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Cover image: Graphical abstract of the whole metagenomic process. Metagenomic
DNA extraction (blue circle) from two hot spring sources depicted in the
photrographs. Functional screening of metagenomic libraries (yellow circle), with a
lipolytic thermozyme that was modelled in silico (leftmost protein model).
Bioinformatics analysis of the metagenomes (orange circle), allowing the
description of the microbial community (pie chart of taxonomical assignments of
reads) and identification of thermozymes, including a endoglucanase (protein
model in the downleft position) and a xylosidase (protein model in the downright
position). Expression, purification and biochemical characterization of
thermozymes (green circle) of thermozymes found, including the endoglucanase
and the lipolytic thermozyme mentioned.
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Abstract

ABSTRACT

Hot spring metagenomes are described as the DNA of whole
microbial communities inhabiting high temperature inland water
habitats. The focus of the present work was to search for
thermozymes (that maintain their activity at high temperatures)
encoded in such metagenomes, as they find biotechnological
applications in all kinds of industries. Additional information like the
metabolic interactions between community members have been
studied as well. The first step of the metagenomic study consisted in
the sampling of two hot springs: As Burgas and Muifio da Veiga. The
metagenomic DNA from these samples was extracted and used to
construct two metagenomic libraries. These libraries were screened
to detect potentially relevant enzymatic activities using a wide range
of substrates, resulting in the discovery of a novel thermozyme with
lipolytic activity (LipB12_A11) which was biochemically
characterized. The metagenomic DNA from one of the hot springs
was also sequenced with a shotgun sequencing strategy. This led to
the description of the microbial community from the hot spring,
based on sequence reads abundance and taxonomical and functional
assignment. Reads assembly into larger sequences allowed the
prediction of several putative proteins with biotechnological interest.
Of these, a novel endoglucanase (Cel776) was expressed and
biochemically characterized.
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Resumen

RESUMEN

Los metagenomas de aguas termales consisten en el conjunto del
ADN de comunidades microbianas procedentes de habitats de aguas
continentales a altas temperaturas. El objetivo de este trabajo es la
blusqueda en estos metagenomas de termozimas (que mantienen su
actividad a altas temperaturas) codificadas en ellos, ya que tienen
aplicaciones biotecnoldgicas en todo tipo de industrias. Ademas, se
han estudiado las interacciones metabdlicas que existen entre los
miembros de la comunidad microbiana. El primer paso en el estudio
metagendmico ha sido el muestreo de dos fuentes termales: As
Burgas y Muiiio da Veiga. Se extrajo el ADN metagendmico de estas
muestras y se construyeron dos metagenotecas. Se realizd una
busqueda funcional usando un abanico de sustratos en las
metagenotecas para  encontrar  actividades  enzimaticas
potencialmente relevantes, y se caracterizd bioquimicamente una
itica (LipB12_A11). Ademas, se
secuencié el ADN metagendmico de una de las fuentes termales con

nueva termozima con actividad lipo

una estrategia shotgun. En base a la abundancia de las lecturas y su
asignacion taxondmica y funcional se describié la comunidad
microbiana de la fuente termal. Las lecturas se ensamblaron en
secuencias mas largas para predecir proteinas putativas con interés
biotecnoldgico. De ellas, se expresdé y caracterizé una nueva
endoglucanasa (Cel776).
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Resumo

RESUMO

Os metaxenomas de augas termais consisten no conxunto do ADN de
comunidades microbianas de habitats de augas continentais a alta
temperatura. O obxectivo deste traballo é a procura nestes
metaxenomas de termoencimas (que mantefien a sua actividade a
altas temperaturas) que neles se codifican, xa que tefien aplicaciéns
biotecnoldxicas en todo tipo de industrias. Ademais, estudaronse as
interaccions metabdlicas que existen entre os membros da
comunidade microbiana. O primeiro paso do estudo metaxendmico
foi a toma de mostras de dias fontes termais: As Burgas e Muifio da
Veiga. Destas mostras foi extraido o ADN metaxendmico e
construironse dias metaxenotecas. Realizouse unha busca funcional
empregando unha serie de substratos nas metaxenotecas para
atopar actividades encimdticas potencialmente relevantes e
caracterizouse bioquimicamente unha nova termocima con
actividade lipolitica (LipB12_A11). Ademais, o ADN metaxendmico
dunha das augas termais secuenciouse mediante unha estratexia de
shotgun. Baseado na abundancia de lecturas e na sua asignacion
taxondmica e funcional, describimos a comunidade microbiana da
fonte termal. As lecturas reunironse en secuencias mais longas para
predicir proteinas con suposto interese biotecnoléxico. Destas,
expresouse e caracterizouse unha nova endoglucanasa (Cel776).
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Preface

PREFACE
On thermophiles and industrial application of thermozymes

Extremophiles are microorganisms adapted to life in habitats where
a certain physico-chemical characteristic is considered extreme,
meaning beyond the typical limits found in most of Earth biosphere.
Thermophiles are a particular group within extremophilic
microorganisms that can thrive at high temperatures (above 50°C, or
in the case of hyperthermophiles above 80°C) (1). In contrast,
organisms that can survive these high temperatures but naturally live
at lower temperatures are considered thermotolerant mesophiles.

These organisms are found in a variety of natural environments,
including continental hot springs (2), submarine hydrothermal vents
(3), deserts and volcanic fumaroles and solfatara fields, among
others; and habitats of human origin or construction, such as
compost and artificial hot water streams (4).

Cellular components from thermophiles, including their enzymes
(named thermozymes), are adapted to maintain their functions at
high temperatures, and in fact they often perform optimally in such
conditions. In addition to their activity at high temperatures, a
number of other extremophilic characteristics are commonly found
in thermozymes, such as activity in organic solvents or extreme pH
tolerance. Nevertheless, the mechanisms underlying enzymatic
thermostability are hard to generalize and usually are described in a
case to case basis (5).

The characteristics of thermozymes make them interesting from a
biotechnological standpoint, as all sort of human activities where
enzymes are involved require operation at high temperature. This
feature is often translated in a reduction of processes costs. This is
mainly due to the reduced power consumption that is normally
required to lower or increase the temperature of a liquid medium in
order to advance from one process to the next. Other advantages
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Preface

related to operations at high temperatures include the reduction of
contamination risks, better solubility and diffusion of substrates and
products (5) and better mass transfer (6), and less viscosity of liquid
media (that in turn also helps in reducing the cost of operation) (7).

Another advantage of employing thermozymes is the possibility to
reduce the use of environmentally harsher chemical compounds, as
in some industrial processes they can be completely replaced for this
environmentally friendly alternative (8). Furthermore, in regard to
shifting towards a “greener” industry, examples like the valorization
of biomass for the production of biofuels or other desirable products
are achievable using thermozymes. Besides the biofuel production,
thermozymes are applicable in all sorts of other industries like the
pulp and paper industry (for processes like bleaching and deinking),
in food industries (for example, in the clarification of juices), and the
detergent industry, among others (9).

On metagenomics

A metagenome comprises the complete DNA sequence (genome) of
all microorganisms present in an environment and can be studied in
order to circumvent the limitations of pure culture when the species
to study are difficult to grow in laboratory conditions. This is
especially useful in extreme habitats, as many extremophilic species
are deemed unculturable. Metagenomics, the study of the
metagenome, comprises the molecular biology techniques that were
first developed in order to have access to all the biotechnological
potential of the uncultured microorganisms’ metabolism (10). These
bioprospecting techniques have allowed scientists to overcome the
Great Plate Count anomaly (the discrepancy between the number of
viable plate counts and the number of microorganisms observed
directly under the microscope) (11), by providing means to study
unculturable or yet to be cultured microorganisms. These studies can
be oriented to the description of a microbial community and their
metabolism and interactions, and towards the discovery of novel
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biological compounds derived from them that can hold
biotechnological value.

Regarding the methodology employed, there are two possibilities to
assess the metagenome: functional metagenomics involves cloning
the DNA into a suitable host to stablish a metagenomic library and
then perform activity screenings to find desirable metabolites or
enzymes, whereas sequence-based metagenomics relies on whole-
genome sequencing to obtain the DNA sequence of the metagenome
and then study its contents.

In their inception, metagenomic studies adopted the function-driven
analysis strategy, resulting in metagenomic libraries with the
potential to find novel gene functions and protein families different
from those previously found by other more direct approaches. This
functional metagenomic strategy was hindered by factors related to
the host system compatibility towards the foreign genes and gene
products and the methodological limitations for the analysis of
metagenomic libraries, which usually comprises a very large number
of clones. Problems like over-representation of abundant species
within the habitat and redundancies are also to be expected when
dealing with metagenomic libraries (12-15). New research protocols
and refinements to existing ones have been developed in order to
assess such problems, including the development of new vector
systems that allow for bigger insert sizes, replication and expression
in several host systems and regulation of the gene expression, and
high-throughput screening methods (4,16,17).

The advent of the high-throughput DNA sequencing era allowed
researchers to develop a new sequence-driven approach to
metagenomic studies, by allowing the search for genes of interest
directly in the metagenomes’ sequences. This method is based on the
comparison to previously known gene products, and thus is limited
by the information available on databases that can be scant or even
imprecise, but in turn overcomes the need for a suitable host system
and other bottlenecks of the heterologous gene expression method
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(18). If enough sequence coverage is achieved, problems like species
representation and sequence redundancy may also be overcome.
Nevertheless, a possible hindrance that is important to consider is the
high computational power required to analyse the big volume of data
generated by these studies. The development of new generations of
sequencing technologies have improved the quality of these analyses
and greatly reduced their cost, and bioinformaticians continuously
develop new tools that demand fewer resources and shorten the
required time to perform them, in order to make the sequence-based
approach more universal (19-21).

Even though both techniques share the same starting material (the
metagenomic DNA), they can target gene products that could
potentially go undetected using one or the other. For this reason, a
combined analysis using the two approaches can be a desirable
methodology in order to maximize the discovery of novel products of
interest, complementing each other shortcomings (22).

The present doctoral thesis involves the search for novel enzymes
from two different metagenomes from hot springs located in the city
of Ourense (Galicia, Spain) and is based in both a functional
metagenomics study and a sequence-driven metagenomics analysis,
in order to maximize our gene product discovery reach. In fact, this
combined approach has allowed us to discover novel enzymes that
have potential interest in industrial processes. The main objectives
were the identification and the biochemical characterization of
thermozymes encoded in the metagenomes, and to study the
microbial community composition and its metabolic network in one
of the hot springs.
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Objectives

OBJECTIVES

1. To construct metagenomic libraries from environmental DNA
extracted from samples obtained in two hot springs located
in the Ourense region: As Burgas and Muifio da Veiga.

2. To perform functional screens on the metagenomic libraries
in order to identify relevant enzymatic activities using
specific substrates.

3. To sequence, clone, express and purify a lipolytic activity
enzyme to make predictions based on sequence data and to
perform a biochemical characterization.

4. To sequence the metagenomic DNA from the Muifio da Veiga
sample to perform a bioinformatic analysis to describe the
microbial community and its metabolic interaction networks.

5. To analyze the sequenced metagenome to identify
thermozymes that can be cloned and expressed in the
laboratory.

6. To clone, express and purify a sequence-based analysis
predicted B-xylosidase and endoglucanase to perform their
biochemical  characterization  and confirm  their
biotechnological potential.
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Chapter 1

Metagenomic libraries construction from two hot
springs

Abstract

Construction of metagenomic libraries is a fundamental first step in
order to assess the vast amount of DNA found in a microbial
community. In this chapter, we describe the high-molecular weight
metagenomic DNA extraction and construction of two metagenomic
libraries from two different hot spring sources from the Galicia
region (northwest of Spain). The protocols from sample collection to
the transformation of the host microorganism and its long-term
preservation in a 96-well plate format allowing fast and high-
throughput functional screenings are described in detail. We also
developed a protocol to induce the fosmid vector used to construct
the libraries from low copy number to high copy number, which
proves to be useful for DNA purification steps and for the
expression of heterologous genes.

Introduction
Ourense hot springs

The city of Ourense, located in the Galicia region in the northwest of
Spain, has been since Roman times known for its hot springs, and in
the last two decades these geothermally-heated waters had
experienced a rekindled interest as an economic factor that draws
thermalism tourism to the region (1). Unlike many other well-
studied hydrothermal systems as Yellowstone National Park in USA
(2), and some regions in Iceland (3) and Japan (4), to mention a few;
the hot springs in Ourense have a non-volcanic origin. The
geological setting of the region has been described previously (1,5).
In brief, the city lies at the bottom of a hollow formed by the
erosion process of Mifio river and its main tributaries Barbafia and
Lonia. From a lithological point of view, two groups of granite
crystalline rocks are contacted by intrusion along both sides of the
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Mifio river, delimiting a north and a south side, and are all covered
by alluvial soils. The granite rock presents almost no permeability,
which makes the water flow only along faults and fractures. This in
turn makes the water follow a deep circuit of percolation at higher
elevations, storage and circulation with heat transfer through main
fault systems (6), and emergence at lower elevations (1,5). The
process involves the interaction of water with minerals, adding
solutes to its composition. As the water reaches greater depths,
rock temperature increases and heat transfer takes place,
explaining the higher occurrence of hot springs in the lower
elevations of the valley, where water has circulated deeper and for
longer amounts of time. Aside from the high basal heat flow of the
region, radioactive decay reactions in igneous rocks are also a
possible additional source for heat transfer to the water (6). In this
study we focused our interest on two hot springs in the city of
Ourense area, namely the Muifio da Veiga hot spring and the As
Burgas hot spring. The Muifio da Veiga hot spring site is located on
the north side of the Mifio river, whereas the As Burgas hot springs
are located on the south side.

Metagenomic DNA extraction and construction of metagenomic
libraries

Construction of metagenomic libraries requires the extraction of the
metagenomic DNA, and depending on the size of the cloned DNA
there is a distinction between small-insert libraries, plasmid libraries
with insert size lower than 10kb; and large-insert libraries, cosmid
or fosmid libraries up to 40kb or Bacterial Artificial Chromosome
(BAC) libraries beyond that size (7). Small-insert libraries have the
potential to contain single genes or small operons that can be
identified afterwards with a screening method but lack the
capability of large-insert libraries to contain more complex
pathways and to represent significant contiguous genomic regions.
In fact, large-insert libraries have been proven useful not only in the
bioprospecting of metagenomes, but also in the study of rare
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species of a microbial community, the study of unknown metabolic
pathways and the closure of genomes from more abundant species
in reconstruction of microbial genomes (8). Of these, the fosmid
vector large-insert libraries have gained popularity due to their
capabilities derived from cosmids and BACs. From the BAC vectors
they take the F-(fertility) factor that ensures low copy number per
cell, in order to minimize intermolecular recombination events, and
from the cosmid vectors they take the cos sites that allow packaging
inside empty bacteriophage lambda heads, significantly improving
the transformation efficiency and allowing a more even distribution
of insert sizes (8). The DNA extraction step is critical, as high-quality
(as in pure enough) and in high yields metagenomic DNA must be
recovered to ensure the construction of large enough libraries
covering the microbial diversity of the ecosystem, and in the case of
large-insert libraries it also needs to be relatively unsheared. This
four parameters (purity, yield, size and representativeness) are
unfortunately often in competition as the extraction method will
impact them in different ways, favouring ones over others (9). For
purity, the protocol design must take into consideration the nature
of the sample selected (10,11). In the case of terrestrial hot springs,
it is known that microbial cells tend to attach to particulate
materials and that clay minerals must be removed from the sample
as they can inhibit downstream processes of the library generation
protocols (8). DNA yield from hot springs is also a bottleneck for
library construction, as the biomass in this habitat is lower than
other more populated ecosystems (12). Moreover, it is known that
metagenomic libraries introduce some degree of bias to species
representation of the whole community, although this is deemed of
little consequence for the purposes of bioprospecting (13), as the
apparent functional diversity seems not to be compromised by the
DNA extraction method (9).

After the extraction, the DNA is cloned in a suitable host, that in
most cases is the model organism Escherichia coli (7), which is
estimated to be able to correctly express around 40% of genes with
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a sequence deposited in public databases (12). As a potential
contingency for functional screenings based on metagenomic
libraries using exclusively this host, the need for broader host-range
shuttle vectors is highlighted (12). Also, and as mentioned, a low
copy number vector has the advantage of improved genomic
stability, but in some instances, it is advantageous to have a high
number of copies of the vector per cell. For this reason, inducible
copy number vectors are advisable (8).

In this chapter, we describe the construction of two metagenomic
libraries from the hot springs mentioned above, from the DNA
extraction protocol to the transformation of the bacterial host, and
its long-term storage for later use in functional screenings.

Materials and Methods
Metagenomic DNA sources: site description and sample collection

Water was collected from two different hot spring sources in the
northwest of Spain, specifically in the city of Ourense, which is
located in the Ourense province in the Galicia region. A detailed
view of the sampling sites is provided in Figure 1, with images
generated using the Google Maps service (14).

The hot spring As Burgas (42°20'04.6"N 7°51'55.1"W) is located
inside the city of Ourense. The site consists in two artificial
fountains with a continuous water flow and a hot water pool
located above the fountains where public bathing is allowed. Water
samples were collected from the continuous flow from one of the
fountains (the one to the left when facing them) in January 2014.

The hot spring Muifio da Veiga (42°21'05.3"N 7°54'36.3"W) s
located next to the Mifio river in the outskirts of Ourense. The water
springs from a manually operated pump, and the site also consists
in four hot-water pools open to the public. The water was pumped
several times before collection, and the date was December 2015.
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Figure 1. Sampling sites locations. (A) Location of the city of Ourense in the
Iberian Peninsula, marked as a red dot. (B) Close-up view of the city of
Ourense and the Mifio river north of it. Inside red squares are the sampling
sites, Muifio da Veiga to the left and As Burgas to the right of the image.
(C) Close-up view of the red square from the previous picture
corresponding to the Muifio da Veiga hot spring. Another red square marks
the precise location of the hot spring. (D) Close-up view of the red square
from Figure 1B that corresponds to the As Burgas hot spring. Another red
square marks the exact location of the As Burgas hot spring fountains. (E)
Muifio da Veiga hot spring, on the center of the image the four main pools
can be viewed, in the lower part of the image is the fountain where water
was collected, in the upper left corner the Mifio river can be seen. (F) As
Burgas hot spring, in the lower part of the image two fountains are
present. Water was collected from the left fountain.

Before sample collection we measured temperature and pH on each
site using a thermometer and pH strips. A total of 125L of water
were collected from each source in ethanol-washed plastic bottles
to minimize microbial contamination and were washed several
times on-site with the hot spring water before final sample
collection. The samples were transported to the laboratory on the
date of collection for processing in the shortest amount of time
possible. In both cases processing of the samples including the DNA
extraction step was done within the same week as the collection of
the samples, starting the next day after collection.

DNA extraction

The protocol outlined in the commercial kit “Metagenomic DNA
isolation kit for water” (Epicentre, USA) was adopted with slight
modifications in order to extract the DNA from the microorganisms
present in the sample (the metagenomic DNA). This method is
based in a combination of chemical and enzymatic treatments for
the extraction, allowing the recovery of high molecular weight DNA
randomly sheared in fragments of approximately 40kb, which is the
optimal size for ligation to the fosmid vector and viral-assisted
transformation.
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Water from the As Burgas source was pre-filtered with a 5um
membrane filter in order to remove big particulate material that
would block smaller filters. We found this step not to be necessary
for the water from the Muifio da Veiga source as big particulate
matter was not present. Water was then filtered with a 0.2um
membrane filter (vacuum was achieved with a vacuum pump,
always working below 15psi to avoid damaging the membrane
filter) in order to trap the microorganisms present in the sample.
For every 25L of water filtered (the volume of one plastic bottle)
from 2 to 4 filter membranes were obtained, and two of these
filters were used in each extraction procedure. Filters were
manipulated and cut into four pieces with ethanol-soaked
instruments (scissors and clamps) and placed face-up at the bottom
of a conic-shaped 50mL tube. The filters were washed with 1mL of
Filter Wash Buffer from the kit supplemented with Tween 20 (final
concentration 0.2% v/v) by slow vortexing to soak the membranes
and a 2 minutes long high-speed step with brief stops in order to
detach the microorganisms from the filter membranes.

The cell suspension was transferred to a new 1.5mL tube where it
was pelleted at 14,000rpm for 2 minutes. This pellet was
resuspended in 300uL TE buffer (10mM Tris-HCl pH 7.5, 1ImM EDTA)
and treated with 2uL Ready-Lyse Lysozyme and 1uL RNAse A
included in the kit following the manufacturer instructions (a brief
vortex followed by a 30 minutes incubation at 37°C). After this
treatment, 300uL of Meta-Lysis Solution and 1uL of Proteinase K
from the kit were added, mixed by vortexing and followed by a brief
centrifugation pulse, and incubated at 65°C for 15 minutes. The
mixture was then cooled on ice for at least 5 minutes. 350uL of MPC
Protein Precipitation Reagent were added and mixed by vortexing,
and the precipitate was pelleted by centrifugation at 14,000rpm for
10 minutes in a refrigerated centrifuge (4°C). The supernatant was
then transferred to a new clean tube, were 570uL of isopropanol
were added and mixed by inverting the tube several times. DNA was
then precipitated by centrifugation at 14,000rpm for 10 minutes in a
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refrigerated centrifuge (4°C). The supernatant was pipetted out and
a brief centrifugation pulse was performed in order to remove any
remaining liquid on the walls. The pellet was washed with 500uL of
70% ethanol, and the previous steps of high-speed cold
centrifugation, supernatant removal and wall-attached liquid
removal were repeated. The pellet was air-dried for at least 8
minutes at room temperature. Finally, the DNA was resuspended in
30uL Tris Buffer 10mM, and the extractions from the same source
were pooled together.

Library construction

A modified procedure for the commercial kit “CopyControl Fosmid
Library Production Kit” (Epicentre, USA) was adopted for the
construction of both metagenomic libraries.

End-repair and size-selection of metagenomic DNA

Ends from the extracted DNA were repaired (blunt-ended and 5’
phosphorylated) following the protocol described by the
manufacturer. For size selection, DNA was loaded on a 1% 20cm
agarose gel and electrophoresis was carried out on ice at 40V
overnight with the GeneRuler High Range DNA Ladder (Thermo
Fisher Scientific, USA) as molecular weight marker and the Fosmid
Control DNA as reference. External lanes from the gel (including the
molecular weight marker, the Fosmid Control DNA and a small
portion of the metagenomic DNA) were cut and stained with a 3x
GelGreen (Biotium, USA) solution for 30 minutes in order to
visualize the DNA under UV light without exposing the samples to it.
The DNA that co-migrated with the 40kb band was then cut from
the gel and the “GenelET Gel Extraction Kit” (Thermo Fisher
Scientific, USA) was used to recover the DNA. The agarose plugs
were weighed and a 1:1 proportion (volume:weight) of Binding
Buffer was added. Agarose was melted at 60°C for 10 minutes, and
the solution was loaded to a GenelET purification column. After
centrifugation for 1 minute at 14,000rpm the flow-through was
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discarded and 700uL of Wash buffer (containing ethanol) was
added. The tube was centrifuged twice (the second time without
load for removal of residual ethanol) for 1 minute at 14,000rpm,
and both flow-throughs were discarded. The DNA was eluted in
20uL of pre-heated water (65°C) by placing the column in a new
tube and centrifuging for 1 minute at 14,000rpm.

Vector cloning

The fosmid vector pCC1FOS from the kit was replaced with the
pCT3FK fosmid (15), a shuttle vector for E. coli and Thermus
thermophilus derived from pCC1FOS, kindly provided by author Dr.
Angelov. A vector map is provided as Figure 2 generated with the
Serial Cloner software (16). These vectors contain a single copy
replication origin but can be induced to high copy number by
arabinose induction mediated by the trfA gene product provided by
the host strain and feature a chloramphenicol resistance gene for E.
coli. The modified vector also adds a thermostable kanamycin
resistance gene cassette and sequences from the T. thermophilus
genome for positive selection and homologous recombination in
that host. In order to obtain enough vector to clone the
metagenomic DNA it was necessary to clone it first in a bacterial
host, induce it to high-copy numbers and extract it following a
minipreparation protocol.

11
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Figure 2. pCT3FK fosmid vector map, highlighting some of its features,
including PyrF’ and PyrE for T. thermophilus recombination, Km® for
kanamycin resistance in that host, restriction site Eco72l, CmF for
chloramphenicol resistance in E. coli, origins of replication OriS and OriV
for the bacterial F plasmid and cos site for lambda phage recognition.

The E. coli strain EPI300 ™ T1R (F- mcrA A(mrrhsdRMS mcrBC)
$80dlacZAM15 AlacX74 recAl endAl araD139 A(ara, leu)7697 galU
galK A~ rpsL nupG trfA tonA dhfr) was induced to competence
following the classic calcium chloride chemical method (17). A single
colony grown overnight at 37°C on LB medium without glucose (18)
(1% Bacto™ tryptone (BD, USA), 0.5% Bacto™ yeast extract (BD,
USA), 0.5% NaCl, 1.5% Bacto™ Agar (BD, USA)) was used to
inoculate 100mL of LB medium in a 1L flask, and growth was
monitored at 37°C for 3 hours by reading the ODggo of aliquots taken
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at regular intervals. When ODgy reached 0.4 the culture was
transferred to 50mL ice-cold conic tubes and was kept on ice for at
least 10 minutes. Afterwards, the cells were pelleted by
centrifugation at 2,700rpm for 10 minutes in cold (4°C) and
resuspended in 30mL of an ice-cold MgCl,-CaCl; solution (80mM
MgCl,, 20mM CaCly) by vortexing. Cells were again pelleted under
the same conditions and resuspended in 2mL of ice-cold 0.1M CaCl,.
For long-term storage, cells were kept as a glycerol stock mixing
them with LB supplemented with glycerol to a final concentration of
10% (v/v).

The competent cells were then transformed by the thermal shock
method (17). 200uL of cell suspension were mixed with 50ng of
pCT3FK vector and kept on ice for 30 minutes. The mix was
incubated at 42°C for 90 seconds and transferred immediately to ice
where it was kept for at least 2 minutes. Cells were recovered and
allowed to express the antibiotic resistance gene by incubation in
800uL LB medium for 45 minutes at 37°C with agitation. Excess
medium was discarded by centrifugation and around 200uL of the
cell suspension were grown on a Petri dish containing LB medium
supplemented with chloramphenicol (12.5ug/mL) at 37°C overnight.

A single colony from this Petri dish (harbouring the fosmid pCT3FK)
was employed to inoculate 100uL of LB medium supplemented with
chloramphenicol and 0.02% arabinose to induce a high copy
number. The empty fosmid was extracted following the “GenelET
Plasmid Miniprep” kit (Thermo Fisher Scientific, USA). The culture
was transferred to 50mL conical tubes and centrifuged at 5,000rpm
for 5 minutes. The pelleted cells were resuspended in the
Resuspension solution (containing RNAse A) and transferred to a
new 1.5mL tube. 250uL of Lysis solution were added to this
suspension and mixed by inversion until it became clear. Then,
350uL of Neutralization solution were added and mixed by
inversion, forming a white precipitate. This pellet was removed by
centrifugation at 14,000rpm for 5 minutes, and the supernatant was

13
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transferred to the Genelet Spin Column. The column was
centrifuged at 14,000rpm for 1 minute and the flow-through was
discarded. The column was washed twice with 500uL of Wash
solution (containing ethanol) and dried by centrifugation of the non-
loaded column for 2 minutes. The vector was eluted in 50uL of
water by placing the column in a new tube and centrifuging for 2
minutes at 14,000rpm, and the concentration was found to be
591.7ng/uL with a 1.85 Aje0/Azso ratio.

Ligation and packaging of the metagenomic DNA

The ligation of the metagenomic DNA with the empty pCT3FK vector
was carried out following the manufacturer’s indications, but
volumes were adjusted to allow for the maximum amount of
metagenomic DNA due to its low concentration compared to the
one suggested in the protocol. Incubation was performed at 16°C
overnight, and the Fast-Link DNA Ligase was heat-inactivated at
70°C for 10 minutes. This reaction mixture was used directly to
package in Lambda phage extracts. 10uL of the ligation reaction
were mixed with 25uL of MaxPlax Packaging Extract (thawed on ice)
and incubated at 30°C for 2 hours. Another 25uL of the phage
extract was added and the mix was incubated for another 2 hours at
30°C. The solution was dissolved with 500uL of Phage Dilution
Buffer and 25uL of chloroform. A tittering step was performed
testing four serial dilutions (original dilution, 1:10, 1:100 and
1:1000) and it was found that the original dilution produced the
desired number of colonies per plate.

0.5mL of an overnight culture of E. coli EP1300 T1® grown on 50mL
of LB supplemented with 10mM MgSOs and 0.2% Maltose (to
induce the expression of the membrane maltose receptor used by
the phage to infect the cell) at 37°C was used to inoculate 50mL of
the same medium. This fresh culture was grown to an ODggo of 0.8
and stored at 4°C until the infection reaction.

14
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For the infection, 10uL of diluted packaged phage particles were
mixed with 100uL of the culture described above and incubated for
1 hour at 37°C (with no agitation) to allow for the phages to infect
the cells. The cells were then spread on LB plates supplemented
with chloramphenicol (12.5pug/mL) and grown overnight at 37°C.

Individual colonies were picked from these plates and transferred to
96-well plates containing 100uL of LB supplemented with
chloramphenicol and glycerol to a 10% (v/v) final concentration in
order to store them at -80°C (long term storage plates). The cultures
were grown overnight at 37°C with agitation, and duplicates from
these plates (working plates) were obtained transferring 5uL of each
well to new plates with the same conditions for growth and storage
as the original ones.

For clarity, a schematic overview of the metagenomic library
construction process is provided in Figure 3.
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Figure 3. Overview of the metagenomic library production protocols
outlined in this chapter, from sample collection to the final 96-well plate
format.

