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ABSTRACT

Emerging organic contaminants (EOCs) consist large and relatively new group of
chemical compoundsuch as edocrine disrupting chemicals (EDCs) as well as
pharmaceuticals and personal care products (PRegpite theirgenerally low
concentration in the environmenthey can cause toxic effects on biota whhey
remain in the environmerdince they are continuously releasddhey are mainly
entering to the environment through th#luents of wastewater treatment plants
because these systems havelbsen developed to treat this kind of compounds. Metals
are considered as the main toxic and genotoxic compounds present in hydrosoluble
fractions When they are released to soil or water bodies, they remain there since they

cannot be degraded. They canyobe transferred.

Phytoremediatioibasedtechnologiesare environmentally friendly alternatigefor
cleaning up sad or (groundjvates contaminated with metals and/or a variety of
organic pollutants These treatment methods exploilagts their associated
microorganisms and the developed interaction®r contaminant removal or
enhancement of plant stabilization and survival in such adverse environments.
Constructed Wetlands (CWs) are loast wastewatereatmentechnologesthatare

part of phytoremediation applicationsThey are simplified systems but several
physicochemical and biological processes take place in order to clean the water.

In this thesis, an integrated approach exploiting the wetland jlantis acutuand its
indigenousendophytic community was followed in order to investigate the capability
of this metaorganism to clean water contaminated with metals, bisphgnol

ciprofloxacin and/or sulfamethoxazole.

After confirming experimentally the ability of the plant to treéiciently bisphenol
A-contaminated water, the associated endophytic communifyrafus acutusvas
isolated and characterizedVlany strains expressed plant growth promoting
characteristicandwere found to possess increased tolerance to metals suohlds Z

Pb and Cd. Moreover, several endophytic bacterial strains tolerated and even used
bisphenolA and/or antibiotics (ciprofloxacin and sulfamethoxazolajhasole carbon

source.



Some strains combined many of the desired characteristics and they wereusgther

in a bioaugmentation strategy in order to investigate their potentiahgove the
efficiency of the wetlandhelophyte Juncus acutugo deal with mixed pollution
consising of emerging organic contaminants (EOCs) and metals at two concentration
levels The beneficial effects of inoculation with tailored endophytic bacteria separately
and as a mixture were more prominent in case of high contamination. Especially, the
plants inoculated with an endophytic consortimemoved higher percentages of
organics and metals from the liquid phase in shorter times compared to the non
inoculated plants without exhibitin significant oxidative stress. Moreover, the
consortium inoculatedlpant sé phytoextraction capacity
observed metal concentrations in the plant compartments and also as total metal mass
accumulated in the whole plant.

A significant shift of the root endosphere communities was observed due tséattrea
presence of contaminants while the inoculation effort did not have a significant impact.
Metal concentration decreased the root bacterial diversity but the root composition of
plants inoculated with the endophytic consortium was not affected by treased
metal concentrations. At all levels of contamination, the leaf endophytic communities

were not affected either by contaminants or by the inoculation effect.

Based on the experimental evidence from this work it can be inferred that
bioaugmentation ih indigenous endophytic bacteria is an appropriate strategy to be
employed in systems such as constructed wetlands treating water with mixed
contaminants. It appears that the developed synergistic relationships between plants and
endophytic bacteria maypoint towards more efficient, resilient and robust

phytoremediation applications.
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Chapter 1

|l ntroduteranhure Revi ew

Phytotechnologies refers to the application of science and engineering in order to
provide solutiondor treatment of soil and (ground)watntaminatiorby exploiting

the synergistic relationship between plants and their associated microorganisms. In this
introduction, the characteristics and the potential impact of selected contaminants to the
environment are described. Next, the exteronitaminants uptake by plants and their
contribution in phytoremediation are investigated together with the role of endophytic
bacteria. Constructed Wetlands is one of the applications of phytotechnologies and the
important role of macrophytes along witheir associatednicroorganisms in such

systems is highlighted.

1. Contaminants

1.1 Emerging organic contaminants (EOCs)

Emerging organic contaminants (EOCs) congist large and relatively new group of
chemical compounds. Endocrine disrupting chemicals (EDCs) as well as
pharmaceuticals and personal care products (PCPs) belong to this category and a
potential risk of their presence ihe environment arises since thainpact, fate and

their degradationproducts have not been well describhrciaRo d r 2ef al.e z
2014)

Despite theirgenerally low concentratioa in nature they behave as persistent
pollutants since they are continuously released to the environment. EDCs are natural or
synthetic compounds that can alter the physiological endocrine functions, thus inducing
problems in the reproduction and in metabolism imans and animalampbellet

al., 2006) PCPs are widelgdoptedccompounds for external use, thegve been found

to cause toxicity to marine wildlife, bacteria and mammalian cells and a potential risk
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for bioaccumulation exists sindbe majority of them are hydrophobic compounds
(Hopkins and Blaney, 2016 oncernig pharmaceuticals, the spreading of antibiotic
resistage genes in the environment along with the risk of human exposure to them

raises concern to publ{8enotti and Brownawell, 2009)

These chemical compounds are releasetié@nvironment through point or diffuse
sources, but mainly through the effluents of wastewater treatmens (Razzoet al,

2013) Such systems have not been designed to treat these compounds and the
promising advanced technologies for successful degradatavoided due to the their

high cost{ C v ét &1,82013) As a consequence, they have been detected at potentially
environmentally significant concentrations in mamgdia such as surface waters,
groundwater, seas, compost and manure. Generally, their concenisatver in
surface wateris comparisorio the WWTP effluents, however, they have been detected

in freshwater rivers in North America, Europe, Asia and Aust(Blaet al, 2010) In

these reservoirs, the xenobioticeay be eliminated due to biotransformation,
photolysis, sorption, volatilization and dispersion, or a combination of them. The
concentrations of some EOCs are higher in surface waters than groundwater while
exactly the opposite is the case for oth@wuartet al, 2012) For example, several
EOCs have been fad in concentrations higher that 100 ngjih groundwatein Spain
(Juradoet al, 2012) The spedic properties of the compound together with the
environmental characterissicand many processes such as dilution, adsorption,
degdation and initial concentration influence the fate of EOCs in ag\jiferadoet

al., 2012; Lapworttet al, 2012)

1.1.1 BisphenoiA

Bisphenol A (BPA) (4,4sopropylidenediphenol; 2;Ris(4 hydroxyphenyBhpropane)

is a cherital compound with molecular weight of 228.22my3. The compound ia

white, crystalline solid substance wilmeltingp oi nt of 1 544dhCof and b o
2200C (at pr es s u-oaanoipéartitidncokfitiant of BPR lexpressealt e r

in logarithmic form is 3.32, which shows its good solubility in fats and low solubility

in water (about 200 mgm3at 25U0C) . BPA belongs to a groud
hydroxyl residus directly bound tothe aromaticrings. The presence of hydroxyl

groupsin BPA determines its good reactivity. BPA may be converted to ethers, esters



and salts. Moreover, it undergoes electrophilic substitution like nitration, sulphonation

or alkylation.

It is the most important synthetic xenoestrogen and among the mageddi®Cs in
groundwater samplétapworthet al, 2012; Pengt al, 2014) Moreover, its presence

in humans may be associated with the development of chronic diseases like diabetes
and obesity, cardiovascular disease, birth defects and reproductive digBrergst

al., 2014) Even at low concentration, the xenobiotic can interfere with the activity of
endogenous estrogens by altering the physiological activity of the herreoaptors
(Wetherill et al, 2007b) It can also affect the androgen system, the development,
differentiation,andfunction of the central nervous system, disrupt the thyroid hormone
function and influences the immune systemplants, hcreased BPA concentrations in

the surrounding aqueous have also shown to alter the ratios of growth and stress
hormones in the roots, resulting in growth inhibition at higher concentrations (Wang et
al., 2015).

Bioremediation is one of treppoachesised for cleaning the environment from BPA
since many plant species have been found able to remove BPA from agueous media
(Loffredoet al, 2010; Christofilopoulost al,, 2016; Saiyooet al., 2010) Their ability

can be attributed to the plant uptake along with the microbihetabolism in the
rhizosphergindeed many microorganisms have been isolated from various sources that
are able to degrade BP@usain and Qayyum, 2012Among them, there are many
gramnegativestrainsbelonging mainly to the gen®phingomonaandPseudomonas

and many granpositive bacterianainly associated witiBacillus (Zhanget al, 2013)

The key genes, enzymes and degradation pathways of BPA degradation has been
described in specific bacterf@asakiet al, 2008; Kolvenbaclet al, 2007; Sasaket

al., 2005) Besdes bacteria and plants, many other organisms like fungi, fish and
mammals can degrade BPA through various mechar{isargyet al, 2006)

1.1.2 Ciprofloxacin

Ciprofloxacin  is  Xcyclopropyt6-fluoro-1,4-dinydro-4-oxo-7-(1-piperazinyl}3-
quinolinecarboxylic acid with molecular weight of 331.3nwpl?. It is a faintly
yellowish to light yellow crystalline substance. The lag, Kf ciprofloxacin at pH 7.04

is calculated to be about 0.28, and its water solubility is 30000h{gat 20 UC) .
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mel ting point of the c o.0¥tbeumoldculé carried bothU C

a negative and a positive charge.

