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General Introduction

1. A window to the microscopic life
Technology has always played a central role in human
biological and cultural evolution [1]. Although the
term ‘biotechnology’ was not introduced until 1919 by
Karl Ereky [2], human beings had been already using,
selecting, and taking advantage of other organisms for
millennia. Indeed, the domestication of wild animals
and crops could be considered examples of zvant la lettre
biotechnology. With the advent of the necessity for food
storage, humans finally met microbial biotechnology in
the form of fermentation [3]. This was not the first time
that our species crossed paths with microorganisms,
considering that it is likely that some pathogens such
as Helicobacter pylori have accompanied humans since
the speciation of Homo sapiens [4, 5]. Nevertheless,
food fermentation is possibly the first precedent of
the

to obtain value-added products. Despite the fact

intentional use of microbial transformations

that knowledge about microbes has undoubtedly
advanced since our ancestors intuitively discovered the
enormous potential of these organisms, the leitmotiv of
microbial biotechnology remains the same: to explore
the available biological resources in order to find their
practical applications. Under this scheme, microbial
bioprospecting is the discipline that covers the first part
of the process, that is, the search of biotechnologically-
relevant microorganisms and their products from
different environments. Fortunately, technical advances
in multiple areas have led to the development of
sophisticated tools that allow us to better understand
how microscopic life thrives, thus facilitating the process
of identifying and finding practical applications to the

resources that microbes have to offer.

As microorganisms are invisible to the human eye, the
discovery of the microbial world can be traced back to
the invention of the microscope, and more accurately to
the observations of Antony van Leeuwenhoek in 1674

[6]. In the following two centuries, knowledge about

microbes advanced in a slow, but steady fashion until
the second half of the 19" century, when discoveries of
scientists such as Pasteur, Lister, Metchnikoff, Escherich
and several others led to the emergence of microbiology
as an essential scientific field [7]. In this environment, a
new landmark in microbiology techniques was reached:
Robert Koch demonstrated for the first time that
bacteria could be isolated in pure cultures using artificial
solid media [8]. The combination of microscopy and
isolation techniques eventually opened the window to
the microscopic life: humans were now able to see and
handle -some- microorganisms. Indeed, these techniques
-and their subsequent optimizations- were the basis
for the great advances that took place during the 20*
century (e.g., antibiotic discovery, pathogen description,
industrial fermentation...). However, microbiology was
soon challenged again by a new limitation: most of the
microbes proved virtually uncultivable [9, 10]. With
that perspective, it became evident that new methods
were necessary to access and characterize this unexplored
microbial diversity, the study of which was about to be

revolutionized by nucleic acid sequencing.

2. DNA sequencing: a new game changer
Molecular biology techniques, such as DNA/RNA
hybridization, recombination or polymerase chain
reaction (PCR), in combination with traditional
methods (i.e., culture and microscopy) can be considered
the cornerstones of modern microbiology [11,12]. The
development of DNA sequencing, indeed, constituted a
clear turning point for expanding the boundaries of the
knowledge about microbial diversity. The continuous
revision and growth of the tree of life [13,14] or the
isolation and characterization of previously uncultured
bacteria based on genomic data [15] are only a few
examples of the great achievements accomplished thanks
to sequencing technologies. The following subsections
provide a brief description of the history of DNA
sequencing, evaluating its impact on microbiology and
comparing the differences between the three generations

of sequencing technologies (Table GI.1).



2.1. Long story short: the way to DNA sequencing
Nowadays, DNA sequencing is the most commonly
used technique in genomics. However, early efforts
to ‘read’ nucleic acids focused on RNA. This can be
explained by three main reasons [16]:

1. Ribosomal RNA (rRNA), transference RNA
(tRNA) or viral RNA (e.g., bacteriophages)
were relatively easy to purify and they could be
produced in microbial cultures.

2. As opposed to DNA, the RNA molecules
mentioned above were single-stranded.

3. Several ribonucleases were known and routinely

used at that time.

The first RNA sequences were obtained from
microorganisms. Specifically, the techniques introduced
by Holley et al. (1964) [17] and Sanger et al. (1965)
[18] led to the description of the alanine tRNA from
Saccharomyces cerevisiae by the former [19], and the low
molecular weight rRNA of Escherichia coli by the latter
[20]. These methods were soon adapted and further
developed to study DNA sequences [16], until the
emergence of polyacrylamide gel electrophoresis (PAGE)
fostered the design of more sophisticated protocols: the
plus and minus system [21] and the chemical cleavage
technique [22].

The importance of these procedures is often
underestimated, as they were overshadowed by the
DNA sequencing technique based on chain-terminating
inhibitors proposed by Sanger et al. (1977) [23], and
described in the next subsection. Nevertheless, it must
be noted that the demonstration of the use of 16S rRNA
for establishing phylogenetic reconstructions by Carl
Woese and collaborators [24, 25], which is one of the
biggest breakthroughs in microbial ecology, taxonomy
and evolution, was achieved before this technique

appeared [26].

2.2. The Sanger sequencing revolution
Frederick Sanger was one of the most prolific scientist
in the early days of DNA sequencing. Although he
conceived several protocols to read DNA and RNA
molecules, nowadays the term ‘Sanger sequencing’ refers
to a very specific method: the chain termination -or
dydeoxi- sequencing [23]. This technology is based on the
use of dideoxynucleotides (ddNTPs), DNA polymerase,
DNA primers and deoxynucleotides (dNTPs) [27].
DNA extension occurs normally using dNTPs until
a ddNTP gets randomly incorporated into the chain,
which causes the termination of the polymerization. At
the end, a pool of oligonucleotides of different lengths
is obtained and can be resolved by PAGE. Initially, four
different reactions -and electrophoresis lanes- were
needed, one per each ddNTP used. This changed with
the introduction of fluorescently labeled ddNTPS
which, in combination with capillary electrophoresis
(CE), stimulated the development of automated

sequencing devices (Figure GI.1) [16].

These first-generation sequencers were employed
for extending the catalogue of available 16S rRNA
gene sequences [28], including those extracted from
uncultured organisms [29], thus broadening the
molecular tree of life [30]. Other research groups used
this technology to obtain complete genomic sequences
and, as always, it all started with microorganisms.
Escherichia coli K-12 was the first organism to be
proposed. Nonetheless, by the time its genome was
first published in 1997 [31], there were already six
other complete genomic sequences available. Among
them, the first bacterium (Haemophilus influenzac)
[32], archaecon (Methanococcus jannaschir) [33] and
tungus (Saccharomyces cerevisiae) [34] to be sequenced.
Not long afterwards, the results of the most ambitious
project to the date, the Human Genome Project (HGP),
were finally presented [35,36].
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Figure GI.1 Overview of Sanger sequencing [23]. DNA elongation occurs normally, until a ddNTP (ddATP,
ddTTP, ddCTP or ddGTP) is randomly incorporated to the chain, which stops the reaction. As a result,
polynucleotides of different length are generated and can be separated using polyacrylamide gel electrophoresis
(PAGE). Originally, four different reactions and PAGE lanes were used, one per each ddNTP (bottom panel).
Each band indicates that elongation finished with this ddNTP. By ‘reading’ the bands, the sequence of nucleotides
can be determined. Nowadays, ddNTPS are labeled with fluorescent dyes that emit light at different wavelengths.
Hence, sequencing is performed in a single reaction and DNA fragments are read by coupling a laser to capillary

electrophoresis (top panel).
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It is worth highlighting that Sanger sequencing is
still used routinely today, for instance to identify
microbial isolates based on their 165/18S rRNA gene
sequences [37]. From the technical point of view, chain
termination sequencing is characterized by its high
accuracy (>99.9%) and moderate read length (~1,000
bp), at the cost of a relatively low throughput and a high
price per base (Table GI.1) [38, 39]. In fact, despite
the success of the first genome sequencing programs, it
became obvious that the amount of infrastructure, time,
money and personnel needed to retrieve the complete
DNA sequence from a single organism was no longer

sustainable [40]. A new revolution was needed.

2.3.The “-omics” era: Next-Generation Sequencing
Next-Generation  Sequencing (NGS') encompasses
different technologies that were mainly developed at the
turn of this century. These platforms are characterized

T Note that NGS will be strictly used as a synonym of
second-generation sequencing throughout this thesis. Pacific

BioSciences  and xford = Nanopore Technologies —are
therefore considered third-generation sequencing platforms.

by the mass parallelization of sequencing reactions, thus
increasing the throughputof the sequencing run. For that
reason, these technologies are also known as ‘massively
parallel sequencing’, ‘high-throughput sequencing’, or
‘second-generation sequencing’. NGS simplified the
sequencing workflow and drastically reduced its costs.
As a matter of fact, the HGP spent billions of dollars and
several years to sequence a single human genome, while
this task is currently accomplished in few days for only
~1.000 $ [41, 42], or even less [43]. These improvements
enabled the expansion of different omics (i.e., genomics,
epigenomics or transcriptomics), and they fostered the
growth of other omic disciplines that are not based on

nucleic acids (i.e., proteomics or metabolomics) [44].

The first NGS device was commercialized by 454 Life
Sciences (later purchased by Roche). The early success of
this technology was followed by other companies, which

developed new sequencing strategies, such as sequencing



Table GI.1. General overview of the most common sequencing technologies [45, 53-55, 57, 64] .

Sanger Illumina Pacbio’ CLR Pacbio® CCS ONT?
Generation First Second (or ‘Next’) Third Third Third
Necessary Notn r Notn Not n (singl
Amplification  Often necessary (i.e., bridge o necessaty o ecessaty ot fecessaty SIge
L (single molecule)  (single molecule) molecule)
amplification)
Read length Moderate Short Long Long Long & Ultra-long
category
Direct eplg.enetlc No No Yes Yes Yes
analysis
Direct R,N A No No No No Yes
sequencing
Typical read 400-900 b 75-300 bp (x2) 25-50 Kb 10-25 Kb 10-100 Kbp?
length P [Ps - p P - P
Max. read length 1,000 b 300 bp (x2) >100 Kb >25Kb No theoretical limit
) g ’ p p p p (record: 4.2 Mbp)
>99% (up to 87-98% (up to 99.3%’
Read accuracy >99.9% ~99.5-99.9%* 87-92% ~99.9%) and 99,8%¢)"
Estimated 12-173 €/
9 s 10 43 10 : 10
cost® 444 €/Mbp 9-56€/Gbp Gbp!®1! 38-74°/Gbp 19-444€/Gbp
Max. throughput i 1.2Gbp"/6 s iy
e 96 Kbp Thpté 20-160 Gbp 35 Gbp 2.8 Gbp® / 14 Tbp
Ins(t:::::fnt 98,000 €8 19,000 / 900,000 € 350,000 / 500,000 € 900" / 268,000 €1¢
Portab.l € No No No Yes"’
sequencing

1. PacBio: Pacific Biosciences; 2. ONT: Oxford Nanopore Technologies; 3. Depends on the sequencing kit used. Using
the Ultra-Long DNA Sequencing Kit (cat. number SQK-ULKO001) can increase the average read length to 50-100
Kbp; 4. Depends on the instrument. Some of them reach an accuracy >99.9%. See Stoler & Nekrutenko [47]; 5. Using

the Q20+ early-access chemistry; 6. Using the Q20+ early-access chemistry + ‘Duplex’ method; 7. Data provided by

ONT. See [98]; 8. These estimations can greatly vary depending on the throughput of the run; 9. Data from Frank et
al. [64]; 10. Data from Logsdon et al. [55]; 11. PacBio RS II is not considered; 12. Considering a 96-capillary array
and an average length of 1 Kbp; 13. iSeq 100; 14. NovaSeq 6000; 15. Flongle; 16. PromethION 48; 17. These prices
can greatly vary as they are often subjected to offers; 18. For the Applied Biosystems ABI3730x] DNA Analyzer, price

according to some vendors; (7 December 2021). 19. MinION.



by oligonucleotide ligation and detection (SOLiD), Ion
Torrent, or the combinatorial probe-anchor ligation
(cPAL) developed by the Beijing Genomics Institute
(BGI). How these technologies work and their impact
on the sequencing market has been extensively discussed
in the literature [16, 45, 46]. Nevertheless, there is a
single company that has monopolized NGS over the
last years, especially after Roche announced in 2013 the

close down of 454. This company is Illumina.

Illumina sequencing is similar to Sanger’s dydeoxi
method, since it is also based on the use of modified
dNTPs that prevent the elongation of the chain. In this
case, however, the reaction is reversible, as the blocking
group attached to the ribose 3-OH can be removed. The
four fluorescent and 3'-blocked dNTPs are provided
at the same time and one of them will be added to
the elongating strand. After the removal of the rest of
dNTDPs, fluorescence is measured and the incorporated
dNTP is finally detected. Then, the blocking group
is cleaved away and the process is iteratively repeated
until the full oligonucleotide has been read [45]. These
reactions occur simultaneously in millions of clusters,
thus increasing the throughput of the device. Another
characteristic of Illumina platforms is that sequencing is
not produced from a single molecule. Instead, different
pools of isothermally amplified oligonucleotides are
used for detecting the incorporation of labeled dNTPs.
Each pool comes from a single DNA fragment that is
amplified within a single cluster in a process called bridge
amplification [16, 45] (Figure GL.2).

Illumina offers a broad suite of instruments which
output ranges from the 1.2 Gbp (4 million reads)
delivered by the iSeq 100 device to the 6 Tbp (20 billion
reads) that the NovaSeq 6000 machine can reach.
Between these two models, and sorted by ascending
output -and price-, Illumina’s suite includes the
MiniSeq, MiSeq, NextSeq and HiSeq series®. The reads
produced by all these platforms are relatively short (25
— 300 bp; most common lengths: 150, 250 and 300 bp)
and have an overall accuracy rate of 99.5-99.9% [45, 47]

2 Information obtained from the Illumina websi-
te: hteps://www.illumina.com/ (accessed 15 October 2021)
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(Table GL1). The most common error for Illumina
sequencing is substitution [48], and its error profile is
often considered as random. Nevertheless, systematic
errors have been detected after homopolymeric regions
[47], and under-representations of AT-rich and GC-rich
regions have been also reported [49, 50]. Yet, Illumina’s
balance between throughput, cost and error profile is

likely the best among sequencing technologies.

2.4. The end of a cycle? Third-Generation
Sequencing
[lumina platforms have been the most widely used
DNA sequencers for most applications during the last
8-10 years. Nevertheless, a new generation of sequencing
technologies is becoming more and more popular.
Pacific Biosciences (PacBio) and Oxford Nanopore
Technologies (ONT) are the companies behind
these third-generation sequencers, which are mainly
characterized by producing long reads (ranging from
Kbp to Mbp) from single DNA molecules (i.e., without

previous amplification) in real time [16, 45].

As the name of the company implies, ONT sequencing
depends on the use of nanopores, which are engineered
proteins that allow DNA and RNA molecules to
pass through an electrically resistant membrane while
changesin the electric current are measured. Thus, ONT
sequencing is commonly called Nanopore sequencing.
As this technology plays a central role in this thesis, a
detailed explanation of Nanopore sequencing is given in

Section 4.

On the other hand, PacBio single-molecule, real-
time (SMRT) sequencing relies on a modified DNA
polymerase that is attached to a circularized DNA
molecule. This complex is then placed into microwells
called Zero-Mode Waveguides (ZMWs) [51], and the
DNA polymerase is immobilized at the bottom of the
ZMW. Specifically, a single DNA molecule is placed in
each ZMW. As DNA polymerase incorporates labeled
nucleotides (one color per each dNTP), light is emitted

and measured in real time. During the incorporation,
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Figure GIL.2. Overview of Illumina sequencing. (A) Solid-phase bridge amplification. Adapters (blue and dark blue)
are ligated to the fragmented DNA. These adapters are complementary to the oligonucleotides attached to the flow
cell. Therefore, free templates hybridize to the immobilized adapters. Then, bridge amplification begins. In this
process, strands fold over and their adapters hybridize to another slide-bound oligonucleotide in the same cluster.
Polymerases synthesize the complementary strand, creating a double-stranded bridge. After denaturation, two single-
stranded copies of the original molecule are obtained. Bridge amplification is repeated over and over, and millions of
clonal clusters are formed. (B) Sequencing by synthesis. Primers and fluorophore-labelled, terminally blocked dNTPs
(3'-blocked dN'TPs) are added. In each cycle, one 3'-blocked dNTPs is incorporated into the growing chain, based on
the sequence of the template. A laser is used to excite the fluorophores and read which dNTP was incorporated in each
cluster. For a given cluster, all the clones are read simultaneously. Then, dyes are cleaved and the 3-OH is regenerated,
thus allowing a new cycle to begin. The whole process is repeated until the entire DNA fragment is completely read.

Adapted from Logsdon et al. [55] and Goodwin et al. [45].

B. Sequencing by synthesis
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the fluorophore attached to the NTP is cleaved by the

DNA polymerase, allowing the fluorescent signal to
vanish before the next ANTP is read [45, 52].

SMRT sequencing provides two alternative approaches:
circular consensus sequencing (CCS) and continuous

long read (CLR). In CCS mode, inserts of 10-25 Kbp

can be read several times in the same ZMW, and a
consensus sequence with up to 99.9% single-molecule
read accuracy can be obtained [53,54]. Longer reads
are generated with the CLR approach, where a DNA
molecule is read a single time by the DNA polymerase
[55]. Half of the CLR reads are above 50 Kbp in length?,

websi-
2021)

obtained from the PacBio
16  October

3 Information
te:  https://www.pacb.com/ (accessed
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at the cost of a higher error rate (ranging from 8% to bp (2x300 bp) are difficult to obtain by Illumina
13%) [45, 55]. Regarding the throughput, CCS has an sequencing mainly due to a phenomenon
average output of 15-30 Gbp [53], in contrast to the 50- called ‘phasing’. As detailed above, Illumina
100 Gbp produced with the CLR mode [55] (Figure sequencing is based on the clonal amplification
GL3). of a single sequence within a cluster. Phasing

describes the process in which some sequences

Overall, third-generation sequencing (T'GS) technologies are out of phase with the rest of the cluster (e.g.,
have several advantages over Illumina platforms (Table a group of sequences incorporates a dJATP, and
GL1): the rest of the cluster incorporates a dCTP).

* Read length. Paired-end reads longer than 300 This can occur in two different ways: (1) two

or more dNTPs are incorporated in the same

A DNA fragment B CCS mode CLR mode
ixi)ﬁi}ixiXiTi}ixi'i‘,(i}ixixi!Ii}ixixi)ﬁi}i}ixili}i}ixi 8 T :.‘:‘:'.. ....-
Polymerase op — L 10-25 Kbp >25 Kbp :',? —{ Bottom

lSeveral passes l Single pass

—
—

Errors are corrected
by software

HiFi read CLR read
>99% accuracy >87-92% accuracy

= v

Hairpin adapter

Flow cell

Light is emitted when
a cNTP s Incorporated 9P Bottom
oo

@ __Fluorescent
Top |

dNTPs

Figure GI.3. Overview of PacBio sequencing. (A) Hairpin adapters (light blue) are ligated to the forward (yellow)
and reverse (blue) strands forming a circular molecule (SMRTbell). Polymerases are added to the library, which is
loaded onto the PacBio instrument for sequencing. Each individual molecule of DNA is immobilized in a single
microwell called Zero-Mode Waveguide (ZMW), where the sequencing takes place. Fluorescently labeled dNTDPs are
added to the ZMWs and the polymerase starts synthesizing a new strand. When a labeled dNTP is incorporated, the
elongation is momentarily paused and a light pulse excites the fluorophore. The polymerase cleaves the fluorophore
and the elongation continues. Hence, the DNA sequence is read in real time by a camera that records the color of
emitted light. (B) Two different sequencing modes are available. In Continuous Long Read Sequencing (CLR), a
long fragment of DNA (length: 25-50 Kbp; up to 100 Kbp) is read one or a few times, resulting in an accuracy of 87-
92%. In Circular Consensus Sequencing (CCS), a shorter fragment (length: 10-25 kbp) is read several times. Then, a
consensus sequence (HiFi read) is assembled from the reads, thus reducing the sequencing errors and increasing the

accuracy up to 99.9%. Adapted from Logsdon et al. [55] and Goodwin et al. [45].




cycle; (2) terminators bounded to dNTPs are
not correctly removed, causing a lag in the
synthesis of this individual clone [56]. Other
technical limitations of Illumina sequencing
include color or laser cross-talk, cross-talk
between adjacent clusters and dimming (see
[56] for a full explanation of these phenomena).
Improvements introduced by TGS platforms,
especially the fact that they rely on single-
molecule sequencing, have led to an increase of
read length.

* No amplification is needed. PCR is known
to artificially introduce mutations and to have
an amplification bias toward non-extreme GC
content [57].

* Reduced sequencing time. In contrast to
[lumina sequencing, where sequencing is
paused after each base incorporation, in SMRT
and ONT sequencing DNA is read in real time.
Therefore, shorter sequencing runtimes are
achieved in PacBio CLR mode [45], while in
Nanopore sequencing reads are directly available
for the analysis as they pass through the pore.

* Direct epigenetic analysis. Detecting base
modifications with Illumina is possible only
after inducing a chemical change in the DNA
during the library preparation (i.c., bisulfite
sequencing). On the other hand, both ONT
and SMRT technologies can natively detect
epigenetic modifications during the sequencing
process without the need of previous steps [55,
57].

Despite these improvements, second-generation
Ilumina sequencing is still the most inexpensive
way to obtain high-accuracy reads [S5]. This can be
explained by the general high throughput of Illumina
instruments, and by the extensive implementation
of this technology in large sequencing facilities. This
allows to join samples from different costumers in a

single run, thus optimizing the output and reducing the

price per sample. Moreover, several strategies have been
developed to generate synthetic long reads from short
reads. lllumina synthetic long-read sequencing and 10X
Genomics are examples of such approaches, and both
rely on the same principle: individualizing long DNA
molecules, obtaining barcoded short sequences from
them, and reconstructing the original long fragments
after sequencing by computational methods. These
strategies have the same advantages and drawbacks
associated with Illumina sequencing, but usually require
additional equipment, higher throughput and longer
run times [45, 57].

As described throughout this section, the current high-
throughput sequencing market is diverse, with each
sequencing generation having its own particularities
which make them more or less suitable for different
applications. In general, Illumina platforms are the gold
standard of clinical and research sequencing [55], and
the NGS era is far from over. TGS, however, is gaining
ground in specific areas (e.g., genome/metagenome
assembly, full-length RNA sequencing [58, 59], or
epigenomics [60]) that are already having a considerable

impact on microbiology [61-63].

3. Microbiome sequencing strategies
The term ‘microbiome’ was first defined by Whipps
and colleagues in 1988, while they were studying the
ecology of rhizosphere-associated microorganisms [65].
From that moment, many other authors have provided
their own interpretations of the term. Recently, a panel
of international experts have unified all these visions,
proposing a new and standardized definition: “the
microbiome is defined as a characteristic microbial
community occupying a reasonable well-defined habitat
which has distinct physio-chemical properties”, i.e.,
a biotope. “The microbiome not only refers to the
microorganisms involved”, ie., the microbiota, “but
also encompass their theatre of activity”, i.e., genomes,
metabolites, proteins, microbial structures, mobile

genetic elements, etc., “which results in the formation



of specific ecological niches. The microbiome, which
forms a dynamic and interactive micro-ecosystem prone
to change in time and scale, is integrated in macro-
ecosystems including eukaryotic hosts, and here crucial
for their functioning and health” [66]. Microbiomes can
be studied from multiple perspectives and techniques,
although sequencing-based methods are often preferred.
In the following subsections, the most common
strategies used for characterizing microbial communities
are introduced. Moreover, a summary of the strengths
and limitations of each sequencing-based technique is
provided in Table GI.2.

3.1. Metataxonomics
Metataxonomic approaches rely on the amplification
and sequencing of marker genes or loci, such as the
16S rRNA gene for prokaryotes, the 185 rRNA gene
or the internal transcribed spacer fore fungi, or the
cytochrome ¢ oxidase subunit I (COI) for animals and
other eukaryotes [66-69]. The marker region of choice
must be conserved in the taxonomic group of interest,
but it must include sufficient variations at the sequence
to allow proper resolution. This is not a trivial decision,
and even the most widely used marker gene (i.e., 16S
rRNA gene) has some limitations. In this case, short-
read sequencing fails to cover the full gene (~1.5 Kbp),
so only a fraction of the sequence is analyzed (i.ec.,
hypervariable regions). Despite the accuracy of NGS
platforms, studying these regions allows for a robust
identification of the microbiome at the genus level, but
not at the species level [70]. TGS platforms are able to
sequence the full-length 16S rRNA gene, but the error
associated with these technologies still hampers the
taxonomic resolution beyond the genus level [70, 71].
Nevertheless, improvements in TGS (i.e., PacBio CCS
mode or sequencing the entire 165-ITS-23S region of
the 777 operon) have the potential to overcome this issue

[72, 73).

3.2. Metagenomics

In metagenomics, total DNA is extracted from a sample

and then sequenced, without the need of previously
amplifying any marker region [74]. This process is also
called shotgun metagenomic sequencing and it allows
the direct detection of any taxonomic group. After gene
prediction and annotation, the functional potential of
the microbiome can be evaluated [75]. Taxonomic and
functional profiles are obtained from metagenomic
reads by directly comparing them against a database or
by assembling and annotating the metagenomes. In the
latter case, individual genomes can be recovered from
the metagenomes in a process known as binning [76].
These metagenome-assembled genomes (MAGs) can be
used to study the role of each microorganism within the
microbial community. Overall, metagenomics is more
informative than metataxonomics, but there are some,
important exceptions to this rule. For instance, when
studying the microbiome associated with a host (e.g.,
humans, plants...), metagenomic sequencing not only
captures the microbial community, but also the host’s
genetic material, which can hamper the signal from

microorganisms [77].

3.3. Metatranscriptomics
This strategy aims at studying the expression of RNA in
a given sample, and it allows to retrieve a more accurate
functional profile, as only the genes that are being
transcribed in the microbial community are actually
detected. This strategy can be used to analyze the
dynamics of the microbiome and to detect metabolic
functions and pathways that are activated or deactivated
under certain stimuli. Metatranscriptomics is based on
shotgun sequencing, so most of the advantages and
limitations of metagenomic sequencing can be extended
to this strategy. However, given that rRNA represents
almost 85% of total RNA, rRNA depletion is necessary
to capture the information about messenger RNA

(mRNA) [78].

3.4. Other approaches
A microbial cell is a rather complex system whose

components are regulated at different levels. The
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Approach

Metataxonomics

Metagenomics

Meta-
transcriptomics

Table GI.2. Approaches to microbiome sequencing [70, 78, 79].

Advantages

- Cost-effective

- Straightforward analysis

- More complete databases

- Targeted to a specific taxonomic group (i.c.,

avoids sequencing DNA derived from the
host)

- Detects bacteria, archaea, viruses and
eukaryotes in one experiment

- Retrieves information about functions and
other genetic elements

- Allows the recovery of genomes directly from
the metagenomes

- Achieves higher taxonomic resolution
(typically species- or strain-level)

- Retrieves information about active functions
- Dynamic information

- Detects multiple taxonomic groups in one
experiment

Limitations

- Only the targeted taxonomic group is detected

- No universal marker region for viruses

- Limited taxonomic resolution (e.g., some
bacterial species cannot be distinguished based on
tull-length 16S rRNA gene sequences)

- PCR introduces an amplification bias that
modifies the measured abundances of taxa with
respect to the real ones

- Intragenomic 16S gene copy variants are present
in a significant proportion of bacterial taxa

- No information about genomes or functions

- More sequencing depth is needed (i.e., more
expensive)

- Non-microbial DNA (i.e., host DNA) can
hamper the detection of microorganisms

- Databases are incomplete (i.e., some taxonomic
groups are underrepresented)

- It is difficult to calculate the abundance of each
taxon, especially when comparing unrelated
taxonomic groups (i.e., eukaryotes vs. prokaryotes)
- Only the most abundant genomes can usually be
assembled and recovered

- Hampered by low DNA concentrations, as no
PCR is performed

-mRNA is unstable

- Hampered by low RNA concentrations
-tTRNA depletion is necessary

- Purification and amplification can add ‘noise’ to
the results

- These library preparation steps increase
sequencing time and cost




complexity of a microbiome is even deeper, as
various microorganisms are taking part in different
transformation processes at the same time. Although
widely accepted, sequencing-based approaches are
not ideal for studying microbial communities, since
the molecules of interest (i.c., peptides, proteins,
metabolites...) are not directly detected, but inferred.
In order to overcome this limitation, novel strategies
have been developed: metaproteomics is focused
on characterizing the whole protein content of a
given sample, while metametabolomics attempts to
analyze all the metabolites that are being produced
by the microbiota. Both approaches depend on
mass spectrometry and chromatography techniques,
which are usually more expensive and experimentally

challenging than sequencing [79].

4. Nanopore sequencing
The idea of Nanopore sequencing was first conceived
in 1989 by Professor David Deamer, and its basis was
conceptually very simple: if a protein channel (the
‘nanopore’) with the ability of translocating DNA
molecules could be embedded into a lipid bilayer, then
individual nucleotides would cause a blockade of ionic
current when passing through the pore. This blockade
should be specific for each nucleotide, as dNTPs differ
in their chemical structure. [80]. Several years later,
Kasianowicz et al. [81] proved that DNA and RNA
molecules could actually be driven through a membrane
channel, generating a decrease of ionic current the
duration of which was proportional to polymer length.
Further improvements introduced by the team led
by Hagan Bayley, the co-founder of ONT, allowed
the discrimination of DNA strands based on their
sequence [82]. After the foundation of the company,
which was first called Oxford Nanolabs, advances in
Nanopore sequencing were mainly kept in secret, until
the MinION sequencing device was finally launched for

early access in 2014.

4.1. The anatomy of Nanopore sequencing

Nowadays, Nanopore sequencing relies on the same
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mechanism proposed by Professor Deamer back in

1989: asingle-strand of DNA or RNA is passed through

a protein nanopore, resulting in speciﬁc changes in

the electric current depending on the nucleotide

composition. Consequently, disruptions of the current
can be measured and translated into DNA/RNA
sequence data (Figure GI.4). ONT sequencing is based
on several core components that have been actively
optimized until reaching the current state of the art.

These components are:
* Nanopores: protein-based or solid-state
(synthetic) channels embedded in an electro-
resistant membrane. Biological nanopores are
currently preferred as they have a uniform pore
size and conformation and they can be modified
through protein engineering [83]. ONT
products implement two different nanopore
models: R9 and R10 (Figure GL.4C). R9 is
the name given to the modified version of the
Escherichia coli curli transport channel CsgG
[84], while R10 refers to a new generation of
dual-constriction nanopores with longer barrels
that improve the resolution of homopolymeric
regions [85]. Although the details of R10
design are not fully disclosed, it is likely that this
nanopore is constructed by combining the CsgG
channel with the accessory protein CsgF [86],
as previously described [83, 87]. Regarding the
membrane, lipid bilayers were rapidly replaced
by electrically-resistant polymer membranes,
which are more robust and stable [80].

e Flow cells: the hardware where the nanopores
are placed. Flow cells are formed by an array of
microscaffolds that include the membrane and
the embedded nanopore. Each microscaffold has
its own electrode connected to a sensor chip that
is controlled by a bespoke Application-Specific
Integrated Circuit (ASIC) [88].

* Motor proteins: molecules that control the
speed at which polynucleotides pass through

the nanopore. Motor proteins enable a better
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A. Nanopore sequencing

DNA fragment

0

Tether

Nanopore

Electro-resistant membrane

Disruption of ionic current
is measured

Signal (pA)

ACCTAGGAAATTATCCGCATCGGTAACGTTGCAAGTACCAAA
0 1 2 3 4
Time (s)

Figure GIL.4. Overview of Nanopore sequencing. (A) Motor proteins and adapters are ligated to DNA fragments.
Tether proteins help the molecules to find the nanopores, which are embedded in a synthetic membrane. Motor
proteins control the translocation of DNA molecules. As DNA moves through the pore, it produces specific changes
in the ionic current. Electric signals are recorded and converted into nucleotide sequences by basecallers. (B) Top view
of the nanopores in the flow cell. (C) Two different nanopore models are available (R9.4.1 and R10). R10 pores have
alonger barrel and a dual reader, thus improving the resolution of homopolymeric regions. Adapted from Logsdon et

al. [55] (Panels A & B) and Oxford Nanopore Technologies web page [85] (Panel C).

B. Nanopores (top view)

C. Nanopore models

R9.4.1

R10

resolution of individual nucleotides, as accuracy
depends on translocation speed. Without
these proteins, DNA/RNA molecules would
cross the membrane so fast that sequence
determination would not be possible [83]. A
slower translocation speed increases the reading
accuracy, but at the cost of decreased sequencing
yield. For that reason, motor proteins are
designed to meet a compromise between

accuracy and throughput.

e Basecaller: a software that converts the

electrical signals into nucleotide sequences.

This is accomplished via recurrent neural
networks (which have replaced algorithms
based on hidden markov models) and machine
learning. Different neural network structures
and algorithms are constantly tested, and the
models showing improved characteristics are
then implemented into Guppy, the ONT
production basecaller [89]. The basecalling
algorithms ‘learn’ how to transform electrical
signals into reads by using training datasets of
known sequences. Default models are trained

on a mixture of plant, animal, bacterial and



viral genomes. Nevertheless, species-specific and
modification-aware basecallers can be obtained
by using custom datasets [89, 90].

* Computer components: central processing
unit (CPU), graphics processing unit (GPU),
RAM and disk storage. These components
are necessary for data acquisition and storage.
Basecalling models can be run on CPUs and
GPUs, although the use of the latter accelerates
the process [90].

4.2. Nanopore-based sequencers
ONT hase developed three different sequencing devices:
MinION (two models: Mk1B and Mk1C), GridION,
and PromethION (two models: P24 and P48) — sorted

by increasing output and device’s capital cost. All the
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sequencers but MinlON Mk1B include the computer
components in their hardware. In the case of MinION
Mk1B, the hardware is managed by an external
computer that needs to meet the IT requirements
[91]. ONT sequencing devices differ in the number
and type of flow cells that they can control at the same
time and, in consequence, they also differ in the final
throughput. MinION is a palm-sized, portable device
which is compatible with a single flow cell. GridION
relies on the same flow cells as MinION, but it can
run up to five cells at the same time. PromethION
can operate up to 24 (P24 model) and 48 (P48 model)
flow cells at once. PromethION flow cells are platform-
specific: they provide a higher number of available
nanopores, thus increasing the sequencing yield per

flow cell. Finally, Flongle is not a sequencer itself, but

Table GI.3. General overview of Oxford Nanopore Technologies sequencing platforms in 2021".

Flongle? MinION Mk1b/1c GridION Mk1 PromethION 24/48
Flow cells per device 1 1 5 24/48
Channels I;er flow 19€ 512 o 2675
cell
Guaranteed
nanopores per flow 50 800 800 5,000
cell
Theoretical
Maximum Output 2.8 Gbp 50 Gbp 50 Gbp 220 Gpr(gec)‘“d' 245
per flow cell p
Storage -/ 1TBSSD 4TBSSD 32/64TBSSD
RAM -/ 8GB 64 GB 384 GB
Price per flow cell* 61.3€° 810 - 430 € 810 - 430€ 1,800 — 562.5 €
Starter Pack Cost 1,320 €° 900 / 4,410 € 44,960 € 175,910/ 267,710 €

1. Information was obtained from the ONT website: https://nanoporetech.com/products (accessed 6 December

2021); 2. Flongle is not a sequencing platform, but an adapter for MinION and GridION; 3. Channels contain several

pores; 4. Flow cell prices depends on the number of flow cells ordered; 5. Minimum order: 12 flow cells; 6. It includes

the adapter and 12 flow cells.
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an adapter for the Flongle Flow Cells that can be used
on MinION and GridION. This product is meant to
sequence individual samples in inexpensive, single-use
flow cells. The particularities of each ONT device have

been summarized in Table GI.3.

4.3. Advantages and drawbacks
While the advantages and drawbacks of TGS platforms
compared to NGS technologies were discussed in
subsection 2.4, in this subsection the particularities of

ONT sequencing will be analyzed.

* Read length. Nanopore sequencing holds the
record for the longest DNA fragment sequenced
to date: ~2.3 Mbp [92] (~4.2 Mbp if considering
ONT internal tests [93]). In fact, there is no
theoretical length limit in the molecules that
can pass through the nanopore. The main factor
that hampers the attainment of longer reads is
the DNA extraction and library preparation
protocols [55]. The average read length obtained
by Nanopore sequencing ranges from 10 to 60
Kbp [55, 89], which is similar to the results from
PacBio CLR mode.

¢ Portability. As Nanopore sequencing does
not depend on optics, but rather on electronics,
ONT devices can be significantly miniaturized.
In contrastto the other sequencing platforms, the
most widely used Nanopore-based sequencer,
MinION, is easily portable and has thus been
used for numerous in-field applications [94].
Moreover, ONT is developing SmidgION, a
sequencing device that can be controlled from a
smartphone [95].

* Real real-time analysis. In TGS platforms,
sequencing is not paused after the detection of
the bases (as in NGS), but the molecules are read
in real time [55]. In the particular case of ONT
platforms, sequences become available as they
pass through the pore. Therefore, bioinformatic
pipelines can be run in parallel to the sequencing

run, and final results can be obtained in a very

short time -a few minutes-, which is key for some
applications (i.e., identification of pathogens,
genes, mutations...) [96, 97].

Accuracy. This is the main drawback of
Nanopore sequencing. At this moment, the
overall accuracy of ONT platforms depends
on multiple factors (e.g., basecalling algorithm
and model, type of sequencing, type of sample,
etc.). For that reason, Nanopore sequencing
error is estimated to range from 13% to 2%
[55], which is far from the accuracy provided
by Illumina or PacBio CCS. Nevertheless,
errors are decreasing with improved basecalling
models, even when using data generated years
ago, and ONT now claims a raw read modal
accuracy of 98.3% (>99.3% and >99.8% if
using the Q20+ early-access chemistry and the
‘Duplex’ method, respectively) [98, 99]. The
main problem of Nanopore sequencing is that
errors are not uniformly distributed: the error
rate systematically increases in homopolymers.
This bias has also been reported in data
produced by PacBio CLR mode [55]. Despite
the fact that R10 pores increase the accuracy of
homopolymers, the error rate is still higher than
for other sequencing technologies (i.e., Illumina
and PacBio CCS) [55, 89].

Cost. Regarding this aspect, there are two main
points to be discussed: (1) capital cost of the
platforms; (2) cost per Gbp of data. ONT offers,
by far, the most inexpensive and accessible
sequencing platform on the market: the
MinION (Tables GL.1 & GI.3). Nonetheless,
the costs of sequencing derived from using this
device are high compared to Illumina [SS].
More cost-effective sequencing is obtained with
PromethION, but the capital cost of acquiring
this platform is substantially higher (Table
GI.3). Although the price of PromethION is
lower than Illumina’s NovaSeq 6000, only large

sequencing centers can afford this investment.



To summarize, Nanopore-based platforms
have ‘democratized’ the access to sequencing,
as almost any user can acquire and use ONT
products (i.e., MinION or Flongle) for their own
applications. However, low-cost sequencing
will still depend -at least in the near future- on
centralized sequencing facilities, that mainly rely
on Illumina platforms at this moment.

* Native RNA-seqand epigenomics. Nanopore
sequencing is the only technology that allows
reading RNA fragments directly, avoiding the
previous conversion of RNA to DNA [100].
Similar to PacBio, DNA -and RNA- base
modifications can be also determined by ONT
platforms. As modified bases produce a specific
change in the electric current, basecallers can
be trained to identify a particular modification,
thus increasing the range of epigenetic markers
that can be studied [101, 102].

4.4. The starting point for Nanopore-based
microbiome sequencing

Soon after being released, several reports demonstrated
the potential applications of MinION to microbiology
and microbiome characterization [103, 104]. These
studies were mainly proofs of concept and authors made
use of available bioinformatic tools, although they were
notspecifically designed for Nanopore data. For example,
Loman et al. [105] used the Celera assembler, which was
published in 2000 [106], for reconstructing the genome
of Escherichia coli K-12 from corrected Nanopore reads.
Other researchers tuned the parameters of different
alignment tools such as BLAST, LAST or Centrifuge
in order to use them for microbial composition analyses
and pathogen detection [75, 103, 107, 108]. Overall,
the resources to analyze Nanopore data were very
limited at the time this thesis was conceived: the first
long-read assembler that supported ONT sequences
(Canu) had just been released in 2017 [109], while the
most popular alignment tool for long and error-prone
reads (minimap2) had not even been published yet

[110]. This was in clear contrast with the bioinformatic
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landscape for Illumina sequencing analysis, which
was characterized by the availability of hundreds of
technology-specific tools and pipelines. Not only that,
but systematic benchmarks assessing the performance
of different tools for specific microbiome applications
had been already published. These works included
evaluations for metagenome assembly and binning [111,
112], taxonomic and functional classification [113, 114]
or taxonomic assignment of 16S rRNA gene sequences
[115-117], among other approaches. All these results
had been used to create best practices guidelines for
analyzing microbiomes [118, 119]. Although novel tools
that improve some aspects of the current bioinformatic
protocols are continuously being released (see [120] for
an example), the basis for short-read data analysis was
-and is still- solid and unlikely to be drastically changed.
On the contrary, the first successful applications of
ONT platforms were certainly going to encourage the
development of new software specifically designed to
handle the particularities of this data. Therefore, the
efforts needed to standardize Nanopore sequencing
and data analysis while demonstrating the convenience
of this technology for studying microbiomes could
be anticipated. For that reason, the main motivation
of the present work was to track new algorithms,
implement them into pipelines, test their performance
on metataxonomic (Chapter I) or metagenomic data
(Chapter II), and use these novel analytical tools to

characterize biotechnologically-relevant samples.

5.Nanopore sequencing fromabusiness perspective
Considering that this thesis was carried out in the
framework of an industrial doctorate programme, the
benefits of optimizing Nanopore sequencing deserve
to be evaluated, not only from the scientific point
of view, but also from the business perspective. As
discussed in previous sections, ONT platforms are in
constant evolution, so developing and adapting state-
of-the-art protocols requires signiﬁcant investment in
terms of money and human resources. On the other

hand, a company able to lead the implementation and
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optimization of Nanopore sequencing can place itself in
aprivileged position within the market. This position can
be used to obtain an economic return by two different
mechanisms: (1) offering Nanopore sequencing as a
service; (2) designing and selling applications that take
advantage of the particularities of ONT platforms (i.c.,
portability, real-time analysis, etc.). The first option
depends on the acquisition of equipment of high capital
cost (i.e., PromethION) to become competitive, which is
not necessarily compatible with the financial strategy of
a start-up company. Conversely, the second option relies
on creating and consolidating a know-how that can be
valuable for other commercial partners interested on the
technology but with a lack of technical knowledge. This
alternative is more attractive for a small company, as the
scope of Nanopore sequencing is almost unlimited. The
following subsections describe a range of applications in
which itis key to have portable, low-cost, fast, and robust

technologies allowing an 77 situ analysis of samples*.

5.1. Real-time analysis of clinical samples
Pathogen identification in hospitals is still mainly
dependent on microbial cultures, which have several
limitations regarding specificity, bias, sensitivity, and
time to diagnosis. For instance, in the case of sepsis,
patients are usually treated with broad-spectrum
antibiotics until the first results of culture-based analysis
(including determination of antibiotic susceptibility)
are obtained 36-48h later. In this context, MinION
sequencing paves the way towards a diagnostic alternative
in a clinically critical time frame, which could reduce the
morbidity and mortality associated with major microbial

infections.

The first reports on Nanopore sequencing in clinical
diagnosis aimed at detecting pathogens during
outbreaks. Flagship examples of such applications are
the fast (<24h) detection of Ebola virus during the
2015 outbreak in West Africa [121], or the fast (<6h)
4 Some of the content of the following subsections has

been published in Biology Methods and Protocols (see Publication
VIIin Appendix C).

phylogenomic analysis of Salmonella strains during a
hospital outbreak [122]. More recently, ONT platforms
have been used for sequencing SARS-CoV-2 genomes
[123] and for developing novel diagnostic tests for
COVID-19 [124]. Other significant efforts have focused
on the fast identification of single clinical isolates [125],
including the analysis of antibiotic resistance genes
(ARGs) in less than 6h [126, 127]. However, a range
of applications in the clinical field requires the use of
microbiome sequencing to unveil the identity of viral
or microbial communities rather than single isolates.
Greninger et al. [128] reported the detection of several
viral pathogens in human blood in <6h since obtaining
the samples. A similar approach was reported for the
rapid identification of mosquito-borne arbovirus [129],
and other viruses causing co-infections, including

dengue, from human serum samples [130].

An extensive number of reports have focused on the
analysis of infections caused by bacterial communities.
PCR-based approaches targeting the 165 rRNA gene
proved the most rapid method to identify pathogenic
agents from human samples, as they avoid sequencing
DNA derived from the host, whose concentration
may be overwhelming in some sample types. Using
this approach, pathogen detection can be achieved
in only 2 h in patients with pleural effusion [108] or
with acute respiratory distress syndrome [131]. The
use of human cell-free samples allows the application
of metagenomic protocols for the analysis of the
communities, yielding not only taxonomic information
but also the identification of putative ARGs, which
are of outstanding relevance for the selection of
effective treatments. In 2017, Pendleton et al. [132]
analyzed lavage fluids from patients with pneumonia
and managed to identify the bacterial pathogens in the
lungs in <9h. Similar approaches performed on urine
samples [133] and resected valves from patients with
endocarditis [134] yielded a diagnosis in 4h. For the

analysis of bacterial sepsis, recent reports describe the



application of MinION metagenomic sequencing on
cell-free samples (<6h from samples to results) [135]
and on faecal samples from preterm infants (obtaining
results in <5h) [136]. The depletion of human DNA
prior to metagenomic sequencing proved also a useful

alternative to reduce total analysis time [137].

5.2. Supporting microbiome-driven industrial
processes
Microbiome sequencing has been widely applied to
shed light on the microbial transformations occurring
on different industrial processes (e.g., preparation
of fermented foods or compost production).
Portable sequencers are not only a valuable tool for
characterizing industrial microbiomes, but also for
detecting microorganisms in real time. For instance,
water quality and wastewater management are an area
of great interest for microbial monitoring. It has been
proposed that sewage can be used for tracking infectious
agents excreted in urine or faeces, such as SARS-CoV-2
[138]. Moreover, Hu et al. [139] reported correlations
between E. coli culturing counts and the proportion
of nanopore reads mapping a comprehensive human
gut microbiota gene dataset, highlighting the potential
use of this molecular technique as an indicator of
faecal contamination. Nanopore sequencing can be
also employed for evaluating ARGs and antimicrobial-
resistant pathogens present in wastewater treatment
plants [140].

Agro-food industry would also benefit from real-time
sequencing. Indeed, Hu et al. [141] were able to identify
the fungal species causing diseases on wheat plants,
which were previously infected with known microbes.
Viral infectious diseases can be also monitored by using
this technology, allowing a rapid and improved response
to outbreaks [142]. Other successful applications of
ONT in the food industry include the characterization
of the microbiome of a salmon ectoparasite (Caligus

rogercresseyt), revealing its potential role as a reservoir for

17

fish pathogens [143]; and the determination of the fish
species present in complex mixtures, which would help

to prevent—and rapidly detect—food fraud [144].

5.2.1. The particular case of anaerobic digestion
Anacrobic digestion (AD) is the process of converting
several complex substrates, typically waste (e.g., sewage
sludge, food waste, manure...) into biogas (methane
and carbon dioxide), which is an industrially relevant
biofuel. The transformation of biomass into biogas is
driven by microorganisms, mainly bacteria and archaea,
and it can be divided into four phases: hydrolysis,
acidogenesis,  acetogenesis, and  methanogenesis
(Figure GL5). All the phases typically occur in the
same anaerobic digester, although two-stage systems
are common too. In this case, one reactor is used for
hydrolysis and acidogenesis (acidification stage), while
acetogenesis and methanogenesis take place in a different
digester (methane synthesis stage) [145]. Separated
acidification causes the accumulation of volatile fatty
acids (VFAs), which are short-chain (C2-C6) organic
acids (e.g., propionic acid, butyric acid, valeric acid, etc.)
[146], since methanogenesis is intentionally inhibited
at this stage. Therefore, the output of acidification is
a high-strength liquor, rich in VFAs, that can be used
for methane synthesis (in a different reactor) or other
industrial activities such as bioplastic production or

bioelectricity generation [146].

AD is highly variable, as it depends on multiple factors
suchastype of substrate, reactor configuration (e.g., leach
bed reactor, anaerobic filter, upflow anaerobic sludge
blanket, expanded granular sludge blanket, etc.), and
other operating parameters (e.g., pH or temperature).
All these factors also affect the microorganisms that
drive biogas production and, in consequence, there is
not a universal AD microbiome. In the present thesis,

both bacterial and archaeal communities associated
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Figure GL.5. The four phases of anaerobic digestion. First, complex polymers are converted into monomers (hydrolysis),
which are subsequently broken down into volatile fatty acids (VFAs), alcohols, hydrogen (H,) and carbon dioxide (CO,)
(acidogenesis). Then, acetic acid, CO, and H, are produced (acetogenesis). Finally, methane (CH,) is synthesized from

these products (methanogenesis). Adapted from Prajapati et al. [147].
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with different AD processes have been analyzed using

Nanopore sequencing (Chapter IA)°.

5.3. Portable sequencing in natural environments

Biodiversity assessment studies are usually carried out in
remote locations with limited access to DNA sequencing
services, forcing scientists to design intensive sampling
expeditions and returning to their home institutions
to perform the sequencing and the data analysis. ONT
sequencers have emerged as an alternative to these
traditional approaches, allowing the creation of mobile,
in-field laboratories. Pomerantzetal. [148] and Menegon
et al. [149] designed portable laboratories that included
thermocyclers and centrifuges powered by external
batteries, and a MinION device connected to alaptop to
perform 7z situ DNA sequencing. Both works were not
focused on metagenomic applications, but on evaluating
the taxonomic identity of different animal specimens
(reptiles and amphibians) via targeted sequencing of the
16S rRNA gene or other mitochondrial genes. However,

the applied methodologies and lab configurations could

S AD requires a complex infrastructure and a deep tech-

nical knowledge about the process. For that reason, these studies
where performed in collaboration with the Robert Boyle Institut
eV. (Jena, Germany) and the Technische Universitit Dresden
(Dresden, Germany), among other research centers. Researchers
from these institutions set the AD experiments and analyzed the
chemical data, while we carried out all the work related to Na-
nopore sequencing.

be easily adapted to perform metataxonomic approaches
relying on the amplification and massive sequencing of

marker genes.

The

sequencing protocols has specially been tested in very

feasibility of MinION-based metagenomic

cold environments. Edwards et al. [150] reported for
the first time the use of mobile laboratories for the 77
situ characterization of the microbiota of a High Arctic
glacier, whereas Goordial et al. [151] were also able to
perform MinION sequencing in the McGill Arctic
Research Station. Johnson et al. [152] used portable
field techniques to isolate DNA from desiccated
microbial mats collected in the Antarctic Dry Valleys,
to construct metagenomic libraries, and to sequence the
samples outdoors (Taylor Valley; Temperature=-1°C)
and in the McMurdo Station (Room Temperature).
Finally, Gowers et al. [153] designed and transported
a miniaturized lab across Europe’s largest ice cap
(Vatnajokull, Iceland) by ski and sledge. They adapted
DNA extraction and sequencing protocols to be
performed in a tent during the expedition, using solar

energy and external batteries to power the hardware.

In addition to cold environments, ONT sequencers have



also been applied to sequence a biofilm sample at a depth
of 100m within a Welsh coal mine [154]. Even more
interestingly, MinION has allowed DNA sequencing off
the Earth. A first study from Castro-Wallace et al. [155]
compared the performance of Nanopore sequencing in
the International Space Station (ISS) with experiments
carried out on Ground Control, obtaining similar
results. Recently, Burton et al. [156] have reported that
the preparation and sequencing of 16S rRNA gene
libraries are also achievable at the ISS. Remarkably, Carr
etal. [157] determined that ONT sequencers performed
consistently in reduced gravity environments, which
would allow the use of Nanopore sequencing in space

expeditions to Mars or icy moons.

6. Motivation
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5.3.1. The particular case of bioprospecting
As previously defined, microbial bioprospecting is the
search of biotechnologically-relevant microorganisms
and their products from different environments, which
can be both natural (e.g., deserts or oceans) or artificial
(e.g., solar panels or wasted chewing gums). Samples
collected during bioprospecting expeditions are generally
screened upon arrival at the laboratory, and results are
obtained after several weeks or months. Nonetheless,
portable sequencers (i.e., MinION) can be used to
characterize microbial communities directly in the field,
thus providing scientists with valuable information
about the samples and their biotechnological potential.
In this thesis, the suitability of applying 77 sit# Nanopore
sequencing to inform sampling during a bioprospecting

expedition has been evaluated (Chapter IB).

Throughout this General Introduction, the potential of Nanopore sequencing has been proved both from a

scientific and from a business points of view. Nevertheless, moving from the potential towards the actual adoption

of Nanopore sequencing require a tremendous effort in terms of validation and optimization. At the time this thesis

was conceived, the bioinformatic tools and experimental protocols available for applying Nanopore sequencing

to characterize microbiomes were very limited. For that reason, the main motivation of the present work was to

identify, optimize, and validate new methodologies for Nanopore-based metagenomics and metataxonomics,

while designing and implementing novel applications of this technology to address problems of industrial or

biotechnological relevance.
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Objectives

This thesisaimsat optimizing Nanopore sequencing to study microbial communities of industrial or biotechnological
interest. It has to be noted that this technology is rapidly evolving, and its use for characterizing microbiomes can
be approached from several perspectives (i.e., metataxonomics and metagenomics) and applied to multiple fields. In

the context of this broad framework, the present thesis has been designed to address the following objectives:

¢ Developing experimental protocols and bioinformatic pipelines for the metataxonomic analysis of both
archaeal and bacterial communities using Nanopore sequencing (Chapter I), and:
* Applying these novel protocols to characterize microbiomes of industrial relevance, focusing on the
microbial communities associated with the production of biogas as a case study (Chapter IA).
¢ Testing the potential of 7% situ metataxonomic sequencing to improve the sampling strategy during a
bioprospecting expedition (Chapter IB).
* Evaluating the performance of different assembly methods for Nanopore-based metagenomic sequencing
and defining the advantages and limitations of this technology compared to the state of the art of metagenome

assembly (Chapter II).






General Materials and Methods

1. Metataxonomic sequencing and analysis
Chapter I describes metataxonomic applications
for studying biotechnologically-relevant ecosystems
using Nanopore sequencing. For that purpose, several
experimental and bioinformatic protocols were adapted,
developed and/or implemented. The main steps of
these protocols are explained in the subsections below
and summarized in Figure GMM.1. However, all the
materials and methods that are specific to a particular

study will be described in the corresponding chapter.

1.1. DNA extraction and quantification
Two commercial extraction kits were used for DNA
isolation:
* DNeasy Power Soil Kit (QIAGEN, Germany,
Cat. No.: 12888). In all cases, approximately
0.25 g of each sample was used to perform DNA
extraction according to the manufacturer’s
instructions, with an additional incubation step
at 65 2C after the addition of the C1 solution in
order to improve cell lysis.
* FastDNA Spin Kit for Soil (MP Biomedicals
GmbH, Germany, Cat. No.. 116560200-
CF). For liquid samples, DNA isolation was
performed as described by Bergmann et al.
[158], using 500 uL of sample and a FastPrep 24
instrument (MP Biomedicals GmbH, Germany,
Cat. No.: 116004500). DNA was eluted in 100
pL of warm DES solution (55 eC).

In order to reduce the concentration of inhibiting
substances, solid samples collected from anaerobic
digesters were sedimented by centrifugation (10 min at
20,000 g) and washed several times with sterile Phosphate
Buffered Saline (PBS) until a clear supernatant was

observed.

DNA was quantified using either the Nanodrop 1000
Spectrophotometer (Thermo Scientific, DE, United
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States) or the Qubit 1X dsDNA High-Sensitivity Assay
kit (Qubit 2.0 Fluorometer, Thermo Fisher, Waltham,
United States, Cat. No.: Q33230), although the latter

was preferred.

1.2. 16S rRNA gene amplification
All the practical applications reported in this thesis
were based on analyzing the prokaryotic fraction of the
microbial communities, hence the 16S rRNA gene was
the marker region of choice for metataxonomic analyses.
As Nanopore sequencing produces long reads, the full-
length 16S rRNA gene can be read with this technology.
Therefore, primers able to amplify the entire gene (V1-
V9 regions; ~1.5 Kbp) were selected according to the
literature [159]:
* Archaea-specific primers

e Forward primer: Arch8F (5- TCC GGT
TGATCCTGC C-3)).

* Reverse primer: Arch1492R (5'- GGC TAC
CTTGTT ACG ACT T -3)).

* PCR mix: 1x Taq Polymerase Bufter (VWR,
WR International bvba/sprl, Belgium), 200
uM dNTPs, 200 nM primers, 1 U of Taq
DNA polymerase (VWR, WR International
bvba/sprl, Belgium), and 10 ng of DNA
template in a final volume of 50 pL.

*  PCR conditions: initial denaturation (94 °C;
1 min); amplification (35 cycles) comprising
denaturation (95 °C; 1 min), annealing (49
°C; 1 min) and extension (72 °C; 2 min);
final extension (72 °C; 10 min).

* Bacteria-specific primers

e Forward primer: S-D-Bact-0008-a-S-16 (5
AGR GTTYGATYM TGG CTC AG-3).

* Reverse primer: S-D-Bact-1492-a-A-16 (5™
TAC CTT GTT AYG ACT T -3)).

*  PCR mix: the PCR mix described for the
archaea-specific primers was used for the
bacteria-specific reaction (Chapter IA;
Study II). This mix was simplified for the
in-field application described in Chapter



24

IB. In this case, the PCR reaction mix for
each sample consisted of 22 uL. of H O, 25
uL of NZYTaq II 2X Green Master Mix
(NZYTech, Portugal, Cat. No.: MB358), 1
uL of both forward and reverse primers and
1 uL of template DNA.

* PCR conditions:

specific primers.

same as for Archaea-

Both archaea- and bacteria-specific primers were tailed
with the ONT Universal Tags: 5- TTT CTG TTG
GTG CTG ATA TTG C -3' for forward primer, and 5'
-ACTTGCCTGTCGCTCTAT CTT C-3'forreverse
primer. To assess possible reagent contamination, each
PCR reaction included a negative control using Milli-Q
water instead of template DNA. It must be noted that
archaea-specific oligos can result in the amplification of

some bacterial groups, and vice versa, as both primers are

based on the 16S rRNA gene.

Amplicons were purified with either the Agencourt
AMPure XP beads kit (Beckman Coulter, CA,
United States, Cat. No.: A63880) (Chapter IA) or
the NucleoMag kit for PCR clean up with magnetic
beads (Macherey-Nagel, Germany, Cat. No.: 744100.4)
(Chapter IB). Magnetic beads were used at 0.5X
concentration, and manufacturer’s instructions were
followed. DNA was recovered and quantified using the
the Qubit 1X dsDNA High-Sensitivity Assay kit.

1.3. Barcoding

Barcodes were added by employing the PCR Barcoding
Expansion 1-12 (ONT, United Kingdom, Cat. No.:
EXP-PBCO001) for less than twelve samples, or the PCR
Barcoding Expansion 1-96 (ONT, United Kingdom,
Cat. No.: EXP-PBC096) for thirteen samples or more.

The amplification protocol was as follows:

e Chapter IA

e PCR mix: 0.5 nM of the purified PCR
product, 1X Taq Polymerase Buffer, 200 uM
of dNTPs, 1 U of Taq DNA polymerase,

and 1 uL of the specific barcode (final
volume of 50 uL).
* PCR conditions: initial denaturation (98 °C;
30 s); amplification (15 cycles) comprising
denaturation (98 °C; 15 s), annealing (62
°C; 15 s) and extension (72 2C; 90 s); final
extension (72 ¢C; 7 min).
e Chapter IB
¢ PCR mix: 22 pL of H O, 25 uL of NZY Taq
112X Green Master Mix, 1 pL of the specific
barcode and 2 pL of the purified PCR
product.
*  PCR conditions: initial denaturation (95 ¢C;
3 min); amplification (15 cycles) comprising
denaturation (95 °C; 15 s), annealing (62
°C; 15 s) and extension (72 2C; 90 s); final
extension (72 2C; 5 min).
Amplicons were purified with the Agencourt AMPure
XP beads kit (Chapter IA) or the NucleoMag kit
(Chapter IB) and quantified with the Qubit 1X
dsDNA High-Sensitivity Assay kit, as described above.
Finally, an equimolar pool of amplicons was prepared

for the subsequent library construction.

1.4. Library preparation
The sequencing libraries were prepared using two
different versions of the Ligation Sequencing Kit (ONT,
United Kingdom): SQK-LSK108 (Chapter IA), and
SQK-LSK109 (Chapter IB). Briefly, the NEBNext
FFPE DNA Repair Mix (New England Biolabs,
Ipswich, United States, Cat. No.: M6630) was used for
DNA repair and end-prep. Then, a purification with
the Agencourt AMPure XP beads kit (Chapter IA)
or the NucleoMag kit (Chapter IB) was carried out.
Finally, adapter ligation and clean-up were performed
by following the ONT SQK-LSK108 or SQK-LSK109

protocol.

1.5. Nanopore sequencing and basecalling

All the experiments were performed using R9.4.1
MinION flow cells (ONT, United Kingdom, Cat. No.:
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FLO-MIN106D). Reads were basecalled using the most
updated version of the MinKNOW software (ONT,
United Kingdom) that was available at the time when
sequencing was performed: version 1.13 (Chapter IA)
and version 20.06.5 (Chapter IB). The former version
included Albacore as basecalling tool [160], while the
latter relied on Guppy [161]. Sequences with Phred
quality score (or Q score) under 7 (default threshold
implemented in MinKNOW) were discarded for further
analysis. Demultiplexing was carried out with either

Porechop  (https://github.com/rrwick/Porechop) or
MinKNOW.

1.6. Bioinformatic analysis
165 rRNA gene sequences were analyzed using two
different bioinformatic pipelines (Figure GMM.1).
The first approach (used in Chapter IA) was mainly
based on BLAST as implemented in QIIME (v. 1.9.1;
http://giime.org/) [162]. The second pipeline (used in
Chapter IB) was called ‘Spaghetti’ and it mainly relied
on minimap2 [110]. This approach was more suitable
for in situ applications, as detailed in the General
Discussion. Nevertheless, preprocessing steps were

similar in the two pipelines.

Pipeline 1: BLAST + QIIME

This pipeline was designed to assign the taxonomy of
the sequences through BLAST searches against a 16S
rRNA gene database. For that purpose, the QIIME
interface was chosen, since it provided a suite of scripts
for analyzing metataxonomic data and several ready-to-

use databases (http://giime.org/home_static/dataFiles.

html). However, this tool was developed for NGS data,
and hence some parts of the default pipeline had to be
adapted, as indicated below. The bioinformatic protocol
comprised the following steps:

1. Porechop (v. < 0.2.4) (https://github.com/

rrwick/Porechop)  was  run  with  default

parameters for removing sequencing adapters
from reads.
2. Reads shorter than 700 bp or longer than 1,700

bp were filtered with Nanofilt [163] (v. 2.7.1).
Quality check was performed with NanoStat (v.
1.4.0) using default parameters [163].

Chimeras were detected and removed by
using yacrd (v. 0.6.2) [164] with “-c” and “-n”
parameters set to 4 and 0.4, respectively, as
suggested by the authors for Nanopore data.
FASTQ reads were converted to FASTA using
the following command: sed -n ‘1~4s/*@/>/
p;2~4p’ in.fastq > out.fasta
add_qiime_labels.py (http://giime.org/scripts/
add_qiime_labels.html) was applied to make
the FASTA files compatible with QIIME.

QIIME worked with operational taxonomic

units (OTUs). An OTU is a group of sequences
that shares a certain similarity (typically ~97%
when working at the species level). Since the
accuracy of Nanopore sequences was lower
than this threshold, OTU-based approaches
were not directly applicable. Instead, taxonomic
assignment was performed at the read level. In
order to adapt this part of the QIIME pipeline,
the in-house fakePickOTUs.py script (https://
github.com/adlape95/ONT-16S-BLAST-and-
QIIME/blob/main/fakePickOTUs.py) was

created and used. After running this script,

QIIME treats each individual sequence as an
OTU.

. pick_rep_set.py (http://qgiime.org/scripts/pick

rep_set.html) wasapplied to pick arepresentative
sequence for each OTU. In this case, each OTU
was already constituted by a single sequence (see
step 7), so this step was added only to meet the
QIIME file format.

Taxonomy was assigned to each sequence with
parallel_assign_taxonomy_blast.py (http://

giime.org/scripts/parallel _assign_taxonomy

blast.html), using eight threads (“-O” option).
GreenGenes (v. 13.8) [165] and SILVA (v. 132)
[166] databases were used for Study I and
Study II, respectively.



10. Abundance tables (matrix containing all the
microorganisms detected and their absolute
abundances) were created with make otu_
table.py and summarize_taxa.py. These tables
were imported to R for statistical analysis (see

subsection 1.7).

This pipeline is available on GitHub (https://github.
com/adlape95/ONT-16S-BLAST-and-QIIME), along

with an extended description of each step.

Pipeline 2: Spaghetti

Spaghetti is a custom pipeline, developed in the frame-
work of this thesis, for the automated bioinformatic
analysis of Nanopore sequencing data and semi-
automatic exploratory analysis and data visualization.
Spaghetti bioinformatic pipeline is inspired by previous
works [73, 167, 168], and it consists of the following
steps:

1. Porechop (v. 0.2.4) is applied as described in
Pipeline 1.

2. Nanofile (v. 2.7.1) [163] is used to filter reads
shorter than 1,200 bp or longer than 1,800 bp.

3. Quality check is carried out as described in
Pipeline 1.

4. Chimeras are detected as noted in Pipeline 1.
Filtered reads are mapped against the SILVA
database (v. 138) [166], as formatted and
provided by Qiime2 (https://docs.giime?2.
org/2020.8/data-resources/), by
minimap2 (v. 2.17-r9419) [110] with “-x map-

ont” and “--secondary=no” options. In order to

using

reduce minimap2’s memory usage, -K option
was set to 10M, as previously suggested [169].
6. Alignments are subsequently filtered with in-
house python scripts (included in the pipeline),
and taxonomy and abundance tables are

obtained.

A detailed explanation of the pipeline and the specific

commands that were implemented can be found on

Spaghetti’s GitHub repository (https://github.com/
adlape95/Spaghetti).
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1.7. Statistical analysis and data visualization
All the statistical analyses were mainly performed using
the phyloseq R package (v. < 1.30.0) [170]. For alpha
diversity tests, samples were rarefied to the lowest library
size of each experiment to mitigate uneven sequencing
depth. For beta diversity, Principal Coordinates Analysis
(PCoA) plots were created using the Bray-Curtis
dissimilarity metric and relative abundances. Heatmaps
showing the relative abundance of microorganisms at
different taxonomic levels were produced with ampvis2
(v.2.6.5) [171]. Other custom figures (i.c., barplots, line
plots, boxplots...) were created using ggplot2 (v. < 3.3.1).
Plotly (v. 4.9.2.1) was used for producing interactive
plots. Venn diagrams were obtained with an online tool

(http://bioinformatics.psb.ugent.be/webtools/Venn/).

Differential abundance analyses were carried out using
the DESeq2 package (v. < 1.26.0) [172]. Briefly, the
‘phyloseq_to_deseq2’ function (http://joey711.github.

was

io/phyloseg-extensions/DESeq2.html) applied
to convert the phyloseq object into a DESeq2 object.
Then, the DESeq2 main function was used with the
‘parametric’ option for fitting the dispersion and the
‘Wald test’ option for calculating the significance of the
resulting coefficients. When applicable, the Benjamini-
Hochberg method was used for adjusting the p-values,
and only features with an adjusted p-value lower than

0.05 were generally considered significant.

It is worth highlighting that some of the analyses

described above wereincluded into the Spaghetti pipeline

https://github.com/adlape95/Spaghetti/blob/
main/module2/spaghetti.md for a full explanation).