Arabinose induction test

In order to assess the possibility of employing arabinose to replace
the autoinduction solution provided in the commercial kits, we
performed a test to check our ability to recover DNA from similarly
grown cultures (same ODgyp measurements) with a no induction
control group, an autoinduction solution (from the Epicentre
CopyControl Fosmid Library Production kit) induced group and an
0.02% arabinose induced group. All groups comprised triplicates of
the same E. coli EPI300 T1R clone harbouring an empty pCT3FK
vector. DNA was recovered following the same protocol described
in the “vector cloning” step using the GenelET Plasmid Miniprep kit
(Thermo Fisher Scientific, USA).

Results and discussion
Water sampling

We measured the temperature and pH at which the water springs
from the As Burgas fountains, finding them to be 67°C and 7.5
respectively. For Muifio da Veiga the temperature and pH were also
read on site and were found to be 68°C and 7.0 respectively.
Previous reports from the same sites reported very similar yet
slightly lower temperatures (66.3°C for As Burgas and 66°C for
Muifio da Veiga) (5,6), similar or identical pH values for As Burgas
(7.56 (5) or 7.5 (6)) and varying pH values for Muifio (7.6 (6) or 8.1
(5) compared to our reading of 7.0). Thus, both hot springs can be
described as thermophilic and circumneutral to slightly alkaline.
Composition analysis previously conducted by other researchers
have concluded that both waters are sodium-bicarbonated due to
the higher content of this compounds relative to others (5).
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Extraction of high molecular weight DNA

For the As Burgas source, a final concentration of 1,733.3ng/uL was
obtained, with a Axso/As0 ratio of 1.83 in a volume of 20uL
(34,666ng of total DNA). The metagenomic DNA for Muifio da Veiga
was extracted at a final concentration of 1,371.8ng/uL with a
Azs0/A2s0 Of 2.5 in a final volume of 45uL (61,731ng of total DNA).
Agarose gel electrophoresis results are given for the As Burgas and
Muifio da Veiga DNA extractions in Figure 4. The DNA in both cases
migrated mostly as a discernible band co-migrating with the 40kb
DNA controls, thus avoiding the need to further shear the
metagenomic DNA for accommodation to the required insert size
for the fosmid vector. An aliquot of metagenomic DNA from Muifio
da Veiga hot spring was saved to be used for shotgun sequencing as
later described in Chapter 3.
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Figure 4. Agarose gel electrophoresis of metagenomic DNA extracted from
the water samples from (A) As Burgas and (B) Muifio da Veiga. L: DNA
Ladder; C: Control 40kb DNA; Bm: As Burgas metagenomic DNA; Mm1 and
Mm2: Muifio da Veiga metagenomic DNA (two different extractions
previous to pooling them together).
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Library construction

The DNA concentration was measured after the gel extraction and
was found to be 76.8ng/ul for the As Burgas source, in a volume of
50uL, being the total DNA recovered 3,840ng. For the Muifo da
Veiga source, two different extractions were obtained but were
pooled together for library construction, with 422.3ng/uL and
634.5ng/uL concentrations respectively, in a volume of 50yl in each
case, the amount of DNA recovered after pooling them together
being 52,840ng.

After cloning, the final library size was of 27,898 clones for the As
Burgas source, with clones distributed in 16 different 96-well plates,
averaging 20 clones per well. For the Muino da Veiga source, we
obtained 4,399 individual colonies, that were distributed in 5
different 96-well plates, averaging 10 clones per well. Other libraries
using the similar commercial fosmid vectors pCC1FOS or pCC2FOS
have been reported to yield similar number of clones (11), from as
low as 5,000 with the pCC2FOS vector (similar to our Muifio da
Veiga library) to as big as 96,000 with the pCC1FOS fosmid,
averaging 37,575 which is slightly above our As Burgas library size.
Moreover, using the same vector pCT3FK similar sized (if not lower)
libraries have been reported (19) with 6,048 clones from hot spring
samples collected in Portugal and 1,920 clones from a compost
sampled in Germany. Our two libraries were stored for long-term
conservation, and duplicated libraries were generated in order to
conduct functional-based screenings as later explained in Chapter 2
of the present work.

Arabinose induction test

It was found that higher amounts of fosmid DNA were able to be
retrieved from the arabinose induced group compared to the
amount obtained with the autoinduction solution group. Figure 5
shows the results of DNA concentration recovered depending on
the method of high-copy induction used. Following this result, we

19



Metagenomic libraries construction from two hot springs

adopted this protocol for all subsequent induction to high-copy
number steps of our studies when the pCT3FK vector system was
involved (specifically, before the extraction of fosmid DNA from
individual clones, for the functional screenings of the metagenomic
libraries and for expression of genes from selected clones to
perform enzymatic tests). The original pCC1FOS vector, upon which
the pCT3FK is based on, carries the origin of replication oriV from
the RK2 plasmid requiring the trfA gene product, and not only
induces the vector to high-copy number, but also makes it
compatible with several Proteobacteria hosts (13). As the E. coli
strain EPI300 T1R provides the trfA gene in trans under control of an
inducible promoter (13), it is likely that the L-arabinose controlled
araC-PBAD system (20) drives the induction to high copy number in
our metagenomic libraries. Inducible vectors provide a means to
ensure high genomic stability and also reduce the need for high
yields of biomass (thus reducing research costs) in downstream
experiments (8).
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Figure 5. DNA concentration obtained after miniprep recovery of empty
fosmids from same ODsoo cultures with different methods of induction for
high-copy number or no treatment for the control group. Red asterisks
represent a p-value lower than 0.05 in a t-student test for two samples
assuming equal variances for comparisons between the control group and
each of the induction treatments. Blue asterisks represent a p-value lower
than 0.005 in a t-student test for two samples assuming equal variances for
a comparison between the autoinduction treatment group and the
arabinose treatment group.
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Conclusions

We obtained two metagenomic libraries with sizes comparable to
other successful bioprospecting studies based on functional
screenings for biocatalysts of biotechnological relevance. These
libraries are resources of value in the search for new thermozymes,
as they circumvent the need to have previous knowledge on the
sequence of the gene products. Nevertheless, metagenomic
libraries require robust screening methods to overcome some of the
bottlenecks associated with the heterologous expression in
laboratory host strains, as discussed in the next chapter.
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Chapter 2

Bioprospecting for thermozymes of biotechnological
interest and biochemical characterization of a novel
lipolytic thermozyme belonging to the SGNH/GDSL
family of hydrolases

Abstract

Functional screenings were conducted on two metagenomic libraries
from hot springs in order to find novel thermozymes with potential
biotechnological applications. These included enzymes acting on
plant cell walls like endoglucanases and exoglucanases, B-
glucosidases, xylanases and B-xylosidases, and broad application
enzymes like proteases and lipolytic hydrolases. Of all the enzymes
found by this bioprospection, we selected a novel lipolytic enzyme
for further characterization. The protein was found to belong to the
SGNH/GDSL family of hydrolases. It was purified and its biochemical
parameters determined. We found that the enzyme was most active
at 60°C and pH 9 using pNP-laurate as substrate and was highly
thermostable. It also showed preference for short-chained substrates
and activation with temperature and with certain detergents like
Tween 80. Proteins of this family of hydrolases are relevant for their
broad substrate specificity, that coupled with this protein high
temperature optima, broad pH range and thermostability further
highlights its biotechnological potential.

Introduction
The functional screening approach to assess metagenomes

The function-driven approach to study metagenomes consists in the
cloning of metagenomic DNA in a suitable host to construct a library,
that is later used to perform screenings in which the specific activity
desired is assayed. This bioprospecting tool has been extensively
reviewed (1-9) often comparing it to the sequence-based approach
where the metagenomic DNA is sequenced with Next-Generation
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Sequencing techniques. Due to the need for high computational
power and its processing costs, as well as Whole Genome Sequencing
costs and requirement for specific equipment, functional
metagenomics can be regarded as a more affordable (yet still
expensive and labour-demanding) method for assessing the
metagenome. Moreover, the functional approach has some other
advantages, such as the lack of requirement for previous knowledge
on the gene product amino acid sequence, thus holding the potential
to discover truly novel enzymes harbouring new protein domains or
belonging to not yet described protein families. Nevertheless, both
methods are proven to successfully retrieve previously
uncharacterized biocatalysts (10,11) and studies where both
strategies can be adopted may make the most from the same starting
material as they complement the information that can be retrieved
(12,13).

Many authors have identified main bottlenecks that functional
screening studies usually face (1,11,14). First, and as discussed in the
previous Chapter of this work, the isolation of contaminant-free
environmental DNA of sufficient quality and integrity, in large-
enough amounts and with minimal sampling bias is a challenging
task, especially when the source material typically yields low biomass
as it is the case for thermal springs and other extreme habitats (3).

Particular to the function-driven strategy, the selection of a suitable
heterologous host and vector system and of the screening method
are key choices to successfully find sought activities (1,14). The most
obvious (but not to be overlooked) decision is to pick a host strain
lacking the desired activity that would be screened (either naturally
or by genetically engineering knock-out strains), as background signal
can prevent discrimination between positive and negative hits (5).
Some of the problems associated with the gene expression in a
heterologous host include: (i) Internal cell accumulation, which refers
to situations where the biomolecule is accumulated inside the library
host and thus avoids detection, which may be partially solved if a mild
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lysis protocol is adopted such as the use of non-ionic detergents or
for thermozymes the use of high temperatures to disrupt the
membrane of mesophilic hosts (1). (i) Codon usage bias, if the
heterologous host has different preferences in codon usage, it may
lead to situations where the host has to overexpress genes with an
unusually high number of rare codons which in turn prevents the
correct biosynthesis of the gene product. These situations could be
alleviated by either inserting the tRNA genes required in the
expression vector, or by trying alternative hosts systems for the
metagenomic libraries using broad-range shuttle vectors (1). (iii)
Failure in promoter recognition, that happens in the transcription
step of gene expression, where the RNA polymerase from the host
may present low affinity for the metagenomic DNA promoter regions.
Solutions to this issue include the co-expression of heterologous
sigma factors with broad promoter recognition specificities (15), or
the use of a high-efficiency expression systems based on viral
components (7,11). (iv) Failure in recognition of Ribosome Binding
Sites during translation, limiting the expression levels of the
heterologous gene product, that may be improved by co-expressing
proteins related to the mRNA recognition step (16). (v) Protein
improper folding or lack of processing steps (including cleavage,
secretion and peptide modifications) by the heterologous host, in
some instances can be partially addressed by co-expression of
chaperons (for proper folding) or processing proteins (7). (vi) Toxicity
of the gene product, that can be addressed by using inducible
systems for gene expression, such as a lambda phage lytic gene
cassette under the control of a UV-inducible promoter (8). Other
factors that are proposed to affect the heterologous gene expression
include (vii) formation of inclusion bodies, (viii) lack of required co-
factors and (ix) accelerated enzymatic breakdown by proteases from
the host (14). It is generally accepted that the use of broad range
shuttle vectors is desirable for the construction of metagenomic
libraries as it may circumvent problems related to the heterologous
host system by completely changing the cellular framework in which
the gene products are being expressed (7,14-17). The most widely
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used host for metagenomic libraries is E. coli (6,18), which has been
tested for its expression potential against a set of different genomes,
revealing a wide range that goes as low as 7% to as high as 73% of
expressed genes (19).

In regards to the screening method, three main strategies can be
adopted, although often the protocol involves a combination of two
or more of these approaches: (i) phenotypic insert detection, where
the expression of the heterologous gene product is directly detected
in positive hits; (ii) modulated detection, where selective conditions
are complemented by the heterologous gene product allowing
growth of the library host or by the use of co-expressed reporter
genes (20); and (iii) substrate induction, used mainly for the detection
of catabolic gene products, usually inducible by metabolites of the
catalytic gene products (14). Although it possesses lower sensitivity
with a higher detection threshold, the direct phenotypic detection is
the most widespread method for functional screening of
metagenomic libraries (14), using chromogenic or fluorescent
substrates to detect enzymatic activities of interest, or substrates
that leave a clear halo around the colonies producing the desired
gene product (7). The development of novel enzymatic assays has
been driven by the need of more sensitive and targeting a broader
range of biotechnologically interesting activities (11,21).

Thermozymes and their applications

Since their discovery, thermophilic microorganisms that thrive in high
temperature environments such as hot springs have been considered
an important source for thermozymes, as they have evolved and
adapted their metabolism in harsh environmental conditions (22).
Even more, thermozymes with higher thermal stability and optimal
temperatures than the optimal growth temperature of source
thermophilic microorganisms are common place (23). Many
industrial applications could benefit from the use of thermozymes.
Advantages such as lower operational costs and increased selectivity
with a reduction of undesired by-products can be achieved by the use
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of thermally stable catalysts (22), replacing chemical processes or
mesophilic variants. The mechanisms underlying the improved
thermal stability and optimal activity rates at higher temperatures
had been studied (23-25), and other resistances and tolerances
against other extreme conditions are often associated with
thermozymes, such as activity at extreme pH values, and resistance
to chemical denaturing agents and non-aqueous solvents (26) as well
as proteolytic resistance (22,24) which may align with the
requirements of the industrial processes. Operation at high
temperatures has other associated benefits, such as lowering the risk
of contamination from microorganisms (most pathogenic and food-
rottening microorganisms cannot survive temperatures above 70°C)
(24), lowering the viscosity of fluids allowing to reduce costs of
processes like pumping and filtration and increasing the heat and
mass transfer rates as well as solubility of substrates (allowing for
equilibriums shifts towards reaction products) (23,24).

Metagenomic surveys have successfully retrieved several
thermozymes from high temperature habitats including hot springs
(11), and comprehensive lists can be found elsewhere showing the
continuous interest in these bioprospecting studies for the past two
decades (3,6,9,18,27,28). Many of the thermozymes sought are
plant-cell wall degradation enzymes, acting on cellulose, the most
abundant polymer on Earth, and other complex polymers like
hemicellulose. These include cellulases, B-glucanases, xylanases and
B-xylanases as well as other accessory enzymes like certain esterases
(6,29-31); but there is interest in many other glycosidases (22,23) like
B-galactosidases (10); amylases and chitinases (9); pullulanases (24);
pectinases (32) as well as other non-carbohydrate related enzymes
like proteases (28), phosphatases and oxidorreductases (6), among
others. Potential applications for these thermozymes are very varied,
cellulases (endoglucanases, exoglucanases and B-glucanases) and
hemicellulases (xylanases and B-xylosidases) are important in the
process of biofuel (bioethanol) production from lignocellulosic
biomass (6,28,33,34) and some cellulases are used in the formulation
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of detergents, among many other applications including paper and
pulp, textile, and food processing industries (35,36); lipases can be
used in biodiesel production, production of cosmetics, processing in
leather and pulp industries, synthesis of drugs and fine chemicals and
bioremediation (6,28,33,34,37) while some esterases are accessory
enzymes in the lignocellulosic biomass degradation process (29); and
proteases are components for detergents, and can be used for
processing in food, leather, pharmaceutical and textile industries
(6,28,33,34).

In the present work, we centered our efforts on screening two
metagenomic libraries for a range of different biotechnologically
relevant activities that mainly relate to plant biomass valorization
(29,30,32). These include cellulases and B-glucosidades, xylanases, B-
xylosidases and feruloyl esterases. We also included more substrate-
broad hydrolases, namely lipolytic enzymes and proteases. As the
sources for the metagenomic DNA for both libraries were hot springs,
it was expected that the targeted gene products would have high
temperature optima and thermostability, among potentially other
beneficial characteristics from an industrial applicability standpoint.
After detecting positive hits for some of these activities, we
proceeded to the purification and biochemical characterization of
one of the lipolytic enzymes found.

Materials and Methods

Two metagenomic libraries were constructed with metagenomic
DNA from two different hot spring sources, as described in the
previous Chapter of this work. Copies of the original two libraries
were then used to conduct a series of functional screening protocols
for a variety of biotechnologically interesting enzymes. In the case of
plates using a fluorescent substrate and liquid media-based
screenings, in order to reduce costs, we constructed an additional
screening plate pooling together wells in the same position across all
the plates from the same library, resulting in two pooled plates for
high-throughput screening.
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Plate assay screening methods

Metagenomic libraries were plated on LB medium without glucose
(38) consisting in 1% Bacto™ tryptone (BD, USA), 0.5% Bacto™ yeast
extract (BD, USA), 0.5% NaCl and 1.5% Bacto™ Agar (BD,USA)
supplemented with chloramphenicol (12.5ug/mL) for positive
selection of clones harbouring the fosmid vector pCT3FK, and a
collection of substrates for the detection of specific enzymatic
activities. To maintain the same format as the 96-well plates the
libraries were built in, we used a 48-pin replica-plate stamp soaked in
ethanol and sterilized on the flame, resulting in two Petri dishes for
every 96-well plate and for each of the conditions assayed. Cells were
grown overnight at 37°C and checked for their activity, and they were
kept for several days (up to five days) in these conditions to detect
activity that could require expression over extended periods of time.
Additionally, incubation at 65°C for 3 hours after the initial growth
overnight was also tested to detect activities from thermozymes that
may not manifest at lower temperatures.

Cellulase screening methods on agar plates

The wells from the libraries were replicated on Petri dishes with
modified LB media containing 0.5% carboxymethylcellulose (CMC)
(endoglucanase) or AVICEL (exoglucanase) and chloramphenicol
(12.5pg/mL). To induce the vector to high copy number (in order to
increase the number of copies of the gene so that gene expression
was maximized) 0.02% (w/v) arabinose was also added to the
medium. The activity was assayed following three different plated-
media protocols using these substrates to ensure minimal false
positive or false negative hits, and the methods were tested with a
positive control using a commercial endoglucanase solution
(Cellulase from Aspergillus niger, Sigma-Aldrich, USA). An additional
insoluble substrate was also tested for endoglucanase activity and
another additional liquid-assay fluorescence-based protocol for the
detection of endoglucanases was also employed as described in the
next sections.
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Congo red staining protocol for CMC and AVICEL substrates

After letting clones grow overnight at 37°C the plates were incubated
at 65°C for 3 hours and then dyed with a 0.1% Congo Red solution for
15 minutes (39). As both the temperature and the dyeing treatments
are lethal to the cells, a replica plate with only LB media
supplemented with antibiotic was also cultured. Excess of stain was
removed incubating with 1M NaCl solution for 15 minutes and
removing the solution afterwards. Positive hits were expected to
form an orange halo around colonies (39—-43).

Trypan blue staining protocol for CMC and AVICEL substrates

The modified LB media containing the appropriate substrate and
antibiotic was also supplemented with 0.01% trypan blue dye (44).
Blue-coloured plates were expected to screen with clear halos
around positive hit colonies (44,45) after an overnight growth period
at 37°C and incubation at 65°C for 3 hours, without further staining
necessary. Replicas of the plates were also made as the thermal
treatment rendered the cells unviable.

Gram'’s lodine staining protocol for CMC and AVICEL substrates

The clones were let to grow overnight at 37°C and then they were
incubated at 65°C for 3 hours. The plates were then stained with a
Gram’s lodine solution (0.67% Kl, 0.33% lodine) for 5 minutes (46).
Positive hits were expected to have clear halos around the colonies
after the removal of the staining solution. As before, replicas of the
plates were necessary due to the treatments performed affecting cell
viability.

Azurine Cross-Linked Hydroxyethyl Cellulose (AZCL-HE-Cellulose)
substrate protocol

LB media containing 0.02% arabinose and 12.5pg/mL
chloramphenicol was supplemented with the insoluble substrate
0.1% AZCL-HE-Cellulose (MegaZyme, Ireland) (47) and was added as
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top agar over LB plates to allow for a better distribution (48). The
activity was expected to be visualized by the formation of blue halos
around the colonies.

Screening for xylanase activity
Azurine Cross-Linked Xylan (AZCL-Xylan) substrate protocol

Similarly to endoglucanase activity screening, LB media containing
0.1% insoluble AZCL-Xylan (MegaZyme, Ireland) and supplemented
with 0.02% arabinose and 12.5ug/mL chloramphenicol was used to
test the clones for xylanase activity. To maximize the insoluble
substrate diffusion in the most homogeneous way possible, this
screening media was poured over a previously solidified LB media
plate as top agar (49). For this method, blue haloes around positive
clones were expected.

Screening for B-xylosidase activity
4-methylumbelliferyl-B-D-xylopyranoside (MUX) substrate protocol

LB media containing the specific substrate 0.04% 4-
methylumbelliferyl-B-D-xylopyranoside and supplemented with
0.02% arabinose and 12.5ug/mL chloramphenicol were employed for
the screening of B-xylosidase activity in the metagenomic libraries
(50). Examination under UV light would reveal positive hits due to the
release of the fluorophore on the plates, requiring a replica plate as
this exposure rendered the cells not viable.

Screening for lipolytic activity

For the detection of lipolytic activity, a medium containing 0.5%
Bacto™ peptone (DB, USA), 0.3% Bacto™ yeast extract (DB, USA), 1%
arabic gum (Acros Organics, USA), 1% (v/v) glyceryl tributyrate
(Sigma-Aldrich, USA) and 1.3% Bacto™ agar (DB, USA) was used (51—
54), supplemented with 0.02% arabinose and 12.5ug/mL
chloramphenicol. All components except glyceryl tributyrate and
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agar were dissolved in water, and after addition of glyceryl
tributyrate an emulsion was obtained by using a blender for 5
minutes. Agar was added to the emulsion and the medium was
autoclaved, adding independently sterilized arabinose and
chloramphenicol afterwards. Positive hits would form clear haloes
against an opaque background.

Screening for feruloyl esterases

As described in other functional screening studies, a second round of
screening for feruloyl esterases was conducted with lipolytic-positive
clones from the previous screening (51,55,56). Clones were plated on
LB medium supplemented with 12.5ug/mL chloramphenicol and
0.02% arabinose after autoclaving and overlayed with 0.7% agar
containing 20ug/mL of the substrate 4-methylumbelliferyl-
trimethylammonium cinnamate chloride (MUTMAC) (Sigma-Aldrich,
USA) to further search for feruloyl esterases (55). Activity was
detected under examination with a UV lamp. Positive activity was
expected to be detected as fluorescence centered around colonies.

Liquid assay screening methods
B-glucosidase activity screening

For the detection of B-glucosidase activity, liquid LB media containing
1mM para-nitrophenyl-(B-D)-glucopyranoside (Sigma-Aldrich, USA),
12.5ug/mL chloramphenicol and 0.02% arabinose was used. 700uL of
media were dispensed in 96-deep-well plates and each well was
inoculated with 10uL of clones from the working plates of the
libraries. Growth at 37°C and agitation was sustained for 5 days, cells
were precipitated by centrifugation and 100uL of supernatant were
used to read absorbance at 400nm wavelength. Activity was
expected to manifest as an increase of absorbance at A =400nm, and
we adopted the threshold for positives hits as values above the mean
absorbance across all wells plus two times the standard deviation
(57).
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Cellulase screening with fluorescent EnzChek Cellulase substrate

The EnzChek blue fluorescent Cellulase Substrate (Invitrogen, USA)
was used to screen cellulase activity in both metagenomic libraries.
A 384-well plate format was adopted, requiring volume adjustments
to the suggested protocol from the supplier, using 10uL of enzyme
crude extract and 10uL of substrate solution. The substrate was
prepared according to the suggested manufacturer’s protocol, using
50% DMSO to prepare a substrate solution. The digestion buffer used
was 100mM sodium acetate, pH 5. Clones from the libraries were
grown at 37°C for five days to allow natural lysis (57) in 96-well plates
containing LB media supplemented with 12.5pug/mL chloramphenicol
and 0.02% arabinose. Cells were centrifuged at maximum speed in a
refrigerated (4°C) centrifuge, and supernatants were employed as
crude extracts and transferred to opaque black 384-well plates for
fluorescence reading with excitation and emission wavelengths of
360 and 460nm respectively. Assay time was 30 minutes. Similarly to
the B-glucosidase activity screening, a threshold for positive hits was
adopted requiring readings in the emission wavelength of relative
fluorescence units at least above the mean across all wells plus two
times the standard deviation (57).

Protease screening with Bodipy Casein fluorescent substrate

The EnzChek green fluorescent Bodipy Casein Substrate (Invitrogen,
USA) was used to screen protease activities in the two metagenomic
libraries. We followed the manufacturer’s protocol adapting the
format from 96-well plates to 384-well plates (10uL of working
solution consisting in reconstituted substrate in Phosphate Buffer
Saline and digestion buffer, and 10uL of enzyme crude extract). As
with cellulase screening using the EnzChek subtrate, growth of clones
was maintained for 5 days in LB media supplemented with 12.5ug/mL
chloramphenicol and 0.02% arabinose and crude extracts were
obtained by centrifugation in a refrigerated centrifuge. Assay time
was 1 hour and excitation and emission wavelengths were 485 and
530nm respectively. The same threshold of mean across all wells plus
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two times the standard deviation was adopted for positive hits
determination (57).

Subcloning of selected clones and sequencing

After the identification of positive hits through functional screening,
clones were selected based on factors like clarity and time to develop
the positive signal. In total, four selected clones were further studied:
LipB12_A11, LipM1_3D, XyloB5 D5 and GluBp_F7. Individual
colonies were isolated by streaking them in the appropriate
screening media. DNA was obtained from fresh cultures of LB media
containing 12.5ug/mL chloramphenicol and induced to high copy
number with 0.02% arabinose, following the procedure of the
FosmidMAX DNA purification kit (Epicentre, USA) for 1.5mL cultures.
First, a single colony was used to inoculate the media, and cells were
grown overnight (ODgo = 3). The culture was centrifuged at
13,000rpm for 3 minutes, and the cellular pellet was resuspended in
200pL cold FosmidMAX solution 1 (resuspension buffer). Then, 400ulL
of FosmidMAX solution 2 (lysis solution) were added, followed by
300uL of cold FosmidMAX solution 3 (precipitation reagent). The
mixture was placed on ice for 15 minutes and then the cellular debris
was pelleted by centrifugation at 4°C at 13,000rpm for 15 minutes.
540uL of isopropanol were added to the supernatant and a
centrifugation at 4°C at 13,000rpm for 15 minutes allowed the
precipitation of nucleic acids. The isopropanol supernatant was
carefully removed, and the pellet was air-dried for 5 minutes before
resuspension in 250uL of TE Buffer. 250uL of cold FosmidMAX
solution 4 were added and residual impurities were removed by
centrifugation at 4°C at 13,000rpm for 15 minutes. 1mL of ethanol
was added to the recovered supernatant, and the nucleic acids were
again precipitated following a centrifugation at 4°C at 13,000rpm for
15 minutes. The ethanol-containing supernatant was removed, and
the pellet was air-dried for 5 minutes. The pellet was resuspended in
25uL of TE Buffer and 1uL of a previously prepared RNAse Mix were
added to remove RNA that co-purifies with the fosmid (acting as a

40



Chapter 2

carrier) by incubation at 37°C for 30 minutes. For DNA fragmentation,
three different strategies were adopted: digestion with a set of
restriction enzymes (EcoRV, Mlul, Hpal, Aatll, Nhel, Pvul, Hindlll,
BamHI| and Clal), shearing using g-TUBEs (Covaris, USA) in a
centrifuge for 30 seconds at 11,000 rpm or by sonication with a
setting of 10 seconds with 30% amplitude and pulses of 1 second ON
and 1 second OFF. Subcloning was performed using the CloneJET PCR
Cloning kit (Thermo Fisher Scientific, USA) using the pJET1.2 blunt
vector and following the manufacturer’s instructions. For
transformation, competent E. coli XL-1Blue (recAl endAl gyrA96 thi-
1 hsdR17 supEA44 relAl lac [F* proAB lacl"ZAM15 Tn10 (Tet")]) was
used. Successful subcloning was checked using the same screening
methods as described for each enzymatic activity, replacing the
chloramphenicol antibiotic in culture media with ampicillin and with
no arabinose.

Fosmids that harboured selected clones LipM1_3D, XyloB5_ D5 and
GluBp_F7 were sequenced by an external service provided by
Novogene (Novogene, UK). The sequencing files were uploaded to
the KBASE web service (58) for analysis. Reads were assembled using
metaSPAdes (59) to generate contigs that would represent the
cloned fragments sequences. Contigs were binned with MetaBAT2
(60) and the assembly was annotated using Prokka (61) to find the
putative ORFs responsible for the detected enzymatic activities.
Contigs were downloaded and further analysis were performed. First,
they were aligned to the NR/NT nucleotide collection database from
NCBI using the BLAST algorithm (62) on the default settings optimized
for somewhat similar sequences (BLASTn with match score = 2,
mismatch score = -3, gap existence cost = 5 and gap extension cost =
2). Then ORFs were predicted using ExPASy Translate Tool (63) and
aligned to the NR protein sequences database from NCBI using the
BLASTp algorithm on the default settings (protein-protein BLAST with
BLOSUMG62 matrix, cost of gap existence = 11 and of gap extension =
1).
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Subcloning of a DNA fragment containing a lipolytic activity-
conferring gene

Digestion with the restriction enzyme EcoRV was performed on a
DNA extraction of a selected clone from the As Burgas metagenomic
library (LipB12_A11) that showed lipolytic activity in the functional
screening as described in the previous section. 1ug of fosmid DNA
was used in a restriction reaction using EcoRV (Roche, Switzerland)
with SURE Cut Buffer B at 37°C for 1 hour. The resulting fragments
from the digestion were used for ligation on the pJET1.2 vector
following the CloneJET PCR Cloning kit (Thermo Fisher Scientific, USA)
user manual. Transformation of the ligation reaction was performed
on chemically competent cells, E. coli XL1Blue, by the heat-shock
method and colonies were cultured on the media outlined for the
screening of lipolytic activity, replacing the antibiotic
chloramphenicol with ampicillin for positive selection of the new
vector and without arabinose. Single colonies showing clear halos on
the selection media were picked for further studies.

