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Abstract 

Our environment and our freshwater reserves suffer from increasing inputs of personal care 

products and pharmaceuticals.  Despite partial degradation, some of these compounds have 

very low removal efficiency in conventional wastewater treatment facilities. The antiepileptic 

drug carbamazepine (CBZ) is one of the most recalcitrant compounds in this context. It is 

frequently found in wastewater, but also in the effluents of waste water treatment facilities after 

the treatment, reaches surface water and in some cases even drinking water reserves. With a 

growing urban population, forecasts are such that many of us will have to use reclaimed, treated 

wastewater instead of ground water. Hence, proper removal of recalcitrant compounds will be 

a necessity in the future to alleviate the stress put on the water cycle, the environment, and on 

consumers.  

 

Phytoremediation is the biological treatment of wastewater with plants in constructed wetlands 

and represents a cheap and environmental friendly alternative to retrofit existing waste water 

treatment facilities. With this technology it might be possible to remove these contaminants 

from treated wastewater before its release into the environment . Efforts have been put on the 

design of constructed wetlands to improve removal efficiencies of hazardous compounds, 

including the selection of best suited plant species or water flow regimes. Other studies have 

considered the role of microbial communities found in water or sediments, but little attention 

has been put into plant-associated and endophytic communities. However, the importance of 

the microbiome in plant fitness and resistance to biotic and abiotic stresses has been 

demonstrated recently.  

 

In this work, the uptake and metabolism of CBZ in plants is studied using a holobiontic 

conceptual approach in which plant and selected endophytic bacteria interact for mutual 

benefit. Common reed plants (Phragmites australis) were grown in liquid Hoagland solution 

under control conditions. After treatment with CBZ (5 mg/L) for nine days, up to 90% of the 

compound was removed. Endophytic bacteria were extracted from roots and rhizomes of these 

exposed plants, identified by 16S rRNA sequencing, and further characterized for their plant 

growth promoting traits and CBZ removal. 



 
Abstract          ix 

 

Rhizobium radiobacter and Diaphorobacter nitroreducens were selected among the isolates for 

a comprehensive study of CBZ uptake and metabolism in interaction with plant roots. An axenic 

horseradish (Armoracia rusticana) hairy root (HR) culture was used as plant model to unravel 

which metabolic pathways are used for CBZ transformation by plants in the absence and 

presence of their endophytic partners. Inoculation with D. nitroreducens and R. radiobacter led 

to a 2-fold and 4-fold increase in the removal capacity oh HRs alone, respectively. 

 

In total, thirteen transformation products in the liquid media were identified by LC-QTOF-

MS/MS. These metabolites were classified in four distinct metabolic pathways. For the first time, 

a CBZ-glutathione conjugate was detected in plants. Glutathione and 10,11-diol pathways were 

preferred by horseradish HRs while inoculation with R. radiobacter and D. nitroreducens favour 

the 2,3-diol and the acridine pathway respectively. 

 

The activity of the reactive oxygen species (ROS) scavenging enzymes glutathione reductase 

(GR), peroxidases (POX) and ascorbate peroxidase (APOX) and the detoxification enzymes 

glutathione-S-transferases (GSTs) were determined in cytosolic extracts of P. australis plants 

exposed to 100 µM CBZ to characterize oxidative stress and defence mechanisms induced by the 

pharmaceutical. These enzymes play a major role in the detoxification and degradation of 

xenobiotics in plants. A slight increase of ROS scavenging enzymes observed only in leaves 

tissues suggests that active metabolites formed in the root system by endophytic strains and 

plant cells are rapidly transported into the aerial part, inducing an antioxidant response in leaves 

followed by an increase in metabolic capacity of CBZ and its metabolites. GSTs were induced in 

rhizomes as well, indicating that the 10,11-diol and subsequent GSH pathways are the main 

metabolic pathways for CBZ degradation in P. australis. 

 

Antioxidant responses in HRs were induced by CBZ treatment but also after inoculation with 

endophytic bacteria. Similar observations were made on GST activities. The hypothesized 

protective role of endophytic bacteria when plants are confronted to abiotic stress by enhancing 

their antioxidant responses and detoxification mechanisms was evidenced by proteomics 

analyses. Superoxide dismutase, GR, monodehydroascorbate reductase, ascorbate peroxidase, 

all from the Halliwell-Asada cycle, were indeed identified in the growth media of inoculated 
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roots. Additionally, proteomics results revealed a shift on HR metabolism from primary 

metabolism to structural and chemical defence processes after CBZ treatment. 

It can be concluded that P. australis is a species well-suited to remove CBZ at relevant 

environmental concentrations and that removal and degradation of the compound can be 

improved by enhancing the presence and functionality of selected beneficial strains among the 

endophytic bacterial community.  
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1. Introduction 

 

1.1. Emerging contaminants and pharmaceuticals in our environment 

The term emerging contaminants is used to designate pollutants of emerging concern 

in our days. They are of anthropogenic origin, although not necessarily synthetic. From 

the massive lead contamination during the Roman Empire, through the irruption of 

pesticides after the second agricultural revolution, to the inclusion of nanoparticles or 

microplastics in the last years, and medical products of today, emerging contaminants 

are in constant change. The public became warned by thé book “Silént spring” (Rachel 

Carson, 1962) who showed the negative impact of DDT in the food chain, settling the 

bases of environmentalism. With the development of analytical methods, the group of 

detectable emerging contaminants has expanded in the last years and today includes 

pharmaceuticals and personal care products (PPCPs), endocrine disruptors (EDCs), 

industrial additives, surfactants, flame retardants and many others. 

 

Daughton and Ternes were among the first scientists observing the occurrence and 

significance of pharmaceuticals in our environment and urging the scientific 

community to develop environmental risk assessment strategies for these compounds 

in addition to the traditional priority pollutants (Daughton and Ternes, 1999). Since 

then, pharmaceuticals in aquatic environment have become a problem of increasing 

attention as is reflected in the increasing number of publications (Fatta-Kassinos et al., 

2011). Detected normally in low concentrations, their persistence and 

bioaccumulation may pose an increasing problem for drinking water quality in the 

future. 

 

Pharmaceutical pollutants are derived from human activities and enter the environment 

via different routes (Fig. 1). Whereas residues from the production process seem to play a minor 

role, parent compounds from medical use and prescription are transformed to 

secondary metabolites mainly in human and animal livers, and excreted via the urinary 
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system. Some of these transformation products (TPs) are still pharmacologically 

relevant and toxic for our ecosystems. After excretion via urine and faeces in 

households and hospitals, parent compounds and their TPs attain wastewater 

treatment facilities. Topical skin pharmaceuticals are washed off during body hygiene 

and flow with the water directly to the wastewater without even entering the human 

body. In addition, many drugs enter the wastewater directly as people flush them down 

the toilet instead of ensuring proper disposal. Veterinary medicines mainly enter the 

terrestrial environment via manure and slurries and pharmaceuticals used in fish farming 

(mostly antibiotics) enter the aquatic environment directly. 

 

In wastewater treatment plants (WWTPs), several processes are applied to degrade 

and eliminate these compounds. However, conventional systems (primary and 

secondary treatments and disinfection by chlorine or chlorine dioxide), are unable to 

completely remove the utmost amount of the pharmaceutical micropollutants present 

in urban wastewaters (Rivera-Utrilla et al., 2013, Schröder et al. 2016). More effective 

treatments are required and improvements are currently under research (e.g., 

adsorption/bioadsorption on activated carbon, advanced oxidation processes by 

means of ozonation, photooxidation, radiolysis, and electrochemical processes). Still, 

some compounds remain recalcitrant to transformation during wastewater treatment 

 

Figure 1: The main sources and fates of pharmaceuticals in the environment (adapted from Ternes, 1998). 
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(Fig. 2, Miège et al., 2009), ending up in surface and groundwater or in the worst of the 

cases in drinking water (Mompelat et al., 2009). Because treated wastewater is often 

used in agriculture as irrigation water, pharmaceuticals can also enter the food chain via 

plant uptake from soil (Boxall et al., 2006). This may represent a serious problem in countries 

where even untreated wastewater is used for irrigation and leads to a direct exposure of soil to 

the pollutants (Kinney et al., 2006).  

 

1.2. Carbamazepine 

Carbamazepine (CBZ) was discovered by the Swiss chemist Walter Schindler in 1953. 

It was first marketed as a drug to treat trigeminal neuralgia in 1962 and has been used 

as an anticonvulsant and antiepileptic in the UK since 1965. At present, CBZ is 

predominantly used as an anticonvulsant and mood-stabilizing drug, prescribed 

mainly in the management of epilepsy, bipolar disorder, attention-deficit hyperactivity 

disorder (ADHD), schizophrenia, phantom limb syndrome, complex regional pain 

syndrome, paroxysmal extreme pain disorder, neuromyotonia, disorder, borderline, 

and post-traumatic stress disorder such as postcerebrovascular accident thalamic pain 

(Tolou-Ghamari et al., 2013).  

 

CBZ and its metabolites are frequently detected in sewage and surface waters, in 

concentrations generally ranging from few ng/L to 6 µg/L (Ternes, 1998; Heberer et 

 

Figure 2: Mean removal efficiency (%) and relative standard deviation for pharmaceuticals and personal care products in 
wastewater treatment plants with activated sludge processes (Miège et al., 2009). 
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al., 2002; Tixier et al., 2003; Wiegel et al., 2004). The presence of CBZ has been reported 

also in groundwater (Lapworth et al., 2012) as well as in drinking water (Huerta-

Fontela et al., 2011). In fact, CBZ can pass the soil-aquifer passage to groundwater 

without degradation (Ternes et al., 2007). Exhaustive studies have listed CBZ as one of 

the most recalcitrant PPCPs to removal via traditional wastewater treatment (Miège et 

al., 2009; Oulton et al., 2010). In none of the reported cases, removal efficiency 

exceeded 30%. CBZ is only prescribed to humans and because of its persistence in the 

environment it has been suggested as an indicator of human influence on water 

systems (Strauch et al., 2008).  

 

Chemically, it belongs to the group of the dibenzazepines. These are compounds with 

two benzene rings connected by an azepine ring. Azepine is an unsaturated seven-

member heterocycle with one nitrogen atom replacing a carbon atom. CBZ consists of 

two benzene rings and one azepine ring with a simple amide group attached to the N 

atom (Table. 1).  

 

Table 1: Structure and important chemical properties of carbamazepine. 

Carbamazepine Commercial names: Carbatrol, Epitol, Tegretol XR 

 IUPAC name benzo[b][1]benzazepine-11-

carboxamide 
Molecular weight 236.26858 g/mol 

Molecular formula C15H12N2O 

Water solubility 170 mg/L 

pKa  13,9 

Log KOW 2,45 

UV absorption peaks 210 nm, 285 nm 

MS intense peaks 165 m/z, 193 m/z, 236 m/z 

 

 

1.3. Phytoremediation and xenobiotic detoxification in plants  

The presence of pharmaceuticals in surface waters has increased in the last years, and 

the aging of the population will lead to an increase of pharmaceuticals prescription 

resulting in a higher discharge of the parent compounds and their metabolites in 
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sewage water. Efficient cleaning systems are needed to avoid or reduce the intrusion 

of these compounds in our surface and groundwater systems, thus providing us with 

drinking water of good quality.  

 

Phytoremediation, a novel green technology, is the use of plants to reduce or eliminate 

a given pollutant from contaminated soil, water or air. The use of constructed wetlands 

(CWs) as final polishing step in WWTPs or as a restricted treatment in small 

communities can constitute a good solution for recalcitrant compounds (Verlicchi and 

Zambello, 2014). 

 

CWs are engineered systems that have been designed and constructed to utilize the 

natural processes but do so within a more controlled environment (Vymazal, 2011). 

Natural wetlands have been used to treat wastewater since centuries. However, under 

the uncontrolled conditions that prevailed at most of these sites, those wetlands were 

rather systems for wastewater discharge than for efficient treatments. CWs try to 

mimic the conditions of natural wetlands by using macrophytes plant species emerged, 

submerged or free-floating and controlling water supply and regime. Natural wetlands 

are still used for wastewater treatment under controlled conditions (Mander and 

Jenssen, 2002) but the use of CWs is now preferred. 

 

Macrophytes are good tools for water cleaning because of their ability to grow in water 

saturated conditions and are therefore generally used in CWs in water treatment 

facilities. In 1998, thé COST action 837 “Plant biotechnology for the removal of organic 

pollutants and toxic metals from wastewaters and contaminated sites” was run to 

develop phytoremediation-based processes to remove organic pollutants and metals 

from wastewater. The pioneering work of COST action 837 has led to the identification 

of the most promising helophytes for constructed wetlands, amongst them Phragmites, 

Typha and Brassica species, but also fast growing trees (Schröder et al., 2007). 

Phragmites australis had shown at this time a great potential for the removal of 

herbicides (Schröder et al., 2005). More recently, this species has been successfully 

utilized for phytoextraction of various xenobiotics including pharmaceuticals 

(Matamoros et al., 2005; Hijosa-Valsero et al., 2010; Carvalho et al., 2012). If not 
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completely, these systems have shown to reduce significantly the concentration of CBZ 

in the final effluent (Conkle et al., 2008; Matamoros et al., 2008; Matamoros et al., 2009; 

Park et al., 2009).  

 

Xenobiotic uptake and transport in plants may occur by simple diffusion because there 

are no transporters specific for these man-made compounds (Schröder and Collins, 

2011). Uptake into and distribution within plant tissues are affected mainly by the 

chemical properties of the compound where their octanol-water partition coefficient 

(log KOW) plays the most important role, but also environmental factors (pH, T, organic 

matter, soil composition), and plant and tissue characteristics. Plants have developed 

specific mechanisms to reduce the toxicity of xenobiotics that enter their tissues. 

Similar to drug metabolism occurring in animals, plants possess specific enzymes that 

intervene to detoxify xenobiotics. Because of the resemblance with the process of drug 

détoxification in humans, a “gréén livér” modél was proposéd for détoxification of 

xenobiotics by plants (Sandermann, 1994). This concept is based on ground-breaking 

observations of Shimabukuro, who divided xenobiotic plant metabolism into three 

distinct phases ((I) activation of the xenobiotic, (II) detoxification and (III) 

sequestration) in analogy to drug human hepatic metabolism (Shimabukuro, 1976). In 

a first phase, the xenobiotic is transformed to prepare it for the next phases. 

Cytochrome P450 monooxygenases and peroxidases are usually the enzymes with 

major functions during this phase, activating the parent compound to yield a more 

polar and reactive molecule. During the second phase, the detoxification of the 

modified metabolites is driven mainly by glutathione- and glycosyl-transferases, 

resulting in less or non-toxic molecules after conjugation to sugars or glutathione 

respectively. In the last phase, a set of further reactions result in the compartmentation, 

or excretion of the conjugate or in the formation of bound residues (Sandermann, 

1994). 

 

1.4. Endophytic bacteria and their role in plant growth promotion 

The German botanist Heinrich Friedrich Link was the first to describe endophytes, in 

1809 (Link, 1809, cited in Hardoim et al., 2015) At that time, they were termed 

“Entophytaé” and wéré déscribed as a distinct group of partly parasitic fungi living in 



 
Introduction           7 

 

plants. Influenced by the discoveries of Koch and Pasteur establishing a link between 

microbes and disease, the belief in the 19th century was that healthy or normally 

growing plants are free of microorganisms. However, Galippe reported the occurrence 

of bacteria and fungi in the interior of vegetable plants and suggested that these 

microorganisms colonize plant tissues from the surrounding soil and might play a 

beneficial role for the host plant (Galippe, 1887). After the discovery of symbiotic 

Rhizobium nitrogen fixing bacteria in nodules of Leguminosae plants by the Dutch 

microbiologist Martinus Willem Beijerinck (Beijerinck, 1888) and the German 

agronomist Hermann Hellriegel (Hellriegel and Wilfarth, 1888) the mutualistic 

character of the relationships between endophytes and their hosts became evident. 

 

The most common definition of endophytic bacteria was given by Hallmann and 

coauthors, who statéd that thosé aré “bactéria that can bé isolatéd from surfacé 

disinfected plant tissue or extracted within the plant, and that do not visibly harm the 

plant” (Hallmann et al., 1997). This definition has been valid for culturable species and 

is the one used in this work. However, this definition may be incomplete when studying 

non-cultured endophytes with molecular techniques because surface sterilization does 

not guarantee the elimination of nucleic acids from non-endophytic dead bacteria. 

 

Endophytic bacteria reside mostly in the intercellular apoplast and in dead or dying 

cells. They are also often found in the xylem vessels, within which they may be 

translocated from the roots to the aerial parts (Turner et al., 2013). Many bacterial 

endophytes originate from the rhizosphere and are attracted by root exudates. Various 

colonization routes have been described involving specific interactions (Hallmann, 

2001). Endophytic bacteria migrate from the rhizoplane to the cortical cell layer by 

passive or active mechanisms and encounter the plant endodermis which represents a 

barrier for further colonization (Compant et al., 2010). 

 

Commensal endophytes have no apparent effect on plant performance. On the 

contrary, a group of endophytes confer beneficial effects to the host such as protection 

against pathogens and insects, protection against abiotic stress and plant growth 

promotion (Fig. 3). Protection against pathogens can be via antibiotics production or 
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via induced resistance. In this last case, various bacterial structures, such as flagella, 

pili, secretion system machineries (e.g., TIV SS and SEC), and lipopolysaccharides, as 

well as bacterium-derived proteins and molecules, such as effectors (EF), autoinducers, 

and antibiotics, are detected by the host cells and trigger the induced systemic 

resistance (ISR) response. Protection against abiotic stress is mainly conferred by the 

sequestration of ACC, the direct precursor of ethylene (ET). ACC is metabolized by 

bacteria via the enzyme ACC deaminase (ACCd), thus lowering abiotic stress. 

Additionally, a range of reactive oxygen species detoxification (ROS detox) enzymes 

might also ameliorate the plant-induced stress. Diazotrophic bacterial endophytes can 

fix atmospheric nitrogen (N2) and might actively transport ammonium (NH4+) and 

nitrate (NO3-) to the host. Siderophore production (Sid) and iron uptake (Fe) are 

bacterial processes involved in plant growth promotion, biocontrol, and 

phytoremediation. Plant growth endophytic bacteria can promote growth of their 

hosts by synthesizing and secreting phytohormones such auxin (IAA), gibberellins 

(GAs) or cytokinins (CKs) or other molecules like volatile organic compounds (VOC) or 

polyamines (poly-NH2). Communications and interactions between cells of 

microorganisms inside the plant tissues are promoted by growth factors (GF), 

antibiotics (A), and autoinducer molecules. (Fig. 3, from Hardoim et al., 2015). 

 

Figure 3: Beneficial properties of endophytes. The left panel shows plants inoculated (In) with beneficial microorganisms that 
significantly improve plant growth compared to noninoculated (Ni) plants. From Hardoim et al., 2015. 
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1.5. Interactions plant-endophytic bacteria for xenobiotic removal.  

Interactions between rhizosphere-inhabiting bacteria and plants were first studied by 

Lorenz Hiltner. As early as in 1904, Hiltner defined the concept of the rhizosphere and 

established the foundations of rhizosphere microbial ecology (Hartmann et al., 2008). 

Since then, researchers have demonstrated that root associated microbial 

communities play an important role in plant health and nutrition (Mendes et al., 2013).  

 

Besides the impact on human health through the diet, one of the most promising 

applications of beneficial microbe-plant interactions is the removal of pollutants. Plant-

associated bacteria can directly mediate the degradation of organic pollutants by 

activating specific catabolic genes (Segura and Ramos, 2013). In addition, they can aid 

plants to cope with stress resulting from exposure to xenobiotics even though they 

might be devoid of enzymes involved in appropriate catabolic routes. 

 

Endophytic bacteria harbouring both qualities (catabolic genes and plant growth 

promoting traits) can establish successful and durable mutualistic relationships with 

their hosts, certainly because they do not have to compete with the dense populations 

of microorganisms present in the different soil compartments (Rosenblueth and 

Martínez-Romero, 2006). Endophytes capable of degrading xenobiotics have been 

isolated in the last years. Most of the studies focus on organic pollutants such as 

petroleum derivatives, PAHs, TCE, organochlorines, naphthalene, pyrene, or phenolic 

compounds (Siciliano et al., 2001; Aken et al., 2004; Germaine et al., 2006; Sheng et al., 

2008; Germaine et al., 2009; Weyens et al., 2009; Weyens et al., 2010; Yousaf et al., 

2011; Ho et al., 2012; Kang et al., 2012; Peng et al., 2013). In re-inoculation 

experiments, some of these strains have improved remediation, favouring the 

metabolism of these compounds as well as the fitness of the plant (Afzal et al., 2014). 

However, research on the degradation of pharmaceuticals by endophytic 

microorganisms is scarce and the available research addresses mainly in vitro 

degradation without the host, usually in synthetic culture media. Only bacteria from 

activated sludge in a municipal or ligninolytic fungi have been tested for CBZ 

degradation (Santos et al., 2012; Li et al., 2013a). 
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1.6. Hairy roots to study plant-bacteria interactions 

The first studies of hairy roots (HRs) date from the early 1900s, when Riker identified 

a bacterium, Phytomonas rhizogenes (later on reclassified as Agrobacterium 

rhizogenes) as causative agent of the hairy root (HR) disease in apple trees (Riker et al., 

1930). This disease is characterized by the induction of abnormal growth of 

adventitious HRs in affected plants. A. rhizogenes has molecular mechanisms analogous 

to those of Agrobacterium tumefaciens to induce HRs formation by transfer of T-DNA 

to plant cells. The T-DNA of the Ri (root inducing) plasmid contains several virulent 

genes causing rhizogenic growth to the transformed cells (Pǎcurar ét al., 2011; 

Chandra, 2012). As it occurs with A. tumefaciens, the transformed plant tissues by A. 

rhizogenes are also directed by T-DNA genes to produce opines, that serve as specific 

nutrients for the bacteria (Chilton et al., 1982; Chilton, 2001). Nevertheless, the 

physiologic basis of the tumorigenesis disease is different. Alteration of auxin 

metabolism has been proposed to play an important role in the expression of the HR 

phenotype (Zambryski et al., 1989; Gelvin, 1990). These findings have constituted the 

basis for the development of HR cultures with different valuable biotechnological 

applications such as secondary metabolites production, biotransformation processes 

or phytoremediation studies (Sevón and Oksman-Caldentey, 2002; Agostini et al., 

2013).  

 

HRs possess several characteristics making them a valuable tool for research studies. 

They have a stable genotype and phenotype, a fast in vitro growth with no need of 

additional phytohormones and a high production of secondary metabolites, a reason 

for which théy aré oftén calléd “phytochémical factoriés” (Georgiev et al., 2007). 

Furthermore, they are easy to subculture in sterile media, characteristic for which they 

constitute a good tool to study interactions with other microorganisms, especially 

rhizospheric and endophytic bacteria or fungi. HR cultures have been obtained from a 

large number of plant species (to date, more than 500), predominantly dicotyledonous. 

It has been shown that monocotyledonous species remain recalcitrant to the 

transformation by A. rhizogenes. Nonetheless, in the last years advances in 
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transformation techniques have permitted to obtain HR cultures from several 

monocotyledonous species (Georgiev et al., 2011). 

 

As mentioned before, plants can be used to reduce or eliminate pollutants from 

contaminated water. Since plants have evolved different detoxification systems against 

xenobiotics, the selection of the plant species is crucial for a good remediation of the 

compound in question (Schröder et al., 2008). In this sense, HRs can be used as a model 

to elucidate xenobiotic uptake and transformation mechanisms such as conjugation, 

and compartmentation into vacuoles or cell walls, in different plant species. Because 

plant roots are the first organs to have contact with pollutants, they have developed 

specific mechanisms of detoxification. For these reasons, the use of HRs has been 

consolidated in the last two decades as study model for degradation and metabolism 

of organic pollutants, heavy metals, radionuclides and more recently of 

pharmaceuticals and personal care products (Huber et al., 2009; Chen et al., 2016) 

(Table 2). Additionally, they can be used for production of enzymes involved in 

detoxification such as peroxidases and laccases (González et al., 2008; Telke et al., 

2011). 
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Table 2: Application of hairy roots to phytoremediation of organic and inorganic pollutants. Examples of assisted hairy root 
phytoremediation with mycorrhizae and/or bacteria are included, as well as transgenic hairy roots obtained for the 
improvement of phytoremediation process (modified from Agostini et al., 2013). 

