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During the three years of the PhD course, in addition to the main project, | 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).
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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 (BioElettricita 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 y- 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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(MFCs) supplied with soil (8) and a composted organic fertil-
izer (A) was examined at the beginning and at the end of
3 weeks of incubation under current-producing as well as no-
current-producing conditions. Denaturing gradient gel

Electronic supplementary material The online version of this article
(doi:10.1007/500253-012-3906-6) contains supplementary material,
which is available to authorized users.

S. Mocali (&)

CRA—Agrobiology and Pedology Research Centre,
Piazza D' Azeglio, 30,

50121 Firenze, lraly

e-mail: stefano. mocali@entecra.it

S. Mocali- C. Galeffi - A. Florio- M. Migliore -
M. T. Dell'Abate - A. Benedeti

'CRA—Research Cenme for the Soil-Plant System,
via della Navicella 2,

00184 Roma, ltaly

E. Perrin + R. Fani

Evolutionary Biology Department, University of Florence,
wvia Romana 17-19,

50125 Firenze, Italy

F. Canganella - G. Bianconi

Deparment for Innovation in Biological,

Agrofood and Forest systems, University of Tuscia,
wvia C. de Lellis,

01100 Viterbo, Italy

E. Di Mattia

Deparment of Sciences and Technologies for Agriculnre,
Forest, Nature and Energy, University of Tuscia,

wvia C. de Lellis,

01100 Viterbo, Ttaly

Published online: 31 January 2012

Received: 25 October 2011 /Revised: 12 January 2012 /Accepted: 16 January 2012
©

electrophoresis revealed a significant alteration of the micro-
bial community structure in MFCs generating electricity as
compared with no-current-producing MFCs. The genetic di-
versity of cultivable bacterial communities was assessed by
random amplified polymormphic DNA (RAPD) analysis of 106
bacterial isolates obtained by using both generic and elective
media. Sequencing of the 165 RNA genes of the more repre-
sentative RAPD groups indicated that over 50.4% of the iso-
lates from MFCs fed with S were Profeobacteria, 25.1%
Fimmicutes, and 24.5% Actinobacteria, whereas in MFCs sup-
plied with A 100% of the dominant species belonged to y-
Proteobacteria. The chemical analysis performed by fraction-
ing the OM 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
OM of the solid phase became more humified and aromatic
along with electricity generation, suggesting a significant stim-
ulation of a humification process of the OM. These findings
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 min-
eralization and humification processes of the soil OM.

Keywords Microbial fuel cells - Soil - Organic matter -
Electrogenic bacteria - Microbial diversity - Humification

Introduction

Microbial fuel cells (MFCs) are devices that use bacteria to
directly generate current through catalytic oxidation of
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organic matter {OM) under anaerobic conditions (Logan
2009). Electrons removed by “exocelectrogenic” bacteria
from these substrates are transferred 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. These systems have recently
been of great interest as a potential candidate for future
alternative energy and production (Lovley 2008; Logan
2010). In fact over the past years several studies have
demonstrated that MFCs can be used to harvest biologically
generated electricity from a number of organic and inorgan-
ic compounds (Pant et al. 2010) or complex organic wastes
such as wastewaters (Liu et al. 2004; Min et al. 2003),
marine or freshwater sediments (Reimers et al. 2001; Tender
et al. 2002; Bond et al. 2002; Holmes et al. 2004; Mathis et
al. 2008), agricultural biomasses (Niessen et al. 2004; Zuo et
al. 2006; Scott and Murano 2007; Zhang et al. 2009), and
even rhizodeposits (De Schamphelaire et al. 2008) or manne
plankton (Reimers et al. 2007). The flexibility of microorgan-
isms to use a range of such organic molecules as fuel makes
the MFC device an intriguing technology for renewable bio-
electricity generation from waste biomasses. However, to date
the current and power densities achieved with MFCs are
relatively low as multiple factors limit the performance of
the system (Logan and Regan 2006a; Kim et al. 2007a).
Although much of the research on MFCs is 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 (Rabeay and
Vestraete 2003; Scott and Murano 2007; Kim et al. 2007a;
Logan 2010), few studies investigated the changes in both
microbial co ies and OM ch istics following
MFC treatment. For example, some studies have been con-
ducted in order to exploit the correlation between the exoe-
lectrogenic bacterial diversity and the OM quality in marine
environments (Briichert and Arnosti 2003; Reimers et al.
2007) but to date poor work have been done with soil.
Moreover, it is still not clear how widespread exoelectro-
genic bacteria are in the environment. In early fuel cell
studies some results suggested that current production might
be a rare trait in microorganisms, limited only to some
“electroactive” anaerobic species such as Geobacter (Bond
and Lovley 2003) or Shewanella (Logan et al. 2005). How-
ever mixed cultures, or microbial consortia, have been
shown to be more efficient and productive than single
strains (Phung et al. 2004; Aelterman et al. 2006; Logan
and Regan 2006b; Rabaey et al. 2007) and the analysis of
the anodic communities revealed a diversity of bacteria
much greater than expected, which varied with different
inocula and energy sources on the anode surface (Kim et
al. 2006, 2007b; Rabaey et al. 2007; Rismani-Yazdi et al.
2007; Ishii et al. 2008). The microbial communities contrib-
uting to cwrrent production are functionally complex and
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Just some microorganisms can be a significant contributor to
direct power production which can change with various fuel
sources. To date the ecological role of these communities
remains unknown because of the lack of direct functional
correlation with phylogenetic identity, the oxidation process
of the fuel source, and the possibility of other metabolisms
that do not generate electricity.

As the microbial diversity in MFCs is strictly dependent
on the amount and on the quality of OM (Phung et al. 2004;
Hong et al. 2010}, in this study the anodic chamber of MFCs
was supplied directly with a natural soil (S), one of the most
important natural sources of bacterial diversity (Sleator etal.
2008), and compared to MFCs supplied with a composted
organic fertilizer (A), a complex organic matrix with an high
amount of OM, in order to accomplish a selection of envi-
ronmental microbial communities involved in the electro-
genic process while, at the same time, relating their genetic
and functional diversity to the OM’s mineralization process.
The specific objectives of this study were to check whether
aerobic organic matrices such as soil or a fertilizer 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. The alterations of micro-
bial diversity were evaluated by molecular characterization
of both total and culturable bacterial fractions during the
anodic incubation of S and A. In order to comprehend which
part of organic substrates are preferentially degraded after
MFC operation the OM was characterized with respect to its
chemical-physical properties. In particular the OM in the
MFCs at the end of incubation was subjected to a sequential
chemical fractionation based on differences in solubility in
water, alkaline, and acid conditions, in order to investigate any
modifications induced to the most stable and humified organic
matter fraction by the electricity generation. Among the sev-
eral available analytical techniques, thermal analysis (DSC:
differential scanning calorimetry; TG: thermogravimetry)
have been also chosen as already successfully used to chem-
ically characterize complex organic compounds such as com-
post, soil organic matter and humic substances (Dell’Abate et
al. 2000; Liuch et al. 2005; Klammer et al. 2008).

Materials and methods
Experimental setup

In this work two different organic matrices were used both
as fuel and microbial source for MFCs: a top soil (S) and a
composted organic fertilizer (A). In April 2009, the soil was
sampled from O to 20 cm layer of a natural soil located in the
experimental field “Celimontano™ of the CRA-RPS research
center, Rome (Italy) (41°33" N, 12°29" E). It presented the
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following characteristics: sandy-loam texture; sand 67%,
loam 22%, and clay 11%; pH 7.9, organic matter 2.51%,
total nitrogen 0.15%, ads. iron. 11.8 ppm. The commercial
organic fertilizer (A) was constituted by peat 70% and sand
20% of 0.3 mm diameter, humic and fulvic acids 7%,
organic nitrogen 0.8%, and organic carbon 38%, pH 5.5-6.

The experiments were conducted using two-chambered
MFCs (500 ml total volume each cell) made of glass that
contained graphite rods as electrodes (diameter 4 mm,
length 15 cm). The bottles were connected with a glass tube
through a proton exchange membrane Nafion® 117
(DuPont, USA, 2.5 cm” area). An external resistance of
1,000 © was used and the MFC voltage was manually
recorded by using a multimeter and converted into current
using Ohm’s law (current = voltage/resistance). Current
densities were normalized to the surface area of the electro-
des. Noting that the aim of this study was not to optimize
power generation but to analyze the alteration of different
organic materials and bacterial community during the flow
of current in a microbial fuel cell. Indeed the present study
did not aim for high levels of energy generation but just for
the selection of defined conditions that permitted a con-
trolled comparative analysis of different microbial alteration
of the organic matter.

The anode chamber was moculated with 50 g of organic
suspension (S or A) in 500 ml phosphate buffer solution
(0.2 M NaH,PO,) at pH 7 and made homogeneous by
stirring, whereas the 500 ml aqueous cathode was buffered
with a HCI solution (pH 1). A sodium acetate solution
(1.0 mM) was added to the anode chamber after 8 days in
order to guarantee an energetic supply for anaerobic bacte-
rial metabolism. The submerged area of the electrodes was
approximately 1,100 mm®. The solutions were autoclaved
before using them. The anodic chamber was maintained in
anaerobic atmosphere by gassing with nitrogen
(15 ml min ). In these systems, the anode is immersed in
anoxic sediment and strict anaerobic conditions are main-
tained. MFCs op d at room p e of 22+43°C
without added energy sources or synthetic electron-
carrying mediators.

Each sampling was carried out on MFC chambers at the
beginning of the experiment (S, 4,) and after 3 weeks with
both closed circuit (5*, 4") and open circuit (57, 47); the
collected samples were characterized by both chemical than
microbiological methods whereas the graphite electrodes
were analyzed by scanning electron microscopy (SEM)
and microbiological analysis.

The scanning electron microscopy

For scanning electron microscopy analyses, after fixation in
Karnovsky solution samples of graphite anodes were
washed o.n. in cacodylate-buffered 1% and then dehydrated

by acetone solutions (30% to 100%) in 5 min steps. Once in
75% acetone, dehydration was performed on polylisin-
covered glass slides. Samples were then observed by a
JEOL JSM 5200 scanning microscope.