(see

2. Metagenomic analysis
Chapter Il reports one of the first systematic evaluations
of metagenomic assembly using Nanopore sequencing.
A general overview of the procedures used in this
work is provided in the subsections below, although
some specific details about the methods will be further

described within the chapter.
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2.1. De novo assembly

As proposed by Lindgreen et al. [114], the tools selected
for the present benchmarking were required to meet the
following criteria:

¢ The tool should be freely available.

e The tool should include a suitable user guide,

both for installation and usage.
* The tool should have been extensively used or

show potential to become widely used.

A total of three widely used metagenomic short-
read assemblers and ten long-read tools (or different
versions of the same tool) were taken into consideration.

Nevertheless, it was not possible to install and/or run all
the software due to different reasons (Table GMM.1).

The commands used for running each assembler are
provided in Table GMM.2. It is worth highlighting
that all the tools were run with default parameters
when no metagenomic configuration was explicitly

recommended in the user guide.

2.2. Evaluation of the assemblies
Completeness and contiguity of de novo assemblies were
firstevaluated via QUAST (v.5.0.2) [182]. MetaQUAST
(v.5.0.2) [112] was used for obtaining assembly statistics
based on the alignment of the generated contigs against
the reference genomes. Only contigs longer than 500 bp
and with >X10 coverage were selected for calculating the
general statistics. MetaQUAST failed to run with some
draft metagenomes and, for that reason, minimap2 (v.
2.15) [110] was used instead to align the assemblies
to the reference metagenome. Then, the percentage
of metagenome covered by the draft assemblies was
calculated using the pileup.sh script from BBTools suite

(http://sourceforge.net/projects/bbmap/).

The resulting assemblies were further evaluated to
determine their error profile. Due to the lack of a

standard methodology, the presence of SNPs and indels

was analyzed using two different strategies. The first one
consisted of the alignment of the contigs against the

reference metagenome via minimapZ. BAM files were

then analyzed using beftools (https://samtools.github.
io/beftools/; v. 1.9) and the in-house script indels_and_

snps.py (https://doi.org/10.5281/zen0d0.3935763) was

applied to quantify the variants. The second strategy was
based on the use of MuMmer4 (https://sourceforge.
net/projects/mummer/files/; v. 3.23). This tool was
applied to align the draft assemblies to the reference
metagenome. Then, the script ‘count_SNPS_indels.
pl’ from Goldstein et al. [183] was used to calculate the
final number of SNPs and indels. In both strategies, the
number of variants was normalized to the total assembly

size of each metagenome.

Biosynthetic gene clusters (BGCs) are usually composed
of repetitive genetic structures that are hard to assemble
with short reads, with long-read technologies being,
therefore, more suitable to overcome this issue. However,
BGCs are also very sensitive to frameshift errors, which
have been reported to occur frequently in nanopore data
[183]. For that reason, AntiSMASH web service (v. 5.0)
[184] was used to compare the performance on BGC

prediction between the different assembly tools.

2.3. Assembly polishing
Draft assemblies were further polished with Racon
[185] and Medaka (https://github.com/nanoporetech/
medaka), using the commands specified in Table
GMM.2. As the Medaka model for the specific version
of Guppy (v2.2.2 GPU basecaller) that was originally

used for basecalling the data was not available, the
Medaka default model (r941_min_high g351) was
applied instead. ONT or Illumina reads were used for
iteratively running 4 rounds of Racon. Polishing was
carried out using the same ONT input reads as those
used for assembling each dataset, whereas Illumina reads
(MiSeq plataform) were retrieved from the shotgun
metagenomic sequencing data available for the Even
mock community (ENA Run Accession: ERR2984773)



[186]. Only the draft assemblies corrected with ONT

reads were further polished with Medaka, again using the

original ONT sequences as input. Indels and SNPs were

evaluated after each polishing step using the MumMer-

based strategy, as detailed above®.

6 Some of the content included in this section has been pu-

blished in the articles reported in Chapter I and Chapter I
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Table GMM.1. List of the assemblers selected for the benchmark

Assembler Version Type Problems encountered Intended scope
MetaSPAdes v3.13.0 Short-read ~ RAM memory error Metagenomic assembly
Megahit v1.1.4-2 Short-read ~ No problems reported Metagenomic assembly
Minia v.2.0.7 Short-read  No problems reported Metagenomic assembly
Canu v1.8 Long-read  No problems reported General usage

HINGE - Long-read  Config files could not be properly modified General usage
Miniasm v0.3(r179) Long-read  Failed to run with the 6 Gbp Log datasets General usage
MetaFlye v2.4 Long-read ~ No problems reported Metagenomic assembly
MetaFlye v2.7 Long-read ~ No problems reported Metagenomic assembly
Pomoxis v0.3.2 Long-read  Failed with the 6 Gbp Log datasets and the 14 ~ General usage

Gbp Even GridION dataset

Raven v0.0.8 Long-read No problems reported General usage
Redbean Widbg v2.5 Long-read ~ No problems reported General usage

Shasta v.0.4.0 Long-read  No problems reported General usage
Unicycler v0.4.8-beta Long-read  Failed with the 3 Gbp Log datasets Isolated bacteria
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Table GMM.2. Detailed list of the commands used.

Assembly

Software Commands

Megahit 1. megahit -t number_threads -r dataset_trimmed. fastq --out-prefix prefix_output files-o
output_folder

Minia 1. minia dataset_trimmed.fastq kmer._size min_abundance estimated_genome_size prefix._
output_files

Canu 1. canu -d output_folder -p prefix_output_files genomeSize=genome_size(number[g|m|k])
-nanopore-raw dataset_trimmed.fastq

MetaFlye 1. flye --nano-raw dataset_trimmed.fastq --out-dir output_folder --genome-size genome_

(v2.4 and size(number[g\m|k]) --threads number._threads --meta --plasmids

v2.7)

Miniasm 1. minimap?2 -x ava-ont -t number._threads dataset_trimmed.fastq dataset_trimmed.fastq | gzip
-1> [prefix_input_files] paf.gz
2. miniasm -f dataset_trimmed.fastq [prefix_input_files].paf.gz > [prefix_input files].gfa
3.awk '/7S/{print ">"$2"\n"$3}' [prefix_input files].gfa | fold > [prefix_output files].fa

Pomoxis 1. source [Absolute_path_pomoxis_software_folder]/venv/bin/activate
2. mini_assemble -i dataset_trimmed.fastq -o output_folder -p prefix_output_files -t number._
threads

Raven 1. raven -t number_threads dataset_trimmed.fastq > [prefix_output_files].fa

Redbean 1. wtdbg2 -x ont -g genome_size(number(g|m|k]) -t number_threads -i dataset_trimmed.fastq
-fo prefix_output 1_files
2. wtpoa-cns -t number_threads - [prefix_output_1_files].ctg.lay.gz -fo [prefix_output 2_files].
ctg.fa

Shasta 1. shasta-Linux-0.4.0 --threads number._threads --memoryBacking arg(/disk|4K|2M1)
--memoryMode arg([anonymous|filesystem]) --input dataser_trimmed.fastq
--assemblyDirectory output_folder

Unicycler 1. unicycler -l dataset_trimmed.fastq -« number._threads -o output_folder

Polishing

Software Commands

Racon 1. minimap2 -x map-ont -d assembly_unpolished.mmi assembly_unpolibed.fasta
2. minimap?2 -ax map-ont -t number_threads assembly_unpolished.mmi reads_(ONT/
Hllumina) fastq > overlaps.sam
3. racon -t number_threads reads (ONT/Illumina).fastq overlaps.sam assembly_unpolished.
fasta > assembly_polished. fasta

Medaka 1. source activate medaka

2. medaka_consensus -i reads ONT.fastq -d assembly_unpolished.fasta -o output_folder -t
number_threads
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Chapter I. Novel applications of Nanopore-based

metataxonomic sequencing

Chapter IA. Unraveling industrial microbiomes: the case of anaerobic digestion

Chapter IB. In situ microbiome sequencing to inform targeted bioprospecting
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Chapter IA. Unraveling industrial microbiomes: the case of anaerobic

digestion

Abstract:

Anaerobic digestion (AD) of organic matter is a robust technology for biogas synthesis from different types
of waste. AD is essentially considered a black-box process, as the microbial transformations leading to the biogas
production are not yet fully understood. In this chapter, Nanopore-based metataxonomic sequencing methods
were designed, implemented and applied to study the impact of different parameters on the archaeal and bacterial
communities associated with AD. In a first study, liquid and solid fractions of grass biomass were used as co-
substrates for anaerobic co-digestion of sewage sludge, and the methanogenic microbiome was monitored over
time. Liquid-fed batches developed a more stable microbiome, enriched in Methanosarcina, and resulted in higher
methanogenic yield. In contrast, solid-fed batches were highly unstable at higher substrate concentrations, and
Methanosaeta —typically associated with sewage sludge— remained as the most abundant methanogenic archaea.
The second study aimed at evaluating the use of nitrogen removal methods during anaerobic acidification. To
eliminate nitrogen, NH -stripping and MAP (magnesium ammonium phosphate hexahydrate) precipitation were
compared. Despite the treatments, bacterial communities were very similar in all the experiments, which proved
the high robustness and resilience of AD microbiomes. Nevertheless, MAP had a stronger effect on the bacterial
communities according to Nanopore sequencing. Moreover, the abundance of Acholeplasma and Erysipelotrichaceae
UCG-004, which are predominant in AD processes with high ammonia concentrations, tended to increase during
acidification. This suggests that bacterial communities were able to progressively adapt to high ammonia levels.
Altogether, these works demonstrate for the first time that Nanopore sequencing can be effectively used to study
AD microbiomes, thus paving the way towards a more ambitious goal: using this technology to monitor any

microbial-based industrial process 77 situ.

from 6,227 to 17,662 between 2009 and 2016 [192].

Background

Anaerobic digestion (AD) is a widely used technology
that allows microbial conversion of biomass into biogas,
which is a mixture of methane (CH,), carbon dioxide
(CO,) and traces of other gases (e.g., hydrogen sulphide).
Anaerobic digesters can be fed with a wide range of
substrates, such as grass biomass [187], sewage sludge
from water treatment [188], microalgal biomass [189],
and food waste [190], among others. Consequently,
biogas is considered an environmentally sustainable
source of energy and a key element in the frame of
circular bioeconomy [191]. The AD industry has been
in continuous expansion over the last few years. For

instance, the total number of biogas plants increased

Moreover, it is estimated that about 30-40% of EU gas
needs can be fulfilled with biogas by 2050 [193].

Basically, AD consists of four phases: hydrolysis (biomass
fragmentation), acidogenesis (formation of organic
acids, alcohols, CO,, and hydrogen), acetogenesis
(formation of acetic acid), and methanogenesis (last
phase of the process, in which acetic acid, hydrogen, and
carbon dioxide are the main substrates for the formation
of methane) (Figure GI.5). A diverse number of bacteria
are known to be involved in the hydrolysis and further
acidogenesis of complex polymers, whereas the oxidation
of intermediate metabolites to acetate (acetogenesis) is

performed by either hydrogen- or formate-producing



34

acetogens [194]. Lastly, methane synthesis is mainly
derived from acetate and H,/CO, by acetoclastic and

hydrogenoclastic methanogenic archaea [195].

Difterent techniques based on sequencing technologies

(e.g.,

metagenomic sequencing) have been applied to

16S rRNA gene sequencing or shotgun

study the structure and composition of microbial
communities in different types of anaerobic digesters
[187, 188, 196, 197]. These works have shown that
each particular community is influenced by parameters
such as the type of feedstock [196], temperature [198],
retention time [199], salt content [200], pH [201], or
the loading rate [202]. In other words, microbiomes
involved in the production of biogas are heterogeneous
and their dynamics are influenced by multiple factors.
This explains why AD is still considered a black-box
process [203].
Nevertheless, metataxonomic and metagenomic
studies have allowed the identification of different
microorganisms that can be associated with specific
operating parameters. For example, mesophilic reactors
tend to be richer in Methanosaeta, Methanoculleus, and
Methanosarcina, while thermophilic digesters exhibit
an increased abundance of Methanothermobacter or
Methanobacterium [188, 204]. On this basis, DNA
sequencing could be used as a monitoring tool for
industrial processes (i.e., fermentations), albeit the
economic investment needed to acquire a sequencer, the
technical complexity of the sequencing process and the

further bioinformatic analysis hamper its adoption.

the

Introduction, Nanopore sequencing has the potential

As  demonstrated  throughout General
to overcome these limitations. For that reason, we aimed
at applying the in-house protocols described in General
Material and Methods to study real-life AD processes,
as a proxy for assessing the suitability of ONT platforms
to characterize and monitor industrial microbiomes.
metataxonomic

Specifically, Nanopore-based

sequencing was used in four different works. The full
description of all these studies requires addressing several
complex concepts about AD, which is not the main goal
of this thesis. Therefore, and for the sake of conciseness
and clarity, only two of these works have been included

in this chapter:

e Study I: Analysis of archaeal communities
associated with the digestion of sewage
sludge. Under mesophilic conditions, digestion
processes with high amounts of chemical oxygen
demand (COD) tend to have high amounts of
Methanosarcina and Methanocullens. On the
other hand, sewage sludge, which has typically
lower amounts of COD compared to typical
industrial co-digesters, tends to have higher
amounts of archaea corresponding to the
genus Methanosaeta [188, 204]. A common
strategy to increase the efficiency of wastewater
treatment plants is to co-digest sewage sludge
with other substrates such as food waste or grass
biomass, which have higher COD. Nevertheless,
the transition from mono-digestion to co-
digestion of sewage sludge has not been
sufficiently characterized at the microbiome
level. Hence, this work aimed to investigate the
impact of slowly increasing concentrations of
COD on the underlying archaeal community of
sewage sludge digesters by means of Nanopore
sequencing. The effect of different feeding
strategies (feeding with liquids or solids) was
also analyzed’.

e Study II: Effect of ammonia removal
methods on bacterial communities. AD of
poultry manure -probably the largest residue
in the farming industry- is problematic due
to its high content of nitrogen. During the
hydrolysis of complex compounds, the initial
step of the anaerobic digestion process,
organically-bound nitrogen is released in the
form of ammonia, which causes the inhibition

involved in

of anaerobic microorganisms

7 See Publication Iin Appendix C for more context about
this study



biomethanation. To reduce the toxic effects
of poultry manure, different experimental
approaches have been previously investigated:
(1) to apply physico-chemical methods for
ammonia removal, such as ammonia stripping
[205, 206] or precipitation of ammonia and
phosphate together with magnesium salts (MAP
precipitation) [207]; (2) to perform a biological
pre-treatment in a separated acidification stage®
[208, 209], which allows a rapid formation
and accumulation of volatile fatty acids in a
high-strength liquor thanks to the intended
inhibition of methanogenic archaea’ ; (3) to
use leach bed reactors (LBR) for separating the
acidic high-strength liquor from solids prior to
methanogenesis, which facilitates pumping, and
allows the application of a high-performance
methane reactor, such as an anaerobic filter
(AF), upflow anaerobic sludge blanket (UASB)
or expanded granular sludge blanket (EGSB)
for efficient methanation in a second stage
[210]. This work aimed at demonstrating the
possibility of combining leach-bed acidification
of poultry manure with ammonia stripping or
ammonia precipitation while monitoring the
influence of these ammonia removal methods
on the underlying bacterial communities by

using Nanopore sequencing'’.

The other two studies were also focused on bacterial
communities and can be found in Appendix C
(Publication IIT and Publication IV). In the first one,
Nanopore-based 16S rRNA gene analysis was used in
combination with short-read metagenomic sequencing
to study the taxonomic and functional structure of

a bacterial biofilm that had grown on the inner wall

8 Acidification is the first step of a two-phase AD system.
The objective of this stage is to convert biomass into volatile fatty
acids (VFAs), which can be used for producing biogas or other rele-
vant products.

9 Methanogesis is unwanted during acidification, as the ob-
jective of this phase is to obtain VFAs, not biogas.
10 See Publication II in Appendix C for more context about

this study.
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of a laboratory-scale transparent anaerobic digester
illuminated with natural sunlight. Finally, the last work
describes the use of the Lotka—Volterra model coupled
to Nanopore sequencing results to analyze the bacterial

interactions occurring during AD.

of

associated with the

Study I. Analysis archaeal

communities

digestion of sewage sludge

Materials and methods

Substrates

Sewage sludge was collected from a mesophilic anaerobic
digester of a municipal wastewater treatment plant in
Jena (Germany) and stored for one week. The sludge
contained 3.52% of total solids (TS)and 56.30% of volatile
solids (VS, percentage of TS). Fresh grass (Gramineac)
biomass was chosen as co-substrate. It was collected
from the front garden of the Robert Boyle Institute
(Jena, Germany) and stored at 0 °C. To separate liquids
from solids, a conventional juicer (Angel Juicer 8500s,
Angel Co. LTD., Korea) was used for pretreatment of
grass biomass. The solid fraction contained a COD of
366 mg O, per g of substrate (according to the German
guideline DIN 3814-S9), and the liquid fraction had a
COD of 82 mg O, per g of substrate (according to DIN
38409-H41). The produced liquid fraction contained
11.63% of TS with 76.63% of VS. The remaining solid
fraction contained 55.80% of TS and 90.16% of VS.

Experimental design

Five batch reactors (A-E) were set up according to the
German guideline VDI 4630. Feeding occurred semi-
continuously with gradually increasing loading rates as
shown in Figure IA.1. Incubation occurred at 37 °C
without stirring and incubation bottles were agitated
manually before biogas measurements or sampling.
Reactor A was used as a negative control (without co-
substrate input); reactors B and C were fed with liquid

co-substrate (liquids separated from grass biomass);
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and reactors D and E were fed with solid co-substrate
input (remaining solids after liquid separation). Each
reactor was filled with 300 mL of sewage sludge. The
reactors were opened every 3—-4 days —twice a week—
to take samples and to add substrate. Afterwards,
the reactors were closed and flushed with nitrogen to
ensure an anaerobic atmosphere. Gas was collected
in a liquid displacement device (eudiometer) and the
volume of biogas, as well as the ratio of CO, and CH,
were measured daily. Produced gas was analyzed using
the “COMBIMASS 99 GA-m” gas measurement device

(Binder, Germany) to determine the ratio of CO, and

CH,. The amount of total volatile fatty acids (TVFAs)
and the solubilization of COD were monitored using
conventional photometer-based assays (Nanocolor
CSB15000 and Nanocolor organische Siuren 3000,
Macherey-Nagel, Germany).

At the beginning (Figure IA.1, phase I), the loading
rate was adjusted in such a way that liquid- and solid-fed
reactors produced similar amounts of methane. After
running the reactors with a constant input (phase II),
solid-fed batches (reactors D and E) reached an extremely

high viscosity, and 100 mL of water was added to each

°1 M (]
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Loading rate [gCOD/(d*L)]
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-0- Liquid substrate
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Figure IA.1. Substrate load (chemical oxygen demand -COD- per day -d- and litre -L-) in time. The addition of liquid
(batch reactions B and C) and solid (batch reactions D and E) grass co-substrate was performed in five different phases,
as indicated in roman numbers. Phase I: COD input concentration was adjusted to a value in which similar amounts
of methane were produced in batches fed with liquid or solid substrates. Phase II: A stable period of feeding occurred.
Phase III: solid-fed batches (reactors D and E) reached an extremely high viscosity, and small amounts of water were
added to enable stirring. Phase IV: Another phase of stable conditions followed. Phase V: in order to drastically increase

the organic loading rate, the substrate was changed to molasses in all the reactors.
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reactor to enable stirring (phase III). After another
phase of stable conditions (phase IV) and from day 113
onwards, the input of both liquid and solid substrates
was reduced by 25% each cycle, reaching a reduction of
100% at day 124. At the same time, the grass biomass
was replaced with molasses to induce a shock loading
(i.e., a rapid change in substrate concentration that can
lead to the inhibition of AD). The molasses input was

increased by 0.5 g per cycle (phase V).

Fluorescent microscopy

Methanogenic archaeca were quantified with an
epifluorescent microscope (Axio Lab.Al, Carls Zeiss,
Germany), adjusting the optical filters and excitation
wavelengths to the quantification of cofactor F420,
which is associated with methanogenic archaea.
Excitation occurred with wavelengths ranging from 400
to 440 nm and light emitted with wavelengths between
500 nm and 550 nm was collected. Samples were diluted
1:2 with a mounting solution (10 uL each) (RotiR-
Mount FluorCare, Carl-Roth, Germany) and 3 uL of
the suspension were applied between the cover slip and
the slide. Pictures were taken with 400x magnification
and 126 ms exposure time. For each time point, 48
pictures ware taken and evaluated using the Image]

software (bttps://imagej.nib.gov/ij/download. html).

Methanosarcina-like complexes were identified from
the images and used as a semi-quantitative estimator
of the abundance of Methanosarcina in the samples.
On the other hand, F420-signals emitted from rod-
shaped archaea were used to evaluate the abundance of

Methanosaeta.

Metataxonomic sequencing and analysis

DNA extraction, 16S rRNA gene amplification,
Nanopore sequencing and bioinformatic analysis were
performed as described in General Material and
Methods. Briefly, samples were washed with PBS and
centrifuged (10 min at 20,000 g) several times, until the
supernatant was clear. Then, DNA was extracted with

the DNeasy Power Soil Kit. The full-length 165 rRNA
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gene of archaea was amplified by PCR with the Arch8F
and Arch1492R primers. Libraries were prepared using
the SQK-LSK108. All the purification steps included
in the protocol were carried out with the Agencourt
AMPure XP beads kit. Sequencing was performed
during 12 h using the MinION and a R9.4.1 flowcell.
Reads were basecalled with MinKNOW (v. 1.13;
basecaller: Albacore) and sequences with an average Q <
7 werediscarded. Porechop (https://github.com/rrwick/
Porechop) was applied to demultiplex the sequences
according to the barcodes. Pipeline 1 (https://github.
com/adlape95/ONT-16S-BLAST-and-QIIME; detailed
in General Material and Methods) was followed for

taxonomic assignment using the GreenGenes database
(v. 13.8) as reference [165]. Principal Coordinates
Analysis (PCoA) plots were created using the Bray-
Curtis dissimilarity metric and relative abundances.
Barplots and line plots were generated with ggplot2 (v.
2.2.1).

Results and discussion

Reactor performance: liquid vs. solid feeding

Two different strategies for the repowering of sewage
sludge involving co-digestion were compared: (1)
using a liquid co-substrate with very low percentage of
total solids (TS) and, therefore, with low amounts of
lignocellulose (batch reactions B and C); and (2) using
a solid co-substrate with a very high percentage of TS
and, therefore, with high amounts of lignocellulose
(batch reactions D and E). Both co-substrates were
obtained from fresh grass (Graminidae) biomass.
Additionally, a control digester was kept without co-
substrate input (batch reaction A). The loading rate
of both experimental approaches was adjusted in such
a way that both systems produced similar volumes of
methane per working volume, as described in “Materials
and methods” (Figures IA.1).

In both co-digestion strategies, the amount of biogas
ranged between approximately 100 and 200 mL of
methane per day during phase I and II (day 1-82)
(Figure IA.2). By the end of phase II, the liquid fed
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batches reached a solubilized COD of 5.9 £ 0.2 g
COD/L, and a TVFA (intermediates in the methane
formation pathway) concentration of 2.81 £ 0 g
TVEFA/L. Although the solubilized COD and TVFA of
the solid fed system were higher at that time (12.02 £ 2.98
g COD/L, and 3.98 £ 0.02 g TVFA/L), the amount of
methane produced was slightly higher in the liquid fed
system (Figure IA.2). Moreover, methane production

within the liquid fed system proved more stable in time.

By the end of phase II, the digestion sludge in the solid
fed system reached such high viscosity that no stirring
was possible. In order to ensure a better substrate
distribution and to facilitate to movement of bubbles, a
small amount of water was added to the solid fed batch
systems D and E. Due to the dilution, the loading rate of
the solid fed batches was slightly reduced during phase
IV (Figure IA.1).

A

80 - 600 801 p e
| Liquid substrate = 70 | Solid substrate ]
-e- COD - 500 £ o] [* %P r 500 E
=0 = — 60 - >
= 60 - =0= TVFA % =’5, =0= TVFA 400 -g
= L 400 © = 50 I =
X 504 | «0= Methane = < 50 == Methane g
Q. c
F 40 [ 300 £ F 40 (300 6
i L2 T B
L o s 30 - 3
2 30 I 200-§ 5 2003
© 20 & o 0 o =
L " 0
10 - 100 (rDu L]
04 o + 0
> D ;A RPN S
Time [d] Time [d]
=®m Liquid
C |7+ control
ooo Solid

B

TVFA [g/L]

600

400 500
etV d

300
200 an

100 ot

Figure IA.2. Chemical parameters measured for the different experimental set-ups. Data on chemical oxygen demand
(COD), total volatile fatty acids (TVFA) and methane production are represented for one of the liquid fed reactors (A) and

one of the solid fed reactors (B). A three-dimensional representation of the evolution of all the reactors is also shown (C).




Since the high viscosity of the solid fed batch prevented
any further increase of the loading rate, the substrate
was changed stepwise to molasses for both digestion
experiments (liquid and solid fed batches), starting at
day 117 (phase V). In parallel, the loading rate of the
other substrates (liquid and solid grass biomass) was
lowered stepwise until both experimental set-ups were
fed exclusively with molasses. The solubilized COD
increased drastically in both digestion approaches,
indicating that reactors reached the intended substrate
overload. However, from day 132 onwards (Figure
IA.1, phase V), the produced amount of methane
became drastically reduced in the solid fed batches
(Figure IA.2). In contrast, the liquid fed batch systems
displayed higher stability, with continuously increasing
levels of methane production. Moreover, a sudden acid
shock was detected in the concentration of TVFAs in
the solid fed batches, reaching more than 20 g TVFA/L
at day 132 (Fig. 2B). The liquid fed batches remained
with a lower concentration of TVFAs, reaching 5.52
t 0.54 g TVFA/L at day 132, indicating a much

more efficient conversion of TVFAs into methane.

Changes in the composition of the wmethanogenic
microbiome

Changes in the relative abundance of the main genera
involved in methane production were monitored
using fluorescent microscopy and confirmed by full-
length 16S rRNA gene high-throughput sequencing,
using specific primers targeting archaea. As shown in
Figure IA.3, microscopic analysis revealed that the
number of rod-shaped methanogens in solid-fed batches
remained high throughout the experiment, indicating
a high number of Methanosaeta, a genus typically
observed in sewage sludge [188, 204]. Interestingly,
liquid-fed batches showed decreasing numbers of
rod-shaped methanogens and increasing numbers of
Methanosarcina-like complexes. Microscopic analysis
made it difficult to quantify Methanosarcina species, as
they tend to form large complexes, which prevent the
identification of single cells. Methanosarcina is a genus

found in co-digesters with higher loading rate than
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Figure IA.3. Microscopic analysis of methanogenic

communities. Methanogens were screened by
quantifying co-factor F420. Methanosarcina-like cell
aggregates and rod shaped F420-signals were analysed
semi-quantitatively. High amounts of rod-shaped F420-
signals were used as indicators for high concentrations
of Methanosaeta spp., which is typical for sewage sludge

with low COD content.

sewage sludge [188].

In parallel, the archaeal communities present in the
different reactor configurations were analyzed by means
of full-length archaeal 16S rRNA gene high throughput
analysis using the MinION device. In accordance with
the chemical data, the principal coordinates analysis
performed with the archaeal profile of each sample
showed a different microbial evolution for the solid
and liquid-fed reactors (Figure IA.4). Figure IA.4A
shows the taxonomic composition in each experimental
condition. At day 29, Methanosaeta was the most
abundant genus in all cases, accounting for 23-75% of
sequences. Methanosaeta remained the majority genus
throughout the experiment in solid-fed batches, as well
as in the control digester. However, the abundance of
Methanosarcina. increased in liquid-fed batches, with
it becoming the most abundant genus at days 103
(batch C) and 139 (batch B and C). Figures IA.4A
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and IA.4C show the decline of Methanosaeta spp.,
and the enrichment of Methanosarcina spp. Moreover,
the increase in Methanosarcina was accompanied by
a transient increase of Methanomethylovorans at day
29 and 103 (Figure IA.4A). Consistently with these
findings, an earlier work reported a high abundance
of Methanomethylovorans in sewage digesters which

received co-ferments from biodiesel production [188].

It has to be noted that Methanosarcina spp. are
methanogens which can be found in co-digesters with

high loading rates, especially in the leachate of leach-bed

systems [188, 211, 212]. Therefore, the observed results
indicate that the methanogenic microbiome of liquid-
fed systems can be successfully shaped and adapted to
higher loading rates. This is in contrast with solid-fed
systems, which remained enriched in Methanosaeta, a
typical genus from sewage sludge digesters, which are

usually operated at lower loading rates [188].

The present results show that the successful adaption of
archaeal communities of sewage sludge to higher loading

rates is a time-consuming process and it depends on the
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Figure IA.4. Taxonomic analysis of the archacal communities based on full-length 16S rRNA gene Nanopore
sequencing. (A) Relative frequency of the most abundant taxa in each sample. Numbers in the X axis indicate the day
in which samples were taken. Letters indicate the type of feeding (A: control; B and C: liquid-fed batches; D and E:
solid-fed batches). (B) Principal Coordinate Analysis (PCoA) based on the full taxonomic profile of the samples. (C)

Evolution of the frequency of Methanosaeta (up) and Methanosarcina (down) in the different reactors.




feeding strategy. To ensure stable process conditions,
it is reccommended to intensively screen the taxonomic
profile of industrial sewage digesters, when increasing
the loading rate due to the application of co-substrates.
As lignocellulose-enriched substrates are problematic
during the digestion process, it is preferred to use
liquid substrates and to remove the lignocellulolytic
fraction. Alternatively, it is also possible to liquefy the
lignocellulolytic fraction prior to the digestion process,

as discussed recently by Rajesh Banu et al. [213].

Overall, liquid-fed reactors were re-shaped, changing
from a Methanosacta-dominated community, to a
Methanosarcina-enriched community. For the first
time in this field, 165 rRNA gene high-throughput
sequencing was performed with the Nanopore-based
MinION device, allowing the identification of changes
in the taxonomic profiles during the AD process. This
work reports that the addition of liquid co-substrates
resulted in a more effective methanogenic microbiome,
and allowed higher biogas production. Altogether, these
results confirm the high potential for increasing the
efficiency of sewage sludge digesters from wastewater
treatment plants by using relatively simple strategies

such as co-digestion with liquid substrates.
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Study II: Effect of ammonia removal

methods on bacterial communities!!

Materials and methods

Substrates

The solid part of a digestate was obtained from a local
biogas plant in Woltow (Germany) and used as seed
sludge (i.e., microbial starter). This biogas plant was
linked to an egg-producing poultry farm. Chicken
manure from laying hens was used as the main substrate,
which was collected from an egg-producing poultry
farm (NEN Marth GmbH, Woltow 19, Selpin-Woltow,
Germany). Additionally, wheat straw was used as the
packing material for the leach bed. The applied raw

materials were chemically characterized (Table IA.1).

Experimental design

Leach-bed acidification was performed in custom-
made, stainless-steel reactors with a total volume of
100 L (number 1 in Figure IA.5a). The leach-bed, a
mixture of 5 kg seed sludge and 5 kg chicken manure,
was incubated at a mesophilic temperature (37 °C) for 7
days. A seven-day period was chosen as treatment time

in the leach-bed reactor since this duration had been

11 See Background and Publication II (Appendix
C) for more context about the study.

Table IA.1. Characterization of the seed sludge and substrates used in this study.

Seed sludge Substrate Packing material
TS (% of FM) 18.03 + 1.04 3571 +1.14 88.81 + 2.40
VS (% of TS) 70.25 +2.28 51.30 + 2.45 94.71 + 2.73
Total nitrogen (Kjeldahl, g kg™ of FM) 3.10 +0.29 8.31 +0.82 5.89 + 1.20

COD (g kg™ of FM)

183.09 + 15.86

257.18 +10.26

1074.92 + 17.87

pH

8.81 +0.10

7.77 +0.24

6.91 +0.15

Conductivity (mS cm™)

27.41 +11.79

54.40 +5.19

8.08 +3.59

TS: total solids; FM: fresh matter; VS: volatile solids; COD: chemical oxygen demand.
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previously found suitable to yield high volatile fatty
acid concentrations and to prevent conversion of acids
into methane (data not shown). As packing material for
the leach-bed, 0.5 kg wheat straw was used and retained
in a strainer. A custom-made storage tank with a total
volume of 60 L (number 2 in Figure IA.5a) was filled
with 20 L of fresh tap water at the beginning of the
experiment. During the incubation period of 7 days, the
liquor was circulated between the storage tank and the
LBR with a flow rate of 193.8 mL s resulting in a high-
strength liquor (leachate). Circulation was achieved by
using a pump (Wilden Model P1 Plastic/P1/PPPPP/

WES/WE/KWEF”; Wilden Pumps Grand Terrace, CA,
U.S.A.). Liquor was pumped from the storage tank and
percolated over the leach-bed every 3 h. After passing the
leach-bed, the liquor was returned to the storage tank.
Percolation was adjusted to achieve a complete cycle of
circulation of the liquor each 24 h. The storage tank was

maintained at 37 °C.

The volume of produced gas was measured in a multi-
chamber rotor gas meter (TG 05/5 model, Dr.-Ing.
Ritter Apparatebau GmbH & Co. KG, Bochum,

Germany) and collected in a gas bag (Tesseraux

a b

C

3A —

Figure IA.5. Experimental set-up: Acidification of chicken manure in a leach-bed configuration (a). Leachate was
collected in a storage tank (2), and continuously recirculated into the leach-bed reactor (1). To apply NH3-stripping
and MAP precipitation, liquor was removed from leach-bed system and then returned back after nitrogen removal (3);
NH3-stripping occurred in a stripping column (b). For this, leachate was pumped into segment I of the column (3A),
which was equipped with a droplet separator. From there, the leachate was transferred through a packed bed in segment
II. In the opposite direction to the leachate flow, atmospheric air was pumped into the column in section III through the
packed bed (4), which was used as trickling filter. The treated leachate was collected in the lower part of the column, from
where it was removed (3B) and, finally, refilled into the leach-bed acidification (A). NH3-enriched gas escaped through

the upper part of the column (5). MAP precipitation occurred in an open tank coupled to a laboratory stirrer (c).




Spezialverpackungen GmbH, Biirstadt, Germany),
where the gas was kept until analysis. The measured
biogas volume was normalized to standard conditions

(temperature 273.15 K, pressure 1013.25 mbar).

Leach-bed acidification was performed without nitrogen
removal (control), and with nitrogen removal by either
NH -stripping or MAP precipitation. Acidification
experiments were repeated twice for each configuration

(Duplicate A and B).

NH sstripping

Stripping of ammonia involves blowing air or biogas
through the fermentation liquid, resulting in the
transfer of free ammonia into the gas phase. The removal
of ammonia is facilitated at high pH and temperature,
since ammonic nitrogen is present in the shape of free
ammonia under these process conditions [214]. The
ammonia can subsequently be captured and recovered
from the gas phase by absorption (e.g., with sulphuric

acid) to yield ammonium sulphate.

A custom-made stripping column was used for NH,-
stripping. The column had an inner diameter of 0.168
m and a total length of 2.05 m. It was divided into
three segments: segment I = leachate feed, segment II =
packed bed, and segment III = gas carrier feed (Figure
IA.5b). The packed bed of the column contained a loose
bulk of plastic rings (Pall-Ring 15; Raschig GmbH,
Ludwigshafen, Germany) showing a diameter of 0.015
m, a specific surface of 350 m* m?, and a porosity of
0.88 m’ m?. The bulk height was 0.81 m. The column
was heated with a water bath (Lauda Alpha RAS; Dr.
R. Wobser GmbH & Co. KG, Lauda-Kénigshofen) up
to 90 C.

The column was loaded with approximately 0.02 m’
h' of leachate from the storage tank of the leach-bed
acidification (number 3 in Figure IA.5a) using a pump
(Watson-Marlow 323du Drive 400 RPM EU; Spirax-

Sarco Engineering group, Falmouth Cornwall, England).
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To facilitate ammonia release, the pH of the leachate was
adjusted to 11.6 using approximately 50 g L of sodium
hydroxide (32%). Released ammonium was removed
from the column by a constant air stream, which was
used as gas carrier. The gas carrier was pumped at a
rate of 20 m® h' through the stripping column, using
an air ventilator (RL65-21/14; ebm-pabst, St. Georgen,
Hungary). After passing through the stripping column,
leachate was taken from the bottom of the column
and returned back into the storage tank, the pH was
re-adjusted to its former value using approximately
12.3 g L'* of sulphuric acid (75%). NH -stripping was
performed only once during the acidification of chicken
manure (the treatment was applied after three days of
the 7-day leach-bed incubation time). In the applied
treatment procedure, the leachate was passed two times
through the stripping column to achieve an appropriate

removal of ammonia.

MAP precipitation

MAP (magnesium ammonium phosphate hexahydrate)
precipitation, also known as struvite precipitation, is
based on the ability of ammonia to bind with magnesium
and phosphate [215]. Under weakly alkaline conditions,
and if phosphate and magnesium salts are added at
required amounts, magnesium ammonium phosphate
crystallizes, and it can be withdrawn from the liquid

phase for further utilization as fertilizer.

For the (precipitation  of
MgNH PO,.6H,0O), an open tank coupled to a

laboratory stirrer for continuous mixing was used

MAP  precipitation

(Figure IA.5c). The working volume of the tank was 10
L. The stirrer was a paddle agitator, which was powered
by a Eurostar 40 digital stirrer drive (IKA Werke
GmbH & Co. KG, Staufen, Germany). The reaction
was conducted at a constant temperature of 22 °C. For
each MAP precipitation step, 30.5 g L' of potassium
hydrogenphosphate and 89 g L of magnesium chloride
hexahydrate (both previously dissolved in deionized

water) were applied to the leachate taken from the storage
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tank of the leach-bed acidification (number 3 in Figure
IA.5a). After 30 min of incubation with agitation (100
rpm), a sedimentation step of 60 min without agitation
was carried out in order to achieve a separation between
the precipitated MAP crystals and the leachate. After
sedimentation, the supernatant was released from the
open tank by a lateral outlet and returned back into the
storage tank. The MAP sludge was discarded. The dry
weight of the MAP sludge was approximately 4.7% (in
weight) of the treated leachate.

Two different MAP precipitation experiments were
performed: in one of them, MAP precipitation was
applied only once, after three days of the 7-day leach-bed
incubation time (further referred as 1x MAP-P); while
in the other, MAP precipitations were performed after
days 1, 2 and 4 (further referred as 3x MAP-P).

Chemical analyses

pH and conductivity were analyzed using the WTW
pH/Cond 340i device (WTW, Weilheim, Germany),
equipped with the WI'W pH Electrode SenTix41
and the WTIW TetraCon 325 electrodes. The TS,
VS, NH-N, total nitrogen and trace elements were
quantified according to the VDLUFA guideline
(1983/2006). The COD was analyzed according to
the guideline DIN 38409-41:1980-12. Volatile fatty
acids (VFAs), including acetic, propionic, butyric, iso-
butryric, valeric, iso-valeric, and caproic acid, were
analyzed as described by Herrmann et al. [216]. The
composition of the produced biogas was measured on
a daily basis using the portable gas analyzer GA 2000
(Geotechnical Instruments (UK) Ltd., Warwickshire,

England).

DNA extraction and gPCR

DNA isolation was performed with the FastDNA
Spin Kit for Soil, as described in General Material
and Methods. qPCR was performed as described

by Bergmann et al. [158], using the following primer
and TagMan sets: BACfw 5>-ACT CCT ACG GGA

GGC AG-3, BACrev 5-GAC TAC CAG GGT ATC
TAA TCC-3’, and BAC TagMan 5’-TGC CAG CAG
CCG CGG TAA TAC-3’ for quantifying bacteria; and
ARCfw 5-ATT AGA TAC CCS BGT AGT CC-3’,
ARCrev 5°-GCC ATG CAC CWC CTC T-3°, and
ARC TagMan 5-AGG AAT TGG CGG GGG AGC
AC-3’ for guantifying archaea. The The qPCR was
conducted utilizing the 2x qPCR Probe Mix (Bioenzym
Scientific GmbH, Hess. Oldendorf, Germany), Tag-
Man probes, primer-fw/rev (biomers.net GmbH, Ulm,
Germany) and a CFX96 Real-Time System (Bio-Rad
Laboratories GmbH, Miinchen, Germany). The PCR
mixture consisted of 10 pLL 2x pPCR Probe Mix,1.8 uL
primer-fw,1.8 pL primer-rev, 0.4 nL TagMan probe,
1000 pg of sampled DNA (2 uL of the isolated DNA
with a concentration of 500 pg uL"') and 4 pL. PCR-
grade water. The PCR program for bacteria started with
a 7 min step 95°C, followed by 45 cycles with 15 s at 95
°C for denaturation, 30 s at 57 °C for primer annealing,
and 60 s at 60 °C for elongation. The thermocycler
program for archaea started with 7 min at 95 °C too
and was followed by 40 cycles with 15 s at 95 °C for
denaturation, and 60 s at 60 °C for primer annealing and
DNA elongation. Evaluation of the PCR results was
supported by the program CFX Manager 3.1 (Bio-Rad
Laboratories GmbH, Miinchen, Germany).

Metataxonomic sequencing and analysis

DNA extraction, 16S rRNA gene amplification,
Nanopore sequencing and bioinformatic analysis
were performed as described in General Material
and Methods. Briefly, the full-length 16S rRNA
gene of bacteria was amplified by PCR with the S-D-
Bact-0008-a-S-16 and S-D-Bact-1492-a-A-16 primers.
Libraries were prepared using the SQK-LSK108. All
the purification steps included in the protocol were
carried out with the Agencourt AMPure XP beads kit.
Sequencing was performed using the MinION and a
R9.4.1 flowcell. Reads were basecalled with MinKNOW

(v. 1.13; basecaller: Albacore) and sequences with an

average Q <7 were discarded. Porechop (https://github.



com/rrwick/Porechop) was applied to demultiplex the
sequences according to barcodes. Pipeline 1 (https://

github.com/adlape95/ONT-16S-BLAST-and-QIIME;
detailed in General Material and Methods) was
followed for taxonomic assignment using the SILVA
database (v. 132) as reference [166]. As recommended
by the authors of the phyloseq package [170], taxa
which were not detected more than 3 times in at least
20% of the samples were removed, and abundances were
standardized to the median sequencing depth in order
to correct different library sizes. Principal Coordinates
Analysis (PCoA) was carried out based on Bray-Curtis
dissimilarities and relative abundances. For alpha
diversity analyses, samples were rarefied to the lowest
library size to mitigate uneven sequencing depth, and
plots were created with the plot_ordination function
included in phyloseq. Additionally, a comparative
analysis of the microbial profiles observed at day 7 was
carried out using DESeq2 package [172]. Barplots were
generated with ggplot2 (v. 2.2.1).
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Results and discussion
Nitrogen removal during acidification

In this work, a leach-bed configuration was used
and NH_-stripping and MAP-

precipitation were compared to a control reaction,

for acidification,

which was acidified without any nitrogen removal.
Nitrogen was removed generally at day 3, in order to
ensurethatasignificantfractionof nitrogen wasconverted
into ammonia. Additionally, a fourth experiment was
performed, where the MAP-precipitation was repeated
three times (3x MAP-P).

After 7 days of acidification, the treated liquors always
showed lower nitrogen concentrations than the
untreated control. The highest nitrogen removal was
achieved with the triple MAP-precipitation, where the
total nitrogen (Kjeldahl) concentration was around 29%
lower than the control. The concentration of NH -N
was reduced by 38% (Figure IA.6a). The amount of
biogas produced strongly varied between duplicates,
and this observation can be attributed to the natural

12 NH3-stripping and MAP-precipitation are two different
methods for removing nitrogen from substrates.
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fluctuations of the used raw materials (see Table IA.1).
Particularly low biogas production was detected in
both replicates when three MAP precipitations were
performed (Figure IA.6b). Taken together, our results
indicate that MAP-precipitation could be an effective
treatment to prevent unwanted methane production

during acidogenesis.

The content of TVFAs increased between 13 and 19%
when N-removal methods were applied. High ammonia
concentrations can inhibit hydrolysis and acidification,
and thus the formation of VFAs. Methanogenesis is
more susceptible to high ammonia concentrations, but
hydrolysis and acidification have also been found to be
negatively affected by high ammonia concentrations
[217, 218]. In the present study, ammonia removal
during theacidification process correlated with enhanced
acidification at high nitrogen input concentrations.
TVFA concentration were similar in all three approaches
for nitrogen removal (averaged 10.73 +0.28 gTVFAs
L1), but the ratio between different kinds of VFAs
diftered (Figure IA.6c¢). While in the untreated process
the amount of acetic acid ascended to 59% of TVFAs,
the liquid treated with MAP precipitation and NH.-
stripping showed values of approximately 65% and 74%,
respectively. This enhancement in the formation of
acetic acid is highly convenient for a subsequent use of

the process liquor in methanation?.

Quantification of archaea and bacteria

The absolute abundance of bacteria and archaea was
analyzed on the last day of each leach-bed experiment by
means of qPCR (Figure IA.7). The number of bacteria
and archaea found in the control was in concordance
with other studies [158, 216]. However, all experiments,
except the control, showed a strong decrease in the
number of archaea. This indicates that the harsh
N-removal method might contribute to prevent
contamination with methanogenic microorganisms,

which is a positive outcome during acidification. In

13 See Publication IT in Appendix C for an extended discus-
sion on the efficiency of Nitrogen removal methods
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Figure IA.7. Quantification of bacteria (a) and archaea
(b) in the high-strength liquor produced with the different
treatments. The copy numbers of 165 rRNA genes were

analysed based on qPCR using domain-specific primers.

the case of x3 MAP-precipitation, qPCR results show
that the bacterial community was strongly affected too.
Surprisingly, this reduction in the bacterial cell number
did not result in an apparent reduction of TVFAs
production. However, it has to be noted that TVFAs
content reached values of 8.9 and 8.6 g L™ at day 3 (data
not shown), indicating that most of the TVFAs were
produced before the second MAP-precipitation was

conducted.

Characterization of taxonomic profiles

Besides qPCR, high-throughput sequencing of the 16S
rRNA gene was performed with a MinlON ' sequencer.
Samples were collected from each acidification
experiment (control, NH_-stripping, 1x MAP-P and
3x MAP-P) at days 1, 3 and 7. Additional samples were
taken at day 5 for the 3x MAP-P. As each experiment
was performed in duplicate, a total of 26 samples were
analyzed. Overall, 288,222 reads were generated and
taxonomically assigned, accounting for an average of
11,085 reads per sample (min: 1,414; max: 30,596).

Taxonomic profiles were similar in all the experiments
(Figure IA.8). Similarly, other studies have found that
AD microbiomes are highly robust and show resilience

against alterations in different operating parameters'

14 See Publication IV in Appendix C
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[219]. At the phylum level, samples were dominated
by Firmicutes (~57.4% of average relative abundance),
Bacteroidetes (23.2%), Proteobacteria (~8%), Tencricutes
(~4.9%), and Cloacimonetes (1.78%) (Figure IA.8a),
which was concordant with previous investigations
(188, 204, 220-222]. Firmicutes, Bacteroidetes and
Proteobacteria are also predominant in the chicken
gut microbiota [223, 224]. Moreover, according to
Abendroth (2017) [219], ahigh abundance of Firmicutes
and Bacteroidetes is expected in reactors showing high
concentrations of TVFAs, while Proteobacteria is usually
found in processes subjected to harsh conditions, which

matches the results obtained in our experiments.

At the genus level, taxonomic profiles proved to
be diverse, with no specific genus dominating the
microbial community. Instead, all the samples were
rich in various taxa including an uncultured MBAO3
bacterium (~5.8 of average relative abundance), Bacillus
(~4.1%), Proteiniphilum (~3.7%), Bacteroides (~3.3%),
Petrimonas (~3%), Acholeplasma (~3%), Fermentimonas
(~2.9%) or Lysinibacillus (~2.6%), among others (Figure
IA.8b). These genera are commonly found in anaerobic
digesters or in the chicken gut microbiota. For instance,
it has been previously demonstrated that members
of the MBAO3 taxonomic group are associated with
AD processes using farm waste (i.e., animal manure)
as substrate [225] or with high amounts of ammonia
[226]. Interestingly, other studies have proved that the
genera Fermentimonas, Proteiniphilum and Petrimonas
-common in biogas reactors [227]- were associated with
nitrogen rich substrates or slightly elevated pH values
and TVFAs [226, 228]. Bacteroides, a well-known
fermentative and acid-producing bacterium, was found
to be abundant in both chicken gut microbiomes [229]
and digesters fed with chicken manure, which were also
rich in Ruminiclostridium and Caldicoprobacter [230],
as also shown in this work. Finally, Acholeplasma and
Erysipelotrichia proved predominant in microbiomes

showing a robust performance under high ammonia
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Figure IA.9. Evolution of the relative abundance of
Erysipelotrichaceae UCG-004 (top) and Acholeplasma
(bottom) with time. Relative abundance was calculated
from Nanopore sequencing results. ‘d’: day.

concentrations [231]. In concordance with these
results, the relative abundance of Acholeplasma
and  Erysipelotrichaceae UCG-004 increased during
acidification, with the exception of Erysipelotrichaceae
UCG-004 after 3x MAP-P (Figure IA.9), suggesting
that microbial communities progressively adapt to high

ammonia levels.

Beta diversity analysis revealed that all the microbiomes
showed a similar evolution in time (Figure IA.10;
Axis 1). This probably reflected the adaptation of
the microbial communities to the conditions, which
were similar in all cases despite the different ammonia
removal methods applied (same type of substrate, same
reactor configuration, similar levels of TVFAs, etc.).
In agreement with qPCR results, the triple MAP-
precipitation resulted in a more noticeable modification
of the microbial community (Figure IA.10; Axis 2).
To further investigate this phenomenon, a statistical
comparison was performed using the microbial profiles
corresponding to the last day of each experiment.

Microbial communities were only slightly affected



by NH_-stripping, with a significant reduction in the
abundance of only one genus in comparison to the
control experiments (FDR-adjusted p-value <0.05;
DESeq2 test). The communities proved much more
affected by MAP-precipitation, which resulted in a
significant change in nine (1x MAP-P) and twenty (3x
MAP-P) different genera (FDR-adjusted p-value <0.05;
DESeq2 test) (Supplementary Figure IA.S1). Finally,
alpha diversity analysis showed that reactors subjected
to ammonia removal methods displayed higher richness
and Shannon indices (Supplementary Figure IA.S2).
Nevertheless, this increase in the alpha diversity metrics
could notbe directly attributed to the ammonia removal,
as control samples showed reduced alpha diversity at
day 1, when no removal method had been applied yet.
(Supplementary Figure IA.S3).

49

The present work evaluates the suitability of using
NH -stripping  or MAP-precipitation during an
acidification treatment of chicken manure in a leach-bed
configuration. In general, all the investigated procedures
showed comparable efficiencies for ammonia removal.
Denitrification techniques lead to an up to 19% increase
of production of VFA, however, the highest production
of acetic acid (favourable for methane production) was
observed when applying NH,-stripping. To the best of
our knowledge, this is the first study in which Nanopore
sequencing has been used to analyze the bacterial
communities associated with AD. Overall, microbiomes
were similar in all the experiments and concordant with
previous studies. Nevertheless, 3x MAP-P proved to
have a higher influence on the bacterial composition
according to both qPCR and microbiome sequencing.
The effect of these changes in the production of biogas
(in a second reactor) from the high-strength liquor
generated after ammonia removal remains unknown

and deserves further study.
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The content of this chapter has been adapted from the
following publications (available in Appendix C):

Publication I: Hardegen ], Latorre-Pérez A, Vilanova
C, et al. Methanogenic community shifts during the
transition from sewage mono-digestion to co-digestion
of grass biomass. Bioresour Technol 2018;265:275-81.
doi:10.1016/j.biortech.2018.06.005

Publication II: Ramm P* Abendroth C*, Latorre-
Pérez A, et al. Ammonia removal during leach-bed
acidification leads to optimized organic acid production
from chicken manure. Renew Energy 2020;146:1021-
30. doi:10.1016/j.renene.2019.07.021

Publication III: Latorre-Pérez A*, Abendroth C*,
Porcar M, et al. Shedding light on biogas: Phototrophic
biofilms in anaerobic digesters hold potential for
improved biogas production. Syst Appl Microbiol
2020;43. doi:10.1016/j.syapm.2019.126024
Publication IV: Schwan B*, Abendroth C*, Latorre-
Pérez A, et al. Chemically Stressed Bacterial
Communities in Anaerobic Digesters Exhibit Resilience
and Ecological Flexibility. Front Microbiol 2020;11.
d0i:10.3389/fmicb.2020.00867

* Equal contributions
In all the publications listed above, the work related to
Nanopore sequencing and microbiome data analysis

was carried out by Latorre-Pérez A.
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Chapter IB. In situ microbiome sequencing to inform targeted bioprospecting

Abstract:

Bioprospecting expeditions are often performed in remote locations, in order to access previously
unexplored samples. Nevertheless, the actual potential of those samples is only assessed once scientists are back
in the laboratory, where a time-consuming screening must take place. This work evaluates the suitability of using
Nanopore sequencing during a journey to the Tabernas Desert (Spain) for forecasting the potential of specific
samples in terms of bacterial diversity and prevalence of radiation- and desiccation-resistant taxa, which were the
target of the bioprospecting activities. Samples collected during the first day were analyzed through 16S rRNA
gene sequencing using a mobile laboratory. Results enabled the identification of locations showing the greatest
and the least potential, and a second, informed sampling was performed focusing on those sites. After finishing the
expedition, a culture collection of 166 strains belonging to 50 different genera was established. Overall, Nanopore
and culturing data correlated well, since samples holding a greater potential at the microbiome level also yielded
a more interesting set of microbial isolates, whereas samples showing less biodiversity resulted in a reduced (and
redundant) set of culturable bacteria. Thus, we anticipate that portable sequencers hold potential as key, easy-to-use

tools for zn situ-informed bioprospecting strategies.

In this context, sequencing technologies can be used to
Background lucidate whole microbial profiles f les, th

elucidate whole microbial profiles from samples, thus
Scaling laws have predicted that the Earth is home to 1 P pies,
» ) ) ) . revealing changes in microbiome composition which
trillion (10'?) microbial species [232]. A large fraction

o _ _ are usually not detected with culture-based approaches.
of this biodiversity still remains to be explored and

i Ilumina sequencing platforms —such as the MiSeq
very likely harbors novel molecules, enzymes and/ o
o L . . o . System- are the current standard for microbiome
or biological activities with potential applications in

) . ) sequencing. Nevertheless, this technology is time-
industrial processes, drug development, cosmetics or ] 4 I e hiomine th |
consuming and usually requires shipping the samples
environment-related issues (i.e., bioremediation). The & yreq PPIng P
L to a centralized sequencing facility. Therefore, in situ
search for these novel products from biological sources

) ) ) ) ; TGS strategies emerge as a promising alternative to this
and, in particular, from microorganisms, is known as

. . . . traditional approach.
microbial bioprospecting. Extreme environments, such

as the deep sea or hyper-arid deserts, are of special interest
) ) ) Among TGS technologies, the MinION system is
for bioprospecting studies, as they tend to be sources of
) S especially relevant for in situ sequencing as it is the
undiscovered biodiversity [233].

smallest sequencing device currently available, it is

L ) L inexpensive in comparison to other TGS devices, and
The characteristics (i.e., nutrient and oxygen availability, i ' .
o ) ) the generation of long reads can be assessed in real time.
humidity, irradiation, pH, etc.) of a given environment ) )
. ) ) i ) Thus, sequencing data can be directly analyzed through
shape the composition of its microbiota, often leading 7
) ) o .~ bioinformatic pipelines that can be run on servers,
to the existence of temporal and spatial variations in )
. ) . o laptops, or even mobile phones [108, 237].
the microbial community composition [234, 235].

Spatial changes have also been observed at microscale:

N ing h iously b di
for example, in gradients of soil depths as recently ANOPOTE SCqUENCINE has previously been Usec 1 range

f real-ti lications, such th detecti
demonstrated with the SoilBox system [236]. OF fealtime apprcations, such as pathogen detection

and surveillance [121, 137, 238]; forensic identification
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[239, 240] or industrial process monitoring [241,
242]. Among all the potential uses of MinION, 7 situ
sequencing is especially interesting for those situations
where no alternative analyses are feasible due to a lack
of equipment (ie., second-generation sequencing
platforms, qPCR instruments...). This is the case for
most bioprospecting expeditions, which are usually
carried out far away from microbiology laboratories.
Previous works have demonstrated that both sample
preparation and microbiome sequencing can be achieved
using a reduced, mobile laboratory. Indeed, Nanopore
sequencing has been successfully applied in extremely
remote locations such as the Antarctic Dry Valleys,
Canadian High Arctic, the largest European ice cap or
the International Space Station (see subsection 5.3
of General Introduction). Beyond the undoubtedly
scientific interest of analyzing microbial samples up to
hundreds of kilometers away from the nearestlaboratory,
microbial bioprospecting could further benefit from 7z
situ sequencing, as it would allow for a more directed
and evidence-based sampling procedure focused on
those sampling locations that prove to be enriched with

the microbial taxa and/or biological activities of interest.

To test this hypothesis, we planned a two-night
expedition to the Tabernas Desert (Almerfa, Spain). This
dryland has recently been reported to harbor a previously
unexplored high bacterial biodiversity, significantly
enriched in radiation- and desiccation-resistant
microorganisms, which were the target of our study [37].
A minimum setup of both laboratory and bioinformatic
tools was designed for analyzing biocrust and soil
samples via 165 rRNA gene sequencing throughout the
expedition. The obtained taxonomic profiles were used
to identify sample types enriched in taxa that have been
described to be radiation resistant, allowing us to collect
additional samples before ending the journey. Overall,
this work demonstrates the feasibility of using portable,
Nanopore-based sequencing devices to study microbial

communities without the need of returning to the lab,

which could potentially inform decision-making during

sampling.

Materials and methods

Sample collection

Sampling was carried out in November 2020 at the
Tabernas Desert Natural Park (Almeria, Spain),
under the permission of the competent authorities.
Biocrust and bulk soil samples were collected in two
different days. Biocrust samples were gathered using a
laboratory spatula that was sterilized with ethanol 96%
immediately before collecting each sample. Bulk soil
(~5 cm deep) was directly introduced into sterile falcon
tubes. On the first day, fourteen different samples were
taken, and then analyzed through 7% situ microbiome
sequencing. Based on the results, six additional samples
were gathered during the second sampling day. These
samples were, indeed, biological replicates of the least
and most promising samples based on sequencing data.
Metadata (geolocation, type of sample, appearance and
pictures) was collected and associated to each sample

(Supplementary Figure IB.S1).

Laboratory setup

Requirements for DNA extraction, PCR amplification,
library preparation and sequencing were evaluated, and
a minimum laboratory setup was designed accordingly

IB.S1). The

equipment fitted in the trunk of a compact car, and it was

(Supplementary  Table necessary
transferred to an apartment in Viator (Almerfa, Spain),
15 km away from the Tabernas Desert, where the mobile
laboratory was established and all the experimental and
data analysis procedures were carried out. The apartment
was equipped with electricity, internet connection, a

fridge and a freezer.

Metataxonomic sequencing and zzmzlysz’s
DNA extraction, 16S rRNA gene amplification,
Nanopore sequencing and bioinformatic analysis were

performed as described in General Material and
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Methods. Briefly, 0.25 g of the samples were used to
perform DNA extraction with the DNeasy Power Soil
Kit. DNA was resuspended in 30 pL of sterile Milli-Q
water and Qubit 1X dsDNA High-Sensitivity Assay
kit was used for in-field DNA quantification. PCR
amplification of the full-length bacterial 16S rRNA gene
(V1-V9; ~1.45 kbp) was carried out by using the S-D-
Bact-0008-a-S-16 and S-D-Bact-1492-a-A-16 primers
and a simplified PCR mix (see General Material and
Methods). All the purification steps included in the
protocol were carried out with the NucleoMag kit for
PCR clean up with magnetic beads. Barcodes were
added by employing the PCR Barcoding Expansion
Pack 1-96. Libraries were prepared using the SQK-
LSK109. A R9.4.1 MinION flow cell was primed and
loaded as indicated by the manufacturer. Sequencing
was performed during ~6.5 h. Reads were basecalled
with MinKNOW software (v. 20.06.5; core v. 4.0.5)
using Guppy’s (v. 4.0.9) fast basecalling model, and
sequences with Q < 7 were discarded. 165 rRNA gene
sequences were analyzed with Spaghetti (see Pipeline

https://github.com/adlape95/Spaghetti), a

custom pipeline for automatic bioinformatic analysis

2 or

of Nanopore sequencing data and semi-automatic

exploratory analysis and data visualization.

All the analyses were run on a MSI GF63 Thin 9SC-
047XES laptop (CPU: Intel Corei7-9750H, 6 core, 12
threads; RAM: 16GB; SSD: 512 Gb; Graphics Card:
GeForce GTX 1650).

Isolation of bacterial strains

Upon arrival at the laboratory, the samples were
homogenized by mixing 1 g of the sample with 1 mL
of sterile Phosphate Buffered Saline (PBS) and serial
dilutions up to 107" were performed. Then, 50 pL of
the 107 to 1077 dilutions were spread on Petri dishes
containing either TSA medium (composition in g/L.:
15.0 tryptone, 5.0 soya peptone, 5.0 sodium chloride,
15.0 agar) or SSE/HD 1:10 medium (composition

detailed on the DSMZ media database, medium number

1,426). In the case of the SSE/HD 1:10 medium,
duplicates of each dilution were cultured, with one of
the replicates being incubated under uninterrupted
artificial light and the other replicate being incubated,
together with the TSA plates, under natural light. All
plates were incubated in oxygenic conditions and at

room temperature.

Individual colonies were selected based on their color
and morphology from the TSA and SSE/HD 1:10 plates
incubated under natural light after 6, 11, 18, 30 and
35 days of incubation (Supplementary Table IB.S2,
available on https://doi.org/10.5281/zenodo.5771104).

These colonies were re-streaked on fresh culture medium

to isolate them in pure culture. Most of the isolates
were obtained from TSA medium and from the more
concentrated dilutions (107> and 107*). Regarding the
samples cultured on SSE/HD 1:10 under uninterrupted
artificial light, these were removed from the artificial
light after 4 weeks of incubation as they did not display
any microbial growth. A few days after removal, different
bacterial colonies started to grow. These colonies were
re-streaked on fresh culture medium and isolated in pure
culture. All pure strains were cryo-preserved in glycerol
(20% glycerol in an over-night culture of the strain) at
—80 oC for further uses.

Molecular identification of isolates

A loopful of each isolate, grown on solid medium, was
resuspended in 100 uL of sterile Milli-Q water and
subjected to a rapid DNA extraction that consisted of
three cycles of boiling and freeze-thawing. Then, a PCR
was performed to amplify the 16S rRNA gene using the
following universal primers: 8F (5-AGA GTT TGA
TCC TGG CTC AG-3') [243] and 1492R (5-GGT
TAC CTT GTT ACG ACT T-3) [244]. The following
conditions were used for PCR: initial denaturation
(95 °C; 5 min); amplification (24 cycles) comprising
denaturation (94 °C; 15 s), annealing (48 °C; 15 s) and
extension (72 2C; 90 s); final extension (72 ¢C; 5 min).



Amplicons were visualized by electrophoresis in a 1%
agarose gel stained with GoldView DNA Safe Stain
(UVAT Nerium Scientific, Spain) (100 V, 30 min).
Amplicons were precipitated overnight at —20 °C in
a mixture of isopropanol 1:1 (vol:vol) and potassium
acetate 1:10 (vol:vol) (3M, pH 5). The next day, DNA
was pelleted by centrifugation for 10 min at 12,000
rpm, then washed with 70% ethanol and resuspended in
15 uL of sterile Milli-Q water. Amplicons were tagged
using the BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, CA, United States) and sent
for Sanger sequencing of the partial 165 rRNA gene at
the SCSIE (Serveis Centrals de Suport a la Investigacid
Experimental) of the University of Valencia (Spain),
using the same universal primers as previously mentioned
(8F and 1492R).

All resulting sequences were edited with UGENE v.33
[245] to remove low quality base calls, and taxonomic
identification was performed using the BLASTn tool and
the16Sribosomal RNA sequences(Bacteriaand Archaea)
database (NCBI). Finally, clones were dereplicated using
the BLASTh tool to compare each partial 165 rRNA
sequence to the rest of strains belonging to the collection
of microorganisms established in this project. Any strain
displaying >99.9% similarity to another strain already
in the collection and isolated from the same sample was
considered to be a replicate, and therefore duplicates
were discarded from the collection. This was performed
to avoid an overestimation of the culturable diversity, as
bacterial clones of the same species are not relevant for

the microbial collection.

The comparison between results from Nanopore
sequencing and microbial culture collection was based
on taxonomic information. Nanopore and Sanger 165
rRNA gene sequences were taxonomically classified
independently, as described above. Then, the genus-level
profiles were evaluated to find those taxa that had been

identified by both approaches.
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Data availability
The datasets generated in this study were submitted
to the NCBI Bioproject database (acc. number:

PRJNA749463): https://www.ncbi.nlm.nih.gov/
bioproject/?term=PRJNA749463.

Results

Sampling expedition roadmap

Based on previous sampling experiences in the
Tabernas Desert and sequencing tests performed in the
laboratory, a detailed roadmap for the expedition and the
experimental procedures was designed (Figure IB.1).
The total duration of the expedition was less than 60 h,
including travelling (~25% of hands-on time) and two
nights. The rest of hands-on time was spent on library
preparation (~28%), sequencing and basecalling (~26%),
sampling and setup (13%), and data analysis (8%). The
first set of sequencing data was generated approximately

24 h after sample collection.

Microbiome sequencing and bioinformatic analysis
Twelve biocrust and two bulk soil samples (“control”
samples) were collected and analyzed through full-
length 16S rRNA gene sequencing using the MinION
platform. A total of 1,657,804 raw reads were generated.
After length and quality filtering, an average of 101,972
t 20,949 sequences per sample were obtained (min:
50,051; max: 128,282; median Q = 10.3). Reads were
subsequently analyzed by using Spaghetti (see General
Materials and Methods), which was inspired by
previous works [73, 167, 168]. Spaghetti relied on
minimap2 [110] alignments against the SILVA w.
138 database [166], and taxonomic assignments were
obtained in ~2 h. Other alignment tools were tested
as alternatives to minimap2, but they were discarded
for different reasons: BLAST took ~26 h to finish a
~1M reads analysis, while LAST exceeded the available
laptop’s RAM (16 Gb).