Pollutant Plant species Studies involving 
microrganisms 

PPCPs 
- Paracetamol 
- Tetracicline 
- Oxybenzone 

 
Armoracia rusticana 
Helianthus annus 
Armoracia rusticana 

 
- 
- 
- 

Phenols 
 

Brassica napus  
Brassica juncea 
Daucus carota 
Ipomoea batatas 
Solanum aviculare  
Solanum lycopersicum 
Nicotiana tabacum 

Rhizobacteria 
- 
- 
- 
- 
- 

Arbuscular mycorrhizal fungus 
PCB Solanum nigrum 

Atropa belladonna 
Brassica juncea 

- 
- 
- 

TNT Catharanthus roseus 
Armoracia rusticana 

- 
- 

DDT Cichorium intybus 
Brassica juncea 

- 
- 

Dyes Tagetes patula L.  
Brassica juncea  
Blumea malcolmii Hook. 
Typhonium flagelliforme 

- 
- 
- 
- 

TCE Atropa belladonna - 

Cadmium Thlaspi caerulescens 
Alyssum bertolonii 
Daucus carota  

- 
- 

Glomus intraradices and Gigaspora 
margarita (mycorrhiza) 

Nickel Alyssum murale - 

Zink Solanum nigrum - 

Uranium Brassica juncea  
Chenopodium 
amaranticolor 
Armoracia rusticana 
Daucus carot 

- 
- 
- 
- 
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2. Objectives 

The general objective of this work was to characterize uptake and metabolism processes of CBZ 

in plants with emphasis on the role of endophytic bacteria to improve the removal efficiency of 

the compound in CWs under real conditions. The specific objectives of this study are: 

 

 to characterize uptake and metabolism of CBZ in plants. 

 to isolate endophytic bacteria from Phragmites australis exposed to CBZ and to 

characterize their plant growth promoting traits during CBZ removal. 

 to study the interactions between isolated strains and plant roots using a horseradish 

HR culture as model system. 

 to describe the metabolism of CBZ in plant roots assisted by endophytic bacteria. 
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3. Material and methods 

 

3.1. Plant material and experimental setup 

3.1.1. Common reed (Phragmites australis (Cav.) Trin. ex Steud.) 

Common reed was used to investigate CBZ removal and to explore the potential of its 

endophytic community. Phragmites australis (Cav.) Trin. ex Steud., known best as common reed, 

may be considered as the most widely distributed angiosperm, with populations found on every 

single continent except Antarctica (Ridley, 1930). Due to its capacities to exploit anthropogenic 

habitats, this plant has a great potential for phytoremediation. This perennial grass species 

grows in inland and estuary wetland areas. P. australis belongs to the Poaceae family of and can 

reproduce vegetatively through horizontal rhizomes or sexually via seeds. Adult P. australis 

plants were supplied from a local grower (Jörg Petrowski, Eschede, Germany). Shoots were cut 

in the mesocotyl region. Attached soil was carefully removed with a brush and tap water from 

the root systems. Those containing primary and secondary roots and rhizomes were transferred 

to single pots containing perlite and acclimated to the greenhouse at the Helmholtz Zentrum 

München. 

 

3.1.1.1. Nutrient solution and greenhouse conditions 

Plants were regenerated in semi-hydroponic conditions under long days, at 25 °C and RH 60%. 

Pots were placed in groups of 6 in trays containing a modified Hoagland solution (Table 3). The 

nutrient solution was changed every week. Plants that had developed enough biomass to 

conduct experiments were selected for the study after 8 weeks.  
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Table 3: Composition of the Hoagland solution used to grow Phragmites australis plants in semi-hydroponic conditions in the 
greenhouse. 

Components Chemical formula 

Stock 

solution 

(g/L) 

Final 

concentration 

(mg/L) 

Macronutrients    

 Calcium nitrate tetrahydrate Ca(NO3)2·4H2O 236.15 472.30 

 Potassium nitrate KNO3 101.11 202.22 

 Magnesium sulphate heptahydrate MgSO4·7H2O 246.48 492.96 

 Monopotassium phosphate KH2PO4 34.02 68.04 

 Ammonium nitrate NH4NO3 80.04 80.04 

Micronutrients    

 Boric acid H3BO3 2.8 2.8 

 Manganese chloride tetrahydrate MnCl2·4H2O 1.8 1.8 

 Zinc sulphate heptahydrate ZnSO4·7H2O 0.2 0.2 

 Copper sulphate pentahydrate CuSO4·5H2O 0.1 0.1 

 Sodium molybdate NaMoO4 0.025 0.025 

 Ethylenediaminetetraacetic acid 

ferric sodium salt 
FeNa-EDTA 1.835 3.67 

 

  

3.1.1.2. Treatment for carbamazepine uptake and isolation of endophytic bacteria 

Plants with sufficient biomass and of uniform size (approximately 80 cm) were selected and 

placed into individual pots containing 2 L of Hoagland solution. The nutrient medium was then 

spiked with CBZ from a stock solution to a final concentration of 5 mg/L (21.16 µM). Control 

pots containing only perlite but no plants were used to investigate non-biological effects such as 

photodegradation, volatilization and adsorption to the plastic pot walls or hydrolysis. Three pots 

were set up for every of the four exposure times (0, 1, 4 and 9 days). Each assay consisted of 

three replicates arranged in the greenhouse following a randomized design. To compensate 

water losses by evapotranspiration, distilled water was added daily to the pots to a final volume 

of 2 L. Samples from the nutrient solution were taken at 0, 1, 4 and 9 days of exposure, 

immediately frozen and stored at -20 °C until further analysis. 

 

3.1.1.3. Carbamazepine treatment for enzyme stress 

Pots containing plants of uniform size (height around 120 cm) were placed in individual 

reservoirs containing 4 L of nutrient solution. A stock solution of CBZ in ethanol was spiked to 
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the nutrient media to yield a final concentration of 23,64 mg/L (100 µM). Controls containing 

nutrient solution without CBZ were spiked with the same volume of ethanol. Three plants were 

set up for each of the treatments (CBZ 100 µM or no CBZ) and each of the exposure times (0, 24 

and 48 h). Plants were exposed in the greenhouse following a complete randomized design. The 

first five leaves from each stem were collected after 24 and 48 h and were frozen immediately 

in liquid nitrogen. Root systems were washed carefully with tap water. Roots and rhizomes were 

separated, dried using absorbent paper, frozen immediately in liquid nitrogen and stored at -80 

°C until preparation. 

 

3.1.2. Horseradish hairy root cultures (Armoracia rusticana Gaertn. Mey. et Scherb.) 

3.1.3.1. Description 

The use of a HR culture for research studies has several advantages. They develop a stable 

genotype and phenotype, are easy to grow in vitro and can produce secondary metabolites in 

high amounts. For this reason, HR culturés aré oftén calléd “phytochémical factoriés” (Georgiev 

et al., 2007). Horseradish (Armoracia rusticana Gaertn. Mey. et Scherb.) is a perennial plant 

belonging to the Brassicacea family. This species is known to produce peroxidases in high 

amounts. This enzyme family plays an important role in the first oxidation of xenobiotics and in 

abiotic and biotic stress defence (Knaak et al., 1962; Sasaki et al., 2004). Therefore, A. rusticana 

is indeed a well-suited species for xenobiotic metabolism studies. 

 

HR cultures of horseradish (A. rusticana) had been obtained previously by transformation of 

nodal segments by Agrobacterium rhizogenes strain A4 (Nepovím et al., 2004). Briefly, seeds of 

horseradish plants were sterilized and grown in a sterile Murashige and Skoog (MS) medium 

hormone-free at 28 °C with a dark/light period of 6/18 h. After the emergence of the second pair 

of leaves, nodal segments were cut and transferred onto fresh medium. Wounded nodal 

segments were inoculated with a suspension of A. rhizogenes strain A4 (107 cells/mL) for 24 h. 

When nodal segments started to produce callus and transformed roots, those were excised and 

first cultured on MS medium supplemented with phytohormones 0.6 µM naphthalene acetic 

acid (NAA) and 4.4 µM 6-benzylam-inopurine (BAP) and 500 mg/L ticarcillin. Ticarcillin was 

added for three subcultivation periods. At this point, HR cultures free of bacteria were obtained. 

The MS medium used in the second and third subcultivation period was hormone-free. 
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3.1.3.2. Nutrient media and growing conditions 

A. rusticana HRs were grown in Erlenmeyer flasks containing 100 mL of full-strength Murashige 

and Skoog (MS) medium (Duchefa Biochemie bv.) (Table 4) supplemented with sucrose 3%, 

inositol, 0.1 g/L and thiamine, 0.32 mg/L. Cultures were grown at 23 +/- 2 °C under slow 

rotation in the dark and sub cultured every two weeks. A new generation was established when 

old tissue was cut into small pieces and transferred to fresh medium. Usually, from an old 

culture, four new fresh cultures were obtained. All the work was done carefully under sterile 

conditions in a laminar flow bench. When fresh material was needed for experiments, HRs were 

obtained from the same generation and grown in 50 mL Erlenmeyer flasks. 

 

 
Table 4: Composition of the MS medium used to grow Armoracia rusticana hairy root cultures. 

  

 

 

 

Components Chemical formula 
Final concentration 

mg/L 

Macro elements   

 Calcium chloride CaCl2  332.02 

Monopotassium phosphate KH2PO4  170.00 

Potassium nitrate KNO3  1900.00 

Magnesium sulphate MgSO4  180.54 

Ammonium nitrate NH4NO3  1650.00 

Micro elements   

 Cobalt chloride hexahydrate CoCl2·6H2O  0.025 

Copper sulphate pentahydrate CuSO4·5H2O  0.025 

Ethylenediaminetetraacetic acid ferric sodium salt FeNa-EDTA  36.70 

Boric acid H3BO3  6.20 

Potassium iodide KI  0.83 

Manganese sulphate MnSO4  16.90 

Sodium molybdate dihydrate Na2MoO4·2H2O 0.25 

Zinc sulphate heptahydrate ZnSO4·7H2O  8.60 
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3.1.3.3. Bacteria inoculation 

Endophytic bacteria isolated from P. australis (Rhizobium radiobacter and Diaphorobacter 

nitroreducens) were grown in sterile lysogeny broth LB-Lennox medium at 24 °C in an orbital 

shaker (150 rpm) for one to two days. Bacterial cultures in logarithmic phase were then 

centrifuged at 7,000 rpm for 10 min, washed twice PBS and resuspended in a convenient 

volume of PBS to reach a final OD600nm of 0.5. HRs were subsequently incubated in those bacterial 

suspensions for one hour in an orbital shaker under slow rotation (75 rpm). 

 

3.1.3.4. Carbamazepine treatment  

Inoculated HRs were individually washed twice with sterile PBS and transferred to new 

Erlenmeyer flasks containing 100 mL of full-strength MS medium supplemented with CBZ 10, 

25 or 250 µM. Following the same protocol, non-inoculated HRs were washed twice in PBS 

before incubation with CBZ. Autoclaved HRs, void of or inoculated with endophytic bacteria, 

were used as controls. Three biological replicates were set for each condition (three individual 

HR cultures inoculated with three individual bacterial cultures). HR cultures were incubated at 

23 ± 2 °C under slow rotation in the dark for 6 to 21 days. One mL of the nutrient media was 

sampled under sterile conditions at different time points and stored at -20 °C until further 

analysis. HRs were washed in sterile PBS at the end of the experiment, dried in lint tissue paper, 

immediately frozen in liquid nitrogen and stored at -80 °C until sample processing. All 

concentrations and sampling time points used during exposure experiments are resumed in 

Table 5. 

 

Table 5: Experimental design for exposure of Armoracia rusticana hairy root cultures to carbamazepine. 

[CBZ] 
Sampling time points in 

nutrient media (days) 

Sampling time points in root 

tissues (days) 

Short-term exposure   

10 µM 

0, 1, 3, 6  6 25 µM 

50 µM 

Long-term exposure   

250 µM 0, 1, 4, 8, 14, 21 21 
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3.1.3.5. Sample preparation for identification of CBZ and TPs 

For the analysis of CBZ, acridine and its metabolites, samples from the growing media of HR 

cultures were centrifuged at 13,000 g for 10 min. The pellet containing cell residues and debris 

was discarded. A protein precipitation was carried out before LC-QTOF-MS/MS analysis. 

Samples were mixed with 45 mg/mL 5-sulfosalicylic acid (1:10, v:v), vortexed briefly, and 

centrifuged 5 min at 13,000 g. The protein-free supernatant was filtered using a 0.22 µm 

polyvinylidene difluoride (PVDF) filter and used for metabolite identification. Supernatants 

were then stored at – 20 °C for further analyses. 

 

3.2. Isolation of endophytic bacteria from Phragmites australis 

3.2.1. Isolation from plants treated with carbamazepine 

Segments of 2 to 3 cm from roots and rhizomes were collected from three different plants 

exposed to 5 mg/L CBZ for 9 days (see section 2.1.1.2, p 24). Root and rhizome segments were 

washed with tap water to remove attached perlite and soil particles, and pooled to constitute 

two independent sample sets (roots and rhizomes) for isolation of endophytic bacteria. Samples 

were surface sterilized in a 2% hypochlorite sodium (NaClO) solution for 20 min in a rotary 

shaker at 150 rpm and rinsed subsequently with sterile water three times for one min. Plant 

samples were then ground with a glass mortar in two mL of sterile water. One mL from the 

extract was ten-fold diluted to render 6 different dilutions (10-1 to 10-6). One hundred µL of every 

dilution were spread in duplicate onto R2A and PDA agar plates containing 10 µM CBZ. 

Additionally, 100 µL from the last rinsing water were plated in order to check for efficiency of 

surface sterilization. Plates were incubated at room temperature for 14 days. Distinct colony 

morphotypes were identified and sub-cultured three times to ensure purity. Each morphotype 

was cryopreserved in 20% glycerol for further characterization. 

 

Endophytic isolates were maintained in R2A and PDA agar plates. For removal experiments or 

when pre-cultures were needed, isolates were grown in liquid LB-Lennox. Composition of these 

media are detailed in Table 6. 
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Table 6: Composition of the different media used for isolation and growth of endophytic bacteria from Phragmites australis. 

 

 

3.2.2. Enrichment cultures 

Roots and rhizomes from adult reed plants were cut and washed shortly with tap water to 

remove perlite and attached soil particles. Explants of 3 cm were excised and kept in PBS. An 

enrichment culture was performed using three root segments and three rhizome segments 

from three different plants. Explants were incubated in 50 mL of sterile minimal medium AB 

(Table 7) supplemented with 0.4 mM CBZ as sole carbon source for three days at 24 °C and 150 

rpm in an orbital shaker. Explants were then removed and 0.5 mL of the homogenised culture 

was transferred to a new flask containing 50 mL fresh medium. Every two weeks, 0.5 mL of the 

old culture was transferred to a new flask containing fresh medium. After three sub-cultures, 

one mL of the last culture was used to make serial dilutions up to 10-4. From each dilution, 100 

µL were spread onto agar plates containing different growth media (MB/10, TSAII, PDA and 

R2A) (Table 7). A second enrichment culture was set up after surface sterilizing root and 

rhizomes explants. For the sterilization, plant tissues were incubated in a sodium hypochlorite 

2% solution for 20 min in an orbital shaker (150 rpm). Explants were then washed three times 

Components Chemical formula Amount (g/L) 

LB-Lennox   

 Tryptone - 10 

Yeast extract - 5 

Sodium chloride  NaCl 5 

R2A agar (pH 7.2)   

 Casein acid hydrolysate - 0.5 

Dextrose C6H12O6 0.5 

Dipotassium phosphate K2HPO4 0.3 

Magnesium sulphate MgSO4 0.024 

Proteose peptone - 0.5 

Sodium pyruvate C3H3NaO3 0.3 

Starch, soluble (C6H10O5)n 0.5 

Yeast extract - 0.5 

 Agar  15 

PDA agar   

 Dextrose C6H12O6 20 

 Potato extract - 4 

 Agar  15 
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with sterile PBS and crushed in a mortar under axenic conditions. The resulting material was 

used for the enrichment culture as described for non-sterilized explants. 

 

Table 7: Composition of different nutrient media for the isolation of bacteria associated to Phragmites australis from enrichment 
cultures. 

 

 

Components Chemical formula 
Final concentration 

(g/L) 

AB   

 Ammonium sulphate (NH4)2SO4  2 

Sodium phosphate dibasic Na2HPO4 6 

Monopotassium phosphate KH2PO4  3 

Sodium chloride NaCl  3 

Magnesium sulphate  MgSO4  241 x 10-3 

Calcium chloride  CaCl2 11 x 10-3 

 Iron (III) chloride  FeCl3 487 x 10-6 

MB agar (Difco)   

 Peptone - 5 

Yeast extract - 1 

Ferric citrate C6H5FeO7 0.1 

Sodium chloride NaCl 19.45 

Magnesium chloride MgCl2 8.8 

Sodium sulphate Na2SO4 3.24 

Calcium chloride CaCl2 1.8 

Potassium chloride KCl 0.55 

 Sodium bicarbonate NaHCO3 0.16 

 Potassium bromide KBr 0.08 

 Strontium chloride SrCl2 34 x 10-3 

 Boric acid H3Bo3 22 x 10-3 

 Sodium silicate Na2SiO3 4 x 10-3 

 Sodium fluoride NaF 2.4 x 10-3 

 Ammonium nitrate NH4NO3 1.6 x 10-3 

 Disodium diphosphate Na2H2P2O7 8 x 10-3 

 Agar (C12H18O9)n 15 

TSAII (Fisher Scientific)   

 Pancreatic digest of casein - 14.5 

 Papaic digest of soybean meal - 5 

 Sodium chloride NaCl 5 

 Growth factors - 1.5 

 Defibrinated sheep blood - 5 

 Agar (C12H18O9)n 14 

PDA Agar (Sigma) - see Table 6 

R2A agar (Difco) - see Table 6 
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3.2.3. Characterization of endophytic bacteria 

3.2.6.1. Sequencing of the bacterial 16S rRNA encoding gene 

Endophytic bacteria isolated from P. australis were identified by sequencing the gene coding for 

the smaller subunit 30S of the prokaryotic ribosome (16S rRNA). 

 

Genomic DNA was extracted from frésh bactérial culturés using thé FastDNA™ SPIN Kit for Soil 

(MP Biomedicals) following the recommendations of the manufacturer. Depending on the cell 

density, two to three mL of fresh cultures were used. Typically, 30 µL containing 0.5 µg to 1 µg 

of genomic DNA were obtained from each strain. DNA purity and concentration were 

determined by measuring the absorbance at 230, 260 and 280 nm using a NanodropTM 

spectrophotometer. 

 

Universal primers 16S-27f and 16S-1492R (Table 8) were used to partially amplify the 16S 

rRNA encoding gene from the endophytic bacteria by the polymerase chain reaction (PCR). The 

50 µL PCR reaction mixture contained 100 to 200 ng of extracted DNA, 1x Top Taq buffer, 200 

µM of each dNTP, 200 pM of each primer and 1.25 U of Top Taq polymerase (Qiagen). After 

initial denaturation at 94 °C for 5 min, each thermal cycling consisted of 60 s denaturation at 94 

°C, 60 s annealing at 52 °C and 90 s elongation at 72 °C. After 35 cycles, a final extension step at 

72 °C for 10 min was added. PCR products were separated by electrophoresis in a 1% agarose 

gel. Bands corresponding to approx. 1450 bp were excised from the agarose gel and purified 

using the NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel) according to the 

manufacturer´s protocol. The purified PCR products were sequenced using the primers 16S-27f, 

16S-609f, 16S-907R and 16S-1492R in an ABI 3730 48-capillary sequencer. PCR reactions for 

the sequencing were performed using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Life 

Technologies) following the instructions of the supplier.  

 

Table 8: Primers used for the amplification of the 16S rRNA bacterial encoding gene. 

Primer Sequence (5’- 3’) Region Reference 

16S-27f AGAGTTTGATCCTGGCTCAG 27-47 (Lane, 1991) 

16S-609f TTAGATACC CCDGTAGT 609-629 - 

16S-907R CCGTCAATTCMTTTRAGTTT 888-907 (Lane et al., 1985) 

16S-1492R GGTTACCTTGTTACGACTT 1473-1492 (Lane, 1991) 
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3.2.6.2. Phylogenetic analysis 

The identification of phylogenetic neighbours was initially carried out by the BLASTN (Altschul 

et al., 1997) program against the database containing type strains with validly published 

prokaryotic names and representatives of uncultured phylotypes (Kim et al., 2012). The top 

thirty sequences with the highest scores were then selected for the calculation of pairwise 

sequence similarity using a global alignment algorithm (Myers and Miller, 1988), which was 

implemented at the EzTaxon server (http://www.ezbiocloud.net/eztaxon; Kim et al., 2012). 

 

The evolutionary history was inferred using the Neighbour-Joining method (Saitou and Nei, 

1987). A phylogeny test was conducted using the Bootstrap method (2000 replicates) 

(Felsenstein, 2009). The evolutionary distances were computed using the Maximum Composite 

Likelihood method (Tamura et al., 2004). Evolutionary analyses were conducted in MEGA6 

(Tamura et al., 2013). 

 

3.2.6.3. Plant growth promoting traits 

a. Phosphate solubilization 

The potential for phosphate solubilization was determined by the appearance of a clear halo on 

Pikovskaya´s (PVK) agar medium (Pikovskaya, 1948). Bacterial strains were first grown 

overnight in 5 mL LB-Lennox liquid media at 28 °C and 150 rpm until a cell density of approx. 

106 CFU/mL. Bacterial cells were then washed twice with Phosphate-buffered saline (PBS) and 

resuspended in 5 mL PBS. After homogenization, a 10 µL drop from this last suspension was 

placed onto PVK agar medium (Table 9). PVK agar plates were incubated at 28 °C for 72 h. 

Strains inducing a clear zone around the colonies were considered as positive. Phosphate 

solubilization was quantified by the determination of the solubilization index (SI) as follows:  

 

𝑆𝐼 =
colony diameter +  halo zone diameter

colony diameter
 

 

Isolates were classified in three groups according to their solubilization index: (+) for a SI lower 

than 1.3, (++) for a SI between 1.3 and 1.7, and (+++) for a SI higher than 1.7.  
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Table 9: Pikosvkaya agar medium composition for the quantification of phosphate solubilization. 

Constituents Chemical formula Amount (g/L) 

Yeast extract - 0.5 

Glucose C6H12O6 10 

Calcium phosphate  Ca3(PO4)2 5 

Ammonium sulphate  (NH4)2SO4 0.5 

Potassium chloride  KCl 0.2 

Magnesium sulphate  MgSO4·7H2O 0.1 

Manganese sulphate  MnSO4·H2O 0.0001 

Ferrous sulphate  FeSO4·7H2O 0.0001 

Agar (C12H18O9)n 15 

 

 

b. Siderophore production 

Bacterial isolates were assayed for potential siderophore production on the Chrome azurol S 

agar medium as described by (Alexander and Zuberer, 1991). The preparation of the medium is 

described in Table 10. 

 

Bacterial strains were grown overnight in 5mL LB-Lennox liquid media at 28 °C in a rotary 

shaker (150 rpm) until a cell density of approx. 106 CFU/mL. Bacterial cells were then washed 

twice with PBS and resuspended in 5 mL PBS. After homogenization, a drop containing 10 µL of 

this last suspension was placed on Chrome azurol S agar medium. Cells were incubated at 28 ± 

2 °C for 72 h. Development of a yellow–orange halo around the colonies was considered as 

positive for siderophore production. Siderophore production was quantified by the 

determination of the siderophore production index (SPI): 

 

𝑆𝑃𝐼 =
colony diameter +  halo zone diameter

colony diameter
 

 

Isolates were classified in three groups according to their siderophore production potential as 

follows: + for a SPI lower than 1.8, ++ for a SPI between 1.8 and 2.7, and +++ for a SPI higher than 

2.7.  
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Table 10: Composition and preparation of the Chrome Azurol S agar medium for the determination of siderophore production in 
plant associated bacteria 

Constituents  Amount  

Solution 1 (indicator): mix A and B first and add to C with continuous stirring  

 A. FeCl3·6H2O (1 mM in 10 mM HCl) 10 mL 

 B. Chrome azurol S (1.21 mg/mL) 50 mL 

 C. Hexadecyltrimethylammonium (1.82 mg/mL) 40 mL 

Autoclave and cool to 50 °C  

Solution 2 (buffer): dissolve in H2O to a final volume of 800 mL  

 PIPES 30.24 g 

 KH2PO4 0.3 g 

 NaCl 0.5 g 

 NH4Cl 1 g 

 Agar 15 g 

Autoclave and cool down to 50 °C 

Solution 3: dissolve in H2O to a final volume of 70 mL   

 Glucose 2 g 

 Mannitol 2 g 

 MgSO4·7H2O 493 mg 

 CaCl2 11 mg 

 MnSO4·H2O 1.17 mg 

 H3BO3 1.4 mg 

 CuSO4·5H2O 0.04 mg 

 ZnSO4·7H2O 1.2 mg 

 Na2MoO4·2H2O 1 mg 

Autoclave and cool down to 50 °C 

Solution 4  

 Casaminoacids 10% (w/v) 30 mL 

Sterilize by filtration 

  

 

 

c. Indole-3-acetic acid production 

Indole-3-acetic acid (IAA) production was quantified according to (Bano and Musarrat, 2003). 

Isolates were inoculated in 5 mL LB-Lennox liquid medium supplemented with 0.5% glucose 

and 500 µg/mL tryptophan and incubated at 28 °C and 150 rpm for 48 h. Cultures were 

centrifuged at 10,000 rpm for 15 min and 2 mL of the supernatant were transferred to a fresh 

tube to which 100 µL of 10 mM orthophosphoric acid and 4 mL of the Salkowski reagent (1 mL 

of 0.5 M FeCl3 in 50 mL of 35% HClO4) were added. The mixture was incubated at room 

temperature for 25 min and the absorbance of pink color developed was read at 530 nm. The 
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IAA concentration in culture was calculated from a calibration curve of pure IAA (Biochemica) 

ranging from 10-50 µg/mL.  

 

3.2.6.4. Analysis of rhizome-associated microbial communities  

Phenotypic patterns of microbial communities associated with the rhizomes of common reed 

wéré pérforméd using thé Biolog GEN III microplaté™.  Thé tést panél includéd 94 biochémical 

tests such as utilization of 71 different carbon sources (Fig. 4, columns 1-9) and 23 chemical 

sensitivity assays (Fig. 4, columns 10-12). Rhizomes were carefully harvested from adult plants 

and without being washed or altered, they were transferred as fast as possible to the incubation 

flasks. The rhizosphere community was studied by incubating 5 pieces of fresh rhizomes (3 to 4 

cm) in 50 mL liquid R2A medium overnight at 28 °C under slight rotation. The rhizome 

endophytic community was studied sterilizing 5 pieces of fresh rhizomes (3 to 4 cm) previously 

in 2% sodium hypochlorite for 20 min in a rotary shaker at 150 rpm. Rhizomes were then 

washed three times with sterile PBS and crushed in a mortar containing 2 mL of sterile PBS. The 

material obtained was transferred to a flask containing 50 mL of R2A medium and incubated 

overnight at 28 °C and 150 rpm. In both cases, the liquid R2A was supplemented with 10 µM 

CBZ.  

