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Resum 
 
Els sistemes bioelectroquímics (BES) son tecnologies respectuoses amb el medi 
ambient amb un gran potencial. Fan servir tant microorganismes, reaccions redox 
com transferència d’e- per produir o bé electricitat o bé substàncies químiques. 
Els BES consisteixen en una cambra compartimentalitzada amb dos elèctrodes, un 
ànode i un càtode, banyats en solució. La cambra conté una regió anòdica, on la 
reacció d’oxidació té lloc, i una catòdica, on ho fa la de reducció. Aquestes dues 
regions es troben separades per una membrana semipermeable i, els elèctrodes, 
units per un cable conductor d’e- . L’electrosíntesi microbiana (MES), un cas 
específic de BES, és emprada per produir acetat, entre d’altres. A un estudi previ, 
es va hipotetitzar que un sistema de MES que donava com a resultat la producció 
d’acetat a partir d’electricitat i CO2 , funcionava a partir d’un consorci de dos 
gèneres, Rhodobacter sp. al biofilm que envoltava el càtode, i Clostridium sp., al si 
del líquid. El primer captaria els e-  del càtode i els H+ de la solució per sintetitzar 
H2 mentre que el segon empraria aquest últim com a donador d’e- per produir acetat 
al reduir el CO2. A partir de dades de whole metagenome shotgun (WMS) 
disponibles i generades a partir de diferents tipus de mostres d’aquest sistema, es 
va realitzar un filtratge i posterior blast amb el programa DIAMOND, que les va 
alinear a una base de dades retro-traduïda a partir de seqüències proteiques 
transportadores d’e-  d’UniRef. Les dades obtingudes van ser filtrades, ordenades i 
comptades per dos de les categories de les columnes: “grup de proteïnes” i “gènere”. 
Amb aquesta informació, es va realitzar una comparativa per freqüència proteica 
relativa així com una avaluació del perfil taxonòmic de cada mostra. Paral·lelament, 
es van comparar dos mètodes per a l’assignació taxonòmica de dades WMS, un 
que feia us de 16S ARNr (Metaxa2) i un que no ho feia (MetaPhlan), amb la finalitat 
d’avaluar les limitacions associades a les tècniques 16S ARNr. L’assignació 
taxonòmica per 16S ARNr va ser millor, però els resultats van ser declarats 
inconcloents. Finalment, pel que fa als resultats globals, cal dir que semblen 
recolzar la hipòtesis, com a mínim parcialment, del treball mencionat, però es 
requereix més investigació al respecte, tant sobre la comunitat existent al biocàtode 
com, especialment, sobre el mecanisme d’acció de diversos candidats proteics de 
transferència externa d’e- .  
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Resumen 
 
Los sistemas bioelectroquímicos (BES) son tecnologías respetuosas con el medio 
ambiente con gran potencial. Emplean tanto organismos, reacciones redox como 
transferencia de e- para producir o bien electricidad o bien sustancias químicas. 
Los BES consisten en una cámara compartimentada con dos electrodos en ella, un 
ánodo y un cátodo, bañados en solución. La cámara contiene una región anódica, 
donde la reacción de oxidación tiene lugar, y una catódica, donde lo hace la de 
reducción. Estas dos regiones están separadas por una membrana semipermeable 
y, los electrodos, unidos por un cable externo conductor de e-. La electrosíntesis 
microbiana (MES), un caso específico de BES, es utilizada para producir acetato 
entre otros. En un estudio previo, se hipotetizó que un sistema de MES, que daba 
como resultado la producción de acetato a partir de electricidad y CO2, funcionaba 
a partir de un consorcio de dos géneros, Rhodobacter sp. en la biopelícula que 
envolvía al cátodo, y Clostridium sp. en el seno del líquido. El primero captaría los 
e- del cátodo y los H+ de la solución para sintetizar H2 mientras que el segundo 
emplearía ese H2 como dador de e- para producir acetato al reducir el CO2 
suministrado. A partir de datos de whole metagenome shotgun (WMS) disponibles 
que fueron generados a partir diferentes tipos de muestras de este sistema, se realizó 
un filtrado y posterior blast con el programa DIAMOND, que alineó éstos a una 
base de datos retro-traducida a partir de secuencias proteicas trasportadoras de e- 
de UniRef. Los datos obtenidos fueron cribados, ordenados y contados para dos de 
las categorías de las columnas: “grupo de proteínas” y “género”. Con esa 
información, se realizó una comparación de la frecuencia proteica relativa y una 
evaluación del perfil taxonómico de cada muestra. Paralelamente, se compararon 
dos métodos para la asignación taxonómica de datos WMS, uno que hacía uso de 
16S ARNr (Metaxa2) y otro que no lo hacía (MetaPhlan), con el fin de evaluar las 
limitaciones asociadas a 16S ARNr. La asignación taxonómica por 16S ARNr fue 
superior a la alternativa, pero los resultados se declararon inconcluyentes. 
Finalmente, los resultados globales parecen respaldar la hipótesis, por lo menos 
parcialmente, del trabajo anteriormente mencionado, pero se requiere más 
investigación al respecto, tanto sobre la comunidad existente en el biocátodo como 
especialmente en el mecanismo de acción de diversos candidatos proteicos de 
transferencia externa de e-.  
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Abstract 
 
