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ABSTRACT 

Emerging organic contaminants (EOCs) consist of a large and relatively new group of 

chemical compounds such as endocrine disrupting chemicals (EDCs) as well as 

pharmaceuticals and personal care products (PCPs). Despite their generally low 

concentrations in the environment they can cause toxic effects on biota while they 

remain in the environment since they are continuously released. They are mainly 

entering to the environment through the effluents of wastewater treatment plants 

because these systems have not been developed to treat this kind of compounds. Metals 

are considered as the main toxic and genotoxic compounds present in hydrosoluble 

fractions. When they are released to soil or water bodies, they remain there since they 

cannot be degraded. They can only be transferred. 

Phytoremediationïbased technologies are environmentally friendly alternatives for 

cleaning up soils or (ground)waters contaminated with metals and/or a variety of 

organic pollutants. These treatment methods exploit plants, their associated 

microorganisms and the developed interactions for contaminant removal or 

enhancement of plant stabilization and survival in such adverse environments. 

Constructed Wetlands (CWs) are low-cost wastewater treatment technologies that are 

part of phytoremediation applications. They are simplified systems but several 

physicochemical and biological processes take place in order to clean the water.  

In this thesis, an integrated approach exploiting the wetland plant Juncus acutus and its 

indigenous endophytic community was followed in order to investigate the capability 

of this meta-organism to clean water contaminated with metals, bisphenol-A, 

ciprofloxacin and/or sulfamethoxazole.  

After confirming experimentally the ability of the plant to treat efficiently bisphenol-

A-contaminated water, the associated endophytic community of Juncus acutus was 

isolated and characterized. Many strains expressed plant growth promoting 

characteristics and were found to possess increased tolerance to metals such as Zn, Ni, 

Pb and Cd. Moreover, several endophytic bacterial strains tolerated and even used 

bisphenol-A and/or antibiotics (ciprofloxacin and sulfamethoxazole) as the sole carbon 

source.  



 

ii 
 

Some strains combined many of the desired characteristics and they were further used 

in a bioaugmentation strategy in order to investigate their potential to improve the 

efficiency of the wetland helophyte Juncus acutus to deal with mixed pollution 

consisting of emerging organic contaminants (EOCs) and metals at two concentration 

levels. The beneficial effects of inoculation with tailored endophytic bacteria separately 

and as a mixture were more prominent in case of high contamination. Especially, the 

plants inoculated with an endophytic consortium removed higher percentages of 

organics and metals from the liquid phase in shorter times compared to the non-

inoculated plants without exhibiting significant oxidative stress. Moreover, the 

consortium inoculated plantsô phytoextraction capacity was enhanced in terms of 

observed metal concentrations in the plant compartments and also as total metal mass 

accumulated in the whole plant.  

A significant shift of the root endosphere communities was observed due to increased 

presence of contaminants while the inoculation effort did not have a significant impact. 

Metal concentration decreased the root bacterial diversity but the root composition of 

plants inoculated with the endophytic consortium was not affected by the increased 

metal concentrations. At all levels of contamination, the leaf endophytic communities 

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

Based on the experimental evidence from this work it can be inferred that 

bioaugmentation with indigenous endophytic bacteria is an appropriate strategy to be 

employed in systems such as constructed wetlands treating water with mixed 

contaminants. It appears that the developed synergistic relationships between plants and 

endophytic bacteria may point towards more efficient, resilient and robust 

phytoremediation applications.   
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ɄȺɅȽȿȼɊȼ 

Ƀɘ ŬɜŬŭɡɧɛŮɜɞɘ ɞɟɔŬɜɘəɞɑ ɟɨˊɞɘ (Emerging organic contaminants) ŮɑɜŬɘ ɛɑŬ ɛŮɔɎɚɖ 

ŬɚɚɎ ůɢŮŰɘəɎ əŬɘɜɞɨɟɘŬ əŬŰɖɔɞɟɑŬ ɟɨˊɤɜ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ŭɘɎűɞɟŮɠ ɢɖɛɘəɏɠ 

ɞɡůɑŮɠ ɧˊɤɠ ɞɘ Ůɜŭɞəɟɘɜɘəɞɑ ŭɘŬŰŬɟɎəŰŮɠ (Endocrine disrupting chemicals), 

űŬɟɛŬəŮɡŰɘəɏɠ ŮɜɩůŮɘɠ (Pharmaceuticals) əŬɘ ˊɟɞɥɧɜŰŬ ˊɟɞůɤˊɘəɐɠ űɟɞɜŰɑŭŬɠ 

(Personal care products). ɄŬɟɧɚɞ ˊɞɡ ɖ ůɡɔəɏɜŰɟɤůɐ Űɞɡɠ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ ŮɑɜŬɘ 

ɛɘəɟɐ, ɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ˊɟɞəŬɚɏůɞɡɜ ŰɞɝɘəɧŰɖŰŬ ůŰɞɡɠ ɞɟɔŬɜɘůɛɞɨɠ. ȼ 

ˊŬɟɞɡůɑŬɠ Űɞɡɠ ŮɑɜŬɘ ůɡɜŮɢɐɠ əŬɗɩɠ ŭɘɞɢŮŰŮɨɞɜŰŬɘ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ ŬůŰŬɛɎŰɖŰŬ. ȼ 

ɏɝɞŭɞɠ Űɤɜ ɓɘɞɚɞɔɘəɩɜ əŬɗŬɟɘůɛɩɜ ŬˊɞŰŮɚŮɑ Űɖɜ əɨɟɘŬ ˊɖɔɐ Ůɘůɧŭɞɡ Űɞɡɠ ůŰɞ űɡůɘəɧ 

ˊŮɟɘɓɎɚɚɞɜ əŬɗɩɠ ŬɡŰɎ ŰŬ ůɡůŰɐɛŬŰŬ ŭŮɜ ɏɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ ɔɘŬ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ 

ŰɏŰɞɘɤɜ ɢɖɛɘəɩɜ ŮɜɩůŮɤɜ. ɇŬ ɛɏŰŬɚɚŬ ŬˊɞŰŮɚɞɨɜ, Ůˊɑůɖɠ, ɛɑŬ ůɖɛŬɜŰɘəɐ əŬŰɖɔɞɟɑŬ 

ɟɨˊɤɜ, ɛɎɚɘůŰŬ ɗŮɤɟɞɨɜŰŬɘ ɤɠ ɞɘ əɨɟɘŮɠ ŬɘŰɑŮɠ ˊɟɧəɚɖůɖɠ Űɞɝɘəɩɜ əŬɘ ɔŮɜɞŰɞɝɘəɩɜ 

ŬɜŰɘŭɟɎůŮɤɜ ůŰɞɡɠ ɞɟɔŬɜɘůɛɞɨɠ. ɀŮŰɎ Űɖɜ ŮɘůŬɔɤɔɐ Űɞɡɠ ůŰɞ ɞɘəɞůɨůŰɖɛŬ, Ůűɧůɞɜ 

ŭŮɜ ŮɑɜŬɘ ŭɘŬůˊɩɛŮɜŮɠ ɞɡůɑŮɠ ˊŬɟŬɛɏɜɞɡɜ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ əŬɘ ɛˊɞɟɞɨɜ ɛɧɜɞ ɜŬ 

ɛŮŰŬűŮɟɗɞɨɜ. 

Ƀɘ ŰŮɢɜɞɚɞɔɑŮɠ űɡŰɞŮɝɡɔɑŬɜůɖɠ ŮɑɜŬɘ űɘɚɘəɏɠ ˊɟɞɠ Űɞ ˊŮɟɘɓɎɚɚɞɜ ŮɜŬɚɚŬəŰɘəɏɠ ɔɘŬ Űɖɜ 

ŮɝɡɔɑŬɜůɖ Űɞɡ ŮŭɎűɞɡɠ ɐ Űɤɜ ɡŭɎŰɤɜ Ŭˊɧ ɛɏŰŬɚɚŬ ɐ/əŬɘ ɞɟɔŬɜɘəɞɨɠ ɟɨˊɞɡɠ. 

ȸŬůɑɕɞɜŰŬɘ ůŰɖɜ ŮəɛŮŰɎɚɚŮɡůɖ Űɤɜ űɡŰɩɜ, Űɤɜ ůɢŮŰɘɕɧɛŮɜɤɜ ɛɘəɟɞɞɟɔŬɜɘůɛɩɜ əŬɘ 

Űɤɜ ŬɜŬˊŰɡůůɧɛŮɜɤɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ŬɡŰɩɜ Űɤɜ ŭɨɞ. ɀŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ, 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɖ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ɟɨˊɤɜ ɐ ɖ ŮɝŬůűɎɚɘůɖ Űɖɠ ˊŬɟɞɡůɑŬɠ əŬɘ 

ɓɘɤůɘɛɧŰɖŰŬɠ Űɤɜ űɡŰɩɜ ůŮ ŬɜŰɑɝɞŬ ˊŮɟɘɓɎɚɚɞɜŰŬ. Ƀɘ ŰŮɢɜɖŰɞɑ ɡɔɟɞɓɘɧŰɞˊɞɘ ŮɑɜŬɘ 

ůɡůŰɐɛŬŰŬ ŮˊŮɝŮɟɔŬůɑŬɠ ŬˊɞɓɚɐŰɤɜ ɛŮ ɢŬɛɖɚɧ əɧůŰɞɠ ɚŮɘŰɞɡɟɔɑŬɠ əŬɘ ŬˊɞŰŮɚɞɨɜ ɛɑŬ 

Ŭˊɧ Űɘɠ ˊɟŬəŰɘəɏɠ ŮəűɎɜůŮɘɠ Űɖɠ űɡŰɞŮɝɡɔɑŬɜůɖɠ. ȺɑɜŬɘ ŬˊɚɞˊɞɘɖɛɏɜŬ ůɡůŰɐɛŬŰŬ ůŰŬ 

ɞˊɞɑŬ ůɡɜŰŮɚɞɨɜŰŬɘ űɡůɘəɞɢɖɛɘəɏɠ əŬɘ ɓɘɞɚɞɔɘəɏɠ ŭɘŮɟɔŬůɑŮɠ ɔɘŬ Űɞɜ əŬɗŬɟɘůɛɧ Űɞɡ 

ɜŮɟɞɨ. 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ŮˊɘɢŮɘɟɐɗɖəŮ ɛɑŬ ɞɚɞəɚɖɟɤɛɏɜɖ ˊɟɞůɏɔɔɘůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ 

Űɞɡ ɡŭɟɧɓɘɞɡ űɡŰɞɨ Juncus acutus əŬɘ Űɖɠ ůɢŮŰɘɕɧɛŮɜɖɠ ɛŮ ŬɡŰɧ ŮɜŭɞűɡŰɘəɐɠ 

əɞɘɜɧŰɖŰŬɠ, ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ ɘəŬɜɧŰɖŰŬɠ ŬɡŰɞɨ Űɞɡ ɛŮŰŬ-ɞɟɔŬɜɘůɛɞɨ ɜŬ əŬɗŬɟɑɕŮɘ 

ɜŮɟɧ ɟɡˊŬůɛɏɜɞ ɛŮ ɛɏŰŬɚɚŬ, ŭɘůűŬɘɜɧɚɖ, ůɘˊɟɞűɚɞɝŬůɑɜɖ əŬɘ ůɞɡɚűŬɛŮɗɞɝŬɕɧɚɖ.   