Sequencing and primer walking of a DNA fragment containing a
lipolytic activity-conferring gene

Sanger sequencing was performed on DNA extracted with the
NZYMiniPrep (NZYTech, Portugal) from lipolytic activity-positive
transformants from the subcloning step (sequencing services were
provided by Sistemas Gendmicos, Valencia, Spain). Primer design for
primer walking along the sequence was performed using the
NetPrimer analysis software (64) (Premier Biosoft, USA). A list of the
primers used is provided in Table 1. Primer walking was performed
until the forward and reverse sequences overlapped with each other.
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Table 1. Sequencing primers used in the primer walking sequencing process
for the lipolytic activity conferring DNA cloned fragment.

Primer Sequence (5’ - 3’)

pJET1.2 Forward CGACTCACTATAGGGAGAGCGGC

pJET1.2 Reverse AAGAACATCGATTTTCCATGGCAG

PF1 GGATTTACTGTATGACGGGATACCT
PR1 AGTCGCACTACACGGTCGTTCTGTT
PF2 GGAGCGGCTTTATTTTACCCACTTI
PR2 CAGAAACAAGGTTGGGACAAGCACT
PF3 CATCCGTTGTCTTTGGCTAACTGAA
PR3 TCTCAACATAAGGAAAGCGAAACG
PF4 ATGACTGGAAAAGCAAGGGGAATCT
PR4 GATACCGAAACGATGACAGCCCTTA
PF5 ATTAGGGGATTCATCAGGGCACAGT
PR5 ATCGCTTGTAAGACGGAGGGAATA

Sequence analysis

The sequence of the ORF was predicted using ExPASy Translate Tool
(63) and aligned to the NR/NT nucleotide collection database from
NCBI using the BLAST algorithm (62) on the default settings optimized
for somewhat similar sequences, and to the NR protein sequences
database from NCBI using the BLASTp algorithm on the default
settings. The protein sequence structure was modelled with the
SWISS-MODEL (65) web tool, using the best matching template
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provided by the database. The model was then visualized using the
PyMol software (Schrodinger LCC, USA) (66). The protein parameters
were estimated using the PROTPARAM tool from ExPASy (67).
Multiple sequence alignments were performed using CLUSTAL
OMEGA (68) from EMBL-EBI with sequences retrieved from the
UniProt Knowledgebase database (69). Conserved amino acids were
visualized using the WEB LOGO service (70) for protein sequences.

Purification

For expression purposes, the LipB12_A12 insert subcloned in the
pJET1.2 plasmid was transferred from E. coli XL1-Blue to E. coli T7
Express. DNA was extracted from fresh overnight-grown cultures
using the NZYMiniPrep (NZYTech, Portugal) kit and used for
transformation by the heat-shock method following protocols
outlined previously.

Test were conducted to find optimal induction conditions using
varying times, temperatures and concentrations of IPTG as well as
optimal purification steps conditions for differential thermal
precipitation (times and temperatures of incubation) and ammonium
sulphate precipitation (concentration), allowing us to stablish a
expression and purification protocol outlined below.

A pre-inoculum was prepared by picking a single colony from an
overnight grown plate of LB media supplemented with ampicillin and
transferring to a 10mL LB medium supplemented with ampicillin in a
50mL flask. The pre-inoculum was grown overnight and was used to
start a culture at initial ODggo of 0.2. This culture was grown to an
ODgoo of 0.8 and then was induced with 0.04mM IPTG (final
concentration) for 2 hours. The cells were pelleted in a refrigerated
centrifuge (4°C) and washed twice using cold milliQ water. The pellet
was resuspended in ice-cold sonication buffer 50mM Tris HCI pH 8.0,
EDTA 25mM, NaCl 25mM and sonicated immersed in ice-cold water
using a VCX130 Vibra-Cell sonicator (Sonics & Materials INC., USA)
with a setting of 10 minutes total time, with pulses of 2 seconds ON
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and 8 seconds OFF to avoid excessive heating and an amplitude of
100%. The cell debris was precipitated using a refrigerated centrifuge
(4°C) and the crude extract was recovered. This crude extract was
treated at 60°C for 20 minutes for an initial step of purification to
precipitate mesophilic proteins from the host and the vector. The
thermally treated extract was again centrifuged at 4°C and the
supernatant was recovered. An ammonium sulphate incubation at
final concentration 30% (v/v) for 1 hour in a rotatory wheel was
performed to remove a fraction of proteins. After a centrifugation at
4°C the recovered supernatant was incubated with ammonium
sulphate at a final 50% concentration (v/v) which made the protein
of interest to precipitate. Centrifugation at 4°C allowed to remove the
supernatant and recover the pellet, that was resuspended in buffer
0.1M Tris HCl pH 9; 0.1M NaCl and 1mM DTT. The same resuspension
buffer was used to perform a dialysis with a SnakeSkin Dialysis Tubing
membrane with a 3.5 Molecular Weight cut-off (Thermo Fisher
Scientific, USA) overnight at 4°C to remove the ammonium sulphate,
substituting the 1ImM DTT with 1mM B-mercaptoethanol. Lastly a
molecular exclusion chromatography was performed using a HiLoad
16/60 Superdex™ 75 prep grade column (Cytiva, USA) with a
1mL/minute flow rate collecting 1mL fractions. Fractions showing
lipolytic activity and without contaminants visualized in SDS-PAGE
were combined to perform the biochemical characterization. The
pooled fractions were concentrated using a Pierce Concentrator
column with 10K Molecular Weight cut-off (Thermo Fisher Scientific,
USA).

Activity assays

All activity assays were performed in triplicate. Lipolytic activity was
tested using 25mM pNP-Laurate (C12) as the substrate and 0.1M
Sodium Phosphate Buffer pH 7 (at 60°C) as reaction buffer. An
enzymatic unit is defined as the micromols of p-nitrophenol released
per minute and per microlitre of enzyme in the reaction conditions.
20pL of purified enzyme were mixed with 730uL reaction buffer and
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100uL substrate solution and incubated for 30 minutes at the
reaction temperature (60°C unless indicated otherwise). The reaction
was stopped using 250uL 0.1M ice-cold NaCOs; and transferring to ice.
Enzymatic activity was estimated as release of p-nitrophenol which
was measured as increments the absorbance at 400nm wavelength.
The extinction coefficient was determined elsewhere as 17.215
mM/cm (71).

For temperature optima tests, the reaction temperature was
changed accordingly for the range between 40 to 90°C. For pH optima
tests, the reaction buffer was 0.1M Sodium Phosphate Buffer for the
range 6 to 8, 0.1M Sodium Acetate Buffer for the range 4 to 6 and
0.1M Tris HCI Buffer for the range 8 to 9.5. Thermostability was
assessed by incubating the purified enzyme at a specified
temperature and for varying amounts of time before performing the
activity test at optimal pH and temperature.

A library of synthetic pNP ester substrates (72) was kindly provided
by the authors and was also assayed, each substrate at a final
concentration of 0.2mM using the reaction buffer Tris HCl pH 9 (at
60°C) supplemented with 0.1% Arabic gum and 1% CHAPS. Reaction
volumes were adjusted to 5uL of purified enzyme, 8uL of substrate
and 387pl reaction buffer. Table 2 shows the chemical formula for
this synthetic compounds.
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Table 2. Synthetic substrates used in this study.

Code Substrate Chemical formula
26 4-nitrophenyl 2-(4- 0
isobutylphenyl)propanoate) O O
NO,
5 NO,
7 4-nitrophenyl 3- /@l
phenylpropanoate ©/\/LLO
Sem
78 4-nitrophenyl cinnamate @/“\\/LLO
79 4-nitrophenyl benzoate Q\H’O\@\
© NO,
20 4-nitrophenyl 4-(1H-indol-2- N o NO;
yl)butanoate = O/O/
G
81 | 4-nitrophenyl 4-phenylbutanoate m \©\
NQ2
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4-nitrophenyl 2-(naphthalen-1-

82
yl)acetate O\@
© NO,
O
83 4-nitrophenyl 2-(pyridin-3- | R \©\
= O
yl)acetate N NO,
5 NO,
84 4-nitrophenyl oleate mo\/@/
S
NO,
4-nitrophenyl 3-(pyridin-3- i Q/
85 RS o)
yl)propanoate | -
4-nitrophenyl 2-(6- o
86 methoxynaphthalen-2- Oe \@
0
yl)propanoate ~o NO
4-nitrophenyl 5-
87 pheny

phenylpentanoate
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4-nitrophenyl

88
cyclohexanecarboxylate 5
2
O
90 | 4-nitrophenyl 3-methylbutanoate Y\g/ \©
NO5
91 4-nitrophenyl 2- NvL’TO
methylheptanoate 0O \QNO
2
L
92 4-nitrophenyl (E)-3-(3,4- X0
dimethoxyphenyl)acrylate
yphenyl)acry chio
OCHs
S
94 4-nitrophenyl linoleate 0
T __
(1R,3R)-4-nitrophenyl 3-(2,2- Br X
100 dibromovinyl)-2,2- BrA"" "'*H/O

dimethylcyclopropanecarboxylate

NO,
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Enzyme kinetics were tested using the following pNP-laurate
concentrations: 2mM, 0.5mM, 0.25mM, 0.1mM, 0.02mM and
0.002mM. Enzyme volume was reduced to 10pl instead of the 20uL
used in standard assays.

The effect of different additives was tested at final concentrations
5mM: NaCl, KCl, CaCl,, ZnSO4, CuSO,, AgNOs, FeCls, FeCl,, MgCl,,
MnCly, NiCly, SDS, Triton X-100, Tween 20, Tween 80, CHAPS, CTAB
and EDTA.

Results
Screening for plant cell wall degrading activities

No positive exoglucanase clones were found using the screening
protocols with AVICEL as the substrate in the two libraries. Neither
did we found any xylanase activity conferring gene by screening the
two metagenomic libraries using plates containing the AZCL-Xylan
substrate.

No positive hits were found using the methods to find
endoglucanases with CMC or AZCL-HE-Cellulose as substrates (solid
media plate chromogenic substrate assays), but 2 As Burgas clones
and 4 Muifio da Veiga clones were found positive for endoglucanase
activity using the EnzChek fluorescent substrate (liquid media
fluorogenic assays). We used a naming convention based on the
library where the clone was found (B for As Burgas and M for Muifo
da Veiga) and the plate and well within the library (p was used instead
of a number when the plate used was a pooled library), and thus the
clones were labelled CelBp_H8, CelBp_H10, CelMp_G4, CelMp_H4,
CelMp_D6 and CelMp_F12. Differences in the substrates’ detection
threshold are expected between chromogenic and fluorogenic
molecules, especially when low amounts of enzymes are produced.
The format of the screening changing from colonies on agar plates to
384-well plates can also improve the sensitivity of the method (8,16).
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Screening for B-xylosidase activity using the fluorogenic substrate
MUX revealed 2 positive hits from the As Burgas metagenomic library
but did not reveal any clone with that activity in the Muifio da Veiga
library. These clones were named XyloB5 D5 and XyloB5 E5
following the same naming convention stablished before. For B-
glucosidase activity using pNP-glucopyranoside as substrate we
found 5 positive hits for the As Burgas library and only 1 for the Muifio
da Veiga library. Clones were named accordingly GluBp_G1,
GluBp_F2, GluBp_G5, GluBp_F7 and GluBp F10 for As Burgas
positive hits and GluMp_H3 for the Muifio da Veiga library.

Screening for protease activity

4 positive hits were found using Bodipy Casein fluorescent substrate
in the As Burgas metagenomic library and 6 in the library from Muifo
da Veiga. Again, these positive clones were named based on their
activity profile, source metagenomic library and well within the
library as follows: ProBp_ D1, ProBp H1, ProBp E9, ProBp F12,
ProMp_H1, ProMp_A10, ProMp_A11, ProMp_A12, ProMp_C12 and
ProMp_G12.

Screening for lipolytic and feruloyl esterase activities

The screening in the As Burgas metagenomic library using the glyceryl
tributyrate substrate gave a single positive hit labelled LipB12_A11.
Additionally, we found 8 different clones harbouring lipolytic
activities in the Muifo da Veiga library, named LipM1_D3, LipM2_C2,
LipM2_H2, LipM3_G1, LipM3_F5, LipM5 _H7, LipM5_A8 and
LipM5_E8. Subsequent streak cultures on screening media allowed
the isolation of single colonies harbouring the lipolytic activity.
Subsequent screening for feruloyl esterase activity of each of these
clones using the fluorescent substrate MUTMAC did not yield any
positive hit.
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An overview of all the functional screening results is given in Table 3.

Examples of positive hit identification in the functional screenings are

provided in Figure 1.

Table 3. Overview of all the functional screenings performed on the two

metagenomic libraries and the number of positive hits detected for each

specific substrate.
Enzymatic activity |Substrate Method Library = =
As Burgas Muifio da Veiga
CcMC Halo 0 0
Endoglucanase AZCL-HE-Celulose Colorimetric 0 0
EnzChek cellulase sustrate Fluorimetric 2 4
Exoglucanase AVICEL Halo 0 0
B-glucosidase pNP-glucopyranoside Colorimetric 5 1
Xylanase AZCL-Xylan Colorimetric 0 0
B-xylosidase MUX Fluorimetric 2 0
Protease EnzChek Casein Fluorimetric 4 6
Lipolytic Tributyrin Halo 1 8
Feruloyl esterase  |MUTMAC Fluorimetric 0 0

Figure 1. (A) Lipolytic activity screening with a positive hit from the As Burgas

metagenomic library using glyceryl tributyrate as the substrate. Direct

observation of haloes surrounding the colonies possessing the activity

allows to identify positive hits. (B) B-Xylosidase activity screening with two

positive hits from the As Burgas Metagenomic library using MUX as the

substrate. Observation under UV-light for fluorescence around the colonies

is required to identify positive hits.
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Subcloning of selected positive hits and sequence analysis

Despite our best efforts, no activity was observed in any of the
subclones obtained through restriction enzyme digestion nor
through random shearing methods for LipM1_3D, XyloB5_D5 and
GluBp_F7. LipB12_A11 was suscefully subcloned using the EcoRV
restriction enzyme and its analysis is described in the next section.

Analysis of these three clones fosmid sequences revealed that
LipM1_3D fosmid had a 58% query cover and 98.26% identity with
Thermus oshimai JL-2, complete genome (Accession CP003249.1),
GluBp_F7 a query cover of 75% and 99.99% identity with
Acinetobacter johnsonii strain M19 chromosome, complete genome
(Accession CP037424.1) and XyloB5_D5 a 74% cover and 99.99%
identity with Acinetobacter johnsonii XBB1, complete genome
(Accession CP010350.1). Annotation using the Prokka and the BLAST
algorithms did not reveal annotated sequences in the database that
aligned to the contigs and matched the observed activity from the
screenings.

Sequencing of a subcloned metagenomic library DNA insert
conferring lipolytic activity and sequence analysis

The DNA sequence of the subcloned LipB12_A11 lipolytic activity
enzyme obtained by primer walking and sequencing and the
translated protein sequence using ExPASy translate tool are given in
Figure 2A. The predicted protein model using Lipolytic protein G-D-S-
L family from Desulfitobacterium hafniense DCB-2 (SMTL ID 4rsh.1.A)
as template is given in Figure 2B. Its Global Model Quality Estimation
(GMQE) score was the higher out of all other templates at 0.62 and
its QMEAN (73) quality estimation score was of -3.12. Expasy
ProtParam predicted a molecular weight of 22241.45 Da and a
theorical isoelectric point of 5.64.
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ATGATGAAAATCGTTTGTATCGGAGACAGCCTGACGGAGGGTTTGGGTGTTGATAGGGAAAAGGCCT
GGCCAGCAGTTTT GGCGCAAAAAGGAAATATGGAAGTGCTGAACAGGGGGATAT CGGGGGATACGAC]
AACCGGAATGCTAGGCCOGCTTTTCGCAAGACGT CAT CTCCCAT CGGCCCTCCCATGTCATCATCATGGG
AGGAGGCAATGATTTATGGTGGGATGTCCCTGTCAATATCATCTTATCCAACCTTTATAGCATGATTAAA
CAAACTTTATATTACCAAATCACGCCCATTATTGGCAT CCCCACTCCACT CTACATAGAGGGGGTGGACC
ATCAGACGGTGTGGGAGCCGGTTTCOGGGTATGGAGTTTT TACAGAAAAACAGGCCCATTATATATCG
GCATTGGTTCAGTTAGCCAAAGACAACGGATGGGAATATATCGATTTTCATCAGATGTTTTTAAATGAT
CAACATATTGT AAAACCAGAATATTTCCAAGGGACAGATGGGGTT CATCCCAACGAAAAGGGACATCA
TGATATGGCAGACTTGGTTGTTCGGACGATGAAGAGCAAGGTATCATAG

MMKIVCIGDSLTEGLGVDREKAWPAVLAQKGNMEVLNRGISGDTTTGMLGRFSQDVISHRPSHVIIMGG
GNDLWWDVPVNIILSNLYSMIKQTLYYQITPIIGIPTPLYIEGVDHQTVWEPVSGYGVFTEKQAHYISALVOL
AKDNGWEYIDFHQMFLNDQHIVKPE YFQGTDGVHPNEKGHHDMADLVWVRTMKSKVS

Figure 2. (A) DNA sequence and translated protein sequence of the DNA
conferring lipolytic activity. (B) Predicted model of the lipolytic protein
LipB12_A1l1l generated using SWISS-MODEL and visualized with PyMOL
using a putative lipolytic protein of G-D-S-L family from Desulfitobacterium
hafniense (SMTL ID 4rsh.1.A) as template. Secondary structures are
highlighted in colour with a-helices in red, B-sheets in yellow and ribbons in
green. The catalytic triad residues are highlighted (SER10, ASP173 and
HIS176).

Alignment results using NCBI databases for DNA and protein
sequences

The best match for the DNA sequence in the NR/NT database was the
chromosome sequence of Bacillus citotoxycus (accession code
CP024120.1) with an E-value of 2E-33. The query cover was of 94%
and the percentage of identity of 66.84% with a Total Score of 156.
For the protein database, the best match was a SGNH/GDSL
hydrolase family protein from Bacillus sp. (accession code
WP_028398363.1) with an E-value of 6E-84, a total score of 256,
query cover of 95% and identity percentage of 58.73%. BLASTp
identified the protein domain architecture as SGNH/GDSL hydrolase
family protein: “hydrolytic enzyme such as an esterase or lipase; may
have multifunctional properties including broad substrate specificity
and regiospecificity”. Indeed, known functions of this protein family
are broad and potentially useful in a variety of biotechnological
applications (74).
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A search for reviewed proteins in the UNIPROT database with the
term “GDSL” and with “bacteria” as a taxonomy filter gave 43 results.
Manual review of each entry allowed to remove entries that were not
true GDSL family proteins (lacking the conserved block of amino
acids) and reduced this number to 34 proteins containing the
conserved motif. These were submitted for multiple sequence
alignment along the lipolytic enzyme found in this study using the
Clustal Omega web service. Clustal Omega results of multiple
sequence alignments revealed previously described conserved blocks
of amino acids in the lipolytic enzyme (74), as shown in Figure 3A.
Results were compared to previously described conserved blocks and
consensus sequences (74), revealing four conserved blocks
previously reported but slight differences in the consensus sequence
at a 50% threshold of amino acid occurrences in the same position
across all sequences. Moreover, amino acids frequencies in these
four blocks were better visualized using the Web Logo tool as shown
in Figure 3B.
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Figure 3. (A) Multiple sequence alignment of GDSL family lipases of bacterial
origin reviewed and deposited in the UniProt database, including the
lipolytic activity enzyme found in this work. Four conserved blocks are
represented. A consensus sequence of at least 50% conserved residues
among all sequences is given, and the three residues from the catalytic triad
are highlighted as reported elsewhere (74). (B) Protein web logos resulting
from the alignments of the amino acids from the four blocks.

Purification and biochemical characterization of the Lipolytic Activity
Enzyme LipB12_All

The enzyme was purified before performing the biochemical
characterization. An overview of the purification steps is given in
Figure 4 with a SDS-PAGE of the different fractions and as Table 4
with the protein yields after each step.

M 1 2 3 4 5 6 7 8
180

100 S -~
.-
b
i

- ’” ¥

75
63

48

Band Size (kDa)

35

- v ¥ ¥ ¥

20

17

Figure 4. SDS-PAGE of the purification steps for LipB12_A11. (M) NZYColour
Protein Marker Il (NZYTech, Portugal), (1) crude extract, (2) supernatant
after thermal treatment (60°C, 20 minutes), (3) pellet from 30% ammonium
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sulphate precipitation, (4) pellet from 50% ammonium sulphate
precipitation, (5) dialyzed and concentrated fraction, (6) pooled molecular
exclusion fractions showing lipolytic activity, (7) supernatant from the 50%
ammonium sulphate precipitation, (8) concentration column flow-through.
Black arrows represent the LipB12_A11 enzyme migration band.

Table 4. Purification steps for LipB12_A11.

Total Total Specific . .
purificati X Volume Activit tei Activit Yield | Purification
urification ste ctivi rotein ctivi
Pl my Yy oP Vo (%) Fold
(U/uL) (mg) (U/mg)
1,1807E-
Crude extract 16 0.000201 17.01 08 100 1
Differential
1,4287E-
thermal 8 0.000155 10.88 08 77.42 1.21
precipitation
Ammonium
3,4641E-
sulphate 8 0.000149 4.33 08 74.69 2.93
precipitation
Molecular
] 5,383E-
exclusion 3 0.000145 2.70 08 72.49 4.56
chromatography

The enzyme was found to have an optimal temperature of 60°C with
the substrate pNP-laurate (C12). The optimal pH was 9 but
maintained its activity in the range between 7 and 9.5. The enzyme
was found to be thermostable with a half-life of 11.9 hours at 60°C,
1.7 hours at 70°C and 1.1 hours at 80°C. Results from this biochemical
characterization are represented in figure 5.
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Figure 5. (A) Optimal temperature for LipB12_A11. 100% activity is 1.58E-5
U/uL. (B) Optimal pH for LipB12_A11. 100% activity is 8.70E-6 U/uL. (C)
Thermostability of LipB12_A11. 100% activity is 9,42E-6 U/uL.

Activity was measured using a range of different substrates. The
results are summarized in Figure 6. The enzyme was most active using
substrate pNP-octanoate (C8), pNP-laurate (C12) and 4-nitrophenyl
5-phenylpentanoate (substrate 87). Some degree of activity was
observed towards pNP-hexanoate (C6) and compounds 78, 79, 80,
81, 82, 83, 85, 86 and 94. Longer esters like pNP-estearate (C18) and
the other synthetic compounds assayed were not used as substrates
by LipB12_A11.

120
100
80
60
40

20

Relative activity (%)

-20

-40
Substrate (pNP-esters)

Figure 6. Use of various substrates for LipB12_A11 in relation with its activity
towards pNP-octanoate. C6: pNP-hexanoate; C8: pNP-octanoate; C12: pNP-
dodecanoate; C18: pNP-stearate; numbers represent synthethic substrates
following the naming convention as represented in Table 2. 100% activity is
3.90E-05 U/uL.
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Effect of additives on enzymatic activity

The effect of several additives was tested on the LipB12_All
enzymatic activity. All metal ions decreased the enzymatic activity
compared to the no additive control except Na* and K*, but activity
was also lowered when using the chelating agent EDTA. Ag* and Mg**
completely inhibited the enzymatic activity. Surfactant Tween 80
almost had a 10-fold increase effect on the enzymatic activity. CHAPS
also increased the enzymatic activity. On the contrary, Triton X100
inhibited all activity. Tween 20 and SDS had no significant effect on
the enzymatic activity. Results on the relative activity of the enzyme
with the additives are shown in Figure 7.
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Figure 7. Effect of additives on LipB12_A11 lipolytic activity towards pNP-
Laurate relative to the no additive control. Asterisks represent a p-value
<0.05 for the t-test statistical analysis. 100% activity is 1.35E-5 U/uL.
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Enzyme kinetics

The enzymatic parameters were calculated for LipB12_A11 using
varying concentrations of substrate. Results are represented in Figure
8 showing the Michaelis-Menten fit of the enzyme kinetics and the
non-linear regression. The enzyme kinetic parameters with the
Michaelis-Menten model were Vmax = 3.487E-005 + 1,091E-006 U/uL
and Ky = 0.01731 + 0.003506 mM, with a coefficient of R? = 0.9425.

0.000054

0.00004 _L I

0.00003 -

0.000024
0.00001 4

0.00000 T T T T 1
0.5 1.0 1.5 2.0 2.5

0.00001- pNP-laurate (mM)

Enzymatic activity (U/L)

Figure 8. Enzyme kinetics for LipB12_A11 using varying concentrations of the
substrate pNP-Laurate at 60°C and pH 9. Michaelis-Menten non-linear
regression was calculated using the GraphPad Prism software.

Discussion

Functional screenings revealed several positive clones for a diverse
range of enzymatic activities that hold biotechnological potential,
and that may be thermozymes. Although the scope of the screening
allowed this identification, practical limitations dictated the need to
select only some of the clones for a more thorough analysis. Of the
selected clones, only the lipolytic enzyme LipB12 All was
successfully subcloned and its ORF identified, as it aligned to a known
function protein. On the other hand, neither LipM1_3D, GluBp_F7
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nor XyloB5_D5 could be subcloned, highlighting the difficulty to work
with unknown sequences as it forces the use of random methods for
shearing the DNA. Although we obtained the full sequence of the
clones to try to overcome this problem, none of the predicted ORFs
could be identified as responsible for the activities found in the
screening. Nonetheless, the DNA inserts were aligned with high
identity to Acinetobacter johnsonii for both B-glucosidase GlupBp_F7
and B-xylosidase XyloB5_D5. Acinetobacter isolates have been
indeed described to possess the two activities (75,76). Similarly, the
sequence of the fosmid harbouring the lipolytic enzyme LipM1_3D
had high identity with the Thermus oshimai JL-2 genome, in which a
carboxylic ester hydrolase and an esterase/lipase had been
annotated (77). More studies are needed to confirm if these enzymes
found by functional screenings represent novel enzymes and indeed
research in this regard is in progress.

The lypolitic enzyme LipB12_A11 was identified, and its sequence
allowed it classification as a SGNH/GDSL hydrolase. Proteins
belonging to the SGNH/GDSL hydrolase family (74) contain the
conserved GDS(L) aminoacids including the active site serine, located
near the N-terminus. In the LipB12_A11l sequence this motif and
residue was located in serine 10. Also, in this protein family the
conserved residues serine, glycine, asparagine and histidine (SGNH)
are present in four conserved blocks numbered |, II, Il and V and play
important roles in the hydrolase function (74). The active site serine
is the nucleophile and together with glycine from block Il and
asparagine from block Ill (residues Gly42 and Asn71 in LipB12_A11)
they act as proton donors for the oxyanion hole. Aspartic acid and
histidine from block V are the other two members of the catalytic
triad (Asp173 and His176). This histidine residue makes the active site
serine more nucleophilic via hydroxyl group deprotonation (74). One
of the key characteristics of this family of hydrolases is the wide range
of substrates they can accept. Of the 34 GDSL family proteins of
bacterial origin reviewed in UniProt, two belonged to thermophilic
organisms, namely Cellulase/esterase (CelE) from Clostridium
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thermocellum and Acetylxylan esterase (Axe2) from Geobacillus
stearothermophilus. Axe2 had a temperature and pH optimum
between 50 and 60°C and 7.1 and 9.2 respectively using p-
nitrophenyl acetate and 2-naphthyl acetate as substrates (78). The
biochemical characterization of CelE is not documented but assays
had been performed at temperatures up to 60°C using CMC and Xylan
as substrates at pH 7.0 (79), and at 37°C using substrates 4-
nitrophenyl acetate and acetylated glucomannan at pH 6.5 (80).
Although not included in the reviewed UniProt database, other
thermostable GDSL family proteins have been reported, including the
GDSL family esterase from Geobacillus thermodenitrificans T2 EstL5
with temperature and pH optima at 60°C and 8.0 respectively with
pNP-butyrate as the substrate (81); an acetyl xylan esterase from
Caldicellulosiruptor bescii Cbes-AcXE2 with an optimum temperature
of 70°C and optimum pH of 7.0 using pNP-acetate as the substrate
(82); and a GDSL-type lipase from Geobacillus thermocatenulatus
Lip29 that had optimal activity at 50°C and pH 9.5 using pNP-
palmitate as the substrate (83). Our results show that the enzyme
LipB12_A11 found in the functional screening of the metagenomic
libraries from hot springs possess comparable temperature optimum
to other identified thermostable enzymes belonging to the
SGNH/GDSL hydrolase family with an optimum of 60°C and pH 9 using
pNP-laurate as the substrate. Activity in a broad pH range is observed
and also in agreement with other enzymes of the family (78). Both
substrate preference and presence of an interfacial activation
mechanism are instrumental for classification of lipolytic enzymes as
either lipases or esterases (83—85). The preference for short
substrates like pNP-octanoate (C8) and pNP-laurate (C12) and lack of
activity towards longer chain substrates like pNP-estearate (C18),
coupled with the enzyme kinetics not showing an interfacial
activation mechanism typical of true lipases suggest that the
SGNH/GDSL hydrolase found in this study is an esterase. The enzyme
was found to have some activity towards other alternative synthetic
substrates such as 4-nitrophenyl 4-phenylbutanoate, 4-nitrophenyl
2-(pyridin-3-yl)acetate, 4-nitrophenyl linoleate and specially towards
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4-nitrophenyl 5-phenylpentanoate. GDSL family hydrolases are
known for their broad substrate specificity and stereoselectivity,
associated with a highly flexible active site environment (74), thus,
activity towards many structurally varied nitrophenyl esters was
expected. Regarding its thermostability, the enzyme was highly
thermostable at temperature 60°C with no significant loss of activity
after a 3 hours incubation period, similarly to other reported
thermostable GDSL family esterases (83). Moreover, a thermal
activation effect was observed at that temperature, not unlike what
have been observed with other proteins in the family (81). Activity
was heavily affected by the presence of metallic ions, which also has
been reported for members of the GDSL family (83), although not to
the same extent and with as many metal species as reported here.
Lastly, detergents also impacted the activity of the enzyme: CHAPS
and most notably Tween 80 enhanced the activity whereas Triton
X100 decreased it.

