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As zonas de sapal sdo ambientes intertidais altamente produtivos, que servem
como areas de reproducao para muitas espécies com grande importancia a
nivel comercial e econémico. Devido a sua localizacéo e as suas
caracteristicas fisicas e biolégicas, 0s sapais séo particularmente susceptiveis
a exposicao a hidrocarbonetos com origem antropogénica. A contaminagao
dos sedimentos com hidrocarbonetos de petréleo é especialmente nociva para
a vegetacdo de sapal, uma vez que os hidrocarbonetos aromaticos de baixo
peso molecular podem afectar todos os estagios de desenvolvimento das
plantas. No entanto, a utilizacdo de plantas para biorremediacéo
(fitorremediacao) por remocé&o ou captura de compostos téxicos, tem sido
amplamente estudada. A fitorremediacao é encarada como uma abordagem
eficiente, econdmica e de baixo impacto ambiental para remogéo de
hidrocarbonetos aromaticos, que envolve a intervengéo directa das plantas
coadjuvada pela atividade das popula¢Bes microbianas degradadoras na
rizosfera (fitorremediacéo assistida por microrganismos). Nas rizosferas
desenvolvem-se comunidades de microorganismos equipados com genes
catabdlicos relacionados com a degradacéo de hidrocarbonetos do petroleo
(OH), com potencial na destoxificacdo do sedimento em torno destas raizes.
Além disso, uma vez que algumas bactérias da rizosfera sdo também capazes
de colonizar os tecidos das plantas (bactérias endofiticas), designadamente da
raiz, as comunidades rizocompetentes degradadoras de OH sao importantes
para a degradacdo de OH ~in planta“ e contribuem para o seu papel como
agentes de biorremediacéo.

Este trabalho envolveu uma componente de campo e uma compoente
laboratorial desenvolvida em microcosmos, com o objectivo de caracterizar
interacgGes planta-bactéria relevantes na bioremediacdo de sapais
contaminados com hidrocarbonetos e optimizar combinagdes planta-bactéria
para uma melhoria da sobrevivéncia das plantas e aceleracdo da degradacao
dos poluentes.

Na abordagem de campo, foram utilizadas ferramentas moleculares para
avaliar como o tipo de espécie de planta e a contaminacéo com
hidrocarbonetos afetam a composi¢do das comunidades bacterianas do
sedimento [sedimentos sem vegetacdo e sedimentos em torno das raizes
(rizosfera) das espécies Halimione portulacoides e Sarcocornia perennis
subsp. perennis] num estuario temperado (Ria de Aveiro, Portugal)
cronicamente exposto a poluicdo por OH.



As sequéncias de genes de rRNA 16S obtidas neste estudo foram
usadas para gerar metagenomas “in silico” e inferir tendéncias nos
perfis funcionais das comunidades bacterianas em diferentes
microhabitats. Posteriormente, uma combinacdo de métodos
dependentes e independentes de cultivo foi utilizada para investigar o
efeito de contaminac&o com OH sobre a estrutura e fungéo da
comunidade bacteriana enddfitica das haldéfitas. Os sistemas radiculares
de H. portulacoides e S. perennis subsp. perennis parecem exercer uma
forte influéncia sobre a composicéo bacteriana e a analise metageomica
“in silico” revelou um enriquecimento em genes envolvidos no processo
de degradacao de hidrocarbonetos aromaticos policiclicos (PAHs) na
rizosfera de plantas haléfitas. Na fraccao cultivavel de endofiticas
degradadoras foram detetadas com particular frequéncia, espécies de
Pseudomonas conhecidas como degradadoras de OH. As comunidades
endofiticas revelaram um efeito local, relacionado com caracteristicas
do sedimento, tal como, o nivel de contaminacéo de OH.

A fim de determinar se a inoculagcdo da H. portulacoides com bactérias
degradadoras de hidrocarbonetos podem mitigar os efeitos negativos da
exposigdo das plantas a contaminacgéo por hidrocarbonetos, bem como
avaliar as respostas em termos de estrutura e fungédo das comunidades
bacterianas associada a raiz de plantas (rizosfera e endosfera), foi
desenvolvida uma experiéncia de microcosmos. A haldéfita Halimione
portulacoides foi inoculada com uma estirpe de Pseudomonas sp., uma
bactéria endofitica degradadora previamente isolada, e cultivada em
sedimentos experimentalmente adicionados com 2-metilnaftaleno.
Embora os resultados ndo tenham demonstrado um efeito significativo
do contaminante sobre a condicdo da planta, a reducdo da
concentracdo de 2-metilnaftaleno no sedimento no final da experiéncia
sugere que H. portulacoides pode ser considerada como uma planta
com potencial interesse para aplicacéo na fitorremediacédo de zonas de
sapal contaminadas com hidrocarbonetos aromaticos. Apesar da
degradacédo do hidrocarboneto néo ter sido acelerada pela inoculacdo
das plantas com uma estirpe de Pseudomonas sp. degradadora, esta
parece ter exercido um efeito positivo sobre a condicdo das plantas,
independentemente da adicdo de 2-metilnaftaleno. Os efeitos da
inoculacao sobre a estrutura da comunidade endofitica observada no
final da experiéncia indicam que a estirpe pode ser uma colonizadora
eficiente das raizes da H. portulacoides.

Os resultados obtidos neste trabalho sugerem que a H. portulacoides
tolera concentracdes moderadas de 2-metilnaftaleno podendo assim ser
considerada como um agente promissor para processos de
fitoremediagdo em sapais contaminados com hidrocarbonetos de
petroleo. As plantas suportam comunidades bacterianas endofiticas
diversas e enriquecidas em fatores géneticos (genes) relacionados com
degradacédo de hidrocarbonetos e as interagdes planta/bactéria podem
assumir um importante papel nos processos de degradacéo.
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Salt marshes are highly productive intertidal habitats that serve as
nursery grounds for many commercially and economically important
species. Because of their location and physical and biological
characteristics, salt marshes are considered to be particularly vulnerable
to anthropogenic inputs of oil hydrocarbons. Sediment contamination
with oil is especially dangerous for salt marsh vegetation, since low
molecular weight aromatic hydrocarbons can affect plants at all stages of
development. However, the use of vegetation for bioremediation
(phytoremediation), by removal or sequestration of contaminants, has
been intensively studied. Phytoremediation is an efficient, inexpensive
and environmental friendly approach for the removal of aromatic
hydrocarbons, through direct incorporation by the plant and by the
intervention of degrading microbial populations in the rhizosphere
(microbe-assisted phytoremediation). Rhizosphere microbial
communities are enriched in important catabolic genotypes for
degradation of oil hydrocarbons (OH) which may have a potential for
detoxification of the sediment surrounding the roots. In addition, since
rhizosphere bacterial populations may also internalize into plant tissues
(endophytes), rhizocompetent AH degrading populations may be
important for in planta AH degradation and detoxification.

The present study involved field work and microcosms experiments
aiming the characterization of relevant plant-microbe interactions in oil-
impacted salt marshes and the understanding of the effect of
rhizosphere and endosphere bacteria in the role of salt marsh plants as
potential phytoremediation agents.

In the field approach, molecular tools were used to assess how plant
species- and OH pollution affect sediment bacterial composition [bulk
sediment and sediment surrounding the roots (rhizosphere) of Halimione
portulacoides and Sarcocornia perennis subsp. perennis] in a temperate
estuary (Ria de Aveiro, Portugal) chronically exposed to OH pollution. In
addition, the 16S rRNA gene sequences retrieved in this study were
used to generate in silico metagenomes and to evaluate the distribution
of potential bacterial traits in different microhabitats. Moreover, a
combination of culture-dependent and -independent approaches was
used to investigate the effect of oil hydrocarbons contamination on the
structure and function of endophytic bacterial communities of salt marsh
plants.



Root systems of H. portulacoides and S. perennis subsp. perennis
appear to be able to exert a strong influence on bacterial composition
and in silico metagenome analysis showed enrichment of genes involved
in the process of polycyclic aromatic hydrocarbon (PAH) degradation in
the rhizosphere of halophyte plants. The culturable fraction of endophytic
degraders was essentially closely related to known OH-degrading
Pseudomonas species and endophytic communities revealed site-
specific effects related to the level of OH contamination in the sediment.

In order to determine the effects of oil contamination on plant condition
and on the responses in terms of structure and function of the bacterial
community associated with plant roots (rhizosphere, endosphere), a
microcosms approach was set up. The salt marsh plant Halimione
portulacoides was inoculated with a previous isolated Pseudomonas sp.
endophytic degrader and the 2-methylnaphthalene was used as model
PAH contaminant. The results showed that H. portulacoides health and
growth were not affected by the contamination with the tested
concentration. Moreover, the decrease of 2-methylnaphthalene at the
end of experiment, can suggest that H. portulacoides can be considered
as a potential plant for future uses in phytoremedition approaches of
contaminated salt marsh. The acceleration of hydrocarbon degradation
by inoculation of the plants with the hydrocarbon-degrading
Pseudomonas sp. could not, however, be demonstrated, although the
effects of inoculation on the structure of the endophytic community
observed at the end of the experiment indicate that the strain may be an
efficient colonizer of H. portulacoides roots.

The results obtained in this work suggest that H. portulacoides tolerates
moderate concentrations of 2-methylnaphthalene and can be regarded
as a promising agent for phytoremedition approaches in salt marshes
contaminated with oil hydrocarbons. Plant/microbe interactions may
have an important role in the degradation process, as plants support a
diverse endophytic bacterial community, enriched in genetic factors
(genes and plasmids) for hydrocarbon degradation.



"In the great battles of life, the first step to victory isthe desire to win."

Mahatma Gandhi
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Thesis Outline

Thesis Outline

Estuaries are particular environments which argestibo a wide variety of external
sources of pressure. The anthropogenic pressupeiatesl to human activities, namely
navigation and industries commonly developing adoestuarine areas, are often the
cause for the rapid degradation of the estuaring@@rment. Hydrocarbons are a major
contaminant in estuarine salt marsh areas and be@uhe ecological, commercial and
economic importance of these wetlands, restoraipproaches based on natural
recovery processes are being intensively studied.

Microbe-assisted phytoremediation is an inexpensawnel environment-friendly
approach based on the interactions between plamstleeir associated indigenous
degrading microorganisms (rhizo- and endospheréhoAgh phytoremediation of a
variety of contaminants in different environmentsstbeen reported in the last years,
studies on phytoremediation of hydrocarbons in walish sediments using halophytes
salt marsh plants are strikingly scarce. So, studiéocused on the
rhizosphere/endosphere microorganisms, essentiaddid marsh vegetation to resist
environment contamination, could be of great valae the development of new
approaches for the mitigation of oil contaminatements.

Similarly to what is known for terrestrial plantse roots of salt marsh halophytes
harbour communities of microorganisms that are ched in important catabolic
genotypes for oil hydrocarbon (OH) degradation Whimay have a potential for
detoxification of the surrounding sediment (Geisetibt et al., 1996, Daanest al.,
2001, Wattset al., 2007). In addition, since rhizosphere bacter@ations may also
internalize into plant tissues (endophytes), rhimopetent OH degrading populations
may be important foin planta OH degradation and detoxification. In this context
information on how bacterial populations colonizisglt marsh plants respond to oil
contamination and how they can contribute to OHoxiétation may significantly
contribute to the understanding of plant-microbeternactions underlying
phytoremediation approaches.

Chapter 1 presents an introduction to the recent scientifirovidedge on
biodegradation of petroleum hydrocarbons in estgaenvironments, the strategies

currently available for bioremediation (potentiadalimitations) and summarizes the
8
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perspectives of the use of halophytes in microlsestesi phytoremediation approaches.
This chapter was published in the jourddicrobial Ecology with the following
reference: MECO-D-14-00127.1; DOI: 10.1007/s00248-0455-9

Chapter 2 reports on a thorough in-depth molecular characagan of bacterial
communities in bulk sediments and rhizosphere rhiabdtats of salt marshes of Ria de
Aveiro, a temperate estuary chronically exposeuiltbydrocarbon (OH) pollution.

The barcoded pyrosequencing approach used in tilnity provided a comprehensive
overview of the rhizosphere bacterial communitiessalt marsh microhabitats [bulk
sediment and sediment surrounding the roots (rplze®) ofHalimione portulacoides
and Sarcocornia perennis subsp.perennis| differentially affected by oil hydrocarbon
(OH) pollution. In addition, the 16S rRNA gene sences retrieved were used to
generatein silico metagenomes and to evaluate the distribution térpial bacterial
traits in different microhabitats. The results r&eel that root systems of.
portulacoides and S. perennis subsp.perennis appear to be able to exert a strong
influence on bacterial composition. The silico metagenome analyses showed a
possible higher number of genes involved in thecgse of PAH degradation in the
rhizosphere of halophyte plants. These observatguggests that halophyte plant
colonization can be an important driver of hydrbceroclastic bacteria community
structure in salt marsh sediments, which can béoggd for in situ phytoremedition of
oil hydrocarbon in salt marsh environments. Thigpthr is submitted for publication in
FEMS Microbiology Ecology with the following reference:FEM12425; DOI:
10.1111/1574-6941.12425

Chapter 3 reports on a novel insight on hydrocarbon degradmipphytic bacteria
of salt marsh plants of a temperate tidal estuRig (le Aveiro, Portugal) with the aim
to investigate the effects of petroleum hydrocarbontamination on the structure and
function of endophytic bacterial communities oftsalarsh plant speciesiélimione
portulacoides and Sarcocornia perennis subsp. perennis). Culture-dependent and
cultural-independent molecular approaches were usedhvestigate the effect of
petroleum hydrocarbon contamination on the strectand function of endophytic

bacterial communities of salt marsh plants. Thelltesdemonstrate that the level of
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petroleum hydrocarbon contamination affects the mmsition of endophytic
communities, and plant-species-specific “impringsé confirmed by analyses of PAH
(polycyclic aromatic hydrocarbon) degrading gefdgese results provide a new insight
into the plant-microbe interactions that may ultiela determine the efficiency of
microbe-mediated phytoremediation approaches. €Thepter was published in the
journal Molecular Ecology with the following reference: MEC 12559;
DOI:10.1111/mec.12559

In Charter 4, a plant/sediment microcosm was made to asséiss ihoculation of
H. portulacoides with a hydrocarbon-degrading strain Bseudomonas sp. would
mitigate the negative effects of the exposure oé tplants to hydrocarbon
contamination. 2-methylnaphthalene was used asneedicontaminant source and the
halophyte plantHalimione portulacoides was chosen as a representative salt marsh
plant. A previously isolated PAH-degrading endophydtrain of Pseudomonas sp.
(chapter 3) was used as plant inoculum. The effett 2-methylnaphthalene
contamination on plant condition was evaluated l®asarement of the photosynthetic
activity using a non-destructive technique, PAM oflometry. The responses of
microbial communities (rhizosphere and endosphieré¢rms of structure [denaturing
gradient gel electrophoresis (DGGE)] and functipolycyclic aromatic hydrocarbon
(PAH) dioxygenase genes] were assessed. The rasditsite that the salt mash plant
H. portulacoides can influence microbial communities by stimulatthg development
of hydrocarbon-degrading populations that may couate to hydrocarbon removal and
degradation in salt marsh sediments. The inoculatiith an endophytic hydrocarbon-
degrading bacterium does not result in a signitiegdfect on the overall hydrocarbon
degradation potential of the salt marsh halopkiteortulacoides. However, the effect
of the inoculant on the structure of the indigenendophytic community indicates that

the strain may be a good plant colonizer.

Chapter 5 integrates and discusses the main results of thik wnd attempts to
extract the main findings, highlighting conclusiotisat can be incorporated into
innovative and more efficient strategies of micralssisted phytoremediation of coastal

areas.
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CHAPTER 1

Microbe-assisted phytoremediation of hydrocarbonsin estuarine environments

Vanessa Oliveira, Newton C.M. Gomes, Adelaide AttaeiArtur M. S. Silva, Helena
Silva & Angela Cunha
Accepted in Microbial Ecology journal

Abstract: Estuaries are sinks for various anthropogenic comants, such as
petroleum hydrocarbons, giving rise to significantzironmental concern. The demand
for organisms and processes capable of degradithgtgods in a clean, effective, and
less expensive process is of great importance.o”Rkpediation approaches involving
plant/bacteria interactions have been explored masaklernative, and halophyte
vegetation has potential for use in phytoremedmatd hydrocarbon contamination.
Studies with plant species potentially suitablerfocrobe-assisted phytoremediation are
widely represented in the scientific literature.wéwer, the in-depth understanding of
the biological processes associated with the rediiction of indigenous bacteria and
plants and their performance in the degradatiomydfocarbons is still the limiting step
for the application of these bioremediation soluian a field context.

The intent of the present review is to summarize sources and effects of
hydrocarbon contamination in estuarine environmehts strategies currently available
for bioremediation (potential and limitations), amide perspectives of the use of

halophyte plants in microbe-assisted phytoremeazhapproaches.

Keywords. salt-marshes; hydrocarbons; halophytes; phytoreatied

Introduction

Salt marshes are complex coastal environments lyssithated within estuarine
systems. They represent dynamic habitats, devejogliong the coast line and inside
estuaries and are characterized by high concennirafi soluble salts (prevailing NacCl),
relatively low diversity of species and high biomgsroductivity (Vernberg, 1993,
Baptistaet al., 2011). Estuarine salt marshes are among the pnodtictive ecosystems
on Earth (Costanzet al., 1997) promoting plant and microbial activity (Guaret al.,
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2005, Santost al., 2007, Oliveiraet al., 2010), representing a preferential habitat for
many organisms (fish, bird and other wildlife) (Mth & Gosselink, 2000, Watés al.,
2006) and providing important ecosystem serviceml{igret al., 2011). Salt marshes
are highly dynamic areas, influenced by the jointicam of water, sediment, and
vegetation, providing a buffer zone between teri@sind aquatic ecosystems in urban
and industrial areas. They contribute to flood oandnd erosion prevention and may
act as protective filters and final repositories fanoff pollutants, pathogens and
nutrients (Vernberg, 1993, Valiethal., 2004, Barbieget al., 2011).

Salt marshes are sinks for various pollutants, ivetg important anthropogenic
inputs from urban areas, industries and agricultacampounds, namely polycyclic
aromatic hydrocarbons (PAHS), polychlorobiphenyls  PCBSs),
dichlorodiphenyltrichloroethane (DDT), hexachlorobene (HCB),
hexachlorocyclohexane (HCH) and hexachlorodimethapbthalene (Dieldrin), as
summarized in Table 1.1. Due to their ecologicghamance, the cleanup and recovery
of these ecosystems is an issue of public concern.

Petroleum hydrocarbons (PHs) represent one of tbhet mommon groups of
persistent organic pollutants in coastal and esteaystems (Muchet al., 2011). They
are continuously released, persistent in the enment, toxic to many organisms, and
hazardous to human health (Toddal., 1999). This class of contaminants may be
originated from industrial release products or fraccidental spills (Todet al., 1999).
Numerous studies indicate that salt marsh sedimaetsapable of retaining PHs and
that the stimulation of microbial activity in thieizosphere of plants can accelerate their
biodegradation (Carmaat al., 1996, Daanet al., 2001). Phytoremediation is one of the
processes of hydrocarbon bioremediation, whichbegs intensively studied in the last
decade. The continuous release of hydrocarbonghenddegradation products caused
by anthropogenic activities around estuary areadsléo the necessity for efficient,
inexpensive, and environmental friendly processe$iyarocarbon decontamination,
such as phytoremediation. In that perspective, itiberactions between halophytes,
plants capable of growing in salt marshes, and tioeit-associated bacteria may play a
relevant role in the remediation of contaminatedaar Cultivation-dependent and -
independent approaches together with molecular oagpes have been used to
characterize plant hydrocarbonclastic bacteriangaships in the perspective of their

13
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exploitation for microbe-assisted phytoremediatidowever, particular features of salt

marsh ecosystems may impose difficulties in thecgge of implementation of these

strategies in the field, and considerable reseaffdrt has been directed to a deeper

understanding of halophyte-microbe interactionsiispolluted environments.

The purpose of this paper is to summarize receowledge on the degradation of

petroleum hydrocarbons in salt marsh sedimentstamlitically discuss the potential

and limitations of microbe-assisted phytoremedratpproaches for the recovery of oil-

impacted ecosystems.

Table 1.1 Concentration of various pollutants detected olireents at estuaries from

around the world.

Site Pollutarft Concentration (pg/@) Reference
Charleston Harbor Estuary, South Al 8.54
Carolina, USA cd 0.28
Cr 94.1
Cu 324
Fe 4.28 Sangeet al.,
Pb 31.7 1999
Mn 247.7
Hg 0.13
Ni 28.1
Zn 111.7
Chesapeake Bay, Maryland, USA Cd 17.6
Cr 1,831.1
Cu 396
Fe 14.74
Mn 3,381.0 MeG A
Ni 157.7 v
Pb 348.6
Zn 2,105.4
Hg 2,340.3
PAHs 23,322.8
PCBs 2,148.2
San Francisco Bay, California, USA Cd 5.733
Ni 39.677 oD A
cu 126.076 pvichabit
Pb 265.229
Zn 295.527
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Site Pollutarft Concentration (ug/§) Reference
Humber Estuary, Eastern England Cu 60
Pb 127 Lee &
ee
Zn 344 Cundy, 2001
HCB 0.022
HCH 0.003
Dieldrin 0.167
Suir Estuary, Ireland Cu 23.194 Fitzgeraldet
Pb 69.208 al., 2003
Bay of Fundy, Canada Hung &
Hg 0.079 Chmura,
2006
Mersey Estuary, U.K. PAHs 3.766 Vaneet al.,
PCBs 1.409 2007
Salt marsh along coastal zone of Portugglg > 10 to < 0.5 ppm Valegaet al.,
2008
Mitrena salt marsh, Sado, Portugal PAHs 7.35 Msadial .,
2008
Yangtze River intertidal zone, China Al 97213
Fe 49627
Cd 0.750
Cr 173
Cu 497 Zhanget al.,
' 2009
Mn 1112
Ni 48
Pb 44.1
Zn 154
Céavado River estuary, Portugal PAHs 0.4023 Muethh.,
2011
Lima River estuary, Portugal PAHs 800 Ribeital.,
2011

& PAHSs: polycyclic aromatic hydrocarbons; PCBs: polgchbiphenyls; DDT: dichlorodiphenyltrichloroethane;
HCB: hexachlorobenzene; HCH: hexachlorocyclohexaneldbin:hexachlorodimethanonaphthalene.
®Maximum concentration found in soil or sediments.

