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During the three years of the PhD course, in addition to the main project, I also 

followed other research projects.  

 

Microbial Bioelectricity 

The first concerned the production of electricity by bacteria starting from organic 

matter in devices known as microbial fuel cells (MFC)(Lovley, 2006).  

Figure 15 shows a schematic diagram of a typical MFC for producing electricity. It 

consists of anodic and cathodic chambers partitioned by a proton exchange 

membrane. Microbes in the anodic chamber oxidize added substrates and generate 

electrons and protons in the process. The electrons are transferred (through 

different mechanisms) to the anodic electrode and flow through an external circuit 

to the cathode where they combine with protons and a chemical catholyte such as 

oxygen, producing electricity (Du et al., 2007).  

 

 

Figure 15 : The working principle of a microbial fuel cell. Substrate is metabolized by 

bacteria, which transfer the gained electrons to the anode. This can occur either directly 

through the membrane or via mobile redox shuttles. MED, redox mediator; Red oval, 

terminal electron shuttle in or on the bacterium [From (Rabaey & Verstraete, 2005)]. 
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Two principal mechanisms used by microorganisms to transfer electrons to 

electrodes have emerged to date. The first is indirect and involves the use of 

mediators, called "shuttle". These electron shuttles are typically capable of crossing 

cell membranes, accepting electrons from one or more electron carriers within the 

cell, exiting the cell in the reduced form and then transferring electrons onto the 

electrode surface. Then they can re-enter the cell in the oxidized form, charging 

electron again and transport them outside. These mediators may be exogenous or 

in some instances, microorganisms might produce their own mediators (Lovley, 

2006). The second mechanism (used by real electricigens) is direct. In this case 

bacteria form biofilms on the electrode surface and the electrons are transferred 

by the individual cells to the electrode or directly through outer-membrane c-type 

cytochromes, or through extracellular polymeric substances and specialized 

micropili that act as real microscopic electrical cables (called "nanowires") and that 

connect the bacterial cells between them and to the electrode. This second 

mechanism is much more efficient and less expensive than the previous one 

(Lovley, 2006, Bond et al., 2012).  

Much of the research on MFCs  focused on improving the hardware of the cells and 

various types of MFC have been compared in terms of their performance relating 

to power generation and energy source (Rabaey & Verstraete, 2005, Kim et al., 

2007, Logan, 2010), while few studies investigated the changes in the microbial 

communities and organic matter characteristics following MFC treatment. In 

particular, it is still not clear how widespread electrogenic bacteria are in the 

environment. Initially it was thought that current production might be a rare trait in 

microorganisms, limited only to some “electroactive” anaerobic species such as 

Geobacter or Shewanella (Bond & Lovley, 2003, Logan et al., 2005). However, 

subsequent studies showed that the electrogenic properties are not exclusive to a 

few bacterial species but are much more widespread and variable than previously 

thought, that different bacteria are "specialized" for the use of different organic 
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substrates and complex organic matrices that are oxidized and used as a nutrient 

by whole microbial communities constituted by many different bacteria, each of 

which is specialized for a specific function. Therefore research is now no longer 

directed towards a single electrogenic bacterium, to be used with any biomass, but 

towards different bacteria, or more often bacterial communities, specialized for 

certain types of organic substances. The aim is therefore to identify the most 

efficient microorganisms in the use of specific substrates. These substrates can be 

simple (eg. Glucose, acetate etc.) or waste biomass with an highly complex and 

heterogeneous composition (Logan & Regan, 2006).  

Within the BEM (BioElettricità Microbica) project funded by Italian Ministry of 

Agricultural, Food, and Forestry Policies (MIPAAF), the anodic chamber of MFCs 

was supplied directly with a natural soil (S) and compared to MFCs supplied with a 

composted organic fertilizer (A), a complex organic matrix with an high amount of 

organic matter. The aims were to check whether these aerobic organic matrices 

could contain electroactive bacteria and to isolate and identify the culturable 

bacterial species that might be related to any chemical change of OM stimulated by 

MFCs operated under electricity generating conditions. Our research group was 

involved in the characterization of the cultivable microbial community.  

Although the aim of the study was not to optimize power generation, both the 

current density and the pattern of electricity production detected were consistent 

to those observed by other authors.  

The alterations of microbial diversity were evaluated for both total and culturable 

bacterial fractions during the anodic incubation of S and A. Denaturing gradient gel 

electrophoresis revealed a significant alteration of the microbial community 

structure in MFCs generating electricity as compared with no-current-producing 

MFCs, while the genetic diversity of cultivable bacterial communities was assessed 

by random amplified polymorphic DNA (RAPD) analysis of 106 bacterial isolates 

obtained by using both generic and elective media. Sequencing of the 16S rRNA 
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genes of the more representative RAPD groups indicated that over 50.4% of the 

isolates from MFCs fed with S were Proteobacteria  (25.1% Firmicutes, and 24.5% 

Actinobacteria) whereas in MFCs supplied with A 100% of the dominant species 

belonged to γ- Proteobacteria.  

The chemical analysis performed by fractioning the organic matter and using 

thermal analysis showed that the amount of total organic carbon contained in the 

soluble phase of the electrochemically active chambers significantly decreased as 

compared to the no-current-producing systems, whereas the organic matter of the 

solid phase became more humified and aromatic along with electricity generation, 

suggesting a significant stimulation of a humification process of the OM.  

Then, data obtained  demonstrated that electroactive bacteria are commonly 

present in aerobic organic substrates such as soil or a fertilizer and that MFCs could 

represent a powerful tool for exploring the mineralization and humification 

processes of the soil OM. 
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DprE1, a new taxonomic marker in Mycobacteria 

The second project on which I worked during the PhD period, was carried out in 

collaboration with the research group of Prof.ssa Giovanna Riccardi at the 

University of Pavia, and concerned the possible use of DprE1 protein as a new 

taxonomic marker in mycobacteria.  