Conclusions

This study consisted in the bioprospecting of two metagenomic
libraries through functional screening in order to find potentially
industrially relevant enzymatic activities. Several positive hits were
found for both libraries for some of the activities tested. Further
studies were conducted in a selected clone that harboured lipolytic
activity, which allowed the classification as novel esterase in the
SGNH/GDSL family of hydrolases, with 60°C and pH 9 optima using
pNP-laurate as the substrate. The enzyme was found to be highly
thermostable at 60°C and its activity can be enhanced with
detergents like Tween 80. As enzymes of this family have numerous
potential biotechnological applications, these parameters should be
all considered when deciding the best fit for the enzyme applicability.
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Microbial community inhabiting the Muino da Veiga
hot spring described by sequence-based
metagenomics and in-silico analysis

Abstract

The Muifio da Veiga hot spring metagenome was studied by
shotgun sequencing using the Hi-seq lllumina Platform in order to
characterize the microbial community composition and diversity, as
well as to explore their metabolic connections and potential sources
for thermozymes. The assessment of the sequencing data revealed
a diverse microbial community dominated by Bacteria domain
members, and in particular from the early-branching Aquificales
group. The most abundant genus was Sulfurihydrogenibium, known
for its implication in sulfur cycling and for forming mats that enable
novel niches in the hot spring ecosystem. Most of the main
metabolic pathways for cycling of elements were present in the
metagenome, but some of the routes were attributed to less
abundant members of the microbial community, reinforcing the
idea that the rare biosphere may play important roles in the overall
network of interactions present in an ecosystem, or act as genetic
reservoirs for environments with fluctuating abiotic conditions. Our
results also revealed the potential of the hot spring for
bioprospecting studies to retrieve thermozymes of biotechnological
interest.

Introduction

The very firsts studies on microbial identification were reliant on the
ability to grow microorganisms to stablish pure cultures, that were
further tested for defining phenotypical traits that allowed
classification (1). Nonetheless, the notion of a great discrepancy
between the metabolically active microbial community present in
an environment and the total counts of colonies in laboratory
media, named the great plate count anomaly (2) was known and
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hindered our ability to fully understand microbial diversity and
microbial communities, highlighting the need for molecular
methods for classification (3). Although cloning of environmental
DNA was deemed as a solution to this problem, not until the
development of high-throughput sequencing was possible to meet
the technical requirements to assess the metagenome (1,4). A wide
range of technologies categorized as Next Generation Sequencing
(NGS) are available, and have experienced a number of
improvements overcoming some of the technical bottlenecks
associated to obtaining sequencing data at a microbial community-
level scale (4). Depending on the strategy employed, there is a
distinction between the cost-effective targeted sequencing of
biomarker genes (in most studies the variable regions of the 16S
rRNA gene), focused on answering the “Who are they?” biodiversity
question, and the shotgun metagenomic sequencing strategy that
can answer the “What are they doing?” ecological question (5). To
analyse the enormous amount of data generated from the NGS
platforms, an extensive and ever-growing number of bioinformatic
tools have been developed (6). Although metagenomics was first
envisioned to explore the diversity of the soil microorganisms (7), it
rapidly expanded to cover water environments, and in recent years
the role of the human-associated microbiome in regards to health
and disease has become the new focus of research and has driven
the development of many bioinformatic tools (8).

Due to their biotechnological potential and unique conditions that
can resemble primitive Earth environments and even potential
extra-terrestrial ecosystems, hot springs are expected to host
microbial communities that hold high value to both basic and
applied science (8). In the present work, we conducted a shotgun
metagenomic sequencing study of the Muifio da Veiga hot spring
metagenome, in order to characterize the microbial community, its
biotechnological potential and the main metabolic pathways
involved in this thermophilic habitat.
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Materials and Methods

The DNA from the environmental sample described in Chapter 1
(Muifio da Veiga hot spring, Ourense, Spain) was sequenced with an
Illumina platform (Hi-seq) by the sequencing services provided by
Health In Code (A Corufia, Spain). The sequencing resulted in two
files in FastQ format (each containing a pair-ended read with the
DNA sequence and its quality) with a mean length of 100bp for each
sequence and a total of 104 million sequences per file. These two
files were subjected to two different bioinformatic pipelines, with
some common early steps. The common steps comprised basic
quality filtering of the FastQ format raw sequence files, and pair-
ended read merging. Briefly, the first pipeline operated with the
merged reads directly to avoid changes in read counts, to estimate
the amount of gene functions with a potential industrial application
in the metagenome by alignment to two different databases of
annotated gene functions (a custom SEED subsystems database and
the non-redundant NCBI database). The second pipeline also used
merged reads, but this time they were uploaded to a web-based
metagenome analysis server (MG-RAST), to align the sequences to a
database of annotated taxonomic features, with the purpose of
understanding the composition of the microbial community. This
analysis server also allowed to study KEGG pathways to analyse the
possible metabolic interactions of the microbial community by
alignment to two different hierarchical function-based databases
(KEGG Orthology and SEED Subsystems).

Quality filtering

Sequence data was preprocessed with the prinseq-lite perl script (9)
in order to assess quality control. Sequences were first trimmed
using a quality score threshold of 25 by both right and left ends of
the sequences, with around 303 thousand sequences trimmed only
by the left side (none were trimmed by the right side). A minimum
length of 60bp was required in order to pass the next filter,
removing a total of 2.6 million sequences. The following step
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involved the removal of sequences containing at least an unknown
(N) basepair, resulting in the filtering of 24.5 million sequences.
Sequence complexity was assessed by the entropy method (using a
threshold of 70) and 1 million sequences were filtered. Lastly,
sequences duplicates (including reverse complement duplicates)
were also removed from the dataset, with a total of 7.8 million
sequences removed. After the quality processing, a total of 6.2
million sequences from the first file and 5.4 million sequences for
the second file were left as singletons (its pair-ended read could not
pass the filter). These sequences were not used in the next steps of
the analysis. A total of 79.6 million sequences passed the quality
filters (76.52%) and were used for the bioinformatics analysis.

Read merging

Sequences corresponding to a pair-ended read were merged using
the PEAR software (10) running on default settings. PEAR
successfully merged 54 million sequences (67.85%). Sequences that
could not be merged were discarded as they would alter the
number of reads generating each count, thus providing false data
when aligned to a database if they were used in conjunction of
merged sequences.

Alignment to the SEED subsystems database

A database from the SEED subsystems was provided by Dr.
Genivaldo Gueiros (Department of Computer Sciences, San Diego
State University) obtained by clustering the subsystems with an
identity of 98% as published in a previous work (11). This reduced
database was used to align the merged pair-end reads using the
open source algorithm DIAMOND (12) with a setting for e-value of
0.00001. The results of the alignment were further processed to
only keep the best hits per sequence (those with a unique identifier
and the highest e-value, but also keeping those with the same
identifier and the same e-value) using a custom script.
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Alignment to the NCBI nr database

The nr database from NCBI was retrieved from its server
(ftp://ftp.ncbi.nih.gov/blast/db/FASTA/nr.gz) on the 28" of
September of 2016 (13). This database was used to align the
merged pair-end reads using DIAMOND (12) with a setting for e-
value of 0.00001. As with the SEED subsystems database, only the
results of the alignment with the highest e-value were kept for each
sequence.

Sequence analysis on the MG-RAST web-based server

Sequences were uploaded to the MG-RAST (14) web-based server,
that automatically applies its own bioinformatic analysis pipeline to
give an overview of the metagenome. The pipeline options for the
upload were as follows: dereplication “yes”, screening “H. sapiens,
NCBI v36”, dynamic trimming “yes”, minimum quality “15”, and
maximum low quality basepairs “5”.

The step by step process for the automated upload pipeline is
briefly described as follows:

1. Compute sequence statistics using DRISEE (15) and Jellyfish
(16) and determine sequence information. This first step
uses two sequence analysis algorithms to the detection of
errors in the raw metagenomic sequence data.

2. Trimming of adapters using the Skewer software (17). In this
step adapter sequences were detected and removed.

3. Denoising and normalization. Sequences were subjected to
an additional process of quality control using fastq-mcf (18),
using parameters for sequence length, number of
ambiguous bases and base quality (this step had minimal
impact due to previous sequence quality filtering in our
pipeline).
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Removal of sequencing artifacts. MG-RAST executes its own
script to remove redundant technical replicate sequences
by binning reads with identical first 50 base-pairs.

DNA contamination removal. Using Bowtie2 (19) the
metagenomic sequences were aligned to the “H. sapiens,
NCBI v36” reference genome in order to remove possible
contamination of human DNA due to either source material
contamination and/or sample manipulation contamination.
RNA feature identification (rRNA gene calling), clustering
and similarity search. Potential ribosomal RNA sequences
were identified with a 70% identity cut-off using
SortMeRNA (20), and then clustered at 97% identity as
same species using CD-HIT (21). The similarity search was
performed using the BLAT algorithm (22) against MG-RAST
reduced M5RNA database.

Identify putative protein-coding features (gene calling).
Most likely open reading frames were predicted using
FragGeneScan (23), translating nucleotide sequences to
amino acid sequences. The putative protein features that
overlap with rRNA features were then filtered using and
algorithm from MG-RAST.

Amino acid sequence clustering and protein similarity
search. Using CD-HIT amino acid sequences were clustered
at 90% identity to reduce computational cost in the next
step of similarity search. This was performed using BLAT
against the M5NR protein database, using either clustered
or singleton protein features from the previous step.
Mapping, indexing and expanding of annotations. Both
rRNA and protein similarity annotations were expanded into
various technical namespaces. The cluster annotations of
rRNA and protein features were mapped back to the
original sequences and indexed for fast access. The
similarities were also expanded into various technical
namespaces and indexed.
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10. Abundance profiling. The observed abundance per feature
(M5NR hit), per lowest common ancestor and per data
source (e.g., RefSeq, Subsystems, etc.) were computed from
the expanded similarities. This effectively changed the data
structure from one line per similarity to one line per M5NR
hit, lowest common ancestor or data source, respectively.

11. Features that were predicted by FragGeneScan but with no
similarity hits with M5NR are extracted into a “darkmatter”
sequence file.

12. The abundance profile data is computed into the Cassandra
database for handling the data across the data centres and
the cloud. The abundance profiles were computed from the
expanded similarities and loaded into the database.

13. An overview of all the statistics is provided as a summary.

After the upload, a more in-depth analysis was performed in the
analysis tab of the web server, using three different databases:
RefSeq (24) for taxonomic assessment of the reads, and KEGG
Ortology (KO) (25) and SEED Subsystems (26) for hierarchical
functional assignments and KEGG mapping. The analysis parameters
were as follows: e-value “5”, %-ident “60”, length “15”, min.
abundance “1”, method “representative hit”. The taxonomical
categories at the order level were visualized using the KRONA web
utility (27).

Results and discussion

Assessment of the microbial community potential for retrieving
enzymes of biotechnological interest

Alignment against the SEED subsystems database

We obtained a total of 30,132,990 counts aligning to the reduced
SEED subsystems database. We searched for enzymes that fall in the
category of hydrolases (with EC number 3.-.-.-) and found 3,598,086
counts (11.94%). We further examined these counts in order to find
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enzymes that have a potential interest as biotechnological products
for various industrial applications. Such enzymes and their relative
abundances are shown in Figure 1.

Relative abundances of hydrolases from metagenomicsample Muifio da Veiga

amyize(3.2.1.)
0,07%

Qther hydrolases.
{

ther hydrolases of interest
anase

0,06%

Figure 1. Relative abundances of hydrolases from the metagenomic sample
obtained in Muifio da Veiga. Abundance was measured as number of
counts obtained by the DIAMOND aligner using a SEED subsystems
database clustered using an identity of 98% (in order to reduce the size of
the original database). Out of 30,132,990 counts, 88.06% were assigned to
a subsystem function different from hydrolases. 8.75% were found to be
hydrolases with no direct biotechnological applications in industry. The
remaining 3.19% were found to be hydrolases with possible interest in
industrial processes: proteases, peptidases, esterases and lipases,
amylases, glucosidases, galactosidases, proteolytic enzymes, xylanases,
pullulanases, glucanases, depolymerases and cellulases. Relative
abundances of each enzyme family are shown along with their EC number.

Alignment to the non-redundant database

A total of 43,613,726 counts alighing to the non-redundant (NR)
database were obtained. We performed a keyword-based search for
enzymes that fall in the category of hydrolases with possible
industrial interest, and 1,276,574 counts (2,93%) were selected.
Figure 2 shows those enzymes and their relative abundances.
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Figure 2. Relative abundances of hydrolases from the metagenomic sample
obtained in Muifio da Veiga. Abundance was measured as number of
counts obtained by the DIAMOND aligner using the NCBI NR database. The
total amount of counts was 43,613,726. Of those, 1,276,574 counts
(2.93%) were annotated as hydrolases with possible interest in industrial
processes: proteases and peptidases (exopeptidases, endopeptidases,
proteinases), esterases and lipases, amylases, cellulases, glucosidases,
galactosidases, pullulanases, xylosidases, xylanases, laccases,
depolymerases, caspases and glucanases. Relative abundances of each
enzyme class are given as a percentage of the total number of counts
obtained.

Our results showed that hydrolases were slightly over a tenth of the
total proteins predicted by the bioinformatic analysis. Proteases and
peptidases were the most abundant hydrolases with potential
industrial application in both analyses. Although the number of
enzymes with potential biotechnological application was relatively
low compared to all other proteins predicted by alignment to either
database, the presence of such enzymes in the metagenome was
deemed interesting in order to conduct a bioprospecting study
using the metagenomic data collected. Further studies in this regard
are conducted in Chapter 4 of this work.
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MG-RAST server metagenome overview and in-depth analysis

A summary of the metagenome statistics, as reported by the
automated upload analysis of MG-RAST is presented in Table 1. This
preliminary data shows that even with the previous quality filtering
of sequences, more than a third of the sequences had to be further
removed due to the quality criteria from the web-based analysis
tool. A small (6.64% of total sequences) portion of the sequences
could not be associated to any feature deposited in the databases,
and of the predicted features, 21.12% (19.72% of total sequences)
were annotated as proteins of unknown function.
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Table 1. Statistics for the metagenome from Muifio da Veiga hot

spring.

Sequences (uploaded)
Basepairs (uploaded)
Mean sequence length
(uploaded)

Mean GC content
(uploaded)

QC failed

Artificial duplicate reads

Sequences (post QC)

Basepairs (post QC)

Mean sequence length
(post QC)
Mean GC content (post

Qq)
Predicted features

rRNA genes

Predicted protein with
known function

Predicted protein with
unknown function

Unknown features

27,113,937
3,968,584,153
146 + 24

44 +13

9,290,572
34.2649317
4,807,111
17.7292991
17,823,365
65.7350683
2,658,836,275
66.9970995
149 + 24

46 + 14

16,639,799
93.3594694
72,722
0.40801498
13,052,391
73.2319122
78.4407973

3,514,686
19.7195423
21.1221662

1,183,566
6.64053056

sequences
bp
bp

%

sequences
% of total
sequences
% of total
sequences
% of total
bp

% of total
bp

%

sequences

% of total post QC
sequences

% of total post QC
sequences

% of total post QC
% of predicted
features
sequences

% of total post QC
% of predicted
features
sequences

% of total post QC
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Sequencing depth was assessed by plotting the number of species
(unigue OTUs) found against the total number or reads needed to
achieve them, as represented in Figure 3. Generally, good
sequencing depth is achieved when adding more reads to the
analysis have little effect on the diversity of species found, meaning
that further sampling will have little effect in the diversity of
species.

LI S S S S S B B B B e N B L LI S B R B B e B e |
0 3,000,000 6,000,000 9,000,000 12,000,000 15,000,000 18,000,000 21,000,000 24,000,000 27,000,000 30,000,000

number of reads

Figure 3. Rarefaction plot. Assessment of the sequencing depth by plotting
species annotation counts against the number of reads analyzed.

Metabolism and interactions of the microbial community inferred
from the metagenomic analysis

An in-depth analysis conducted in the MG-RAST server was
employed to describe the microbial community composition in the
hot spring and infer metabolic pathways that may explain the
complex network of interactions between microorganisms
inhabiting it. For the RefSeq database, a total of 15,369,172 hits
were obtained for the taxonomical assessment of reads, whereas
KO returned 7,135,862 hits and Subsystems 6,223,410 both for
functional assessment of reads. Figure 4 shows the most abundant
genera of the hot spring (that covered more than 50% of the total
reads) found by alignment to the RefSeq database, and the
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percentages of each taxonomical category at the order level
represented used the KRONA web visualization tool.

Alignment to the KO and Subsystems databases allowed the
function assignment of sequences, in order to reconstruct KEGG
pathways and predict which metabolic routes were involved in the
thermophilic microbial community, making possible the assessment
of possible microbial interactions within the hot spring ecosystem. It
is worth noting that this information ought to be supplemented
with additional data published in literature on the most abundant
genera, as sequence information alone is not considered enough on
its own to fully describe such interactions and fully contextualize the
complex metabolic network of a extremophilic microbial community
(28). Moreover, the same need has been stablished for the rare
microorganisms of a microbial community, as metagenomics alone
is deemed to not always be sufficient to assess the full metabolic
potential of the so-called rare biosphere (29). In this regard, an
extensive search for the dominant and rare genera data on
metabolism and core genomes and pangenomes was conducted to
further understand the complex metabolic interactions in the Muifio
da Veiga hot spring ecosystem, keeping in mind that these
inferences are inherently biased (30), but nevertheless offer a
framework that can be combined with functional assessment of
reads for putative descriptions. The breakdown of reads assigned to
functional categories in each database is represented in Figure 5.
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Figure 4A. Rank of the top 14 most abundant genus in the metagenome,
accounting for 56.2% of the total reads. The Y-axis represents in logarithm
scale the number of reads for each genus. Genus outside this ranking
accounted individually for less than 0.75% of the total reads, whereas the
most abundant genus (Sulfurihydrogenibium) accounted for 19.3% of the
total reads by itself, and the 8 most abundant genus accounted for more
than half of the total reads. All the top-ranking genus belonged to the
Bacteria domain. Figure 4B. Krona pie chart representation of the
taxonomical read assignments at the order level. Aquificales was the most
abundant order with 36% of the reads, followed by Nitrospirales with 9%
of the reads and Burkholderiales with 7%. Bacteria was the dominant
domain with 97% of the reads, Archaea represented only 2% of the reads
and the remaining reads belonged to Eukaryota, Viruses and unassigned
sequences.
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60,7%

Figure 5. Pie charts of the functional categorization of reads based on
alignment to either the (A) KO or (B) Subsystems databases. For the KO
database 60.7% of the features were assigned to the Metabolism category,
20.7% to Genetic Information Processing and 11.3% to Environmental
Information Processing. For the Subsystems database 12.5% of the
features were categorized as Clustering-based subsystems, 11.1% as
Protein Metabolism, 10.1% as Amino Acids and Derivatives, 9.2% as
Carbohydrates, 6.9% as Cofactors, Vitamins, Prosthetic Groups and
Pigments, 5.9% were assigned to the Miscellaneous category and 5.7% to
Respiration.
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Dominant genera and main metabolic pathways of the Muifo da
Veiga hot spring microbial community

The presence of several sulphur reducing genera as part of the
dominant genera of the microbial community pointed to the
importance of the role of this metabolic pathway in the ecosystem.
Indeed, the dominant genus was Sulfurihydrogenibium (19.3% of
total reads), that contains neutrophilic, thermophilic and anaerobic
to microaerobic species (31). Species in this genus are
chemolitoautotrophs and facultatively heterotrophs. They are able
to employ sulphur compounds as electron donors and molecular
oxygen as the electron acceptor, but some species are known to use
other donors (like molecular hydrogen) and acceptors (nitrate,
Fe(lll) or arsenate, for example) as well (32). We also found
Thermodesulfovibrio (8.78%), Aquifex (6.60%), Hydrogenobacter
(4.92%), Thermus (4.64%), Thermocrinis (2.33%), Geobacter (2.33%),
Hydrogenobaculum (1.15%), Thiomonas (0.90%) and Hydrogenivirga
(0.83%) as prevalent genera related to this metabolism. Sulphur
metabolism was also confirmed to be present as revealed by the
KEGG mapping assessment, as several key enzymes for the
reduction of fixation of this element had assigned reads by
alignment to the KO and Subsystems databases (Figure 6).
Sulfurihydrogenibium, Aquifex, Hydrogenobacter, Thermocrinis,
Hydrogenobaculum, Thiomonas and Hydrogenivirga are sulphur
oxidizing (sulphur compounds are used as electron donors),
whereas Thermodesulfovibrio, and some Thermus and Geobacter
species have a sulfate-reducing metabolism (sulphur compounds act
as the electron acceptor). Whereas a synergetic cycling of the
sulphur compounds is expected to happen between the two groups,
each member within each group will have to fill a certain niche or
enter competition when very similar metabolisms are present.

Sulphur oxidizing bacteria

As mentioned, Sulfurihydrogenibium dominates the hot spring with
almost one fifth of the total reads assigned to this genus. Their
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plasticity, acting as anaerobes or microaerobes and as
chemolitoautotrophs or facultatively heterotrophs, probably
contributes to their success in the Muifio da Veiga hot spring as it
makes them adaptable to small disturbances in the environmental
conditions. Hot springs where Sulfurihydrogenibium dominates over
other microorganisms have been reported, although our results
show a more diverse community than other hot springs (33,34),
which may be attributed to a process of adaptation to changing
conditions in the hot spring. Also, Muifio da Veiga rather neutral pH
and temperatures (pH 5 and 68°C) not in the hyperthermophilic
range can be considered more favourable to more varied
communities than acidic hot springs or with a very high temperature
(30). Nevertheless, the Aquificae group (to which abundant genera
Sulfurihydrogenibium, Aquifex, Hydrogenobacter, Thermocrinis,
Hydrogenobaculum and Hydrogenivirga belong to) have been
highlighted as the main carbon fixators in terrestrial hot springs,
with the energy metabolism driven by either hydrogen or reduced
sulphur compounds oxidation (34).

The microaerophile and strictly chemolithoautotrophic genus
Aquifex uses hydrogen, thiosulfate and elemental sulphur as
electron donors and oxygen and nitrate as electron acceptors (35).
They fixate all necessary carbon from environmental CO; using the
reverse (reductive) Tricarboxylic Acid Cycle (TCA) and perform
gluconeogenesis through the Embden—Meyerhof-Parnas pathway
(36). As they have an anaerobic anabolism while displaying an
aerobic catabolism, they are deemed primitive. Their microaerobic
growth conditions are explained by this duality in their metabolism
(37). Very similarly, Hydrogenobacter are microaerophilic and
obligately chemolithotrophic. They have a respiratory metabolism
using O, as the electron acceptor and molecular hydrogen as the
electron donor, but reduced sulphur compounds can also be used
(38,39). Carbon dioxide is fixed through the TCA cycle (40), and
ammonium and nitrate salts serve as nitrogen sources (41). As with
Aquifex, this genus has an ambivalent metabolism of anaerobic
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anabolism and aerobic catabolism supporting their position in the
early-branching Aquificales order (42). Their very similar
metabolism may suggest competence for the same metabolic niche
within the community.

Thermocrinis is a genus of microaerophilic thermophiles with
chemolithoautotrophic or chemoorganoheterotrophic growth (43).
For chemolithoautotrophic growth all species can use molecular
hydrogen, thiosulfate and elemental sulphur as sole electron donors
and oxygen acting as electron acceptor (44,45). It has also been
discovered that some species can use arsenite and
monothioarsenate as electron donors producing arsenate, adding
metabolic  diversity to the microbial community (46).
Chemoorganoheterotrophic growth is more varied, where simple or
complex organic compounds can serve as carbon sources for some
species, while others lack such capability (47). The genus has often
been an abundant representative of microbial communities in
terrestrial hot spring ecosystems (44).

Hydrogenobaculum is a genus with respiratory metabolism, more
commonly associated with acidic hot springs (48). They can use
molecular hydrogen and reduced sulphur compounds as electron
donors and molecular oxygen as electron acceptor, whereas carbon
dioxide can be the sole carbon source, fixed following the reductive
tricarboxylic acid cycle (49). Arsenite is known to be oxidized to
arsenate in the absence of H.S in some species, but is not used as
energy source (50,51), likely because sulphide can inhibit microbial
As(lll) oxidases (52). Dominance of this genera in certain hot springs
has been explained by their ability to adapt to changes in
temperature and oxygen concentration (28).

Thiomonas comprises a genus of acidophilic obligate aerobes, with
some species moderately thermophilic. They are facultative
chemolithoautotrophs unable to denitrify nor oxidize ferrous iron.
They can use a range of complex organic compounds and sugars as
carbon sources, or carbon dioxide through the Calvin-Benson-
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Bassham cycle, using reduced sulphur compounds, like thiosulfate,
or elemental sulphur as electron donors (53). As heterotrophs, they
can grow on acetate or pyruvate, but molecular hydrogen has been
reported to be an electron donor in some strains too (54). It has
been reported that members of this genus are important As(lll)-
oxidising microorganisms in arsenic-contaminated ecosystems,
removing this more toxic arsenic species coupled to their energy
metabolism, with key metabolic genes like those involved in CO;
fixation regulated differently between strains (55).

Hydrogenivirga are anaerobic to microaerobic thermophilic
microorganisms with a strict NaCl requirement for growth. They are
strictly chemolithoautotrophic, with the ability to use molecular
hydrogen or elemental sulphur as electron donors, and oxygen or
nitrate as electron acceptors (56,57).

Sulphur reducing bacteria

Both Thermodesulfovibrio (58) and Geobacter are strict anaerobes
and both can undergo the reduction of sulphur compounds and
Fe(lll), but nitrate is also a possible electron acceptor for species in
both genera (58,59). Coupling of acetate oxidation to the reduction
of either Fe(lll) or elemental sulphur creates a link in iron and
sulphur geochemistry in anaerobic conditions (60). It is worth
mentioning that Geobacter is considered a mesophilic genus. While
the presence of non-thermophilic genera in the hot spring is
surprising at first, studies of the genome structure had revealed a
number of heat-shock proteins in some non-thermophilic strains,
that could explain their presence in habitats with a higher
temperature than their optima (61). Interestingly, there are species
within the genus Thermodesulfovibrio that use hydrogenotrophic
methanogens as the electron-accepting system (62), which may be
of relevance because of the presence of methanogens in the rare
genera portion of the community, as discussed further below.
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On the other hand, the genus Thermus is considered one of the
most metabolically varied within thermophilic microorganisms
inhabiting hot springs, and thus is less specialized than the other
two sulphur reducing bacteria. Although some species are obligate
aerobes, analysis of the pangenome reveals anaerobic respiration
capability, with species capable of polysulfide, ferric iron and nitrate
reduction, in decreasing frequency order, and the role of the genus
in the associated metabolic pathways seems to be more relevant
than thought (63,64). The oxidation of pyruvate, lactate and acetate
as electron donors coupled to Fe(lll) reduction is documented (64).
Metal-reducing species of Thermus are thought to be widely
distributed due to the broad range of electron acceptors available
through their metabolism (64).

Non sulphur metabolism-related microorganisms within the
dominant genera of the Muifio da Veiga hot spring

Although most of the most abundant genera in the hot spring could
be linked to various degrees to the sulphur cycle pathways, there
were also several of them that did not have described species
involved in this metabolism. As a common trait for these
microorganisms not involved in the sulphur cycle, we found all of
them specialized in the use of various simple to complex
carbohydrates, and in most instances with some degree of
involvement in the nitrogen cycle. Their success as prominent
members of the hot spring, probably comes from this divergence
from the apparent main metabolic pathways involved in the
microbial community, as these species probably are filling niches
that complement the use of nutrients and energy sources not
exploited otherwise.

Acidovorax (1.34%) is a reclassified genus from Pseudomonas with
at least 15 different species (65), with environmental species (from
soil and freshwater) and phytopathogenic species. In water, they
are often associated with blooming populations of cyanobacteria.
Although first described as mesophilic species, several studies
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across the world have now linked some Acidovorax species to
moderate (66,67) to high temperature hot springs (68,69), and in
particular to acid-sulphate springs or iron-rich springs. The presence
of temperature-resistant proteins has been reported and explains
their ability to grow in thermophilic habitats (69). They are aerobic
and chemoorganotrophic, using oxygen as the terminal electron
acceptor, or in some species using the heterotrophic denitrification
of nitrate metabolic pathway (65,70). Their metabolism of
carbohydrates is expected to complement other species enzymatic
pathways (66), for example with the use of benzoate and xylene
degradation.

The genus Clostridium (1.07%) is composed of a group of
heterogenous obligate anaerobic species, very widely distributed.
They are known for their genetic plasticity which enables species in
the genus to use a wide range of nutrients and to colonize various
habitats, including hot springs. The identification of Clostridium
pangenome core genes points out that they can use glucose and
glycerol as the sole carbon source, and that ammonium is the
preferred source of inorganic nitrogen (72). Several thermophilic
species have been described, with several biotechnologically
interesting metabolic capabilities like the ability to degrade cellulose
and the production of bioethanol by fermentation of cellulose and
hemi-cellulose degradation-derived compounds (73), which also
hints to the metabolic niche they fulfil in the community.