Taxonomic and diversity analysis

Spaghetti data analysis and visualization pipeline
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Bulk soil (control) Biocrust
Loc.1 Loc.3 Loc.1 Loc.2 Loc.3 Loc.4 Loc.6
f 1T 1T 1T 10 1T 1T 1
c.1 c.3 X1.1 X1.2 X1.3 X1.4 X1.7  X1.8 X2.1 X2.2 X3.1 X3.2 X4.1 X6.2
A Chloroplast; Chloroplast- 0065  0.228 8201 29547 23982 26319 38249 9725 3.591 4.152 2055 11551 0.742 9.677
Cyanobacteriales; uncultured- 0014  1.253 1457 0585  0.899 4982 0785  0.985 30404  17.168 10077 17.849 20,535 3618
Cytophagales; uncultured - 0.723 356 7572 2.09 2311 3.581 2964 3288 6242 5772 9442 8483 2.267 1.457
Cytophagales; Hymenobacter- 0017 0.056 11214 2745 2219 3231 2653 2506 2297 0915 5532  3.075 0.473 9.799
Cytophagales; Adhaeribacter - 0.238 0.09 4.48 4.023 1.803 1.599 3.244 3.337 3.442 1.7 2.707 2.156 3.06 9.939
Cytophagales; Rhodocytophaga - 0.091 0.138 5.796 3.487 2.568 1.101 3.03 3.824 3.555 5.139 4.26 3.364 2877 0.569
Chitinophagales; Segetibacter- 0.4 0.387 1.933 4.704 7.665 2.194 1.487 2.833 0.811 0.551 0.476 2271 1.09 7.881
Sphingomonadales; Sphingomonas - 0.635 0.789 4.002 0.91 1.203 1.409 1.437 3.387 2264 2.491 3.606 2,636 1.787 6.64
Pyrinomonadales; RB41 - 7.981 0.824 0069 0455 0472 1517 0807  0.179 0238 0651 0513 0471 6.903 5.495
Armatimonadales; Armatimonadales - 0.487 0.682 2.902 1.002 0.822 0.969 0.937 1.291 1.951 1.59 2.766 1.319 7.453 1,679
Blastocatellales; Blastocatella - 0.362 0.09 0.045 0.299 2537 0.605 0.226 0.544 0.265 0.939 0.824 0.979 15.053 171
Cyanobacteriales; Chroococcidiopsis SAG 2023- 0.003 0.966 0.166 0.037 0.032 0.327 0.084 0.039 1.382 5.001 4.604 2.749 6.086 2.809
Rubrobacterales; Rubrobacter- s8s2 5652 0306 0308 0481 0721 0317 1013 1465 2178 1.584 1.72 0.842 0788
Sphingomonadales; uncultured - 0.379 0.636 0.436 1.172 1.382 1.461 0.791 227 2,535 5.396 1.453 3.355 0.368 1.385
Cyanobacteriales; Symplocastrum CPER-KK1 - 0.004 0.023 0.082 0.035 0.305 4.05 0.247 0.116 7.282 5.908 3.836 0.737 0.004 0.006
Tepidisphaerales; WD2101 soil group- 2501 1.445 0.571 0.77 1.261 0673 0.898 2404 1.067 3.233 248 3.385 0.858 0.735
Rhodobacterales; Rubellimicrobium- 0.02 0.094 6.613 2.056 0.507 1.436 0.822 1.383 0.871 0.45 2.401 0.535 0911 1.785
Rhizobiales; Microvirga- 0.214 0.22 2127 2.901 1220 2477 1947 1874 0772 0603 0883  1.016 0.036 0.148
Rhizobiales; uncultured - 1.961 1416 0.517 1.06 0.795 0.556 0.728 1.763 0.836 1.117 0.864 2.186 0.262 1642
Vicinamibacterales; uncultured - 5.268 3.349 0.274 0.28 0.761 0.258 0.345 1.186 0.083 0.468 037 0.281 0.006 0.04
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Figure IB.2. Nanopore sequencing results. (A) Heatmap showing the top 20 genera detected in the samples and their
relative abundances. (B) Principal Coordinates Analysis (PCoA) using the Bray-Curtis dissimilarity metric. (C) Alpha
diversity analysis: Observed genera (richness) (top); Shannon index (bottom). Samples are ordered by richness. Loc. =

Location.
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Figure IB.3. Profile of desiccation- and radiation-resistant bacteria according to Nanopore sequencing data. (A) Heatmap
showing the 29 genera of interest and their relative abundances (%). (B) Barplot displaying the cumulative relative
abundances of the selected taxa (n = 29). Only twelve genera have been colored in order to improve visualization, as the
abundance of some taxa was so low that they could not be properly distinguished in a figure. An interactive version of this
figure including the 29 genera of interest can be found in Supplementary Figure IB.S4 (see https://doi.org/10.5281/

zeno0do.5771104). The relative abundance of desiccation- and radiation-resistant genera was calculated considering the
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generated several plots designed to provide a rapid
overview of the taxonomy and the diversity of the
samples (Supplementary File IB.S1, available on
https://doi.org/10.5281/zen0do0.5771104). At  the

phylum level, biocrust samples were dominated by

Cyanobacteria (~34.5% of average relative abundance),
(~22.7%), (~19.2%),
Acidobacteriota (~6.0%) and Actinobacteriota (~4.7%),
while soil samples were mainly characterized by
Actinobacteriota (~24.8%), Acidobacteriota (~18.6%),
Proteobacteria (~14.2%). Planctomycetota (~14.2%) and

Bacteroidota Proteobacteria

Gemmatimonadota (~7.3%) (Supplementary Figure
IB.S2; Supplementary Table IB.S3).

As expected, a higher variability in the microbiome
composition was detected at the genus level, with
an uncultured Cyanobacteriales (~4.7% of average
relative abundance), Hymenobacter (~3.9%), an
uncultured Chroococcidiopsaceae (~3.8%), an uncultured
Spirosomaceae (~3.7%) and Adhaeribacter (~3.5%) being
the most dominant taxa for biocrust samples. Moreover,
a considerable number of reads (~14.0%) were assigned
to chloroplasts in these samples. On the other hand,
soil samples were mainly characterized by Rubrobacter
(~5.8%), Vicinamibacteraceae (~4.8%), an uncultured

(~4.7%), RB41

(~4.4%), an uncultured Vicinamibacterales (~4.1%), and

Pirellulaceae Pyrinomonadaceae
alow presence of reads assigned to chloroplasts (~0.15%)
(Figure IB.2A; Supplementary Table IB.S4, available
on https://doi.org/10.5281/zenodo.5771104).

Beta diversity analyses showed that biocrust and soil
samples were clearly distinguishable at the microbiome
level. Moreover, samples tended to cluster based on
their sampling location (X1, X2, X3, X4 or X6), instead
of other characteristics (i.e., color and shape of the
biocrust) (Figure IB.2B). Alpha diversity indices were
used to identify the most and least rich and diverse
samples, which were X1.8/X1.3/c.1 and X6.2/X2.1/
X4.1, respectively (Figure IB.2C).

Radiation- and desiccation-resistant bacteria detection

Once the general taxonomic and diversity profiles were
obtained, special attention was paid to 29 bacterial
genera that had proven to be radiation- and/or
desiccation-resistant according to the literature [246—
252]. The objective of this analysis was to identify those
samples which maximized the richness and abundance
of those radiation- and/or desiccation- resistant taxa,
since they should hold a greater potential for isolating
and discovering microbial strains and substances of

biotechnological interest.

Overall, the number of radiation- and desiccation-
resistant genera detected in the samples by Nanopore
sequencing was high, ranging from 23 (X2.1 & X2.2)
to 29 (X1.1 & X1.8) (Figure IB.3A). Although some
of the taxa were present in low abundance (<0.01%),
the selected bacteria accounted for 11.5% of the relative
abundance of the samples, in average (Figure IB.3B).
Biocrust profiles were dominated by Hymenobacter
(~3.9% of the total relative abundance), Sphingomonas
(~2.7%), Rubellimicrobinm (~1.7%), Microvirga (~1.3%)
and Rubrobacter (~1%). The two bulk soil samples were
mainly characterized by the presence of Rubrobacter
(~5.8%), Arbtrobacter (~0.9%) and Sphingomonas
(~0.7%) (Figure IB.3; Supplementary Table IB.S4).

After analyzing all the results provided by the
pipeline, additional samples were collected. This time,
bioprospecting activities focused on obtaining biological
replicates of three selected samples: (a) biocrust X1.1,
with the highest number of radiation- and desiccation-
resistant genera (29); (b) biocrust X2.1, with the
lowest number of radiation- and desiccation-resistant
genera (23); and (c) bulk soil c.1, taken as a control for

comparisons between biocrust and bulk soil samples.

GPS positions of the original samples were traced
back and samples were identified based on the pictures
that were taken on the first sampling day. Finally, two
additional replicates were collected for each type of

sample.



Microbial collection establishment and identification

Back in the laboratory after the expedition, all the
collected samples (n = 20) were cultured under three
different conditions: (1) Tryptic Soy Agar (TSA)
medium, (2) SSE/HD medium (SSE/HD), and (3) SSE/
HD medium + uninterrupted artificial light (SSE/HD +
light). A total of 166strainscomprising 50differentgenera
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were isolated and identified through Sanger sequencing
of the partial 165 rRNA gene. The bacterial colonies
displayed differences in morphology and appearance,
with white, yellow, pink, red, orange and brown being
the most predominant colors (Supplementary Table
IB.S2). Initially, samples cultured on SSE/HD + light

did not display any microbial growth after four weeks of

Bulk soil (control) Biocrust

Loc.1 Loc. 1 Loc. 2 Loc. 3 Loc. 4

166 Total

Aeromicrobium
Agreia
Agrococcus
Arthrobacter
Aureimonas
Bacillus

Belnapia
Blastococcus
Brevibacterium
Cellulomonas
Cellulosimicrobium
Clavibacter
Cryobacterium
Curtobacterium
Diaminobutyricimonas
Friedmanniella
Frondihabitans
Herbiconiux
Inquilinus
Kineococcus
Klenkia

Kocuria

Kribbella
Labedella
Leifsonia

Lentzea
Methylobacterium
Methylorubrum
Microbacterium
Modestobacter
Mycetocola
Mycolicibacterium
Nocardioides
Okibacterium
Paenarthrobacter
Patulibacter
Planococcus
Planomicrobium
Promicromonospora
Pseudarthrobacter
Pseudomonas
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Roseomonas
Saccharothrix
Sinorhizobium
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Staphylococcus
Streptomyces
Terrabacter
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Figure IB.4. Culture collection description. Heatmap showing the number of strains isolated from each sample. Genus-
level taxonomy of the strains was obtained by partial 165 rRNA gene sequencing of isolates. Letters “A” and “B” indicate
the samples that were collected on the third day, after analyzing the original samples by Nanopore sequencing. Symbol
“*” highlights those genera that were not originally detected in that sample by 7% situ sequencing. Only genera with a
relative abundance higher than 0.001% were considered as detected. Samples 3.2 and 6.2 are not shown, since no bacterial

strains were isolated from them. Loc. = Location.
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incubation. For that reason, plates were removed from
the artificial light, and a few days later, different bacterial

colonies started to grow.

The genus Arthrobacter was the most represented in the
microbial collection, with up to 37 isolates belonging
to this taxonomic group (Figure IB.4). A total of 15
strains, which were mainly isolated from soil samples,
were classified as Streptomyces. Other predominant
genera in the collection were Pseudoarthrobacter (9
isolates), Kocuria (6), Bacillus (6), Skermanclla (5),
Blastococcus (5), and Belnapia (5). At the sample level,
biocrusts collected from Location 1 (X1) presented the
highest number of bacterial isolates. Specifically, samples
X1.1B (21 isolates/15 unique genera), X1.2 (17/13),
X1.3 (16/12), and X1.1 (16/10) showed the highest
diversity of cultured bacteria. On the other hand,
samples X3.2 (0/0), X6.2 (0/0), X4.1 (2/2), and X2.1A
(2/2) presented the lowest diversity of isolates (Figure
1B.4).

The taxonomic profiles obtained by Nanopore
sequencing were compared to the results from the
molecular identification of the isolated strains. Overall,
Nanopore sequencing and culture-based data correlated
well. In fact, only 14 out of the 166 isolated strains
belonged to genera that were not detected in the original
sample by iz situ microbiome sequencing (Figure
IB.4; Supplementary Table IB.S2; Supplementary
Table IB.S4). Interestingly, three of the isolated genera
(Mpycolicibacterium, —Lentzea and  Sinorbizobium)
were not detected in any sample of the dataset. After
revising the database used for assigning the taxonomy
of the reads, a mislabeling of those taxa at the genus
level was detected. Specifically, Mycolicibacterium was
labeled as Mycobacterium, Lentzea as Lechevalieria and
Sinorhizobium as Ensifer. These three genera were indeed
detected by Nanopore sequencing in all the samples
where the strains were isolated from (Supplementary

Table IB.S4). Finally, it is worth highlighting that
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Figure IB.5. Summary of the strains isolated from the selected samples (X1.1, X2.1 and C1). (A) Number of different
strains, genera and desiccation-/radiation-resistant genera isolated from each sample. (B) Venn diagram comparing
the desiccation- and radiation-resistant genera isolated from any replicate of each selected sample. Note that all the

identifications were obtained by partial 16S rRNA gene Sanger sequencing.




the
bacteria detected by 7z situ 165 rRNA sequencing

some of most abundant radiation-resistant
(ie., Hymenobacter, Rubrobacter, Rubellimicrobium,
Microvirga, Truepera...) could not be cultured from any
sample. Indeed, only 50 out of the 441 genera (11.3%)
with an average relative abundance >0.01% according to
Nanopore sequencing were represented in the microbial

culture collection.

Among the selected samples, X1.1 yielded the highest
number of total cultured strains (48), the highest number
of different cultured genera -as deduced by partial 16S
rRNA gene Sanger sequencing- (26), and the highest
number of cultured genera classified as radiation- or
desiccation-resistant according to literature (8) (Figure
IB.5).In contrast, and as expected considering the results
from 7n situ sequencing (Figure IB.3B), X2.1 samples
displayed the lowest diversity of cultured bacteria and
radiation- and desiccation-resistant genera. Moreover,
almost all the genera isolated from X2.1 samples were
alsoisolated from X1.1 (Figure IB.5B; Supplementary
Figure IB.S3; Supplementary Tables IB.S5 & IB.S6),
thus confirming the hypothesis that this sample was
less valuable from the bioprospecting point of view. A
different profile of bacteria was isolated from C1 bulk
soil samples (Supplementary Figure IB.S3), with only
one radiation-resistant genus -Sphingomonas- cultured
exclusively from this type of sample (Figure IB.5B).
Interestingly, the relative abundance of Sphingomonas
was higher in all the biocrust samples than in bulk soil
(Figure IB.3A), although this genus was isolated only
from samples C1B and X1.8.

Focusing on the culture conditions, 124 strains were
isolated from TSA (38 different genera), 24 from SSE/
HD (17 different genera), and 18 from SSE/HD + light
(13 different genera) (Figure IB.6; Supplementary
Table IB.S7). Nevertheless, strains isolated from SSE/
HD + light presented a significantly lower similarity
to their closest type strain than strains isolated from
TSA (FDR adjusted p-value < 0.05; Mann—Whitney

61

U test), based on partial 16S rRNA gene sequencing.
In fact, ~89% of the strains isolated from SSE/HD
+ light showed a similarity lower than 98.7% to their
closest neighbor, a common threshold for defining new
species [253], compared to ~46% and ~66% displayed by
TSA- and SSE/HD-isolated strains, respectively (Figure
IB.6B).

Discussion
Bioprospecting is often a unidirectional process, with
scientists leaving their research institute for several days
or weeks to collect samples that are only screened upon
arrival at the laboratory. This is usually a blind task, since
the screening results are obtained once the expedition
is over. As sampling sites are generally remote and
far from the researcher’s laboratory, returning to the
locations where bioprospecting occurred is not always
viable, thus preventing further exploitation of the
samples that showed a greater potential based on the
screening. This work is a proof of concept of the use of
portable Nanopore sequencing as a tool for guiding and
informing bioprospecting activities during a sampling
expedition, in our case to the only European desert, the

Tabernas Desert (Almerfa, Spain).

ONT sequencing is a well-established technique for
studying microbial communities [254], and portable
sequencing (i.e., MinION) has indeed been applied to
characterize microbiomes in some of the most remote
places of the universe that are accessible to human
beings (see subsection 5.3. of General Introduction).
Although some authors have demonstrated the utility of
in situ sequencing to assess the animal biodiversity in the
rainforest[148,149], the presentworkis, to thebestof our
knowledge, the first confirmation that this technology
can be applied during a microbial bioprospecting

expedition to improve the bioprospecting strategy itself.

Our results demonstrate that DNA analyses can be
integrated into the sampling roadmap, while keeping

the duration of the journey under 72 h (Figure IB.1).
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Figure IB.6. Comparison of the different culture conditions. (A) Venn diagram showing the bacterial genera isolated from
each culture condition. The complete list of genera isolated from each condition can be found in Supplementary Table
IB.S7. (B) Percentage of similarity shared by each strain and its closest phylogenetic neighbor according to partial 16S rRNA
gene sequencing. The dotted and the solid red lines are drawn on 98.7% and 97% of similarity, respectively. The Mann-
Whitney U test was applied for comparing between groups, and p-values were corrected using the Benjamini-Hochberg
method. Only significant results are highlighted. Note that all the identifications were obtained by partial 16S rRNA gene

Sanger sequcncing.

p-value = 0.014

The obtained sequencing yield was substantially higher
than the output reported in other on-site studies, and it
was comparable to the yield of runs performed in fully-
equipped laboratories [168, 255]. It must be noted that
instead of directly sequencing in the field, we decided
to set up a mobile laboratory 15 km away from the
sampling location in an apartment with internet and
electricity access. This allowed us to apply the same
protocols that we routinely use in the laboratory with
little modifications, thus reducing the risk of failure
during the expedition. Nevertheless, simplified protocols
(ie., Field Sequencing Kit; ONT, Oxford, UK, Cat.
No.: SQK-LRKO001) involving shorter preparation time
and less equipment could be employed, even with the
lack of electricity or internet, as has been previously
demonstrated [153, 256]. Indeed, Spaghetti does not
require an internet connection, so this pipeline could be

also used for on-site analyses.

Difterent sample types (i.e., biocrust and bulk soil)
were clearly distinguishable according to microbial
profiles (Figure IB.2). As expected, Cyanobacteria

was more abundant in biocrust samples, since these

microorganisms are a crucial part of biological soil
crusts, which often also harbor other organisms such
as lichens, microalgae, microfungi or mosses [257,258].
This would explain the higher presence of sequences
assigned to chloroplasts in this type of samples.
Overall, phylum-level taxonomy was concordant
with the microbial profiles expected for soil samples,
Acidobacteriota,

with  Bacteroidota, Proteobacteria,

Actinobacteriota, Planctomycetota, Verrucomicrobiota
and Gemmatimonadota dominating the microbiomes
[259-265]. Atthe genus level, differences and similarities
between samples were resolved. In consequence, 77 situ
Nanopore sequencing could be especially helpful for
choosing those samples that maximize the microbial
diversity -according to beta diversity or any other metric-,
preventing the selection of samples with poor diversity

or little variation for further screening, thus saving time

and resources.

Taxonomicinformation couldalsobeusedforidentifying
those samples that contain the microorganisms of

interest. As a proof of concept, we focused on genera



that were previously described to be desiccation- and/
or radiation-resistant, and which thus hold potential for
biotechnological applications [37, 266]. The prevalence
of these taxa in the samples collected from the Tabernas
Desert was high (Figure IB.3). This was expected, since
most of these bacteria are often found in or isolated from
other arid soils and biocrusts [267-274]. Nevertheless,
in situ sequencing in combination with our analysis
pipeline led to the categorization and identification of
samples that showed a greater diversity and abundance
of the genera of interest. Thanks to such information,
those samples -technically, biological replicates of the
samples- could be further collected and thoroughly

analyzed back in the laboratory.

It is well known that detecting a certain taxon by high-
throughput sequencing does not necessarily mean that
this taxon can be successfully isolated from the sample. In
our case, culture-based and Nanopore sequencing data
correlated well (Figure IB.4), although an important
fraction of the genera detected with the sequencing
approach was not represented in the microbial culture
collection. This could be expected given that a significant
number of prokaryotic taxa are virtually ‘unculturable’.
In any case, the sample that held the greatest potential
at the microbiome level -according to Nanopore data-
(X1.1) also resulted in the most interestingly complex
set of culturable bacteria (Figure IB.5), despite using
a relatively simple culturing approach. On the other
hand, some of the most dominant bacteria according to
sequencing data could not be isolated from any sample
(i.c., Hymenobacter or Rubrobacter) very likely due to
culturing biases. Although this limitation is inherent
to bioprospecting strategies that rely on obtaining
microbial cultures, knowing the presence of a certain
taxonomic group in the sample would allow for the
use of microorganism-specific culture conditions or
enrichment methods, thus increasing the chances of
success.

In general, the profile of bacteria isolated from the
Tabernas Desert was similar to the one previously

described [37]. Arthrobacter was the predominant genus,
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which is consistent with the observations of da Rocha
et al. [275]. Other bacteria, such as Belnapia, Kocuria
or Skermanella were also recurrent in biocrust samples.
Nevertheless, up to 29 genera isolated in this study were

not recovered by Molina-Menor et al. [37].

Interestingly, some of the isolated bacteria may represent
new species according to partial 16S rRNA gene
sequencing, showing the great, yet to be discovered,
ecological and biotechnological potential hidden
in the Tabernas Desert. Although full 165 rRNA
gene sequences and genomes should be retrieved for
circumscribing new taxa [253], bacteria isolated from
SSE/HD + light displayed a lower similarity to any other
previously described type strain (Figure IB.6). These
results were indeed obtained by serendipity, as bacterial
growth was only detected after removing the culture
plates from artificial light (~4 weeks after plating), which

was not the original idea.

Despite the promising results obtained in this proof of
concept, we have identified some limitations of 7z situ
Nanopore sequencing. The first one is the taxonomic
resolution of 165 rRNA gene sequencing. Although
long-read platforms have the ability to sequence the full-
length 165 rRNA gene, the intrinsic error associated with
ONT sequencing hampers species-level identification.
This error also hinders the direct comparison between
Nanopore-based microbiome sequencing and the 16S
rRNA gene sequences obtained from the isolates by
Sanger sequencing, as it would be difficult to discern
if a particular fraction of Nanopore reads actually
comes from a specific strain in the collection or from
a phylogenetically related strain (or even species) that
may or may not have been isolated. For that reason, we
decided to perform the analyses at the genus level and to
compare the taxonomic profiles instead of comparing the
sequences. Nanopore-based, 165 rRNA gene sequencing
has proved to be robust for microbiome characterization
at this taxonomic level, showing a performance similar to
Illumina sequencing [71, 73, 255, 276, 277]. However,

as the final objective of bioprospecting is to actually
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isolate (culture) the bacterial strains, it must be noted
that phenotype can greatly vary among members of the
same genus or even species, so genus-resolved taxonomy
could be insufficient in some cases. Recent studies have
shown that species-level resolution is feasible thanks
to advances in software [278, 279], while other works
demonstrated that improved taxonomic resolution
could be achieved by using longer amplicons (16S-ITS-
23S) [73, 107]. Moreover, Nanopore sequencing errors
are also decreasing due to improvements in basecallers
and chemistries, which have allowed to reach up to
99.3% of modal accuracy on raw reads [99]. If accuracy
continues to increase at this rate, it is reasonable to think
that species-level identifications, and even strain-level
resolution in some cases, may be achieved in the near
future. Nevertheless, high-accuracy basecalling models
are based on complex machine learning methods that
require longer execution time, so improvements on the
speed of these models are still required for being used in

real-time applications [280].

It must be highlighted that this study was focused on
the detection and isolation of potential radiation-
and desiccation-resistant bacteria according to their
taxonomic affiliation and according to the previous
bibliography describing this type of features in particular
genera. Our approach is thus a proof of concept that a
wide taxonomic group can be identified in the samples by
using Nanopore sequencing, but 16S rRNA gene itself
would not be an accurate predictor of the actual ability
of the isolates to resist radiation or desiccation [281]. If
the purpose of the bioprospecting expedition is to detect
specific functional activities, shotgun metagenomic data
would be needed to resolve the taxonomy at the strain
level [282] and to ascertain the functional potential
of the different members of the microbial community
according to their gene content. In this regard, it has
to be noted that ONT sequencers tend to incorporate
indel errors on the reads that complicate the functional
prediction [283] (see Chapter II), and this is therefore

a current limitation of the informed bioprospecting

strategy we are describing in this work.

Finally, sequencing strategies show the microbiome
composition based on relative abundances, which may
mislead the results interpretation. For instance, if a
taxon is detected in Sample 1 and in Sample 2 at 10%
and 1% of relative abundance, respectively, that does not
imply that Sample 1 has a higher absolute abundance of
the target bacteria, since the total microbial load of the
samples has not been measured. This should be taken
into account when selecting the samples of interest for

further exploitation.

Notwithstanding the limitations, our results clearly
show that Nanopore sequencing is a powerful tool for
deciphering the microbial composition of different
samples during a bioprospecting expedition, and that it
can contribute to optimize the sampling strategy 7 situ.
With microorganisms colonizing almost any known
biotope [284-286], an instrument able to resolve
microbial communities inhabiting different niches
is a valuable resource that can be used for targeting
sample collection. Therefore, it can be envisaged a close
future in microbial ecology, in which bioprospecting
journeys will start with a preliminary sampling step,
coupled to Nanopore-based 7z situ analysis, which will
enable a second, more targeted sampling (of specific
plant species, soil depths, geological substrates, salt
concentration, humidity level, etc.) in a very short time
lapse. This strategy will both ease further work in the lab
and increase the chances of identification of the target

microbial taxa and/or biomolecule of interest.

The content of this chapter has been published in
Frontiers in Microbiology as: Latorre-Pérez A,
Gimeno-Valero H, Tanner K, Pascual ], Vilanova C,
Porcar M. A round trip to the desert: 7z sit# Nanopore
sequencing informs targeted bioprospecting. Front.
Microbiol. 2021;12. doi:10.3389/fmicb.2021.768240
(Publication V in Appendix C)
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Chapter II. Towards long-read metagenomics: a comparative study of assembly methods

for Nanopore sequencing

Abstract:

Metagenomic sequencing has allowed for the recovery of previously unexplored microbial genomes. Whereas
short-read sequencing platforms often result in highly fragmented metagenomes, Nanopore-based sequencers
could lead to more contiguous assemblies due to their potential to generate long reads. Nevertheless, there is a lack
of updated and systematic studies evaluating the performance of different assembly tools on Nanopore data. In
this chapter, we have benchmarked the ability of different assemblers to reconstruct two different commercially-
available mock communities that have been sequenced using Oxford Nanopore Technologies platforms. Among
the tested tools, only metaFlye, Raven, and Canu performed well in all the datasets. These tools retrieved highly
contiguous genomes (or even complete genomes) directly from the metagenomic data. Despite the intrinsic high
error of Nanopore sequencing, final assemblies reached high accuracy (~99.5 to 99.8% of consensus accuracy).
Polishing strategies demonstrated to be necessary for reducing the number of indels, and this had an impact on the
prediction of biosynthetic gene clusters. Correction with high quality short reads did not always result in higher

quality draft assemblies. Overall, Nanopore metagenomic sequencing data -adapted to MinION’s current output-

proved sufficient for assembling and characterizing low-complexity microbial communities.

Background
Metagenomic sequencing has become a powerful tool
for recovering and studying individual genomes directly
from complex microbiomes [287-289], leading to
the identification and description of new -and mostly
unculturable- taxa with meaningful implications [290].
Ilumina has been the most widely used platform
for metagenomic studies. As thoroughly discussed
in the introduction to this thesis, Illumina reads are
characterized by their short length and high accuracy
(Table GI.1). When performing de novo assemblies,
Ilumina sequences often result in highly fragmented
genomes, even when sequencing pure cultures [176,
183]. This is a consequence of the inability to correctly
assemble genomic regions containing repetitive
elements that are longer than the read length [183]. This
fragmentation problem is magnified when handling
metagenomic sequences due to the existence of
intergenomic repeats that are shared by more than one
taxon present in the microbial community [291]. It has
to be noted that microbial communities often contain
related species or sub-species in different -and unknown-
abundances, resulting in extensive intergenomic overlaps

that can hinder the assembly process [111, 292].

Third-generation sequencing (TGS) platforms have
recently emerged as a solution to resolve ambiguous
repetitive regions and to improve genome contiguity.
Despite the considerable error associated with these
technologies (Table GI.1), their ability to produce
long reads can be used to assembly genomes with a
high degree of completeness [105, 293]. Currently,
the most widely used third-generation technologies
are Pacific Biosciences (PacBio) and Oxford Nanopore
Technologies (ONT), both based on single molecule
sequencing, and therefore, PCR-free. PacBio was the
first long-read technology established in the market.
On the other hand, ONT platforms are becoming
increasingly popular among researchers, mainly thanks
to MinION sequencers. MinION is a cost-effective,
portable sequencing device, which enables real-time
analysis pipelines. This platform has been broadly
applied over the last few years for sequencing complete
prokaryotic and eukaryotic genomes [105, 294-29¢],

and characterizing microbial communities 73, 107].

Benchmarking is the usual way to evaluate genomic

methodologies(i.e., DN Aextraction,librarypreparations,
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etc.) and bioinformatic tools. In the metagenomic
context, benchmarking studies are frequently based on
mock communities. A mock community is an artificial
microbial community in which the abundance of all the
microorganisms is known [297]. Mock communities
can be generated in silico [298] or experimentally, as
a mixture of defined DNA proportions. For de novo
assemblies, a great effort has been made in order to
benchmark all the available tools and methodologies
suitable for studying microbial ecosystems via Illumina
shotgun sequencing [111, 177, 299]. Nevertheless, due
to the highly dynamic development of new software
applicable to ONT platforms, we found that the few
evaluation studies that have been focused to date on
Nanopore-based metagenomic assembly did not cover
the current spectrum of available assemblers [181, 300,
301].

In this chapter, we have used the data generated by
Nicholls et al. [186] to comprehensively assess the
current state-of-art of de novo assembly tools suitable for
Nanopore-based, metagenomic sequencing. Original
data was generated through metagenomic sequencing
of two microbial communites (ZymoBIOMICS
Microbial Community Standards CS and CSII)
with both GridION and PromethION platforms.
Overall, this work demonstrates the suitability of using
Nanopore sequencing for assembling low-complexity
microbial communities, and paves the way towards the
standardization of bioinformatic pipelines for long-read

metagenomics.

Materials and methods

Dataset description

Benchmarking datasets were extracted from Nicholls
et al. [186] (Bioproject Accesion: PRJEB29504),
and consisted of the high-coverage sequencing of
two individual mock communities: ZymoBIOMICS
Microbial Community Standards CS Even and CSII
Log (Zymo Research, CA, United States, Cat. No.:
ZRC190633 and ZRC190842) with both GridION

and PromethION platforms. The mock communities
contained the same species (eight bacteria; two
yeasts), but differed in the expected proportion for
each microorganism. CS mock community had a
homogeneous distribution of microorganisms (12% for
each bacteria and 2% for the yeasts), while the species
present in CSII were distributed on a logarithmic
scale, with relative abundances ranging from 89.1 to
0.000089% (Table IL1). Following the nomenclature
from Nicholls et al. [186], the terms “Even” and “Log”
were used when referring to the CS Even or the CSII

Log mock communities, respectively.

Nicholls et al. [186] yielded ~14 Gbp of data on a single
GridION flowecell (48 h of sequencing) and~152 Gbp
on the PromethION platform (64 h of sequencing).
In order to reduce the necessary computational effort,
we performed an initial subsampling of this data. In
particular, GridION and PromethION datasets were
subsampled at two different sequencing depths (3 Gbp
and 6 Gbp) to recreate MinION runs with different
outputs, and the yield matched the output described
in recent shotgun sequencing experiments based on
MinION [140, 183, 301-305]. Subsampling was
performed by selecting the top lines of the FASTQ
files. Nevertheless, the most promising tools were
further tested using the original GridI[ON dataset
(14 Gbp) to check their computational efficiency and
general performance. All the datasets were processed
with porechop (v. 0.2.4) (https://github.com/rrwick/
Porechop) to remove adapters from read ends and split

sequences with internal adapters.

Reference genomes

All the species included in the mock communities
had an available reference genome sequenced with a
combination of Illumina and Nanopore reads (available
at  https://doi.org/10.5281/zen0d0.3935737). 'These

assemblies, provided by Zymo Research Corporation,

consisted of eight complete genomes for the bacterial

strains, and two draft genomes for the yeasts.
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Table II.1. Description of the microorganisms comprising the ZymoBIOMICS mock communities and

their theoretical composition.

Estimated genome size

Composition Even Composition Log

. . . 1
Species Abbreviation (Mbp) (CS) (CSI)
Bacillus subtilis B. subtilis 4,134 12.00% 0.89%
Cppitsssizs C. neoformans 18,599 2.00% 0.00089%
neoformans
Enterococcus faecalis En. faecalis 2,965 12.00% 0.00089%
Escherichia coli E. coli 5,140 12.00% 0.89%
Lactobacillus L. fermentum 2,012 12.00% 0.0089%
fermentum
Listeria monocytogenes  Li. monocytogenes 3,008 12.00% 89.1%
ijdm?wnm P, aeruginosa 6,592 12.00% 8.9%
aeruginosa
Saccloar.orln)/ «“ S. cerevisiae 11,864 2.00% 0.89%
cerevisiae
Salmonella enterica Sa. enterica 4,781 12.00% 0.89%
Staphylococcus anreus St. aureus 2,838 12.00% 0.00008%

1. Custom abbreviations were designed to facilitate the differentiation of bacterial genera whose names begin with the same letter.

These abbreviations do not follow the binomial nomenclature system.

Nicholls et al. [186] sequenced and assembled each
genome again from pure cultures using Illumina reads
only. In the present work, however, ZymoBIOMICS
genomes were used as references for carrying out
the comparative analyses, due to their higher level of
completeness. Although these reference genomes cannot
be considered as “gold standards”, Goldstein et al. [183]
demonstrated that the error profile obtained through
hybrid assembly (ONT +Illumina) was similar to the
one obtained with MiSeg-only assembly, but the former
resulted in higher contiguity. Reference genomes were
gathered in a single multi-FASTA file to create a single-

reference metagenome.

Evaluation of the assemblies

The assemblies were evaluated as described in General
Material and Methods. Briefly, both metaQUAST (v.
5.0.2) [112] and minimap2 (v. 2.15) [110] were used to

align the assemblies to the reference metagenome.

The presence of mismatches (SNPs) and indels was
analyzed using two different strategies: minimap2 plus
beftools, and MuMmer4 plus count_SNPS_indels.pl
[183].In the former case, the in-house scriptindels_and_
snps.py  (https://doi.org/10.5281/zenodo.3935763)
was applied to quantify the variants. The number of
variants was normalized to the total assembly size of

each metagenome in both strategies.

All the assemblers were run on the same desktop
computer (CPU: AMD RYZEN 7 1700X 3.4GHZ;
Cores: 8; Threads: 16; RAM: Corsair Vengeance 64
GB; SSD: Samsung 860 EVO Basic SSD 500 GB)
working under Ubuntu 18.04 operative system. The
time required by each tool to perform the assembly was
measured with the built-in bash version of the “time”

command.
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Assembly polishing

Polishing was carried out as reported in General
Material and Methods: ONT or Illumina reads were
used for iteratively running 4 rounds of Racon [185],
and only the draft assemblies corrected with ONT reads
were further polished with Medaka (https://github.
com/nanoporetech/medaka). Indels and SNPs were

evaluated using the strategy based on Mummer.

Data availability

Raw data was deposited in the NCBI database under the
BioProject number PRINAS64477 (https://www.ncbi.
nlm.nih.gov/bioproject/564477). Raw datasets from
Nicholls et al. [186] can be downloaded from the ENA
(https://www.ebi.ac.uk/ena/data/view/PRJEB29504).
All the code used in this study is publicly available at doi:
https://doi.org/10.5281/2zen0d0.3935763. It includes

the bash scripts designed for the automatic execution of

the different bioinformatic analysis, the R code and data
(CSV tables), and other in-house and third-party scripts

needed to reproduce the analyses.

Results

Subsampling

Data released by Nicholls et al. [186] (ultra-deep
sequencing of two different mock communities using
GridION and PromethION platforms) was used in
order to study the suitability of Nanopore sequencing
to characterize low complex microbial communities.
The mock communities were composed by the same ten
microorganisms, but in different proportions (Table
IL1). With the aim of reducing the computational
resources needed for the first screening of the selected
assemblers, the GridION and PromethION datasets
were subsampled to obtain an output comparable
with recent genomic or metagenomic studies based
on MinION (approximately 3 Gbp and 6 Gbp) [140,
183, 301-305]. In general, mean read length remained
the same in the subsampled datasets in comparison

to the original sequencing data [186]. However, read

quality was higher in the subsampled dataset. This fact
suggested a bias towards higher qualities at the start of
the run, since subsampling was carried out by selecting
the top reads of the original files (Table II.2). In fact, the
bottom reads which are acquired later in the sequencing

run displayed the same quality than the whole dataset.

Metagenome assembly

From the selected tools, we were able to correctly install
and run nine out of the ten long-read assemblers, and two
out of the three short-read assemblers (Table GMM.1).
In total, 74 assemblies were generated, 40 for the Even
mock community and 34 for the Log community. Six
assemblies could not be completed because miniasm
and Pomoxis failed to run with the 6 Gbp Log datasets,
whereas Unicycler failed to run with the 3 Gbp Log
datasets. The total size of each draft assembly and the
fraction of metagenome recovered from the reference
genomes were evaluated for the Even datasets in order to

obrtain a first view of the general tool performance.

Overall, long-read assemblers resulted in a total assembly
size closer to the theoretical size, and also recovered alarger
metagenome fraction, with some exceptions (Figure
IL.1). Nevertheless, large differences were detected for
both metrics among the assemblers. All the assemblers
were far from recovering the totality of the metagenome,
both in the 3 Gbp and the 6 Gbp datasets (Figure IL.1A).
Itmustbenoted that metaQUAST and minimap2 results
were consistent for the long-read assemblers, but not
for the short-read assemblers, where minimap2 metric
was significantly higher (Figure II.1B). MetaFlye (both
versions) yielded the best assemblies in terms of total
metagenome size and metagenome recovery except for
the minimap2 metric, followed by Pomoxis, Canu and
Raven (previously known as Ra). Interestingly, assembly
pipelines based on the miniasm algorithm (Pomoxis,
Unycicler, and miniasm itself) presented huge variations
in their performance. Unicycler and miniasm performed
relatively well for the 3 Gbp dataset, but when using 6
Gb, the final assembly did notimprove significantly in the
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Table IL.2. Sequencing statistics for the original and the subsampled datasets.

Even GridION  14.01 3,491,078 40123 8.4 3

Log GridION  16.03 3,667,007 4372.0 8.0 3
Even

PromuhioN 14629 36527376 4,005.0 73 3
Log 148.03 35,118,078 42152 7.6 3

PromethION ’ o T ’

Even GridION  14.01 3,491,078 40123 8.4 6

Log GridION  16.03 3,667,007 4,372.0 8.0 6
Even

PromuhioN 14629 36527376 4,005.0 73 6
Log 148.03 35,118,078 42152 7.6 6

PromethION ’ o T ’

Even GridlON  3.04 747,682 4,069.5 8.9 SRX6817349
Log GridION  3.05 685,926 4451.0 8.7 SRX6817351
Prm:::l?l on 2% 748,367 3,981.0 8.2 SRX6817353
Log 2.99 711,524 42033 8.3 SRX6817355
PromethION ’ ’
Even GridlON  6.09 1,495,377 4,073.9 8.8 SRX6817350
Log GridION  6.09 1,371,820 4,442.4 8.5 SRX6817352
me:tel‘l‘l on Y 1,496,919 3,988.8 8.2 SRX6817354
Log 5.96 1,422,918 4185.8 8.2 SRX6817356
PromethION T ’

case of miniasm, and the general performance was highly  for single isolate assembly, so reduced performance was
reduced for Unicycler. This is in contrast to Pomoxis, expected for metagenomic studies. Finally, Redbean
which produced the second most complete assemblies (previously known as wtdbg2) and Shasta resulted in
with both dataset sizes. Although based on miniasm, itis poor assembly performance in comparison to the other

worth highlighting that Unicycler’s pipeline is designed  long-read tools.
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Figure II.1. Evaluation of metagenome assembly size corresponding to each tested tool for the subsampled Even datasets.
(A) Total assembled size of draft assemblies with respect to the total size of the reference metagenome; (B) Fraction of the

reference metagenome covered by the draft assembly, calculated by two different methods: metaQUAST (top panel) and

minimap2 + BBTools (bottom panel).

MetaQUAST was used for further evaluating the
degree of completeness of each individual draft genome
(Figure IL2). As expected, yeast genomes were
generally less recovered than bacterial ones, due to their
lower abundance (2%) and higher size, explaining the
low metagenome fraction generally recovered by all the
assemblers (Figure IL.1). In fact, the maximum average
recovery fraction for the bacterial genomes was 99.92%
(Supplementary Figure ILS1). Minia and Megahit
were not able to recover any single genome with high

completeness (>95% of genome coverage) in any dataset.

For the 3 Gbp dataset, metaFlye (both versions) and
Unicycler recovered the eight bacterial genomes with a
high completeness (>98.6%), while Pomoxis achieved
lower recovery fractions for two genomes (~96.9 to
97.4%). Raven and Canu resulted in reduced recovery
percentages, but still retrieved all the prokaryotic
genomes with a mean covered fraction greater than 85%
and 87%, respectively. Redbean and Shasta achieved

particularly low fractions of genome recovery.
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microorganism (subsampled Even datasets). Miniasm assemblies are not shown, since it was not possible to evaluate

them with metaQUAST.

For the 6 Gbp dataset, Unicycler performance decreased
substantially as noted in Figure IL1, while Canu,
Pomoxis, Raven and metaFlye achieved similar or
better results. In general, metaFlye displayed the best
performance on both dataset sizes in terms of genome
recovery, closely followed by Pomoxis. This trend was
also observed when analyzing the proportion of yeast
genomes recovered by each tool. In this context, it is
important to highlight that metaFlye’s ability to recover
eukaryotic genomes was reduced when using metaFlye
v2.7. This is due to the lower number of misassemblies

retrieved by this metaFlye version, indicating that the

reduced fraction of genome recovery is compensated
with more reliable assemblies (Supplementary Figure
I1.S2).

Results were confirmed when analyzing the Log mock
community (Supplementary Figure ILS3). Canu,
metaFlye, Raven and Pomoxis were able to recover
Listeria monocytogenes and Pseudomonas aeruginosa
genomes (89.1% and 8.9% of total genomic DNA in
the Log mock community, respectively) with a level of
completeness higher than 99%. These assemblers also

recovered a significant fraction of Bacllus subtilis (0.89%
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of total genomic DNA in the Log mock community).
In fact, Raven was able to reconstruct>99% of its
genome using the 6 Gbp datasets, whereas metaFlye
recovered ~98%. In this case, both tools outperformed
Canu. Nevertheless, Raven did not recover a significant
fraction of Saccharomyces cerevisiae, whereas Canu and
metaFlye did (>8%). Pomoxis worked correctly when
using the 3 Gbp datasets, but failed to run with both
6 Gbp files. The other tools based on the miniasm
algorithm also failed to run the 3 Gbp (Unicycler) and/
or 6 Gbp datasets (miniasm). In all cases, the error was
related to memory usage and accession (segmentation
violation), and could not be solved. Nevertheless, using
a computer with more RAM would help to easily
overcome this problem. Shasta, RedBean, Minia and
Megahit performed poorly in comparison to the other
tools (Supplementary Figure IL1.S3). It has to be noted
that Shasta and RedBean were not originally designed
to work with metagenomic data, which could result in

problems when handling uneven coverage.

Regarding the time consumed by each tool, Shasta
was the fastest assembler (Figure IL.3A). This tool
was able to assemble the 6 Gbp datasets in only 285 s,
approximately. RedBean and miniasm were the second
and third most fast software, followed by Raven (1.5-
1.9 times faster than metaFlye v2.7). MetaFlye was 1.4—
1.7 times faster than Pomoxis, and 3.8-5.5 times faster
than Canu, which proved to be the slowest tool. These
trends were also found in the Log mock community
(Supplementary Figure I1.S4), where Canu spent up
to 22 h reconstructing a draft metagenome assembly
from the 6 Gbp datasets. In this case, Raven was faster
than metaFlye v2.7 for the 3 Gbp datasets, but not for
the 6 Gbp ones.

General metagenome statistics (N50, L50, and number
of contigs) were evaluated using QUAST (Figure II.3;
Supplementary Table IL.S1). It has to be stressed that
the comparisons based on these metrics are difficult

to analyze due to the large variation in the general

performance among the different assemblers. For
instance, Shasta resulted in the highest NS0 and the
lowest L50 values for the 6 Gbp dataset, but this tool was
able to cover less than 35% of the metagenome. In fact,
the total assembly size for Shasta was approximately 18-
21 Mbp, in comparison to the 49-53 Mbp assembled by

metaFlye.

As expected, short-read assemblers did not perform well
with Nanopore data, resulting in thousands (Minia),
or even hundreds of thousands of contigs (Megahit).
Interestingly, long-read assemblers resulted in more
fragmented draftgenomeswhen using the 6 Gbpdatasets.
Except for Shasta, the other long-read assemblers also
reduced their N50 and increased their 150 and number
of contigs score when using 6 Gbp. Goldstein et al. [183]
demonstrated that Canu assemblies improved with
higher coverage when assembling bacterial isolates. This
fact suggests that the loss of contiguity detected may be
a direct consequence of a higher recovery rate of yeast
genomes, which might be more fragmented. Indeed,
assembly statistics of the Canu draft assemblies remained
almost the same for the bacterial species when using 3 or
6 Gbp (Supplementary Table I1.S2). Finally, metaFlye
and Raven resulted in a more contiguous assembly with
higher N50 and lower L50 in comparison to the other
best performing tools (Canu and Pomoxis), for both
3 and 6 Gbp datasets (Figure II.3; Supplementary
Table IL.S1). Remarkably, metaFlye v2.7 yielded slightly
better results than metaFlye v2.4 (Figure IL.3B-D),
and required less time (Figure IL.3A).

ONT hardware, protocols and software are in constant
development, leading to large improvements in short
periods of time. Recently, an optimized DNA extraction
and purification methodology has allowed to reach an
average yield of ~15.9 Gbp per flowcell [306]. For that
reason, we decided to run the most promising assemblers
directly on GridlON’s original data (Even mock
community; 14 Gbp). RedBean was included because

of its computational efficiency, which is a key factor for
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the analysis of deeply sequenced microbiomes. Results
were similar to those obtained for the 3 and 6 Gbp
(Figure IL.4). Canu recovered the highest proportion of
bacterial genomes, closely followed by metaFlye. Raven,
once again, displayed problems when reconstructing
the whole Escherichia coli and Salmonclla enterica
genomes, an issue also detected for RedBean. MetaFlye
and Raven achieved a better recovery ratio than Canu
for the yeast genomes. Overall, metaFlye genomes were
more complete but less contiguous than the Raven draft
assemblies, which presented a lower number of contigs
for all the species with the exception of E. coli and S.
enterica (Figure IL.4B). This trend was also observed
for the Log datasets (Supplementary Figure I1.S4).
Remarkably, Raven was able to assemble two bacterial
genomes in only one contig (Lactobacillus fermentum

and P aeruginosa), and retrieved four additional

genomes in only 2-3 contigs. Finally, it was not possible
to run Pomoxis on this dataset because of the unsolvable

error previously described.

Assembly accuracy

Sequencing errors are the biggest drawback of TGS
platforms. These errors can reach the final assemblies,
resulting in lower quality draft genomes. In order
to evaluate how the different assemblers handle the
specific error profile of ONT platforms, we analyzed
the total number of SNPs and indels present in each
draft metagenome. As described in General Material
and methods, two different and complementary
strategies were used to quantify these types of errors:
(1) minimap2+bcftools, and (2) MuMmer (Figure
IL5). Both strategies relied on the alignment of the draft

assemblies to the reference metagenome, composed by a
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mix of all the complete genomes of each strain present in

the mock community.

Results were not fully consistent between the two
methodologies, especially for the indels estimation,
but they still showed similar trends. All the long-read
assemblers retrieved draft metagenomes with an average
similarity higher than~98.9%, with the exception of
miniasm, which resulted in an approximate accuracy of

only 96%. This low accuracy could explain the inability

of metaQUAST to evaluate miniasm assemblies. It has
to be noted that the other pipelines based on miniasm,
Pomoxis and Unicycler, incorporated several rounds of
polishing via Racon [185], which substantially reduced
the number of SNPs and indels in the final draftassembly

(see below).

Canu displayed a higher percentage of similarity for
both methodologies and datasets, followed by Unicycler
for the 3 Gbp dataset, and Shasta for the 6 Gbp one.
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Pomoxis, metaFlye, and Raven presented similarities
over 99.5%. In the case of the indel profile, Unicycler and
metaFlye v2.7 clearly outperformed Canu. Raven and
Pomoxis also achieved a better indel ratio than Canu,
except for the 6 Gbp dataset and the beftools metric.
Redbean, miniasm, and Shasta results were inconsistent

between the two methodologies tested (Figure IL.5).

Biosynthetic gene cluster prediction

Gene prediction is highly affected by genome contiguity,
completeness and accuracy. Biosynthetic gene clusters
(BGCs) are especially influenced by these factors, since
they are usually found in repetitive regions which are
often poorly assembled. AntiSMASH was used to assess
the number of clusters found in the draft assemblies
retrieved by each tool in comparison to the reference
metagenome with the aim of evaluating BGC prediction
on Nanopore-based metagenomic assemblies (Figure
IL.6). As expected, none of the tools recovered the entire
BGC profile, since metagenomes were not completely
reconstructed (Figure IL.1). Using the entire Grid[ON
dataset (14 Gbp) did not improve the number of BGCs

recovered (Supplementary Table I1.S3). Overall, when
considering the total number of BGCs predicted and
the similarity of the obtained profile compared to the
reference profile, Raven displayed the best performance
forboth 3 Gbp datasets, whereas metaFlye v2.7 displayed
the best performance for the 6 Gbp datasets. Pomoxis
also achieved good predictions, outperforming Canu.
All the predicted profiles presented an enrichment in
lasso peptides (ribosomally-synthesized short peptides),
which were not present in the reference profile. To
turther study this phenomenon, lasso peptides predicted
by the different tools were searched using BLAST against
the BGCs predicted in the reference metagenome. No
hits were found, suggesting that these results might be
prediction artefacts mainly caused by indels, which are
probably introducing frameshift errors, and artificially
increasing the number of short peptides being predicted
(i.e., lasso peptides). In fact, metaFlye v2.7, which had
a significantly lower indel ratio, retrieved fewer lasso
peptides than metaFlye 2.4 (Figure IL5). We also
corrected Pomoxis assemblies with Medaka, leading

to a lower indel ratio (see the following section). Lasso
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Even GridION datasets. (A) BGCs predicted using the 3 Gbp dataset; (B) BGCs predicted using the 6 Gbp dataset.




peptides were not detected in Pomoxis+Medaka
assemblies, highlighting the importance of indel
correction for functional prediction (Supplementary
Figure ILSS5).

Polishing evaluation

Polishing is the process of correcting assemblies in order
to generate improved consensus sequences. Input for
polishing Nanopore-based assemblies can be raw ONT
reads (i.c., Racon or Medaka)[185], raw electrical signal
(i.e., Nanopolish) (https://github.com/jts/nanopolish),
or even high-quality short reads (i.e., Racon). The state-
of-art polishing workflow for Nanopore sequencing
consists of correcting the draft assemblies through
several rounds of Racon (typically 2-4), followed by a
single Medaka step.

Some of the tested tools automatically incorporated
Racon (Raven, Pomoxis and Unicylcer) in their
pipelines, whereas the others included different
algorithms for correcting the reads before (Canu) or
after (metaFlye and ReadBean) the assembly process.
Thus, we wanted to assess how various steps of polishing
could affect the SNP and indel ratio of the different
assemblers. Results were highly heterogeneous (Figure
IL.7; Supplementary Table II.S4). Pomoxis and
Raven drastically improved their accuracy after several
rounds of polishing with the original Nanopore reads
(Supplementary Table ILI.S4). In fact, accuracy with
no polishing steps was close to 96%, as reported for
miniasm (Figure IL5). Higher similarity percentages
were observed after one round of Racon (1R ) for Raven,
and four rounds of Racon+one round of Medaka
(4R +m) for Pomoxis. Redbean and metaFlye -which
were run again without using their built-in polishers-
also improved their accuracy after 1R or 4R+m,
respectively. Canu presented a lower percentage of SNPs
when no polishing steps were added to the pipeline
(Supplementary Table I1.S4). Nevertheless, all the
tools drastically improved their indel ratio after 4R +m.

The percentage of improvement varied between 41%
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(Canu) and 91% (Raven and Pomoxis) (Figure IL7A).
It has to be highlighted that the lowest number of SNPs
and indels was achieved by Canu, which is the only tool
that carries out error correction before assembling the

reads.

The error profiles were evaluated again to further assess
whether polishing draft assemblies with high quality
short reads led to improved assemblies. Albeit yielding
heterogeneous results, all the tools achieved better
indel ratios after four rounds of Racon correction
with Illumina reads (Supplementary Table I1.S4). In
this case, all the assemblers improved their accuracy (%
of similarity) after one (Canu and metaFlye) or four
(Pomoxis, Raven and RedBean) Racon rounds. When
comparing the highest scores obtained with Illumina-
based correction to the highest scores achieved after
ONT-based polishing (Figure IL7), the percentage
of similarity was higher for metaFlye and Canu
assemblies corrected with Illumina reads, and lower for
Pomoxis, Raven and RedBean, where ONT polishing
outperformed Illumina’s. A similar trend was observed
for the indel ratio. This time, Illumina correction clearly
enhanced the indel correction for metaFlye and Canu.
In fact, Canu +Illumina correction retrieved the lowest
indel ratio. Pomoxis, Raven and RedBean achieved a

better indel correction with ONT reads.

Discussion

Assembling shotgun sequencing data is often a key
factor for characterizing the functional and taxonomic
diversity of microbial communities. In the recent
years, Nanopore-based sequencers (Oxford Nanopore
Technologies; ONT) are rapidly growing in popularity
due to four basic reasons: (1) low cost, (2) long-read
generation, (3) portability, and (4) real-time analysis.
Several bioinformatic tools have been developed to
handle Nanopore sequences during the assembly
process. Nevertheless, there is a lack of systematic, up-to-
date, independent studies comparing the performance

of the currently available tools. This work is aimed at
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filling this gap using the data previously published by
Nicholls et al. [186], which consisted of the ultra-deep
sequencing of two different mock communities (Table
IL.1) on GridION and PromethION platforms (ONT).
These platforms follow the same sequencing principles
as MinION, but they have a significantly higher output.
For that reason, the datasets were subsampled in order
to adapt their output to the current yield offered
by MinION (3-6 Gbp) [140, 183, 301-305], then
extending the study to higher yields comparable with

other recent works [306].

Despite the relatively low complexity of the mock
communities analyzed in this evaluation study, our
results show that there is a huge variation in assembly
results depending on the software chosen to perform
the analysis. Minia and Megahit poorly reconstructed
the microbial genomes (Figures IL1 & IIL.2) and
produced highly fragmented draft assemblies (Figure
IL.3). This output was expected, since these assemblers
are highly optimized to work on short reads, which are

very different to the data generated by ONT sequencers.

Long-read assemblers (Canu, metaFlye, Unicycler,
miniasm, Raven, Shasta and Readbean) also presented

the

performance. This was expected too, since some of

significant  differences  in general assembly
the tools were not specifically designed for assembling
metagenomes (Table GMM.1). Overall, only metaFlye,
Raven, and Canu worked well on all the tested datasets.
They were able to recover the eight bacterial genomes
from the Even dataset with ahigh degree of completeness,
and also reconstructed a significant fraction of the yeast
genomes. Draft assemblies were highly contiguous when
using these three tools, as they were able to reconstruct
bacterial genomes in only 1-19 contigs (Figure IL.4B).
Unicycler and, especially, Pomoxis, also performed well
for some datasets and metrics, but failed to run in some
cases (Table GMM.1). Both tools are pipelines based on
miniasm that include further polishing steps by Racon.

Miniasm alone was also unable to assemble the Log 6 Gbp
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dataset, indicating a lack of consistency of the algorithm
for different microbial community structures. Finally,
Shasta and RedBean (wtdgb2) retrieved incomplete
assemblies and they did not provide any additional

advantage other than computational efficiency.

Our results are in accordance with previous studies.
MetaFlye has proved to outperform other tools in terms
of metagenome recovery when using different mock
communities [181, 300], although it must be noted that
these previous studies did notincludeall the tools selected
in the present benchmark. Canu also performed well in
other studies [181], and has been proposed for increasing
the contiguity of metagenome assembled genomes
recovered from real samples [306]. Nevertheless, its high
computational cost limits the use of Canu for bigger
datasets (Figure IL3, Supplementary Figure I1.S4)
[61, 181]. RedBean displayed a reduced performance
in comparison to other long-read assemblers [181,
300, 306, 307]. To the best of our knowledge, no
other metagenome assembly benchmark has included
Pomoxis, Shasta, or Raven. Wick and Holt [307]
evaluated different tools for single isolate assembly (not
metagenomic assembly), and reported that Shasta was
morelikely to produce incomplete draft assemblies, while
Raven was reliable for chromosome assembly, as also
seen in our work. Although Pomoxis was not included in
this last benchmark, another miniasm +Racon strategy
was used. This strategy, that was reported to perform
robustly among different genomic datasets, is equivalent
to one of the pipelines used in the present study (here
referred to as Unicycler). This observed robustness is
in contrast to our results, supporting the idea that the
intrinsic differential coverage of metagenomic datasets
could be the cause of the inconsistency detected for

miniasm in this benchmark.

Although sequencing errors are one of the main
drawbacks of third-generation sequencing platforms,
the best performing tools (metaFlye v2.7, Canu, Raven

and Pomoxis) achieved >99.5% of accuracy in the final
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assemblies. Indels may be especially problematic, since
they can introduce frameshift errors, which hinder
functional prediction. After analyzing the different
BGC:s profiles, metaFlye and Raven demonstrated to
reach better results and they outperformed Canu. This
is in accordance with the indel ratio calculated for each
tool (Figure IL.5B). It has to be highlighted that these
results were obtained by using ONT configurations
explicitly recommended in the manual of each tool.
The use of other tools (i.c., polishers) led to assemblies
with enhanced quality. The lowest number of SNPs and
indels were achieved after different rounds of polishing
for some assemblers (Supplementary Table I1.S4). Asa
consequence, the number of polishing rounds is variable
and must be carefully chosen by the user. Correction
with Illumina reads is a useful strategy for reducing
the number of indels and SNPs produced by metaFlye
and Canu, as also reported in Moss et al. [306]. The
combination of Canu with polishing tools resulted in
the best accuracy, especially when using Illumina reads

for the correction.

Finally, time is a crucial parameter when choosing a
bioinformatic tool, even more if considering MinION’s
ability to generate real-time data. In this sense, metaFlye
v2.7 was up to 6.7 times faster than Canu, which was
the slowest tool tested on this benchmark. Raven was
even faster than metaFlye, and tended to generate fewer
contigs (Figure IL3, Supplementary Figure ILS4;
Supplementary Table IL.S1).

Taken together, our results show that Nanopore data
(accommodated to current MinION’s output) can lead
to highly contiguous and accurate assemblies when using
the adequate tools, with no need of complementary
sequencing with Illumina. From all the tested software,
metaFlye v2.7 resulted the best in terms of metagenome
recovery fraction and total metagenome assembled size.
Raven achieved slightly lower genome fractions than
metaFlye, but was faster and generally retrieved a lower

number of contigs. Canu was the most accurate tool and

introduced fewer indels when combined with polishing
tools, but its assembly process also demonstrated to be
time consuming. Pomoxis and other miniasm-based
pipelines are also promising, but their inconsistency
problems should be addressed. This work may help
software developers to design new bioinformatic tools
optimized for Nanopore-based shotgun metagenomic
sequencing, although further research is still needed in
order to benchmark the different assemblers on more

complex microbial communities.

The content of this chapter has been published in
Scientific Reports as: Latorre-Pérez A, Villalba-
Bermell P, Pascual ], Vilanova C. Assembly methods
for Nanopore-based metagenomic sequencing: a
comparative study. Scz Rep 2020;10:1-14. doi:10.1038/
$41598-020-70491-3 (Publication VI in Appendix C)



General Discussion

1. Expanding the scope of Nanopore sequencing
Nanopore-based platforms have transformed the szazus
quo of sequencing technologies by offering a set of new
features (e.g., portability or real-time analysis)"® that are
beyond thereach of othersystems. Despite thelimitations
associated with Oxford Nanopore Technologies (ONT)
devices®, the potential of Nanopore sequencing has
been demonstrated in multiple branches of life sciences,
including microbiology and microbiome research®.
Nevertheless, and as expected for an emerging and
rapidly evolving field, the applications of this technology
require optimization and standardization. In the present
work, new methodologies (Figure GMM.1) have been
designed and implemented in order to test the suitability
of Nanopore sequencing for addressing two different
problems of industrial and biotechnological relevance:
monitoring microbial industry-relevant processes and

improving bioprospecting strategies.

1.1. A monitoring tool for microbial processes
In this thesis, Nanopore sequencing has been used
to study the microbial communities associated with
anaerobic digestion (AD), as reported in Chapter IA
and Appendix C. Our work has proven that ONT
devices could be applied to monitor AD in an industrial
environment. This application has been primarily

hampered by:

* The economic investment neceded to acquire
a conventional (NGS) sequencer, and the
technical complexity of sequencing and

This typically

simplified by submitting the collected samples to

bioinformatics. process s
specialized sequencing facilities. Unfortunately,
this makes the whole procedure significantly
slower (results are typically obtained after some
weeks). This limitation can be overcome with

Nanopore sequencing'®, as demonstrated in the

15 See subsection 4.3 of General Introduction for a full des-
cription of the advantages and drawbacks of Nanopore sequencing
16 See section 5 of General Introduction for a report of the
applications of real-time, 7z sit«# microbiome sequencing
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application described in Chapter IB.
* The lack of characterization of industrial
AD-related
microbiomes, which have been traditionally
considered a black box [203].

microbiomes, including

Biogas production is a very complex process that requires
a deep knowledge of anacrobic digestion. The intention
of this thesis was not to improve the technical aspects of
AD, but to evaluate the suitability of using Nanopore
sequencing to solve problems of industrial relevance.
Nonetheless, the studies included in Chapter IA have
also contributed to understand how difterent operational
parameters can affect the microbial communities of
anaerobic digesters. Specifically, we analyzed the effect
of co-digesting sewage sludge with the liquid and solid
fraction of grass biomass, revealing that liquid co-
substrates resulted in a more effective methanogenic
microbiome (dominated by Methanosarcina), and were
associated with a higher biogas production (Figures
IA.2 & IA.4). Bacteria involved in acidification during
AD were also investigated, and the influence of different
ammonia removal methods on those taxa was assessed.
Despite the treatments, bacterial communities proved to
be very similar in all the experiments (Figure IA.8). This
was in line with other works, which have demonstrated
the high robustness and resilience of AD microbiomes
[219]". However, some microorganisms experimented
interesting changes: the abundance of Acholeplasma
and Erysipelotrichaceae UCG-004 tended to increase
during acidification. These genera are predominant in
microbiomes showing a robust performance under high
ammonia concentrations, suggesting that the bacterial
communities studied in our work progressively adapted

to high ammonia levels (Figure IA.9).

The microorganisms highlighted above, together
with other taxa proposed by previous studies (e.g.,
Methanoculleus, which is abundant in viscous sludge, or

Methanosaceta, which is characteristic of sewage sludge'®)

17 Indeed, to characterize this phenomenon was the main
motivation of Publication IV in Appendix C.

18 As can be seen in Study I - Chapter IA
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[219], can be used as microbial markers for monitoring
biogas production. Nonetheless, the knowledge about
AD is far from complete. This is the main motivation of
the MICRO4BIOGAS project (https://micro4biogas.
eu/). In the framework of this European project, we
will study hundreds of publicly available and de novo
generated datasets to analyze the influence of several
operational parameters (i.e., reactor configuration,
pH, temperature, substrate, etc.) on the process.
This will lead to the identification of new microbial
markers that could be used to detect perturbations in
the AD process, which would eventually be corrected
GD.1A).

Furthermore, due to the power of sequencing analyses,

by bioaugmentation strategies (Figure

we hypothesize that the future of industrial monitoring
could go beyond particular microbial markers to focus
on the full microbiome. In combination with the
information about other operational parameters, this
data could be used to train machine learning models,
which could ultimately predict the performance of the

reactor and suggest corrective actions.

1.2. Next-generation bioprospecting
The goal of bioprospecting is to explore different
environments to find biological resources with practical
applications. The main limitation of this process is
that exploration (i.e., collecting samples) and searching
(ie., sample characterization) occur at different stages:
the first one is carried out in the field, while the second
one is performed in the laboratory and it usually takes
several months to be concluded. This limitation is
exacerbated in the case of microbial bioprospecting, since
microorganisms are able to prosper in almost any known
biotope, both natural (e.g., thermal springs or polluted
rivers) [308, 309] or artificial (e.g., prosthetic devices
or wasted chewing gums) [310, 311]. Microniches are
especially relevant to microbial biotechnology and,
for instance, solar panels display a highly diverse and
dynamic biocenosis that produces commercially valuable
molecules such as carotenoids [252, 312]. During a
microbial bioprospecting expedition, scientists can

access tens, or even hundreds of different microniches.

Although the decision of focusing on some sample
types over others can be guided by previous literature
or the biological resources that are being searched (i.c.,
halophilic microorganisms are likely present in saline
environments), at some point this choice becomes
arbitrary. The problem is that the actual potential of
the selected samples is not evaluated until the researcher
returns to the laboratory, where a time-consuming
screening takes place. Even in the best-case scenario, that
is, the selected samples show biotechnologically-relevant
activities, these microniches cannot be further exploited

without repeating the whole bioprospecting expedition.

In the present thesis, we used two key advantages
of Nanopore sequencing (i.c., portability and real-
time analysis) to prove that sample collection and
characterization can be fully integrated into the
bioprospecting expedition (Figure IB.1). Despite the
factthat ONT devices can operate outof thelaboratory, as
has been extensively demonstrated"’, in-field sequencing
does not necessarily mean that sequencing must be
actually performed in the field. In our work, a mobile
laboratory was set up in an apartment near the sampling
location. This allowed us to apply the same experimental
protocols that we were using in the laboratory with small
modifications, which was reflected in the performance
of the sequencing run: the sequencing yield was
substantially higher than the output reported in other
on-site studies [94], and it was comparable to the yield
of runs performed in fully-equipped laboratories [168,
255]. Moreover, the output that was obtained in this
experiment was higher than the yield achieved in the
studies included in Chapter IA, even though the run
was stopped after only 6.5 h. This could be attributed to
the update of the Ligation Sequencing Kit from version
SQK-LSK108 (used in Chapter IA) to version SQK-
LSK109 (used in Chapter IB), emphasizing the rapid
evolution of Nanopore technology. Indeed, versions
SQK-LSK110 and SQK-LSK112 of the kit are currently

available?® .

19 See section 5.3. of General Introduction
20 According to https://store.nanoporetech.com/eu/
sample-prep.html (accessed 11 December 2021)



In the context of this dynamic change of Nanopore
sequencing, the bioinformatic pipelines need to be
constantly revisited and adapted. During the course of
this thesis, we moved from a strategy based on BLAST
(as implemented in QIIME*) to a method using
minimap?2 as the core of the analysis (i.e., Spaghetti, an
analysis pipeline developed in the framework of this

thesis)??. This shift was motivated by two main reasons:

e The BLAST + QIIME strategy showed the best
results in internal tests that were performed at
the beginning of this thesis (Supplementary
Figure GD.S1). Nevertheless, as new tools were
released, minimap2 proved to be a better choice
based on other works and benchmarks [73, 167,
168].

* Minimap2 was substantially faster and less
computationally expensive, and hence it was
more suitable for in-field applications. In fact,
the bioinformatic analysis during the expedition
to the Tabernas Desert finished in ~3 h (Figure
IB.1).

According to our proof of concept, Nanopore
sequencing can be used for characterizing microbial
communities in the field, generating the first results in
only 24h after sample collection. This data is not only
relevant from an ecological point of view, but it also
has applied implications since it can be used to guide
bioprospecting activities: microniches maximizing the
diversity and abundance of radiation- and desiccation-
resistant bacteria can be quickly detected and selected for
turther sampling (Figure IB.3). Despite the limitations
associated with microbial culturing techniques®,
Nanopore and culturing data correlated well (Figure
IB.4), since samples holding a greater potential at the
microbiome level also yielded a more interesting set
of microbial isolates, whereas samples showing less
biodiversity resulted in a reduced (and redundant) set

of culturable bacteria (Figure IB.5). This demonstrates
21 See “Pipeline 1” in General Materials and Methods

22 See “Pipeline 2” in General Materials and Methods
23 See Discussion in Chapter IB
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that Nanopore sequencing can confidently be used as a
screening tool for assessing the potential of samples 7z

situ.