Hydrocarbons

Petroleum hydrocarbons (PHs) are common envirormhetdntaminants and

represent a serious problem in many parts of thédwiGioiaet al., 2006, Igbakt al.,
2007, Labbeet al., 2007, Vazque=zt al., 2009, Yergeawet al., 2009, Santost al.,

2011), particularly incoastaland estuarine systems which may become seriously
affected (Castlest al., 2006, Gomest al., 2008, Beazlewt al., 2012). They are the

principal components in a range of commercial potglue.g., gasoline, fuel oils,
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lubricating oils, solvents, mineral spirits, minlemils, and crude oil). Petroleum
products are a complex mixture of hundreds of hgaideon compounds, including
various amounts of aliphatic and aromatic moleculégy enter and spread through the
environment in many different ways (Todet al., 1999). Certain petroleum
hydrocarbons are directly released in the wateuroa| forming surface films while
others tend to accumulate in the sediment.

PAHs are widespread in air, soil, sediment, suriaater, groundwater, and runoff
and are also found to accumulate in plants andtegoianisms (Simpsoet al., 1996,
Penget al., 2008, Haritash & Kaushik, 2009). In estuarine immments, polycyclic
aromatic hydrocarbons (PAHs) are of great conceme tb their potential for
bioaccumulation, persistence, transport, toxiciyutagenicity and carcinogenicity
(Cerniglia, 1992, Samantet al., 2002, Bamforth & Singleton, 2005, Haritash &
Kaushik, 2009). These compounds are introduced @stoarine environments from
different sources and by a variety of processeas (Eil). Although PAHs are ubiquitous
in the environment (fossil fuels, brush fires, \aloes, and burning natural vegetation),
anthropogenic activities, such as petroleum re§jrand transport activities dependent
on the combustion of fossil fuels, are the majontdbutors to their release in the
environment (Freeman & Cattell, 1990, Cerniglia92,9Samantat al., 2002, Bamforth
& Singleton, 2005).

PAHs are classified as low molecular weight (LMWidahigh molecular weight
(HMW) according to the number and type of ringsythave in the structure (Bayoumi,
2009). Based on their abundance and toxicity, 161$Bave been included in the list of
priority pollutants of the US Soil Protection Aggniu et al., 2001). Because of their
high hydrophobicity and low lability, the process RAHs remediation, especially in
soils and sediments, is generally slow and expensihe fate of PAHs in the
environment depends on abiotic and biotic processel as stabilization, landfarming
(stimulation of indigenous microorganisms in thé by providing nutrients, water, and
oxygen), steam and thermal heating, chemical oxidat bioremediation
(bioaugmentation and biostimulation), and phytoreiaigon, which have been applied
to the restoration of groundwater and soils/sediméBamforth & Singleton, 2005,
Wick et al., 2011).
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Fig. 1.1 Sources and processes involved in hydrocarbonagelento estuarine

ecosystems.

Phytoremediation of hydrocarbons

Halophytes are defined as plants capable of compgleaheir life cycle in salt
concentrations around 0.200M NaCl or even highdowgrs & Colmer, 2008).
Moreover, many of these plants inhabit environmentsiect to constant flooding (e.g
coastal mangroves and salt marshes) (Colmer & Fiv908). Because estuaries and
coastal habitats are highly exposed to environnheratamination, many studies
addressed the use of halophytes in the phytorem@diaf many pollutants (e.g., heavy
metals, xenobiotics, and PHs) (Lin & MendelssoliQ® Coutcet al., 2011, Liuet al.,
2011, Marquest al., 2011, Curadet al., 2014). The physiological mechanisms that
these plants use to tolerate salts are partly gonakto those involved in heavy metal
resistance. Therefore, halophyte plants can acatmuietals, being therefore regarded
as promising candidates for the removal or stadiibn of heavy metals in polluted
soils (Manousaki & Kalogerakis, 2011).

According to the fate of the contaminant or to thechanism by which plants
remediate contamination, these approaches areradfeto as phytoextraction,

rhizofiltration,  phytostabilization,  phytovolatiktion, = phytodegradation  or
17
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rhizodegradation (EPA, 2000, Trapp & Karlson, 20(hytoextraction refers to the
uptake, translocation, and accumulation of contamim in the soil by plant roots into
above-ground components of the plants. This tecianigvolves the introduction of
plants referred to as hyper-accumulators in pallsites that after grown, are harvested.
So, phytoextraction involves the repeated cropphpglants in contaminated soil until
contaminant concentration decreases to acceptabielsl After harvesting,
contaminated biomass needs treatments prior toosigpthat can pass to secure
landfills, incineration, or more recently thermoedhical conversion processes
(combustion, gasification, and pyrolysis) (Garbi&uAlkorta, 2001). Rhizofiltration
involves the absorption or adsorption of contamisanrough roots or other plant parts
(EPA, 2000, Trapp & Karlson, 2001). In phytostatalion, plants reduce the
bioavailability of contaminants immobilizing thermn isoil/sediment, reducing the
mobility of contaminants and preventing migrationatater or air (EPA, 2000, Trapp &
Karlson, 2001). For the removal of low molecularigi® compounds from soll,
phytovolatilization is used. In this technique, rgka volatilize contaminants that are
biologically converting to gaseous species andasiey them through leaves via
evapotranspiration processes (EPA, 2000, Trapp &lska, 2001). Organic
contaminants such as petroleum, PAHs, BTEX, TNTloragmted solvents, and
pesticides are degraded only by plants (phytodedi@ag or by microorganisms and
plants, in a process denominated as rhizodegrad@frapp & Karlson, 2001).
Comparatively with application for the sequestnatar removal of metals, studies
involving halophytes for phytoremediation of PHs astill rather scarce. However,
species ofpartina, Salicornia, Juncus, Halonemum, Halimione, andScirpus have been
tested for the remediation of hydrocarbons in weltawith encouraging results (Table
2). The ability for PAH bioaccumulation was desedtfor Salicornia fragilis shoots by
a process of soil-to-plant transference that iseddpnt of exposure duration and
pollution degree. High molecular weight PAHs weetedted in aerial parts of the plant
(Meudecet al., 2006). In a study conducted in greenhouse camditithe use afuncus
roemerianus transplanted to salt marsh sediment contaminattddifferent diesel oil
dosages was tested. The results revealed the i@dust PHs inJ. roemerianus
treatments, in relation to control sediments, sstigg that these plants may
simultaneously contribute to the restoration anchediation of diesel-contaminated
18
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wetlands. Phytoremediation By roemerianus was even more effective for PAHs than
for n-alkanes (Lin & Mendelssohn, 2009). In an outdoabokratory experiment
(microcosm-scale), the potential of the salt maptnts Halimione portulacoides,
Scirpus maritimus, andJuncus maritimus for the remediation of soil contaminated with
refinery waste was tested. Two situations wereetksti) the use of each individual
plant species or the use of an association of tate & maritimus andJ. maritimus)
and (ii) soil with old contamination (crude oil) @ mixture of the old and recent
(turbine oil) contamination. Combined transplartSamaritimus andH. portulacoides
plants were efficient in removing not only all trecent and old contamination, and the

process was faster and more efficient than naaatahuation (Coutet al., 2011).

Table 1.2 Halophytes used for phytoremediation of hydrocasio estuarine areas.

Plant Result Reference

&

Spartina  alterniflora  and Restoration of oil contaminated wetlands ar}ldn
endelssohn,

Spartina patens accelerated oil degradation in soil. 1998

: . - Intense bioaccumulation of PAHs from oil-polluteéleudecet al.,
Salicornia fragilis

sediments in the shoots. 2006
Lin &
Juncus roemerianus Phytoremediation of diesel-contaminated wetlands. Mendelssohn,
2009
Halonemum strobilaceum Phy_toremedlanc_)n _of oil-polluted hypersalin@l-Mailem et
environments via rhizosphere technology. al., 2010
Halimione  portulacoides, Couto e al
Scirpus  maritimus  and Removal of petroleum hydrocarbons from soil. 2011 "
Juncus maritimus
: . . . . Liu e al.,
Scirpus triqueter Enhanced biodegradation of diesel pollutants. 2011

Despite existing evidence that the halophytes canuked successfully for the
phytoremediation of estuarine areas, such as oiliesel-polluted sites (Table 1.2),
there are still some limitations to the extensigse aof this bioremediation approach. The
efficiency of halophytes, as phytoremediation agedépends on the plant species. For
example, a comparative study of the efficiency bk tsalt-marsh speciesi.
portulacoides, S. maritimus, andJ. maritimus for remediation of PHs revealed that the

plant species is determinant in the rate of hydtwma clearance and, more importantly,
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that different associations between these plantsirt@rfere with or even inhibit the
process (Coutet al., 2011).

Microbial hydrocarbon degradation

Contrasting with the prospective character of tlee dnalophytes, the use of
microorganisms for the clearance of hydrocarbonthen environment has long been
regarded with interest. Through microbial activityydrocarbons are converted into
carbon dioxide, water, and living biomass (Genoeiwal., 1994). A diversity of
bacteria, fungi and algae has been characterized @ir capacity to degrade PAHs
(Haritash & Kaushik, 2009).

Microorganisms have been found to degrade PAHsiffierent catabolic pathways,
such as anaerobic or aerobic metabolism, or cobuk$a which is important for the
degradation of mixtures of PAHs and high molecwiaight PAHs (Habe & Omori,
2003, Zhongget al., 2007, Pengt al., 2008).The initial step in aerobic metabolism of
PAHs usually occurs via the incorporation of oxygeto aromatic rings followed by
the systematic breakdown of the compound to PAHsInadites and/or carbon dioxide.
Anaerobic metabolism occurs via hydrogenation dbnaatic rings (Bamforth &
Singleton, 2005, Zhongt al., 2007) In co-metabolism, the range and extent of high
molecular weight PAH degradation is influenced by ienportant interaction that
transforms the non-growth substrate (PAHS) in tmesgnce of growth substrates
(Zhonget al., 2007).

Physicochemical factors, suels soil type and structure, pH, temperature, @gctr
acceptors, and nutrients, will affect microbialiaty and determine the persistence of
hydrocarbons (such PAHS) in polluted environmefitsb(e 1.3).In estuarine areas,
such as salt marshes, salinity fluctuations reptesme of major challenges for
hydrocarbon degradation that may even compromeseverall success of the process.
There is an inverse relation between salinity agdrécarbon solubility, with the
consequent inhibitory effect of salinity on hydrdman bioremediation (Milleet al.,
1991). However, successful hydrocarbon degraddies been reported over a wide
range of salinity values. A consortium of bacteisalated from oil-contaminated
sediments demonstrated the highest rate of hydyonadegradation with a salinity of
0.4M NaCland thedegradation was attenuated below and above this(Bartrandet
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al., 1993). In a study with two bacterial consortialased from crude oil and mangrove
sediments, the highest rate of degradation of atiphand aromatic hydrocarbons
occurred in a salinity range between 0-0.171M, dedreased with increasing salinity
(Beesoret al., 2002).

Table 1.3 Factors affecting the biodegradation of petroldwmirocarbons

Factor Effect Reference

. . Venosa & Zhu, 2003, Peng
Composition and concentration of hydrocarbons affeé a. 2008 Das &

the rate and extent of biodegradation. Chandran, 2010

Bioavailability

Affects the physicochemical behavior of hydrocarho

Temperature e osity, diffusion, solubility) Venosa & zhu, 2003,

Y ' Y): Coulonet al., 2007, Pengt

Affects the physiology and diversity ofgld’lgoos’ Das & Chandran,
microorganisms.

- . . - . . ._Venosa & Zhu, 2003,

oH mgggznsmngcroblal activity by regulating mlcrOb'alAisIabieet al., 2006, Peng

: et al., 2008)

Availability of limiting nutrients (N, P, K, Fe) &cts Veno_sa & Zhu, 2003,

Nutrients microbial growth and consequently biodegradatiol%‘%lklnenet al., 2007, Peng

e al., 2008, Das &

rates. Chandran, 2010

Despite the occurrence of biodegradation &fenosa & Zhu, 2003, Peng
Oxygen hydrocarbons in anaerobic and aerobic conditiore, al., 2008, Haritash &
oxygen depletion decreases biodegradation rates.  Kaushik, 2009

Changes in salinity promote alteration of the mniab
Salinity population that affects biodegradation rates. Hi

Eiﬁenosa & Zhu, 2003,
concentration of salt inhibits hydrocarbon degrexhat

inai-Tehraniet al., 2009

Bankset al., 2003, Haritash
& Kaushik, 2009, Afzalet
al., 2011

. Promotes sequestration of contaminants, interfeirng

Organic matter . S
their availability.

Soil type influences the bacterial colonization al

microbial activities and subsequently the efficiemd

contaminant degradation.

rigadwanet al., 2005, Afzal
etal., 2011

Soil type and
structure

Riis et al., (2003) reported diesel fuel degradation by mi@obommunities from
saline soils in Patagonia up to a salinity of 2M97Although hydrocarbon
contamination is still persistent and recalcitrianits nature, the fact that microbes from
vegetated saline sediments can still actively digydaydrocarbons in the presence of
variable and relatively high concentrations of sglens promising perspectives for

microbe-assisted phytoremediation in estuarinesarea
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Microbe-assisted phytoremediation

The microbial communities associated with plantsl golant-microbe interactions
established between them, have a significant moltheé physiology and health of the
plant, exerted through inhibition of phytopathogdesy., antibiotic and siderophore
production or nutrient competition), release of wftopromoting molecules,
enhancement of nutrient availability, promotion d&toxification (e.g., sequestration,
volatilization, and degradation of pollutants), antgorovement of stress tolerance by

induction of systematic acquired host resistanag (E2).

ENDOPHYTES

- Inhibition of phytopathogens

- Release of growth promoting molecules
RH IZOSPH ERE - Induction of systematic acquired host resistance (SAR)
- Enhancement of nutrient availability

- Nitrogen fixation

- In planta detoxification (e.g. sequestration

volatilization and degradation of pollutants)

- Inhibition of phytopathogens

RHIZOSPHERE ﬁ_; >
0

production or nutrient competition)

(e.g. antibiotic and siderophore (, -
- Production of phytohormones \ ‘.

- Enhancement of nutrient availability

- Improvement of stress tolerance

- Nitrogen fixation

- Rhizosphere soil as main source of endophytic colonizers

- Bioremediation (e.g. pollutant degradation and biotransformation of toxic metals)

Fig. 1.2 Plant-microbe interactions and plant-growth-promgteffects of rhizosphere

and endosphere bacteria.

The use of plants and their associated microorganigor the removal of
contaminants from the environment is based on ttieeesase of microbial population
numbers in the rhizosphere and/or endosphere atideostimulation of their metabolic
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activity (Kuiper et al., 2004). So, microbe-assisted phytoremediation essrts a
powerful emerging approach to sequester, degreatesform, assimilate, metabolize, or
detoxify contaminants from soil, sediment, or grdwater (EPA, 2000, Moreiret al.,
2006).

Numerous bacteria found in association with plaate capable of degrading
hydrocarbons, namely PAHs, suggesting that indigembizobacteria and endophytic
bacteria may have potential for bioremediation @fyted sites (Seguret al., 2009). In
the particular case of estuarine environments, varsity of hydrocarbon-degrading
microbial populations has been found in associatih the rhizosphere of salt marsh
plants, where they actively contribute to hydrocarbbemoval and degradation (Daane
et al., 2001, Ribeiroet al., 2011). The use of rhizosphere and phyllospheegiala
portion of plants) of the halophytdalonemum strobilaceum was also proposed for
phytoremediation of oil-polluted hypersaline enwingents, via rhizosphere technology
(Al-Mailem et al., 2010).

Rhizodegradation appears to be a particularly @sterg phytoremediation process
for the removal and/or degradation of organic cambants, such as PH. The
rhizosphere is defined as the zone directly infagehby the plant root system. Plants
provide root exudates rich in carbon sources, enisi enzymes, and sometimes
oxygen, creating a favorable environment in whiclcrobial activity is stimulated
(Cunninghamet al., 1996, Fricket al., 1999, Kuiperet al., 2004). However, microbial
interactions with plants are not limited to thezdsphere; rather, they extend to the
interior of the plant (Lodewyckxet al., 2002). Endophytic-assisted phytoremediation,
involving microorganisms that are capable of livinghin various plant tissues (roots,
stems, and leaves), has been reported in recerg geauccessful in the degradation of
some pollutants, such as explosives, herbicided, railrocarbons (Germaing al.,
2006, Phillipset al., 2008, Segurat al., 2009). In fact remediation of hydrocarbons by
combined use of plants and rhizobacteria and/oogmgtic bacteria have been widely
described (Table 1.4).

Genetically engineered endophyte microorganismsamce the overall health of
theirs hosts (Baract al., 2004) and may indirectly improve biodegradatioh o
contaminants in the rhizosphere. Experiments ircvipea plants were inoculated with
the naphthalene degrad®seudomonas putida VM1441 (pNAH7) and exposed to
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naphthalene contamination revealed that naphthalegeadation rate (~ 40%), seed
germination, and plant transpiration were enhannethoculated plants than in non-
inoculated controls. Moreover, inoculation resultecan overall protection of the host
plants from the phytotoxic effects of naphthale@erfmaineet al., 2009). A study
carried out in a mangrove showed that nursery ¢tmmdi and early microbial
colonization patterns had long-term effect on thHezasphere of transplanted
mangroves. This phenomenon may have potential Ggjgn for introducing new
rhizocompetent bacteria carrying genes or plasni@smprove plant growth or
bioremediation (rhizoengineering) (Gonetsl., 2010b).

Several studies reported the enhancement of PHadaton in association with the
presence of bacteria carrying PH degradation géhalsle 1.4). A high diversity of
hydrocarbon degradative genes, such as alkane mygpemase dkB), naphthalene
dioxygenasendoB), phenanthrene dioxygenag#Ac), and cytochrome P450 alkane
hydroxylase, has been detected in plant microhabitdizosphere and endosphere)
(Phillips et al., 2006, Phillipset al., 2008, Germaineet al., 2009). In fact, the
monitoring of gene abundance and expression dyntirygpremedition of contaminated
sites can give indications about the persistenak fanctional activity of inoculated
microorganisms (Juhansomt al., 2009). A study conducted at a long-term
phytoremediation field site revealed that both ekjghere and endophytic communities
showed substantial inter-species variation in hgardoon degradation potential and
activity levels, with an increase in catabolic ggpes in specific plant treatments
(Phillipset al., 2008).

Recently, it was suggested that for certain phybadition approaches, it may be
essential or at least important, that bacteria alsbas plant growth promoters, in
addition to their pollutant-degrading activity. éxperiments with Italian ryegrass, plant
biomass production and alkane degradation werefis@gmtly enhanced by inoculation
with bacterial strains expressing hydrocarbon-d#igta genes (e.galkB) as well as
plant-promoting activity (1-aminocyclopropane-limaxylate (ACC) deaminase
activity) (Yousafet al., 2011, Afzalet al., 2012). So, the combined use of plant and
bacteria can be exploited to relieve plant strassl enhance bioremediation of PH-

contaminated sites.
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Table 1.4 Examples of successful approaches of remediatidmydrocarbons by combined use of plants and rlaetdyia and/or endophytic
bacterie

Rhizobacteria or Plant-growth promotion Type of Percen.
endophytic bacteria Plant Gene(s) feature8 contaminant  Degradatioh Reference
o

Pseudomonas sp. GF3 Triticum aestivum unknown. phenanthrene Phenanthrene 84.8%in80  Sheng &
degradation gene days Gong, 2006

Culturable n-hexadecane Festuca rubra alkB, ndoB, nidA, phnAc and Mixture of 50% in 4.5 Phillips etal.,

degraders C2,30 hydrocarbon$ months 2006

Pseudomonas putida Lolium multiflorum nah (plasmid NAH7) Naphthalene 40% in 14 da SGermaineet

VM1441(pNAH7) P P ° YSal., 2009

Pseudomonas strains Lolium perenne, Festuca ACC deaminase, Gurskaet al

UW3 and UW4 arundinacea, andSecale S|derophores gnd IAA Oil refinery  65% in 3 years 2009

cereale producing strain

approx. 70 % in Muratovaet
120 days al., 2010

Azospirillumbrasilense  Secale cereale and
SR80 Medicago sativa

Pantoea sp. strains,

ITSI10 and BTRH79; Lolium multiflorum and
Pseudomonas sp. strains, Lolium corniculatus
ITRI15 and ITRH76

IAA producing strain Oil sludge

unknown alkane degradation
gene; cytochrome P450 alkane Diesel fuel
hydroxylase andlkB gene

>57% in90 Yousafet al.,
days 2010a

Gordonia sp. S2RP-17  Zea mays A.CC deaminase and Diesel fuel 96 % in 46 days
siderophores

Honget al.,
2011

Pantoea sp. strains unknown alkane degradation

ITSI10 and BTRH79; . . ) ACC deaminase . approx. 79 % in Afzal et al .,
Lolium multiflorum gene; cytochrome P450 alkane . . Diesel fuel

Pseudomonas sp. producing strain 93 days 2012

MixRI75 hydroxylase andlkB gene

ACC deaminase,
Pseudomonas sp. SB Testuca arundinacea siderophores and IAA Ol
producing strain

85% in 120 Liu et al.,
days 2013

2 alkB: alkane monooxygenasendoB: naphthalene dioxygenasggA: naphthalene inducible dioxygenapbnAc: phenanthrene dioxygenase; C2,30: catechol 2,3 dangse; nah: encoded same proteins for both uppgdoaer
pathway of naphthalene degradat

® ACC: 1-aminocyclopropane-1-carboxylate deaminasiging IAA: indole-3-acetic acid.

¢ Maximum degradation obtain ed from sediments ds soeach study.

9Hydrocarbon contaminated site located in southeeasSaskatchewan, Canada (approx. 3000 to 35@).ug/
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Introduction

Current limitationsto the microbe-assisted phytoremediation of hydrocarbons

Microbe-assisted phytoremediation has been brotsdited for the degradation or
sequestration of hydrocarbons in estuarine enviemisi Despite being considered an
inexpensive, sustainable and environment-friendhihique, phytoremediation is not
exempt of controversy, and the success of this ¢y@gpproach is significantly affected
by environmental factors and particular featureseach ecosystem. One major
limitation is time, considering that successful fgingmediation is a process that goes on
for long periods which is partially determined Ine tslow growth and phenological (or
life) cycle of plants, the limited depth of the t@®ystem, and the fact that many plant
species are sensitive to the contaminants thateirgy remediated (Kuipet al., 2004,
Pilon-Smits, 2005).