Caldicellulosiruptor (0.78%) are thermophilic strict anaerobes. Their
metabolism consists in the fermentation of monosaccharides,
disaccharides and polysaccharides as carbon sources, including
cellulose as the sole carbon source, which makes them attractive
from a bioprospecting stand point (74). All species are capable of
glycolysis  through the Embden-Meyerhof-Parnas pathway,
fermentation of xylose following the non-oxidative pentose
phosphate pathway and reduction of pyruvate with an incomplete
TCA cycle (75).
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Nitrogen metabolism

As mentioned when discussing their respective metabolisms,
several predominant genera are also involved in the nitrogen cycling
of the hot spring. Sulfurihydrogenibium, Aquifex, Hidrogenivirga,
Thermodesulfovibrio, Geobacter, and some Thermus, Acidovorax
and Meiothermus species are all reported to use nitrate as an
electron acceptor and Hydrogenobacter and Clostridium grow on
ammonium or nitrate salts as nitrogen sources. KEGG mapping
allowed to reconstruct main metabolic reactions in the nitrogen
cycle, with all the major enzymes present for all pathways except
anaerobic ammonium oxidation (anammox) which was completely
absent. The pathways present included dissimilatory and
assimilatory nitrate reduction, denitrification, nitrogen fixation and
complete nitrification.

The most abundant genus of the hot spring, Sulfurydrogenibium, is
known to be able to perform complete denitrification of nitrate to
molecular nitrogen (31). Acidovorax is known to also perform
denitrification (65,70) and main genes involved in this process like
nirK, norB and noZ could all be linked to Acidovorax in our
metagenomic data by cross referencing KO and RefSeq databases,
an association supported by previously reported data (76).
Denitrification of nitrate to form nitrite and molecular nitrogen is
also described in Aquifex (35) and Hydrogenivirga (57).

Hydrogenobacter species are able to perform nitrate reduction (77)
and we found the nirA gene when we cross referenced the
functional and taxonomical databases.

Regarding nitrogen fixation, the nifH gene for nitrogenase was
found in the KO database alighment to the metagenome, and
species from the genera Thermodesulfovibrio, Thermocrinis,
Hydrogenobacter and Caldicellulosiruptor are all reported to possess
the nifH gene and are putative nitrogen fixing microorganisms
(78,79). Cross reference between the KO database and the RefSeq
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database confirmed all four genera harbouring the nifH gene in the
Muifio da Veiga metagenome.

Lastly, the oxidation of ammonia to nitrate through the nitrification
pathway (through amoABC, hao, and nxrAB/narGH genes) was
found to be present (Figure 6B). A single hit against the KO database
for the amoC gene that cross referenced with the RefSeq database
as a Nitrosospira genus bacterium hit, a rare member of the
microbial community (0.13%). Moreover, the archaeal amoA-
harbouring genus Nitrosopumilus (80) was also present in the
metagenome, though as a very rare member of the ecosystem
(0.01%), opposite to other reports where ammonia oxidizing
archaea had been described as playing a dominant role in the
nitrogen cycle in a big number of terrestrial hot springs (81,82). The
hao gene was present in the metagenome, with hits only from the
Deltaproteobacteria class, corresponding to relatively low abundant
genera in the hot spring Anaeromyxobacter (0.35%) and
Desulfobacterium (0.06%). Both narG and narH (but not nxrA nor
nxrB) were present as revealed by alignment to the KO database,
and by cross referencing with the RefSeq database main genera
from the hot spring Hydrogenobacter, Meiothermus, Geobacter and
Acidovorax were revealed to harbour it. As only the last step of
nitrification was represented by dominant genera of the ecosystem,
probably the relevance of nitrite conversion to nitrate is more
significant in the hot spring than complete nitrification from
ammonia, which may be used by other microorganisms as a
nitrogen source rather than an energy source in the nitrogen cycle.

Hydrogen metabolism

Hydrogen plays an important role in some hot springs communities
as it links several metabolic pathways, especially as a key
intermediate in anaerobic conditions (83). For example, its
generation by nitrogen-fixing bacteria or by fermentative
metabolism, as well as its role as electron donor and consumption
by sulphate reducing bacteria and methanogens in hot springs is
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well documented (83,84). However, its importance in the
metabolism is dependent of several factors (availability compared
to other electron donors, presence of coupling electron acceptors
and how thermodynamically favourable the coupling is compared to
others) (85,86). Reportedly acidic hot springs are generally more
prone to have a hydrogen-favoured metabolism compared to
alkaline ones where sulphur compounds may be preferred (85). A
considerable number of dehydrogenases were detected when the
reads were aligned to the KO functional database. However,
dehydrogenases constitute an heterogenous group of enzymes that
are hard to classify and make functional predictions based on
sequence alone (85). Nevertheless, its noteworthy that several of
the dominant genera of the hot spring contain potential hydrogen-
using species, as molecular hydrogen can be used as an electron
donor by Sulfurihydrogenibium, the dominant genus of the hot
spring. The same is true for all other sulphur-oxidizing genera
prevalent in the hot spring: Aquifex, Hydrogenobacter,
Thermocrinis, Hydrogenobaculum, some Thiomonas species and
Hydrogenivirga.

Carbon metabolism

KEGG mapping using the KO database revealed the dissimilatory
metabolism of carbon, including a complete TCA cycle and almost
complete Gluconeogenesis and Pentose Phosphate pathways in the
metagenome. For the assimilatory pathways, a complete reverse
TCA cycle and an almost complete reverse Pentose Phosphate cycle
(Calvin cycle) were also found. These results made apparent that
main pathways for the use of carbon were all present in the
microbial community. Given the results from the main genera
survey with the RefSeq database, it seems likely that the reverse
TCA cycle for CO; fixation is a main driving force in the metabolic
network of the Muifio da Veiga ecosystem, (as mentioned before
Agquificae may constitute the main carbon fixators in terrestrial hot
springs (34)). Nevertheless, the range of substrates that can be used
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by the community inferred from the metabolic potential of the
dominant genera in the metagenome is remarkable, as described in
the genera descriptions above. With simple to complex compounds
as possible substrates, including (as an example) complex
carbohydrates like cellulose and xylan, the potential for this habitat
as a source of interesting metabolites from a biotechnological
standpoint is to be highlighted.

Rare species metabolism

The so-called rare biosphere is often defined by an arbitrary
numerical threshold of sequence counts (often around 0.1% to
0.01% relative abundance in a data set) (87). Although classically
ignored in favour of the dominant genera in a microbial community,
it is now widely accepted that the rare members of the community
can play uneven key roles in metabolic pathway networks like
element cycling and bioremediation (88) and that they constitute a
genetic and functional diversity bank that supports ecological
resilience (87,88). Moreover, the composition of the rare fraction of
a microbial community is expected to be highly variable in the event
of changes in the ecosystem environmental conditions (88), or in
other words, some species might be only conditionally or temporary
rare and alterations in the ecosystem would promote such species
to more prominent ecological roles (29,88). Two particular
metabolic processes were found by KEGG mapping using the KO
database that could only be attributed to genera that could be
regarded as rare, namely photosynthesis and methanogenesis.

Photosynthesis in extreme temperature conditions

Almost complete Photosyntesis (00195) and Carbon Fixation in
Photosyntetic microorganisms (00710) KEGG mapping pathways
were present in the Muifio da Veiga metagenome, indicating the
possibility of this autotrophic metabolism playing a role in the
microbial community. Indeed, photosynthesis is possible at the
temperature of the hot spring (68°C) as the upper temperature limit
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is considered 73°C in non-acidic habitats (89). Some species of the
Cyanobacteria phyla and a limited number of Chloroflexi ones have
been observed to play the role of primary production through the
photosynthetic pathway in hot springs, especially in alkaline
conditions, where temperature plays an important role in species
diversity (90). We found that the major genera responsible of
photosynthesis in hot springs were present in the metagenome,
although their abundance was somewhat low compared to other
much prominent members of the microbial community, which was
also in agreement to the KEGG mapping often returning singular hits
for specific enzymes involved in the photosynthetic pathway. For
Cyanobacteria, we found both Synechoccus (0.23% of total reads)
and Thermosynechococcus (0.06%) present in the sample, as well as
photosyntetic Cloroflexi (90) Roseiflexus (0.56%), Chloroflexus
(0.31%) and Oscillochloris (0.05%). The reads belonging to these
major genera of photosynthetic microorganisms related to hot
springs represented 1.21% of the total sequences. Moreover, the
subterranean nature of these waters limits their exposition to
sunlight (Figure 6A) although the surface of the hot springs could
sustain the growth of microorganisms that do use these metabolic
pathways. Taking it all together, photosynthesis probably plays a
very minor role compared to other autotrophic metabolic routes
that are also present in the metagenome and related to more
abundant genera.

Archaea and roles in methane metabolism

Several different Archaea genera were found in the metagenome,
representing a small fraction of the total reads of the metagenome
(1.96%). 57.15% of the total Archaea assigned reads were aligned
with 9 predominant genera, many of which were found to be strict
anaerobes and methanogens, mainly belonging to the
Euryarchaeota phylum, with the exception of the genus
Metallosphaera from the Crenarchaeota phylum. Indeed, the
Methane Metabolism pathway was mostly complete by KEGG
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mapping of the metagenomic reads, including all four of the
methanogenesis modules, although the aceticlastic fermentation of
acetate (acetate decarboxylation) returned more hits than the
others, and the catabolism of methylamines was the most
incomplete.

Nevertheless, the most abundant Archaea genus was
Methanosarcina (0.20%), considered one of the most diverse
methanogenic archaea regarding their metabolism. These anaerobic
thermophiles can use all known methanogenic substrates using the
four different catabolic pathways (CO, reduction with H,, methyl
reduction with H,, aceticlastic fermentation of acetate or
methylotrophic catabolism of methanol, methylated amines and
dimethylsulfide), some species can grow without methane
production using carbon monoxide, and most species can fix
molecular nitrogen (91). Other thermophilic anaerobic
methanogens ranking as most abundant Archaea included
Methanocaldococcus (0.14%) and Methanococcus (0.11%) (92,93),
Methanosaeta (Methanotrix) (0.10%) that follows the acetoclastic
(acetate decarboxylation) pathway for metanogenesis (94,95) and
Methanothermobacter (0.8%), that is capable of reduction of CO; to
methane, using H, (and some species formate as well) as electron
donor. (96) Notably, we found the thermophilic, anaerobic and
methanogenic Archeoglobus (97) (0.16%) the second most
abundant Archaea genus. This genus includes species that grow as
chemolithoautotrophs in the presence of H,;, CO, and thiosulfate,
and as chemoorganotrophs with several complex organic
compounds, using sulfate, sulfite and thiosulfate as electron
acceptors.

Other non-methanogenic genera within the most abundant archaea
included Pyrococcus (0.13%) and Thermococcus (0.11%),
hyperthermophilic anaerobes that grow as
chemoorganoheterotrophs capable of fermentation of complex
organic substrates and reduction of sulphur species (98,99). Lastly,
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Methallosphaera (0.09%) was the only aerobic archaea found within
the 9 dominant genera, that contains facultatively
chemolithoautotrophic species, capable of growing on sulfidic ores
or elemental sulphur, or chemoorganotrophically using complex
organic substrates but not sugars (100).

With the exception of the methanogenic species, the fact that the
metabolism characteristics of Archaea species are similar to those of
the predominant bacteria genera make them compete for similar
resources in the hot spring, serving as a putative explanation for the
lesser occurrence of these other species in the community.

Conclusions

Taking into account all putative genetic and functional diversity
found in the metagenome, a complex network of potential
metabolic interactions within the microbial community can be
stablished, where most elements cycles were found to be present.
This diversity probably is the result of the optimization between
using all possible nutrients and filling all the available niches
minimizing metabolic overlaps, not unlike what has been described
for other hot springs (101). Other factors that should be
contributing are the water temperature not being high enough to
be a limiting diversity factor (102) and a circumneutral pH favouring
it too (103). A synergetic effect has been described between
metabolic diversity and increase of biomass in the hot spring
ecosystem observed when temperatures are below the
hyperthermophilic range. The presence of varied primary producers
with autotrophic pathways expands the range or available nutrients
and with the increase of biomass microbial mats become thicker
and in turn expand the available niches (104). Such niche-facilitating
microbial mats has been described to be formed by the most
abundant genus of the community, Sulfurihydrogenibium (105,106).
A global network of metabolic interactions proposed for the Muifio
da Veiga hot spring community is given in Figure 6.
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Figure 6. (A) Schematic representation of Muifio da Veiga hot springs and
sampling site (fountain). The impermeable granitic rock prevents water
from meteoric origin (rain, Mifio river) to mix with the subterranean hot
water. Sunlight exposition is limited to the surface of the hot spring pools,
where the exchange of gaseous elements takes place. Oxygen
concentration decreases with water depth. As the pools are open for
thermalism activities, some degree of cross contamination may take place
too. (B) Occurrence of genes in the metagenome from Muifio da Veiga
involved in selected metabolic processes in main members of the microbial
community as found by cross referencing KO and RefSeq databases. In
green, genes that returned zero reads. In yellow to red gradient, number of
reads (in ascending order) that have a hit both KO and RefSeq databases.
Acid: Acidovorax; Aqui: Aquifex; Cald: Caldicellulosiruptor; Clos:
Clostridium; Geo: Geobacter; Hyvg: Hydrogenivirga; Hydr:
Hydrogenobacter; Hybl: Hydrogenobaculum; Meio: Meiothermus; Sulf:
Sulfurihydrogenibium; Thcr: Thermocrinis; Thde: Thermodesulfovibrio; Ther:
Thermus; Thio: Thiomonas; AM: all reads across the metagenome. (C)
Sulfur and nitrogen cycles in the Muifio da Veiga metagenome. Names in
bold represent genes that were present in the cross reference of the KO
and RefSeq databases (our data) with the metagenome for the main genus
of the community. Thick lines represent reactions that were supported by
either the cross reference of KO and RefSeq databases with the
metagenome or by cross reference of the Uniprot database for the
Enzymatic function (EC number) and the Organism name (genera) of the
main genus of the community (published data). Genus names in red were
present in the cross reference between the KO and the RefSeq databases
and genus names in blue were present in the cross refence of the Uniprot
database for the Enzymatic function (EC number) and the Organism name
(genera).
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Chapter 4

Sequence analysis, cloning, purification and
characterization of a novel thermostable
endoglucanase and sequence analysis and cloning of
a predicted B-xylosidase found by sequence-based
metagenomics

Abstract

In the present work we analysed the metagenome of a hot spring
located in the northwest of Spain (next to the city of Ourense in the
Galicia region) in search for novel thermostable enzymes involved in
plant biomass degradation. Sequence analysis revealed two
promising novel predicted proteins, a B-xylosidase (Xyl7992) and an
endoglucanase (Cel776). Predictions on protein structure and
conserved amino acid sequences were conducted, and expression in
a heterologous system with Escherichia coli as the host. Xyl7992 was
not expressed as a soluble protein in the system tested, probably due
to inclusion bodies formation. Cel776 was correctly expressed and
purified, and its biochemical characterization revealed a
biotechnologically promising enzyme. Cel776 exhibited high
thermostability maintaining its activity for 24 hours at 60°C, with an
optimal temperature of 80°C and optimal pH of 5. Moreover, its
substrate specificity allowed the degradation of both cellulose and
xylan. It was more active in the presence of metal ions including
calcium and magnesium and was not severely affected by detergents
other than SDS.

Introduction
Sequence-based metagenomics

The development of high-throughput Next Generation Sequencing
(NGS) technologies, and more specifically of shotgun metagenomics,
has allowed to directly sequence the large number of genomes
present in environmental samples, using multiple templates in
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parallel without targeting specific genes (1,2). The method relies on
annotated data (reference genomes and gene and protein
databases), as gene search and functional annotation using
bioinformatic tools is based on alignment and homology to deposited
sequences (3,4). Shotgun metagenomics has a number of advantages
over other methods for bioprospecting enzymes in metagenomes, as
it can retrieve more divergent sequences than that of consensus
genes obtained through PCR-based targeted sequencing (2), favours
the detection of less abundant genes in complex microbiomes (2) and
provides a scalable method that bypasses limitations in the detection
of novel gene products due to the heterologous host expression
systems and the need for high-throughput screening methods that
typically hinder functional metagenomics (3). Moreover, the
sequencing costs have progressively and significantly lowered,
making the technology more accessible to all research levels (1,2),
and an ever-growing repertory of bioinformatic tools and databases
(4) is constantly being updated providing researchers the means to
analyse the vast amount of data contained in metagenomes.
Nevertheless, sequence based metagenomic studies also face their
own challenges, including quality and length of the reads generated,
cost and labour of the methodology, and amplification bias and other
artifacts like chimeric sequences and secondary structures (1). It is
also important to consider that the success of the method heavily
relies on the quality of the database annotation and is limited to find
somewhat similar sequences in known protein families (3). Lastly,
functional characterization of predicted gene products is still
necessary in order to confirm the results of the in silico analysis (5).

Of all the available NGS platforms developed, the platform from
Ilumina (originally Solexa) is by far the most widespread (1), but
other strategies are also available. lllumina requires the construction
of a library and uses a PCR amplification step before the sequencing.
In short, a library is constructed with the metagenomic DNA and
adapters are ligated to these library fragments. The samples are
loaded in the flow cell of the sequencer machine (each flow cell
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divided in eight different lanes), in which the interior surface of the
flow cell is covered with covalently bound sequences complementary
to said adapters. The next steps consist in heating and cooling so that
hybridization between the two takes place. Then, incubation with
amplification reactants including the polymerase allows to generate
millions of clusters of library fragments. For sequencing, the clusters
are supplied with polymerase and nucleotides labelled with
fluorescence and modified to stop amplification in that flow cycle.
After measurement of fluorescence to identify the nucleotide, the
flow cell is chemically treated to remove the fluorescent group and
unblock the amplification for the next flow cycle. Computation of the
sequence on each cluster allows the generation of raw sequencing
data with a quality score for each base, in Illumina 1.3+ FASTQ format

(6).

After sequencing, a wide variety of bioinformatic tools allows for a
correct interpretation of the data. In shotgun metagenomics, when
the objective is to bioprospect for novel gene products, the short
reads can be linked together into a bigger sequence (contig). Due to
the high computational demand of methods based on overlapping
reads, many de novo assemblers use instead a de Bruijn graph
approach (4). Predicted Open Reading Frames (ORF) within the
reconstructed contigs can then be submitted and aligned to known
sequences deposited in annotated databases, and thus functions of
ecological or biotechnological interest can be identified. As
mentioned, a functional characterization is needed at the end of the
process to confirm the predicted activities.

Plant-polymer degrading enzymes: endoglucanases and f-
xylosidases

Cellulose is the most abundant polymer on Earth and the main
component of plant biomass. It normally presents itself in fibres
associated to other biopolymers, namely hemicelluloses and lignin,
in a complex structural matrix in plant cell walls (7). This complex
matrix limits the extent and rate of utilization of plant biomass,
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usually requiring harsh pre-treatments and the action of multiple
enzymes to perform the full breakdown of the structure (8). Although
multiple enzymatic activities are responsible of the conversion of
cellulose into simpler molecules, collectively known as cellulases, B-
1-4-endoglucanases (EC 3.2.1.4) are especially important as they act
on the cellulose chain cleaving internal glycosidic bonds and releasing
oligosaccharides of different lengths. These are further hydrolysed by
other cellulolytic enzymes like non-reducing end cellobiohydrolases
(EC 3.2.1.91), reducing-end cellobiohydrolases (EC 3.2.1.176) and
cellodextrinases (EC 3.2.1.74), and finally converted in glucose by B-
glucosidases (EC 3.2.1.21) reducing the product inhibition of all the
enzymes mentioned before (9). Endoglucanases have been classified
along with other enzymes based on sequence similarity in the
Carbohydrate  Active  Enzymes  (CAZy) Database (10)
(http://www.cazy.org/) in 12 Glycosyl Hydrolase families: GH5, GH6,
GH7, GH8, GH9, GH12, GH44, GH45, GH48, GH51, GH74, and GH124.
Lists of thermophilic cellulases found by metagenomics (5) and
characterized thermophilic cellulases (9) are available, and novel
cellulases found following this strategy continue to be discovered
(11,12) showing the interest for these biocatalysts. Moreover, the
discovery of multifunctional enzymes that can act on more than one
biomass polymer (13-15), and the characterization of microbial
consortiums that produce multiple lignocellulolytic enzymes (16) are
also recent research focuses.

Endoglucanases have multiple biotechnological applications, and are
especially important in the valorisation of agro-industrial by-products
(8) and in the production of biofuels combined with B-glucosidases to
produce glucose later fermented into (bio)ethanol (17), as these two
applications are directly targeting environmental challenges. In the
textile industry there are several processes like biostoning (to give a
wash-down look on cotton clothes) and biopolishing (softening and
brightening of cotton surfaces) that remove cellulose fibres and
replace more harsh treatments. Similarly, detergent formulations can
include endoglucanases, also brightening and softening cotton
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fabrics (18). They are also employed in the food and brewing
industries, improving digestibility of food and decreasing viscosity,
and increasing fermentable compounds for the elaboration of
alcoholic drinks. These properties have also been exploited in the
animal feed industry, enhancing digestibility and nutrient
bioavailability. The pulp and paper industry has many uses for
endoglucanases including biopulping, treatment of pulp wastes,
deinking and removal of pollutants from paper. Lastly, other reported
uses include waste management, improvement of soils for
agriculture and extraction of bioactive compounds, pigments and oils
from plants (9).

After cellulose, hemicelluloses (polymers of pentoses, hexoses and
sugar acids) are the second most abundant polymers on Earth and
their main component is xylan (19,20) in the case of hardwoods,
whereas glucomannans are main components in softwood
hemicelluloses (21). Xylan is composed of a backbone of B-(1,4)-D-
xylose subunits with a variety of side chains depending on its origin.
The composition of the side chains can be used to classify xylan into
different  families (22,23), including arabinoxylans (a-L-
arabinofuranosyl subunits); glucuronoxylans (a-D-glucuronic acid
and its 4-O-methyl ether derivative); glucuronoarabinoxylans (a-L-
arabinose and a-D-glucuronic acid); and
galactoglucuronoarabinoxylans (B-D-galactopyranosyl residues on
complex oligosaccharide side chains), but side chains may also
include other units like acetic, ferulic and p-coumaric acids (21,24).
This structural complexity explains the need for multiple enzymes
acting in synergy for its complete breakdown (21,25). Endoxylanases
(EC 3.2.1.8) act on the main chain polysaccharide releasing xylo-
oligosaccharides that are then further hydrolyzed from the non-
reducing ends to xylose by the action of B-xylosidases (EC 3.2.1.37)
(25). As xylo-oligosaccharides are strong inhibitors of hemicellulose-
acting enzymes, B-xylosidases play a crucial role in the whole xylan-
degrading process, but are in turn inhibited by D-xylose, L-arabinose
and other monosaccharides (24). B-xylosidases have been identified
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in eleven Glucosyl Hydrolase (GH) families in the CaZy database (GH1,
3,5, 30, 39, 43, 51, 53, 54, 116 and 120) but GH1, GH54 and GH116
proteins annotated as B-xylosidases have their activity on natural
substrates yet to be observed (24). Several thermophilic B-
xylosidases have been reported, with optimum temperatures ranging
from 50 to 90°C (25). Moreover, a number of B-xylosidases have been
obtained through metagenomic strategies, mostly from the
microbiota found in the rumen of ruminants like cows (26), goats (27)
and yaks (28-30), but also from environmental samples like deep-
sea sediments (31) and thermophilic habitats like compost (32) and
hot springs (33).

B-xylosidases have found a variety of applications, for example in the
food industry where they are often combined with other xylan-acting
enzymes, including juice clarification as one of the maceration
enzymes used; reduction of viscosity in wine clarification;
solubilization of arabinoxylans to reduce beer viscosity and turbidity;
enhancement of wheat flour for bakery improving the dough
handling, as well as its volume and half-life; and extraction of starch,
plant oils and coffee (25,34). More uses include the processing of
cellulose pulp prior to the whitening process in the pulp and paper
industry to reduce the use of chemical compounds, and improved
digestibility of animal feeds to reduce their costs (34). Its main
product, xylose, can be used to prepare Maillard flavours, and is a
precursor in the synthesis of products like xylitol and succinic acid for
the food industry (25,34). Xylose is reportedly one of the most widely
used sugars for the production of bioethanol (ranging from 5 to 20%
of the sugars employed) (34). In xylan saccharification, B-xylosidases
are responsible for most of the glycosidic bond cleavages (24) and
enhance the whole process by degrading xylooligosaccharides that
inhibit other enzymes involved (24). The antitumoral diterpenoid
drug paclitaxel (taxol) is isolated from plant species of the genus
Taxus but in a complex and low yielding process. More abundant
analogues can be used after treatment with B-xylosidases that
remove xylose for the semisynthesis of this valuable pharmaceutical
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product (35). Xylooligosaccharydes can be used for their prebiotic
properties in the nutraceutical industry. Although B-xylosidase free
preparations are desired for the breakdown of xylan, the reverse
hydrolysis of xylose using these enzymes at high substrate
concentrations have been deemed a promising process as an
alternative for the production of xylooligosaccharydes (23,34).

As mentioned, many of these applications are benefited from the use
of combinations of various enzymes (enzyme cocktails) as the plant
biomass is composed of a complex matrix of cellulose, hemicelluloses
and lignin (34). Industrial processes like biofuel production, food
processing, treatments in the pulp and paper industry and production
of nutraceuticals have been explored in this context, among others
(21,36).

In the present work, we conducted a metagenomic sequence-based
screening for genes that were predicted to encode putative p-1-4-
endoglucanases and pB-xylosidases with the premise that the
metagenome from a hot spring was expected to include thermophilic
variants of these biocatalysts. A purification and biochemical
characterization followed this screening process to confirm the in
silico analysis with functional assays.

Materials and Methods

Metagenomic DNA from a hot spring in the Galicia region of Spain
was obtained as described in Chapter 1 of this work (Muifio da Veiga
hot spring). Sequencing was performed by an external service
provided by Health in Code (A Corufia, Spain) as described in Chapter
3 of this work, using an Illumina Hi-Seq platform with a 2x100pb
sequence length. Quality filtering and read merging of the raw FASTQ
files were performed as outlined in the Materials and Methods
section in Chapter 3.

Assembly of short reads into contigs using a de-novo assembler and
decontamination
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Quality-filtered merged reads in FASTA format and singletons
(sequences that could not be merged from the sequencing pair) were
all used as input for an assembly using a de-novo de Brujin graph
based algorithm IDBA-UD (37) on default settings. In short, the
assembler uses de Brujin graphs in which the vertices are unique
length-k substrings (k-mers) and edges connect them only if both k-
mers are present consecutively in a read. The resulting paths in the
graph represent longer sequences than the original reads called
contigs. The process is iterative, starting from a smaller k and ending
in a large value, using the contigs generated in each iteration as the
new reads input. A process of contig error detection and removal is
also involved, in which IDBA-UD introduces a local assembly with
paired-end information using a variable threshold, to solve problems
of highly uneven sequence depths between reads, as well as
commonly addressed problems such as the gap problem (missing k-
mers due to regions with low sequencing depth using large k values)
and the branching problem (introduction of branches in the graph
due to repeat regions and erroneous reads using small k values).

The resulting contigs were decontaminated from sequences aligning
to the human genome (contaminating sequences) using the
Deconseq algorithm (38) with the NCBI GRCh38 data (RefSeq ID
884148) used as the database. Sequences aligning to the human
genome were then removed from the analysis.

Sequence upload to MG-RAST web service and identification of
putative endoglucanase genes

The FASTA format file containing the contigs sequence data was
uploaded to the MG-RAST (39) web service. The pipeline options for
the upload were as follows: dereplication “yes”, screening “none”,
length filtering “no”, ambiguous base filtering yes”, maximum
ambiguous basepairs “5”. A brief description of MG-RAST automated
pipeline for data upload can be found in the Materials and Methods

section of Chapter 3 of this work.
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An in-depth analysis was conducted to retrieve contig sequences
containing genes of interest. The analysis tool from MG-RAST was
used with the following parameters: e-value “5”, %-ident “60”, length
“15”, min. abundance “1”, method “representative hit”. The
database for gene product annotation employed was SEED
Subsystems (40). Annotated sequences at the function level were
search with the terms “Endoglucanase (EC 3.2.1.4)” and “Beta-
xylosidase (EC 3.2.1.37)”. The resulting contigs containing putative
genes coding for the selected activities were analyzed using ExPASy
Translate Tool (41) to identify ORFs. The selected ORFs where then
analyzed using NCBI BLASTp algorithm (42) on the default settings
(protein-protein BLAST with BLOSUM®62 matrix, cost of gap existence
= 11 and of gap extension = 1) with the Non-redundant protein
sequences database (nr). Selected putative proteins were structurally
modelled using the SWISS-MODEL (43) web tool with the best
matching template. Protein models were visualized with the PyMol
software (Schrodinger LCC, USA) (44). Protein parameters were
predicted with the PROTPARAM algorithm from ExPASy (41).
Multiple sequence alignments used EMBL-EBI Clustal Omega (45) and
sequences obtained from the UniProt Knowledgebase database (46).
Prediction of signal peptide features was performed using the SignalP
0.5 web service (47).
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Synthesis and cloning of a DNA fragment containing a putative B-
xylosidase gene

The following sequence was ordered for gene synthesis:
>Xyl7992_ gateway_attB

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCatggcaaatttcgggaggacgca
gatgcggatgggatgggegatgaaggtgggggtggrageggeggtgetggggcetgecategg
cagcaagcgegggeggceteecgeggeccggttcgactatcttgectacgaategetegagectge
ccagccgcetgggegagggcacttaccgeaatccggtgatcecgggctttcacceccgatecttca
atcgtgcgegtgggcaaggatttctatgecgtcacctccaccttcagetggtttccaggectgecg
atcttccacagcactgatctegtcaactggegggtgattggcaatgecattgatcggeegggeca
gctcgatttcagegggctgggeaccaategegggctettigecccggegatcacccatcatcagg
gcaggttctggatcgtcaacacctgcatcgattgeggeggcaatttegtcatcaccgecgacgat
ccggeegggecegtggagegatcccaaatggetegatttcggegggatcgaccegtegcetgttctt
cgatgcggatggcagcegectggatcgtctataatgatgegeccccggttccgecgegetatgag
ggccaccgegecctgtggetccagegettcgatceccgaggecatgeaggtgetgeccgagegea
ccctgetggtegatggeggggtegatecccaaggecaacccgatctgggecgaagggecgeata
tctacaaggtgggcegggtggtattatctgetcgeggecgagggeggeacggeagaccageatte
gcagacgatctaccgcgegegcaagatcaccgggecctatgtgecggggecgticaacccgat
cctcacccagcegcegatctgecgeccaaccgtcccgaccgeatcgaggegaccggecatgecgat
attgtccagctcgatgatggcacgtggtgggggctgticcttgegacceggecctttgecgggca
atcgacgctgatggggcgcgagaccttcttgetgecgetgegetggaaggatggetggecgege
tttctcgatcgeggecgagecggtgecgetggtgetggagegeccgegectgecgeagtecgege
cttcggcatgggacagcetggegegaggagticgatggtecgetcggeccggaatggateggect
gcgcacccccgggecgegtgegetgatcgcaacggatgacggggegetgegggtegeggcegg
gcagcgccgeggegggcagectgggcaagecggcecttcatecggeeggegcettgegecaccacc
gcgeegectttgtcacceggttegecttcgegeccgageggeggggggattttgecgggttgetc
gccttcatggacgagcaccactttctcgecgecggcaaggagggcegegegectggtggtgegtce
tgcgcaaggecgcgggcgagaggcgcaatgeggcaagegagaacccecgegtectctgegatg
tccatccacgagatcgagceaggcectatgccaagaccgagatcgecategegattgecgaagge
gttttgcccgacgaccccgatttaccgetcatcgeccggteggtgagggectggtggtgaGACC
CAGCTTTCTTGTACAAAGTGGTCCCC
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The adapter sequences (attB sites) for the Gateway recombination
vector system are in capital letters, whereas the start and stop
codons are in bold.