In Chapter IB, the analysis focused on bacteria with the
potential to resist desiccation and radiation for several
reasons: (i) different taxa from unrelated bacterial phyla
have been described to resist such conditions [252];
(ii) these bacteria hold interest for biotechnological
applications [252, 266, 312]; (iii) the Tabernas
Desert is reported to harbor these taxa [37]. Similarly,
sampling was focused on biocrusts and soils, since these
ecosystems have proven to be a rich source of radiation-
and desiccation-resistant bacteria [267-274]. In any
case, this strategy could be applicable to many other
bioprospecting goals, such as the search of antibiotic
producing bacteria [313] or the identification of
thermophilic bacteria and archaea® [314]. In a broader
context, taxonomic information can also be exploited
for detecting those microniches that harbor a higher
microbial alpha diversity or that are extremely similar
to other sample types based on beta diversity analyses
(Figure IB.2) In summary, the present work lays the
foundations for an improved bioprospecting strategy,
in which 7 situ Nanopore sequencing can be used to
inform sampling (Figure GD.1B). This would increase
the chances of recovering the target microorganisms,
although advances in culturomics are still necessary to

maximize the results of this application [315].

2. The impact of Nanopore sequencing on (meta)-
genomics
Genome assembly is the process of reconstructing
the genetic information of an organism from shorter
fragments of DNA. When assembly is applied to
microbiome data, then it is called metagenome assembly.
This process is hindered by several factors: (i) genomes
include repetitive elements that are longer than the
typical read length of NGS platforms (Table GI.1);

(i) metagenomes contain intergenomic repeats, that

24
IA.

Using the primers described in Study I — Chapter
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is, sequences that are shared by more than one taxon
present in the microbial community; (iii) microbial
communities often contain related species or sub-
species in different -and unknown- abundances. Long-
read sequencing technologies, including ONT, have
the potential to overcome these limitations. However,
assembling long, error-prone reads represents a new
algorithmic challenge [316]. This has stimulated the
creation of various assembly tools that were specifically
designed to work with this type of data (Table GMM.1),
raising an important question: which assembly method

is best for Nanopore sequencing?

Answering this question was the main goal of Chapter
IL In consequence, we carried out a benchmark of the
available tools, and by using data generated from two
different mock communities we demonstrated that
metaFlye [181] met the perfect compromise between
general performance and computational efficiency.
Canu [109] and Raven [173] also performed well in all
the datasets tested, and they achieved the best results
for some of the metrics analyzed (Figures IL.4 & I1.7).
The most promising tools were further tested using
publicly available Nanopore sequencing data from four
additional mock communities with different levels of
complexity (see Appendix A). These analyses helped to
consolidate previous results: metaFlye showed the best
overall performance for Nanopore-based metagenomic
assembly and it worked especially well for recovering
plasmids. Raven displayed a remarkable performance,
but it did not excel in any specific parameter. Finally,
Canu proved not to be sufficiently scalable for some
datasets, while other tools did not introduce any

substantial improvement to metaFlye or Raven.

Similar results were obtained by Wick & Holt [307]
when assembling individual bacterial genomes. In this
benchmark, Flye*® demonstrated to be robust, to make
the smallest sequence errors and to recover plasmids at a

broad range of size and sequencing depth. This tool also

25 Flye and metaFlye are the same tool, but metaFlye is the
preferred name when used for metagenomics.

performed well for reconstructing metagenomes from
complex samples. For instance, metaFlye was able to
recover several circular genomes from human [306] or
canine faeces [317]. Altogether, Flye/metaFlye would be
the preferred choice for general assembly applications.
Nevertheless, as each assembler has its advantages and
drawbacks [307], combining various tools for analyzing
the same dataset can lead to improved results [318].
Analogously, using different polishing tools can increase
the accuracy of the assemblies [319], as anticipated in

our work (Supplementary Table II.4; Appendix A).

In general, our results confirmed that metagenomes
assembled from Nanopore sequences were highly
contiguous (Figures II.3 and IL.4), which was in line
with previous genomic and metagenomic studies [183,
306, 307, 317]. On the other hand, Nanopore-based
assemblies tend to accumulate errors, especially indels
(Figure IL5) [183, 306]. Hybrid assembly strategies
combine the best of both worlds: the accuracy of NGS
and the contiguity of TGS. Therefore, this approach
may be considered the current gold standard for genome
and metagenome assembly [183, 318, 320, 321].
However, using two different sequencing technologies
is not ideal, since it increases the cost of the analysis, and
it requires twice the effort. Assemblies relying only on
Nanopore data can reach an accuracy of >99.99% with
an appropriate sequencing coverage [318, 319] thanks to
improvements in basecalling models and polishing tools.
More recently, the introduction of the Q20+ chemistry
and the ‘Duplex’ mode has increased the accuracy of raw
reads up to 99.3% and 99.8%, respectively [98, 99]. The
Q20+ chemistry includes a new motor protein which
improves the translocation of DNA molecules across
the nanopore, thus increasing the basecalling accuracy.
The ‘Duplex’ mode refers to the ability of nanopores
to read one DNA strand and then its complementary
chain. This phenomenon is not size dependent and it
occurs naturally ~1-4% of the times, but ONT claims to
have increased this rate up to ~40% with optimizations
in library preparation kits [98]. The impact of these

advances in genomics and metagenomics has not been



evaluated yet, although it can be predicted that they will
improve the consensus accuracy of the assemblies. The
effect will be more noticeable on low-coverage genomes,
in which raw accuracy is key, since errors cannot be
compensated with sequencing depth. Considering the
advantages of Nanopore sequencing®, this technology
has the potential to become the standard for (meta)-
genome assembly, but systematic evaluations are still
necessary to demonstrate the benefits of ONT platforms
over Illumina, PacBio (especially in Consensus Circular
Sequencing -CCS- or HiFi mode) and/or hybrid
approaches.

Apart  from improving assembly, Nanopore
metagenomic sequencing could be integrated in the
on-site applications described in previous sections. This
would overcome some of the limitations associated
with metataxonomics (Table GI.2), and it would allow
to increase the power of the analyses in many aspects.
For instance, monitoring could go beyond prokaryotic
organisms, since metagenomics allows the detection
of cukaryotes, prokaryotes and viruses in the same
experiment. With this approach, species- and strain-level
resolution would be generally possible, thus increasing
the specificity and sensitivity of the applications. Finally,
both industrial monitoring and 7z situ bioprospecting
would benefit from functional metagenomics, since
it could be used to track specific genes or metabolic
pathways (e.g., biosynthetic gene clusters) and to identify
new genetic resources (e.g., highly divergent enzymes).
As metagenomic sequencing also has disadvantages
(Table GI.2), future works should help to decide which

strategy (metagenomics or metataxonomics) fits better

with the objective, logistics and budget of each analysis.

3. Epilogue: the future of Nanopore-based
applications
In the last few years, ONT devices have dramatically
evolved from prototypes to one of the most promising
alternatives to traditional NGS platforms. Although

this technology is still under development and requires

26 See subsection 4.3 of General Introduction
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further optimizations, it has already played a crucial role
in the genomic surveillance of SARS-CoV-2 [123, 322],
especially in low-income countries with limited access to
large sequencing facilities [323, 324] . Indeed, the low
start-up cost, the portability and the potential of real-time
analyses make Nanopore sequencing a great solution for
outbreak control and many other clinical applications®.
Beyond problems related to human health, it has been
demonstrated throughout this work that Nanopore
sequencing could also contribute to monitor and
improve processes of industrial and/or biotechnological
relevance, such as anaerobic digestion or bioprospecting.
This is likely just the beginning, as novel applications of
ONT platforms will continuously emerge in the future.
Based on the experience acquired during the present
thesis, the most ambitious applications may gravitate

towards two concepts, which I hypothesize here:

* End-to-end vs. swiss-army-knife solutions.
Sooner or later, Nanopore sequencing will cross
the borders of scientific research and reach other
areas, such as food safety, forensics or agriculture.
This is in line with the main slogan of ONT,
which is “to enable the analysis of anything, by
anyone, anywhere”. To fulfil this goal, sample
preparation and data analysis protocols should
be substantially simplified, since the staff in
charge of routine analyses in the industry will
probably lack the technical knowledge of a
molecular biologist or bioinformatician. ONT
is making progress in that direction, and the
VolTRAX, a programmable lab-on-a-chip
device for automatic library preparation, is
just an example®. At the bioinformatic level,
user-friendly software is also being developed
(e.g., EPI2ME by ONT), but it is unlikely that
a generalist computer program could cover
all the possible uses of Nanopore sequencing.
Therefore, future designs should focus on
achieving an end-to-end platform combining

software and hardware improvements for

27 See subsection 5.1. of General Introduction.

28 See https://nanoporetech.com/products/voltrax
(accessed 21 December 2021)
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Figure GD.1. (A) Nanopore sequencing as an end-to-end solution for industrial monitoring. Samples collected from the
anaerobic digester (1) are processed with minimal human intervention (e.g., VoI TRAX for DNA extraction and library
preparation). Then, 77 situ sequencing is used to characterize the microbiome (2). Sequencing results are combined with data
from other chemical parameters (pH, temperature, methane production, etc.), and the efliciency of the process is evaluated
by a software (3). Corrective actions (i.e., bioaugmentation with optimized microbial strains) are automatically applied (4).
Monitoring is periodically repeated. (B) Nanopore sequencing as a multipurpose tool for bioprospecting. A versatile laboratory
toolkit, including a portable sequencer and adaptable bioinformatic tools, can be used by experts for solving several technical
problems during a sampling expedition. (C) Schematic representation of adaptive metagenomics. A DNA molecule (yellow)
coupled to a motor protein (green) is captured by an empty nanopore (blue). The molecule passes through the pore until
the motor protein stops the translocation. This first pass across the membrane allows to estimate the length of the molecule.
Therefore, short reads can be ejected (adaptive length). Accepted fragments are read in “Outy” mode (see Supplementary
Figure GD.S2). Sequences are compared to a database to decide if they are relevant or not (adaptive sampling). Relevant
sequences (targets) are read several times to reduce sequencing errors (adaptive accuracy). After reaching the desired accuracy
threshold (e.g., 99.99%), the DNA molecule is ejected and the nanopore is free to read another strand. Panel C is inspired by

Clive Brown’s presentation at the Nanopore Community Meeting 2021 (NCM21) [331].

each specific application. Continuing with the
example of industrial monitoring introduced
in previous sections, the ideal application
would start with a plant operator collecting
a sample from the digester, which would be
analyzed with minimal human intervention.
After several hours of sequencing, the system
should indicate the status of the reactor and
suggest interventions to improve the efficiency
of the process (i.c., bioaugmentation with

optimized microbial strains) (Figure GD.1A).

Nevertheless, other applications of Nanopore
sequencing would need a totally different
approach. In this case, versatility of the platform
will be preferred over simplicity. For instance,
in a bioprospecting expedition, various sample
types are usually collected (i.e. water, soil, plant
matter, etc.). These samples need different
and complex pretreatments (i.e., filtration for
water samples, washing steps for clay samples,

etc.). Moreover, the bioprospecting goals may

29

change depending on the sample type (i.e., the
microorganisms of interest for water samples
may not be of interest for soil samples). Hence,
auniversal end-to-end solution is not possible in
this context. Instead, a flexible bioprospecting
and data analysis toolkit (e.g., Bento Lab* +
sampling tools + MinION + laptop) should
be prepared and used by technical personnel,
which could adapt the protocol to every possible
scenario in order to maximize the effectiveness
of the in situ application (Figure GD.1B).
Adaptive metagenomics.  In Nanopore
sequencing, raw electrical signals become
completely available for analysis even when
the DNA strand is still being read. A rapid
exploration of this data allows, theoretically,
to decide whether a particular sequence is
interesting depending on the specific goal of
the sequencing. Indeed, non-relevant reads can

be ejected from the nanopores that are reading

Bento Lab is a portable DNA analysis laboratory.
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them by reversing the polarity of the voltage
across the specified pore [325]. Considering that
DNA is read at 450 bp/s (250 bp/s with the new
Q20 chemistry [326]), ~2.6h are required to
sequence a 4.2 Mbp molecule (the longest single
molecule that has been ever read). Therefore, to
accept or reject this molecule after only a few
seconds could help to use all the sequencing
capacity of the device to read only the desired
targets, thus enriching these fragments without
including any extra sample preparation step
(ie., PCR, hybridization...) [327]. Adaptive
metagenomics is a novel idea that combines three
different sequencing modes that are compatible

with Nanopore sequencing (Figure GD.1C):

1. Adaptive length?* . When a DNA molecule
passes through a nanopore, its length can be
effectively measured. After being sized, the
DNA fragment can be discarded if it is too
short, thus enriching the sequencing results
towards long reads. Polynucleotide sizing was
the first application of Nanopore sequencing
to be published®®  [81]. This option is
currently unavailable in ONT devices, but it
is under active development [98].

2. Adaptive sampling. This concept refers to
the ability of Nanopore sequencing to reject
off-target sequences before they are completely
read. Sequencing data generated while reading
the DNA molecule can be mapped against a
database of desired or undesired targets to
decide if the molecule is interesting or not.
Mapping can be performed with both raw
electrical signals [327] or basecalled sequences
[328]. In a metagenomic context, adaptive
sampling could be used to deplete undesirable
DNA (i.e. eukaryotic DNA from the host)
[329], and to enrich specific genes (e.g.,
antibiotic resistance genes or ARGs) [330] or

30 Adaptative length and adaptative accuracy modes require
a change in the way that DNA molecules are currently read. See

Supplementary Figure GD.S2.
31 See section 4 of the General Introduction

genomes (i.., specific microbial species)™.

3. Adaptive accuracy. Motor proteins can be
modified to allow a single DNA molecule to
be read several times by the same nanopore.
Similarly to PacBio CCS mode (Figure GI.3),
errors can be corrected with sequencing
coverage. When a certain threshold of

accuracy has been reached, the molecule can

be ejected from the nanopore and another

DNA fragment would be read.

In adaptive metagenomics, Nanopore sequencing would
startas usual, although adaptive length could be activated
if ultra-long reads are desired. Once the most abundant
members of the microbial community have been
characterized (i.e., their genomes have been assembled),
their genetic information could be stored in a database
that would be used by the adaptive sampling software
to deplete DNA fragments coming from these microbial
species. In consequence, the sequences corresponding
to rare microorganisms could be dynamically enriched,
as has already been demonstrated [328]. Finally, adaptive
accuracy would allow the generation of high-accuracy
long reads, which would reduce the overall sequencing
coverage needed to obtain an error-free genome for each
microbial strain. In summary, adaptive metagenomics
holds potential to explore the so-called microbial “dark
matter” without the need of time-consuming sample
preparation (i.e., enrichment methods) or expensive

ultra-deep sequencing [331].

Besides these directions, the full potential of Nanopore
sequencing seems far from explored, and its influence
on the sequencing market is thus expected to steadily
increase in the following years, especially if ONT
devices keep evolving at the same rate. At this point, the
future of sequencing technologies is uncertain, since it
is not possible to forecast which sequencing platform,
if any, will prevail. Nevertheless, to reach the same level

of robustness, standardization and adoption as NGS,

32 See Publication VII in Appendix C for a short review of

applications of adaptative sampling (previously known as ‘Read
until’)



further efforts addressing all the aspects of usage lifecycle
for TGS technologies are still required. In particular
-and in line with the spirit of this thesis-, improving
usability in real-life scenarios, if successful, will allow the
ONT statement on its technology designed “to enable
the analysis of anything, by anyone, anywhere”, to evolve
from a mere commercial slogan to an overwhelming

reality.
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Conclusions

In the present thesis, different metataxonomic and metagenomic strategies based on Nanopore sequencing have
been designed, implemented, and tested. These approaches have been effectively used for characterizing ecosystems

of industrial and/or biotechnological relevance. The general conclusions derived from this work are listed below:

* Nanopore sequencing can be applied as a monitoring tool to study bacterial and archaeal communities
related to anaerobic digestion (AD). Our analyses allowed to:

*  Detect microbial markers associated with an improved production of methane from sewage sludge (i.c.,
Methanosarcina)

*  Measure the impact of different parameters (i.e., substrate for co-digestion or pretreatment for ammonia
removal) on the AD microbiome.

*  Propose a nanopore-based strategy for monitoring industrial bioprocesses, after identifying the current
strengths and limitations of the technique.

*  In situ sequencing can be a powerful tool for deciphering the microbial composition of different samples
during a bioprospecting expedition, as demonstrated in a proof-of-concept study in the Tabernas Desert
(Almerfa, Spain). Nanopore and culturing data correlated well, and samples holding a greater potential
at the microbiome level also yielded a more interesting set of microbial isolates. Therefore, this approach
can be used to inform decision-making during sampling, thus increasing the chances of achieving the
bioprospecting goals (i.e., identification of biotechnologically-relevant microbial taxa and/or biomolecules).

*  Metataxonomic protocols have been implemented and updated in parallel to the advances of the technology.
This includes Spaghetti, a custom pipeline for automatic bioinformatic analysis of Nanopore sequencing
data that proved to be adequate for 77 situ applications.

* Nanopore metagenomic sequencing allowed to recover extremely contiguous genomes directly from
microbial communities. The results from the benchmark showed that metaFlye was the best-performing
assembler, although other tools such as Raven were also promising. Our evaluation of metagenomic
assembly was the first to include all the tools designed to handle Nanopore data and it paved the way towards

the standardization of bioinformatic pipelines for Nanopore-based metagenomic sequencing.






Resumen en Castellano

Introduccion
La tecnologfa ha jugado un papel clave a lo largo de
la evolucién del ser humano. Aunque el término
“biotecnologfa” no fue introducido hasta 1919 por
Karl Ereky, los humanos llevaban milenios buscando,
seleccionando y utilizando otras especies en su propio
beneficio. En este sentido, la fermentacidn de alimentos
para mejorar su conservacién podria considerarse el
primer ejemplo de biotecnologfa microbianay, pesea que
el conocimiento cientifico ha progresado enormemente
desde entonces, el objetivo de esta disciplina sigue siendo
el mismo: explorar los recursos biolégicos disponibles
para encontrar sus aplicaciones practicas. El microscopio
ylas técnicas de aislamiento y cultivo de microorganismos
son algunas de las herramientas mds usadas para este
fin y, de hecho, contribuyeron en gran medida a los
hallazgos mds célebres de la microbiologifa durante el
siglo XX (p. €j., descripcién de patdgenos, desarrollo de
antibiéticos...). Sin embargo, el descubrimiento de que
la mayor parte de los microorganismos son incultivables
puso en evidencia la necesidad de desarrollar nuevos
métodos para caracterizar toda la diversidad microbiana

que no habfa sido explorada hasta la fecha.

La secuenciaciéon del ADN se ha convertido en una
herramienta esencial desde entonces. Aunque hubo
varios intentos previos de desarrollar técnicas de
secuenciacién de dcidos nucleicos, el método de Sanger
(o secuenciacién de Sanger, en honor a su principal
inventor) fue el primero en seradoptado de forma masiva.
Este método se basa en el uso de didesoxinucledtidos
(ddNTPs), ADN polimerasa, cebadores (primers) y
desoxirribonucledtidos (dNTPs). La extensiéon del
ADN empieza de forma normal usando dNTPs hasta
que un ddNTP es aleatoriamente incorporado a la
cadena, causando la parada de la reaccién. Al final del
proceso se obtiene una mezcla de oligonucledtidos de
diferentes tamanos que pueden ser resueltos mediante

electroforesis, utilizando un canal diferente para cada

95

ddNTP. Actualmente, se usan ddNTPs marcados
por fluorescencia, lo que permite realizar la lectura
de la secuencia de ADN en un solo canal. Ademds, la
separacién se realiza mediante electroforesis capilar
en instrumentos automatizados que permiten varias
reacciones en paralelo. El método de Sanger hasido usado
en diferentes proyectos, destacando el Proyecto Genoma
Humano (PGH). A nivel técnico, esta metodologfa se
caracteriza por generar secuencias de gran calidad (=0.1%
de error) y de tamafio moderado (=1.000 pb), a costa de
tener un bajo rendimiento (pocas secuencias por carrera
de secuenciacién) y un elevado precio por nucledtido
leido. De hecho, pese al éxito de los primeros proyectos
de secuenciacién genémica, pronto se hizo evidente que
la cantidad de infraestructura, tiempo, dinero y personal
necesario para obtener una secuencia de ADN completa
a partir de un dnico organismo usando esta técnica no

era sostenible.

En consecuencia, se desarrollaron nuevos métodos
que se caracterizaban por la paralelizacién masiva
de las reacciones de secuenciacién, incrementando
asi el rendimiento del proceso. Estas tecnologfas
son comunmente conocidas como plataformas de
secuenciacién de siguiente generacién (NGS, por sus
siglas en inglés). Illumina es la plataforma NGS mds
utilizada en la actualidad. Su método de secuenciacién
es parecido al ideado por Sanger, ya que usa dNTPs
modificados que impiden la elongacién de las cadenas
de ADN. Sin embargo, la reaccidn es reversible en este
caso: los grupos quimicos que bloquean el extremo 3’-
OH de la ribosa pueden ser eliminados. En Illumina, los
cuatro dN'TPs bloqueados y marcados por fluorescencia
son proporcionados al mismo tiempo. Uno de ellos
serd anadido a la cadena que se estd sintetizando. Tras
la eliminacién del resto de dNTPs, la fluorescencia es
mediday se puede leer el ANTP que hassido incorporado.
Por tltimo, el extremo 3’-OH es regenerado, dando inicio
a otro ciclo de elongacién y lectura. Esta reaccién ocurre
simultdineamente en millones de fragmentos de ADN

diferentes (c/usters). Cabe resaltar que la secuenciacién
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no se produce a partir de una tnica molécula, sino
que cada cluster estd constituido por miles de clones
de un mismo fragmento. Al proceso utilizado para
conseguir los clones de cada molécula de ADN original
se le denomina amplificacién puente. La secuenciacién
Illumina se caracteriza por resultar en lecturas cortas (25

- 300 pb) y de alta calidad (0.5 — 0.1% de error).

En los dltimos afios, han aparecido tecnologfas de

secuenciacion de tercera generacién (TGS).
Las plataformas TGS se caracterizan por producir
secuencias largas (>10 Kpb) en tiempo real, a partir
de moléculas tnicas de ADN (sin amplificacién
previa). Estos secuenciadores han sido desarrollados
por dos compaiifas, Pacific Biosciences (PacBio) y

Oxford Nanopore Technologies (ONT), y se basan en

metodologfas completamente diferentes.

La secuenciacién PacBio utiliza ADN polimerasas
modificadas que se unen a fragmentos de ADN
previamente  circularizados.  Este  complejo  es
inmovilizado en el fondo de unos micropocillos
llamados ZMWs. En concreto, cada pocillo contiene
una tnica molécula de ADN. A continuacidén, la ADN
polimerasa empieza a incorporar dNTPs marcados,
que son detectados en tiempo real, es decir, sin detener
la reaccién tras la adicién del ANTP. El fluoréforo
unido al ANTP es liberado por la propia polimerasa,
permitiendo que la sefial fluorescente se desvanezca
antes de leer el siguiente dNTP. PacBio ofrece dos
modos de secuenciacion diferentes: CCS y CLR. En el
modo CCS, fragmentos de 10-25Kbp son leidos varias
veces por la misma polimerasa, permitiendo obtener un
porcentaje de error inferior al 0.1%. En el modo CLR,
la molécula es leida una sola vez por la polimerasa. Esto
permite secuenciar fragmentos de ADN mds grandes
(>50 Kpb), pero provoca un aumento en la tasa de error

(8 - 13%).

La secuenciacion ONT o secuenciacién por

nanoporos se fundamenta en hacer pasar una molécula

de ADN (0 ARN) por un canal (nanoporo), provocando
un cambio en la corriente iénica. El bloqueo de la
corriente es especifico a la estructura quimica de los
dNTPs. Leyendo los cambios en la corriente eléctrica se
puede deducir la secuencia nucleotidica del fragmento
de ADN. Los elementos bdsicos de los secuenciadores
ONT son:

* Nanoporos: proteinas que forman los canales
transmembranales por los que pasan las
moléculas.

* Celdas de flujo (flow cells): superficie fisica
donde se sittan los nanoporos y que incluye los
electrodos y circuitos que controlan y detectan
los cambios en la corriente eléctrica.

¢ Proteinas motoras: controlan la velocidad a la
que las moléculas atraviesan los nanoporos.

* Basecallers: programa informdtico que
convierte las sefiales eléctricas en secuencias de
nucleétidos. Se basan en inteligencia artificial.

* Componentes computacionales: discos duros,

memorias RAM, procesadores y tarjetas gréﬁcas.

Engeneral, las plataformas TGS (ONT + PacBio) ofrecen
una serie de ventajas con respecto a las tecnologfas NGS,

en general, y a Illumina, en particular:

e Tamano de lectura. El tamafio de lectura
méximo en Illumina se sitta sobre las 300 pb x 2
(se lee la secuencia en sentido directo e inverso),
mientras que tanto en PacBio como en ONT se
superan de largo las 10 Kpb.

¢ Nose necesitaamplificacién. La secuenciacion
se basa en moléculas dnicas, lo que evita los
sesgos introducidos por la PCR.

¢ Tiempo de secuenciacién reducido. En TGS,
la reaccién no se pausa tras la incorporacién de
cada dN'TP, lo que permite acelerar la obtencién
de resultados.

* Anilisis epigenético directo. Las plataformas



TGS pueden detectar nucledtidos modificados
sin necesidad de realizar transformaciones

quimicas durante la preparacién de librerfas.

Ademds, la secuenciacién ONT, que juega un
papel fundamental en esta tesis, posee una serie de

particularidades con respecto al resto de plataformas:

* Portabilidad. La secuenciacién por nanoporos
no implica elementos dpticos, sino que se basa
en componentes electrénicos que pueden ser
miniaturizados. Prueba de ello es el secuenciador
portitil Min[ON de ONT.

* Anilisis en tiempo real. Las secuencias se
generan inmediatamente después de que la
molécula de ADN atraviese el nanoporo, o
incluso de manera simultdnea a la translocacidn.
Estas lecturas pueden analizarse sin necesidad de
esperaraque la carrera de secuenciacién termine.

¢ Tamafo de lectura. En teoria, la secuenciacién
ONT puede producir lecturas de cualquier
tamafio. De hecho, se ha conseguido leer
fragmentos de hasta 4.2 Mpb de longitud con
esta tecnologfa.

¢ Precision de la secuenciacién. Es la principal
desventaja de esta plataforma. Actualmente,
el error de secuenciacién varfa desde el 13% al
2%, dependiendo de varios factores (tipo de
secuenciacién, tipo de muestra, modelo de
nanoporo y basecaller usado...). Sin embargo, los
nuevos kits de secuenciacién de ONT prometen
una precision mayor al 99.3% (o 99.8% si se usa
el modo de secuenciacién ‘Duplex’).

¢ Coste. El MinION es, de lejos, el secuenciador
mids econémico del mercado, pero el coste por
nucledtido leido de este dispositivo es alto en
comparacién con otros secuenciadores (p. ¢j.,
PromethION de ONT o NovaSeq 6000 de
Tllumina).

ARN. Las

plataformas ONT son las Gnicas que permiten

¢ Secuenciacién directa de
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leer el ARN directamente, sin conversion previa
a ADN.
Pese a todas estas caracteristicas, la tecnologfa Illumina
sigue siendo la manera mds econémica de conseguir
lecturas de alta calidad, dado el elevado rendimiento de
sus secuenciadores y la alta implantacién de la compania

en el mercado.

Todas las técnicas de secuenciacidn descritas hasta el
momento han sido aplicadas de una u otra manera para
estudiar comunidades microbianas o ‘microbiomas’.
El término microbioma define el conjunto de
microorganismos (microbiota) que habitan un biotopo,
asi como los elementos genéticos y bioldgicos asociados
a estos microbios (p. ¢j., genes, genomas, proteinas,
metabolitos...). Los microbiomas se pueden estudiar
mediante maltiples técnicas moleculares, aunque las

mds comunes son:

* Metataxonomia. Se basa en la amplificacién por
PCR de genes marcadores que son caracteristicos
de un grupo taxonémico determinado (p. ¢j., gen
16S ribosomal para procariotas o 18S ribosomal
para eucariotas).

*  Ventajas: técnica econdmica, andlisis sencillo
y bases de datos (BBDD) mds completas.

e Desventajas: solo se detecta un grupo
taxonémico, no hay gen universal para virus,
resolucion taxonémica limitada (p. ¢j., nivel
de género) y no aporta informacion sobre
funciones.

*  Metagenémica. Consiste en extraer el ADN
total de una muestra y secuenciar los genomas
completos. Principalmente, el andlisis de los
datos metagendmicos se puede realizar de
dos formas: (1) asignando directamente la
taxonomia y la funcién de las lecturas generadas
0 (2) ensamblando estas lecturas para formar
fragmentos de ADN mds grandes (contigs)
y reconstruir el metagenoma (conjunto de

genomas presentes €n una muestra).
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* Ventajas: se detectan todos los grupos
taxondmicos a la vez, aporta informacién
funcional, permite la recuperacién de
genomas de microorganismos individuales y
tiene una mayor resolucién taxonémica.

e Desventajas: mds cara, BBDD menos
completas y dificil de aplicar en muestras
con escasa biomasa.

* Metatrancriptémica. Se basa en la extraccién
del ARN total de una muestra y la secuenciacién
del ARN mensajero (ARNm).

* Ventajas: se detectan todos los grupos
taxonémicos a la vez y aporta informacién
sobre las funciones activas.

¢ Desventajas: mds cara, el ARN es inestable,
la concentraciéon de ARN ribosomal
(ARNTr) es mucho mayor que la de ARNm
y es dificil de aplicar en muestras con escasa

biomasa.

Todas estas técnicas pueden ser llevadas a cabo mediante
secuenciacion ONT. Las ventajas de esta tecnologfa (p.
¢j., portabilidad o anilisis en tiempo real), favorecen el
desarrollo de aplicaciones novedosas que pueden abrir
nuevosmercados. Dado quelapresente tesissellevéacabo
en el marco de un doctorado industrial, esta perspectiva
adquiere una especial relevancia. Los secuenciadores
ONT han sido aplicados para una gran variedad de fines,
destacando las aplicaciones clinicas (p. ¢j., vigilancia
genémica de patdgenos emergentes o deteccién de genes
de resistencia a antibidticos), industriales (p. ¢j., anlisis
de calidad de aguas residuales o deteccién de patégenos
en cultivos agricolas) y ecolégicas (p. ¢j., secuenciacién
de microbiomas en la Antdrtida o la estacién espacial
internacional). De entre todas las posibles aplicaciones de
la tecnologfa en el marco de la biotecnologfa microbiana,

dos de ellas despiertan un gran interés:

* Monitorizacién de procesos de digestion
anaerobia. La digestién anaerobia (DA) implica
laconversion de sustratos complejos, tipicamente

residuos (restos agricolas, estiércol...), en biogds

(mezcla de metano y diéxido de carbono)
mediante transformaciones microbianas. La DA
ocurre en cuatro fases: hidrélisis, acidogénesis,
acetogénesis y metanogénesis. Todas estas
fases se pueden desarrollar en un solo reactor
(o digestor) o en varios. En este ltimo caso, la
hidrolisis y la acidogénesis ocurre en un digestor
(fase de acidificacion) y la acetogénesis y la
metanogénesis en otro (fase de metanizacién).
El resultado de la fase de acidificacién es una
mezcla de dcidos grasos de cadena corta (dcidos
grasos voldtiles) que pueden ser usados para
producir biogds u otras sustancias de interés
industrial. La DA es altamente variable, ya que
depende de muchos factores (pH, temperatura,
tipo de reactor...). Estos factores también
afectan a los microorganismos responsables de
la produccién de biogis y pueden influir en la
eficiencia del proceso. Por ello, en la presente
tesis se ha desarrollado una aplicacién basada en
secuenciacién por nanoporos para el monitoreo
de comunidades bacterianas y arqueanas.

Mejora del proceso de bioprospeccion. La
bioprospeccién microbiana es la busqueda
de microorganismos y productos biolégicos
relevantes desde el punto de vista biotecnoldgico.
Las expediciones de bioprospeccién suelen
desarrollarse en lugaresinexplorados y recénditos
e implican la toma de distintas muestras que son
analizadas posteriormente en el laboratorio.
Estos anilisis pueden prolongarse durante
meses. Una vez conocidos los resultados, la
explotacién de los recursos naturales de mds
relevancia (segtin los estudios) queda supeditada
a una gran limitacién: el nimero de muestras
obtenido durante la bioprospeccién. En este
sentido, obtener mds muestras implica repetir
la expedicién de muestreo, lo cual no siempre
es posible. En la presente tesis se ha evaluado
la idoneidad de la secuenciacion ONT para
caracterizar muestras 77 situ, es decir, durante la

propia expedicién.



Pese al enorme potencial de las plataformas ONT,
las herramientas experimentales y bioinformdticas
disponibles para caracterizar microbiomas mediante estd
técnica eran muy limitadas cuando se inicié esta tesis.
Por ello, la motivacién principal del presente trabajo
fue identificar, optimizar y validar nuevas metodologfas
metataxondmicas y metagendmicas basadas en
secuenciacién por nanoporos, asi como disefiar e
implementar aplicaciones novedosas de esta tecnologia
para resolver problemas de relevancia industrial o

biotecnoldgica.

Objetivos
Esta tesis fue disefiada con la finalidad de optimizar
la secuenciaciéon ONT para estudiar comunidades
microbianas de interés industrial o biotecnolégico. Para
ello, se definieron los siguientes objetivos:

* Desarrollar  protocolos  experimentales 'y

bioinformdticos para el anilisis metataxonémico

de comunidades de bacterias y arqueas usando la
tecnologfa ONT'y:

e Aplicar estos nuevos protocolos para
caracterizar microbiomas asociados con la
produccién de biogds.

* Evaluar el potencial de las plataformas
portétiles de ONT para mejorar la estrategia
de muestreo durante una expedicién de
bioprospeccidn.

e Comprobar el rendimiento de diferentes
métodos de ensamblaje de lecturas generadas

a partir de la secuenciacién metagendmica por

nanoporos y definir las ventajas y limitaciones de

esta tecnologia en comparacién con el estado del

arte del ensamblaje metagenémico.

Metodologia
Secuenciacion y andlisis metataxonomico
El protocolo bésico para los estudios metataxonémicos
consistié en los siguientes pasos:
* Extraccién y cuantificacion de ADN. Se

realizé usando dos kits comerciales diferentes:
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DNeasy Power Soil Kit (QIAGEN, Alemania)
y FastDNA Spin Kit for Soil (MP Biomedicals
GmbH, Alemania). Las muestras procedentes
de digestores anaerobios fueron lavadas con
tampén fosfato salino (PBS) para reducir la
concentracién de sustancias contaminantes.
El ADN fue cuantificado preferentemente
por fluorescencia, usando el kit Qubit x1
dsDNA High-Sensitivity Assay kit (Qubit
2.0 Fluorometer, Thermo Fisher, EE.UU.),
aunque también se usé el equipo Nanodrop
1000 Spectrophotometer (Thermo Scientific,
EE.UU.)

Amplificacién del gen 16S ARNr por
PCR. Se eligi6 este gen por ser especifico de
los microorganismos procariotas, que eran el
objetivo de los andlisis. Como la secuenciacién
ONT es capaz de producir lecturas largas, se
amplificé el gen ribosomal completo (=1.500
pb). Para ello, se usaron dos parejas de cebadores
diferentes, una para amplificar selectivamente
las arqueas (Arch8F y Arch1492R) y otra para
amplificar las bacterias (S-D-Bact-0008-a-S-16
y S-D-Bact-1492-a-A-16). Ambos cebadores
inclufan los adaptadores universales de ONT.
Los amplicones fueron purificados usando el
kit Agencourt AMPure XP beads (Beckman
Coulter, EE.UU.)oelkitNucleoMag(Macherey-
Nagel, Alemania) y el ADN fue cuantificado
con el kit de Qubit antes mencionado.
Barcoding. Los barcodes (etiquetas para
reconocer diferentes muestras) se afadieron
usando los kits PCR Barcoding Expansion 1-12
y PCR Barcoding Expansion 1-96 (ONT, Reino
Unido). El ADN fue purificado y cuantificado
como se ha descrito anteriormente.
Preparacion de librerias. Se usaron dos
versiones diferentes del Ligation Sequencing Kit
(ONT, R.U.): SQK-LSK108 y SQK-LSK109.
Luego se repararon los extremos del ADN con
el kit NEBNext FFPE DNA Repair Mix (New



100

England Biolabs, EE.UU.) y se purificaron y
cuantificaron los amplicones como ya se ha
descrito.

Secuenciacién ONT. Todos los experimentos
se llevaron a cabo usando las flow cells R9.4.1
(ONT, R.U.)y el basecalling se realizé mediante
MinKNOW usando los

actualizados en el momento de la secuenciacién

basecallers mis
(Albacore o Guppy). Las lecturas con una
calidad de Phred menor a 7 fueron descartadas.
Las

fueron analizadas siguiendo dos protocolos

Anilisis bioinformaitico. secuencias
diferentes desarrollados en el marco de este

trabajo. El primer protocolo (o pipeline) se

basaba en BLAST, tal y como se implementa en
la herramienta QIIME (v. 1.9.1.), para realizar
la asignacién taxonémica de las lecturas. Al

segundo protocolo se le denominé ‘Spaghetti’.

Esteusabalaherramientaminimap2(v.2.17) para
identificar la taxonomia de las secuencias usando
una base de datos de referencia. Ambos pipelines
inclufan un paso previo de pretratamiento de
las secuencias que consistié en: (1) eliminacién
de adaptadores con Porechop; (2) eliminacién
de secuencias demasiado cortas (<700-1.200
pb) o demasiado largas (>1700-1800 pb) con
Nanofilt; (3) comprobacién de la calidad de
las lecturas con NanoStat; (4) eliminacién de
secuencias quiméricas con YACRD. Como
BBDD de referencia se usaron GreenGenes (v.
13.8) y SILVA (v. 132 o v. 138). El resultado
de la asignacién taxondmica fue modificado
mediante scripts de QIIME o propios, segiin
el caso, obteniéndose tablas de abundancia
absoluta y relativa.

Anilisis estadistico y visualizacién de datos.
Todos los andlisis estadisticos se realizaron con
el paquete phyloseq (v. < 1.30.0), dentro de
R. Para la diversidad alfa, todas las muestras
fueron rarefactadas para obtener un ndmero

de secuencias uniforme para cada muestra

estudiada. Para la diversidad beta, se realizaron
Andlisis de Coordenadas Principales (PcoA)
usando la métrica Bray-Curtis para calcular la
disimilitud entre muestras. Los beatmaps, fueron
creados con ampvis2 (v. < 3.3.1), mientras que
las figuras interactivas se construyeron con plotly
(v.4.9.2.1). Los diagramas de Venn se generaron
usando una herramienta web®. Los andlisis
de abundancia diferencial se realizaron con
DESeq2 (v. < 1.26.0). Cuando se llevaron a cabo

pruebas multiples, los p-valores se corrigieron

con el método de Benjamini-Hochberg. Cabe
resaltar que algunos de los andlisis descritos

fueron incluidos en Spaghetti.

Andlisis metagendmico

Para

evaluar las

caracteristicas del ensamblaje

metagendmico de datos ONT, se seleccionaron varias

herramientas diferentes y se realizaron distintas pruebas

de uso. La metodologia de este estudio consisti6 en los

siguientes pasos:
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Seleccién de herramientas para el ensamblaje
de novo. Las herramientas se eligieron siguiendo
tres normas bdsicas: (1) el software debfa ser
gratuito, (2) incluir una gufa de usuario y (3)
haber sido ampliamente usado por la comunidad
cientifica. En total, se seleccionaron tres
ensambladores metagendmicos desarrollados
para secuencias cortas (metaSPAdes, Megahit,
Minia) y diez herramientas para ensamblar
lecturas de plataformas TGS (Canu, HINGE,
v.2.7,

Pomoxis, Raven, Readbean, Shasta, Unicycler),

miniasm, metaFlye v2.4, metaFlye
aunque algunas de ellas no se pudieron instalar
0 ejecutar correctamente* .

Evaluacion de los ensamblajes. La integridad y
contigtiidad de los ensamblajes fueron evaluados
con QUAST (v. 5.0.2). Los ensamblajes de
novo se compararon con los metagenomas de

referencia usando metaQUAST (v. 5.0.2) o

http://bioinformatics.psb.ugent.be/webtools/Venn/
Los comandos utilizado para ejecutar cada herramienta se

pueden consultar en https://zenodo.org/record/3935763



minimap?2 (v. 2.15). La precisién del ensamblaje
se comprobé mediante dos estrategias: (1)
minimap2 y (2) MuMmer4 (v. 3.23). Los
clusters de genes biosintéticos (BGCs), que son
estructuras dificiles de ensamblar por ser largas
y contener material repetitivo, se predijeron
usando AntiSMASH (v 5.0).

* Correccion (polishing) de los ensamblajes.
Los ensamblajes se corrigieron mediante dos
herramientas: Racon (v. 1.4.3) y Medaka (v.
2.2.2) usando secuencias generadas por ONT
e Illumina. Solo los ensamblajes corregidos con
lecturas ONT fueron sometidos a la correccién
con Medaka. La precisién de los ensamblajes
fue determinada después de cada ronda de

correccion.

Resultados y Discusién

Desenmarariando los microbiomas industriales: el caso de
la digestion anaerobia

Tradicionalmente, la digestién anaerobia (DA) ha
sido considerada un sistema de caja negra, ya que no
se conocen en profundidad los procesos microbianos
que propician la conversién de materia orgdnica diversa
en biogds u otras sustancias de valor afiadido. En este
estudio, los protocolos para el andlisis metataxondmico
de secuencias ONT descritos anteriormente fueron
puestos en prictica para evaluar el impacto de
distintos pardmetros operacionales (tipo de sustrato,
pretratamientos, presencia de sustancias nocivas...) en

las bacterias y arqueas caracteristicas de la DA.

En un primer trabajo, las fracciones liquidas y solidas
resultantes del licuado de biomasa herbicea fueron
usadas como co-sustratos para la co-digestién anaerobia
de lodos activos provenientes de aguas residuales. La
comunidad de arqueas metandgenas fue analizada a
lo largo del tiempo mediante secuenciacién ONT,
en paralelo a la cuantificacién de otros pardmetros
quimicos de interés (pH, concentracién de metano,

concentracién de dcidos grasos voldtiles...). Los reactores

101

alimentados con los lodos y la fraccién herbécea liquida
desarrollaron un microbioma mds estable, enriquecido
en el género Methanosarcina, resultando también en un
mayor rendimiento en la produccion de metano. Por el
contrario, los digestores alimentados con los lodos y la
fraccién herbdcea sélida mostraron un microbioma mds
inestable, con una produccién de biogds menor. En este
caso, el género mayoritario fue Methanosaeta, que es un
taxén arqueano tipico delodos activos. En otras palabras,
la co-digestién de lodos activos con biomasa herbicea
sélida no propicié un cambio en el microbioma de los
lodos. Dicho cambio sf que se consiguid al usar biomasa

liquida, mejorando el rendimiento del proceso.

El segundo trabajo consisti6 en examinar el impacto de
distintos métodos de eliminacién de nitrégeno (NH-3
stripping y precipitacién MAP) sobre el proceso de DA,
usando estiércol de gallina (rico en amonfaco) como
sustrato. El amonfaco puede causar la inhibicién de las
reacciones de metanogénesis y, por tanto, la reduccién
de su concentracién en el sustrato de la DA es vital para
aumentar la eficiencia del proceso. Durante el estudio,
se caracterizaron las comunidades bacterianas presentes
en varios reactores de acidificacién, donde se realiza
la hidrdlisis y la acidogénesis de la materia orgdnica
en los procesos de DA de dos fases. Para ello, se aplicé
secuenciacién metataxondmica basada en nanoporos
a lo largo del tiempo, obteniéndose muestras antes
y después de los tratamientos de eliminacién. Cada
método de eliminacién se implementd y evalto por
separado. A pesar de los tratamientos, los microbiomas
resultaron ser muy similares en todos los experimentos,
lo que demostré la gran robustez y resiliencia de los
microorganismos que participan en laDA. En cualquier
caso, la precipitacion MAP tuvo un impacto mds
notable, provocando cambios en las abundancias de
un mayor numero de taxones. Ademds, la abundancia
de Acholeplasma 'y Erysipelotrichaceae  UCG-004
aumentd progresivamente en todos los experimentos.
Estos géneros son predominantes en procesos de AD

sometido a altas concentraciones de amoniaco, lo que
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sugirié que los microbiomas iniciales evolucionan
hacia comunidades bacterianas mejor adaptadas a las

condiciones.

Aparte de estos trabajos, la tecnologfa ONT se aplicé
en dos estudios mds para: (1) analizar las interacciones
entre bacterias durante el proceso de DA mediante la
aplicacién del modelo de Lotka-Volterra; (2) estudiar la
composicién taxondmica y las caracteristicas funcionales
de un biofilm bacteriano formado en la cara interna de
un reactor transparente expuesto a la luz natural. En
este ultimo caso, la secuenciacién metataxondmica
por nanoporos fue complementada con secuenciacién

metagendmica por Illumina.

En definitiva, a lo largo de la presente tesis se ha
demostrado quelasecuenciacién ONT puedeseraplicada
con ¢éxito para caracterizar comunidades bacterianas y
arqueanas relacionadas con la DA. Nuestros estudios
han demostrado que los microbiomas responsables
de la produccién de biogds son complejos y estin
influenciados por multiples factores. Pese a ello, existen
distintos marcadores microbianos, como por ejemplo
Methanosarcina, que seasocian con una mayor eficiencia
del proceso. Este hecho allana el camino para un objetivo
mds ambicioso: usar las plataformas portdtiles de ONT
para monitorizar cualquier transformacién microbiana
a escala industrial. En este sentido, distintos marcadores
podrian ser examinados zn sitw para determinar el
rendimiento de los procesos, usando estrategias de
bioaumentacién con cepas optimizadas en caso de que
sea necesario corregir el comportamiento del sistema.
Mds alld de centrarse en marcadores individuales, las
abundancias de todos los microorganismos podrian
combinarse con datos quimicos procedentes de otros
andlisis (pH, temperatura, produccién de metano...)
para alimentar algoritmos de inteligencia artificial que
puedan modelizar el estado del sistema con mayor

exactitud.

Secuenciacion de microbioma in situ para guiar el proceso
de bioprospeccion

El proceso de bioprospeccién microbiana se inicia
con la toma de muestras (trabajo de campo) y finaliza
con la busqueda de recursos bioldgicos, es decir,
microorganismos y sus funciones, con potencial
biotecnoldgico (trabajo de laboratorio). En este trabajo,
se evaltio laidoneidad de usar la secuenciacién ONT para
predecir el potencial de las distintas muestras 7z situ, sin
necesidad de volver al laboratorio. Para ello, se prepard
una expedicién al Desierto de Tabernas (Almeria,
Espana). Como prueba de concepto, se acoté el objetivo
de la bioprospeccién a la busqueda de microorganismos
que, segun la bibliografia previa, son capaces de resistir
a condiciones extremas de desecacién y radiacién. El
foco se puso en estas bacterias por varios motivos: (1)
se trata de un grupo amplio de microorganismos de
afiliacién taxondémica diversa; (2) estas bacterias pueden
tener aplicaciones biotecnoldgicas importantes, por
ejemplo, en la industria cosmética (proteccion solar);
(3) el Desierto de Tabernas alberga una gran riqueza de

microorganismos de este tipo.

Durante la primera jornada de muestreo, se tomaron
catorce muestras diferentes, principalmente costras
bioldgicas (biocrusts) y suelos. Estos tipos de muestras
se eligieron porque suelen ser ricos en microorganismos
resistentes a las condiciones deseadas. Sobre estas
muestras se aplic la secuenciacién metataxondmica,
tal y como se ha descrito anteriormente. Cabe resaltar
que la secuenciacién no se realizé directamente en el
campo, sino que se produjo en un laboratorio mévil
instalado en un apartamento a 15 km del desierto. Esto
permitié poder aplicar los mismos protocolos que se
llevan a cabo en un laboratorio convencional, lo que
originé un aumento de la eficiencia de la secuenciacién
en comparacién con otros estudios de campo. El andlisis
de datos fue realizado con la herramienta Spaghetti.
Esta herramienta fue especificamente desarrollada

para este estudio por dos motivos: (1) el protocolo



anterior (basado en BLAST) presentaba limitaciones
computacionales que demoraban la obtencién de
resultados. Con la nueva herramienta, todos los
andlisis, incluyendo la visualizacién de datos y la toma
de decisiones, terminaron en menos de tres horas; (2)
Spaghetti se basa en minimap2, que demostrd realizar
una asignacién taxonémica mds precisa de acuerdo con
otros estudios publicados meses antes a la preparacién
de la expedicién. Los resultados del protocolo
bioinformdtico permitieron categorizar las muestras en
base a la diversidad y proporcion de bacterias resistentes

que contenfan.

Seguidamente, se realiz6 una segunda jornada de
muestreo, que se centrd en obtener muestras relevantes,
segin los andlisis. En concreto, se selecciond (1) la
muestra que presentaba una mayor abundancia y
diversidad de bacterias resistentes (biocrust), (2) la
muestra que presentaba una menor proporcién y
abundancia (biocrust; control ‘negativo’ del proceso)
y (3) una muestra de suelo (control ‘negativo’ frente a
las muestras de biocrust). A continuacidn, se tomaron
réplicas bioldgicas de estas muestras. De vuelta en el
laboratorio, se establecié una coleccién de cultivos a
partir de todas las muestras. En total, se obtuvieron 166

cepas diferentes afiliadas a 50 géneros distintos.

Pese a las limitaciones asociadas con las técnicas de
cultivo (p. ¢j., la mayor parte de los microorganismos son
incultivables), los datos metataxondmicos y los datos de
la coleccién de cultivos correlacionaron bien, es decir,
las bacterias aisladas habfan sido detectadas durante
la expedicién de muestreo a través de la secuenciacién
in situ. Ademds, la muestra que mostraba un mayor
potencial a nivel de microbioma también dio lugar a
un conjunto de aislados mds interesante, que incluifa
un mayor numero de cepas pertenecientes a géneros
tipicamente resistentes a la radiacién y a la desecacion.
Por su parte, la muestra que mostraba menor diversidad
de estas bacterias resulté en un conjunto de cultivos

redundante (con respecto a las otras muestras) y
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menos interesante. De este modo, se anticipa que la
secuenciacién portdtil de ONT puede ser usada para
mejorar la toma de decisiones durante las expediciones
de bioprospeccién. En otras palabras, los investigadores
pueden usar esta herramienta para decidir qué muestras
son mds interesantes segin sus objetivos, centrando la
estrategia de muestreo en explotar intensivamente €sos

tipos de muestras frente a otros.

Hacia la metagenomica basada en secuencias largas:
estudio comparativo de métodos de ensamblaje para
secuenciacion por nanoporos

La metagenémica ha permitido recuperar genomas de
microorganismos previamente desconocidos, gracias
a la capacidad de esta técnica para estudiar especies
no cultivables. La secuenciacién con plataformas
NGS (lecturas cortas) suecle dar lugar a genomas
y metagenomas muy fragmentados, dado que los
microorganismos suelen contener elementos genéticos
repetitivos de mayor tamano que las lecturas obtenidas.
Las plataformas TGS son capaces de generar secuencias
largas o ultra largas, que tienen el potencial de dar lugar
a ensamblajes mds contiguos. No obstante, los errores
asociados a estas tecnologfas dificultan la reconstruccién
de los metagenomas y suponen un nuevo reto

algoritmico.

En este trabajo, se evalu6 de forma exhaustiva el
rendimiento de diferentes herramientas de ensamblaje
para reconstruir metagenomas simples y conocidos
(comunidades mock) secuenciados mediante plataformas
ONT. De todas las herramientas probadas, tan solo se
obtuvieron resultados robustos con metaFlye, Raven
y Canu, aunque este ultimo ensamblador demostré
ser ineficiente desde el punto de vista computacional.
Estas tres herramientas dieron lugar a genomas
muy contiguos (pocos contigs) e integros a partir del
ensamblaje metagendmico. A pesar de la baja precisién
de la tecnologia ONT, los ensamblajes finales tuvieron
un error menor al 0.5%-0.2%, dependiendo del

ensamblador.
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La correccién de los metagenomas (polishing) fue
necesaria para revertir los errores de tipo insercién/
delecién (indel), que pueden originar fallos en la
predicciéon de genes codificantes, ya que introducen
cambios en el marco abierto de lectura. De hecho, se
demostré que la correccién daba lugar a una mejor
prediccion de los clusters de genes biosintéticos (BGCs),
que son estructuras complejas de ensamblar. El polishing
se realizé usando los propios datos de ONT o secuencias
generadas con otra plataforma. En este sentido, aunque
las secuencias de Illumina tienen una mayor calidad,
la correccién de los ensamblajes usando estos datos no
siempre da lugar a un aumento en la precisién de los
mismos, sino que este proceso depende de la herramienta

elegida para reconstruir el metagenoma.

En general, se probd que la secuenciacién metagendmica

por

comunidades microbianas poco complejas. Estos

nanoporos s suficiente para caracterizar

resultados estin en la misma linea que los obtenidos
por otros grupos de investigacién, que ademds han
demostrado que la secuenciaciéon ONT aumenta
la contigiiidad del ensamblaje en muestras reales y
complejas, permitiendo la obtencién de genomas
bacterianoscircularesdirectamentedesdeel metagenoma.
Aunque la mayor parte de los errores asociados con esta
tecnologia se corrigen durante el proceso de ensamblaje,
los indels representan un problema para la prediccién
génica. Por ello, los ensamblajes hibridos usando datos
provenientes de plataformas NGS y TGS podrian
considerarse el estindar actual para el ensamblaje, ya que
combinan lo mejor de los dos mundos: la contigiiidad e
integridad de TGS y la precisién de NGS. No obstante,
usar dos secuenciadores diferentes implica un mayor
coste econdmico y una elevada carga de trabajo. Por
ello, es probable que la tendencia evolucione hacia usar
tan solo una plataforma. Con esta perspectiva, ONT
estd mejorando la calidad de sus secuencias, logrando
una precisién de hasta el 99.8% cuando se combina
el nuevo kit Q20+ con el modo de secuenciacién

‘Duplex’. Estas mejoras todavia siguen en la fase de

implementacién y, en consecuencia, su impacto sobre
el ensamblaje genémico o metagenémico no ha sido
evaluado todavia. Sin embargo, se puede predecir que
estas nuevas caracteristicas mejorardn la calidad de los
ensamblajes y que el efecto serd mds notable en aquellos
genomas con menor cobertura de lecturas, puesto que
en estos casos los errores no se pueden corregir con la
profundidad de secuenciacién. Considerando estos
avances, la secuenciacion ONT puede convertirse
en la referencia para el ensamblaje (meta)gendmico
en un futuro préximo, aunque todavia se necesitan
evaluaciones sistemdticas que demuestren los beneficios
de esta tecnologfa frente a otras metodologfas (Illumina,

PacBio o ensamblaje hibrido).

Aparte de mejorar el ensamblaje, la secuenciacién
metagendmica por nanoporos puede ser integrada en las
aplicaciones insitu descritasanteriormente. Esto ayudarl'a
asuperar algunas delas limitaciones de la metataxonomia
y a incrementar la potencia del andlisis en muchos
aspectos. Por ejemplo, la monitorizacién industrial
podria ir més alld de los organismos procariotas, ya que
la metagenémica permite la deteccién de eucariotas,
procariotas y virus en el mismo experimento. Con esta
aproximacion, la resolucién taxondmica aumentarfa
desde el nivel de género tipicamente obtenido en
metataxonomia, hasta el nivel de especie o incluso cepa.
Esto incrementarfa la sensibilidad y especificidad de las
aplicaciones. Por dltimo, tanto la monitorizacién como
la bioprospeccion se beneficiarfan de la capacidad de la
secuenciacién metagendmica para aportar datos sobre las
funciones de las comunidades microbianas. Estos andlisis
podrian utilizarse para rastrear genes y rutas metabdlicas
de interés (p. ¢j., clusters de genes biosintéticos) o para
identificar nuevos recursos genéticos (p. ¢j., enzimas
altamente divergentes). Como la metagendmica también
tiene sus propios inconvenientes, los trabajos futuros
deben ayudar a decidir qué estrategia (metagenémica o
metataxonomia) encaja mejor con el objetivo, la logistica

y el presupuesto de cada aplicacién.



El futuro de las aplicaciones basadas en secuenciacion por
nanoporos

Pese a que la secuenciacién ONT sigue, bisicamente,
en fase de desarrollo, esta tecnologia ha demostrado
ser ya de una gran utilidad, tal y como se deriva de los
resultados de esta tesis. En un contexto mds amplio,
esta metodologfa ha jugado un papel esencial en la
vigilancia genémica del SARS-CoV-2, especialmente
en paises en vias de desarrollo que no tienen acceso a
otro tipo de secuenciadores mucho mds costosos. Por
tanto, la expansién de la secuenciacién por nanoporos
se prevé imparable y, en base a la experiencia adquirida
durante esta tesis, se pueden hipotetizar varias lineas de
investigacién ambiciosas que pueden revolucionar la

biotecnologfa microbiana en los afos venideros:

* Solucién completa (end-to-end). Antes
o después la secuenciacion ONT cruzard la
barrera de la investigacién, expandiéndose a
otros dmbitos como la seguridad alimentaria,
la agricultura o la ciencia forense. Para ello, es
estrictamente necesario simplificar los procesos
de secuenciacién y andlisis de resultados,
ya que el personal encargado de realizar las
comprobaciones rutinarias en un dmbito no
académico no dispondrin de los conocimientos
técnicos de un investigador en biologfa
molecular. ONT estd invirtiendo recursos en
esta direccion y el desarrollo de chips para la
preparacién de librerfas de forma automatizada
(VoITRAX) o la creacién de programas
bioinformdticos interactivos (EPI2ME) son
solo algunos ejemplos. Poniendo como ejemplo
los procesos de DA, importantes en el presente
trabajo, la aplicacién de monitorizacién ideal
empezarfa con un operario de la planta de
biogds tomando una muestra del reactor, que
serfa procesada con una intervencién humana
minima. Tras varias horas de secuenciacién
ONT, el sistema indicaria el estado del proceso
y sugerirfa acciones correctivas para mejorar la

eficiencia, que serfan implementadas por los
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técnicos de la planta.

Solucién versitil (navaja suiza). En otras
situaciones, como por ejemplo las expediciones
de bioprospeccién, la estrategia deberfa ser
totalmente diferente. En este caso, el personal
responsable del anilisis 27 situ si que suele tener
aptitudes técnicas de biologfa y bioinformdtica.
Por tanto, las herramientas de secuenciacién
y de preparaciéon de las muestras deberfan
ser ficilmente adaptables para proveer una
solucién a cada posible problema. Para ello, se
propone el uso de laboratorios méviles (Bento
Lab + MinION + ordenadores portdtiles) que
puedan ser usados para distintos fines: extraer
ADN de cualquier tipo de muestras, realizar
secuenciacién metataxondmica (amplificando
genes marcadores por PCR) o metagendmica,
preprocesar las muestras que lo requieran (filtrar
muestras de agua, quitar contaminantes de
muestras de arcilla...), etc.

Metagenémica adaptativa. La secuenciacién
ONT tiene la particularidad de que los datos se
generan en el momento en el que la molécula de
ADNempiezaaatravesarelnanoporo. Estosdatos
pueden ser utilizados al instante, sin necesidad
de esperar a que el nanoporo lea completamente
el fragmento de ADN. Por tanto, transcurridos
unos pocos segundos de la translocacién (que
ocurre amenos de 450 pb/s), ya se puede evaluar
si el fragmento es relevante o no. Las moléculas
no relevantes pueden ser eyectadas del nanoporo,
que quedarfa libre para leer otro fragmento.
La metagenémica adaptativa es un concepto
propuesto en esta tesis y que se basa en tres
caracteristicas bdsicas de la secuenciacién ONT
implementadas o propuestas por otros autores:
(1) Tamafo adaptativo. El tamafio de la
molécula de ADN puede determinarse antes
de que esta empiece a ser leida. Por tanto, se
pueden descartar los fragmentos por debajo
de un determinado umbral de longitud.

(2) Muestreo adaptativo. Esta funcionalidad
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ya estd disponible y consiste en comparar la
secuencia que estd siendo leida contra una
base de datos preconfigurada para determinar
si el fragmento es de interés o no. Esto
permite enriquecer fragmentos de relevancia
(p- ¢j., genes de resistencia a antibidticos)
o descartar fragmentos no deseados (p. ¢j.,

hospedador).

(3) Precisién adaptativa. La misma molécula

secuencias  provenientes  del

de ADN puede ser leida una y otra vez
para mejorar la precision de la secuencia.
El proceso de metagendmica adaptativa
empezarfa con la identificacién del tamafio
del fragmento. Las moléculas que superen
Tras los

un cierto tamafio serfan leidas.

primeros segundos de secuenciacidén, se
eterminaria si el fragmento es de interés o
determinarfa si el fi t d t

no en base a su secuencia nucleotidica. Los

fragmentos relevantes se secuenciarfan varias
veces hasta reducir los errores por debajo

de un umbral preestablecido (p. ¢j., 0.01%).

En un espectro més general, el futuro de las plataformas
de secuenciacién es tremendamente incierto y no es
posible pronosticar qué tecnologfa se impondrd a las
demds, sies queestollegaasuceder en algin momento. En
cualquier caso, para que la secuenciacién por nanoporos
alcance el mismo estado de estandarizacién y robustez
que goza la tecnologfa Illumina, todavia son necesarios
muchos esfuerzos. En linea con la idea general de esta
tesis, mejorar la usabilidad en escenarios “reales” (fuera
del laboratorio) es estrictamente necesario para que el
eslogan de ONT (“permitiendo el andlisis de cualquier
cosa, en cualquier lugar y por cualquier persona”) deje
de ser un mero reclamo publicitario para convertirse en

una realidad arrolladora.
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Conclusiones

Alo largo del presente trabajo, diferentes aplicaciones metagenémicas y metataxonémicas basadas en secuenciacién
ONT han sido disefiadas, implementadas y evaluadas. Estas aproximaciones han sido usadas con éxito para
caracterizar ecosistemas de relevancia industrial y/o biotecnoldgica. Las conclusiones generales derivadas de esta

tesis son:

¢ Lasecuenciacion ONT puede ser aplicada para caracterizar las comunidades microbianas responsables de
los procesos de digestion anaerobia (DA). En este sentido, nuestros andlisis permitieron:

*  Detectar marcadores microbianos (bacterias y arqueas), como por ejemplo Methanosarcina, asociados
con una mejora de la eficiencia en la produccién de metano a partir de lodos activos provenientes del
tratamiento de aguas residuales.

*  Medir el impacto de diferentes parimetros (sustrato de la co-digestién o pretratamiento para la
eliminacién de amonfaco) en el microbioma caracteristico de la DA.

* Proponer una estrategia basada en secuenciacién ONT para monitorizar procesos industriales basados
en transformaciones microbianas, después de haber identificado las ventajas y limitaciones actuales de
la técnica.

*  Los secuenciadores portitiles de ONT son herramientas valiosas para descifrar la composicién taxonémica
de las muestras tomadas durante una expedicién de bioprospeccién, tal y como se demostré en una prueba de
concepto desarrollada en el Desierto de Tabernas (Almerfa, Espafa). Los datos generados por las plataformas
ONT vy los datos resultantes del aislamiento de microorganismos en el laboratorio correlacionaron bien,
ya que a partir de las muestras que mostraban un mayor potencial a nivel de microbioma, se aislaron
los microorganismos mds interesantes. Por lo tanto, esta estrategia puede ser utilizada para informar la
toma de decisiones durante el muestreo, aumentando asf las posibilidades de cumplir los objetivos de la
bioprospeccién (p. ¢j., identificacién de microorganismos y biomoléculas relevantes desde una perspectiva
biotecnoldgica).

*  Varios protocolos para el andlisis metataxonémico de muestras de interés han sido implementados y
actualizados de acuerdo con los avances de la tecnologfa ONT. Entre ellos destaca Spaghetti, un programa
bioinformético que permite el andlisis automdtico de datos ONT y que demostrd ser especialmente efectivo
para estudios 7z situ.

* Lasecuenciacién metagendmica por nanoporos permitié recuperar genomas extremadamente contiguos e
integros a partir de distintos metagenomas. Los resultados de la evaluacién realizada en esta tesis demuestran
que metaFlye esel ensamblador més eficiente paradatos ONT. Otras herramientas, como Raven, también son
prometedoras. Nuestro estudio fue el primero en incluir todas las herramientas bioinformdticas disefiadas
especificamente para esta tecnologfa, marcando el camino hacia la estandarizacién de los protocolos para el

andlisis de secuencias ON'T.
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Background

Mock communitiesareartificial and defined microbial communitiesin which theabundance of all the microorganisms
is known. Sequencing data generated from mock communities is central for benchmarking metagenomic tools,
since the results obtained after data analysis can be compared to the theoretical composition of the community
to evaluate the performance of each bioinformatic pipeline. In the work reported in Chapter II (Publication
VI in Appendix C) we analyzed two different mock communities, the ZymoBIOMICS Microbial Community
Standards CS Even and the CSII Log (Zymo Research, United States, Cat. No.: ZRC190633 and ZRC190842),
which were sequenced by Nicholls et al. [1] using GridlON and Promethion (Oxford Nanopore Technologies
-ONT-). In parallel to our study, other research groups published Nanopore data produced from metagenomic
sequencing of other mock communities. Therefore, the main goal of this work was to assess the performance of

several metagenomic assemblers on this data in order to consolidate and revisit the conclusions of Chapter II.

Brief experimental procedures
Four different datasets were selected and downloaded:
* BenchEV (Leidenfrost et al. [2]). Mock community comprising 12 type strains of gram-positive and
gram-negative bacteria with varying GC. Homogeneous distribution of microorganisms.
* BenchHE (Leidenfrost et al. [2]). Same as BenchEV. Logarithmic distribution of the microorganisms.
*  BMock12 (Sevim et al. [3]). Mixture of 12 bacterial strains, whose genomes are particularly challenging

to reconstruct due to GC content, genome size and/or repeats. Heterogeneous distribution (the abundance

of microorganisms ranged from 1.6% to 16.2%).
*  MSA2006(Mossetal. [4]). Mixture of 12 bacterial strains from the human gut microbiome. Homogeneous

All these mock communities were sequenced on MinION (ONT) using R.9.4.1 flow cells (ONT, UK, Cat. No.:

FLO-MIN106D). Reference genomes were available for all the microorganisms included in each community.

Only the assembly tools that showed a good performance on Chapter II (Canu [5], Raven [6], Flye -or metaFlye-
[7] and Pomoxis) were originally considered for evaluation. Necat [8], which was released after the publication of
the first benchmark, was also included. Finally, RedBean [9] was assessed due to its high computational efficiency.
Tools were used as indicated in Table 1. All the analyses were run on the same desktop computer (CPU: AMD
RYZEN 7 1700X 3.4GHZ; Cores: 8; Threads: 16; RAM: Corsair Vengeance 64 GB; SSD: Samsung 860 EVO Basic
SSD 500GB; HDD: x2 Toshiba Canvio Basics 2Tb; Operating System: Ubuntu 18.04).
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Table 1. Commands used for running each assembler. $filepath: path to input reads (FASTQ); $size: estimated

metagenome size.

Assen?bler Command
(version)
Flye flye —nano-raw $filepath —out-dir $results —genome-size $size —threads 16 —meta -
(v.2.7) plasmids
Can canu -p assembly -d $results genomeSize=$size cor OutCoverage=10000
anu
(v. 2.0) corMhapSensitivity=high corMinCoverage=0 redMemory=32 oecaMemory=32
v. 2.
batThreads=16 batMemory=60 -nanopore $filepath
P .
(VOI(;I:X;) mini_assemble -i $filepath -o $results -p assembly -1 $size -t 16
Raven raven —threads 16 $filepath > assembly.f:
aven —threads epa asse fa
(v. 1.1.5) P Y
Redbean wtdbg2 -x ont -t 16 -g $size -i $filepath -fo stepl
(v.2.5) wtpoa-cns -t 16 -i stepl.ctg.lay.gz -fo assembly.ctg.fa
N
v. chtl) necat.pl bridge config.txt

Draft assemblies were polished using one round of Racon [10], and one round of Medaka (https://github.com/
nanoporetech/medaka), as described in Chapter II. In both cases, only Nanopore reads were used for polishing.
Assembly metrics were calculated with MetaQUAST [11], which was also applied to compare the draft assemblies

to the reference metagenomes. Thus, mismatches (or SNPs) and indels were detected and quantified.