The bioavailability of petroleum hydrocarbons iso@rer important factor in the
success of bioremediation, and it can be signiflgaaffected by soil type and organic
matter content. Water content (affects the avditgbof oxygen required for aerobic
respiration), temperature, and nutrient availabi{influences the rate and extent of
biodegradation) are relevant determinants of tfieiefcy of the PHs bioremediation
process (Fricket al., 1999). The competition for nutrients between tdaand
microorganisms can be a restriction to the remexhaefficiency. A reduction in
microbial abundance and an attenuation of degmadati higher molecular weight
PAHs in sediments was observed kh portulacoides banks and this effect was
associated to nutrient limitation (Muck al., 2011). Therefore, fertilization may be
required for optimal rhizoremediation of hydrocanbo

Although a wide range of hydrocarbon-degrading dx@athave been isolated from
contaminated environments, little is known abow #iability of the association with
salt marsh plants and the success of the re-inttmatuof plant-bacteria systems for
potential phytoremediation processes in salinensexdis. The fact that these biotopes
are colonized in a particular type of plants, wadlapted to flooding and to salinity
fluctuations, reinforces the need to incorporatsido&nowledge on their interaction
with sediment microbes in the design of phytoremioin approaches. Thability to
monitor the survival and efficiency of hydrocarbon degradatioof inoculatedstrainsis
essential fotthe in-depth understanding of the network of refeg established between
sediments, plants, and microbes that underliesolécassisted phytoremediation.
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Monitoring  plant-bacteria  interactions involved in  microbe-assisted
phytoremediation

The efficient colonization of plants by microbiadljutant degraders is an essential
contribution for plant survival and hydrocarbon detation (Andriaet al., 2009, Afzal
et al., 2012). Despite the lack of knowledge on inocolatand bacterial colonization of
halophyte plants, the monitoring of plant-bactenteraction in hydrocarbon-polluted
sites has been addressed by different approachésoremediation, the use of culture-
dependent methodologies, such as dilution platm@gar plates containing antibiotics,
the most-probable-number (MPN) method, and direcinting, are insufficient for an
accurate and sensitive monitoring of the inocutatiand colonization processes
(Schneegurt & Kulpa, 1998). Molecular techniquesuding polymerase chain reaction
(PCR), real-time PCR, and DNA hybridization, reporgenes or genetically marker
microorganisms (biomarkers) have been used to cbeakicrobe survival, efficiency
of colonization, and activity (Germairet al., 2004, Ryaret al., 2008, Andriaet al.,
2009, Juhansod al., 2009, Segurat al., 2009). For example, antibiotic resistance and
green fluorescent proteigfp) genes have been proposedissful tools for monitoring
the colonization of bacterial endophytes, inocwatepoplar trees (Afzadt al., 2013).
Endophyte colonization has also been monitored with use ofgusA marker gene
encoding the enzym@glucuronidase. Ayus-marked strainBurkholderia phytofirmans
PsJN, was inoculated in seeds of ryegrastiym multiflorum Lam.). B. phytofirmans
PsJN:gusA10 revealed that this bacterium has titieyab colonize the rhizosphere and
endosphere of ryegrass vegetation in a diesel-conged soil and generally improved
plant biomass production and hydrocarbon degrad#fiézal et al., 2013). Other study,
using restriction fragment length polymorphism (RffL showed thaEnterobacter
ludwigii strains were able to efficiently colonize the dsphere and endosphere of
Italian ryegrass, birdsfoot trefoil, and alfalfa.oMover,E. ludwigii strains contain a
cytochrome P450-type alkane hydroxylase (CYP1534d #he quantification and
expression of these genes by real-time PCR indiaatactive role in hydrocarbon
degradation, in the rhizosphere and endospher# thfree plant species (Youseifal.,
2011). Quantitative PCR has emerged as a useful rapd tool for monitoring
catabolic genes during bioremediation processesarAgxample, this technique was
used for the assessment of hydrocarbon degradatwity of Nocardia sp. H17-1
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during remediation of crude-contaminated soil (Bae&l., 2009). A similar approach
was used to demonstrate that hydrocarbon degradats associated with functional
changes in microbial communities, in which high goapumbers of catechol 2,3-
dioxygenase and naphthalene dioxygenase correlated® AH mineralization (Phillips

etal., 2012).

Metagenomic pyrosequencing, which allows the regpweé a very large number of
microbial sequences directly from environmental gl@sy, has more recently emerged
as a powerful technique to follow plant-microbeenaictions during the bioremediation
process (Roescht al., 2007, Wanget al., 2012). The sequences obtained can be
compared with reference libraries, and then taragmt in an environmental sample can
be identified with high confidence. The massiveadsdts generated provide information
that can be used for a variety of applicationshsag the comprehensive understanding
of within-site and between-site variability of natial communities and the impact of
this variability in ecosystem-scale processes ihmmarshes (Bowemt al., 2012). The
pyrosequencing analysis of bacterial 16S ribosdRNA (16S rRNA) gene fragments
of different Phragmites australis rhizospheres revealed a trend in the variation of
bacterial community structure during wetland degtaosh and identified sulfur and
sulfate-reducing bacteria, nitrifying and nitrogenng bacteria, and methane-oxidizing
bacteria as crucial in the protection and ecoldgiestoration of wetlands (Zharmgal.,
2013). Recent bioremediation studies have usedspyguencing analysis of bacterial
16S rRNA genes to describe microbial community dyica in hydrocarbon-
contaminated sites thus providing basis for theeigpment of strategies for monitoring
remediation processes (Singletenal., 2011, Suttoret al., 2013). For example, the
relative abundance ofChloroflexi, Firmicutes, and Euryarchaeota was directly

correlated with the presence of diesel (Sudtoad., 2013).

Futur e per spectives

Despite numerous limitations, phytoremediation aadicularly, microbe-assisted
phytoremediation have undeniable advantages, aseameh must now specifically
address the aspects that can allow the scalingamp faboratory to the field for the

practical implementation of this approach.
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Each salt marsh displays particularly biologicalhemical, and physical
characteristics that will ultimately determine ttsiccess of phytoremediation.
Therefore, field studies, combined with laborat@agyproaches, are required for the
understanding of the interplay of biological andemiical processes involved in
microbe-assisted phytoremediation of oil-impactéess

Considering that plant-microbe interactions playkey role in the process of
environment andin planta detoxification, (a) the identification of autocbtious
hydrocarbon-degrading bacterial populations assatiato salt marsh plants
(rhizosphere and aboveground plant tissues), (b) itkentification of degradative
plasmids, and (c) the selection of petroleum-rasisplants are key issues for the
success of environmental restoration. The deteadfogenes related to hydrocarbon
degradation pathways in halophyte plants can bilusescreen for lineages of plants
that can be used in efficient phytoremediation gols. Moreover, these genes can be
used for the genetic engineered design of plamtadeel phytoremediation approaches
for hydrocarbon-polluted wetlands and soils (RarRaweet al., 2012). Recent plant
biotechnology approaches involving the introductiasf specialized bacterial
endophytes in plants or the design of geneticalhgireeered plants containing
interesting bacterial genes (Barat al., 2004, Taghaviet al., 2005) create new
perspectives for future phytoremedition protoc&adophytic hydrocarbon-degrading
bacteria may have a growth-promoting effect onwiid salt marsh halophyte plants
and may be regarded as promising when field micestsisted phytoremediation

approaches are envisaged.
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CHAPTER 2
Halophyte plant colonization asadriver of the composition of bacterial

communitiesin salt marshes chronically exposed to oil hydrocarbons
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Abstract: In this study, two molecular techniques [denaturiggadient gel
electrophoresis (DGGE) and barcoded pyrosequencivege used to evaluate the
composition of bacterial communities in salt mansicrohabitats [bulk sediment and
sediment surrounding the roots (rhizosphere) Hdlimione portulacoides and
Sarcocornia perennis subsp.perennis] that have been differentially affected by oil
hydrocarbon (OH) pollution. Both DGGE and pyroseuiieg revealed that bacterial
composition is structured by microhabitat. Rhizasehsediment from both plant
species revealed enrichment of OTUs (operationanamic units) closely related to
Acidimicrobiales, Myxococcales and Shingomonadales. The in silico metagenome
analyses suggest that homologue genes related tdeQidation appeared to be more
frequent in both plant rhizospheres than in butkreent.

In summary, this study suggests that halophytetatonization is an important
driver of hydrocarbonoclastic bacterial communityomposition in estuarine
environments, which can be exploited forsitu phytoremediation of OH in salt marsh

environments.

Keywords: rhizosphere, pyrosequencing, microbial diversiajt sarshes

Introduction

Estuarine salt marshes are ecologically, comméycgadd economically important
(Barbieret al., 2011). Due to their high productivity and locatidhey provide valuable
ecosystem services (Coulehal., 2012). However, being located between aquatic and
terrestrial systems, they are vulnerable to peatiwhs from both environments (Bowen

et al., 2012). Although salt marsh conservation is gdhebelieved to be important for
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the maintenance of healthy coastal ecosystems,e tleosystems have been
systematically destroyed due to urban and induisgriewth (Reboreda & Cacador,
2007; Martinset al., 2008). Anthropogenic inputs of hydrocarbons are of the major
threats to salt marsh vegetation (Carreial., 1996; Wattst al., 2006; Martinset al.,
2008). Low molecular weight aromatic hydrocarbons particularly deleterious and
can affect plants during all growth stages (Gaol&,22004; Wattst al., 2006; Watts
et al., 2008).

Microbial degradation is the primary route for theeakdown of hydrocarbons;
degradation depends largely on composition andtagapesponse to the presence of
hydrocarbons (Leahy & Colwell, 1990)he use of plants and their associated
microorganisms to promote bioremediation of degiladeeashas been previously
demonstrated in several studies (Siciliano & Geanii998; Daanest al., 2001).
Rhizosphere-associated microorganisms are curreggigrded as pivotal in combating
environmental contamination and there is growirtgrgst in the development of new
approaches for the mitigation of hydrocarbon comtaton of coastal ecosystems
(Daaneet al., 2001; Ribeiro et al., 2011). Although information exists regarding the
microbial processes involved in hydrocarbon degrada(McGenity, 2014) many
others questions, such as the organization of mi@rcommunity structure or even the
mechanism involved in their adaptation to the pmeseof oil contamination, need
additional data to implement appropriate biorentalia strategies. Molecular
techniques provide an opportunity to understandahial diversity and functionality in
oil contaminated sites.

In a previous study, fluorescence in situ hybritia@a(FISH) was used to determine
the relationship between different halophyte spe@ad the relative abundance of
prokaryote groups in salt marsh sediments and abukimics analysis revealed that
volatile compounds released through the roots nmalerlie plant-bacteria associations
in intertidal salt marshes (Oliveis al., 2012). Here we provide, for the first time, a
thorough in-depth molecular characterization oftéaal communities in bulk sediment
and rhizosphere microhabitats in a temperate gst(@ra de Aveiro, Portugal)
chronically exposed to oil hydrocarbon (OH) polmi DGGE and barcoded
pyrosequencing (16S rRNA gene amplicons) were tsadsess how plant species- and

OH pollution affect sediment bacterial composition sampling sites exposed to
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different levels of contamination. In addition toig, the 16S rRNA gene sequences
retrieved in this study were used to generatsilico metagenomes and evaluate the

distribution of potential bacterial traits in difést microhabitats.

Material and methods
Sampling sites and sample processing

Samples were obtained from four sites of the RiaAdeiro estuarine system
(Aveiro, Portugal). The Ria de Aveiro is a shallestuary, sometimes considered a
coastal lagoon, on the northwest cost of Portug@l7C N, 8.7° W). It is formed by a
complex network of channels and extensive intertmbges (Diast al., 1999). Plant
and sediment samples were taken during low tidmmn ffour different sites (site A,
40°35'52.64"°'N, 8°45°.0071°W, site B, 40°38'27/M" 8°44°15.42"°W; site C,
40°37°32.18"'N, 8°44°09.12°W; site D, 40°37°18.80°8°39°46.28"°'W (Fig. 2.1). In
each site, four composite samples of
each plant species Hélimione
portulacoides and  Sarcocornia
perennis subsp. perennis) were
collected and stored separately in
plastic bags for transportation. In the
laboratory, bulk sediment and
rhizosphere samples were separated.
Roots were manually shaken to remove
loosely bound sediment, which was
discarded. The rhizosphere was
extracted by suspending roots with

tightly attached sediment particles in

: - — i : sterile deionized water. The mixture
Fig. 2.1 Ria de Aveiro (Portugal) with the _
was kept in a rotary shaker for 30

location of sampling stations (A, B, Cor D). _ _
min. and the resulting sediment slurry

was decanted into a sterile Falcon tube and ceg&d (5 min., 7600 rpm, 4°C). The
supernatant was rejected (Philligisal., 2008). Bulk sediment and rhizosphere extracts
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were stored at -20°C for subsequent molecular amsallyor salt marsh physicochemical

characterization, three sediment subsamples wdeztma in each sampling site.

Sediments properties

For pH determination (Orion Model 290A), bulk sedmh was suspended in water
[1:5 (w/v)] (Faoun, 1984). Sub-samples were analyie organic matter content, as
percentage of weight loss by ignition (8 h at 460), moisture (expressed in percentage
of water per quantity of fresh sediment weight) aadiment grain size (estimated from

wet and dry sieving), following Quinting al. (1989).

Hydrocarbon analysis

Bulk sediment was analyzed for aliphatic and ardertatdrocarbons after a Soxhlet
extraction followed by a gas chromatography mastspmetry (GC-MS) analysis,
conducted for three sediment sub-samples of eath thiat were previously
homogenized and freeze-dried. For the standardizaif the procedure, the internal
calibration method was used in the quantificatidn16 US EPA priority PAHSs.
Deuterated PAH surrogate standards were added dioneet samples in order to
calculate the recovery efficiency during sampleawtton, cleanup and analysis. For the
aliphatic hydrocarbons fraction, two internal starts were used: undecane; #d54)
and tetracosane §GHsg).

Five grams of dried, homogenized sediment wereaetdd for 24 h in a Soxhlet
apparatus with 150 mL of dichloromethane. Prioextraction, the sediment was spiked
with 25 pl (2 ug mt) deuterated surrogate standards (naphthalgresenapthlenesgl
phenanthrenesg chrysene-g and perylene-d). Activated copper (Schubert, 1998)
was added to the collection flask to avoid sulfiteiferences in gas chromatography-
mass spectrometry. The extracts were concentrayedotary evaporation up to a
volume of about 2-3 ml. The solvent was changetl0tanl of hexane and the volume
was further reduced to approximately 1-2 ml. Hydrbons in the concentrated hexane
extract were separated using a 2:1 alumina/siledlacglumn with anhydrous sodium
sulfate overlaying the alumina in order to remoaex. The column was used to clean-
up and fractionate the extract. Elution was perfrmsing 15 ml of hexane to obtain

the first fraction (aliphatic hydrocarbons), folled by an elution with 30 ml of
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dicloromethane/hexane (1:1). These two eluentsagang the aromatic hydrocarbons
(PAH) were combined for analysis. The sample volumas reduced to 1 ml by rotary
vacuum evaporator and further to 0.2 ml with a lgeptire nitrogen stream. A known
quantity (2 mg mf) of the internal standard, hexamethylbenzene, agated prior to
GC-MS.

GC-MS analyses were conducted in an Agilent NetwGf& system, namely an
Agilent 6890 gas chromatograph equipped with a msatsctive detector (MSD 5973).
The selective ion mode (SIM) was used for aromiaydrocarbons and the scan mode
was used for aliphatic hydrocarbons. The hydroasstyweere separated using a VF-5MS
fused silica column (30 m x 0.25 mm i.d. and 0.2% film thickness). GC/MS
operating conditions were as follows: injector amansfer-line temperatures were
maintained at 300 °C. The oven temperature progvaminitially isothermal at 60 °C
for 1 min, increased to 200 °C at a rate of 10 9&fimold for 2 min), and then increased
at a rate of 5 °C/min (hold 8 min) and kept isatterat 300 °C. Helium was used as
carrier gas, at a flow rate of 1.3 ml mlimliquots of 1 pl were manually injected in the
splitless mode with a 7.50 min solvent delay. Fonztic hydrocarbons, mass spectra
were acquired at the electron impact (EI) modeGaeV. The mass scanning ranged
between nd 20 and m# 500.

The surrogate recoveries added to sediment sampére 78 + 18 % for
naphthalene«l 91 £ 19 % for acenaphthengydl14 = 25 % for phenanthrengyd109
+ 24 % for chrysene-sdand 120 + 20 % for peryleng

Total community DNA extraction
Total community DNA (TC-DNA) was extracted from kulsediment and
rhizosphere samples (0.5 g) with the MoBio Ultradl® soil DNA kit (Cambio)

following manufacturer's instructions.

PCR amplification of 16S rRNA gene fragments and denaturing gradient gel
electrophoresis (DGGE)

A nested PCR approach was used to amplify the BdArgene sequences from
bulk and rhizosphere sediment (Gonetsal., 2008), which was more efficient for

amplification of 16S rRNA gene fragments from segintnsuitable for DGGE analyses.
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Briefly, in the first PCR the universal bacterialnpers U27 and 1492R (Weisbuet
al., 1991) were used. Reaction mixtures (25 pL) coethil2.5ul DreamTaq™ PCR
Master Mix (Fisher Scientific), 0.1 puM of each pem 80 pg mif bovine serum
albumin (BSA) and 1 pul of template DNA. The ampghfiion conditions were as
follows: 5 min of denaturation at 94 °C, 25 cyatdsl5 s at 94 °C, 45 s at 56 °C, and
1.5 min at 72 °C; the PCR was finished by an extenstep at 72 °C for 10 min. The
amplicons obtained were used as template for andeB&€R with the bacterial DGGE
primers 984F-GC and 1378R (Hewetral., 1997). The PCR reaction mixtures (25 pl)
consisted of 12.;l DreamTaq™ PCR Master Mix (Fisher Scientific), @4 of each
primer, 1 % (v/v) dimethyl sulfoxide (DMSO) and 1 pf template DNA. PCR
amplification conditions: initial denaturation (99C for 4 min); 30 cycles of
denaturation (95 °C for 1 min), annealing (53 °Clfanin), and extension (72 °C for 1.5
min) and a final extension (72 °C for 7 min). Th€-Gamped amplicons were applied
to a double-gradient polyacrylamide gel contairert0% acrylamide with a gradient of
40-58% of denaturants. The run was performed is-acetate-EDTA buffer at 60 °C at
a constant voltage of 80 V for 16 h using the DC&¥stem (Universal Mutation
Detection System, Bio-Rad). The DGGE gels wereesibtained (Heuegt al., 2001).
The processing of the scanned DGGE gels was castiedsing Bionumerics software
6.6 (Applied Maths).

Bar coded-pyr osequencing

A barcoded pyrosequencing approach was used foratiaysis of bacterial
communities in bulk and rhizosphere sediments. Gizitgp samples (four subsamples)
of bulk or rhizosphere sediments from each samgitggwere used for pyrosequencing
analysis. Fragments of the bacterial 16S ribosd®MNA (rRNA) gene weresequenced
for each sample with primers V3 Forward-f8CTCCTACGGGAGGCAG-3 and V4
Reverse (5TACNVRRGTHTCTAATYC-3) (Wang & Qian, 2009), 1x Advantage 2
Polymerase Mix (Clontech), 1x Advantage 2 PCR Bufie2 uM of each PCR primer,
0.2 mM dNTPs (Bioron), 5% DMSO (Roche Diagnostiaalibl) and 2ul of genomic
DNA template in a total volume of 25 ul. The PCRiditions were as follows: 4 min
denaturation at 9€, followed by 25 cycles of 9€ for 30 s, 44C for 45 s and 6&

for 60 s and a final extension at°@3for 10 min. Negative controls were included for
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all amplification reactions. Electrophoresis of ticgte PCR products was undertaken
on a 1% (w/v) agarose gel and the 470 bp amplifragments were purified using
AMPure XP beads (Agencourt) or, if more than thpested fragment was amplified,
gel purified using High Pure PCR Product PurifioatKit (Roche Diagnostics GmbH),
according to manufacturer's instructions. The acopls were quantified by fluorometry
with PicoGreen dsDNA quantitation kit (Invitrogehife Technologies), pooled at
equimolar concentrations and sequenced in the éctilim with GS 454 FLX Titanium
chemistry, according to manufacturer’'s instructiqi®che, 454 Life Sciences) at
Biocant (Cantanhede, Portugal). Sequences genearatbss study can be downloaded
from the NCBI Short Read Archive (Study accessiSRP035868). Analysis of the
pyrosequencing data was performed using previodsscribed methods (Pires al.,
2012; Clearyet al., 2013; Polbniaet al., 2014 - see supplementary methods for a

detailed description).

Data analysis

Two square matrices were imported into R (R CoreanTe2013) using the
read.table() function: 1) containing the presencd ew abundance of all OTUs per
sample generated with Qiime and 2) containing bafmindance’ based on band
intensity and position of the DGGE gel. In the O&bundance matrix, sequences not
classified as bacteria or classified as chloroplasimitochondria were removed prior to
statistical analysis. Both matrices were log&®1( transformed and a distance matrix
was constructed using the Bray-Curtis index with #egdist() function, in the vegan
package (Oksanemt al., 2011) in R. The Bray-Curtis index is one of thesmn
frequently applied (dis)similarity indices usedeicology (Legendre & Gallagher, 2001;
Cleary, 2003; Cleargt al., 2013). Variation in OTU composition among micrbitats
was assessed with Principal Coordinates AnalysiO)Pusing the cmdscale() function
in R with the Bray-Curtis distance matrix as inpte tested for significant variation in
composition among microhabitats using the adoriigfttion in vegan. In the adonis
analysis, the Bray-Curtis distance matrix of spea@mposition was the response
variable with biotope as independent variable. BGE Bray-Curtis distance matrix
each biotope was the response variable with sampites as independent variable. The

number of permutations was set at 999; all othguraents used the default values set
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in the function. Weighted averages scores were abtedpfor OTUs on the first two
PCO axes using the wascores() function in the vegakage. Significant differences
among microhabitats in the relative abundance efrttost abundant bacterial phyla,
classes and selected orders and the dominant O&blcimmicrohabitat were tested with
an analysis of deviance using the glm() functioRirBecause data were proportional, a
glm with the family argument set to binomial wasstly applied. Because the ratio of
residual deviance to residual d.f. in the modelsstantially exceeded 1, family was set
to ‘quasibinomial’. In the ‘quasibinomial’ familyhe dispersion parameter is not fixed
at 1 so that it can model over-dispersion. Usirggglm model, we tested for significant
variation among microhabitats using the anova(tfion in R with the F test, which is
more appropriate when dispersion is estimated bynemts, as is the case of

guasibinomial fits.