The first quinolone, nalidixic acid, was introduced into clinical use in 1962 and in the
mid-1980s ciprofloxacin, a fluoroquinolone with a wide spectrum irofvitro
antibacterial activity, écame clinically availabléColomerLluch et al, 2014) This
antibiotic inhibits DNA synthesis by blocking type Il topoisomerases (DNA gyrase in
granmnegative bacteria and toporserase |V in gramspositive organisms), enzymes
that control DNA supercoiling. It is prescribed as an antibiotic for several infections
such as bone and joint infections, certain sypleinfectious diarrhea, respiratory tract
infections and skin infectian In bacterial communés, many resistant isolates have
been found carrying plasmitiediated genes and their chromosomal homologues that
code a pentapeptide repeat protein protecting type Il topoisomerases from quinolones
( Rodr-KMawteét al.e2011)

Ciprofloxacin is a commadw used veterinary and clinical antibiotic and it is among the
compounds with the highest frequency in WWTP effluents in Eyitapeset al, 2013)

and in AustraligWatkinsonet al, 2007) Its concentration is usually higher in hospital
effluents than in influents of WWTP trigag municipal wastewatefVarela et al,

2014) indeed the number of resistaagenes to fluoroquinolones seemed to increase

in the effluents of WWTP leading to the spread of antibiotic resistant genes into surface
waters (RodriguezMozaz et al, 2015) It can be characterized as a recalcitrant
compound since it is not affected by natural attenuation in surface waters or by UV
(photolysis) in engineered systertizal et al, 2010) However, it is susceptible to
ozonation but the ozone does not react with the part of the compound that is responsible
for the pharmacological effect. It has been demonstratedciratfloxacin is not a
readily biodegradable compounddeed information of ciprofloxacin degradation by
bacteria is scarcéAmorim et al, 2013) Moreover,in a mesocosm experiment,
decreasein diversity and functionality of bacterial commuegwere observed after
ciprofloxacin addition(Weberet al, 2011) The removal mechanism in WWTP is
rather adsorption to sludge than biodegraddti@eaMinh et al, 2010) as a result, this
antibiotic is released in the environment maithigoughthe application of biosolids to

the agricultural lands.
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1.1.3 Sulfamethoxazole

Sulfamethoxazole (Amino-N-(5-methylisoxazof3-yl)-benzenesulfonamide) is a
sulfonamide bacteriostatic antibiotic, used for bacterial infections such as urinary tract
infections, bronchitigind prostatitis. It has a molecular weight of 253.3 g’maold the

mel ting poi ntogHKosf SME & 0.89 @nd th& wager solubility is 2800
mglLtat 20 UC.

The compound inhibits the two pathway steps in bacterial folic acid synthekite
derivatives are essential cofactors in the biosynthesis of purines, pyrimidines and
bacterial DNA in all living cells. It is mainlytilized by humans and as a result it is
among the most detected pharmaceutical in groundwater aq(liBgra/orth et al,

2012) It wasdemonstrateét the highest concentrations in groundwater from urban
areasin Spain(Juradoet al, 2012)and was alsodetected with high frequenan
groundwater samplesud to municipal landfilling in ChingPenget al, 2014)and in
WWTP effluents in GreecéThomaidiet al, 2015) This compound was the most
prevalent antibiotic compound with stable concentrations in two different reservoirs in
Spain(Huertaet al, 2013)

Several rates of SMX removal were observed by different systems. For example, 52
70% removal was demonated in pilot scale MBRs independently of the initial
concentration while 90% overall removal was achieved in a conventional WW
treatment(Larcher and Yargeau, 2012&)jowever, other studies showed limited
degradation in WWTP&enotti and Brownawell, 2009pue to the low log v, SMX
sorption to sludge is maignificant while the primary removal mechanism can be
attributed to biodegradation. In order to optimize these technologies, researchers tried
to focus on the degradation capacity of individstedinswith promising results. When

the SMX-degrading abities of seven individual strains were investigated in the
presence and absence of gluq@smgL*S MX N gQ-1 dlucose), the results showed
that SMX was successfully degradedRhyodococcugqui(15 % up to 29 % removal

with glucose) while the other »sibacteri& strains only realized marginal SMX
degradation even with the addition of glucose (< 6 % rem@katther and Yargeau,
2011) In another study, 2#® 44 % SMX mineralization was achieveddryinoculum

from an established latcale MBR after 16 days of cultivation at 127 mginitial

SMX concentratiorfBouju et al, 2012)



Tablel. List of the EOCs used.

BisphenolA Endocrine CH; 3.32 228.29 g/mol 9.6
disruptor "o . . o
Ciprofloxacin Antibiotic- P A DLOH 0.28 331.34 g/mol 6.09

Fluoroquinolones

Sulfamethoxazole Antibiotic- o

o NC 0.89 253.28 g/mol 5.7
Sulfonamides D’SEM‘
H,N

1.2 Metals

Release of metals from various industrial, aghemical, atmospheric and domestic
sourcegepresents a major threat to the environment. Their presence can have serious
effects on soil and water quality, plant and animal nutrition, as well as human health.
With the term fAmetal so, the el ements that
metals, metalloids, lanthanides, and actinides), with atomic density greater than 4
g/cn®, or 5 times or more, greater than water, and are toxic, even at low concentrations,

are definedColin et al, 2012) They are considered as the main toxic and genotoxic
compounds present in hydrosoluble fractions and sincectirewt be degraded, they

may enter the trophic wslor spread into thgroundwater andediments and remain
there(GuittonnyPhilippeet al, 2014a)

It is necessary to clean up the contart@dasites in order to drastically reduce the
potential impacs of metal contamination. Immobilization, soil washing, and
phytoremediation are some of the usugtisoposedtechniques/technologies for
remediation ofmetal contaminated soil§Wuana and Okieimen, 2011for polluted
waters, physicochemical strategies sueB filtration, chemical precipitation,
electrochemical treatment, oxidation/reduction, ion exchange and membrane
technologes and biological strategies such as bioremediation and phytoremediation

have been implementéGuoet al, 2010)

Plants havenanymechanisms to recruit in order to cope with metals, such as changing
the soil properties the rhizospherghe glutathionigphytochelatinmediateddefence

mechanism, chelation, while reduction of membrane permeability to metals, efflux
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pumps to remove nt@ls from the cellinterior, EPS sequestration and metal
complexation are some of the bactemagtal resistace mechanismqUllah et al,

2015) In high concentrations, metals have been found to have adverse effects on
microbial communities in terms of functiality and diversityfEpeldeet al, 2015)and

on plants in terms of growth and suri{Christofilopouloset al,, 2016) For exanple,

metals such as Cu and Pb can alter the microbial community structure, thus influencing

the function of this community in salt marst{ptuchaet al, 2013)
1.2.1 Zinc

Zinc is a transition metal with the following characteristics: period 4, grouitBgic

number 30, atomic mass 65.4, density 7.04%°, mel ti ng point 419.5U
point 906UC. I't i s considered ascellalar essent
metabolism since several enzymes contain zinc, it participates in the fiormat
carbohydrates and has a structural role in several transcription f@¢agagyotiet al,

2010) However, high Zn concentratisran lead to toxic effects in plangxcess Zn

inhibits many plant metabolic functions, plant growth and causes chlorosis in the
younger leave@Nagajyotiet al, 2010) For example, Zn excess in hydroponic cultures
significantly reduced the growth dtincus acutuplants, the mean height of tillers and

the photosynthetic pigmen(MateosNaranjoet al, 2014) In another experiment, at

high Zn concentrations germinationbfacutuseedlings was decreased, total absence

of photosynthetic activitya) and impairment of the onset of light saturation (Ekyev

observed as well as increase in the acégidf specific antioxidant enzyméEsantoset

al., 2014)

This metal is also an essential trace element for microorganisms, yet in high
concentrationst may have adverse effects on bacteria. However, niZariplerant
bacterial strains that have lmemsolated from different environments such as aod
sewage sludgéMisra et al, 2012; Heet al, 2010) Limcharoensuket al. (2015)
demonstrated that Zwlerant bacteria can accumulate zinc through
adsorptiofprecipitationon the cell walls rather than accumulation in the cell interior.



1.2.2 Nickel

Nickel is a transition element with atomic number 28 and atomic weight 58.69. The ion
of this metal changes depending on the (Muana and Okieimen, 20114t low pH,

the nickelous ion Ni(ll) is formed, while in neutral to slightly alkaline solutions, it
precipitates as nickelous hydroxide, Ni(QHyvhich is a stableompound. In acid
conditions nickelous hydroxide dissolves and forms Ni(lll) and in very alkaline

conditions it forms the nickelite ion, HN{O

Nickel is recognized as another essential micronutrient for living organisms and is a
component of the enzymeaase, which is essential in animals. Exposure to nickel
excess can cause allergic dermatitis known as nicketitethair loss while inhalation

can cause cancer of the lungs, nose, throats and st¢fiaehal, 2013) Increased Ni
concentration causes various physiological alterations, toxicity symptoms, impairment
of nutrient balance and changes in water balance ing{ldagajyotiet al, 2010) By
consequencehigh Ni concentrations inhibit the shoot growth, reduce the water and
chlorophyll content as well as the proline accumulation in wl@ajewskaet al,

2006) Many plants have been characterized as nieiperaccumulators such as
Alyssum bertoloniand an increasedumberof Ni-resistant bacteria colonize their
rhizosphere or harbor the endopshi@iengoniet al, 2009; Barzantét al, 2007)

1.2.3 Cadmium

Cadmium is located at the end of the second row of transition elements with atomic

number 48, atomic weight 112.4, density 8.65 d%m mel t i ng poi nt

320

bol i ng point 765U0C. Ca d mmatahminfn@ @yl smeltng or i gi

industry, commercial fertilizers, batteries and automobile emissions. This metal is
carcinogenic, mutagenic, and teratogenic, it acts as an endocrine disruptor, it interferes
with calciummetabolismin biological systems and it causes renal failure and chronic
anemiaAli et al, 2013) In plants, itnhibits photosynthesis, and diminishes water and
nutrient uptake, resulting in chlorosis, growth retardation, browning of root tips, ultra

structural damage and ultimately to de@tlajeebet al, 2011)