 

Figure 4: Layout of phénotypic assays includéd in thé Biolog GEN III Microplaté™ 
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After incubation, cultures were filtered using sterile lint-free tissue paper and the clear culture 

was homogenized and diluted in inoculating fluid A (IF-A) to give a final transmittance of 97% 

(± 0.5). Each well of the plate was loaded carefully with 100 µL of the homogenized inoculum 

and the plate was incubated at 28 °C for 24 h. All the wells were colorless when inoculated. After 

the incubation, wells where purple color had developed were considered as positive wells. 

Negative wells remained colorless, as did the negative control well.  

 

3.2.6.5. Carbamazepine removal from liquid cultures 

Endophytic isolates were tested for CBZ removal. Cells were initially grown in 5 mL of LB-

Lennox medium until saturation. One hundred µL were then transferred to 5 mL of fresh LB-

Lennox/10 medium containing 50 µM of CBZ. Cells were incubated at 28 °C in a rotary shaker 

(150 rpm) for three days. Cultures containing different final cell numbers were then centrifuged 

and one mL of the supernatant was frozen at -20 °C until analysis. CBZ concentration in the 

growing media was determined by HPLC. 

 

In a second experiment, the capacity of the isolates to use CBZ as sole carbon source was 

investigated. Cells were initially grown in 5 mL of LB-Lennox medium until saturation and then, 

100 µL were transferred to 5 mL of fresh AB minimal medium containing CBZ as sole carbon 

source (400 µM). Cells were incubated at 28 °C in an orbital shaker (150 rpm) for three weeks. 

Cell growth was followed by measuring the optical density at 600 nm every seven days. CBZ 

concentration in the media was determined by HPLC. 

 

3.3. Biochemical techniques 

3.3.1. Protein extraction from plant tissues 

Cytosolic enzymes were extracted from plant tissues as described by Schröder and co-workers  

(Schröder et al., 2005) with some modifications. For the cytosolic extract, 3 g of frozen plant 

tissue were homogenised to obtain a fine powder on a mortar under liquid nitrogen. The 

resulting material was extracted in 0.1 M sodium phosphate buffer pH 6.5 containing 10 mM 

DTE, 2 mM MgCl2, 1 mM EDTA, 1 mM PMSF and 1% PVP K90 (w/v) for 30 min on ice, under 

constant agitation using a magnetic stirrer. The suspensions were filtered through Miracloth and 
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centrifuged at 15,000 x g and 4 °C for 30 min. The supernatants were collected and precipitated 

by stepwise addition of ammonium sulphate ((NH4)2SO4) (Sigma-Aldrich, Taufkirchen, 

Germany). In a first step, ammonium sulphate was added slowly to a final concentration of 40%. 

Samples were then stirred on ice for 30 min using a magnetic stirrer and centrifuged at 20,000 

x g and 4 °C for 30 min. In a second step, supernatants were collected and ammonium sulphate 

was added to a final concentration of 80%. Samples were then stirred on ice for 30 min and 

centrifuged again at 20,000 x g and 4 °C for 30 min. The supernatants were then discarded and 

the pellets were carefully resuspended in 2.5 mL of 200 mM Tris-HCl buffer pH 7.3 containing 1 

mM DTE and 2 mM MgCl2 with the help of the pipette. Excess of ammonium sulphate salts were 

removed from the protein extracts using PD-10 gel filtration columns (Pharmacia, Freiburg, 

Germany) and following the recommendations of the manufacturer. Samples were finally eluted 

in 3.5 mL 25 mM Tris-HCl buffer (pH 7.8) and stored at -83 °C in aliquots. The amount of 

ammonium sulphate to add in each of the two steps of the protein precipitation was calculated 

according to Jaenicke, 1984, using the following formula: 

 

𝐴𝑚𝑚𝑜𝑛𝑖𝑢𝑚 𝑠𝑢𝑙𝑝ℎ𝑎𝑡𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 (𝑔) =
V ∗ 1.77 ∗ (S − s)

3.5 − 𝑆
 

 

V: volume in mL 

S: desired final ammonium sulphate saturation expressed as decimal equivalent of percentage 

s: initial ammonium sulphate amount in the sample expressed as decimal equivalent of 

percentage 

 

3.3.2. Determination of total protein concentration 

Protein contents in cytosolic extracts were determined following the method of Bradford (1976) 

using the dye Coomassie Blue G250. This dye change its colour after binding to proteins. This 

change in colour from red to blue can be measured spectroscopically, determining the 

absorbance of the samples at 595nm (its bound form). For the measurements, 10 µL of enzyme 

extracts were added to 200 µL ten-fold diluted Coomassie Blue dye and incubated for 10 min at 

room temperature. The absorbance was then measured at 595 nm. The protein content was 

calculated using a calibration curve performed with a standard of bovine serum albumin (BSA) 

purchased from Sigma-Aldrich (Taufkirchen, Germany).  
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3.3.3. Determination of enzymatic activities 

Enzymatic activities were determined carrying out spectrophotometric enzyme assays in a 96-

well plate reader SPECTRAMax PLUS 384 (Molecular Devices, Ismaning, Germany) using the 

data analyser software SOFTmax PRO 4.6 (Molecular Devices Corporation, Sunnyvale, CA). 

Measurements in the visible light spectrum (390 to 750 nm) were performed using 96-well 

BRANDplates® (Brand, Wertheim, Germany). Changes in the OD were measured in time 

intervals of 15 sec for 5 min at room temperature. Measurements were performed using three 

biological replicates comprising three technical replicates each. A reaction mixture without 

enzyme extract was used as blank. Enzyme activities are expressed in μkat (μmol/séc). 

 

3.3.6.1.  Glutathione-S-transferases, GSTs (EC 2.5.1.18) 

GST activity was determined using different substrates covering the activity of different 

isoforms of the enzyme (Fig. 5). The test consisted in following the formation of a glutathione-

substrate conjugate by measuring the absorbance at its specific wavelength. The reaction was 

started by adding 10 µL of the enzyme extract to 190 µL of the reaction buffer containing fresh 

glutathione. Buffer composition, GSH and substrate concentrations, substrate specific extinction 

coefficients and specific wavelength used to measure the absorbance of the conjugate with each 

substrate are summarized in Table 11. 

Table 11: Substrates used for the determination of GST activities in plant cytosolic extracts. Substrate names, abbreviations, 
extinction coefficients and wavelengths (λ) used for the photometric enzyme assays are shown. Conditions for the enzyme assay 
(buffers, substrate and glutathione concentrations) depending on the substrate used are indicated. 

Substrate  Abbv. 
ε                  

(mM-1 cm-1) 

λ  

(nm) 
Buffer 

[substrate] 

(mM) 

[GSH] 

(mM) 

1-Chloro-2,4-dinitrobenzene  CDNB 9.6 340 
Tris-HCl 

0.1M pH 6.4 
1 1 

1,2-Dichloro-4-nitrobenzene  DCNB 8.5 345 
Tris-HCl 

0.1M pH 7.5 
1 1 

p-Nitrobenzylchloride pNBC 1.8 310 
Tris-HCl 

0.1M pH 6.4 
0.5 1 

p-Nitrobenzoylchloride pNBoC 1.9 310 
Tris-HCl 

0.1M pH 6.4 
0.5 1 

Fluorodifen  3.1 400 
Tris-HCl 

0.1M pH 7.5 
0.3 1.2 
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Figure 5: Enzymatic conjugation of substrates used in this study by GSTs in the presence of GSH.  (A)  1-Chloro-2,4-dinitrobenzene 
(CDNB), (B) 1,2-Dichloro-4-nitrobenzene (DCNB), (C) p-Nitrobenzylchloride (pNBC), (D) p-Nitrobenzoylchloride (pNBoC), (E) 
Fluorodifen. 
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3.3.6.2.  Peroxidase, POX (EC 1.11.-.-) 

POX activity in the enzyme extracts was measured following the method proposed by Drotar 

and coworkers in 1985. Guaiacol (2-methoxyphenol) (Fluka, Steinheim, Germany) was used as 

substrate. The reaction buffer was 50 mM Tris-HCl pH 6.0. The formation of tetraguaiacol (ε = 

26.6 mM-1cm-1) (Fig. 6) was followed measuring absorbance at a wavelength of 420 nm for 5 

min. The reaction started by adding 10 µL sample to 190 µL of the reaction mix containing 190 

µM H2O2 and 68 µM guaiacol.  

 

Figure 6: Oxidation of guaiacol to tetraguaiacol by the enzyme peroxidase (POX) in presence of H2O2. This reaction is used in the 
photometric enzyme assay to measure POX activity in plant extracts. 

 

3.3.6.3.  Ascorbate peroxidase, APOX (EC 1.11.1.11) 

APOX activity was determined after Vanacker et al., 1998. The oxidation of ascorbic acid (ε = 2.8 

mM-1cm-1) was recorded following the decrease in its concentration photometrically at 290 nm. 

The reaction started after adding 20 µL of the enzyme extract to 180 µL of the reaction mix 

containing 1 mM H2O2 and 250 μM ascorbic acid in 55.56 mM KH2PO4 (pH 7.0). The reaction 

was started by mixing 180 μL reaction mix with 20 μL enzyme and was followed for 5 min. 

 

3.3.6.4. Glutathione reductase, GR (EC 1.6.4.2) 

GR activity was determined after Zhang and Kirkham (1996). The reaction was initiated by 

adding 10 µL of the enzyme extract to 190 µL of a reaction mixture containing 1 mM oxidized 

glutathione (GSSG) (Fluka, Steinheim, Germany) and 2 mM NADPH in 100 mM Tris-HCl buffer 

(pH 7.5) with 0.1 mM EDTA. The reduction of glutathione disulphide (GSSG) to the sulfhydryl 

form glutathione (GSH) (Fig. 7) was measured by monitoring the consumption in NADPH at a 

wavelength of 340 nm (ε = 6.22 mM-1cm-1). 
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Figure 7: Reduction of glutathione disulphide (GSSG) to the sulfhydryl form glutathione (GSH) by the enzyme glutathione reductase 
(GR). GR activity can be determined photometrically monitoring the consumption in NADPH. 

 

 

3.3.6.5. Proteomics analyses 

Ultra-pure deionized water with a conductivity of 0.055 µS/cm and total organic 

carbon of 2 ppb was produced on demand from a GenPure (TKA, Niederelbert, 

Germany) system equipped with a UV lamp, an internal 0.1 micron ultrafilter and a 

0.45 µm end filter. Modified trypsin was purchased from Promega (Mannheim, 

Gérmany) and was préparéd using thé company‘s own réconstitution solution and 

protocol, and was heat-activated for 15 min at 37 °C prior to use. Ammonium hydrogen 

carbonaté (≥ 98% Ph. Eur.), 1,4-dithiothréitol (≥ 99% p. A.), trifluoracetic acid (for 

peptide synthesis), acetone (≥ 99.9%) acetonitrile with 0.1% formic acid (LC-MS 

grade) and water with 0.1% formic acid (LC-MS grade) were purchased from Carl Roth 

(Karlsruhe, Germany). Iodoacetamide (BioUltra) was purchased from Sigma 

(Taufkirchen, Germany). 

 

Total protein was measured on a Roche c701 clinical chemical analyser (Mannheim, 

Germany), using the Biuret method. All chemicals were used without further 

purification. 

 

Medium samples were centrifuged at 17,000 x g for 10 min at 4 °C. To 15 mL 

supernatant were added 13.5 mL of acetone. After mixing, the sample was stored at -

20 °C for one hour. The sample was then centrifuged at 17,000 x g for 10 min at 4 °C 

and the supernatant was discarded. The pellet was resuspended in 900 µL acetone and 

was transferred to a 1.5 mL plastic tube. After centrifuging at 17,000 x g for 10 min at 

4 °C, the supernatant was carefully aspired. The remaining pellet was dried at ambient 

temperature overnight. 
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The pellet was taken up with 100 µL NH4HCO3 (100 mM) and then reduced with 5 µL 

DTT (200 mM in 100 mM NH4HCO3) for 20 min at 90 °C, shaken at 300 rpm, in an 

Eppendorf Thermomixer C (Eppendorf, Hamburg, Germany). This was followed by 

cysteine-S-alkylation via the addition of 10 µL iodoacetamide (500 mM in 100 mM 

NH4HCO3) and was shaken for 1 hour at 300 rpm in the dark. An additional reduction 

was then performed by adding 20 µL of the above DTT solution followed by shaking 

for 30 min at 300 rpm at ambient temperature. The sample was digested at 37 °C 

overnight in the dark with shaking (300 rpm) using 10 µL of freshly prepared trypsin 

to every 2 µg of total protein. 

 

Proteomic experiments were conducted on a Bruker maXis 4g plus q-TOF equipped 

with a Captive Spray source (Bremen, Germany). The lock mass (Agilent G1982-85001, 

1221.990637 m/z, Heilbronn, Germany) was applied directly onto the air intake filter. 

The system was calibrated before each analytical sequence using the enhanced 

quadratic algorithm with Agilent ESI L tuning mix (G1969-85000). 

 

The source was operated in the positive ion mode using active focus and sum of 

intensities concerning line spectral calculation. The ionisation voltage was set to 1,400 

V. Dry gas flow (N2) and dry temperatures were 3 L/min and 150 °C, respectively. Ion 

funnel 1 RF was operated at 400 Vpp and multipole RF was set to 400 Vpp. The 

quadrupole energy was set to 6 eV with low mass of 322 m/z. The transfer time and 

pre-pulse storage time were 120 µs and 10 µs, respectively. The TOF mass range was 

set to 50 – 2200 m/z with a sampling time of 0.5 sec. The auto MS/MS parameters were 

as follows: Inclusion m/z 300 – 1221.9 and 1224.5 – 1400. The collision cell was 

operated with a RF of 1200 Vpp and at different energies depending on the target mass 

and width which are listed in Table 12. 

 

The LC system Ultimate 3000 (ThermoFisher Scientific, Dreieich, Germany) consisted 

of a binary nano high pressure gradient pump and a tertiary low pressure gradient 

loading pump, a column oven, a degasser for the loading pump and an autosampler. 

Mobile phase A was 90% acetonitrile/10% water (v/v) with 0.1% formic acid (v/v) 
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and mobile phase B was 100% water with 0.1% formic acid (v/v). The mobile phases 

were degassed via ultra sonication for 15 min prior to each sequence. 

 

Table 12: Collision cell operating parameters during proteomics experiments. 

Type Mass Width Collision Charge state 

Base 300.0000 3.00 34.00 1 

Base 500.0000 4.80 39.00 1 

Base 1,000.0000 6.00 52.00 1 

Base 2,000.0000 9.00 55.00 1 

Base 300.0000 3.00 26.00 2 

Base 500.0000 4.80 34.00 2 

Base 1,000.0000 6.00 40.00 2 

Base 2,000.0000 9.00 45.00 2 

Base 300.0000 3.00 21.00 3 

Base 500.0000 4.80 28.00 3 

Base 1,000.0000 6.00 36.00 3 

Base 2,000.0000 9.00 40.00 3 

 

The column temperature was set to 40 °C, the injection volume was 5 µL (µL pickup 

mode). The flow rate was 300 nL/min. The autosampler was equipped with a 20 µL 

PEEK sample loop, a 15 µL PEEK needle and the temperature was set at 6 °C. The pick-

up fluid was the same as the trap column wash mobile phase. The trap column (C4 

PepMap 300, 5 µm, 300 Å, 300 µm id x 5 mm) was washed for 4 min post injection at 

30 µL/min with a mobile phase consisting of 245 mL water, 5 mL acetonitrile and 125 

µL TFA (v/v/v).  

 

Peptides were separated on an Acclaim PepMap® RSLC C18 nano column 75 µm x 250 

mm, 2 µm, 100 Å using the following gradient: 98% B, 0-4 min, linear to 65% B at 50 

min; linear to 2% B at 94 min, isocratic to 98% B at 104 min, stop at 120 min. 

 

MS/MS data were imported into Protein Scape version 3.1. Mascot version 2.51 (Matrix 

Science, Boston, USA) was used to upload data to the SwissProt database using default 

search parameters from maXis_allOrg (Bruker, Bremen) except that the peptide tolerance was 

set to 7 ppm, the MS/MS tolerance to 0.05 Da and FDR to 5%. 
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3.4. Analytical techniques 

3.4.1. Chemicals 

Acetonitrile (HPLC grade), water with 0.1% formic acid (LC–MS grade), acetonitrile with 0.1% 

formic acid (LC–MS grade) were obtained from Carl Roth (Karlsruhe, Germany). Ultrapure 

water (MilliQ, Millipore Corporation) was used for sample preparation. Analytical standards of 

carbamazepine (CBZ), oxcarbazepine, carbamazepine-10,11-epoxide (CBZE), 10,11-dihydro-

10-hydroxycarbamazepine (10-OH-CBZ), 3-hydroxycarbamazepine (3-OH-CBZ), 10,11-

dihydro-10,11-dihydroxycarbamazepine (10,11-diOH-CBZ), acridine and acridone, (all ≥97% 

purity) were purchased from Sigma-Aldrich (Taufkirchen, Germany). L-Glutathione reduced 

(≥98.0%) and L-Cysteine (97%) were purchased from Sigma-Aldrich (Taufkirchen, Germany). 

 

3.4.2. In vitro synthesis of glutathione related metabolites 

The conjugates 10,11-dihydro-10-hydroxy-11-glutationyl-CBZ (CBZE-GSH) and 10,11-dihydro-

10-hydroxy-11-cysteinyl-CBZ (CBZE-CYS) were synthesized chemically according to Bu and co-

workers, 2005. Briefly, 80 µL of CBZE were incubated with GSH or cysteine (5 mM) in 0.1 M 

potassium phosphate buffer (pH 7.4) for 2 h at 37 °C. Subsequently, samples were evaporated 

to dryness under N2 after mixing them with 2 volumes of acetonitrile. Residues were 

reconstituted in ultrapure water (MS grade) with 0.1% formic acid and stored at -20 °C before 

analysis. 

 

3.4.3. Extraction of carbamazepine and transformation products from plant tissues 

For the extraction of CBZ and its metabolites, the plant tissue was homogenized with a glass 

mortar under liquid nitrogen and 0.5 g of the resulting powder was extracted in 1 mL of 

methanol 80% by vortexing for 1 min and sonicating for 10 min. Samples were then centrifuged 

at 13,000 x g for 10 min. The supernatants were transferred to a new tube and were evaporated 

to dryness in a centrifugal evaporator. The residues obtained were reconstituted in methanol 

10% with the help of the pipette. Samples were frozen and stored at -20 °C until analysis. 

 



 
Material and methods           36 

 

3.4.4. Sample preparation for HPLC and LC-QTOF-MS/MS analysis 

Samples from culture media were centrifuged at 13,000 x g for 10 min, and the pellet containing 

cells and debris was discarded. Prior to HPLC or LC-QTOF-MS/MS analysis, samples from 

nutrient media or plant extracts were subjected to protein precipitation. Samples were mixed 

with 45 mg/mL 5-Sulfosalicylic acid (99,9%, Sigma-Aldrich, Taufkirchen, Germany) (1:10, v:v), 

vortexed briefly and centrifuged for 5 min at 13,000 x g. The protein-free supernatant was used 

for CBZ quantification or metabolite identification after filtration trough a 0.22 µm pore size 

PVDF filter. Supernatants were stored at – 20 °C for further analyses. 

 

3.4.5. Quantification of CBZ by HPLC 

CBZ concentration in nutrient solutions or in plant tissue was determined by HPLC (Varian 

ProStar 410). All samples were prepared in triplicate. CBZ and their metabolites were separated 

on a C18 ProntoSIL Spheribond ODS 2 (5 µM, 125 * 4 mm) column under reversed phase 

conditions, applying a linear gradient of eluents. Mobile phases consisted of 0.1% aqueous 

trifluoroacetic acid (TFA) (solvent A) and acetonitrile with 0.1% TFA (solvent B) run at a 

constant flow rate of 0.85 mL/min (Table 13). 

 

 
Table 13: HPLC solvent gradient used for quantification of carbamazepine. 

Time (min) % Solvent A % Solvent B 

0 95 5 

2.5 95 5 

17.5 5 95 

21 5 95 

23 95 5 

 

Detection of CBZ was at 210 nm using a UV/vis detector (Varian ProStar 410). Identification of 

CBZ was performed by comparison of the spectra and the retention time of an authentic 

standard supplied by Sigma-Aldrich. Chromatograms were analyzed using MS Workstation 

version 6.9.3 (Varian). Concentration of CBZ in nutrient media or in plant tissue was determined 
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using a calibration curve performed with a CBZ analytical standard (99.9%, Sigma-Aldrich, 

Taufkirchen, Germany) (Fig. 8). 

 

Figure 8: Standard curve for the quantification of carbamazepine (CBZ) in nutrient media and plant extracts. 

 

 

3.4.6. LC-QTOF-MS/MS analysis for TPs identification 

LC-QTOF–MS/MS experiments were conducted on an Ultimate 3000 LC system 

(ThermoFisher) coupled to an ultra-high resolution maXis 4 g plus QTOF mass spectrometer 

(Bruker) equipped with an electrospray source. The TOF–MS was operated in positive polarity 

mode with active focus under the following conditions: capillary voltage, 5,000 V; nitrogen dry 

gas temperature, 225 °C; dry gas flow, 10 L/min; nebulizer pressure, 2 bar. The TOF–MS was 

calibrated daily with ESI-L tuning mix (Agilent) using the enhanced quadratic algorithm. MS 

scans were recalibrated using Hexakis (1H, 1H, 4H-hexafluorobutyloxy) phosphazine (Agilent) as 

a lock mass. The LC conditions were as follows: the column was a Phenomenex Synergi HYDRO-

RP column (C18, polar endcapped; particlé sizé 4 μm; 50×2.00 mm). CBZ and its métabolités 

were separated using a linear gradient of eluents: buffer A (H2O, 0.1% formic acid) and buffer B 

(acetonitrile, 0.1% formic acid). Elution gradient: 0–2 min 97% buffer A (isocratic); 2–10 min 

95% buffer B (linearly increasing); 10–12 min 95% buffer B (isocratic); 12–12.5 min 97% buffer 
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A (linearly decreasing); 12.5–17 min 97% A (isocratic) (Table 14). The flow rate was 0.3 

mL/min. All solvents used for LC–MS were of the highest grade available.  

 

Table 14: LC solvent gradient used for LC-QTOF-MS/MS analysis of carbamazepine and its transformation products. 

Time (min) % Solvent A % Solvent B 

0 97 3 

2 97 3 

10 5 95 

12 5 95 

12.5 97 3 

17 97 3 

 

 

3.4.7. Identification of carbamazepine transformation products  

TPs were hypothesized using the software Compound Crawler (Bruker, Bremen, Germany). 

Only compounds with molecular ions at m/z within ± 10 ppm of the exact molar mass were 

considered. TPs were identified after LC-QTOF-MS/MS separation using different collision 

energies. Fragmentation pattern were compared to those obtained from analytical standards. 

When analytical standards were not available, fragmentation patterns were predicted using the 

competitive fragmentation model by Allen et al., 2015. Only TPs with a fragmentation pattern 

matching standards or predicted patterns were considered. 

 

3.5. Statistical treatment of data 

Statistical treatment of the data obtained from enzyme activities, CBZ removal and TPs 

accumulation in liquid media were performed using the software MS Excel (Microsoft, USA). The 

differences between means and/or the effect of treatment were determined by Student t-tests 

or one-way analysis of variance. 
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4. Results 

To answer the questions addressed in this study, results have been divided in two 

chapters. The first part emphasizes conditions similar to those found in CWs, 

investigating the potential of reed plants to remove CBZ from polluted waters and the 

identity and characteristics of the endophytic community of exposed plants. In a 

second part, a mechanistic study sheds light on interactions between isolated 

endophytic bacteria and plant roots exposed to the pharmaceutical using a horseradish 

HR culture as model system.  

 

4.1. Carbamazepine removal by reed plants and its endophytic bacteria from 

nutrient solutions: a view on close-to-real conditions in CWs 

4.1.1. Carbamazepine removal from nutrient media by Phragmites australis 

The capacity of P. australis to remove CBZ was investigated under semi-hydroponic 

conditions. Adult plants were grown individually in pots containing perlite and 

Hoaglands solution. At t=0, plants were transferred to a solution containing 5 mg/L of 

CBZ (21.16 µM). Aliquots from the nutrient solution were taken after 0, 1, 4 and 9 days 

of incubation and CBZ concentration was determined by HPLC.  

 

The initial CBZ concentration measured was 17.84 ± 0.30 µM in the control pots and 

17.52 ± 0.41 µM in pots containing plants. The difference observed between expected 

and real concentration can be attributable to the rapid adsorption of the compound to 

the walls of pots and perlite. Rapid uptake of the substance was observed within 24 

hours (Fig. 9). Whereas in controls without plants 5% of the compound was lost, 35% 

of CBZ disappeared from pots with plants after one day. The initial uptake rate 

decreased after 4 and 9 days, but still significant amounts were taken up into the plant. 