The synthesis was ordered to ThermoScientific gene synthesis
service. The gene was provided in the pMA vector (ampicillin
resistance, ColE1l origin of replication, T7 promoter). Adapter
sequences (attB sites) were added to both sequence ends to allow
subcloning in the Gateway system (Invitrogen).

For subcloning the Gateway Technology with Clonase Il (Invitrogen)
kit was used, following the manufacturer protocol. For the BP
recombination reaction, the cloned B-xylosidase insert and pMA
vector were linearized using the Scal restriction enzyme (Roche,
Switzerland) which produces one cut on the vector and none in the
insert sequence. The restriction reaction was carried out in SureCut
Buffer H (Roche, Switzerland) for 1 hour at 37°C. The linearized DNA
was precipitated using 0.1 volumes of 3M sodium acetate and then
2.5 volumes of 100% ethanol. After centrifugation at maximum speed
the pelleted DNA was washed twice with 70% ethanol. The DNA was
then resuspended in TE Buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA).
The attP sites containing vector pDNOR221 was used in the BP
reaction as donor vector to generate an entry vector (attlL site
containing vector generated by the recombination of attB and attP
sites). An e equimolar amount of linearized DNA and donor vector
was employed, and the reaction was carried out using TE Buffer pH 8
supplied in the kit and the Gateway BP Clonase Il enzyme mix with an
incubation at 25°C for 1 hours. The reaction was stopped adding
Proteinase K solution to the reaction mix and incubating at 37°C for
10 minutes. This reaction mix was used to transform chemically
competent E. coli One Shot™ OmniMAX™ 2 T1R (F* {proAB lacld
lacZAM15 Tn10(Tet®) A(ccdAB)} mcrA A(mrr hsdRMS-mcrBC) @
80(lacZ)AM15 A(lacZzYA-argF)u169 endAl recAl supE44 thi-1
gyrA96 relAl tonA panD) (Invitrogen, USA). A vial of chemically
competent cells (50uL) was thawed on ice and 1ulL of BP
recombination reaction was added and mixed. The mixture was
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incubated for 30 minutes on ice, heat-shocked at 42°C for 30s and
cooled on ice for 2 minutes. For recovery, cells were incubated with
shaking at 37°C for 1 hour with 500uL LB media. Excess media was
removed by centrifugation and 100uL were plated on LB media
containing kanamycin for positive selection of transformant
recombinant clones with an overnight period for growth. Correct
recombination was tested by sequencing both ends of the DNA
fragment using the M13 sequencing primer pair, with the sequencing
service provided by the Molecular Biology Unit from the Research
Support Services of Universidade da Corufia (Spain). Plasmid DNA
was obtained by performing a miniprep using the NZYMiniprep kit
(NZYTECH) on a 10mL culture from a single colony growing in the
transformation plate (up to 4 colonies were tested). The plasmid
harbouring the insert (flanked by attlL sites) was used for the next
step of the protocol of LR recombination as supercoiled DNA. The
destination vector was pDEST527 (which contains attR sites) and was
also used as supercoiled DNA. The reaction was carried out in TE
Buffer pH 8.0 with the Gateway LR Clonase Il enzyme mix, with an
incubation at 25°C for 1 hours, and it was stopped by adding 1uL of
Proteinase K and incubating for 10 minutes at 37°C. Transformation
was carried out using 1uL of the LR reaction and a vial (50uL) of
chemically competent E. coli One Shot™ OmniMAX™ 2 T1F following
the same protocol for the thermal shock, recovery and plating as with
the BP reaction. The LB media used for positive selection contained
ampicillin instead of kanamycin. Correct insertion was verified plating
on LB media containing both ampicillin and chloramphenicol where
negative selection occurred as chloramphenicol resistance is lost if a
LR recombination takes place, and by sequencing both ends using the
T7 sequencing primer pair. DNA for sequencing was obtained from a
fresh 10mL culture from a single colony from the transformation
plate using the NZYMiniprep kit (NZYTech, Portugal). The resulting
expression vector pDEST521 contained the insert with the gene for
the putative B-xylosidase flanked by attB sites and with a His(x6) tag
to enable easier purification and an inducible T7 promoter for
controlled gene expression. An aliquot of the DNA used for
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sequencing was also used to transform chemically competent E. coli
T7 Express (New England Biolabs, USA) (fhuA2 lacZ::T7 genel [lon]
ompT gal sulA11 R(mcr-73::miniTn10--Tet%)2 [dem] R(zgb-210::Tn10-
-Tet®) endA1 A(mcrC-mrr)114::1S10). Transformation was carried out
as described before changing the heat-shock step to 10 seconds at
42°C and the incubation on ice to 5 minutes as recommended by the
manufacturer. LB medium for positive selection contained ampicillin.

Synthesis and cloning of a DNA fragment containing a putative
endoglucanase gene

The following sequence was ordered for gene synthesis:
>Cel776_gateway_attB

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCatgctaacaagttgcagagaag
aaaaaactgtcaaaaaaagcgcatttgaatacaacaatctaatcggtcatggtgtgaatatgg
gaaatgcacttgaagcacctgtagaaggttcttggggcegtattcatcgatgatgagtatttcaag
ataataaaacaacggggatttaattcggtgagaatacctataagatggtctgcacatatctcag
atgattacacaatagataaaaatttcatggaaagagtcgttcatgtggttgataaagegttaga
aaatggtttagtaacaattataaacacacaccatttcgaagaactttaccaagatccagacaaa
tatggtcctgtgcttgtaaagatatgggaacagatagcagaaaaattcaaaaactatccagaca
cgctcttttttgaaatatacaatgagccagecccaacaattaactcctgacaaatggaataaaata
taccctgaagcgttaaaagtgatacgaaaaatcaatcccaaaagaatagttataatcgatgtac
cgaattgggcacattactctgctgtgaaggatctcaaattaccagacgatgagaatataatagt
atccttccattactatgaaccattcaatttcactcaccaaggtgcagaatgggtcaccccacaac
taccagtaggagtaaaatgggaaggtaaagactgggaagtggagcagatcaaaaaccacttc
aaatacgttagtgattgggcgaagaaaaacaatgtaccgatattccttggcgaattcggagett
actcaaaagcggatatggattcaagagtaaaatggacggaaacagtaagaaaaaccgecga
agaatttggattttcactcgcatactgggaattttgcgcaggattcggtatctacgatagaacatc
cggaacgtgggtagaaccactggcaacagcagegcetigggaagtagGACCCAGCTTTCT
TGTACAAAGTGGTCCCC

The adapter sequences (attB sites) for the Gateway recombination
vector system are in capital letters, whereas the start and stop
codons are in bold.
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The synthesis was ordered to ThermoScientific gene synthesis
service. The gene was provided as a DNA fragment readily available
for cloning. Adapter sequences (attB sites) were added to both
sequence ends to allow subcloning in the Gateway system
(Invitrogen). The Gateway Technology with Clonase Il (Invitrogen) kit
was used for subcloning as described for the putative B-xylosidase
Xyl7992 gene in the previous section, following the same steps and
using the same materials.

Purification of a putative B-xylosidase and activity test

A fresh culture of E. coli T7 Express harbouring the pDEST527 vector
and the Xyl7992 gene was started from an overnight inoculum
started from a single colony, with all incubation temperatures at
37°C. When ODego reached between 0.8 to 1.0 units the culture was
induced with 0.4mM (final concentration) IPTG for 2 hours at 37°C.
Release of intracellular content was achieved using the NZYLysis kit
(NZYTech, Portugal) following the manufacturer protocol.
Alternatively, lysis was performed using a VCX130 Vibra-Cell
sonicator (SONICS & MATERIALS INC., USA) with a setting of 70%
amplitude, 3 minutes active time and pulses of 3 seconds ON and 7
seconds OFF.

A method for quantification of B-xylosidase activity was adopted
using pNP-xylopyranoside (pNPX) as the substrate (48-50). 10uL of
enzyme extract were incubated with 10uL of 20mM pNPX, 180uL of
0.5mM Sodium Phosphate buffer pH 6.0 at the reaction temperature
for 30 minutes. Absorbance was read in at wavelength 405nm.

Further testing was performed using varying concentrations of IPTG
(0.05, 0.1 and 1mM) for 8 hours, with the sonication method used for
obtaining the crude extract. SDS-PAGE was performed loading both
the crude extracts and the precipitated pellets (51).
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Purification of a novel endoglucanase

Fresh cultures were stablished using an overnight inoculum at 37°C
from a single colony of E. coli T7 Express harbouring the pDEST527
vector and the cloned endoglucanase gene Cel776. The cells were
harvested using a refrigerated centrifuge (4°C) at maximum speed
and resuspended in resuspension buffer 100mM Sodium Acetate pH
5, 100mM NaCl and 1mM DTT. Cell lysates were obtained using the
sonicator with a setting of 70% amplitude, 3 minutes active time and
pulses of 3 seconds ON and 7seconds OFF. Cell debris was
precipitatedin a refrigerated (4°C) centrifuge at maximum speed, and
the recovered supernatant was used as a crude enzyme extract. This
extract was further purified using the following filtered and
sonicator-degasified buffers: wash buffer 100mM sodium acetate pH
5, 500mM NaCl and 25mM imidazol; elution buffer 100mM sodium
acetate pH 5, 100mM NaCl and 300mM imidazol. The extract was
loaded in a niquel-sepharose resin-filled column HisTrap 5mL (Cytiva,
USA) and washed with 5 volumes (25mL) of wash buffer. A manual
run with a peristaltic pump P-1 (Cytiva, USA) was conducted using a
flow rate setting of 3.0 and pressure setting at 0.5. The elution buffer
was diluted to obtain 10% elution buffer (30mM imidazol) and 50%
elution buffer (150mM imidazol). Increasingly concentrations of
elution buffer were loaded in the column to obtain the different
elution fractions. Protein concentration determination using the
Bradford method (52), enzymatic activity tests (described in the next
section) and SDS-PAGE were all conducted on the fractions to
monitor the purification process. A western-blot was also performed
using anti-his-tag antibodies to detect the purified protein. The
developed polyacrylamide gel was cut and placed in contact with the
western-blot membrane, and introduced in a sandwich like fashion
between two filter papers. For the bands transfer to the membrane,
a cooled transfer buffer was employed with the following
composition: Tris 25mM pH 8.3, glycine 192mM, 20% (v/v) methanol.
The settings for the transfer were 300mA for 60 minutes. After the
transfer was completed, the membrane was incubated with a
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blocking solution consisting in Tris buffered saline (TBS), 0.1% (v/v)
Tween 20 and 5% (w/v) BSA for 2 hours in cold. After blocking, the
membrane was incubated with a TBS solution containing 0.1% (v/v)
Tween 20, 5% (w/v) BSA and HRP-conjugated 6XHis, His-Tag
Monoclonal antibody (Proteintech, USA) in cold. To develop the
chemiluminescence signal the components from Pierce ECL Plus
Western Blotting Substrate kit (Fisher Thermo Scientific, USA) were
employed, following the manufacturer protocol. Pictures were taken
using a Chemidoc MP Imaging System (Bio-rad, USA), with a
chemiluminescence setting for “high sensitivity” and exposition time
“120 seconds” (several photos were taken in-between), and a
colorimetric photo was merged to include the protein ladder. The
purified protein was concentrated to its final volume for activity
assays using a Pierce Concentrator column with 10K Molecular
Weight cut-off (Fisher Thermo Scientific, USA).

Biochemical characterization of a novel endoglucanase

Endoglucanase activity was tested using the reducing sugars method
with dinitrosalicylic acid (DNS) using soluble carboxymethylcellulose
(CMC) as the substrate (53). 5uL of the purified enzyme were mixed
with 45uL of reaction buffer and 50uL of 1% CMC. Reaction time was
30 minutes, and the reaction was stopped by adding 150uL DNS and
incubating for 5 minutes at 100°C. Then, 1mL ice-cold milliQ water
were added and the tubes were placed on ice until the absorbance
was read at wavelength 540nm. All conditions were assayed in
triplicates and blanks were also assayed where the volume of purified
enzyme was replaced with the same volume of milliQ water. An
enzymatic unit is defined as the amount of enzyme that releases a
micromol of glucose per minute in the reaction conditions. A glucose
standard was prepared to perform a linear regression of the
relationship between absorbance and glucose concentration.

The optimal temperature was evaluated at pH 5 (reaction buffer was
100mM sodium acetate pH 5 at 60°C) in the range between 30 and
90°C with a 10°C interval. The optimal pH was evaluated at 60°C in a
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range between 4 and 9 with an interval of 1. Reaction buffers for the
pH intervals were 100mM Sodium Acetate buffer for the range 4-6,
100mM Sodium Phosphate buffer for the range 6-8 and 100mM Tris
HCl buffer for the range 8-10. Thermostability was assayed at optimal
pH and temperature after incubation of the enzyme at 60°C, 70°C,
80°C and 90°C for a set amount of time. Alternative substrates were
assayed at 1% concentration (w/v), insoluble microcrystalline
cellulose AVICEL (Sigma-Aldrich), beechwood xylan (Megazyme,
Ireland), filter paper (Scharlab, Spain), cotton (Corman Spa, Italy) and
starch (Sigma-Aldrich, USA). The following additives and detergents
were tested to evaluate the effect on the enzymatic activity (final
concentrations 5mM): NaCl, KCl, CaCl,, ZnSQ,, CuSO4, MgCl,, MnCl,,
EDTA, SDS, Triton X-100, Tween 20, Tween 80, and CHAPS.

Results
Assembly, decontamination and data upload to MG-RAST server

From the original 170,738,281 reads with a length of 100bp from the
Illumina HiSeq sequencing used for assembly, the IDBA-UD algorithm
successfully assembled 371,171 contigs, with a n50 value of 950 (the
shortest contig length when 50% of the total sequences are
considered). The longest contig sequence was 191,032bp and the
mean contig length was 777bp. The total length of all contigs
assembled was 288,544,399bp. Decontamination using Deconseq
and the NCBI GRCh38 human genome database resulted in the
removal of 3,183 sequences. The remaining 367,988 contigs had an
average length of 781bp. In the MG-RAST upload, 2,670 sequences
were removed as they were detected as artificial duplicates in the
quality control pipeline. The final sequence count was 365,318
contigs with an average length of 780bp.
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Identification of putative endoglucanase and B-xylosidase genes and
sequence analysis

The search for endoglucanases in the contig sequences using the MG-
RAST server and the Subsystems database resulted in 19 contigs
containing putative endoglucanases. Of those, three contigs
contained predicted complete ORF (with a Met and STOP codon).
These were named based on putative activity and numbered after
the contig they were found in. Through BLASTp alighment to the NCBI
nr database, it was found that Cel232 had a 99% identity with an
endoglucanase from Dictyoglomus thermophilum and Cel652 had a
97% identity with an endoglucanase from Fervidobacterium
nodosum, whereas Cel776 had a 73% identity with a glycoside
hydrolase family 1 protein from Fervidobacterium pennivorans.
Based on the lower identity of Cel776 to known proteins, it was
selected for further characterization. The search for B-xylosidades in
the contig sequences resulted in 29 contigs harbouring putative -
xylosidase genes according to the Subsystems database. 4 of those
contigs contained a predicted complete ORF and were named and
numbered as before. BLASTp alignment using the NCBI nr database
revealed that Xyl468 had 99% identity with a xylan 1,4-B-xylosidase
from D. thermophilum; Xyl7992 had 99% identity with a glycoside
hydrolase family 43 protein from Porphyrobacter cryptus; Xyl26640
had 68% identity with a B-glucosidase from Caldanaerobius fijiensis
DSM 17918 and Xyl59213 had 86% identity with a glycoside hydrolase
from Caldicellulosiruptor kronotskyensis. As Xyl26640 and Xyl59213
did not feature conserved domains that supported the B-xylosidase
annotation they were not favoured for further analysis. Xyl468 and
Xyl7992 had high percentage of identity to proteins in the database
but the 1,4-B-xylosidase from D. thermophilum had been studied
elsewhere (49,54), and thus Xyl7992 was selected as a more
interesting subject for biochemical characterization.

Xyl7992 protein product was predicted to be 538 amino acids long
with a molecular weight of 59,015.96 Da and with a theorical
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isoelectric point of 6.25. Protein modelling in SWISSPROT achieved
the highest GMQE score (0.53) with a B-xylosidase from Geobacillus
thermoleovorans IT-08 with a relatively low (39.03%) identity and a
QMeanDisCo Global score of 0.66+0.05, which belongs to the
subfamily 12 of GH43. The protein model is shown in Figure 1A.
Clustal Omega alignment of conserved residues of characterized
proteins in the family GH43 subfamily 12 retrieved from the CAZy
database and the putative B-xylosidase Xyl7992 is shown in Figure 1B.
A signal peptide feature was predicted for Xyl7992 with a likelihood
of 0.4324 for a Sec/SPI, 0.5602 for a Tat/SPI and a probability for a
cleavage site of 0.6874 between amino acids 32 and 33 if the
sequence was considered of Gram-negative bacteria origin. These
three values changed to 0.665, 0.3237 and 0.4866 respectively if the
sequence was considered of Gram-positive bacteria origin.
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Figure 1. (A) Protein model for the gene product of Xyl7992 using the B-

08 (SWISSMODEL Template

Library ID: 5z5d.1.A) template in SWISSMODEL, visualized with the Pymol
software. Colors follow a rainbow pattern from the initial amino acids in blue

xylosidase from Geobacillus thermoleovorans IT-

(N-terminus) to the last amino acids in red (C-terminus). Residues Asp69,

Aspl75 and Glu240 are highlighted. The modelled structure has a five-

bladed B-propeller catalytic domain towards the N-terminus and a B-

sandwich domain towards the C-terminus. (B) Alignment of conserved

residues of characterized proteins in family GH43 subfamily 12 and Xyl7992.

Numbers correspond to the position of the residue in the Xyl7992 sequence.
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Conserved residues across all selected sequences are highlighted in gray.
BIFADO_ARA: Bifidobacterium adolescentis a-L-arabinofuranosidase
(GeneBank:  BAF39204.1); BUTFIB_XYLB: Butyrivibrio fibrisolvens
xylosidase/arabinosidase ~ (AAA63610.1); ROSINT_GH43:  Roseburia
intestinalis  L1-82 glycosyl hydrolase family 43 (EEU99940.1);
BACOVA_XYNB5:  Bacteroides ovatus B-xylosidase  (ALI47682.1);
UNCBAC_deAX: uncultured bacterium  a-L-arabinofuranosidase/B-
xylosidase ~ (ACF39706.1); UNBAC_deAFc: uncultured  bacterium
arabinofuranosidase (ABB92159.1); BACOVA_XYNBA4: Bacteroides ovatus B-
xylosidase (ALJ47681.1); GEOTHE_XYL43A: Geobacillus thermoleovorans B-
xylosidase (ABC75004.1); BACINT_XYN10B_ARA43A: Bacteroides intestinalis
DSM 17393 glycosyl hydrolase family 10 (EDV05059.1); BACOVA_XYNBS:
Bacteroides ovatus B-xylosidase (ALJ48326.1); BACOVA_XINB7: Bacteroides
ovatus B-xylosidase (ALJ48322.1); PREBRY_ARA: Prevotella bryantii B14
arabinoxylan arabinofuranohydrolase (ADI170680.1).

Cel776 gene product was predicted to be 320 amino acids long, with
a theorical molecular weight of 37,232.31 Da and an isoelectric point
of 5.67. BLASTp against the NR protein database resulted in the best
hit for a glycoside hydrolase family 5 protein from Fervidobacterium
sp. 23100pik-2 (ID: WP_164541660.1) with a score of 531 bits and
76.69% identity. SWISSMODEL modelling had the best hit with the
template for the crystal structure of FnCel5A from F. nodosum Rt17-
B1 with a sequence identity of 79.68% and a GMQE of 0.92, whereas
the QMeanDisCo Global score was 0.90+0.05. The template is
annotated in the CAZy database as a GH5 family protein belonging to
subfamily 25. The protein model is given in Figure 2A visualized with
the PyMol software and a Clustal Omega alighment performed with
all ten characterized proteins in this GH subfamily deposited in the
CAZy database is also given in Figure 2B. No signal peptide was
predicted for the amino acid sequence of Cel776.
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Figure 2. (A) Protein model of the gene product of Cel776 using the
endoglucanase Cel5A from F. nodosum Rt17-B1 as template (SWISSMODEL
ID: 3nco.1.A). The structure modelled consists in a (B/a)s-TIM barrel
consisting in the 8 B-sheets (purple) and the 8 surrounding a-helices (cyan).
4 additional a-helices are represented in orange. Main conserved amino
acids from the GH5 family are highlighted. The model was constructed in
SWISSMODEL and visualized using the PyMol Software. (B) Alignment of
Cel776 to sequences in the CAZy database annotated as GH5 subfamily 25
proteins. Numbers correspond to the residue below in the Cel776 sequence.
Conserved residues (appearing in the same position in more than 70% of the
sequences) are highlighted in gray. Strictly conserved residues (appearing in
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the same position in all the sequences) are coloured in a darker shade of
gray. Green triangles indicate conserved residues of GH5 that have been
linked to the catalytic activity of the enzyme. Orange triangles highlight the
conserved catalytic residue pair that act as proton donor and nucleophile.
UNCBAC_CellMM5.1: Uncultured bacterium endoglucanase (GeneBank:
AID57617.1); ACETHE_Lic26A_Cel5E: Acetibrivio thermocellus bifunctional
endo-B-1,4-glucanase / B-1,3:1,4-glucanase (AAA23225.1); RUMCEL_Cel5D:
Ruminiclostridium cellulolyticum H10 endo-B-1,4-glucanase (ACL75216.1);
CAUSP_Cel5A: Caulobacter sp. K31 glycoside hydrolase family 5
(ABZ70413.1); UNCBAC_Cel5A: uncultured bacterium endo-B-1,4-glucanase
(ABE60714.1); CLODIF_Cel: Clostridioides  difficile = DSM 28668
endoglucanase ( AXU72614.1); FERNOD_Cel5A: Fervidobacterium nodosum
Rt17-B1 endo-B-1,4-glucanase (ABS61403.1); THEMAR_Cel5A: Thermotoga
maritima MSB8 bifunctional endoglucanase/B-mannanase (AAD36816.1);
DICTHE_Cel5A: Dictyoglomus thermophilum H-6-12 endoglucanase
(ACI18520.1); DICTUR_Cel5A: Dictyoglomus turgidum DSM 6724
endoglucanase (ACK41955.1).

Cloning of DNA fragments containing putative novel hydrolases

Correct BP and LR recombination reactions were verified by
sequencing using the M13 and T7 sequencing primer pairs,
respectively. Both Xyl7992 and Cel776 sequences were correctly
cloned in the pDNOR221 and pDEST527 vectors in the corresponding
step. Additionally, for the LR recombination, no growth on LB plates
supplemented with chloramphenicol and ampicillin was observed for
each of the clones harbouring the pDEST527 vectors with an insert
DNA.

Purification of a putative B-xylosidase and activity tests

Experiments to detect B-xylosidase activity in the crude extract failed
to find significant results that proved a correct expression of the
heterologous gene in the expression system used. Experiments
performed using both the crude extract and the pelleted fractions
(Figure 3) revealed the an insoluble protein precipitate was formed
during the induction experiments (51). As such, further
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characterization was deemed unachievable for the putative B-
xylosidase gene product.

M CE1l P1 CE2 P2 CE3 P3

Figure 3. SDS-PAGE of the expression experiment for Xyl7992. Numbers
indicate molecular weight in KDa. M: NZYColour protein marker Il (NZYTech,
Portugal); CE1: Crude extract with 0.05 mM IPTG induction; P1: Pelleted
fraction with 0.05 mM IPTG induction; CE2: Crude extract with 0.1 mM IPTG
induction; P2: Pelleted fraction with 0.1 mM IPTG induction; CE3: Crude
extract with 1 mM IPTG induction; P3: Pelleted fraction with 1 mM IPTG
induction.

Purification of a novel endoglucanase

As shown in Figure 4, the Cel776 gene product was purified by affinity
chromatography taking advantage of the 6xHIS tag in the C-terminus
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of the protein and then concentrated. The protein was recovered in
the elution fraction containing 10% elution buffer.

&

g%go M CE FT E10E50E100M M CE FT E10E50E100 M
OT—,..——‘,—.,
X 75 ==
o 63 a2 |
ST RR W ¥ e
U 35 — -
©
S
foa) 25% o
20 :
17
1 ool

Figure 4. (A) SDS-PAGE of the purification process for the Cel776 gene
product. M: NZYColour protein marker Il (NZYTech, Portugal) 2.5uL; CE:
Crude Extract 9uL; FT: flow-through from the column load and wash steps
9uL; E10: Elution fraction at 10% elution buffer concentration 18ulL; E50:
Elution fraction at 50% elution buffer concentration 18uL; E100: Elution
fraction at 100% elution buffer concentration. Black arrows mark the band
corresponding to the Cel776 protein. (B) Western blot of the purification
steps for the Cel776 gene product. Lanes are named as in (A).

Biochemical characterization of a novel endoglucanase

The optimal temperature for the endoglucanase Cel776 was 80°C
(Figure 5A). The optimum pH for the enzyme at 80°C and 60°C was
found to be 5. The enzyme activity was severely reduced with varying
pH conditions, and more so at 80°C than at 60°C (Figure 5B). The
enzyme was found to be thermostable, maintaining its activity for
over 24 hours at 60°C and with a half-life of 6.38 hours at 70°C and
3.55 hours at 80°C (Figure 5C), whereas treatment at 90°C quickly
inactivated the enzyme with a half-life of 6.11 minutes (Figure 5D).
Some metal ions enhanced the enzymatic activity, particularly CaCl,
and MgCl; (Figure 5E). Others did not have a strong effect on it, like
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KCI, MnCl; and NaCl, nor did the addition of EDTA, whereas the
addition of ZnSO4 and CuSO4 strongly inhibited the enzymatic activity.
Regarding the effect of detergents, Tween 80 did not affect the
enzymatic activity, Triton X-100 and Tween 20 had slights reduction
effects and CHAPS reduced it by more than 20%. SDS addition almost
rendered the enzyme inactive (Figure 5F). The enzyme displayed
almost no activity towards cotton and very little activity towards filter
paper and starch. It showed activity when the substrate was insoluble
microcrystalline cellulose (AVICEL) and was able to degrade xylan as
well (Figure 5G).
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Figure 5. Biochemical characterization of Cel776. All measurements were
the result of three independent experiments and an enzyme blank was
subtracted to each condition tested. (A) Optimal temperature at pH 5. 100%
activity is 0.6917 U/mL. (B) Optimal pH at temperatures 80°C and 60°C. 100%
activity is 0.5378 U/mL. (C) Thermal stability at 60°C, 70°C, 80°C for long
incubation times and (D) thermal stability at 80°C and 90°C for short
incubation times. 100% activity 0.9086 U/mL. (E) Effect of additives at 5mM
concentration on the enzymatic activity. The non-additive control was
stablished as 100% activity with 0.6748 U/mL. An asterisk represents a p-
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value lower than 0.05 in a two-sample t-student test assuming equal
variances for the control and each additive condition. Two asterisks
represent a p-value lower than 0.005. Three asterisks represent a p-value
lower than 0.0005. (F) Effect of detergents at 5mM concentration on the
enzymatic activity. A non-detergent control was used to set the 100%
activity value with 0.6748 U/mL. An asterisk represents a p-value lower than
0.05 in a two-sample t-student test assuming equal variances for the control
and each detergent condition. Two asterisks represent a p-value lower than
0.005. (G) Activity of Cel776 towards alternative substrates. Activity towards
CMC at optimal temperature and pH was used to compare as a 100% control
activity with 0.5377 U/mL.

Discussion

The role of thermozymes in lignocellulose degradation and their
discovery process has been the subject of multiple reviews
(2,5,8,21,55) as their biotechnological applications raises their
interest as a promising environmentally friendly alternative to
stablished processes along other advantages including operational
cost reductions. Although endoglucanases (7,9,17,56) and xylanases
(19,34,57,58) have multiple applications where only one of the
activities is required, synergism of both enzymes and even other
accessory enzymes is also described for particular processes (36).