It also affects microbial communiti¢sorenzet al, 2006) however, many cadmium

resistant strains havkeeen isolated from various environments suchthesplant



endospheréLuo et al, 2011) rhizospherdPrapagdeet al, 2013) soil (Ansari and

Malik, 2007) or sewage sludg@.imcharoensuket al, 2015) Along with bacter,

many plants can tolerate high cadmium concentrations and even some of them can
accumulate it in their interior tissues, being characterized as cadmium

hyperaccumulator&iu et al, 2008; Boominathan and Doran, 2003)

2. Plant uptake

Many studies have demonstrated that pdaain accumulate various metals in the plant
compartmentgLu et d., 2013; Anjumet al, 2014)and according to the accumulated
amount they are categorized into different groups For example, metal
hyperaccumulators are plants which accumulate extreme amounts of trace metals in
their aboveground biomass when growimgnetal enriched habitats (mg'kg>10,000

(Mn or Zn), >1,000 (Cu, Co,Cr, Ni, Pb) or >100 (Cd). Several plant species (e.g.,
Alyssum bertolonjiArabidopsishalleri, Solanumnigrum, Eichhorniacrassipes and
Thlaspicaerulescenshave been proposed fohytoextraction of Ni, Cd, Zn and Pb
(McGrathet al, 2006) Metal uptake P plants can be influenced by many important
factors related to the plant species, sediment characteristics, chemical speciation of
metals in the rhizosphere, the overlying and interstitial water chemistry, and also the

behavior of the microorganisni8lmeidaet al, 2004)

Organic contaminants can be takgnby plants depending on their concentration, the
physicochemical properties and the pepeciegGarciaR o d r 2etal 20¥4) Many
predictive relationships between the orgasompound uptake by plant compartments
as a function of physicadhemical characteristics of the organic compound have been
addressedBurken and Schnoor, 1998t assumes that the uptake of an organic
compound can be estimated as ttamspiration stream concertica factor TSCH
multiplied by the volume of water transpired and linear average of the bulk solution
concentration from time t1 to time t2. Generally, the compounds with aJldmpiwveen
0.53.5 areconsideredo movefastinto the plants, thus the caat time with the
rhizosphere microorganisms is shiiteyenset al, 2009e) Recently, a new approach

has been proposed, it is based on Hildebrand solubility parameters and it considers both

the affinity of the solute to its amorphou
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water promoting binding of the solute to the pogymsorbent phag®oerschmann and
SchultzeNobre, 2014)

Initially, the compound is absorbed by the matrix, then is moved into the root xylem
and is transported to the shaoid to the leaves. Many compounds may even follow the
transpiration rate, they are taken up by plants, transferred to leaves and then
evapotranspiredto the atmosphergBurken and Schnoor, 1998)The rate of
translocation to aerial parts diffemong the differentrganic compounds. Especially
helophytes may transfer volatile organic compautm the atmosphere via their
aerenchymatous tissugbnfeld et al, 2009) thus causing serious environmental
problems.

Several studies highlight the ability of various plants to take up and translocate
emerging organic compounds in differemtperimendl setups e.g. hydroponical
(Bouldinet al, 2006; Dodgeret al, 2013)andsoil experimentgHawkeret al, 2013)

under controlled conditiongand also in field conditions(Wu et al, 2014) The
information about the ability of speciestbégenusluncudo takeupthese compounds

is scarce. The ability ofyphaspp. to remove carbamezinern water and accumulate

it in the plantissuesvas demonstrate@ordio et al, 2011) In another study, the fate

of 20 frequently used pharmaceuticals and personal care products was investigated
concerning potential plant uptake and translocatfiu et al, 2013). It was
demonstrated that the neutral compounds were adsorbed on the root surfaces while a
hydrophilicity-regulated transport determines the translocation to the aboveground
tissues Hydrophilic compounds were susceptible ttansportto the leaves n the
direction of the transpiration stream. Treated wastewater used for agricultural irrigation
and biosolids and manure amendments, pose a risk since these compounds are taken up
by the vegetables athercrop plants mainly througthetranspiratiorstream(Hurtado

et al, 2016; Malchiet al, 2014; Clarke and Smith, 201X owever, several studies
suggest that the concentration ofgbeompounds in the edible parts is negligible
(Prosser and Sibley, 2016) thattheimpact of human exposure to them needs further
investigation(Wu et al, 2015b)
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3. Microbial-assisted phgremediation

3.1 Phytoremediation

Development, selection and application of suitable methods for cleaning up
contaminated environments continues to be an important topic in terms of
environmental restoration and protectiotar® (thytoremediatiojtbased technologies
areconsidered as environmentafhiendly alternative methafor cleaning up sodor
(groundyvatess contaminated with heavy metals and/or a variety of organic pollutants
from the environmenfLu and Zhang, 2014; Vangronsvetal, 2009) Among hose
processes are: (a) phytoextraction (plants are used to adsorb/takgampinant$rom

the sediment/soil and to transport and concentrate them in harvestablegaiowe
biomass/tissues), (b) phytovolatilization (plants take up water soluble naetdls
release them as they transpire the water), (c) phytostabilization (the plants completely
immobilize thecontaminantshrough accumulation by roots or precipitation within the
rhizosphere and/or by changing their chemistry), (d) rhizofiltration (based on root
activities, aquatic plants and/or hydroponically cultivated plants are used to remediate
contaminated water thrgh absorption, concentration, and precipitation of pollutants),
(e) phytoaccumul ation (poll ut anhizeandr e ac
phytodegradation (pollutants are being degraded into insoluble oftorizn
compounds, through plant metalwlic processes and/or interaction with
microorganisms) and (g) phytoexcretion (salt tolerant species capable of exuding salt
also possess the ability to exude other toxic idk&nousaki and Kalogerakis, 2011;
Anjum et al, 2014)

It is considered agnore costeffective thanthe engineerindpased remediation
technologies such as soil excavation, soil washing or burning, or-pocHpeat
systemsg(BecerraCastroet al, 2011) Moreover, this technology contributes to soil
stabilization, production of biomass with economic value, maintain or even enhance the
local diversity and demands simple monitormgthods(Vangronsveldet al, 2009)

Of course, there are many limitations in this technology that need to be overcome
towards implementation on a wide scale. It can be applied to low or moderate
contaminated environments, due gotential phytotoxicity to the plan{li et al,

2013) High concentratiosiof contaminantsaninhibit the plant metabism, affecting

the establishment and growth and they can even cause senescence. Furthmore, the zone

11

c



of activity is restricted to the root zone of proliferation, which is gdpetieslependent
(Chirakkaraet al, 2016) The bioavailability of the metal or organic xenobiotic is a
critical factor, significantly influencing the phytoremediation outcd@®erhardet al,

2009) Generally, some metals tend to be accumulated in the plant parts whereas others
show sloweuptakerates. Concerning organjdsghly hydrophobicompoundgannot

move into the plants while only the hydrophilomes can be transferred to the

aboveground tissues.

Interactions amongontaminantsmicrobes and plants have attracted attention because
of the biotechnologicapotential of microorganisms for metal or organics removal
directly from polluted me@i or their possible plant growth promoticeffects in
contaminated environments. Therefore, research in phytoremediation is
interdisciplinary and requires the synergismoaiq different fields of science such as
chemistry, biology, ecology as well as environmental engineering. Despite the
challenges, several methods have been developed towards improving the efficiency of
this technology and a largeimberof them concerns thenhancement through the use

of plantassociated bacteria.

Box 1. Role of plants and their associated bacteria in phytoremedjBgdret al, 2014)

The possible fates of soil pollutants following plant introduction are
described clearly in a review by Pilon-Smits [69]. Here we show the \l',
major contributions of both introduced plants and partner micro- Bacteria \.’

Key:
— I’
organisms in the phytoremediation of mixed contaminant soils & . f
(Figure 1). Soil microorganisms are the primary agents of organic Fungi \/\‘ \ /
ﬁ Root symbionts \,« \II
@ N

mineralization in soil, and may also convert contaminants such as
Heawy metals

heavy metals to stable and/or less toxic forms. Although such
microbial activity can occur in bulk soil, introduced plants have the
potential to augment microbial contributions to bioremediation in the Petroleum

soil via stimulation of microbial biomass andior activity in the hydrocarbons
rhizosphere, although this activity is dependent on which specific Growth
microorganisms and activities are promoted. Plant-microbe interac- stimulation

tions are complex, and plants may favor microorganisms that
promote their growth or provide protection from pathogens if
pollutant stress is not sufficiently elevated, whereas opportunistic
microorganisms that do not contribute to phytoremediation may also
capitalize on plant-produced compounds.

Microorganisms can also facilitate the uptake of pollutants such as
heavy metals by plant roots, which are then translocated (absorbed
and relocated) to other components of the plant. Plants can store
many contaminants in biomass that can later be harvested, but some
compounds are volatilized from the aerial portions of the plant.
However, volatilization without prior transformation may simply
release toxic compounds into the air. Microorganisms that reside
on or within aerial plant tissue can help to stabilize and/or transform
contaminants that have been translocated, which may limit the extent
of wvolatilization. Microorganisms that form direct associations with
either the abowve-ground or below-ground portions of plants can
positively {for a review on plant-growth-promoting bacteria, see [70])

or negatively influence plant growth and fitness, which alters the Endo/rhizesphere Endo/phyllosphere
ability of a plant to directly remediate and/or stimulate associated _—
Ly P v TRENDS in Biclechnology
organisms.
Figure |. Primary contributions of plants and assodated microorganisms to
phyt iation in mixed contami soils. Metals may be (a) transfomed by

in the rhi . (b} taken up by the plant, (c) translocated to

plant tissue, and/or [d) volatilized. Microbial activity can be stimulated dirsctly by

plants through (&) root exudate release, which may be particularly important for

promoting (f) microbial degradation of hydrocarbons. Through a variety of

i i gani also i lg} plant growth and can be
involved in (h} pollutant transformation in the aerial parts of plants.
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3.2 Endophytic bacteria

A recent, promising strategy to improve phytoremediation and detoxification of
contaminants is thexploitation of endophytic bacterigWeyenset al, 2009c)
Endophytic bacteria have been isolated from a wide variety of plants and the
terminology refers to those bacteria that reside in the plant interior without causing any
negative effects on threhost(Doty, 2008) Considering ta vast majority of plantef

which theendophytes have not been studied yet, there is high chance to find new,
beneficial microorganismgRyan et al, 2008a) They are classified as obligate or
facultative according to their life strategies. Obligate endophytes are transferred from
one generation to another through seeds and are strictly dependent on the host plant for
their growth and survival while facultative caiae the root interior mainly via the
roots(Weyenset al, 2009f) Once they are inside, they can inhabit a specifjan or

they can be spread throughout the plant since they can reside within cells, in the
intercellular spaces, or in the vascular sys{®minholdHurek and Hurek, 2011A

two stepselection progress has been proposed to explain how the root microbiota
differentiates from the rhizosphef®ulgarelli et al, 2013) Soil parameters shape the

soil microbiota while in the first stephé rhizodeposits alter the soil assemblages.
Further hostdependent interactions determine the differentiation in endophytic

community in the second.