After 4 days, 66% were removed, and after 9 days only 10% were left, whereas the 

concentration in the control pots remained constant.  
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4.1.2. Oxidative stress and enzymatic defence responses in Phragmites australis 

No visual signs of toxicity were detected in P. australis plants exposed to CBZ during 

the incubation time. The activity of the ROS scavenging enzymes GR, POX APOX in plant 

cytosolic protein extracts was determined by photometric assays. Adult plants were 

grown in semi-hydroponic conditions in pots containing nutrient solution spiked with 

100 µM CBZ in ethanol for 48 h. Pots containing nutrient solution and spiked with the 

same volume of ethanol were used as controls. Plants were harvested after 24 and 48 

h and cytosolic enzymes were extracted from leaves, roots and rhizomes.  

 

The activity of GR in treated plants was slightly higher than in control plants in all 

tissues after 48 h of incubation with an increase of 47% in leaves, 81% in rhizomes and 

10% in roots (Fig. 10). After 24 h of treatment, an induction of GR activity was observed 

only in leaves, with a two-fold increase. In rhizomes and roots, GR activity was lower 

in treated plants than in control plants after 24 h, (37% and 59% lower respectively).   

 

Figure 9: Carbamazepine (CBZ) removal from the nutrient solution by Phragmites australis. Adult reed plants were exposed to 
21 µM CBZ for 9 days. Pots without plants but containing perlite were used as control. Data are means ± SD of three replicates. 
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Dynamics of POX activity was similar to GR activity in leaves and rhizomes (Fig. 10). An 

induction of 70% was observed in leaves of treated plants after 24 h of exposure. In 

these tissues, POX activity decreased after 48 h in treated plants matching values of 

control plants. In rhizomes, POX activity in treated plants was depleted 23% after 24 h 

of exposure whereas an induction of 28% in the enzyme activity was observed after 48 

h. In roots, the enzyme activity remained almost equal in treated and control plants 

after 24 h, but decreased a 37% in treated plants after 48 h.   

 

APOX activity was 60% higher in leaves of treated plants than in controls all along the 

treatment. The opposite trend was observed in root tissues, where activity decreased 
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Figure 10: Antioxidant enzyme activities in Phragmites australis exposed to carbamazepine (CBZ).  Activities of the ROS-
scavenging enzymes glutathione reductase (GR), peroxidase (POX) and ascorbate peroxidase (APOX) in cytosolic extracts of 
Phragmites australis exposed to 100 µM CBZ for 48 h. Data are means ± SD of three biological replicates.  
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56% after 24 h and 47% after 48 h of exposure to CBZ. In rhizomes, activity was slightly 

lower in treated plants after 24 h, but an induction of 27% was observed after 48 h. 

 

GST activity was measured in cytosolic extracts from leaves, rhizomes and roots of P. 

australis plants exposed to 100 µM CBZ after 24 and 48 h using CDNB, pNBC and 

fluorodifen as substrates in the assays (Fig. 11). In general GST activity was higher in 

rhizomes than in leaves and roots.  

 

A small induction of GST activity was observed in leaves of treated plants all along the 

treatment when CDNB was used as substrate, with increases of 16% after 24 h and 

28% after 48 h. In rhizomes, GST activity in treated plants decreased after 24 h and 

increased 84% of the control plants after 48 h. In root tissues, activity in treated plants 

remained below control values after 24 h and recovered after 48 h. 

 

Dynamics of GST-pNBC was similar to GST-CDNB in rhizomes, where an induction in 

treated plants was observed only after 48 h. In leaves, activity was 21% lower in 

treated plants after 24 h but increased 42% after 48 h. In roots of control plants, almost 

no activity was detected. When CBZ was applied to the medium, GST-pNBC could be 

detected in treated plants with values of 0.025 and 0.015 µkat/mg protein after 24 and 

48 h respectively. 

 

When fluorodifen was used as substrate, GST activity was found to be induced after 

CBZ treatment in all tissues and time points except in roots after 48 h. In leaves, activity 

increased 86% after 24 h and 59% after 48 h. In rhizomes, the highest induction was 

observed after 48 h with a 190% higher GST activity in treated plants. In roots, activity 

was 120% higher after 24 h and 14% lower after 48 h. 
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4.2. Microbial communities associated to Phragmites australis  

Plants and their microbiota form an inseparable and unique entity known as holobiont. 

Microorganisms inhabiting inside and outside plant tissues (endosphere and 

ectosphere) contribute to some biological functions such as plant nutrition or 

resistance to biotic and abiotic stresses (Vandenkoornhuyse et al., 2015). Therefore, 

the impact of the microbiota associated with P. australis on CBZ uptake and plant 

fitness was investigated using cultivation approaches. 
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Figure 11: Specific glutathione-S-transferases (GST) activity in Phragmites australis exposed to carbamazepine (CBZ). GST 
activity was measured in leaves, rhizomes and roots of plants exposed to 100 µM CBZ after 24 and 48 h for three different 
substrates: CDNB, pNBC and fluorodifen. Data are means ± SD of three biological replicates. 
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4.2.1. Rhizome-associated microbial communities 

Physiological characterization of rhizoplane and root-endosphere-associated bacterial 

communities was performed using the BIOLOG GEN III microplate. Inocula were 

prepared from fresh rhizomes harvested in the greenhouse and after incubation in R2A 

medium. Rhizomes used for the preparation of the endophytic inocula were first 

surface sterilized in a solution of sodium hypochlorite. Biochemical characteristics 

concerning assimilation of different carbon sources and sensitivity to several 

chemicals, antibiotics or acidic conditions were determined. Among the 94 

physiological traits, differences between rhizoplane and endophytic communities 

could be observed in 18 of them (Table 15).  

 

The endophytic community inhabiting reed rhizomes could assimilate a wider range of 

carbon sourcés than thé community in thé rhizoplané. Only in thé casés of α-D-lactose 

and L-arginine, this was reversed. Both communities could assimilate the rest of the 71 

Table 15: Differential biochemical characteristics of rizoplane and endosphere rhizome-associated microbial communities in 
Phragmites australis. 

 
 Rhizoplane Endosphere 

Assimilation of   

 α-D-Lactose + - 

 Methyl pyruvate - + 

 D-Arabitiol - + 

 D-Lactic acid methyl ester - + 

 α-Hydroxybutyric acid - + 

 L-Arginine + - 

 α-Ketobutyric acid - + 

 D-Fucose - + 

 Glucuronamide - + 

 Acetoacetic acid - + 

 D-Malic acid - + 

 Propionic acid - + 

 D-Turanose - + 

 Acetic acid - + 

 Stachyose - + 

 Formic acid - + 

Growth on   

 pH5 + - 

 Potassium tellurite + - 
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carbon sources except L-galacturonic acid, 3-methyl glucose, D-aspartic acid and N-

acetyl neuremic acid were no growth was observed (Table 16). In contrast to its 

endophytic homologous, rhizoplane community could grow in presence of potassium 

tellurite as well as in acidic conditions (pH 5). Both communities grew in 1% NaCl, 1% 

sodium lactate, guanidine HCl, tetrazolium violet, D-serine, Niaproof 4, tetrazolium 

blue, and pH 6 (Table 16). They were resistant to the antibiotics troleandomycin, 

linconmycin, vancomycin and rifamycin Sv, but sensitive to 4% and 8% NaCl, nalidixic 

Table 16: Biochemical characteristics conserved in endophytitic and rhizoplane rhizome-associated microbial communities of 
Phragmites australis. 

 
   Rhizoplane Endosphere 

Assimilation of     

 D-Raffinose D-Threalose α-Ketoglutaric acid 

+ + 

 α-D-Glucose β-Methyl-D-glucoside p-Hydroxyphenylacetic acid 

 D-Sorbitol D-Galactose N-Acetyl-β-D-mannosamine 

 Gelatin Myoinositol L-Fucose 

 Pectin D-Gluconic acid  D-Fructose 6PO4 

 Sucrose D-Lactic acid L-Histidine 

 Tween 40 β-Hydroxy-D,L- butyric 

acid 

Mucic acid 

 Dextrin D-Cellobiose N-Acetyl-D-galactoseamine 

 D-Mannose D-Salicin  L-Rhiamnose 

 D-Mannitol Glycerol L-Pyroglutamic acid 

 Glycyl-L-proline L-Aspartic acid Quinic acid 

 D-Galacturonic acid D-Glucuronic acid L-Malic acid 

 γ -Aminobutyric acid Citric acid Inosine 

 D-Maltose Gentobiose D-Serine, L-serine 

 D-Mellibiose N-Acetyl-D-glucoseamine D-Saccharic acid 

 D-Fructose D-Glucose 6 PO4 Bromo-succinic acid 

 L-Alanine L-Glutamic acid  

 L-Galacturonic acid D-Aspartic acid N-Acetyl neuremic acid - 

 

- 

  3-Methyl glucose   

Growth on 

 1% NaCl D-Serine Troleandomycin 

+ 

 

+ 

 

 1% Sodium lactate Niaproof 4  Linconmycin 

 Guanidine HCl Tetrazolium blue Vancomycin 

 Tetrazolium violet pH 6 Rifamycin Sv 

 4% NaCl  Aztreonam Sodium butyrate 
- 

 

- 

 
 8% NaCl Fusidic acid Sodium bromide 

 Nalidixic acid Lithium chloride Minocycline 
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acid, aztreonam, fusidic acid, lithium chloride, sodium butyrate, sodium bromide and 

the antibiotic minocycline. 

 

4.2.2. Isolation of endophytic bacteria 

Extracts were prepared from roots and rhizomes of healthy plants after surface 

sterilization. No colonies grew on plates inoculated with the last rinsing water, 

indicating a good efficiency of the sterilization phase. Serial dilutions of these extracts 

were plated on PDA and R2A agar media. 

 

Colonies showing different morphotypes grew on the agar plates after some days of 

incubation at room temperature. Distinct morphotypes were identified based on the 

form, elevation, margins, surface, opacity and pigmentation of their colonies. To ensure 

purity and viability, colonies of each morphotype were selected and sub-cultured in 

their corresponding medium. After three subcultures, 41 isolates corresponding to 

distinct morphotypes were obtained and further characterized. Total DNA was 

extracted from pure cultures and used to amplify bacterial 16S rRNA encoding genes. 

After sequencing of the fragments, all morphotypes could be classified into different 

taxonomic groups, and finally 22 redefined distinct species could be identified (Table 

17). 

 

Phylogenetic analysis of the sequences revealed that most of the isolates belonged to 

Proteobacteria (72.7%, Fig. 12 and 13). Other isolates were affiliated with 

Bacteroidetes (13.6%), Actinobacteria (9.1%) and Firmicutes (4.5%). The genus 

Pseudomonas (-Proteobacteria) was represented by the highest number of identified 

species (22.7% of the total of isolates) followed by the genus Rhizobium (α-

Proteobacteria) with 13.6% and Acidovorax (-Proteobacteria) with 9.1%. 
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Other members belonging to the phylum of Proteobacteria were identified as 

Achromobacter, Aquabacterium, Diaphorobacter, Eiseniicola and Microvirgula (β-

Proteobacteria) and Cedecea (-Proteobacteria) representing 4.5% of the total of 

isolates. The rest of the isolates (54.6%) were identified as members of different genera 

distributed within Actinobacteria (Leifsonia, Kocuria), Bacteroidetes 

(Chryseobacterium, Flavobacterium and Chitinophaga) and Firmicutes 

(Staphylococcus), each of them representing 4.5% of the culturable community. 

 

Differences in the genotypic composition of the isolated bacterial community were 

observed when using PDA and R2A as isolation media. The diversity of cultivable 

bacteria was higher when using R2A medium (Fig. 14). Bacteria affiliated to 6 distinct 

classes were identified in R2A agar plates. In PDA agar plates, only 4 different classes 

Table 17: Taxonomic identification of endophytic bacteria isolated from Phragmites australis plants exposed to carbamazepine 
based on the 16S rDNA region sequence compared to validated type strain sequences deposited in the EzTaxon database. 

 

Isolate 

 

 

Plant tissue 

 

 

Closest match 

 

 

Similarity 

 

 

Group 

 

Cb35 Roots Achromobacter mucicolens LMG 26685(HE613446) 100,0 β-Proteobacteria 

Cb52 Roots, rhizomes Acidovorax radicis N35 (AFBG01000030) 98,87 β-Proteobacteria 

Cb22 Roots Acidovorax temperans CCUG 11779 (AF078766) 99,49 β-Proteobacteria 

Cb2 Stems Aquabacterium citratiphilum B4 (AF035050) 98,64 β-Proteobacteria 

Cb59 Roots Candidatus Rhizobium massilae 90A (AF531767)  99,14 α-Proteobacteria 

Cb69 Roots, rhizomes Cedecea davisae DSM 4568 (ATDT01000040) 100,0 γ-Proteobacteria 

Cb66 Rhizomes Chitinophaga sancti NBRC 15057 (AB078066) 98,87 Bacteroidetes 

Cb47 Roots, rhizomes Chryseobacterium taeanense PHA3-4 (AY883416) 98,69 Bacteroidetes 

Cb55 Rhizomes Diaphorobacter nitroreducens NA10B (AB064317) 99,86 β-Proteobacteria 

Cb56 Rhizomes Eiseniicola composti YC06271 (FJ791048) 98,17 β-Proteobacteria 

Cb17 Roots Flexibacter aurantiacus ATCC 23107 (M62792) 99,78 Bacteroidetes 

Cb4 Roots Kocuria palustris DSM 11925 (Y16263) 99,93 Actinobacteria 

Cb62 Rhizomes Leifsonia lichenia strain 2Sb (AB278552) 100,00 Actinobacteria 

Cb46 Roots, rhizomes Microvirgula aerodenitrificans DSM 15089 (JHVK01000054) 99,86 β-Proteobacteria 

Cb36 Roots Pseudomonas arsenicoxydans VC-1 (FN645213) 99,7 γ-Proteobacteria 

Cb65 Roots, rhizmoes Pseudomonas corrugata ATCC 29736 (D84012) 99,86 γ-Proteobacteria 

Cb31 Roots Pseudomonas lini CFBP 5737 (AY035996) 100,0 γ-Proteobacteria 

Cb49 Rhizomes Pseudomonas moorei RW10 (AM293566)  100,00 γ-Proteobacteria 

Cb61 Roots, rhizomes Pseudomonas veronii CIP 104663 (AF064460) 100,00 γ-Proteobacteria 

Cb54 Rhizomes Rhizobium daejeonense KCTC 12121 (AY341343) 97,69 α-Proteobacteria 

Cb58 Rhizomes Rhizobium radiobacter ATCC 19358 (AJ389904) 100,00 α-Proteobacteria 

Cb1 Stems Staphylococcus epidermidis ATCC 14990 (L37605) 99,89 Firmicutes 
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were isolated. Bacteria belonging to Actinobacteria, Bacteroidetes, -Proteobacteria 

and -Proteobacteria were identified in both media, but Firmicutes and -

Proteobacteria classes were associated only to R2A medium. 

 

 

 

 

Figure 12: Taxonomic breakdown of 16S rDNA gene sequences of total cultivable endophytic bacterial community composition 
isolated from Phragmites australis plants exposed to 21 µM of carbamazepine for 9 days. The central pie shows phylum 
distribution in percentages and each outer ring breaks progressively down to lowest taxonomic levels (class, family, genera) 
(Adapted from Sauvêtre and Schröder, 2015). 
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Figure 13: Evolutionary relationships of isolates from Reed plants exposed to carbamazepine based on 16S rDNA sequences 
obtained from all isolates and closely related sequences from EzTaxon database. The tree is drawn to scale, with branch lengths 
in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The percentage of replicate trees in 
which the associated taxa clustered together in the bootstrap test (2,000 replicates) is shown next to the branches. The 
evolutionary distances were computed using the Maximum Composite Likelihood method. Endophytic bacteria isolated from 
stems ( ), rhizomes ( ) and roots ( ) (Sauvêtre and Schröder, 2015). 
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A second classification was done taking in account the plant tissue. The taxonomic 

compositions of endophytic bacteria isolated from roots and from rhizomes are 

represented in Fig. 15. A similar distribution was found in both tissues, presenting 

small differences at species level.  

 

Endophytic cultivable community associated to roots were predominantly represented 

by Proteobacteria with 72.7% of the isolates (Fig 15 A). The rest of the isolates 

belonged to Bacteroidetes (18.2%) and Actinobacteria (9.1%). No isolates from 

Firmicutes phylum were found in root compartments. The genera Pseudomonas and 

Acidovorax represented the higher number of species with 36.4% and 18.2% 

respectively. The rest of the root cultivable endophytic community were identified as 

Kocuria, Chryseobacterium, Flavobacterium, Rhizobium and Achromobacter with 9.1% 

of the total isolates each of them. 

 

Concerning the endophytic bacteria associated to rhizomes, a similar distribution of 

phyla was found, with 76.9% of the isolates belonging to Proteobacteria, 15.4% to 

Bacteroidetes and 7.7% to Actinobacteria (Fig 15 B). The genera Pseudomonas and 

Rhizobium represented the highest number of identified species with 23.1% and 15.4% 

respectively. The rest of the rhizome endobacteria were identified as Leifsonia 

(Actinobacteria), Chitinophaga and Chryseobacterium (Bacteroidetes), Acidovorax, 

Diaphorobacter, Eiseniicola and Microvirgula (-Proteobacteria) and Cedecea (-

Proteobacteria) with a representation of 7.7%. The genera Achromobacter, 

Aquabacterium, Flavobacterium and Kocuria were lacking among these isolates. 

 

Figure 14: Genotypic characterization of the cultivable bacterial population of Phragmites australis exposed to 21 µM CBZ, grown 
in two different agar media: PDA and R2A. 
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Figure 15: Taxonomic breakdown of 16S rDNA gene sequences of total (A) and rhizomes (B) culturable endophytic bacterial 
community composition isolated from Phragmites australis plants exposed to 21 µM of carbamazepine for 9 days. The central 
pie shows phylum distribution in percentages and each outer ring breaks progressively down to lowest taxonomic levels (class, 
family, genera) (Adapted from Sauvêtre and Schröder, 2015) 
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4.2.3. Carbamazepine removal from liquid medium by endophytic bacteria 

Bacterial isolates were tested for CBZ removal from liquid media. Strains were grown 

for 5 days in small liquid LB-Lennox/10 cultures supplemented with 50 µM CBZ. Slight 

differences in CBZ removal were observed between the tested strains (Fig. 16). Few 

strains could remove the compound from the growth medium, with rates ranging from 

0.1% to 2.4%. Rhizobium daejeonense (-Proteobacteria) was the strain showing the 

highest removal rate with 2.45%, followed by Chryseobacterium taeanense 

(Bacteroidetes) with 2.18% and Achromobacter mucicolens and Diaphorobacter 

nitroreducens (-Proteobacteria) with 1.93% and 1.78% respectively. Additionally, 

Pseudomonas moorei, one isolate affiliated to Pseudomonaceae family (-

Proteobacteria) showed a weak removal of the pharmaceutical (0.12%).  

 

 

Figure 16: Carbamazepine (CBZ) removal from liquid cultures by endophytic bacteria associated to P. australis and plant growth 
promoting traits. Bacterial clones are grouped by taxonomic groups (class). Siderophore production and phosphate 
solubilization are represented by +, ++ or +++. Production of IAA is indicated in µg/mL. The percentage indicates the removal 
capacity after 5 days in LB-Lennox/10 medium supplemented with 50 µM CBZ (Adapted from Sauvêtre and Schröder, 2015). 
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4.2.4. Plant growth promoting characteristics 

The capacity of the isolates for phosphate solubilization, siderophore production, and 

auxin production were determined following qualitative or quantitative methods. 90% 

of the isolates could produce indoleacetic acid, whereas 59% of them could solubilize 

mineral phosphate and 54% secreted siderophores into the growth medium (Fig. 16). 

All isolates had at least one of the PGP traits tested and 45% of the isolates presented 

the three PGP traits tested. Most of these isolates belong to -Proteobacteria, -

Proteobacteria and Bacteroidetes. Several isolates had two of the three PGP traits 

tested. From them, 59% could solubilize phosphate and produce IAA and 45% could 

produce siderophores and solubilize phosphate.  

 

Strains producing IAA were present in all plant tissues, with values ranged between 

2.08 and 3.41µg/mL in the most of the cases. All strains isolated from rhizomes could 

produce IAA and among them, Rhizobium daejeonense showed an exceptional high 

production (23.04 µg/mL). Siderophore producers were equally distributed in root as 

well as in rhizomes (69% of root and 67% of rhizomes isolates could produce 

siderophores) whereas phosphate solubilizers were more predominant in rhizomes 

(75% of rhizomes isolates against 54% of root isolates). None of the -Proteobacteria 

isolates could solubilize phosphate. 

 

The group of bacterial strains having the three PGP traits tested was comprised by all 

members of -Proteobacteria (Pseudomonas veronii, Pseudomonas lini, Pseudomonas 

moorei, Pseudomonas arsenicoxydans, Pseudomonas coorrugata and Cedecea davisae), 

two members from -Protebacteria (Rhizobium radiobacter and Candidatus Rhizobium 

massilae) and two members form Bacteroidetes (Chitinophaga sancti and 

Chryseobacterium taeanense). In total, 10 from the 22 isolates presented 

simultaneously, the three PGP traits tested. 
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4.2.5. Enrichment cultures 

Enrichment cultures were performed to isolate bacterial strains that could potentially use CBZ 

as carbon source. Fresh rhizomes and roots were harvested in the greenhouse and transferred 

to sterile minimal medium AB supplemented with 0.4 mM CBZ as sole carbon source. These 

cultures were sub-cultured three times, once every two weeks and then serial dilutions were 

prepared and spread onto agar plates. Enrichment cultures were prepared from sterilized and 

non-sterilized segments of roots and rhizomes to distinguish rhizoplane from endophytic 

bacteria.  

 

Eighteen isolates were obtained and after sequencing the 16S-rRNA encoding gene, seven 

distinct species were identified among the isolates (Table 18). At phylum level, six strains were 

affiliated to Proteobacteria and one to Actinobacteria. Pseudomonas (-Proteobacteria) was the 

most represented genus with three distinct species (P. monteilii, P. hunanensis, and P. japonica). 

Achromobacter (-Proteobacteria) was represented by two species: A. dolens and A. denitrificans.  

The other two isolates were Sphingopyxis ummariensis (-Proteobacteria) and Cellumonas 

gelida (Actinobacteria). 

 

Table 18: Taxonomic identification of root and rhizome associated bacteria from Phragmites australis plants isolated using 
enrichment cultures with carbamazepine as sole carbon source. Taxonomy classification was based on the 16S rDNA region 
sequence compared to validated type strain sequences deposited in the EzTaxon database. 

Isolate Closest related type strain 
Sequence 

similarity 

Sequence 

coverage 
Group 

E1 Cellumonas gelida DSM 20111 93,36 1083 Actinobacteria 

E2 Achromobacter dolens LMG 26840 99,93 1431 β-Proteobacteria 

E3 Pseudomonas monteilii CIP 104883 96,63 1076 γ-Proteobacteria 

E4 Sphingopyxis ummariensis UI2 99,78 1377 α-Proteobacteria 

E5 Pseudomonas monteilii CIP 104833 97,68 1438 γ-Proteobacteria 

E6 Pseudomonas monteilii CIP 104833 99,86 1424 γ-Proteobacteria 

E7 Pseudomonas monteilii CIP 104833 99,86 1409 γ-Proteobacteria 

E8 Pseudomonas monteilii CIP 104833 97,76 1366 γ-Proteobacteria 

E9 Achromobacter dolens LMG 26840 100 1376 β-Proteobacteria 

E10 Pseudomonas hunanensis LV 99,73 753 γ-Proteobacteria 

E11 Pseudomonas monteilii CIP 104883 99,86 1411 γ-Proteobacteria 

E12 Achromobacter denitrificans DSM 30026 99,86 1389 β-Proteobacteria 

E13 Pseudomonas monteilii CIP 104833 97,93 1419 γ-Proteobacteria 

E14 Pseudomonas monteilii CIP 104833 99,86 1389 γ-Proteobacteria 

E15 Pseudomonas japonica IAM 15071 98,33 1095 γ-Proteobacteria 

E16 Pseudomonas monteilii CIP 104833 95,80 1395 γ-Proteobacteria 

E18 Pseudomonas monteilii CIP 104833 97,18 1039 γ-Proteobacteria 

 



 
Results 55 

Isolates were maintained in agar plates, growing in the isolation media. All isolates were able to 

grow in liquid complex media but failed to grow in minimal media containing CBZ as sole carbon 

source (data not shown). 
 

4.3. Metabolism of carbamazepine in Armoracia rusticana hairy roots and 

interactions with endophytic bacteria 

A HR culture derived from horseradish (Armoracia rusticana) was used to unravel 

interactions between the endophytic bacteria isolated from P. australis and plant roots 

exposed to CBZ. Such a model allowed the study of plant-bacteria interactions in a rapid 

and easy manner, in a controlled and axenic environment, limiting all the external 

factors that would add more uncertainty to the research question. The focus of interest 

here were to describe CBZ metabolism in plant roots, and to determine the role of 

endophytic bacteria in the detoxification of the compound and in the antioxidant 

responses in the host. 

 

4.3.1. Carbamazepine removal from nutrient media by hairy roots and endophytic 

bacteria 

CBZ removal in HR cultures void of or inoculated with endophytic bacteria previously 

isolated from P. australis was studied in short time experiments. Growth medium was 

spiked with CBZ to obtain final concentrations of 10 and 25 µM. HRs and inoculated 

HRs with the endophytic strains Rhizobium radiobacter and Diaphorobacter 

nitroreducens were incubated in the spiked growth medium for six days. Samples from 

the nutrient solution were taken at t=0 and after one, three and six days of incubation 

and analysed for CBZ concentration.  