The Mycobacterium genus includes more than 50 species that have been 

recognized as potential human pathogens, among which the species belonging to 

the Mycobacterium tuberculosis complex (MTBC) are the most known and include 

human pathogens and animal-adapted pathogens (Bouakaze et al., 2011). The 

Mycobacterium avium–intracellulare complex (MAC) is another important group 

responsible for opportunistic infections in immunocompromised individuals (Field 

& Cowie, 2006), while Mycobacterium leprae persists in developing countries, and 

it is the causative agent of leprosy (Suzuki et al., 2012).  

The interspecies genetic similarity in this genus ranges from 94% to 100%, and for 

some mycobacterial species, this value is higher than in other bacteria (Devulder et 

al., 2005). In addition to the 16S rRNA gene, alternative phylogenetic markers have 

been proposed for mycobacteria, such as hsp65, recA, sodA, and rpoB genes 

(Adekambi & Drancourt, 2004); however no gene amplification is obtained for a 

few species and some closely related species are difficult to differentiate, like those 

belonging to MTBC complex (Mignard & Flandrois, 2007). Also multigene sequence 

analysis was applied to mycobacteria, for example the concatenation of four genes 

(16S rRNA gene, hsp65, rpoB, and sodA) provided a good tool of increasing the 

robustness of the final tree, but presented some inaccuracies, especially for MTBC 

complex (Devulder et al., 2005) 

The essential gene dprE1 encodes the target of five new antitubercular agents, 

including the benzothiazinones (BTZs) (Makarov et al., 2009, Christophe et al., 

2009, Magnet et al., 2010, Stanley et al., 2012, Wang et al., 2013). The DprE1 

enzyme works in concert with DprE2, and it is involved in the biosynthesis of 
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arabinogalactan, an essential component of the mycobacterial cell wall core 

(Wolucka, 2008). Point mutations responsible for the substitution of Cys387 

residue of M. tuberculosis DprE1 are responsible for BTZ resistance and this 

cysteine residue is highly conserved in orthologous DprE1 proteins from various 

BTZ-susceptible Actinobacteria; on the other site, in Mycobacterium avium and in 

Mycobacterium aurum that are naturally resistance to BTZ, the Cys387 residue is 

replaced by serine or alanine, respectively (Makarov et al., 2009). Beside BTZs, 

other three molecules, DNB1, VI‑9376, and 377790, have been published to form 

covalent bonds with the cysteine residue within the active site of DprE1, thus 

blocking the enzymatic activity (Christophe et al., 2009, Makarov et al., 2009, 

Magnet et al., 2010, Stanley et al., 2012). Until now, only one DprE1 inhibitor is 

able to form a noncovalent binding with Cys387 (Wang et al., 2013). 

In this work 73 DprE1 amino acid sequences belonging to different Mycobacterium 

species were analyzed, revealing a high degree of sequence conservation between 

them. In particular the degree of conservation of twelve residues located into the 

DprE1 active site were evaluated and eleven of these residues are conserved in all 

analyzed sequences; the only exception is represented by Cys387 (position referred 

to M. tuberculosis) that, in some sequences, is replaced by an alanine. 

The multialignment of these 73 amino acid sequences was used to build a 

neighbor-joining tree, supported by high bootstrap values showing that different 

strains of the same species shared a high degree of sequence similarity and were 

clustered together. Moreover, each species is clearly separated from the others. 

Therefore, DprE1 could be used as a taxonomic marker for identifying/clustering 

strains belonging to the same mycobacterial species. 

Another interesting  feature of the DprE1 phylogenetic analysis is related to the BTZ 

sensitivity/resistance of mycobacterial strains. Indeed, the Dpre1 tree is divided 

into two main clusters, each of which including mycobacterial species having Cys or 

Ala in position 387. On the basis of the available data, strains included in cluster 
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with Ala in position 387, might be susceptible to BTZs as well as to the other three 

DprE1 inhibitors, and actually several species susceptible to BTZs are included in 

this cluster. The second cluster (exhibiting an Ala387) embedded species whose 

representatives might be resistant to BTZs. Also in this case, some species tested to 

be resistant to BTZs fall into this cluster. 

Finallly, a phylogenetic tree was constructed on the basis of the alignment of the 

concatenated amino acid sequences of the products of nine housekeeping genes 

from 46 Mycobacterium strains, to evaluate if there is a congruence between 

DprE1 tree and the overall Mycobacterium phylogeny. The analysis of the 

concatamer tree revealed that strains belonging to the same species were 

clustered together, whereas different species are clearly separated, with nodes 

supported by very high bootstrap values (99–100%). Both the robust topology and 

high bootstraps suggest that the concatamer tree is much more reliable of other 

trees constructed using single genes. Moreover, there is no a separation between 

the mycobacterial BTZ-susceptible and BTZ-resistant species. Consequently, this 

parameter is not linked to the phylogeny of mycobacteria. 

In conclusion, the whole body of data obtained suggested that DprE1 tree might 

represent an additional good taxonomic marker for the assignment of a 

mycobacterial isolate to a given species. In addition, the same marker might also 

give insights into sensitivity/resistanec of mycobacterial isolates to BTZs and to 

other drugs hitting DprE1 enzyme, simply checking for the presence/absence in 

position 387 of Cys residue, respectively. Lastly, the phylogenetic tree, constructed 

using a concatamer of nine housekeeping genes, was supported by very high 

bootstrap values. Consequently, this tree represents a good reference phylogeny 

for the Mycobacterium genus. 
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