Bacterial endophytes may offer several advantages to the host plant, as they can
promote plant growth tlough several mechanisms or increase theo sresistance to

the stress. Their contribution in remediation of soil/water contaminated with metals or
organics habeen illustrated and reviewaudseveral studiefMa et al, 2016a; Afzakt

al., 2014) (Fig.1). For example, endophytic straiequipped with the appropriate
degradation genalecreasedthe evapotranspiration of toluene whémey were
inoculaked to th& host plants(Baracet al, 2004; Weyengt al, 2009a) With regard

to metals, many endophytic strains were isolated froatutughat were found able to

grow at high Cr(VI) concentrations and even reduce the Cr(VI) to the less toxic Cr(lll)

in a dortperiod of time(Dimitroulaet al, 2015)
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Figurel. The mechanisms of endophytic bacteria in order to tackle with organic compounds and
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3.3 Beneficial effects of bacteria to the plant

The expldatation of plantassociated bacteria can improve the efficiency of
phytoremediation since bacteria can have direct or indirect beneficial effects on the
plant(Ullah et al, 2015) There are three approaches available for this technology: (i)
bioattenuationwhich is the method of monitoring the natural progress of degradation
to ensure thathe contaminant concentration decreases with time; (ii) biostimulation,
where natural biodegradati@ndbr biotransformatiorare stimulated with nutrients,
electron aceptors, or substrates; and (iii) bioaugmentation, which is a way to enhance
the bic degradative or biotransforming capacities of contaminated sites by inoculation

with microorganisms that possess the desired character{§ais et al, 2012)

The plant growth promoting bacteria (rhizospber endophytic) may facilitate the
plant growth through several direct or indirect mechanisms. Nitrogen fixation, nutrient
solulilization (e.g.iron or phosphorus)production of phytohormones and enzymes
synthesis are classified as direct mechani@alisk, 2010) The indirect mechanisms
involve the production of antibiotics against pathogens, depletion of iron in the
rhizosphere, production of lysing enzymes, competition for binding sites or increasing
the resstance of the hogfhaet al, 2012)

Nitrogen is one of the principal plant nutrients, becoming a limiting factor for plant
growth especially in contamated ecosystems. Many nitrogen fixing bacteria were

identified to develop a mutualistic relationship with plants, alleviating the N
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deficiencies in Npoor soils( Ros enbl| uet hRonernd2008tdkedatah e z
2013) Many hacteria can reduce gaseous dinitrogen to ammonia by the nitrogenase
enzyme complex or reduce nitrate to nitrite, and nitrite loa further converted to
nitrogen oxides (B and NO) or ammonia. NO is a potent signaling molecule in plants,
influencing the root growth and proliferation in an audgpendent manner.
Inoculation with a bacterium isolated from nodules increased tragait in roots and
shoots of the host plafivani et al, 2008)

Phosphorus is the second mastportant macronutrient for plant growth and is
considered as a limitg nutrient in many soils since an important fraction of this
element is often present in unavailable forms (insoluble phosphates and organic P
compounds). Manyhizospheric ancendophyic bacteria have been found able to
solubilize inorganic phosphor@®teinoet al, 2015; Gagnd3ourgueet al, 2013) thus

assisting the plant to get accessth® appropriate amount of phosphorus.

Microorganisms produce and secrete siderophores mainly to sequester iron. This
element is not available to plants because of the low solubility f-dxédes.
Siderophores are lemolecdar chelating agents and are classified as catecholates,
hydr ox a ma tcarlBoxylates,ndépenting on the chemical nature of their
coordination sites with irofl P ®Mimndaet al., 2007) Metalresistant siderophore
producing bacteria significantly contribute in the plant growth and salrinvmetal
contaminated areas by ameliorating the plant stress induced by metals and supplying
the plant with nutrients, particularly mo(Rajkumaret al, 2010) Along with iron,
siderophore secretion may be used for improving metal bioavailability, however, it is
still unclear how metals stiulate the production of these molecu{€shalket al,

2011)

The phytohormone ethylene is known to have an important role in various processes,
such as senescence, leaf abscission, fruit ripening and pattiefgece signaling

(Glick, 2014) Whenaplant is exposed to various unfavorable conditidssthylene
biosynthesis is induced, hence root elongation may be inhi{8ttoycet al, 2016)

Bacteria possessing the dminocyclopropané-carboxylate (ACC) deaminase may

protect the plant sincthis enzyme reduces plant ethylene leug} catalyzing the
conversion of the ethylene precurs-or ACC
ketobutyratg€Sgroyet al, 2009) As a resulttheplant exudes more ACC in an attempt
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to maintainthe equilibrium between the internal and external ACC levels, and reduce

the gnthesis of ethylene inside the plant cell.

Plant hormones are involved in virtually all stages of plant growth and development
such as cell elongation, cell division and tissue differentiation. Among them,{&dole
acetic acid (IAA)is very importantand the main precursor for its biosynthesis is
tryptophan. A relation has been demonstrated between the levels of IAA produced by
bacteria and root elongatiobow levels of IAA stimulate the growth of the primary
root while increased levels promote latenadl @dventitious root formation but inhibit
primary root growth(Rajkumaret al, 2009) In turn, an extended root system is
available for colonization. Moreover, |IAA bacterial production protects the plants from

adverse effects after exposure to high environmentabkgtdisk, 2010)

Biological control, or biocontrol, is the process of suppresdeigterious/pathogenic
living organisms by using other living organisms. Several mechanisms may be
involved, including the production of antimicrobial compounds since rhizosphere or
endophytic bacteria can synthesize a wide range of compounds with aibiiaicr
activity. For example, thégrobacterium radiobacteiK84 produces an antibiotic
agrocin 84(Hibbing et al, 2010) This compound is highly spiic for a subset of
plantpathogenic A. tumefaciensand mimics the opines agrocinopine A and
agrocinopine B, which are customized nutrient sources. When the plant is infected by
A. tumefacienghe toxin is imported using the same route as the nutménks theA.
radiobacter K84 encodes a factor that confers selfnunity to the toxin. The
production of 2,4iacetylphloroglucinol (DAPG) has a wide range of properties by
which it suppresses the diseases in pl@@teroet al, 2013) Moreover, beneficial

and pathogenic bacteria acempetingfor the same nutrient sources and space.
Bacterial endophytegolonize the same niches as pathogens, thus reducing the
possibility of plant infectiorfRyanet al, 2008b) Other bacteria can activate/stimulate

the plant defence mechanisms witih causing visible symptoms of stress on the host.
This induced systemic resistance (ISR) depends mainly on jasmonate and ethylene

signaling.
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4. Constructed Wetlands (CWahd Wetland plants

Constructed Wetlands (CWs) are loost wastewatereatmentechnologesthatare

part of phytoremediation applications. In such systems, physicochemical (evaporation,
photodegradation, oxidation, hydrolysis, retention or root sorption into the gravel bed)
and biological (microbiological degradation, biofilm, r@otd plant uptake) processes

are exploited in order to treat different kinds of wastew@éar et al, 2015a)Fig.1).

They are engineered wetlands, designed and operated to mimic natural wetland systems
and they are classified into different categories: the free water surface floB\V(S);
horizontal subsurface flow (HSSEWSs) systems, vertical subsurface floanstructed
wetlands (VSSFCWs) and hybrid constructed wetlands (hybrid CWis) et al,

2014a)
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Figure2. Mechanisms of pharmaceutical removal in C&fsafg et al., 2014)

In a comparative study, the removal efficiencies of emerging contaminants of five
major sewage treatment technologies were investigetyin and Leusch, 2016)t

was concluded that constructed wetlands were ablertovwethe highest proportion of
studied contaminants while membrane bioreactors (MBR) showed the greatest overall
removal. Constructed wetlands are also efficient for metal removal from industrial

wastewater(Khanet al, 2009; GuittonnyPhilippeet al, 2014b)

Appropriate plant forapplicationin phytoremediation strategies shoyddssesshe
following characteristis (i) High growth rate, (ii) Production dfigh aboveground
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biomass, (iii) Widely distributed and highly branched root systemHigher take up

of the target heavy metals from soil, (v) Translocation of #singlatedmetals from

roots to shoots, (vi) Tolerance to the toxic effects of the téwegvy metals, (vii) Good
adaptation tahe prevailing environmental and climatic conditions, (viii) Resistance to
pathogens and pests, (ix) Easy cultivation and harvest, (x) Repulsion to herbivores to

avoid food chain contaminatiqAli et al, 2013)

