assessments of contaminant concentrations, microbial community
structure and functionality, and environmental parameters provide a broader perspective for
exploring contaminant interaction with microorganisms, the inferences drawn from these
observations should be interpreted with caution, as the co-occurrence of certain factors does
not necessarily imply causality between them. The statistical power of these comparisons is
constricted by the limited number of observations, which, despite being unique, reflects the
challenges associated with fieldwork. Nevertheless, such environmental studies are necessary,
as they not only yield environmentally relevant data and observations that improve modeling
capabilities, but also act as hypothesis generators (Figure 7.1), offering new research perspectives
to explore. Derived from the results of this thesis, for example, it should be addressed under
which circumstances PAHs are used as a growth substrate or transformed by co-metabolism.
In the former case, the complete enzymatic machinery for biodegradation should be present
within one degrader or small degrader consortium that covers its overall energy and nutrient
needs from mixed substrate utilization (organisms referred to as facultative hydrocarbonoclastic



bacteria). In the case of PAHs co-metabolically (“fortuitously”) transformed, it still remains
unclear which taxa are involved (Fenner et al., 2021). Regarding PFAAs, it would be interesting
not only to experimentally confirm the link between the bacterial taxa in the Rhodobacterales
order and sulfur-containing PFAAs, but also to isolate and characterize the enzyme(s) responsible
for this transformation, as the current understanding of environmental biodegradation of PFAS is
significantly less comprehensive compared to that of PAHSs.
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Figure 7.1 A model depicting the positive feedback loop between multi-omics data generation and isolation
of as yet uncultured microorganisms. The culture-independent databases generated through meta-omics
facilitate the formulation of hypotheses; however, they rely on cultivation of microbial isolates for mechanistic
understanding. Integrating multi-omics data curated by physiological characterization of already available
microbial isolates for the cultivation of novel environmental bacteria could potentially boost this feedback
loop and promote biotechnological innovation. From Gutleben et al. (2018). Licensed under CC BY-NC-ND
4.0. https:/creativecommons.org/licenses/by-nc-nd/4.0/
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7.1.3 Methodological approaches: a comparative analysis of benefits and
limitations

Assessing the overall complexity of organic contaminant biogeochemistry, associated
microbial diversity, and environmental conditions in a way that yields environmentally meaningful
results represents a challenge for which no standardized methodological approaches exist. The
principal reason for that lies in the challenge environmental microbiologists face, which can
be compared to their own version of the Heisenberg Uncertainty Principle: the closer a given
process is examined, the more likely is that artifacts will be introduced into measurements of
that process (Madsen, 1991). The results presented in this thesis take that into consideration
and aim to improve the understanding of the processes that organic contaminants undergo in
the surface open ocean, by generating and analyzing data obtained from the environment with
minimal intervention/perturbation of the environmental conditions. To achieve this objective, two
distinct methodological approaches have been employed: the first is based on data integration
and statistical analyses of field-derived datasets covering temporal and/or spatial variability,
utilizing available bioinformatic tools when feasible. Publications I, Il and IV are representative
of this approach. The second is based on obtaining direct experimental evidence of contaminant
biodegradation by laboratory-based assays performed in situ trying to replicate environmental
conditions. This approach is represented in Publication IIl.

Both approaches have their respective advantages and limitations (Table 7.1); however,
they are necessary and often complementary for determining in situ biodegradation and obtaining
a comprehensive understanding of the contaminant-microbiome interaction. Direct evidence of
microbial metabolism can be obtained through laboratory assays, as they allow for the use of
sterilized treatments as abiotic controls, while mass balances are made possible by performing
the assay in a sealed vessel (Madsen, 1991). In addition, the capacity to control experimental
conditions and design experimental setups provides a powerful way to test specific hypotheses.
Nevertheless, the extent to which findings from controlled laboratory experiments accurately
reflect environmental processes remains a subject of ongoing debate, due to the methodological
artifacts inherent in experimental setups (Madsen, 1991). The fact that most marine bacteria
remain uncultured and, importantly, the “bottle effect” -a change in community composition
within a few hours caused by sample collection and containment- are examples of the current
limitations (Massana et al., 2001). The handful of environmental factors and complex interactions
among them render environmental conditions challenging to replicate. This becomes particularly
relevant when assessing the persistence of chemical contaminants in the environment, crucial
information required for conducting a reliable risk assessment and regulation (Cousins et al.,
2019). While the results obtained from laboratory tests for hydrolysis can be reliably extrapolated
to field conditions, the same level of confidence cannot be applied to photodegradation and
biodegradation processes (McLachlan et al., 2017). Consequently, during the last decade, there
has been a call to increase the environmental relevance of the gathered data, for example, by
performing biodegradation tests under low spiking concentrations (Tian et al., 2023), or by
quantifying field-based degradation rates (Ottosen et al., 2019).