Phylogenetic tree

Selected sequences from dominant OTUs (> 150) &wedt ttlosest relatives
retrieved from GenBank (http://www.ncbi.nim.nih.gpvThese were aligned and a
bootstrap consensus tree was built with 500 regscawith MEGA 5
(http://www.megasoftware.net/). The bootstrap vahepresents the percentage of
replicate trees in which the associated taxa dledtéogether. For tree inference, the
nearest neighbor interchange (NNI) heuristic metwod automatic initial tree selection

were used. All positions containing gaps and mgssli@ta were eliminated.

In silico metagenome analysis

In the present study, PICRUSt (Langilée al., 2013) was usedto predict the
metagenome of each sample. PICRUSt is a bioinfacs&tol that uses marker genes,
in this case 16S rRNA, to predict metagenome gamgctional content. These
predictions are pre-calculated for genes in datsasicluding KEGG (Kyoto
Encyclopedia of Genes and Genomes) and COG (CéusteOrthologous Groups of
proteins). In this study, the KEGG database andided on KOs in the polyaromatic
degradation pathway was used. R was used to genmmegraphs showing the relative
abundance of total genes for each sample. Signifidifferences among biotopes in the

relative abundance of total genes were tested anttanalysis of deviance using the
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glm() function in R. The glm model, was used ta fies significant variation among
biotopes using the anova() function in R with theebt, which is more appropriate

when dispersion is estimated by moments, as isdabe of quasibinomial fits.

Results and Discussion
Sediment properties and hydrocarbon contamination

The sediments of four sites were analyzed compatgti based on their
physicochemical properties (Table 2.1) and on thantfication and composition of
aliphatic and aromatic hydrocarbons (Table 2.2)xtdie sediment characterization
classified all sediments as mud, with the exceptibsediment from site B (Table 2.1).
In terms of total hydrocarbons, the concentratiatcudated as the sum of partial
concentrations (aliphatic and 16 PAHs) ranged f@86 to 21.39 ng §dry weight
(dw), with the highest concentrations observedtsn @ and the lowest in site B. Sites A
and D presented similar levels of overall hydrooarlsontamination (11.05 and 11.47
ng g* dw, respectively). Aliphatic hydrocarbons consistedinly of Gg-Cs, n-alkanes
with total concentration ranging from 3.789 to BB2hg ¢* dw (Table 2). The total
concentration of 16 PAHs in sediment ranged fro&84.(A) to 11.134 (C) ngfdw
(Table 2.3).

Table 2.1. Sediment properties in four salt marshes sites e$tuarine system Ria de

Aveiro (main value + STD, n = 3).

Sampling sites

A B C D
pH 7.12+0.10 8.34+0.20 7.49+0.26 7.24+0.24
Organic matter (%) 454 +£1.13 2.67 +1.15 5.81G82 7.20£2.97
Moisture (%) 22.47 £5.03 17.74 £ 3.18 36.61+8.18 40.10+ 10.33
% Fines 58.06 + 0.06 20.96 £ 0.06 81.99£0.13 $2.6.03
Sediment Texture Mud Very fine sand Mud Mud

The localization of the sampling points may explairsome extent the differences
in concentration of hydrocarbons obtained. Sitesardl C are located in the Mira
channel, one of the four main channels of the es®aystem, whereas sites B and D

are located in secondary channels. Another importeature of site C, the most
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contaminated site, is that it is located closehtoRort of Aveiro and exposed to greater
anthropogenic activity (recreational, navigatiomban runoff and shipping activity).
Because hydrocarbons may have multiple origins,esaiiphatic diagnostic indices
were used to identify biogenic (terrestrial and im&y and/or anthropogenic sources.
Pristane (@) and phytane (§) are common isoprenoids in coastal marine sedsnent
and good indicators of petroleum contamination (Reanet al., 2002). The pristane to
phytane ratios (Pr/Ph) ef 1 reflect petroleum contamination and higher satalicate
biogenic source. In this study, the Pr/Ph raticsb{& 2.2) indicate that hydrocarbons in
sediments are most likely associated to petroleomtaenination in sites A, C and D and
are predominantly of biogenic origin at site B. @tlaliphatic indicators, such as
C17/Pr and n-Gg/Ph ratios (Table 2.2), are useful sslicators of early microbial
degradation (Dieet al., 2007).GenerallyJower nC,7/Pr ratios (<1) reflect the relative
contribution of allochthonous and autochthonousbgarbons to the sediment (Mike

al., 2007). The calculated n:gPh ratios in sediments from sites A and C were low
(0.78-1.14), which indicates that microbial biodetation of n-alkanes is an important
process at these sitd3i€zet al., 2007.

Table 2.2. Concentration of aliphatic hydrocarbons (ngdyy weight) and values of
selected source diagnostic indices in four saltsinaites of the estuarine system Ria de
Aveiro (mean value = STD, n = 3).

Sampling sites

Aliphatics (n-Gg-Csp)

(ng g*dry weight) A B

nCy; 0.310£0.130 0.160 £ 0.068 0.497 £ 0.332 0.491289
nCg 0.528 + 0.068 0.370+0.018 1.084 +0.188 1.11002b7
Pr (nGy) 0.382 £0.103 0.326 £0.014 0.509 £0.161 0.4T™4268
Ph (nGy) 0.681 + 0.305 0.235+0.230 0.947 £0.226 0.818341

¥ Aliphatics (n-Gg-Csy) 9.764 £0.171 3.789£0.058 10.253 £0.140 95D7142
Pr/Ph 0.562 1.390 0.537 0.582
nC,+/Pr 0.812 0.490 0.977 1.037
nC¢/Ph 0.776 1.577 1.145 1.438

X Total HC 11.050 £0.111 5.859+£0.006 21.386600.0 11.471 +0.068

Pr, Pristine; Ph, Phytane; Total HC, Total hydrooarb sum of total Aliphatics (n-&Cs;) +X 16 PAH
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The composition of the sediment PAH pool showedesdifferences between sites.
There was a marked predominance of 5-6 ring PAHstas B, C and D but 2-3 ring
PAHs were most abundant in sediment from site Abld&.3). This pattern may be
related with the prevailing conditions at differegstuarine sites since high-molecular-
weight PAHs tend to predominate in sediments froarime and river environments
(Yanet al., 2009; Gucet al., 2011; Commendator al., 2012; Gonul & Kucuksezgin,
2012). PAH molecular indices based on the ratiosetdécted PAH concentrations may
help to infer the pyrogenic (originated from themdmustion of fuels) or petrogenic
(originated from petroleum) origin of the PAH pdBludzinskiet al., 1997).

Table 2.3 Concentration of PAH (ngdry weight) in four salt marsh sites of the
estuarine system Ria de Aveiro (mean value £ STB3h

Sampling sites

PAH (ng g'dry

weight) A B C D
2-103- Naph 0.207 +0.049 0.204+0.091 0.279+0.092  H20.059
fing Aceph 0.049+0.002 0.053+0.004 0.121+0.021 58680.004
Ace 0.048 +0.004 0.046+0.001 0.051+0.002 088501
Flu 0.061+0.004 0.052+0.003 0.111+0.008 0891004
Phe 0.090+0.012 0.120+0.031 0.710+0.193  0€0D13
Ant 0.061+0.001 0.070+0.011 0.370+0.243  0.8%50002
4r1ing  Fluor 0.081+0.021 0.186+0.128 1.502+0.185 16.%0.039
Pyr 0.071+0.019 0.163+0.105 1.155+0.120 0402031
BaA 0.069+0.015 0.128+0.063 0.832+0.217 0408052
Chr 0.056 +0.009 0.099+0.060 0.474+0.088 0889024
5-106- BbF 0.096 +0.039 0.188+0.097 1.330+0.257 0228097
fing BKF 0.066+0.007 0.111+0.046 0.307+0.050  0.889020
BaP 0.098 +0.022 0.268+0.170 2.032+0.551 028876
InP 0.097 +0.029 0.167+0.066 0.996+0.184 048373
DahA 0.064 +0.005 0.077+0.008 0.161+0.041  08D.009
BghiP 0.073+0.007 0.139+0.051 0.702+0.114 5040.062
¥ 16 PAH 1.285+0.014 2.071+0.050 11.134 +0.1361.944 + 0.046

Naph, Naphthalene; Aceph, Acenaphthylene; Ace, Apbthene; Flu, Fluorene; Phe, Phenanthrene; Ant,
Anthracene; Fluor, Fluoranthene; Pyr, Pyrene; BadzBé)anthracene; Chr, Chrysene; BbF, Benzo(b)fluoeaeth
BkF, Benzo(k)fluoranthene; BaP, Benzo(a)pyrene; Inlleio(1,2,3-cd) pyrene; DahA, Dibenz(a,h) anthracene
BghiP, Benzo(g,h,i) perylene
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According to the diagnostic criteria (Table 2.43\H% found in the sediments of Ria
de Aveiro are associated to fossil fuel combus{jeyrogenic sources). The ratio of
low-molecular-weight (LMW) to high-molecular-weigfiiMW) ranged from 0.173 to
0.669 (Table 2.4). Taken together with the Phe/Astapr/Pyr, Fluor/(Fluor+Pyr) and
InP/(InP+BghiP) ratios (Luoet al., 2005), the results confirm that the PAH
contamination of salt marsh sediments of Ria deirAvis typically related to chronic
fossil fuel exposure. In a recent report, the efeerd bioavailability of PAHSs in three
different marine sediments (muddy, sand and orjam&re tested (Lindgreet al.,
2014). Their results show that muddy sediment,oalgin containing the highest total
PAH concentrations after 60 days, had the lowesaJailable concentration. On the
other hand, sandy sediment contained the loweat #AH concentrations but the
highest bioavailability. In this study, the sandydsnent (site B) has the lowest total
hydrocarbon concentration, related to the higheavrilability characteristic of this

type of sediment.

Table 2.4 Origin-indicative PAH ratios and ratio values cdéted for this study.

Ratio LMW/HMW  Phe/Ant Fluor/Pyr Fluor/(Fluor+Pyr) niP/(InP+BghiP)
Pyrolytic source

<1 <10 >1 >0.5 >0.5
Petrogenic source

>1 >15 <1 <0.5 <0.2

References Socletal., Budzinskiet Budzinskiet Gogouetal., 1998 Yunkeset al., 2002
2000; Tamret  al., 1997; al., 1997;
al., 2001; Baumardet Baumardet
Magietal., al., 1998; al., 1998;
2002 Baumardet Baumardet
al., 1999 al., 1999
Sampling sites

A 0.669 1.488 1.135 0.532 0.572
B 0.358 1.716 1.140 0.533 0.546
C 0.173 1.917 1.300 0.565 0.587
D 0.351 1.540 1.137 0.532 0.549

LMW, Low-molecular weight; HMW, High-molecular-weit; Phe, Phenanthrene; Ant, Anthracene; Fluor,
Fluoranthene; Pyr, Pyrene; InP, Indeno(1,2,3-cd@ms; BghiP, Benzo(g,h,i) perylene
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Ste-related variation of the structure of microbial communities

DGGE fingerprinting analysis

revealed a significaassociation between

composition of bacterial communities and samplingg, sin the microhabitats

corresponding to the rhizospheretbfportulacoides (Adonis F 15= 5.07, P < 0.001,R

= 0.559), the rhizosphere 8f perennis subsp perennis (Adonis k 15= 4.57, P < 0.001,
R? = 0.533) and bulk sediment (Adonis = 4.18, P < 0.001, R= 0.511). These
differences can also be observed in the PCO ordmsmpresent in Fig. 2.2. The first

two PCO axes explained approximately 50 % of theatian, with samples of each

sampling site clustering together for each micrata&b
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Fig. 2.2 Ordination based on principal
coordinate analysis (PCO) of bacterial
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In salt marsh sediments, the composition of thernanity in terms of the dominant
microbial taxa is structured by local factors (Bowet al., 2009) related with
geographical localization, environmental conditiamsl pollutants (Cordova-Kreylas
al., 2006). Studies conducted in the Ria de Aveiroehauggest that environmental
factors structure bacterial communities (Cledairyal., 2012; Oliveiraet al., 2012). In
this study, localization of the vegetation banksha complex estuarine system and the
differential exposure to environmental contamimatiotogether with different
physicochemical characteristics and hydrodynamiosach sampling site, might have
influenced bacterial composition. The geographicehtion of site C, close to Port of
Aveiro, may explain the higher organic matter cahtand hydrocarbon concentration in
the sediment, as compared with the other sites.E5is located in a secondary channel,
more sheltered from direct sources of contaminatioimtense anthropogenic activities.
In this case, other physicochemical characteristcgl a different sediment texture
(Table 2.1), were probably major determinants aftéx@al composition.

In this study,hydrocarbon concentrations were lower than repomedther salt
marshesHlwanget al., 2006; Wattst al., 2006; Ribeircet al., 2011) Previous studies
have,however, showrthat relatively low levels of hydrocarbons in tedimenthad an
effect on the structural diversity of bacterial commities (Castlet al., 2006; Labbést
al., 2007).

Structure of bacterial communitiesin salt marsh sediments

The structure of sediment bacterial communitie®@ated toH. portulacoides and
S perennis subsp.perennis roots and bulk salt marsh sediments were detedioye
16S rRNA gene ampliconBroteobacteria represented approximately 60 % of the total
sequences in all samples Adtinobacteria were also well represented in rhizosphere
samples (Fig. 2.3)Bacteroidetes were thethird most dominant group, accounting, on
average, for 8.3 % of the sequences. These thida pere the most abundant groups
detected in a study conducted in a coastal salsimduring and after the influx of
petroleum hydrocarbons following the Deepwater Emmi oil spill (Beazleyet al.,
2012). The phylum Proteobacteria is considered a dominant group in estuarine
sediment samples (Bowehal., 2012; Gomest al., 2013; Gomest al., 2014). Within

Proteobacteria, Alphaproteobacteria were the most dominant class in rhizosphere
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samples (k9 = 10.745 p = 0.004) whereaSammaproteobacteria was the most

abundant class in bulk sediment (Fig. 2.3).
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Fig. 2.3 Relative abundance of the most represented balctaxia: three most abundant
phyla (a, b, c), eight most abundant classes (g,1, i, j, k, 1), the eight most abundant
orders (m, n, 0, p, q, I, S, t) and the most domti@TU (d) in bulk sediments (BI).

portulacoides rhizosphere (RH) anfl perennis rhizosphere (RS).
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The distribution ofAlphaproteobacteria in marine and freshwater environments is
well documented and hydrocarbonoclagilphaproteobacteria have been detected in
marine environments (Kim & Kwon, 2010; Newtehal., 2011). On the other hand,
Gammaproteobacteria have been reported as abundant in coastal sedimamtely
Atlantic port sediments (Gomes al., 2013), Eastern Mediterranean Sea sediments
(Polymenakouet al., 2005), Northeastern Pacific (Kouridadti al., 2010) and South
China Sea sediments (Zletial., 2013). In bulk sedimenDeltaproteobacteria was the
second most dominant class (Fig. 2.3), immediafalpwing Gammaproteobacteria.
The high relative abundance of tBesulfobacterales order in bulk sediment fg =
4.585 p = 0.042) may be a result of more anaerctmditions in bulk sediment which
in turn could select for specific guilds such alade reducing bacteria (SRB). These
results are consistent with other studies conducteitie same estuarine system that
revealed that the SRB ordédesulfobacterales was the most abundant group in
unvegetated sediment (Gomeisal., 2010a; Clearyet al., 2012). In these sediments,
generally anoxic just below the surface and subtixiaxic at the surface (Cunlegal.,
2005; Santot al., 2007), anaerobic metabolism such as fermentatrwh anaerobic
respiration, may represent the major pathways gamic matter oxidation. The high
relative proportion of SRB in salt marsh sedimearas be explained by the availability
of fermentation-derived substrates directly utdizey SRB (Hineset al., 1999).
Moreover, sulfate-reducing strains capable of gngwand degrading hydrocarbons
have been isolated from hydrocarbon-polluted masegiment (Cravo-Laureaa al.,
2004), and some strains were capable of oxidialkgnes (Aeckersberg al., 1991;
Cravo-Laureatet al., 2004). SRB play critical roles in a variety obpesses in coastal
marine sediments such as, organic matter turndviegegradation of pollutants,
sequestration of metals, and sulfur and carboresy@hanget al., 2008). Also, recent
studies showed that the relative abundance of ttier ®esulfobacterales increases in
marine sediments contaminated with OH (Sudteal., 2011; AcostaGonzalezet al.,
2013). A phylogenetic tree of selected dominant ®Tk)150 sequence reads) and their

closest relatives was constructed (Fig. 2.4).
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Fig. 2.4 Phylogenetic tree showing thBroteobacteria (A) and Actinobacteria-
Acidobacteria-Bacteriodetes (B) clusters from bulk sediment and salt marsh
rhizospheres ofH. portulacoides and S. perennis. Close relatives of the selected
sequences were obtained by using the BLAST seadictMicrohabitat (rhizosphere
samples fronmHalimione portulacoides (Hal) andSarcocornia perennis subsp. perennis
(Sar)); S: Sampling site (A, B, C or D); RA: Relatiabundance of the respective OTU.
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The phylogenetic analysis revealed bacterial plyplesg closely related with phyla
Proteobacteria, Actinobacteria and Acidobacteria. Only one abundant OTU (18) was
associated with bulk sediment. This OTU was classifas belonging to the
Acidobacteria class and closely related to an uncultured bacte(AF523900) isolated
from forest wetland impacted by coal (Bradftal., 2002). Most bacterial populations in
both rhizospheres showed phylogenetic affiliatiathvecotypes from a wide diversity
of marine environments. Moreover, the majority bkede ecotypes are related to
hydrocarbon impacted sediments (Fig. 2.4).
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Fig. 2.4 (continued).
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A study performed after thierestige oil spill revealed that members of the classes
Alphaproteobacteria and Actinobacteria were the prevailing groups of bacteria in
shoreline environments (Alonso-Gutiérrez al., 2009). Also, a predominance of
Gamma- and Deltaproteobacteria in anaerobic bacteria communities of coastal
sediments was reported after fheestige oil spill (AcostaGonzalezet al., 2013). The
phylogenetic analysis showed that some OTUs adsdcwith S. perennis rhizosphere
were closely related to gut bacteria (OTU 15) amdultured Acidobacteria from
coastal soils (OTU 45; Fig. 2.4A).

Plant-related variation in the structure of bacterial communities

Overall analysis of the barcoded pyrosequencing,daimparing all rhizosphere
samples against bulk sediment samples, showed fisagrti differences between
bacterial communities from bulk sediment and rheses (Adonis 1= 2.09, P <
0.001, R = 0.317). Shannon indices indicate that bactesatmunities ofS. perennis
subsp.perennis rhizosphere were more diverse thdnportulacoides rhizosphere and
bulk sediment (Table 2.S1). The PCO ordination afterial operational taxonomic
units (OTUs; Fig. 2.5) indicates that the two risigberes shared the most abundant
OTUs (large grey circles; > 150 sequences). Theodphere effect can explain the
higher number of OTUs in these samples, when comdp&n bulk sediment, and
underlies an apparent convergent adaptation obsptzere communities. Plant-bacteria
interactions, exerted through the release of ewsdathat create a unique
physicochemical environment surrounding roots, &xyld the different shifts in
bacterial community composition between rhizospheamd bulk sediment. The
halophyte exudates provide oxygen and high-qualiyrces of carbon and energy for
bacterial growth (Bagwelt al., 1998). Moreover, roots provide physical suppord a
distinct chemical conditions (Singihal., 2004; Mucheaet al., 2010) and the presence of
plants differentially promotes the development oime bacterial groups (Berg &
Smalla, 2009; Muchet al., 2011; Gomest al., 2014).
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Fig. 2.5 (a) Ordination based on principal coordinate asialfPCO) of pyrosequencing
data. Samples are represented by symbols (BS —dedliknent; RH -H. portulacoides
rhizosphere and RS & perennis rhizosphere). Operational taxonomic unit (OTU) are
represented by circles and OTUs with > 150 sequeacerepresented by large circles.
(b) OTU number of dominant 16S rRNA sequence r¢ad$0 sequences).

As previously mentionedActinobacteria and Gammaproteobacteria were more
abundant in rhizospheres than bulk sediment anaxieconditions around the roots
may explain a lower relative abundance Désulfobacterales, and consequently
Deltaproteobacteria, in relation to bulk sediment (Fig. 2.3). The asle
Acidimicrobiales, Rhodobacterales, Rhizobiales, Sphingobacteriales  and
Rhodospirillales were also more abundant in rhizospheres than lin dmdiment (Fig.
2.3). The rhizosphere of. portulacoides showed enrichment oRhizobiales and
Acidimicrobiales. Rhizobiales members are involved in atmospheric nitrogen it
by plants and some members of this group have lzsm reported as degraders of
aromatic hydrocarbon compounds (Batlal., 2003).Acidimicrobiales members have
been considered to be responsive to changes iplddiLauberet al., 2009). Members
of the Actinobacteria phylum capable of degrading hydrocarbons wereaisdl from
Artic native plant species (Ferrera-Rodrigustizal., 2013). The rhizosphere &
perennis subsp.perennis showed enrichment dRhodobacterales, Sohingobacteriales

and Rhodospirillales. Rhodobacterales have been associated with the degradation of
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aliphatic and low-molecular weight aromatic hydndxcan (Harwatiet al., 2007) and the
association of Sphingobacteriales and Rhodospirillales members with PAH and
petroleum degradation in soil has also been prelyoreported (Gomest al., 2010Db;
Maoet al., 2012).