Microbiological analysis

The strategy adopted in this work for the molecular charac-
terization of both uncultivable and cultivable microbial
communities potentially associated to the production of
electricity relies on the following sequental steps: (1) a
preliminary analysis in order to check any eventual change
into the microbial community structure by denaturing gra-
dient gel electrophoresis (DGGE); (2) isolation of the culti-
vable fraction of bacteria by using minimal, enriched and
selective media under aerobic and anaerobic conditions; (3)
a preliminary characterization of the isolates via a random
amplified polymorphic DNA (RAPD) analysis in order to
check the presence of common strains within the communi-
ty; the comparison of the RAPD haplotypes allowed to
cluster them in different groups on the basis of the identity
of the amplification profiles. Bacterial isolates sharing the
very same RAPD profile were considered as the same strain;
(4) the phylogenetic affiliation of each bacterial strain was
carried out by the analysis of the 165 rRNA genes sequence
amplified via PCR.

1. Denaturing gradient gel electrophoresis
Total DNA was extracted from 0.5 g of § and A
matrices by means of the Biol01 DNA extraction kit
(Q-Biogene, Carlsbad, CA) and the V6-V8 region of
eubacterial 165 rDNA was amplified via PCR as de-
scribed by Felske et al. (1998). The DGGE analysis was
then performed with the D-CODE System (Bio-Rad) on
a 6% polyacrylamide gel (acrylamide/bis ratio, 37.5:1),
under denaturation conditions (urea 7 M; 40% formam-
ide with a denaturing gradient ranging from 42% to
58%); the gels were run in 1> Tris—acetate—-EDTA buff-
erat 75 V for 16 h at 60°C and were stained with 30 ml
of 1% Tris—acetate—EDTA buffer containing 3 pl of
SYBR Green 1 (dilution, 1:10,000) for 45 min in the
dark. Using fingerprinting pattern of each plot, genetic
similarities of the populations in the different samples
were determined by pairwise comparison of the pres-
ence and absence of bands and of the intensity of each
band in different ssmples with Diversity Database Soft-
ware (Bio-Rad). A matrix containing similarity values
was obtained with the Dice coefficient. This matrix was
used to construct a dendrogram according to the
unweighted-pair group method, using arithmetic aver-
age (UPGMA) cluster analysis.
2. Isolation and preparation of cell lysates for DNA
amplification
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Culturable bacteria were extracted in saline solution
(0.85% NaCl) from the solid fraction of the inoculated
sediments and plated in triplicate onto Luria-Bertani (LB)
medium. Plates were then incubated at 28°C for 48 h
under both aerobic and anaerobic conditions. Anoxic
conditions were established by anaerobic chambers sup-
plied with catalysts (Oxoid, UK). In order to differentiate
amylolytic, glucolytic, proteolitic, and total microflora as
the main substrates, starch (5.0 g/L), glucose (5.0 g/L),
peptone (5.0 g/L), and peptone + glucose (5.0 g/L each)
were added as many substrates to PTG basal medium
which is composed by (g/L): K;HPO,, 1.5; MgCls, 0.5;
yeast extract, 0.5; trypticase, 0.3; phytone, 0.3; and cys-
teine—HC1, 0.5. Incubation was carried out at 30°C for
48-72 h. After recovering of plates and counting, repre-
sentative colonies were streaked on nutrient glucose agar
and stored at 4°C before molecular analyses.

In order to prepare the cell lysate for DNA amplification
1 ml of a liquid culture grown overnight on LB medium
were resuspended in 100 pl of stenle distilled water, heated
to 95°C for 10 min, and cooled on ice for 5 min.

3. Randomly amplified polymorphic DNA fingerprinting

Random amplification of DNA fragments (Williams
et al. 1990) was carried out in 25-pl containing 1%
Polymed buffer, 3 mM MgCl,, each deoxynucleoside
triphosphate at a concentration of 200 puM, 0.5 U of
Polymed Polytaq (all reagents obtained from POL-
YMED srl, Italy) 500 ng of primer 1253 (5°
GTTTCCGCCC 3" (Mori et al. 1999) and 2 pl of lysate
cell suspension prepared as described above.

The reaction mixtures were incubated in a thermal
cycler MJ Research PTC 100 Peltier Thermal Cycler
(CELBIOY) at 90°C for 1 min, and 95°C for 90 s. They
were then subjected to 45 cycles, each consisting of
incubation at 95°C for 30 s, 36°C for 1 min, and 75°C
for 2 min; finally, the reactions were incubated at 75°C
for 10 min and then at 60°C for 10 min, 3°C for 10 min.
Reaction products were analyzed by agarose (2% w/v)
gel electrophoresis in TAE buffer containing 0.5 pg/ml
of ethidium bromide.

4. PCR-amplification, sequencing, and analysis of bacteri-
al 168 IRNA genes

Two microiters of each cell lysate were used for the
amplification via polymerase chain reaction (PCR).
Amplification of 165 rRNA gene was performed in a
total volume of 50 pl containing 1* Polymed buffer,
1.5 mM MgCl,, each deoxynucleoside triphosphate at a
concentration of 250 uM, and 2.0 U of Biotag DNA
polymerase (all reagents obtamned from Polymed srl,
Italy) and 0.6 pM of each primer [P0 5" GAGAGTTT
GATCCTGGCTCAG, and P6 5' CTACGGCT
ACCTTGTTACGA] (Grifoni et al. 1995). A primary
denaturation treatment of 90 s at 95°C was performed
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and amplification of 165 rRNA genes was carried out
for 30 cycles consisting of 30 s at 95°C, 30 s at 50°C and
1 min at 72°C, with a final extension of 10 min at 72°C.
Thermal cycling was performed with a MJ Research PTC
100 Peltier Thermal Cycler (CELBIO); 10 ul of each
amplification mixture were analyzed by agarose gel
(0.8% w/v) electrophoresis in TAE buffer containing
0.5 pg/ml (w/v) ethidium bromide.

For sequencing, the band of interest (observed under
UV, 312 nm) was excised from the gel and purified using
the “QLAquick”™ gel extraction kit (QiAgen, Chatsworth,
CA, USA) according to manufacturer’s instructions. Direct
sequencing was performed on both DNA strands using an
ABI PRISM 310 Genetic Analyzer (Applied Biosystems)
and the chemical dye-termimator (Sanger et al. 1977).

BLAST probing of the DNA databases was per-
formed with the BLASTN option of the BLAST
program (Altschul et al. 1997). The Muscle program
(Edgar 2004) was used to align the 168 rRNA sequences
obtained with all the type strains of the species belonging
to the same genus retrieved from the Ribosomal Database
Project (http://rdp.cme.msu.edu/) (Cole et al. 2009). Each
alignment was checked manually, corrected, and then
analyzed using the Neighbor-Joining method (Saitou and
Nei 1987) according to the model of Kimura 2-parameter
distances (Kimura 1980). Phylogenetic trees were con-
structed with the aligned sequences using MEGA 4 (Mo-
lecular Evolutionary Genetics Analysis) software (Tamura
et al. 2007). The robustness of the inferred trees was
evaluated by 1,000 bootstrap re-samplings.

Organic carbon fractionation and analysis

The total organic carbon content of each matrix was quan-
tified and fractionated. The organic suspension extracted
from each MFC system were decanted and filtered through
filter (0.8 wm, Millipore HA type) in order to separate the
liguid phase from the solid matrix. On the liquid phase the
dissolved organic carbon (DOC) was determined by a C-
analyzer analytic instrument (Shimadzu TOC-5050A mod-
el) whereas on the solid phase the total organic carbon was
determined according to Springer and Klee (1954).

Soluble fractions of organic carbon of the solid phase
were then obtained by a sequential extraction. First of all the
organic matrices (S or A) contained into the MFCs, after
being decanted and filtered, were dried in an oven (60°C,
24 h); then various soluble C fractions were extracted in few
sequential steps, as follows:

1. Hot water extraction: the solid matrix was suspended in
water (ratio 1 g solid matrix to 10 mL bi-distilled water)
and shaked at 65°C for 48 h in a thermostatic Dubnoff
agitator bath. Heterogeneous suspension was cooled at
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room temperature and subsequently decanted and fil-
tered, as above indicated. On the resulting liquid phase
the content of total soluble organic carbon (Cpyp yater)
was analytically determined as described above.

2. Cold alkaline extraction: a 0.1 M NaOH/
Na,P,0;10H,0 solution was added to the newly fil-
tered and dried solid matrix resulting after step (1)
(ratio 1 g solid matrix to 10 mL basic extracting solu-
tion), degassed with N; for 1 min, air-tightly sealed,
and shaked at 20°C for 48 h in a thermostatic Dubnoff’
agitator bath. Then the suspension was decanted and
subsequently filtered with the same procedure de-
scribed above. The liquid phase, previously degassed
with N> for | min, was left in freezing, available for
being further analyzed and fractionated (C_oiq alkaline)-

3. Hotalkaline extraction: the solid matrix resulting from the
step (2), after being filtered again, was dried in an oven
(60°C, 24 h). After drying, a 0.1 M NaOH/
NaP>07 10H;0 solution was added (ratio 1 g solid ma-
trix/10 ml basic extracting solution), degassed with N for
1 min, air-tightly sealed and left in a mechanical shake
agitator (water-bath 65°C, 48 h). At the end the suspension
was cooled at room temperature, and then decanted and
filtered with the usual procedure. The liquid phase, previ-
ously degassed (N2, | min), was left in freezing, available
for being further fractionated and analyzed (Cpy aialine)-

4. Humic and fulvic acids separation: liquid phases result-
ing from steps (2) and (3) were further fractionated
according to Ciavatta et al. (1990) in order to obtain
humic and fulvic fractions.

5. Extracted C and Cya.ps determination: the extracted
organic C after each step and the C content of the humic
+ fulvic acids fraction (Cya.gs) Were determined accord-
ing to Springer and Klee (1954).