Results and discussion

In total, 21 draft assemblies were obtained after assembling four different mock communities (BenchEV, BenchHE,
BMock12 and MSA2006) using six different metagenomic assemblers. The assembly of MSA2006 could not be
completed with Pomoxis (https://nanoporetech.github.io/pomoxis/) due to the same memory issue reported in
Chapter II (i.c., “segmentation violation”), which confirmed the lack of consistency of this tool. The MSA2006
dataset was extremely large (30.3 Gbp), which may have caused the R AM issues. Additionally, Canu was stopped for
both the BMock12 and the MSA2006 datasets after five days of execution. It must be noted that the rest of the tools
spent less than 5 h in assembling these metagenomes (Figure 1A). Therefore, our work proved the computational

inefficiency of Canu, which may hamper the application of this tool to study complex datasets.
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Figure 1. General performance of the different assembly tools on each mock community. (A) Number of contigs
retrieved by each tool (top panel) and time spent to finish the assembly (bottom panel). Times for Canu are not
shown (out of scale). (B) Fraction of the metagenome assembled by each tool. Missing points indicate that this

assembly was not completed.
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In agreement with the results of Chapter II, Flye recovered the highest metagenome fraction in all cases (Figure
1B). By contrast, the lowest recovery ratio was obtained by RedBean, for the BenchEV and BenchHE communities,
and by Necat, for the BMock12 and MSA2006 datasets. Raven was robust in all the experiments, while Canu and

Pomoxis also showed a good performance on the datasets that could be assembled.

100.00 100.00 99.99 100.00 99.90 98.73 CSK1p29544
99.98 98.95 99.94 0.00 0.00 0.00 CSK2p29544
100.00 99.67 100.00 100.00 99.96 100.00 CSK3P29544
99.99 99.65 99.99 99.99 99.75 58.02 pSSP1
99.92 99.97 99.94 99.92 99.68 23.42 pSSP2
100
100.00 99.72 99.99 100.00 99.96 9.10 CSK1p29544.1 80
100.00 0.00 99.96 0.00 0.00 0.00 CSK2p29544.1 50
100.00 99.71 100.00 68.95 99.56 100.00 CSK3P29544.1
0.00 0.00 0.00 0.00 0.00 0.00 pSSP1.1 40
0.00 0.00 0.00 0.00 0.00 0.00 pSSP2.1 20
0
99.47 61.95 98.20 84.15 pECLA
100.00 83.13 0.00 99.42 pECLB
0.00 0.00 0.00 0.00 pCD630

100.00 100.00 99.78 5.20 pBF9343

100.00 100.00 38.14 0.00 pTEF1

99.99 100.00 86.84 0.00 pTEF2

100.00 99.99 98.75 0.00 pTEF3

& g g & 8 >
7} 2

Figure 2. Fraction of the plasmids (y axis) recovered by each tool (x axis) in each experiment (panels). Grey

squares correspond to non-available data (assemblies were not finished).

Mock communities based on the homogeneous distribution of microorganisms (BenchEV and MSA2006) were
generally better reconstructed, although Necat had problems assembling the MSA2006 dataset (high sequencing
depth). Results for BMock12 were heterogeneous, and the metagenome recovery ratio ranged from ~52.7% (Necat)
to 80.3% (Flye).
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Figure 3. Evaluation of the accuracy of the assemblies before (draft) and after polishing with Racon and Medaka.
(A) Indels per 100 Kbp. (B) Mismatches per 100 Kbp. By default, Raven and Pomoxis include a round of Racon

polishing. Therefore, errors before polishing with Racon were not calculated for these assemblers.
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Finally, BenchHE was poorly reconstructed by all tools. This was expected, as this mock community was created
using a logarithmic distribution of bacteria. In consequence, sequencing coverage was insufficient to recover and

assemble low-abundant microorganisms (Figure 1B).

In terms of contiguity, Necat and RedBean achieved the lowest and highest number of contigs in all the experiments,
respectively (Figure 1A). The performance of Raven and Flye was similar to that of Necat, except for the BMock12
dataset. Nevertheless, this data was clearly biased, as Necat recovered a lower fraction of this metagenome (Figure
1B). Regarding computational efficiency, RedBean was the fastest tool and, in general, Raven was faster than Flye,
Pomoxis and Necat (except for the MSA2006 dataset) (Figure 1A).

Plasmid recovery was also evaluated for the BenchEV, BenchHE and MSA2006 mock communities, showing that
both Canu and Flye were particularly good in reconstructing these extrachromosomal DNA fragments compared

to Raven, Necat and Pomoxis. Once again, the worst results were obtained with RedBean (Figure 2).

All the draft assemblies were polished with Racon and Medaka. As anticipated in Chapter II, the ratio of indels
decreased substantially in all cases after polishing (Figure 3A). Results for mismatch correction were heterogeneous.
For instance, polishing tools corrected mismatches in the assemblies generated by Raven and Flye, but the ratio of
mismatches increased in the case of Canu (Figure 3B). Necat, Flye and Raven showed a comparable performance
on BenchEV and MSA2006 in terms of both indels and mismatches. Nevertheless, the accuracy of Flye was reduced
in the BenchHE and BMock12 mock communities. To further investigate this phenomenon, we calculated the ratio
of mismatches for each genome included in the BenchHE and BMock12 after metagenomic assembly with Flye and
Necat (Figure 4). This analysis clearly demonstrated that accuracy was similar for the genomes that were equally
recovered by both tools. However, Flye is less conservative than Necat, and it recovered genomes that were less

complete. These genomes tended to accumulate more errors, thus biasing the general accuracy of the metagenome.

Conclusions

In this work, several long-read metagenomic assemblers were used for reconstructing four different mock
communities, which were sequenced with MinION (Oxford Nanopore Technologies). Flye showed the best overall
performance for Nanopore-based metagenomic assembly and it worked especially well for recovering plasmids.
Raven displayed a remarkable performance, but it did not excel in any specific parameter. Finally, Canu proved
not to be sufficiently scalable for some datasets, while other tools (i.e., Pomoxis or Necat) did not introduce any
substantial improvement to metaFlye or Raven. Although very fast, RedBean is not reccommended for metagenome
assembly. Polishing with Racon (one round) and Medaka (one round) reduced the number of indels, which may be
key for functional prediction. Finally, polishing tools also minimized the number of mismatches in the metagenomes
assembled with Racon and Flye. In general, the present benchmark helped to consolidate the results from Chapter
IL
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Figure 4. Accuracy calculated for each genome included in the BenchHE (top panel) and BMock12 (bottom

panel) mock communities. Only Flye and Necat assemblies (after polishing) are shown. Bars display the fraction

of the genome assembled by each tool. Points (“*””) show mismatches per 100 Kbp. Incomplete genomes recovered

by Flye (but not by Necat) tended to accumulate more errors.
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Supplementary Figure IA.S1. Differential abundance analysis (DESeq?2 test) based on Nanopore sequencing
data. Differences between the different treatments and the control reactors were calculated at day 7. Genera
showing significant differences (FDR-adjusted p-value < 0.05) were grouped by family (x axis) and phylum
(point shape). (a) 3x MAP precipitation, (b) 1x MAP precipitation and (c) NH3-stripping vs. control (no
treatment). Positive log2FoldChange values mean that the taxon is overrepresented in the treatment, while

negative values mean that the taxon is overrepresented in the control.
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Chapter IB

B Location1

Supplementary Figure IB.S1. Sampling overview. (A) Tabernas Desert landscape. (B) Pictures

of the biocrust samples. (C) Picture of a bulk soil sample. (D) Full view of Location 1. The

diversity of biocrusts can be observed. GPS coordinates of the samples are available

upon reasonable request, since the natural resources of the Tabernas Desert are protected
by regional rules.
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Supplementary Figure IB.S2. Heatmap showing the top 20 phyla detected in the samples and their relative abundances. Loc. = Location.

X1.1 X2.1
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Aeromicrobium  Curtobacterium Leifsonia
Roseomonas Skermanella
Belnapia Cellulomonas
Labedella
Terrabacter
Sphingomonas
Promicromonospora
Streptomyces
Sinorhizobium
Brevibacterium
Saccharothrix
Inquilinus
Kribbella Cl

Supplementary Figure IB.S3. Venn diagram showing the genera isolated from any replicate of each sample
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Supplementary Figure IB.S4. Barplot displaying the cumulative relative abundances (x axis) of the radia-
tion- and desiccation-resistant genera.

This figure could not be integrated into this thesis, but it is available on:

https://doi.org/10.5281/zenodo.5771104

Supplementary Table IB.S1. Mobile laboratory setup. List of main reagents, fungible and equipment used.

Instrument Description Units
Laptop MSI GF63 Thin 9SC-047XES laptop (CPU: Intel Corei7-9750H, 6 core, 12 threads; RAM: 2
16GB; SSD: 512 Gb; Graphics Card: GeForce GTX 1650)
MinION MinlON Mk1B (ONT, Oxford, UK) 1
Flow cell R9.4.1 MinION flow cell (ONT, Oxford, UK, Cat. No.: FLO-MIN106D) 2
Thermoblock 24 tubes (1.5 mL) thermoblock Labnet 596111 (Labnet, Madrid, Spain) 1
Horizontal vortex Horizontal vortex for 24 tubes (Selecta J.P., Barcelona, Spain) 1
Microcentrifuge 12 tubes (1.5 mL); 13400 rpm max.; Minispin eppendorf F45-12-11 (Eppendorf, Hamburg, Germany) 1
Qubit Qubit™ 2.0 Flex Fluorometer (Thermo Fisher, Waltham, United States, Cat. No.: Q33327) 1
Thermocycler Mastercycler Eppendorf 5332 (Eppendorf, Hamburg, Germany) 1
Pipettes 10, 100 and 1000 nk. pipettes 1
Bunsen burner - 1
Fungible & reagents Description Units
Qubit DNA Kit x1 dsDNA High-Sensitivity Assay kit (Thermo Fisher, Waltham, United States, Cat. No.: Q33230) 1
Pipette tips 10, 100 and 1000 nh. x96 pipette tips 2
DNA extraction kit DNEasy Power Soil Kit (QIAGEN, Germany, Cat. No.: 12888) 1
16S primers S-D-Bact-0008-a-S-16 and S-D-Bact-1492-a-A-16. Modified with ONT Universal tags. -
PCR mix NZYTaq Il 2x Green Master Mix (NZYTech, Lisboa, Portugal, Cat. No.: MB358) 1
Purification kit NucleoMag kit for PCR clean up with magnetic beads (Macherey-Nagel, Germany, Cat. No.: 744100.4). 1
ONT barcoding kit PCR Barcoding Expansion Pack 1-96 (ONT, Oxford, UK, Cat. No.: EXP-PBC096) 1
ONT ligation kit Ligation Sequencing Kit (ONT, Oxford, UK, Cat. No.: SQK-LSK109) 1
End-prep kit NEBNext FFPE DNA Repair Mix (New England Biolabs, Ipswich, US, Cat. No.: M6630) 1
Flow cell wash kit Flow Cell Wash Kit (ONT, Oxford, UK, Cat. No.: EXP-WSHO004) 1

Supplementary Table IB.S2. Summary of the microbial culture collection. Only dereplicated strains have been
included.

This table could not be integrated into this thesis, but it is available on:

https://doi.org/10.5281/zenodo.5771104




Supplementary Table IB.S3. Top 20 phyla and their relative abundances in the different samples.
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Biocrust Soil Average
Phylum XL1 XL2 X113 X114 X1.7 X1.8 X21 X2.2 X3.1 X32 X41 X6.2 Avg cl c¢3 Avg (Avg)
Cyanobacteria 14.34 34.28 30.67 53.31 4221 13.36 58.03 45.78 32.63 39.11 32.02 17.90 34.47 015 3.86 2.00 29.83
Bacteroidota 38.80 2236 27.29 1451 17.64 2484 17.81 16.21 26.39 21.32 12.27 32.67 2268 535 531 533 20.20
Proteobacteria 27.18 2252 14.05 15.29 21.22 26.64 12.86 16.49 17.42 19.30 8.65 28.52 19.18 15.44 13.04 14.24 18.47
Acidobacteriota 111 177 698 391 408 687 113 351 300 3.06 29.29 7.87 6.05 25.82 11.35 18.59 7.84
Actinobacteriota 547 6.80 378 524 523 755 299 396 382 465 282 373 4.67 18.86 30.78 24.82 7.55
Planctomycetota 157 134 278 135 216 564 137 433 374 468 134 0.90 2.60 12.65 15.70 14.18 4.26
Armatimonadota 314 130 120 120 119 201 221 19 315 159 7.79 1.90 238 117 138 1.28 2.22
Verrucomicrobiota 073 207 505 092 128 175 055 388 178 174 0.09 0.08 166 437 256 347 1.92
Gemmatimonadota ~ 0.62 0.67 062 067 060 183 0.66 0.83 0.62 098 107 140 0.88 6.80 7.76 7.28 1.79
Myxococcota 210 394 208 167 203 201 038 061 223 050 027 0.05 149 232 1.29 1.80 1.53
Chloroflexi 055 043 064 064 052 123 083 068 112 101 246 052 089 252 192 222 1.08
Abditibacteriota 1.09 078 237 034 057 092 018 037 101 044 117 225 096 047 0.28 0.38 0.87
Patescibacteria 017 031 071 026 041 164 023 052 063 044 0.09 0.04 0.45 1.06 215 1.60 0.62
Deinococcota 189 016 025 016 014 0.77 024 017 124 032 026 1.85 0.62 0.03 0.05 0.04 0.54
Bdellovibrionota 066 032 072 017 028 062 019 023 054 048 0.05 0.02 0.36 032 0.27 0.30 0.35
Firmicutes 024 054 010 009 014 0418 011 011 013 013 011 0.12 0.17 043 095 0.69 0.24
Fibrobacterota 002 009 015 003 006 166 0.06 013 019 0.01 0.00 0.00 0.20 0.05 0.04 0.05 0.18
Nitrospirota 002 001 002 001 001 003 0.01 002 003 001 001 o0.01 0.02 066 071 0.68 0.11
Desulfobacterota 0.08 0.13 0.07 005 007 010 0.02 0.04 010 0.04 0.04 0.02 0.06 014 0.12 0.13 0.07
Other 021 018 046 016 018 034 014 025 023 019 019 0.14 022 139 047 0.93 0.32

Supplementary Table IB.S4. Full genus-level relative abundance table.

This table could not be integrated into this thesis, but it is available on:

https://doi.org/10.5281/zenodo.5771104




146

Supplementary Table IB.S5. Genera isolated from each combination of samples.

Samples Number Genus

Arthrobacter
Cl&X1.1&X2.1 2 Pseudarthrobacter

Kocuria
Clavibacter
X1.1 & X2.1 5 Methylorubrum
Mycolicibacterium
Blastococcus

Cl1&X1.1 by Staphylococcus
Bacillus

Lentzea
Planococcus
Herbiconiux
Nocardioides
Okibacterium

Aeromicrobium
Roseomonas
Belnapia
X1.1 17 Labedella
Agrococcus
Patulibacter
Planomicrobium
Agreia
Paenarthrobacter
Curtobacterium
Skermanella
Cellulomonas

X2.1 1 Leifsonia

Terrabacter
Sphingomonas
Promicromonospora
Streptomyces
C1 9 Sinorhizobium
Brevibacterium
Saccharothrix
Inquilinus
Kribbella

Supplementary Table IB.S6. Radiation- and desiccation-resistant genera isolated from each combination of

samples.
Samples Number Genus
Cl & X1.1 & X2.1 1 Arthrobacter
X1.1 & X2.1 2 LY
Kocuria
Cl & X1.1 1 Bacillus
Planomicrobium
Cellulomonas
X1.1 & Nocardioides
Curtobacterium

C1 1 Sphingomonas



Supplementary Table IB.S7. Genera isolated from each combination of culture conditions.

Culture Media Number Genus
Lentzea
Klenkia
Planococcus
Herbiconiux
Nocardioides
Kocuria
Okibacterium
Terrabacter
Clavibacter
Mycetocola
Cellulosimicrobium
Promicromonospora
Cryobacterium
TSA 27 Diaminobutyricimonas
Kineococcus
Agrococcus
Friedmanniella
Patulibacter
Planomicrobium
Agreia
Saccharothrix
Paenarthrobacter
Staphylococcus
Cellulomonas
Leifsonia
Microbacterium
Kribbella
Aureimonas
Rhodococcus
Frondihabitans
Methylobacterium
Aeromicrobium
Sphingomonas
Roseomonas
Brevibacterium
Methylorubrum
Streptomyces
Labedella
Skermanella
Curtobacterium
Bacillus
Mycolicibacterium
Pseudarthrobacter
Belnapia
Sinorhizobium
Pseudomonas
Inquilinus
Arthrobacter
SSE/HD & SSE/HD + Light & TSA 3 Blastococcus
Modestobacter

SSE/HD 4

SSE/HD + light 4

TSA & SSE/HD 6

SSE/HD + Light & TSA 2

SSE/HD & SSE/HD + Light 4

Supplementary File IB.S1. Raw Spaghetti output (interactive HTML file).

This file could not be integrated into this thesis, but it is available on:

https://doi.org/10.5281/zenodo.5771104
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Chapter 11
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Supplementary Figure 11.51. Average recovery fraction for the bacterial genomes.
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Supplementary Figure 11.52. Number of missassemblies detected in metaFlye v2.4 vs metaFlye v2.7.
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Supplementary Figure 11.S3. Fraction of the genome covered by the draft assemblies obtained with

each tool, and for each individual microorganism (Log datasets). Minimap2 + miniasm assemblies are

not shown, since it was not possible to evaluate them with metaQUAST. Only microorganisms with >1%
genome fraction recovered for at least one long-read assembler are shown.
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Supplementary Figure 11.54. General assembly performance of each tool for the subsampled Log datasets. (A)
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Supplementary Figure 11.55. Number of biosynthetic gene clusters (BGCs) predicted by antiSMASH for
Pomoxis and Pomoxis + one round of Medaka polishing.



Supplementary Table IL. S1. General assembly metrics for the subsampled Even datasets.
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Even 3 Gbp Even 6 Gbp
Assembler Time Contigs N50 (bp) L50 Time Contigs N50 (bp) L50
Minia (GridION) 9197.737 4540 643 1846 | 37099.649 3901 654 1581
Minia (PromethlON | 8304.526 5490 659 2182 | 33416.486 4677 679 1846
Megahit (G) 5253.507 103985 1216 27139 | 10327.801 186134 1105 52475
Megahit (P) 4989.36 102456 1253 26557 | 9674.742 180636 1139 50217
Canu (G) 10978.687 883 1163820 6 38568.393 1555 640396 13
Canu (P) 12483.032 900 642230 11 43858.387 1565 568807 13
Unicycler (G) 7700.913 94 2779880 4 16631.639 304 45271 72
Unicycler (P) 8968.157 83 2034125 5 17319.445 294 66707 67
miniasm (G) 654.505 130 1885531 5 2510.74 287 1880034 5
miniasm (P) 708.913 130 2033537 5 2729.335 255 2041461 5
metaFlye v2.4 (G) | 3559.961 359 2916346 5 7950.856 897 1282129 9
metaFlye v2.4 (P) 3330.583 322 2131086 6 7838.849 876 1904318 8
metaFlye v2.7 (G) | 3027.983 281 2713249 5 7362.655 821 2116196 7
metaFlye v2.7 (P) 3145.585 251 4024367 4 7623.861 786 2833748 6
Raven (G) 1575.824 107 2838930 4 5295.183 574 1245136 7
Raven (P) 1709.401 111 2716031 4 4979.566 568 789908 7
RedBean (G) 581.017 537 820672 10 1238.877 999 1093208 7
RedBean (P) 595.181 449 787102 13 1259.508 925 702782 11
Shasta (G) 127.911 108 855983 4 284.967 165 4762717 2
Shasta (P) 143.778 95 1043084 4 285.085 148 4664589 2
Pomoxis (G) 7594.56 411 1359179 6 17591.121 940 233266 19
Pomoxis (P) 6928.873 399 1705012 7 17020.362 923 299631 14
Supplementary Table II. $2. Assembly metrics for the subsampled GridION datasets assembled with
Canu
3Gb 6Gb
Contigs N50 (bp) L50 Contigs N50 (bp) L50
Bacillus subtilis 34 298,071 5 17 655,353 3
Enterococcus faecalis 13 388,478 3 10 747,976 3
Escherichia coli 5 2,669,962 1 6 4.941,166 1
Lactobacillus fermentum 13 402,806 2 14 4,941,166 1
Listeria monocytogenes 18 4,942,769 1 14 2,747,940 2
Pseudomonas aeruginosa 3 5,593,153 1 4 2,747,940 2
Salmonella enterica 3 4,942,769 1 11 2,075,612 2
Staphylococcus aureus 17 769,443 2 17 640,396 3
Cryptococcus neoformans 199 3,722 51 807 5,9140 189
Saccharomyces cerevisiae 596 6,062 142 684 18,390 145
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Supplementary Table I1.S3. BGC profiles for the GridION datasets.

This table could not be integrated into this thesis, but it is available on:

https://doi.org/10.5281/zenodo.5832041

Supplementary Table I1.S4. Accuracy metrics after each round of polishing.
This table could not be integrated into this thesis, but it is available on:

https://doi.org/10.5281/zenodo.5832041
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General Discussion.
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Supplementary Figure GD.S1. Benchmark of different bioinformatic tools tested on the ZymoBIOMICS
Microbial Community Standards CS (described in Chapter II). (A) Pearson correlation coefficient
(rho) values from comparing the theoretical composition to the relative abundances detected by
each tool. (B) Absolute deviation from the theoretical composition. (C) Total number of sequences
assigned. 16S rRNA gene amplification and sequencing was performed as reported for Chapter
IB. Data preprocessing was carried out as described in Pipeline 1 (see subsection 1.6. of General
Materials and Methdos). Pearson correlation was calculated with the cor.test R package. Deviations
on the theoretical composition were calculated by applying the following formula: Z | log2 (detected
abundance / theoretical abundance) |.

Bioinformatic tools: BLAST and UCLUST were used within QIIME (http://giime.org/); the classify-

sklearn naive Bayes taxonomy classifier was used with QIIME 2 (https://giime2.org/); MOTHUR

(https://mothur.org/) and MAPseq (https://github.com/jfmrod/MAPseq) were used with default
parameters.
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A."Inny" B. "Outy"

ARINYITY)
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]

Supplementary Figure GD.S2. ‘Inny’ vs. ‘Outy’ sequencing mode. In the ‘Inny’ mode (currently
implemented in Oxford Nanopore Technologies devices), the motor protein directly moves the DNA
molecule across the membrane. In the ‘Outy’ mode, the DNA molecule passes through the nanopore
until the motor protein stops the translocation. Translocation occurs rapidly, as the process is not
controlled by the motor protein. Therefore, changes in the electrical signal cannot be converted into
nucleotide sequences, but can be used to size the DNA fragment. Then, the motor protein moves
the DNA molecule across the membrane in the opposite direction, and the fragment can be read.
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ABSTRACT
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In this work, liquid and solid fractions of grass biomass were used as co-substrates for anaerobic co-digestion of
sewage sludge. The input of grass biomass was increased gradually, and the underlying methanogenic micro-
biome was assessed by means of microscopy-based cell counting and full-length 16S rRNA gene high-throughput
sequencing, proving for the first time the suitability of nanopore-based portable sequencers as a monitoring tool
for anaerobic digestion systems. In both cases co-fermentation resulted in an increased number of bacteria and
methanogenic archaea. Interestingly, the microbial communities were highly different between solid and liquid-
fed batches. Liquid-fed batches developed a more stable microbiome, enriched in Methanosarcina spp., and re-
sulted in higher methanogenic yield. In contrast, solid-fed batches were highly unstable at higher substrate
concentrations, and kept Methanosaeta spp. — typically associated to sewage sludge — as the majoritary metha-

nogenic archaea.

1. Introduction

Anaerobic digestion is a well-known technology that allows micro-
bial conversion of biomass into methane and carbon dioxide. Often the
process is combined with physical, chemical or biological pretreat-
ments, which facilitate the subsequent biomass degradation (Rani et al.,
2012; Kannah et al., 2017; Kavitha et al., 2017). Basically, anaerobic
fermentation consists of four phases (Bischofsberger et al., 2005): hy-
drolysis (biomass fragmentation), acidogenesis (formation of organic
acids, alcohols, carbon dioxide, and hydrogen), acetogenesis (formation
of acetic acid), and methanogenesis (last phase of the process, in which
acetic acid, hydrogen, and carbon dioxide are the main substrates for
the formation of methane). The key microorganisms in the methano-
genesis phase are methanogenic archaea, whose composition depends
on the operation conditions and strongly changes when co-digestion
with additional substrates occurs (Sundberg et al., 2013). Mesophilic
methanogens that can be found in especially high abundances belong to
the genus Methanosaeta, Methanoculleus, and Methanosarcina
(Abendroth et al., 2015, 2017a).

A strong microbial shift can be observed under thermophilic

* Corresponding author at: Robert Boyle Institut e.V., Jena, Germany.
E-mail address: abendroth.ca@gmail.com (C. Abendroth).

https://doi.org/10.1016/j.biortech.2018.06.005

Received 28 March 2018; Received in revised form 30 May 2018; Accepted 4 June 2018
Available online 06 June 2018

0960-8524/ © 2018 Elsevier Ltd. All rights reserved.

conditions, in which methanogens such as Methanothermobacter or
Methanobacterium show an increased abundance (Maus et al., 2016; Lin
et al., 2017; Xiao et al., 2018). Besides temperature, methanogens are
also very sensitive to the organic loading rate. For example, under
mesophilic conditions digestion processes with high amounts of che-
mical oxygen demand (COD) tend to have high amounts of Methano-
sarcina and Methanoculleus. On the other hand, sewage sludge, which
has typically lower amounts of COD compared to typical industrial co-
digesters, tends to have higher amounts of archaea corresponding to the
genus Methanosaeta (Abendroth et al., 2015, 2017a).

Even though there is a basic understanding of the distribution of
methanogenic genera under certain digestive conditions, there are still
some gaps remaining. For example, the gradual increase of COD in
sewage sludge by means of co-digestion with other substrates has not
been sufficiently characterized. However, as the application of co-sub-
strates in sewage mono digesters could lead to a substrate overload, it is
important to characterize the transition of a typical sewage microbiome
into a high-performance microbiome. According to the current state of
art, the mentioned microbial transition is of high interest for the sci-
entific community in this field, as this process is of crucial importance
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for an efficient transition from anaerobic sewage sludge mono-digestion
to co-digestion. With aims to reach the climate objectives of the
European Union for the 21th century, researchers are continuously
investigating new technologies and methodologies that might help to
build a green and self-sustainable economy (European Commission,
2007). In this context, a very promising approach is to increase the
efficiency of wastewater treatment plants by using existing sewage
sludge digesters, in which co-digestion is implemented. Such a tech-
nological upgrade would allow efficient and local usage of organic
waste sources, which are produced by surrounding communities and
industries. In addition, it would be a further step towards powering self-
sufficient wastewater treatment plants. Based on this idea, a number of
works is showing the possibility to upgrade anaerobic sewage sludge
digesters by using co-substrates. The proposed co-substrates include
grass biomass (Hidaka et al., 2016; Abendroth et al., 2017a,b), food
waste (Zahan et al., 2016), municipal solid waste (Cabbai et al., 2016),
glycerol (Jensen et al., 2014), microalgae (Mahdy et al., 2015), or pear
residues (Arhoun et al., 2013). To facilitate the transition from anae-
robic sewage sludge mono-digestion to co-digestion, and to meet the
high standards of wastewater treatment plants regarding process sta-
bility, a better understanding of the microbial changes occurring during
the transition from typical sewage digestion to high-load digestion
processes is still needed. This work aimed to investigate the impact of
slowly increasing concentrations of COD on the underlying microbiome
of sewage sludge digesters. The impact of different feeding strategies
(feeding with liquids or solids) was also analysed. On the one hand,
lignocellulose from fresh grass biomass was mechanically treated, se-
parated from liquids, and used for the solid feeding strategy. On the
other hand, grass liquor (after separation from the solid fraction), was
used for the liquid feeding strategy.

A powerful tool to investigate microbiome changes is 16S rRNA
gene amplicon high-throughput sequencing or shotgun metagenomic
approaches (e.g. Vanwonterghem et al., 2014; Abendroth et al., 2017b),
since they enable the detection of thousands of species in one single
experiment, and can also yield information on the metabolic pathways
underlying the biogas production process. Within the present work, it
was aimed aimed to apply the recently developed ONT™MinION se-
quencing platform, as this technology could have the potential to be-
come a suitable monitoring tool for anaerobic digestion plants. The use
of metagenomic sequencing as a monitoring tool for industrial pro-
cesses (i.e. fermentations) has not been sufficiently explored to date.

One of the main reasons for this is the economic investment needed
to acquire a sequencer, as well as the technical complexity of the se-
quencing process and the ulterior bioinformatic analysis. This process is
typically simplified by submitting samples to specialized sequencing
facilities. Unfortunately, this makes the whole procedure significantly
slower (results are typically obtained after some weeks). However, the
launch of new generation, portable sequencers opens up a new scenario
for real-life sequencing applications. Therefore, the features of this
technology (user-friendly operation, real-time analysis, and portability)
prove the unprecedented impact in the clinical (Quick et al., 2017),
biosecurity (Pritchard et al., 2016), and environmental (Brown et al.,
2017) fields. This work assesses for the first time the suitability of the
ONT™MinION platform as a monitoring tool for anaerobic digestion
systems, and uses this technology to follow up the changes in the ar-
chaeal methane-producing community at nearly real time.

2. Material and Methods
2.1. Substrate

Fresh grass biomass was chosen to be used as substrate (Gramineae).
In was collected from the front garden of the Robert Boyle Institute and
stored at 0° after pretreatment. To separate lquids from solids a con-
ventional juicer (Angel Juicer 8500 s, Angel Co. LTD., Korea) was used
for pre-treatment of grass biomass. The solid fraction contained a COD
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Fig. 1. Substrate load per day and litre in time. The addition of liquid (batch
reactions B and C) and solid (batch reactions D and E) substrate was performed
in five different phases, as indicated in roman numbers. Phase I: The COD input
concentration was adjusted to a value in which similar amounts of biogas
(methane) were produced in batches fed with liquid or solid substrates. Phase
II: A stable period of feeding occurred. Phase III: solid-fed batches (reactors D
and E) reached an extremely high viscosity, and small amounts of water were
added to enable stirring. Phase IV: Another phase of stable conditions followed.
Phase V: in order to drastically increase the organic loading rate, the substrate
was changed to molasses in all the reactors.

of 366 mg O, per g of substrate (according to the German guideline DIN
3814-59), and the liquid fraction had a COD of 82mg O, per g of
substrate (according to the German guideline DIN 38409-H41). The
produced liquid fraction contained 11.63% of total solids (TS) with
76.63% of volatile solids (VS, percentage of TS). The remaining solid
fraction contained 55.80% of TS and 90.16% of VS.

2.2. Seed sludge

As seed sludge of choice sewage sludge from a mesophilic anaerobic
digester of a municipal wastewater treatment plant in Jena (Germany)
was used. After collection the sludge was stored for one week. The
sludge contained 3.52% of TS and 56.30% of VS.

2.3. Semicontinuous batch digestion

Five batch reactors (A-E) were set up according to the German
guideline VDI 4630. Feeding occurred semi-continuously with gradu-
ally increasing loading rates as shown in Fig. 1. Incubation occurred at
37 °C without stirring and incubation bottles were agitated manually
before biogas measurements or sampling. Reactor A was used as a ne-
gative control (without substrate input); reactors B and C were fed with
liquid substrate (liquids separated from grass biomass); and reactors D
and E were fed with solid substrate input (remaining solids after liquid
separation). Each reactor was filled with 300 mL of sewage sludge. The
reactors were opened every 3—4 days — twice a week — to take samples
and to add substrate. Afterwards, the reactors were closed and flushed
with nitrogen to ensure an anaerobic atmosphere. Gas was collected in
a liquid displacement device (eudiometer) and the volume of biogas, as
well as the ratio of CO, and CH, was measured daily. Produced gas was
analysed using the “COMBIMASS 99 GA-m” gas measurement device
(Binder, Germany) to determine the ratio of CO, and CH,.

The amount of total volatile fatty acids (TVFA) and the solubilisa-
tion of COD were monitored using conventional photometer-based as-
says (Nanocolor CSB15000 and Nanocolor organische Sduren 3000,
Macherey-Nagel, Germany).

In the beginning (Fig. 1, phase I), the loading rate was adjusted in
such a way that liquid- and solid-fed reactors produced similar amounts
of methane. After running the reactors with a constant input (phase II),
solid-fed batches (reactors D and E) reached an extremely high visc-
osity, and 100 mL of water were added to enable stirring (phase III).
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After another phase of stable conditions (phase IV) and from rom day
113 onwards, the input of both liquid and solid substrates was reduced
by 25% each cycle, reaching a reduction of 100% at day 124. At the
same time, the grass biomass was replaced with molasses to induce a
shock loading. The molasses input was increased by 0.5g per cycle
(phase V).

2.4. Fluorescent microscopy

Prokaryotes were quantified after staining with 4/,6-diamidino-2-
phenylindole (DAPI) using a epifluorescent microscope (Axio Lab.Al,
Carls Zeiss, Germany). Firstly, Teflon-coated slides with 10 wells (Carl
Roth, Germany) were covered with a gelatine membrane. To do this,
10 uL of gelatine solution (0.1% gelatine und 0.01% CrK(SO4),) were
pipetted on each well and dried at 50 °C for 10 min. Depending on the
density of cells, samples were diluted 1:200 with PBS buffer. Each well
was filled with 10 pL of the diluted sample and dried at 50 °C for
10 min. Finally, 2.5 pL of fluorescent mounting solution (RotiR-Mount
Aqua, Carl-Roth, Germany) were applied. Quantification was per-
formed under 400 X magnification and 450 ms exposure time. For each
time point, 32 pictures ware taken and evaluated using the ImageJ
software. Excitation occurred with wavelengths ranging from 360 to
375nm and only emitted light with wavelengths above 400 nm was
collected.

Methanogenic archaea were quantified using the same microscope,
but with a different set of optical filters and an excitation wavelength
adjusted to the quantification of the cofactor F420 (which is associated
with methanogenic archaea). Excitation occurred with wavelengths
ranging from 400 to 440 nm and only emitted light with wavelengths
between 500 nm and 550 nm was collected. Samples were diluted 1:2
with a mounting solution (10 pL each) (RotiR-Mount FluorCare, Carl-
Roth, Germany) and 3 uL of the suspension were applied between the
cover slip and the slide. Pictures were taken with 400 X magnification
and 126 ms exposure time. For each time point, 48 pictures ware taken
and evaluated using the ImageJ software.

2.5. DNA isolation

In order to reduce the amount of inhibiting substances, biomass
samples were sedimented by centrifugation (10 min at 20,000g) and
washed several times with sterile PBS buffer until a clear supernatant
was observed. Then, metagenomic DNA was isolated using the Power
Soil DNA Isolation kit (MO BIO Laboratories) following the manu-
facturers instructions. The quantity and quality of the DNA was de-
termined on a 1.5% agarose gel and with a Nanodrop-1000
Spectrophotometer (Thermo Scientific, Wilmington, DE).

2.6. 16S rRNA gene amplification and barcoding

The full-length 16S rRNA gene of archaea was PCR-amplified using
universal primers Arch8F (5-TCCGGTTGATCCTGCC-3) and
Arch1492R (5-GGCTACCTTGTTACGACTT-3’), for which specificity
had been previously reported (Klindworth et al., 2013). Primer se-
quences were tailored to add the ONT™ Universal Tags (5’-TTTCTGTT
GGTGCTGATATTGC-3’ for the forward primer and 5-ACTTGCCTGTC
GCTCTATCTTC-3’ for the reverse primer) to their 5’ ends. These uni-
versal tags allowed the barcoding of the amplicons in the second PCR
using the ONT™ PCR Barcoding kit (EXP-175 PBCO01).

For the first PCR, the mixture consisted of 1x Taq Polymerase
Buffer, 200 uM dNTPs, 200 nM primers, 1 U of Taq DNA polymerase
(VWR), and 10ng of DNA template in a final volume of 50 pL. PCR
conditions were an initial denaturation step at 94 °C for 1 min, followed
by 35 cycles of amplification (denaturing, 1 min at 95 °C; annealing,
1 min at 49 °C; extension, 2 min at 72 °C), with a final extension at 72 °C
for 10 min. To assess possible reagent contamination, each PCR reaction
included a negative control without template DNA, which did not
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amplify. A purification step using Agencourt AMPure XP beads
(Beckman Coulter) at 0.5 % concentration was performed to remove
primer-dimers and non-specific amplicons, and the resulting DNA was
recovered and assessed by Qubit quantification.

In the second PCR, the mixture contained 0.5nM of the first PCR
product, 1 X Taq Polymerase Buffer, 200 M of dNTPs, 1 U of Taq DNA
polymerase (VWR), and the corresponding specific barcode (EXP-
PBC001) as recommended in the ONT protocol 1D PCR barcoding
amplicons (SQK-LSK108). The PCR conditions consisted of an initial
denaturation step for 30s at 98 °C, followed by 15 cycles at 98 °C for
15s, 155 at 62 °C for annealing, 45s at 72 °C for extension, and a final
extension step for 7 min at 72°C. A clean-up step using AMPure XP
beads at 0.5 X concentration was used again to discard short fragments
as recommended by the manufacturer. Finally, an equimolar pool of
amplicons was prepared for the subsequent library construction.

2.7. Library construction and sequencing

The Ligation Sequencing Kit 1D (SQK-LSK108) was used to prepare
the amplicon library to load into the MinION™ following the instruc-
tions of the 1D PCR barcoding amplicon protocol of ONT. The barcoded
pool of amplicons (1 ug) was used as input DNA. The DNA was pro-
cessed for end repair and dA-tailing using the NEBNext End Repair/dA-
tailing Module (New England Biolabs), and the resulting DNA was
purified using Agencourt AM206 Pure XP beads (Beckman Coulter) and
assessed by Qubit quantification. For the adapter ligation step, a total of
0.2 pmol of the end-prepped DNA was added to a mix containing 50 pL
of Blunt/TA ligase master mix (New England Biolabs) and 20 pL of
Adapter Mix (SQK-LSK108), and was incubated at room temperature for
10 min. DNA was purified again with the Agencourt AMPure XP beads
(Beckman Coulter) and the Adapter Bead Binding buffer provided on
SQK-LSK108 kit to finally obtain the DNA library.

The flow cell (R9.4, FLO-MIN106) was primed and then loaded as
indicated in the ONT™ protocols. Sequencing was performed during
12h using the standard sequencing protocol implemented in the
MinKNOW™ software.

2.8. Metagenomic data analysis

Reads were basecalled using the Metrichor™ agent, and sequencing
statistics were followed in real time using the EPI2ME debarcoding
workflow. The fast5 files obtained were converted to fastq files using
poRe (Watson et al., 2015) and adapters were trimmed using Porechop
(https://github.com/rrwick/Porechop). The resulting sequences were
analyzed with the QIIME software. Briefly, reads were aligned, and then
identified through BLAST searches against the latest version of the
GreenGenes database (13 8). Data was then further analyzed and re-
presented with custom scripts. In order to detect significant changes in
the relative abundance of particular taxa (Methanosaeta spp. and
Methanosarcina spp.), a Welchs t-test for unequal variances was per-
formed.

3. Results and discussion
3.1. Reactor performance: liquid vs. solid feeding

Two different strategies for the repowering of sewage sludge in-
volving co-digestion were compared: (1) using a liquid co-substrate
with very low percentage of total solids (TS) and, therefore, with low
amounts of lignocellulose (batch reactions B and C); and (2) using a
solid co-substrate with a very high percentage of TS and, therefore, with
high amounts of lignocellulose (batch reactions D and E). Both co-
substrates were obtained from fresh grass (Graminidae) biomass.
Additionally, a control digester was kept without co-substrate input
(batch reaction A). The loading rate of both experimental approaches
was adjusted in such a way that both systems produced similar volumes
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Fig. 2. Chemical parameters measured for the different experimental set-ups. Data on COD, TVFA and methane production are represented for one of the liquid fed
reactors (A) and one of the solid fed reactors (B). A tridimensional representation of the evolution of all the reactors is also shown (C).

of methane per working volume, as described in Section 2 (Figs. 1 and
2).

In both co-digestion strategies, the amount of biogas ranged be-
tween approximately 100 and 200 mL of methane per day during phase
Iand II (day 1-82) (Fig. 2). By the end of phase II the liquid fed batches
reached a solubilized COD of 5.9 = 0.2gCOD/L, and a TVFA con-
centration of 2.81 + 0gTVFA/L. Although the solubilized COD and
TVFA of the solid fed system were higher at that time
(12.02 + 2.98gCOD/L, and 3.98 + 0.02gTVFA/L), the produced
amount of methane was slightly higher in the liquid fed system (Fig. 2A
and B). Moreover, methane production within the liquid fed system
proved more stable in time. By the end of phase II, the digestion sludge
in the solid fed system reached such high viscosity that no stirring was
possible. In order to ensure a better substrate distribution and to fa-
cilitate to movement of bubbles, a small amount of water was added to
the solid fed batch systems D and E (100 mL). Due to the dilution, the
loading rate of the solid fed batches was slightly reduced during phase
IV (Fig. 1).

Since the high viscosity of the solid fed batch prevented any further
increase of the loading rate, the substrate was changed stepwise to
molasses for both digestion experiments (liquid and solid fed batches),
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starting at day 117 (phase V). In parallel, the loading rate of the other
substrates (liquid and solid grass biomass) was lowered stepwise until
day, when both experimental set-ups were fed exclusively with mo-
lasses.

The solubilized COD increased drastically in both digestion ap-
proaches, indicating a substrate overload. However, from day 132 on-
wards (Fig. 1, phase V), the produced amount of methane became
drastically reduced in the solid fed batches (Fig. 2B and C). In contrast,
the liquid fed batch systems displayed higher stability, with con-
tinuously increasing levels of methane production. Moreover, a sudden
acid shock was detected in the concentration of TVFAs in the solid fed
batches, reaching more than 20 g TVFA/L at day 132 (Fig. 2B). The li-
quid fed batches remained with a lower concentration of TVFAs,
reaching 5.52 * 0.54 g TVFA/L at day 32, indicating a much more
efficient conversion of TVFAs into methane.

3.2. Changes in the abundance of prokaryotes and methanogenic archaea

Fluorescent microscopy was performed to complement the chemical
analysis during the experiments. As described in Section 2, DAPI
staining was used to count the total number of prokaryotes, and
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Fig. 3. Microscopic analysis of prokaryotic and methanogenic communities. Methanogens were screened by quantifying the co-factor F420, whereas total Prokaryota
were stained with DAPI. Quantified F420- and DAPI signals are shown for a liquid-fed reactor (A), a solid-fed reactor (B), and the unfed control (C). Additionally,
Methanosarcina spp. like cell aggregates and rod shaped F420-signals were analysed semi-quantitatively (D). High amounts of rod shaped F420-signals were used as
indicators for high concentrations of Methanosaeta, which is typical for sewage plants and sludges with low COD content.

fluorescence associated to the cofactor F420 was used to quantify me-
thanogenic archaea (Fig. 3). The number of prokaryotes varied between
1E+09 and 1E + 10 per mL, which is comparable with previous studies
(Nettmann et al., 2010). The feeding events in both liquid- and solid-fed
batches did not cause a noticeable increase in the number of prokar-
yotes. The substrate overload at the end of the experiment (Fig. 1, phase
4) did not cause a shift in the number of prokaryotes, indicating a high
stability of the underlying bacterial community. However, starvation in
the unfed control (batch reaction A) caused a decrease in the number of
prokaryotes below 1E+09. A similar influence of starvation was ob-
served recently in another study, where the effect of starvation was
analysed based on fluorescent in-situ microscopy, comparing a wide
variety of anaerobic digesters, which were fed with a wide variety of
substrates (Abendroth et al., 2016).

The number of methanogens increased continuously from 1E + 08 to
1E+09 per mL, which is in accordance with other studies (Nettmann
et al., 2010). However, in the unfed control the number of methanogens
remained unexpectedly stable, indicating a high resistance against
starvation. At day 132, the number of methanogens decreased back to
1E+ 08 cells in the solid-fed batches, but remained stable in the liquid-
fed batches. This is in accordance with the halt in methane production
observed in the solid fed batches at day 132 (Fig. 2). Taken together,
these results suggest the presence of a better-adjusted microbiome in
the liquid fed batches.
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3.3. Changes in the composition of the methanogenic microbiome

Changes in the relative abundance of the main genera involved in
methane production were followed up by means of microscopy and
confirmed by full-length 16S rRNA gene high-throughput sequencing,
using specific primers targeting archaea. As shown in Fig. 3D, micro-
scopic analysis revealed that number of rod-shaped methanogens in
solid-fed batches kept high throughout the experiment, indicating a
high number of Methanosaeta, a typical genus observed in sewage
sludge (Abendroth et al., 2015, 2017a). Interestingly, liquid-fed batches
showed decreasing numbers of rod-shaped methanogens and increasing
numbers of Methanosarcina-like complexes. Microscopic analysis made
it difficult to quantify Methanosarcina species, as they tend to form large
complexes, which prevent the identification of single cells. Methano-
sarcina is a typical genus found in co-digesters with higher loading rate
then sewage sludge (Abendroth et al., 2015).

In parallel, the archaeal communities present in the different reactor
configurations were analysed by means of full-length archaeal 16S
rRNA gene high throughput analysis using ONT™ MinION sequencing.
In accordance with microscopic data, the principal component analysis
performed with the archaeal profile of each sample showed a different
microbial evolution for solid and liquid-fed reactors (Fig. 4A). Fig. 4B
shows the evolution of the taxonomic composition in each experimental
condition. At day 29, Methanosaeta was the most abundant genus in all
cases, accounting for 23-75% of sequences. Methanosaeta remained the
majoritary genus throughout the experiment in solid-fed batches, as
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Fig. 4. Taxonomic analysis of the archaeal communities based on full-length 16S rRNA gene high-throughput sequencing. (A) Principal Component Analysis (PCA)
based on the taxonomic profile of the samples. (B) Relative frequency of the most abundant taxa in each sample. Numbers in the X axis indicate the day in which
samples were taken. Letters indicate the type of feeding (A: unfed control; B and C: liquid-fed batches; D and E: solid-fed batches). (C) Evolution of the frequency of
Methanosaeta spp. (up) and Methanosarcina spp. (down) in the different reactors.

well as in the control digester. However, the abundance of Methano-
sarcina spp. increased in liquid-fed batches, with it becoming the ma-
joritary genus at days 103 (batch C) and 139 (batch B and C). Fig. 4B
and C show the decline of Methanosaeta spp., and the enrichment of
Methanosarcina spp. Moreover, the increase in Methanosarcina was ac-
companied by a transient increase of Methanomethylovorans at day 29
and 103 (Fig. 4B). Consistently with these findings, earlier work re-
ported a high abundance of Methanomethylovorans in sewage digesters
which received co-ferments from biodiesel production (Abendroth
et al., 2015).

It has to be noted that Methanosarcina spp. are methanogens which
can be found in co-digesters with high loading rates, especially in the
leachate of leach-bed systems (Klocke et al., 2008; Zhao et al., 2013;
Abendroth et al., 2015). Therefore, the observed results indicate that
the methanogenic microbiome of liquid-fed systems can be successfully
shaped and adapted to higher loading rates. This is in contrast with
solid-fed systems, which remained enriched in Methanosaeta spp., a
typical genera from sewage sludge digesters, which are usually oper-
ated at lower loading rates (Abendroth et al., 2015).

The presented results show that the successful adaption of micro-
biomes of sewage sludge to higher loading rates depends on the feeding
strategy and is a time consuming process. To ensure stable process
conditions, it is recommended to intensively screen the taxonomic
profile of industrial sewage digesters, when increasing the loading rate
due to the application of co-substrates. As lignocellulose enriched
substrates are problematic during the digestion process, it is re-
commended to use preferred liquid separates and to remove the

lignocellulolytic fraction. Alternatively, it is also possible to liquefy the
lignocellulolytic fraction prior to the digestion process, as discussed
recently by Rajesh Banu et al. (2018).

4. Conclusions

Following the presented results, the microbiome of liquid-fed re-
actors was re-shaped, changing from a Methanosaeta spp.-dominated
community, to a Methanosarcina spp.-enriched community. For the first
time in this field, 16S rRNA gene high-throughput sequencing was
performed with an ONT™ MinION sequencer, allowing the tracking of
changes in taxonomic data from full-length 16S rRNA gene sequencing.
This work reports that the addition of liquid co-substrates resulted in a
more effective methanogenic microbiome, and allowed higher biogas
production. Altogether, the presented results confirm the high potential
for increasing the efficiency of sewage sludge digesters from waste-
water treatment plants.
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This work demonstrates the suitability of nitrogen removal during anaerobic acidification in batch
configuration for a more efficient pre-treatment of chicken manure prior to anaerobic digestion. High
loading rates corresponding to a total nitrogen input between 6.3 and 9.5gL~" allowed successful
suppression of methanogenic archaea. To eliminate nitrogen, NH3-stripping and MAP (magnesium
ammonium phosphate hexahydrate) precipitation were compared. In spite of decreased cell quantities
detected using qPCR, removal of nitrogen caused an increase in volatile fatty acid (VFA) formation from
13 to 19%. The highest nitrogen removal during acidification (up to 29%) was achieved with three con-
secutives MAP precipitation steps, however, conductivity values were affected too, reaching 53.3 and
531 mScm~! after the three consecutive MAP precipitations. Additionally, MAP-precipitation reduced
the concentration of important trace elements and 16S-rRNA amplicon sequencing revealed an altered
taxonomic pattern, in which especially the bacterial families Marinilabiliaceae, Bacteroidales UCG-001,
M2PB4-65 termite group and Idiomarinaceae were impaired. However, in spite of these inhibitory ef-
fects, nitrogen removal proved able to prevent unwanted methanogenesis and to enhance the yield of
VFAs, and this strategy thus holds great potential for the optimized production of biogas in a two-phase

system.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Poultry farming is one of the most important activities in live-
stock and a global production of 92.5 million tons of broiler meat is
expected in 2018 [1]. These activities in poultry livestock also result
in high amounts of poultry manure, which can be problematic due
to the high contents of nitrogen, mainly in the form of uric acid and
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E-mail address: abendroth.ca@gmail.com (C. Abendroth).
1 Both authors contributed equally to this work.
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0960-1481/© 2019 Elsevier Ltd. All rights reserved.

proteins [2]. Poultry manure poses a threat for the environment
and it can cause health problems to humans and animals [3]. One of
the main routes for the disposal of this toxic waste is through
anaerobic digestion [4], a technology that allows conversion of
multiple types of biomass into methane [5]. However, despite the
robustness of anaerobic microbiomes against process disturbances
due to their high microbial redundancy [6], mono-digestion of
poultry manure is problematic. During the hydrolysis of complex
compounds, the initial step of the anaerobic digestion process,
organically-bound nitrogen is released in the form of ammonia,
which causes the inhibition of anaerobic microorganisms involved
in biomethanation. Contents of total ammoniacal nitrogen above
3-5g L~ in the fermentation liquid are generally reported to cause



166

1022 P. Ramm et al. / Renewable Energy 146 (2020) 1021—1030

inhibition [7], but this effect strongly depends on process param-
eters such as pH, temperature, and the acclimation of the anaerobic
microbiome [8]. In order to avoid the formation of high concen-
trations of toxic ammonia during anaerobic digestion of poultry
litter, co-digestion of carbon-rich feedstocks with only marginal
shares of poultry manure between 4% and 10% of fresh input sub-
strate is recommended [9].

To reduce the toxic effects of poultry manure, different experi-
mental approaches have been investigated. Several reports
described the possibility of adaptive evolution, in order to accli-
matize involved microorganisms to high ammonia levels [10,11].
However, microbial adaptation to high ammonia concentrations is
a time-consuming process, which might need up to several months
[12]. Another option is the application of physico-chemical
methods for ammonia removal, such as ammonia stripping
[13—15] or precipitation of ammonia and phosphate together with
magnesium salts [ 16]. Stripping of ammonia involves blowing air or
biogas through the fermentation liquid, resulting in the transfer of
free ammonia into the gas phase. The removal of ammonia is
facilitated at high pH and temperature, since ammonic nitrogen is
present in the shape of free ammonia under these process condi-
tions [17]. The ammonia can subsequently be captured and recov-
ered from the gas phase by absorption, e.g. with sulphuric acid, to
yield ammonium sulphate. MAP (magnesium ammonium phos-
phate hexahydrate) precipitation, also known as struvite precipi-
tation, is based on the ability of ammonia to bind with magnesium
and phosphate [18]. Under weakly alkaline conditions, and if
phosphate and magnesium salts are added at required amounts,
magnesium ammonium phosphate crystallises, and it can be
withdrawn from the liquid phase for further utilisation as fertilizer.
Ammonia stripping and MAP precipitation methods are frequently
used for wastewater treatment, and have also successfully been
applied for the removal and recovery of ammonia from poultry
manure [2,19], poultry litter leachate [20] and effluent from
anaerobic digestion of poultry manure [21—23] with removal effi-
ciencies above 90%.

An alternative possibility to facilitate anaerobic digestion of
poultry manure is the biological pre-treatment in a separated
acidification stage [24—26]. Separated acidification allows a rapid
formation and, due to inhibition of methanogenic archaea, the
accumulation of organic acids becomes possible. The resulting
high-strength liquor can be used as energy storage, when stored
under anaerobic conditions and, therefore, facilitates energy pro-
duction on demand [27]. The produced high-strength liquor could
also be used to extract volatile fatty acids, which are useful in-
termediates for biorefinery platforms [28]. Moreover, very high
input concentrations can be used during separated acidification.
For example, Gijzen et al. used loading rates up to 25.8 gL' [29].

Another advantage when using solid feedstock as input material
is that an acidic high-strength liquor can be produced and sepa-
rated from solids prior to methanation, for example by using leach
bed reactors (LBR). This has recently been demonstrated in an
experiment, where solids from grass acidification were successfully

Table 1

removed prior to methanisation [30]. This facilitates pumping, and
allows the application of a high-performance methane reactor, such
as an anaerobic filter (AF), upflow anaerobic sludge blanket (UASB)
or expanded granular sludge blanket (EGSB) for efficient metha-
nation in a second stage [31]. Indeed, the separation of the meth-
anogenic process in two different stages improves process stability,
since microbial populations in biofilms or granules of AF, UASB or
EGSB reactors are more robust against unfavourable conditions and
might tolerate higher inhibitor concentrations [32]. In addition,
producing a high-strength liquor with low content of total solids
(TS) in a separated hydrolysis and acidification stage can also be
combined with ammonia removal strategies such as NH3-stripping
or MAP-precipitation, since these methods usually require low TS
levels for efficient application [2]. Based on this idea, the present
study aims at demonstrating the possibility of combining leach-bed
acidification of poultry manure with ammonia stripping or
ammonia precipitation. The objectives of the present work were:

- to increase the production of organic acids and decrease the
production of methane from poultry manure in a 7-day leach-
bed process coupled with ammonia stripping or MAP
precipitation

- to chemically characterize the resulting high-strength liquor,
and

- to investigate the influence of the procedure on the underlying
microbiome, by means of 16S-rRNA high-throughput
sequencing

2. Material and methods
2.1. Raw materials

The solid part of separated digestate was obtained from a local
biogas plant in Woltow (Germany) and used as seed sludge. This
biogas plant was linked to an egg-producing poultry farm. Due to
its high TS content, the separated digestate was suitable to be used
for the high-solids fermentation tests in the LBR in the present
study. Chicken manure from laying hens was used as the main
substrate, which was collected from the egg-producing poultry
farm NEN Marth GmbH, Woltow 19, Selpin-Woltow, Germany.
Additionally, wheat straw was deployed as the packing material for
the leach bed. The applied raw materials were chemically charac-
terized (Table 1).

2.2. Experimental set-up and procedure

2.2.1. Batch acidification of chicken manure

To compare methane production during acidification, pre-
liminary batch acidification experiments were performed in 2L
glass bottles, as described by Abendroth et al. [29]. The produced
gas was collected in a eudiometer (liquid displacement systems)
and each bottle was flushed with nitrogen gas prior to the

Characterisation of the seed sludge and substrates used in this study (TS — total solids, FM — fresh matter; VS — volatile solids; COD — chemical oxygen demand).

Function Digestate Chicken Manure Wheat straw
Seed sludge Substrate Packing material

TS (% of FM) 18.03 +1.04 3571+1.14 88.81+2.40

VS (% of TS) 70.25 +2.28 51.30+2.45 94.71+2.73

Total nitrogen (Kjeldahl, g kg~ of FM) 3.10+0.29 8.31+0.82 5.89+1.20

COD (g kg~ ! of FM) 183.09 +15.86 257.18 +£10.26 1074.92 +17.87

pH 8.81+0.10 7.77+0.24 6.91+0.15

Conductivity (mS cm™") 27.41+11.79 54.40 +5.19 8.08 +3.59




167

P. Ramm et al. / Renewable Energy 146 (2020) 1021—1030 1023

experimentation to ensure an anaerobic atmosphere. The bottle
was continuously shaken at 60 rpm to achieve a homogeneous
mixture. The experiments were performed without seed sludge in
order to inhibit methane production. Different substrate input
concentrations up to 396 gL~! were compared, resulting in total
nitrogen concentrations ranging from 1.6 to 9.5gNL",

2.2.2. Acidification of chicken manure in leach-bed configuration

Leach-bed acidification was performed in custom-made, stain-
less-steel reactors with a total volume of 100 L (number 1 in Fig. 1a)
[32]. The leach-bed, a mixture of 5 kg seed sludge and 5 kg chicken
manure, was incubated at mesophilic temperature (37 °C) for 7
days. Seven days were chosen as treatment time in the LBR since
this duration was previously found suitable to achieve high volatile
fatty acid concentrations and to prevent conversion of acids into
methane (data not shown). As packing material for the leach-bed,
0.5 kg wheat straw was used and retained in a strainer. A custom-
made storage tank with a total volume of 60L (number 2 in
Fig. 1a) was filled with 20 L of fresh tap water at the beginning of
the experiment. During the incubation period of 7 days, the liquor
was circulated between the storage tank and the leach-bed reactor
with a flow rate of 193.8 mLs™ ! resulting in a high-strength liquor
(leachate). Circulation was achieved by using a pump (Wilden
Model P1 Plastic/P1/PPPPP/WFS/WF/KWF”; Wilden Pumps Grand
Terrace, CA, US.A.).

Liquor was pumped from the storage tank and percolated over
the leach-bed every 3 h. After passing the leach-bed, the liquor was
returned to the storage tank. Percolation was adjusted to achieve a
complete cycle of circulation of the liquor each 24 h. The storage
tank was also temperated at 37 °C.

The volume of produced gas was measured in a multi-chamber
rotor gas meter (TG 05/5 model, Dr.-Ing. Ritter Apparatebau GmbH
& Co. KG, Bochum, Germany) and collected in a gas bag (Tesseraux
Spezialverpackungen GmbH, Biirstadt, Germany), where the gas
was kept until analysis. The measured biogas volume was

a b
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Fig. 1. Experimental set-up: Acidification of chicken manure in a leach-bed configu-
ration (a). Leachate was collected in a storage tank (2), and continuously recirculated
into the leach-bed reactor (1). To apply NHs-stripping and MAP precipitation, liquor
was removed from leach-bed system and then returned back after nitrogen removal
(3); NHs-stripping occurred in a stripping column (b). For this, leachate was pumped
into segment I of the column (3A), which was equipped with a droplet separator. From
there, the leachate was transferred through a packed bed in segment II. In opposite
direction to the leachate flow, atmospheric air was pumped into the column in section
11l through the packed bed (4), which was used as trickling filter. The treated leachate
was collected in the lower part of the column, from where it was removed (3B) and,
finally, refilled into the leach-bed acidification (A). NH3-enriched gas escaped through
the upper part of the column (5). MAP precipitation occurred in an open tank coupled
to a laboratory stirrer (c).

normalized to standard conditions (temperature 273.15 K, pressure
1013.25 mbar).

Leach-bed acidification was performed without nitrogen
removal (control), and with nitrogen removal by either NH3-strip-
ping or MAP precipitation. Acidification experiments were repeated
twice for each configuration (Duplicate A and B).

2.2.3. NH3-stripping

For NHs-stripping a custom-made stripping column was used
[32]. The column had an inner diameter of 0.168 m and a total
length of 2.05m. It was divided into three segments: segment
I = leachate feed, segment Il = packed bed, and segment IIl = gas
carrier feed (Fig. 1b). The packed bed of the column contained a
loose bulk of plastic rings (Pall-Ring 15; Raschig GmbH, Ludwig-
shafen, Germany) showing a diameter of 0.015 m, a specific surface
of 350 m? m 3, and a porosity of 0.88 m> m~>. The bulk height was
0.81 m. The column was heated with a water bath (Lauda Alpha
RA8; Dr. R. Wobser GmbH & Co. KG, Lauda-Konigshofen) up to
90°C.

The column was loaded with approximately 0.02m3h~! of
leachate from the storage tank of the leach-bed acidification
(number 3 in Fig. 1a) using a pump (Watson-Marlow 323du Drive
400 RPM EU; Spirax-Sarco Engineering group, Falmouth Cornwall,
England). To facilitate ammonia release, the pH of the leachate was
adjusted to 11.6 using approximately 50 gL~ of sodium hydroxide
(32%).

Released ammonium was removed from the column by a con-
stant air stream, which was used as gas carrier. The gas carrier was
pumped at a rate of 20 m> h~! through the stripping column, using
an air ventilator (RL65-21/14; ebm-pabst, St. Georgen, Hungary).
After passing through the stripping column, leachate was taken
from the bottom of the column and returned back into the storage
tank, the pH was re-adjusted to its former value using approxi-
mately 12.3 gL~ of sulphuric acid (75%).

NHjs-stripping was performed only once during the acidification
of chicken manure (the treatment was applied after three days of
the 7-day leach-bed incubation time). In the applied treatment
procedure, the leachate was passed two times through the strip-
ping column to achieve an appropriate removal of ammonia.

2.2.4. MAP precipitation

For the MAP precipitation (precipitation of MgNH4PO4e6H,0),
an open tank coupled to a laboratory stirrer for continuous mixing
was used (Fig. 1c). The working volume of the tank was 10 L. The
stirrer was a paddle agitator, which was powered by a Eurostar 40
digital stirrer drive (IKA Werke GmbH & Co. KG, Staufen, Germany).
The reaction was conducted at a constant temperature of 22 °C.

For each MAP precipitation step, 30.5gL~! of potassium
hydrogenphosphate and 89 gL' of magnesium chloride hexahy-
drate (both previously dissolved in deionised water) were applied
to the leachate taken from the storage tank of the leach-bed acid-
ification (number 3 in Fig. 1a). After 30 min of incubation with
agitation (100rpm), a sedimentation step of 60 min without
agitation was carried out in order to achieve a separation between
the precipitated MAP crystals and the leachate. After sedimenta-
tion, the supernatant was released from the open tank by a lateral
outlet and returned back into the storage tank. The MAP sludge was
discarded. The dry weight of the MAP sludge was approximately 4.7
w/w-% of the treated leachate.

Two different MAP precipitation experiments were performed:
in one of them, MAP precipitation was applied only once, after
three days of the 7-day leach-bed incubation time (further referred
as 1XMAP-P); while in the other, MAP precipitations were per-
formed after days 1, 2 and 4 (further referred as 3XxMAP-P).
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2.3. Chemical analysis

pH and conductivity were analysed using the WTW pH/Cond
340i device (WTW, Weilheim, Germany), equipped with the WTW
pH Electrode SenTix41 and the WTW TetraCon 325 electrodes. The
TS, VS, NH4—N, total nitrogen (Kjeldahl) and trace elements were
analysed according to VDLUFA guideline (1983/2006) [33]. The COD
was analysed according to the guideline DIN 38409—41:1980—12.
Volatile fatty acids (VFA), including acetic, propionic, butyric, iso-
butryric, valeric, iso-valeric, and caproic acid, were analysed as
described by Ref. [34].

The composition of the produced biogas was analysed on a daily
basis using the portable gas analyser GA 2000 (Geotechnical In-
struments (UK) Ltd., Warwickshire, England).

2.4. DNA-analysis

2.4.1. DNA isolation

DNA isolation was performed in accordance to the proceedings
established in the labs of the ATB, as described by Nettmann et al.
[35] and Bergmann et al. [36]. For each DNA isolation, 500 pL of the
samples were used. A FastDNA Spin Kit for Soil (MP Biomedicals
GmbH, Eschwege, Germany) and a FastPrep 24 instrument (MP
Biomedicals GmbH, Eschwege, Germany) were used for the isola-
tion of DNA from the sampled liquor. For the elution of the DNA,
100 pL of DES buffer were used.

2.4.2. qPCR

The applied q-PCR method was performed in accordance to
Nettmann et al. [35] and Bergmann et al. [37]. The chosen primer
and TagMan sets were BAC fw 5'-ACT CCT ACG GGA GGC AG-3/, BAC
rev 5'-GAC TAC CAG GGT ATC TAA TCC-3/, and BAC TagMan 5’-TGC
CAG CAG CCG CGG TAA TAC-3' for bacteria; and ARC fw 5-ATT AGA
TAC CCS BGT AGT CC-3/, ARC rev 5’-GCC ATG CAC CWC CTC T-3/, and
ARC TagMan 5’-AGG AAT TGG CGG GGG AGC AC-3’ for archaea.

The q-PCR-method was conducted utilizing the 2x qPCR Probe
Mix (Bioenzym Scientific GmbH, Hess. Oldendorf, Germany), Taq-
Man probes, primer-fw/rev (biomers.net GmbH, Ulm, Germany)
and a CFX96 Real-Time System (Bio-Rad Laboratories GmbH,
Miinchen, Germany). The PCR mixture consisted of 10 uL 2x pPCR
Probe Mix, 1.8 uL primer-fw, 1.8 uL primer-rev, 0.4 uL TagMan probe,
1000 pg of sampled DNA (2 pL of the isolated DNA with a concen-
tration of 500 pg uL~1) and 4 pL PCR grade water.

The PCR program for bacteria started with a 7 min step 95 °C,
followed by 45 cycles with 15sat 95 °C for denaturation, 30 s at
57 °C for primer annealing, and 60 s at 60 °C for elongation. The
thermocycler program for archaea started with 7 min at 95 °C too
and was followed by 40 cycles with 15 s at 95 °C for denaturation,
and 60 s at 60 °C for primer annealing and DNA elongation.

Evaluation of the PCR results was supported by the program CFX
Manager 3.1 (Bio-Rad Laboratories GmbH, Miinchen, Germany).

2.4.3. 16S rRNA gene amplification and barcoding

The bacterial full-length 16S rRNA gene was amplified via PCR
using the primers S-D-Bact-0008-a-S-16 (5’AGRGTTYGATY
MTGGCTCAG3’) and  S-D-Bact-1492-a-A-16  (5'TACCTTGTTA
YGACTT3'), which were recommended by Klindworth et al. [38]. For
barcoding, ONT™ Universal Tags were added to the 5’ end of the
forward primer (5 TTTCTGTTGGTGCTGATATTGC-3') and to the
reverse primer (5'-ACTTGCCTGTCGCTCTATCTTC-3'), using the ONT™
PCR Barcoding kit (EXP-175 PBC001). A mixture of 1 x Taq Polymer-
ase Buffer, 200 uM dNTPs, 200 nM primers, 1 U of Tag DNA poly-
merase (VWR), and 10 ng of DNA template was used for the primary
PCR (final volume: 50 pL). The PCR started with an initial denaturation
step at 94°C for 1min, followed by 35 cycles of amplification

(denaturing, 1 minat 95°C; annealing, 1 minat 49 °C; extension,
2 min at 72 °C); and with a final extension step at 72 °C for 10 min. A
negative control without DNA template was included. Primer-dimers
and non-specific amplicons were removed using the Agencourt
AMPure XP beads (Beckman Coulter) at 0.5 x concentration. The
purified DNA was recovered and assessed using Qubit (Qubit® 2.0
Fluorometer, Thermofisher, Waltham, USA).