Phylogenetic analysis of the dominant selected OTkISI50 sequence reads)
showed that thirteen of these OTUs, predominarhinosphere samples, are closely
related to ecotypes of OH impacted sediments E#). SixOTUs 6, 14, 19, 30, 4167
and 4435) were related to organisms assigned tAdiliemicrobiales order, which were
previously reported from oil-polluted subtidal seénts (Acosta-Gonzalet al., 2013)
as well as from fuel pollution-affected shorelimeviconments Alonso-Gutiérrezt al.,
2009). OTUs 19 and 14 were enriched in the rhizespbfS. perennis subsp perennis
in the most contaminated sampling site (C), and ©BU 30, 4167 and 4435 in the
rhizosphere oM. portulacoides in sampling site A where the aliphatic hydrocarbon
concentration is higher (Fig. 2.4B; Table 2.2). Thieer seven OTUs (7, 10, 20, 21, 24,
36 and 4104) were predominantly enriched in theasphere ofS perennis subsp.
perennis in site B, the second most polluted site (FigA2. Blable 2.3). These OTUs are
phylogenetically closely related to proteobacteniaers that are known OH degraders.
In this study, OTUs 10 and 24 were assignehllly®gococcal es andDesulfobacteraceae,
respectively. Both of these OTUs are affiliatedstdfate reducing groups that may play
an important role in hydrocarbon degradation intaomnated coastal sediments (Paisse
et al., 2008; AcostaGonzalezet al., 2013). Members oKanthomonadales (OTU 21),
Rhodospirillaceae (OTU 7) and Rhizobiales (OTU 20) that were detected in this study
were associated with organisms related to eithema& degradation or oil-polluted sites
(Vifias et al. 2005; Alonso-Gutiérrezt al. 2009; Patekt al., 2012). According to the
phylogenetic analysis, the OTU 2094 was clustergd family Rhodobacteraceae.
Members of this family have highly diverse metaboli and includes
hydrocarbonoclastic species from freshwater andnaagnvironments (Chang al.,
2000; Brakstad & Lgdeng, 2005). Two dominant OTB8 &nd 4104) showed close
phylogenetic relationship to the gensythrobacter. Several marine oil-hydrocarbon
degrading stains related Erythrobacter sp. were found to contaicytochrome P450
CYP153 andalkB genes (Wanget al., 2010). Thealk genes code for an important

enzyme involved in n-alkanes environmental degradatand CYP153A genes were
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detected in petroleum-contaminated soil, groundwaibel coastal seawater (Kubata
al., 2005). Our phylogenetic analysis also showed a danue of OTUs closely related
to Actinobacteria in H. portulacoides rhizosphere, members with high G+C content, are
gram-positive and are physiologically diverse. hs tstudy, the OTUs sequences for
Acidimicrobiales order were mostly phylogenetic associated with ultnoed
Actinobacteria members. These observations mirrored results trocultured (Militon

et al.,, 2010) and culture-based (Puceti al., 2000) approaches suggesting that
Actinobacteria (Acidimicrobiales and Actinomycetales) might play a role in the
bioremediation of alkane-contaminated sedimentstogthonous strains with the
capacity to degrade alkanes were isolated fromecwil polluted sites (Pucait al.,
2000). Moreover, it was observed that during bisdmation processes the active
actinobacterial phylotypes increase (Militeinal., 2010).The abundance of sequences
phylogenetically related to hydrocarbon degradinganisms in the rhizosphere
samples analyzed in this study provides evidenaehhlophyte plant colonization is an
important driver of the structure of hydrocarbormastic bacterial communities in salt
marshes and demonstrates the potential of plaréfi@anteractions in processes of

microbe-assisted phytoremediation of hydrocarboreoastal ecosystems.

In silico metagenome analysis

PICRUSt algorithm was used to predict metagenometional content based on
the Kyoto encyclopedia of genes and genomes (KEG&3sification to identify
potential bacterial traits in different microhalbitaFigure 2.6 shows the relative gene
count of selected KOs that might be involved in PAlggradation pathways
(www.genome.jp/kegg-bin/show_pathway?ko00624). Baant differences from three
selected KOs were observed. KOs K00449, KOO517K&t599, have a higher relative
gene frequency in rhizosphere samples, but not KID4R2, a methyltransferase
involved in the final pathway of phenanthrene andepe degradation. K00492,
oxidoreductase, is important in the initial stepls tbe phenanthrene degradation
pathway. The protocatechuate 3,4-dioxygenase (K@04#roduced bypcaH is
important in the final steps of the metabolism eferal PAHs (fluorene, anthracene
and phenanthrene). KO0517 is an oxidoreductase dbtt in the initial step of

anthracene degradation to 9,10-anthraquin®dhese selected KOs are not exclusive of
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PAH degradation pathways bate involved in other metabolic pathways especially
related to the degradation of aromatic compounaev.genome.jp/kegg/)

Despite the fact that the data obtained here wemvet from anin silico
metagenome analysis, the functional genetic infionaobtainedstill represents an
important resource for the initi@valuation of the distribution of potential baciéri

traits in different microhabitats.
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Fig 2.6 Relative gene count of selected KOs could possibi®lved in PAH
degradation. Samples are represented by symbols—(EB%ilk sediment; RH -H.
portulacoides rhizosphere and RS S perennis subsp.perennis rhizosphere). KOs
enzyme terminology: K00449pcaH; K0042 - 1.14.13.- (Oxidoreductases); KO0517 -
E1l.14.-.- (Oxidoreductases); KO0599 - E2.1.1.- (Efarases).

Conclusion

Microbial communities in salt marsh sediments apgearespond to interplaying
factors related to the physico-chemical charadtesisof the environment, sediment
properties, plant colonization and pollution. Tlsults of this study demonstrate that
the structure of bacterial communities is probadfgcted by site-related factors, such
as sediment properties and hydrocarbon contammaditd by plant-related factors.

The barcoded pyrosequencing approach used in thisly sprovided a
comprehensive overview of the rhizosphere bactenaimunities associated with two
important halophyte plants from temperate estuaridse results indicate that root
systems oH. portulacoides andS. perennis subspperennis appear to be able to exert a

strong influence on bacterial composition. The deidimicrobiales andRhizobiales
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were both associated with the rhizospheres of Walophytes whereas the order
Desulfobacterales was associated with bulk sediment. In additionhis, tthein silico
metagenome analysis revealed a possible higher erummib genes involved in the
process of PAH degradation in the rhizosphere tiphgtic plants. This indicates that
halophyte plant colonization could be an importaniver of hydrocarbonovlastic
bacteria community structure in salt marsh sedisjemhich can be exploited fam situ

phytoremediation of OH in salt marsh environments.
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CHAPTER 2
Halophyte plant colonization asa driver of the composition of bacterial

communitiesin salt mar shes chronically exposed to oil hydrocarbons

Supplementary Material

Table 2.S1. Estimators of sequence library diversity and cage.

BS RH RS
Segs. 8493 17419 20076
OTUs 2576 2202 2648
Singletons 1388 812 947
Percent coverage (%) 83.66 95.35 95.28
Shannon diversity 5.94 5.58 6.14

BS, bulk sediment; RHH. portulacoides rhizosphere; RSS. perennis subsp.perennis rhizosphere; Seqs,

Total number of sequences; OTU, Total number ofr@pmal taxonomic unit; Singletons, Number of OTUs
with one sequence; Good's estimator of coverage veafculated using the formula: (1 -
(singletons/sequences)) * 100
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CHAPTER 3
Hydrocarbon contamination and plant species deter mine the phylogenetic and

functional diversity of endophytic degrading bacteria

Vanessa Oliveira, Newton C.M. Gomes, Adelaide Attaghrtur M. S. Silva,
Mario M. Q. Simdes, Kornelia Smalla & Angela Cunha
Molecular Ecology (2014) 23: 1392-1404

Abstract: Salt marsh sediments are sinks for various antly@pio contaminants,
giving rise to significant environmental concernheT process of salt marsh plant
survival in such environment is very intriguing aatcthe same time poorly understood.
Plant-microbe interactions may play a key rolehe process of environment and
planta detoxification. In this study, a combination of ltave-dependent and -
independent molecular approaches [enrichment @dfupolymerase chain reaction
(PCR), denaturing gradient gel electrophoresis (EF®NA sequencing] were used to
investigate the effect of oil hydrocarbons (OH) teonination on the structure and
function [polycyclic aromatic hydrocarbon (PAH) gimenase genes] of endophytic
bacterial communities of salt marsh plant specidslifnione portulacoides and
Sarcocornia perennis subspperennis) in the estuarine system Ria de Aveiro (Portugal).
Pseudomonads dominated the cultivable fractiorhefendophytic communities in the
enrichment cultures. In a set of fifty isolatesteds nine were positive for genes
encoding for PAH dioxygenasesahAc) and four were positive for plasmid carrying
genes encoding PAH degradation enzynmakAc). Interestingly, these plasmids were
only detected in isolates from most severely OHyped sites. The results revealed site-
specific effects on endophytic communities, relatethe level of OH contamination in
the sediment, and plant-species-specific “imprims€éommunity structure and in genes
encoding for PAH dioxygenases. These results stuggg®tential ecological role of
bacterial plant symbiosis in the process of plasbmization in urban estuarine areas

exposed to OH contamination.

Keywords: endophytic; salt marsh plants, polycyclic aromatipdrocarbon, PAH

degrading genes
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Introduction

Salt marshes are highly productive intertidal emwinents that serve as nursery
grounds for many commercially and economically imgat species. Because of their
physical and biological characteristics, salt measshare considered particularly
susceptible to anthropogenic inputs of petroleurdrdgarbons (PH) (Carmaet al.,
1996; Wattset al., 2006; Martinset al. 2008). The sediment contamination with PH,
especially lower molecular weight aromatic hydrboers, can interfere with the
development of salt marsh plants (Wadtsal., 2006; Wattst al., 2008). Due to the
constant input of different pollutants to salt nies located in urban areas, restoration
approaches based on natural recovery processetaRegecades. However, the use of
plants for bioremediation (phytoremediation) assted to indigenous degrading
microorganisms for removal or sequestration ofygalts has been intensively studied
(Phillips et al., 2008; Germainet al., 2009; Afzalet al., 2011; Kharet al., 2013). This
approach may accelerate the process of environineatavery and diminish the costs
associated with more invasive technologies.

Several studies show that plant roots harbour ersé/microbial population in their
rhizo- and endosphere that are enriched in impbrizatabolic genotypes for
hydrocarbons degradation (Gonetsl., 2010a; Yousa#t al., 2010b). These degrading
bacteria may have a potential for detoxificationtltd sediment surrounding the roots
(Geiselbrechtt al., 1996; Daanet al., 2001; Phillipset al., 2006; Wattst al., 2008;
Yousafet al., 2010b) or, in the case of endophytes, may beoitapt forin planta
hydrocarbons degradation and detoxification (Siniet al., 2001; Phillipst al., 2008;
Yousafet al., 2010b). In this scenario, endophytes may empdiherplant with the
biological detoxification resources required forhanced survival in contaminated
environments.

Endophytic bacteria are described as nonpathodeasiteria colonizing internal
plant tissues, without causing symptoms of diséaghaviet al., 2005; Lodewycket
al., 2002). Roots are the major entry of endophyfctéria into the plant system,
presenting higher bacterial densities than othetspat the plant (Lodewycket al.,
2002). Therefore, factors that are determinant he ttructure of rhizosphere
communities, such as soil properties (Marschahaf., 2001; Jungst al., 2008; Afzalet

al., 2011) or plant specific factors (Graystenal., 1996; Marschneet al., 2001,
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Siciliano et al., 2001), are also likely to influence the diversibf endophytic
communities. In general, endophytic bacteria aghligidiverse and ubiquitous in most
plant species (monocotyledonous and dicotyledonansl) the most common genera
found arePseudomonas, Burkholderia, Bacillus, and Azospirillum (Lodewyckx et al.,
2002). The capacities of endophytic bacteria to agtplant growth promoters or
enhance plant resistance to pathogens are knowmg&@et al., 2005; Zachovet al.,
2008). Recently, studies on the structural and tfanal diversity of endophytic
hydrocarbon degraders from different impacted emvirents and different types of
plants (essentially plants used for hay and greanume) show distinct degradative
potential for hydrocarbon pollutants (Philligisal., 2008; Yousagt al., 2010b). In fact,
the presence of bacteria carrying genes or cataptdsmids with genes encoding PH
metabolismin planta may contribute to the process of plant and sailsédiment) PH
detoxification in contaminated areas. The presa@ideH degradative genes on mobile
genetic elements, such as plasmids, has been g@ainieas an important spreading
mechanism for PH catabolic abilities among bacterieontaminated areas. Horizontal
gene transfer of PH degrading genes in contamireateals has been reported, thereby
enabling the hosts with oil hydrocarbon degradimpacities and contributing to
microbial community acclimation to environmentallptants (Herricket al., 1997; Ma

et al., 2006). A better understanding of the endophgdimmunities of salt marsh plants
in contaminated coastal ecosystems may contribunelaimental information to the
development of new approaches based on plant-n@casbociation for restoration of
impacted areas.

The rhizosphere effect in the process of PH degi@ddas been progressively
recognized. However, only very few studies haveused on the rhizosphere of salt
marsh vegetation (Daaret al., 2001; Mucheet al., 2011) and practically none on the
associated endophytic bacterial communities. Maggosediment properties, such as
hydrocarbon contamination, organic matter contant] texture, are important drivers
of bacterial community composition in coastal eomments (Langworthet al., 1998;
Gomeset al., 2008; Lianget al., 2011; Wang & Tam 2012; Gomes al., 2013).
However, there is a lack of studies on the infleeatthese parameters on the structure

and function of the endophytic bacterial commungitie
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In this study, culture-dependent and culture-ind€leat approaches were used to
investigate the effects of PH contamination ondtnacture (cultivation and 16S rRNA
gene community fingerprint analyses) and functiplagmids and PAH dioxygenase
genes) of endophytic bacterial communities from s&rsh plant specie$iélimione
portulacoides and Sarcocornia perennis subsp.perennis) in a temperate estuarine
system (Ria de Aveiro, Portugal). Sediment propsrivere also analysed to obtain
more complete characterization of the samplingssated evaluate their potential effect
on the structure of the bacterial endophytic comityuriThis work also aimed to
provide evidences that naturally occurring endojghlgacteria may have potential to
contribute forin planta detoxification of OH compounds and to plant cotarion in
OH polluted urban estuarine areas.

Material and Methods
Experimental site and sampling

The salt marshes investigated in t

study are located in Ria de Aveirg
Portugal, a shallow estuary-coastal lago
system on the northwest cost of Portug
(40.7° N, 8.7° W), consisting of a compl
network of channels with extensiv
intertidal zones (Diast al., 1999). Plant
samples were collected at low tide in fo
salt marshes: site A, 40°35'52.64"
8°457.00717°W; site B, 40°3827.42”
8°44°15.42°W; site C, 40°37°32.18”
8°44°09.12”°W; site D, 40°37°18.90”
8°39746.28”W (Fig. 31). From each site

four composite samples of two WiOIerFig. 3.1 Ria de Aveiro (Portugal) with

distributed salt marsh — plant SPEC1€3he location of sampling stations (A, B,

(Halimione portulacoides andSarcocornia C or D)
perennis subsp. perennis) were stored

separately in sterile plastic bags. These two sgeevere chosen for their wide
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distribution and ecological importance and for lgeiwo of the most common species in
the study area. The endophytic community was reeovdrom fresh roots. Root

material was vigorously washed in distilled watér rin) and root surface was
disinfected by sequential washing with 95% ethaantl 1% sodium hypochlorite
supplemented with one droplet Tween 80, and rirtbeele times in sterile distilled

water (Baract al., 2004). A 100 pL sample of final rinsing water vegsead-plated on

869 medium (Mergeast al., 1985) to check the efficiency of disinfection.

Sediment properties

The pH value of bulk sediments was measured irdengant: water suspension [1:5
(w/v)] (Faoun 1984), using a pre-calibrated pH métrion Model 290A). Organic
matter (OM) content was analyzed as percentageeahwvloss by ignition at 450 °C,
for 8 h (SPAC 2000). Sediment grain size was aralyby wet and dry sieving
(Quintinoet al., 1989).

Freeze-dried sediment samples were homogenizechaalgzed for aliphatic and
aromatic hydrocarbons after a Soxhlet extractidiovieed by GC-MS analysis. For
assessing the efficiency of recovery, 5 g sub-saspf sediment were spiked with 25
uL (2 ng mtY deuterated surrogate standards (naphthalgneaknaphtheners
phenanthrene.g chrysene-g¢ and perylened (Supelco) and extracted for 24 h in a
Soxhlet apparatus with 150 mL of dichlorometharemfle extracts were concentrated
by rotary evaporation up to a volume of about 213 and solvent changed to 10 mL of
hexane, which was further reduced to approximatél mL. Hydrocarbons
concentrated in hexane extracts were separated asdeactivated 2:1 alumina/silica
gel column. Elution was performed using 15 mL okdree to yield the first fraction
(aliphatic hydrocarbons), followed by 30 mL of dmtomethane:hexane (1:1). Sample
volume was reduced to 1 mL on a rotary evapora&aporated under nitrogen gas to
0.2 mL, transferred to a GC vial, and 25 pL ofititernal standard, hexamethylbenzene
(2 mg mL*) were added. GC-MS analyses were carried usinggiient Network GC
system, namely an Agilent 6890 gas chromatographippgd with a mass selective
detector (MSD 5973) with electron impact ionizati@l) operating at 70 eV (Agilent
Technologies). A VF-5MS fused silica column (30 n.25 mm i.d and 0.25 pum film

thickness) was used for analytes separation. Theeca@as used was helium with a
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flow rate of 1.3 mL mift. Injector and transfer-line temperatures werease300 °C.
The ion source was maintained at 230 °C. A 1 plitlepé injection volume was
delivered with a 10 pL Hamilton syringe. The initieolumn temperature was
maintained at 60 °C for 1 min, ramped to 200 °& @itte of 10 °C mif] a second ramp
of 5 °C min' raised the column temperature to 300 °C, which kegs for 8 min. For
aromatic hydrocarbons the selected ion monitorBig/j acquisition mode was used.
The full scan acquisition mode (in a range betwe¥n20 andm/z 500) was used to
detect aliphatic hydrocarbons, and for quantifaratiwo internal standards were used:

undecane (GH24) and tetracosane £§Hsg).

Endophytic communities
DNA extraction

Extraction of total DNA from the endophytic commues (TC-DNA) was
performed using a bead-beating protocol previoosiyined in the study by Phillipat
al., 2006. About 2 g of surface disinfected root matewas macerated in liquid
nitrogen. The cell lysis was achieved by a comlomabf bead-beating, proteinase K
(20 mg mLY) and sodium dodecyl sulfate (20%). Cellular delanisl proteins were
precipitated with aqueous 7.5 M ammonium acetatdNADwas subsequently
precipitated with isopropanol, washed with 70% cetlianol and re-suspended in 50 pL
TE buffer (10 mM Tris-HCI, 1 mM EDTA; pH 8.0). Thendophytic TC-DNA was
purified with the GeneClean Spin Kit (MP Biomed&al

DGGE analysis

The structural diversity of the endophytic commigsitwas assessed by DGGE
fingerprint analysis of TC-DNA of 16S rRNA gene draents, after a nested-PCR
approach (Gomest al., 2008). First, 16S rRNA gene fragments were diegdliusing
the primers U27F and 1492R (Table 1). Reaction uned (25 pL) contained 12,8
DreamTaq™ PCR Master Mix (Fisher Scientific), 0¥ pf each primer, 80 ug mt
bovine serum albumin (BSA) and 1 pL of template DNAe amplification conditions
were as follows: initial denaturation (94 °C fomtn); 25 cycles of denaturation (94 °C
for 45 s), annealing (56 °C for 45 s), and extangic2 °C for 1.5 min), and a final

extension (72 °C for 10 min). The amplicons obtdiftem the first PCR were used as a
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template for a second PCR with bacterial DGGE prin8#84F-GC and 1378R (Table
1). The PCR reaction mixtures (25 pL) consisted2b ul DreamTag™ PCR Master
Mix (Fisher Scientific), 0.1 uM of each primer, 1 8v) dimethyl sulfoxide (DMSO)
and 1 pL of template DNA. After 4 min of denatuoatiat 94 °C, 30 thermal cycles of 1
min at 95 °C, 1 min at 53 °C, and 1.5 min at 72 flit PCR was finished by an
extension step at 72 °C for 7 min. Five uL of PCRdpcts were analyzed by
electrophoresis on a 1% agarose gel and stainbdGeitRed (Biotium).

The DGGE of the amplified 16S rRNA gene fragmenés werformed using DCode
System (Universal Mutation Detection System, Bi@RaPCR products containing
approximately equal amounts of DNA were loaded @D % (w/v) polyacrylamide
gel in 1 x TAE buffer (0.04 M Tris-Acetate, 0.001 EDTA; pH 8.0). The 6-10 %
polyacrylamide gel was made with a denaturing gmatdranging from 40 to 58 %.
Electrophoresis was performed for 16 h at 80 Vat® in 1 x TAE buffer. Following

electrophoresis, the gels were silver-stained aiagrto Heuegt al., (2001).

Detection of PAH degrading genes

The presence of genes encoding the large subumagmtithalene-1,2-dioxygenase
(nahAc) and alpha subunit of the PAH ring-hydroxylatingxygenases genes, both
related to PAH degradation, was detected by PCRguiie primers and reaction
conditions described by Wilsoet al., (1999) and Cébrost al., (2008), respectively
(Table 3.1).

Determination of gene copy number of PAH ring-hydroxylating dioxygenase genes of
Gram-negative bacteria

Quantification of PAH ring-hydroxylating dioxygerea®f Gram-negative bacteria
was carried out using the primers and probe prelyodescribed by Cébrod al.,
(2008) by real-time PCR (Applied Biosystems Step®nReal-Time PCR System).
Amplification was performed in 20 pL reaction volencontaining 11 pL SYBR
Green PCR Master Mix (Applied Biosystems), 0.2 piVeach primer (IBA GmbH),
0.55 pL of DMSO, 100 pug mt of BSA and 1 pL of template TC-DNA. The
temperature profile was 95 °C for 10 min followgd4b cycles at 95 °C for 30 s, 57 °C

for 30 s, 72 °C for 30 s and a data collection sitEd0 s at 80 °C. The final step
63



Endophytic with degradative hydrocarbon potential

consisted of 72 °C for 7 min. A final melt curveabysis, from 6 °C below amplification
temperature, to 95 °C, concluded the cycling pnogréemplates to generate standard
curves were serial dilutions of amplicon Rgeudomonas putida pNF149 (18 to 15).
The samples were 10 times diluted prior to amgltian to avoid problems with

inhibitors. DNA samples were used at a concenimatiod-11 ng pL.

Table 3.1 Primers and conditions used for PCR amplification.