Thermal analysis

The solid matrix contained into each MFC was also ana-
lvzed by differential scanning calorimeter and thermog-
ravimetry (TG) in order to highlight possible organic
matter chemical-physical transformations derived by the
current production. Measures were simultaneously carried
out with a Netzsch STA 409 Simultaneous Analyzer
(Netzsch-Geritebau, Selb, Germany) equipped with a TG/
DSC sample carrier supporting a type S thermocouple
(PiRh10-Pt). Approximately 20 mg of S or A samples, after
gentle manual grinding in an agate mortar, were weighted
into alumina crucible and subjected to two replicated ther-
mal scans, at 10°C min ' heating rate from ambient temper-
ature to 800°C under static air atmosphere according to
Dell’Abate et al. (2000). The Netzsch applied software
SW/cp/311.01 was used for data processing. During DSC

measurement, the temperature difference between sample
and reference material was recorded as a direct measure of
the difference in the heat-flow rates; from DSC curves peak
temperature, namely the temperature at which heat flux
reached the maximum, was recorded for each thermal event.
In TG, the weight gain or loss (expressed as a percentage) of
a sample was measured during the thermal program. The
first derivative of the TG trace (DTG) represents the weight
loss rate (expressed as % min"): calculation of DTG onset
and peak temperatwes allows for the distinction among
subsequent decomposition steps. Results were expressed as
the weight loss of the sample attributed to the decomposi-
tion of total organic matter in the proximate temperature
range 180—-600°C (Exoy,), composed by the following frac-
tions: mainly cellulosic components from about 180°C up to
410°C (Exo,) whereas exothermal oxidation of more com-
plex and condensed organic molecules, such as lignin and
humified compounds occurs in the temperature range 410—
600°C (Exoz) (Dell’Abate et al. 2000; Flaig et al. 1975;
Lopez-Capel et al. 2005). The actual starting and end reac-
tion temperatures for each sample may vary within the broad
ranges indicated before depending on the nature and com-
plexity of reacting organic substrates.

Statistical analysis

Analysis of variance (ANOVA) was performed in order to
evaluate the main effects of current production on the ana-
lyzed organic substrates (SPSS v.11). Data were tested for
homogeneity of variance before performing ANOVA and
then put through post-hoc test (Duncan).

Results
Electricity generation from MFCs

As expected microbial fuel cells inoculated with the fertilizer
(A) generated direct electric current well above than counter-
parts incubated with soil (S) and the MFCs systems without
any acetate addition used as control showed lower values as
compared to MFCs added with it (Fig. 1). In fact the addition
of acetate after & days significantly increased the electrochem-
ical activity of nonsterilized soil whereas had no effect on
sterilized soil (data not shown), suggesting that the electron
transfer in our soil-inoculated MFCs was mediated by micro-
bial comnmnities under anaerobic conditions. Anodic cumrent
densities in MFCs supplied with A ranged from 372 to
481 mA/m? within & days, increased after the addition of
acetate (+38.9%) and a maximum was established after
15 days (1,106 mA/m®). Anodes from the MFCs supplied
with S showed higher values in the first 8 days, decreasing
from 286 to 48.6 mA/m” and the addition of acetate did not
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of incubation and supplied with 1000

acetate (S act, A act) or not (S
ac—, A ac—). The effect of

Acetate added

[

acetate supply was more
evident in A than in S samples.
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All fuel cells were operated
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provide any significant increase except after 13 days when a
maximum current was produced (230.5 mA/m’).

Scanning electron microscopy

The SEM analysis conducted on the surface of anodic
electrodes at the end of incubation period showed a

Fig. 2 Scanning electron
microscopy showing imagines
of the top of the anodic
electrode of the MFCs
inoculated with S (a) and A (b)
(magnification *35) and the
particular of the surface of the
electrode of the MFC added
with A (d) (magnification
*2,000) and S (c)
(magnification *1,000) covered
with or without microbial
biofilm, respectively

@ Springer

Days

microbial biofilm on the electrode of the MFC supplied
with the fertilizer with the closed circuit (47), whereas
MFCs inoculated with soil did not show any significant
biofilm layer (Fig. 2). When soil was used as inoculum
the anode surface was largely characterized by irregular
flakes (Fig. 2c). In contrast when the fertilizer A was
used, the anode surface was more regularly shaped and
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an abundant biofilm featuring bacterial cells was ob-
served (Fig. 2d).

Community analysis by DGGE

Changes in microbial communities during MFC operation
were analyzed by DGGE which showed significant differ-
ences in bacterial composition of the solid phase of MFC soil
suspension and fertilizer. Based on the ion di

Isolation of bacteria

In order to achieve the microbial counting of colony forming
units (CFUs), colonies were obtained from the solid fraction
of S and A sampled from the anodic chambers of MFCs as
described in Materials and methods section. Microbial counts
were performed with a minimal medium supplied of glucose,
starch, or proteinaceous compounds to evaluate some repre-
group of microorganisms with different metabolic

intensities and similarities between the lanes of the DGGE
gel the banding patterns revealed the occurrence of distinctive
bacterial communities at inoculation time (S,, 4,), after
3 weeks of incubation with a closed circuit (S*, 4*) and after
3 weeks with an open circuit (S, 47), clearly showing that the
bacterial communities differently changes during the incuba-
tion into the MFCs under different conditions (Fig. 3). In fact
the UPGMA cl i ly bacterial ities from
S to S" samples which showed similarity values below 50%
whereas the similarities between S* and S, were almost 60%.
UPGMA clustering showed similarity values around 40%
between initial ples 4y and samples incubated in MFCs
whereas the similarities detected after 21 days of incubation in
MFC systems between samples 4™ and 4~ were more than
74%. In conclusion at the end of the incubation period the
dominant bands of bacterial fingerprint from MFC systems
with current S* and A" appeared to be significantly different
from its relative no-current S~ and A~ samples and initial
samples So and A4g.

4023

Fig. 3 168 rRNA gene DGGE profiles (V6-V8 region) of anodic
eubacterial communities from soil (S) and fertilizer (4) used to inocu-

late the fuel cell sampled at initial time (S;, Ag) and after 3 weeks of

properties under both aerobic and anaerobic conditions typical
of natural environment and anodic MFC’s chamber, respec-
tively. Data obtained are reported in Table 1 and expressed as
number of bacteria per gram of sediment.

The CFUs values obtained on enriched media showed
similar results in both S and A samples regardless any
current production, but significant differences were
evidenced for colonies grown under both aerobic and anaer-
obic conditions. In fact the total amount of bacteria grown
under aerobic conditions did not appear to be significantly
affected neither by incubation nor by the presence of the
circuit. However, the quantitative analyses of viable micro-
flora have shown—for soil aerobic bacteria—an high vari-
ability of values obtained under experi 1 conditions,
pointing out an increase of proteolytic microflora at the
end of the incubation regardless the circuit was open or
not. On the contrary proteolytic bacteria extracted from A
samples did not show significant differences under aerobic
conditions. At the end of incubation, the glucolytic bacteria

A-(a)
A-(b)
At (a)
A (b)
A0 (a)
A0 (b)

S0 (a)
S0 (b)
St (a)
S+ (b)
S-(a)
S-(b)

incubation with closed circuit (S*, 4) and open circuit (S, A). Scale
bar numbers indicate similarities among profiles (Dice coefficient)
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Table 1 Values of CFU (no. of colonies per gram) of cultivable
bacteria isolated under both acrobic and anacrobic conditions from soil
and fertilizer ar initial time (Sg, Ao). after 3 weeks both with current (S7,
A"y and withour current (5, 47)

Sample Total Ghicolytic Proteolytic Amylolytic
Aerobic conditions

S 38x107  98x10%a  49x10%a 3.0x10a
s 21107 30%10°a  1.0x107b 9.7410% b
5 20107 55%10°h  1.5%107h 45¢10° ¢
Ay 47107 51=x10'a  6.0x10° 3.0x10°a
A 15107 10=10%a  1.0x107 6.9%10% b
A 64x107  15%107h  7.7x10° 624 10°¢
Anaerobic conditions

S 40=10°  1.5%10° 3.0%10° 2.9%10°a
s 312100 30107 5.1x10° 2.6%10°h
5 66x10°  5.9x10° 9.5x10° 512107 a
Ay 32¢10°  19x10°a  3.1x10%a 1.8%10°
A 59%10°  40x10°b  21x10°ab  53x10°
4 302100 50<10°b  39x10%b 2.1x10°

For each parameter, different letter indicare significant differences
(Duncan Test)

extracted from S and grown under aerobic conditions sig-
nificantly increased in §* (3.0 10° CFUs g ') as compared
05 (5.5<10° CFUs g ). In contrast the glucolytic bacteria
isolated from A increased when the circuit was open (4 ).
The amylolytic fraction extracted from both seil and the
fertilizer significantly decreased when the circuit was closed
(57, A7) whereas an increase of the glucolytic bacteria was
observed in the fertilizer samples when the circuit was open.

As far as regard anaerobic bacteria, counts were more
comparable among experimental thesis but appeared general-
ly lower than under aerobic conditions (Table 1). Furthermore
S and A showed some different trends taking into consider-
ation the quantitative evolution of microflora. For example the
glucolytic fraction increased in 5~ as compared to 5™ and 5,
whereas in 4™ and 4~ samples the CFU’s values significantly
decreased as compared to the initial control 4, regardless the
circuit was connected or not. The proteolytic microflora
extracted from S did not shown any significant change at the
end of incubation whereas a significant decrease in bacteria
extracted from the fertilizer was observed, especially in 4 .
Whenever the circuit was closed, amylolytic microflora
extracted from soil significantly increased as compared to
5. In contrast no significant changes occurred in CFU values
of amylolytic bacteria obtained from A.

Random amplified polymorphic DNA analysis

The RAPD fingerprinting was performed on the 48 bacterial
strains isolated from the solid phase of the soil suspension

&) Springer

and the 58 isolated from the solid phase of the A fertilizer
for a total of 106 bacterial strains (Table 2). All of the
bacterial strains isolated from S at the initial time grew up
under aerobic conditions, whereas in A only about 53%
were aerobic. At the final time, after 3 weeks of incubation
the anaerobic isolates from S were 7.7% with no current and
42 8% under current producing conditions. The final anaer-
obic bacterial isolates from A amounted to 41.1% of the
total with no-current production and 61.9% with current on
when the circuit was closed.