In Publication Ill, an OPE exposure field experiment was designed to test the potential for
OPE biodegradation in surface seawater of the Atlantic and Southern Oceans. The experimental
design was intended to be as representative of the environmental conditions as possible, by
conducting in situ quantification of OPE degradation under low spiking concentrations, controlled
temperature conditions, and short-term incubations. However, due to technical restrictions
implicit of the research carried out onboard a research vessel, some modifications were applied to
reduce the variability and the complexity of the experimental design, such as filtering the water to
exclude grazers or performing the incubations in the dark to block primary production. A significant
decrease of aryl-OPEs, TmCP and EHDPP, was observed for the Atlantic Ocean experiments after
48 hours of incubation, related to sorption processes and potential biodegradation, whereas
for those experiments performed in the Southern Ocean OPE losses could only be attributed to
sorption. A preferential degradation of aryl-OPEs over other OPEs compounds has been previously
reported. Kawai (1996) and Kawagoshi et al. (2002) reported rapid biodegradation of aryl-OPEs
by aquatic bacteria, whereas alkyl-OPEs required extended periods to exhibit biodegradation, and
chloroalkyl OPEs did not demonstrate discernible biodegradation. Similarly, Castro-Jiménez et
al. (2022) observed that in marine sediments with OPE additions, the degradation of chlorinated
OPEs under biotic and abiotic conditions was comparable. Finally, Vila-Costa et al. (2019) also
reported a significant decrease of TmCP and EHDPP in OPE addition experiments after 24h of
incubation, using surface seawater from the NW Mediterranean Sea.

This preferential decrease of TmCP and EHDPP relative to other OPEs raises some questions.
It could be related to the presence of aromatic groups acting as better leaving groups than alkyl
ones, due to their capacity to delocalize negative charges through resonance. In line with this,
Despotovi¢ et al. (2022) reported higher growth rates for marine bacterial isolates when utilizing
aromatic group-containing organophosphates. However, the existence of phosphotriesterases
capable of cleaving these ester bonds in the open ocean has yet to be reported. Microbial reactions
may be acting directly on the aromatic moieties, rather than on the ester bonds. Reactions
occurring on the aromatic substituents of OPEs, such as hydroxylation or methylation, have been
reported in soils (Yu et al., 2023), and the resulting transformation products have been detected
in the environment (Gao et al., 2025). While these reactions have not yet been reported to occur in
marine environments, given that the machinery to degrade aromatic hydrocarbons at background
concentrations is available thanks to the widespread presence of facultative HCB (Chapter 6,
Publication V), it is plausible to suggest that aromatic compound-degrading microbes could
interact with these aromatic groups present in TmCP and EHDPP, as well as in TPhP. While in
the case of TPhP the decrease was not significant, a correlation analysis of field TPhP dissolved
concentrations and bacterial production shows that TPhP concentrations are lower when bacterial
production is larger (Trilla-Prieto et al., 2025).
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Another factor that may be influencing this phenomenon is the hydrophobicity of the
compounds. Both TmCP and EHDPP have log Kow are higher than 5 (higher than the log Kow of
TPhP), which is considered the threshold to define a compound as bioaccumulative according to
the UNEP (UNEP, 2023). The cell surface adherence to contaminants is of great importance for
microorganisms as it is considered the initial step in the process of contaminant bioremediation
(Turan et al., 2024; J. Zhang et al., 2009). Consequently, higher hydrophobicity of the compounds
would facilitate this adhesion process, as well as potentially promote diffusion across membranes
in case of organic contaminant utilization as nutrients (Despotovi¢ et al., 2022). Overall, a complex
interplay between several physicochemical factors appears to be driving the fate of OPEs in the
water column; however, further experimental design will be necessary to gain insights into these
processes.