ȷɟɢɘəɎ ɖ ɘəŬɜɧŰɖŰŬ Űɞɡ űɡŰɞɨ ɜŬ ŮˊŮɝŮɟɔŬůŰŮɑ ɜŮɟɧ ɟɡˊŬůɛɏɜɞ ɛŮ ŭɘůűŬɘɜɧɚɖ 

ŭɘŬůűŬɚɑůŰɖəŮ ˊŮɘɟŬɛŬŰɘəɎ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɖ ůɢŮŰɘɕɧɛŮɜɖ ɛŮ ŬɡŰɧ ŮɜŭɞűɡŰɘəɐ 
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əɞɘɜɧŰɖŰŬ ŬˊɞɛɞɜɩɗɖəŮ əŬɘ ɢŬɟŬəŰɖɟɑůŰɖəŮ. ɄɞɚɚɎ ůŰŮɚɏɢɖ ɓɟɏɗɖəŬɜ ɘəŬɜɎ ɜŬ 

ŮəűɟɎɕɞɡɜ ɘŭɘɧŰɖŰŮɠ ˊɞɡ ˊɟɞɎɔɞɡɜ Űɖɜ ŬɜɎˊŰɡɝɖ Űɞɡ űɡŰɞɨ əŬɘ ŰŬɡŰɧɢɟɞɜŬ ɜŬ 

ɛˊɞɟɞɨɜ ɜŬ ŬɜŰɏɝɞɡɜ ŬɡɝɖɛɏɜŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ ɛŮŰɎɚɚɤɜ (ɣŮɡŭɎɟɔɡɟɞ, ɜɘəɏɚɘɞ əŬɘ 

əɎŭɛɘɞ). Ⱥˊɑůɖɠ, əɎˊɞɘŬ ůŰŮɚɏɢɖ ɛˊɞɟɞɨůŬɜ ɜŬ ŬɜŮəŰɞɨɜ ɡɣɖɚɏɠ ůɡɔəŮɜŰɟɩůŮɘɠ 

ŭɘůűŬɘɜɧɚɖɠ ɐ/əŬɘ ŬɜŰɘɓɘɞŰɘəɩɜ əŬɘ ɜŬ ŰŬ ɢɟɖůɘɛɞˊɞɘɞɨɜ ɤɠ ɛɞɜŬŭɘəɐ ˊɖɔɐ ɎɜɗɟŬəŬ.  

ɇŬ ŮɜŭɞűɡŰɘəɎ ɓŬəŰɐɟɘŬ ˊɞɡ ɓɟɏɗɖəŬɜ ɜŬ ůɡɜŭɡɎɕɞɡɜ Űɖɜ ˊɚŮɘɞɜɧŰɖŰŬ Űɤɜ 

ŮˊɘɗɡɛɖŰɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ, ŮˊɘɚɏɢɗɖəŬɜ ɔɘŬ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ůŮ ˊŮɑɟŬɛŬ 

ɓɘɞŮɜɑůɢɡůɖɠ (bioaugmentation). Ɇəɞˊɧɠ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ ɐŰŬɜ ɜŬ ɛŮɚŮŰɖɗŮɑ ɖ 

ˊɘɗŬɜɧŰɖŰŬ Ŭɨɝɖůɖɠ Űɖɠ ŬˊɞŭɞŰɘəɧŰɖŰŬɠ Űɞɡ ɡŭɟɧɓɘɞɡ űɡŰɞɨ Juncus acutus ɜŬ 

ŮˊŮɝŮɟɔŬůŰŮɑ ɜŮɟɧ ɟɡˊŬůɛɏɜɞ ɛŮ ɛɏŰŬɚɚŬ əŬɘ ɞɟɔŬɜɘəɞɨɠ ɟɨˊɞɡɠ ůŮ ŭɨɞ 

ŭɘŬɓŬɗɛɘůɛɏɜŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ. ɇŬ ɞűɏɚɖ Űɞɡ ŮɛɓɞɚɘŬůɛɞɨ ɛŮ ɏɜŬ ŮˊɘɚŮɔɛɏɜɞ ɛŮɑɔɛŬ 

ŮɜŭɞűɡŰɘəɩɜ ɓŬəŰɖɟɑɤɜ ɐŰŬɜ ŮɛűŬɜɐ ɧŰŬɜ ɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ɟɨˊɤɜ ɐŰŬɜ ɖ 

ɡɣɖɚɧŰŮɟɖ. ɆɡɔəŮəɟɘɛɏɜŬ, ŰŬ űɡŰɎ ˊɞɡ ŮɛɓɞɚɘɎůŰɖəŬɜ ɛŮ ŬɡŰɧ Űɞ ɛŮɑɔɛŬ ɓŬəŰɖɟɑɤɜ 

ŬˊɞɛɎəɟɡɜŬɜ Űɞ ɛŮɔŬɚɨŰŮɟɞ ˊɞůɞůŰɧ ɛŮŰɎɚɚɤɜ əŬɘ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ Ŭˊɧ Űɞ ŭɘɎɚɡɛŬ 

ůŮ ůɡɜŰɞɛɧŰŮɟɞ ɢɟɧɜɞ, ůŮ ůɨɔəɟɘůɖ ɛŮ ŰŬ űɡŰɎ ˊɞɡ ŭŮɜ ŮɛɓɞɚɘɎůŰɖəŬɜ. ɇŬɡŰɧɢɟɞɜŬ, 

ŰŬ ŮɛɓɞɚɘŬůɛɏɜŬ űɡŰɎ ŭŮɜ ɏŭŮɘɝŬɜ ůɖɛɎŭɘŬ ůɖɛŬɜŰɘəɞɨ ɞɝŮɘŭɤŰɘəɞɨ ůŰɟŮɠ. Ƀ 

ŮɛɓɞɚɘŬůɛɧɠ ɛŮ Űɞ ŮˊɘɚŮɔɛɏɜɞ ɛŮɑɔɛŬ ŮɜŭɞűɡŰɘəɩɜ ɓŬəŰɖɟɑɤɜ ɤűɏɚɖůŮ əŬɘ Űɖɜ 

ŮɔɔŮɜɐ ɘəŬɜɧŰɖŰŬ Űɞɡ űɡŰɞɨ ɜŬ ŬˊɞɗɖəŮɨŮɘ ɛɏŰŬɚɚŬ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ Űɧůɞ ůŮ 

ŮˊɑˊŮŭɞ ůɡɔəɏɜŰɟɤůɖɠ ɧůɞ əŬɘ ůŰɞ ŮˊɑˊŮŭɞ ůɡɜɞɚɘəɐɠ ɛɎɕŬɠ.  

ɇŬ ŬɡɝɖɛɏɜŬ ŮˊɑˊŮŭŬ ɟɨˊɤɜ ˊɟɞəɎɚŮůŬɜ ůɖɛŬɜŰɘəɐ ŬɚɚŬɔɐ Űɖɠ ŮɜŭɞűɡŰɘəɐɠ 

əɞɘɜɧŰɖŰŬɠ ˊɞɡ ŮŭɟŮɨŮɘ ůŰɖ ɟɑɕŬ, ɤůŰɧůɞ ɖ ŮˊɑŭɟŬůɖ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ ˊɟɞůˊŬɗŮɘɩɜ 

ŮɛɓɞɚɘŬůɛɞɨ ŭŮɜ ŮˊɏűŮɟŮ ůɖɛŬɜŰɘəɏɠ ŬɚɚŬɔɏɠ ůŮ ŬɡŰɐɜ. Ƀɘ ůɡɔəŮɜŰɟɩůŮɘɠ Űɤɜ 

ɛŮŰɎɚɚɤɜ ɛŮɑɤůŬɜ Ůˊɑůɖɠ Űɖ ɓŬəŰɖɟɘŬəɐ ˊɞɘəɘɚɧŰɖŰŬ ŬɚɚɎ ɖ ůɨɜɗŮůɖ Űɖɠ əɞɘɜɧŰɖŰŬɠ 

Űɖɠ ɟɑɕŬɠ Űɤɜ űɡŰɩɜ ˊɞɡ ŮɛɓɞɚɘɎůŰɖəŬɜ ɛŮ Űɞ ŮˊɘɚŮɔɛɏɜɞ ɛŮɑɔɛŬ ɓŬəŰɖɟɑɤɜ ŭŮɜ 

ŮˊɖɟŮɎůŰɖəŮ. ȷəɧɛɖ, ɖ əɞɘɜɧŰɖŰŬ Űɤɜ ɓŬəŰɖɟɑɤɜ ˊɞɡ ŬˊɞɛɞɜɩɗɖəŮ Ŭˊɧ ŰŬ űɨɚɚŬ ŭŮ 

ɛŮŰŬɓɚɐɗɖəŮ ɤɠ Ŭˊɧəɟɘůɖ ůŰŬ ŬɡɝɖɛɏɜŬ ŮˊɑˊŮŭŬ Űɤɜ ɛŮŰɎɚɚɤɜ ɐ Űɤɜ ŮɛɓɞɚɘŬůɛɏɜɤɜ 

ɓŬəŰɖɟɑɤɜ. 

ɇŬ ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ůɡɜɖɔɞɟɞɨɜ ůŰɞ ɧŰɘ ɖ ɓɘɞŮɜɑůɢɡůɖ ɛŮ ůɡɔəŮəɟɘɛɏɜŬ 

ŬɡŰɧɢɗɞɜŬ ŮɜŭɞűɡŰɘəɎ ɓŬəŰɐɟɘŬ ɗŮɤɟŮɑŰŬɘ ɤɠ ɛɑŬ əŬŰɎɚɚɖɚɖ ůŰɟŬŰɖɔɘəɐ ɔɘŬ Űɖɜ 

ŬɜŰɘɛŮŰɩˊɘůɖ ɟɨˊŬɜůɖɠ Ŭˊɧ ŭɘŬűɞɟŮŰɘəɏɠ ˊɖɔɏɠ əŬɘ ɛˊɞɟŮɑ ɜŬ ŬɝɘɞˊɞɘɖɗŮɑ ůŰɞɡɠ 

ŰŮɢɜɖŰɞɨɠ ɡɔɟɞɓɘɧŰɞˊɞɡɠ ˊɞɡ əŬɚɞɨɜŰŬɘ ɜŬ ŮˊŮɝŮɟɔŬůŰɞɨɜ ˊŬɟɧɛɞɘŬ ɚɨɛŬŰŬ. ȼ 

ŮəɛŮŰɎɚɚŮɡůɖ Űɖɠ ůɡɜŮɟɔɘůŰɘəɐɠ ŭɟɎůɖɠ Űɤɜ űɡŰɩɜ ɛŮ ŰŬ ŮɜŭɞűɡŰɘəɎ Űɞɡɠ ɓŬəŰɐɟɘŬ 
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ŭŮɑɢɜŮɘ ɘəŬɜɐ ɜŬ ŬɡɝɐůŮɘ Űɖɜ ŬˊɞŭɞŰɘəɧŰɖŰŬ, Űɖɜ ŬɜŰɞɢɐ əŬɘ Űɖɜ ŮɡɟɤůŰɑŬ Űɤɜ 

ŮűŬɟɛɞɔɩɜ űɡŰɞŮɝɡɔɑŬɜůɖɠ. 
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Introduction-Literature Review 

 

Phytotechnologies refers to the application of science and engineering in order to 

provide solutions for treatment of soil and (ground)water contamination by exploiting 

the synergistic relationship between plants and their associated microorganisms. In this 

introduction, the characteristics and the potential impact of selected contaminants to the 

environment are described. Next, the extent of contaminants uptake by plants and their 

contribution in phytoremediation are investigated together with the role of endophytic 

bacteria. Constructed Wetlands is one of the applications of phytotechnologies and the 

important role of macrophytes along with their associated microorganisms in such 

systems is highlighted.  

 

1. Contaminants 

1.1 Emerging organic contaminants (EOCs)     

Emerging organic contaminants (EOCs) consist of a large and relatively new group of 

chemical compounds. Endocrine disrupting chemicals (EDCs) as well as 

pharmaceuticals and personal care products (PCPs) belong to this category and a 

potential risk of their presence in the environment arises since their impact, fate and 

their degradation products have not been well described (Garcia-Rodr²guez et al., 

2014).  