In the secondary PCR, amplicons from the primary PCR were
used as template with a concentration of 0.5 nM, and mixed with
1X Taq Polymerase Buffer, 200M of dNTPs, 1 U of Taq DNA poly-
merase (VWR), and the corresponding specific barcode (EXP-
PBCOO01 kit) as recommended in the ONT protocol for 1D PCR bar-
coding amplicons (SQK-LSK108). The PCR conditions consisted of
an initial denaturation step at 98 °C for 30 s, followed by 15 cycles at
98 °C for 15 5, 15 s at 62 °C for annealing, 45 s at 72 °C for extension,
and a final extension step at 72 °C for 7 min. AMPure XP beads at
0.5X concentration were again used to discard short fragments as
recommended by the manufacturer. Finally, an equimolar pool of
amplicons was prepared for the subsequent library construction.
Library construction and sequencing was performed as recently
described by Hardegen et al. [39].

Three MinlON™ runs of 4 h each were carried out to sequence
all barcoded samples, using the same flow cell for all of them (R9.4,
FLO-MIN106). Recommended ONT™ protocols were followed for
priming, loading and washing of the flow cell. The sequencing
process was controlled using the MinKNOW™ software (version
1.13.1; standard sequencing protocol).

2.4.4. Bioinformatic and metagenomic analysis

Reads were basecalled in real time using the MinKNOW™
software (version 1.13.1), and sequencing statistics were followed in
real time using the EPI2ME debarcoding workflow. Porechop
(https://github.com/rrwick/Porechop) was applied for demulti-
plexing the barcodes and removing the adaptors. The resulting
sequences were analysed using the QIIME software. In QIIME, reads
were aligned, and then identified through BLAST searches against
the latest version (132) of the SILVA database [40].

The taxonomic results were further analysed with R using the
phyloseq package (version 1.22.3) [41]. As recommended by the
authors of the phyloseq package, taxa which were not detected
more than 3 times in at least 20% of the samples were removed, and
abundances were standardized to the median sequencing depth in
order to correct different library sizes. A Principal Coordinates
Analysis (PCoA) was carried out based on Bray-Curtis distances of
the different microbial samples. Additionally, a comparative anal-
ysis of the microbial profiles observed at day 7 was carried out
using DESeq2 package [42].

3. Results and discussion

3.1. Determination of the optimal input concentration for chicken
manure

Preliminary acidification experiments with different nitrogen
concentrations were performed in batch configuration to assess the
undesired production of methane (Fig. 2). Usually, during acidifi-
cation, no methane is produced due to high loading rates. High
loading rates often result in low pH-values, which inhibits methane
formation. However, high concentrations of ammonia can buffer
the pH in a range where methanogenesis can occur. Because of this,
all batch acidifications produced small amounts of methane, which
is in concordance with a recent work by Abendroth et al. [29].
However, when exceeding a total nitrogen input of 6.3 gL~!, high
concentrations of solubilized COD were achieved and the methane
formation was strongly inhibited (Fig. 2), even though the pH
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Fig. 2. Chemical characterization of the high-strength liquor produced: Total volatile fatty acids (TVFA), as well as solubilised chemical oxygen demand (COD) and NH,4 are given in g
L. Methane formation is given in ml CH, per g of input COD. Different input concentrations of substrate with a wide diversity of total nitrogen contents (Kjeldahl) are shown.

remained above 6.0 in all cases (data not shown). The inhibition of
methanogens might be explained by a high concentration of solu-
bilized substances such as ammonia or TVFA (Fig. 2).

To reach nitrogen input concentrations of 6.3—9.5 g L™, an input
of fresh substrate higher than 0.5 kg L~! was necessary. Since that
feeding rate did not allow a proper homogenization in the applied
batch configuration, further experiments were performed in a
leach-bed configuration, which ensured a very low total solids (TS)
content of 3.2%+1.4% in the generated high-strength liquor
(leachate) (Fig. 3a).

3.2. N-removal during acidification

Applying a leach-bed configuration for further acidification ex-
periments, NHs-stripping and MAP-precipitation were compared
to a control reaction, which was acidified without any nitrogen
removal. Usually, nitrogen was removed at day 3, in order to ensure
that a significant fraction of nitrogen was converted into ammonia.
Additionally, a fourth experiment was performed, where the MAP-
precipitation was repeated three times (3x MAP-P). The resulting
high-strength liquors were chemically characterized, and the re-
sults are shown in Fig. 3.

After 7 days of acidification, the treated liquors always showed
lower nitrogen concentrations than the untreated control. The
highest nitrogen removal was achieved with the triple MAP-
precipitation, where the total nitrogen (Kjeldahl) concentration
was about 29% lower compared to the control. The concentration of
NH4—N was even reduced by 38% (Fig. 3b). To enable the compar-
ison of the different removal procedures, the treated process liquids
were directly analysed directly before and after treatment (data not
shown). Since it is only possible to separate nitrogen in the form of
NH4—N from liquid by the applied procedures, particular attention
was paid on the NH4—N removal efficiency. We found NH4—N
removal efficiencies of approximately 55% for NHs-stripping (initial
NH4—N concentration 2349.6 + 243.0 mg kg~ !, ammonia removal
13131 +401.4mgkg™") and 53% for single MAP precipitation
(initial NH4—N concentration 2078.0 +974mgkg !, NH4—N-
removal 1088.9 +21.1 mgkeg™!) if applied to the process liquor
during acidification (results not shown). The three treatments
conducted in 3x MAP-precipitation experiment showed efficiencies

of 42% (treatment after 1 day of acidification, initial NH4—N con-
centration 1661.5 + 2411 mgkg ™}, NH4—N-removal
682.9 + 129.9 mg kg~ 1), 45% (treatment after 2 days of acidification,
initial NH4—N concentration 1789.0+82.0mgkg !, NHz—N-
removal 806.9 +3.0mgkg ') and 35% (treatment after 4 days of
acidification, initial NH4—N concentration 1888.0 +26.9 mg kg’l,
NH4—N-removal 658.0 +343.6 mgkg™'), respectively. Therefore,
the efficiency of nitrogen removal was clearly influenced by the
initial NH4—N concentration of the treated process liquor. In gen-
eral, (as expected for the third treatment in the 3x MAP-
precipitation, where the duplicates showed high differences) a
higher initial NH4—N concentration of the treated process liquor
caused higher removal efficiencies. The high fluctuation of the
process liquid in spite of identical operation of the leach-bed sys-
tem at all experiments and the use of the same raw materials might
be attributed to natural variations in microbiology and chemical
composition of the raw material. This is typical if complex natural
materials are used. The fluctuation in chemical composition of the
used raw material is shown in Table 1. Nevertheless, the amount of
removed NH4—N was in a comparable range for the different
applied techniques. In spite of showing the lowest efficiencies, the
triple application of MAP precipitation in the 3x MAP-precipitation
experiment lead to the lowest concentration of nitrogen and
NH4—N in process liquor in the end of the 7 days of acidification. A
continuous release of NHs—N during acidification was observed.
This effect caused the difference between the values of NH4—N
concentrations of the process liquid directly after treatment and in
the end of the acidification. To give here another example: During
the NHs-stripping, the NH4—N concentration of the process liquor
was approximately 1037 mgkg~! directly after treatment, but
1964 mg kg~ ! upon finishing the acidification at day 7.

For enhanced comparability of the determined N-removal effi-
ciencies during the conducted experiment with complex and nat-
ural raw materials, additionally, single experiments with artificial
mixtures consisting only of deionized water and ammonia car-
bonate were conducted. In these experiments, ammonia removal
rates of up to 76.4% and 96.2% were achieved for NH3-stripping and
MAP-precipitation (results not shown). With both techniques, a
maximum amount of approximately 1.8 g NH4—N could be sepa-
rated from the treated artificial liquor. N removal capacities of
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Fig. 3. Characterization of the high-strength liquor produced with the different treatments: total solids (TS), chemical oxygen demand (COD) and conductivity (¢) measurements
are shown (a), as well as the total nitrogen content (N-Kjeld.) and nitrogen content corresponding to ammonia (b); to facilitate the comparison of trace elements and heavy metals,
their amount is normalized to a value between 0 and 1 (with 1 representing the highest observed abundance for each element). Only the elements showing a decrease after
repeated ammonia precipitation (3x MAP) are shown (c); biogas and methane production (d), and the ratio of organic acids are shown in relative units (%), and the total amount of

volatile fatty acids (TVFAs) produced is shown in the centre of each pie diagram (e).

approximately 90% have been reported if applying NHs-stripping
and MAP-precipitation for treatment of digestate or wastewater,
however, these techniques are quite demanding [43—45]. The ef-
ficiency of NHs-stripping is influenced by pH, temperature, air flow,
treatment duration and concentration of VFAs [43,44]. For MAP-
precipitation, important influencing factors are suspended solids,
dissolved solids, ionic strength, pH and concentrations of calcium
and magnesium [45]. In the current study, the practical imple-
mentation of the applied techniques “NHs-stripping” and “MAP-
precipitation” represents an appropriate compromise between ef-
ficiency and cost.

It has to be stressed that the content of trace elements of the
resulting process liquor was also affected, especially in the case of
the triple MAP-precipitation (Fig. 3¢). The biogas produced strongly

varied between duplicates, this observation can also be attributed
to the natural fluctuations of the used raw materials as described
above. Particularly low biogas productions were detected when
three MAP precipitations were performed (Fig. 3d).

Taken together, our results indicate that MAP-precipitation is an
effective treatment to prevent methane production during acido-
genesis. This could be a consequence of the reduced amount of
trace elements during this treatment, which are probably co-
precipitated with ammonia (Fig. 3c). During MAP-precipitation,
the addition of salt for ammonia precipitation resulted in a high
conductivity too (25.4 and 34.2mScm™! in the simple treatment,
and 53.3 and 531 mScm™! in the triple treatment), which could
also explain the reduced methane production, since conductivity
values higher than 35 mS cm~! have been previously been reported
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to inhibit methanogenesis [46]. The conductivity during the other
treatment remained below 35 mS cm™1).

The content of TVFAs increased between 13 and 19% when N-
removal methods were applied. High ammonia concentrations can
inhibit hydrolysis and acidification, and thus the formation of VFAs.
Methanogenesis is more susceptible to high ammonia concentra-
tions, but hydrolysis and acidification have also been found to be
negatively affected by high ammonia concentrations. Excess
ammonia nitrogen may inhibit bacterial growth due to its influence
on intracellular pH, and the inhibition of enzyme activities [47]. For
example, Niu et al. [48] noticed a 50% inhibition of hydrolysis and
acidogenesis at TAN concentrations of 5305 and 5707 mg/L,
respectively, when digesting chicken manure under thermophilic
conditions. However, values for inhibition levels exhibit a large
variation in the scientific literature, and tolerable ammonia con-
centrations also depend on operating conditions such as the pH and
temperature, and acclimatization of the microorganisms [47]. In
the present study, ammonia removal during the acidification pro-
cess correlated with enhanced acidification at high nitrogen input
concentrations. TVFA concentrations were similar in all three ap-
proaches for N-removal (averaged 10.73 + 0.28 gTVFAs L~1), but the
ratio between different kinds of VFAs differed (Fig. 3e). While in the
untreated process liquid the share of acetic acid amounted 59% of
TVFAs, the process liquid treated with MAP precipitation and NHs3-
stripping showed values of approximately 65% and 74%, respec-
tively. The removal of nitrogen obviously enhanced the formation
of acetic acid, which is convenient for a subsequent use of the
process liquor in methanisation. The lower share of acetic acid in
experiments with MAP-precipitation in comparison to NHs-
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stripping might be linked to a reduced amount of trace elements
and the increase in conductivity leading to an inhibition of micro-
bial activity.

3.3. Analysing microbial quantities

The absolute abundance of bacteria and archaea was analysed
on the last day of each leach-bed experiment by means of qPCR
(Fig. 4a and b). The number of bacteria and archaea found in the
control is in concordance with other studies [34,37]. However, all
experiments, except the control, showed a strong decrease in the
number of archaea. This indicates that the harsh N-removal method
might contribute to prevent contamination with methanogenic
microorganisms. This result is in concordance with a previous
report on the acidification of chicken manure [29].

In the case of the triple treatment with MAP-precipitation, qPCR
results show that the bacterial community was strongly affected
too. Surprisingly, this reduction in the bacterial cell number did not
result in an apparent reduction of TVFAs production. However, it
has to be noted that TVFAs content reached values of 8.9 and
8.6gL ! at day 3 (data not shown), indicating that most of the
TVFAs were produced before the second MAP-precipitation was
conducted.

3.4. Characterization of taxonomic profiles

Besides qPCR, high-throughput sequencing of the 16S-rRNA
gene was performed with a MinION (Oxford Nanopore) sequencer.
This is the first study in which this device is used to analyse the
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Fig. 5. Microbial taxa that are different within taxonomic profiles associated to nitrogen removal: taxonomic profiles (family level) corresponding to the last day of the triple MAP
precipitation (a), single MAP precipitation (b) and NH3-stripping (c) experiments were compared to the control. Only statistically-significant results (p <0.05) are shown.

bacterial fraction of anaerobic digestion experiments. This tech-
nology was recently applied for the first time to the archaeal pop-
ulation of anaerobic digestion experiments [39], where MinlON
sequencing resulted in extra-long amplicon sequences, which were
covering the entire 16S-rRNA gene. Due to this advantage, a large
fraction of bacterial sequences could be assigned to the genus level.
In this study, the most abundant genera detected by sequencing are
shown in Fig. 4c. Control experiments as well as NH3-stripping and
MAP-precipitation experiments showed similar microbial profile
patterns. However, triple MAP-precipitation resulted in a different
pattern. To further investigate the influence of nitrogen removal on
the underlying biocenosis, a statistical comparison was performed
using the microbial profiles corresponding to the last day of each
experiment (Fig. 5). The microbial communities were only slightly
affected by NH3-stripping, with a significant reduction in the
abundance of only one family (Fig. 5¢). The communities proved
much more affected by MAP-precipitation, which resulted in a
significant change in eight different families (Fig. 5b). In concor-
dance with qPCR results, the most aggressive treatment in terms of
bacterial community modification was the triple MAP-
precipitation. This denitrification process affected eighteen

different families (Fig. 5a). A multivariate analysis performed with
the microbial profiles also confirmed that the triple MAP precipi-
tation treatment had the highest impact on the microbiome
(Fig. S1).” The families Marinilabiliaceae, Bacteroidales UCG-001,
M2PB4-65 termite group and Idiomarinaceae seem to be particu-
larly altered by this denitrification process, as they were altered in
both, single and triple MAP-precipitation. Therefore, further studies
are recommended to prove the suitability of these families as mi-
crobial markers for process disturbance due to nitrogen removal.

4. Conclusions

The presented work shows, for the first time, the suitability of
using NHs-stripping or MAP-precipitation during an acidification
treatment of chicken manure in a leach-bed configuration.

In general, all of the investigated procedures showed compa-
rable efficiencies for removal of nitrogen. A triple MAP-
precipitation treatment proved the best method; allowing the
removal of almost one third of the total nitrogen during acidifica-
tion, and, due to low TS concentrations, resulted in a high-strength
liquor that might be suitable for methanisation in an anaerobic
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filter, provided that the liquor is supplemented with trace elements
(e.g. cobalt or nickel), which are important for subsequent metha-
nisation. The removal of nitrogen lead to an up to 19% increase of
production of VFA, however, highest production of acetic acid (8 g
per L process liquid) favourable for methanisation was observed at
NHs-stripping.

Based on the promising results, further investigations aiming at
the methanisation of a high-strength liquor generated by means of
the described techniques are needed.
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work, 16S rRNA gene amplicon Nanopore sequencing and shotgun metagenomic sequencing were used
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© 2019 Elsevier GmbH. All rights reserved.

Introduction

Anaerobic digestion (AD) of organic matter is a robust tech-
nology for biogas synthesis from different types of waste [6], and
numerous studies have been conducted to optimise the synthesis of
biogas and evaluate potential substrates [28]. Anaerobic digesters
can be fed with a wide range of substrates, such as grass biomass
[2,3], sewage sludge from water treatment [24], microalgal biomass
[18], and food waste [70], among others. The main goal of AD is
the production of methane, a renewable energy source that can
be used for heating and electricity, as well as many other oper-
ations that use combustion engines [39]. Biogas is a mixture of
methane (CHy; 55-70% of the total volume), carbon dioxide (CO,;
30-40%) and traces of other gases, such as hydrogen sulphide (H,S)
[14,54]. Whereas methane is a flammable gas over a relatively large
range of concentrations in air at standard pressure (5.4-17%), car-
bon dioxide is an inert gas. Therefore, increasing the CH4:CO, ratio

* Corresponding author.
E-mail address: jpascual@darwinbioprospecting.com (J. Pascual).
1 Equal contributions.

https://doi.org/10.1016/j.syapm.2019.126024
0723-2020/© 2019 Elsevier GmbH. All rights reserved.

is one of the keystones for the production of high-quality biogas.
The CH,4:CO, ratio can vary depending on the digester type, the sub-
strate composition, and other factors such as temperature, pH, the
degradation rate and substrate concentration [21]. An appropriate
design for an anaerobic digester is thus central for the production
of optimized biogas.

The microbial communities operating in the digester are the
final key players responsible for the quality of the biogas produced.
The role of different microorganisms in the four metabolic steps
carried out during the AD of organic matter (hydrolysis, acidoge-
nesis, acetogenesis, and methanogenesis) has been widely studied
[74]. A diverse number of Bacteria are known to be involved in the
hydrolysis and further acidogenesis of complex polymers, whereas
the oxidation of intermediate metabolites to acetate (acetogenesis)
is performed by either hydrogen- or formate-producing acetogens
[61]. Lastly, methane synthesis is mainly derived from acetate
and H,/CO, by acetoclastic and hydrogenoclastic methanogenic
Archaea. Therefore, an improved understanding of the microbial
communities and their metabolic roles during the four stages of AD
may also help to optimize biogas production in terms of quantity
(yield) and quality (CH4:CO, ratio of the gas produced).



176

2 C. Abendroth et al. / Systematic and Applied Microbiology 43 (2020) 126024

Over the past few years, next-generation sequencing tech-
niques, such as 16S rRNA gene amplicon sequencing and shotgun
metagenomic sequencing, have been applied to study the struc-
ture and composition of microbial communities in different types of
anaerobic digesters [1,2,3,23,24,43,62]. These studies have shown
that each particular community is influenced by parameters such
as the type of feedstock [62], temperature [5,11,19], retention time
[19], salt content [17,6], viscosity [24], pH [75], or the loading rate
[11,24]. Although the influence of many physicochemical param-
eters on microbial communities has been studied in anaerobic
digesters, very little is known about the influence of light on the
process [53,59,66], mainly because of the obvious fact that conven-
tional AD systems operate in complete darkness. Interestingly, a
previous study reported an increase of the relative concentration
of methane when an anaerobic digester was operated under the
influence of light [63]. However, the effect of light on the entire
microbiome of anaerobic digesters has yet to be addressed.

Therefore, the aim of the present work was to analyse the effect
of natural sunlight on the microbial community of a laboratory-
scale anaerobic co-digester, in order to explore the possibility of
inducing light-sensitive pathways, which might improve biogas
quality due to carbon fixation. In order to reach this goal, full-length
16S rRNA gene amplicon Nanopore sequencing, shotgun metage-
nomic sequencing and a complete bioinformatics analysis were
used to unveil the structure and composition of the microbial com-
munity growing as a red-coloured biofilm over the transparent wall
of a specifically designed transparent leach-bed bioreactor.

Materials and methods
Substrate and seed sludge

Untreated grass biomass (Graminidae) from a pasture in Jena
(Germany) was used as feedstock. Collected grass biomass was
characterised by a total solids content (TS) of 30.4%, with 84.2%
of the TS being volatile solids (VS). TS and VS were determined
as described in Abendroth et al. [2]. One gram of fresh biomass
showed a chemical oxygen demand (COD) of 260 mg O,. Sewage
sludge from an anaerobic digester of the water treatment plant in
Jena (Germany) was used as seed sludge.

Digestion conditions

The experiment was carried out in an open hall during the sum-
mer of 2017. A transparent two-stage Plexiglas® leach system was
built, and used to perform acidification of grass biomass in a leach-
bed configuration and methanisation using an anaerobic filter, as
described in Abendroth et al. [2] (Figs. S1 and S11). The anaerobic
digester was placed in a sun-exposed construction hall, where it
received indirect natural sunlight (ca. 10 h daylight). The acidifica-
tion stage and the methane stage each had a working volume of 20 L
(Fig. S1) and both stages were treated at a mesophilic temperature
(37°C). Grass biomass was retained in a strainer during acidifica-
tion, and the methane stage was filled with 1.58 kg of bed packing
(Hel-X, Christian Stéhr, Germany). Both stages were filled with
sewage sludge at the beginning of the experiment: 8 L for the acid-
ification stage and 11.75L for the methane stage. For every batch
cycle of acidification, 96.2 gL~ of fresh grass biomass were used.
During acidification, the pH was kept at 6.0 using a pH-regulation
system (BL 7916, Hanna Instruments, Germany). After each cycle of
acidification, the collected liquor was stored at 4 °C. Each methane
stage received a daily amount of the high strength liquor pro-
duced, which corresponded to approximately 100 g COD (8.5 g COD
L~1). Gas production was quantified with a customized gas counter
and collected in gasbags (Tecobag, Tesseraux, Germany) for further
analysis.

Sample collection and metagenomic DNA isolation

After three weeks of the start-up phase, a red biofilm appeared,
and a 250 p.L biofilm sample was collected by scratching the inner
bioreactor wall that was further mixed in a reaction tube (Fig. S1).
In order to reduce the quantity of inhibiting substances, the biofilm
sample was centrifuged (10 min at 20,000 g) and then washed sev-
eral times with sterile phosphate-buffered saline (PBS; pH 7.2)
until a clear supernatant was observed. Subsequently, metage-
nomic DNA was isolated using the Power Soil DNA Isolation kit
(MoBio Laboratories, Carlsbad, CA, USA) following the manufac-
turer’s instructions. DNA concentration, quality and integrity were
assessed with a Nanodrop-1000 spectrophotometer (Thermo Sci-
entific, Wilmington, DE, USA) and on a 0.8% (w/v) agarose gel,
respectively.

Full-length 16S rRNA gene amplicon Nanopore sequencing

The bacterial full-length 16S rRNA gene was amplified
with PCR using the primer pair S-D-Bact-0008-a-S-16 (5'-
AGRGTTYGATYMTGGCTCAG-3’) and S-D-Bact-1492-a-A-16 (5'-
TACCTTGTTAYGACTT-3') [35]. The following reagents and concen-
trations were used for the first PCR reaction: 200 wM dNTPs, 200 nM
of each primer, 1 U of VWR Taq DNA Polymerase (VWR®, WR
International bvba/sprl, Belgium), 1 x PCR buffer supplemented
with MgCl, (1.5mM), and 10ng of DNA template (final volume:
50 pL). PCR started with an initial denaturation step at 94 °C for
1 min, followed by 35 cycles of amplification (denaturing, 1 min
at 95 °C; annealing, 1 min at 49 °C; extension, 2 min at 72 °C), and
a final extension at 72°C for 10 min. A negative control without
DNA template was included. Agencourt AMPure XP beads (Beck-
man Coulter, Brea, CA, USA) at 0.5 X concentration were used to
remove primer-dimers and non-specific amplicons. DNA concen-
tration was measured using the Qubit dsDNA HS Assay kit (Qubit
2.0 Fluorometer, Thermofisher, Waltham, USA). Then, the Ligation
Sequencing Kit 1D (SQK-LSK108) was used to prepare the amplicon
library to load into the MinION. The flow cell (R9.4, FLO-MIN106)
was primed and then loaded as indicated in the ONT protocols.

Reads were basecalled in real time using the MinKNOW™
software (version 1.13.1, standard sequencing protocol), and
sequencing statistics were followed in real time using the
EPI2ME debarcoding workflow. Porechop (https://github.com/
rrwick/Porechop) was applied for removing the adaptors. By
default, MinKNOW™ software removes reads with quality val-
ues lower than 7 in the PHRED score and, thus, reads shorter
than 1000 nt were discarded for subsequent analyses. The result-
ing sequences were analysed using the QIIME [37]. Briefly, reads
were taxonomically classified through BLAST searches against the
latest version of the GreenGenes database v 13.8 [15]. Rarefaction
curves of the full-length 16S rRNA reads, including and excluding
singletons, were obtained using the iNEXT (v. 2.0.17) R package.
The full-length 16S rRNA gene amplicon Nanopore sequencing data
is available through NCBI's Sequence Read Archive (SRA) database
under the accession number SRR8529815.

Shotgun metagenomic sequencing

The biofilm sample was also subjected to shotgun metagenomic
sequencing. Briefly, the Nextera XT Prep Kit protocol was followed
for library preparation and then the Illumina MiSeq platform was
used for sequencing. The parameters were adjusted to obtain pair-
end sequences of 150 bp and a sequencing depth of 10 million
reads. Adapters were trimmed, and quality filtering was applied
with BBDuk (included in the BBTools package; Bushnell B., https://
sourceforge.net/projects/bbtools/ updated January 2, 2018). Reads
shorter than 50 bp and/or with a mean quality lower than Q20 (in
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the PHRED scale) were discarded. The quality parameters of the
sequences were checked with FastQC (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc, version 0.11.7).

The quality-checked reads were taxonomically classified via
Centrifuge v. 1.0.3 [33] against a compressed database containing
reference sequences from Bacteria and Archaea (updated April 15,
2018; available at https://ccb.jhu.edu/software/centrifuge/).

The shotgun sequences were assembled into contigs and scaf-
folds with the metaSPAdes pipeline included in SPAdes v. 3.12.0
[48]. The statistics and attributes of the assembly were explored
with QUAST v. 4.6.3. Selected scaffolds were grouped into bins
with MaxBin2 v. 2.2.4 [69] in order to reconstruct metagenome-
assembled genomes (MAGs). CheckM v1.0.11 [50] was used for
assessing the quality and completeness of each MAG. Only high-
quality MAGs, with completeness values greater than 50% and
contamination values lower than 10%, were considered for further
analyses.

The taxonomic affiliation of each MAG was assessed with the
Similar Genome Finder Service tool of the Pathosystems Resource
Integration Center (PATRIC) [67]. This tool matches each MAG
against a set of representative and reference genomes available in
PATRIC [67] by using Mash/MinHash distances [49]. Subsequently,
a phylogenomic tree was inferred for each MAG in order to deter-
mine their specific evolutionary history. The UBCG v. 3.0 pipeline
(up-to-date bacterial core gene set [46]) was used to construct max-
imum likelihood trees based on a multiple alignment of a set of
90-92 universal and single copy gene sequences (Supplementary
Table S8). Despite the fact that the UBCG pipeline is optimized for
bacterial genomes, it was also used for archaeal MAGs but using
23 universal and single copy genes. In order to investigate if each
MAG belonged to a known species, pairwise average nucleotide
identity values (ANIb) [20] were calculated between each MAG and
its closest type strain, by using the JSpeciesWS online tool [56].
Additionally, digital DNA-DNA hybridization (DDH) pairwise values
were also obtained using the Genome-to-Genome Distance Calcu-
lator 2.1 (GGDC) tool [44]. Formula 2 was used for calculating the
digital DDH values, as recommended for incompletely sequenced
genomes [44].

Functional analysis of the microbial community

The assembled metagenomic sequences, as well as the high-
quality MAGs, were annotated using the RAST toolkit (RASTtk) [8]
implemented in the Genome Annotation Service in PATRIC [67]. The
carbohydrate-active enzymes (CAZyme) of each MAG were deter-
mined by identifying genes containing CAZyme domains using the
dbCAN2 meta server [72]. CAZyme domains were predicted by
HMMER (E-Value < 1e-15, coverage > 0.35). The metabolic path-
way reconstruction for each MAG was carried out by comparing the
protein-coding genes against the Kyoto Encyclopedia of Genes and
Genomes (KEGG) [29] and MetaCyc metabolic pathways [9]. The
high-quality MAGs are publicly available at NCBI under the follow-
ing genome accession numbers: SHOFO0000000, SHOG0O0000000,
SHOHO00000000, SHOI00000000, SHOJ00000000, SHOK00000000,
SHOL00000000 and SHOMO00000000.

Results and discussion
Taxonomic diversity of the microbial community

After three weeks operating the anaerobic digester, a bright
red-pigmented microbial biofilm appeared on the inner wall of
the bioreactor (Supplementary Fig. S1). Since the microbiome of
the main content of biodigesters has already been extensively
studied [1,2,3,23,43,62], we focused on the characterisation of the

microbiome of the red-pigmented biofilm that developed on the
transparent wall of the bioreactor.

The taxonomic composition of the biofilm microbial community
was studied via full-length 16S rRNA amplicon Nanopore sequenc-
ing. After quality filtering the raw reads, a total of 11,163 16S rRNA
sequences were retrieved and taxonomically classified. The median
sequence length was 1445 + 120 nt and the mean read quality was
9.8. Similarly to Ma et al. [41], any attempt to cluster the reads into
operational taxonomic units (OTUs) using the closed-reference OTU
picking method available in QIIME failed (i.e. each sequence was
classified as an independent OTU). For this reason, the taxonomy of
each read was individually assigned and the results were then col-
lapsed into different taxonomic levels (species, genera, and higher
taxonomic ranks). The number of reads obtained was sufficient to
analyse the vast majority of the microbial species (Supplementary
Fig. S2A), thus enabling a comprehensive characterization of the
microbial community. The saturation of the species richness was
more evident when the singletons (taxa supported by only one
sequence) were excluded from the dataset (Supplementary Fig.
S2B).

The bacterial community was dominated by members of the
phyla Firmicutes, Bacteroidetes and Proteobacteria, followed by Chlo-
roflexi, Spirochaetes and the candidate phylum WS6 (Fig. 1A).
Additionally, members of 43 phyla or candidate divisions were
also identified (Supplementary Table S1). This profile was simi-
lar to that found by other authors in dark AD [1,2,3,23,43,62]. At
the family level, Gracilibacteraceae, Lachnospiraceae and Tissierel-
laceae were the dominant Firmicutes, while Porphyromonadaceae
and Bradyrhizobiaceae were the most abundant Bacteroidetes and
Alphaproteobacteria, respectively (Fig. 1A; Supplementary Table
S1). Additionally, 36 reads were classified as Archaea. However,
since the primer pair used to amplify the 16S rRNA was optimized
for Bacteria [35], all archaeal reads were excluded from the analysis.

Although the full-length sequence of the 16S rRNA gene was
sequenced, a high number of phylotypes could only be classified
to the family level (Supplementary Table S1). The high diversity
of phylotypes recovered from the biofilm sample (723 phylotypes,
Supplementary Table S1), might be a consequence of the high error
rate of the Nanopore sequencing technology. In fact, 46.6% of micro-
bial phylotypes were singletons and nine phyla were represented
by asingle read (Supplementary Table S1). Nevertheless, a study has
recently demonstrated that the MinION technology has the abil-
ity to provide rRNA operon sequence data of sufficient quality for
characterizing the microbiota of complex environmental samples
and provides results that are reproducible, quantitative and consis-
tent [32]. Another explanation why a high number of phylotypes
were identified in the biofilm is that the seed sludge and the feed-
stock used were carrying a highly diverse microbial load [34], albeit
that these communities might not have been metabolically active
in the sampled biomass. An indication of the presence of inactive
microorganisms in the community is the occurrence of obligate aer-
obic bacteria, such as Arthrobacter or Devosia (Supplementary Table
S1). Further studies based on metagenomic RNA would be neces-
sary to distinguish between the phylotypes that are keyplayers in
the biofilm and those that are merely transported by the influent
as inactive microorganisms.

Inorder to complement the taxonomic information of the micro-
bial community of the red-coloured biofilm, shotgun metagenomic
sequencing was also performed. A total of 8,903,087 high-quality
pair-end reads with a median size of 150 nt were sequenced. The
taxonomic classification of all the metagenomic reads is shown
in Fig. 1B. Only 38.2% of metagenomic reads mapped against
the genomic database, corroborating the taxonomic novelty of
the microorganisms that formed the biofilm. Most of the reads
were mapped against genomes of Bradyrhizobiaceae, specifically
Rhodopseudomonas palutris (26.6% of total reads), followed by the
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Fig. 1. (A) Taxonomic classification of the almost full-length 16S rRNA gene sequences sequenced with Nanopore technology. Reads were blasted against the GreenGenes
database (v 13.8). The families with a relative abundance higher than 0.5% are shown. (B) Taxonomic classification of the shotgun metagenomic [llumina reads. Reads were
mapped against a database containing reference sequences from Bacteria and Archaea. Only the 12 most abundant families are shown.

Porphyromonadaceae species Fermentimonas caenicola (22.9%) and
the archaeal species Methanosarcina mazei (4.7%). Interestingly,
and in sharp contrast with what has been described for regular
(dark) anaerobic digesters [23], the illumination of the bioreactor
triggered an enrichment of Rhodopseudomonas (Fig. 1B). Similarly,
other authors have reported enrichment of Rhodopseudomonas fae-
calis in an illuminated anaerobic digester fed with swine sewage
wastewater [68]. In contrast to the 16S rRNA sequencing results, the
family Gracilibacteraceae was not abundant in the shotgun metage-
nomic data (Fig. 1B). This type of taxonomic discrepancy between
both sequencing approaches has previously been discussed by
other authors [64].

Functional profile of the community and definition of microbial
keyplayers

A total of 6183 contigs comprised of 38,667,755 nt were assem-
bled from the shotgun metagenomic sequencing. 40,136 coding
sequences (CDS) were identified after the functional annotation
of contigs with RASTtk, and 54.9% of CDS were identified as pro-
teins with functional assignments, while the remaining CDS were
annotated as hypothetical proteins. Furthermore, 556 tRNA, 53
rRNA, 583 CRISPR-repeats, 556 CRISPR-spacers and 27 CRISPR-
array sequences were also reported. 38.05% of the CDS were
assigned to functional subsystems (Fig. 2; Supplementary Table S2).
The great majority of the CDS (36.8%) were involved in cellular
metabolism, including genes engaged in the turnover of nutri-
ents (Supplementary Table S2). Genes related to protein processing
accounted for 17.3%, while those for energy and DNA processing
accounted for 12.4% and 6.5%, respectively (Fig. 2).

To date, many microbial ecology studies in anaerobic digesters
have been based on 16S rRNA OTUs. However, due to the great
metabolic diversity of certain taxa, as well as the impossibility to
classify some OTUs at lower taxonomic levels, it is difficult to pre-
dict the accurate functional roles that each microorganism plays
during AD [34]. Therefore, in order to shed light on the key microor-
ganisms and their metabolic functions in anaerobic digesters when
operated under the influence of natural sunlight, assembled contigs
were binned as MAGs. Eight out of the 24 MAGs obtained passed
the filter of contamination and completeness (Table 1). The num-
ber of scaffolds of the eight high-quality MAGs ranged from 141
to 985 and the estimated genome size was from 1.2 Mb to 4.0
Mb (Table 1). The G +C content of four MAGs was equal to or less
than 37.0% and none of them showed a value greater than 64.2%
(Table 1). MAG 4 harboured chimeric ribosomal RNA operons and

hence the 16S rRNA gene sequences could not be used for taxo-
nomic purposes, while other MAGs, such as MAG 16, did not include
any ribosomal RNA operon. MAG 1 was identified as a member of
the species Rhodopseudomonas faecalis (Table 2; Supplementary Fig.
S3). MAG 2 was identified as a strain of the Fermentimonas caenicola
species (Supplementary Fig. S4), MAG 10 as Proteiniborus ethano-
ligenes (Supplementary Fig. S8), and MAG 16 as Methanosarcina
mazei (Supplementary Fig. S10). The ANI and digital DDH values
between MAGs 1, 2, 10 and 16 and the type strains of phyloge-
netically close species were higher than the threshold established
to circumscribe prokaryotic species, namely 95% for ANI values
[55] and 70% for digital DDH [44]. Therefore, both genome-related
indices [10] confirmed the adscription of MAGs 1, 2, 10 and 16
to previously known species. Originally, Rhodopseudomonas fae-
calis and Fermentimonas caenicola were isolated from anaerobic
reactors [22,71], and Proteiniborus ethanoligenes from a mesophilic
hydrogen-producing granular sludge [47], whereas Methanosarcina
mazei was isolated from a sewage sludge plant. Consequently,
the results confirmed the prevalence of these taxa in an anaero-
bic environment where fermentation processes took place. Based
on the number of reads obtained from the shotgun metagenomic
sequencing, MAG 1 (Rhodopseudomonas faecalis) and MAG 2 (Fer-
mentimonas caenicola) were the most abundant bacteria in the
red-pigmented biofilm; while MAG 16 (Methanosarcina mazei) was
the only archaeon identified in the community (Fig. 1). Contrarily,
the other four MAGs could not be identified at the species level,
but at the genus level or even at a higher taxonomic rank (Table 2).
MAG 4 could represent a new species of the genus Herbinix (class
Clostridia), since it was closely related to the strain Herbinix lupo-
rum SD1DT (Supplementary Fig. S5), a cellulolytic bacterial strain
isolated from an industrial-scale biogas plant [36]. Two MAGs were
classified as members of the Spirochaetaceae family. Specifically,
MAG 5 was related to Sphaerochaeta globosa Buddy” (Supplemen-
tary Fig. S6), a strain isolated from an anoxic river sediment [57],
while MAG 11 was identified as a new species of the genus Tre-
ponema (Supplementary Fig. S9). Finally, MAG 9 was classified as a
hitherto unknown taxon of the phylum Firmicutes, representing a
new class or order (Table 2; Supplementary Fig. S7).

Affiliation of functional CDS to the four stages of anaerobic
digestion

Hydrolysis of complex polymers
A total of 108 different glycoside hydrolase families
(Carbohydrate-Active enZYmes Database; [40]) were found in
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interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Table 1

Summary statistics of the reconstructed metagenome-assembled genomes (MAGs) analyzed in this study. The completeness and contamination of each MAG were estimated
with CheckM [50] and the coverage with MaxBin2 [70]. CDS, protein coding sequence; G+ C, guanine-cytosine content.

MAG Contigs Genome Coverage Completeness (%) Contamination (%) G+C(%) CDS Proteins with Hypothetical Genome
length (Mb) functional proteins accession
assignments number
1 119 4.0 76.5 98.4 0.17 64.2 3797 2725 1072 SHOF00000000
2 141 2.7 31.8 100 0.55 37.0 2348 1529 819 SHOG00000000
4 319 3.2 17.8 91.2 0.67 37.0 2946 1821 1125 SHOH00000000
5 136 2.2 10.9 92.0 3.45 53.7 2270 1266 1004 SHOI00000000
9 213 1.2 6.8 96.6 4.96 36.3 1191 585 606 SHQOJ00000000
10 352 1.6 6.7 53.5 52 31.6 1792 1027 765 SHOK00000000
11 346 2.7 5.7 734 3.26 53.2 2770 1297 1473 SHOL00000000
16 985 2.8 4.2 81.0 4.63 42.9 3459 2094 1365 SHOMO00000000
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Fig. 3. Heatmap of Carbohydrate-Active Enzyme (CAZyme) families found in each of the eight metagenome-assembled genomes. Both CAZyme families and MAGs are
listed alphabetically. The colour intensity corresponds to the number of protein-coding genes identified in each family. CAZyme family codes: GT, glycosyltransferases; GH,
glycoside hydrolases; CE, carbohydrate esterases; PL, polysaccharide lyases; CBM, carbohydrate binding modules; AA, axillary activities (oxidative enzymes).

the eight high-quality MAGs (Fig. 3; Supplementary Table S3). The
microorganism with a greater repertoire of glycoside hydrolases
was MAG 4 (Herbinix sp.), which contained 104 glycoside hydro-
lases from over 49 families. MAG 2 (Fermentimonas caenicola)
codified for 82 glycoside hydrolases from 41 different families; and
MAG 11 (Treponema sp.) encoded 54 glycoside hydrolases belong-
ing to 36 families. Furthermore, MAGs 4, 2 and 3 harboured the
greatest repertoire of carbohydrate esterases (Fig. 3; Table S3). Rep-
resentatives of glycosyl transferase families GT2_Glycos_transf 2
and GT4 were found in the eight MAGs. Moreover, MAG 4 contained
a high number of GT2_Glycos_transf_2-coding genes, specifically
18 protein-coding genes (Fig. 3; Supplementary Table S3).

The nature of the substrate determines the type of bacteria
involved in the hydrolysis step. Preeti Rao et al. [52], observed
that digesters fed with cow manure supported more amylolytic

microorganisms, whereas digesters fed with poultry waste showed
higher proteolytic populations. In our case, a dominance of cellu-
lolytic, hemicellulolytic and lignolytic bacteria, such as Bacteroides,
Spirochaetes and Clostridium, was observed. This was expected,
since the anaerobic digester used in the present study was fuelled
with untreated grass biomass [51].

Acidogenesis

All the MAGs showed a potential fermentative metabolism
based on a functional analysis of their genomes (Supplementary
Tables S4 and S5). MAG 1 (Rhodopseudomonas faecalis), MAG 4
(Herbinix sp.), MAG 5 (Spirochaetaceae), MAG 9 (Firmicutes), MAG 10
(Proteiniborus ethanoligenes), MAG 11 (Treponema sp.) and MAG 16
(Methanosarcina mazei) were potentially able to carry out alcoholic
fermentation with the NAD*-dependent ethanol dehydrogenase
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(EC 1.1.1.1). In addition, MAG 1 (Rhodopseudomonas faecalis), MAG
2 (Fermentimonas caenicola), MAG 10 (Proteiniborus ethanoligenes)
and MAG 11 (Treponema sp.) were potentially able to conduct the
formation of lactate through different lactate dehydrogenases (EC
1.1.1.27 and EC 1.1.1.28). The possible fermentation of lactate to
acetate plus propionate via methylmalonyl-CoA was detected in
MAG 1 and MAG 2. Similarly, Heyer et al. [26] observed that lactate
fermentation most likely took place in agricultural biogas plants,
since large amounts of lactate are produced during the ensiling
process for conservation and storage of crop material as primary
or co-substrate for the anaerobic digestion process. Contrarily, the
set of enzymes 3-hydroxybutyryl-CoA dehydrogenase, crotonase
3—OH-butyryl-CoA dehydratase and butyryl-CoA dehydrogenase
responsible for the formation of butyryl-CoA from acetoacetyl-CoA
were not detected in any MAG.

Acetogenesis

Acetogenesis pathways, such as acetogenesis by dehydro-
genation or syntrophic acetogenesis, are based on the anaerobic
oxidation of long- and short-chain (volatile) fatty acids. MAGs 2
(Fermentimonas caenicola) and 4 (Herbinix sp.) contained some key
genes involved in the conversion of propionate to acetate (Sup-
plementary Tables S4 and S5). Additionally, MAG 4 and MAG 11
(Treponema sp.) contained the enzymes necessary to perform the
conversion of acetyl-CoA to acetate, namely acetate kinase (EC
2.7.2.1) and phosphate acetyltransferase (EC 2.3.1.8).

Methanogenesis

The quantity of methane produced in the anaerobic digester
illuminated with natural sunlight was approximately 350 mLg~!
of solubilized COD. Interestingly, Methanosarcina (MAG 16) was
the only methanogenic archaeon detected in the red-pigmented
biofilm (Fig. 1B). MAG 16 harboured all the protein-coding genes
in the acetoclastic pathway for methane production, except
tetrahydromethanopterin S-methyltransferase (EC 2.1.1.86) and
methyl-coenzyme M reductase (EC 2.4.8.1). However, although
neither of these two genes were assembled into the genome of
MAG 16, they were found in the whole metagenome and identified
as closely related to Methanosarcina mazei S-6 (NZ_.CP009512.1).
This suggested that they were not included in MAG 16 due to a
bioinformatic artefact, which would therefore support the pres-
ence of the full acetoclastic pathway. In addition, MAG 16 was
the only microorganism harbouring the genes corresponding to
the Wood-Ljungdahl pathway (Supplementary Tables S4 and S6).
The Wood-Ljungdahl pathway coupled to methanogenesis is one
of the most ancient metabolisms for energy generation and carbon
fixation in Archaea [7].

Syntrophic acetate oxidation by anaerobic bacteria is an alterna-
tive pathway for generating methane from the anaerobic oxidation
of acetate. This reaction is characterised as being energetically
extremely unfavourable and the reaction takes place only when
the products are subsequently utilized by the hydrogen-scavenging
methanogens. Despite the fact that Methanosarcina has also been
described as a mixotrophic methanogen [16], the key genes
required for the utilization of H, and CO, for methane produc-
tion were not found in MAG 16 (Supplementary Table S6). Previous
research found that approximately 70% of the methane produced in
the digestion of sewage sludge, which often shows low concentra-
tions of VFAs, comes from the transformation of acetate to methane
by the acetoclastic methanogens [27]. Usually, Methanothrix (for-
merly Methanosaeta) and Methanosarcina co-exist in the anaerobic
digesters and their relative abundances are driven by the acetate
concentration [12]. Methanosarcina has greater rates of acetate
utilization and growth, and greater half-saturation and yield coef-
ficients compared to Methanothrix [12]. Therefore, a possible cause
for the dominance of Methanosarcina mazei over Methanothrix

species in the illuminated anaerobic digester may have been the
high concentration of acetate in the biomass. Methanosarcina is a
very robust methanogen able to adapt to environmental changes
[16], as well as being an efficient methane producer [63]. Indeed, a
previous study assessing the effect of light on methane produc-
tion during AD reported an enrichment of Methanosarcina spp.
coupled with an increase in methane production [63]. This sug-
gests, in concordance with our results, that anaerobic digesters
operated under light conditions may result in an enrichment of
Methanosarcina. Direct interspecies electron transfer (DIET) is a
process that takes place during AD and is of great importance,
since it may significantly accelerate methanogenesis [30,31], and
it can be enhanced by adding electrically conductive particles.
To date, Methanothrix, Methanospirillum and Methanosarcina are
the only genera where DIET has been shown [42,65]. Taking into
account that Methanosarcina is robust, efficient [30,63] and able
to perform DIET, this genus is of high interest for the anaerobic
digester industry. Therefore, it is very promising that anaerobic
digesters operated under light conditions might enrich the genus
Methanosarcina.

Functional novelty and implications

Unlike conventional anaerobic digesters operating in complete
darkness, an enrichment of Rhodopseudomonas faecalis (MAG 1)
took place when the anaerobic digester was illuminated with
natural sunlight. R. faecalis is a common purple non-sulphur
(PNS) bacterium able to use a wide range of metabolic path-
ways [68]. MAG 1 has the entire repertoire of enzymes needed
to synthesize a photosystem II-type photosynthetic reaction cen-
tre (Supplementary Tables S4 and S7). Photosynthetic reaction
centres are complexes composed of several proteins, pigments
and other co-factors that, together, execute the primary energy
conversion reactions of photosynthesis. The pigments produced
by Rhodopseudomonas palustris, closely related to R. faecalis, are
both bacteriochlorophyll(BChl)-a and bacteriopheophytin(BPhe)-
a [45]. Therefore, the red to brownish-red colour of the biofilm
developed in the bioreactor is very likely due to the mas-
sive presence of Rhodopseudomonas faecalis in the biofilm,
although analysis with liquid chromatography-mass spectrom-
etry would be necessary in order to confirm this hypothesis.
MAG 1 is able to carry out CO, fixation via the Calvin-Benson
cycle under anaerobic conditions (Supplementary Table S7). In
this process, CO, and ribulose bisphosphate (5-carbon sugar)
are transformed into 3-phosphoglycerate [73]. Interestingly, no
other microorganisms of the community showed a phototrophic
metabolism or presented the complete Calvin-Benson-Bassham
(CBB) cycle. Only MAG 16 (Methanosarcina mazei) harboured a type
Il ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO)
(Supplementary Tables S4 and S6). Nevertheless, type III RuBisCO
participates in adenosine 5'-monophosphate (AMP) metabolism,
a role that is distinct from that of classical RuBisCOs of the
CBB cycle [58]. MAG 1 (Rhodopseudomonas faecalis) also has
a diazotrophic metabolism, and it is able to fix N, with a
molybdenum-iron nitrogenase (Supplementary Tables S4 and
S7).

The enrichment of R. faecalis linked to the illumination of anaer-
obic digesters reported here could be further developed and used
for the production of optimized biogas with a high CH4:CO, ratio.
In fact, a previous study reported an increase of methane produc-
tion when the anaerobic digester operated under the influence of
light, although a potential increase of Rhodopseudomonas species
was not investigated by the authors [63]. Although the biogas
generated from anaerobic digestion processes is clean, carbon neu-
tral, and environmentally friendly, raw biogas often needs to be
purified prior to its use. To date, several strategies have been
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designed to reduce CO, substantially via chemical absorption [4].
However, this process is expensive. Our findings support the pos-
sibility of biologically generating optimized biogas. Since R. faecalis
has a photoautotrophic metabolism under anaerobic conditions,
it can theoretically increase the CH4:CO, ratio of the produced
biogas through the fixation of CO,. The CH4:CO, ratio could be fur-
ther increased by the action of iron-iron (Fe-only) nitrogenases,
which have been recently reported to reduce CO, simultane-
ously with nitrogen gas and protons to yield CH4, ammonia and
hydrogen gas in a single enzymatic step [73]. Even though no iron-
iron nitrogenases were detected in MAG 1 (R. faecalis) or in the
whole metagenome, other Rhodopseudomonas strains harbouring
these enzymes could be useful for generating optimized biogas
[73].

Since the enrichment of R. faecalis in anaerobic digesters is
expected to be dependent on the amount of light that can pass
through the wall of the reactor, as well as on the surface:volume
ratio of the reactor, the specific design of illuminated anaero-
bic digesters is a critical and yet complex issue. Until recently,
Rhodopseudomonas was of particular interest in terms of hydrogen
production [13,25]. However, the recent discovery that R. faecalis
can produce methane while fixing CO, [ 73], indicates that the genus
Rhodopseudomonas might be useful for anaerobic digestion pro-
cesses as well. Moreover, the fact that R. palustris [38] and R. faecalis
[71] were originally isolated from anaerobic digesters and the fact
that this genus appears to be suited for mixed culture approaches
[60], indicates a high probability for the reproduction of similar
biofilms, such as the one described in the present study. The results
of the current study pave the way for future research aimed at
optimising the development of R. faecalis light-dependent biofilms
in order to optimize methane-rich biogas production in full-scale
reactors.

Conclusions and further considerations

In the present work, a complete study was carried out of a
biofilm developing on the transparent wall of a lab-scale anaer-
obic digester operated under sunlight conditions. The microbial
community harboured members involved in the four metabolic
stages needed for the anaerobic digestion of organic matter,
namely breakdown of polymers into monomers, acidification, ace-
togenesis and methanogenesis. Methanosarcina was the dominant
methanogen in the anaerobic digester. The key difference with
regard to conventional bioreactors that operate in darkness was
a very significant enrichment of R. faecalis, a purple non-sulphur
bacterium with photoautotrophic metabolism under anaerobic
conditions. The ability of this bacterium to assimilate carbon diox-
ide through the CBB cycle, and its compatibility with the biogas
process, as well as with the rest of the microbiome, opens up the
striking possibility of producing optimized biogas from biomass
through specifically designed, illuminated reactors.
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Anaerobic digestion is a technology known for its potential in terms of methane
production. During the digestion process, multiple metabolites of high value are
synthesized. However, recent works have demonstrated the high robustness and
resilience of the involved microbiomes; these attributes make it difficult to manipulate
them in such a way that a specific metabolite is predominantly produced. Therefore,
an exact understanding of the manipulability of anaerobic microbiomes may open up a
treasure box for bio-based industries. In the present work, the effect of nalidixic acid,
y-aminobutyric acid (GABA), and sodium phosphate on the microbiome of digested
sewage sludge from a water treatment plant fed with glucose was investigated. Despite
of the induced process perturbations, high stability was observed at the phylum
level. However, strong variations were observed at the genus level, especially for
the genera Trichococcus, Candidatus Caldatribacterium, and Phascolarctobacterium.
Ecological interactions were analyzed based on the Lotka—\Volterra model for
Trichococcus, Rikenellaceae DMER64, Sedimentibacter, Candidatus Cloacimonas,
Smithella, Cloacimonadaceae W5 and Longilinea. These genera dynamically shifted
among positive, negative or no correlation, depending on the applied stressor, which
indicates a surprisingly dynamic behavior. Globally, the presented work suggests a
massive resilience and stability of the methanogenic communities coupled with a
surprising flexibility of the particular microbial key players involved in the process.

Keywords: anaerobic digestion, Lotka-Volterra, population modeling, anaerobic microbiomes, microbiome
manipulation

BACKGROUND

In previous decades, tremendous efforts have been made to better understand the biocenosis
underlying the process of anaerobic digestion. According to a recent study, approximately 300
operational taxonomic units (OTUs) represent 80% of the microorganisms involved in anaerobic
digester microbiomes. If the remaining 20% are also taken into consideration, the number of
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OTUs is much higher (Kirkegaard et al., 2017). Moreover, an
often complex and inhomogeneous feedstock is used, which
can affect microbial community structures and functions (Xu
et al., 2018). To gain better access to microbial systems of
such complexity, high-throughput approaches are often applied,
such as 16S-rRNA gene amplicon sequencing (Abendroth et al.,
2015), metagenomics (Xu et al., 2019); or metaproteomics (Hassa
et al, 2018), all of which facilitate the analysis of complex
microbial communities with high diversity. The continuously
decreasing prices of these technologies have allowed scientists
to compare many anaerobic digester plants simultaneously. For
example, Sundberg et al. (2013) compared 21 full-scale anaerobic
digesters, including co-digesters and sewage sludge digesters,
based on 16S-rRNA amplicon sequencing at both mesophilic
and thermophilic temperatures. In the study by Sundberg et al.
(2013), Actinobacteria, Proteobacteria, Chloroflexi, Spirochetes
and Euryarchaeota were dominant in sewage sludge digesters,
while Firmicutes were especially enriched in co-digesters. Theuerl
etal. (2015) indicated that even well-operating agricultural biogas
plants show fluctuation in the microbial community composition
due to high sensitivity to changes in the process performance.
The aforementioned studies provide good insight into
microbial key players involved in the process of anaerobic
digestion. However, to understand the reasons behind the
observed taxonomic patterns, complex experiments are
necessary, which usually involve disturbing the system to
identify the changes associated with the new environment.
The experiments reported include stressors like very low pH
of 6.0 (Delbés et al., 2000; Hori et al., 2006; Abendroth et al.,
2017), changing temperature (Shi et al., 2019), very high salt
concentrations causing conductivity values up to 80 mS cm™!
(Ogata et al.,, 2016; De Vrieze et al, 2017) and varying total
solids (TS) contents (Hardegen et al., 2018). For instance, to
further test the hypothesis that the genus Methanosarcina is
especially enriched in anaerobic digester sludge with low viscosity
(Abendroth et al., 2015), an experiment was conducted in which
sewage sludge was fed in parallel with various feedstocks with
different percentages of TS (Hardegen et al., 2018). Hardegen
etal. (2018) gradually increased the concentration of total volatile
fatty acids (up to 10 g L™! before acidosis took place); as the
researchers anticipated, the approach in which a feedstock with a
low percentage of TS was used resulted in higher concentrations
of Methanosarcina than the approach with feedstocks with
high concentrations of TS were fed did. In another example,
Spirito et al. (2018) used antibiotics up to concentrations of
5 mg L™! (monensins) to disturb the underlying microbiome.
An adaptation to extremely high concentrations of monensins
was possible, which was explained by the authors with a highly
redundant microbiome, in which the inhibited species can be
substituted by other microorganisms with similar functions.
Experiments with such harsh conditions-like those in the
experiments performed by De Vrieze et al. (2017) and Spirito
et al. (2018)-make it possible to study the microbial shifts caused
by different stress levels; however, this provides no insight per se
into the microbial interactions that are driving these shifts. With
massive sequencing data, it would be possible to find biological
correlations by, for example, pairwise comparisons or regression-

and rule-based networks, enabling an approximate calculation
of microbial interactions (Faust and Raes, 2012). According to
Faust and Raes (2012), this would make it possible to determine
whether positive, negative or neutral effects exist between
different species, indicating potential ecological interactions,
such as mutualism, commensalism, parasitism, amensalism or
competition. Because of this, scientists are regularly trying to
understand microbial interactions within anaerobic microbiomes
through sequencing data. For example, Kuroda et al. (2016)
analyzed the correlations between multiple OTUs within granules
from an anaerobic upstream sludge blanket (UASB). In that work,
many positive correlations between methanogens and syntrophic
bacteria were highlighted. The existing microbial interaction
between syntrophs and methanogens has been investigated since
the 1980s (Baresi et al., 1978), and the work of Kuroda et al. (2016)
highlighted the applicability of sequencing-based information on
microbial ecology. In many more studies, based on sequencing
approaches, to shed light on microbial interactions. Very often,
network analysis is used to analyze the evolution of microbiomes
based on 16S-rRNA gene amplicon sequencing in response to
a certain environmental stress. For instance, a recently applied
network analysis demonstrated that organic overloading causes
microbial population shifts, which in turn affects microbial
interactions (Braz et al., 2019).

Although several reports have investigated microbial
interactions within anaerobic microbiomes, to date, it has not
been determined whether interactions may be restricted to
certain environmental conditions. For example, it is conceivable
that two mutualistic bacteria shift into a state of parasitism
due to changing digester conditions in which the feedstock
composition changes. Using Lotka-Volterra based modeling,
the presented work aims to address the question of how
microorganisms in anaerobic microbiomes are ecologically
adapting to externally induced fluctuations. To answer this
question, four semicontinuously fed reactors were treated
over 9 weeks while receiving different inhibiting substances,
namely nalidixic acid, y-aminobutyric acid (GABA) and
sodium phosphate. Following this, 16S-rRNA gene amplicon
sequencing and Lotka-Volterra modeling were applied to
address the microbial interactions in all four reactors. Based
on DNA sequencing, gLV has already been applied various
times to investigate microbial interactions in the gut (Weng
et al.,, 2017), in cheese (Mounier et al., 2008), in the coffee-
machine bacteriome (Vilanova et al., 2015) and its suitability
to simulate population dynamics and estimate microbial
interactions based on high-throughput sequencing was recently
highlighted by Kuntal et al. (2019).

MATERIALS AND METHODS

Inoculum and Substrates

As seed sludge, a digester sludge from a sewage plant in Saxonia
was used. The sludge came from the digestion towers of a large
sewage treatment plant in Saxony, Germany. The average solids
retention time (SRT) in the digestion towers is 16.5 days. Biogas is
produced under mesophilic conditions in the range of 30-35°C.
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The average pH value is 7.7. The TS content varies between 3
and 5 g L™! per year. The sum of the volatile fatty acids (VFA)
amounts to 163 mg L™! on average. At the time of sampling, this
sum parameter was 169 mg L™!. The ammonium content was
1157 mgL™1.

The reactors were supplemented with nalidixic acid (Sigma
Aldrich, Germany), GABA (Sigma Aldrich) or sodium phosphate
(Sigma, Aldrich), which were applied as stressors during the last
5 weeks, as shown in Figure 1. To prevent starvation, glucose was
used as substrate.

Reactor Performance
The anaerobic digester experiments lasted 11 weeks and were
performed using custom-built continuous stirred tank reactors
(CSTRs), which were used in fed-batch configuration. The
reactors had a volume of 5 L, with a 3 L working volume
(Figure 1). After 1 week without feeding, the reactors received
glucose three times a week. For feeding, glucose was dissolved
in 150 mL of fresh sludge from a sewage sludge digester. Since
feeding events took place discontinuously and the amount of
applied substrate and stressors varied during the experiment,
the organic loading rate (OLR) could only be estimated. For
determining the OLR, the daily flow rate of volatile solids (VS)
was calculated by dividing the sum of VS per week by 7. Initially,
1 g L7! of glucose was used, which is equivalent to a loading
rate (OLR) of 0.43 gVS L=! d~!'. After the third week, the
reactors received three times a week 3 g of glucose per liter, which
corresponds to a loading rate of 1.29 gVS L=! d~! (Figure 2),
and this loading rate was retained until the end of the experiment
(week 7). Before each feeding event, 150 mL of digestate was
removed and used for chemical analysis. Therefore, the retention
time was approximately 46.66 days.

Beginning from week 7, three of the four digesters received
a chemical stressor with the goal of causing disturbances in the
digestion process and the underlying microbiomes (Figure 1).
The inhibiting chemicals, which were applied to the different
digesters, were fed once a week, using nalidixic acid, GABA and
sodium phosphate. The fourth reactor received only the substrate
(glucose) and no further supplements. The amount of stressor
fed into the respective reactors was increased from 0.5 gL ~!
to 5 g L™! for sodium phosphate and from 10 mg L™! to 10 g
L~ ! for nalidixic acid and GABA, as shown in Figure 1. Since
both of them are organic substances, adding nalidixic acid and
GABA increased the OLR. In weeks 7 and 8, nalidixic acid
and GABA were applied in such small amounts that the OLR
was only changed to the third decimal place. However, from
week 9 onward, much higher amounts of stressors were applied
(Figure 1). In week 9, the OLR was increased to 1.43 gVSL~1 d~!
and during the last 2 weeks, the OLR reached 2.72 gVS L-td L.
In the case of the reactor receiving sodium phosphate, the OLR
remained at 1.29 gVS L~! d~! throughout the experiment, since
sodium phosphate is an inorganic substance.

Chemical Analysis

Biogas was analyzed simultaneously with each feeding event
(three times a week, Figure 2). The exhaust gas measuring
device “Abgasmessgerdt VISIT 02 S” from Messtechnik Eheim

GmbH (Germany) was used for gas analysis. This measuring
device is certified according to the German legal requirements
of the Federal Immission Control Act. The device is calibrated
at least twice a year with test equipment according to DIN ISO
10012. The detectable gases are oxygen, methane, carbon dioxide,
hydrogen sulfide and hydrogen with a volumetric flow rate of
0.8 L min~!. Methane and carbon dioxide were detected with
an infrared double beam sensor. Oxygen and hydrogen sulfide
were detected by a carbon dioxide-compensated electrochemical
sensor. The hydrogen content was determined by a palladium
sensor. The detection limits for oxygen, carbon dioxide and
methane are 0.1 vol%, for hydrogen and hydrogen sulfide
10 ppm with an error of £1% of the measured value. On
analyzing the gas composition, the gas was dried in a custom-
built column filled with silica gel. The quantity of the dry
gas was analyzed using a common gas meter (BK G6, Elster
Handek GmbH Mainz, Germany). Based on the guideline VDI
4630 from the Association of German Engineers (2016), the
gas volume was normalized to standard temperature (273 K)
and standard pressure (1013 hPa). During the treatment (weeks
7-11), the concentration of chemical oxygen demand (COD)
and total volatile fatty acids (TVFAs) were measured once a
week. The COD was measured in the untreated sludge (total
COD) and in the liquid phase after centrifugation (solubilized
COD). The first step of solids separation was carried out via a
centrifuge at 13,000 g. The second treatment step was vacuum
filtration through a 0.2-pum cellulose-acetate filter (Sartorius
AG, Gottingen, Germany). Finally, COD was measured with
the Spectroquant COD kit (VWR, Germany) according to the
manufacturer’s guidelines. The spectrum of VFAs (lactic acid,
formic acid, acetic acid, propionic acid, iso-butyric acid, butyric
acid, and valeric acid) was determined by ion chromatography
using the Metrosep Organic Acids 250/7.8 column (Model:
882 Compact IC plus, Metrohm AG, Herisau, Switzerland).
The applied column is a cation exchange column, which is
particularly designed for the determination of VFAs. The mobile
phase contained 0.6 mmol L™! of perchloric acid 10 mmol
L=! of lithium chloride. The detection limit is 0.25 mg
L~!. The amount of TVFAs was determined as the sum of
all measured VFAs.

DNA Extraction and Sequencing

Before DNA extraction, samples were washed to reduce the
amount of inhibiting substances (especially humic acids). For
the first sample (Figure 1, day 0), biomass was sedimented
by centrifugation for 5 min at 20,000 g and washed several
times with sterile phosphate-buffered saline (PBS buffer).
Because increasing viscosity sedimentation was impaired in
the following extractions, at this point, the centrifugation
time was increased to 10 min for all remaining samples.
DNA extraction was performed using the DNEasy Power Soil
Kit (Qiagen, Netherlands) according to the manufacturer’s
instructions. Extracted DNA was quantified using the Qubit
dsDNA HS Assay kit (Qubit 2.0 Fluorometer, Thermo Fisher,
Waltham, United States). The bacterial full-length 16S rRNA
gene was amplified by polymerase chain reaction (PCR)
using the following universal primers: S-D-Bact-0008-a-S-16
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FIGURE 1 | Reactor set-up: To compare the influence of different inhibitors on microbial interactions, four experiments were performed in continuous stirred tank

motor for the stirrer, (7) gas output, (8) gas tight pipe, (9) sampling port, (10) double wall for heating. The experiment lasted 77 days, with chemical inhibitors applied
on day 42, 49, 56, 63, and 70. Nalidixic acid, y-aminobutyric acid (GABA) and sodium phosphate were applied as chemical inhibitors. One reactor received no

(2) gas tight feeding pipe, (3) lid, (4) stirrer, (5) upper stirrer for foam elimination, (6)

(5'-AGRGTTYGATYMTGGCTCAG-3') and S-D-Bact-1492-a-
A-16 (5'-TACCTTGTTAYGACTT-3') (Klindworth et al., 2012).
The PCR reaction mix consisted of 200 uM dNTPs, 200 nM of
each primer, 1 U of VWR Taq DNA Polymerase (VWR®, WR
International bvba/sprl, Belgium), 1 x PCR buffer supplemented
with MgCI2 (1.5 mM), and 1 ng of DNA template (final
volume: 20 pL). The PCR amplification protocol comprised
an initial denaturation step at 94°C for 1 min, followed
by 35 cycles of amplification (denaturing, 1 min at 95°C;
annealing, 1 min at 49°C; extension, 2 min at 72°C) and a
final extension at 72°C for 10 min. A negative control (no
DNA) was also included. Following the PCR reaction, DNA
concentrations were measured using the Qubit dsDNA HS
Assay kit (Qubit 2.0 Fluorometer, Thermo Fisher, Waltham,
United States). The resulting amplicons were sequenced with
Oxford Nanopore MinION, as previously described (Hardegen
et al., 2018). In total, 39 samples were multiplexed in the same
run using the EXP-PBC096 barcoding kit. The recommended
ONT protocols were followed for priming and loading the flow
cell. Raw sequences were uploaded at the National Center for
Biotechnology Information'.

Reads were basecalled with MinKNOW software (core version
3.3.2), and sequencing statistics were assessed by the EPI2ME
(v2.59.1896509) ‘Fastq Barcoding’ protocol. Porechop® was
applied for detection of the barcodes, demultiplexing of the
samples and removal of the adaptors. Finally, reads shorter than

Uhttps://www.ncbi.nlm.nih.gov/bioproject/ PRINA554976
Zhttps://github.com/rrwick/Porechop

400 base pairs (pb) or with a mean quality below 7 (in PHRED
score) were removed.

Taxonomic Analysis and Modeling

Full-length 16S rRNA sequences generated by MinION
were used to obtain a taxonomic profile of each sample.
Reads were classified using the Quantitative Insights Into
Microbial Ecology (QIIME 1.9.1.) software (Caporaso et al.,
2010). OTUs were constructed using the ‘pick_otus.py’
script, and wuclust as the picking method (similarity
threshold = 97%). Then, ‘pick_rep_set.py’ was run with the
default parameters. Taxonomic assignment was carried out
with the ‘assign_taxonomy.py’ script, and this consisted of
BLAST searches against the latest version (v. 132) of the SILVA
database. Finally, ‘make_otu_table.py’ was employed to obtain
the final OTU table.