Each of the 106 RAPD profiles was compared with each
other in order to cluster bacterial isolates showing the same
haplotype. In this way, 26 and 14 different haplotypes were
obtained from S and A, respectively, for a total of 40
different RAPD haplotypes.

Phylogenetic affiliation of bacterial isolates

In order to affiliate a bacterial strain representative of each
RAPD haplotype to a given taxon, the nucleotide sequence
of the 165 rRNA gene from one representative per each
RAPD group exhibiting the same profile was determined.
To this purpose the 168 rRNA genes were amplified via
PCR from 40 representative strains as described in Materials
and Methods and an amplicon of the expected size was
obtained from all strains (data not shown). Each amplicon
was purified from agarose gel and the nucleotide sequence
was then determined. Each of the 40 sequences obtained
was used as seed to probe the nucleotide databases using the
BLASTn option of the BLAST program (Altschul et al.
1997) (Table 2). The sequences of all the type strains of
the species belonging to the same genus of each sequence
(on the basis of the BLAST analysis results) were retrieved
from the Ribosomal Database Project (http:/rdp.cme.msu.
edw) (Cole etal. 2009) and aligned using the Muscle program
(Edgar 2004); each alignment was then used to construct the
phylogenetic trees reported in Additional file 1.

The whole data obtained from MFCs supplied with S
revealed that the 26 strains were representative of six bacterial
genera, four gram positive (Arthrobacter, Bacillus, Lysiniba-
cillus and Clostridium) belonging to Actinobacteria and Firmi-
cutes and two gram negative (Pseudomonas and Enterobacter)
belonging to Proteobacteria. Data obtained from MFCs added
with A revealed that the 14 strains were representative of three
bacterial genera (Pseudomonas, Enterobacter, and Stenotro-
phomonas) belonging to ~-Protecbacteria. In particular the
analysis of the phylogenetic trees revealed that:

1. The 12 isolates belonging to the genus Arthrobacter
joined the cluster including sequences from Aspergillus
aryzae, Arthrobacter pascens, and Agromyees ramosus.

2. Eighteen isolates were assigned to the genus Bacillus,
with four of them clustering with Bacillus megaterium;
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one with Bacillusnealsonii and Bacilluscirculans; 11
with Bacillus amyloliguefaciens, Bacillus vallismortis,
Bacillus mojavensis, Bacillus subtilis, Bacillus atrho-
phaeus, and Brevibacterium halotolerans; and three
with Bacillus siratosphericus, Bacillus altitudinis, and
Bacillus aerophilus.

3. Five isolates belonged to the genus Lysinibacillus. All
of them clustered with Lysinibacillus fusiformis.

4. The unique isolate belonging to the genus Clostridium
clustered with Clostridium sporogens, Clostridium
putrificum, and Clostridium Botulinum.

5. Nine of the 33 isolates belonging to the genus Pseudo-
monas clustered with Pseudomonas aeruginosa, 12
with Pseudomonas japonica and Pseudomonas rhizos-
phaerae, whereas the other 12 joined the cluster with
Pseudomonas reinekei.

6. Twenty-eight strains belonged to the genus Entero-
bacter with 15 of them clustering with Enterobacter
kobei and Enterobacter ludwigii, five with Enterobacter
nimipressuralis and Enterobacter amnigenus, and eight
with Enterobacter asburiae.

The phylogenetic tree reported on additional file | showed
all the 165 rRNA gene sequences determined in this work and
their phylogenetic affiliation. The complete list of bacterial
strains analyzed in this work is shown in Table 2. All the
strains solated in this work were deposited in the National
Collection COLMIA (WDCM943) (http://www.colmia.it).

Analysis of organic carbon and its fractions

The total organic carbon measured in initial solid matrices
(TOC;) was 20.5 mg/g in S and 295.0 mg/g in A. Therefore,
the total amount of TOC; in 50 g of § and A was 1,025.0 mg
and 14,750.0 mg, respectively. After 21 days of incubation
into the anodic chamber of MFCs, the final TOC values of the
solid matrices (TOC;) decreased to 12.8 mg/g and 13.8 mg/g

in$"and 57, and to 219.0 mg/g and 267.7 mg/g in 4" and 4™,
respectively (Table 3). Furthermore, the current production
appeared to generally decrease the content of the dissolved
organic C in equilibrium in the solution of the anodic chamber.
In fact the DOC value of S~ samples was 40.1 ppm (2.0] mg
in 50 g of soil) which is significantly higher than 19.2 ppm
(096 mg in 50 g of soil) registered in 5" samples (+ 108%, p<
0.05), whereas the DOC value of 4 samples was 422.7 ppm
(21.1 mg in 50 g of fertilizer) versus 152.1 ppm (7.6 mg in
50 g of fertilizer) measured in 4™ (+177%, p<0.05). In order to
evaluate the amount of C removed duning the experiment from
each matrix and to estimate a possible different C consump-
tion under closed or open circuit, a C balance mass was
calculated based on the initial 50 g of S or A used in the
MFC experiments. The results of carbon recovery after the
MFC incubation are reported in Table 3. The results showed
how the MFC experiments determined a C consumption (C,

in both soil and amendment substrates after 3 weeks of incu-
bation, which was higher in the MFC anodic chambers with
closed circuit (5", A7) than in open circuit (57, 47; Table 3).
The difference between the C. values detected in the two
systems (close or open circuits) was attributed to the cument
generation and they were estimated to be about 48.5 mg/C in
soil and 2447.5 mg/C in the amendment, corresponding to
4.7% and 16.6% of the initial C content, respectively.

The sediment remained as solid residue after the experi-
ment was subjected to a sequential chemical fractionation,
based on differences in solubility in water, alkaline, and acid
conditions, in order to investigate eventual modifications in-
duced to the most stable and humified organic matter fraction
by the electricity generation (Table 4). The extractable fraction
of organic carbon obtained with a hot water solution (DO,
water) Trom both soil and amendment showed a significant
decrease in A" (—24.7%, p<0.05) and § (—30.1%, p<
0.05) as compared to samples incubated under no-current
conditions. Organic C extracted by alkaline solutions at 20°C
or 65°C (Ceaa anine 4 Chot apcane, Tespectively) from the

Table 3 Initial and final amount of C from sediments ( TOC; and TOCy, respectively) and solitions (DOC) used as organic fuel in the MFCs, and

the relative C mass balance

TOC; TOC, poC c,
Initial C content” (mg) Final C content” {mg) Solubilized C content” {mg) C recovery” (%) C consumption (mg)
5 1.025.0 GER.0 2.0 67.3 3350
5 1.025.0 640.5 0.96 62.6 3835
A 14,750.0 13,3840 211 0.9 13449
A 14,750.0 10,950.0 7.6 4.3 37924

*Milligrams of carbon contained in 50 g of soil or amendments used in each MFC experiment
®Milligrams of carbon contained after 21 days in the phosphate buffer solution (300 mL) at the equilibrium with the solid matrix and elecrodes

£ C=(TOCADOC)* 100TOC;
4, =TOC,~ (TOC+DOC)
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Table 4 Amounts of C fractions obtained from the MFCs sediments after the sequential extraction procedure

DOChot waer  Cooldt amkatine Chet alkatine Catealine ©t Coold hat ) Crot (havf C i) tot Humification
(ppm) (mgg ') mgg') megg ) (mgg') (mgg ') (mgg ') degree® (%)
'y 451a 47a 53 10.0 21a 26a 4.7a 47 a
s 315b 560 52 10.8 0.7b 18b 2.5b 23b
A 3653a 399a M4a 843a 343a 215a 55.8a 66 a
A" 2751b 31.0b 327b 63.7b 152h 192 b 344b 54b

For each parameter, different letter indicate significant differences (Duncan Test)

“Relative amount of the humic and fulvic carbon present in the final solutions afier sequential extraction calculated as percentage ratio of Cgu. g

from cold plus hot alkaline extractions to C,,

A" sediments at the end of the experiment was significantly
lower than in A~ at both 20°C than 65°C (-22.3% and
~26.1%, respectively). On the other hand sample §* showed
the Cegig aikaine values significantly higher than the relative
control §” without current (+19.1%, p<0.5) whereas the val-
ues of Chor aikatine Obtained at 65°C were similar (Table 4).

In general, the liquid phase of samples incubated under
closed-circuit conditions, such as §' and A", showed a
significant decrease of the C of the humic and fulvic acids
fraction (Chatsa wr). In particular the amount of Cpa+r
extracted at 20°C (Ceotd that ) from st samples is signifi-
cantly lower than 5 both (—66.6%, p<0.05) and at 65°C
(Chet (herimy) (—30.7%, p<0.05). Furthermore, A~ showed
Ceald hatfa values approximately double than 47 (+125.6%,
p=<0.05) whereas Cpo; qa+eay values were also significantly
higher in 4™ than on A~ samples (+11.9%, p<0.05).

As a selective consumption of the soluble humified frac-
tion was observed in our experiment, especially under elec-
tricity generation (Table 4), in order to highlight chemical-
physical differences in organic matter related to their stabi-
lization level we carried out a preliminary investigation on
thermal stability on the MFCs solid phases.

Fig. 4 Differential scanning L' 8-
calorimetry, thermal gravimery, r~

and derivative thermal
gravimetry curves of soil and
fertilizer from MFCs with (5,
A"y and without (S, 47)
electricity generation,
respectively. They reveal
qualitative shifts in the
thermostability of soil organic
‘matter fractions, inchiding clay-
associated onganic matter e A

€ springer

The results obtained by thermal analysis (TA ) revealed poor
qualitative shifts in the thermostability of soil organic matter
fractions (200-550°C) of samples §” and S~, whereas samples
A" and A4~ showed significant differences (Fig. 4). In particu-
lar, the clear two steps oxidation pattern of 4™ reveals the
presence of two distinct main thermally active organic pools,
which give maxima of heat flow (peaks) at about 289 and 461°
C. The oxidation reactions detected by the DSC curves are
associated to distinct weight losses registered as TG curve in
the thermal ranges 179-312°C (Exo1, 25% of weight loss) and
312-553°C (Exo2, 14.4% weight loss), respectively. Finally
sample 4~ showed a thermal pattern characterized by an unique
broad oxidation thermal effect in the range 200-550°C, and the
associated total weight loss amounted to 43 6%, higher than the
A" sample total weight loss.