The percentage of TMCP and EHDPP decrease due to biodegradation correlated with the
increase of heterotrophic bacterial production, further highlighting the role of some biological
process behind this observation. As organic compounds with a phosphate group, OPEs could
serve as C or P sources. Previous studies have described bacterial strains capable of growing on
OPEs as the sole P or C source isolated from enrichment cultures of contaminated soils (Liu et
al., 2019; Takahashi et al., 2012; Wang et al., 2019). Regarding the marine environment, bacteria
from the Mediterranean Sea have been reported to use OPEs under phosphorus-limited conditions
(Despotovi¢ et al., 2022; Vila-Costa et al., 2019). Unfortunately, our attempts to determine if OPEs
were utilized as substrates or were being co-metabolized were inconclusive. This issue stems
from the lack of knowledge regarding OPE degradation pathways, as well as the key enzymes and
microorganisms responsible for this process in the open ocean and remote areas distant from
human influence, thereby hindering the accurate assessment of biodegradation. Future research
should address OPE transformation products in the open ocean water column to gain insights into
OPE transformation pathways and their potential use as nutrient sources.

Indeed, the current state of knowledge regarding the biogeochemistry of a contaminant
or family of contaminants constrains the feasible investigations that can be conducted. This is
the case of the emerging contaminants, such as OPEs and PFAS, for which the environmental
processes they undergo are not as well characterized as for other historic pollutants, such as
PAHSs, particularly with regard to their interaction with microorganisms and the microorganism-
mediated biodegradation. PAHs have been extensively studied and consequently, PAH-degrading
microbes have been identified, degradation pathways elucidated, and key enzymes characterized
(Ghosal et al., 2016; Kaur et al., 2023). This comprehensive knowledge facilitates the assessment
of PAH biogeochemistry directly from field-based data, through the utilization of diagnostic
ratios, analysis of omics data for biomarker genes or specific microbial taxa, and other relevant
methodologies. The use of field-based and culture independent methodologies not only provides
environmental relevance to the assessment of the contaminant biogeochemistry, but also
serves to reveal those processes involving unculturable microorganisms that are essential to the
functioning of the naturally occurring microbial communities in the environment (Chakraborty &
Das, 2016). Omics approaches can provide exemplary knowledge about microbial communities
and their role in the bioremediation of environmental contaminants, especially when combined



in the often known as “multi-omics” research, which integrates data of the whole biological
system (Hassan et al., 2022; Satya et al., 2024). Moreover, the availability of existing repositories
containing publicly accessible genetic data enhances research accessibility by mitigating the
constraints imposed by the costs associated with sequencing techniques.

Nevertheless, as stated in Fenner et al. (2021), “the identification of genes of interest in
such large data sets may be all but trivial if the relevant catabolic pathways and reactions for
a certain contaminant transformation have not been resolved a priori”, as is the case for OPEs
and PFAS. There remains a necessity in the field of marine microbiology and biogeochemistry to
isolate and characterize all those genes that are being discovered from metagenomic surveys,
but about which the limited knowledge that we possess regarding their metabolic potential is
solely derived from in silico predictions. Despite the latest advancements in the field of in silico
functional predictions, the majority of the unknown genes are suggested to encode novel proteins
distant from the known functional landscape (Rodriguez del Rio et al., 2024). In this context,
the cultivation of microorganisms emerges as a crucial methodology for the annotation and
functional characterization of novel genes (Muller et al., 2013), as well as the currently most
reliable approach to validate ecological hypotheses derived from multi-omics data (Figure 7.1,
Gutleben et al., 2018). Using existing bacterial cultures, researchers can examine microbial
metabolism at the biochemical level, uncovering previously unknown physiological characteristics
under diverse incubation conditions (i.e., Sanz-Saez et al., 2025). Additionally, experimental
validation of complex ecological interactions, evolutionary processes, and population changes
is only possible when isolates are available (Gutleben et al., 2018). Therefore, culture-dependent
techniques will continue to play a crucial role in the understanding of the biogeochemistry of
organic contaminants, and further advancements in cultivation techniques will be necessary
to reduce the gap between the as-yet uncultivable microorganisms and the number of isolated
species.
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7.2 Unresolved questions and future research needs

After the results presented in this thesis, several aspects of the biogeochemistry of organic
contaminants and their interactions with marine microbial communities remain to be answered.
Some of the questions and recommendations for future research are:

Co-metabolism or growth substrates?