The QIIME results were used to perform simulations
based on generalized Lotka-Volterra (gLV) models for
each condition studied. The gLV model is an extension
of the classic predator-prey Lotka-Volterra model, which
allows the prediction of a wider range of relationships
(competition, cooperation, neutralism, etc.) among the
individual species —or OTUs— coexisting in the same
habitat. The interaction could be directly interpreted from
the algebraic sign of a coefficient incorporated to the equation
(Kuntal et al, 2019). To reduce computation efforts and
obtain comparable results, only the most abundant taxa
detected in all the experiments were selected for the gLV
simulations. Further analyses were performed using the
R-software for statistical computing. Differential abundance
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FIGURE 2 | Produced biogas: Cumulative methane (A), the amount of methane per sampling day (B) and the ratio of methane to total biogas for each sampling day
(C) are shown for all four digesters in response to perturbation with nalidixic acid, y-aminobutyric acid (GABA) and sodium phosphate. The fourth reactor acted as a
control, with no inhibiting substances. Organic loading rates (OLR) were increased after week 1 (0.43 g/L d™ ') and after week 3 (1.29 g/L d*'). At days 0, 56, 70, and
77, 16S-rRNA gene samples were taken for all four reactors (highlighted with horizontal lines in red).
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analyses were carried out using the DESeq2 package (Love
et al., 2014; v. 1.18.1) to detect variations in the microbial
composition among the different treatments and the control.
The ‘phyloseq_to_deseq2’ function was applied to convert
the phyloseq object into a DESeq2 object. Then, the DESeq2
main function was applied using the ‘parametric’ option for
fitting the dispersion and the “‘Wald test’ option for calculating
the significance of the resulting coefficients. The Benjamini-
Hochberg method was used for adjusting the p-values, and
only features with an adjusted p-value lower than 0.05 were
considered significant.

RESULTS AND DISCUSSION

Methane Production Upon Addition of

Microbial Stressors

The aim of the present work was to cause multiple taxonomic
shifts outgoing from the same anaerobic microbiome. Extensive
shifts were intended to facilitate the analysis of ecological
interactions among involved microorganisms based on
population dynamics analysis. Sodium phosphate was used
as it is a known stressor in anaerobic digestion processes (Ogata
et al., 2016). The antibiotic nalidixic acid was chosen as a stressor,
as antibiotics are known to manipulate anaerobic process
performance and the involved microbiomes (Mitchell et al.,
2013; Mustapha et al., 2016; Bay et al., 2019; Féberova et al,
2019). GABA was chosen, as high concentrations of butyric acid
(an intermediate product from GABA degradation) is known to
inhibit syntrophic metabolism in anaerobic digesters (Henson
et al., 1985; Zhang et al., 2019).

The experiments started with a low OLR (0.43 gVSL=! d~1),
with the OLR being elevated after 3 weeks (1.29 gVS L™ d~%;
Figure 2A), which destabilized the digestion experiments from
week 3 until week 6 (Figure 2B). Beginning in week 7, nalidixic
acid, GABA and sodium phosphate were also added weekly,
and in increasing amounts, to cause a process perturbation,
and thus, multiple alterations in the underlying microbiome.
Due to the addition of GABA and nalidixic acid, the OLR
increased gradually to 2.72 gVS L= d~! during the last 5 weeks
for both cases. In the case of the reactor receiving sodium
phosphate, the OLR remained at 1.29 gVS L=! d~! as it is an
inorganic substance.

During the 11 weeks of the experiment, all reactors received
a total of 78.26 g of glucose per liter, which corresponds to
a theoretical methane potential of 28.96 L of methane. The
control produced 16.66 L of methane per liter of working
volume (Figure 2A). Therefore, the digestion efficiency was
57.53%. A similar methane volume would have been expected
for the reactor that was supplemented with sodium phosphate,
because sodium phosphate cannot be converted into methane.
However, the reactor that received sodium phosphate produced
only 12.75 L of methane per liter of working volume. Since
the cumulative gas volume was already lower than the control,
before sodium phosphate was added, a process perturbation
due to sodium phosphate cannot entirely explain the lowered
cumulative methane volume (Figure 2A). However, the fact that

the ratio of methane to total biogas became highly irregular
upon the addition of sodium phosphate (Figure 2C, weeks 7 -
11) indicates a process perturbation, which may have affected
the methane productivity negatively during the last 5 weeks.
This hypothesis is supported by the fact that the pH gradually
decreased from 7.55 to 6.57 (Figure 3C).

The reactors receiving nalidixic acid and GABA, in addition
to the 78.26 g of glucose, received 21.11 g L™! of the respective
stressor. In case of complete degradation, 0.58 L g~! would
be expected for nalidixic acid, and 049 L g=! for GABA
(Supplementary Material S1). In the case of the reactor, which
received nalidixic acid, this 21.11 g L™! of stressor corresponds
to an additional theoretical methane potential of 12.24 L. In the
case of GABA, 21.11 g L™! of stressor corresponds to 10.34 L
of methane. Based on the digestion efficiency of 57.53%, which
was observed in the control, the reactors receiving nalidixic
acid and GABA were expected to produce 7.04 L and 5.95 L
more methane per liter than the control did. However, in both
cases, the produced volume of methane was extremely close
to the control. This suggests that the respective stressors were
not entirely converted to methane. One explanation is that the
respective stressors were not degradable. Another explanation is
an inhibition of the underlying microbiome.

Chemical Parameters

Although the methane productivity alone did not indicate a very
clear variation between the performed digestions experiments,
chemical parameters did show some differences. As mentioned
above, the ratio of methane to total biogas became highly
irregular with the addition of sodium phosphate (Figure 2C,
weeks 7-11). From this, one can assume a humble but continuous
inhibition of the reactor receiving sodium phosphate, resulting
in a pH decrease from 7.55 to 6.57 at the end of the experiment
(Figure 3C). Comparing the result of the reactor receiving
sodium phosphate to other works, it draws attention that the
loading rate must usually be higher to cause acidosis. In an
experiment by Goux et al. (2015), where the OLR was gradually
increased, acidosis took place approximately at 4 gVS L= d~ 1.
In a recent study by Musa et al. (2018), an UASB reactor
showed an even higher stability compared with that of Goux
et al. (2015), as the OLR was increased until 15 gCOD L!
d~! before acidosis took place. In the study presented here,
the loading rate in the reactor receiving sodium phosphate
was based on the works from Goux et al. and Musa et al.,
and an OLR of 1.29 gVS L=! d~1, not close to a range that
could cause acidosis. This supports the interpretation that the
observed process disturbance was caused by high concentrations
of sodium phosphate.

In contrast to the reactor receiving sodium phosphate, a
very sudden and heavy shock was observed in the reactor
receiving GABA as stressor, which resulted in a strong increase in
solubilized COD and TVFAs beginning in week 9 (Figures 3B,D
and Supplementary Figure S1). In addition, as expected,
this aforementioned COD and TVFA shock coincided with
strong irregularities in methane productivity, which was almost
fully disrupted by the end of the experiment (Figures 2A,B;
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FIGURE 3 | Chemical analysis of the different digesters: Total chemical oxygen demand (A), solubilized chemical oxygen demand (B), pH (C) and amount of total
volatile fatty acids (D) are shown for all the digester experiments, which were perturbed with nalidixic acid, y-aminobutyric acid (GABA) and sodium phosphate.

day 77) and showed a strongly reduced ratio of methane
(Figure 3C, day 77).

Compared with the acidosis events in the aforementioned
works from Goux et al. (2015) and Musa et al. (2018), it appears
that the OLR in the present study (max. 2.72 gVS L= d~1)
was still too small to cause acidosis. As discontinuous fed-batch
reactors were used in the present work, one could argue that
shock loads may have destabilized the process. However, in an
experiment by Nachaiyasit and Stuckey (1997), shock loads with
OLR as high as 18 gCOD L' d~! were applied over a duration
of 20 days without causing acidosis. Therefore, it appears
unlikely that a substrate overload caused acidosis in the present
experiment. A potential explanation could be the aforementioned
release of butyric acid, which is a known inhibitor of anaerobic
digestion processes (van den Heuvel et al., 1988).

The chemical parameters for the reactor treated with nalidixic
acid were particularly unexpected. As explained in the previous
section, the methane yield was lower than anticipated, indicating
an uncomplete degradation and/or inhibitory effect in the
process. Due to the low methane yield, one would expect an
increase in TVFAs or COD in the liquid fraction. However,

TVFAs and solubilized COD remained at a low level, with a
concentration of less than 600 mg L~! (Figures 3B,D). However,
at the end of the experiment, a strong increase in the total COD
up to 61.60 g L~! was observed. A potential explanation for
these findings is an impaired degradation due to adsorption. This
hypothesis is supported by the fact that the antibiotics ampicillin,
norfloxacin, ciproﬂoxacin, ofloxacin, tetracycline, roxithromycin,
and trimethoprim are mainly removed from sewage systems due
to adsorption (Li and Zhang, 2010).

Taxonomic Profiles After Treatment

As the basis for population modeling based on the Lotka-
Volterra equations, high-throughput sequencing of 16S-rRNA
gene amplicons was applied. To create a general overview of the
produced data, Bray-Curtis dissimilarities were calculated and
analyzed based on a principal component analysis for ordination
(Figure 4). The control was extremely different from the rest of
the time points. At the beginning of the time period, in which
supplementation with the respective chemical stressors started
(day 56), all the samples clustered close to each other. However, at
day 70, the underlying microbiomes had already clearly diverged.
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For days 70 and 77, the samples from the reactor receiving
sodium phosphate clustered far away from the reactors receiving
nalidixic acid and GABA. Interestingly, and despite showing clear
differences in the underlying chemical parameters (Figure 3), the
reactors receiving nalidixic acid and GABA clustered together.
The respective taxonomic profiles for all reactors are shown in
Figure 5.

The dominant phyla observed during the experiment
were Bacteroidetes (38.82% =+ 5.08%) and Firmicutes
(19.87% =+ 6.68%), which is in line with other studies (Klocke
et al,, 2007; Sundberg et al., 2013; Abendroth et al., 2015, 2017).
Phyla that were observed in minor ratios, were Patescibacteria
(9.13% =+ 2.73%), Chloroflexi (8.10% = 1.62%), Proteobacteria
(6.56% =+ 1.76%), Cloacimonetes (5.36% =+ 1.91%),
Verrucomicrobia  (3.18% £ 1.14) and Spirochaetes
(2.41% =+ 1.45%). These minor phyla are also typical of
digested sewage sludge (Abendroth et al., 2015). The taxonomic
patterns were surprisingly similar in all the experiments, despite
of the process perturbations due to the addition of nalidixic acid,
GABA and sodium phosphate. Such stability at the phylum level
has been indicated in other studies. For example, in the work
from Calusinska et al. (2018) 20 mesophilic full-scale bioreactors
were monitored over a time period of 1 year, and a surprisingly
stable core microbiome was revealed. In addition, with harsher
conditions, the underlying microbiome shows robustness. For
example, the effect of thermoshocks on high-strength liquor from
an acidifying pre-treatment stage for an anaerobic digester sludge
was investigated, and the frequencies of phyla remained stable
despite the harsh heat shocks applied (Abendroth et al., 2018).

Despite of the high robustness of anaerobic digester
microbiomes at the phylum level, a shift was detected for
Bacteroidetes with addition of nalidixic acid at day 56
(Figure 5A). As the antibiotic nalidixic acid affects gram-
negative bacteria, the inhibition of Bacteroidetes was expected.
However, more Gram-negative groups should also have been
affected. Moreover, the primordial ratio of Bacteroidetes
was already re-established at day 70, indicating a rapid
adaptation by the involved Gram-negative bacteria. To obtain
a deeper understanding of the respective taxonomic shifts, a

differential analysis was applied, in which differences among
perturbated reactors and the control experiment were analyzed
(Supplementary Tables S1-S3). Although the difference for
Bacteroidetes at day 56 appeared to be clear compared with
days 70 and 77, a differential abundance analysis indicated no
significant differences, when comparing the results from day 56
to the control experiment.

In the subsequent discussion, only significant changes with
P < 0.05 were considered. Compared with the control, it appeared
that nalidixic acid caused significant increases in the ratio of
Firmicutes, Tenericutes, Cloacimonetes, and Lentispheara. In
contrast, Patescibacteria and Nitrospirae showed a significant
decrease. Particularly Tenericutes and Nitrospirae seem to have
been strongly affected by nalidixic acid, as they were affected at
more than one time point. Despite of their statistical significance,
it must be highlighted that the respective shifts were extremely
small (Figure 5A). An explanation for this robustness may be a
high antibiotic resistance of microbiomes from digested sewage
sludge, which has already been highlighted by multiple authors
(e.g., Amador et al., 2015; Naquin et al., 2015; Karkman et al,,
2018; Yin et al., 2019).

Although the performed principal component analysis
indicated a high similarity for the microbiomes that were
treated with nalidixic acid and GABA (Figure 4), they showed
some differences in relation to the control. Atribacteria and
Fibrobacteres were reduced in the reactor receiving GABA but
not in the reactor receiving nalidixic acid. An increase was
observed for the phyla Epsilonbacteraeota and Spirochaetes,
which was not observed in the reactor receiving nalidixic acid
neither. Interestingly, the phyla Tenericutes and Nitrospirae were
also affected by GABA, as was the case with nalidixic acid and
with sodium phosphate. This similar shift behavior indicates a
high robustness for Tenericutes, as well as a high sensitivity
for Nitrospirae. Nitrospirae are known to occur regularly in
wastewater treatment plants (Zhang et al., 2017); however, to
our knowledge, there are no reports that link Nitrospirae with
perturbated conditions in anaerobic digesters. At any rate, the
described sensitivity is supported by Daims (2014) work, which
highlighted the difficulties in cultivating Nitrospirae, especially
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the genus Nitrospira. The observed increase for Tenericutes due
to the application of all tested stressors is of particular interest, as
itis in concordance with a recent work by Braz et al. (2018), where
the increase in the abundance of Tenericutes was descrobed as a
consequence of an OLR shock.

Other phyla that were significantly impaired due to the
application of sodium phosphate were Aegiribacteria, Firmicutes,
Proteobacteria, Patescibacteria, and Fibrobacteres. Moreover,
there was a significant increase in the ratio of Verrucomicrobia,
Synergistetes, Lentisphearae and Atribacteria. Like the reactor
receiving nalidixic acid, reactors receiving GABA and sodium
phosphate showed only small taxonomic shifts (Figure 5), which
again highlights the robustness of the underlying microbiome.

To compare the differences in relative abundancies at
the genus level among perturbated reactors and the control
experiment (Figure 5B), differential abundance analyses

were applied here (Supplementary Tables S$4-S6). The
most abundant genera, for which significant changes with
p < 0.05 were observed, were Trichococcus, Sedimentibacter,
Phascolarctobacterium, Cadidatus  Caldatribacterium, and
Proteiniphilum.

With the addition of nalidixic acid, Trichococcus showed a
ratio 18.36% =+ 2.93% at day 56, which was significantly higher, by
8.80%, than the control. However, no significant differences were
detectable at day 70 between the control and the nalidixic acid-
receiving reactor anymore, suggesting a fast adaptation. A similar
observation was made by Mitchell et al. (2013), where ampicillin
with concentrations between 280 and 350 mg L~! inhibited the
process only during the early stages. In concordance with this
observation, it has recently been described that sewage sludge
from wastewater treatment often contains considerable amounts
of antibiotic resistance genes (Mengli et al., 2019).

Frontiers in Microbiology | www.frontiersin.org

May 2020 | Volume 11 | Article 867



194

Schwan et al.

Chemically Stressed Bacterial Digester Communities

With the addition of sodium phosphate, Trichococcus showed
a significantly lower ratio than in the control at day 70
Interestingly, Trichococcus was not detected in the initial sample
(anaerobic digested sludge from a waste water treatment plant).
The overall increase of Trichococcus at day 56 cannot be explained
by the addition of nalidixic acid, GABA or sodium phosphate, as
Trichococcus was enriched in the control as well.

Like Trichococcus, Sedimentibacter significantly decreased
with the addition of sodium phosphate. At day 56,
Sedimentibacter showed a ratio of 1.81% =% 0.17% and decreased
to a ratio of 0.63% = 0.09% on days 70 and 77. There were several
genera that were significantly enriched upon addition of sodium
phosphate in comparison with the control samples, namely,
Phascolarctobacterium, Candidatus Caldatribacterium, and
Proteiniphilum. At day 56, these three genera showed ratios of
0.02% = 0.01%, 0.77% = 0.12 and 0.59% = 0.09%, respectively.
During the last two sampling time points the ratio of these
three genera increased to 3.19% =+ 1.07%, 2.07% =+ 0.46% and
1.96 £ 0.59%.

It should be stressed that the high sensitivity of Trichococcus
and Sedimentibacter, as well as the increase in relative abundance
of Candidatus Caldatribacterium, Phascolarctobacterium, and
Proteiniphilum, is likely linked to phosphate but not conductivity.
The highest observed conductivity values for the reactor receiving
sodium phosphate was 12.06 mS cm ™!, but process disturbance
due to high conductivity values are usually observed at values
higher than 35 mS cm~! (Ogata et al., 2016). By contrast, an
inhibitory effect due to high phosphate levels has already been
reported at a concentration of 70 mM (Paulo et al, 2005).
According to Paulo et al. (2005) the phosphate concentration
in the present study reached a level that already inhibited the
underlying biocenosis process; in total, approximately 20.5 g
L=! was added, corresponding to 125 mM. Other authors
have described inhibiting effects due to elevated phosphorous
levels too. For example, Sharma and Singh (2001) described
phosphate as detrimental for anaerobic sludge granulation
during the treatment of distillery effluents. Mancipe-Jiménez
et al. (2017) described inhibitory effects due to a sudden
increase of phosphorus in the influent during anaerobic liquid
waste treatment.

From a total of 2995 OTUs, 25 changed their relative
abundance on day 56 significantly. On day 70, the number
increased to 80 significant changes, which was elevated again on
day 77 to 119 significant changes. This number might appear
small, but it has to be considered that 2960 OTUs had a relative
abundance of less than 1% in the total pool of sequences. To
reach a better impression of the severity of the induced stresses
at the community level, all significant changes (Supplementary
Tables S4-S6) were compared in Venn diagrams. These showed
that, with increasing concentrations of stressors, the number
of significant taxonomic shifts also increased (Figure 6).
From the eight genera that were affected similarly in all
three reactors, five showed a significant decrease and three
showed a significant increase. The five decreasing genera were
Gracilibacter, Geobacter, Syntrophobacter, and two uncultured
bacteria. One of these two uncultured bacteria could only be
classified on class level (Thermodesulfovibrionia) and the other

one on family level (Gracilibacteraceae). The three increasing
genera were Fermentimonas, Proteiniphilum and an uncultured
bacterium belonging to the family Acidaminococcaceae.

Comparing the shown taxonomic profiles to the existing
literature, it is immediately apparent that the number of works
addressing acidosis events on a bacterial level is limited. Many
works address acidosis events based only on chemical parameters.
Authors of more recent works also address the methanogenic
community (e.g., Steinberg and Regan, 2011; Lerm et al,
2012; Tale et al, 2015), but bacterial communities remain
underrepresented in most of the works. Among the few works
addressing the bacterial community and in relation to the
results presented here, an article from Goux et al. (2015) is of
particular interest; as in the present study, Goux et al. (2015)
observed only small variations at the phylum level. Moreover,
the phyla Bacteroidetes, Firmicutes, Chloroflexi, Proteobacteria,
Cloacimonetes, Verrucomicrobia and Spirochaetes were also
abundant, and on lower taxonomic levels, Goux et al. (2015)
described a more intense shift behavior as well. Another work
addressing the bacterial community during organic overloading
is that of Braz et al. (2019). One of their findings was an
increased abundance of fatty acid fermenters and a disturbance
of syntrophic bacteria. These two findings are in concordance
with the finding presented here of decreased ratios for the genera
Geobacter and Syntrophobacter, which are known syntrophic
bacteria (Meher and Ranade, 1993; Liu et al, 2018). The
aforementioned increase in Fermentimonas and Proteiniphilum
is also in concordance with the described increase of fatty
acid fermenters in the work from Braz et al. (2019). Both
Fermentimonas and Proteiniphilum are known to produce VFAs
from a wide range of substrates (Hahnke et al., 2016).

In respect to the observed taxonomic profiles and the detected
changes it has to be highlighted that the repeated input of 150 ml
of digested sewage sludge during each feeding event might have
influenced the results. Invasion of microbial communities is
a problem, which has recently been highlighted by Kinnunen
et al. (2016). However, the used setting reproduces the normal
conditions in the industry and, additionally there are multiple
reasons for which it is likely that this had a minor impact on the
presented results: The sludge that was used as fed was the same,
which was used originally as inoculum. Therefore, the fed did
not introduce new kinds of organisms into the system. Moreover,
a comparative analysis was performed, in which all the reactors
shared the same feeding conditions and, thus, the same “input”
microbiota. Therefore, the comparisons are not influenced by this
factor. This is supported by a PCA (Figure 4), which shows that
the microbiomes diverged and that they were in the end very
different from the control.

Generalized Lotka-Volterra Modeling

To investigate the effect of the different perturbations on
the interactions between microorganisms, a gLV was applied.
The possibility for fast and robust assessment of microbial
interactions directly from microbial time series was recently
emphasized by Faust et al. (2018). This model can be used not
only to predict the predator-prey interactions in the shape of
Lotka-Volterra equations but also to detect a wider range of
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relationships, including competition, cooperation and neutralism
(Kuntal et al, 2019). Based on DNA sequencing, gLV has
already been applied various times to investigate microbial
interactions in the gut (Weng et al.,, 2017), in cheese (Mounier
et al., 2008), in the coffee-machine bacteriome (Vilanova et al.,
2015) or in bacteria grown on pine-tree resin-based medium
(Dorado-Morales et al., 2015).

Recently, a graphical user interface (GUI) based interactive
platform was published by Kuntal et al. (2019); this is available
online’, and it automates the estimation of the respective gLV
parameters, based on the following equation:

dx,- !
s =xi(7‘i+j:21 i Xj). (1)

Shttp://web.rniapps.net/webgly

Here, % corresponds to the rate of growth of species x;, r;

represents the intrinsic growth rate and oc; is the ‘interaction
coefficient’. gLV predictions are based on the algebraic sign
of the interaction coeflicient. If this coefficient is positive,
a beneficial effect is assumed, while prejudicial effects are
derived from negative values of the parameter. Finally, if the
interaction coeflicient is equal to zero, no interaction is assumed
between the two taxa.

In the present study, the most abundant bacteria were selected
for each condition according to their average relative abundance.
Only those OTUs present among the top-10 abundant bacteria
in all groups were kept for further Lotka-Volterra modeling (7
OTUs). Applying the gLV on the here presented set of taxonomic
data (Figure 7), more positive interactions among the studied
taxa were observed in the control experiment (24) than in the
rest of the conditions (23 with nalidixic acid, 15 with GABA
and 18 with sodium phosphate). In contrast, there were more
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FIGURE 7 | Ecological interactions among the most abundant bacteria in all samples, as deduced from generalized Lotka-Volterra model. Gray: negative interaction;
Green: positive interaction; Yellow: no interaction. The numbers 1 — 4 indicate the reactors with the respective stressors: 1: control; 2: perturbation with nalidixic acid;

3: y-aminobutyric acid (GABA; FG); 4: sodium phosphate (FP).

negative interactions detected in the reactors with nalidixic acid
(23), GABA (34) and sodium phosphate (31) than in the control
(22). These results suggest that the perturbations introduced
in the system tend to create a more competitive environment,
in which microorganisms are more likely to interact negatively
with each other.

Apart from the total number of microbial interactions
(positive, negative, or neutral), it is important to determine
which types of pairwise interaction are observed among the
taxa in the different set conditions (Figure 7). Interactions
involving Trichococcus spp. or DMER64, in general, were stable
in the four conditions. In other words, Trichococcus spp. and
DMERG64 tend to behave the same way (positively, negatively, or
neutrally) with the rest of the studied taxa in all the conditions.
However, the pairwise relationships involving other taxa were less
homogeneous (i.e., Cloacimonadaceae W5 negatively interacted
with Trichococcus in the control experiment, but positive
interactions between these two taxa were detected in the rest of
the conditions).

Of all the alternative perturbations, the treatment with
nalidixic acid proved to be the one with the deepest effects
in the interaction patterns compared with the control, whereas
the treatments with GABA and sodium phosphate tended to
reproduce the same microbial interactions observed in the
control (shared interactions of the control with: GABA = 26;
sodium phosphate = 27; nalidixic acid = 20). Indeed, the
treatment with nalidixic acid displayed a higher number of
interactions that were not found in the rest of the conditions
(unique interactions in the treatments with nalidixic acid = 11;
GABA = 5; sodium phosphate = 0).

Together, our results suggest that antibiotic treatment affects
the community interactions present in the anaerobic digesters in
a deeper way. Interestingly, all the applied digester conditions
resulted in changes in the interaction patterns of the studied
microbial taxa. This is of interest in terms of a work from
Scherlach and Hertweck (2018), which highlights that microbe-
microbe interactions can shape the specific “microenvironment”
due to the secretion of chemical mediators. In the context

mentioned above, therefore, it would be a promising approach
to combine the Lotka—Volterra model (based on 16S-rRNA gene
amplicon sequencing) with transcriptomics and metabolomics
in future works.

Although the Lotka-Volterra model does not guarantee
causality, the high number of genera for which the described
correlational behavior was observed suggests that this reflects a
biological relationship.

It should be highlighted that the present work was not
focused on methanogenic archaea, but rather, it concentrated
on bacteria. In the past, the stress responses of methanogenic
archaea were extensively investigated using stressors, such as
ammonium (Dai et al, 2016), light (Olson et al, 1991),
pH and VFAs (Staley et al, 2011). The common view
of such works is that, when comparing them to involved
bacteria, methanogenic archaea show high sensitivity. Although
methanogenic archaea are the most important microorganisms
in methane production, since they are performing the final step
of anaerobic digestion (methanogenesis), bacteria are key players.
Bacteria are responsible for the hydrolysis of complex polymers
and the conversion of resulting monomers into hydrogen,
acetate, and carbon dioxide, which are the main substrates for
methanogenic archaea (Robles et al., 2018). This degradation
process involves three phases (hydrolysis, acidogenesis, and
acetogenesis). Especially during acidogenesis, various metabolic
intermediates are formed; these are of high value for the
bio-based industry (Wainaina et al., 2019). The possibility of
producing such metabolites during anaerobic digestion also
raises the question of how the robustness of the involved bacteria
might be overcome in order to manipulate the spectrum of
yielded metabolites. In this vein, a recent review article from
Strous and Sharp (2018), which explained the importance of
‘designer microbiomes for environmental, energy and health
biotechnology, can be highlighted.

Results from applying the Lotka-Volterra model for the first
time on anaerobic digestion show that microbiomes of anaerobic
digesters are not only robust and redundant, but also surprisingly
flexible in terms of microbial interactivity. This flexibility
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indicates that the manipulation of anaerobic microbiomes at the
level of microbial interactivity is an ambitious goal that may be
achieved more easily with constant digester conditions to prevent
the alteration of microbial interaction patterns.

CONCLUSION

Emanating from the same microbiome and using different
stressors (nalidixic acid, GABA and sodium phosphate), multiple
taxonomic shifts were caused for subsequent analysis of
populational dynamics. Although the aim of the present work
was not to characterize the respective stressors in detail, it can be
concluded that sodium phosphate has a particularly strong effect
on the bacterial biocenosis, and in contrast, taxonomic profiles
were surprisingly stable after addition of nalidixic acid and GABA
(in spite of a clear acidosis for the latter case). Taxonomic
profiles on phylum level were surprisingly robust. At the genus
level, important taxonomic variations were observed especially
for the genera Trichococcus, Candidatus Caldatribacterium,
Phascolarctobacterium, Proteiniphilum, Gracilibacter, Geobacter,
Syntrophobacter, and Fermentimonas. Therefore, these genera
may be promising targets for the surveillance of anaerobic
digester microbiomes.

Main objective in the present study was to trigger —and thus
shed light— on microbial interactions, based on the gLV model.
Except for sodium phosphate, the addition of the respective
stressors did not alter taxonomic profiles drastically, indicating
a high robustness for the bacterial biocenosis in digested sewage
sludge. Interestingly, potential ecological interactions among the
key players were strongly affected by all treatments, and in
some cases, two pairs of genera showed negative, positive or no
correlation, depending on the treatment. Although the presented
work suggests a massive resilience and stability of the underlying
bacterial biocenosis in respect to the relative abundance of
involved bacteria, a highly flexible behavior was observed in
terms of microbial interactivity.”
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FIGURE S1 | Analysis of total volatile fatty acids (TVFAs): The concentrations of
formic acid, acetic acid, lactic acid, propionic acid, iso-butyric acid, butyric acid
and valeric acid are shown for the control (A), and for the reactions including
nalidixic acid (B), GABA (C), and sodium phosphate (D).

TABLE $1 | Differential abundance analysis at the phylum level to compare the
control and the reactor receiving nalidixic acid: The log2FoldChange of the
normalized abundance was calculated using the DESeq2-package (Love et al.,
2014). p-values of the respective changes were adjusted using the
Benjamini-Hochberg method.

TABLE S2 | Differential abundance analysis at the phylum level to compare the
control and the reactor receiving y-aminobutyric acid (GABA): The
log2FoldChange of the normalized abundance was calculated using the
DESeq2-package (Love et al., 2014). p-values of the respective changes were
adjusted using the Benjamini-Hochberg method.

TABLE S3 | Differential abundance analysis at the phylum level to compare the
control and the reactor receiving sodium phosphate: The log2FoldChange of the
normalized abundance was calculated using the DESeq2-package (Love et al.,
2014). p-values of the respective changes were adjusted using the
Benjamini-Hochberg method.

TABLE $S4 | Differential abundance analysis at the genus level to compare the
control and the reactor receiving nalidixic acid. The log2FoldChange of the
normalized abundance was calculated using the DESeq2-package (Love et al.,
2014). The p-values of the respective changes were adjusted using the
Benjamini-Hochberg method.

TABLE S5 | Differential abundance analysis at the genus level to compare the
control and the reactor receiving y-aminobutyric acid (GABA). The
log2FoldChange of the normalized abundance was calculated using the
DESeq2-package (Love et al., 2014). The p-values of the respective changes were
adjusted using the Benjamini-Hochberg method.

TABLE S6 | Differential abundance analysis at the genus level to compare the
control and the reactor receiving sodium phosphate. The log2FoldChange of the
normalized abundance was calculated using the DESeqg2-package (Love et al.,
2014). The p-values of the respective changes were adjusted using the
Benjamini-Hochberg method.

MATERIAL S1 | Calculations.
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Bioprospecting expeditions are often performed in remote locations, in order to
access previously unexplored samples. Nevertheless, the actual potential of those
samples is only assessed once scientists are back in the laboratory, where a time-
consuming screening must take place. This work evaluates the suitability of using
Nanopore sequencing during a journey to the Tabernas Desert (Spain) for forecasting
the potential of specific samples in terms of bacterial diversity and prevalence of
radiation- and desiccation-resistant taxa, which were the target of the bioprospecting
activities. Samples collected during the first day were analyzed through 16S rRNA gene
sequencing using a mobile laboratory. Results enabled the identification of locations
showing the greatest and the least potential, and a second, informed sampling was
performed focusing on those sites. After finishing the expedition, a culture collection
of 166 strains belonging to 50 different genera was established. Overall, Nanopore
and culturing data correlated well, since samples holding a greater potential at the
microbiome level also yielded a more interesting set of microbial isolates, whereas
samples showing less biodiversity resulted in a reduced (and redundant) set of
culturable bacteria. Thus, we anticipate that portable sequencers hold potential as key,
easy-to-use tools for in situ-informed bioprospecting strategies.

Keywords: Nanopore sequencing, bioprospecting, in situ sequencing, 16S rRNA gene sequencing, microbiome
analysis, Tabernas Desert

INTRODUCTION

Scaling laws have predicted that the Earth is home to 1 trillion (10'?) microbial species
(Locey and Lennon, 2016). A large fraction of this biodiversity still remains to be explored
and very likely harbors novel molecules, enzymes and/or biological activities with potential
applications in industrial processes, drug development, cosmetics or environment-related issues
(i.e., bioremediation). The search for these novel products from biological sources and, in particular,
from microorganisms, is known as microbial bioprospecting. Extreme environments, such as the
deep sea or hyper-arid deserts, are of special interest for bioprospecting studies, as they tend to be
sources of undiscovered biodiversity (Bull and Goodfellow, 2019).

The characteristics (i.e., nutrient and oxygen availability, humidity, irradiation, pH, etc.) of
a given environment shape the composition of its microbiota, often leading to the existence of
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temporal and spatial variations in the microbial community
composition (Lauber et al., 2009; DiGiulio et al., 2015). Spatial
changes have also been observed at microscale: for example, in
gradients of soil depths as recently demonstrated with the SoilBox
system (Bhattacharjee et al., 2020).

In this context, sequencing technologies can be used for
elucidating whole microbial profiles from samples, thus enabling
to unveil changes in microbiome composition which are
usually not detected with culture-based approaches. Illumina
sequencing platforms—such as the MiSeq System—are the
current standard for microbiome sequencing. Nevertheless,
this technology is time-consuming and usually requires
shipping the samples to a centralized sequencing facility.
Therefore, in situ third-generation sequencing (TGS) strategies
emerge as a promising alternative to this traditional approach
(Latorre-Pérez et al., 2021).

Among TGS technologies, the Oxford Nanopore Technologies
(ONT) MinION system is especially relevant for in situ
sequencing as it is the smallest sequencing device currently
available, it is inexpensive in comparison to other TGS devices,
and the obtention of long reads can be assessed in real-time
(Latorre-Pérez et al., 2021). Thus, sequencing data can be directly
analyzed through bioinformatic pipelines that can be run on
servers, laptops, or even mobile phones (Mitsuhashi et al., 2017;
Palatnick et al., 2021).

Nanopore sequencing has previously been used in range
of real-time applications, such as pathogen detection and
surveillance (Quick et al., 2016; Charalampous et al., 2019; Chan
et al., 2020); forensic identification (Tytgat et al., 2020; Vasiljevic
et al., 2021); or industrial process monitoring (Hardegen et al.,
2018; McHugh et al,, 2021). Among all the potential uses of
MinION, in situ sequencing is especially interesting for those
situations where no alternative analyses are feasible due to a
lack of equipment (i.e., second-generation sequencing platforms,
qPCR instruments.). This is the case for most bioprospecting
expeditions, which are usually carried out far away from
microbiology laboratories. Previous works have demonstrated
that both sample preparation and microbiome sequencing can be
achieved using a reduced, mobile laboratory. Indeed, Nanopore
sequencing has been successfully applied in extremely remote
locations such as the Antarctic Dry Valleys (Johnson et al., 2017),
the Canadian High Arctic (Goordial et al., 2017), the largest
European ice cap (Vatnajokull, Iceland) (Gowers et al., 2019)
or the International Space Station (Castro-Wallace et al., 2017;
Burton et al., 2020). Beyond the undoubtedly scientific interest
of analyzing microbial samples up to hundreds of kilometers
away from the nearest laboratory, microbial bioprospecting could
further benefit from in situ sequencing, as it would allow for a
more directed and evidence-based sampling procedure focused
on those sampling locations that prove to be enriched with the
microbial taxa and/or biological activities of interest.

To test this hypothesis, we planned a two-night expedition
to the Tabernas Desert (Almeria, Spain). This dryland has
recently been reported to harbor a previously unexplored high
bacterial biodiversity, significantly enriched in radiation- and
desiccation-resistant microorganisms, which were the target of
our study (Molina-Menor et al., 2021). A minimum setup of

both laboratory and bioinformatic tools was designed and used
for analyzing biocrust and soil samples via 16S rRNA gene
sequencing throughout the expedition. The obtained taxonomic
profiles were used to identify sample types enriched in taxa that
have been described to be radiation resistant, allowing us to
collect additional samples before ending the journey. Overall, this
work demonstrates the feasibility of using portable, nanopore-
based sequencing devices to study microbial communities
without the need of returning to the lab, which could potentially
inform decision-making during sampling.

RESULTS
Sampling Expedition Roadmap

Based on previous sampling experiences in the Tabernas Desert
and sequencing tests performed in the laboratory, a detailed
roadmap for the expedition and the experimental procedures
was designed (Figure 1). The total duration of the expedition
was less than 60 h, including traveling (~25% of hands-on
time) and two nights. The rest of hands-on time was spent on
library preparation (~28%), sequencing and basecalling (~26%),
sampling and setup (13%), and data analysis (8%). The first
set of sequencing data was generated approximately 24 h after
sample collection.

Microbiome Sequencing and

Bioinformatic Analysis

Twelve biocrust and two bulk soil samples (“control” samples)
were collected and analyzed through full-length 16S rRNA
gene sequencing using the ONT MinION platform. A total of
1,657,804 raw reads were generated. After length and quality
filtering, an average of 101,972 % 20,949 sequences per sample
were obtained (min: 50,051; max: 128,282; median Q = 10.3).
Reads were subsequently analyzed by using a custom pipeline
(Spaghetti), which was inspired by previous works (Cusco
et al., 2018; Santos et al., 2020; Urban et al,, 2021). Spaghetti
relied on minimap2 (Li, 2018) alignments against the SILVA v.
138 database (Quast et al.,, 2013), and taxonomic assignments
were obtained in ~2 h. Other alignment tools were tested as
alternatives to minimap2, but they were discarded for different
reasons: BLAST took ~26 h to finish a ~1M reads analysis, while
LAST exceeded the available laptop’s RAM (16 Gb).

Taxonomic and Diversity Analysis

Spaghetti data analysis and visualization pipeline generated
several plots designed to provide a rapid overview of the
taxonomy and the diversity of the samples (Supplementary
File 1). At the phylum level, biocrust samples were
dominated by Cyanobacteria (~34.5% of average relative
abundance), Bacteroidota (~22.7%), Proteobacteria (~19.2%),
Acidobacteriota (~6.0%) and Actinobacteriota (~4.7%), while
soil samples were mainly characterized by Actinobacteriota
(~24.8%), Acidobacteriota (~18.6%), Proteobacteria (~14.2%).
Planctomycetota (~14.2%) and Gemmatimonadota (~7.3%)
(Supplementary Figure 1 and Supplementary Table 1).
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As expected, a higher variability in the microbiome
composition was detected at the genus level, with an uncultured
Cyanobacteriales (~4.7% of average relative abundance),
Hymenobacter (~3.9%), an uncultured Chroococcidiopsaceae
(~3.8%), an uncultured Spirosomaceae (~3.7%) and
Adhaeribacter (~3.5%) being the most dominant taxa for
biocrust samples. Moreover, a considerable amount of reads
(~14.0%) were assigned to chloroplasts in these samples.
On the other hand, soil samples were mainly characterized
by Rubrobacter (~5.8%), Vicinamibacteraceae (~4.8%), an
uncultured Pirellulaceae (~4.7%), Pyrinomonadaceae RB41
(~4.4%), an uncultured Vicinamibacterales (~4.1%), and a low
presence of reads assigned to chloroplasts (~0.15%) (Figure 2A
and Supplementary Table 2).

Beta diversity analyses showed that biocrust and soil samples
were clearly distinguishable at the microbiome level. Moreover,
samples tend to cluster based on their sampling location
(X1, X2, X3, X4 or X6), instead of other characteristics (i.e.,
color and shape of the biocrust) (Figure 2B). Alpha diversity
indices were used to identify the most and least rich and
diverse samples, which were X1.8/X1.3/c.1 and X6.2/X2.1/X4.1,
respectively (Figure 2C).

Radiation- and Desiccation-Resistant
Bacteria Detection

Once the general taxonomic and diversity profiles were obtained,
special attention was paid to 29 bacterial genera that had proven
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FIGURE 2 | Nanopore sequencing results. (A) Heatmap showing the top 20 genera detected in the samples and their relative abundances. (B) Principal Coordinates
Analysis (PCoA) using the Bray-Curtis dissimilarity metric. (C) Alpha diversity analysis: Observed genera (richness) (top); Shannon index (bottom). Samples are
ordered by richness. Loc, Location.

to be radiation- and/or desiccation-resistant according to the
literature (Montero-Calasanz et al., 2013; Yu et al., 2015; Deng
et al.,, 2016; Etemadifar et al., 2016; Paulino-Lima et al., 2016;
Golinska et al, 2020; Tanner, 2020). The objective of this
analysis was to identify those samples which maximized the
richness and abundance of those radiation- and/or desiccation-
resistant taxa, since they should hold a greater potential for
isolating and discovering microbial strains and substances of
biotechnological interest.

Overall, the number of radiation- and desiccation-resistant
genera detected in the samples by Nanopore sequencing

was high, ranging from 23 (X2.1 and X2.2) to 29 (XI1.1
and X1.8) (Figure 3A). Although some of the taxa were
present in low abundance (< 0.01%), the selected bacteria
accounted for 11.5% of the relative abundance of the samples,
in average (Figure 3B). Biocrust profiles were dominated
by Hymenobacter (~3.9% of the total relative abundance),
Sphingomonas (~2.7%), Rubellimicrobium (~1.7%), Microvirga
(~1.3%) and Rubrobacter (~1%). The two bulk soil samples were
mainly characterized by the presence of Rubrobacter (~5.8%),
Arhtrobacter (~0.9%) and Sphingomonas (~0.7%) (Figure 3 and
Supplementary Table 2).
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After analyzing all the results provided by the pipeline,
additional samples were collected. This time, bioprospecting
activities focused on obtaining biological replicates of three
selected samples: (a) biocrust X1.1, with the highest number
of radiation- and desiccation-resistant genera (29); (b) bicrust
X2.1, with the lowest number of radiation- and desiccation-
resistant genera (23); and (c) bulk soil c.1, taken as a control for
comparisons between biocrust and bulk soil samples.

GPS positions of the original samples were traced back and
samples were identified based on the pictures that were taken
on the first sampling day. Finally, two additional replicates were
collected for each type of sample.

Microbial Collection Establishment and

Identification

Back in the laboratory after the expedition, all the collected
samples (n = 20) were cultured under three different conditions:
(1) Tryptic Soy Agar (TSA) medium, (2) SSE/HD medium
(SSE/HD), and (3) SSE/HD medium + uninterrupted artificial
light (SSE/HD + light). A total of 166 strains comprising 50
different genera were isolated and identified through Sanger
sequencing of the partial 16S rRNA gene. The bacterial colonies
displayed differences in morphology and appearance, with white,
yellow, pink, red, orange and brown being the most predominant
colors (Supplementary Table 3). Initially, samples cultured on
SSE/HD + light did not display any microbial growth after 4
weeks of incubation. For that reason, plates were removed from
the artificial light, and a few days later, different bacterial colonies
started to grow.

The genus Arthrobacter was the most represented in the
microbial collection, with up to 37 isolates belonging to this
taxonomic group (Figure 4). A total of 15 strains, which
were mainly isolated from soil samples, were classified as
Streptomyces. Other predominant genera in the collection
were Pseudoarthrobacter (9 isolates), Kocuria (6), Bacillus (6),
Skermanella (5), Blastococcus (5), and Belnapia (5). At the sample
level, biocrusts collected from Location 1 (X1) presented the
highest number of bacterial isolates. Specifically, samples X1.1B
(21 isolates/15 unique genera), X1.2 (17/13), X1.3 (16/12), and
X1.1 (16/10) showed the highest diversity of cultured bacteria.
On the other hand, samples X3.2 (0/0), X6.2 (0/0), X4.1 (2/2), and
X2.1A (2/2) presented the lowest diversity of isolates (Figure 4).

The taxonomic profiles obtained by Nanopore sequencing
were compared to the results from the molecular identification of
the isolated strains. Overall, Nanopore sequencing and culture-
based data correlated well. In fact, only 14 out of the 166
isolated strains belonged to genera that were not detected in
the original sample by in situ microbiome sequencing (Figure 4
and Supplementary Table 3). Interestingly, three of the isolated
genera (Mpycolicibacterium, Lentzea, and Sinorhizobium) were
not detected in any sample of the dataset. After revising the
database used for assigning the taxonomy of the reads (see section
“Materials and Methods”), a mislabeling of those taxa at the genus
level was detected. Specifically, Mycolicibacterium was labeled as
Mycobacterium, Lentzea as Lechevalieria and Sinorhizobium as
Ensifer. These three genera were indeed detected by Nanopore

sequencing in all the samples where the strains were isolated
from Supplementary Table 2. Finally, it is worth highlighting
that some of the most abundant radiation-resistant bacteria
detected by in situ 16S rRNA sequencing (i.e., Hymenobacter,
Rubrobacter, Rubellimicrobium, Microvirga, Truepera...) were
not cultured from any sample. Indeed, only 50 out of the 441
genera (11.3%) with an average relative abundance > 0.01%
according to Nanopore sequencing were represented in the
microbial culture collection.

Among the selected samples, X1.1 yielded the highest number
of total cultured strains (48), the highest number of different
cultured genera -as deduced by partial 16S rRNA gene Sanger
sequencing- (26), and the highest number of cultured genera
classified as radiation- or desiccation-resistant according to
literature (8) (Figure 5). In contrast, and as expected considering
the results from in situ sequencing (Figure 3B), X2.1 samples
displayed the lowest diversity of cultured bacteria and radiation-
and desiccation-resistant genera. Moreover, almost all the genera
isolated from X2.1 samples were also isolated from XI.1
(Figure 5B, Supplementary Figure 2, and Supplementary
Tables 4, 5), thus confirming the hypothesis that this sample was
less valuable from the bioprospecting point of view. A different
profile of bacteria was isolated from C1 bulk soil samples
(Supplementary Figure 2), with only one radiation-resistant
genus -Sphingomonas- cultured exclusively from this type of
sample (Figure 5B). Interestingly, the relative abundance of
Sphingomonas was higher in all the biocrust samples than in
bulk soil (Figure 3A), although this genus was isolated only from
samples C1B and X1.8.

Focusing on the culture conditions, 124 strains were isolated
from TSA (38 different genera), 24 from SSE/HD (17 different
genera), and 18 from SSE/HD + light (13 different genera)
(Figure 6 and Supplementary Table 6). Nevertheless, strains
isolated from SSE/HD + light presented a significantly lower
similarity to their closest type strain than strains isolated from
TSA (FDR adjusted p-value < 0.05; Mann-Whitney U test),
based on partial 16S rRNA gene sequencing. In fact, ~89% of
the strains isolated from SSE/HD + light showed a similarity
lower than 98.7% to their closest neighbor, a common threshold
for defining new species (Chun et al., 2018), compared to
~46 and 66% displayed by TSA- and SSE/HD-isolated strains,
respectively (Figure 6B).

DISCUSSION

Bioprospecting is often a unidirectional process, with scientists
leaving their research institute for several days or weeks to collect
samples that are only screened upon arrival at the laboratory. This
is usually a blind task, since the screening results are obtained
once the expedition is over. As sampling sites are generally
remote and far from the researcher’s laboratory, returning to the
locations where bioprospecting occurred is not always viable,
thus preventing further exploitation of the samples that showed
a greater potential based on the screening. This work is a proof
of concept of the use of portable Nanopore sequencing as a
tool for guiding and informing bioprospecting activities during
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a sampling expedition, in our case to the only European desert,
the Tabernas Desert (Almeria, Spain).

ONT sequencing is a well-established technique for
studying microbial communities (Ciuffreda et al., 2021),
and portable sequencing (i.e., MinION) has indeed been applied
to characterize microbiomes in some of the most remote places of
the universe that are accessible to human beings (Castro-Wallace
et al., 2017; Goordial et al., 2017; Johnson et al., 2017; Gowers
et al,, 2019; Burton et al,, 2020). Although some authors have
demonstrated the utility of in situ sequencing to assess the
animal biodiversity in the rainforest (Menegon et al., 2017;
Pomerantz et al., 2018), the present work is, to the best of our
knowledge, the first confirmation that this technology can be

applied during a microbial bioprospecting expedition to improve
the bioprospecting strategy itself.

Our results demonstrate that DNA analyses can be integrated
into the sampling roadmap, while keeping the duration of the
journey under 72 h (Figure 1). The obtained sequencing yield
was substantially higher than the output reported in other on-
site studies (Latorre-Pérez et al., 2021), and it was comparable
to the yield of runs performed on fully equipped laboratories
(Nygaard et al., 2020; Urban et al., 2021). It must be noted that
instead of directly sequencing in the field, we decided to set up
a mobile laboratory 15 km away from the sampling location in
an apartment with internet and electricity access. This allowed
us to apply the same protocols that we routinely use in the
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FIGURE 6 | Comparison of the different culture conditions. (A) Venn diagram showing the bacterial genera isolated from each culture condition. The complete list of
genera isolated from each condition can be found in Supplementary Table 6. (B) Percentage of similarity shared by each strain and its closest phylogenetic
neighbor according to partial 16S rRNA gene sequencing. The dotted and the solid red lines are drawn on 98.7 and 97% of similarity, respectively. The
Mann-Whitney U test was applied for comparing between groups, and p-values were corrected using the Benjamini-Hochberg method. Only significant results are
highlighted. Note that all the identifications were obtained by partial 16S rRNA gene Sanger sequencing.

laboratory with little modifications, thus reducing the risk of
failure during the expedition. Nevertheless, simplified protocols
(i.e., Field Sequencing Kit; ONT, Oxford, United Kingdom, Cat.
No.: SQK-LRKO001) involving shorter preparation time and less
equipment could be employed, even with the lack of electricity
or internet, as has been previously demonstrated (Edwards et al.,
2019; Gowers et al,, 2019). Indeed, Spaghetti does not require an
internet connection, so this pipeline could be also used for on-site
analyses.

Different sample types (i.e., biocrust and bulk soil) were clearly
distinguishable according to microbial profiles (Figure 2). As

expected, Cyanobacteria was more abundant in biocrust samples,
since these microorganisms are a crucial part of biological
soil crusts, which often also harbor other organisms such as
lichens, microalgae, microfungi or mosses (Williams et al., 2016;
Machado-de-Lima et al., 2019). This would explain the higher
presence of sequences assigned to chloroplasts in this type
of samples. Overall, phylum-level taxonomy was concordant
with the microbial profiles expected for soil samples, with
Bacteroidota, Proteobacteria, Acidobacteriota, Actinobacteriota,
Planctomycetota, Verrucomicrobiota, and Gemmatimonadota
dominating the microbiomes (Buckley et al., 2006; Spain et al.,
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2009; Bergmann et al., 2011; DeBruyn et al,, 2011; Zhang et al.,
2019; Kalam et al., 2020; Larsbrink and McKee, 2020). At the
genus level, differences and similarities between samples were
resolved. In consequence, in situ Nanopore sequencing could
be especially helpful for choosing those samples that maximize
the microbial diversity -according to beta diversity or any
other metric-, preventing the selection of samples with poor
diversity or little variation for further screening, thus saving
time and resources.

Taxonomic information could also be used for identifying
those samples that contain the microorganisms of interest. As
a proof of concept, we focused on genera that were previously
described to be desiccation- and/or radiation-resistant, and
which thus hold potential for biotechnological applications
(Gabani and Singh, 2013; Molina-Menor et al, 2021). The
prevalence of these taxa in the samples collected from the
Tabernas Desert was high (Figure 3). This was expected, since
most of these bacteria are often found in or isolated from
other arid soils and biocrusts (Holmes et al., 2000; Rainey
et al, 2005; Zhang et al, 2007; Abed et al, 2010; Amin
et al, 2016; Hu et al, 2016; Wiibbeler et al, 2017; Liang
et al,, 2019). Nevertheless, in situ sequencing in combination
with our analysis pipeline led to the categorization and
identification of samples that showed a greater diversity and
abundance of the genera of interest. Thanks to such information,
those samples -technically, biological replicates of the samples-
could be further collected and thoroughly analyzed back
in the laboratory.

It is well known that detecting a certain taxon by high-
throughput sequencing does not necessarily mean that this taxon
can be successfully isolated from the sample. In our case, culture-
based and Nanopore sequencing data correlated well (Figure 4),
although an important fraction of the genera detected with
the sequencing approach was not represented in the microbial
culture collection. This could be expected given that a significant
number of prokaryotic taxa are virtually “unculturable.” In
any case, the sample that held the greatest potential at the
microbiome level -according to Nanopore data- (X1.1) also
resulted in the most interestingly complex set of culturable
bacteria (Figure 5), despite using a relatively simple culturing
approach. On the other hand, some of the most dominant
bacteria according to sequencing data could not be isolated
from any sample (i.e., Hymenobacter or Rubrobacter) very likely
due to culturing biases. Although this limitation is inherent
to bioprospecting strategies that rely on obtaining microbial
cultures, knowing the presence of a certain taxonomic group in
the sample would allow for the use of microorganism-specific
culture conditions or enrichment methods, thus increasing the
chances of success.

In general, the profile of bacteria isolated from the Tabernas
Desert was similar to the one previously described (Molina-
Menor et al.,, 2021). Arthrobacter was the predominant genus,
which is consistent with the observations of da Rocha
et al. (2015). Other bacteria, such as Belnapia, Kocuria
or Skermanella were also recurrent in biocrust samples.
Nevertheless, up to 29 genera isolated in this study were not
recovered by Molina-Menor et al. (2021).

Interestingly, some of the isolated bacteria may represent new
species according to partial 16S rRNA gene sequencing, showing
the great, yet to be discovered, ecological and biotechnological
potential hidden in the Tabernas Desert. Although full 16S
rRNA gene sequences and genomes should be retrieved for
circumscribing new taxa (Chun et al.,, 2018), bacteria isolated
from SSE/HD + light displayed a lower similarity to any other
previously described type strain (Figure 6). These results were
indeed obtained by serendipity, as bacterial growth was only
detected after removing the culture plates from artificial light
(~4 weeks after plating), which was not the original idea.

Despite the promising results obtained in this proof of
concept, we have identified some limitations of in situ Nanopore
sequencing. The first one is the taxonomic resolution of 16S
rRNA gene sequencing. Although long-read platforms have
the ability to sequence the full-length 16S rRNA gene, the
intrinsic error associated to ONT sequencing hampers species-
level identification. This error also hinders the direct comparison
between Nanopore-based microbiome sequencing and the 16S
rRNA gene sequences obtained from the isolates by Sanger
sequencing, as it would be difficult to discern if a particular
fraction of Nanopore reads actually comes from a specific strain
in the collection or from a phylogenetically related strain (or
even species) that may or may not have been isolated. For that
reason, we decided to perform the analyses at the genus level
and to compare the taxonomic profiles instead of comparing
the sequences. Nanopore-based, 16S rRNA gene sequencing has
proved to be robust for microbiome characterization at this
taxonomic level, showing a performance similar to Illumina
sequencing (Cusco et al.,, 2018; Heikema et al., 2020; Matsuo
et al., 2020; Nygaard et al., 2020; Winand et al., 2020). However,
as the final objective of bioprospecting is to actually isolate the
bacterial strains, it must be noted that phenotype can greatly vary
among members of the same genus or even species, so genus-
resolved taxonomy could be insufficient in some cases. Recent
studies have shown that species-level resolution is feasible thanks
to advances in software (Curry et al., 2021; Rodriguez-Pérez et al.,
2021), while other works demonstrated that improved taxonomic
resolution could be achieved by using longer amplicons (16S-
ITS-23S) (Benitez-Paez and Sanz, 2017; Cusco et al., 2018).
Moreover, Nanopore sequencing errors are also decreasing due to
improvements in basecallers and chemistries, which have allowed
to reach up to 99.3% of modal accuracy on raw reads (accessed
on July 17, 2021)." If accuracy continues to increase at this rate,
it is reasonable to think that species-level identifications, and
even strain-level resolution in some cases, may be achieved in
the near future. Nevertheless, high-accuracy basecalling models
are based on complex machine learning methods that require
longer execution time, so improvements on the speed of these
models are still required for being used in real-time applications
(Xu et al., 2020).

It must be highlighted that this study was focused on the
detection and isolation of potential radiation- and desiccation-
resistant bacteria according to their taxonomic affiliation and
according to the previous bibliography describing this type of

'https://nanoporetech.com/accuracy
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features in particular genera. Our approach is thus a proof of
concept that a wide taxonomic group can be identified in the
samples by using Nanopore sequencing, but 16S rRNA gene
itself would not be an accurate predictor of the actual ability
of the isolates to resist radiation or desiccation (Steen et al.,
2019). If the purpose of the bioprospecting expedition is to detect
specific functional activities, shotgun metagenomic data would be
needed to resolve the taxonomy at the strain level (Dilthey et al.,
2019) and to ascertain the functional potential of the different
members of the microbial community according to their gene
content. In this regard, it has to be noted that ONT sequencers
tend to incorporate indel errors on the reads that complicate
the functional prediction (Watson and Warr, 2019; Latorre-Pérez
et al., 2020), and this is therefore a current limitation of the
informed bioprospecting strategy we are describing in this work.

Finally, sequencing strategies show the microbiome
composition based on relative abundances, which may mislead
the results interpretation. For instance, if a taxon is detected in
Sample 1 and in Sample 2 at 10 and 1% of relative abundance,
respectively, that does not imply that Sample 1 has a higher
absolute abundance of the target bacteria, since the total
microbial load of the samples has not been measured. This
should be taken into account when selecting the samples of
interest for further exploitation.

Notwithstanding the limitations, our results clearly show
that Nanopore sequencing is a powerful tool for deciphering
the microbial composition of different samples during a
bioprospecting expedition, and that it can contribute to optimize
the sampling strategy in situ. With microorganisms colonizing
almost any known biotope (Archer et al, 2019; Sielaff et al,
2019; Tanner et al., 2020), an instrument able to resolve microbial
communities inhabiting different niches is a valuable resource
that can be used for targeting sample collection. Therefore, it
can be envisaged a close future in microbial ecology, in which
bioprospecting journeys will start with a preliminary sampling
step, coupled to nanopore-based in situ analysis, which will
enable a second, more targeted sampling (of specific plant species,
soil depths, geological substrates, salt concentration, humidity
level, etc.) in a very short time lapse. This strategy will both ease
further work in the lab and increase the chances of identification
of the target microbial taxa and/or biomolecule of interest.

MATERIALS AND METHODS

Sample Collection

Sampling was carried out in November 2020 at the Tabernas
Desert Natural Park (Almeria, Spain), under the permission
of the competent authorities. Biocrust and bulk soil samples
were collected in two different days. Biocrust samples were
gathered using a laboratory spatula that was sterilized with
ethanol 96% immediately before collecting each sample. Bulk
soil (~5 cm deep) was directly introduced into sterile falcon
tubes. On the first day, fourteen different samples were taken,
and then analyzed through in situ microbiome sequencing. Based
on the results, six additional samples were gathered in the
second sampling day. These samples were, indeed, biological

replicates of the least and most promising samples based
on sequencing data. Metadata (geolocation, type of sample,
appearance and pictures) was collected and associated to each
sample (Supplementary Figure 3).

Laboratory Setup

Requirements for DNA extraction, PCR amplification, library
preparation and sequencing were evaluated, and a minimum
laboratory setup was designed accordingly (Supplementary
Table 7). The necessary equipment fitted in the trunk of
a compact car, and it was transferred to an apartment in
Viator (Almerfa, Spain), 15 km away from the Tabernas
Desert, where the mobile laboratory was established and all the
experimental and data analysis procedures were carried out. The
apartment was equipped with electricity, internet connection, a
fridge and a freezer.

DNA Extraction and 16S rRNA Gene
Ampilification
Approximately 0.25 g of the samples were used to perform DNA
extraction with the DNEasy Power Soil Kit (QIAGEN, Germany,
Cat. No.: 12888) according to the manufacturer’s instructions,
with an additional incubation step at 65°C after the addition of
the CI solution. DNA was resuspended in 30 nL of sterile Mili-
Q water. Qubit x1 dsDNA High-Sensitivity Assay kit (Qubit 2.0
Fluorometer, Thermo Fisher, Waltham, United States, Cat. No.:
Q33230) was used for DNA quantification. PCR amplification
of the full-length bacterial 16S rRNA gene (V1-V9; ~1.45 kbp)
was carried out by using the S-D-Bact-0008-a-S-16 (5'-AGR GTT
YGA TYM TGG CTC AG-3') and S-D-Bact-1492-a-A-16 (5'-
TACCTT GTT AYG ACT T-3') primers (Klindworth et al., 2013),
which were tailed with the ONT Universal Tags: 5'-TTT CTG
TTG GTG CTG ATA TTG C-3’ for forward primer, and 5-ACT
TGC CTG TCG CTC TAT CTT C-3’ for reverse primer. The PCR
reaction mix for each sample consisted of 22 pL of H,O, 25 pL
of NZYTaq II 2x Green Master Mix (NZYTech, Lisboa, Portugal,
Cat. No.: MB358), 1 iL of both forward and reverse primers and
1 wL of template DNA. For the negative control, 1 wL of Mili-Q
water was used instead. The following conditions were used for
PCR: initial denaturation (94°C; 1 min); amplification (35 cycles)
comprising denaturation (95 °C; 1 min), annealing (49 °C; 1 min)
and extension (72°C; 2 min); final extension (72 °C; 10 min).
The resulting amplicons were purified with the NucleoMag
kit for PCR clean up with magnetic beads (Macherey-Nagel,
Germany, Cat. No.: 744100.4). Magnetic beads were used at 0.5
X concentration, and manufacturer’s instructions were followed.
Barcodes were added by employing the PCR Barcoding
Expansion Pack 1-96 (ONT, Oxford, United Kingdom, Cat. No.:
EXP-PBC096). PCR mix consisted of 22 pL of H,O, 25 pL of
NZYTaq I 2x Green Master Mix, 1 nL of the specific barcode and
2 L of the purified DNA. The following conditions were used for
PCR: initial denaturation (95°C; 3 min); amplification (15 cycles)
comprising denaturation (95°C; 15 s), annealing (62°C; 15 s) and
extension (72°C; 90 s); final extension (72°C; 5 min). Amplicons
were purified with the NucleoMag kit and quantified with the
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Qubit x1 dsDNA High-Sensitivity Assay kit. Finally, an equimolar
pool of amplicons was prepared for library construction.

Library Preparation and Nanopore
Sequencing

The Ligation Sequencing Kit (ONT, Oxford, United Kingdom,
Cat. No.: SQK-LSK109) was used to prepare the sequencing
library. Briefly, the NEBNext FFPE DNA Repair Mix (New
England Biolabs, Ipswich, United States, Cat. No.: M6630) was
used for DNA repair and end-prep. Then, a purification with
the NucleoMag kit was carried out. Finally, adapter ligation
and clean-up was performed by following the ONT SQK-
LSK109 protocol.

A R9.4.1 MinION flow cell (ONT, Oxford, United Kingdom,
Cat. No.: FLO-MIN106D) was primed and loaded as indicated
by the manufacturer. Sequencing was performed during ~6.5 h.
Reads were basecalled with MinKNOW software (v. 20.06.5;
core v. 4.0.5) using Guppy’s (v. 4.0.9) fast basecalling model,
and sequences with Q < 7 (default threshold implemented in
MinKNOW) were discarded.

Bioinformatic and Statistical Analysis

Reads were analyzed with Spaghetti, a custom pipeline for
automatic bioinformatic analysis of Nanopore sequencing data
and semi-automatic exploratory analysis and data visualization.
Briefly, Spaghetti bioinformatic pipeline consists of the following
steps:

1. Porechop (v. 0.2.4)* is run with default parameters for
removing sequencing adapters from reads.

2. Nanofilt (v. 2.7.1) (De Coster et al., 2018) is used to filter
reads shorter than 1,200 bp or longer than 1,800 bp.

3. Quality check is carried out with NanoStat (v. 1.4.0) using
default parameters (De Coster et al., 2018).

4. Chimeras are detected and removed by using yacrd (v.
0.6.2) with -c and -n parameters set to 4 and 0.4,
respectively, as suggested by the authors for Nanopore data
(Marijon et al., 2020).

5. Filtered reads are mapped against the SILVA database (v.
138) (Quast et al, 2013), as formatted and provided by
Qiime2,’ by using minimap?2 (v. 2.17-r9419) (Li, 2018) with
“-x map-ont” and “-secondary = no” options. In order to
reduce minimap2’s memory usage, -K option was set to
10M, as previously suggested (Gamaarachchi et al., 2019).

6. Alignments are subsequently filtered with in-house python
scripts (included in the pipeline), and taxonomy and
abundance tables are obtained.

A detailed explanation of the pipeline and the specific
commands that were used can be found on Spaghetti’s GitHub
repository.*

Spaghetti data visualization and analysis module was mainly
based on the phyloseq R package (v. 1.30.0) (McMurdie and
Holmes, 2013). For alpha diversity tests, all the samples were

Zhttps://github.com/rrwick/Porechop
*https://docs.qiime2.org/2020.8/data-resources/
*https://github.com/adlape95/Spaghetti

rarefied to the lowest library size (50,051 reads/sample) to
mitigate uneven sequencing depth. For beta diversity, Principal
Coordinates Analysis (PCoA) were created using the Bray-Curtis
dissimilarity metric and relative abundances. Heatmaps were
produced with ampvis2 (v. 2.6.5) (Andersen et al., 2018). Custom
figures were created using ggplot2 (v. 3.3.1). Plotly (v. 4.9.2.1)
was used for producing interactive plots. Venn diagrams were
obtained using an online tool.®

All the analyses were run on a MSI GF63 Thin 9SC-047XES
laptop (CPU: Intel Corei7-9750H, 6 core, 12 threads; RAM:
16GB; SSD: 512 Gb; Graphics Card: GeForce GTX 1650).

Isolation of Bacterial Strains

Upon arrival at the laboratory, the samples were homogenized by
mixing 1 g of the sample with 1 mL of sterile Phosphate Buffered
Saline (PBS) and serial dilutions up to 10~/ were performed.
Then, 50 KL of the 1072 to 1077 dilutions were spread on Petri
dishes containing either TSA medium (composition in g/L: 15.0
tryptone, 5.0 soya peptone, 5.0 sodium chloride, 15.0 agar) or
SSE/HD 1:10 medium (composition detailed on the DSMZ media
database, medium number 1,426). In the case of the SSE/HD 1:10
medium, duplicates of each dilution were cultured, with one of
the replicates being incubated under uninterrupted artificial light
and the other replicate being incubated, together with the TSA
plates, under natural light. All plates were incubated in oxygenic
conditions and at room temperature.

Individual colonies were selected based on their color and
morphology from the TSA and SSE/HD 1:10 plates incubated
under natural light after 6, 11, 18, 30 and 35 days of incubation
(Supplementary Table 3). These colonies were re-streaked on
fresh culture medium to isolate them in pure culture. Most of
the isolates were obtained from TSA medium and from the more
concentrated dilutions (1072 and 10™*). Regarding the samples
cultured on SSE/HD 1:10 under uninterrupted artificial light,
these were removed from the artificial light after 4 weeks of
incubation as they did not display any microbial growth. A few
days after removal, different bacterial colonies started to grow.
These colonies were re-streaked on fresh culture medium and
isolated in pure culture. All pure strains were cryo-preserved
in glycerol (20% glycerol in an over-night culture of the strain)
at —80°C for further uses.

Molecular Identification of Isolates

A loopful of each isolate, grown on solid medium, was
resuspended in 100 pL of sterile Milli-Q water and subjected to
a rapid DNA extraction that consisted of three cycles of boiling
and freeze-thawing. Then, a PCR was performed to amplify the
16S rRNA gene using the following universal primers: 8F (5'-
AGAGTTTGATCCTGGCTCAG-3') (Edwards et al., 1989) and
1492R (5'-GGTTACCTTGTTACGACTT-3') (Stackebrandt and
Liesack, 1993). The following conditions were used for PCR:
initial denaturation (95°C; 5 min); amplification (24 cycles)
comprising denaturation (94°C; 15 s), annealing (48°C; 15 s) and
extension (72°C; 90 s); final extension (72°C; 5 min).

*http://bioinformatics.psb.ugent.be/webtools/Venn/
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Amplicons were visualized by electrophoresis in a 1% agarose
gel stained with GoldView DNA Safe Stain (UVAT Nerium
Scientific, Valencia, Spain) (100 V, 30 min). Amplicons were
precipitated overnight at —-20°C in a mixture of isopropanol
1:1 (vol:vol) and potassium acetate 1:10 (vol:vol) (3M, pH
5). The next day, DNA was pelleted by centrifugations for
10 min at 12,000 rpm, then washed with 70% ethanol and
resuspended in 15 L of sterile Milli-Q water. Amplicons were
tagged using the BigDye® Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Carlsbad, CA, United States) and sent for
Sanger sequencing of the partial 16S rRNA gene at the SCSIE
(Serveis Centrals de Suport a la Investigacié Experimental) of the
University of Valencia (Spain), using the same universal primers
as previously mentioned (8F and 1492R).