The role of macrophytes in CWs systeis of of high importance since these plants
provide niches for growth of functionahicrobial taxa, decrease theater current
velocity, stabilize the surface of the bed and protect the surface against frost in winter
(Brisson and Chazarenc, 2008)oreover, they transfer oxygen from aerial tissues to
the rhizospheréStottmeisteet al, 2003a)and they excrete a range of exuddiais

et al, 2006) thus stimulating the growth of the specific microbial taxa withdtsred
characteristics. Therefore, synergistic biodegradation between plants and rhizosphere
microorganisms or accumulation of thentaminantdiave been proposed as the main
mechanism of removal in several C\({josaValseroet al, 2016; Yanret al, 2016)
Combination ofdifferent plant species led to greater microbial functional diversity
(Button et al, 2016)which may enhance the microbial ability to treat wastewater.
However, interspecies competition should be taken into account in-gpatties
wetlandg(Zhenget al., 2016)

Phragmites australis Typha spp. or Juncus spp. are the most frequently used

helophytes in CWg¢Vymazal, 2013) It is recommended that autdbbnous species

should be preferred over exoipeciesor cultivars in order to avoid the spreading of

their genes and disturbance of the Idt@la( Sc hr °der and Pr-asse, 2 C
Philippeet al, 2014b) The genusuncuscomprises helophytes, mainly mash species

with wide distribution(Vymazal, 2013) Species of tis genus have been found to

successfully contributi® remediation of metaland organics in contaminated areas and

constructed wetlands.
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Chapter 2

Objectivesof PhD thesis

Constructed Wetlands are considered as an efficient green technology for treating
wastewater from industrial or domestic effluents contaminated with various compounds
such as metals and emerging organic compounds. The selection of the appropriate
helophytés) for assuring high efficiency is still a controversial issue stheeideal
macrophyte should combine a lot of desired characteristitsvever, the most
common used plargpeciesare exotic to the regionwhere they are appliedhus
threatening the indigenous fauna and flora. Therefore, researchers suggest that the
knowledge istoo limited and more experiments are needed in order to evaluate the
performance of indigenous species, especially with thiwsenaturally colonize the

contaminated areg&uittonnyPhilippeet al, 2015)

In this context, an autochthonous wetland spediescus acutusvas proposed as a

suitable candidate for being exploited in CWs across the Mediterranean region after
assuring its capability to treat BR#ntaminated groundwater in a phytoremediation

pilot and water caontaminated with metals and EOCs. The isolatioth genotypic

and phenotypic characterization of its endophytic community was performed in order

to identify the promising strains with high potential tmprove t h e pl ant 6s
phytoremediation performance (Chapt&. The root and leaf endophytes were
discrimnated into separate groups according to their genotypic maiite were

further tested for their ability to promote plant growth. Next, their tolerance to different

metals and resistance and potential degradation to different emerging organic

contaminats was investigated.

The potential beneficial effects otheh el ophyt e 6 ®reevdldatedcih @ ncy w
bioaugmentation experiment with tailored bacterial strains (Chdpt€he three most

promising strains according to their score in plant growth promgadests, metal
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tolerance resistance t@nd potential degradation emerging organic contaminants
were inoculated separately and as a consortiurd. tacutusplants. Theeventual
increasef the removal efficiency ere evaluated together with the eftsof the
contaminants on the plantds physiology.

The potentialeffectson the root and leaf bacterial commuestdue to contaminant
exposure or inoculatiowereinvestigated in order to determine the driving forces that
shape the endosphere communit@saptel5). Total DNA was analyzed through next
generation sequencing and the diversity and structure of the different endophytic
assemblages were comparetihe qPCR of the antibiotic resistant genes to
ciprofloxacin and sulfamethoxazole together with #@&S rRNA gene is still on
progress. The results will provide information concerning potential gene transfer in this

experiment.

In CWs, where the optimization strategies in design and operation parameters are
extensively reviewed, selection of approfeiglants with their tailored associated
bacteria seems the only promising strategyirforeasinghe performance. Exploring

the indigenous flora will reveal theest performing [gecies of each area and taking
advantage of their endophytic inhabitantd \eiad to a more robust and efficient green

technology.
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Chapter 3

BisphenolA removal by the halophyteJuncus acutusin a
phytoremediation pilot: Characterization and potential role of the

endophytic community

Scope

A phytoremediation pilot emulating a shallow aquifer planted withcus acutus
showed to be effective for remediating BispheAdBPA) contaminated groundwater.
Biostimulation with root exudates, low molecular weight organic acids,afutudid

not improve BPAdegradation rates. Furthermore, the endophytic bacterial community
of J. acutuswas isolated and characterized. Many strains were found to possess
increased tolerance to metals such as Zn, Ni, Pb and Cd. Moreover, several endophytic
becterial strains tolerated and even used BPA and/or two antibiotics (ciprofloxacin and
sulfamethoxazole) as a sole carbon source. Our results demonstrate that the cultivable
bacterial endophytic community df acutusis able to use organic contaminants as
carbon sources, tolerates metals and is equipped with-gianth promoting traits.
Therefore,J. acutushas potential to be exploited in constructed wetlands when co

contamination is one of the restricting factors.

3.1 Introduction

The high degree of indtrialization led to the production of huge amounts of toxic
wastes and contaminated soils and waters that need to be treated. Phytoremediation is

a promising alternative in comparison to the conventional technologies since it is a low

! The material of this chapter was published in : Journal of Hazardous Materials, May 2016.
doi: 10.1016/j.jhazmat.2016.05.034
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cost, solar powerettchnology with wide public acceptan@@lick, 2010) However,

the sometimes highelemand of time, the mixed nature of most pollutions and the
potential accumulation of contaminants in the plant tissues which in turn may decrease
plant fitness are some drawbacks of this technology. Constructed wetlands (CWSs) are
artificial wetlands theacombine plants and their associated microbes for pollutant
removal and they are characterized as a state of the art technology for water (including
wastewater or groundwater) remediatigresteret al, 2014) Verlicchi & Zambello
(Verlicchi and Zambello, 2014uggested that this low cost technology represents a
promising alternative for treating wastewater from small communities or as a final
treatment step in tailored effluents such as from hospitals. Moreover, special attention
was paid to this sustainablennediation option after that urban wastewater treatment
plants were found to be the main point sources for the release of several emerging

contaminants to the environmgMichaelet al, 2013)

Bisphenol A [BPA, 2,2bis(4hydroxyphenyBpropane] is a synthetic compnd
commonly used in the production of polymers, vinyl chloride, thermal paper,
polyacrylates and lacquer coatings for tin cénMi ¢ h a § o wilt észproduccd 1 4 )
worldwide in high volumes (three million tons each year) and wastewater treatment
plants treating industl effluents, sewage sludge and waste landfill leachates are
considered the main sources of BPA release into the environment. Epidemiological
studies revealed causal relationships between BPA exposure and chronic human
diseases such as obesity, cardioviscdiseases, reproductive disorders, chronic
kidney diseases, birth defects and development disorders, respiratory diseases, cancers
and autoimmune diseas@Rezget al, 2014) Several chemical methods have been
established for treating BPA contaminated waters, along with the biological treatment
which encompasses microbial and/or plant mediated ddgraddany bacterial
strains have been employed iiovitro degradation experiments with promising results
(Zhanget al, 2013)next to the herbaceous plant species that showed an ability to

decrease BPA concentrations from aqueous nedifredo et al, 2010)

The exploitation of plardssociated microorganisms may support a strategy towards
enhanced degradation rates and improved performance of plants ilABWiashet

al., 2012) The selected lateria or fungi can colonize the rhizosphere or the endosphere
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and may play a major role in removal of organic and inorganic contaminants and in

improving plant growth.

The water solubility, lipophilicity and logd between 0.5 and 3.5 that characterize the
majority of organic contaminants enables their translocation to the plant t{ks@ts

al., 2014b) As a result, endophytic bacteria may play an important role in plant
detoxification. The term endophytic bacteria refers to bacteria that reside in the internal
plant parts without negatively affecting the hdeyenset al, 2009b) Actually, many

of them carry plant growth promoting characteristics such as nitrogen fixation,
utilization of aminocyclopropané-carboxylic acid as a sole nitrogen source and
production of phytohanones along with their ability to tolerate high concentrations of
metals(Rajkumaret al, 2009; Maet al, 2011a) In the cae of organic contaminants,
endophytic bacteria equipped with appropriate catabolic genes enhanceptheta
degradation of xenobioti¢afzal et al, 2014) Moreover, the roots can also take up the
polar and highly watesoluble compounds. In thisoctext, there exists a growing
interest in isolating and characterizing the endophytic communities of wetland plants
in terms of exploring strains capable of degrading/tolerating contaminants together with
promoting plant growtl{Shehzadet al, 2015; Cheret al, 2012; Dimitroulaet al,
2015; Sauv°tre and Schr °udharovga, 2009 Hé&t al, Egamber
2012)

Recently, the contribution of the endophytic communityPbfagmites australigo
carbamazepine degradation was evaluated; some strains could remove the psychotropic
drug and at the same time demonstrated beneficéait girowth promoting traits
(Sauv°tre andM®eovenr Dirditeoulg et AMiMittodla et al, 2015)

showed that somduncus acutuendophytic strains can reduce Cr(VI) to Cr(lll)
assisting the detoxification of the halophyte exposed to Cr(VI). Along with the
endophytic community, the plant can affect positively ayatiwely the degradation
capabilities of the rhizospheric microorganisms through the excretion of various
compoundgBaiset al, 2006; Phillipset al, 2012)

In this study, a phytoremediation pilot (emulating a skakmuifer) was constructed

in order to investigate the capacity of the wetland plaatutugo remove BPA from
contaminated groundwater. In addition, the potential impact of the presence of BPA on
the pattern of organic acids exuded by the halophytealgasdetermined-urther, he
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cultivable endophytic community df acutuswas assessed in terms of plant growth
promoting traits, metal tolerance and resistance against emerging contaminants. In
addition, the degradation potential was assessed leaditite teelection of highly
promising candidates for bioaugmentation strategies. These are expected to enhance the

performance of this halophyte in CWs.