 

HR cultures alone removed 5% of the compound when they were incubated with 10 

µM CBZ and 4% when they were incubated with 25 µM (Fig. 17). When cultures were 

inoculated with R. radiobacter, the amount of CBZ removed increased significantly to 

21% and 13% in treatments with 10 µM and 25 µM respectively. These rates 

represented a 4-fold and 3-fold increase in the removal capacity of HRs alone at initial 
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concentrations of 10 µM and 25 µM, respectively. HRs inoculated with D. nitroreducens 

also showed an increase in CBZ removal with rates of 10% in 10 µM treatment and 9% 

in treatments with 25 µM. The increase in removal rates was lower, but still 

represented twice the amount of CBZ removed by HRs not assisted by endophytic 

bacteria. 

 

The total amount of CBZ removed increased with the initial concentration of the 

compound. In treatments with 10 µM CBZ, the removal of CBZ in HR cultures after 6 

days was 3.5 µg/g FW (Fig. 17). In inoculated HRs, this amount increased to 8 µg/g FW 

(D. nitroreducens) and to 17.5 (R. radiobacter). In treatments with 25 µM, total removal 

was higher: 9 µg/g FW in HRs, 28 µg/g FW in HRs inoculated with D. nitroreducens and 

34 µg/g FW in HRs inoculated with R. radiobacter. Hence, in all conditions applied, CBZ 

removal was strongly correlated with initial concentrations in the media (r= 0.99) (Fig. 

18).  

 

Figure 17: Carbamazepine (CBZ) removal in A. rusticana hairy root cultures and effect of inoculation with the endophytic 
bacteria R. radiobacter and D. nitroreducens isolated from P. australis. The left panel shows the removal of CBZ after 6 days of 
incubation, expressed in µg of CBZ removed per g of root tissue (FW). The right panel shows the total removal of CBZ in % during 
the incubation time. Data are means ± SD of three replicates. The values labelled by asterisk are statistically significant (Analysis 
of variance: * P < 0.05, ** P < 0.01, *** P < 0.001, compared with HR groups). 
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4.3.2. Oxidative stress and antioxidant responses in HRs  

The activity of the ROS scavenging enzymes GR, POX and APOX and the detoxification 

enzymes GSTs, was determined in cytosolic extracts of A. rusticana HR cultures. HRs 

void of or inoculated with the endophytic bacteria R. radiobacter and D. nitroreducens 

were grown in Erlenmeyer flasks containing nutrient solution spiked with 250 µM CBZ 

in ethanol for 48 h. HRs and inoculated HRs growing in flasks containing nutrient 

solution and spiked with the same volume of ethanol were used as controls. Roots were 

harvested after 48 h and cytosolic enzymes were extracted.  

 

The activity of GR in HR cultures treated with CBZ was three-fold higher than in control 

cultures (3.97 against 1.32 µkat/g FW) (Fig. 19). In the same way, treatment with CBZ 

resulted in an increase of GR activity when HRs were inoculated with endophytic 

bacteria. However, this increase was lower than in non-inoculated samples (2-fold in 

roots inoculated with R. radiobacter and 1.4-fold in roots inoculated with D. 

nitroreducens). 

 

 

Figure 18: Relationship between the initial concentration of carbamazepine (CBZ) in the growth medium and the removal by 
HR cultures after 6 days of incubation. Values are means ± SD of three replicates 
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POX activity also increased in all samples after CBZ treatment. The increase was higher 

in roots inoculated with D. nitroreducens. In this case POX activity rose from 0.031 to 

0.278 µkat/g FW after treatment, denoting a 9-fold increase. Increase in POX activity 

was lower in cultures inoculated with R. radiobacter: 0.297 to 0.427 µkat/g FW (1.4-

fold) and almost non-observable in non-inoculated roots, with a constant enzyme 

activity around 0.020 µkat/g FW. 

 

APOX remained almost constant in HRs after exposure to CBZ with values around 0.010 

µkat/g FW. In cultures inoculated with endophytic bacteria, the enzyme activity was 

higher when roots were grown without CBZ (around 0.050 µkat/g FW). Treatment 

with CBZ resulted in the inhibition of this enzyme, with a 2-fold decrease in roots 
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Figure 19: Antioxidant enzyme activities in Armoracia rusticana hairy root cultures and endophytic bacteria exposed to 
carbamazepine (CBZ).  Activities of the ROS-scavenging enzymes glutathione reductase (GR), peroxidase (POX) and ascorbate 
peroxidase (APOX) were measured in cytosolic extracts of A. rusticana hairy roots void of or inoculated with the endophytic 
bacteria R. radiobacter and D. nitroreducens exposed to 250 µM CBZ for 48 h. 
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inoculated with R. radiobacter. In contrast, CBZ treatment resulted in an induction of 

APOX activity in roots inoculated with D. nitroreducens with an increase of 50%.  

 

GST activity was analysed in cytosolic extracts using different substrates. When CDNB 

was used as substrate, no induction could be observed in HRs after exposure to CBZ 

(Fig. 20). The same effect was observed in HRs inoculated with R. radiobacter where 

even a decrease was observed. In contrast, inoculated roots with D. nitroreducens 

responded to CBZ treatment with an increase of 70% in GST activity.When pNBoC was 

used as substrate, treatment with CBZ induced GST activity in all samples. Elevated 

activity was observed in roots inoculated with D. nitroreducens where GST activity rose 

from 0.067 to 0.259 µkat/g FW. In roots inoculated with R. radiobacter, GST activity 

increased from 0.084 to 0.225 µkat/g FW. In this case, the activity was lower in non-

inoculated HRs (0.001 and 0.059 µM/g FW before and after CBZ treatment 
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Figure 20: Specific glutathione-S-transferases (GST) activity in Armoracia rusticana hairy roots exposed to CBZ. GST activity was 
measured in cytosolic extracts of hairy root cultures void of or inoculated with R. radiobacter or D. nitroreducens and exposed to 
250 µM CBZ after 48 h for three different substrates: CDNB, pNBC and fluorodifen. 
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respectively. Using fluorodifen as substrate, changes in GST activity were not observed 

in roots inoculated with D. nitroreducens. Still, GST activities were the highest 

measured in all samples (1.30 µkat/g FW in non-treated samples and 1.19 µkat/g FW 

in samples exposed to CBZ). In non-inoculated roots, a 2.3-fold increase was recorded 

and a small increment was observed in roots inoculated with R. radiobacter (0.51 

µkat/g FW before and 0.70 µkat/g FW after treatment).  

 

4.3.3. Metabolism of carbamazepine in hairy roots and endophytic bacteria 

Metabolism of CBZ in HRs was studied at initial concentration of 250 µM.  HRs and 

inoculated HRs with the endophytic strains R. radiobacter and D. nitroreducens were 

incubated in the spiked growth medium for 21 days. Samples from the nutrient 

solution were taken at t0 and after 1, 4, 8, 14 and 21 days of incubation and analysed 

for CBZ TPs by LC-QTOF-MS/MS.  In total, 13 TPs were identified in the growth media 

(Table 19). These TPs were clustered in four hypothetical pathways, the development 

of which during the incubation time was followed in the growth media. The 

composition of TPs in root extracts was determined at the end of the incubation. For 

reasons of clarity of the presentation, references on the composition of the pathways 

are presented in the discussion section of this thesis (see below). 

 

4.3.3.1. The 10,11-diol pathway 

The 10,11-diol pathway has previously been described in plants and involves three 

TPs. CBZ is first oxidized to CBZ-10,11-epoxide (reaction A, Fig. 21). This is a common 

metabolite that serves as starting point for other sub-pathways.  

 

 

Figure 21: Carbamazepine metabolism in A. rusticana hairy roots assisted by endophytic bacteria: the 10,11-diol pathway 
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Table 19: CBZ structure and transformation products identified in the liquid media during degradation by A. rusticana hairy root 
cultures and the endophytic bacteria R. radiobacter and D. nitroreducens. 

 

Name Exact 

Mass (Da) 

Chemical 

formula 

Structure Identification Rt 

(min) 

log 

Kow  

CBZ-10,11-

epoxide 
253.0971 C15H12N2O2 

 

 

 

Standard 6.02 2.54 

10,11-dihydro-

10,11-

dihydroxy-CBZ 

271.1077 C15H14N2O3 

 

Standard 5.37 1.16 

10,11-dihydro-

10-hydroxy-

CBZ 

255.1128 C15H14N2O2 

 

Standard 5.67 2.15 

2,3-dihydro-2,3-

dihydroxy-CBZ 
271.1077 C15H14N2O3 

 

 

 

Proposed 5.7 0.49 

2,3-dihydroxy-

CBZ 
269.0921 C15H12N2O3 

 

 

 

Proposed 5.82 1.85 

CBZ-2,3-

quinone 
267.0764 C15H10N2O3 

 

 

 

Proposed 5.67 1.36 

CBZE-GSH 560.1809 C25H29N5SO8 

 

 

 

Proposed 5 -3.83 

CBZE-cys-gly 431.1384 C20H22N4SO5 

 

 

 

Proposed 4.93 -1.25 

CBZE-cys 374.1169 C18H19N3SO4 

 

 

 

Synthesized 4.87 -0.90 

acridine 180.0808 C13H9N 

 

 

 

Standard 4.95 3.17 

9-acridine 

carboxaldehyde 
208.0757 C14H9NO 

 

Proposed 7.8 3.49 

9-OH-acridine 196.0757 C13H9NO 

 

 

Proposed 4.8 3.48 

acridone 196.0757 C13H9NO 

 

Standard 6.5 2.57 



 
Results 62 

All chromatograms obtained from treated cultures showed multiple peaks 

corresponding to a theoretical m/z 253.1071. This m/z corresponds to an epoxidation 

or a hydroxylation of the parent compound and is shared by several plausible 

epoxidized or hydroxylated CBZ TPs. This result revealed the co-elution of other 

epoxidized or hydroxylated TPs formed during the incubation impeding a 

quantification for this metabolite. 

 

The first epoxidation is followed by cleavage and hydroxylation of the epoxy bond to 

form 10,11-dihydro-10,11-dihydroxy-CBZ (10,11-diOH-CBZ) (reaction B, Fig. 21). This 

metabolite was found in the media from the first day and accumulated constantly until 

the last day of incubation in HR cultures (Fig 22). When HRs were inoculated with 

endophytic bacteria, an acceleration in the formation of this TP was observed during 

the first day. A decrease in the concentration measured in the growth medium followed 

between the first and the fourth day of incubation, and after the fourth day, the peak 

area increased with lower rates than in control HR cultures. 

 

The compound 10,11-dihydro-10-hydroxy-CBZ (10-OH-CBZ) can be formed from the 

intermediate 10,11-diOH-CBZ (reaction C, Fig.21). This compound was identified in the 

media from HR cultures and HR cultures inoculated with D. nitroreducens. In both 

cases, the peak area increased slowly from the first day on, although reaching a higher 

concentration in non-inoculated HRs.  

 

The metabolites 10,11-dihydro-10,11-dihydroxy-CBZ and 10-OH-CBZ were found in 

negative controls consisting of autoclaved HRs incubated with CBZ (Fig 23). The 

formation of these compounds in absence of biological matrices reveals a chemical 

oxidative degradation independent from plants or bacteria. However, the total amount 

of products accumulated was always lower than in biological samples. When 

autoclaved HRs were inoculated with endophytic bacteria, 10,11-dihydro-10,11-

dihydroxy-CBZ was formed with a trend similar to rates observed in healthy HRs but 

in lower amounts. Thus, we can conclude that bacteria and plants can degrade CBZ 

through the 10,11-diol pathway although plants are more efficient.  
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4.3.3.2.  The 2,3-diol pathway 

The 2,3-diol pathway involves successive oxidation reactions at the 2-3 double bond of 

the benzene group (Fig. 24). This sub-pathway in CBZ metabolism was identified in all 

samples with biological activity. 
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Figure 22: Carbamazepine (CBZ) transformation products in A. rusticana hairy root cultures I. Evolution of CBZ transformation 
products during degradation by A. rusticana hairy root cultures and effect of the inoculation with the endophytic bacteria R. 
radiobacter and D. nitroreducens isolated from P. australis: 10,11-diol, 2,3-diol and GSH subpathways. CBZ initial concentration 
was 250 µM. Peak area is in unit of mAU/g FW. Data are means ± SD of three replicates. 

 

 

Figure 23: Carbamazepine metabolism in A. rusticana hairy roots assisted by endophytic bacteria: the 2,3-diol pathway. 
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CBZ was first metabolized to 2,3-dihydro-2,3-dihydroxy-CBZ in HR cultures (reaction 

D, Fig. 24). This reaction involves a 2,3 dioxygenation and is known in bacterial 

degradation of polycyclic aromatic hydrocarbons. In plants, 2,3-dihydro-2,3-

dihydroxy-CBZ could be formed by epoxidation at the carbons 2 and 3 by CYP450 or 

peroxidases (reaction E, Fig. 24), followed by hydrolysis (reaction F, Fig. 24). Several 

peaks with m/z 253.0971 were identified in the growth media. This m/z could 

correspond to an array of different hypothetical TPs formed by hydroxylation or 

epoxidation at different carbons on the aromatic ring (1-OH-CBZ, 2-OH-CBZ, 3-OH-CBZ, 

4-OH-CBZ, CBZ-1,2-epoxide, CBZ-2,3-epoxide, CBZ-3,4-epoxide, CBZ-1,4-epoxide) or 

on the central ring (CBZ-10,11-epoxide, oxcarbazepine) of the parent compound. 

Therefore, and despite the identification of several peaks with a theoretical CBZ-2,3-

epoxide m/z ratio, an epoxidation at the 2,3 position of the dibenzazepine ring could 

not be confirmed. 
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Figure 24: Carbamazepine (CBZ) transformation products in control A. rusticana hairy root cultures I. Evolution of CBZ 
transformation products in controls corresponding to autoclaved A. rusticana hairy root cultures and autoclaved hairy roots 
inoculated with the endophytic bacteria R. radiobacter and D. nitroreducens isolated from P. australis: 10,11-diol, 2,3-diol and 
GSH subpathways. CBZ initial concentration was 250 µM. Peak area is given in unit of mAU/g FW. Data are means ± SD of three 
replicates. 
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The next step in this pathway is the oxidation of 2,3-dihydro-2,3-dihydroxy-CBZ to 2,3-

dihydroxy-CBZ (2,3-diOH-CBZ) (reaction G, Fig. 24). The formation of dihydrodiols and 

subsequent diol compounds is a conserved mechanism in bacterial degradation of 

PAHs such phenanthrene, naphthalene, fluoranthene, pyrene and benzopyrene and is 

generally achieved by dehydrogenases.  

 

Finally, 2,3-diOH-CBZ was oxidized to CBZ-2,3-quinone (reaction H, Fig. 24). This 

reaction can be catalyzed by a catechol oxidase, an enzyme of the polyphenol oxidase 

family, present in plants. The same reaction has been postulated to occur non-

enzymatically during the oxidation of 1,2-dihydroxynaphthalene to 1,2- 

naphthaquinone in bacterial metabolism of naphthalene.  

 

The 2,3-diol pathway exhibited a behaviour comparable to the 10,11-diol pathway in 

its first steps (Fig. 22). Evolution of the TPs 2,3-dihydro-2,3-dihydroxy-CBZ and 10,11-

dihydro-10,11-dihydroxy-CBZ in the growth media of HRs was similar, with amounts 

approximately 30% lower in the case of 2,3-dihydro-2,3-dihydroxy-CBZ. In contrast, 

2,3-diOH-CBZ and CBZ-2,3-quinone were more significant in HRs inoculated with 

endophytic bacteria and specially with R. radiobacter. Additionally, 2,3-diOH-CBZ and 

CBZ-2,3-quinone were identified in negative controls inoculated with bacteria while 

there were negligible in autoclaved HRs (Fig. 23). 

 

4.3.3.3. GSH pathway 

To investigate phase II metabolism, TPs resulting from GSH conjugation were searched 

for. Glutathione-S-transferases (GSTs) are detoxifying enzymes responsible for the 

conjugation of xenobiotics with glutathione. GSTs initiated the GSH pathway in CBZ 

metabolism (reaction I, Fig. 25).  

 

Figure 25: CBZ metabolism in horseradish HRs assisted by endophytic bacteria: the GSH pathway 
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Several TPs derived from GSH conjugates were identified and designated following 

their m/z ratios: TP374, TP431 and TP560. To confirm the nature of these TPs, 

chemical conjugation with GSH and cysteine was performed in vitro, and the products 

were analysed under the same analytical conditions as the samples. A molecular ion 

peak at m/z 560.1809 was observed when CBZ-10,11-epoxide was incubated with 

GSH. The respective ion chromatogram showed a double peak eluting at 4.99-5.04 min, 

corresponding to the GSH adduct (Fig. 26 A). Identical retention and fragmentation 

patterns were obtained during collision experiments on the precursor ion in biological 

samples and in chemically synthesized GSH adducts (Fig. 26 B). Therefore, TP560 was 

identified as 10,11-dihydro-10-hydroxy-11-glutathionyl-CBZ (CBZE-GSH). TP560 was 

found only in trace levels in HR cultures and HRs inoculated with endophytes (Fig. 22), 

but in greater amounts when autoclaved roots were grown with R. radiobacter (Fig. 

23).  

 

Following GSH conjugation, CBZE conjugate can be further degraded to the respective 

γ-glutamylcysteinyl- and subsequent cysteinyl-moieties by carboxypeptidases or to 

cysteinylglycinyl- and subsequent cysteinyl- moieties by -glutamyl-transpeptidase (γ-

GT) (reaction J, Fig. 25). Cysteinylglycine adducts (TP431) were detected in the media 

of HR cultures. Fragment ions with identical m/z ratios were observed when TP560 

 

Figure 26: Identification of TP560 as 10,11-dihydro-10-hydroxy-11-glutathionyl-CBZ (CBZE-GSH). Chromatograms showing 
the elution and fragmentation pattern of the GSH conjugate formed with carbamazepine-10,11-epoxide after chemical synthesis 
(A) and in biological samples (B). 
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and TP431 were subjected to collision. Additionally, retention times revealed a very 

similar hydrophobicity of CBZE-GSH and TP461. For this reasons, TP431 was identified 

as 10,11-dihydro-10-hydroxy-11-cysteinylglycinyl-CBZ (CBZE-CYS-GLY). TP431 was 

likewise detected in the growth media of autoclaved HRs inoculated with endophytic 

bacteria, suggesting a bacterial engagement in GSH conjugation and successive 

degradation of CBZ (Fig. 23). Thé γ-glutamylcysteinyl adduct (CBZE-GLU-CYS) was not 

found in the media of any of the experimental conditions. 

  

TP374, with a theoretical m/z matching to the cysteine CBZE adduct was identified in 

all culture media. When CBZE was incubated with cysteine, a double peak at 4.88-4.92 

min and m/z 374.1169 corresponding to a cysteine adduct was observed. Collision 

experiments on the precursor ion m/z 374.1169 showed conserved fragments in 

biological and chemical samples (m/z = 180.0821, 210.0928, 253.0985, 313.1025, 

339.0819), proving that TP374 is in fact 10,11-dihydro-10-hydroxy-11-cysteinyl-CBZ 

(CBZE-CYS) (Fig. 27). TP374 was detected in autoclaved HR culture media at low levels 

only after 14 days of incubation (Fig. 23). These results indicate that besides biological 

formation of CBZE-CYS, chemical conjugation with free cysteine may occur in the 

media. 

 

Figure 27: Identification of TP374 as 10,11-dihydro-10-hydroxy-11-cysteinyl-CBZ (CBZE-cys). Chromatograms showing the 
elution and fragmentation pattern of the cysteine conjugate formed with carbamazepine-10,11-epoxide after chemical synthesis 
(A) and in biological samples (B). 
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The trends of the intermediate (CBZE-CYS-GLY) and the final (CBZE-CYS) metabolites 

in the GSH degradation pathway displayed phases at different time points during the 

incubation where concentration decreased significantly (Fig. 22). In media of roots 

inoculated with D. nitroreducens, CBZE-CYS-GLY decreased from the first to the eighth 

day of incubation, to accumulate again up to the last day, whereas CBZE-CYS decreased 

between days 8 and 14. In media of roots inoculated with R. radiobacter, CBZE-CYS 

reached a maximum in the fourth day, and decreased between days 4 and 8, suggesting 

further degradation of the cysteine conjugate when plants were inoculated with 

endophytic bacteria. Hypothetical TPs derived from further catabolism were not 

identified.  

 

4.3.3.4. Acridine pathway 

The acridine pathway involves a contraction of the seven-membered of the central ring 

of CBZE into a six-membered ring. This pathway is initiated by cleavage of the 

carbamoyl group of CBZE (reaction L, Fig. 28).  

 

Several TPs with an acridine-like structure were detected in the growth media of HR 

cultures (Fig. 29). The order of the reactions involved in this pathway was deduced 

 

Figure 28: Carbamazepine metabolism in A. rusticana hairy roots assisted by endophytic bacteria: the acridine pathway 
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from the observation of trends and absolute amounts exhibited by each of the 

compounds. 

 

The first TP of this pathway is 9-acridine carboxaldehyde which is formed from CBZ-

10,11-epoxide after cleavage of the carbamoyl group and contraction of the seven-

membered central ring to a six-membered ring (reaction L, Fig. 28). The aldehyde 

moiety is then cleaved to form acridine. Both TPs are known to be toxic and reactive. 
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Figure 29: Carbamazepine (CBZ) transformation products in A. rusticana hairy root cultures II. Evolution of CBZ transformation 
products belonging to the acridine pathway during degradation by A. rusticana hairy root cultures and effect of the inoculation 
with the endophytic bacteria R. radiobacter and D. nitroreducens isolated from P. australis. CBZ initial concentration was 250 µM. 
Peak area is in unit of mAU/g FW. Data are means ± SD of three replicates. 
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Acridine is finally oxidized to acridone, a non-toxic compound, in two steps, with the 

formation of the intermediate 9-OH-acridine (reaction O, Fig. 28). 

 

The first three compounds (9-acridine carboxaldehyde, acridine and 9-OH-acridine) 

showed an increase in the culture medium of HRs and an accumulation at the end of 

the incubation time. The total amount of each of these three TPs after 21 days of 

incubation was 10-fold lower than this of its predecessor. These TPs were identified in 
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Figure 30: Carbamazepine (CBZ) transformation products in control A. rusticana hairy root cultures II. Evolution of CBZ 
transformation products belonging to the acridine pathway in controls corresponding to autoclaved A. rusticana hairy root 
cultures and autoclaved hairy roots inoculated with the endophytic bacteria R. radiobacter and D. nitroreducens isolated from P. 
australis. CBZ initial concentration was 250 µM.  Peak area is in unit of mAU/g FW. Data are means ± SD of three replicates. 
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the media of autoclaved HRs showing trends and amounts like those exhibited in living 

roots (Fig. 30), suggesting that these compounds are formed by chemical oxidation. 

 

Inoculation of HRs with R. radiobacter induced acridine pathway strongly, causing a 

burst in the synthesis of 9-acridine carboxaldehyde, acridine and 9-OH-acridine during 

the first days of incubation. A maximum in their concentration was reached after 4 days 

of incubation and was followed by a strong decrease. Acridone accumulated in these 

samples from the fourth day on, but this increase was not comparable to the decreasing 

trend of the upstream TPs. Similar trends were observed when HRs were inoculated 

with D. nitroreducens. At the end of the incubation, even the acridone signal decreased, 

suggesting the existence of further steps in the metabolic pathway of acridine-like TPs 

in inoculated roots. However, no TP related to further metabolism could be identified 

under the conditions used. 

 

4.3.3.5. Transformation products in root extracts 

After 21 days of incubation, metabolites were extracted from the root cultures. The 

composition of TPs identified previously in the media was determined in root extracts 

(Fig. 31). The amount of CBZ found in root extracts inoculated with endophytic bacteria 

was twice as high as in HR extracts, confirming the observations made in removal 

experiments with concentrations 10 and 25 µM (Fig. 17). TPs of the diol pathways were 

equally distributed in HRs and inoculated HRs with a slight higher prevalence for the 

2,3-diol pathway in roots inoculated with R. radiobacter. Acridine-related TPs were 

ten-fold higher in HRs inoculated with D. nitroreducens. This strain caused a high 

accumulation particularly of 9-acridine carboxaldehyde and acridine in root tissues 

with 10-fold and 20-fold increases respectively. Considering absolute amounts, this 

was the most relevant metabolic sub-pathway found in root extracts. Metabolites 

derived from GSH conjugation and subsequent degradation products were present in 

higher amounts in non-inoculated HRs. Particularly, CBZE-CYS was accumulated in 

great amounts in root tissues after 21 days of incubation. 
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4.3.4. Proteomics analyses in hairy root cultures 

To study in more detail the nature of interactions established between endophytic 

bacteria and plant roots, extracellular proteins in the media of HR cultures exposed to 

CBZ were characterized by tandem mass spectrometry. Samples from three 

independent biological replicates were harvested and analysed in a LC-QTOF mass 

spectrometer. Sampling was done after 4 days of incubation, once bacterial population 

were presumably well established and metabolically active inside the root tissues. 

 

Figure 31: Summarizing carbamazepine (CBZ) transformation products in root extracts. Composition of the different 
transformation products identified in root extracts during carbamazepine metabolism in A. rusticana hairy roots (HRs) and hairy 
roots inoculated with the endophytic bacteria R. radiobacter (HRs 58) and D. nitroreducens (HRs 55). Extracts were performed 
after 21 days of incubation in 250 µM CBZ. µMPeak area is in unit of mAU/g FW. Data are means ± SD of three replicates. 
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MS/MS spectra obtained were assigned to distinct tryptic peptides, allowing the 

identification of non-redundant proteins using the SwissProt database. Differences in 

the composition of the exoproteomes between treated and non-treated HRs as well as 

between treated HRs and treated HRs inoculated with endophytic bacteria were 

observed and analysed. 