To comprehensively elucidate the potential effects of organic contaminants on microbial
communities and marine biogeochemical cycles, future research should not be limited to
addressing the removal of parent compounds, but should include an assessment of the mechanism
of degradation. Organic contaminants, particularly those including heteroatoms such as the OPEs,
are potential sources of energy and nutrients, and consequently, may offer a metabolic advantage
to those microorganisms with the capacity to metabolically use them, especially within the context
of nutrient limitation present in large areas of the open ocean (Browning & Moore, 2023). Although
these anthropogenic organic compounds are usually not the preferred nutrient source, it might be
a matter of time that some microorganisms will adapt to utilize these new sources of nutrients, thus
producing an anthropogenic perturbation of the marine biogeochemical cycles. On the other side,
if the transformation of the parent compound results from co-metabolism, complete degradation
may not be achieved. Instead, the process could halt at a certain point, raising questions about the
fate and effects of recalcitrant transformation products formed (Fenner et al., 2021). For instance,
there is currently increasing concern regarding the degradation product of OPEs, namely di-OPEs,
due to their enhanced hydrophilicity and potential increase in toxicity (Gao et al., 2025; Liang
et al., 2024; Peng et al., 2023; L. Zhang et al., 2022). Regarding PAHs and similar aromatic-like
compounds, Gonzalez-Gaya et al. (2019) highlighted the need for future research to determine
whether the microbial loop fully respires these compounds or transforms them into recalcitrant
DOC, in order to understand the implications that these processes may have for the marine carbon
cycle. The target analysis of certain transformation products, or the implementation of suspect
and non-target screening techniques for the analysis of metabolites, could elucidate the nature of
chemical transformations undergone by organic contaminants.



Need for isolation and characterization of new biomarker genes

The finding of biomarker genes associated with the biodegradation of specific compounds
facilitates a multitude of research opportunities, including the evaluation of biodegradation
potential through the analysis of metagenomic datasets. However, in the case of the contaminants
of emerging concern, such as the OPEs, few degradation enzymes have been described to
date, with the majority originating from highly polluted environments. There is a need for a
more universally applicable biomarker of OPE degradation that could be used to evaluate OPE
biodegradation potential in the global oceanic system through bioinformatic approaches, as well
as for other anthropogenic organic compounds with biodegradation evidence. To accomplish this
objective, additional research efforts are necessary to evaluate OPE biodegradation at sites with
low background concentrations more representative of the global ocean, utilizing both field and
laboratory-based experimental approaches, ultimately leading to the isolation of OPE-degrading
microorganisms.

Optimization of techniques for marine isolates

In relation with the previous point, several molecular biology techniques are currently
available that may prove beneficial for the identification and isolation of marine microorganisms
capable of degrading anthropogenic organic compounds. One such technique is the gain-
of-function approach, which facilitates high-throughput genetic screening of entire genomes
(Fenner et al., 2021; Zimmermann et al., 2019). However, these techniques have predominantly
been developed for use with human health-related cultures and are not suitable for environmental
microorganisms, particularly marine species, where the high salt concentration typically
introduces additional complexity to the system. In order to take advantage of the latest methods
developed in the molecular biology field, more emphasis should be placed on the design and
optimization of new techniques to facilitate the inclusion of environmental microbiology. In this
regard, the development of single-cell or nano-sample approaches may offer new opportunities,
but that will require extensive conceptual and methodological development (Dachs & Vila-Costa,
2022).

Need for characterizing pollution in remote areas to develop a global perspective on
chemical pollution

Despite the efforts of this thesis to produce data and assess anthropogenic organic
chemical pollution in remote areas, substantial work remains to address this knowledge deficit.
The global picture of chemical pollution in the environment is often fragmented (Naidu et al.,
2021), as highly polluted sites, or areas next to intense anthropogenic activities gather most of
the scientific attention. Remote areas and other marine ecosystems should be addressed in future
works in an effort to gather data and ultimately help reduce the scale and geographic gaps of
marine chemical pollution (Back to Blue, 2022).
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Understanding processes in the water column