Bioelectrochemical systems (BES) are environmental-friendly technologies that 
have huge potential. They employ organisms, redox reactions and electron transfer 
to produce either electricity or a chemical product. BES consist in a 
compartmentalized chamber with two electrodes in it, an anode and a cathode, 
bathed in a solution. The chamber is formed by an anodic region, where the 
oxidation reaction takes place, and a cathodic region, the site where the reduction 
reaction occurs. These two regions are (often) separated by a semi-permeable 
membrane and the electrodes are joined by an outside electron-conducting wire. 
Microbial electrosynthesis (MES), an instance of BES, is used to produce acetate 
(among other commodity chemicals). In a previous study, it was hypothesized that 
a MES system yielding acetate from CO2 and electricity, worked by the action of a 
consortium of two bacteria genera, Rhodobacter sp. at a biofilm surrounding the 
cathode and Clostridium sp. at the bulk of the liquid. The former would take both 
the electrons from the electrode and the H+ from the solution, to synthesize H2. 
While the latter, would employ that molecular hydrogen as an electron donor to 
produce acetate by reducing the supplied CO2. Whole metagenome shotgun (WMS) 
data generated from different types of samples from this system was preprocessed 
and inputted to DIAMOND, a Blast-like software, and aligned to a reverse 
translated database built from UniRef sequences of electron transfer proteins. The 
outputted data was screened, sorted and counted for the column categories ‘group 
of proteins’ and ‘genus’. Using that information, a relative protein frequency 
comparison between the samples and a taxonomy profile assessment of each 
sample, were performed. At the same time, two different methods for the 
taxonomical assignment of WMS data, one using 16S rRNA (Metaxa2) and another 
(MetaPhlan) that didn’t, were compared in order to assess the limitations associated 
with 16S rRNA profiling. The 16S rRNA taxonomical assignment method worked 
better than the alternative but the comparison was deemed inconclusive. Finally, 
the global results seem to support, at least partially, the hypothesis of the previously 
mentioned work, but further investigation needs to be performed on the biocathode 
community and especially in the mechanism of action of several electron external 
transfer proteins candidates.  
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Introduction 
 
Electrochemical systems (ES) make use of the fact that redox reactions involve the 
transfer of electrons between an oxidized substrate and a reduced product.  
 
ES are compartmentalized into two distinct regions, defined by the function of the 
electrode in there. One region contains an anode, which conducts the electrons, 
from the oxidation reaction through the circuit, and the other region has a cathode, 
that makes them available for the reduction reaction to take place. These two 
electrodes are found in contact with media within a chamber, linked through an 
outside conducting wire and (often) separated by a semipermeable membrane. 
Thus, electric current takes place between the two electrodes in the ES circuit. 
Electricity which can then be used for a huge array of purposes. 
 
If organisms or its organic products (i.e. enzymes) are involved in the reduction 
and/or oxidation taking place in such cell, the term bioelectrochemical system (BES) 
is used. The BES have a variety of applications and, are given acronyms according 
to their classification. Thus, if the goal is to use microbes to obtain electricity from 
it, (Fig.1) the system is called a microbial fuel cell (MFC). In case that the aim is to 
attain hydrogen or other chemicals, at the expense of both an external power (for 
example a battery) as well as the electric current generated by the oxidation 
reaction (catalyzed by the microbes), (Fig.2) it is labeled a microbial electrolysis 
cell (MEC) etc. [1]–[6] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Organic 

CO2 + e- + H+ 

H+ 

O2 + e- + H+ 

H2O 

 

Figure 1. Microbial fuel cell (MFC) representation, where it can be seen that wastes (organic) are being fed at the anode 
for the bacteria community there to catalyze it into CO2 and electrons that move towards the cathode generating electricity 
in the process and resulting in water production by a spontaneous reaction. 
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Figure 2. Representation of a variation of the MFC, called microbial electrolysis cell (MEC). The cathodic chamber 
process is the same, where an organic compound is catalytically oxidized by organisms but unlike at MFC, electricity is 
not the end goal. In fact, extra electricity is provided by a power source to drive an otherwise nonspontaneous reaction, 
as it is for example H2 formation from H+. 

Figure 3. Schematic representation of a MES. There is no microbial community at the anodic chamber unlike at MFC 
and MEC. Water hydrolysis reaction shown in there takes place uncatalyzed and spontaneously. A cathodic community 
is present though, participating in the catalysis of the reduction reaction with the supply of electricity by an external 
power source. The energy is used to reduce supplied CO2 into commodity chemicals, such as acetate. 

A variation of MEC exists, where electric current is provided to synthesize organic 
compounds. Such cells differ from MEC in that, there is no substrate, just water, 
used to generate an electric current by the oxidation reaction (so barely, the only 
source of electrons employed to perform the reduction reaction is the external 
power), and in the fact that the cathode is surrounded by a biofilm (Fig 3). [1]–[6] 
Those systems go by the name of microbial electrosynthesis (MES).  
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The use of MES for the production of acetate is one of the most interesting 
approaches of this environmental-friendly technology, because it is a commodity 
chemical and has a vast array of different end use in industry. [7] Vinyl acetate 
monomer (VAM) is the largest one, being applied in the synthesis of polymers used 
for adhesives and coatings. Another heavily demanded end use is purified 
terephthalic acid (PTA), which is used for the manufacture of polyethylene 
terephthalate (PET), a material that is shaped into synthetic fibers and plastic bottles, 
with huge demand in rapidly developing countries such as China or India. 
 