3.2 Materials and Methods
3.2.1 Shallow Aquifer Phytoremediation Pilot Unit

The pilot unit emulated a shallcaquifer, treating contaminated groundwater. The total
volume of the container was 13mand was filled with 20% gravel (110 L smalkzed

gravel at the bottom and 55 L of medksimed gravel on top of it) and 80% soil (upper
layer) (Fig3). The pilot contaned twoJ. acutuglants, collected and transplanted from

the natural wetland of Morony at Souda bay (Chania, Greece). The soil mass in the
system was 1040 kg and the total estimated water volume 315 L, at 100% saturation.
An external reservoir of 75 L (wking volume 60 L) was used for collection of the
partially treated effluent water and with the help of a feed pump the water from this
external reservoir was pumped back into the pilot. The external reservoir was also used
for spiking the system with caarninant(s) at time zero. A peristaltic pump controlled

the hydraulic retention time at 0.59 days corresponding to a flow rate of 179 L h

I ni tial BPA c onc elnwag atained by dilating 1806m8g7of tkeg L
compound in the external tank atydeero. BPA was separated and quantified using

HPLC according to the protocol described elsewl€teistofilopouloset al).
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Figure3. Schematic representation of the Shallow Aquifer Phytoremediation Pilot, planted with two
Juncus acutuplants.

3.2.2 Collection of J. acutugoot exudates

Ceramic pots were filled with 400 g gravel and 1200 g dry soil and planted with one
acutusplant.In the bottom of each pot a sampling port with a valve was introdurced.

order to increase the hydraulic conductivity and obtain a rapid infiltration of the water,

the soil collected from the field in Akrotiri (Chania, GR) was mixed with beach sand
prewaded with tap water. On the first day, pots with and without plants were spiked

with 150 and 300 e©€g BPA diluted in 250 mL
without BPA addition were used as controls. The drainage was collected 2 h after

spiking with BPA The next two days, 150 mL tap water were added in each pot and

the leachate from each pot was collected again 2 h after spiking the water in the
reservoir. Subsequently, the leachates were evaporated until dryness under reduced

pressure atd 50AG, mli slscsltvé |l ed water and t he

3.2.3 Identification of low molecular organic acids in root
exudates
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A solid-phase extraction procedure was applied to isolate low molecular organic acids
from root exudates. A cartridge (SEFAK VAC, Accell Plus QMA cartridge, Waters)

was activated with 10 mL 0.1 M sodium hydroxide solution (percolation rate 3 mL min

1y and 40 mL of root exudates solution was passed at arfltevof 0.5 mL mirt.
Subsequently, the cartridge was rinsed with 10water (3 mL mint) and organic

acids were eluted with 4 mL 0.1 M sulfuric acid (0.5 mL WinThis solution was
injected directly into the HPLC (Alliance 2690 series HPLC equipped with &/I$V
detector) and the improved method of Cawthf@gwthray, 2003was used for the
identification and quantification of the organic acids. Separation was achiavad o
NucleosilC18,reversp hase col umn (250 mm x 4.6 mm, 5
elution program with one solvent that was ultrapure water adjusted to pH 2.5-with o
phosphoric acid. The flow rate was 0.5 mL rhior a total running time of 30 min.HE
detector was set at 210 nm. Standard solutions were used for the identification of all
organic acids separately and as a mixture. Positive identification of them was
accomplished by comparing standard retention times. All the reagents used for this
study were purchased from Sigiialdrich (Germany).

3.2.4 Isolation of cultivable endophytic bacteria fraimacutus

Tissue samples (1 g from root and leaves respectively) were collected.famutus

plants growing on the BR&ontaminated pilot. The samples were surface sterilized for
30 s in 70% ethanol followed by immersion in 2% NaClO solution supplemented with
one droplet Tween 80 per 100 mL solution for 10 min. Finally, the samples were rinsed
three times in sterile distilled water for 1 min; aliquots of the third rinsing solution were
plated on 869 mediutiMergeayet al, 1985)and incubated for 7 days at’80) in order

to confirm surface sterility. Subsequently, the surstegile samples were macerated

for 60 s in 10 mL of 10 mM MgS£using a sterile mortar argkstle. Serial dilutions
were plated on 1/10 strength 869tofahgar medi
fungicide cycloheximide to inhibit fungal growth. The plates were incubated°@t 30

for 7 days and the colony forming units (CFUs) were determinddcalculated per

gram fresh weight. All colonies with different morphology were picked off and spread
onto new plates until pure colonies were formed. The selected isolates were preserved
at AC B 05% (v/v) glycerol.
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3.2.5 Genotypic characterization (DNA endction, BOXPCR
genomic DNA profile, 16S rDNA amplification)

Total genomic DNA was extracted from purified strains using the DNeasy Blood and

Tissue kit (QiagenVenlo, Netherlands) and was amplified using the BOX A1R primer

( ECNACGGCAAGGCGACGCTGACG3 Nj) . PCR reactions, cycli
separation of the PCR products were performed as described @aterraCastroet

al., 2011) The BOX profiles were analyzed and the isolates were grouped together
according to their band patiey.

The 16S r DNA wa s amplified usi n-g t he
ACGGGCGGTGTGTRE3 Nj) and t-epecbhcterzaéaFk pri me
AGAGTTTGATCCTGGCTCAG3 Nj)) on one representative str
was further sequenced as previously descr{iéelyenset al, 2009f) The sequences

were compared with the nucleotide sequences deposited in GenBank using BLAST in

the NCH website. They were further aligned with Clustal X and the phylogenetic trees

were constructed with the program MEGA 5.0 softw@ramuraet al, 2011) The

sequences of the strains are now available in the GenBaalbada under accession

numbers KU59869&KU598764.

3.2.6 Screening for plant growth promoting characteristics

The isolated strains were tested for their ability to solubilize inorganic phosphate (Ca
(PQy)2) in agar plateqNautiyal, 1999) Indole acetic acid (IAA) production was
assessed with the development of pink color after the addition of Salkowski reagent in
869 medium supplemented with 0.5 mg fikyptophan(Shenget al, 2008) The %
aminocyclopropané-carboxylate (ACC) deaminase capacity of the strains was
determined as previously described Bglimov et al. (Belimov et al, 2005)
Siderophore production was qualitatively estimrdaby the Chrome Azurol S assay
(Schwyn and Neilands, 198%yhen CAS binds to siderophores the color changes from
blue to orange. The pBensitive color indicator AlizarinRed S was used in order to

evaluate the organic acids production by bac{&imningham and Kuiack, 1992)

3.2.7 Metal resistance
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The tolerance of the isolated strains to metals was investigategthe selective 284
medium supplemented with 4 mM zinc, 1 mM nickel, 1 mM cadmium or 1 mM lead.
The 284 medium contained per liter distilled water 6.06 g A@, 4.68 g NaCl, 1.49

g KClI, 1.07 g NHCI, 0.43 g NaS@ 0.20 g MgCl. 610, 0.03 g CaCGl 2H.0, 40 mg
NaHPQs. 2H0, 0.48 mg Fe(lll)NH citrate and 1 mL microelements solution (1.3 mL
25% HCI, 144 mg ZnS9 7H0, 100 mg MnCl. 4H,0, 62 mg HBOz, 190 mg CoCl

6H-0, 17 mg CuCGl 2H:0, 24 mg NiCi. 6H0 and 36 mg NaMo® 2H,0) of final

pH 7. Carbon sources (0.52 g glucose, 0.35 g lactate, 0.66 g gluconate, 0.54 g fructose,
and 0.81 g succinate per liter medium) were added to the medium and the plates were
incubated at 3 for 7 days.

3.2.8 Antimicrobial susceptibility

The antibioic disc assay was performed in order to investigate the tolerance of the

isolated strains to selected antibiotics. Briefly, bacteria were streaked onto Mueller

Hinton Agar plates with sterile cotton swabs and four antibiotic discs (ciprofloxacin
(leg),ert hromycin (15¢g), sul famethoxazole (25
placed on the surface of the plate. Subsequently, the plates were incubafifat 30

2 days. The zone of inhibition was calculated and the antibiotic resistance was evaluated

accordng to the KirbyBauer chart.

3.2.9 Tolerance to BispheneA by auxanography

Auxanography was used for the identification of the strains that could grow on 284
medium and utilize Bisphendl as a sole carbon source. Bacteria were cultivated in
rich medium urit they reached the late exponential phase, they were washed three
times with 10 mM MgS® and spread (concentration: 816fu mLY) on minimal
medium agar plates without carbon source. The next day, one droplet of BPA was

streaked out in one third of theapt and the plates were incubated &C3f@r 7 days.

3.2.10 Degradation of organic contaminants

The ability of the isolates to use Bisphedo|BPA), ciprofloxacin (CIP), erythromycin
(E), sulfamethoxazole (SMX) and tetracycline (TET) as a carbon source was
investigated for the tolerant strains using Biolog MT2 plates (Biolog Inc., Hayward,

CA, USA). The wells of the MT2MicroPlates contain only a buffered nutrient medium
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and tetrazolium dye as an indicator of carbon source utilization. Bacteria were grown

until the late exponential phase and they were washed twice with PBS buffer. The cell

suspension and each of the organic contaminants were inoculated in triplicates to the
wells and the optical density was measured periodically with a microplate reader

(Biolog Inc.). A negative (PBS buffer) and a positive (bacterial suspension with

glucose) control were used.

3.3 Results and Discussion

3.3.1 Performance of the shallow aquifer phytoremediation
pilot and quantification of organic acids excretion

Plant roots secrete organic compounds that interact with both biotic and abiotic factors
in the rhizosphere and strongly influence th@ais et al, 2006) For example, root
exudates can participatenmbilizing metal micronutrients or in competing for binding
sites with anionic species; they can also serve as a sulfstrate-metabolism or
stimulation of the degradation of organic pollutaféenzel, 2009) Among all the
exudatesJow molecular weight organic acids (LMWOAS) are the most active and

abundant organic compounds.