 

When HRs were cultivated in MS medium, 32 different plant proteins were identified 

in the growth medium (Table 20). Proteins were classified per biological processes in 

which they were involved. The main functions found were redox homeostasis and 

oxidative stress with 34% of the total proteins, biosynthesis of primary metabolites 

(amino acids, carbohydrates and lipids) with 19%, and defence response with 13%. 

Other minor functional categories were identified such as growth, cell wall structure 

and organization, protein signalling, transport and degradation, signalling, and lipid 

transport and metabolism, with 3% of the proteins in each of them. 

 

When CBZ was added to the nutrient medium, the total amount of plant proteins 

detected increased to 90 (Table 21). The functional composition of the secreted 

proteome displayed some significant variations depending on treatment (Fig. 32). Two 

functional groups showed a decrease in the number of proteins affiliated to them: 

proteins involved in biosynthesis of primary metabolites dropped from 19 to 14% of 

the total proteins and proteins involved in redox homeostasis and oxidative stress 

decreased from 34 to 28%. On the other hand, identified proteins involved in cell wall 

structure and organization, signalling and defence increased when HRs were exposed 

to CBZ. 
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Table 20: Proteins identified in the nutrient medium of A. rusticana hairy roots after 4 days of incubation. 

Entry Protein name Functional classification 

P38562 Glutamine synthetase root isozyme 4 (EC 6.3.1.2) Aminoacids biosynthesis 

 Q94JQ4 Reactive Intermediate Deaminase A, chloroplastic (EC 3.5.99.10) 

Q42656 α-galactosidase (EC 3.2.1.22)  Carbohydrate metabolism 

 

 

 

Q9C525 β-glucosidase 21 (EC 3.2.1.21) 

Q9SSG3 HIPL1 protein 

P86074 Malate dehydrogenase, mitochondrial (EC 1.1.1.37)  

Q38913 Extensin-1  Cell wall structure and 

organisation 

O04310 Jacalin-related lectin 34 Defence  

 

 

 

Q42952 Non-specific lipid-transfer protein 1  

Q9LLR6 Non-specific lipid-transfer protein 4 (LTP 4) 

Q9LSB4 TSA1-like protein 

Q42783 Biotin carboxyl carrier protein of acetyl-CoA carboxylase, chloroplastic  Fatty acid biosynthesis 

Q9FM65 Fasciclin-like arabinogalactan protein 1 Growth 

Q1H583 GDSL esterase/lipase 22 (EC 3.1.1.-)  Lipids transport and 

catabolism 

P32746 Dihydroorotate dehydrogenase (quinone), mitochondrial (EC 1.3.5.2)  Nucleotide biosynthesis 

P69310 Ubiquitin Protein signaling and 

degradation 

Q05431 L-ascorbate peroxidase 1, cytosolic (EC 1.11.1.11) Redox homeostasis/ oxidative 

stress 

 

 

 

 

 

 

 

 

 

 

Q96518 Peroxidase 16 (EC 1.11.1.7)  

Q9LSY7 Peroxidase 30 (EC 1.11.1.7)  

Q9LHB9 Peroxidase 32 (EC 1.11.1.7) 

Q96522 Peroxidase 45 (EC 1.11.1.7)  

Q43731 Peroxidase 50 (EC 1.11.1.7) 

P80679 Peroxidase A2 (EC 1.11.1.7) 

P00433 Peroxidase C1A (EC 1.11.1.7) 

P15233 Peroxidase C1C (EC 1.11.1.7) 

P00434 Peroxidase P7 (EC 1.11.1.7)  

O22263 Protein disulfide-isomerase like 2-1 (EC 5.3.4.1) 

Q9M8T0 Probable inactive receptor kinase At3g02880 Signalling 

Q9SJ81 Fasciclin-like arabinogalactan protein 7 Unclassified 

 

 

 

Q9ZWA8 Fasciclin-like arabinogalactan protein 9 

Q8W4H8 Inactive GDSL esterase/lipase-like protein 23 

Q39366 Putative lactoylglutathione lyase (EC 4.4.1.5) 
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Table 21Proteins identified in the nutrient medium of A. rusticana hairy roots exposed to 250 µM carbamazepine after 4 days of 
incubation. 

Entry Protein name Functional classification 

Q67XZ3 β-fructofuranosidase, insoluble isoenzyme CWINV3  (EC 3.2.1.80) Carbohydrate metabolism 

 

 

 

 

 

 

 

 

P45582 β -galactosidase (Lactase) (EC 3.2.1.23) 

Q9SCV4 β -galactosidase 8 (Lactase 8) (EC 3.2.1.23)  

Q9C525 β -glucosidase 21 (EC 3.2.1.21) 

Q9SJQ9 Fructose-bisphosphate aldolase 6, cytosolic (EC 4.1.2.13) 

Q9LF98 Fructose-bisphosphate aldolase 8, cytosolic (EC 4.1.2.13) 

P46257 Fructose-bisphosphate aldolase, cytoplasmic isozyme 2  

(EC 4.1.2.13) 

Q9ZU91 Glucan endo-1,3-beta-glucosidase 3 (EC 3.2.1.39) 

Q93Z08 Glucan endo-1,3-beta-glucosidase 6 (EC 3.2.1.39) 

Q9SSG3 HIPL1 protein 

Q43744 Malate dehydrogenase, mitochondrial (EC 1.1.1.37) 

Q38913 Extensin-1  Cell wall structure and 

organization 

 

 

 

 

 

 

 

Q9LXD9 Probable pectinesterase/pectinesterase inhibitor 51  

Q38910 Probable xyloglucan endotransglucosylase/hydrolase protein 23 (EC 

2.4.1.207) 

Q9FKL8 Putative xyloglucan endotransglucosylase/hydrolase protein 13  

(EC 2.4.1.207) 

Q38857 Xyloglucan endotransglucosylase/hydrolase protein 22  

(EC 2.4.1.207) 

P24806 Xyloglucan endotransglucosylase/hydrolase protein 24 (EC 2.4.1.207) 

Q9FZ37 Putative UDP-glucuronate:xylan alpha-glucuronosyltransferase 4 (EC 2.4.1.-) 

P80828 54 kDa cell wall protein  

P34893 10 kDa chaperonin, mitochondrial (Chaperonin 10)  Defence 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

P19172 Acidic endochitinase (EC 3.2.1.14) 

P28814 Barwin 

P19171 Basic endochitinase B (EC 3.2.1.14) 

Q06209 Basic endochitinase CHB4 (EC 3.2.1.14) 

F4HWQ8 Cell wall / vacuolar inhibitor of fructosidase 1 (AtC/VIF1) 

Q9LNU1 CO(2)-response secreted protease (EC 3.4.14.10) 

O24331 Defensin-like protein 4 

O04310 Jacalin-related lectin 34 

P05087 Leucoagglutinating phytohemagglutinin (PHA-L) 

Q941R6 MLP-like protein 31 

Q9ZVF3 MLP-like protein 328 

Q9C7F7 Non-specific lipid transfer protein GPI-anchored 1 

A0A161 Non-specific lipid-transfer protein 1  

Q9LLR6 Non-specific lipid-transfer protein 4 (LTP 4) 

Q9FMH8 Probable cysteine protease RD21B (EC 3.4.22.-) 

Q9LSB4 TSA1-like protein 
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Entry Protein name Functional classification 

Q42533 Biotin carboxyl carrier protein of acetyl-CoA carboxylase 1, chloroplastic Fatty acid biosynthesis 

 Q9LLC1 Biotin carboxyl carrier protein of acetyl-CoA carboxylase 2, chloroplastic  

Q9FM65 Fasciclin-like arabinogalactan protein 1 Growth 

 Q9SZ11 Glycerophosphodiester phosphodiesterase GDPDL3 (EC 3.1.4.46)  

Q9SHY6 Putative expansin-B2  

Q9ZPW9 Non-specific lipid-transfer protein 8 Lipid transport and catabolism 

Q1H583 GDSL esterase/lipase 22 (EC 3.1.1.-)  

Q42342 Cytochrome b5 isoform E Oxidation-reduction 

 

 

P00052 Cytochrome c 

O80517 Uclacyanin-2  

O04496 Aspartyl protease AED3 (EC 3.4.23.-)  Protein signalling, transport and 

degradation Q56WF8 Serine carboxypeptidase-like 48 (EC 3.4.16.-) 

Q7XA74 Inactive GDSL esterase/lipase-like protein 25 

Q6NMS0 Glutathione S-transferase U12 (EC 2.5.1.18)  Redox homeostasis and 

oxidative stress 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Q9SVG4 Berberine bridge enzyme-like 19 (EC 1.1.1.-)  

P22196 Cationic peroxidase 2 (EC 1.11.1.7)  

Q9SI17 Peroxidase 14 (EC 1.11.1.7) 

Q9SI16 Peroxidase 15 (EC 1.11.1.7)  

O23044 Peroxidase 3 (EC 1.11.1.7) 

P24101 Peroxidase 33 (EC 1.11.1.7)  

Q9SUT2 Peroxidase 39 (EC 1.11.1.7)  

Q9SZB9 Peroxidase 47 (EC 1.11.1.7)  

Q43731 Peroxidase 50 (EC 1.11.1.7) 

Q9SZE7 Peroxidase 51 (EC 1.11.1.7)  

Q9FG34 Peroxidase 54 (EC 1.11.1.7)  

Q9LXG3 Peroxidase 56 (EC 1.11.1.7)  

Q9FKA4 Peroxidase 62 (EC 1.11.1.7) 

Q9FMI7 Peroxidase 70 (EC 1.11.1.7)  

P80679 Peroxidase A2 (EC 1.11.1.7) 

P00433 Peroxidase C1A (EC 1.11.1.7) 

P15233 Peroxidase C1C (EC 1.11.1.7) 

P59121 Peroxidase E5 (EC 1.11.1.7) 

Q42517 Peroxidase N (EC 1.11.1.7)  

P00434 Peroxidase P7 (EC 1.11.1.7)  

Q9XI01 Protein disulfide isomerase-like 1-1 (EC 5.3.4.1) 

Q9SRG3 Protein disulfide isomerase-like 1-2 (EC 5.3.4.1) 

O22263 Protein disulfide-isomerase like 2-1 (EC 5.3.4.1) 

Q39241 Thioredoxin H5  

Q9LV60 Cysteine-rich repeat secretory protein 55 Signalling 

 

 

 

O82328 Gibberellin-regulated protein 7  

Q9M8T0 Probable inactive receptor kinase At3g02880 

Q9LUL4 Protein STRUBBELIG-RECEPTOR FAMILY 7  
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Entry Protein name Functional classification 

Q9SIT1 Receptor-like kinase TMK3 (EC 2.7.11.1) Signalling 

Q9SA89 Berberine bridge enzyme-like 12 (EC 1.1.1.-) Unclassified 

 

 

 

 

 

 

 

 

Q9FKU9 Berberine bridge enzyme-like 25 (EC 1.1.1.-) 

Q9SK27 Early nodulin-like protein 1  

Q9SU13 Fasciclin-like arabinogalactan protein 2 

Q9SJ81 Fasciclin-like arabinogalactan protein 7 

Q9ZWA8 Fasciclin-like arabinogalactan protein 9 

Q8W4H8 Inactive GDSL esterase/lipase-like protein 23 

Q9LE22 Probable calcium-binding protein CML27  

Q39366 Putative lactoylglutathione lyase (EC 4.4.1.5) 

P55748 Serine carboxypeptidase II-2 (EC 3.4.16.6) 

P48522 Trans-cinnamate 4-monooxygenase (EC 1.14.13.11) 

 

 

When HRs were inoculated with D. nitroreducens, 84 distinct proteins were identified 

in the nutrient media after 4 days. When roots were inoculated with R. radiobacter, this 

number even increased to 120 proteins. From the total number of distinct proteins 

identified in all conditions, 16 proteins were found in the nutrient medium when HRs 

were incubated with or without previous inoculation (Fig. 33). Five proteins were 

found in the nutrient medium of HRs and inoculated HRs with R. radiobacter. This 

number increased to 38 proteins shared by HRs and HRs inoculated with D. 

 

Figure 32: Functional classification of proteins identified after 4 days in the nutrient media of A. rusticana hairy root cultures (A) 
and hairy root cultures exposed to 250 µM carbamazepine (B). Samples were taken in triplicates form the nutrient media after 
4 days of incubation and analysed by tandem mass spectrometry. Proteins were identified and assigned to biological processes 
using the SwissProt database. 
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nitroreducens. 5 proteins were identified in both media of inoculated HRs. Still, big 

differences were found between the different conditions, and some proteins seemed to 

be very exclusive for each condition. Roots inoculated with the endophytic strain R. 

radiobacter presented the highest number of exclusive proteins. Indeed, from a total of 

294 proteins, 93 proteins were identified only in the nutrient medium of HRs 

inoculated with R. radiobacter (Table 22). Finally, 30 proteins were exclusive to non-

inoculated HRs whereas 24 were specific to inoculated HRs with D. nitroreducens. 

(Table 23). 

  

 

Figure 33: Venn diagram showing the number of plant proteins identified in nutrient media from A. rusticana hairy root cultures 
void of or inoculated with endophytic bacteria and exposed to 250 µM carbamazepine. The numbers of proteins detected 
through identification is indicated in each category (HRs, HRs inoculated with R. radiobacter (HR47) and HRs inoculated with D. 
nitroreducens (HR55)). Samples were taken after 4 days of incubation. 
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Table 22: Proteins identified in the nutrient medium of inoculated A. rusticana hairy root cultures with R. radiobacter and exposed to 
250 µM carbamazepine, after 4 days of incubation. 

Entry Protein names Functional classification 

O50039 Ornithine carbamoyltransferase, chloroplastic (EC 2.1.3.3)  Amino acid biosynthesis 

O65396 Aminomethyltransferase, mitochondrial (EC 2.1.2.10)  

O50008 5-methyltetrahydropteroyltriglutamate--homocysteine 

methyltransferase 1 (EC 2.1.1.14)  

P46248 Aspartate aminotransferase, chloroplastic (EC 2.6.1.1)  

O04937 Glutamate dehydrogenase A (GDH A) (EC 1.4.1.3) 

Q9SRV5 5-methyltetrahydropteroyltriglutamate--homocysteine 

methyltransferase 2 (EC 2.1.1.14) 

P31265 Translationally-controlled tumor protein 1 (TCTP1) Auxin homeostasis 

P48491 Triosephosphate isomerase, cytosolic (TIM) (EC 5.3.1.1) Carbohydrate metabolism 

P93819 Malate dehydrogenase 1, cytoplasmic (EC 1.1.1.37) 

Q9SML8 Malate dehydrogenase, cytoplasmic (EC 1.1.1.37) 

O04955 Glutathione reductase, cytosolic (GR) (EC 1.8.1.7) Cell redox homeostasis 

Q93WJ8 Monodehydroascorbate reductase 2 (EC 1.6.5.4) 

Q9M5K3 Dihydrolipoyl dehydrogenase 1, mitochondrial (EC 1.8.1.4)  

Q9XEX2 Peroxiredoxin-2B (EC 1.11.1.15) 

Q9M9P3 UTP--glucose-1-phosphate uridylyltransferase 2 (EC 2.7.7.9) Cell wall organization, stress 

response 

Q96266 Glutathione S-transferase F8, chloroplastic (EC 2.5.1.18)  Defence response 

O81235 Superoxide dismutase [Mn] 1, mitochondrial (EC 1.15.1.1)  

P22953 Probable mediator of RNA polymerase II transcription subunit 37e 

(Heat shock 70 kDa protein 1) 

Q1JPL7 Pectinesterase/pectinesterase inhibitor 18 (EC 3.1.1.11) 

Q9SRZ6 Cytosolic isocitrate dehydrogenase [NADP] (EC 1.1.1.42) 

Q9SSK7 MLP-like protein 34 

Q0JJ01 BTB/POZ domain and ankyrin repeat-containing protein NPR2  Defence response, protein 

degradation 

P85121 Ferredoxin Electron transport chain 

Q42783 Biotin carboxyl carrier protein of acetyl-CoA carboxylase, 

chloroplastic (BCCP) 

Fatty acid biosynthesis 

P21820 Triosephosphate isomerase, cytosolic (TIM) (EC 5.3.1.1) Glycolysis 
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Entry Protein names Functional classification 

O04499 2,3-bisphosphoglycerate-independent phosphoglycerate mutase 

1 (EC 5.4.2.12) 

Q42962 Phosphoglycerate kinase, cytosolic (EC 2.7.2.3) 

Q9FXM5 Glucose-6-phosphate isomerase, cytosolic (GPI) (EC 5.3.1.9)  

Q9LD57 Phosphoglycerate kinase 1, chloroplastic (EC 2.7.2.3) 

Q9M9K1 Probable 2,3-bisphosphoglycerate-independent 

phosphoglycerate mutase 2 (EC 5.4.2.12) 

Q9SAJ4 Phosphoglycerate kinase 3, cytosolic (EC 2.7.2.3) 

Q96262 Plasma membrane-associated cation-binding protein 1  Ion response 

Q9SYT0 Annexin D1  Ion transport 

Q93ZR6 O-acyltransferase WSD1 (Diacylglycerol O-acyltransferase) (EC 

2.3.1.20) 

Lipid biosynthesis 

 

 

P42643 14-3-3-like protein GF14 chi  Metabolism 

 P57751 UTP--glucose-1-phosphate uridylyltransferase 1  

(EC 2.7.7.9) 

Q56XG6 DEAD-box ATP-dependent RNA helicase 15 (EC 3.6.4.13) mRNA transport 

Q9LMK7 Ran-binding protein 1 homolog a (Ran-binding protein siRanBP) 

Q9M7P6 Nucleoside diphosphate kinase (EC 2.7.4.6) Nucleotide biosynthesis 

P00063 Cytochrome c Oxidation-reduction 

 P26852 Cytochrome b (Complex III subunit 3)  

P15232 Peroxidase C1B (EC 1.11.1.7) Oxidative stress 

P17180 Peroxidase C3 (EC 1.11.1.7) 

P21276 Superoxide dismutase [Fe] 1, chloroplastic (EC 1.15.1.1) 

Q9FPF0 Protein DJ-1 homolog A  

Q9M0V6 Ferredoxin--NADP reductase, root isozyme 1, chloroplastic (EC 

1.18.1.2) 

Photosynthesis 

O23715 Proteasome subunit alpha type-3 (EC 3.4.25.1)  Protein degradation 

P35135 Ubiquitin-conjugating enzyme E2-17 kDa (EC 2.3.2.23) 

P69310 Ubiquitin 

Q8LC69 RING-H2 finger protein ATL8 (EC 2.3.2.27) 

Q9SVD7 Ubiquitin-conjugating enzyme E2 variant 1D 
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Entry Protein names Functional classification 

P24525 Peptidyl-prolyl cis-trans isomerase (PPIase) (EC 5.2.1.8) Protein folding 

Q38867 Peptidyl-prolyl cis-trans isomerase CYP19-3 (PPIase CYP19-3) (EC 

5.2.1.8)  

Protein folding 

Q38900 Peptidyl-prolyl cis-trans isomerase CYP19-1 (PPIase CYP19-1) (EC 

5.2.1.8) 

Protein folding 

Q8GUM2 Heat shock 70 kDa protein 9, mitochondrial Protein folding 

Q9LDZ0 Heat shock 70 kDa protein 10, mitochondrial  Protein folding, defence 

Q9ASS6 Photosynthetic NDH subunit of lumenal location 5, chloroplastic 

(EC 5.2.1.8) 

Protein folding, transport 

P31542 ATP-dependent Clp protease ATP-binding subunit ClpA homolog 

CD4B, chloroplastic 

Protein metabolism 

P42730 Chaperone protein ClpB1  Protein metabolism 

P84557 GTP-binding nuclear protein Ran  Protein transport 

Q53PC7 Coatomer subunit beta-1  Protein transport 

Q9CA23 Ubiquitin-fold modifier 1 Protein Ufmylation 

Q9ZSK4 Actin-depolymerizing factor 3 (ADF-3)  Response to oxidative stress 

Q42418 Profilin-2 Root development 

Q9M0A7 -glutamyl peptidase 1 (EC 3.4.19.-) Secondary metabolism 

Q944P7 Leucine aminopeptidase 2, chloroplastic (EC 3.4.11.1) Senescence 

P34790 Peptidyl-prolyl cis-trans isomerase CYP18-3 (EC 5.2.1.8)  Signaling 

 Q01525 14-3-3-like protein GF14 omega  

Q43348 Acid beta-fructofuranosidase 3, vacuolar (EC 3.2.1.26)  

Q38882 Phospholipase D alpha 1 (EC 3.1.4.4) Signaling, lipid catabolism 

P30184 Leucine aminopeptidase 1 (EC 3.4.11.1)  Stress response 

P39207 Nucleoside diphosphate kinase 1 (EC 2.7.4.6) 

P55852 Small ubiquitin-related modifier 1 

Q9LZ66 Assimilatory sulfite reductase (ferredoxin), chloroplastic (EC 

1.8.7.1) 

Transcription 

regulation 

P42731 Polyadenylate-binding protein 2 (PABP-2)  

P93736 Valine-tRNA ligase, mitochondrial 1 (EC 6.1.1.9) 

Q39779 Acyl-CoA-binding protein (ACBP) Transport 

O04487 Probable elongation factor 1-gamma 1 (EF-1-gamma 1) Unclassified 
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Entry Protein names Functional classification 

O80699 Putative Tubby-like protein 4 (AtTLP4)  

P07803 Non-symbiotic hemoglobin  

P0DH95 Calmodulin-1 (CaM-1) 

P41372 Profilin-1 

P48006 Elongation factor 1-delta 1 (EF-1-delta 1) 

P85919 Unknown protein 14 (Fragment) 

Q2PS27 Translationally-controlled tumor protein homolog (TCTP) 

Q41649 FK506-binding protein 2 (EC 5.2.1.8) 

Q7G7C7 Signal peptide peptidase-like 1 (EC 3.4.23.-) 

Q8L831 Nudix hydrolase 3 (EC 3.6.1.-) 

Q93ZA3 Berberine bridge enzyme-like 13 (EC 1.1.1.194) 

Q944W6 Translationally-controlled tumor protein homolog (TCTP) 

Q94AZ4 Probable calcium-binding protein CML13  

Q9FM19 Hypersensitive-induced response protein 1  

Q9LPC3 Berberine bridge enzyme-like 1 (EC 1.1.1.-) 
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Table 23: Proteins identified in the nutrient medium of inoculated hairy root cultures with D. nitroreducens and exposed to 250 µM 
carbamazepine, after 4 days of incubation. 

Entry Protein names Functional classification 

Q94JQ4 Reactive Intermediate Deaminase A, chloroplastic (EC 3.5.99.10)  Aminoacid biosynthesis 

Q9FXT4 --galactosidase (EC 3.2.1.22)  Carbohydrate metabolism 

Q9SLA0 --glucosidase 14 (EC 3.2.1.21) 

Q8VZJ2 Probable glucan endo-1,3-beta-glucosidase (EC 3.2.1.39) 

Q56UD1 -fructofuranosidase, insoluble isoenzyme 5 (EC 3.2.1.26)  

A7PZL3 Probable polygalacturonase (PG) (EC 3.2.1.15)  

Q6NKW9 Glucan endo-1,3-beta-glucosidase 8 (EC 3.2.1.39) Carbohydrate metabolism, 

cell wall, defence 

Q9FS16 Extensin-3  Cell wall organization 

Q9ZSU4 Xyloglucan endotransglucosylase/hydrolase protein 14 (EC 

2.4.1.207) 

O80803 Probable xyloglucan endotransglucosylase/hydrolase protein 17 

(EC 2.4.1.207) 

Q84LF2 5-epi-aristolochene synthase 3 (EC 4.2.3.61) Defence response 

Q9FLG1 -D-xylosidase 4 (EC 3.2.1.37) 

O65719 Heat shock 70 kDa protein 3  

Q8W593 Probable lactoylglutathione lyase, chloroplastic (EC 4.4.1.5)  

Q93ZH0 LysM domain-containing GPI-anchored protein 1 

Q9SD84 PLASMODESMATA CALLOSE-BINDING PROTEIN 2 

P00059 Cytochrome c Oxidation-reduction 

Q05431 L-ascorbate peroxidase 1, cytosolic (AP) (EC 1.11.1.11) Oxidative stress 

Q9SN20 Putative F-box protein  Protein degradation 

Q9LRJ9 Cysteine-rich repeat secretory protein 38 Signaling 

Q9AWS0 AP2/ERF and B3 domain-containing protein  Transcription 

P21529 Serine carboxypeptidase 3 (EC 3.4.16.5)  Unclassified 

Q9FZP1 Heparinase-like protein 3 (EC 3.2.-.-) 

Q9M5J9 Polygalacturonase inhibitor 1 
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5. Discussion 

Fresh water is one of the most important natural resources for human activities. On the 

planetary scale, only the 3% of total water in earth is fresh water, the rest is sea water. Over two 

thirds of the fresh water is immobilized in glaciers and polar caps. A very small fraction is present 

on the surface and atmosphere, and the biggest part of exploitable fresh water is stored as 

groundwater. Unfortunately,  groundwater recharge is dramatically decreasing in the last years 

due to climate change (Gleeson et al., 2012). Moreover, the continuous growth of the world 

population and the intensive urbanization is leading to an increase of water usage for human 

activities. To face this increasing demand in fresh water and to decrease the stress on the water 

cycle, the reuse of treated wastewater is an option gaining importance. 