One of the crucial aspects to the implementation of MES, is the flow of electrons 
from the cathode to the final electron acceptor. In the case of the acetate producing 
MES, this final electron acceptor is CO2. It is known that the main pathway by which 
CO2 reduction into acetate takes place, comes through the formation of H2, that 
mediates as an intermediate electron donor. [8]–[11] A paramount step of that 
electron flow is the one that exists from the cathode to the biofilm. In general, 
electron external transfer (EET) in microbes is classified either as direct or indirect 
(Fig.4). In indirect EET, it is thought that the cells employ small electron mediators, 
[12], [13] also known as shuttles, such as H2, formate, ammonia, etc. that transport 
the electrons from the solid electrode to the microbe. In direct EET on the other 
hand, the literature claims that organisms contact the solid surface and directly, 
hence the name, interchange electrons. c-type cytochromes and other redox 
proteins, found in the extracellular, periplasmic or intracellular membranes could 
in that case allow the transfer of electrons between the surface and the cell. [12]–
[14]. 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sadly, EET mechanisms are poorly understood [4], [12]–[17], the current 
knowledge of proteins that take part in it and how they interact with the electrodes 
is scarce and there isn’t even a clear picture of which organisms participate in that 
electron transfer or whether they do so directly or indirectly [13]–[17]. 

Figure 4. External electron transfer (EET) different mechanisms. In red represented the indirect ones, that 
employ mediators such as formate and H2 being synthesized by enzymes freed by the organisms to the 
cathode such as formate dehydrogenase and hydrogenases in order to transport the electrons to the 
organisms. In orange are represented the direct mechanisms, which physically join the organism with the 
cathode to allow the transfer electrons through by a channel. An example is the use of nanowires by some 
bacteria. Figure adapted from [12] 
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To improve the working of such systems, having an insight about what’s going on 
inside the system is an imperative, mainly for two reasons. First, because it is really 
necessary for scaling-up the processes from lab-scaled reactors to industry-sized 
bioreactors. Second, because the final objective of this technology is to become a 
viable alternative to current industry-applied methods for the production of 
commodity chemicals and, as of now, the technology is not competitive enough to 
replace them. For it to do so, an optimization of the process is required and 
knowledge of the inner workings of the system would be quite helpful. 
 
Fortunately, the progresive declinig cost of sequencing and the increase in 
computation accesibility and capabilities has made bioinformatic approaches for 
metagenomics more and more popular with each passing year. Also, the 
interrelated nature of relationships developed between the microorganisms present 
in the BES communities make specially interesting the use of bioinformatic tools to 
gain some insight and complement the advances performed through other methods 
on these systems. 
 

Objectives 
 
In Puig et al. (2017), a MES system in which acetate was produced from CO2 was 
analyzed by 16S rRNA and found to function by the presence of a consortium of 
the genus Rhodobacter and Clostridium in the cathodic chamber, where the former 
genus was mainly present in the biofilm sample, surrounding the cathode, and the 
latter had presence in both the biofilm and the bulk of the liquid. 
 
The results suggested that the CO2 reduction operated in a stepwise matter. Thus, it 
was hypothesized that in the first place H2 was produced by Rhodobacter, next to 
the cathode surface, and then the Clostridium autotrophic bacteria present in the 
bulk of the liquid fixed the CO2 to produce acetate. 
 
The main goal of this work was to deepen our current understanding of the 
processes that take place in this particular system and in BES in general. Specifically, 
they could be summarized in: 
 

§ Assess the kind of enzymes that participate in the acetate bioelectrosynthesis 
process as well as their differential presence between the sample types (biofilm or 
bulk of the liquid). 
 

§ Perform a study of the type of organisms present in the cathodic chamber, both in 
the biofilm and the bulk of the liquid. 

 
§ Find out if different approaches in taxonomic annotation of whole genome shotgun 

sequencing have an impact in the results obtained. Concretely, differences between 
a method using 16S rRNA and one not using it. 
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Materials and methods  
 
In order to fulfill the aforementioned objectives, paired-end reads proceeding from 
Puig et al. (2017) metagenome samples were obtained. 
 
The following samples were studied: 
 

§ A sample made of a pool of samples from the BES system. This pool of samples was 
taken when the operation of the BES was stable. The paired-end reads coming from 
this sample are henceforth termed “Pooled”. 

 
§ 2 samples from the bulk of the liquid, taken at the end of the experiment, 30 days 

of operation after sample “Pooled”. One of the samples was sequenced twice, so 
there are 3 paired end-reads. They are hereinafter mentioned as “Bulk 1A”, “Bulk 
1B” and “Bulk 2”. 

 
§ A sample made of a pool of biofilm samples from the BES system. It was taken also 

at the end of the experiment. From now onwards called “Biofilm” 

 
 
 
Assessment of the quality of the samples 
 
These paired-end reads consisted of a whole metagenome sequencing output from 
an Illumina HiSeq instrument (HWI-ST170) and were displayed in a Fast-Q text file 
(Fig.5).  
 