Annealing Primer  Fragment
Primer Primer sequence (5'to 3") temperature . Reference
(°C) (HM) size (bp)
Universal 16SrRNA
U27F AGA GTT TGA TCC TGG CTC AG 56 0.25 ca. 1450 (Weisburget
1492R GGTTACCTTGTTACGACTT al.,, 1991)
968F-GC* AAC GCG AAG AAC CTT AC 53 0.25 ca. 473  (Heueret al.,
1378R CGG TGT GTA CAA GGC CCG GGA ACG 1997)
PAH degrading genes
Protocol 1: Naphthalene dioxygenase (nahAc)
Acl14F CTG GC(T/A)(T/A)TT (T/IC)CT CAC (TIC)CAT 56. 0.2 ca. 482  (Wilsonet
Ac596R C(G/A)G GTG (C/T)CT TCC AGT TG al.,, 1999)
PAH ring-hydroxylating dioxigenase (PAH-RHID
Protocol 2 57 0.2 ca. 306 ;
PAH-RHDu GNF  GAG ATG CAT ACC ACG TKG GTT GGA : : (fegg%%e‘
PAH-RHDo GNR  AGC TGT TGT TCG GGA AGA YWG TGC MGT T al )
Protocol 3
PAH-RHDe GPF  CGG CGC CGA CAAYTT YGT NGG 54 0.2 ca. 292 (Cébronet
PAH-RHDo GPR GGG GAA CAG GGT GCC RTG DAT RAA al., 2008)
BHR plasmids
IncP-1(trfA genes)
trfA 733f F TTC ACS TTC TAC GAG MTK TGC CAG GAC 60 15 ca. 281
trfA 1013 R GWC CAG CTT GCG GTACTT CTC CCA
tfAg F TTC ACT TTT TAC GAG CTT TGC AGC GAC (Bahletal.,
tfAgR GTC AGC TCG CGG TAC TTC TCC CA 2009)
tfAd F TTC ACG TTC TAC GAG CTT TGC ACA GAC
tfAd R GAC AGC TCG CGG TAC TTT TCC CA
IncP-7 (rep genes)
P7 repB F GCA CAA ACG GTC GTC AG 54 0.25 ca. 524  (Izmalkova
P7 repAR CCC TAT CTC ACG ATGCTG TA etal., 2005)
IncP-9 (Ori-rep genes) Unpublished
ori 69 F GAG GGT TTG GAG ATC AT(AT) AGA 53 0.2 cale Flocco/Ding

ori 679 R GGT CTG TAT CCAGTT (AG) TG CTT

*Preceded by a GC clamp to DGGE, CGC CCG GGG CGC GCG GGC GGG GCG GGG GCA CGG GGG G

Endophytic isolates
Enrichment and isolation of PH-degrading bacteria
Endophytic extracts were obtained by root macemaf@®5 g) in 10 mL of 10 mM

MgSO, 7H,O using a Stomacher 400 (Seward Ltd). The enrichnoensisted of a
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series of batch cultures containing two differeatbon sources: 2-methylnaphthalene
and diesel oil mixture (98 octane gasoline with 2fgine oil). The first enrichment
consisted of inoculation with 1 mL of endophytictraxt to 50 mL of sterile mineral
medium (MM) (Maet al. 2006) supplemented with 10 mg of 2-methylnaplahel
crystals or with 1% filter-sterilized diesel oil .20 um, PTFE membranes).
Cycloheximide (100 mg/L) was added to the seleatieslia to suppress fungal growth.
Control flasks without root extracts were includéthe flasks were covered with non-
absorbent cotton wool and incubated at room tenyeran the dark with agitation
(100 rpm) for 7 days. Two more selection roundsenssnducted by sub-culturing 1
mL from the previous culture in 50 mL of mineral dinen with the corresponding
carbon source. Aliguots of each selective cultuerenstored at -80 °C in 1 mL of
glucose broth (Fluka) with 25 % glycerol, for maléar studies.

From each selective culture, 100 pL replicate aliguvere spread-plated in two
different media: R2A and King B (Merck). Isolatedl@nies were selected based on
morphology and color and purified by successiveadtiplating on R2A and King B
medium. After purity confirmation, selected colaniwere transferred to LB Medium
with 15 % glycerol and frozen at - 20 °C until pessing.

DNA extraction

Extraction of genomic DNA from endophytic isolateas performed after cell lysis
with the Qiagen genomic DNA extraction kit (Qiageim) combination with Fermentas
DNA Extraction Kit (Fermentas).

Characterization and identification of endophytic strains

Endophytic strains were grouped by the similaritf BOX-PCR genomic
fingerprints using the BOX_A1R primer (Marted al., 1992). For strains with distinct
fingerprints, the 16S rRNA gene was amplified usf@R universal bacterial primers
U27 and 1492R (Weisburgt al., 1991) and sequenced. The partial 16S rRNA
sequences were compared with different sequencekalale in the GenBank database

using BLAST-N (Basic Local Alignment Search Tool).
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Detection of genes encoding for PAH degradation

The presence ohahAc and PAH ring-hydroxylating dioxygenase geness
detected by PCR using the primers and reactionitons described by Wilsost al.
(1999) and Cébrost al., (2008), respectively (Table 3.1), as previoudhgcribed for
community DNA.

PCR-detection of broad host range (BHR) plasmids

A PCR approach was used for detection of BHR pldsspecific sequences in
DNA extracted from isolated endophytic strains. Bneplifications of plasmid-specific
sequences of IncP-1 (trfA gene), IncP-7 (rep geme) IncP-9 (oriV-rep genes) were
performed with the primers and conditions summalrireTable 3.1. The positive PCR
amplicons were confirmed by Southern-blot hybritima (SBH) on Hybond N nylon
membranes (Amersham Hybond-N; GE Healthcare) aoopitd Sambrook & Russell
(2001). PCR amplicons of IncP-9 were hybridizedhwitigoxigenin-labeled mixed
probe generated from typical IncP-9 plasmids. Dete®f hybridization with the DIG-
labeled probe was performed with a DIG luminesadetection kit (Roche Applied
Science) as specified by the manufacturer, usingXamy film (Roche Applied

Science).

Plasmid-DNA extraction and characterization

Plasmids were obtained by alkaline extraction atiogrto the adaptation of the
procedure by Birnboim & Doly (1979) described by &lmet al., (2000). For plasmid
characterization, extracted DNA was digested farat 37 °C with a combination of the
restriction enzymes Pstl and Bst11071 (Fisher $ii®n Restriction fragments were
separated on a 0.8 % agarose gel for 2 h at 5G\s@med with GelRed (Biotium).

Detection of genes encoding for PAH degradation enzymes in plasmidic DNA

The presence of specific catabolic genes encodiagnees involved in hydrocarbon
degradation in plasmids extracted from isolatedirsér was assessed using specific
primers for thenahAc and PAH ring-hydroxylating dioxygenase genes (édhll). A

touchdown PCR programme was used for the ampidicabf nahAc-like genes, as
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described by Wilsort al., (1999). A 16S rDNA PCR negative control reactivas

conducted to ensure the absence of bacterial clvomal DNA.

Sequence analysis of PAH degrading genes and phylogenetic tree

Amplicons of PAH degrading genes were cleaned usiegeClean Il Kit (MP
Biomedicals) following the manufacturer’s instroos and sequenced at external
facilities (StabVida). Sequenced genes were comdparth sequences available in the
GenBanK database by using the BLAST service to deterntiei tlosest relative.

Satistical analysis

The DGGE profile analysis was conducted with thiensre package BioNumerics
v6.6 (Applied Maths, Belgium). The matrix contaigiboth band position and intensity
was processed in a spreadsheet and transformedeiatore abundance. The relative
abundance matrix was log10 (x+1) transformed, addtance matrix was constructed
with the Bray Curtis similarity values. Distancduas were used to ordinate profiles by
nonmetric multidimensional scaling (NMDS) analysising PRIMER 6 software.
Environmental variables, namely pH, organic mattempisture, % fines and
hydrocarbon concentration were fit in NMDS commumibmposition analysis using a
Pearson correlation. The distance based linear Isd@estLM) was carried out to
identify correlations between measured sedimenarpaters and the composition of
endophytic community. For the initial marginal tette AIC (Akaike Information
Criterion) was selected, basing the analysis onBitey-Curtis resemblance measure
after square root transformation of the abundana®.dA two-way permutational
analysis of variance (perMANOVA) was used to analtlze differences in endophytic
community composition and gene copy number betwdant species and sampling
sites.

The amino acid sequences deduced of PAH dioxygegases fragments were
aligned to their closest relatives. A phylogenetee was then constructed using the
Neighbor-joining algorithm applied gamma distriloumti to a Jones-Taylor-Thornton
(JTT) model and bootstrapping (500 repetitions) ywis using the Molecular
Evolutionary Genetics Analysis (MEGADS) software.
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Results and Discussion
Environmental variables and endophytic community composition

The location of the sampling sites within the coexpéstuarine system of Ria de
Aveiro influenced the physical-chemical propertedsthe sediment, such as organic
matter content and OH concentration (Table 3.2tofding to the total concentration
of aromatic (16 PAHs) and aliphatic PH, site Bhis teast (5.86 ng grahdry weight)
and site C the most contaminated site (21.39"hgwj). Sites A and D showed similar
levels of contamination with intermediary valuesl.06 and 11.47 ng “gdw,
respectively). Site C is more exposed to anthropiogeactivities (recreational
navigation, urban runoff and shipping activity),iletsite A is located in the same main
channel but with lower influence of the Port of Awe Site B is not exposed to direct
contamination as it is located in a secondary chlramd finally, site D is also located

near a secondary channel but is exposed to theemdk of industrial activities.

Table 3.2. Sediment properties and concentration of hydraoeshbn four salt marshes

sites of the estuarine system Ria de Aveiro (medmev+ STD, n = 3).

Sampling sites

A B C D
pH 7.12+0.10 8.34+£0.20 7.49 £0.26 7.24+0.24
Organic matter (%) 454+1.13 2.67+1.15 5.81a82 7.20+£2.97
Moisture (%) 22.47 £5.03 17.74 £ 3.18 36.61 +8.18 40.10 £ 10.33
% Fines 58.06 + 0.06 20.96 £ 0.06 81.99£0.13 $2.6.03
Sediment Texture Mud Very fine sand  Mud Mud
Hydrocarbons (ng fdry weight)
¥ Aliphatics (-Cyc-Csy) 9.76 £ 0.17 3.79 £ 0.06 10.25+0.14 9.53+0.14
¥ 16 PAH 1.29+£0.01 2.07 £0.05 11.13+0.14 1.9105
> Total 11.05+0.11 5.86 + 0.01 21.39 £ 0.00 114¥07

The DistLM analysis was carried out to identify r@ations between measured
sediments parameters and the composition of endiogbgcterial assemblages (DGGE
profiles). Strong dependence on sediment parameigssobserved in the endophytic
community composition oH. portulacoides and S. perennis subsp.perennis plants,
explaining 63% and 71% of variation, respectivdlising AIC to find the simplest

combination of sediment parameters which best @xgiathe bacterial assemblage
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patterns, pH, log¥ 16PAHSs) and organic matter were identified askést fit model,
explaining 51 % of variation ifd. portulacoides plants and 58 % of variation i&
perennis subsp perennis plant. In agreement with our results, Goreeal (2007, 2008,
2013) provided evidences that the degree of sedismrtamination and especially the
type of pollutants present can influence the stmgctof bacterial communities
inhabiting estuarine sediments. Soil propertiesshsas pH and organic matter
(Marschnert al., 2001; Junget al., 2008; Afzalet al., 2011), are also important drivers
in the process of bacterial colonization in rhizee@ microhabitats. However, there is a
lack of information about the influence of the paeders evaluated in this study on the

estuarine endophytic communities.

Plant species effects on endophytic bacterial communities

The endophytic bacterial assemblage patterns edeirom DGGE analyses were
ordinated using NMDS (Fig. 3.2A and 2B). With extep of sites A and C ir5
perennis, the NMDS ordination revealed significant changesthe composition of
bacterial communities from different plant spedtes-way perMANOVA (p < 0.001)]
(data not shown). Plant effects on the microbiahcwnity in surrounding sediments
can be species specific (Berg & Smalla 2009). Ruootphology and exudates are
known drivers in the process of rhizosphere colaton by soil bacteria (Marschnetr
al., 2001; Berg & Smalla 2009; Bagsal., 2006) and may be expected to contribute for
in planta colonization of endophytic bacteria. Root exudatasre specifically, may
contain various molecules that are structurallyatesl to several environmental
pollutants (e.g. PAHs) with potential to enhancel $mcteria carrying catabolic
pathways for aromatic compounds (Shaw & Burns 2083)revious study (Oliveirat
al., 2012) provided evidences thdt portulacoides andS. maritima root systems may

contribute for the release of species specifictielaompounds in their root exudates.
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Fig. 3.2 NMDS showing the comparison between DGGE fingetpriof endophytic

communities from two different plantsialimione portulacoides (A) and Sarcocornia

perennis subsp perennis (B), along a gradient of hydrocarbons contamination

PAH dioxygenase genesin total endophytic communities

Genes encoding for PAH dioxygenase were presentembers of the endophytic
communities found in the roots &f. portulacoides and S. perennis subsp.perennis,
indicating a potential metabolic capacity of endgphbacteria for degradation of PH.
In this study, different sets of primers for deimct of genes encoding for PAH
degrading enzymes were used. The sequence anahmesed that the majority of genes
detected in endophytic communities were closelyateel to the nahAc gene.
Interestingly, some genotypes showed plant-spespesHic association (Table 3.S1).
Although catabolic genes associated with hydrocaxdegradation are considered to be
widespread, some genotypes can show specific as®ms with some plant species
(Phillips et al., 2008). Other studies have shown that specifiabtdic genotypes are
plant species dependent, although also influengeghiironmental factors (Siciliars
al., 2001, Cébroret al., 2009, Dinget al., 2010). The results obtained in this study
indicate that the abundance of genes encodingAst fhg-hydroxylating dioxygenase
in the endophytic communities tend to show diffeesn between plant species and
sampling sites (Fig. 3.3). Gene copy numbers weagkest in plants located in more
contaminated sites (C and D). However, perMANOVAalgsis did not confirm
significant differences between sites. A similaarticontaminant-dependent selection

of different catabolic genotypes in endophytic dapans was observed iBcirpus
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pungens and Festuca arundinacea after experimental soil contamination with

nitroaromatics and petroleum (Siciliastoal., 2001).

B H pornillacoides

‘ S. perennis

Log (genes copy/groot dw)
2
b

-

A B C D

Sampling sites

Fig. 3.3 Quantification of PAH-RDK GN gene copy number contained in endophytic

community in a gradient of hydrocarbons contamorafmean value £ STD, n = 4).

The preponderance of the factors related eithgoldat attributes or to sediment
properties may be difficult to decide. Howeverjwady about the diversity afdo genes
in rhizosphere of two vascular plants growing intaotic soils revealed that the
selection ofndo genotypes was more related to the contaminatian tb the influence
of plants (Flocccet al., 2009). Also, the effects are most likely intgreiedent. It has
been demonstrated that plant growth can be affdnyesbil characteristics (soil type,
particle sizes and organic matter content) whico ahfluence microbial colonization
and activity, and subsequently the efficiency ofitaminant degradation (Afzat al.,
2011).
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Table 3.3 Endophytic bacterial isolates from enrichment u@$ ofH. portulacoides

andsS. perennis subsp perennis roots.

Sequence % Acession

Sample ID

acession n®.

16S rRNA Identity

Similarity n°”

Halimione portulacoides

Naphthalene

Diesel oil
36

40
42

KF135227
KF135228
KF135229
KF135230
KF135231
KF135232
KF135233
KF135234
KF135235
KF135236

KF135237
KF135238
KF135239

Sarcocornia perennis subsp perennis

Naphthalene
15
17
18
19
21
24
25
26
27
29
31
35

Diesel oil
49

KF135240
KF135241
KF135242
KF135243
KF135244
KF135245
KF135246
KF135247
KF135248
KF135249
KF135250
KF135251

KF135252

Pseudomonas sp.
Sohingobium yanoikuyae
Pseudomonas sp.
Moraxellaceae
Pseudomonas rhodesiae
Micrococcus sp.
Fphingobium sp.
Pseudomonas sp.
Pseudomonas sp.
Pseudomonas sp.

Pseudomonas rhodesiae
Pantoea dispersa
Pseudomonas sp.

Microbacterium sp.
Pseudomonas sp.
Pseudomonas putida
Pseudomonas sp.
Acinetobacter sp.
Pseudomonas sp.
Ochrabactrum sp.
Pseudomonas sp.
Microbacterium sp.
Pseudomonas stutzeri
Pseudomonas sp.
Pseudomonas putida

Pseudomonas sp.

99
100
99

100

99
99
99
100
100
99

100
99
100

99
99
100
100
97
100
99
100
100
99
100
100

100

JX047434
JX122496
EF627998
JF947030
JX994152
JQ396588
JQ433940
EF628000
AF411853
HF679142

JX994152
JN835497
AB772943

JN942146
EU306338
JQ824856
GU966669
HM755663
AY332207
JQ821380
JN033360
AB733571
EU167940
EF628000
JQ619028

JNO033360

& GenBank sequence accession numbers of the respisciate

b GenBank sequence accession numbers of the masikdlacterial sequence
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Endophytic bacteria enriched in selective cultures

Fifty putative hydrocarbonoclastic endophytic baelestrains were isolated from
selective cultures. After BOX-PCR typing, twenty-ssolates were selected as clone
representatives. Their 16S rRNA gene sequencesesh88-100% similarity to known
genes deposited in the GenBank database and cladatgd with organisms obtained
from polluted sites (Table 3.3). Sequence analg$ishese strains revealed a great
predominance of Gram-negative bacteria, particuld#$eudomonas sp. Only few
endophytic Gram-positive bacteria were isolatedbl@a3.3). The predominance of
Gammaproteobacteria, mainly Pseudomonas sp., is consistent with previous
observations of this group associated to the detjad of hydrocarbons (Mat al.,
2006) in rhizospheres as well as in root endophydimmunities (Phillips et al. 2008;
Taghavi et al., 2009; Yousaf et al, 2010b$ohingobium, Acinetobacter,
Microbacterium, Micrococcus and Ochrobactrum were also found among the isolates
In a similar work, twenty-one PAH degrading bactestrains isolated from Antarctic
soils were identified a®seudomonas and associated to PAH degradation (&fal.,
2006). Sphingobium sp. is reported as a common PAH degrader in sGilsl{ffe &
Kertesz 2006) andcinetobacter sp., in association with other bacteria, is alsmived
in the degradation of a variety of PAHs (¥ual., 2005). Crude-oil-degrading strains of
Microbacterium are also described in the literature (Schipperal., 2005), and two
Micrococcus strains capable of growing on a mixture of naplghealand phenanthrene
were isolated from soil near an oil refinery (Astablal., 1995).Ochrobactrum is also
reported as able to grow on a variety of PAHs, ranmhenanthrene, pyrene,
fluoranthene and benzjpyrene (Wuet al., 2009).

PAH genes and BHR plasmids in endophytic isolates

In this work, three sets of primer were used t@dtargenes encoding for PAH
degradation in endophytic strains (Table 3.S2).séhgenes were only detected in few
isolates and mainly in cultures obtained from nhpl@ne enrichments. In general, the
isolation of microorganisms capable of growing @pimthalene is widely documented
(Widadaet al., 2002). In selective cultures containing dieskls carbon source, genes
encoding for PAH degradation were only detectedhoeePseudomonas isolates. This

may be related to the fact that diesel oil repressenmore diverse carbon source,
73



Endophytic with degradative hydrocarbon potential

containing a small fraction of naphthalene and mageaof aromatic and aliphatic
hydrocarbons that may be used by different andialmed metabolic pathways (Ciric
etal., 2010).

The use of culturable fractions of the endophytimmunities as retrieved from the
selective cultures might also explain the diffeenén gene prevalence. In a study
conducted in mangrove microniches, the composiiothe original community of the
microniches determined the structural and functiaizersity of the PAH degrading
enrichments (Gomes al., 2010a).

The phylogenetic tree of the predicted amino a@duences of gene fragments
encoding for PAH dioxygenase from endophytic issdashows a close phylogenetic
relationship with the larger-subunit of naphthalene dioxygenase belonging ® th
nahAc genotypes described fétseudomonas species and/or plasmids associated with
this genus (Fig. 3.4, 3.5). In Figure 3.4, the amatid sequence retrieved from the
three strains (protocol 1) is closely related tohatypal nahAc gene sequences of

Pseudomonas-associated plasmids (sequences identity withirgthap 73%).

nahAc - Pseudomonas fluorescens plasmid pNAH20 (EF680322)
57| nahAc - Pseudomonas putida plasmid pAKS (JQ922260)
9 KF135254

KF135253

KF135255

nahAc - Pseudomonas putida SlIASal (AF306439)

— nahAc - Burkholderia sp. C3 pNag-13 (GQ184726)
narfa - Rhodococcus sp. NCIMB12038 (AF082663)

=]

—
02

Fig. 3.4 Phylogenetic relations of amino acid sequences esfeg encoding PAH
degradation enzymes detected in bacterial isolaig) protocol 1. The sequences were
aligned with related sequences retrieved from GekBa

The protocol 2 detected genes encoding for PAHatkgon closely related to the
nahAc gene previously described fdtseudomonas sp. LCY18 andPseudomonas
associated plasmid (Fig. 3.5). The occurrenceabflike genotypes carried by PAH
degrading bacteria have been reported in isolates fenrichment cultures with

naphthalene or phenanthrene as carbon sourceet(®lg 2006) and in the rhizosphere
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of two plants growing in Maritime Antarctic (Flocaa al., 2009). A succession of
different genes encoding PAH dioxygenase was found PAH-contaminated
environments, and a dominancerah-like genotypes occurred after enrichment with
naphthalene (Chadhaet al., 2006). Moreover, our results indicate that ddéfe genes
encoding for PAH degradation occur when exposedlifferent PAHs in culture
medium. The results obtained in this work underlthe potential environmental
importance of nah genotypes in the process of PAH degradation bytebat

endophytes in salt marsh plants.

2 KF135257
56 [ KF135263
KF135264

nahAc - Plasmid pFKY4 (AB257758)

KF135265

nahAc - Pseudomonas sp. LCY 18 (AY694171)

KF135262
+ KF135261

KF135256

KF135258

KF135259

KF135260
— ‘ nahAc - Pseudomonas fluorescens plasmid pNAH20 (EF680322)
narAa - Rhodococcus sp. NCIMB 12038 (EF082663)

33

2

3

_‘Ch

05

Fig. 3.5 Phylogenetic relations of amino acid sequences esfeg encoding PAH
degradation enzymes detected in bacterial isolatieg) the set of primers of protocol 2.

The sequences were aligned with related sequeatres/ed from GenBank.