Despite their generally low concentrations in nature, they behave as persistent 

pollutants since they are continuously released to the environment. EDCs are natural or 

synthetic compounds that can alter the physiological endocrine functions, thus inducing 

problems in the reproduction and in metabolism in humans and animals (Campbell et 

al., 2006). PCPs are widely adopted compounds for external use, they have been found 

to cause toxicity to marine wildlife, bacteria and mammalian cells and a potential risk 
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for bioaccumulation exists since the majority of them are hydrophobic compounds 

(Hopkins and Blaney, 2016). Concerning pharmaceuticals, the spreading of antibiotic 

resistance genes in the environment along with the risk of human exposure to them 

raises concern to public (Benotti and Brownawell, 2009). 

These chemical compounds are released to the environment through point or diffuse 

sources, but mainly through the effluents of wastewater treatment plants (Rizzo et al., 

2013). Such systems have not been designed to treat these compounds and the 

promising advanced technologies for successful degradation are avoided due to the their 

high cost (Ćvila et al., 2013). As a consequence, they have been detected at potentially 

environmentally significant concentrations in many media such as surface waters, 

groundwater, seas, compost and manure. Generally, their concentration is lower in 

surface waters in comparison to the WWTP effluents, however, they have been detected 

in freshwater rivers in North America, Europe, Asia and Australia (Pal et al., 2010). In 

these reservoirs, the xenobiotics may be eliminated due to biotransformation, 

photolysis, sorption, volatilization and dispersion, or a combination of them. The 

concentrations of some EOCs are higher in surface waters than groundwater while 

exactly the opposite is the case for others (Stuart et al., 2012). For example, several 

EOCs have been found in concentrations higher that 100 ng L-1 in groundwater in Spain 

(Jurado et al., 2012). The specific properties of the compound together with the 

environmental characteristics and many processes such as dilution, adsorption, 

degradation and initial concentration influence the fate of EOCs in aquifers (Jurado et 

al., 2012; Lapworth et al., 2012).  

1.1.1 Bisphenol-A 

Bisphenol A (BPA) (4,4-isopropylidenediphenol; 2,2-bis(4- hydroxyphenyl)-propane) 

is a chemical compound with molecular weight of 228.29 g cm-3. The compound is a 

white, crystalline solid substance with a melting-point of 156ǓC and boiling-point of 

220ǓC (at pressure of 5 hPa). The water-octanol partition coefficient of BPA expressed 

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

in water (about 200 mg dm-3 at 25ǓC). BPA belongs to a group of phenols, which have 

hydroxyl residues directly bound to the aromatic rings. The presence of hydroxyl 

groups in BPA determines its good reactivity. BPA may be converted to ethers, esters 
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and salts. Moreover, it undergoes electrophilic substitution like nitration, sulphonation 

or alkylation.  

It is the most important synthetic xenoestrogen and among the most detected EDCs  in 

groundwater samples (Lapworth et al., 2012; Peng et al., 2014). Moreover, its presence 

in humans may be associated with the development of chronic diseases like diabetes 

and obesity, cardiovascular disease, birth defects and reproductive disorders (Rezg et 

al., 2014). Even at low concentration, the xenobiotic can interfere with the activity of 

endogenous estrogens by altering the physiological activity of the hormone receptors 

(Wetherill et al., 2007b). It can also affect the androgen system, the development, 

differentiation, and function of the central nervous system, disrupt the thyroid hormone 

function and influences the immune system. In plants, increased BPA concentrations in 

the surrounding aqueous have also shown to alter the ratios of growth and stress 

hormones in the roots, resulting in growth inhibition at higher concentrations (Wang et 

al., 2015).   

Bioremediation is one of the approaches used for cleaning the environment from  BPA 

since many plant species have been found able to remove BPA from aqueous media 

(Loffredo et al., 2010; Christofilopoulos et al., 2016; Saiyood et al., 2010). Their ability 

can be attributed to the plant uptake along with the microbial co-metabolism in the 

rhizosphere; indeed many microorganisms have been isolated from various sources that 

are able to degrade BPA (Husain and Qayyum, 2012). Among them, there are many 

gram-negative strains belonging mainly to the genus Sphingomonas and Pseudomonas 

and many gram-positive bacteria mainly associated with Bacillus (Zhang et al., 2013). 

The key genes, enzymes and degradation pathways of BPA degradation has been 

described in specific bacteria (Sasaki et al., 2008; Kolvenbach et al., 2007; Sasaki et 

al., 2005). Besides bacteria and plants, many other organisms like fungi, fish and 

mammals can degrade BPA through various mechanisms (Kang et al., 2006).  

1.1.2 Ciprofloxacin 

Ciprofloxacin is 1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl)-3-

quinolinecarboxylic acid with molecular weight of 331.3 g mol-1. It is a faintly 

yellowish to light yellow crystalline substance. The log Kow of ciprofloxacin at pH 7.04 

is calculated to be about 0.28, and its water solubility is 30000 mg L-1 (at 20 ǓC). The 
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melting point of the compound is 257ǓC and at a pH of 7.04, the molecule carries both 

a negative and a positive charge.  

The first quinolone, nalidixic acid, was introduced into clinical use in 1962 and in the 

mid-1980s ciprofloxacin, a fluoroquinolone with a wide spectrum of in vitro 

antibacterial activity, became clinically available (Colomer-Lluch et al., 2014). This 

antibiotic inhibits DNA synthesis by blocking type II topoisomerases (DNA gyrase in 

gram-negative bacteria and topoisomerase IV in gram-positive organisms), enzymes 

that control DNA supercoiling. It is prescribed as an antibiotic for several infections 

such as bone and joint infections, certain types of infectious diarrhea, respiratory tract 

infections and skin infections. In bacterial communities, many resistant isolates have 

been found carrying plasmid-mediated genes and their chromosomal homologues that 

code a pentapeptide repeat protein protecting type II topoisomerases from quinolones 

(Rodr²guez-Mart²nez et al., 2011). 

Ciprofloxacin is a commonly used veterinary and clinical antibiotic and it is among the 

compounds with the highest frequency in WWTP effluents in Europe (Loos et al., 2013) 

and in Australia (Watkinson et al., 2007). Its concentration is usually higher in hospital 

effluents than in influents of WWTP treating municipal wastewater (Varela et al., 

2014); indeed the number of resistance genes to fluoroquinolones seemed to increase 

in the effluents of WWTP leading to the spread of antibiotic resistant genes into surface 

waters (Rodriguez-Mozaz et al., 2015). It can be characterized as a recalcitrant 

compound since it is not affected by natural attenuation in surface waters or by UV 

(photolysis) in engineered systems (Pal et al., 2010). However, it is susceptible to 

ozonation but the ozone does not react with the part of the compound that is responsible 

for the pharmacological effect. It has been demonstrated that ciprofloxacin is not a 

readily biodegradable compound; indeed information of ciprofloxacin degradation by 

bacteria is scarce (Amorim et al., 2013). Moreover, in a mesocosm experiment, 

decreases in diversity and functionality of bacterial communities were observed after 

ciprofloxacin addition (Weber et al., 2011). The removal mechanism in WWTP is 

rather adsorption to sludge than biodegradation (Le-Minh et al., 2010); as a result, this 

antibiotic is released in the environment mainly through the application of biosolids to 

the agricultural lands.  
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1.1.3 Sulfamethoxazole 

Sulfamethoxazole (4-Amino-N-(5-methylisoxazol-3-yl)-benzenesulfonamide) is a 

sulfonamide bacteriostatic antibiotic, used for bacterial infections such as urinary tract 

infections, bronchitis and prostatitis. It has a molecular weight of 253.3 g mol-1 and the 

melting point is 167 ǓC. The  log Kow of SMX is 0.89 and the water solubility is 2800 

mg L-1 at 20 ǓC. 

The compound inhibits the two pathway steps in bacterial folic acid synthesis. Folate 

derivatives are essential cofactors in the biosynthesis of purines, pyrimidines and 

bacterial DNA in all living cells. It is mainly utilized by humans and as a result it is 

among the most detected pharmaceutical in groundwater aquifers (Lapworth et al., 

2012). It was demonstrated at the highest concentrations in groundwater from urban 

areas in Spain (Jurado et al., 2012) and was also detected with high frequency in 

groundwater samples due to municipal landfilling in China (Peng et al., 2014) and in 

WWTP effluents in Greece (Thomaidi et al., 2015). This compound was the most 

prevalent antibiotic compound with stable concentrations in two different reservoirs in 

Spain (Huerta et al., 2013). 

Several rates of SMX removal were observed by different systems. For example, 52-

70% removal was demonstrated in pilot scale MBRs independently of the initial 

concentration while 90% overall removal was achieved in a conventional WW 

treatment (Larcher and Yargeau, 2012a). However, other studies showed limited 

degradation in WWTPs (Benotti and Brownawell, 2009). Due to the low log kow, SMX 

sorption to sludge is not significant while the primary removal mechanism can be 

attributed to biodegradation. In order to optimize these technologies, researchers tried 

to focus on the degradation capacity of individual strains with promising results. When 

the SMX-degrading abilities of seven individual strains were investigated in the 

presence and absence of glucose (6 mg L-1 SMXÑ 0.5 g L-1 glucose), the results showed 

that SMX was successfully degraded by Rhodococcus equi (15 % up to 29 % removal 

with glucose) while the other six bacterial strains only realized marginal SMX 

degradation even with the addition of glucose (< 6 % removal) (Larcher and Yargeau, 

2011). In another study, 24 to 44 % SMX mineralization was achieved by an inoculum 

from an established lab-scale MBR after 16 days of cultivation at 127 mg L-1 initial 

SMX concentration (Bouju et al., 2012).  
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Table 1. List of the EOCs used. 

 

 

1.2 Metals 

Release of metals from various industrial, agro-chemical, atmospheric and domestic 

sources represents a major threat to the environment. Their presence can have serious 

effects on soil and water quality, plant and animal nutrition, as well as human health. 

With the term ñmetalsò, the elements that demonstrate metallic properties (transition 

metals, metalloids, lanthanides, and actinides), with atomic density greater than 4 

g/cm3, or 5 times or more, greater than water, and are toxic, even at low concentrations, 

are defined (Colin et al., 2012). They are considered as the main toxic and genotoxic 

compounds present in hydrosoluble fractions and since they cannot be degraded, they 

may enter the trophic webs or spread into the groundwater and sediments and remain 

there (Guittonny-Philippe et al., 2014a).  

It is necessary to clean up the contaminated sites in order to drastically reduce the 

potential impacts of metal contamination. Immobilization, soil washing, and 

phytoremediation are some of the usually proposed techniques/technologies for 

remediation of metal contaminated soils (Wuana and Okieimen, 2011). For polluted 

waters, physicochemical strategies such as filtration, chemical precipitation, 

electrochemical treatment, oxidation/reduction, ion exchange and membrane 

technologies and biological strategies such as bioremediation and phytoremediation 

have been implemented (Guo et al., 2010). 

Plants have many mechanisms to recruit in order to cope with metals, such as changing 

the soil properties in the rhizosphere, the glutathioneïphytochelatin-mediated defence 

mechanism, chelation, while reduction of membrane permeability to metals, efflux 

Compounds Category Chemical 

structure

Log kow Molecular weight pKa

BisphenolA Endocrine 

disruptor

3.32 228.29 g/mol 9.6

Ciprofloxacin Antibiotic-

Fluoroquinolones

0.28 331.34 g/mol 6.09

Sulfamethoxazole Antibiotic-

Sulfonamides 

0.89 253.28 g/mol 5.7
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pumps to remove metals from the cell interior, EPS sequestration and metal 

complexation are some of the bacterial metal resistance mechanisms (Ullah et al., 

2015). In high concentrations, metals have been found to have adverse effects on 

microbial communities in terms of functionality and diversity (Epelde et al., 2015) and 

on plants in terms of growth and survival (Christofilopoulos et al., 2016). For example, 

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

the function of this community in salt marshes (Mucha et al., 2013).  