Surface waters often gather most of the attention regarding environmental risk
assessment of anthropogenic organic contaminants. However, chemical pollution threatens all
the compartments across the water column. Further research should address less extensively
studied ecosystems with globally important biogeochemical functions, such as the mesopelagic
and deep sea (oceanic layer below 200m depths), to elucidate the ecological implications of
organic contaminant occurrence and to determine the role these water compartments play in
the cycling of organic contaminants, particularly with regard to contaminants of emerging
concern (Sanganyado et al., 2021). Among the water compartments to be examined, the surface
microlayer (SML) emerges as a particularly significant area of study due to its complex and unique
physicochemical properties. This microenvironment at the surface of the ocean (a layer between
1 and 1000 pm thick) functions as the interphase between the atmosphere and the ocean,
thereby playing an important role in the air-water exchange of organic contaminants. On top of
that, the SML is enriched with organic matter with surfactant properties, which, together with
other particular environmental factors, results in distinct microbial communities inhabiting this
layer. The hydrophobic nature conferred by the accumulation of organic matter also results in the
enrichment of other hydrophobic compounds, such as organic contaminants. This enrichment
has already been reported for some of the families of contaminants that comprise the ADOC pool,
and even the relevant role of the bacterial communities inhabiting the SML for the removal of
PAHSs in the oceans has been highlighted (Casas et al., 2020; Huang et al., 2020; Martinez-Varela
et al., 2020, 2022; Trilla-Prieto et al., 2024). Further research should continue addressing the
relationship between organic contaminants and the SML, in order to build a more comprehensive
understanding of the role of SML in the fate of organic contaminants and perform adequate
environmental risk assessment of the anthropogenic compounds present therein.



7.3 Perspectives for future research

Complexity of environmental sciences under the global change scenario

Vectors of global change do not act individually, and climate change, biodiversity loss and
environmental pollution are no exception. The three are linked, and we are still learning how the
chemical pollution, biodiversity loss, and the effects of climate change, such as warming water
temperatures and increased acidification, interact to worsen each other’s impacts (Carmichael
& Brown, 2022). Biodiversity loss may affect the resilience of ecosystems to cope with climate
change and pollution (Oliver et al., 2015; Pires et al., 2018). Meanwhile, acidification and
warming affect the bioavailability and toxicity of various chemicals, leading to cumulative effects
of multiple stressors on organisms and ecosystems (Bethke et al., 2023; Carmichael & Brown,
2022; Noyes et al., 2009). For instance, Coelho et al. (2015) reported that the interactive effect
of acidification and oil pollution can affect the structure and functioning of sediment microbial
communities, potentially exacerbating the toxicity of oil hydrocarbons in marine ecosystems.
Marine microbial communities are already expected to suffer from the acidification and increase
in seawater temperatures, as these phenomena will change the nutrient cycling and limit nutrient
flux from sediments, together with the biodiversity, among other consequences (Abirami et al.,
2021; Nogales et al., 2011).

Given the current rate of global warming, with the past two years exhibiting record-breaking
surface global ocean temperatures (Bracco, 2025), and the anticipated increase in global
synthetic chemical production and subsequent environmental release, this issue appears to be
more pertinent than ever. While our understanding of the full extent of environmental impacts
from compounds in the ADOC pool remains limited, the emerging paradigm of climate change
threatens to alter the established principles of what was previously considered well-understood.
The complex relationship between environmental pollution, climate change, biodiversity loss,
and other global environmental vectors of change poses a significant challenge that requires a
comprehensive, multi-stressor analysis to predict the impact of these changes on coastal and
ocean ecosystems (Hatje et al., 2022). These environmental issues are deeply interconnected and
can exacerbate one another, leading to far-reaching impacts on ecosystems, human well-being,
and the entire planet (Wang et al., 2024). Therefore, addressing these challenges will require a
coordinated effort that integrates marine microbiology and environmental chemistry, along with
other branches of environmental sciences related to climate change.
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The need for a new industrial paradigm

A significant disparity emerges when comparing the number of chemical compounds listed
for regulation with the number of compounds in the market (even disregarding the growth rate
of each). The increasing rate of production and releases of larger volumes and higher numbers
of novel entities with diverse risk potentials exceed societies’ ability to conduct safety related
assessments and monitoring (Persson et al., 2022). Consequently, the observed discrepancy does
not indicate that all unlisted chemicals are safe for use; rather, it suggests that sufficient evidence
to demonstrate their detrimental effects on the environment is currently lacking. One may even
argue whether the few regulations that apply are effective. For example, despite the global ban on
chlorofluorocarbons (CFCs) in 2010, their atmospheric abundances increased between 2010 and
2020 (Western et al., 2023). Similarly, brominated flame-retardants (BFRs), besides being listed
as POPs, remain commercially available in several countries, with at least 63 BFRs on the market
and no signs of cessation (de Boer et al., 2024).