Horizontal gene transfer mediated by catabolicrplds plays an important role in
the adaptation of microbial communities to chemstaéss in polluted environments
(Dennis 2005). For this reason, in this study,gbtential role of BHR plasmids (IncP-
1, IncP-7 and IncP-9) in the process of horizomtahsfer of genes encoding PAH
dioxygenase was investigated (Table 3.S2). A widl8 isolates, all from the selective
cultures containing naphthalene, carried IncP-8rplds (Table 3.S2). However, IncP-1
and IncP-7 plasmids were not detected. IncP-9 oltaplasmids belong to a known

group of self-transmissible plasmids that oftenoelecenzymes involved in the process
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of PH degradation. In this study, sequence fragmehtained from genes encoding for
PAH dioxygenase in plasmids exhibited high similawith thenahAc gene of plasmid
FKY4, a IncP-9 self-transmissible plasmid able tansfer the ability to degrade
naphthalene to other bacterial cells (@hal., 2007) (Fig. 3.5). Our results indicate that
this plasmid may be involved in the spreadhali genotypes between salt marsh plants

in the estuary studied.

Conclusions

This study assessed the potential effects of petioghydrocarbon contamination
on the structural and functional diversity of enlgiic bacteria in two salt marsh plant
species. The results showed that plant speciessaddnent properties are likely
interacting in the modulation of the endophytic tedal communities and in their
genetic determinants for OH degradation, like geares plasmids. Furthermore, plant-
species-specific “imprints” were confirmed in thentposition of genes encoding for
PAH degradation. Based on the phylogenetic analytsie culturable fraction of
endophytic degraders was essentially close rela®dknown PAH-degrading
Pseudomonas species. The prevalence rdh genotypes and the detection of catabolic
plasmids in salt marsh plants indicate that hoti@logene transfer can drive the spread
of nah genes in these habitats and probably contributéhéoprocess of bacterial
endophytic adaptation and planta OH decontamination. Moreovenah genes are
commonly associated with hydrocarbon degrading ispebelonging to the genus
Pseudomonas. Overall, the results suggest that the adaptatiddH contamination goes
beyond the rhizosphere communities and extendsdophytic bacteria tightening the
relations established between plants and microbessponse to OH contamination.

Acknowledgements

This work had financial support from CESAM researamit (PEst-
C/MAR/LA0017/2011), QOPNA research unit (project SRE/QUI/UI0062/2011),
Portuguese Foundation for Science and TechnologyT)Fproject PTDC/AAC-
CLI/107916/2008  (http://alfa.fct.mctes.pt) and COBMRES-(FCOMP-01-0124-
FEDER-008657). Financial support to V. Oliveira E&#HBD/46977/2008) was

provided by FCT in the form of a PhD grant.
76



Endophytic with degradative hydrocarbon potential

Data Accessibility

1 The 16S rRNA sequences for the OH-degrading isslaave been deposited in
GenBank under accession numbers KF135227 to KF23525

2 The PAH degrading genes sequences obtained weusitkd in the GenBank
database under the accession numbers KF1352531185RB5.
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CHAPTER 3
Hydrocarbon contamination and plant species deter mine the phylogenetic and

functional diversity of endophytic degrading bacteria

Supplementary Material

Table 3.S1 Detection of genes encoding PAH degradation engyore endophytic
community from roots in a gradient of hydrocarbemtamination. -, no detection in all
replicates; +, detection in one replicate; ++, diégb@ in two replicates; +++, detection

in three replicates (n = 4).

Sampling sites
A B C D

Halimione portulacoides

PAH degrading genes
Protocol f - - - -
Protocol 2 ++ +H+ ++ ++

Protocol 3 - - - -

Sarcocornia perennis subsp perennis
PAH degrading genes
Protocol f +++ ++ - ++
Protocol 2 - - ++ ++
Protocol 8 - - - -

& Protocol 1: Primer set Ac114F and Ac596R
b Protocol 2: Primer set PAH-RHDGN F and PAH-RHR GN R
“Protocol 3: Primer set PAH-RHDGP F and PAH-RHB GP R
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Endophytic with degradative hydrocarbon potential

Table 3.52 PCR and SBH analysis of genes encoding PAH detjoad&nzymes
involved in hydrocarbon degradation and plasmidugsoof endophytic isolates. The
signal + represents the number of isolates whenegyerere detected. - = hybridization
and (-) = weak hybridization.

Naphthalene Diesel oll

Sampling sites

A B C D A B C D

H. portulacoides

PAH degrading genes
Protocol 1
Protocol 2 + + +
Protocol 3

BHR plasmids
IncP-1

IncP-7
IncP-9 ++ + + +++++

Incp-g -0) ©) 0 )

S perennis subsp perennis
PAH degrading genes
Protocol £ +
Protocol 2 + + + +
Protocol 3
BHR plasmids
IncP-1
IncP-7

IncP-9 ++++ +++ ++

IncP- “E) =0 -0

aProtocol 1: Primer set Ac114F and Ac596R
b Protocol 2: Primer set PAH-RRDGN F and PAH-RHB GN R
“Protocol 3: Primer set PAH-RHDGP F and PAH-RHB GP R
4 |solates which hybridized with IncP-9 probe
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Plant-microbe interactions in 2-methyl naphthal ene contaminated sediments

CHAPTER 4
Evaluation of plant-microbeinteractionsin 2-methylnaphthalene contaminated

sediments

Abstract: The interaction between plants and their assatiatdigenous degrading
microorganisms (rhizo- and endosphere) have begiored as a process for the
removal or sequestration of pollutants. In thisdgiua factorial microcosm approach
was used to investigate the response of the salshm&alophyte Halimione
portulacoides to contamination with 2-methylnaphthalene. Thee@ffof inoculation
with indigenous endophytic hydrocarbon degradingtdr&um Pseudomonas sp. was
also assessed. During the experiments, plant pjrdtostic performance was monitored
by Pulse Amplitude Modulated (PAM) fluorometry, tsieuctural diversity and function
of bacterial communities were assessed by Dengtu@radient Gel Electrophoresis
(DGGE) analysis of 16S rRNA gene sequences, andd#tection of polycyclic
aromatic hydrocarbon (PAH) dioxygenase genes wasnpted. The clearance of the
added hydrocarbon was evaluated by chemical asaly$he sediments.

The endophytic and rhizosphere communities exldbidgferent responses to
inoculation and/or to 2-methylnaphthalene amendmiEmé inoculation had a positive
impact in plant photophysiology but it did not caws significant change in the plant
health responses to hydrocarbon exposure. The i@uddaf 2-methylnaphthalene
increased the frequency of genes encoding for dhgel subunit of naphthalene-1,2-
dioxygenasen@hAc) in sediment bacteria (with and without inoculajio

These results do not demonstrate a significantcef® the inoculation with an
endophytic hydrocarbon-degrading bacteria on theralv hydrocarbon degradation
potential of the salt marsh halophydalimione portulacoides, under the moderate PAH
concentrations of the experiment. However, theceféé the inoculant on the structure
of the indigenous endophytic community indicatest the strain used in this study is a
good plant colonizer and may be regarded as progisandidate for microbe-assisted
phytoremediation approaches.
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Keywords: endophytic; H. portulacoides, polycyclic aromatic hydrocarbon,

phytoremediation

Introduction

Estuarine areas are very susceptive to contammdyooil hydrocarbons, mainly
because they are often located in the vicinity oban and industrialize areas.
Petroleum-derived, such as, polycyclic aromaticrogdrbons (PAHS), are of particular
importance due to their ubiquity, toxicity and pstesnce (Haritash & Kaushik, 2009).
Removal techniques are being applied to water addrent in the attempt to restore
environmental quality, with a preponderance ofiin smethods which are more efficient
and cost-effective (Alkorta & Garbisu, 2001).

Phytoremediation as the use of vegetation to emhdegradation and removal of
contaminants in soil, sediments and groundwater drasrged as the best natural
technology alternative (Escalante-Espinoga al., 2005, Moreiraet al., 2011).
Successful application rely on a variety of fact@sch as the type and quantity of
contaminant, performance of particular plant specer physical and chemical
characteristics of the contaminated area (EPA, 20@rta & Garbisu, 2001). The salt
marsh vegetation is dominated by halophytes the tize capacity to tolerate high salt
concentration  (Flowers & Colmer, 2008) and their teptial as
bioindicators/biomonitors of contamination (Anjughal., 2013) or in the clean-up of
petroleum hydrocarbon contamination have been etud@Dliveira & Mendelssohn,
2009, Al-Mailemet al., 2010, Coutaet al., 2011, Ribeircet al., 2013). Plants exudates
(e.g, sugars, organic acids and vitamins) enhanagohbial activity promoting
hydrocarbon reduction in contaminant areas. Thezefone of the mechanisms
responsible for phytoremedition is the increasehgfirocarbon degrading bacteria
populations containing catabolic genes responsiole hydrocarbon degradation
(Sicilianoet al., 2002).

The stimulation of indigenous microorganisms capatfl degrading pollutants or
the addition of engineered microorganisms to enddmnedegradation has been reported
(Baracet al., 2004, Germainet al., 2009, Afzalet al., 2013).Pseudomonas species

have been shown to be capable to degrade a ramggaofic pollutants, including PAH,

82



Plant-microbe interactions in 2-methyl naphthal ene contaminated sediments

halogenated derivates and recalcitrant organicuesi (Bhattacharya al., 2003), and
were frequently reported in PAH-impacted environtadMaet al., 2006, Coelhet al.,
2011, Dubinskyet al., 2013, Oliveireet al., 2014).

Halimione portulacoides (L) Allen, a low perennial shrub of the Chenopaeiae
family, highly abundant in salt marshes along thtamtic coast of Europe (Waisel,
2012), is a promising species for the applicatidrploytoremediation in salt marsh
sediments. H. portulacoides has been the subject of a variety of studies dudst
potential to accumulate several metals (Cacatal., 2009, Valegat al., 2009, Anjum
et al., 2011), and is also a good candidate to use itopiayediation of hydrocarbon
contamination areas. In this study, 2-methylnadbttea was used as model of
hydrocarbon sediment contamination. Naphthaletieeisimplest and most widespread
environmental pollutant member of the chemical fgnof polycyclic aromatic
hydrocarbons (PAHs) and its methyl-substituted vdg¢e is among the most toxic
components in crude and fuel oils (Mahaghal., 1994).

The objective of this study was to test, under @ietd microcosms conditions, if
the inoculation ofH. portulacoides with a hydrocarbon-degrading bacterium would
mitigate the negative effects of the exposure ahfd to hydrocarbon contamination.

Material and Methods

Samples oHalimione portulacoides were collected from an estuarine system (Ria
de Aveiro, Portugal, 40°36’N, 08°45'W) during laetumn. In order to obtain grafts of
H. portulacoides, stems with leaves were cut in small pieces (ape& cm) that were
placed in bottles with ¥4 Hoagland nutrient solutwaith the following composition: 1.5
mM KNOs3, 1 mM Ca (NQ),, 0.5 mM NHH,PQO,, 0.25 mM MgSQ.7H,O, 50 mM
KCI, 25 mM HBO3, 2 mM MnSQ. H,O, 2 mM ZnSQ.7H,0, 0.5 mM CuSQ@5H,0,
0.5 mM (NHy)s M07024.4H,0 and 20 mM FeNaEDTA (Duartt al., 2007). The plants
were kept at room temperature under natural lightapproximately five months in
order to allow the development of new root biomdsst-sediment was collected from
the same site sieved through 2.00 mm. The sedirhadta moisture capacity of
22.47%, organic matter content of 4.25% and a pH2.7The sediment texture
corresponds to mud with 58% of fines (Olivedtal., 2014).
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The experimental design was randomized, with grdftsded in 4 treatments:
control (Ctl — sediment with plants); sediment witfoculated plant (I); sediment
contaminated with 2-methylnaphthalene and with p(8tN); sediment contaminated
with 2-methylnaphthalene and with inoculated pl@tN_I). The experiment was
conducted for eight weeks.

Treatments

In order to simulate PAH contamination, sedimeM$&N and MtN_I) were spiked
with 2-methylnaphthalene (final concentration 10¢{ly To achieve a uniform spiking,
2-methylnaphthalene was dissolved in acetone adddatb 1/4 of total sediment. The
acetone was allowed to evaporate overnight. Théaounated sediment (1/4) was well
mixed with additional sediment (3/4) (Brannock, 2pCEach container took 150 g of
sediment.

Pseudomonas sp. SN31 strain was obtained after enrichment \W@hmg of 2-
methylnaphthalene crystals as the sole carbon s@asaescribed in a previous study
(Oliveiraet al., 2014). The 16S rDNA ribosomal sequence usedentify the isolate is
available at the GenBank under the accession nurlb&28000. Before planting, the
plant grafts were divided in two sets. In one, dawere treated with freshly grown
Pseudomonas sp. SN31 cells (10 by dipping the roots in a 0.85% NaCl solutioneov
72 h. In other set the roots were dipped only emilet NaCl solution (Fig. 4.S1).

Finally, plants were transferred to PAH-spiked ontcol sediment and maintained
under natural light and room temperature. During tourse of the experiment, two
days per week all treatments were subjected gaiion with Hoagland’s solution (Fig.
4.S2).

Quantification of 2-methylnaphthalene

Sediment was analyzed for 2-methylnaphthalarsgng a Soxhlet extraction
followed by a GC-MS analysis. Four sediment sampléseach treatment were
homogenized and freeze-dried before extraction.t@ated naphthalengrdurrogate
standard was added to sediment samples to mohé@rocedures of sample extraction,

cleanup and analysis. In a Soxhlet apparatus 5iegl ditnd homogenized sediment
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treatment was extracted with 150 ml dicloromethdh@r to extraction, the sediment
was spiked with 25 pl (2 pug/ml) deuterated recowgmyogate standard (naphthalene-
dg). Activated copper (Schubest al., 1998) were added to the collection flask to avoid
sulfur interferences when using mass chromatograplfier extraction, the sample
extracts were concentrated by rotary evaporatiotoug volume of about 2-3 ml, and
change solvent into 10 ml n-hexane which furtheluce to approximately 1-2 ml. The
concentrated hexane extract with 2-methylnaphtiealeas separated using a 2:1
alumina/silica gel column with anhydrous sodiumfatel overlaying the alumina
(remove small quantities of water). This column waed to clean-up and fractionate
the extract. Elution was performed using 15 ml @kdne to yield the first fraction and
followed by 30 ml of dicloromethane/hexane (1:1heTsample volume was reduced to
1 ml by rotary vacuum evaporator and further tol2vith a gentle purified nitrogen
stream. A known quantity (2 mg/ml) of the intersgdndard, hexamethylbenzene, was
added prior to GC-MS. GC-MS analysis was carriethgigein Agilent Network GC
system, namely an Agilent 6890 gas chromatograplippgd with a mass selective
detector (MSD 5973) in the selective ion mode (SIWhe 2-methylnaphthalene was
separated using a VF-5MS fused silica column (30 @25 mm i.d and 0.25 pum film
thickness). GC/MS operating conditions were asofed: injector and transfer-line
temperatures were maintained at 300 °C. The overpdrture programmed was
initially isothermal at 60 °C for 1 min, increas®d200 °C at a rate of 10 °C/min (hold
for 2 min), and then kept isothermal at 300 °C 3omin with a rate of 20 °C/min.
Helium as the carried gas a flow rate of 1.3 mL mirA 1 pL sample was manually
injected in the splitless mode with a 1 min solveetay. The mass spectra of 2-
methylnaphthalene was acquired at the electron ¢m#&) mode at 70 eV. The mass
scanning ranged between10 and mZ 500. The naphthaleng-durrogate recovery

was 90 + 6 %.

Photosynthetic performance
Chlorophyll a fluorescence was monitored by PAMoflbmetry as an indicator of
photosynthetic performance, using an imaging clgbyt fluorometer (Open

FluorCAM 800-0O/1010; Photon Systems Instrumentd)e Bquipment comprises a
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computer-operated control unit (SN-FC800-082, P&1)2/3” CCD camera (CCD381,
PSI) attached to an F1.2 (2.8-6 mm) objective (E@eal four 13 x 13 cm LED panels
emitting red light (emission peak at 621 nm, 40 bandwidth). Two LED panels
(MLS13x13-016A/B) provided the modulated measutiggt (< 0.1 pmol rif s*) and
the other two (SL3500-179/180) provided saturaginpes (> 7500 pmol fs?, 0.6 s).
Chlorophyll a fluorescence was filtered using gefilsystem (composed by a high pass
filter (695 nm) and a low pass filter (780 nm) anthges (12 bit, 512 x 512 pixels)
were captured and processed using FluorCam?7 seft{fdmoton Systems Instruments).
Experimental procedure was carried out under therabof user-defined automated
measuring sequences (protocols) with the abilitgéfine measurement intervals and
irradiance (Nedbatt al., 2000). For each treatment, five replicateHofportulacoides
leaves under the same experimental conditions deee adapted for 5 minutes, before
the maximum quantum yield of photosystem Il (P$buld be measured (). A
user defined protocol, with a total duration of 2&|s used to estimate/F, and
allowed minimum fluorescence {i-to be measured for 1,4 seconds and then a 600 ms
light saturating pulse (SP) was applied, whichva#id the determination of maximum
fluorescence (F) values. F/F, was calculated following Kitajima & Butler (1975).
After the estimation of [, rapid light-response curves (RLCs) were performed
immediately on the same samples. RLCs were buitigu$4 increasing actinic light
steps, from 53 to 1531 pmolfs?, with each light step taking 10 sec, after which a
SP was applied, allowing the estimation of steadiedluorescence {Fand maximum
light-adapted fluorescenceqlfor each light step. The relative electron traois rate
(-ETR) was calculated for each light step, /B8R = [(Ry- F9/Fn]*PAR, with (Fp'-
Fs)/Fn, being the PSII effective quantum vyield (Gerdyal., 1990). Light curve
parameters, such as(initial slope), [ETR, (maximumETR) and E (light-saturation
parameter) where quantified by fitting the modeEdérs & Peeters (1988), using the
MS Excel Solver.

Total community DNA (TC-DNA) extraction
Four samples of 0.5 g of rhizosphere sediments wagect to TC-DNA extraction

using a MoBio Ultracleaff' soil DNA kit (Cambio) following the manufacturer’s
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instruction.The endophytic community was recovered from fresiits. Root material
was vigorously washed in distilled water (5 mindawoot surface was disinfected by
sequential washing with 95% ethanol and 1% sodiypothlorite supplemented with
one droplet Tween 80, and rinsed three times inlestdistilled water (Baraet al.,
2004). A 100 pL sample of final rinsing water waggesad-plated on 869 medium
(Mergeayet al., 1985) to check the efficiency of disinfection.eTéndophytic TC-DNA
extraction was performed using a bead-beating pobt@reviously described in
(Phillips et al., 2006). About 2 g of surface disinfected root matevas macerated in
liquid nitrogen. The cell lysis was achieved by ambination of bead-beating,
proteinase K (20 mg mt) and sodium dodecyl sulfate (20%). Proceduresuleell
debris and proteins were precipitated with aquéobigy ammonium acetate. DNA was
subsequently precipitated with isopropanol, washdth 70% cold ethanol and re-
suspended in 50 pL TE buffer (10 mM Tris-HCI, 1 mBDTA; pH 8.0). The
endophytic TC-DNA was purified with the GeneCleginXit (MP Biomedicals).

PCR amplification of 16S rRNA gene fragments and denaturing gradient gel
electrophoresis (DGGE)

A nested PCR approach was used to amplify the R&¥Argene sequence from
rhizosphere sediments and endophytic communitiesn@et al., 2008). Briefly, in the
first PCR the universal bacterial primers U27 ad®2R were used. The amplicons
obtained was used as template for a second PCRthetibacterial DGGE primers
984F-GC and 1378R (Heuefral., 1997). PCR proceeding and amplification condgion
were described in (Oliveirat al., 2014).

The GC-clamped amplicons were applied to a doutddignt polyacrylamide gel
containing 6-10% acrylamide with a gradient of 4&%50f denaturants. The run was
performed in Tris-acetate-EDTA buffer at 60 °C atomstant voltage of 80 V for 16 h
using the DCode System (Universal Mutation Detectystem, Bio-Rad). The DGGE
gels were silver stained (Heustral., 2001). The processing of the scanned DGGE gels
was carried out using the Bionumerics software(plied Maths).
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Detection of genes encoding for PAH degradation

The presence of genes encoding the large subumagmtithalene-1,2-dioxygenase
(nahAc) and alpha subunit of the PAH ring-hydroxylatingxygenases genes, both
related to PAH degradation, was detected by PCRguiie primers and reaction
conditions described by Wilsat al. (1999) and Cébroe al. (2008), respectively and
summarized in Oliveirat al., (2014).

Satistical analysis

After analysis of DGGE gels the data matrix of babdndance (band positions and
their corresponding intensities) per sample wa$0og + 1) transformed and a distance
matrix was constructed using the Bray-Curtis indeth the vegdist() function in the
vegan package (Oksanen al., 2011) in R version 3.0.1 (http://www.r-projectgr
checked 2013/09/13). Variation in bacterial compiasi as response to different
treatments in rhizosphere sediments and root engiopbommunities was visually
assessed with Principal Coordinates Analysis (P@)g the cmdscale() function in R
using the Bray-Curtis distance matrix as input. nBigant differences between
treatments in the communities of different micratetb were tested using the adonis()
function in vegan. The adonis() function performsaaalysis of variance with distance
matrices using permutations that partition the agise matrices among sources of
variation. In the adonis() analysis, the Bray-Gudistance matrix of band composition
was the response variable with type of treatmém@srtidependent variable. The number
of permutations was set at 999; all other argumasé&xl the default values set in the
function. Plant fluorescence parameters and 2-nrepithalene concentration data
was included in an analysis of variance (ANOVA) rebtb determine the specific
effects of each treatment. ANOVA analysis were graned using aov() function of the
R.

Results
Growth, maximum quantumyield of PSI and light curve parameters
Halimione portulacoides grew well in both controls (non-contaminated) ahd

methylnaphthalene contaminated sediments. At tldeogrexperiment plants appeared
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healthy, with development of news leave and shdéig. 4.S2). Fluorescence
parameters were used to determine if 2-methylnapdrnle had a significant negative
impact on plant health and photophysiology (TahlE).4Maximum quantum yield of
photosystem Il (Fy,) was evenly high in all treatments with an averafje.788,

without significant differences between treatmenike ,ETR, parameter used as a
descriptor of the maximum photosynthetic rate, €ase in all treatments from the

beginning to the end of experience (Table 4.1).