 

To énsuré “good écological and chémical status” for all Community watérs, thé Européan Union 

has established a Community framework for water protection and management. In this context, 

the EU Water Framework Directive was published in 2000, aiming at intensifying the 

monitoring of pollutants in ecosystems and enhancing the control of contaminants 

release, to keep waterbodies clean and safe (EU Water Framework Directive 2000). In 

2008, 33 priority substances were identified as dangerous to water and 13 other were proposed 

to be identified as priority substances (Directive 2008/105/EC, 2008). This list was 

updated in 2013 to 45 priority substances (Directive 2013/39/EU, 2013). Besides the 

traditional pollutants, emerging contaminants are of increasing concern. In recent years, 

pharmaceutical compounds and metabolites have been found not only in surface and ground 

water, but even in the drinking water supplies of many countries. In 2015, for the first time, the 

European commission included three pharmaceuticals in a watch list of 17 compounds that 

must be monitored in surface waters within the EU (Decision 2015/495/EU, 2015). Some of 

these compounds have shown to be very recalcitrant, and are not completely removed using 

traditional methods. To meet appropriate water quality requirements, the use of plants is a 

complementary tool to other physicochemical treatments that may not be sufficient. In fact, 

plants can act as living filters for such compounds, and can be used to phytoremediate polluted 

waters (Schröder et al., 2002). 
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CWs are currently used to treat wastewater effluents. These artificial systems are based on the 

ability of natural wetlands to remove pollutants from water and improve water quality. Physical, 

chemical and biological processes favouring the removal of pollutants occur simultaneously in 

these complex systems (Zhang et al., 2014). Thus, the control of factors like volatilization, 

sorption, sedimentation, photodegradation, plant uptake or microbial degradation, will 

determine the final removal efficiency of the system for a given compound. Plant uptake 

depends on the physicochemical properties of the compound, the plant species and the 

environmental conditions. Considering that the first and the last are predetermined by the 

location and the compound to remove, the choice of the plant species will determine the degree 

of achievement and applicability of CWS for the removal of contaminants. For an efficient 

removal of compounds consistently found in wastewater worldwide, the plant should have a 

high biomass, an extended root system, high transpiration rate and an ample distribution and 

adaption to different habitats. P. australis meets all these constraints and therefore is the second 

most used species in CWs  (Vymazal, 2011). 

 

In this chapter, the previously presented experimental results are critically discussed in context 

with the current scientific knowledge in the field and recommendations for applications in 

wastewater treatment are given. 

 

5.1. Phytoremediation of carbamazepine: plant uptake and oxidative stress 

5.1.1. Carbamazepine uptake in Armoracia rusticana hairy roots 

CBZ removal by HRs was studied in short time experiments with initial CBZ 

concentrations of 10 and 25 µM spiked to the media. These concentrations were chosen 

because of their ecological relevance, representing concentrations frequently found in 

WWTP effluents (Zhang et al., 2008). HRs removed about 5% and 4% of the initial 

concentration (10 and 25µM respectively) after 6 days of incubation. The total amount 

of CBZ removed increased with the initial concentration of the treatment. Given that 

the removal of CBZ strongly correlated with the initial concentration in the media (r = 

0.99), we suggest that CBZ moves into root tissues driven by simple diffusion. 

Generally, it is expected that organic xenobiotics with optimum hydrophobicity (log 

KOW between 0.5 and 3.5) are readily taken up by plants (Barac et al., 2004).  
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5.1.2. Carbamazepine uptake in Phragmites australis 

Several studies have reported CBZ uptake into crop plants such as lettuce (Hurtado et al., 2016), 

maize (Ryšlavá ét al., 2015) or cucumber (Shenker et al., 2011) among others. Recently the 

uptake of CBZ into the wetland species Typha latifolia has been demonstrated (Dordio et al., 

2011). The authors performed a treatment with 2 mg/L CBZ and showed a removal of 28% after 

7 days. In our study with P. australis, removal of 90% was observed after 9 days of incubation 

using a higher initial concentration (5 mg/L). CBZ removal after 7 days could be estimated to 

80% of the initial amount, still much higher than the results obtained with Typha. Measurements 

of CBZ remaining in the control pots after 9 days revealed no adsorption to the perlite or vessel 

walls over the time. Some studies have shown a correlation between uptake rates of organic 

xenobiotics in Phragmites and log KOW and pKa values of the xenobiotic.  Compounds exhibiting 

log KOWs between 1 and 3 present are taken up in higher amounts by this plant species (Schröder 

et al., 2008).  CBZ, with a log KOW of 2.45 shows better uptake in Phragmites than in Typha 

suggesting a greater transport from roots to shoots, a process highly influenced by the 

transpiration rate of the plant. However, Chazarenc and coworkers (2010) were not able to 

attribute any differences in evapotranspiration rates to the morphology of both species. Hence, 

other effects like plant biomass, ionic interactions, sorption etc. might be responsible for the 

higher retention of CBZ in Phragmites tissues. 

 

The effect of macrophyte species selection on pollutant removal in subsurface-flow CWs has 

been summarized in a review of 35 experimental studies published in peer-reviewed journals 

and proceedings (Brisson and Chazarenc, 2009). The authors found differences between plant 

species, even though these were not generalized, giving in some cases opposite results in 

different studies. Hijosa-Valsero and coworkers studied in 2010 the removal efficiency of CBZ 

among other PPCPs in seven mesocosm-scale CWs differing in some design parameters, 

including plant species (Hijosa-Valsero et al., 2010). In their study, they could not see any 

difference in the removal of CBZ in summer (48%), but they found small differences in winter, 

when P. australis removed higher amounts of CBZ than Typha angustifolia (36% against 34%). 

These observations led to the assumption that plant species does matter, although there are 

other factors like the composition of microbial communities that may play an important role in 

the removal efficiency in real conditions. 
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5.1.3. Antioxidants responses in Phragmites australis and role of GSTs 

When plants are exposed to stressful biotic or abiotic conditions, the production of reactive 

oxygen species (ROS) increases and can result in cell damage. To protect themselves against 

these oxidants, they need to maintain cellular redox homeostasis. Therefore, plants have 

evolved ROS-scavenging enzymes (superoxide dismutase (SOD), catalase (CAT), 

monodehydroascorbate reductase (MDAR), dihydroascorbate reductase (DHAR), glutathione 

reductase (GR), glutathione peroxidase (GP), asxcorbate peroxidase (APOX) and peroxidase 

(POX)) and antioxidant molecules like ascorbic acid, -tocopherols, glutathione, prolin, 

flavonoids and carotenoids (Trchounian et al., 2016). The underlying enzymatic network is 

referred to as the Halliwell-Asada-cycle, buffering ROS and their possible detrimental effects. 

The ability of the plant to surmount the overproduction of ROS and maintain the redox balance 

in the cells will determine its potential for CBZ uptake and accumulation. Thus, it seemed 

important to study ROS-scavenging enzymes in P. australis exposed to CBZ.  

 

Bartha (2012) showed a strong induction of the ROS scavenging enzymes GR, APOX and 

cytosolic POX in Typha latifolia shoots after 1 day of exposure to 1 mg/L of the pharmaceutical 

diclofenac (Bartha, 2012). From the third day onwards, the induction decreased and even was 

reverted in the case of GR and POX. In root tissues, POX was strongly induced from the first day 

on, reaching a maximum after 7 days and equalling values of control plants after 30 days. No 

differences between control and treated plants were observed in GR and APOX activities in 

roots. From these observations, it is obvious that plants react rapidly to xenobiotic exposure, and 

that it is generally possible to observe changes in ROS-scavenging enzymatic activities already 

after one day.  

 

Consequently, the antioxidant enzymatic responses of P. australis plants exposed to CBZ after 24 

and 48 h were investigated in this study. The activity of GR, APOX and cytosolic POX was assayed 

in protein extracts from roots, rhizomes and leaves of plants exposed to 100 µM CBZ. No 

statistically significant differences in any enzyme activity were observed between control and 

treated plants. GR, POX and APOX activities in leaves increased sensibly after treatment with 

CBZ. In roots, POX and APOX activities decreased after CBZ treatment and were lower for the 

next 48 h, while GR decreased immediately after treatment but recovered after 48 h. In 

rhizomes, there was a small induction only after 48 h. The Halliwell-Asada cycle is obviously set 
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to buffer the initial ROS dependent stress reaction. In general rhizomes showed a higher activity 

of these enzymes revealing a high metabolic activity in these tissues. However, the low reactive 

antioxidant enzymatic activity was concentrated in leaves and not in rhizomes revealing that 

metabolism of the compound takes place in the leaves and/or that the reactive metabolites are 

rapidly transported to the aerial part of the plant. Especially important is the role of peroxidases 

as they may be directly involved in the metabolism of CBZ, during the first oxidation steps of the 

parent compound. 

 

These findings suggest that Phragmites can deal well with this concentration of CBZ in the 

medium. Moreover, plants did not show any visible phytotoxic symptoms, maintaining a healthy 

appearance throughout the experiment. Together with the removal rates observed in our 

previous experiment, these results confirm that P. australis is a well-suited macrophyte species 

to remove CBZ from polluted water. Similar results were obtained in a study realized on 

ibuprofen uptake and transformation (He et al., 2017). 

 

Glutathione-S-transferases are a large enzyme family present in all plants. They are involved in 

a large array of functions including detoxification of xenobiotics and endobiotics, primary and 

secondary metabolism, stress tolerance, and cell signalling. They can be regarded as loosely 

connected to the Halliwell-Asada-cycle via the availability of GSH, It has been shown that GSTs 

tag xenobiotic molecules by conjugating them with glutathione for their vacuolar import by ABC 

transporters(Edwards and Dixon, 2005). Their elevated expression is gaining acceptance as 

marker for plant response to stress (Labrou et al., 2015). 

 

We determined the activity of GST enzymes in leaves, rhizomes and roots of treated plants, using 

different substrates to roughly identify the distribution of different isoforms of the enzyme in 

plant tissues. Again, higher activity was found in rhizomes. GST activity was slightly higher after 

treatment in leaves, without big differences between substrates used. In rhizomes, GST activity 

increased significantly after exposure to CBZ, especially after 48 h of incubation. The highest 

increase was observed after 48 h in rhizomes and using CDNB as substrate. In root tissues, an 

increase was observed only with fluorodifen after 24 h, recovering control values after 48 h.  
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An induction of GST activity in leaves and roots from P. australis exposed to paracetamol and 

diclofenac has been reported in previous studies (Neustifter, 2007). Similar observations were 

made in Typha plants (Bartha, 2012). Our results differ in root tissues, showing a faster transport 

of the compound to metabolically active parts of the plant like rhizomes or leaves. This difference 

can be attributable to the physicochemical characteristics of the compounds. In fact, compounds 

too hydrophobic or too hydrophilic cannot cross biological membranes, the first because they 

cannot dissolve into the phospholipid bilayer, the second because they are repelled by the 

plasma membrane. Polar compounds with log KOW between 1 and 3 like CBZ are most 

appropriate for uptake and translocation into aerial parts. 

 

5.2. Isolation of endophytic bacteria from reed to improve phytoremediation  

Plants and their microbiota form an inseparable and unique entity known as holobiont. A wide 

diversity of microorganisms inhabits inside and outside plant tissues (endosphere and 

ectosphere) contributing to some biological functions such as plant nutrition or resistance to 

biotic and abiotic stresses (Vandenkoornhuyse et al., 2015). The development of new omics 

approaches has shown that the plant microbiome may indeed play an important role in the 

removal of organic contaminants bringing a vast array of applications to the field of 

phytoremediation (Thijs et al., 2017). 

 

To study the role of plant microbiome in the plant holobiont metabolic functions such as 

xenobiotic removal there are two approaches. The first is the use of -omic tools to determine the 

community structure of exposed plants and to perform functional analyses on metagenomes at 

community level. The second is the cultivation approach which does not complete the full 

characterization of the community but allows working with isolated strains in sub-sequent re-

inoculation studies. In our work, we investigated the role of P. australis associated bacteria in the 

removal and metabolism of CBZ in plant roots as well as in other beneficial traits like plant fitness 

and growth using cultivation approaches. 

 

5.2.1. Rhizome associated microbial communities 

Our experiments on carbon source utilization and sensitive assays using Biolog GenIII plates 

showed a difference between rhizoplane and endophytic bacterial communities. Endophytic 
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bacteria could use more carbon sources than their homologs inhabiting the rhizoplane interface. 

This observation reveals a higher adaption of endophytic bacteria for utilization of different 

organic compounds that may be more abundant in the endosphere. Both communities could 

grow on different harmful substances such as antibiotics or NaCl 1% but were sensitive to higher 

salt concentrations. Rhizoplane bacteria could growth in more acidic conditions (pH 5) whereas 

endophytic bacteria were only able to grow at pH 6. These results show that functional traits in 

communities of plant associated bacteria evolve adapting to the environmental conditions of 

their niche. In CWs, continuous exposition to xenobiotics could be a driver for adaption to new 

carbon sources from which certain bacterial species could benefit, avoiding competition with 

other species. Isolation of these adapted species constitutes a valuable tool for improving 

pollutant removal and degradation in CWs.   

 

5.2.2. Endophytic bacteria from plants exposed to carbamazepine  

Considering that Phragmites is a wetland plant, its root system is most of the time submerged 

and therefore the rhizosphere environment remains mainly anoxic. However, in helophyte 

species like Phragmites, oxygen is transported to the roots and rhizomes through the 

aerenchyma (Schröder et al., 1986). If CBZ can easily cross biological membranes, and be 

transported into roots and rhizomes as numerous examples in the literature show (Herklotz et 

al., 2010; Dordio et al., 2011; Shenker et al., 2011; Goldstein et al., 2014; Malchi et al., 2014; 

Hurtado et al., 2016), endophytic bacteria inhabiting roots and rhizomes are good candidates to 

perform a fast and complete degradation of the compound because they inhabit a more aerobic 

environment inside plant cells or in the intracellular space. 

 

Endophytic bacteria were isolated from reed plants exposed to concentrations of CBZ 

mimicking those found usually in WWTPs. CBZ was always maintained on the culture media 

during isolation procedure to rapidly isolate and identify the potential beneficial microbiota. The 

potential of the endophytic community of reed plants for phytoremediation was investigated 

directly by removal experiments in liquid media and indirectly by determining plant growth 

promoting (PGP) traits. Besides contribution to CBZ removal, endophytic bacteria can help 

plants to cope with stress, contributing to plant fitness. Both characteristics are of high 

importance during treatment of wastewater in CWs. Three PGP traits were selected: the ability 

to (1) produce auxins and (2) iron chelating siderophores, and (3) to solubilize phosphate was 
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determined among the isolated strains. Auxins are involved directly in plant growth. The 

production of siderophores by rhizospheric bacteria could benefit the plant by chelating iron 

from the surrounding soil and making it available for the plant cell. Still, this property can be 

useful in an endophytic context. It has been suggested that siderophores can indirectly 

contribute to disease control by competing with phytopathogens for trace metals (Duffy and 

Défago, 1999).  Endophytes can also contribute to phosphorus uptake by the plant by releasing 

low molecular weight acids in the root and the rhizosphere environment.  

 

Li and coworkers described the endophytic bacterial community in roots of P. australis growing 

in a wetland in Beijing using a culture-independent technique (Li et al., 2010). They could 

identify 57 different endophytes, affiliated to Proteobacteria (78.9%), Firmicutes (9%), 

Bacteroidetes (6.6%), Fusobacteria (2.4%) and a few unidentified genera (3%). Interestlingly, 

our results using cultivation methods and a different geographical location show similar results. 

In our isolates, Proteobacteria was also the dominant phyllum (72.7%), followed by 

Bacteroidetes (13.6%) and Firmicutes (4.5%). In addition, we found members affiliated to 

Actinobacteria. Fusobacteria were not present among our isolates, surely because they are 

obligatory anaerobic. and our isolation was performed in aerobic conditions.  

 

The choice of the growth media is of great importance when isolating endophytic bacteria. To 

isolate a representative fraction of the entire community, cultivation techniques should mimic 

thé énvironméntal conditions in which strains grow usually “in planta”. Normally, thé usé of 

complex media is not advised because its high amount of nutrients may favor the growth of fast 

growing bacteria, impeding slow growing bacteria to develop posteriorly. Minimal media, with 

a limited amount of nutrients, are generally more appropriate because even though bacteria 

grow slowly, species of slow growing bacteria have more chances to develop. Although 

conditions like oxygen concentration, osmolarity, pressure or chemical signals derived from cell 

to cell communication that are characteristic of microhabitats occurring only in intracellular 

cavities are hard to reproduce on agar plates, most of the studies result in a diverse cultivable 

community. In fact, some studies have recently shown that the general assumption that only 

around 0.001–1% of the total endophytic community would be cultivable, may not correspond 

to the reality (Eevers et al., 2015a). The use of grow media containing plant extracts is an option 

that some scientists have applied to increase the possibilities for cultivation of recalcitrant 



 
Discussion 92 

species. Some studies have shown an improvement of growth of endophytic strains that were 

frozen for a long period but have failed in isolating a higher number of species (Eevers et al., 

2015b). For our isolation, we used one classical minimal medium (R2A) and one complex 

medium (PDA). The diversity of cultivable endophytic bacteria was higher in R2A agar plates 

from which bacteria affiliated to six different classes could be identified. In PDA agar plates, 

bacteria belonging to α-Proteobacteria and Firmicutes groups could not be isolated.  

 

Surprisingly, of 57 strains identified by sequencing, only one was represented among our 

isolates. This result reveals a high speciation of the root microbiome driven by the plant in 

response to specific external conditions (e.g., a high concentration of CBZ, substrate and water 

used in the greenhouse). In fact, we know now that besides the plant (species, cultivar, age, 

health, and developmental stage), a multitude of abiotic factors modulate structural and 

functional diversity of the rhizosphere microbiome (Berg et al., 2014). It has also been discussed 

that external factors imposed via the host plant such as soil, geographic factors, and 

anthropogenic management shape the overall structure and function of root microbiomes 

(Gaiero et al., 2013). 

 

Pseudomonas (-Proteobacteria) was the most abundant genus among our isolates. This is often 

the case when isolating or describing environmental samples and may be due to their 

adaptability to different external conditions, and in last instance by the flexibility and diversity 

of their genome (Silby et al., 2011). Their high metabolic diversity is reflected by the fact that 

several members of this genus have been used for the remediation of soils contaminated with 

many different organic pollutants such as hydrocarbons (Andria et al., 2009; Afzal et al., 2011). 

Relevant examples are TCE (Weyens et al., 2009; Weyens et al., 2010), naphthalene (Germaine 

et al., 2009) toluene (Weyens et al., 2009), and the herbicide 2,4-dichlorophenoxyacetic acid 

(Germaine et al., 2006). Indeed, the degradation pathways of polycyclic aromatic hydrocarbons 

(PAHs) have been described to be frequently present in this genus  (Seo et al., 2009). 

Furthermore, Pseudomonas has been studied as model for beneficial plant-microbe interaction 

(Sitaraman, 2015). Among our isolates, Pseudomonas moorei showed a slight CBZ removal from 

the liquid medium. All members affiliated to Pseudomonads showed all PGP traits tested. Two 

of them showed particularly high values. Pseudomonas linii is oxidase-positive, and denitrifies 

(Delorme et al., 2002) and Pseudomonas veronii possesses high oxidase and catalase activity, and 
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denitrifies (Elomari et al., 1996). Hence, these isolates could be beneficial partners for the 

phytoremediation of organic pollutants, especially in constructed wetlands, were the removal of 

excess nitrogen is needed. 

 

Rhizobium (-Proteobacteria) was the second most abundant genus with a representation of 

13.6% of all isolates. Rhizobium meliloti has been previously applied in PAH removal observing 

an ability of this strain to stimulate the rhizosphere degrading microflora (Teng et al., 2011). 

Among our isolates, Rhizobium daejeonense showed the highest uptake of CBZ (2.45%) and 

additionally, the highest production of IAA (23.04 µg/mL) and phosphate solubilization. The 

type strain was isolated from a cyanide-degrading bioreactor originally inoculated by an 

activated sludge from a municipal sewage treatment plant in Daejeon (Korea). This strain shows 

catalase and oxidase activity, forms nodules in M. sativa and contains a nifH gene encoding a 

component of the nitrogenase complex (Quan et al., 2005). Therefore, this strain was thought to 

be a good candidate for further inoculation studies. 

 

Also -Proteobacteria were widely represented among the isolates. Members of this class 

(together with -Proteobacteria) are important for plant development as they can oxidize 

ammonium to nitrite. Belonging to this group, Achromobacter xylosoxydans and Burkholderia sp. 

have been used for phytoremediation of catechol and phenol (Ho et al., 2012) and toluene 

(Weyens et al., 2012) respectively. Among our isolates, Achromobacter mucicolens and 

Diaphorobacter nitroreducens showed CBZ uptake but neither siderophore production nor 

phosphate solubilization. Nonetheless, A. mucicolens can grow in the presence of 3% NaCl, 

reduces nitrate and nitrite, denitrifies, exhibits oxidase activity and can grow anaerobicaly 

(Vandamme et al., 2013). D. nitroreducens was initially isolated from activated sludge. This strain 

has interesting characteristics for phytoremediation, such as denitrification, catalase activity, 

and degradation of poly(3-hydroxybutyrate) and poly(3-hydroxybutyrate-co-hydroxyvalerate) 

under aerobic and anaerobic denitrifying conditions (Khan and Hiraishi, 2002). 

 

With 13.6% of all isolates, Bacteroidetes was the third group found most abundant. 

Chryseobacterium taeanense showed positive results for the three PGP traits tested and for CBZ 

removal. Chryseobacterium species have been previously isolated from environmental samples, 
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showing degradation of carbazoles, a group of compounds structurally similar to CBZ (Guo et al., 

2008) and organochlorine pesticides like DDT and HCH (Qu et al., 2015). 

 

Another approach is the use of an enrichment culture for the isolation of bacteria involved in the 

degradation of xenobiotics This technique consists in enriching a determined strain or group of 

strains with a selective medium. We used a minimal medium containing CBZ as sole carbon 

source to enrich CBZ degraders among bacteria from rhizomes. With this approach 7 distinct 

species could be isolated and identified. Surprisingly, when these strains were grown separately 

again in liquid media with CBZ, they failed to grow. One hypothesis that could explain this result 

is that while these strains complete the degradation of CBZ when they grow together each of 

them participating in one or several steps, when they grow alone, they cannot complete the 

degradation pathway.  The establishment of bacterial consortia for xenobiotic removal has been 

already observed in studies with triclosan (Hay et al., 2001) or carbazole (Guo et al., 2008). The 

most significant study was the isolation of a marine microbial consortium from a beach polluted 

during the Prestige oil spill which is efficient in removing different hydrocarbon present in heavy 

fuel oil including three to five-ring PAHs (e.g. anthracene, fluoranthene, pyrene, 

benzo(a)anthracene, chrysene, and BaP)(Vila et al., 2010 reviewed in Ghosal et al., 2016). 

Further studies with these strains are needed to unravel the mechanisms behind this 

observation. 

 

In summary, 22 strains were isolated and identified. Distribution of the different endophytic 

strains was balanced between root and rhizome tissues. PGP traits were found in strains 

inhabiting both tissues. A higher presence of phosphate solubilizers was observed in rhizomes. 

In total, five strains could remove CBZ from liquid cultures. Seven isolates were chosen as best 

candidates for further inoculation studies. Out of these seven, three were able to remove CBZ 

and have PGP traits (Rhizobium daejeonense, Chryseobacterium taeanense and Pseudomonas 

moorei), two exhibit strong PGP traits (Pseudomonas veronii and Pseudomonas lini) and 2 

showed CBZ removal but no PGP traits (Diaphorobacter nitroreducens and Achromobacter 

mucicolens). The relatively low rates of CBZ removal are in accordance with research published 

until now. CBZ still remains a notorious compound for its poor elimination in microbial 

degradation studies. Removal levels were not higher than 30% across 20 studies examining lab 

and full scale subsurface flow, lab scale sequencing batch reactor, lab scale anaerobic digester, 
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pilot and lab scale membrane bioreactor, and full, pilot, and lab scale WWTP systems (Onesios 

et al., 2009). Therefore, cooperation between plants and associated bacteria is necessary for 

complete elimination of problematic compounds such as CBZ. Alone or in combination, the 

application of these endophytic strains to its host P. australis or other plant species could 

improve the plant fitness in xenobiotic stress conditions and contribute to CBZ removal in CWs.  

 

5.3. Interactions between plant roots and endophytic bacteria: 

carbamazepine metabolism 

As has been already emphasized, the plant and its microbiome form a unique identity known as 

holobiont. After exposure and uptake of a xenobiotic, transformation products (TPs) identified 

in plant tissues are a consequence of this holobiontic metabolism. In addition to the general 

mechanisms of detoxification present in plants, other microbial mechanisms may play a role 

during the transformation of a given parent compound in planta. To distinguish between both 

processes can be a difficult task, if not impossible. The use of a horseradish HR culture as a model 

to study interactions between plants and endophytic bacteria allowed us to dissect CBZ removal 

and transformation pathways in the plant holobiont.  