1.2.1 Zinc 

Zinc is a transition metal with the following characteristics: period 4, group IIB, atomic 

number 30, atomic mass 65.4, density 7.14 g cmī3, melting point 419.5ǓC, and boiling 

point 906ǓC. It is considered as an essential microelement with many roles in cellular 

metabolism, since several enzymes contain zinc, it participates in the formation of 

carbohydrates and has a structural role in several transcription factors (Nagajyoti et al., 

2010).  However, high Zn concentrations can lead to toxic effects in plants. Excess Zn 

inhibits many plant metabolic functions, plant growth and causes chlorosis in the 

younger leaves (Nagajyoti et al., 2010). For example, Zn excess in hydroponic cultures 

significantly reduced the growth of Juncus acutus plants, the mean height of tillers and 

the photosynthetic pigments (Mateos-Naranjo et al., 2014). In another experiment, at 

high Zn concentrations germination of J. acutus seedlings was decreased, total absence 

of photosynthetic activity (a) and impairment of the onset of light saturation (Ek) were 

observed as well as increase in the activities of specific antioxidant enzymes (Santos et 

al., 2014).  

This metal is also an essential trace element for microorganisms, yet in high 

concentrations it may have adverse effects on bacteria. However, many Zn-tolerant 

bacterial strains that have been isolated from different environments such as soil and 

sewage sludge (Misra et al., 2012; He et al., 2010). Limcharoensuk et al. (2015) 

demonstrated that Zn-tolerant bacteria can accumulate zinc through 

adsorption/precipitation on the cell walls rather than accumulation in the cell interior. 
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1.2.2 Nickel 

Nickel is a transition element with atomic number 28 and atomic weight 58.69. The ion 

of this metal changes depending on the pH (Wuana and Okieimen, 2011). At low pH, 

the nickelous ion Ni(II) is formed,  while in neutral to slightly alkaline solutions, it 

precipitates as nickelous hydroxide, Ni(OH)2, which is a stable compound. In acid 

conditions nickelous hydroxide dissolves and forms Ni(III) and in very alkaline 

conditions it forms the nickelite ion, HNiO2. 

Nickel is recognized as another essential micronutrient for living organisms and is a 

component of the enzyme urease, which is essential in animals. Exposure to nickel 

excess can cause allergic dermatitis known as nickelitch, and hair loss while inhalation 

can cause cancer of the lungs, nose, throats and stomach (Ali et al., 2013). Increased Ni 

concentration causes various physiological alterations, toxicity symptoms, impairment 

of nutrient balance and changes in water balance in plants (Nagajyoti et al., 2010). By 

consequence, high Ni concentrations inhibit the shoot growth, reduce the water and 

chlorophyll content as well as the proline accumulation in wheat (Gajewska et al., 

2006). Many plants have been characterized as nickel-hyperaccumulators such as 

Alyssum bertolonii and an increased number of Ni-resistant bacteria colonize their 

rhizosphere or harbor the endopshere (Mengoni et al., 2009; Barzanti et al., 2007).  

1.2.3 Cadmium 

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

number 48, atomic weight 112.4, density 8.65 g cmī3, melting point 320.9ǓC, and 

boiling point 765ǓC. Cadmium (Cd) can originate from metal mining and smelting 

industry, commercial fertilizers, batteries and automobile emissions. This metal is 

carcinogenic, mutagenic, and teratogenic, it acts as an endocrine disruptor, it interferes 

with calcium metabolism in biological systems and it causes renal failure and chronic 

anemia (Ali et al., 2013). In plants, it inhibits photosynthesis, and diminishes water and 

nutrient uptake, resulting in chlorosis, growth retardation, browning of root tips, ultra-

structural damage and ultimately to death (Najeeb et al., 2011).  

It also affects microbial communities (Lorenz et al., 2006), however, many cadmium-

resistant strains have been isolated from various environments such as the plant 
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endosphere (Luo et al., 2011), rhizosphere (Prapagdee et al., 2013), soil (Ansari and 

Malik, 2007) or sewage sludge (Limcharoensuk et al., 2015). Along with bacteria, 

many plants can tolerate high cadmium concentrations and even some of them can 

accumulate it in their interior tissues, being characterized as cadmium 

hyperaccumulators (Qiu et al., 2008; Boominathan and Doran, 2003).     

 

2. Plant uptake 

Many studies have demonstrated that plants can accumulate various metals in the plant 

compartments (Lu et al., 2013; Anjum et al., 2014) and according to the accumulated 

amount they are categorized into different groups. For example, metal 

hyperaccumulators are plants which accumulate extreme amounts of trace metals in 

their aboveground biomass when growing in metal enriched habitats (mg kgī1; >10,000 

(Mn or Zn), >1,000 (Cu, Co,Cr, Ni, Pb) or >100 (Cd). Several plant species (e.g., 

Alyssum bertolonii, Arabidopsis halleri, Solanum nigrum, Eichhornia crassipes, and 

Thlaspi caerulescens) have been proposed for phytoextraction of Ni, Cd, Zn and Pb 

(McGrath et al., 2006). Metal uptake by plants can be influenced by many important 

factors related to the plant species, sediment characteristics, chemical speciation of 

metals in the rhizosphere, the overlying and interstitial water chemistry, and also the 

behavior of the microorganisms (Almeida et al., 2004). 

Organic contaminants can be taken up by plants depending on their concentration, the 

physicochemical properties and the plant species (Garcia-Rodr²guez et al., 2014). Many 

predictive relationships between the organic compound uptake by plant compartments 

as a function of physical-chemical characteristics of the organic compound have been 

addressed (Burken and Schnoor, 1998). It assumes that the uptake of an organic 

compound can be estimated as the transpiration stream concentration factor (TSCF) 

multiplied by the volume of water transpired and linear average of the bulk solution 

concentration from time t1 to time t2. Generally, the compounds with a log kow between 

0.5-3.5 are considered to move fast into the plants, thus the contact time with the 

rhizosphere microorganisms is short (Weyens et al., 2009e). Recently, a new approach 

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

the affinity of the solute to its amorphous host, and the solute's ñincompatibilityò with 
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water promoting binding of the solute to the polymer sorbent phase (Poerschmann and 

Schultze-Nobre, 2014). 

Initially, the compound is absorbed by the matrix, then is moved into the root xylem 

and is transported to the shoot and to the leaves. Many compounds may even follow the 

transpiration rate, they are taken up by plants, transferred to leaves and then 

evapotranspired to the atmosphere (Burken and Schnoor, 1998). The rate of 

translocation to aerial parts differs among the different organic compounds. Especially 

helophytes may transfer volatile organic compounds to the atmosphere via their 

aerenchymatous tissues (Imfeld et al., 2009), thus causing serious environmental 

problems.  

Several studies highlight the ability of various plants to take up and translocate 

emerging organic compounds in different experimental set-ups, e.g. hydroponical 

(Bouldin et al., 2006; Dodgen et al., 2013) and soil experiments (Hawker et al., 2013) 

under controlled conditions and also in field conditions (Wu et al., 2014). The 

information about the ability of species of the genus Juncus to take up these compounds 

is scarce. The ability of Typha spp. to remove carbamezine from water and accumulate 

it in the plant tissues was demonstrated (Dordio et al., 2011). In another study, the fate 

of 20 frequently used pharmaceuticals and personal care products was investigated 

concerning potential plant uptake and translocation (Wu et al., 2013). It was 

demonstrated that the neutral compounds were adsorbed on the root surfaces while a 

hydrophilicity-regulated transport determines the translocation to the aboveground 

tissues. Hydrophilic compounds were susceptible to transport to the leaves in the 

direction of the transpiration stream. Treated wastewater used for agricultural irrigation 

and biosolids and manure amendments, pose a risk since these compounds are taken up 

by the vegetables or other crop plants mainly through the transpiration stream (Hurtado 

et al., 2016; Malchi et al., 2014; Clarke and Smith, 2011). However, several studies 

suggest that the concentration of these compounds in the edible parts is negligible 

(Prosser and Sibley, 2015) or that the impact of human exposure to them needs further 

investigation (Wu et al., 2015b).  
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3.  Microbial-assisted phytoremediation 

3.1 Phytoremediation     

Development, selection and application of suitable methods for cleaning up 

contaminated environments continues to be an important topic in terms of 

environmental restoration and protection. Plant (phytoremediation)-based technologies 

are considered as environmentally friendly alternative methods for cleaning up soils or 

(ground)waters contaminated with heavy metals and/or a variety of organic pollutants 

from the environment (Lu and Zhang, 2014; Vangronsveld et al., 2009). Among those 

processes are: (a) phytoextraction (plants are used to adsorb/take up contaminants from 

the sediment/soil and to transport and concentrate them in harvestable above-ground 

biomass/tissues), (b) phytovolatilization (plants take up water soluble metals and 

release them as they transpire the water), (c) phytostabilization (the plants completely 

immobilize the contaminants through accumulation by roots or precipitation within the 

rhizosphere and/or by changing their chemistry), (d) rhizofiltration (based on root 

activities, aquatic plants and/or hydroponically cultivated plants are used to remediate 

contaminated water through absorption, concentration, and precipitation of pollutants), 

(e) phytoaccumulation (pollutants are accumulated in plantsô biomass), (f) rhizo- and 

phytodegradation (pollutants are being degraded into insoluble or non-toxic 

compounds, through plant metabolic processes and/or interaction with 

microorganisms) and (g) phytoexcretion (salt tolerant species capable of exuding salt 

also possess the ability to exude other toxic ions) (Manousaki and Kalogerakis, 2011; 

Anjum et al., 2014). 

It is considered as more cost-effective than the engineering-based remediation 

technologies such as soil excavation, soil washing or burning, or pump-and-treat 

systems (Becerra-Castro et al., 2011). Moreover, this technology contributes to soil 

stabilization, production of biomass with economic value, maintain or even enhance the 

local diversity and demands simple monitoring methods (Vangronsveld et al., 2009). 

Of course, there are many limitations in this technology that need to be overcome 

towards implementation on a wide scale. It can be applied to low or moderate 

contaminated environments, due to potential phytotoxicity to the plants (Ali et al., 

2013). High concentrations of contaminants can inhibit the plant metabolism, affecting 

the establishment and growth and they can even cause senescence. Furthmore, the zone 
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of activity is restricted to the root zone of proliferation, which is plant species dependent 

(Chirakkara et al., 2016). The bioavailability of the metal or organic xenobiotic is a 

critical factor, significantly influencing the phytoremediation outcome (Gerhardt et al., 

2009). Generally, some metals tend to be accumulated in the plant parts whereas others 

show slower uptake rates. Concerning organics, highly hydrophobic compounds cannot 

move into the plants while only the hydrophilic ones can be transferred to the 

aboveground tissues.     

Interactions among contaminants, microbes and plants have attracted attention because 

of the biotechnological potential of microorganisms for metal or organics removal 

directly from polluted media or their possible plant growth promotion effects in 

contaminated environments. Therefore, research in phytoremediation is 

interdisciplinary and requires the synergism among different fields of science such as 

chemistry, biology, ecology as well as environmental engineering. Despite the 

challenges, several methods have been developed towards improving the efficiency of 

this technology and a large number of them concerns the enhancement through the use 

of plant-associated bacteria.  

Box 1. Role of plants and their associated bacteria in phytoremediation (Bell et al., 2014).  
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3.2 Endophytic bacteria  

A recent, promising strategy to improve phytoremediation and detoxification of 

contaminants is the exploitation of endophytic bacteria (Weyens et al., 2009c). 

Endophytic bacteria have been isolated from a wide variety of plants and the 

terminology refers to those bacteria that reside in the plant interior without causing any 

negative effects on their host (Doty, 2008). Considering the vast majority of plants of 

which the endophytes have not been studied yet, there is high chance to find new, 

beneficial microorganisms (Ryan et al., 2008a). They are classified as obligate or 

facultative according to their life strategies. Obligate endophytes are transferred from 

one generation to another through seeds and are strictly dependent on the host plant for 

their growth and survival while facultative colonize the root interior mainly via the 

roots (Weyens et al., 2009f). Once they are inside, they can inhabit a specific organ or 

they can be spread throughout the plant since they can reside within cells, in the 

intercellular spaces, or in the vascular system (Reinhold-Hurek and Hurek, 2011). A 

two step-selection progress has been proposed to explain how the root microbiota 

differentiates from the rhizosphere (Bulgarelli et al., 2013). Soil parameters shape the 

soil microbiota while in the first step, the rhizodeposits alter the soil assemblages. 