In this study we identified a putative B-xylosidase belonging to the
GH43 family. Enzymes categorized in GH family 43 of the CAZy
database are mainly B-xylosidases and a-L-arabinofuranosidases and
all of them have an inverting mechanism of catalysis (the anomeric
carbon configuration of the D-xylose or L-arabinose is inverted) with
a single transition state (59). This specificity towards multiple
substrates is expected due to D-xylose and L-arabinose having a
similar conformation near the glycosidic bond (60). The glycosidic
bond is hydrolized with a single-displacement mechanism: a water
molecule is deprotonated by the general base and performs a
nucleophilic attack on the anomeric carbon together with the general
acid, thus protonating the glycosidic oxygen and cleaving the bond
(24). The general base is an Asp residue (Asp175 in Xyl7992), and the
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general acid a Glu residue (Glu240 in Xyl7992) (Figure 1). The 3D
structure of these enzymes includes a 5-fold B-propeller where the
active site is located and in some of the subfamilies a non-catalytic B-
sandwich, called X19 domain, at the C-terminus (59), which is indeed
present in the protein Xyl7992 reported in this work (Figure 1A). This
non-catalytic domain forms a pocket with a portion of the active site
allowing access to small molecules like the substrate (61). Up to 35
residues were found to be strictly conserved when sequence
alignments were performed on the twelve enzymes deposited and
characterized in the CAZy database belonging to family GH43
subfamily 12 and Xyl7992 (Figure 1B). No divalent metal ion
dependency has been observed for enzymes belonging to this
subfamily (24,62). Most of the sequences in the CAZy database
deposited in this subfamily belong to the Bacteria domain, with at
least one enzyme characterized from a thermophilic organism (63).
The protein sequence was highly similar to a predicted GH43 protein
from Porphyrobacter cryptus, a moderately thermophilic organism
first isolated in hot springs from Portugal (64). Despite efforts to
produce and purify the gene product in the laboratory to
biochemically validate the predictions made based on amino acid
sequence, the protein proved to be recalcitrant to its correct
expression in the E. coli host and pDEST527 vector system, and a
soluble form was not obtained in expression experiments, with the
most likely explanation being the formation of insoluble protein
aggregates (inclusion bodies). A signal peptide feature was predicted
in the putative B-xylosidase amino acid sequence, and failure to
correctly recognize and cleave the peptide could further explain why
the protein was not soluble in our expression experiments.

We also identified an enzyme in this study as a putative
endoglucanase belonging to the GH5 subfamily 25, named Cel776.
Proteins in the GH5 family have a retaining mechanism of catalysis
(the anomeric carbon configuration is conserved in the enzymatic
reaction), with two Glu residues acting as the nucleophile and the
electron donor (Glul44 and Glu260 in Cel776). Their structure
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consists in a (B/a)s-barrel, with some subfamilies featuring a modular
domain architecture (65). Modelling of the predicted protein Cel776
fitted the (B/a)s-barrel structure (Figure 2A) using the endoglucanase
Cel5A from F. nodosum Rt17-B1 as template, which also belongs to
subfamily 25 of GHS5. Indeed, proteins in subfamily 25 include
thermophilic and multifunctional enzymes (65) like said
endoglucanase from F. nodosum Rt17-B1 which can also use B-D-
glucan and galactomannan as substrates (66); a endoglucanase/p-
mannanase from Thermotoga maritima MSB8 (67), and a
cellulase/xylanase from Clostridium thermocellum (68) (that appears
as two entries in the database due to renaming of the species as
Hungateiclostridium thermocellum (69) and Acetibrivio thermocellus
(70)). Alignment to these and other characterized members of GH5
subfamily 25 with Cel776 confirmed conserved residues involved in
the active site of the enzymes including the catalytic Glu pair (Figure
2B). Features like a carbohydrate binding module present in some
members of the subfamily like the multifunctional endoglucanase
from C. thermocellum (71) were not present in the Cel776, clearly
evidenced in the Clustal Omega alignment where nearly 300 amino
acids at both ends of this protein did not align with the shorter
GH5_25 endoglucanases analysed. Key conserved residues in other
GH5 family proteins were identified in Cel776 sequence, including the
mentioned catalytic pair of Glul44 and GIlu260. In the GH5
endoglucanase from Thermotoga maritima MSB8 hydrogen bonds
between an Arg and His residues with these two catalytic Glu
residues are described (72), that in the Cel776 protein would
correspond to Arg61 with nucleophile Glu260 and His203 with proton
donor Glul44. The conserved Asnl43 in Cel776 also forms a
stabilizing hydrogen bond with conserved Arg61 and stabilizes the
transition state with a hydrogen bond with glucan substrates in the
enzyme from T. maritima. Trp293 is described to allow glucose-
binding in an hydrophobic context in the -1 subsite (72). These four
conserved residues could be identified in the multiple sequence
alignment (Figure 2B) and their spatial distribution in the active site
is similar across the members of the GH5_25 family (68). Studies on
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protein structure bound to the substrates xylobiose and cellobiose
and site directed mutagenesis had been conducted on the
endoglucanase/xylanase from C. thermocellum (68) and with
substrates cellotetraose, cellobiose and mannotriose on the GH5
endoglucanase from T. maritima (73). ldentified conserved residues
important to catalytic activity in these two enzymes where also
present in Cel776, including: Asn30, His103, His104, Asn143, Glu144,
Tyr205, His212, Trp227 and Trp293. These are thought to be involved
in substrate recognition mechanisms in enzymes of GH5 family
(68,73).

Activity assays confirmed that Cel776 is an endoglucanase, with
multifunctional activity including xylanase activity with birchwood
xylan as the substrate. The biochemical characterization also
revealed that it is a thermozyme, with an optimal temperature of
80°C that is maintained over a range of temperatures and capable of
maintaining its activity for over 24 hours incubation periods at 60°C.
Moreover, at its optimal temperature it showed a half-life of 3.55h.
The optimal pH was 5 and the enzyme activity was severely affected
by pH changes. There are many thermophilic endoglucanases that
have been already characterized (9), and both the GH5
endoglucanase from Acidothermus cellulolyticus (74,75) and the
endoglucanase Cel5A from T. maritima (72) most closely resemble
the temperature and pH optimums observed for Cel776. Also, the
behaviour of the enzyme towards variations on temperature and pH
is similar to other GH5 family endoglucanases recently reported from
metagenomic surveys (76,77). In addition, the enzymatic inhibition
by zinc and copper that Cel776 exhibited is present in many
endoglucanases, as well as a non-reduction effect from the addition
of EDTA (76-78). An enhancing effect of CaCl, and MgCl, additives on
the Cel776 was observed. Such an effect has been studied in several
endoglucanases with calcium (79-81), where higher affinity for the
substrate CMC is reported, whereas the effect of magnesium is
reported in some enzymes, possibly because of a stabilization of the
structure (78). Most detergents had moderate effects on the
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enzymatic activity of Cel776, but SDS remarkably inhibited the
activity, an effect observed for other endoglucanases too (77).

Conclusion

In this study an endoglucanase from a hot spring metagenome was
identified by sequence-based analysis and was successfully purified
and biochemically characterized. The enzyme was multifunctional,
mainly acting on CMC as an endoglucanase but also able to degrade
xylan as a xylanase. Its high temperature optimum and
thermotolerance are desirable traits regarding its potential as a
biotechnological catalyst in processes like biofuel production and
saccharification of plant biomass.
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Conclusions

Two metagenomic libraries were constructed, a 27,898 clone
library from As Burgas and a 4,399 clone library from Muifio
da Veiga, using the bacteria host E. coli EPI300 T1R and the
arabinose inducible vector pCT3FK, and with backup copies
for long-term storage and functional screenings.

The following number of clones with enzymatic activities of
interest were identified in the metagenomic libraries: 2
endoglucanases, 5 p-glucosidases, 2 [-xylosidases, 4
proteases and 1 enzyme with lipolytic activity from As
Burgas, and 4 endoglucanases, 1 B-glucosidase, 6 proteases
and 8 enzymes with lipolytic activity from Muifio da Veiga.

The lipolytic activity enzyme LipB12_Al11l was sequenced,
cloned, expressed and purified. It was identified by sequence
analysis as a protein from hydrolytic family SNGH/GDSL, with
conserved domains and amino acids. Based on its preference
for short chain substrates (C8 and C12) it was classified as an
esterase, with an optimum temperature of 60°C, optimum
pH of 9 and high thermostability.

The Muiiio da Veiga metagenome was sequenced, and the
presence of biotechnologically interesting enzymes was
predicted. The microbial community was described, with the
most abundant genus being Sulfurihydrogenibium. The most
abundant genera were mainly bacteria related to the sulfur
cycle, but nitrogen and hydrogen pathways were also
present. The ability to use multiple carbon sources was
detected, including the biotechnologically relevant ability to
use lignocellulosic biomass. Insight into the rare biosphere
composition revealed the possibility of photosynthetic and
methanogenic microorganisms contributing to the metabolic
variety of the hot spring.

183



Conclusions

184

The metagenome was assembled to reconstruct longer
sequences, called contigs. Several open reading frames (ORF)
codifying for putative endoglucanases and [-xylosidases
were identified. Putative B-xylosidase Xyl7992 belonged to
glycosyl hydrolase (GH) family 43 subfamily 12 and homology
modelling showed a 5-sheet beta propeller structure as the
catalytic domain and a beta sandwich non-catalytic domain,
both with conserved amino acid residues. On the other hand,
putative endoglucanase Cel776 belonged to GH family 25
subfamily 5 and homology modelling predicted a (B/a)s
barrel tridimensional structure in which conserved amino
acids were identified as well.

Xyl7992 was cloned in an expression system with E. coli T7
Express and vector pJET1.2, but inclusion body formation
prevented the characterization of the enzyme. Cel776 was
cloned, expressed and purified using the same system, and a
biochemical characterization was conducted. The enzyme
was most active towards carboxymethyl-celulose (CMC)
substrate confirming that it was an endoglucanase, but it
proved to be active against xylan as well. The enzyme was
thermostable, with an optimal temperature and pH of 80°C
and 5, respectively. An enhancer effect was observed on
enzymatic activity with the addition of calcium and
magnesium.
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Resumen en castellano

En la presente tesis doctoral se ha estudiado el metagenoma de dos
fuentes termales localizadas en la ciudad de Ourense (Galicia,
Espafia): As Burgas y Muifio da Veiga. Los objetivos principales fueron
laidentificacion y la caracterizacién bioquimica de enzimas termdfilas
y termotolerantes (termozimas) codificadas en dichos metagenomas
y con posible utilidad biotecnoldgica, asi como la secuenciacién de
uno de estos metagenomas para estudiar la composicién de la
comunidad microbiana y sus posibles interacciones metabdlicas.
Ademas, el estudio de la secuencia de ADN ha permitido realizar
predicciones y busquedas de nuevas termozimas, expandiendo el
alcance de la técnica para la bioprospeccion de estos catalizadores
con interés biotecnoldgico.

Objetivos

1. Construir metagenotecas a partir del ADN ambiental extraido
de muestras de dos aguas termales de la regién de Ourense:
As Burgas y Muino da Veiga.

2. Realizar cribados funcionales con las metagenotecas para
identificar actividades enzimaticas de interés usando
sustratos especificos.

3. Secuenciar, clonar, expresar y purificar una enzima con
actividad lipolitica para realizar predicciones a partir de su
secuencia y para su caracterizacién bioquimica.

4. Secuenciar el metagenoma de la muestra de Muifio da Veiga
para realizar un analisis bioinformatico que permita describir
la comunidad microbiana y sus interacciones metabdlicas.

5. Analizar el metagenoma secuenciado para identificar
termozimas que puedan ser clonadas y expresadas en el
laboratorio.

6. Clonar, expresar y purificar una p-xilosidasa y una
endoglucanasa predichas por el analisis de secuencia para
realizar una caracterizacién bioquimica y confirmar su
potencial biotecnolégico.
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Capitulo 1: construccién de metagenotecas a partir de
muestras de dos fuentes termales

En primer lugar, se realizé el muestreo de las aguas de la fuente
termal de As Burgas, localizada en la ciudad de Ourense, y de la
fuente termal de Muifio da Veiga, localizada en Ourense junto al rio
Mifio. Esta region atrae turismo termal (1) gracias a las numerosas
fuentes de aguas que brotan a elevadas temperaturas tras recorrer
las fallas y fracturas de la roca granitica, que apenas presenta
permeabilidad. El agua recorre este circuito acumulando minerales e
intercambiando calor con la roca a gran profundidad (2), dando
origen a numerosas fuentes termales de naturaleza no volcanica al
final del recorrido (1,3). Ademas del turismo termal, estas aguas
pueden suponer un novedoso recurso para la obtencion de enzimas
termdfilas con interés biotecnoldgico.

Los volumenes de agua recogidos fueron transportados al laboratorio
y procesados lo antes posible. El agua fue filtrada usando filtros de
0.22um para atrapar los microorganismos presentes en la muestra, y
se siguid un protocolo para la lisis celular y la extraccién del ADN
metagendmico. La extraccion del ADN metagendmico supone un
punto critico en los estudios de metagendmica, ya que intervienen
una serie de factores que pueden comprometer el éxito de la
investigacion (4). La baja densidad de células en este tipo de
ambientes limita la cantidad de biomasa disponible y por tanto la
cantidad de ADN que se puede recuperar (5), y por ello un paso
previo de filtrado facilita contar con suficiente masa celular en un
volumen adecuado. Otro factor a tener en cuenta es la presencia de
contaminantes que interfieren con las reacciones enzimaticas
posteriores, que pueden ser eliminados durante el proceso de
extraccién realizando una electroforesis en gel de agarosa y
recuperando el ADN que ha tenido una migracidon diferencial
respecto a estos compuestos inhibidores. Ademds, el ADN
recuperado debe tener un tamafio adecuado para el tipo de
aplicaciéon que deseamos, en este caso se requeria un tamafio lo
suficientemente grande para el sistema de clonado empleado (6). Por
ultimo, la cantidad de ADN recuperado debe ser suficiente como para
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ser representativo de todas las especies presentes en la muestra, ya
que las especies mas abundantes estaran mas representadas. Para la
obtencidn del ADN metagendmico con la suficiente cantidad, pureza,
tamafio y representacion se utilizaron los componentes de
“Metagenomic DNA isolation kit for 189ater” (Epicentre). Una vez
recuperado este ADN metagendmico, y usando componentes de
“CopyControl Fosmid Library Production Kit“ (Epicentre), se
repararon los extremos generando extremos romos y fosforilados
para permitir el ligamiento a un vector de tipo fésmido (pCT3FK) que
contiene secuencias adaptadoras para la introduccidon en cabezas
vacias de fago A (7). Tras introducir el ADN en estos fagos, usando
células del hospedador Escherichia coli que expresan el receptor de
maltosa (necesario para que el fago infecte las células), el material
genético foraneo se introduce a su vez en el hospedador
(transformacion) y se construye una metagenoteca, es decir, una
coleccién de clones en los que cada clon porta un fragmento de ADN
metagendmico distinto. De cada muestra procesada fue posible
construir una metagenoteca, siendo la de As Burgas de un tamafio de
27,898 clones y la de Muifio da Veiga de 4,399 clones. Los clones
fueron colocados en placas de 96 pocillos y se realizaron duplicados
de las metagenotecas para poder almacenarlas a largo plazo con
glicerol. Los tamafiios de las metagenotecas concuerdan con otros
estudios en los que se clonan fragmentos largos de ADN (8), que
permiten contener en un mismo inserto multiples genes completos y
sus elementos reguladores, e incluso operones en los que los genes
se organizan con una relacion funcional. Dado que se utilizé un vector
de numero de copia inducible para construir las metagenotecas, se
realizaron experimentos para determinar las mejores condiciones
para dicha induccién. Se encontré que una concentracion final de
arabinosa de 0.02% era éptima para lograr la induccién a alto numero
de copias. Los vectores inducibles aportan ventajas significativas en
las metagenotecas, al conseguir mayor estabilidad génica durante el
almacenamiento y propagacion de la metagenoteca, manteniendo
pocas copias por clon, pero permitiendo alcanzar mayores niveles de
expresion de los genes insertados y mayor recuperaciéon de ADN
cuando se induce el vector a un alto nimero de copias.

189



Resumen en castellano

Capitulo 2: Bioprospeccion de termozimas con interés
biotecnoldgico y caracterizacidon bioquimica de una
nueva enzima lipolitica perteneciende a la familia de
hidrolasas SGNH/GDSL

La siguiente etapa de la investigacion consistié en la realizacién de
experimentos de busqueda funcional utilizando los clones de las
metagenotecas y métodos de cribado basados en la degradacién de
sustratos especificos de las actividades enzimaticas de interés (5,9—
16). Este método tiene una serie de obstaculos a sortear ya que
requiere la correcta expresion de un producto génico en un sistema
de expresion heterdlogo (4,9,17). La distancia evolutiva de los
organismos termoéfilos que habitan las aguas termales y los
hospedadores habitualmente usados en los laboratorios muchas
veces dificulta aprovechar todo el potencial de los metagenomas. La
no deteccion en los cribados funcionales de determinadas
actividades enzimaticas puede pues deberse a numerosos factores y
no tiene por qué implicar que el producto génico no se encuentre
codificado en el metagenoma (falso negativo). Estos factores
incluyen el no reconocimiento de sistemas reguladores (incluyendo
promotores y sitios de unién del ribosoma) y de procesamiento,
plegamientos incorrectos, uso preferencial de codones vy
acumulacién intracelular, entre otros. La eleccion de un método de
deteccion adecuado también resulta crucial para el éxito de la
técnica. En ambas metagenotecas, se evalud la capacidad de los
clones de utilizar sustratos que revelaran actividades enzimaticas con
relevancia biotecnoldgica, a saber, exo y endoglucanasas (utilizando
diferentes sustratos derivados de la celulosa) (18,19,28,20-27),
xilanasas (29), B-xilosidasas (30), B-glucosidasas (28), proteasas (28),
enzimas lipoliticas (31-34) y feruloil esterasas (31,35,36). No se
consiguieron detectar exoglucanasas, xilanasas ni feruloil esterasas
en ninguna de las dos metagenotecas pero si endoglucanasas, B-
xilosidasas, B-glucosidasas, proteasas y enzimas lipoliticas.
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Se seleccioné una enzima con actividad lipolitica, LipB12_A11 para un
estudio en profundidad. Se realizd un subclonado con la enzima de
restriccion EcoRV para transferir el inserto desde el fésmido pCT3FK
hasta el plasmido pJET1.2 para facilitar el estudio. La secuencia
completa se obtuvo mediante secuenciacién y primer walking desde
ambos extremos. La construccién génica se transfirié a una cepa de
expresion de E. coliy se consiguid expresar la enzima utilizando IPTG
para la induccidn. Se siguieron los siguientes pasos para la
purificacién de la enzima: precipitacién térmica diferencial,
incubando a 60°C durante 20 minutos para desnaturalizar proteinas
no termofilas como las presentes en el hospedador; precipitacion con
sulfato amodnico, aumentando la concentracién de sulfato amdnico
hasta el 50% que provocaba la precipitacidn de la enzima lipolitica;
dialisis, para retirar el sulfato amdnico del paso anterior;
cromatografia de exclusidn molecular, para descartar las proteinas
con tamafio distinto al de la enzima lipolitica; concentracion en
columna de ultrafiltracién por centrifugacion, obteniendo asi una
enzima purificada y concentrada para realizar la caracterizacion
bioquimica.

La enzima LipB12_A1l1l tiene preferencia por los sustratos para-
nitrofenil-octanoato (C8) y para-nitrofenil-laurato (C12), por lo que
se puede clasificar como una esterasa (37-39). La temperatura
Optima de 60°Cy el pH 6ptimo de 9, y su elevada termoestabilidad a
60°C la hacen atractiva para diferentes aplicaciones biotecnoldgicas.
La actividad enzimatica resulté muy favorecida por la presencia de
determinados detergentes, en especial Tween80, y ademas mostrd
actividad sobre algunos sustratos subrogados. Por el contrario, la
presencia de determinados iones metdlicos provocé la reduccion o
completa inhibicidn de la actividad enzimatica, asi como ocurrié con
el detergente Triton X-100. Ademas de la caracterizacién bioquimica,
el analisis de la secuencia mediante alineamientos BLASTp (40)
usando la base de datos no-redundante NR revel6 que LipB12_A11
pertenece a la familia de hidrolasas SGNH/GDSL y se pudo proponer
un modelo de su estructura basado en homologia con otros
miembros de dicha familia. El mejor resultado de alineamiento fue
con la proteina de la familia de hidrolasas SGNH/GDSL procedente de
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Bacillus sp. (codigo WP_028398363.1) con un e-valor de 6e-84, y un
porcentaje de identidad de tan solo 58.73%. También en base al
analisis de la secuencia, se identificaron mediante alineamientos
multiples usando la herramienta Clustal Omega (41) los aminoacidos
conservados con otros miembros de la familia de hidrolasas
SGNH/GDSL y se observaron bloques conservados descritos con
anterioridad (42). La representacion grafica usando la herramienta
Web Logo (43) facilitd la visualizacién del grado de conservacién de
las posiciones de los aminoacidos.
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Capitulo 3: Descripcién de la comunidad microbiana
de la fuente termal de Muifio da Veiga mediante
metagendmica basada en secuencia y analisis
bioinformatico

Tras seguir la estrategia basada en la caracterizacion funcional del
metagenoma descrita en los capitulos anteriores, se optd por
expandir el estudio de la muestra de la fuente termal de Muifio da
Veiga adoptando una metodologia de metagendmica basada en
secuencia. El analisis del metagenoma con los datos de secuencia
ofrece una alternativa que evita la necesidad del uso de
hospedadores heterdlogos con los consiguientes inconvenientes
descritos con anterioridad (44), ademds de aportar informacion
adicional con respecto a la composicién de la comunidad microbiana
presente en la muestra y al posible metabolismo que explica las
interrelaciones entre los miembros de la misma.

El ADN metagendmico fue extraido de la muestra de aguas termales
de Muifio da Veiga siguiendo el procedimiento descrito en el capitulo
1. Tras ello, fue secuenciado por un servicio externo proporcionado
por Health In Code (A Coruiia, Espafa). Se utilizd la plataforma de
secuenciaciéon lllumina HiSeq generando lecturas de extremos
emparejados con 100pb de longitud. Los dos archivos resultantes, en
formato FASTQ, contienen la informacion de cada base y la calidad
de secuenciacién de cada base, y cada secuencia tiene su lectura
emparejada en el otro archivo. Las secuencias se filtraron segun
criterios de calidad usando la secuencia de comandos PrinSeq (45). A
continuacidn, las secuencias emparejadas se unieron para dar lugar a
una Unica secuencia consenso, descartando aquellas que no podian
ser emparejadas para evitar alterar los recuentos de secuencia
(abundancia de cada lectura), utilizando el programa bioinformatico
PEAR (46).

Para evaluar el potencial del metagenoma en cuanto al contenido de
secuencias codificantes para enzimas putativas con posible interés
industrial se realizaron dos alineamientos con dos bases de datos
distintas utilizando la secuencia de comandos DIAMOND (47). Se
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pudo acceder a una base de datos basada en SEED subsystems (48) y
a la base de datos no-redundante (NR) de NCBI (49) a fecha 28 de
septiembre del 2016. Solamente los resultados con un identificador
Unico y con el mayor e-valor fueron conservados para su analisis. Los
resultados muestran que un 11.94% de los recuentos con la base de
datos SEED subsystems son hidrolasas, y se pudieron identificar
proteasas, peptidasas, esterasas, lipasas, amilasas, glucosidadas,
galactosidadas, enzimas proteoliticas, xilanasas, pululanasas,
glucanasas, despolimerasas y celulasas. La base de datos NR reveld
un 2.97% de enzimas con potencial biotecnoldgico en el metagenoma
de Muino da Veiga, identificando proteasas y peptidasas, esterasas y
lipasas, amilasas, celulasas, glucosidasas, galactosidasas,
pululanasas, xilosidasas, xilanasas, lacasas, depolimerasas, caspasas
y glucanasas.

Para estudiar la composicion y el metabolismo de la comunidad
microbiana de Muifio da Veiga, los datos de lecturas emparejadas se
cargaron en el servidor de analisis metagendmico MG-RAST (50). Las
bases de datos utilizadas para los anadlisis en este servidor fueron
RefSeq (51) para el analisis taxonémico y KEGG Ortology (KO) (52) y
SEED subsystems (53) para los analisis de funcion y el mapeado de
rutas metabdlicas usando KEGG. La curva de rarefaccién obtenida
con las secuencias depositadas en MG-RAST indica que Ia
profundidad de secuenciacion ha sido adecuada respecto a la
diversidad de especies encontrada en el metagenoma. Usando la
base de datos KO, el 60.7% de las lecturas asignadas a una categoria
correspondian a “Metabolismo”, un 20.7% a “Procesamiento de
Informacién Génica” y un 11.3% a “Procesamiento de Informacién
Ambiental”. En el caso de la base de datos SEED Subsystems un 12.5%
correspondian a “Subsistemas basados en agrupamientos”, 11.1% a
“Metabolismo de proteinas”, un 10.1% a “Aminodacidos y derivados”,
un 9.2% a “Carbohidratos”, un 6.9% a “Cofactores, Vitaminas, Grupos
Prostéticos y Pigmentos”, un 5.9% clasificados como “Miscelaneos” y
un 5.7% como “Respiracion”.

El género mas abundante en el metagenoma de Muifio da Veiga es
Sulfurihydrogenibium (54) (19.3% del total de lecturas) y muchos de
los géneros que se encontraron como predominantes en el
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metagenoma tenian relacion con el metabolismo del azufre. La
plasticidad de Sulfurihydrogenibium en cuanto a su requerimiento de
oxigeno y su metabolismo quimiolitoautétrofo o heterétrofo
facultativo, probablemente expliquen su éxito como género
predominante de la fuente termal. La alta diversidad de especies
encontrada en la fuente termal tiene relacién con su pH en el rango
neutro y las temperaturas elevadas sin entrar en el rango
hipertermdfilo, ya que la reduccién del pH y la elevacion de las
temperaturas son desfavorables para la diversidad microbiana en
estos ambientes (55). El grupo Aquificae ha sido descrito como el
principal fijador de carbono en las aguas termales terrestres (56), con
un metabolismo de energia basado en la oxidacién de hidrégeno o
compuestos reducidos del azufre.

Muchos de los géneros mds abundantes son oxidadores de
compuestos del azufre: ademas del descrito Sulfurihydrogenibium,
los géneros Agquifex (57) e Hidrogenobacter (58,59) tienen
caracteristicas metabdlicas similares, con un anabolismo anaerdbico
y un catabolismo aerdbico, fijando CO, mediante el ciclo de los acidos
tricarboxilicos, indicando una probable relacién de competencia
entre especies de ambos géneros. Thermocrinis (60) representa otro
género termofilo con un metabolismo adaptable que resulta comun
como miembro abundante de las comunidades de aguas termales
(61). El género Hydrogenobaculum (62) estd normalmente asociado
a aguas termales con pH mas acido, y tiene la capacidad de adaptarse
a cambios en la temperatura y la concentracion de oxigeno (63).
Thiomonas es otro género con especies aciddfilas y crecimiento
quimiolitoautétrofo facultativo (64). Por ultimo, Hydrogenivirga
incluye microorganismos anaerobios o microaerobios con un
crecimiento quimiolitoautétrofo estricto (65,66). Por otro lado,
numerosas bacterias reductoras del azufre cuyo metabolismo
complementa a las anteriores son también géneros dominantes en el
metagenoma de Muifio da Veiga. Thermodesulfovibrio y Geobacter
(67,68) comparten nicho metabdlico como anaerobios estrictos con
capacidad de reducir compuestos del azufre y hierro (lll). La
capacidad de algunas especies de Thermodesulfovibrio para acoplar
metandgenos hidrogenotroficos a su metabolismo puede tener
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relevancia en la fuente termal debido a la presencia de estos
microorganismos en la porcién de géneros raros del metagenoma
(69). El género Thermus es reconocido como uno de los mas variados
metabdlicamente en el habitat de las fuentes termales, y las especies
capaces de reducir compuestos metdlicos estan ampliamente
distribuidas gracias a su capacidad de utilizar un amplio rango de
aceptores de electrones (70,71).

A pesar de que gran parte de los géneros dominantes tienen relacidn
con el metabolismo del azufre, otros géneros también abundantes no
tienen implicacidn en dicho metabolismo, y por tanto ocupan nichos
para el uso de nutrientes y fuentes de energias alternativos. Se han
relacionado especies del género Acidovorax (72) con fuentes
termales sulfurosas acidas o ricas en hierro (73-76). Su metabolismo
capaz de degradar benzoato y xileno (73) probablemente contribuye
a su éxito en esta fuente termal. Meiothermus puede metabolizar
proteinas y péptidos y algunas especies pueden degradar almidén.
Ademas, pueden usar carbohidratos y algunos compuestos organicos
como fuentes de carbono y energia (77). El género de anaerobios
obligados Clostridium debe su éxito de distribucion a su plasticidad
génica con una amplia capacidad para utilizar diferentes nutrientes
(78), incluyendo especies que pueden degradar polimeros complejos
(79). También Caldicellulosiruptor representa un género de
anaerobios estrictos capaces de fermentar monosacaridos,
disacaridos y polisacaridos (80).