Table 4.1 Chlorophyll a fluorescence parameters initial afitér eight weeks of 2-
methylnaphthalene contamination. Maximum quantuetdyof PSII (E/Fy) and light
curve parametersuf initial slope), [ETR, (maximum relative electron transport rate)

and g, light-saturation) foH. portulacoides.

Initial (TO) Treatments (after eight weeks)
P P_I Ctl I MtN MtN_I
Fo/Fr 0.78 +0.03 0.77 +£0.03 0.77 £0.02 0.82+£0.01 8&D.01 0.82 +0.01
a 0.59£0.10 0.50 £0.05 0.47 £0.15 0.50+0.16 0&3®.10 0.46 £0.17
{ETRn 107.75+6.28 125.21 £15.53 72.84+16.52 452363 77.27+12.36 58.39 +6.55
Ey 170.29 £+18.69 222.79+56.45 14484 +15.10 8239384 278.26 £99.99 124.44 +31.94

P, plants before planting; P_I, plants before plantwith isolate; Ctl, sediment with plant; I, sedim with
inoculated plant; MtN, sediment contaminated wa&hmethylnaphthalene and with plant; MtN_I, sediment
contaminated with 2-methylnaphthalene and with ufated plant

Concentration of 2-methylnaphthalene

The final 2-methylnaphthalene concentrations irkeghisediments were lower (p <
0.001) than at the beginning of the experiment [@dh2). The initial concentration of
2-methylnaphthalene in sediment was approximat&yng g dwt' and decrease to
approximately 12 ng g dWtat the end of experiment (Table 4.2) in both amesheht
sediments (MtN and MtN_1). In the treatments withadded 2-methylnaphthalene, the
concentrations at the beginning and at the enti@fEkperiment were not significantly
different (Table 4.2).
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Table 4.2 Quantification of 2-methylnaphthalene (ng g dwt

Initial Treatments (after eight weeks)

Sed Sed_MtN Ctl I MtN MtN_I
2-methylnaphthalene

2.80+0.80 47.99+6.27 3.38+0.24 239%0.90.74%3.45 11.72+4.28

Sed, sediment before treatments (negative contgalji MtN, sediment contaminated with 2-methylnaaletie
before treatments; Ctl, sediment with plant; |, seit with inoculated plant; MtN, sediment contaatéd with
2-methylnaphthalene and with plant; MtN_I, sedimerintaminated with 2-methylnaphthalene and with
inoculated plant

DGGE analysis of the bacterial community

The effect of 2-methylnaphthalene on the bactecammunity structure was
determined using 16S rRNA gene-based PCR-DGGE haosphere sediments and
endophytic community at the end of the experimdnorder to determine differences
between the bacterial community fingerprints, PC&s werformed based on intensity
of each DGGE band under the different conditiond amcrohabitats. PCO analysis
shows that depending on the microhabitat, treatsndrave distinctly influenced
bacterial community responses. The rhizosphere aamties (Fig. 4.1) were generally
conserved and a detectable shift in community sireconly occurred under the
combined pressure of 2-methylnaphthalene amendraedt bacterium inoculation
(Adonis k1, =3.60, P < 0.001, R= 0.607). The PCO analysis of the endophytic
community (Fig. 4.2) showed a clear separation reé oluster corresponding to the
controls (Ctl) and another cluster including ahattreatments (Adonissf, =3.60, P <
0.001, R = 0.444) with inoculum and 2-methylnaphthaleneasately or both additions

at the same time.
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Fig. 4.1 Ordination based on principal coordinate analy@€O) showing the
comparison between DGGE fingerprints from rhizospheommunity in the four
treatments (Ctl, sediment with plant; I, sedimeirthvinoculated plant; MtN, sediment
contaminated with 2-methylnaphthalene and with tpl&iN_|, sediment contaminated

with 2-methylnaphthalene and with inoculated plant)
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Fig. 4.2 Ordination based on principal coordinate analy@<O) showing the
comparison between DGGE fingerprints from endoghytommunity in the four
treatments (Ctl, sediment with plant; I, sedimerthvinoculated plant; MtN, sediment
contaminated with 2-methylnaphthalene and with tpl&iN_|, sediment contaminated

with 2-methylnaphthalene and with inoculated plant)
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Detection of genes encoding for PAH degradation

The results of the detection of genes encodindgPfar degradation are summarized
in Table 4.3. The only gene detected was that spomding to the large subunit of
naphthalene-1,2-dioxygenasealj;Ac) and positive results were only obtained for
treatments corresponding to 2-methylnaphthalen®&{Namendment.

Table 4.3 Detection of genes encoding PAH degradation engymeach treatment.

Rhizosphere Endophytic
Treatments (after eight weeks) Ctl | MtN MIN_| Ctl I MIN MtN_I
nahAc - - ++++ ++++ - - - ++++
PAH-RDHa-GN
PAH-RDHa-GP - - - - - - - -

-, ho detection in all replicates; +++, detectiorihiree replicates; ++++, detection in all repksafn = 4)

Discussion

Salt marsh sediments represent a phytoremediatialeage due to their particular
biological, physical and chemical specificities.e§k habitats are constantly subjected
to very different environmental pressures suchlasdfng, salinity fluctuations and
contamination with organic and inorganic compoun@dsnsidering that hydrocarbon
pollution has severe effects on salt marsh vegetathe main goal of this study was to
determine whether the inoculation of a salt marsloghyte with a hydrocarbon-
degrading bacterial strain could improve its oJexggradation potential without

affective its health status.

Plant condition

Several studies have reported significant reductibrine growth of salt marsh
plants subjected to high petroleum hydrocarbonag®m¢Mendelssohet al., 1990, Lin
& Mendelssohn, 1996, Pezeslgkial., 2000, Lin & Mendelssohn, 2009). Nevertheless,
the type, quantity and time of exposure of the bgdrbon contamination may be
determinant (Lin & Mendelssohn, 1998). The tolemronits of the salt marsh
halophyteJuncus roemerianusis estimated to be between 160 and 320 mg di€sehy
sediment. Above this limit, growth can be signifidg affected (Lin & Mendelssohn,
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2009). Although the susceptibility &éfalimione portulacoides is not well characterized,
plants were not significantly affected by the cortcation of 10 pg g of 2-
methylnaphthalene used in this work, as revealedthy R/F, descriptor of
photosynthetic efficiency. This means that quangfficiency of the light reactions of
photosynthesis on the contaminated plants was ffettad. Information on the
photosynthetic potential at different light regimean also be inferred from the light
curve parameters, especially tBE8R,. The results of this parameter indicate that there
was some variation of the photosynthetic potemtaing the course of the microcosm
experiments. This can be explained as an acclimath@nomenon.

In this study, the concentration of added PAH wasentionally low in order to
represent realistic levels of contamination in matidy polluted estuaries. The results
indicate this PAH load was generally well toleratsdthe plants. A study of the effect
of oil contamination (range 0.3 to 2.73 L3non the photosynthetic activity of
Salicornia virginica produced similar results (Rosebal., 2005) indicating that plants
can tolerate moderate concentrations of hydrocavitrout significant impairment of
the photosynthetic function. In a field trial, teewas only a modest variation on the
photosynthetic rate in a group of plants subjedtedetroleum contamination and
inoculated with PGPR (plant growth promoting rhiaoteria) (Gurskat al., 2009). A
different result was obtained in a study in whidre teffects of oil onSpartina
alterniflora photosynthesis were measured. In this case, desfiill year of recovery,
plants exhibited chronic stress which depressetoghnthesis (Bibeet al., 2012).

Hydrocarbon clearance

The comparison of the concentration of 2-methyltiaplene at the beginning and at
the end of the experiments shows that, in the poesef the plant, there was a 75%
reduction after 8 weeks in microcosm experimentalynended with 2-
methylnaphthalene (MtN and MtN-I). Several studibave demonstrated that
phytoremediation is an efficient strategy for themoval of hydrocarbons from
contaminated sediments (Taghagi al., 2005, Lin & Mendelssohn, 2009) in
comparison to other bioremediation approaches (Giemet al., 2009, Moreiraet al.,

2011). The increase of root biomass produces ceradite amounts of exudates and
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consequently stimulates bacterial activity in theeosphere microhabitat, which might
contribute to enhanced OH capacity (Escalante-Bspiat al., 2005, Moreiraet al.,
2011). On the other hand, a study using the samaat pdlemonstrated that.
portulacoides can interfere with the degradation of higher molac weight PAHs by
sediment microorganisms and this was interpretednamdication of competition for
nutrients between plants and microorganisms (Methh, 2011).

The fact that inoculation did not enhance 2-metaghthalene degradation by the
plant can be related with the inoculation methoérmrironmental factors. Other studies
report that the failure of bacteria inoculationcontaminated sites can be a matter of
inoculum size (Mishrat al., 2001) or strong influence of soil characteristsgch as
the solil type, particle sizes or organic matterteon (Afzal et al., 2012, Afzalet al.,
2013). May be the inoculant would have been moieflleif 2-methylnaphthalene

concentrations were very high.

Structure of bacterial communities

In this experiment the contamination had a diffee¢ad impact on the structure of
bacterial communities, depending on the microhabfendophytic or rhizosphere
sediments). The presence of contaminants is kn@vmaddify the composition and
activity of sediment bacterial communities (Goneeal., 2005). Moreover, plants may
enhance pollutant degradation by positively affertthe abundance, diversity and
activity of specific microorganism in the surroungirhizosphere (Sicilianet al., 2002,
Muchaet al., 2011) and within plants roots (Philligsal., 2008, Ryaret al., 2008). The
results of this work indicate that endophytic amizosphere communities exhibited
different responses to inoculation and/or to 2-mletdphthalene amendment. The
rhizosphere microbiota was more resilient and charanly occurred when two sources
of variability (contamination and inoculation) warmeposed. The inoculant used in this
experiment was actually isolated from the endosploéiSarcocornia perennis subsp.
perennis root in a hydrocarbon-impacted salt marsh of RaaAgdeiro (Oliveiraet al.,
2014). Therefore, it is expectable that this straight also be present in the roots of the
plants used in this study and that the inoculatitome did not represent a significant

shift in community structure. Also, the rhizosphemnmunities are naturally enriched
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in hydrocarbon-degrading bacteria (Daahal., 2001, Maet al., 2010, Ribeiroet al.,
2011) and the amendment with realistic concentnatmf 2-methylnaphthalene may not
represent a significant challenge to the rhizospHmacterial community. However,
when the contaminant and the contaminant-inoculuerewcombined, there was
detectable change in the bacterial community thatldc indicate a stress-relieve
response.

The PCO analysis of endophytic communities shows ttie community reacted to
contamination and to inoculation and also to thel@ioation of both manipulations.
These results suggest that endophytic communitiesnare sensitive to selective
pressures applied separately that can correspomdstaccessful competition between
inoculated bacteria and indigenous endophytic bbiacter plant roots. The endophytic
communities are unique to each plant species dfetehces in their distribution and
diversity can be due to plant-specific factors, abetic pathways, nutrient availability
and composition of root exudates (Guntleeral., 1996, Rosenblueth & Martinez-
Romero, 2006). The amendment of an aromatic hydoocacauses a change in the
composition of the endophytic community that mayrespond to a selective response
of particular hydrocarbon degrading strains. Thétiens between plant-specific
factors, composition of the endophytic bacterialmomunity and potential for
hydrocarbon degradation have already been demtetbtiia prairie plants (Phillipst
al., 2008). The inoculum used in the present work ifiydrocarbon endophytic
bacterium (Oliveiraet al., 2014). Therefore, the observed change in the pindc
community in inoculated treatments suggests thatiriternalization of inoculant cells
did occur during the experiment, even without ekxpental amendment with 2-

methylnaphthalene, and that the inoculant may fr@muising root colonizer.

Hydrocarbon degradation genes

Naphthalene dioxygenase genes, as representafities family of catabolic genes
involved in hydrocarbon degradation, were analyzedassess the hydrocarbon-
degradation potential of rhizosphere and endophbamterial communities. At the end
of the 8-week experiment, naphthalene dioxygenaseg were only detected in 2-

methylnaphthalene treatments, and in the case of effdophytic community, in
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inoculated plants. The positive detection only amtaminated sediments can be due to
the increase of naphthalene degradation genes mumntd the enhancement of
horizontal gene transfer in response of 2-methyitteglene contamination. In fact, it
has been reported that biodegradation potentahignced by horizontal gene transfer
and development of an efficient degrading microls@nmunity upon contamination
(Topet al., 2002, Top & Springael, 2003). The numbenathAc gene copies is directly
related with the rate of naphthalene degradaticark(R Crowley, 2006) and the
response to 2-methylnaphthalene in termsnaiAc gene copy number may be
interpreted as an adaptative stress responseaththat naphthalene degradation genes
in endophytic communities were only detected in theatment corresponding to
inoculated plants in spiked sediments can be rtlatgh selection of naphthalene

endophytic degraders in response to contamination.

Conclusions

In conclusion, the salt mash plakt. portulacoides can influence microbial
communities by favoring the development of hydrboardegrading bacteria which
may contribute to hydrocarbon clearance in saltsmaediments. The hypothesis that
the inoculation of the plants with the PAH-degradiendophytic bacterium would
enhance 2-methylnaphthalene degradation could eotldmonstrated. However, the
inoculation did have an impact on the structurakdiity of endophytic communities.
This result indicates that this strain is a goaghplolonizer. Because it carries genetic
determinants for hydrocarbon degradation (e.g.npids) that can be horizontally
transferred within the community, it may represamiromising candidate for microbe-

assisted phytoremediation approaches.
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CHAPTER S

Conclusions

The deposition and accumulation of contaminantsh sas hydrocarbons, in salt
marsh sediments is a recurrent global concern .iSBuerefore, the relations between
plants and microorganisms involved in hydrocarbemaval or degradation have for
long been followed with interest. The rhizosphefiea in the process of OH (oll
hydrocarbon) degradation has been progressivebgrezed. However, only very few
studies have focused on the rhizosphere of salshmaggetation (Daanet al., 2001,
Mucha et al., 2011, Ribeiroet al., 2011) and practically none on the associated
endophytic bacterial communities. Phytoremediatioran inexpensive and “green”
approach based on the interactions between pldhtsr associated indigenous
degrading microorganisms (rhizo- and endospheré)patiutants. The potential of salt
marsh halophytes to clean-up petroleum hydrocarbontamination have been studied
(Oliveira & Mendelssohn, 2009, Al-Mailert al., 2010, Coutcet al., 2011, Ribeiroet
al., 2013). Moreover, the use of endophytic-deriveatutants to reduce the pollutant
toxicity to plants and increase biodegradation besn demonstrated (Barat al.,
2004, Taghavet al., 2005).

The main goal of this study is the characterizatadnrelevant plant-microbe
interactions in oil-impacted salt marshes and tmelesstanding of the effect of
rhizosphere and endosphere bacteria in the rolsatif marsh plants as potential
phytoremediation agents. In order to achieve thgabibes, the methodological
approach combined field observations with experiaemanipulations, conducted in

plant sediment microcosms.

Field work

In the field, this study addressed some generatons: How do plant species- and
OH pollution affect indigenous sediment bacteri@mposition and degradation
potential in sampling sites exposed to differentele of contamination? How do
endophytic communities respond? Which genetic facee involved in endophytic OH

degradation capacity?
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The shallow estuary-coastal lagoon Ria de Aveirocesnposed of four main
channels that divide into an intricate network afrow and shallow secondary cannels
separated by mud banks and salt marshes. The Agigadistance port facilities are
installed at the outer section of the estuary dedag¢ed hydrocarbon contamination has
been reported at this area (Pacheco & Santos, 2850, other antropogenic inputs,
such as recreational navigation, urban runoff aneinse commercial shipping activity,
cause a continuous efflux of OH.

The location of the four collecting points was afrogo reflect different levels of
OH pollution among the areas where the two stuti@dphytes could be found. The
halophytesHalimione portulacoides (L.) Allen, and Sarcocornia perennis subsp.
perennis (P. Mill) are widely represented in temperate asas and prevalent species in
Ria de Aveiro salt marshes (Silegal., 2009). Both Chenopodiaceae, these species can
tolerate high salinity and water potentials (RuBiasalet al., 2003). By playing a
relevant role in organic matter recycling and omrieat and metal sequestration, they
have been proposed for phytoremediation approaches.

Within the field approach, culture-dependent amdflependent methods were used
to investigate the effects of OH contamination @actbrial communities in salt marsh
microhabitats (bulk sediment, rhizosphere and euite®). The structure and
composition of sediment bacterial communities appeabe affected by site related
factors (sediment properties and oil hydrocarbontamination) and plant related
factors (exudates composition). Sediment propelfeganic content and gran size)
influence the bioavailability of hydrocarbons (Kieh al., 1999, Wanget al., 2001).
Moreover, plants can influence the hydrocarbonntesa around roots (Ribeiret al.,
2011) and affect the composition of the microbi@mmunity by selecting the
development of hydrocarbon-degrading microbial pafen in its rhizosphere. The
composition of the root exudates released by e&ait pan underlie the differences of
diversity and structure of rhizosphere and endagpbemmunities of study plants. In a
previous work directed to volatile compounds enoissi which compose a relevant
fraction of root exudates (Steegésal., 2004), the high complexity of the chemical
composition of root-derived material associateddlh marsh plantsSpartina maritima
andHalimione portulacoides) was demonstrated, indicating that the quality quantity

of root derived organic matter may be a relevaintedrof bacterial dynamics in salt
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marsh sediments. Phillips et al.,, (2012), suggeshed the patterns of exudation
released byElymus angustus (wildrye) andMedicago sativa (alfalfa) are the driving
factors behind the degradation traits of bacteria.

In terms of degradation potential, thesilico metagenome analysis of 16 sRNA
gene amplicons obtained in this study showed emctt of genes involved in the
process of PAH degradation in the rhizosphere dbgdigte plants. The endophytic
community showed potential degradation capacity whe presence and abundance of
genes encoding for PAH-degrading enzymes which vpdseat species/contaminant
dependent.

Enrichment cultures of endophytic bacteria wergpgred in order to obtain OH-
degrading bacterial strains with potential for tatise in the microcosm experiments.
The endophytic strains retrieved revealed a predante of Pseudomonas sp.
Pseudomonas is frequently isolated from oil-contaminated seelims (Maet al., 2006,
Gomeset al., 2007), even in other microhabitats oil contanmedabf Ria the Aveiro
(Coelho et al., 2011, Dominguest al., 2013). Same endophytic strains revealed
degradation potential with an importancenah genotypes in the PAH degradation in
salt marsh plants. A dominancer@h-like genotypes in isolates after enrichment with
naphthalene has been reported (&lal., 2006, Ni Chadhairet al., 2006). Plasmid-
mediated mineralization of aromatic hydrocarbon JAH a major process of oil
hydrocarbon biodegradation. So, the horizontal geaesfer mediated by catabolic
plasmid plays an important role in AH degradati@pacity of salt marsh bacterial
communities. The detection, in same endophytiates| of IncP-9 catabolic plasmids,
a plasmid family known for carrying genes encodifty enzymes involved in
hydrocarbon degradation, suggests that horizomtiaé gransfer can drive the spread of
nah genes in these habitats and probably contributeahéo process of bacterial
endophytic adaptation amd planta OH decontamination.

Based on the results obtained from the field, thiéoiing conclusions can be
drawn:

- The structure and composition of microbial commesitin salt marsh

microhabitats (bulk sediment, rhizosphere and gpiter®) are affected by site-

related and plant-related factors.
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- Halophyte colonization could be an important drivefr the structure of
hydrocarbonoclastic bacterial community in salt shasediments, which can be
exploited forin situ phytoremediation of OH in salt marsh environments.

- The culturable fraction of endophytic PAH degradexgealed the presence of
genetic determinants for hydrocarbon degradatidas(pids and nah genes),
suggesting a potential ecological role of bactgslaht symbionts on the process
of colonization and in plant survival in urban estne areas exposed to OH

contamination.

Microcosm component

A plant-sediment microcosm experiment was designed order to
experimentally manipulate the concentration of greésentative aromatic hydrocarbon
(2-methylnaphthalene) and test if the introductioh an indigenous endophytic
hydrocarbon-degrading bacterium can reduce contminoxicity to plants and
enhance contaminant degradation.

Plant condition was not significantly affected by taddition of a moderate
concentration of 2-methylnaphthalene, leading te ttonclusion thatHalimione
portulacoides plants are tolerant to a concentration of 10 [{g At the end of the
experiment, the concentration of 2-methylnaphthalenspiked sediments was reduced
by approximately 75 %. Phytoremediation studieggssgthat plants have the ability to
stimulate PAH-degrading microorganisms, ultimatelgnhancing hydrocarbon
bioremediation (Phillipset al., 2006, Ribeiroet al., 2011). In fact, at the end of the
experiment, the detection of catabolic genotypelacteria from plants corresponding
to particular microcosm treatments (spiking witm2thylnaphthalene) suggests that
hydrocarbonoclastic populations were enriched spoase to contamination.

The use of a microbial inoculant or a consortiuminteraction with plants, to
promote degradation of hydrocarbon contaminants been well explored, with a
variety of results reported in the literature. Angecally modified endophytic strain of
Burkholderia cepacia was shown to increase the tolerancéginus luteus to toluene,
while decreasing toluene evapotranspiration (Baghcal., 2004). Another study
concluded that despite the failure of endophytiociia to survive in detectable

numbers, transference of their degradative plasma@sendogenous endophytic
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communities occurred (Taghastial., 2005). So, the efficient colonization of plants b
microbial pollutant-degraders can represent a megotribution to plant survival and
hydrocarbon degradation. The viability and colotiaraefficiency of an applied strain,
however, depends on a variety of factors: plant bacterial genotypes, inoculation
mode and the physicochemical properties of the spuironment. The inoculation
method and soil type can exert a major effect @mtpyrowth, bacterial survival and
activity and hydrocarbon degradation. The imporan€ inoculation procedures and
soil type should be considered in the design dtiefit phytoremediation applications
(Afzal et al., 2011, Afzalet al., 2013).

Based on the results obtained in the microcosmaoagprthe following conclusions

can be drawn:

- H. portulacoides can influence the structure of microbial commustiby
selectively enhancing the development of hydroaasbdegrading populations
that can contribute to hydrocarbon degradationrantbval in salt marshes.

- The enhancement of 2-methylnaphthalene degraddyoimoculation of the
plants with the PAH-degrading endophytic bacteaald not be demonstrated.

- An efficient colonization of the hydrocarbon-degragPseudomonas spp. strain
can be inferred from the changes imposed on thetste of the indigenous
endophytic communities, at the end of the microc@stperiment, indicating

that this strain may be regarded as good colowiziEr portulacoides roots.
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