Further, host-dependent interactions determine the differentiation in endophytic 

community in the second. 

Bacterial endophytes may offer several advantages to the host plant, as they can 

promote plant growth through several mechanisms or increase their hostôs resistance to 

the stress. Their contribution in remediation of soil/water contaminated with metals or 

organics has been illustrated and reviewed in several studies (Ma et al., 2016a; Afzal et 

al., 2014) (Fig.1). For example, endophytic strains equipped with the appropriate 

degradation gene decreased the evapotranspiration of toluene when they were 

inoculated to their host plants  (Barac et al., 2004; Weyens et al., 2009a). With regard 

to metals, many endophytic strains were isolated from J. acutus that were found able to 

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

in a short period of time (Dimitroula et al., 2015).  
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Figure 1. The mechanisms of endophytic bacteria in order to tackle with organic compounds and 

metals (Ijaz et al., 2015a). 

 

3.3 Beneficial effects of bacteria to the plant  

The exploitation of plant-associated bacteria can improve the efficiency of 

phytoremediation since bacteria can have direct or indirect beneficial effects on the 

plant (Ullah et al., 2015). There are three approaches available for this technology: (i) 

bioattenuation, which is the method of monitoring the natural progress of degradation 

to ensure that the contaminant concentration decreases with time; (ii) biostimulation, 

where natural biodegradation and/or biotransformation are stimulated with nutrients, 

electron acceptors, or substrates; and (iii) bioaugmentation, which is a way to enhance 

the bio- degradative or biotransforming capacities of contaminated sites by inoculation 

with microorganisms that possess the desired characteristics  (Colin et al., 2012).  

The plant growth promoting bacteria (rhizospheric or endophytic) may facilitate the 

plant growth through several direct or indirect mechanisms. Nitrogen fixation, nutrient 

solubilization (e.g. iron or phosphorus), production of phytohormones and enzymes 

synthesis are classified as direct mechanisms (Glick, 2010). The indirect mechanisms 

involve the production of antibiotics against pathogens, depletion of iron in the 

rhizosphere, production of lysing enzymes, competition for binding sites or increasing 

the resistance of the host (Jha et al., 2012).  

Nitrogen is one of the principal plant nutrients, becoming a limiting factor for plant 

growth especially in contaminated ecosystems. Many nitrogen fixing bacteria were 

identified to develop a mutualistic relationship with plants, alleviating the N 
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deficiencies in N-poor soils (Rosenblueth and Mart²nez-Romero, 2006; Ikeda et al., 

2013). Many bacteria can reduce gaseous dinitrogen to ammonia by the nitrogenase 

enzyme complex or reduce nitrate to nitrite, and nitrite can be further converted to 

nitrogen oxides (N2O and NO) or ammonia. NO is a potent signaling molecule in plants, 

influencing the root growth and proliferation in an auxin-dependent manner. 

Inoculation with a bacterium isolated from nodules increased the nitrogen in roots and 

shoots of the host plant (Wani et al., 2008). 

Phosphorus is the second most important macronutrient for plant growth and is 

considered as a limiting nutrient in many soils since an important fraction of this 

element is often present in unavailable forms (insoluble phosphates and organic P 

compounds). Many rhizospheric and endophytic bacteria have been found able to 

solubilize inorganic phosphorus (Oteino et al., 2015; Gagne-Bourgue et al., 2013), thus 

assisting the plant to get access to the appropriate amount of phosphorus. 

Microorganisms produce and secrete siderophores mainly to sequester iron. This 

element is not available to plants because of the low solubility of Fe3+-oxides. 

Siderophores  are low-molecular chelating agents and are classified as catecholates, 

hydroxamates, and Ŭ-carboxylates, depending on the chemical nature of their 

coordination sites with iron (P®rez-Miranda et al., 2007). Metal-resistant siderophore 

producing bacteria significantly contribute in the plant growth and survival in metal 

contaminated areas by ameliorating the plant stress induced by metals and supplying 

the plant with nutrients, particularly iron (Rajkumar et al., 2010). Along with iron, 

siderophore secretion may be used for improving metal bioavailability, however, it is 

still unclear how metals stimulate the production of these molecules (Schalk et al., 

2011).   

The phytohormone ethylene is known to have an important role in various processes, 

such as senescence, leaf abscission, fruit ripening and pathogen-defence signaling 

(Glick, 2014). When a plant is exposed to various unfavorable conditions, its ethylene 

biosynthesis is induced, hence root elongation may be inhibited (Santoyo et al., 2016). 

Bacteria possessing the 1- aminocyclopropane-1-carboxylate (ACC) deaminase may 

protect the plant since this enzyme reduces plant ethylene levels by catalyzing the 

conversion of the ethylene precursor ACC exuded by plants into ammonia and Ŭ-

ketobutyrate (Sgroy et al., 2009). As a result, the plant exudes more ACC in an attempt 
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to maintain the equilibrium between the internal and external ACC levels, and reduces 

the synthesis of ethylene inside the plant cell.  

Plant hormones are involved in virtually all stages of plant growth and development 

such as cell elongation, cell division and tissue differentiation. Among them, indole-3-

acetic acid (IAA) is very important and the main precursor for its biosynthesis is 

tryptophan. A relation has been demonstrated between the levels of IAA produced by 

bacteria and root elongation. Low levels of IAA stimulate the growth of the primary 

root while increased levels promote lateral and adventitious root formation but inhibit 

primary root growth (Rajkumar et al., 2009). In turn, an extended root system is 

available for colonization. Moreover, IAA bacterial production protects the plants from 

adverse effects after exposure to high environmental stress (Glick, 2010).  

Biological control, or biocontrol, is the process of suppressing deleterious/pathogenic 

living organisms by using other living organisms. Several mechanisms may be 

involved, including the production of antimicrobial compounds since rhizosphere or 

endophytic bacteria can synthesize a wide range of compounds with antimicrobial 

activity. For example, the Agrobacterium radiobacter K84 produces an antibiotic 

agrocin 84 (Hibbing et al., 2010). This compound is highly specific for a subset of 

plant-pathogenic A. tumefaciens and mimics the opines agrocinopine A and 

agrocinopine B, which are customized nutrient sources. When the plant is infected by 

A. tumefaciens, the toxin is imported using the same route as the nutrients while the A. 

radiobacter K84 encodes a factor that confers self-immunity to the toxin. The 

production of 2,4-diacetylphloroglucinol (DAPG) has a wide range of properties by 

which it suppresses the diseases in plants (Gaiero et al., 2013). Moreover, beneficial 

and pathogenic bacteria are competing for the same nutrient sources and space. 

Bacterial endophytes colonize the same niches as pathogens, thus reducing the 

possibility of plant infection (Ryan et al., 2008b). Other bacteria can activate/stimulate 

the plant defence mechanisms without causing visible symptoms of stress on the host. 

This induced systemic resistance (ISR) depends mainly on jasmonate and ethylene 

signaling.  
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4. Constructed Wetlands (CWs) and Wetland plants 

Constructed Wetlands (CWs) are low-cost wastewater treatment technologies that are 

part of phytoremediation applications. In such systems, physicochemical (evaporation, 

photodegradation, oxidation, hydrolysis, retention or root sorption into the gravel bed) 

and biological (microbiological degradation, biofilm, root and plant uptake) processes 

are exploited in order to treat different kinds of wastewater (Wu et al., 2015a) (Fig.1). 

They are engineered wetlands, designed and operated to mimic natural wetland systems 

and they are classified into different categories: the free water surface flow (SF-CWs), 

horizontal subsurface flow (HSSF-CWs) systems, vertical subsurface flow constructed 

wetlands (VSSF- CWs) and hybrid constructed wetlands (hybrid CWs) (Li et al., 

2014a). 

 

Figure 2. Mechanisms of pharmaceutical removal in CWs (Zhang et al., 2014). 

 

In a comparative study, the removal efficiencies of emerging contaminants of five 

major sewage treatment technologies were investigated (Melvin and Leusch, 2016). It 

was concluded that constructed wetlands were able to remove the highest proportion of 

studied contaminants while membrane bioreactors (MBR) showed the greatest overall 

removal. Constructed wetlands are also efficient for metal removal from industrial 

wastewater  (Khan et al., 2009; Guittonny-Philippe et al., 2014b). 

Appropriate plant for application in phytoremediation strategies should possess the 

following characteristics: (i) High growth rate, (ii) Production of high above-ground 
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biomass, (iii) Widely distributed and highly branched root system, (iv) Higher take up 

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

roots to shoots, (vi) Tolerance to the toxic effects of the target heavy metals, (vii) Good 

adaptation to the prevailing environmental and climatic conditions, (viii) Resistance to 

pathogens and pests, (ix) Easy cultivation and harvest, (x) Repulsion to herbivores to 

avoid food chain contamination (Ali et al., 2013).  

The role of macrophytes in CWs systems is of of high importance since these plants 

provide niches for growth of functional microbial taxa, decrease the water current 

velocity, stabilize the surface of the bed and protect the surface against frost in winter 

(Brisson and Chazarenc, 2009). Moreover, they transfer oxygen from aerial tissues to 

the rhizosphere (Stottmeister et al., 2003a) and they excrete a range of exudates (Bais 

et al., 2006), thus stimulating the growth of the specific microbial taxa with the desired 

characteristics. Therefore, synergistic biodegradation between plants and rhizosphere 

microorganisms or accumulation of the contaminants have been proposed as the main 

mechanism of removal in several CWs (Hijosa-Valsero et al., 2016; Yan et al., 2016). 

Combination of different plant species led to greater microbial functional diversity 

(Button et al., 2016) which may enhance the microbial ability to treat wastewater. 

However, interspecies competition should be taken into account in multi-species 

wetlands (Zheng et al., 2016).  

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

helophytes in CWs (Vymazal, 2013). It is recommended that autochthonous species 

should be preferred over exotic species or cultivars in order to avoid the spreading of 

their genes and disturbance of the local flora (Schrºder and Prasse, 2013; Guittonny-

Philippe et al., 2014b). The genus Juncus comprises helophytes, mainly mash species 

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

successfully contribute to remediation of metals and organics in contaminated areas and 

constructed wetlands. 
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Objectives of PhD thesis 

 

Constructed Wetlands are considered as an efficient green technology for treating 

wastewater from industrial or domestic effluents contaminated with various compounds 

such as metals and emerging organic compounds. The selection of the appropriate 

helophyte(s) for assuring high efficiency is still a controversial issue since the ideal 

macrophyte should combine a lot of desired characteristics. However, the most 

common used plant species are exotic to the regions where they are applied, thus 

threatening the indigenous fauna and flora. Therefore, researchers suggest that the 

knowledge is too limited and more experiments are needed in order to evaluate the 

performance of indigenous species, especially with those that naturally colonize the 

contaminated areas (Guittonny-Philippe et al., 2015).  

In this context, an autochthonous wetland species, Juncus acutus was proposed as a 

suitable candidate for being exploited in CWs across the Mediterranean region after 

assuring its capability to treat BPA-contaminated groundwater in a phytoremediation 

pilot and water co-contaminated with metals and EOCs. The isolation and genotypic 

and phenotypic characterization of its endophytic community was performed in order 

to identify the promising strains with high potential to improve the plantôs 

phytoremediation performance (Chapter 3). The root and leaf endophytes were 

discriminated into separate groups according to their genotypic profiles and were 

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

metals and resistance and potential degradation to different emerging organic 

contaminants was investigated. 

The potential beneficial effects on the helophyteôs efficiency were evaluated in a 

bioaugmentation experiment with tailored bacterial strains (Chapter 4). The three most 

promising strains according to their score in plant growth promoting tests, metal 
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tolerance, resistance to and potential degradation of emerging organic contaminants 

were inoculated separately and as a consortium to J. acutus plants. The eventual 

increases of the removal efficiency were evaluated together with the effects of the 

contaminants on the plantôs physiology. 