FastQ text files are characterized by having a quality score (Phred quality score in 
this case) encoded in a single ASCII character for each base present in the read, as 
well as having the read sequence. This, is shown in the following figure: 
 

 
This FastQ files were at first analyzed by FastQC (https://github.com/s-
andrews/FastQC) to determine the average Phred quality score of the samples.  
 
Each paired end-read of each sample was studied separately, giving the following 
output results (Figures 6-9):  

Figure 5. FastQ data file screenshot from the actual files employed to do the analysis with a legend (in orange) right next to 
it. The first line of a fasta file consists in a identifier starting with the name of the machine used among other information, 
the second line gives the sequence and the fourth the quality scores for each of the bases in ASCII format.  
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Figure 7. Data quality per base analysis performed by the FastQC software for the forward reads of the "pooled" 
sample. I can be seen that a big portion of data stays in the green zone, where the quality of Phred scores is 
good and the trend of the data is to get worse at the start and end of the sequence. 

Figure 6. Data quality per base analysis performed by the FastQC software for the reverse reads of the 
"pooled" sample. I can be seen that a big portion of data stays in the orange zone, where the quality of Phred 
scores is average and the trend of the data is to get worse at the start and end of the sequence. 
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The quality of the data is not bad, but it was convenient to be trimmed for better 
quality output because as it can be seen, the quality and variation inside the bases 
quality is not as desirable as it could get, especially in the reverse reads of the 
samples (R2). This difference in quality between the forward and reverse read is a 
common situation and has been reported to be caused by a variety of reasons. [18] 
 
 
Database preparation and reads trimming 
 
 

A B 

C D 

Figure 8. Data quality per base analysis performed by the FastQC software for the forward and reverse reads of the 
“Bulk 2” (A, B) and “Biofilm” (C, D) samples respectively. It is noticeable the pattern where the forward reads (left) 
have a better mean quality than the reverse reads (right). 

E F 

G H 

Figure 9. Data quality per base analysis performed by the FastQC software for the forward and reverse reads of the “Bulk 
1A” (E, F) and “Bulk 1B” (G, H) samples respectively. This results, specially the one’s at the extremes of the data and 
specially for the reverse reads justify the need for data trimming to get reliable results from it. 
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In order to trim the non-desired reads the program FASTX-Toolkit 
(http://hannonlab.cshl.edu/fastx_toolkit/index.html) was used, in concrete the bash 
shell command fastq_quality_filter. A quality score baseline of 20 was used and a 
90% of the bases of the sequence were made to fulfill that standard. Reads that 
didn’t comply with those requisites were trimmed from the data. 
 
The next step was to map these metagenome reads by using a personalized protein 
database. This personalized database was created by selecting enzymes of interest 
(belonging or related to the electron transfer chain) from the UniRef database 
(https://www.uniprot.org/uniref/) [19]. 
 
The UniRef database is a non-redundant UniProt database where sets of sequences 
are clustered while offering the same extensiveness of the UniProt database. The 
clustering is done by the following way, citing the UniRef website: 
 
 
 

 
 
 
For this database, the UniRef100 database was employed as it eliminated 
redundancy from the database but, at the same time, it didn’t trim any possible 
matching sequences from the final database like UniRef90 and UniRef50 would do. 
 
The UniRef100 database generated was programmatically modified so that in each 
FASTA sequence header, the string “UniRef100” (but not the protein ID) was 
substituted according to a personalized enzyme group classification, consisting in 
a group and a subgroup of enzymes (Table 1). 
 
Table 1. The database generated from UniRef was classificated with the following labels for each one of the 
sequences present before inputting it to the blast in order to perform later sorting. The proteins are divided into 
7 major groups found at leftmost column and subclassified into several subgroups for each group. 

Group Subgroups 
Acetogenesis Nfn Rnf 
Dehydrogenases Formate dehydrogenase Hydrogenases 
Electron mobile 
carriers 

C-type 
cytochrome 

Ferredoxin Flavodoxin Rubredoxin Rubrerythrin 

ETETC* Cytochrome b6f Cytochrome bc1 Cytochrome d 
Quinone proteins Demethylmenaquinone Menaquinone 

Reductases Fe-S oxidoreductases Other reductases 
Oxidases Cytochrome c 

oxidase 
Quinol oxidase Other oxidases 

*Acronym for Energy Transducing Electron Transfer Complexes 

“The UniRef100 database combines identical sequences and sub-fragments with 11 or more 
residues from any organism into a single UniRef entry (…) UniRef90 is built by clustering 
UniRef100 sequences with 11 or more residues (…) such that each cluster is composed of 
sequences that have at least 90% sequence identity to and 80% overlap with the longest 
sequence (a.k.a. seed sequence) of the cluster. Similarly, UniRef50 is built by clustering 
UniRef90 seed sequences that have at least 50% sequence identity to and 80% overlap with the 
longest sequence in the cluster” 
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A Blast-like software, named DIAMOND (https://github.com/bbuchfink/diamond) 
[20] was the program chosen to carry out these mapping computations, as it 
performs at an allegedly speed 500 to 20,000 times faster than Blast.  
 
The filtering and blast alignment steps described, as well as the pairing of the reads, 
was done for each sample by a shell pipeline at the ICRA research center facilities 
(Parc Científic i Tecnològic de la Universitat de Girona, Edifici H2O, Emili Grahit 
101, 17003 Girona, Spain), owing to computational constraints caused by the sheer 
size of the data studied. The ICRA research center has access to a cluster of 
computers that significantly increased the speed of the computations performed. 
 