Discussion
Although in a previous work a soil has already been used as

a bacterial source for electrical production (Niessen et al.
2006), to our knowledge this is the first work in which

s+ ot
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untreated natural top soil was used as both electroactive
bacterial source and organic substrate to produce electricity
without any previous bacterial inocula or mediator addition
(Pant et al. 2010). Furthermore, although several sediments
or complex compounds have been used as fuel in previous
experiments with MFCs, however all of these substrates
origin essentially from anaerobic or microaercbic environ-
ments, naturally enriched of electroactive microorgani:

showed by Kim et al. (2004). On the other hand the initial
microorganism associated to the organic substrate and the
chemical-physical properties of the matrix could also be
responsible of such result. However, the mpid increase of
the current production observed after the addition of acetate
was not immediate. The reason of such delayed increase in
current production is unclear. It could be related to the low
acetate co ion we used in this work (1 mM), in order

whereas in this work two organic matrices from aerobic
environments were used. Electricity generation by MFCs
supplied with a fertilizer has been previously reported by
Scott and Murano (2007) but in that work the authors used a
commercial manure sludge which was dried and reactivated
by hydration and incubation before being used. In our case
the fertilizer was directly supplied to MFCs without any
preliminary treatment in order to aveid any potential alter-
ation of endogenous microbial community.

As mentioned before, it 1s worth noting that in this work
the MFCs systems were just used as tools to easily achieve
measurable current production from two organic matrices to
enrich a microbial consortium generating electricity and to
study the microbial alteration of OM regardless the final
power density. Nevertheless both the current density and the
pattern of electricity production detected in this work were
consistent to those observed by other authors who obtained
microbially mediated current production using complex
substrates sources or sediment MFC systems and observed
arapid increase of current production within the first days of
incubation. For example the maximum current production in
sediment MFCs usually ranges from 2 to 254 mA/m’
(Holmes et al. 2004; Mathis et al. 2008; Hong et al. 2010)
whereas in a number of MFCs inoculated with wastewaters
the current density achieved values between 50 and
3,000 mA/m? (Pant et al. 2010).

In this work, patterns of current production during
21 days of incubation showed higher values for the MFCs
added with A than with S. This was expected as the signif-
icant higher content of OM in A with respect to S, 2% and
30%, respectively, should have enhanced the mineralization
process. According to Mathis et al. (2008), a significant
increase of current production was observed after the addi-
tion of acetate, especially in A samples, whereas a lower
effect was detected in MFCs incubated with S (Fig. 1). This
could be due to the low amount of labile and low-molecular
weight OM available for soil microbial communities which
operate under anaerobic conditions. It could be also coher-
ent with the great difference of initial content of OM in A
and S samples, and it could even have conditioned the
biofilm development as well. In fact the SEM analysis
showed a clear development of a microbial biofilm on the
surface of the anodic electrode in MFCs incubated with A
but not with S. Furthermore, usually a longer incubation
period is needed to make the biofilm to be developed, as

to guarantee a minimum of energy source in the MFC
systems, as compared to other similar studies which showed
an immediate increase of current production after the addi-
tion of 3 mM sodium acetate (Lee et al. 2003) or 25 mM
(Mathis et al. 2008). However, such studies used a contin-
wous flow MFC system inoculated with activated sludge or a
batch mode MFC inoculated with marine sediment and
replaced with acetate whereas in our case the added acetate
represents just a little fraction of the organic molecules
already available in the system. Therefore the acetate might
have not been immediately used by the exoelectrogenic
microbial community which, indeed, could have chosen
other substrates as alternative C-source under anaerobic
conditions. Moreover, it is also likely that acetate is depleted
by nonexoelectrogenic bacteria present in the system, thus
not providing any direct current production.

As expected the DGGE analysis showed a significant
change of bacterial community structure under current or
no-current producing conditions, clearly showing that the
bacteria had been enriched during the operation of the MFC,
according to most of the known literature (Kim et al. 2004;
Rabeay et al. 2004, 2007; Aelterman et al. 2006). However,
it was guite surprising to detect such changes after a so short
period in A but also in § samples. In fact it is possible to
observe that just 21 days of incubation were enough to
significantly modify the composition of bacterial species.
At the initial time of incubation (S, 4) the DGGE finger-
print evidenced two different bacterial communities indige-
nous to A and S which were differently selected by current
production after 21 days. This result confirmed that exoe-
lectrogenic communities are strictly dependent on the ener-
gy source as previously showed by other authors (1.e., Choo
et al. 2006). Furthermore, both the effect of the incubation
into the chamber and the electrogenic enrichment due to the
internal conditions of the MFC system was observed, sug-
gesting that the bacterial consortia is not stable with time
regardless the current production.

As the microbial communities selected into current-
producing MFCs are supposed to be directly or indirectly
involved in the electrogenic process, we focused our atten-
tion of the culturable fraction in order to isolate and subse-
quently analyze any electroactive bacteria. The use of
elective media allowed us to discriminate among microbial
populations characterized by capabilities to degrade differ-
ent organic substrates under aerobic and anaerobic

&1 Springer

240



Appl Microbiol Biotechnol

conditions. Interestingly, glucolytic bacteria extracted from
A and S samples and grown under aerobic conditions
showed opposite response depending on the cument. In fact
the CFU values of glucolytic bacteria obtained from 5~
samples decreased as compared to 5, and 5 whereas glu-
colytic bacteria extracted from 4 showed CFU values sig-
nificantly higher than in 4, and 4", In contrast no significant
differences were detected in glucolytic bacteria grown under
anaerobic conditions, regardless the current production.
This different behavior observed under aerobic conditions
appeared to be also related to the amylolytic activity which
showed a strong decrease of CFU values in 5 and A", Such
data indicates that at the end of incubation the MFCs under
current-producing conditions selected more for glucolytic
than amylolytic bacteria, especially in S aerobic samples,
suggesting that the electrogenic process in MFC inoculated
with 8 could be more likely induced by labile organic
compound (i.e., carbohydrates) consumption rather than
complex and recalcitrant organic substrates. In contrast the
electricity producing MFCs appeared to reduce both gluco-
Iytic and amylolytic bacteria from samples A suggesting
different metabolic pathways for OM degradation. The soil
proteolytic bacteria did not generally appear to be affected
by current production and this evidence suggests a scarce
role of the protein fraction of OM in the electrogenic pro-
cess. In general these results confirm that the available OM
and its quality are crucial for microbial selection. These data
also suggested that such populations can be considered
autochthonous and that a selective approach based on the
available substrate was effective for the isolation of a large
number of strains, implying the possibility to further inves-
tigate for the presence of potential exoelectrogenic bacteria.

The detection of several RAPD haplotypes revealed a
high degree of biodiversity at the strain level. However,
the RAPD analysis also revealed that several isolates
exhibited very similar profiles suggesting that they might
belong to the same species or genus and in some cases
different isolates shared the same profile, strongly suggest-
ing that they actually represent the same strain.

Several authors have found members of Proteobacteria in
MFCs (Kim et al. 2004; Aelterman et al. 2006). Our find-
ings confirm these results as most of the isolates obtained in
this study were closely related to Proteobacteria, especially
in MFCs incubated with A where the 100% of the isolates
belonged to this class. The most abundant bacterial species
present in S samples at the end of the incubation under
current-producing conditions were Enterobacter sp. and
Bacillus sp. which are well known to be involved in elec-
trogenic processes like observed in other works (Rabeay et
al. 2004; Lovley 2008) but also fermenters such as Arthro-
bacter sp. and Clostridium sp. which have been also
detected in other studies (Morris et al. 2009). Their presence
induces to suppose that synergistic interactions among
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microbes might be an influential factor to degrade complex
substrates in MFCs. It is known that some bacterial species,
such as P aeruginosa, can produce compounds like phena-
zine and pyocyanin that function as electron shuttles be-
tween the bacterium and an electron acceptor (Rabaey et al.
2005). This kind of electron transfer does not need any
direct contact between bacteria and electrode and it could
explain the absence of a microbial biofilm on the anodic
electrode surface MFCs added with S. However, P aerugi-
nosa appeared to be poorly correlated to electrogenic pro-
cesses as it was not detected in samples incubated under
current-producing conditions, whereas Enterobacter cloa-
cae, Arthrobacter sp. and Bacillus sp. were present. How-
ever, as the electrogenic mechanism is an essentially
anaerobic process, the putative bacterial species involved
in the current-producing reactions appeared to mainly be-
long to Emterobacter sp. and E. cloacae. Stenotrophomonas
maltophilia, capable of nitrate reduction and already found
as dominant on MFC’s anodes (Morris et al. 2009), was the
most abundant species in A samples under current-
producing conditions. This result suggests that the final
electron acceptor could be other than the anode electrode
such as nitrate or molecules with electron potential close to
that of nitrate. Thus denitrification could be a putative
metabolic pathway for organic waste degradation at the
anode of an MFC. Although E ludwigii and Enterobacter
hormaechei species appeared to be also dominant under
anaerobic conditions, their electrogenic properties have still
to be directly addressed.