The potential effects on the root and leaf bacterial communities due to contaminant 

exposure or inoculation were investigated in order to determine the driving forces that 

shape the endosphere communities (Chapter 5). Total DNA was analyzed through next-

generation sequencing and the diversity and structure of the different endophytic 

assemblages were compared. The qPCR of the antibiotic resistant genes to 

ciprofloxacin and sulfamethoxazole together with the 16S rRNA gene is still on 

progress. The results will provide information concerning potential gene transfer in this 

experiment.    

In CWs, where the optimization strategies in design and operation parameters are 

extensively reviewed, selection of appropriate plants with their tailored associated 

bacteria seems the only promising strategy for increasing the performance. Exploring 

the indigenous flora will reveal the best performing species of each area and taking 

advantage of their endophytic inhabitants will lead to a more robust and efficient green 

technology. 
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Bisphenol-A removal by the halophyte Juncus acutus in a 

phytoremediation pilot: Characterization and potential role of the 

endophytic community 1 

 

Scope  

A phytoremediation pilot emulating a shallow aquifer planted with Juncus acutus 

showed to be effective for remediating Bisphenol-A (BPA) contaminated groundwater. 

Biostimulation with root exudates, low molecular weight organic acids, of J. acutus did 

not improve BPA-degradation rates. Furthermore, the endophytic bacterial community 

of J. acutus was isolated and characterized. Many strains were found to possess 

increased tolerance to metals such as Zn, Ni, Pb and Cd. Moreover, several endophytic 

bacterial strains tolerated and even used BPA and/or two antibiotics (ciprofloxacin and 

sulfamethoxazole) as a sole carbon source. Our results demonstrate that the cultivable 

bacterial endophytic community of J. acutus is able to use organic contaminants as 

carbon sources, tolerates metals and is equipped with plant-growth promoting traits. 

Therefore, J. acutus has potential to be exploited in constructed wetlands when co-

contamination is one of the restricting factors.    

 

3.1 Introduction 

The high degree of industrialization led to the production of huge amounts of toxic 

wastes and contaminated soils and waters that need to be treated. Phytoremediation is 

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

                                                           
1 The material of this chapter was published in : Journal of Hazardous Materials, May 2016. 

doi: 10.1016/j.jhazmat.2016.05.034  
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cost, solar powered technology with wide public acceptance (Glick, 2010). However, 

the sometimes higher demand of time, the mixed nature of most pollutions and the 

potential accumulation of contaminants in the plant tissues which in turn may decrease 

plant fitness are some drawbacks of this technology. Constructed wetlands (CWs) are 

artificial wetlands that combine plants and their associated microbes for pollutant 

removal and they are characterized as a state of the art technology for water (including 

wastewater or groundwater) remediation (Fester et al., 2014). Verlicchi & Zambello 

(Verlicchi and Zambello, 2014) suggested that this low cost technology represents a 

promising alternative for treating wastewater from small communities or as a final 

treatment step in tailored effluents such as from hospitals. Moreover, special attention 

was paid to this sustainable remediation option after that urban wastewater treatment 

plants were found to be the main point sources for the release of several emerging 

contaminants to the environment (Michael et al., 2013). 

Bisphenol A [BPA, 2,2-bis(4-hydroxyphenyl)-propane] is a synthetic compound 

commonly used in the production of polymers, vinyl chloride, thermal paper, 

polyacrylates and lacquer coatings for tin cans (Michağowicz, 2014). It is produced 

worldwide in high volumes (three million tons each year) and wastewater treatment 

plants treating industrial effluents, sewage sludge and waste landfill leachates are 

considered the main sources of BPA release into the environment. Epidemiological 

studies revealed causal relationships between BPA exposure and chronic human 

diseases such as obesity, cardiovascular diseases, reproductive disorders, chronic 

kidney diseases, birth defects and development disorders, respiratory diseases, cancers 

and autoimmune diseases (Rezg et al., 2014). Several chemical methods have been 

established for treating BPA contaminated waters, along with the biological treatment 

which encompasses microbial and/or plant mediated degradation. Many bacterial 

strains have been employed for in vitro degradation experiments with promising results 

(Zhang et al., 2013) next to the herbaceous plant species that showed an ability to 

decrease BPA concentrations from aqueous media (Loffredo et al., 2010).     

The exploitation of plant-associated microorganisms may support a strategy towards 

enhanced degradation rates and improved performance of plants in CWs (Abhilash et 

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

improving plant growth.  

The water solubility, lipophilicity and logKow between 0.5 and 3.5 that characterize the 

majority of organic contaminants enables their translocation to the plant tissues (Li et 

al., 2014b). As a result, endophytic bacteria may play an important role in plant 

detoxification. The term endophytic bacteria refers to bacteria that reside in the internal 

plant parts without negatively affecting the host (Weyens et al., 2009b). Actually, many 

of them carry plant growth promoting characteristics such as nitrogen fixation, 

utilization of 1-aminocyclopropane-1-carboxylic acid as a sole nitrogen source and 

production of phytohormones along with their ability to tolerate high concentrations of 

metals (Rajkumar et al., 2009; Ma et al., 2011a). In the case of organic contaminants, 

endophytic bacteria equipped with appropriate catabolic genes enhance the in planta 

degradation of xenobiotics (Afzal et al., 2014). Moreover, the roots can also take up the 

polar and highly water-soluble compounds. In this context, there exists a growing 

interest in isolating and characterizing the endophytic communities of wetland plants 

in terms of exploring strains capable of degrading/tolerating contaminants together with 

promoting plant growth (Shehzadi et al., 2015; Chen et al., 2012; Dimitroula et al., 

2015; Sauv°tre and Schrºder, 2015; Egamberdieva and Kucharova, 2009; Ho et al., 

2012).  

Recently, the contribution of the endophytic community of Phragmites australis to 

carbamazepine degradation was evaluated; some strains could remove the psychotropic 

drug and at the same time demonstrated beneficial plant growth promoting traits 

(Sauv°tre and Schrºder, 2015). Moreover, Dimitroula et al. (Dimitroula et al., 2015) 

showed that some Juncus acutus endophytic strains can reduce Cr(VI) to Cr(III) 

assisting the detoxification of the halophyte exposed to Cr(VI). Along with the 

endophytic community, the plant can affect positively or negatively the degradation 

capabilities of the rhizospheric microorganisms through the excretion of various 

compounds (Bais et al., 2006; Phillips et al., 2012).    

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

in order to investigate the capacity of the wetland plant J. acutus to remove BPA from 

contaminated groundwater. In addition, the potential impact of the presence of BPA on 

the pattern of organic acids exuded by the halophyte was also determined. Further, the 
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cultivable endophytic community of J. acutus was assessed in terms of plant growth 

promoting traits, metal tolerance and resistance against emerging contaminants. In 

addition, the degradation potential was assessed leading to the selection of highly 

promising candidates for bioaugmentation strategies. These are expected to enhance the 

performance of this halophyte in CWs. 

 

3.2 Materials and Methods 

3.2.1 Shallow Aquifer Phytoremediation Pilot Unit   

The pilot unit emulated a shallow aquifer, treating contaminated groundwater. The total 

volume of the container was 1 m3 and was filled with 20% gravel (110 L small-sized 

gravel at the bottom and 55 L of medium-sized gravel on top of it) and 80% soil (upper 

layer) (Fig.3). The pilot contained two J. acutus plants, collected and transplanted from 

the natural wetland of Morony at Souda bay (Chania, Greece). The soil mass in the 

system was 1040 kg and the total estimated water volume 315 L, at 100% saturation. 

An external reservoir of 75 L (working volume 60 L) was used for collection of the 

partially treated effluent water and with the help of a feed pump the water from this 

external reservoir was pumped back into the pilot. The external reservoir was also used 

for spiking the system with contaminant(s) at time zero. A peristaltic pump controlled 

the hydraulic retention time at 0.59 days corresponding to a flow rate of 17.9 L h-1. 

Initial BPA concentration at 2667 ɛg L-1 was attained by diluting 160 mg of the 

compound in the external tank at day zero. BPA was separated and quantified using 

HPLC according to the protocol described elsewhere (Christofilopoulos et al.). 
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Figure 3. Schematic representation of the Shallow Aquifer Phytoremediation Pilot, planted with two 

Juncus acutus plants. 

 

3.2.2 Collection of  J. acutus root exudates    

Ceramic pots were filled with 400 g gravel and 1200 g dry soil and planted with one J. 

acutus plant. In the bottom of each pot a sampling port with a valve was introduced. In 

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

the soil collected from the field in Akrotiri (Chania, GR) was mixed with beach sand 

prewashed with tap water. On the first day, pots with and without plants were spiked 

with 150 and 300 ɛg BPA diluted in 250 mL tap water (n=3). Pots with plants but 

without BPA addition were used as controls. The drainage was collected 2 h after 

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

the leachate from each pot was collected again 2 h after spiking the water in the 

reservoir. Subsequently, the leachates were evaporated until dryness under reduced 

pressure at 50ÁC, dissolved in 5 mL distilled water and then stored in a freezer at ī20ÁC.  

3.2.3 Identification of low molecular organic acids in root 

exudates 
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A solid-phase extraction procedure was applied to isolate low molecular organic acids 

from root exudates. A cartridge (SEP-PAK VAC, Accell Plus QMA cartridge, Waters) 

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

1) and 40 mL of root exudates solution was passed at a flow-rate of 0.5 mL min-1. 

Subsequently, the cartridge was rinsed with 10 mL water (3 mL min-1) and organic 

acids were eluted with 4 mL 0.1 M sulfuric acid (0.5 mL min-1). This solution was 

injected directly into the HPLC (Alliance 2690 series HPLC equipped with a UV-Vis 

detector) and the improved method of Cawthray (Cawthray, 2003) was used for the 

identification and quantification of the organic acids. Separation was achieved on a 

Nucleosil C18, reverse-phase column (250 mm x 4.6 mm, 5 ɛm) employing an isocratic 

elution program with one solvent that was ultrapure water adjusted to pH 2.5 with o-

phosphoric acid. The flow rate was 0.5 mL min-1 for a total running time of 30 min. The 

detector was set at 210 nm. Standard solutions were used for the identification of all 

organic acids separately and as a mixture. Positive identification of them was 

accomplished by comparing standard retention times. All the reagents used for this 

study were purchased from SigmaïAldrich (Germany).  

3.2.4 Isolation of cultivable endophytic bacteria from J. acutus  

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

plants growing on the BPA-contaminated pilot. The samples were surface sterilized for 

30 s in 70% ethanol followed by immersion in 2% NaClO solution supplemented with 

one droplet Tween 80 per 100 mL solution for 10 min. Finally, the samples were rinsed 

three times in sterile distilled water for 1 min; aliquots of the third rinsing solution were 

plated on 869 medium (Mergeay et al., 1985) and incubated for 7 days at 30oC, in order 

to confirm surface sterility. Subsequently, the surface-sterile samples were macerated 

for 60 s in 10 mL of 10 mM MgSO4 using a sterile mortar and pestle. Serial dilutions 

were plated on 1/10 strength 869 agar medium supplemented with 100 ɛg mL-1 of the 

fungicide cycloheximide to inhibit fungal growth. The plates were incubated at 30oC 

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

gram fresh weight. All colonies with different morphology were picked off and spread 

onto new plates until pure colonies were formed. The selected isolates were preserved 

at ī80ÁC in 15% (v/v) glycerol.  
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3.2.5 Genotypic characterization (DNA extraction, BOX-PCR 

genomic DNA profile, 16S rDNA amplification) 

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

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

(5ǋ-CTACGGCAAGGCGACGCTGACG-3ǋ). PCR reactions, cycling conditions and 

separation of the PCR products were performed as described earlier (Becerra-Castro et 

al., 2011). The BOX profiles were analyzed and the isolates were grouped together 

according to their band patterns. 