The data was outputted in an excel file (extension .xls) that included amongst the 
output information: the ID of the sequence of the database the read matched, the 
percentage of similarity between the read and the sequence and the alignment 
length (Table 2) 
 
 
Table 2. Example values of some of the columns present in the excel file that was outputted from the DIAMOND 
blast alignment. The first column corresponds to the value of the query (the nth read that matched some 
sequence from the database). The second one corresponds to a column formed by a “chimera of values”, firstly 
the subgroup assigned and secondly the UniRef ID. The third column presents the percentatge of match from 
the reads to the database sequences and the fourth column, the aligned sequences length. 

Query Seq-ID Group_ID Percentage 
of identical 

matches 

Alignment 
length 

235 C_type_cythochrome_A0A443LM06 100 33 

249 Ferredoxin_A0A3S4ML20 100 33 

278 Other_reductases_A0A443LUI2 100 33 

795 Other_oxidases_A0A2N4SA75 100 33 

821 Other_reductases_A0A1A6APX0 100 33 

851 Other_reductases_A0A1V5G4W8 100 33 

1002 Flavodoxin_A0A3S3LNY7 100 33 

1140 Other_reductases_A0A443LDU8 100 33 

1396 Quinol_oxidase_A0A366JLE9 100 33 

1582 Other_oxidases_A0A2N4SA75 100 33 

2079 Other_reductases_A0A366JR08 100 33 

2399 Other_reductases_UPI0009EE3437 100 33 

2527 Ferredoxin_UPI0005530D10 100 33 

2528 Other_reductases_A0A2A4CQJ3 100 33 

2645 Other_reductases_UPI0008342514 100 33 

 
This output was trimmed by selecting only those results that had at least both 90% 
of similarity to the database sequence (percentage of identical matches) and 25 
matching nucleotides (alignment length). Then, from this output, a set of different 
analysis were carried out for every one of the samples. 
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Firstly, a list with the ID of the matching sequences was used in order to retrieve 
information from the UniProt website (https://www.uniprot.org/uploadlists/) about 
the organisms and enzyme (Cluster name) belonging to each ID matched. The 
results were outputted in an excel file. It is represented in Table 3. 
 
 
 
 
Table 3. Excel format typical output of retrieve/ID from UniRef. By inputting the Cluster ID, both the cluster 
name and the organisms it belonged to was retrieved from the UniRef servers. 

Cluster ID Cluster name Organisms 
UniRef100_ 
A0A0J5QH10 

Cluster: C-type cytochrome biogenesis protein CcmF Puniceibacterium sp. 
IMCC21224 

UniRef100_ 
A0A167HEI6 

Cluster: C-type cytochrome biogenesis protein CcsB Hydrogenophaga 
crassostreae 

UniRef100_ 
A0A175VMA6 

Cluster: C-type cytochrome biogenesis protein CcmF Aeromonas 
enteropelogenes 
(Aeromonas trota) 

UniRef100_ 
A0A1D9M997 

Cluster: C-type cytochrome biogenesis protein CcmF Rhodobacter sp. 
LPB0142 

 
 
These results were mapped again and merged with the previously ones obtained 
from the Blast output by taking advantage of the common nexus of both results: the 
UniRef ID’s. This was done by using several default commands of the Unix bash 
shell (also known as Terminal). The complete results are shown on Table 4. 
 
 
 
 
Table 4. Final output obtained by the use of a pipeline of several command-line commands (such as awk, sed, 
grep etc) and others to merge the different outputs obtained by mapping them according to their common 
Cluster ID 

Cluster name Organism Cluster ID Group_ID Percentage of 
identical 
matches 

Cluster: Indolepyruvate 
ferredoxin oxidoreductase 
family protein 

Sinirhodobacter 
sp. CGMCC 
1.12963 

UniRef100_
A0A3S4ML
20 

Ferredoxin_A
0A3S4ML20 

100 

Cluster: Acryloyl-CoA 
reductase electron transfer 
subunit beta 

Clostridium 
ragsdalei P11 

UniRef100_
A0A1A6AP
X0 

Other_reduct
ases_A0A1A6
APX0 

100 

Cluster: Sulfolactaldehyde 
3-reductase 

Sinirhodobacter 
sp. CGMCC 
1.12963 

UniRef100_
A0A443LD
U8 

Other_reduct
ases_A0A443
LDU8 

100 

Cluster: pyruvate:ferredoxin 
(flavodoxin) oxidoreductase 

Clostridiales 
bacterium DRI-
13 

UniRef100_
UPI000553
0D10 

Ferredoxin_U
PI0005530D1
0 

100 
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Study of the relative frequency of subgroups of enzymes in the samples 
 
Having finally all the data available, the first analysis was undertaken. The ID’s from 
the Group_ID cells were exported to a text file and the number of repeating 
instances of each group (Ferredoxin, Other reductases etc) was counted, once again 
by using the functionalities of the Unix bash shell. 
 
By the same means, the number of occurrences of each group in the database 
previously created was counted (Fig. 10), so that the occurrence of each group in 
the results wasn’t artificially over or underrepresented because of a higher number 
of sequences present in the database, and thus more probability that the data 
matched one of them.  
 