Overall, despite the introduction of the Green Chemistry Principles, the Stockholm
Convention, and other regulations over two decades ago, humanity has far exceeded the
planetary boundary for chemical pollution (Persson et al., 2022), with concentrations of hazardous
compounds that may no longer be declining, and regrettable replacements of problematic
substances that have proven ineffective or even aggravated risk (Blum et al., 2019; Fenner &
Scheringer, 2021). The rate at which the global chemical market expands surpasses the capacities
for chemical risk assessment, and the extensive complexity of interactions between numerous
chemical compounds and biological targets renders the development of sufficiently robust
predictive models an overwhelming challenge (Fenner et al., 2021). Meanwhile, “the chemical-
related annual death toll is significantly greater than that of World War Il and today constitutes the
greatest preventable form of mortality” (Figure 7.2, Landrigan et al., 2018; Naidu et al., 2021).
The dramatic increase in the release of chemicals suggests that current regulatory measures and
risk assessment strategies are insufficient to mitigate or manage the environmental impact of the
chemical industry.
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As a result, many researchers are advocating for a fundamental shift in the chemical
industry’s approach. There is an immediate need to address the root cause of the issue, prioritize
environmental and human health concerns, and set aside profit-driven motives (Lux, 2003).
“Unless industry worldwide receives strong, clear economic and regulatory signals to produce
clean, safe and healthy products it will continue with business as usual” (Hou & Ok, 2019; Naidu et
al., 2021). Chemical simplification, both in the sense of reducing the number of chemicals in use
and the chemical complexity of the compounds, has been proposed (Fenner & Scheringer, 2021).
This simplification would come together with grouping approaches becoming an integral part of
chemicals assessment, thus deprecating the current model of individual compound assessment.
The combination of both would facilitate progress toward a simplified and reduced portfolio of
chemicals, allowing resources and efforts to be allocated for thorough risk assessments of the
chemicals remaining in commerce (Fenner & Scheringer, 2021).

Nevertheless, in the absence of coordinated global action, any proposed changes or
interventions are unlikely to induce a significant alteration in this regard. To answer this need,
the United Nations Environment Assembly (UNEA) mandated in 2022 the creation of a new
Intergovernmental Panel on Chemicals, Waste and Pollution Prevention, an international Science-
Policy Panel (SPP) equivalent to the Intergovernmental Panel on Climate Change (IPCC). While
this SPP is in progress, several proposals have already been made about how this organization
should conduct chemical assessments. Among them, one of the most revolutionary states that the
SPP should be directed to conduct prospective assessments, as opposed retrospective impact-
based assessments (Diamond et al., 2024). The assertion is grounded in two key observations.
Firstly, taking preventive measures (proactive approaches) is significantly more efficient and
economical than addressing issues after they occur (European Environment Agency, 2013).
Secondly, instances of “false positives” (where anticipated problems do not materialize) are
considerably less frequent than “false negatives” (situations where valid concerns were not acted
upon preventively) (European Environment Agency, 2013). This underscores the importance of
proactive risk management and the additional costs of inaction until an issue has grown to cause
a major impact.

Scientific research will be essential to support the Intergovernmental Panel on Chemicals,
Waste and Pollution Prevention in its mandate of coordinating global governmental action
against chemical pollution, as well as to guide the industry to chemical simplification. However,
immediate action is imperative, and policymakers should initiate proactive measures based on
existing knowledge, rather than continuing to defer action while awaiting unprecedented scientific
discoveries to rectify the environmental degradation human activities have caused.
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Conclusions

The main conclusions of this thesis are summarized below:

The concurrent characterization of organic contaminants and microbial communities in
field-derived time series of measurements is a powerful approach that provides essential tools to
elucidate the complexity of biogeochemical controls of contaminant occurrence and dynamics.
Utilizing this approach, the following conclusions were derived from the research conducted in
coastal Antarctica:

Organic contaminants, such as polycyclic aromatic hydrocarbons (PAHs) and
perfluoroalkyl acids (PFAAs), were ubiquitous in coastal maritime Antarctica, and their
concentrations showed a large temporal variability that could be partially attributed to
inputs from snowmelt and the geographical features of the Livingston and Deception
Islands.