In this context, the low molecular weight organic acids exudell Bgutusoots were
collected and identified in order to evaluate their potential conivibuto BPA
degradation. Monocarboxylic acids (formic and lactic acids), anandi tricarboxylic

acids (oxalic, malonic and tartaric acids) were found in the presence of BPA, while
without BPA addition]. acutugrhizosphere did not contain any organicda€hanges

in the profile of exudates of rice roots have also been reported in response to Cr stress
(Zenget al, 2008) Similarly, the exudation pattern of two metallophytes was shown

to be highly variable depending on the Cu concentration they were expdséeid¢o

et al, 2012) however, in the same study, the two agricultural plant specietedéxu

similar quantities of citric acid at different Cu exposure levels.

Among the five organic acids detected, three of them (oxalic, formic and malonic acid)
exhibited higher concentrations compared to tartaric acid while lactic acid was detected

only at he first day of the experiment. The formic acid was the only acid that seemed

29



affected by BPA exposure: it seems to be increased at lower BPA amounts in soil (from
105eg t o &2 NMe.d5 f r egn t3d 4£BBMriEkEility in exudates among
plants d the same treatment was observed in this stlitlig intraspecies variability

in exudates was also mentioned in other stufMeschaet al, 2005; Phillipset al,

2012) Oxalate and malonateave also been identified in root exudatesJohcus
maritimus growing on sandy and muddy sites but their concentrations were
significantly different between the two sitéMucha et al, 2005) The authors
suggested that the physichemical characteristics of the surrounding sediment might
be responsible forhese differences. In another study, no seasonal variations of the
LMWOAs (oxalate, citrate, malate, malonate, succinate) exudatiah wfaritimus

were detected, but an increase of oxalic acid was demonstrated in presence of Cu
(Muchaet al, 2010) It is well known that bacteria can also excrete organic acids in
their environment; howevein this experiment no organic acids were measured in the

leachates collected from the pots containing BidAtaminated soil.

After identifying the exuded organic acidshiostimulation run was conducted in order

to quantify potential benefits of theseganic acids ornthe removal of BPA. In
particular, the following amounts were added: 4.99 g oxalic, 18.75 mg tartaric, 9.64 g
formic, 6.47 g malonic and 6.48 g lactic acid which correspond to 5x the maximum
concentration found in the pot experiments. Howgeae seen in Figl, the amount of

BPA in the soil decreased with similar rates in both, the tank with and the one without
supplementation of organic acids. Likewise, the addition of a nutrient solution was not
effective for improving the efficiency adfuncusto remediate a soil contaminated with
petroleum hydrocarbon®ibeiroet al, 2014) In particular, after adding nutrients,
maritimusstems looked less healthy than without any additional nutrients. Moreover,

root biomass and hydrocarbons degradation potential were negatively affected.
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3.3.2 Isolation and identification of the cultivable endophytic
bacteria asswated withJ. acutus

Since biostimulation with low molecular organic acids did not appear to be effective
and also the fact that Bisphenol A can be taken up by the plant, the endophytic bacteria
of J. acutuswere isolated and characterized. After assusingace sterilization of the

plant parts, colonies 110 morphologically distinct were obtained which formed 67
groups according to their variable BEPCR profiles. DNA extraction and sequencing

of the 16s rRNA encoding genes were performed for one repagiserstrain of each

group.

Phylogenetic analysis showed the presence of the phyla Actinobacteria, Firmicutes and
Proteobacteria in both plant organs, but the composition of the communities differed
(Fig.5). In general, the phylum Proteobacteria dominatesl cultivable endophytic
community of roots and leaves (75% and 46% respectively). In the leaves, the Alpha
proteobacteria were dominated by the gedplingomonagl5% of the total isolates)

while the Betgproteobacteria were mainly represented by #reugRalstonia(14%)
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followed by the genublerbaspirillum(7%). The Firmicutes were only represented by
the genusBacillus (39%) and the Actinobacteria were almost exclusively members of
the genusNocardioides(15% of isolates). With respect to the root community, the
genusRalstonia(49%) was the most abundant followed ®ghrobactrum(24%) and
Bacillus (23%). The remaining isolate®\éromonas Arthrobacter Herbaspirillum
Hyphomicrobium Yonghaparkia Microbacterium PelomonasPromicromonospora
PseudomonasRRhizobium SphingomonasVirgibacillus) represented only 4% of the

total number of root isolates.

ROOT LEAF

Aeromonas (2)

Arthrobacter (2)
Yonghaparkia (1)

Acidovorax (1)

Sphingomonas (1,5)
Microbacterium (3,3)
Bacillus (10,6)
Ralstonia (7,9)
Herbaspirillum (1,1)

Pseudomonas (35) Nocardioides (2)

Promicromonospora (1)

Hyphomicrobium (1) Novosphingobium (1)

Pelomonas (1)

Ochrobactrum (2)
Virgibacillus (1)

Rhizobium(1)

Figureb5. Distribution of endophytic isolates in plant compartments fitlse number between brackets
represents the number of isolates in roots and the second humber between brackets represents the number

of isolates in leaves).

Endophytic bacteria enter the plant mainly via the roots and their establishment in the
root interior depends on their ability to colonize the plant and establish a population. In
polluted environments, the concentration of the contaminant inside isca fhat
contributes to shape the community together with the plant genotype, the age and other

environmental factorgTruyenset al, 2015b; Afzalet al, 2014) The J. acutus

32



endophyticcommunity contains many common genera that were also found in other
plant species growing on contaminated djMsoreet al, 2006; Barzantet al, 2007;
Shehzadet al, 2015; Thijset al, 2014a)

The genudsRalstonia dominating the cultivabld. acutusroot endophytes consists of
aerobic bacteria that were found in water, soil and inside plants. They have been shown
able to degrade a wide range of xenobiotics such as benzene, phenol aftl/auH

al., 2007)and during the years this genus became a model genus for the study of metal
tolerance mechanism@Mergeay et al, 2003) Moreover, bioaugmentation with
Ralstoniastrains enhanced the uptake of Cd and ZRé&lyanthus annuugMarqueset

al., 2013)and Cr and Pb translocation to maize sh¢Btaud et al, 2009) Many
members of the genBacillus(the dominant genus among the leaf isolates) baea
isolated from several plant species and carry appropriate characteristics for
bioremediation. For example, the endophfaacillussp. L14 isolated from the leaves

of the Cd hyperaccumulatoSolanum nigrumL. did not only tolerate high
concentrations of Cu (Il), Cd (Il) and Cr (VI), but also removed metals, especially Cd
(I and Pb (I)(Guoet al, 2010) Shin et al(Shinet al, 2012)demonstrated the ability

of another root endophytic strain identifiedBacillussp. to promote plant gwth in
combination with high Pb resistance. After inoculation of this straiB.iguncea
seedlings, root elongation was significantly stimulated in the presence of lead compared

to the control.

3.3.3 Plant growth promoting properties of the isolated
endophytc strains

Plant growth promoting bacteria can improve plant growth via direct or indirect
mechanisms, they can assist plants to cope with pollutants and enhance the remediation
capabilities of plant§Weyenset al, 2009a; deBashanet al, 2012; Weyenst al,

2009b) The isolated endophytic strains were investigatedtro for their potential to
express plant growth promoting (PGP) traits. The majority of the strains (more than
88%) showed at least one PGP characteristic out of the five tested, but none of them
exhbited all the characteristics. In general, the community was rich in isolates able to
solubilize mineral phosphate (40% of the total isolates), produce tadete acid

(46%), produce organic acids (27%) and secrete siderophores into the medium (55%).
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The distribution of the traits differed between leaf and root isolates6)Figor
example, the roots harbored many mineral phosphate solubilizers (49% of the root
isolates) while the majority of the strains producing organic acids were residing in the
leaves (61%). IAAproducers were similarly represented in the cultivable root and leaf
endophyte populations. Only four leaf isolates could utilize ACC as a sole N source and
were belonging to the gendBacillus, MicrobacteriumandRalstoniawhile seven rob
isolates exhibited this trait and belongedB@cillus, Yonghaparkia Ochrobactrum
RhizobiumandSphingomonas

20 T .
B Leaf isolates
18 - ]
Root isolates
16 -
[7,]
£ 14 -
o
212 -
)
© 10 -
2
g 8
2 67
4 -
2 -
0 = L
P Solub I1AA ACC OA Sid

Figure6. Percentage of endophytic strains isolated fiamcus acutughat have the potential to carry
plant growth promoting characteristics (P Solub: Phosphate solubilizers, 1AA: Indolacetic acid
producers, ACC: ACC deaminase producers, OA: Organic acid producers, Sid: Siderophores producers).

Among all isolates, two légbelonging toBacillusandRalstonig and four root strains
(belonging tdBacillus,YonghaparkiaMicrobacteriumandRalstonig showed positive

for four out of the five tested PGP traits. IA%koduction was the common PGP trait
for the abovementioned shins. The leaf isolates shared phosphate solubilization and
siderophore secretion, while the root isolates shared organic acids production.

3.3.4 Tolerance to metals
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SinceJ. acutuss a commonly used macrophyte in CWs worldw(da etal., 2015a)

the ability of its endophytic community to tolerate trace metals was investigated. In
terms of prolonging the lifetime of the substrate and generally the CW retention, plant
harvesting/cutting should be performed frequently especiallycase of mixed
contaminations. Therefore, it is of high importance to find strains able to enhance the
metal uptake by plants and/or, even better, the translocation of metals to the
aboveground tissues. In this context, the ability of the endophytic isdtagrow in

the presence of metals was investigated. A high number of isolates showed able to form
colonies on minimal medium supplemented with 4 mM Zn or 1 mM Ni (78% and 81%
respectively). The majority of the resistant strains originated from leave# &nd
noteworthy that among all leaf isolates only one strain (identifidgaaglus) did not

show increased resistance to zinc and nickel. 68% of the endophytic strains were
characterized as Rblerant and 46% as @dlerant. These high percentages of
tolerance to Pb and Cd were not observed for the root isolates. From the latter,
respectively 56% and 36% tolerated exposure to increased concentrations of
respectively Pb and Cd.