 
Figure 10. Counts of the number of sequences for each subgroup present in the built UniRef database. For each 
line, after "./" comes the name of the group, then the name of the subgroup in a .fa file and last of all the 
counted number of sequences. 

 
 
Along the same lines, the extension of reads present in each of the metagenome 
sample were also computed because the number of reads of the different types of 
sample were different among each other. (Fig. 11) So, as it occurred in the case of 
the database, a manifold increase relative to the number of reads in each sample 
was also to be expected. 
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Figure 11. Count of the number of reads (at the end of the file) for each one of the FastQ files obtained from 
the whole metagenome shotgun of each one of the samples. The file number 10 belongs to the "Pooled" sample, 
11_(...)_001 to the "Bulk 1A", 11_(...)_02 to the "Bulk 1B", 12 to the "Bulk 2" sample and 13 to the “Biofilm” 
one. The R1 and R2 are references to the forward and reverse reads, respectively. 

 
 
Taking these two corrections into account, the relative frequency of each subgroup 
for every one of the samples was calculated. 
 
 
Taxonomical assignment of the matching sequences 
 
Each of the five different samples was studied taxonomically in order to characterize 
the different microorganism communities present in each one of them. 
 
The method was similar to the one used to calculate the relative frequency of the 
enzymes. A text file (Fig. 12) with the names of the species detected from the reads 
was used with the bash shell to obtain a count of the genera present (Fig. 13). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Example values of organisms that matched to the reads extracted from the output. As a lot of bacteria 
species was not specified (sp. at the file), the classification was performed by selecting only the first part of the 
name and counting by genus. 
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Figure 13. Output of the genus count for a sample obtained after using "uniq" command from the command-
line. Notice the presence among the count of some "Candidatus" and "uncultured" bacteria. 

 
 
The first 15 appearing genus were kept while the rest were summed and assigned 
to a 16th category named “Others”. Some of the most frequent categories were not 
genus but rather fell under the category of “uncultured” or “Candidatus”. In those 
case where these were amongst the 15 most common, the next count on the list 
was taken instead and the “uncultured” or “Candidatus” category assigned inside 
the “Others” category. 
 
 
Comparison of taxonomic annotation approaches  
 
 
In order to assess the differences that the method of annotation could produce in 
the outputting results, two taxonomic annotation methods were tried. 
 
The first one made use of the Metaxa2 (https://microbiology.se/software/metaxa2/). 
[21]. This software uses a more traditional assignment based on 16S rRNA. 
Concretely, it searches for the conserved regions flanking the hypervariable regions 
in the small and large subunit of ribosomal RNA. Later, among other tasks, it also 
performs a Blast on the sequences found, among other tasks. 
 
The second tool used in the comparison was the software Metaphlan2 
(https://bitbucket.org/biobakery/metaphlan2/src/default/), which doesn’t make use 
of 16S rRNA-based assignment. Instead, it infers the presence of clade-specific 
markers to estimate the relative abundance of taxonomic clades. [22] Or in other 
words, it searches for single-copy genes, that are easily linked to a particular clade, 
making it easier to perform the taxonomy of the microbiome. 
 
Both tools were inputted the same file, the FastQ file of each one of the samples to 
compare and were run on the same computer. Each one of the software employed 
their own default database to do the assignment. In each case, the results at the 
genus level were the one’s selected. 
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Ethics and sustainability 
 
This degree thesis has taken into consideration and respected, to the knowledge of 
the author, all the ethical considerations. As it was a bioinformatics work, no living 
being welfare was compromised and work has tried to be follow the authorship 
regulations as best as it possibly could.  
 
The sustainability aspects of the thesis taken into consideration for this work are the 
future implications that this technology could have for the remediation of CO2 
contamination of the atmosphere and with it the positive effect towards the global 
warming problem and and the handle of the limited nature of the resources that the 
planet Earth has to offer in the form of having the printed version of this thesis in 
double-sided paper while the convention is to do it in single-sided one to save 
paper. 
 
 
 
 
Results and discussion 
 
 
Study of the relative frequency of subgroups of enzymes in the samples 
 
 
In the study of Puig et al. (2017) it was hypothesized that the BES worked by the 
combined action of a consortia of bacteria. Specifically, members of the genus 
Rhodobacter at the bulk of the liquid and autotrophic members of the genus 
Clostridium at the biofilm. 
 
While studying the groups of enzymes present in samples extracted from that system, 
the following results (Fig. 14) were obtained from the samples “Pooled”, “Bulk 1(A 
+ B)” and “Biofilm”. Unfortunately, a file corruption problem happened while 
working with the “Bulk 2” sample so no study could be done with that sample. 
 
The formula applied to plot the graphs was the following:  
 
 
!"#$%&	()	*%+"%,-%*	)(&	.ℎ%	0&("1	2	3,	.ℎ%	*4#15%	6
!"#$%&	()	*%+"%,-%*	)(&	.ℎ%	0&("1	2	3,	.ℎ%	74.4$4*% ∗

!"#$%&	()	&%47*	3,	.ℎ%	*4#15%	9
!"#$%&	()	&%47*	3,	.ℎ%	*4#15%	6 

 
 
Where sample Z, corresponds to the sample with the higher number of reads (that 
being sample Bulk 1A) and X and Y to whatever group and whatever sample 
(including sample Bulk 1A which would give a correcting factor of 1) 
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Figure 14. Results of the relative frequency of electron transfer proteins com
parison for each 

of the sam
ples studied (each color). The subgroups studied are along the horizontal line, 

w
hile the groups encom

passing them
 are w

ritten above the graph in green. The B
ulk 1 

sam
ple (orange) is the only one that presents standard deviation because it w

as done 
averaging the sam

ples B
ulk 1A

 and B
ulk 1B. 
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There are several interesting aspects that can be highlighted from these results. The 
most noticeable is that there is a higher frequency of Rnf complex in the “Bulk 1” 
sample.  
 