The chemical analysis showed a significant decrease of
TOC; and DOC values in the closed-circuit MFCs indi-
cating that the production of electricity either increased
the consumption (C.) of the available OM of the fuel
sources provided to the MFC systems, in according to
other authors who made similar observations with marine
sediments (Hong et al. 2010) and sewage sludge (Jiang et
al. 2010). The C, attributed to the current generation in
soil and fertilizer (4.7% and 16.6% of the initial C con-
tent, respectively) could be also related to the microbial
secondary metabolism. For example the generation of
methane and CO, cannot be excluded, as previously
reported (Hong et al. 2010). In fact in a microbial fuel
cell bacteria have limited options for their final electron
acceptor and they can either use the electrode or produce
reduced metabolites, such as methane or hydrogen gas,
which have not been measured in this work. Furthermore,
the diversity of bacterial grow rate is also important to
explain both the different C; values and the lack of
correlation between C. and bacterial CFUs could be due
to the contribution of uncultured organisms in the degra-
dation of OM.

It was also observed that the extent of C. in the anodic
chamber of MFCs depended not only on the different
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quantity but also on the qualitative characteristics of organic
substrates, as shown by the selective consumption of the
soluble humified fraction detected in our experiment, espe-
cially under electricity generation (Table 4). This is in ac-
cordance with Hong et al. (2010) who reported both
guantitative and qualitative changes of organic matter in
marine sediments during electricity generation. In that study
the authors observed an enhanced humification process
under closed-circuit conditions but this result was not con-
firmed by the fractionation analysis of soluble C obtained
from the solid phases which showed that humic substances
decreased when electrical current was produced, as con-
firmed by higher Ceotd (ha+fa), Chot (ha+fx) and the humifica-
tion degree values detected in MFCs under current-
producing conditions. This is a very interesting result be-
cause humic substances are known to be a suitable electron
donor and an energy source for the assimilation of carbon
from alternative sources such as nitrate or fumarate (Coates
et al. 1998, 2002). As humic substances are considered not
biodegradable as a carbon source (Coates et al. 2002), the
results of the present study are more likely due to a de-
creased solubility of humic fraction of OM at the end of
incubation, than to their degradation humic substances used
as suitable C-source. Furthermore, most of Proteobactenia
are also known for their ability to oxidize complex organic
and humic compounds (Coates et al. 2002) and it could
explain the significant alteration of humic substances within
MFCs inoculated with both § and A. Such hypothesis is
supported by thermal analysis which evidenced the forma-
tion of'a chemical-physical more stable conformation of the
OM after electricity g ially in A pl

suggesting that bactenial activity stimulated OM oxidation
towards a globally more stabilized form, similar to that
occurring during aerobic composting processes. In fact the
presence of the two peaks of oxidation pattern in 4™ which
give maxima of heat flow at about 289 and 461°C is typical
of stable and humified organic matter, since the first peak is
commonly referred to exothermic decomposition of the
most thermo-labile organic compounds, characterized by
the presence of aliphatic and carboxylic groups, and the
second one, thermally more stable and energetic, to exother-
mic oxidation of molecules containing aromatic moieties
(Flaig et al. 1973; Leinweber and Schulten 1999). Further-
more the value of the ratio Exo2/Exol indicates that the
material reached a good level of stabilization in comparison
with other compost previously investigated (Dell’ Abate et
al. 2000; Klammer et al. 2008). In fact the ratio between the
weight losses associated with the second and the first exo-
thermal reactions (R1=Ex02/Exol) is a thermal stability
index representing the relative amount of the thermally more
stable organic matter fraction with respect to the less stable
one, regardless of either sample moisture level or ash con-
tent (Dell’Abate et al. 2000; Klammer et al. 2008). On the

tion.

contrary, sample 4~ showed a thermal pattern characterized
by a unigue broad oxidation thermal effect in the range 200—
550°C, typical of scarce mature compost. This confirms the
data discussed above on the consumption of organic carbon
due to the current generation and the hypothesis of humifi-
cation stimulation under closed-circuit conditions (Hong et
al. 2010). Moreover, if a selective activity of bacterial com-
munities occurs under closed or open circuit as consequence
of electricity generation, it should not be surprising that the
different thermal patterns were found in A" and 4, since in
a previous investigation on a number of compost of
different origins a correlation was found between the
thermal stability indices and the bacterial community
patterns (Klammer et al. 2008). On the other hand, the
thermograms of S samples from MFCs are not much
explicative, possibly due to the much lower amount of
organic matter involved, thus it should be speculative, at
this stage, try to find an explanation of the little more
distinet DTG peak at about 470°C observed in § sam-
ples and indicated by the arrow in Fig. 4.

In conclusion, our results demonstrated that electroactive
bacteria are commonly present even in aerobic organic sub-
strates such as soil or a fertilizer and that MFCs could
represent a powerful tool for exploring the mineralization
and humification processes of their OM. In fact the observed
changes in OM properties were analogous to those com-
monly observed in the early stages of the soil OM diagenetic
process (i.e, humification). Such a humification-like pro-
cess was evidently more stimulated when electrical current
was produced than under no-current conditions with the
simultaneous increase of Proteobacteria. Therefore, it 1s
possible to suppose that Proteobacteria are directly or indi-
rectly involved in the current generation and that electro-
active organisms play an important role even in the turnover
of the organic matter of soil environments. For example
Enterobacter sp., which appeared to be one of the most
involved species in the electrogenic processes, could be
responsible of humification-like process of OM as well.
Further efforts will be also focused on the putative remedi-
ation capacities of such bacteria. In fact the potential appli-
cation of anodic MFC technology for enhancing direct
anaerobic biodegradation of polluted environments (Morris
et al. 2009) could also represent a low-cost alternative to
electrokinetic approaches commonly used for soil reme-
diation (Virkutyte et al. 2002). Emerging questions are:
(1) which is the entire fraction of soil bacteria with
electrogenic potential? (2) What is the role of other
bacteria in relation to exoelectrogenic strains in anodic
communities, and how do mixtures of communities af-
fect power production and OM oxidation? Answering
these questions will provide useful insights into the
ecology of soil and complex functions within exoelec-
trogenic microbial communities.
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DprE1, a new taxonomic marker in Mycobacteria

The second project on which | 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 DprE1l 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 DprE1l

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 DprEl 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 DprEl, 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 Dprel 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 alighment 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
DprE1l 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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Introduction

Abstract

Among the species of the Mycobacterium genus, more than 50 have been recog-
nized as human pathogens. In spite of the different diseases caused by
mycobacteria, the interspecies genetic similarity ranges from 94% to 100%, and
for some species, this value is higher than in other bacteria. Consequently, it is
important to understand the relationships existing among mycobacterial
species. In this context, the possibility to use Mycobacteriim tuberculosis dprEl
gene as new phylogenetic/taxonomic marker has been explored. The dprEl
gene codes for the target of benzothiazinones, belonging to a very promising
class of antitubercular drugs. Mutations in cysteine 387 of DprEl are responsi-
ble for benzothiazinone resistance. The DprEl tree, obtained with 73 amino
acid sequences of mycobacterial species, revealed that concerning the benzothi-
azinone sensitivity/resistance, it is possible to discriminate two clusters. To
validate it, a concatamer obtained from the amino acid sequences of nine
mycobacterial housekeeping genes was performed. The concatamer revealed
that there is no separation between the benzothiazinone-susceptible and
benzothiazinone-resistant species; consequently, this parameter is not linked to
the phylogeny. DprEl tree might represent a good taxonomic marker for the
assignment of a mycobacterial isolate to a species. Moreover, the concatamer
represents a good reference phylogeny for the Mycobacterium genus.

immunocompromised individuals (Field & Cowie, 2006),
while the unculturable Mycobacterium leprae persists in

The Mycobacterium  genus  includes several medically
important species that constitute an alarming toll in
human mortality. Among the species of the Mycobacte-
rium genus, more than 50 have been recognized as poten-
tial human pathogens.

‘The species belonging to the Mycobacterium tuberculosis
complex (MTBC) are the most known and include the
human pathogens M. tuberculosis, Mycobacterium africa-
num, and Mycobacterium canettii and the animal-adapted
pathogens Mycobacterium bovis, Mycobacterium microti,
Mycobacterium caprae, and Mycobacterium pinnipedii as
well as the recently discovered species Mycobacterium
mungi (Bouakaze et al,, 2011).

Mycobacterium avium—mtracellulare complex (MAC) is
another important group including nontuberculous
mycobacteria responsible for opportunistic infections in

FEMS Microbial Lett Wl (2013) 1-8

developing countries, and it is the causative agent of lep-
rosy (Suzuki et al, 2012).

In spite of the different diseases that can be caused by
mycobacteria, the interspecies genetic similarity ranges
from 94% to 100%, and for some mycobacterial species,
this value is higher than in other bacteria (Devulder et al.,
2005). Therefore, further analysis would be important to
improve our understanding of mycobacterial taxonomic
identity, in the context of evolution and speciation.

Even though the 165 rRNA gene is the most used
molecular marker for phylogenetic analysis in bacteria,
alternative markers have been proposed for mycobacteria,
such as hsp63, recA, sodA, and rpoB genes (Adékambi &
Drancourt, 2004). However, the phylogenetic analysis
obtained with these markers individually is limited
because no gene amplification is obtained for a few

® 2013 Federation of European Micobiological Socetiss.
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species, and some closely related species are difficult to
differentiate, like those belonging to MTBC complex
(Mignard & Flandrois, 2007).

Recently, multigene sequence analysis was applied to
mycobacteria, revealing novel insights into the phylogenetic
relationships between the various Mycobacterium species.
Devulder ef al (2005) developed a multigene sequence
database incorporating four genes (165 rRNA gene, hsp65,
rpoB, and sodA ) within the Mycobacterium genus. The con-
catenation of four genes provides a good tool of increasing
the robustness of the final tree, but presented some inaccu-
racies, especially for MIBC complex (Dewulder er al,
2005). Another tree based on the combination of 165 rRNA
gene, rpoB, recA, hsp65, and sodA was performed by
Adékambi & Drancourt (2004) with good bootstrap sup-
port; however, the same authors showed that the trees
based only on one of these genes were not very robust.
Recently, the tuf gene coding for EF-TU factor was pro-
posed as phylogenetic marker, and the corresponding tree
was quite robust (Mignard & Flandrois, 2007).