Remarkably, although). acutusis a salt marsh plant that shows a tendetmy
accumulate metals in the belowground tisg@démeidaet al, 2006) it was not the root

but the leaf community that was dominated by metal tolerant strains. In the leaves, 54%
of the isolates exhibited resistance to all 4 metals tested and 35% exhibited resistance
to 3 netals (Fig7). In case of the root endophytic community, a large fraction (39%) of
isolates tolerated 3 metals and only a smaller amount showed increased tolerance to 4
metals (18%).

35



100% 1
90% A
w
8 80% A
m o,
E 70% 0 metals
0, -
E 60% B 1 metals
© or
S 50% 2 metals
©° 40% 1
'E ? B 3 metals
c 30% -
= ° B 4 metals
E 20% A
10% -
0%

Leaf isolates Root isolates

Figure7. The number ofuncus acutusolates that were tolerant to 0, 1, 2, 3 or 4 metals when they

grew on 284 agar medium supplemented with trace metals (1 mM Ni, Cd, Pb or 4 mM Zn).

3.3.5 Tolerance to emerging organic pollutants and potential
degradation capacity

Plants can selectively stimulate the growth of indigenous endophytic microbial strains
equipped with specific catabolic genes in order to cope with pollytaitifianoet al,

2001) In this context, many studid&ukla et al, 2014; Surade Jonget al, 2015;
Weyenst al, 2009f; Truyenet al, 2015b)have demonstrated that host plants growing

on a contaminated soil harbor many tolerant endophytic strains. Besides the plant
genotype, the concentration of the contaminant may influence the metabolic potential

of thein plantacommunity.

In this study, he ability of the cultivable endophytic communityJbfacutusgrowing

on a BPAcontaminated pilot to tolerate high BPA concentrations was assessed. The
majority of the strains (75%) could grow on minimal medium supplemented with
100mg LIBPA. To our knovedge, this is the first report of BRt@lerant endophytic
bacteria; previous studies focused on rhizosphere populdfiaysamaet al, 2009;
Saiyoodet al, 2010) For example, from the rhizosphere of the tropical glaataena
sanderianagrowing hydroponically with various concentrations of BPA, six bacterial

36



strains were isolated that showed tolerant te N2BPA (Saiyoodet al, 2010)
Furthermore, this study suggested that BPA could not only be taken up by the plant but
that there was also @®ndency to be accumulated in the stems after increasing the
duration of exposure. In our studygher numbers of leaf (86%) isolates exhibited BPA
resistance compared to root (67%) isolates 8rigndicating thatJ. acutusmight
employ a similar mecha&am of BPA translocation to the aerial parts but further

experiments should be performed in order to confirm this hypothesis.
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Figure 8. Percentage of leaf and root isolates that were able to grow in presence of organic pollutants
(BPA: BisphenolA, CIP: Ciprofloxacin, TET: Tetracycline, E: Erythromycin, SMX:
Sulfamethoxazole).

In order to assess their contribution to attenuate plant sthesBPAtolerant strains
were further tested for their capacity to degrade BPA. WBialpg MT2 plates, nine
strains belonging to the gendRalstonia MicrobacteriumandNocardioide$ isolated

from J. acutudeaves and 65% of the BP#£olerant root isolates were characterized as
potential BPA degraders. All these strains changed the ablbe medium from white

to purple after 7 days of cultivation. Many gram positive and gram negative bacteria
that exhibit BPA degradation capacity with different metabolic pathways have been
isolated from different environmen{Zhanget al, 2013) A Novosphingobiunsp.

strain TYA1 was isolated from the rhizosphere Rifragmites australi@and could
completely degrade 22-:8228.3 mg L! BPA in cultures with minimal medium and use
BPA as the sole carbon sou(@@yamaetal., 2009) Moreover, twdEnterobactersp.
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strains and onBacillussp. strain associated wilracaena sanderiananhanced BPA

removal from hydroponic systems and mixed cult8ssyoodet al, 2010)

In order to investigate the potential antibiotic resistance, four commonly used
antibiotics were selected: ciprofloxacin  (Quinolones), sulfamethoxazole
(Sulfonamides), tetracyclin@ etracyclines) and erythromycin (Macrolides). For this
purpose, a disc diffusion test was performed and the use of the antibiotics as a carbon
source was examined. Antibiotics have been found inside plants but the concentrations
in the different plant p&s depend on several factors such as the plant species and the
growth stage. For example, the concentration of antibiotics was higher in leaves and
decreased from stems to roots in some vegetéblest al, 2010) while in thewetland

plant Phragmites australishigher levels of antibiotics were found in roots and

concentrations decreased from leaves to s{emset al, 2013)

About 50% of the isolates from roots and leavesl.ohcutusshowed resistanc®
sulfamethoxazole (Fig). Among the resistant leaf isolates, five strains (identified as
Acidovorax Bacillus, Nocardioides Ralstoniaand Sphingomongswere characterized

as potential sulfamethoxazole degraders. With respect to the root communiitgjrisl s
belonging to the generBacillus Microbacterium Ochrobactrum Pseudomonas
RalstoniaandVirgibacillus possessed the potential to degrade sulfamethoxazole; they
could grow and change the color of the medium from white to purple when cultured in
presence of 20 mgisulfamethoxazole. In most of the studies, consortia originating
from activated sludge weresed for aerobic SMX degradation tests but in recent years
the exploitation of single microorganisms has been expl@racther and Yargeau,
2012b) Nine bacterial strains isolated from activated sludge were tested individually
for their ability to degrade SMX in cultures with an initial SMX concentration of 10 mg
Lt and a concentration range of carbon and nitrogerces(Herzoget al, 2013)

This study demonstrated that the biodegradation rates by the microorganisms were
lower when sulfamethoxazole was the sole nutrient source in the medium; however,
after 10 days of incubation the concentnatieas still below detection limit. In another
experiment, the potential mineralization of SMX (initial concentration: 127H)dk
enriched cultures originating from an acclimated lab scale MBR was investigated
(Rickenet al, 2011) After 24 days of incubation, 8% decreased SMX concentration
was observed. However, when the five strains were separated, they could individually

mineralize 24 44% of SMX in 16 days incubation.
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Regarding ciprofloxacin (CIP), 16% of the isolates were considered ase€ifant

since no halo zone was formed around the antibiotic disc. The six leaf and five root
ClIP-tolerant strains were further tested for their ability to degrade ciprofloxacin in
Biolog plates. Based on the results, Nhecardioidessp. andSphingomonasp. leaf
strains and the ro@ssociatedPromicromonosporap. strain should be considered as
potential ciprofloxacin degraderBarlier reports concerning bacterial degradation of
ciprofloxacin are scarce. Amorim et glAmorim et al, 2013) investigated the
capability of the soil bacteriunhabrys portucalensi=11 to degrade a range of
fluoroquinolones such as ciprofloxacin in minimal medium supplemented with acetate
as an additional carbon source. They dematestr that the concentration of the
antibiotic in the medium decreased by 85% after 28 days due to the presence of the
bacterium.

Only four root isolates (belonging to the genef&romonas Ochrobactrum
Pseudomonaand Ralstonig were tolerant to tetracyoke while none of the isolates
resisted erythromycin (Fi@).
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Figure9. Heatmap with selectetl acutuseendophytic strains and their score in theitro tested
characteristics (PGP: plant growth promoting traits, H.M.:Tdéavy metal tolerance, Org. Tol.:

Resistance to organic pollutants, Org. Degr.: Potential ability for organic pollutant degradation).
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Some endophytic strains showed resistance to more than one of the tested organic
contaminants, for example five leabliates tolerated BPA, CIP and SMX. With respect

to root isolates, it was observed that all the tetracycksestant strains were also
resistant to BPA and SMX. A few strains demonstrated a potential ability to degrade
two pollutants (one leaf and fouraisolates) and only onfgocardioidesstrain from

the leaves could degrade BPA, CIP and SMX in 7 days.

A wide range of organic and inorganic pollutants should be treated in CWs but the co
contamination decreases the fitness of the plants and theiraasdatiicroorganisms.

As a result, it is of high importance to find microbial strains that combine many of the
desired characteristics and that can subsequently be used in bioaugmentation strategies
to enhance the efficiency of CWs. From the cultivablEutusendophytic community,

few endophytic strains showed PGP characteristics together with tolerance to various
metals, resistance to BPA and antibiotics and potential degradation (Fig.7). The above
results suggest that these isolates could potentialigrere the capacity of wetland
plants to take up metals and organic contaminants from wastewater, degrade the organic
contaminants and at the same time increase the plant biomass. In this context,
depending on the type of effluents (domestic or industrddere many of these
compounds usually eexist (Penget al, 2014; Saiyoockt al, 2010) the appropriate
endophytic strains equipped with the desired characteristics may be employed.

3.4 Overall Remarks

In a pilot CW study the successful treatment of BidAtaminated groundwater was
demonstrated using the s#dterant wetland pland. acutus Biostimulation with the
excreted organic acids did not have a beneficial effect on the BPA degradation rate.
However, it appears that the plant harbors a microbial community strongly enriched
with strains able to degrade organic compounds (BPA, CIP, SMX) and tolerate high
concentrations of metals (Zn, Ni, Pb, Cd), together with PGP properties. To our
knowledge, thiss the first study that demonstrates the potential of endophytic bacteria

and found some strains that possess the ability to degrade BPA, CIP and SMX.
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