 

5.3.1. Carbamazepine removal from nutrient media 

The role of endophytic bacteria in CBZ removal by HRs was studied in short time 

experiments with initial CBZ concentrations of 10 and 25. When HRs were inoculated 

with R. radiobacter, removal significantly increased to 21% and 13% in treatments 

with 10 and 25 µM respectively. Cultures inoculated with D. nitroreducens were also 

able to remove more efficiently the CBZ present in the growth media than HRs alone, 

but to a lower extent (10% and 9%). Still, this represented twice the amount of CBZ 

removed by HRs not assisted by endophytic bacteria. As has been assumed previously, 

CBZ probably moves across membranes by simple diffusion, limiting the overall 

metabolism to enzymatic processes occurring inside the cell compartment. In absence 

of a driving force such as transpiration, transformation products with similar 

physicochemical properties to the parent compound can leave the cell by the same 

mechanism and will therefore be identifiable in the growth media. 
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5.3.2. Metabolism of carbamazepine in hairy roots and endophytic bacteria 

Metabolism of CBZ in HRs was studied at initial concentration of 250 µM. A first 

screening was performed with a group of selected strains. Based on CBZ removal and 

metabolic profile of the supernatants, two strains were selected to follow metabolism 

of CBZ in inoculated HRs for 21 days.  In total, 13 TPs were identified in the growth 

media by LC-QTOF-MS/MS. These TPs clustered in four hypothesized pathways, and 

their evolution during the incubation time was followed.  

 

5.3.2.1. The 10,11-diol pathway 

The 10,11-diol pathway has been extensively described in plants. CBZ is first oxidized 

to CBZ-10,11-epoxide. This is the main TP identified in root and leaves tissues from 

sweet potato and carrot as well as in leaves of cucumber and tomato (Goldstein et al., 

2014; Malchi et al., 2014). This first oxidation seems to be well conserved among 

different kingdoms, being reported as well in mammals (Lertratanangkoon and 

Horning, 1982), lignolytic fungi (Seiwert et al., 2015), and soil bacteria (Li et al., 2013b). 

This first oxidation step is achieved by cytochrome P450 and/or peroxidases and 

represents the initial activation of the parent compound, leading to other sub-

pathways. All chromatograms showed multiple peaks corresponding to a theoretical 

m/z 253.1071 revealing the co-elution of other epoxidized or hydroxylated TPs formed 

during the incubation. Thus, a reliable quantification for this metabolite was not 

feasible; a fact that had previously been observed in WWTP effluents (Bahlmann et al., 

2014). 

 

The first epoxidation is followed by cleavage and hydroxylation of the epoxy bond to 

render 10,11-dihydro-10,11-dihydroxy-CBZ, a reaction known to be catalysed by 

epoxide hydrolases in rat and human liver (Tybring et al., 1981), enzymes also present 

in all kingdoms of life. This TP was formed in the media from the first day and 

accumulated constantly until the last day of incubation in non-inoculated cultures. In 

HRs inoculated with endophytic bacteria, accelerated formation of the 10,11-dihydro-

10,11-dihydroxy-CBZ could be observed during the first day, followed by a decrease 

during the next three days. From the fourth day of incubation, the peak area increased 
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with lower rates than in control HR cultures. This trend suggests that the compound 

was further metabolized by endophytic bacteria, thus accumulating in media in lower 

amounts.  

 

The TP 10,11-dihydro-10-hydroxy-CBZ (10-OH-CBZ) could be identified in media 

sampled from control HR cultures and HR cultures inoculated with D. nitroreducens. In 

both cases, the peak area increased slowly from the first day on, albeit in higher 

concentration in non-inoculated HRs. This metabolite has previously been detected in 

wastewater (Leclercq et al., 2009) and fungi (Golan-Rozen et al., 2011) but no enzyme 

has been postulated for this reaction. In mammals, this metabolite has been identified 

as a product of oxcarbazepine and not of CBZ (Maggs et al., 1997). 

 

10,11-dihydro-10,11-dihydroxy-CBZ and 10-OH-CBZ were found in negative controls 

consisting of autoclaved HRs incubated with CBZ. The formation of these compounds 

in absence of biological matrices reveals a chemical oxidative pathway independent 

from plants or bacteria. However, the total amount accumulated was lower than in 

biological samples. When autoclaved HRs were inoculated with endophytic bacteria, 

10,11-dihydro-10,11-dihydroxy-CBZ was synthesized with a similar trend to this 

observed in healthy HRs but in lower amounts. Thus, we can conclude that bacteria and 

plants can degrade CBZ through the 10,11-diol pathway although plants are more 

efficient.  

 

5.3.2.2. The 2,3-diol pathway 

A sub-pathway involving successive oxidation reactions at the carbons 2 and 3 of the 

aromatic benzene group was identified in all samples with biological activity. CBZ was 

metabolized to 2,3-dihydro-2,3-dihydroxy-CBZ in HR cultures void of or inoculated 

with endophytic bacteria. This reaction can be achieved by 2,3 dioxygenation, or 

proceed via the epoxidation at carbons 2 and 3, followed by hydrolysis. The first is 

typical for bacterial degradation of polycyclic aromatic hydrocarbons (Seo et al., 2009). 

The second would include two steps with the participation of a CYP450 or a peroxidase 

and an epoxide hydrolase, more representative of plant metabolism. Both could occur 

in our model, one in HR cultures and the other in inoculated roots. Unfortunately, 
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epoxidation at the 2,3 position of the dibenzazepine ring could not be confirmed, since 

several peaks corresponding to its theoretical m/z were identified. As mentioned 

above, this array of metabolites with m/z 253.0971 could correspond to TPs formed 

by hydroxylation or epoxidation at different carbons on the aromatic ring (1-OH-CBZ, 

2-OH-CBZ, 3-OH-CBZ, 4-OH-CBZ, CBZ-1,2-epoxide, CBZ-2,3-epoxide, CBZ-3,4-epoxide, 

CBZ-1,4-epoxide) or on the central ring (CBZ-10,11-epoxide, oxcarbazepine) of the 

parent compound. Some of these metabolites have been found in wastewater and have 

shown similar, if not the same fragments under different collision energies (Bahlmann 

et al., 2014). 

 

The 2,3-dihydro-2,3-dihydroxy-CBZ was oxidized to 2,3-dihydroxy-CBZ (2,3-diOH-

CBZ). The formation of dihydrodiols and subsequent diol compounds is a conserved 

mechanism in bacterial degradation of PAHs such phenanthrene, naphthalene, 

fluoranthene, pyrene, and benzopyrene and is generally achieved by dehydrogenases 

(Seo et al., 2009).  

 

The 2,3-diOH-CBZ was oxidized to CBZ-2,3-quinone. This reaction can be catalyzed by 

a catechol oxidase, an enzyme of the polyphenol oxidase family. In plants, these 

enzymes are involved during oxidation of polyphenols to quinones. Their biological 

function remains enigmatic, but since they are induced under conditions of stress and 

pathogen attack, one of their functions seems to be involved in biotic and abiotic stress 

resistance (Mayer, 2006). The same reaction has been postulated to occur non-

enzymatically during the oxidation of 1,2-dihydroxynaphthalene to 1,2- 

naphthaquinone in bacterial metabolism of naphthalene (Auger, 1995). Since there 

was a burst in the production of this TP during the first days only in inoculated samples, 

it is suggested that both strains trigger antioxidant responses in plant roots and 

therefore activate a set of responses against stress.  

 

The 2,3-diol pathway exhibited a similar trend to the 10,11-diol pathway in its first 

steps. The evolution of 2,3-dihydro-2,3-dihydroxy-CBZ was comparable to those of 

10,11-dihydro-10,11-dihydroxy-CBZ but approximately 30% less. In contrast to 2,3-

dihydro-2,3-dihydroxy-CBZ, 2,3-diOH-CBZ and CBZ-2,3-quinone were more significant 
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in HRs inoculated with endophytic bacteria and specially with R. radiobacter. 

Moreover, 2,3-diOH-CBZ and CBZ-2,3-quinone were identified in negative controls 

inoculated with bacteria while there were negligible in autoclaved HRs. From these 

observations, it may be concluded that plants favour the first reaction involving 

CYP450s/peroxidases and epoxy hydrolases while bacteria prefer the 2,3-diol pathway 

where dehydrogenases and catechol oxidases would play an important role. 

 

5.3.2.3. The GSH pathway 

One of the mechanisms adopted by plants to detoxify xenobiotics is glutathione 

conjugation by GSTs and subsequent vacuolar compartmentation of the conjugates 

(Dixon et al., 1998). Several TPs derived from GSH conjugates were identified (TP374, 

TP431 and TP560). To confirm the nature of these TPs, chemical conjugations with GSH 

and cysteine were performed in vitro. When CBZE was incubated with GSH, a molecular 

ion peak at m/z 560.1809 was observed. The respective ion chromatogram showed a 

double peak with retention time 4.99-5.04 min, corresponding to the GSH adduct. 

Previous work had demonstrated that this double peak contains indeed two different 

diastereomers formed in the absence of biological matrices (Bu et al., 2005). Still, 

TP560 was found only in trace levels in HR cultures and HRs inoculated with 

endophytes, but in greater amounts when autoclaved roots were grown with R. 

radiobacter. Identical retention and fragmentation patterns were obtained during 

collision experiments on the precursor ion in biological samples and in chemically 

synthesized GSH adducts. These findings allowed us to finally identify TP560 as 10,11-

dihydro-10-hydroxy-11-glutathionyl-CBZ (CBZE-GSH). 

 

Following  GSH conjugation, xenobiotic conjugates can  further be degraded to the 

réspéctivé γ-glutamylcysteinyl- and subsequent cysteinyl-moieties by carboxy-

peptidases (Wolf et al., 1996) or to cysteinylglycinyl- and subsequent cysteinyl- 

moieties by γ-glutamyl-transpeptidase (γ-GT), both in the vacuole (Edwards et al., 

2011). Other studies have suggested a cytosolic pathway for the degradation of GSH 

conjugates to cysteinyl moieties, involving carboxypeptidase activity of the enzyme 

phytochelatin synthase (PCS) (Beck et al., 2003). In the present study, cysteinylglycine 

adducts (TP431) were detected in the media of HR cultures void of or inoculated with 
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endophytic bacteria. When autoclaved HRs were inoculated with endophytic bacteria, 

this metabolite was also detected suggesting that enzymes for GSH conjugation and 

successive degradation of CBZ are also present in bacteria. Fragment ions with 

identical m/z ratios were identified when TP560 and TP431 were subjected to 

collision. Additionally, the retention time revealed a very similar hydrophobicity to 

CBZE-GSH leading us to the identification of TP431 as 10,11-dihydro-10-hydroxy-11-

cysteinylglycinyl-CBZ (CBZE-CYS-GLY). 

 

TP374, corresponding to the cysteine adduct was identified in all culture media. When 

CBZE was incubated with cysteine, a double peak at 4.88-4.92 min corresponding to a 

cysteine adduct was observed. Collision experiments on the precursor ion (m/z 

374.1169) showed conserved fragments in biological and chemical samples (m/z = 

180.0821, 210.0928, 253.0985, 313.1025, 339.0819), showing that in fact TP374 

corresponds to 10,11-dihydro-10-hydroxy-11-cysteinyl-CBZ (CBZE-CYS). TP374 was 

detected in autoclaved HR cultures at low levels only after 14 days of incubation 

suggesting chemical conjugation with free cysteine in the media.  

 

Thé γ-glutamylcysteinyl adduct was not found in the media of any of the experimental 

conditions. In HRs, this could be explained by a dominance of GGT activity against 

carboxypeptidases and phytochelatin synthase during the degradation of the GSH 

conjugate. On the other hand, CBZE-CYS-GLY was identified in the media of HR cultures 

void of endophytic bacteria. Ferretti and coworkers demonstrated the existence of an 

apoplastic GGT in barley roots, important for the recovery of extracellular GSH 

(Ferretti et al., 2009). An apoplastic route for the degradation of GSH conjugates could 

explain the low content of the CBZE-CYS-GLY detected in the growth media of HRs. In 

samples involving bacterial metabolism it was present at higher levels, revealing an 

important role of bacterial partners for the degradation of GSH conjugates. The trends 

of this TP and the final metabolite in the GSH degradation pathway (CBZE-CYS) showed 

phases at different time points during the incubation where concentrations decreased 

significantly. In the case of D. nitroreducens, CBZE-CYS-GLY decreased from day 1 to 

day 8 of incubation, accumulating again until  the last day. Contrastingly, CBZE-CYS 

decreased between days 8 and 14. In the case of R. radiobacter, CBZE-CYS decreased 
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from day 4 to 8, after a maximum on the fourth day, suggesting further degradation of 

the cysteine conjugate when plants were inoculated by endophytic bacteria. The TPs 

derived from this further catabolilic route were not identified in this study.  

 

5.3.2.4. The acridine pathway 

Cleavage of the carbamoyl group and rearrangement of the central ring of CBZ initiate 

the acridine sub-pathway. Several TPs with an acridine-related structure were found 

in the growth media. This pathway has previously been described in fungi under anoxic 

conditions (Golan-Rozen et al., 2015) and several related TPs have been identified in 

soil after CBZ exposure and long aerobic incubation (Li et al., 2013b). To our 

knowledge, no acridine-like metabolite has been identified in plants treated with CBZ 

so far. The order of reactions involved in this pathway could be predicted from the 

observation of the trends and absolute amounts exhibited by each of the compounds. 

 

The first TP of this pathway is 9-acridine carboxaldehyde which is formed from CBZ-

10,11-epoxide after cleavage of the carbamoyl group and contraction of the seven-

membered central ring to a six-membered ring. This compound is known to be reactive 

and toxic as well (Furst et al., 1995). The aldehyde moiety is then cleaved to form 

acridine, a compound also known to be reactive and toxic in the aquatic environment 

(Parkhurst et al., 1981). Acridine can finally be oxidized to acridone (non-toxic) in two 

steps, with the formation of the intermediate 9-OH-acridine (Mathieu et al., 2011). 

 

HR cultures showed an increase of the first three compounds accumulating at the end 

of the experiment. The total amount accumulated after 21 days decreased 10-fold in 

each step of the pathway. These TPs were identified in the growth media of autoclaved 

HRs with trends and amounts like those exhibited in living roots. Acridone could barely 

be detected at the beginning of the incubation, disappearing from the media after the 

fourth day. These results suggest that plants, at least horseradish, are lacking genes for 

the degradation of CBZ through the acridine pathway. 

 

The inoculation with R. radiobacter induced this pathway strongly, leading to a burst 

in the synthesis of 9-acridine carboxaldehyde, acridine and 9-OH-acridine in the first 
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days of incubation, reaching a maximum after 4 days. Acridone accumulated in these 

samples from the fourth day on, but this increase does not explain the decreasing trend 

of the upstream TPs. Therefore, we think that acridine is further metabolized in 

samples containing the endophytic strain R. radiobacter. Similar trends were observed 

when HRs were inoculated with D. nitroreducens. At the end of the incubation, even the 

acridone signal decreased, revealing again the existence of further steps in the 

metabolic pathway of acridine-like TPs. 

 

5.3.2.5. Transformation products in root extracts 

The content and composition of TPs identified in the media was investigated in root 

extracts after 21 days of incubation. The amount of CBZ found in root extracts 

inoculated with endophytic bacteria was twice as high as in HR extracts. This result 

confirmed the observations performed in experiments with concentrations of 10 and 

25 µM. The distribution of TPs of the diol pathways was similar in HRs and inoculated 

HRs with a slight higher prevalence for the 2,3-diol pathway in roots inoculated with 

R. radiobacter. Acridine-related TPs were much higher in HRs inoculated with D. 

nitroreducens (10 fold). In absolute numbers, this was the most important metabolic 

sub-pathway found in root extracts. Metabolites derived from GSH conjugation and 

related degradation products were present in higher amounts in non-inoculated HRs. 

Specifically, CBZE-CYS had accumulated in great amounts in root tissues after 21 days 

of incubation. 

 

All these observations allow dissecting the overall metabolism of CBZ in HRs and the 

endophytic bacteria used in this study (Fig. 34). However, as indicated previously, 

there is evidence of further metabolism in the case of GSH and acridine pathways in 

inoculated HRs for which TPs downstream could not be identified. Even though the 

relative amounts measured in the extracts after 21 days may slightly change the final 

picture, the potential applications of the results remain consistent.  
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5.3.1. Analyses of proteins and antioxidant enzymatic activities in HRs 

Extracellular proteins identified in the media of HR cultures exposed to CBZ revealed metabolic 

changes occurring in HR s in response to CBZ. Moreover, the inoculation of HRs with endophytic 

bacteria modulated these changes. Proteins identified when HRs were cultivated in MS medium 

were classified mainly into three functional groups: biosynthesis of primary metabolites (amino 

acids, carbohydrates and lipids) and defence response. Other minor functional categories were 

 

Figure 34: Proposed carbamazepine metabolic pathways in A. rusticana hairy roots and hairy roots inoculated with the 
endophytic bacteria R. radiobacter and D. nitroreducens. 

 



 
Discussion 104 

identified such as growth, cell wall structure and organization, protein signalling, transport and 

degradation, signalling, and lipid transport and metabolism. 

 

When CBZ was added to the nutrient medium, the total amount of plant proteins detected 

increased and the functional composition of the secreted proteome displayed some significant 

variations depending on treatment. Proteins involved in biosynthesis of primary metabolites 

and proteins involved in redox homeostasis and oxidative stress decreased in number. On the 

other hand, identified proteins involved in cell wall structure and organization, signalling and 

defence increased when HRs were exposed to CBZ. This shows a shift on HRs metabolism from 

primary metabolism to structural and chemical defence processes. 

 

Among the proteins identified in response to CBZ, several are intrinsically connected 

to CBZ removal and metabolism. This is the case of peroxidases, cytochrome c and 

cytochrome b5, involved in oxidation reactions of phase I metabolism, and GSTs involved in 

phase II metabolism. The group of peroxidases with 18 different isoforms was especially high 

represented. Other enzymes like carboxypeptidases involved in degradation of glutathione 

conjugates were as well identified in the growth medium. The production and release in form of 

root exudates of enzymes like laccases and peroxidases has been observed in HR cultures 

obtained from several plant species and make  them a well suited  tool to study removal and 

degradation of pollutants (Agostini et al., 2013). 

  

When treated HRs were inoculated with D. nitroreducens or R. radiobacter, a group of 16 

proteins remained invariable. On the other hand, big differences were found among the different 

conditions, and some proteins seemed to be very exclusive for each condition. Roots inoculated 

with the endophytic strain R. radiobacter presented the highest number of exclusive proteins. 

The application of different endophytic bacteria results in specific responses in the plant root as 

reveal the fact that only a few proteins are stable in the three biological matrices. In addition to 

proteins identified HRs in response to CBZ, proteins involved in ROS scavenging and oxidative 

stress were identified when HRs were inoculated with endophytic bacteria and treated with 

CBZ. Superoxide dismutase, GR, monodehydroascorbate reductase, APOX, all enzymes from the 

Halliwell-Asada cycle were indeed identified in the growth media of HRs assisted by endophytic 

bacteria. Again, the induction of antioxidant responses and the development of responses 
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against stress was observed in inoculated roots. This hypothesis has been postulated 

by White and Torres (2010) to explain fungal endophyte protection of plant hosts. By 

producing ROS compounds, endophytes can enhance the production of antioxidant 

enzymes and compounds in plants, which in turn protect the plant from pathogen 

attacks or stress situations.  

 

This hypothesis was confirmed by measuring enzymatic activities in HR extracts. GR 

and APOX activities were higher in HRs inoculated with both strains than in HRs alone, 

and POX was higher when HRs were inoculated with D. nitroreducens. In non-

inoculated HRs, only the activity of GR increased after CBZ treatment. The fact that 

endophytic bacteria induce other enzymes from the Halliwell-Asada cycle than CBZ alone, 

may play a complementary role in the improvement of CBZ removal besides a direct implication 

in degradative pathways. A similar behaviour was observed in the activity of GSTs after 

inoculation. Activity of GSTs increased significantly when using pNBoC and fluorodifen as 

substrates after treatment with CBZ. The same effect was observed in HRs inoculated with D. 

nitroreducens. High amounts og CBZE-CYS-GLY and CBZE-CYS were identified in growth media 

of HRs and HRs inoculated with this strain. This observation led to the conclusion that the 

glutathione conjugation is enzymatic and that the GST responsible for it may be one or several 

inducible GST isozymes specific for the substrates pNBoC and/or fluorodifen.  

 

 

5.4. Practical applications 

The concern about emerging pollutants in our water systems has increased over the last 

decades in Europe. The scientific community has informed governments about the risk that 

these compounds pose to the maintenance of natural ecosystems and human health. The 

necessity to preserve our water resources from this danger has been recognized and resulted in 

thé publication of thé “Directive 2000/60/EC of the European Parliament and of the Council 

establishing a framework for the Community action in the field of water policy”, or, in short, thé 

EU Water Framework Directive (WFD). Emerging pollutants are in continuous change, and new 

compounds are often joining this group. Consequently, the WFD has been modified and updated 

in two occasions.  

http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32000L0060
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32000L0060
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With a growing and more and more urbanized population, forecasts are such that the use of 

treated wastewater will be unavoidable in the future to alleviate the stress put on the water 

cycle. Within European Cooperation in Science and Technology (COST) framework a large 

group of scientists launched in 2015 the action ES1403 “NEREUS, Néw and émérging challéngés 

and opportunitiés in wastéwatér réusé”. Thé goal of this COST-action is to develop a multi-

disciplinary network to determine which of the current challenges related to wastewater reuse 

are the most concerning in relation to public health and environmental protection, and how 

these can be overcome. The action should end with general recommendations for practices in 

wastewater reuse and one of the critical points is the use of reclaimed water for agriculture. 

 

Phytoremediation has been proposed as a tertiary or polishing step of reclaimed wastewater 

before its use for human activities. This technique represents a cheap and environmentally 

friendly solution for wastewater treatment and CWs have been used since more than 60 years 

(Vymazal, 2011). As recommended in all cases of phytoremediation, harvested biomass should 

be collected and might be used for bioenergy purposes to avoid leaching of unmetabolized 

compounds or even more toxic transformation products from decaying plant material (Chen et 

al., 2017). Some compounds like CBZ are still recalcitrant, ant its removal in CWs is incomplete 

(Verlicchi and Zambello, 2014).   

 

Phytoremediation has been traditionally studied from a plant-based point of view. Many 

scientists and companies have advertised and promoted certain plant species or cultivation 

systems. However, the role of the microbiome in plant health and metabolic functions has been 

recognized in the last years. To date, the closely meshed relationship between a plant and its 

adhering or inhabiting microbes is defined as holobiont. An improvement in the removal of 

recalcitrant compounds can be achieved by increasing the performance of the plant holobiont, 

and there, plant-associated microbial communities play an essential role. The study of these 

communities, their ecology and their behaviour during plant inoculation at laboratory and field 

scales is necessary to improve the removal of recalcitrant compounds such CBZ. 

 

The metabolism of CBZ in HRs led to the formation of 13 TPs, some of them with assumed 

toxicity for humans. It is important that this multiplication effect takes place in a system used as 

a filter like a CW and not in the final product, entering ground water recharge or the food chain. 
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Under these conditions it becomes clear that the application of endophytic bacteria may 

improve the removal of recalcitrant compounds in CWs.  

 

While the endophytes generally seem to provide a convincing solution for the removal of organic 

xenobiotics and PPCP at first sight, unexpected problems might arise from the large numbers of 

genera/isolates found in exposed plants. While most of them contribute to the functioning of the 

holobiont, some specialists can also have unexpected and unwanted traits, at least for practical 

application. This might be the case when antibiotic resistant bacteria (ARB) are present within 

the community. In fact, among our isolated communities few ARB were found, although plants 

had not been exposed to antibiotics. Such a finding may be of special relevance in WWTPs and 

CWs treating contaminated water with antibiotics because resistant organisms can become 

dominant, resulting in a transfer or antibiotic resistant genes (ARG) and ARB from one level to 

the other of the trophic chain ending finally in our dietary products. Moreover, human 

pathogenic bacteria in plants have been previously identified and isolated, the most significant 

case being the outspread of Escherichia coli O104:H4 in Germany and France in 2011 (reviewed 

by van Overbeek et al., 2014). Thus, the spread of these genes and bacteria should be kept under 

strict surveillance especially when using treated wastewater for crop irrigation. It this sense, a 

winner strategy for phytoremediation would be to stimulate exclusively bacteria carrying genes 

for the detoxification of pollutants but not ARG, increasing their abundance in the plant-

associated bacterial community in detriment of ARB. 
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6. Conclusions 

From the observations in this study, it can be concluded that the use of Phragmites australis in 

concert with its associated bacteria represents a good solution to polish treated wastewater 

before using it for irrigation purposes.  The specific conclusions derived from our work are: 

 

 P. australis removed up to 90% of the initial CBZ amount after 9 days. Plant health was 

not compromised and no visual symptoms of stress were observed. 

 Twenty-two endophytic strains were isolated and characterized. Several strains exhibit 

plant growth promoting traits and can remove CBZ in liquid culture. Differences 

between rhizoplane and endophytic bacteria were observed.  

 HR cultures are a well-suited model to study interactions between plants and 

endophytic bacteria. Axenic HR cultures permitted to dissect the metabolism of CBZ in 

plants assisted by the endophytic strains Rhizobium radiobacter and Diaphorobacter 

nitroreducens. We could unravel different metabolic pathways in the plant holobiont, 

discerning between microbial and plant part. 

 The metabolism of CBZ in HRs led to the formation of 13 TPs, some of them with 

assumed toxicity. CBZ metabolism in horseradish roots alone undergoes preferentially 

the 10,11-diol and GSH pathways. R. radiobacter favours the 2,3-diol pathway, whereas 

D. nitroreducens strongly induces the acridine pathway. 

 Proteomics analyses in HRs inoculated with the endophytic bacteria R. radiobacter and 

D. nitroreducens revealed an essential role for endophytic bacteria in plant health and 

stress resilience, by enhancing their antioxidative defence systems as well as prominent 

enzymes involved in phase II metabolism of CBZ in horseradish. 
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