Therefore, phylogenetic analyses based on the combined
dataset of a panel of gene sequences could help to delineate
new mycobacterial species, as well as enabling the moni-
toring of drug resistance-conferring mutations (Adékambi
& Drancourt, 2004). In this context, the M. tuberculosis
dprEl might represent an interesting candidate as it is an
essential gene (Sassetti & Rubin, 2003), and it encodes a
‘hot 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). DprEl enzyme works in concert with DprE2,
and it is involved in the biosynthesis of arabinogalactan,
an essential component of the mycobacterial cell wall core
(Wolucka, 2008). It has been demonstrated that point
mutations responsible for the substitution of Cys387 resi-
due of M. tuberculosis DprEl are responsible for BTZ
resistance (Makarov et al., 2009). This cysteine residue is
highly conserved in orthologous DprEl proteins from var-
ious BTZ-susceptible Actinobacteria; on the other site, in
Mycobacterium avium and Mycobacterium  aurum, the
Cys387 residue is replaced by serine or alanine, respectively
(Makarov et al, 2009); this achievement renders bacteria
belonging to these species naturally resistant to BTZ.
Accordingly, DprEl might represent a valuable phyloge-
netic and/or taxonomic marker, and its possible role in
this context was investigated in this work.

Materials and methods

Bacterial strains and growth conditions

The type strains of nine mycobacterial species, Mycobac-
terium  africanum (ATCC 25420), Mycobacterium xenopi
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(ATCC 192509), Mycobacterium intracellulare (ATCC
13209), Mycobacterium avium  subsp. paratuberculosis
(ATCC 19698), Mycobacterium  scrofulacenm  (ATCC
19073), Mycobacterium chelonae (ATCC 14472), Mycobac-
teriwm  celatum  (ATCC  51130), Mycobacterium  gastri
(ATCC 15754), and Mycobacterium simige (ATCC 25273)
were purchased from the American Type Culture Collec-
tion (ATCC). These strains were grown either in Middle-
brook 7HY broth (Difea) with 0.05% Tween 80 or on
Middlebrook 7H11 agar (Difco) with 0.5% glycerol, both
supplemented with 10% (volfvel) OADC or on Lowen-
stein—Jensen medium, following the instructions of
ATCC Web site  (http://www.lgestandards-atec.org/).
Mycobacterial cultures were usually grown at 37 °C with-
out shaking for 3—4 weeks, with the exception of
M. chelonae, which was grown in the same conditions
for about 4 days.

PCR primers and cloning

Gene-specific and species-specific PCR primers were
designed (Table 1) and dprEl orthologous genes were
amplified by PCR, using the cell lysates of each myco-
bacterial strain as template. PCR experiments were carried
out using STAT-NAT DNA-Mix kit (STabilized Amplifica-
tion Technology Nucleic Acid Testing, Sentinel CH SpA,
Italy; composition: 3.0 mM MgCl,, 0.8 mM dNTPs, 2u Hot
Start Taq Polymerase). Amplicons were purified using the
Wizard SV Gel and PCR clean-up system (Promega) and
then cloned in pGEM-T Easy vector (Promega). The nucle-
otide sequence of the insert of recombinant plasmids
(dprE1/pGEM-T) was determined by Sanger sequencing
(www.bmr-genomics.it/).

The nine dprEl gene sequences not available in data-
bases were deposited at NCBI Web site (http://www.ncbi.
nlm.nih.gov/) and were assigned the accession numbers
reported in Table 1.

Sequence analysis

Amino acid sequences of putative DprEl proteins were
retrieved using the M. muberculosis DprEl amino acid
sequence (G1:15610926) as a query to probe the nonredun-
dant protein sequences (nr) database at NCBI site using
BLasTP  (Altschul efal, 1997). Only those sequences
retrieved at an E-value below the 0.05 threshold were taken
into account. Amino acid sequences of Hsp65 and RpoB
proteins were retrieved from the NCBI database and
trimmed as found in bibliography (Telenti et al, 1993;
Adékambi et al, 2003). The MUSCLE program was used
to perform the amino acid multialignment (Edgar, 2004).
Alignments were manually checked, and misaligned regions
were removed.
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Table 1. Oligonudeatides for cloning and sequencing mycobacterial dpE1 genes

Accession
Oligonucleotides Sequence (5'-3 Species number
Mafri forward CGOCACGGTAATCAACTTCATC M. africanum KC588931
Mafri reverse GCAGGTAGCGCTCGCAGATG
Mint forward GATTACCCGCCTCCTCAGD M. intracellulare KC588933
M.int reverse AGGTAGCGCTCGCAAATGG
M.avi forward TACCCTCTTTCACGATGTCG M. scrofulaceum 1X215333
M.avi reverse CGGLGTCCAGCACCATCTAG
M.abs forward TGAG GACAAGCCATGGCGCGT M. chelonae 1%215336
M.absc reverse CCGATCTCCGAGGTGCCGC
M.avi forward TACCCTCTTTCACGATGTCG M. a. subsp. paratuberculosis KC588934
M.avi reverse CGGOGTCCAGCACCATCTAG
2KFor2 forward CTVGEGCMGSTCCTAYGGSGA M. xenopi KC588932
2KRev reverse TCSARSCGKCGGGCCATGTC
2KFor2 forward CTVGGCMGSTCCTAYGGSGA M. celatum 1X215332
2KRev reverse TCSARSCGKCGGGCCATGTC
2KFor2 forward CTVGGCMGSTCCTAYGGSGA M. gastri X215335
2KRev reverse TCSARSCGKCGGGCCATGTC
2KFor2 forward CTWGGCMGSTCCTAYGGSGA M. simiae 1%215334
2KRev reverse TCSARSCGKCGGGCCATGTC
Ntb1 forward GCAGCGAGCCGTGATCTTCCG M. a. subsp. paratuberculosis, -
Nth2 Reverse CGAATTGTGCAGGTAGCGCTC M. xenopi, M. celatum,

M. gastri, M. simiae

The ConSurf server was used for the evaluation of the
evolutionary conservation of amino acid positions in the
DprEl proteins, based on the phylogenetic relations
between orthologous sequences (Glaser er al, 2003). The
multialignment of the 73 DprEl amino acid sequences
was used to perform a phylogenetic tree by the neigh-
bor-joining algorithm as implemented in the RatedSite
program (Pupko et al, 2002). Position-specific conserva-
tion scores were, then, computed by the empirical
Bayesian approach (Mayrose et al., 2004). Finally, the
conservation scores were projected onto the Mycobacte-
rium  smegmatis DprEl protein structure (PDB: 4fdq;
Neres et al., 2012).

Phylogenetic analysis

Neighbor-joining (N]) phylogenetic trees (Saitou & Nei,
1987) were obtained with Mega5, using pairwise deletion
option and 1000 bootstrap replicates (Tamura ef al,
2011).

A concatamer was obtained adopting the following
procedure: (1) the orthologs of FusA (protein chain elon-
gation factor EF-G), [leS (isoleucyl-tRNA synthetase),
LepA (back-translocating elongation factor EF4), LeuS
(leucyl-tRNA synthetase), PyrG (CTP synthetase), RecA
(recombinase A), RecG (ATP-dependent DNA helicase),
RplB (508 ribosomal protein 12) and RpoB (RNA poly-
merase beta subunit; Santos & Ochman, 2004) of

FEMS Microbiol Lett g (2013} 1-8

M. tuberculosis H37Rv strain [sequences recovered from
the RDP Resource Download Area at Ribosomal Database
project site (http:f/rdp.cmemsuedu/)] were retrieved
from 46 mycobacterial genomes; (2) each ortholog dataset
was independently aligned; and (3) all the different multi-
alignments were concatenated in a single one comprising
7833 residues. The concatenated sequences of the same
genes of Corynebacterium efficiens YS314 were used as an
out-group.

Results and discussion

PCR amplification and sequencing of dprE1
orthologous genes from strains belonging to
nine Mycobacterium spedies

Nine dpril genes of M. africanum, M. xenopi, M. intra-
cellulare, M. avium subsp. paratuberculosis, M. scrofulace-
wm, M. chelonae, M. celatum, M. gastry, and M. simiae
species were amplified by PCR using ad hoc-designed
gene-specific primers reported in Table 1. The dprEl
amplicons obtained were then cloned in pGEM-T Easy
plasmid vector, and their nucleotide sequences were
determined as described in Materials and methods. The
nine dprEl gene sequences obtained were submitted to
NCBI Web site, and the corresponding accession numbers
were reported in Table 1. These sequences were utilized
for further analyses.

@ 2013 Federation of Ewopean Miccbiological Saceties.
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Identification of both DprE1 mycobacterial
proteins and putative mycobacterial BTZ-
susceptible and BTZ-resistant species

To check the phylogenetic distribution of the DprEl-like
proteins in the entire Mycobacterium genus, the M. tuber-
culosis DprEl amino acid sequence (Gl:15610926) was
used as a query to probe the nr NCBI database. In this
way, a total of 64 sequences homologous to M. tuberculo-
sis DprE1 were retrieved and aligned with the nine ones
obtained in this work (DprEl of M. africanum, M. xenopi,
M. intracellulare, M. avium  subsp.  paratuberculosis,
M. scrofulaceum, M. chelonae, M. celatum, M. gastri, and
M. simiae). The corresponding multialignment of 73
DprEl amino acid sequences is reported as Supporting
Information, Data S1. The analysis revealed a high degree
of sequence conservation between DprEl proteins belong-
ing to different mycobacterial species. This similarity is
highlighted in Fig. 1, obtained using the ConSurf server
(Glaser et al., 2003). In this picture, the conservation
scores of each amino acid at each positions are projected
onto the M. smegmatis DprEl protein structure (PDB:
4faq; Neres et al.,, 2012). In Fig. 1b, all residues having the
highest degree of conservation are highlighted.