PAH biodegradation was found to be maximal in the year with large snowmelt inputs,
suggesting that organic and inorganic nutrient inputs triggered the response of the
microbial loop/pump, resulting in higher biodegradation of PAHs.

Significant correlations between specific hydrocarbon-degrading taxa and PAH
concentrations were found, although the potential for biodegradation could not be
solely attributed to the presence of these bacteria, indicating a complex interplay
between bacterial communities and environmental factors in the biogeochemical
cycling of PAHs.

Evaluating potential PFAA sinks suggests that, besides the biological pump-derived
removal of PFAAs associated with plankton, the depletion of PFSA through microbial
degradation linked to the organic sulfur cycle is feasible, and should receive further
attention in future research efforts.

Field experiments enable the testing of specific hypotheses under controlled conditions
while ensuring that the results closely reflect real environmental conditions. This is particularly
relevant when the biogeochemical processes affecting organic contaminants are still unknown,
limiting the use of analyses such as diagnostic ratios. In this context, the following conclusions
were derived from Organophosphate Ester (OPE) flame retardant and plasticizers exposure
experiments with naturally occurring microbial communities to assess potential biodegradation:

Dissolved phase OPE removal related to biotic processes was found for the two most
hydrophobic compounds of the targeted OPEs in the Atlantic Ocean after 48h of
incubations.
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Abiotic sorption controls are mandatory in OPEs biodegradation assessment
experiments to account for the passive sorption to microbial cells. This process
accounted for a significant depletion of dissolved phase OPEs in both the Atlantic and
Southern Oceans, and was correlated with the octanol-water partition coefficient of
the OPE compounds. This conclusion is relevant for all hydrophobic organic pollutants.

Greater OPE depletion due to biotic processes was found to correlate with increased
fold change in bacterial production rates, suggesting a direct link between OPE
biodegradation and protein production activity of heterotrophic bacteria.

Advances in omic techniques and bioinformatic tools offer new possibilities for using marine
microbial communities’ compositional, functional, and/or transcriptional data as biomarkers of
biodegradation potential for organic contaminants. This approach provides valuable information
for more accurately assessing the persistence of these compounds and enhancing the predictive
power of current models. In line with this, the following conclusions were drawn from our
bioinformatic approach to assessing PAH biodegradation using field measurements of chemicals
and metagenomic datasets:

The developed phylogenetic placement methodology identified aromatic ring
hydroxylating dioxygenase alpha subunit (arhdA) genes across various branches of
bacterial and archaeal phylogenomic trees and in a marine metagenomic dataset.

Across temperate and subtropical seawaters, the lowest concentrations of the low-
molecular-weight fraction of the PAHs were observed in regions with the highest
abundances of arhdA gene.

A higher abundance of arhdA genes in the particle-attached fraction was associated
with lower PAH concentrations in plankton, suggesting the potential role of the particle-
attached fraction as a hotspot for PAH biodegradation in the oceans.

Background concentration levels of PAHs were found to be significant factors in
explaining both the abundance of arhdA genes and the variation in the bacterial
community composition, together with other previously described environmental
factors such as temperature, nutrient concentrations, and planktonic biomass.

To summarize, the findings of this thesis lead to several conclusions and suggestions
regarding potential directions for future research:

Although background environmental levels of organic pollutants may not possess the
capacity to modulate microbial communities to the same extent as other environmental
factors such as nutrients, our findings suggest they should be considered as a relevant
factor still significantly influencing marine microbial communities.

Assessment of OPEs and PFAAs biodegradation from field-derived measurements
in marine environments is limited due to current uncertainties regarding the main



bacterial players, their metabolic pathways, and key genes. Emphasis should be placed
on culture-based approaches to identify and characterize these unknown factors.

In light of projected increases in environmental stressors (acidification, elevated
temperatures, altered oceanic circulation) and the anticipated rise in anthropogenic
organic compounds, it is imperative to emphasize the potential disruption of microbial
community functioning and biogeochemical cycles due to complex interactions with the
Anthropogenic Dissolved Organic Carbon (ADOC) pool within this emerging scenario.