The 16S rDNA was amplified using the universal 1392R primer (5ǋ-

ACGGGCGGTGTGTRC-3ǋ) and the bacteria-specific 26F primer (5ǋ-

AGAGTTTGATCCTGGCTCAG-3ǋ) on one representative strain from each group and 

was further sequenced as previously described (Weyens et al., 2009f). The sequences 

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

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

were constructed with the program MEGA 5.0 software (Tamura et al., 2011). The 

sequences of the strains are now available in the GenBank database under accession 

numbers KU598698- KU598764. 

3.2.6 Screening for plant growth promoting characteristics 

The isolated strains were tested for their ability to solubilize inorganic phosphate (Ca3 

(PO4)2) in agar plates (Nautiyal, 1999). Indole acetic acid (IAA) production was 

assessed with the development of pink color after the addition of Salkowski reagent in 

869 medium supplemented with 0.5 mg mL-1 tryptophan (Sheng et al., 2008). The 1-

aminocyclopropane-1-carboxylate (ACC) deaminase capacity of the strains was 

determined as previously described by Belimov et al. (Belimov et al., 2005). 

Siderophore production was qualitatively estimated by the Chrome Azurol S assay 

(Schwyn and Neilands, 1987); when CAS binds to siderophores the color changes from 

blue to orange. The pH-sensitive color indicator Alizarine Red S was used in order to 

evaluate the organic acids production by bacteria (Cunningham and Kuiack, 1992).   

3.2.7 Metal resistance 
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The tolerance of the isolated strains to metals was investigated using the selective 284 

medium supplemented with 4 mM zinc, 1 mM nickel, 1 mM cadmium or 1 mM lead. 

The 284 medium contained per liter distilled water 6.06 g TrisïHCl, 4.68 g NaCl, 1.49 

g KCl, 1.07 g NH4Cl, 0.43 g NaSO4, 0.20 g MgCl2. 6H2O, 0.03 g CaCl2. 2H2O, 40 mg 

Na2HPO4. 2H2O, 0.48 mg Fe(III)NH4 citrate and 1 mL microelements solution (1.3 mL 

25% HCl, 144 mg ZnSO4. 7H2O, 100 mg MnCl2. 4H2O, 62 mg H3BO3, 190 mg CoCl2. 

6H2O, 17 mg CuCl2. 2H2O, 24 mg NiCl2. 6H2O and 36 mg NaMoO4. 2H2O) of final 

pH 7. Carbon sources (0.52 g glucose, 0.35 g lactate, 0.66 g gluconate, 0.54 g fructose, 

and 0.81 g succinate per liter medium) were added to the medium and the plates were 

incubated at 30oC for 7 days. 

3.2.8 Antimicrobial susceptibility 

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

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

Hinton Agar plates with sterile cotton swabs and four antibiotic discs (ciprofloxacin 

(1ɛg), erythromycin (15ɛg), sulfamethoxazole (25ɛg) and tetracycline (10ɛg)) were 

placed on the surface of the plate. Subsequently, the plates were incubated at 30oC for 

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

according to the Kirby-Bauer chart.    

3.2.9 Tolerance to Bisphenol-A by auxanography 

Auxanography was used for the identification of the strains that could grow on 284 

medium and utilize Bisphenol-A as a sole carbon source. Bacteria were cultivated in 

rich medium until they reached the late exponential phase, they were washed three 

times with 10 mM MgSO4 and spread (concentration: 108 cfu mL-1) on minimal 

medium agar plates without carbon source. The next day, one droplet of BPA was 

streaked out in one third of the plate and the plates were incubated at 30oC for 7 days. 

3.2.10 Degradation of organic contaminants    

The ability of the isolates to use Bisphenol-A (BPA), ciprofloxacin (CIP), erythromycin 

(E), sulfamethoxazole (SMX) and tetracycline (TET) as a carbon source was 

investigated for the tolerant strains using Biolog MT2 plates (Biolog Inc., Hayward, 

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

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

suspension and each of the organic contaminants were inoculated in triplicates to the 

wells and the optical density was measured periodically with a microplate reader 

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

glucose) control were used.    

 

3.3 Results and Discussion 

3.3.1 Performance of the shallow aquifer phytoremediation 

pilot and quantification of organic acids excretion 

Plant roots secrete organic compounds that interact with both biotic and abiotic factors 

in the rhizosphere and strongly influence them (Bais et al., 2006). For example, root 

exudates can participate in mobilizing metal micronutrients or in competing for binding 

sites with anionic species; they can also serve as a substrate for co-metabolism or 

stimulation of the degradation of organic pollutants (Wenzel, 2009). Among all the 

exudates, low molecular weight organic acids (LMWOAs) are the most active and 

abundant organic compounds.   

In this context, the low molecular weight organic acids exuded by J. acutus roots were 

collected and identified in order to evaluate their potential contribution to BPA 

degradation. Monocarboxylic acids (formic and lactic acids), and di- and tricarboxylic 

acids (oxalic, malonic and tartaric acids) were found in the presence of BPA, while 

without BPA addition J. acutus rhizosphere did not contain any organic acid. Changes 

in the profile of exudates of rice roots have also been reported in response to Cr stress 

(Zeng et al., 2008). Similarly, the exudation pattern of two metallophytes was shown 

to be highly variable depending on the Cu concentration they were exposed to (Meier 

et al., 2012); however, in the same study, the two agricultural plant species exuded 

similar quantities of citric acid at different Cu exposure levels. 

Among the five organic acids detected, three of them (oxalic, formic and malonic acid) 

exhibited higher concentrations compared to tartaric acid while lactic acid was detected 

only at the first day of the experiment. The formic acid was the only acid that seemed 
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affected by BPA exposure: it seems to be increased at lower BPA amounts in soil (from 

105 ɛg to 22Ñ6.5 ɛg and from 314Ñ3.7 ɛg to 53Ñ44 ɛg). Variability in exudates among 

plants of the same treatment was observed in this study. This intra-species variability 

in exudates was also mentioned in other studies (Mucha et al., 2005; Phillips et al., 

2012). Oxalate and malonate have also been identified in root exudates of Juncus 

maritimus growing on sandy and muddy sites but their concentrations were 

significantly different between the two sites (Mucha et al., 2005). The authors 

suggested that the physico-chemical characteristics of the surrounding sediment might 

be responsible for these differences. In another study, no seasonal variations of the 

LMWOAs (oxalate, citrate, malate, malonate, succinate) exudation of J. maritimus 

were detected, but an increase of oxalic acid was demonstrated in presence of Cu 

(Mucha et al., 2010). It is well known that bacteria can also excrete organic acids in 

their environment; however, in this experiment no organic acids were measured in the 

leachates collected from the pots containing BPA-contaminated soil. 

After identifying the exuded organic acids, a biostimulation run was conducted in order 

to quantify potential benefits of these organic acids on the removal of BPA. In 

particular, the following amounts were added: 4.99 g oxalic, 18.75 mg tartaric, 9.64 g 

formic, 6.47 g malonic and 6.48 g lactic acid which correspond to 5x the maximum 

concentration found in the pot experiments. However, as seen in Fig. 4, the amount of 

BPA in the soil decreased with similar rates in both, the tank with and the one without 

supplementation of organic acids. Likewise, the addition of a nutrient solution was not 

effective for improving the efficiency of Juncus to remediate a soil contaminated with 

petroleum hydrocarbons (Ribeiro et al., 2014). In particular, after adding nutrients, J. 

maritimus stems looked less healthy than without any additional nutrients. Moreover, 

root biomass and hydrocarbons degradation potential were negatively affected.  
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Figure 4. BPA concentration (Õg L-1) measured in the effluent in the control run (with BPA but no 

stimulants) and in the biostimulation run where organic acids (oxalic, tartaric, formic, malonic and 

lactic) were added. 

 

3.3.2 Isolation and identification of the cultivable endophytic 

bacteria associated with J. acutus 

Since biostimulation with low molecular organic acids did not appear to be effective 

and also the fact that Bisphenol A can be taken up by the plant, the endophytic bacteria 

of J. acutus were isolated and characterized. After assuring surface sterilization of the 

plant parts, colonies 110 morphologically distinct were obtained which formed 67 

groups according to their variable BOX-PCR profiles. DNA extraction and sequencing 

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

group. 

Phylogenetic analysis showed the presence of the phyla Actinobacteria, Firmicutes and 

Proteobacteria in both plant organs, but the composition of the communities differed 

(Fig.5). In general, the phylum Proteobacteria dominated the cultivable endophytic 

community of roots and leaves (75% and 46% respectively). In the leaves, the Alpha-

proteobacteria were dominated by the genus Sphingomonas (15% of the total isolates) 

while the Beta-proteobacteria were mainly represented by the genus Ralstonia (14%) 
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followed by the genus Herbaspirillum (7%). The Firmicutes were only represented by 

the genus Bacillus (39%) and the Actinobacteria were almost exclusively members of 

the genus Nocardioides (15% of isolates). With respect to the root community, the 

genus Ralstonia (49%) was the most abundant followed by Ochrobactrum (24%) and 

Bacillus (23%). The remaining isolates (Aeromonas, Arthrobacter, Herbaspirillum, 

Hyphomicrobium, Yonghaparkia, Microbacterium, Pelomonas, Promicromonospora, 

Pseudomonas, Rhizobium, Sphingomonas, Virgibacillus) represented only 4% of the 

total number of root isolates.  

 

Figure 5. Distribution of endophytic isolates in plant compartments (the first number between brackets 

represents the number of isolates in roots and the second number between brackets represents the number 

of isolates in leaves). 

 

Endophytic bacteria enter the plant mainly via the roots and their establishment in the 

root interior depends on their ability to colonize the plant and establish a population. In 

polluted environments, the concentration of the contaminant inside is a factor that 

contributes to shape the community together with the plant genotype, the age and other 

environmental factors (Truyens et al., 2015b; Afzal et al., 2014). The J. acutus 
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endophytic community contains many common genera that were also found in other 

plant species growing on contaminated sites (Moore et al., 2006; Barzanti et al., 2007; 

Shehzadi et al., 2015; Thijs et al., 2014a).  

The genus Ralstonia, dominating the cultivable J. acutus root endophytes consists of 

aerobic bacteria that were found in water, soil and inside plants. They have been shown 

able to degrade a wide range of xenobiotics such as benzene, phenol and TCE (Ryan et 

al., 2007) and during the years this genus became a model genus for the study of metal 

tolerance mechanisms (Mergeay et al., 2003). Moreover, bioaugmentation with 

Ralstonia strains enhanced the uptake of Cd and Zn by Helianthus annuus (Marques et 

al., 2013) and Cr and Pb translocation to maize shoots (Braud et al., 2009). Many 

members of the genus Bacillus (the dominant genus among the leaf isolates) have been 

isolated from several plant species and carry appropriate characteristics for 

bioremediation. For example, the endophytic Bacillus sp. L14 isolated from the leaves 

of the Cd hyperaccumulator Solanum nigrum L. did not only tolerate high 

concentrations of Cu (II), Cd (II) and Cr (VI), but also removed metals, especially Cd 

(II) and Pb (II) (Guo et al., 2010). Shin et al. (Shin et al., 2012) demonstrated the ability 

of another root endophytic strain identified as Bacillus sp. to promote plant growth in 

combination with high Pb resistance. After inoculation of this strain in B. juncea 

seedlings, root elongation was significantly stimulated in the presence of lead compared 

to the control.  