To identify the conservation degree of amino acids
located into the DprEl active site, twelve residues from
M. smegmatis DprEl structure (Tyr67, His139, Gly140,
Lys141, Lys425, GIn341, GIn343, Leu370, Lys374, Phe376,
Asn392, and Cys394) were analyzed in the 73 mycobacte-
rial species (Neres et al, 2012). Eleven of these twelve res-
idues are conserved in all analyzed sequences; the only
exception is represented by Cys394 (Cys387 in M. tuber-
culosis) that, in some sequences, is replaced by an alanine.
Because the presence of cysteine (Cys394 in M. smegmatis
and Cys387 in M. tuberculosis) is clearly associated to
BTZ sensitivity (Makarov et al., 2009; Neres et al, 2012),

M.L. Incandela et al

the 11 mycobacterial species (M. abscessus, M. massiliense,
M. chelonae, M. rhodesiae, M. tusciae, M. neoaurum,
M. parascrofulaceum, M. avium subsp. avium, M. avium
subsp. paratuberculosis, M. colombiense, and M. intracellu-
lare), having an Ala replacing a Cys in this position, are
very likely resistant to BTZs. This result is in agreement
with previous experimental findings, showing that strains
belonging to the two species M. avium and M. aurum are
naturally resistant to BTZs (Makarov et al., 2009).

It is noteworthy that among the 11 conserved amino
acids, His139, Lys425, and GIn343 residues are essential
for FAD binding and critical for full enzyme activity, as it
was demonstrated by structural and enzymatic assays
(Neres et al, 2012).

DprE1 phylogenetic analysis

The multialignment of DprEl amino acid sequences
(Data S1) was used to build the neighbor-joining tree
shown in Fig. 2. The analysis of the DprEl tree revealed
that different strains of the same species shared a high
degree of sequence similarity and were clustered together
in the tree, except for the Mycobacterium rhodesiae and
M. xenopi strains (Fig. 2). At the same time, each species
is clearly separated from each other. The topology of the
DprEl tree is different from those obtained with other
molecular markers for the branching order of some
mycobacterial species (Tortoli, 2012). However, most
nodes in the DprEl tree were supported by high boot-
strap values (Fig. 2).

All these data strongly suggest the possibility to use
DprEl as a taxonomic marker for identifying/clustering
strains belonging to the same mycobacterial species.
Nonetheless, in our opinion, the most important feature
of the DprEl phylogenetic analysis is related to the BTZ
sensitivity/resistance of mycobacterial strains. In fact, in

Fig. 1. Conservation scores of amino acid at each position projected onto the Mycobacterium smegmatis DprE1 protein structure. (a) Conservation
scores, obtained with ConSurf server (Glaser et al., 2003), of each amino acid at each positions are projected onto the M. smegmatis DprE1
protein structure (PDB: 4f4q; Neres et al, 2012). The continuous conservation scores are divided into a discrete scale of nine grades for
visualization, from the most varable positions (grade 1) colored turquoise, through intermediately conserved positions (grade 5) colored white, to
the most conserved pasitions (grade 9) colored maroon. In (b) Only residues having the highest degree of conservation are highlighted.
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the DprE1 tree, it is possible to discriminate two differ-
ent clusters, each of which including mycobacterial spe-
cies having Cys or Ala in position 387. It is underlined
that beside BTZs, other three molecules, DNBI,
VI-9376, and 377790, have been published to form
covalent bonds with the cysteine residue within the
active site of DprEl, thus blocking the enzymatic activ-
ity (Christophe etal, 2009; Makarov ef al, 2009;
Magnet et al, 2010; Stanley et al, 2012). Untl now,
only one DprEl inhibitor is able to form a noncovalent
binding with Cys387 (Wang et al., 2013). The first clus-

M.L. Incandela et al

MTBC, M. leprae, M. ulcerans, M. marinum, M. kansasii,
M. xenopi, M. celatum, M. gastri, M. simiae, M. phlei,
M. smegmatis, M. thermoresistibile, M. chubuense,
M. vanbalenii, and M. gilvim. On the basis of the avail-
able data, strains belonging to these species might be
susceptible to BTZs as well as to the other three DprEl
inhibitors. In fact, it is noteworthy that M. tuberculosis
H37Rv (moreover 240 clinical isolates comprising MDR
and XDR  strains), M. bovis, M. smegmatis, and
M. marinum are susceptible to BTZs (Makarov e al,
2009; Pasca et al., 2010). The second cluster (exhibiting

ter (having Cys387) comprised the following species:  an Ala387) embedded the following species whose

Mycabactendum_bowis_BCG str_Pasteur 11732 C
Myeobactanum_bovis_BCG_str_Tokyn 172G
Mycobactenum_bovis_BEE_str_ Mexico C
1 Mywobasterum _bows AF2122 97 €
9 Mywobactorum_tuberculosis_HITRY €
100§ Mcobactenum_aficanum_GMI41182 C
Mycobacterum_canedti CIPT_140010058 C
[ Mycobactanum_kansasi_ATGG_12478 C
Mycobseterium_marinum_M €
mcL Mycabacterium_uloerans_Agye9 C
Mycobacterium_lepras_Br4923 C
100! Mycobactarium_lepras TN C

LATEC_ B4 614 A
\_avium_subsp, s K 10A
1 avium_subsp . 5397 A

Mycobaatedum_cclombiense_CECT_3036 A
Mycobscteriam_sp MOTTI6Y A
Mycobactenum_inraceiiuiare, MOTT_64 A
Mysobacterium inirmcelivan MOTT 2 A
Mycobacterium_intracellulsre_ATCC_ 13050 A
a0l Mycobaeterium_intrecaliuian_ATCC_13950_2 A
A0 c
n_sp_JDMS0T A
Mycobacterium_odesise_JS60 A
Mysabactoium_givam_FYR GOK C
Mycabactsrum_givum_Spyri G
Myeobactanum_vanbasieni PYR 1 C
Mycobiacterium_chubuense NBE4 C
Mycobactenium_hodesias_NBB3 A
Mycobastenum_tusciss_JSE17 A

1 phiai_RIVMBDTITAC

1 ile_ATCC_19527 ©
Mycobactenum_smegmatis_str MG2 155 €
Mycobactarum_sp_ILS C
1oo|| Mreabactanum_sp_KMS C

o8l Mycobactedum_sp MCS G

Myeabactonium_abscessus_subsp_boleli_ B0 A

',‘J-. jum_sbscessus_47.026 A

1001 L pymabactenum massilense COUG 48598 A
Mycobacledum_abscessus_ ATCC_19577 A
10| Myecbactenum_abscessus_ME3 A

Mycobacterium_sbscessus_M3d A

Garyme_sfficiens Y5314
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the concatenated sequences of nine proteins
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representatives might be resistant to BTZs: M. abscessus,
M. massiliense, M. chelonae, M. abscessus subsp. bolletii,
M. rhodesiae, M. tusciae, M. nepaurum, M. parascrofula-
ceum, and MAC (Fig. 2). Among these cited species,
M. avium was tested to be resistant to BTZs (Makarov
et al, 2009). The presence of either a Cys or an Ala
residue might, in principle, be a powerful tool to indi-
cate whether a mycobacterial species is susceptible/resis-
tant to BTZs and to the other DprEl inhibitors DNB1,
VI-9376, and 377790,

Consequently, the amino acid localized at position 387
should be critical for the resistance/sensitivity to BTZs.
To check the influence of such residues (Cys or Ala) at
position 387 on the topology of the DprEl tree, an addi-
tional phylogenetic tree was constructed wusing the original
DprEl amino acid sequences and the ‘chimeric’ ones
where the Cys387 was replaced by an Ala and vice versa
(Data S2). The analysis of the DprEl phylogenetic tree
embedding also the ‘chimeric’ sequences revealed that, as
might be expected, its topology was identical to that of
the tree constructed with the original sequences (Data §2;
Fig. 2).

Phylogenetic analysis

The analysis of DprEl tree raised the question of the pos-
sible congruence existing between these data and the
overall Mycobacterium phylogeny, an issue yet under
debate. Indeed, the Mycobacterium genus is characterized
by a very limited interspecies genetic variability, and this
is the cause of a problematic phylogenetic reconstruction
(Tortoli, 2012).

Consequently, a phylogenetic tree was constructed from
the alignment of the concatenated amino acid sequences
of the preducts of nine housekeeping genes (Santos &
Ochman, 2004), as recommended on the site of Ribo-
somal Database Project as universally conserved genes
that can be used for identification and phylogenetic anal-
ysis of bacteria (see Materials and methods; Data 53)
from 46 Mycobacterium strains (Santos & Ochman, 2004;
Fig. 3).

The analysis of the concatamer tree revealed that
strains belonging to the same species were clustered
together, whereas different species are clearly separated. It
is quite interesting that nodes separating different species
are supported by very high bootstrap values (99-100%;
Fig. 3]. Both the robust topolegy and high bootstraps
suggest that the concatamer tree is much more reliable
for other trees constructed using single genes, such as
those based on complete 165 rRNA gene sequences or on
the amino acid sequences coded by fragments of hsp6s
and rpoB genes (Telenti ef al, 1993 Adékambi et al,
2003; Data S4).
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The only exception is represented by M. rhodesiae 160
and NBB3 strains that are not clustered together (Fig 3),
like in the DprEl tree, previously described (Fig 2). Also
in this tree, the related species were clustered in MTBC
or MAC complexes (Fig. 3).

Moreover, there is no a separation between the myco-
bacterial BTZ-susceptible and BTZ-resistant species. Con-
sequently, this parameter is not linked to the phylogeny
of mycobacteria.

Conclusions

The aim of this work was to check the possibility of
using the dprEl gene as a new molecular marker for
taxonomical and/or phylogenetic studies of mycobacte-
ria. The whole body of data obtained suggested that
DprE1  tree  might represent an  additional good
taxonomic marker for the assignment of a mycobacte-
rial isolate to a given species. In addition, the same
marker might also give insights into sensitivity/resis-
tance of mycobacterial isolates to BTZs and to other
drugs hitting DprEl1 enzyme, simply checking for the
presence/absence in  position 387 of Cys residue,
respectively.

Lastly, the phylogenetic tree, constructed using a con-
catamer of nine housekeeping genes, was supported by
very high bootstrap values. Consequently, this tree repre-
sents a good reference phylogeny for the Mycobacterium
genus.
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