The different approaches available for assessing microbial degradation of organic
pollutants provide key and complementary information on chemical persistence, a
key property when evaluating chemical risk, and such approaches will need further
development to cover an increasing number of contaminants of emerging concern.
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Hespérides, equipo de las BAEs, ... gracias a todos porque sin vosotros nada de esto seria posible.

| would especially like to thank Daniel, probably the most unexpected and enriching person
| have had the good fortune to meet. Before meeting you, | saw myself as someone who would
never be able to work on anything related to coding. But then you came along, once a year, to
share your light with us. | can now say that the command prompt no longer intimidates me. But it
wasn't all about science —Pedraforca, Palau de la MUsica, Montserrat... It has been a pleasure to
share those moments and enjoy the wonderful conversations we had together.

| would also like to thank the entire team at the Zimmermann lab at EMBL, especially
Michael, who made it possible for me to spend some time with them. The circumstances didn’t
turn out to be the best for me, but even so, it was a wonderful experience where | shared many
great moments with all of you.

Oierri ere eskerrak eman nahi nizkioke. Nire ibilbide zientifikoa zurekin hasi zen duela
urte batzuk, eta oraingoz harrotasunez esan dezaket honaino ekarri nauela. Askotan gogoratu
zaitut urte hauetan zehar, eta tesi honen zati txiki bat dagokizu. Mila esker ibilbide honen lehen
urratsetan nire ondoan egoteagatik eta irakatsi zenizkidan ikasgai guztiengatik.

Tambiénme gustariadedicarestetrabajo atodas esas personas que mellevanacompainando
(y aguantando mis quejas) practicamente toda la vida. A mi cuadrilla, Pablo, Haritz, Mendi, Belzu,
Ibarra y Etxarri. Pese a la distancia y a que todo lo que digo suene a chino, siempre me habéis
apoyado y animado, y os he tenido muy presentes en todo este proceso. A Ane, gracias por todas
las visitas, por todas las charlas, por todos esos momentos que has compartido conmigo y en los
que siempre consigues animarme. A Alaitz y Maider, por estar siempre dispuestas a dar un paseo,
charlar de lavida, por méas que pasen los afios. Qué mejor regalo que saber que voy a poder seguir
contando con vuestro apoyo en esta nueva etapa.

Otros nombres me vienen a la mente, a los que también me gustaria por lo menos
mencionar. Marta, Aina y Tamara, mis valencianas de referencia; Jon, Yuri, Maria, Silvia, Aitor,
Simon; los companieros perfectos para ir al monte y pasarlo en grande; Fernando, gran mentor y
mejor persona, ... gracias a todos por haberme ayudado a desconectar cuando mas lo necesitaba.

Gracias a Elisabet, porque, aunque me costd tomar la decision, acudir a ti fue un gran
acierto, el cual me ha permitido llegar hasta este momento.
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Por supuesto, dar las gracias a mi familia, a mis primas, a mis tios, a mi abuela (a la que
espero poder decirle que por fin he aprobado el doctorado). Pero sobre todo a mi amay a mi aita.
Me habéis dado los medios, me habéis apoyado en todas las decisiones que he tomado y habéis
ayudado en todo lo que estaba en vuestras manos. No os ha importado hacer los kilometros que
hiciera falta para venir a visitarme. Gracias, porque si he llegado hasta aquiy a ser la persona que
soy hoy en dia, es por vosotros.

Por Gltimo, gracias a Saioa. Companiera de vida. Hace tiempo decidimos recorrer nuestros
caminos juntos, a pesar de la distancia, a pesar del tiempo. Porque si algo tenemos claro es
que dentro de toda la incertidumbre que rodea nuestras profesiones, la vida es un poco mejor
cuando estamos juntos. T mas que nadie sabes todo lo que he vivido para llegar hasta aqui,
lo has sufrido y, por si fuera poco, has luchado incansablemente para sacarme una sonrisa en
cualquier circunstancia. Te estaré eternamente agradecido. Ahora se abre una nueva etapa.
Nuevas decisiones que tomar. Que venga lo que tenga que venir, porque sabiendo que te tengo a
mi lado estoy tranquilo.

Mila esker denoi!
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