3.3.3 Plant growth promoting properties of the isolated 

endophytic strains 

Plant growth promoting bacteria can improve plant growth via direct or indirect 

mechanisms, they can assist plants to cope with pollutants and enhance the remediation 

capabilities of plants (Weyens et al., 2009a; de-Bashan et al., 2012; Weyens et al., 

2009b). The isolated endophytic strains were investigated in vitro for their potential to 

express plant growth promoting (PGP) traits. The majority of the strains (more than 

88%) showed at least one PGP characteristic out of the five tested, but none of them 

exhibited all the characteristics. In general, the community was rich in isolates able to 

solubilize mineral phosphate (40% of the total isolates), produce indole-acetic acid 

(46%), produce organic acids (27%) and secrete siderophores into the medium (55%).  
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The distribution of the traits differed between leaf and root isolates (Fig.6). For 

example, the roots harbored many mineral phosphate solubilizers (49% of the root 

isolates) while the majority of the strains producing organic acids were residing in the 

leaves (61%). IAA-producers were similarly represented in the cultivable root and leaf 

endophyte populations. Only four leaf isolates could utilize ACC as a sole N source and 

were belonging to the genera Bacillus, Microbacterium and Ralstonia while seven root 

isolates exhibited this trait and belonged to Bacillus, Yonghaparkia, Ochrobactrum, 

Rhizobium and Sphingomonas.   

 

Figure 6. Percentage of endophytic strains isolated from Juncus acutus that have the potential to carry 

plant growth promoting characteristics (P Solub: Phosphate solubilizers, IAA: Indolacetic acid 

producers, ACC: ACC deaminase producers, OA: Organic acid producers, Sid: Siderophores producers). 

 

Among all isolates, two leaf (belonging to Bacillus and Ralstonia) and four root strains 

(belonging to Bacillus, Yonghaparkia, Microbacterium and Ralstonia) showed positive 

for four out of the five tested PGP traits. IAA-production was the common PGP trait 

for the above-mentioned strains. The leaf isolates shared phosphate solubilization and 

siderophore secretion, while the root isolates shared organic acids production. 

3.3.4 Tolerance to metals  
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Since J. acutus is a commonly used macrophyte in CWs worldwide (Wu et al., 2015a),  

the ability of its endophytic community to tolerate trace metals was investigated. In 

terms of prolonging the lifetime of the substrate and generally the CW retention, plant 

harvesting/cutting should be performed frequently especially in case of mixed 

contaminations. Therefore, it is of high importance to find strains able to enhance the 

metal uptake by plants and/or, even better, the translocation of metals to the 

aboveground tissues. In this context, the ability of the endophytic isolates to grow in 

the presence of metals was investigated. A high number of isolates showed able to form 

colonies on minimal medium supplemented with 4 mM Zn or 1 mM Ni (78% and 81% 

respectively). The majority of the resistant strains originated from leaves and it is 

noteworthy that among all leaf isolates only one strain (identified as Bacillus) did not 

show increased resistance to zinc and nickel. 68% of the endophytic strains were 

characterized as Pb-tolerant and 46% as Cd-tolerant. These high percentages of 

tolerance to Pb and Cd were not observed for the root isolates. From the latter, 

respectively 56% and 36% tolerated exposure to increased concentrations of 

respectively Pb and Cd. 

Remarkably, although, J. acutus is a salt marsh plant that shows a tendency to 

accumulate metals in the belowground tissues (Almeida et al., 2006), it was not the root 

but the leaf community that was dominated by metal tolerant strains. In the leaves, 54% 

of the isolates exhibited resistance to all 4 metals tested and 35% exhibited resistance 

to 3 metals (Fig.7). In case of the root endophytic community, a large fraction (39%) of 

isolates tolerated 3 metals and only a smaller amount showed increased tolerance to 4 

metals (18%). 
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Figure 7. The number of Juncus acutus isolates that were tolerant to 0, 1, 2, 3 or 4 metals when they 

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

 

3.3.5 Tolerance to emerging organic pollutants and potential 

degradation capacity 

Plants can selectively stimulate the growth of indigenous endophytic microbial strains 

equipped with specific catabolic genes in order to cope with pollutants (Siciliano et al., 

2001). In this context, many studies (Kukla et al., 2014; Sura-de Jong et al., 2015; 

Weyens et al., 2009f; Truyens et al., 2015b) have demonstrated that host plants growing 

on a contaminated soil harbor many tolerant endophytic strains. Besides the plant 

genotype, the concentration of the contaminant may influence the metabolic potential 

of the in planta community.  

In this study, the ability of the cultivable endophytic community of J. acutus growing 

on a BPA-contaminated pilot to tolerate high BPA concentrations was assessed. The 

majority of the strains (75%) could grow on minimal medium supplemented with 

100mg L-1 BPA. To our knowledge, this is the first report of BPA-tolerant endophytic 

bacteria; previous studies focused on rhizosphere populations (Toyama et al., 2009; 

Saiyood et al., 2010). For example, from the rhizosphere of the tropical plant Dracaena 

sanderiana growing hydroponically with various concentrations of BPA, six bacterial 
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strains were isolated that showed tolerant to 20ɛM BPA (Saiyood et al., 2010). 

Furthermore, this study suggested that BPA could not only be taken up by the plant but 

that there was also a tendency to be accumulated in the stems after increasing the 

duration of exposure. In our study, higher numbers of leaf (86%) isolates exhibited BPA 

resistance compared to root (67%) isolates (Fig.8), indicating that J. acutus might 

employ a similar mechanism of BPA translocation to the aerial parts but further 

experiments should be performed in order to confirm this hypothesis. 

 

Figure 8. Percentage of leaf and root isolates that were able to grow in presence of organic pollutants 

(BPA: Bisphenol-A, CIP: Ciprofloxacin, TET: Tetracycline, E: Erythromycin, SMX: 

Sulfamethoxazole). 

 

In order to assess their contribution to attenuate plant stress, the BPA-tolerant strains 

were further tested for their capacity to degrade BPA.  Using Biolog MT2 plates, nine 

strains belonging to the genera Ralstonia, Microbacterium and Nocardioides) isolated 

from J. acutus leaves and 65% of the BPA- tolerant root isolates were characterized as 

potential BPA degraders. All these strains changed the color of the medium from white 

to purple after 7 days of cultivation. Many gram positive and gram negative bacteria 

that exhibit BPA degradation capacity with different metabolic pathways have been 

isolated from different environments (Zhang et al., 2013). A Novosphingobium sp. 

strain TYA-1 was isolated from the rhizosphere of Phragmites australis and could 

completely degrade 22.8 - 228.3 mg L-1 BPA in cultures with minimal medium and use 

BPA as the sole carbon source (Toyama et al., 2009). Moreover, two Enterobacter sp. 
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strains and one Bacillus sp. strain associated with Dracaena sanderiana, enhanced BPA 

removal from hydroponic systems and mixed cultures (Saiyood et al., 2010).      

In order to investigate the potential antibiotic resistance, four commonly used 

antibiotics were selected: ciprofloxacin (Quinolones), sulfamethoxazole 

(Sulfonamides), tetracycline (Tetracyclines) and erythromycin (Macrolides). For this 

purpose, a disc diffusion test was performed and the use of the antibiotics as a carbon 

source was examined. Antibiotics have been found inside plants but the concentrations 

in the different plant parts depend on several factors such as the plant species and the 

growth stage. For example, the concentration of antibiotics was higher in leaves and 

decreased from stems to roots in some vegetables (Hu et al., 2010), while in the wetland 

plant Phragmites australis, higher levels of antibiotics were found in roots and 

concentrations decreased from leaves to stems (Liu et al., 2013).  

About 50% of the isolates from roots and leaves of J. acutus showed resistance to 

sulfamethoxazole (Fig.8). Among the resistant leaf isolates, five strains (identified as 

Acidovorax, Bacillus, Nocardioides, Ralstonia and Sphingomonas) were characterized 

as potential sulfamethoxazole degraders. With respect to the root community, 11 strains 

belonging to the genera Bacillus, Microbacterium, Ochrobactrum, Pseudomonas, 

Ralstonia and Virgibacillus possessed the potential to degrade sulfamethoxazole; they 

could grow and change the color of the medium from white to purple when cultured in 

presence of 20 mg L-1 sulfamethoxazole. In most of the studies, consortia originating 

from activated sludge were used for aerobic SMX degradation tests but in recent years 

the exploitation of single microorganisms has been explored (Larcher and Yargeau, 

2012b). Nine bacterial strains isolated from activated sludge were tested individually 

for their ability to degrade SMX in cultures with an initial SMX concentration of 10 mg 

L-1  and a concentration range of carbon and nitrogen sources (Herzog et al., 2013). 

This study demonstrated that the biodegradation rates by the microorganisms were 

lower when sulfamethoxazole was the sole nutrient source in the medium; however, 

after 10 days of incubation the concentration was still below detection limit. In another 

experiment, the potential mineralization of SMX (initial concentration: 127mg L-1) by 

enriched cultures originating from an acclimated lab scale MBR was investigated 

(Ricken et al., 2011). After 24 days of incubation, a 58% decreased SMX concentration 

was observed. However, when the five strains were separated, they could individually 

mineralize 24 - 44% of SMX in 16 days incubation.       
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Regarding ciprofloxacin (CIP), 16% of the isolates were considered as CIP-resistant 

since no halo zone was formed around the antibiotic disc. The six leaf and five root 

CIP-tolerant strains were further tested for their ability to degrade ciprofloxacin in 

Biolog plates. Based on the results, the Nocardioides sp. and Sphingomonas sp. leaf 

strains and the root-associated Promicromonospora sp. strain should be considered as 

potential ciprofloxacin degraders. Earlier reports concerning bacterial degradation of 

ciprofloxacin are scarce. Amorim et al. (Amorim et al., 2013) investigated the 

capability of the soil bacterium Labrys portucalensis F11 to degrade a range of 

fluoroquinolones such as ciprofloxacin in minimal medium supplemented with acetate 

as an additional carbon source. They demonstrated that the concentration of the 

antibiotic in the medium decreased by 85% after 28 days due to the presence of the 

bacterium. 

Only four root isolates (belonging to the genera Aeromonas, Ochrobactrum, 

Pseudomonas and Ralstonia) were tolerant to tetracycline while none of the isolates 

resisted erythromycin (Fig. 9).  

 

Figure 9. Heatmap with selected J. acutus endophytic strains and their score in the in vitro tested 

characteristics (PGP: plant growth promoting traits, H.M. Tol.: Heavy metal tolerance, Org. Tol.: 

Resistance to organic pollutants, Org. Degr.: Potential ability for organic pollutant degradation). 
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Some endophytic strains showed resistance to more than one of the tested organic 

contaminants, for example five leaf isolates tolerated BPA, CIP and SMX. With respect 

to root isolates, it was observed that all the tetracycline-resistant strains were also 

resistant to BPA and SMX. A few strains demonstrated a potential ability to degrade 

two pollutants (one leaf and four root isolates) and only one Nocardioides  strain from 

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

A wide range of organic and inorganic pollutants should be treated in CWs but the co-

contamination decreases the fitness of the plants and their associated microorganisms. 

As a result, it is of high importance to find microbial strains that combine many of the 

desired characteristics and that can subsequently be used in bioaugmentation strategies 

to enhance the efficiency of CWs. From the cultivable J. acutus endophytic community, 

few endophytic strains showed PGP characteristics together with tolerance to various 

metals, resistance to BPA and antibiotics and potential degradation (Fig.7). The above 

results suggest that these isolates could potentially enhance the capacity of wetland 

plants to take up metals and organic contaminants from wastewater, degrade the organic 

contaminants and at the same time increase the plant biomass. In this context, 

depending on the type of effluents (domestic or industrial) where many of these 

compounds usually co-exist (Peng et al., 2014; Saiyood et al., 2010), the appropriate 

endophytic strains equipped with the desired characteristics may be employed.    

 

3.4 Overall Remarks 

In a pilot CW study the successful treatment of BPA-contaminated groundwater was 

demonstrated using the salt-tolerant wetland plant J. acutus. Biostimulation with the 

excreted organic acids did not have a beneficial effect on the BPA degradation rate. 

However, it appears that the plant harbors a microbial community strongly enriched 

with strains able to degrade organic compounds (BPA, CIP, SMX) and tolerate high 

concentrations of metals (Zn, Ni, Pb, Cd), together with PGP properties. To our 

knowledge, this is the first study that demonstrates the potential of endophytic bacteria 

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

 








































































