Aunque el uso de formas del azufre es probablemente el principal
motor del metabolismo de la fuente termal, muchos de los géneros
dominantes mencionados también estan implicados en el ciclo del
nitrégeno. Sulfurihydrogenibium,  Aquifex, Hidrogenivirga,
Thermodesulfovibrio, Geobacter, algunas especies de Thermus,
Acidovorax y especies de Meiothermus pueden usar nitrato como
aceptor de electrones y tanto Hydrogenobacter como Clostridum
pueden usar amonio o sales de nitrato como fuentes de nitrégeno.
Salvo la ruta de oxidacion anaerdbica del amonio (anammox), el resto
de los procesos metabdlicos relacionados con el ciclo del nitrégeno
estaban presentes en el metagenoma. Estos incluyen Ia
denitrificacion de nitrato a nitrito a nitrégeno molecular por
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Sulfurihydrogenibium (54), Acidovorax (72,81), Aquifex (57) e
Hydrogenivirga (66), la reduccién de nitrato por Hydrogenobacter
(82), la fijacidn de nitrégeno por Thermodesulfovibrio, Thermocrinis,
Hydrogenobacter y Caldicellulosiruptor (83,84) y la oxidacién de
amonio a nitrato por la via de nitrificacién, aunque en este caso en
géneros raros de la comunidad como los géneros de bacterias
Nitrosospira, Anaeromyxobacter y Desulfobacterium y el género de
arqueas Nitrosopumilus (85), que en otras fuentes termales tiene un
papel mds prominente en el ciclo del nitrégeno. Solamente el dltimo
paso de la nitrificacion estaba representado por géneros dominantes
de la comunidad: Hydrogenobacter, Meiothermus, Geobacter y
Acidovorax. Probablemente la conversidn de nitrito a nitrato sea mas
significativa en esta fuente termal que la nitrificacién completa desde
el amonio, que puede ser usado por los microorganismos
preferentemente como fuente de nitrégeno en lugar de fuente de
energia.

El metabolismo del hidrégeno juega un papel clave en condiciones
anaerdbicas, como intermediario que conecta varias rutas
metabdlicas, ya que es generado por bacterias fijadoras del nitrégeno
y por el metabolismo fermentativo, y es usado como donador de
electrones y consumido por bacterias reductoras del azufre y
metandgenos (86,87). Su importancia viene dada por su
disponibilidad y por como de termodinamicamente favorable resulta
su emparejamiento con aceptores de electrones. Normalmente el
equilibrio es favorable al uso de metabolismos basados en hidrégeno
en fuentes termales acidas, mientras que las alcalinas favorecen un
metabolismo basado en compuestos del azufre (88,89). Varios
géneros dominantes tienen la capacidad de usar hidrégeno
incluyendo  Sulfurihydrogenibium, Aquifex, Hydrogenobacter,
Thermocrinis, Hydrogenobaculum, algunas especies de Thiomonas e
Hydrogenivirga.

Con relacién al metabolismo disimilatorio del carbono, la ruta de los
acidos tricarboxilicos, la gluconeogénesis y la via de las pentosas-
fosfato estan presentes en el metagenoma. En las rutas asimilatorias
se encuentra un ciclo reverso de los acidos tricarboxilicos y el ciclo de
Calvin. El hecho de que muchos géneros dominantes pertenecen al
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grupo Aquificae, los principales fijadores de CO, por la via del ciclo
reverso de los acidos tricarboxilicos, indica la importancia de esta
ruta en particular en la fuente termal. La posibilidad de usar sustratos
de diferente complejidad, y en especial de carbohidratos complejos
como la celulosa y el xilano, revelan una posible fuente de
metabolitos con interés biotecnolégico.

Por ultimo, la biosfera rara, tradicionalmente ignorada en favor de
los géneros dominantes, merece atencidon ya que puede jugar
papeles metabdlicos claves, aparte de representar un depdsito de
diversidad genética y funcional que aporta resiliencia ecolégica a la
comunidad microbiana (90,91). Ademas, en ambientes cuyas
condiciones ambientales pueden sufrir variaciones, algunas de estas
especies raras pueden convertirse en especies predominantes
(91,92). En el metagenoma se encontraron dos rutas metabdlicas
relacionadas con la fotosintesis, cuyo limite de temperatura se
considera 73°C en habitats no acidos (93), por encima de los 68°C que
presenta la fuente termal de Muifio da Veiga. Sin embargo, la
pertenencia a la biosfera rara y la presencia de otras rutas
autotrdéficas en el metabolismo de la comunidad microbiana indican
que el papel de la fotosintesis seguramente sea minoritario en Muifio
da Veiga. Por otro lado, se encontraron géneros del dominio Archaea
en el metagenoma, también como parte de la biosfera rara, muchos
de ellos anaerobios estrictos y metandgenos. Todas las rutas
relacionadas con el metabolismo del metano estaban presentes al
menos parcialmente, y el género de arqueas mas abundante
Methanosarcina es considerado uno de los metandgenos mas
diversos metabdlicamente al contar con las cuatro rutas catabélicas
(94). Ademas de otras arqueas metandgenas, se encontraron géneros
cuyas caracteristicas metabdlicas eran similares a las de las bacterias
predominantes, lo que probablemente explica su reducida
abundancia en el metagenoma debido a la competencia por los
Mismos recursos.

198



Annex |

Capitulo 4: Andlisis de secuencia, clonado, purificacion
y caracterizacion de una nueva endoglucanasa
termoestable y anadlisis de secuencia y clonado de una
B-xilosidasa putativa encontradas por metagendmica
basada en secuencia

Ademads de permitir estudiar la composicidon y las interacciones
metabdlicas de las comunidades microbianas, los datos de
secuenciacion masiva pueden ser utilizados para realizar
predicciones y encontrar nuevas termozimas codificadas en los
metagenomas (11,16,44,95). En este capitulo se utilizaron los datos
de secuenciacidn del metagenoma de Muifio da Veiga para encontrar
enzimas relacionadas con la degradacién de material lignoceluldsico,
gue encuentran utilidad en una gran variedad de industrias y que
muchas veces suponen una alternativa mas ecolégica y barata a los
procesos tradicionales. En concreto, la busqueda se centré en
encontrar posibles termozimas con actividad endoglucanasa y B-
xilosidasa. Las endoglucanasas son enzimas que actlan sobre la
celulosa, el principal polimero estructural de las paredes celulares
vegetales (96), con aplicaciones que van desde los detergentes y los
tratamientos de prendas de algodéon a la producciéon de
biocombustibles (97-100). Las B-xilosidasas son enzimas que actian
sobre xilooligosacaridos, productos de la degradacién del xilano, un
componente de la hemicelulosa que se entrecruza en la estructura
de celulosa y la hace mas resistente a la hidrélisis (101-104). Ademas
de las aplicaciones directas de las B-xilosidasas (103,105), el producto
de la reaccion (xilosa) puede emplearse a su vez en variedad de
procesos productivos (103,105). Ademads, la accién conjunta de
ambas enzimas e incluso de otras enzimas accesorias también suscita
interés por sus actividades sinérgicas frente a estos polimeros
(104,106).

Las lecturas de secuenciacidn del capitulo anterior se utilizaron para
reconstruir secuencias mds largas o “contigs” usando un
ensamblador de novo basado en graficos de De Bruijn IDBA-UD (107).
Para eliminar secuencias contaminantes procedentes del genoma
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humano, se utilizo la secuencia de comandos Deconseq (108) con los
datos de NCBI GRCh38 (RefSeq ID 884148) como base de datos de
referencia. Los datos fueron cargados al servidor de analisis de
metagenomas MG-RAST (50) para analizarlos frente a la base de
datos SEED Subsystems (53). Se recuperaron las secuencias que en el
nivel jerarquico “funcién” contenian el término “Endoglucanase (EC
3.2.1.4)” y “Beta-xylosidase (EC 3.2.1.37)"”. Las secuencias que
contenian los genes que codificaban para estas proteinas putativas
se analizaron usando la herramienta ExPASy Translate Tool (109) para
encontrar los marcos de lectura abiertos, y con NCBI BlastP (40)
usando los parametros por defecto y la base de datos NR de
proteinas. Se selecciond una enzima putativa de cada clase: Cel776
como endoglucanasa y Xyl7992 como B-xilosidasa; se realizaron
predicciones usando la herramienta ProtParam de ExPASy (109); se
crearon modelos tridimensionales usando la herramienta SWISS-
MODEL (110) y se visualizaron usando el programa PyMOL
(Schrodinger LCC) (111). Ademas, se recuperaron secuencias de la
base de datos Uniprot Knowledgebase (112) para realizar
alineamientos multiples de secuencia usando la herramienta de
EMBL-EBI Clustal Omega (41).

Xyl7792 se clasific6 como una B-xilosidasa putativa de la familia
glicosil hidrolasa 43 subfamilia 12, con alta identidad (99%) con la
proteina glicdsido hidrolasa familia 43 de Porphyrobacter cryptus. El
modelado tridimensional reveld una estructura de dominio catalitico
en propulsor beta de cinco laminas, y un dominio no catalitico en
sandwich beta. Se identificaron residuos conservados y en especial la
triada catalitica Asp69, Asp175 y Glu240.

Cel776 se clasific6 como una endoglucanasa putativa de la familia
GHS5 subfamilia 25, con un 73% de identidad con la proteina glicosil
hidrolasa 1 de Fervidobacterium pennivorans. La estructura
tridimensional reveld un barril (B/a)s-TIM con 8 laminas beta y 8
hélices alfa, y 4 hélices alfa adicionales. Los residuos conservados
fueron identificados y en especial la pareja de donador de protones
Glul44 y el nucledfilo Glu260.
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Se encargo la sintesis de los genes seleccionados, usando los servicios
de sintesis de ThermoScientific. A los genes se les afiadieron
secuencias adaptadoras a ambos extremos que permitian el clonado
por medio del sistema Gateway (Invitrogen) basado en
recombinaciones homdlogas y vectores que incluyen regiones para la
recombinacidn. Los genes sintetizados fueron clonados en primer
lugar en el vector de entrada pDNOR221 y a continuacidn en el vector
de destino pDEST527, que contiene una cola de histidinas para
facilitar la purificacién de las proteinas expresadas. Las células usadas
para las transformaciones fueron E. coli OneShot™ OmniMAX™ 2 T1R
(Invitrogen) y E. coli T7 Express (New England Biolabs) para la
expresion final. Cada paso de transformacion fue comprobado por
secuenciaciéon (por el servicio proporcionado por la Unidad de
Biologia Molecular de los Servicios de Apoyo a la Investigacion de la
Universidade da Corufia) usando la pareja de cebadores adecuada
para cada vector (M13 para el vector pDNOR221 y T7 para el vector
pDEST527). Se indujo la expresién de las proteinas clonadas usando
0.4mM IPTG durante 2h a 37°C, y se procedio a la lisis celular usando
un protocolo de sonicacidon usando un VCX130 Vibra-Cell sonicator
(SONICS & MATERIALS INC., USA) y alternativamente un protocolo de
lisis quimico-enzimatica con el preparado comercial NZYLysis
(NZYTECH).

Los experimentos de expresion utilizando la construccién pDEST527
con el inserto Xyl7992 y un protocolo para cuantificar la actividad
enzimatica B-xilosidasa usando el sustrato pNP-xylopyranoside (113—
115) no resultaron en una enzima soluble que pudiera ser purificada
o caracterizada. La explicacion mds probable es la formacion de
cuerpos de inclusion comuUnmente asociada a la expresion heterdloga
de proteinas en E. coli.

Se consiguid expresar y purificar la enzima endoglucanasa Cel776 con
una columna con resina niquel-sefarosa HisTrap 5mL (Cytiva) con un
buffer de elucidn que fue afiadido en concentraciones crecientes de
imidazol. Los resultados de purificacion se cuantificaron con el
método de Bradford para determinar concentraciones de proteinas
(116), y se visualizaron mediante SDS-PAGE y Western-blot. La
proteina purificada se concentré usando una columna Pierce
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Concentrator 10K Molecular Weight Cut-Off (THERMO SCIENTIFIC,
UK). La actividad endoglucanasa se determind usando el sustrato
carboximetilcelulosa (CMC) y calculando los azicares reductores
liberados usando acido dinitrosalicilico (DNS) (117).

La enzima Cel776 ademas de su actividad endoglucanasa presentaba
actividad xilanasa, con una temperatura éptima de 80°C y un pH
Optimo de 5. Se demostréd que era una enzima termoestable
manteniendo su actividad durante mas de 24h a 60°C, y con una vida
media de 3.55h a 80°C. La enzima era inhibida por zinc y cobre, y no
se veia afectada por el quelante EDTA, de forma similar a otras
endoglucanasas descritas (118-120). También se observd que la
actividad enzimatica se veia potenciada por calcio y magnesio, un
efecto observado en otras endoglucanasas debido a la estabilizacién
de la estructura de la proteina (120-123). Aunque la mayoria de
detergentes eran tolerados por la enzima, el SDS inhibia la actividad
endoglucanasa, un efecto también descrito en otras endoglucanasas
(119).
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Conclusiones

1.

Se construyeron dos metagenotecas, una de 27,898 clones
de la muestra de As Burgas y una de 4,399 clones de Muifio
da Veiga, usando como hospedador la bacteria E. coli EPI300
T1R y el vector pCT3FK inducible por arabinosa, creando
copias para su conservacion a largo plazo y para realizar
cribados funcionales.

Se identificaron mediante cribados funcionales clones que
presentaban actividades enzimaticas de interés en ambas
metagenotecas: 2 endoglucanasas, 5 B-glucosidasas, 2 B-
xilosidasas, 4 proteasas y 1 enzima con actividad lipolitica en
As Burgas, y 4 endoglucanasas, 1 B-glucosidasa, 6 proteasas
y 8 enzimas con actividad lipolitica en Muifio da Veiga.

La enzima con actividad lipolitica LipB12_ A1l fue
secuenciada, clonada, expresada y purificada. Se identifico
como una proteina hidrolitica de la familia SNGH/GDSL por el
andlisis de secuencia, con dominios y aminodacidos
conservados. La preferencia por sustratos cortos (C8 y C12)
permite clasificarla como una esterasa, con temperatura
Optima de 60°C, pH dptimo de 9 y elevada termoestabilidad.
El metagenoma de Muifio da Veiga fue secuenciado y se
pudo predecir la presencia de enzimas con interés
biotecnolégico. La comunidad microbiana fue descrita,
siendo el género mds abundante Sulfurihydrogenibium. Los
géneros mas abundantes correspondian a bacterias
relacionadas con el ciclo del azufre, pero rutas para el ciclo
del nitrégeno y del hidréogeno también estaban presentes.
También se detectd la capacidad de utilizar numerosas
fuentes de carbono, incluida la biotecnoldgicamente
relevante capacidad para aprovechar material
lignoceluldsico. El andlisis de la biosfera rara reveld la
posibilidad de que organismos fotosintéticos y metandgenos
contribuyeran a la variedad metabdlica observada en la
fuente termal.

El metagenoma fue ensamblado reconstruyendo secuencias
mas largas, o contigs. Se pudieron identificar varias pautas de

203



Resumen en castellano

204

lectura abiertas (ORF) que codificaban para posibles
endoglucanasas y P-xilosidasas. La pB-xilosidasa putativa
Xyl7992 pertenece a la familia glicosil hidrolasa GH43
subfamilia 12 y en base al modelado por homologia presenta
una estructura propulsor beta de 5 ldminas como dominio
catalitico y un sandwich de [dminas beta no catalitico, ambas
con residuos de aminodcidos conservados. Por otro lado, la
endoglucanasa putativa Cel776 pertenece a la familia glicosil
hidrolasa 25 subfamilia 5 y su estructura tridimensional en
base al modelado por homologia es de barril (B/a)s. También
se encontraron aminodcidos conservados en la secuencia
primaria de esta proteina.

Se clond la enzima Xyl7992 en un sistema de expresién con
el hospedador E. coli T7 Express y el vector pJET1.2, pero la
formacién de cuerpos de inclusion impidié que se pudiera
caracterizar esta enzima. La enzima Cel776 fue clonada,
expresada y purificada usando el mismo sistema, y se pudo
realizar una caracterizacion bioquimica. La enzima mostraba
su mayor actividad con el sustrato carboximetil-celulosa
(CMC) confirmando que se trataba de una endoglucanasa,
pero también demostro la capacidad de degradar xilano. La
enzima es termoestable, con un éptimo de temperaturay pH
de 80°C y 5 respectivamente. Se observd un efecto
potenciador de la actividad enzimatica con la adicidon de
calcio y magnesio.
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Curriculum Vitae
DATOS ACADEMICOS
Licenciado en Biotecnologia por la Universidad de Leén (2006/2011).

Master Oficial Interuniversitario en Biotecnologia Avanzada por la
Universidade da Corufia y la Universidade de Vigo (2011/2013).

Idioma inglés de nivel avanzado (B2) certificado por la Escuela Oficial
de Idiomas (curso 2014/2015).

EXPERIENCIA PROFESIONAL E INVESTIGADORA

Practicas profesionales en el Laboratorio Municipal de Ponferrada
(55 dias, 7h/dia, 2010). Laboratorio de analisis de aguas de consumo.

Trabajo de fin de Master en el Laboratorio de Bioquimica y Biologia
Molecular de la Facultad de Ciencias de la Universidad de A Corufa
(“Caracterizacion bioquimica de la enzima a-galactosidasa de
Saccharomyces cerevisiae y de su mutante R412L”, 6 meses durante
el curso 2012/2013).

Estancia en el Departamento de Ciencias de la Computacion de la San
Diego State University (California, EEUU). 3 meses durante el curso
2017/2018.

MERITOS CIENTIFICOS
CAPITULOS DE LIBRO

Escuder-Rodriguez J-J, Lépez-Lopez O, Becerra M, Cerdan M-E,
Gonzdlez-Siso M-I. Extremophilic esterases for bioprocessing
of lignocellulosic feedstocks. Extremophilic Enzymatic
Processing of Lignocellulosic Feedstocks to Bioenergy. 2017.

Escuder-Rodriguez J-J, DeCastro M-E, Becerra M, Rodriguez-
Belmonte E, Gonzalez-Siso M-I. Advances of Functional
Metagenomics in Harnessing Thermozymes. Metagenomics:
Perspectives, Methods, and Applications. 2017.

DeCastro M-E, Escuder-Rodriguez J-J, Becerra M, Rodriguez-
Belmonte E, Gonzalez-Siso M-I. Archaeal Biocommunication

227



Curriculum Vitae

in Hot Springs Revealed by Metagenomics. In: Witzany G,
editor. Biocommunication of Archaea [Internet]. Cham:
Springer International Publishing; 2017. p. 85—-101. Available
from: https://doi.org/10.1007/978-3-319-65536-9_6

PUBLICACIONES EN REVISTAS CIENTIFICAS

Rico-Diaz A, Alvarez-Cao M-E, Escuder-Rodriguez J-J, Gonzalez-Siso
M-I, Cerdan ME, Becerra M. Rational mutagenesis by
engineering disulphide bonds improves Kluyveromyces lactis
beta-galactosidase for high-temperature industrial
applications. Sci Rep. 2017;7.

Gomri M, Rico-Diaz A, Escuder-Rodriguez J-J, El Moulouk Khaldi T,
Gonzalez-Siso M-I, Kharroub K. Production and
Characterization of an Extracellular Acid Protease from
Thermophilic Brevibacillus sp. OA30 Isolated from an
Algerian Hot Spring. Microorganisms [Internet]. 2018 Apr
12;6(2):31. Available from: http://www.mdpi.com/2076-
2607/6/2/31

Escuder-Rodriguez J-J, DeCastro M-E, Cerdan M-E, Rodriguez-
Belmonte E, Becerra M, Gonzalez-Siso M-I. Cellulases from
Thermophiles Found by Metagenomics. Microorganisms
[Internet]. 2018 Jul 10;6(3):66. Available from:
http://www.mdpi.com/2076-2607/6/3/66

DeCastro M-E, Escuder-Rodriguez J-J, Cerdan M-E, Becerra M,
Rodriguez-Belmonte E, Gonzalez-Siso M-I. Heat-Loving B-
Galactosidases from Cultured and Uncultured
Microorganisms. Curr Protein Pept Sci. 2018;19(12):1224-34.

Rai DK, Gurusaran M, Urban V, Aran K, Ma L, Li P, et al. Structural
determination of Enzyme-Graphene Nanocomposite Sensor
Material. Sci Rep. 2019;9(1).

Adjeroud M, Escuder-Rodriguez J-J, Gonzalez-Siso M-I, Kecha M.
Metagenomic Investigation of Bacterial and Archaeal
Diversity of Hammam Essalihine Hot Spring from Khenchela,
Algeria. Geomicrobiol J [Internet]. 2020;37(9):804-17.
Available from:
https://doi.org/10.1080/01490451.2020.1783035
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Medjemadj M, Escuder-Rodriguez J-J, Boudemagh A, Gonzalez-Siso
M-I. Actinobacteria isolated from Algerian hot spring waters:
A potential source of important enzymes. Eco Env Cons.
2020;26(3):1145-57.

PARTICIPACION EN CONGRESOS CIENTIFICOS

Péster en el XXXVI Congreso de la SEBBM (Madrid), septiembre 2013.
“Caracterizacidn bioquimica de un mutante termoestable de la a-
galactosidasa de Saccharomyces cerevisiae”.

Poster en el XXXVII Congreso de la SEBBM (Granada), septiembre
2014. “Busqueda de termoenzimas hidroliticas en una metagenoteca
de aguas termales”.

Pdster en el XXXVIII Congreso de la SEBBM (Valencia), septiembre
2015. “Caracterizacidon de una comunidad microbiana procedente de
la fuente termal de Muifio da Veiga (Ourense) mediante
metagendmica basada en secuencia”.

Pdster en el XL Congreso de la SEBBM (Barcelona), octubre 2017.
“Comparison of two metagenomic strategies for the identification of
hydrolases from a hot spring.”

Péster en el 41 Congreso de la SEBBM (Santander), septiembre 2018.
“Identificacién y caracterizacién bioquimica de hidrolasas de fuentes
termales”.

Pdster en el Congreso Nacional de Biotecnologia BIOTEC2019 (Vigo),
junio 2019. “Characterization of a novel thermostable lypolitic
hydrolase found by functional metagenomics from a hot spring”.

Péster en el 43 Congreso de la SEBBM (Barcelona), julio 2021.
“Expresion y caracterizacidon bioquimica de una celulasa obtenida
mediante metagendmica basada en secuencia de aguas termales.”

ASISTENCIA A CURSOS Y CONGRESOS

Asistencia al 1ll Congreso Interuniversitario de Biotecnologia,
Universidad de Ledn, julio 2008.
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Asistencia al | Congreso de Biotecnologia y Empresa, Universidad de
Salamanca, marzo 2009.

Curso tedrico, “Recursos y utilidades documentales para la Tesis y
otros trabajos académicos”, Universidad de A Corufia (Servicio de
Biblioteca Universitaria, Seccion de Informacion y Coordinacién),
marzo 2014, 10 horas.

Curso tedrico-practico, “Biotechnology and genetics of thermophiles:
from lectures to lab”, Universidad Auténoma de Madrid, mayo 2014.

Curso del Plan de Apoyo a Nuevos Investigadores 2014/2015,
“Analisis de datos con SPSS: Nivel Inicial”, Universidad de A Coruia
(Vicerreitoria de Titulos, Calidad y Nuevas Tecnologias y Centro
Universitario de Formacion e Innovacién Educativa), diciembre 2014,
15 horas.

Curso tedrico-practico, “Microfluidic fundamentals and applications;
Innovation and Entrepreneurship for Scientists”, HOTDROPS
Workshop Cambridge UK, 23-25 de marzo 2015.

Curso del Plan de Apoyo a Nuevos Investigadores 2015/2016,
“Metodologia de la investigacion basica y aplicada”, Universidad de
A Coruia (Vicerreitoria de Oferta Académica e Innovacion Docente y
Centro Universitario de Formacion e Innovacion Educativa), febrero
2016, 12 horas.

Curso del Centro de Supercomputacion de Galicia (CESGA): Taller
para usuarios: Acceso a FinisTerrae-2, junio 2016, 4 horas.

Asistencia al | Congreso Iberoamericano ACEM-AEBE: Biotecnologia y
Nanotecnologia (organizado por internet). Diciembre 2020.

ASISTENCIA A JORNADAS Y CONFERENCIAS

Asistencia a "Encuentro Agrobiotech Innovacién" 26 y 27 de
noviembre de 2015 Parque Tecnoldxico de Galicia (Tecndpole),
Ourense.
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Asistencia a la conferencia “Bioingenieria de Beta-galactosidasas”
(agrupacidn CICA-INIBIC) de 1,5 horas de duracion, 22 junio de 2017,
A Coruia.

Asistencia a “I Xornadas de colaboracidn entre a Agrupacién
Estratéxica CICA-INIBIC e o Centro Singular de Investigacién CITIC” 12
de abril de 2018, A Coruiia.

Ponente con conferencia en el “International Minisymposium:
Metagenomics of Thermophiles and Thermozymes” — “Hydrolitic
enzymes found by metagenomics” 12 de mayo de 2017, A Coruia.

Ponente con conferencia en la “XIV Reunién de la Red Nacional de
Microorganismos Extremofilos (RedEX)” — “Busqueda de hidrolasas
termofilas mediante metagendmica funcional y basada en secuencia”
3y 4 de noviembre de 2017, Ourense.

Ponente con conferencia en la “Happy Hour CICA-INIBIC” (agrupacién
CICA-INIBIC) — “Bioprospeccién de fuentes hidrotermales mediante
metagendmica” 25 de enero de 2019, A Coruiia.

Asistencia a la conferencia “Una endoxilanasa de un hongo aislado en
la Antartica: estudios bioquimicos y aplicacién en panificacidon”
(agrupacion CICA-INIBIC) de 1 hora de duracién, 14 de mayo de 2019,
A Corufia.

Ponente con conferencia (presentacion oral) en la | Jornada de
Biologia Celular y Molecular, Facultad de Ciencas, UDC. Septiembre
2019.

ACTIVIDADES DE DIVULGACION CIENTIFICA

Participacidon en el evento de divulgacién “World Biotech Tour 2017
— Festival Biotecnolédgico” (DOMUS-CICA) 30 de septiembre de 2017
A Coruiia (8 horas de duracion).

Ponente con conferencia en la Jornada Divulgativa “Stranger Science”
(CRE, Sociedad de Cientificos Retornados a Espafa), 23 de marzo de
2018 A Coruia.
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Colaborador en las actividades de divulgacién Univerisidade da
Coruna en la XXIIl edicion del “Dia da Ciencia na Rua” (Asociacion de
Amigos da Casa das Ciencias) 5 de mayo de 2018, A Coruiia.

Colaborador en la Feria Cientifica UDCiencia (Fundacién Barrié y
grupo UDCiencia d+i de la Universidade da Corufia) del 25 al 29 de
marzo de 2019, A Coruna.

Colaborador en las actividades de divulgacién Univerisidade da
Corufia en la XXIV edicién del “Dia da Ciencia na Rua” (Asociacién de
Amigos da Casa das Ciencias), 4 de mayo de 2019, A Coruia.

Colaborador en los talleres D'tec UDCiencia (Agencia Gallega de
Innovacion, GAIN), Centro de Innovacién y Servicios de la Tecnologia
y el Disefio en Ferrol. Noviembre 2019, Ferrol.

DOCENCIA

Conferencia impartida “Recursos biotecnolégicos en fuentes
geotermales gallegas” como parte del encuentro de la Universidad
Internacional Menéndez Pelayo “Organismos termdfilos: fuente de
recursos para la biotecnologia del siglo XXI” - junio de 2018, A Corufia.

Presentacién de pdster y asistencia a las IV Jornadas de Innovacion
Docente (Facultad de Ciencias de la Educacidon, UDC), CUFIE.
Noviembre 2019.

PROYECTOS DE INVESTIGACION
Miembro del equipo de investigacion de los siguientes proyectos:

Ayuda para la consolidacion y la estructuracidn de unidades de
investigacion competitivas del sistema universitario de Galicia
(modalidad grupos de referencia competitiva). Cédigo: CN 2012/118.
Investigadora principal: Maria Esperanza Cerdan Villanueva. Entidad
financiadora: Xunta de Galicia. Concelleria de Educaciéon e
Ordenacién Universitaria. Duracidn del proyecto: 2012-2015.

Ayuda para la consolidacién y la estructuracidon de unidades de
investigacion competitivas del sistema universitario de Galicia
(modalidad grupos de referencia competitiva). Investigadora
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principal: Maria Esperanza Cerdan Villanueva. Entidad financiadora:
Xunta de Galicia. Concelleria de Educacion e Ordenacion
Universitaria. Duracion del proyecto: 2017-2019.

Ayuda para la consolidacién y la estructuracion de unidades de
investigacion competitivas del sistema universitario de Galicia
(modalidad grupos de referencia competitiva). Investigadora
principal: Maria Esperanza Cerdan Villanueva. Entidad financiadora:
Xunta de Galicia. Concelleria de Educacion e Ordenacion
Universitaria. Duracion del proyecto: 2020-2023.

Ayuda para la creacidn, reconocimiento y estructuracién de
agrupaciones estratégicas del sistema universitario de Galicia
(agrupaciéon CICA-INIBIC). Cdodigo: AGRUP2015/05. Investigador
principal: Jaime Rodriguez Gonzdlez. Entidad financiadora: Xunta de
Galicia. Duracidn del proyecto: 01/01/2015 - 30/11/2017.

Ayuda para la creacidn, reconocimiento y estructuracién de
agrupaciones estratégicas del sistema universitario de Galicia
(agrupacién CICA-INIBIC). Codigo: ED431E 2018/03. Investigador
principal: Jaime Rodriguez Gonzdlez. Entidad financiadora: Xunta de
Galicia. Duracién del proyecto: 2018-2020.

Ultrahigh-throughput platform for the screening of thermostable
proteins by thermophilic in vitro transcription-translation and
microflucidics (HotDrops). Investigador principal: M2 Isabel
Gonzalez Siso. Entidad financiadora: Union Europea. Marie-Curie
Industry-Academia Partnerships and Pathways (IAPP). Call: FP7-
PEOPLE-2012-IAPP. Duracién del proyecto: 01/06/2013 -
01/06/2017.
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