That fits in with the hypothesis that the acetate production takes place 
predominantly far from the biofilm, by the cells in suspension, as the Rnf complex 
is involved in the translocation of protons during acetogenesis. It also is implicated 
in nitrogen fixation, [23] but no nitrogen was supplied so it is unlikely that the 
increase between the biofilm and the bulk of the liquid was because of that reason. 
 
The higher presence of hydrogenases and formate dehydrogenase in the biofilm, 
also supports the idea of a consortia formed by some species that generate H2 or 
other products to serve as substrates for acetogenesis to another species in the bulk 
of the liquid. This is because those two enzymes were hypothesized to be released 
from the biofilm microbes and adhered to the cathode, transporting the electrons 
as a result. [17] 
 
As of now, not direct external electron transfer has been proved for ferredoxin. [24] 
But, it could be argued that, if that process were to take place, it is to their benefit 
to be in close proximity to the cathode and that’s why a higher number of 
ferredoxins could be found at the biofilm samples.  
 
As there is a consistent higher presence of all electron mobile carriers at the biofilm, 
it could be a sign that more active electron transfer processes are taking place in 
that region, because of their proximity to the source of electrons.  
 
So, a higher presence of ferredoxins, cytochromes, rubredoxins and ferredoxin-like 
proteins (for instance belonging to the family NapH/Maun, that are known to 
transfer the electrons from the periplasmatic space to the cytoplasm in some 
acetogens. [25]) is to be expected. The same argument could be applied about Fe-
S oxidoreductases. The Fe-S cluster is a common occurrence among proteins 
implicated proteins in electron transfer, and that could be probably the reason of 
the relative difference between the two samples.  
 
Nonetheless, there is the suspicion that this “Fe-S oxidoreductase” entry of the 
database was formed by a melting-pot of different proteins, both proteins containing 
Fe-S clusters as well as oxidoreductases rather than just oxidoreductases containing 
Fe-S clusters. That explains the huge relative frequency of the subgroup, being the 
most frequent one alongside the Rnf complex subgroup.  
 
It also has to be said that, although there seems to be some difference between the 
different types of samples studied, the low number of duplicates doesn’t allow the 
performance of a test to determine whether the variations present among the 
relative frequencies are statistically significant or not. 
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Taxonomical assignment of the matching sequences 
 
 
By the same reason as with the subgroup study, no taxonomical assignment of the 
matching sequences was possible to do with the “Bulk 2” sample. So, the 
taxonomical assignment was only done for 4 of the 5 samples.  
 

 
Figure 15. Taxonomy assignment of the biofilm sample 

 
 
 
 
In this first figure, there’s quite a consistent presence of homoacetogenic bacteria. 
The genera Clostridium and Sporomusa are present, representing the 15% of all the 
bacteria detected. Such results combined with the one’s from the previous section 
provide some insight into what is happening at the biofilm.  
 
Three possible explanations come to mind. Either the homoacetogens are in direct 
contact with the biofilm and make use of direct electron transfer to reduce CO2 to 
acetate (that is reported to happen with Sporomusa ovata and Clostridium 
ljiungdahlii [26]–[29]), or they use mediators, basically H2, as has been suggested 
in literature [4], [30] and is a competitive advantage respect with other organisms 
to be closer to the source of electrons, so they form the outer layers of the biofilm 
and get the hydrogen there produced. Also, the actual picture may lie in between, 
being rather a combination of the two. 
 
There are several biohydrogen producing candidates found among the organisms 
outputted. Desulfovibrio has been described present in cathode with a high number 
of transcripts presents mapping to genes encoding for hydrogenases. [17], [31] 
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Bacteroides have been also discovered in high abundance in a hydrogen-producing 
biocathode communities. [31] 
 
Recently, the genus Rhodopseudomas have been shown to fix CO2  by using 
phototrophic extracellular electron uptake. [32] And as it was said before, some 
genera of the family Rhodobacteraceae, concretely Rhodobacter sp. have also the 
possibility to generate hydrogen in situ. [30] 

 

In the bulk samples, both “Bulk1A” and “Bulk1B”, the Clostridium genus also 
prevails, most probably because of their acetogenic activity by the Wood-Ljungdahl 
pathway as they are far away from the source of electrons and could only possibly 
obtain them indirectly, by an H2 mediator. 
The family of Burkholderiaceae present in the sample might be more dominant in 
the bulk of the liquid because they could feed on the acetate produced by the 

Figure 16. Taxonomy assignment of the Bulk 1A sample 

Figure 17. Taxonomy assignment of the Bulk 1B sample 
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Clostridium sp. and other acetogens. [33] If so, limiting the growth of this family of 
bacteria should be an objective while optimizing the production of this system. 
 
 

 
Figure 18. Taxonomy assignment of the "Pooled" sample which as it was previously said is a mixture of both 
biofilm and bulk samples taken at time 0. 

 
        

Finally, for the “Pooled” sample one major thing draws the attention while looking 
at the results, the relatively low abundance of Clostridium compared to the previous 
samples. Being a pooled sample, no region-specific difference should be inferred 
from it so the major cause of that difference might be the fact that the sample was 
taken at day 0 when the system was first stable and the other samples at day 30.  

  
         Then, the reason why they had that sudden increase in numbers could be perhaps 

because at first, they couldn’t perform the acetogenesis as there was not enough 
substrate to be used (H2) but as it accumulated due to the growth and action of the 
members of the biofilm, the Clostridium population started to increase until 
reaching after 30 days the high populations that can be noticed both in the bulk as 
well as the biofilm.  

 
         That supports heavily the hypothesis that the system operates in a step-wise matter 

limited by the supply of H2 to the homoacetogens, rather than a direct external 
electron transfer taking place in Clostridium. 

 
The results should be taken with caution though, because the size of the Others 
category could mean that the landscape of the abundance of bacteria could change 
considerably if taken into account. 
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Comparison of taxonomic annotation approaches 
 
16S rRNA profiling is the de facto standard when it comes to profiling bacterial 
communities [34], [35]. Despite all its benefits, this technique has some limitations 
[35]: 
 

§ The presence of multiple copies of 16S rRNA in many bacterial species 
results in an overrepresentation of that species. 
 

§ A microheterogeneity of sequences between closely related species 

 
§ The similarity of sequences between far-related species. 

 

In order to assess, if a two-step verification of the high quality of the taxonomy 
might be desirable a comparison was made between a 16S rRNA genes using 
software like Metaxa2 and a software not using it, like MetaPhlan. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The results were outputted in the following table: 

Figure 19. Workflow of a typical metagenome bioinformatics project. The step studied in 
this section is highlighted in red. Figure adapted from [36] 
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Observing the results, it seems that the Metaxa2 database has outperformed the 
MetaPhlan software, if the results are compared to the one’s obtained in previous 
sections and the one’s published before [30]. The Rhodobacter sp. is not even 
detected by the MetaPhlan database and several other results are inconsistent 
between them. 
 
Looking then at the Metaxa2 results, some of the previously assumed hypothesis of 
the previous section seem to be supported: 
 
 
 
 

§ The Clostridium are found in lower abundance at the beginning of the 
experiment (Pooled) than at the end (rest of the samples). They are found 
both at the bulk of liquid as well as at the biofilm, implying that they also 
perform a role there and not exclusively suspended at the liquid. 

 
§ The acetogen feeding Burkholderia seem to be more prevalent in the bulk of 

the liquid, where it is assumed that a higher concentration of acetate it’s 
found, rather than in the biofilm. 

 
§ The Rhodobacter data is inconclusive as there are very similar levels of 

abundance in both sample types. Further analysis should be performed to 
elucidate its differential presence in the biofilm. 
 
 
 

Other alternatives, using the same method (single copy gene markers) or different 
(like k-mer spectra comparison) should be tried in order to test the robustness of 
those methods. It would be interesting too, the use of a golden-standard sample of 
accurately known organisms to try out which method performs better in an 
impartial way. 
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Conclusions 
 
 
A closer look of the inner workings of the bioelectrochemical system described in 
Puig et al. (2017) was accomplished. In concrete: 
 
Several electron transfer-involved proteins were shown to be differentially 
expressed in the biofilm respect to the bulk liquid samples, amongst them the one’s 
known to function as external electron transfer mediators, like hydrogenases and 
formate dehydrogenases. The Rnf complex was differentially expressed in the bulk 
of the liquid. Those two facts together support the hypothesis of a two-step acetate 
production by a consortium of bacteria taking place. 
 
Clostridium sp. was elucidated as the main acetate producing genus and doing so 
in the biofilm. The family of the Burkholderiaceae seems to be implicated in the 
consumption of acetate, as it is shown by their abundance in the samples, especially 
in the bulk of the liquid, where higher concentration of acetate is produced. The 
participation of the community of the biofilm seems to be far more complicated 
and interrelated and should be investigated further and, in more detail, to elucidate 
what are the functions of these genera of organisms individually and as whole. It 
seems though that the global output of the biofilm is mainly molecular hydrogen 
because that is the product that the Clostridium for the bulk metabolizes to 
synthesize acetate through the Wood-Ljiungdahl pathway. 
 
Of the two methods compared, profiling of WGS by 16S rRNA seems to be the 
better option. Despite that the data is inconclusive and other alternatives should be 
studied and the 16S rRNA method refined because of its certain limitations. 
 
In conclusion, some insight has been gained about the functioning of the system 
but there is a lot of ground to cover, especially in the mechanisms taking place 
between the electrode and the biofilm community. 
 
There are already suspicion of certain proteins and organisms being implied in the 
mechanism of the external electron transfer but the mechanism itself is poorly 
understood.  
 
With the advent of increasingly cheaper sequencing technology, the genomes of 
such actors will be sequenced and with it some of the mysteries involved. 
 
A further characterization of the proteins involved in the process also seems 
inevitable in the future, to gain more knowledge about how to improve the 
microbial electrosynthesis cell working. 
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