All resulting sequences were edited with UGENE v.33
(Okonechnikov et al., 2012) to remove low quality base calls, and
taxonomic identification was performed using the BLASTn tool
and the 16S ribosomal RNA sequences (Bacteria and Archaea)
database (NCBI). Finally, clones were dereplicated using the
BLASTn tool to compare each partial 16S rRNA sequence to
the rest of strains belonging to the collection of microorganisms
established in this project. Any strain displaying > 99.9%
similarity to another strain in the collection and isolated from
the same sample was considered to be a replicate and therefore
discarded from the collection. This was performed to avoid an
overestimation of the culturable diversity, as bacterial clones of
the same species are not relevant for the microbial collection.
The comparison between results from Nanopore sequencing
and microbial culture collection was based on taxonomic
information. Nanopore and Sanger 16S rRNA gene sequences
were taxonomically classified independently, as described above.
Then, the genus-level profiles were evaluated to find those taxa
that had been identified by both approaches.
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Assembly methods
for nanopore-based metagenomic
sequencing: a comparative study

Adriel Latorre-Pérez!?, Pascual Villalba-Bermell*?, Javier Pascual® & Cristina Vilanova'™

Metagenomic sequencing has allowed for the recovery of previously unexplored microbial genomes.
Whereas short-read sequencing platforms often result in highly fragmented metagenomes, nanopore-
based sequencers could lead to more contiguous assemblies due to their potential to generate long
reads. Nevertheless, there is a lack of updated and systematic studies evaluating the performance of
different assembly tools on nanopore data. In this study, we have benchmarked the ability of different
assemblers to reconstruct two different commercially-available mock communities that have been
sequenced using Oxford Nanopore Technologies platforms. Among the tested tools, only metaFlye,
Raven, and Canu performed well in all the datasets. These tools retrieved highly contiguous genomes
(or even complete genomes) directly from the metagenomic data. Despite the intrinsic high error of
nanopore sequencing, final assemblies reached high accuracy (~99.5 to 99.8% of consensus accuracy).
Polishing strategies demonstrated to be necessary for reducing the number of indels, and this had

an impact on the prediction of biosynthetic gene clusters. Correction with high quality short reads

did not always result in higher quality draft assemblies. Overall, nanopore metagenomic sequencing
data-adapted to MinlON'’s current output-proved sufficient for assembling and characterizing low-
complexity microbial communities.

Background

Metagenomic sequencing has revolutionized the way we study and characterize microbial communities. This
culture-independent technique based on shotgun sequencing has been applied in a broad range of biological
fields, ranging from microbial ecology' to evolution?, or even clinical microbiology’. In recent years, metagenom-
ics has also become a powerful tool for recovering individual genomes directly from complex microbiomes>*>,
leading to the identification and description of new- and mostly unculturable-taxa with meaningful implications®.

Ilumina has been the most widely used platform for metagenomic studies. Illumina reads are character-
ized by their short length (75-300 bp) and high accuracy (~0.1% of basecalling errors)’. When performing
de novo assemblies, Illumina sequences often result in highly fragmented genomes, even when sequencing
pure cultures®’. This is a consequence of the inability to correctly assemble genomic regions containing repeti-
tive elements that are longer than the read length®. This fragmentation problem is magnified when handling
metagenomic sequences due to the existence of intergenomic repeats that are shared by more than one taxon
present in the microbial community'. It has to be noted that microbial communities often contain related spe-
cies or sub-species in different-and unknown- abundances, resulting in extensive intergenomic overlaps that
can hinder the assembly process'"'.

Third generation sequencing platforms have recently emerged as a solution to resolve ambiguous repetitive
regions and to improve genome contiguity. Despite the considerable error associated to these technologies (~ 5
to 15% of basecalling errors)'>', their ability to produce long reads (up to 10-12 kb of mean read length)”'
has allowed them to generate genomes with a high degree of completeness'®!”. Currently, the most widely-used
third generation technologies are Pacific Biosciences (PacBio) and Oxford Nanopore Technologies (ONT), both
based on single molecule sequencing, and therefore, PCR-free. PacBio was the first long-read technology estab-
lished in the market'®. However, PacBio instruments require particular operation conditions and large capital
investments'®. On the other hand, ONT platforms are becoming increasingly popular among researchers, espe-
cially in the case of MinION sequencers. Although the cost of GridION and PromethION devices is also notable
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Species Abbreviations Estimated size (Mbp) | Composition even (CS) (%) | Composition log (CSII) (%)
Bacillus subtilis B. subtilis 4.134 12.00 0.89
Cryptococcus neoformans C. neoformans 18.599 2.00 0.00089
Enterococcus faecalis En. faecalis 2.965 12.00 0.00089
Escherichia coli E. coli 5.140 12.00 0.089
Lactobacillus fermentum L. fermentum 2.012 12.00 0.0089
Listeria monocytogenes Li. monocytogenes 3.008 12.00 89.1
Pseudomonas aeruginosa P. aeruginosa 6.592 12.00 8.9
Saccharomyces cerevisiae S. cerevisiae 11.864 2.00 0.89
Salmonella enterica Sa. enterica 4.781 12.00 0.089
Staphylococcus aureus St. aureus 2.838 12.00 0.000089

Table 1. Description of the microorganisms comprising the ZymoBIOMICS mock communities and their
theoretical composition.

(~50,000$ to 170,000$), MinION is a cost-effective (~ 1,000$), portable sequencing platform, which enables
real-time analysis pipelines®. This platform has been broadly applied over the last few years, due to its suitability
for in-field and clinical studies®*?, but also for sequencing complete prokaryotic and eukaryotic genomes'”?>-%,
and characterizing microbial communities?®?’.

Benchmarking is the usual way to evaluate genomic methodologies (i.e. DNA extraction, library preparations,
etc.) and bioinformatic tools. In the metagenomic context, benchmarking studies are frequently based on mock
communities. A mock community is an artificial microbial community in which the abundance of all the micro-
organisms is known?. Mock communities can be generated in silico® or experimentally, as a mixture of defined
DNA proportions. For de novo assemblies, a great effort has been made in order to benchmark all the available
tools and methodologies suitable for studying microbial ecosystems via Illumina shotgun sequencing'>*%3!.
Nevertheless, due to the highly dynamic development of new software applicable to ONT platforms, we found
that the few evaluation studies that have been focused to date on nanopore-based metagenomic assembly did
not cover the current spectrum of available assemblers*->*.

In the present study, we have used the data generated by Nicholls et al.'® to comprehensively assess the current
state-of-art of de novo assembly tools suitable for nanopore-based, metagenomic sequencing. Original data was
generated through metagenomic sequencing of two microbial communites (ZymoBIOMICS Microbial Com-
munity Standards CS and CSII) with both GridION and PromethION platforms. Overall, this work demonstrates
the suitability of using nanopore sequencing exclusively for assembling low-complexity microbial communities,
and paves the way towards the standardization of bioinformatic pipelines for long-read sequencing data.

Methods
Dataset description. Benchmarking datasets were extracted from Nicholls et al.'* (PRJEB29504), and con-
sisted of high-coverage sequencing of two individual mock communities (ZymoBIOMICS Microbial Commu-
nity Standards CS Even ZRC190633 and CSII Log ZRC190842) with both GridION and PromethION platforms.
The mock communities contained the same species (eight bacteria; two yeasts), but differed in the expected
proportion for each microorganism. CS mock community has a homogeneous distribution of microorganisms
(12% for each bacteria and 2% for the yeasts), while the species present in CSII are distributed on a logarithmic
scale, with relative abundances ranging from 89.1 to 0.000089% (Table 1). Following the nomenclature from
Nicholls et al.', we have used the terms “Even” when referring to CS mock community, and “Log” when refer-
ring to CSIL

Nicholls et al.'* yielded ~ 14 Gbp of data on a single GridION flowcell (48 h of sequencing) and ~ 152 Gbp
on the PromethION platform (64 h of sequencing). In order to reduce the computational effort, we performed
an initial subsampling of this data. In particular, GridlON and PromethION datasets were subsampled at two
different sequencing depths (3 Gbp and 6 Gbp) to recreate MinION runs with different outputs, and the yield
matched the output described in recent shotgun sequencing experiments based on MinION***-*. Subsampling
was performed by selecting the top lines of the FASTQ files. Nevertheless, the most promising tools were further
tested on the original GridION data to check their computational demands and general performance. All the
datasets were trimmed with porechop (https://github.com/rrwick/Porechop; v. 0.2.4) in order to remove adapters
from read ends and split sequences with internal adapters.

De novo assembly.  As first proposed by Lindgreen et al.*’, the tools selected for the present benchmarking
were required to meet the following criteria:

e The tool should be freely available.
e The tool should have a suitable user guide, both for installation and usage.
e The tool should have been extensively used or show potential to become widely used.

In our study, a total of three widely used metagenomic short-read assemblers and ten long-read tools (or
different versions of the same tool) were taken into consideration. Nevertheless, it was not possible to install
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and/or run all the software due to different reasons (Supplementary Table S1). The commands used for running
each assembler are provided in Supplementary Table S2. It is worth highlighting that tools were run with default
parameters when no metagenomic configuration was explicitly reccommended in the user guide.

Reference genomes.  All the species included in the mock community had an available reference genome
sequenced with a combination of Illumina and nanopore reads (available at https://doi.org/10.5281/zenod
0.3935737). These assemblies provided by Zymo Research Corporation (Irvine, CA, USA) consisted of eight
complete genomes for the bacterial strains, and two draft genomes for the yeasts.

Nicholls et al.' sequenced and assembled each genome again from pure cultures using Illumina reads only.
In the present work, however, ZymoBIOMICS genomes were used as a reference for carrying out the compara-
tive analyses, due to their higher level of completeness. Although these reference genomes cannot be considered
as “gold standards”, Goldstein et al.” demonstrated that the error profile obtained through hybrid assembly
(ONT + Illumina MiSeq) was similar to the one obtained with MiSeq-only assembly, but the former resulted
in higher contiguity. Reference genomes were gathered in a single multi-FASTA file to create a single-reference
metagenome.

Evaluation of the assemblies.  All the assemblers were run on the same desktop computer (CPU: AMD
RYZEN 7 1700X 3.4GHZ; Cores: 8; Threads: 16; RAM: Corsair Vengeance 64 GB; SSD: Samsung 860 EVO Basic
SSD 500 GB) working under Ubuntu 18.04 operative system. The time required by each tool to perform the
assembly was measured with the built-in bash version of the “time” command.

Completeness and contiguity of de novo assemblies were first evaluated via QUAST (v. 5.0.2)*'. MetaQUAST
(v. 5.0.2)** was used for obtaining assembly statistics based on the alignment of the generated contigs against the
reference genomes. Only contigs longer than 500 bp and with >X10 coverage were selected for calculating the
general statistics. MetaQUAST failed to run with some draft metagenomes and, for that reason, minimap2 (v.
2.15)* was used instead to align the assemblies to the reference metagenome. Then, the percentage of metagen-
ome covered by the draft assemblies was calculated using the ‘pileup.sh’ script from BBTools suite (http://sourc
eforge.net/projects/bbmap/).

The resulting assemblies were further evaluated in order to determine their error profile. Due to the lack of a
standard methodology, the presence of SNPs and indels was analyzed using two different strategies. The first one
consisted of the alignment of the contigs against the reference metagenome via minimap2. BAM files were then
analysed using bcftools (https://samtools.github.io/bcftools/; v. 1.9) and the in-house script ‘indels_and_snps.py’
(https://doi.org/10.5281/zenodo.3935763) was applied to quantify the variants. The second strategy was based
on the use of MuMmer4 (https://sourceforge.net/projects/mummer/files/; v. 3.23). This tool was employed to
align the draft assemblies to the reference metagenome. Then, the script ‘count_SNPS_indels.pl’ from Goldstein
et al.’ was used to calculate the final number of SNPs and indels. In both strategies, the number of variants was
normalized to the total assembly size of each metagenome.

Biosynthetic gene clusters (BGCs) are usually composed of repetitive genetic structures that are hard to
assemble with short reads, and with long-read technologies being therefore more suitable to overcome this
issue. However, BGCs are also very sensitive to frameshift errors, which have been reported to frequently occur
in nanopore data’. For that reason, AntiSMASH web service (v. 5.0)* was used to compare the performance on
BGC prediction BGCs number and profile among the different assembly tools.

Assembly polishing. Draft assemblies (Even GridION 6 Gbp dataset) were further polished with Racon
% and Medaka (https://nanoporetech.github.io/medaka/), using the commands specified in Supplementary
Table S2. As the Medaka model for the specific version of Guppy (v2.2.2 GPU basecaller) originally used for
basecalling the data was not available, we used the Medaka default model (r941_min_high_g351) for polishing.
ONT or Illumina reads were used for iteratively running 4 rounds of Racon. Polishing was carried out using
the same ONT input reads as those used for assembling each dataset, whereas Illumina reads (MiSeq plata-
form) were retrieved from the shotgun metagenomic sequencing data available for the Even mock community
(ERR2984773)"°. Only the draft assemblies corrected with ONT reads were further polished with Medaka, again
using the original ONT sequences as input. Indels and SNPs were evaluated after each polishing step using the
MumMer-based strategy, as detailed above.

Results

Subsampling. In the present study, the data released by Nicholls et al.' (ultra-deep sequencing of two dif-
ferent mock communities using GridlON and PromethION platforms) was used in order to study the suitabil-
ity of nanopore sequencing to characterize low complex microbial communities. The mock communities were
composed by the same ten microorganisms, but in different proportions (Table 1). With the aim of reducing
the computational resources needed for the first screening of the selected assemblers, the GridI[ON and Prome-
thION datasets were subsampled to obtain an output comparable with recent genomic or metagenomic studies
based on MinION (approximately 3 Gbp and 6 Gbp)®**~*. In general, mean read length remained the same in
the subsampled datasets in comparison to the original sequencing data'>. However, read quality was higher in
the subsampled dataset. This fact suggested a bias towards higher qualities at the start of the run, since subsam-
pling was carried out by selecting the top reads of the original files (Table 2). In fact, the bottom reads which are
acquired later in the sequencing run displayed the same quality than the whole dataset.

Metagenome assembly. From the selected tools, we were able to correctly install and run nine out of the
ten long-read assemblers, and two out of the three short-read assemblers (Supplementary Table S1). In total,
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Original dataset New dataset
Mean read Mean read SRA accession

Dataset name Gbp Number of reads | Mean read length | quality Gbp | Number of reads | Mean read length | quality number

Even GridION 14.007 3,491,078.0 4,012.3 8.4 3.042 747,682.0 4,069.5 8.9 SRX6817349
Log GridION 16.032 3,667,007.0 4,372.0 8.0 3.053 685,926.0 4,451.0 8.7 SRX6817351
Even PromethION | 146.291 | 36,527,376.0 4,005.0 7.3 2.979 748,367.0 3,981.0 8.2 SRX6817353
Log PromethION | 148.028 | 35,118,078.0 4,215.2 7.6 2.990 711,524.0 4,203.3 8.3 SRX6817355
Even GridION 14.007 3,491,078.0 4,012.3 8.4 6.092 | 1,495,377.0 4,073.9 8.8 SRX6817350
Log GridION 16.032 3,667,007.0 4,372.0 8.0 6.094 |1,371,820.0 4,442.4 8.5 SRX6817352
Even PromethION | 146.291 | 36,527,376.0 4,005.0 7.3 5.970 |1,496,919.0 3,988.8 8.2 SRX6817354
Log PromethION | 148.028 | 35,118,078.0 4,215.2 7.6 5956 | 1,422,918.0 4,185.8 8.2 SRX6817356

Table 2. Sequencing statistics for the original and the subsampled datasets.

74 assemblies were generated, 40 for the Even mock community and 34 for the Log community. Six assemblies
could not be completed because miniasm and Pomoxis failed to run with the 6 Gbp Log datasets, whereas Uni-
cycler failed to run with the 3 Gbp Log datasets. The total size of each draft assembly and the fraction of metage-
nome recovered from the reference genomes were evaluated for the Even datasets in order to obtain a first view
of the general tool performance.

Overall, long-read assemblers resulted in a total assembly size closer to the theoretical size, and also recov-
ered a larger metagenome fraction, with some exceptions (Fig. 1). Nevertheless, large differences were detected
for both metrics among the assemblers. All the assemblers were far from recovering the totality of the metage-
nome, both in the 3 Gbp and the 6 Gbp datasets (Fig. 1A). It must be noted that metaQUAST and minimap2
results were consistent for the long-read assemblers, but not for the short-read assemblers, where minimap2
metric was significantly higher (Fig. 1B). MetaFlye (both versions) yielded the best assemblies in terms of total
metagenome size and metagenome recovery except for the minimap2 metric, followed by Pomoxis, Canu and
Raven (previously known as Ra). Interestingly, assembly pipelines based on the miniasm algorithm (Pomoxis,
Unycicler, and miniasm itself) presented huge variations in their performance. Unicycler and miniasm performed
relatively well for the 3 Gbp dataset, but when using 6 Gb, the final assembly did not improve significantly in the
case of miniasm, and the general performance was highly reduced for Unicycler. This is in contrast to Pomoxis,
which produced the second most complete assemblies with both dataset sizes. Although based on miniasm, it is
worth highlighting that Unicycler’s pipeline is designed for single isolate assembly, so reduced performance was
expected for metagenomic studies. Finally, Redbean (previously known as wtdbg2) and Shasta resulted in poor
assembly performance in comparison to the other long-read tools.

MetaQUAST was used for further evaluating the degree of completeness of each individual draft genome
(Fig. 2). As expected, yeast genomes were generally less recovered than bacterial ones, due to their lower abun-
dance (2%) and higher size, explaining the low metagenome fraction generally recovered by all the assemblers
(Fig. 1). In fact, the maximum average recovery fraction for the bacterial genomes was 99.92% (Supplementary
Fig. S1). Minia and Megahit were not able to recover any single genome with high completeness (>95% of genome
coverage) in any dataset. For the 3 Gbp dataset, metaFlye (both versions) and Unicycler recovered the eight
bacterial genomes with a high completeness level (>98.6%), while Pomoxis achieved lower recovery fractions
for two genomes (~96.9 to 97.4%). Raven and Canu resulted in reduced recovery percentages, but still retrieved
all the prokaryotic genomes with a mean covered fraction greater than 85% and 87%, respectively. Redbean and
Shasta achieved particularly low fractions of genome recovery.

For the 6 Gbp dataset, Unicycler performance decreased substantially as noted in Fig. 1, while Canu, Pomoxis,
Raven and metaFlye achieved similar or better results. In general, metaFlye displayed the best performance on
both dataset sizes in terms of genome recovery, closely followed by Pomoxis. This trend was also observed when
analyzing the proportion of yeast genomes recovered by each tool. In this context, it is important to highlight that
metaFlye’s ability to recover eukaryotic genomes was reduced when using metaFlye v2.7. This is due to the lower
number of missassemblies retrieved by this metaFlye version, indicating that the reduced fraction of genome
recovery is compensated with more reliable assemblies (Supplementary Fig. S2).

These results were confirmed when analyzing the Log mock community (Supplementary Fig. $3). Canu,
metaFlye, Raven and Pomoxis were able to recover Listeria monocytogenes and Pseudomonas aeruginosa genomes
(89.1% and 8.9% of total genomic DNA in the Log mock community, respectively) with a level of complete-
ness higher than 99%. These assemblers also recovered a significant fraction of Bacillus subtilis (0.89% of total
genomic DNA in the Log mock community). In fact, Raven was able to reconstruct >99% of its genome using
the 6 Gbp datasets, whereas metaFlye recovered ~ 98%. In this case, both tools outperformed Canu. Nevertheless,
Raven did not recover a significant fraction of Saccharomyces cerevisiae, whereas Canu and metaFlye did (>8%).
Pomoxis worked correctly when using the 3 Gbp datasets, but failed to run with both 6 Gbp files. The other tools
based on the miniasm algorithm also failed to run the 3 Gbp (Unicycler) and/or 6 Gbp datasets (miniasm). In all
cases, the error was related to memory usage and accession (segmentation violation), and could not be solved.
Nevertheless, using a computer with more RAM would help to easily overcome this problem. Shasta, RedBean,
Minia and Megahit performed poorly in comparison to the other tools (Supplementary Fig. $3). It has to be
noted that Shasta and RedBean were not originally designed to work with metagenomic data, which could result
in problems to handle uneven coverages.
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Figure 1. Evaluation of metagenome assembly size corresponding to each tested tool for the subsampled Even
datasets. (A) Total assembled size of draft assemblies with respect to the total size of the reference metagenome;
(B) fraction of the reference metagenome covered by the draft assembly, calculated by two different methods:
metaQUAST (top panel) and minimap2 + BBTools (bottom panel).

Regarding the time consumed by each tool, Shasta was the fastest assembler (Fig. 3A). This tool was able
to assemble the 6 Gbp datasets in only 285 s, approximately. RedBean and miniasm were the second and third
most fast software, followed by Raven (1.5-1.9 times faster than metaFlye v2.7). MetaFlye was 1.4-1.7 times
faster than Pomoxis, and 3.8-5.5 times faster than Canu, which proved to be the slowest tool. These trends were
also found in the Log mock community (Supplementary Fig. S4), where Canu spent up to 22 h reconstructing
a draft metagenome assembly from the 6 Gbp datasets. In this case, Raven was faster than metaFlye v2.7 for the
3 Gbp datasets, but not for the 6 Gbp ones.

General metagenome statistics (N50, L50, and number of contigs) were evaluated using QUAST (Fig. 3; Sup-
plementary Table S3). It has to be stressed that the comparisons based on these metrics are difficult to analyze due
to the large variation in the general performance among the different assemblers. For instance, Shasta resulted
in the highest N50 and the lowest L50 values for the 6 Gbp dataset, but this tool was able to cover less than 35%
of the metagenome. In fact, the total assembly size for Shasta was approximately 18-21 Mbp, in comparison to
the 49-53 Mbp assembled by metaFlye.

As expected, short-read assemblers did not perform well with nanopore data, resulting in thousands (Minia),
or even hundreds of thousands of contigs (Megahit). Interestingly, long-read assemblers resulted in more frag-
mented draft genomes when using the 6 Gbp datasets. Except for Shasta, the other long-read assemblers also
reduced their N50 and increased their L50 and number of contigs score when using 6 Gbp. Goldstein et al.’
demonstrated that Canu assemblies improved with higher coverage when assembling bacterial isolates. This
fact suggests that the loss of contiguity detected may be a direct consequence of a higher recovery rate of yeast
genomes, which might be more fragmented. Indeed, assembly statistics of the Canu draft assemblies remained
almost the same for the bacterial species when using 3 or 6 Gbp (Supplementary Table S$4). Finally, metaFlye and
Raven resulted in a more contiguous assembly with higher N50 and lower L50 in comparison to the other best
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Figure 2. Fraction of the genome covered by the draft assemblies obtained using each tool, and for each
individual microorganism (subsampled Even datasets). Miniasm assemblies are not shown, since it was not
possible to evaluate them with metaQUAST.

performing tools (Canu and Pomoxis), for both 3 and 6 Gbp datasets (Fig. 3; Supplementary Table S3). Remark-
ably, metaFlye v2.7 yielded slightly better results than metaFlye v2.4 (Fig. 3B-D), and required less time (Fig. 3A).

ONT hardware, protocols and software are in constant development, leading to large improvements in short
periods of time. Recently, an optimized DNA extraction and purification methodology has allowed to reach an
average yield of ~ 15.9 Gbp per flowcell*. For that reason, we decided to run the most promising assemblers
directly on GridION's original data (Even mock community; 14 Gbp). RedBean was included because of its com-
putational efficiency, which is a key factor for the analysis of deeply sequenced microbiomes. Results were similar
to those obtained for the 3 and 6 Gbp (Fig. 4). Canu recovered the highest proportion of bacterial genomes,
closely followed by metaFlye. Raven, once again, displayed problems when reconstructing the whole Escherichia
coli and Salmonella enterica genomes, an issue also detected for RedBean in a more notable way. MetaFlye and
Raven achieved a better recovery ratio than Canu for the yeast genomes. Overall, metaFlye genomes were more
complete but less contiguous than the Raven draft assemblies, which presented a lower number of contigs for
all the species with the exception of E. coli and S. enterica (Fig. 4B). This trend was also observed for the Log
datasets (Supplementary Fig. S4). Remarkably, Raven was able to assemble two bacterial genomes in only one
contig (Lactobacillus fermentum and P. aeruginosa), and retrieved four additional genomes in only 2-3 contigs.
Finally, it was not possible to run Pomoxis on this dataset because of the unsolvable error previously described.

Assembly accuracy. Sequencing errors are the biggest drawback of third generation sequencing platforms.
These errors can reach the final assemblies, resulting in lower quality draft genomes. In order to evaluate how
the different assemblers handle the specific error profile of ONT platforms, we analysed the total number of
SNPs and indels present in each draft metagenome. As described in Methods, two different and complementary
strategies were used to quantify these types of errors: (1) minimap2 + bcftools, and (2) MuMmer (Fig. 5). Both
strategies relied on the alignment of the draft assemblies to the reference metagenome, composed by a mix of all
the complete genomes of each strain present in the mock community.

Results were not fully consistent between the two methodologies, especially for the indels estimation, but they
still showed similar trends. All the long-read assemblers retrieved draft metagenomes with an average similarity
higher than ~ 98.9%, with the exception of miniasm, which resulted in an approximate accuracy of only 96%.
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Figure 3. General assembly performance of each tool for the subsampled Even datasets. (A) Run time; (B) N50;
(C) number of contigs; (D) L50.

This low accuracy could explain the inability of metaQUAST to evaluate miniasm assemblies. It has to be noted
that the other pipelines based on miniasm, Pomoxis and Unicycler, incorporated several rounds of polishing
via Racon®, which substantially reduced the number of SNPs and indels in the final draft assembly (see below).

Canu displayed a higher percentage of similarity for both methodologies and datasets, followed by Unicy-
cler for the 3 Gbp dataset, and Shasta for the 6 Gbp one. Pomoxis, metaFlye, and Raven presented similarities
over 99.5%. In the case of the indel profile, Unicycler and metaFlye v2.7 clearly outperformed Canu. Raven and
Pomoxis also achieved a better indel ratio than Canu, except for the 6 Gbp dataset and the bcftools metric. Red-
bean, miniasm, and Shasta results were inconsistent between the two methodologies tested (Fig. 5).

Biosynthetic gene cluster prediction. Gene prediction is highly affected by genome contiguity, com-
pleteness and accuracy. BGCs are especially influenced by these factors, since they are usually found in repetitive
regions which are often poorly assembled. AntiSMASH was used to assess the number of clusters found in the
draft assemblies retrieved by each tool in comparison to the reference metagenome with the aim of evaluating
BGC prediction on nanopore-based metagenomic assemblies (Fig. 6). As expected, none of the tools recovered
the entire BCG profile, since metagenomes were not completely reconstructed (Fig. 1). Using the entire GridION
dataset (14 Gbp) did not improve the number of BCGs recovered (Supplementary Table S5). Overall, when
considering the total number of BGCs predicted and the similarity of the obtained profile compared to the refer-
ence profile, Raven displayed the best performance for both 3 Gbp datasets, whereas metaFlye v2.7 displayed the
best performance for the 6 Gbp datasets. Pomoxis also achieved good predictions, outperforming Canu. All the
predicted profiles presented an enrichment in lasso peptides (ribosomally-synthesized short peptides), which
were not present in the reference profile. To further study this phenomenon, lasso peptides predicted by the dif-
ferent tools were searched using BLAST against the BGCs predicted in the reference metagenome. No hits were
found, suggesting that these results might be prediction artifacts mainly caused by indels, which are probably
introducing frameshift errors, and artificially increasing the number of short peptides being predicted (i.e. lasso
peptides). In fact, metaFlye v2.7, which had a significantly lower indel ratio, retrieved fewer lasso peptides than
metaFlye 2.4 (Fig. 5). We also corrected Pomoxis assemblies with Medaka, leading to a lower indel ratio (see the
following section). Lasso peptides were not detected in Pomoxis + Medaka assemblies, highlighting the impor-
tance of indel correction for functional prediction (Supplementary Fig. S5).
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Polishing evaluation. Polishing is the process of correcting assemblies in order to generate improved
consensus sequences. Input for polishing nanopore-based assemblies can be raw ONT reads (i.e. Racon or
Medaka)*, raw electric signal (i.e. Nanopolish) (https://github.com/jts/nanopolish), or even high quality short
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Figure 5. Assembly accuracy for the draft assemblies (subsampled Even datasets). (A) Percentage of similarity
calculated as the total number of matches normalized by the metagenome size; (B) percentage of indels
calculated as the total number of indels normalized by the metagenome size. In both cases, two different
strategies were used: (top panel) alignment with minimap and evaluation with bcftools + ‘indels_and_snps.py’
in-house script; (bottom panel) alignment with MuMMer and evaluation with ‘count_SNPS_indels.pl’ script
from Goldstein et al.’.

reads (i.e. Racon)®. The state-of-art polishing workflow for nanopore sequencing consists of correcting the draft
assemblies through several rounds of Racon (typically 2-4), followed by a single Medaka step.

Some of the tested tools automatically incorporated Racon (Raven, Pomoxis and Unicylcer) in their pipelines,
whereas the others included different algorithms for correcting the reads before (Canu) or after (metaFlye and
ReadBean) the assembly process. Thus, we wanted to assess how various steps of polishing could affect the SNP
and indel ratio of the different assemblers. Results were highly heterogenous (Fig. 7; Supplementary Table S6).
Pomoxis and Raven drastically improved their accuracy after several rounds of polishing with the original
ONT reads (Supplementary Table S6). In fact, accuracy with no polishing steps was close to 96%, as reported
for miniasm (Fig. 5). Higher similarity percentages were observed after one round of Racon (1R) for Raven,
and four rounds of Racon + one round of Medaka (4R + m) for Pomoxis. Redbean and metaFlye -which were
run again without using their built-in polishers- also improved their accuracy after IR or 4R +m, respectively.
Canu presented a lower percentage of SNPs when no polishing steps were added to the pipeline (Supplemen-
tary Table S6). Nevertheless, all the tools drastically improved their indel ratio after 4R + m. The percentage of
improvement varied between 41% (Canu) and 91% (Raven and Pomoxis) (Fig. 7A). It has to be highlighted that
the lowest number of SNPs and indels was achieved by Canu, which is the only tool that carries out error cor-
rection before assembling the reads.

The error profiles were evaluated again to further assess whether polishing draft assemblies with high quality
short reads led to improved assemblies. Albeit yielding heterogeneous results, all the tools achieved better indel
ratios after four rounds of Racon correction with Illumina reads (Supplementary Table S6). In this case, all the
assemblers improved their accuracy (% of similarity) after one (Canu and metaFlye) or four (Pomoxis, Raven and
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Figure 6. Number of biosynthetic gene clusters (BGCs) predicted by antiSMASH for each draft assembly in
the Even GridION datasets. (A) BGCs predicted using the 3 Gbp dataset; (B) BGCs predicted using the 6 Gbp
dataset.

RedBean) Racon rounds. When comparing the highest scores obtained with Illumina-based correction to the
highest scores achieved after ONT-based polishing (Fig. 7), the percentage of similarity was higher for metaFlye
and Canu assemblies corrected with Illumina reads, and lower for Pomoxis, Raven and RedBean, where ONT
polishing outperformed Illumina’s. A similar trend was observed for the indel ratio. This time, Illumina correc-
tion clearly enhanced the indel correction for metaFlye and Canu. In fact, Canu + Illumina correction retrieved
the lowest indel ratio. Pomoxis, Raven and RedBean achieved a better indel correction with ONT reads.

Discussion

Assembling shotgun sequencing data is often a key factor for characterizing the functional and taxonomic diver-
sity of microbial communities. In the recent years, nanopore-based sequencers (Oxford Nanopore Technolo-
gies; ONT) are rapidly growing in popularity due to four basic reasons: (1) low cost, (2) long-read generation,
(3) portability, and (4) real-time analysis. Several bioinformatic tools have been developed to handle nanopore
sequences during the assembly process. Nevertheless, there is a lack of systematic, up-to-date, independent
studies comparing the performance of the currently available tools. This work is aimed at filling this gap using
the data previously published by Nicholls et al.'*, which consisted of the ultra-deep sequencing of two different
mock communities (Table 1) on GridION and PromethION platforms (ONT). These platforms follow the same
sequencing principles as MinION, but they have a significantly higher output. For that reason, the datasets were
subsampled in order to adapt their output to the current yield offered by MinION (3-6 Gbp)®**-*, then extend-
ing the study to higher yields comparable with other recent works*.

Despite the relatively low complexity of the mock communities analyzed in this evaluation study, our results
show that there is a huge variation in assembly results depending on the software chosen to perform the analysis.
Minia and Megahit poorly reconstructed the microbial genomes (Figs. 1, 2) and produced highly fragmented
draft assemblies (Fig. 3). This output was expected, since these assemblers are highly optimized to work on short
reads, which are very different to the data generated by ONT sequencers.

Long-read assemblers (Canu, metaFlye, Unicycler, miniasm, Raven, Shasta and Readbean) also presented
significant differences in the general assembly performance. This was expected too, since some of the tools were
not specifically designed for assembling metagenomes (Supplementary Table S1). Overall, only metaFlye, Raven,
and Canu worked well on all the tested datasets. They were able to recover the eight bacterial genomes from
the Even dataset with a high degree of completeness, and also reconstructed a significant fraction of the yeast
genomes. Draft assemblies were highly contiguous when using these three tools, as they were able to reconstruct
bacterial genomes in only 1-19 contigs (Fig. 4B). Unicycler and, especially, Pomoxis, also performed well for
some datasets and metrics, but failed to run in some cases (Supplementary Table S1). Both tools are pipelines
based on miniasm that include further polishing steps by Racon. Miniasm alone was also unable to assemble the
Log 6 Gbp dataset, indicating a lack of consistency of the algorithm for different microbial community structures.
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Figure 7. Polishing evaluation. (A) Percentage of improvement within the whole metagenome, taking as a
reference the number of errors prior to polishing; (B) highest similarity percentage achieved by each tool; (C)
best indel ratio achieved by each tool. Note that a different number of polishing rounds may be needed for
achieving the highest similarity and the lowest indel ratio depending on the tool.

Finally, Shasta and RedBean (wtdgb2) retrieved incomplete assemblies and they did not provide any additional
advantage other than computational efficiency.

Our results are in accordance with previous studies. MetaFlye has proved to outperform other tools in terms
of metagenome recovery when using different mock communities*>*, although it must be noted that these
previous studies did not include all the tools selected in the present benchmark. Canu also performed well in
other studies®, and has been proposed for increasing the contiguity of metagenome assembled genomes recov-
ered from real samples®. Nevertheless, its high computational cost limits the use of Canu for bigger datasets
(Fig. 3, Supplementary Fig. $4)**%. RedBean displayed a reduced performance in comparison to other long-
read assemblers*>**4%7_ To the best of our knowledge, no other metagenome assembly benchmark has included
Pomoxis, Shasta, or Raven. Wick and Holt" evaluated different tools for single isolate assembly (not metagenomic
assembly), and reported that Shasta was more likely to produce incomplete draft assemblies, while Raven was
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reliable for chromosome assembly, as also seen in our work. Although Pomoxis was not included in this last
benchmark, another miniasm + Racon strategy was used. This strategy, that was reported to perform robustly
among different genomic datasets, is equivalent to one of the pipelines used in the present study (here referred
to as Unicycler). This observed robustness is in contrast to our results, supporting the idea that the intrinsic
differential coverage of metagenomic datasets could be the cause of the inconsistency detected for miniasm in
this benchmark.

Although sequencing errors are one of the main drawbacks of third generation sequencing platforms, the best
performing tools (metaFlye v2.7, Canu, Raven and Pomoxis) achieved >99.5% of accuracy in the final assem-
blies. Indels may be especially problematic, since they can introduce frameshift errors, which hinder functional
prediction. After analyzing the different BGCs profiles, metaFlye and Raven demonstrated to reach better results
and they outperformed Canu. This is in accordance with the indel ratio calculated for each tool (Fig. 5B). It has
to be highlighted that these results were obtained by using ONT configurations explicitly reccommended in the
manual of each tool. The use of other tools (i.e. polishers) led to assemblies with enhanced quality. The lowest
number of SNPs and indels were achieve after different rounds of polishing for some assemblers (Supplementary
Table S6). As a consequence, the number of polishing rounds is variable and must be carefully chosen by the
user. Correction with Illumina reads is a useful strategy for reducing the number of indels and SNPs produced
by metaFlye and Canu, as also reported in Moss et al.*. The combination of Canu with polishing tools resulted
in the best accuracy, especially when using Illumina reads for the correction.

Finally, time is a crucial parameter when choosing a bioinformatic tool, even more if considering MinION’s
ability to generate real-time data. In this sense, metaFlye v2.7 was up to 6.7 times faster than Canu, which was
the slowest tool tested on this benchmark. Raven was even faster than metaFlye, and tended to generate fewer
contigs (Fig. 3, Supplementary Fig. S4; Supplementary Table S3).

Taken together, our results show that nanopore data (accommodated to current MinION’s output) can lead
to highly contiguous and accurate assemblies when using the proper tools, with no need of complementary
sequencing with Illumina. From all the tested software, metaFlye v2.7 resulted the best in terms of metagenome
recovery fraction and total metagenome assembled size. Raven achieved slightly lower genome fractions than
metaFlye, but was faster and generally retrieved a lower number of contigs. Canu was the most accurate tool
and introduced fewer indels when combined with polishing tools, but its assembly process also demonstrated
to be time consuming. Pomoxis and other miniasm-based pipelines are also promising, but their inconsistency
problems should be addressed. This work may help software developers to design new bioinformatic tools opti-
mized for nanopore-based shotgun metagenomic sequencing, although further research is still needed in order
to benchmark the different assemblers on more complex microbial communities.

Conclusions

Shotgun metagenomic sequencing based on short reads usually results in highly fragmented metagenomes, thus
complicating downstream analyses such as the recovery of individual genomes or the prediction of complex and
repetitive gene structures (i.e. biosynthetic gene clusters, CRISPR-CAS systems, etc.). This work demonstrates
that, despite the high error intrinsic to third-generation sequencing platforms, nanopore data alone can over-
come these limitations and retrieve extremely contiguous genomes directly from simple microbial communities.
However, there is a huge variation in assembly performance depending on the chosen software. In general terms,
metaFlye could be defined as the best suited assembler for nanopore metagenomic data. This tool leads to the
highest metagenome recovery ratio and performs robustly among the tested datasets. Raven also performed well
and required less time to perform the analyses. Canu is more suitable when lower error rates are required, but
draft assemblies should be polished in order to reduce the number of indels. Polishing with short reads does not
necessarily improve the quality of the draft assemblies but, in combination with Canu, it can lead to the most
accurate metagenome reconstruction. Overall, this work demonstrates the suitability of using nanopore sequenc-
ing alone for assembling low-complexity microbial communities, and paves the way towards the standardization
of bioinformatic pipelines for long-read sequencing data.

Data availability

Raw data was deposited in the NCBI database under the BioProject number PRJNA564477 (https://www.ncbi.
nlm.nih.gov/bioproject/564477). Raw datasets from Nicholls et al.'* can be downloaded from the ENA (https://
www.ebi.ac.uk/ena/data/view/PRJEB29504). All the code used in this study is publicly available at doi: https://
doi.org/10.5281/zenodo.3935763. It includes the bash scripts designed for the automatic execution of the different
bioinformatic analysis, the R code and CSV tables for figure construction, and other in-house and third-party
scripts needed to reproduce the analyses.

Received: 10 June 2020; Accepted: 22 July 2020
Published online: 12 August 2020

References
1. Hiraoka, S., Yang, C. & Iwasaki, W. Metagenomics and bioinformatics in microbial ecology: Current status and beyond. Microbes
Environ. 31(3), 204-212 (2016).
2. Hug, L. et al. A new view of the tree of life. Nat. Microbiol. 1(5), 16048. https://doi.org/10.1038/nmicrobiol.2016.48 (2016).
. Nutman, A. & Marchaim, D. How to: Molecular investigation of a hospital outbreak. Clin. Microbiol. Infect. 25(6), 688-695 (2019).
4. Tully, B, Graham, E. & Heidelberg, J. The reconstruction of 2,631 draft metagenome-assembled genomes from the global oceans.
Sci. Data 5, 170203, https://doi.org/10.1038/sdata.2017.203 (2018).
5. Nayfach, S. et al. New insights from uncultivated genomes of the global human gut microbiome. Nature 568, 505-510. https://doi.
org/10.1038/541586-019-1058-x (2019).

w

SCIENTIFIC REPORTS |

(2020) 10:13588 | https://doi.org/10.1038/s41598-020-70491-3



227

www.nature.com/scientificreports/

20.
21.
22.
23.
24.
25.
26.
27.
28.
. Fritz, A. et al. CAMISIM: Simulating metagenomes and microbial communities. Microbiome 7, 20 (2019).
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

43.
44.

45.

46.

. Fettweis, J. M. et al. The vaginal microbiome and preterm birth. Nat. Med. 25, 1012-1021. https://doi.org/10.1038/s41591-019-

0450-2 (2019).

. Goodwin, S., McPherson, J. & McCombie, W. Coming of age: Ten years of next-generation sequencing technologies. Nat. Rev.

Genet. 17, 333-351. https://doi.org/10.1038/nrg.2016.49 (2016).

. Wick, R, Judd, L., Gorrie, C. & Holt, K. Unicycler: Resolving bacterial genome assemblies from short and long sequencing reads.

PLoS Comput. Biol. 13(6), €1005595 (2017).

. Goldstein, S., Beka, L., Graf, J. & Klassen, J. Evaluation of strategies for the assembly of diverse bacterial genomes using MinlON

long-read sequencing. BMC Genom. 20, 1 (2019).

. Olson, N. et al. Metagenomic assembly through the lens of validation: Recent advances in assessing and improving the quality of

genomes assembled from metagenomes. Brief. Bioinform. 20(4), 1140-1150 (2017).

. Ayling, M, Clark, M. & Leggett, R. New approaches for metagenome assembly with short reads. Brief. Bioinform. 21(2), 584-594

(2019).

. Sczyrba, A. et al. Critical assessment of metagenome interpretation—a benchmark of metagenomics software. Nat. Methods 14,

1063-1071. https://doi.org/10.1038/nmeth.4458 (2017).

. Rang, F.J,, Kloosterman, W. P. & de Ridder, J. From squiggle to basepair: Computational approaches for improving nanopore

sequencing read accuracy. Genome Biol. 19, 1-11 (2018).

. Weirather, J. L. et al. Comprehensive comparison of Pacific Biosciences and Oxford Nanopore Technologies and their applications

to transcriptome analysis. F1000Research 6, 100 (2017).

. Nicholls, S., Quick, J., Tang, S. & Loman, N. Ultra-deep, long-read nanopore sequencing of mock microbial community standards.

GigaScience 8, 5 (2019).

. Jayakumar, V. & Sakakibara, Y. Comprehensive evaluation of non-hybrid genome assembly tools for third-generation PacBio

long-read sequence data. Brief. Bioinform. 20(3), 866-876 (2017).

. Loman, N., Quick, J. & Simpson, J. A complete bacterial genome assembled de novo using only nanopore sequencing data. Nat.

Methods 12, 733-735. https://doi.org/10.1038/nmeth.3444 (2015).

. Koren, S. et al. Reducing assembly complexity of microbial genomes with single-molecule sequencing. Genome Biol. 14(9), R101

(2013).

. Gonzilez-Escalona, N., Allard, M., Brown, E., Sharma, S. & Hoffmann, M. Nanopore sequencing for fast determination of plasmids,

phages, virulence markers, and antimicrobial resistance genes in Shiga toxin-producing Escherichia coli. PLoS One 14, 0220494
(2019).

Lu, H., Giordano, F. & Ning, Z. Oxford nanopore MinION sequencing and genome assembly. Genom. Proteom. Bioinforma. 14,
265-279 (2016).

Pomerantz, A. et al. Real-time DNA barcoding in a rainforest using nanopore sequencing: Opportunities for rapid biodiversity
assessments and local capacity building. GigaScience 7, 20 (2018).

Orsini, P. et al. Design and MinION testing of a nanopore targeted gene sequencing panel for chronic lymphocytic leukemia. Sci.
Rep. 8, 11798. https://doi.org/10.1038/s41598-018-30330-y (2018).

Wick, R., Judd, L., Gorrie, C. & Holt, K. Completing bacterial genome assemblies with multiplex MinION sequencing. Microbial.
Genom. 3,20 (2017).

Deschamps, S. et al. A chromosome-scale assembly of the sorghum genome using nanopore sequencing and optical mapping. Nat.
Commun. 9, 4844. https://doi.org/10.1038/s41467-018-07271-1 (2018).

Jain, M. et al. Nanopore sequencing and assembly of a human genome with ultra-long reads. Nat. Biotechnol. 36, 338-345. https
://doi.org/10.1038/nbt.4060 (2018).

Hardegen, J. et al. Methanogenic community shifts during the transition from sewage mono-digestion to co-digestion of grass
biomass. Biores. Technol. 265, 275-281 (2018).

Benitez-Péez, A. & Sanz, Y. Multi-locus and long amplicon sequencing approach to study microbial diversity at species level using
the MinION™ portable nanopore sequencer. GigaScience 6, 20 (2017).

Bokulich, N. et al. mockrobiota: A public resource for microbiome bioinformatics benchmarking. mSystems 1, 20 (2016).

Vollmers, J., Wiegand, S. & Kaster, A. Comparing and evaluating metagenome assembly tools from a microbiologist’s perspec-
tive—not only size matters!. PLoS One 12, 0169662 (2017).

Nurk, S., Meleshko, D., Korobeynikov, A. & Pevzner, P. metaSPAdes: A new versatile metagenomic assembler. Genome Res. 27,
824-834 (2017).

Hu, Y., Fang, L., Nicholson, C. and Wang, K. Implications of error-prone long-read whole-genome shotgun sequencing on char-
acterizing reference microbiomes. Prepint available at https://www.biorxiv.org/content/10.1101/2020.03.05.978866v1.full (2020).
Kolmogorov, M., Rayko, M., Yuan, J., Polevikov, E. & Pevzner, P. metaFlye: Scalable long-read metagenome assembly using repeat
graphs. Prepint available at https://www.biorxiv.org/content/10.1101/637637v1 (2019).

Sevim, V. et al. Shotgun metagenome data of a defined mock community using Oxford Nanopore, PacBio and Illumina technolo-
gies. Sci. Data 6, 285. https://doi.org/10.1038/s41597-019-0287-z (2019).

Dhar, R. et al. De novo assembly of the Indian blue peacock (Pavo cristatus) genome using Oxford Nanopore technology and
Tllumina sequencing. GigaScience 8, 5 (2019).

Parajuli, P, Deimel, L. & Verma, N. Genome analysis of Shigella flexneri serotype 3b strain SFL1520 reveals significant horizontal
gene acquisitions including a multidrug resistance cassette. Genome Biol. Evol. 11, 776-785 (2019).

Leidenfrost, R. M. et al. Benchmarking the MinION: Evaluating long reads for microbial profiling. Sci. Rep. 10, 5125. https://doi.
0rg/10.1038/541598-020-61989-x (2020).

Hamner, S. et al. Metagenomic profiling of microbial pathogens in the Little Bighorn River, Montana. Int. J. Environ. Res. Public
Health 16, 1097 (2019).

Che, Y. et al. Mobile antibiotic resistome in wastewater treatment plants revealed by Nanopore metagenomic sequencing. Micro-
biome 7, 44. https://doi.org/10.1186/s40168-019-0663-0 (2019).

Lindgreen, S., Adair, K. & Gardner, P. An evaluation of the accuracy and speed of metagenome analysis tools. Sci. Rep. 6, 19233.
https://doi.org/10.1038/srep19233 (2016).

Gurevich, A., Saveliev, V., Vyahhi, N. & Tesler, G. QUAST: Quality assessment tool for genome assemblies. Bioinformatics 29,
1072-1075 (2013).

Mikheenko, A., Saveliev, V. & Gurevich, A. MetaQUAST: Evaluation of metagenome assemblies. Bioinformatics 32, 1088-1090
(2015).

Li, H. Minimap2: Pairwise alignment for nucleotide sequences. Bioinformatics 34, 3094-3100 (2018).

Blin, K. et al. AntiSMASH 5.0: Updates to the secondary metabolite genome mining pipeline. Nucleic Acids Res. 47, W81-W87
(2019).

Vaser, R., Sovi¢, 1., Nagarajan, N. & Siki¢, M. Fast and accurate de novo genome assembly from long uncorrected reads. Genome
Res. 27,737-746 (2017).

Moss, E. L., Maghini, D. G. & Bhatt, A. S. Complete, closed bacterial genomes from microbiomes using nanopore sequencing. Nat.
Biotechnol. https://doi.org/10.1038/s41587-020-0422-6 (2020).

SCIENTIFIC REPORTS |

(2020) 10:13588 | https://doi.org/10.1038/s41598-020-70491-3



228

www.nature.com/scientificreports/

47. Wick, R. & Holt, K. Benchmarking of long-read assemblers for prokaryote whole genome sequencing. FI000Research 8, 2138
(2020).

Acknowledgements

We are grateful to Dr. Manuel Porcar, who kindly revised the manuscript and gave some good advice for improv-
ing our work. We are indebted to Kristie Tanner for language correction. AL is a recipient of a Doctorado Indus-
trial fellowship from the Spanish Ministerio de Ciencia, Innovacién y Universidades (reference DI-17-09613).

Author contributions
A.L. and P.V. performed the data analyses. A.L., ].P.,, and C.V. designed the research and discussed the results. All
the authors wrote the manuscript, and have read and approved the final manuscript version.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-70491-3.

Correspondence and requests for materials should be addressed to C.V.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

v License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:13588 | https://doi.org/10.1038/s41598-020-70491-3



Publication VII

e BIOLOGY
\ 4 Methods & Protocols

REVIEW

229

Biology Methods and Protocols, 2020, 1-11

doi: 10.1093/biomethods/bpaa016
Advance Access Publication Date: 20 August 2020
Review

A lab in the field: applications of real-time, in situ

metagenomic sequencing

Adriel Latorre-Pérez?!, Javier Pascuall, Manuel Porcar®? and

Cristina Vilanova®*

Darwin Bioprospecting Excellence SL, Valencia, Spain and Institute for Integrative Systems Biology,

12SysBio, University of Valencia-CSIC, Valencia, Spain

*Correspondence address. Darwin Bioprospecting Excellence SL, Valencia, Spain; E-mail: cristina@darwinbioprospecting.com

Abstract

High-throughput metagenomic sequencing is considered one of the main technologies fostering the development of micro-
bial ecology. Widely used second-generation sequencers have enabled the analysis of extremely diverse microbial commu-
nities, the discovery of novel gene functions, and the comprehension of the metabolic interconnections established among

microbial consortia. However, the high cost of the sequencers and the complexity of library preparation and sequencing
protocols still hamper the application of metagenomic sequencing in a vast range of real-life applications. In this context,
the emergence of portable, third-generation sequencers is becoming a popular alternative for the rapid analysis of microbial
communities in particular scenarios, due to their low cost, simplicity of operation, and rapid yield of results. This review
discusses the main applications of real-time, in situ metagenomic sequencing developed to date, highlighting the relevance
of this technology in current challenges (such as the management of global pathogen outbreaks) and in the next future of

industry and clinical diagnosis.

Keywords: third-generation sequencing; in situ metagenomics; microbial ecology

Introduction

For many years, culture-dependent approaches were the only
tools available for the study of microorganisms, although the
vast majority of microbial species (>99%) cannot be cultivated
[1]. This limitation lasted until the development of molecular
techniques, such as the automation of Sanger sequencing [2],
molecular markers [3], cloning [4], or fluorescence in situ hybrid-
ization [5], among many others. However, these molecular tech-
niques presented other weaknesses, like the inability to access
low-abundance microorganisms, generating a bias towards the
most abundant taxa.

The term metagenomics was proposed in the 1990s [6] to de-
fine the set of genomes that could be found in a given environ-
ment. The fundamental aim of metagenomics is the study of

microorganisms in the context of their community by means of
sequencing genomic fragments from the entire microbiome si-
multaneously. Nevertheless, this goal can be partially accom-
plished by sequencing marker genes, even though this
approach should not be considered as true metagenomics [7]. In
marker-gene studies, generic, relatively universal primers are
used to amplify a fragment of a given gene through polymerase
chain reaction (PCR) (e.g. 16S rRNA for bacteria/archaea, 185/ITS
for fungi) from all genomes present in a given sample, and the
resulting pool of amplicons is sequenced. Next, the sequences
are clustered into operational taxonomic units (OTUs), each
OTU is taxonomically identified, and compared across samples.
Traditionally, OTUs were constructed by grouping sequences
according to a defined similarity threshold (typically 97%).
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However, OTUs are being replaced by amplicon sequence var-
iants, which group sequences that are completely identical [8].
While fast and inexpensive, this method does not give any in-
formation on the hundreds of thousands of functional genes
encoded by other parts of the (meta)genomes as these remain
unsequenced. Whole-genome sequencing (WGS)—or shotgun—
metagenomics can offer an alternative and complementary
method since it is based on the application of sequencing tech-
niques to the entirety of the genomic material in the micro-
biome of an environmental sample. Sequencing the genomes of
all microorganisms can provide information about the diversity
of functional genes, and allow the assignment of each metabolic
function to specific taxa, to identify novel genes or proteins so
far unknown, and to assemble genomes in order to study evolu-
tionary relationships.

The number of metagenomic studies has dramatically in-
creased in the last years, mainly due to the emergence of high-
throughput sequencing technologies and the development of
bioinformatic tools that facilitate the assembly of data and the
assignment of sequences through a process called binning [9].
The binning process consists of grouping assembled sequences
(contigs) into discrete units (bins), which ideally represent draft
genomes of individual microorganisms [10]. Overall, both high-
throughput sequencing and bioinformatics have proven power-
ful tools that have generated, at a relatively low cost, a huge
amount of genetic information [11].

High-throughput sequencing technologies can be divided
into second- and third-generation ones. Two of the most
widely used second-generation sequencing (SGS) technologies
are Illumina and Ion Torrent. Albeit both techniques are
based on sequence-by-synthesis, they have methodological
differences. In lllumina sequencers, short DNA fragments are
attached to a glass slide or micro-well and amplified to produce
clusters. Fluorescence-labelled nucleotides are then washed
across the flowcell and are incorporated to the complementary
DNA sequence of the clustered fragment. Then,
fluorescence from the incorporated nucleotides is detected, re-
vealing the DNA sequence. On the other hand, Ion Torrent is
based on the use of semiconductor materials that detect the
release of H™ protons while the DNA molecule is synthesized
[12, 13].

Third-generation sequencing (TGS), also known as long-read
sequencing, is based on single-molecule sequencing, which
speeds up the sequencing process. This technology is currently
under active development and includes platforms such as Pacific
Biosciences (PacBio) or Oxford Nanopore Technologies (ONT).
PacBio is based on single-molecule, real-time sequencing tech-
nology. An engineered DNA polymerase is attached to a single
strand of DNA, and these are placed into micro-wells called Zero
Mode Waveguides (ZMWs) [14]. During polymerization, the incor-
porated phospholinked nucleotides carry a fluorescent tag (dif-
ferent for each nucleotide) on their terminal phosphate. The tag
is excited and emits light which is captured by a sensitive detec-
tor (through a powerful optical system). Eventually, the fluores-
cent label is cleaved off and the polymerization complex is then
ready to extend the strand [15]. On the other hand, in ONT, a
single-strand of DNA passes through a protein nanopore, result-
ing in changes in the electric current that can be measured. The
DNA polymer complex consists of double-stranded DNA and an
enzyme that unwinds the double-strand and passes the single-
stranded DNA through the nanopore. As the DNA bases pass
through the pore, there is a detectable disruption in the electric
current, and this allows the identification of the bases on the
DNA strand [16, 17].

Three substantial improvements have been made in TGS
technologies with regard to SGS:

1. Increase in read length. While the SGS technologies produce
many millions of short reads (150-400bp), TGS typically pro-
duce much longer reads (6-20kb)—without theoretical
length limit for ONT—albeit far fewer reads per run (typi-
cally hundreds of thousands). Short reads produced by SGS
lead to highly fragmented assemblies when it comes to de
novo assembly of larger genomes because of difficulties in re-
solving repetitive sequences in the genome.

2. Reduction of sequencing time (from days to hours or even
minutes for real-time applications). While major SGS plat-
forms use sequencing by synthesis technologies, TGS tech-
nologies directly target single DNA molecules, and in the
case of ONT platforms, reads are available for analysis as
soon as they have passed through the sequencer.

3. Reduction or elimination of sequencing biases introduced by
PCR amplification [18]. Despite this improvement, TGS tech-
nologies have high systematic error rates (~5-15%) unlike
SGS technologies (<1%) [19]. Nevertheless, the accuracy of
TGS can improve up to 99.9% in consensus sequences
thanks to recent software developments [20].

In 2014, ONT released the MinION sequencing system which,
unlike the bulk sequencing installations needed for the other
technologies, is a palm-sized device producing long reads in
real-time. When launched, the MinION read length was ~6-8kb
[21, 22]; however, lab protocols enabling the obtention of longer
sequences (>100kb) have been reported [23]. MinION is the
smallest sequencing device currently available (10 x3x2cm
and weighing just 90g). It is inexpensive (less than €1000) in
comparison with PacBio (more than €100 000), allowing labora-
tories with few economic resources to be able to access this
technology. It can be directly plugged into a standard USB3 port
on a computer with a simple configuration. Specifically, a com-
puter with a solid-state drive, >8 GB of RAM, and >128 GB of
hard disk space can be used for sequencing. The sequencer peri-
odically outputs a group of reads in the form of raw current sig-
nals, which are then base-called on a laptop or on an ultra-
portable ONT’s MinIT. Furthermore, sequence analyses (such as
sequence alignment and genome polishing) can be performed
on a mobile phone [24]. Therefore, the ultra-portability, afford-
ability, and speed in data production make the MinION technol-
ogy suitable for real-time sequencing in a variety of
environments, such as Ebola surveillance in West Africa during
the last outbreak [25], microbial communities inspection in the
Arctic [26], DNA sequencing on the International Space Station
(ISS) [27], and even the recently emerging pandemic coronavirus
SARS-CoV-2 [28, 29]. This review describes a range of applica-
tions in which having portable, low-cost, fast, and robust tech-
nologies allowing an in situ analysis of samples is key to address
important challenges.

Portable sequencing in natural environments

Exploring the microbial diversity of natural environments via
DNA sequencing techniques has become a routine in the last
decade. Long-scale studies like the Earth Microbiome Project
have led to the massive characterization of microbial popula-
tions inhabiting different environments on our planet [30].
Moreover, metagenomic sequencing has proved to be very use-
ful for a wide range of applications such as recovering new
genomes from unculturable organisms, mining microbial
enzymes with potential applications in the industry, or
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discovering new biosynthetic gene clusters [31-33]. These stud-
ies have typically relied on next-generation sequencing plat-
forms like Illumina, which usually requires shipping samples to
a centralized sequencing facility. Nevertheless, biodiversity as-
sessment studies are usually carried out in remote locations
with limited access to DNA sequencing services, forcing scien-
tists to design-intensive sampling expeditions and returning to
their home institutions to perform the sequencing and the data
analysis.

ONT sequencers have emerged as an alternative to these tra-
ditional approaches, allowing the creation of mobile, in-field
laboratories. Figure 1 depicts a general workflow for the metage-
nomic analysis of samples using adapted protocols and a
MinION device. Pomerantz et al. [34] and Menegon et al. [35]
designed portable laboratories that included thermocyclers and
centrifuges powered by external batteries, and a MinION device
connected to a laptop to perform in situ DNA sequencing. Both
works were not focused on metagenomic applications, but on
evaluating the taxonomic identity of different animal speci-
mens (reptiles and amphibians) via targeted sequencing of the
16S rRNA gene or other mitochondrial genes. However, the ap-
plied methodologies and lab configurations could be easily
adapted to perform metataxonomic approaches relying on the
amplification and massive sequencing of marker genes.

The feasibility of MinION-based metagenomic sequencing
protocols has been specially tested in extremely cold environ-
ments. Edwards et al. [36] reported for the first time the use of
mobile laboratories for the in situ characterization of the micro-
biota of a High Arctic glacier. They were able to adapt the widely
used PowerSoil DNA Isolation kit (MoBio, Inc.) for its in-field
use, and to perform the data analysis either online and offline.
The report included new results from in situ metagenomics and
16S rRNA sequencing of different glaciers samples, and a bench-
marking of the performance of in-field sequencing protocols by
using mock communities as well as real samples. In the latter
case, they compared the resulting taxonomic profiles with the
microbial composition assessed by SGS platforms, describing
strongly positive Pearson correlations at the phylum level.
Goordial et al. [26] were also able to perform in situ MinION se-
quencing in the McGill Arctic Research Station. In this case, a
permafrost sample was analysed using two different library
preparation kits on the same extracted DNA. A similar percent-
age of Bacteria and Archaea was detected using both kits, but
differences in the relative abundance of viruses and eukaryotic
organisms were noted. The taxonomic profile of the same per-
mafrost sample was also obtained by means of 16S rRNA
Mlumina sequencing. Notably, similar taxonomic groups were
identified in all the cases at the phylum level, although relative
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Figure 1: Schematic representation of an in situ metagenomics workflow for the
analysis of environmental and clinical samples.

abundances varied among the different methodologies. In a
parallel work, Johnson et al. [37] used portable field techniques
to isolate DNA from desiccated microbial mats collected in the
Antarctic Dry Valleys, construct metagenomic libraries, and se-
quence the samples outdoors (Taylor Valley;
Temperature=—-1°C) and in the McMurdo Station (Room
Temperature , RT). Longer reads were achieved by sequencing
at RT, but average and median read length did not depend on
ambient temperature. The study also reported that cold temper-
atures (4°C) reduced the quality of the generated sequences,
even when working with high-quality DNA (Lambda Phage).
Finally, Gowers et al. [38] designed and transported a miniatur-
ized lab across Europe’s largest ice cap (Vatnajokull, Iceland) by
ski and sledge. They adapted DNA extraction and sequencing
protocols to be performed in a tent during the expedition, using
solar energy and external batteries to power the hardware.
Offline basecalling was achieved in situ by using Guppy (Oxford
Nanopore, Oxford, UK), but the metagenomic data analysis
could not be carried out due to code errors while running the lo-
cal version of Kaiju [39].

In addition to cold environments, ONT sequencers have
been also applied for sequencing a biofilm sample at a depth of
100 m within a Welsh coal mine [40]. This work presented the
‘MetageNomad’, a suite of off-the-shelf tools for metagenomic
sequencing in remote areas using battery-powered equipment.
The authors were able to perform the data analysis in situ by us-
ing Centrifuge [41] and a local database for characterizing the
microbial composition of the sample.

Interestingly, MinION devices have allowed DNA sequencing
off the Earth. A first study from Castro-Wallace et al. [27] com-
pared the performance of nanopore sequencing in the ISS with
experiments carried out on Ground Control, obtaining similar
results. As a proof-of-concept, the authors used equimolar mix-
tures of genomic DNA from lambda bacteriophage, Escherichia
coli (strain K12, MG1655) and Mus musculus (female BALB/c
mouse) for the metagenomic sequencing. Data analysis could
not be carried out at the ISS because of the lack of a laptop with
the necessary tools installed, but it was demonstrated on the
ground that sequencing analysis and microbial identification
are completely feasible aboard the ISS. Recently, Burton et al.
[42] have reported that the preparation and sequencing of 16S
rRNA libraries are also achievable at the ISS. Specifically, the
ZymoBIOMICS Microbial Community DNA Standard (Zymo
Research) was used as the input DNA. Again, the results were
comparable to the microbial profiles obtained on Earth.
Remarkably, Carr et al. [43] determined that ONT sequencers
performed consistently in reduced gravity environments, which
would allow the use of nanopore sequencing in space expedi-
tions to Mars or icy moons.

Although the viability of nanopore sequencing has been
widely demonstrated even under extremely harsh conditions,
the vast majority of the studies resulted in reduced yield com-
pared to current MinION’s metagenomic output (Table 1), which
could reach up to 27 Gbp using a single flowcell [48] . This high-
lights the need to optimize in-field protocols in order to maxi-
mize the use of sequencing resources and reduce the price per
sample, which is a key factor in some applications. Recently, a
work from Urban et al. [44] studied the microbial communities
present in the surface water of Cam River (Cambridge). All the
protocols were carried out in the lab, and the authors were able
to achieve up to ~5.5M 16S rRNA full-length sequences with ex-
clusive barcode assignments in a single MinION run. Other
groups have used MinION devices for characterizing river water
[45], seawater [46], and marine sediments [47] through
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metagenomic sequencing. Even though these experiments were
not implemented in the field, they demonstrated the possibility
of obtaining higher sequencing yields (Table 1). The described
outputs are compatible with more ambitious metagenomic
analyses, such as the de novo recovery of single genomes di-
rectly from complex environmental samples. For that reason,
the adaptation of sequencing protocols to field conditions is still
to be further optimized.

Supporting microbiome-driven industrial
processes

Microbiology has been present in the industry for centuries. In
fact, human beings already used microorganisms for their own
benefits long before they even knew that microscopic life
existed. Nowadays, most of the microbiome-driven industrial
processes are still not completely understood. Metagenomic se-
quencing has been widely applied in order to shed light on the
microbial and metabolic transitions occurring on these indus-
trial transformations. Some examples include the investigation
of the link between microorganisms and their key roles or prev-
alence in microbial-based food products [49, 50]; the interaction
of plants and root-associated bacteria for enhancing plant min-
eral nutrition [51]; or the description of the adverse effects of in-
dustrial subproducts used as soil fertilizers [52].

ONT portable sequencers are not only a valuable tool for
characterizing industrial microbiomes, but for detecting and
monitoring crucial microorganisms in real time (Fig. 2).
Hardegen et al. [53] used full-length 16S rRNA sequencing for
analysing changes in the archaeal community present in anaer-
obic digesters operating under different conditions. Higher pro-
portions of Methanosarcina spp. were detected in the reactors
achieving elevated biogas production. Although the sequencing
was not carried out in situ, the suitability of MinION for monitor-
ing and evaluating an industrial process through a microbial
marker was demonstrated. Bacteriomes involved in the biogas
production have been also studied through nanopore sequenc-
ing [54, 55], producing results which could be coupled with the
Lotka-Volterra model for analysing the microbial interactions
occurring in the reactor [56].

Water quality and wastewater management is another area
of great interest for microbial monitoring. In fact, it has been
proposed that sewage could serve for tracking infectious agents
excreted in urine or faeces, such as SARS-CoV-2 [57]. In this par-
ticular context, the in situ and real-time assessment of patho-
genic microorganisms by means of MinION sequencing would
be especially advantageous. Hu et al. [58] reported correlations
between E. coli culturing counts and the proportion of nanopore
reads mapping a comprehensive human gut microbiota gene
dataset, highlighting the potential use of this molecular tech-
nique as an indicator of faecal contamination. ONT metage-
nomic sequencing results were similar to those obtained with
Illumina 16S rRNA sequencing, but a reduced time was achieved
using MinION. Nanopore sequencing could be also employed for
evaluating antibiotic resistance genes (ARGs) and antimicrobial-
resistant pathogens present in wastewater treatment plants
[59]. In this case, both Illumina and nanopore shotgun sequenc-
ing revealed comparable abundances of major ARG types. The
agreement between the two platforms has been also described
for the analysis of different water sources in Nepal through 16S
rRNA sequencing [60]. Although long-reads allowed the classifi-
cation of 59.41% of the reads down to the species level—no
Mlumina reads were classified at this level—a significant

number of false-positives arose. These results were consistent
with observations from [61], which showed that the bacterial
identification at the genus level was reliable. Species-level mis-
sclassifications could be partially addressed by employing dif-
ferent—and optimized—bioinformatic approaches for the
taxonomic classification [45, 62], by sequencing the complete
16S-1TS-23S region of the ribosomal operon [63, 64], or by cou-
pling MinION sequencing with complementary quantitative
PCR assays [60].

Agro-food industry would also benefit from real-time se-
quencing. For instance, nanopore metagenomic sequencing
could be useful for the quick detection of plant pathogens
infecting crops. Hu et al. [65] were able to identify the fungal spe-
cies causing diseases on wheat plants, which were previously
infected with known microbes. Co-occurrences between fungal
and bacterial genera were also detected. Viral infectious dis-
eases could be in situ monitored by using this technology, allow-
ing rapid and improved response to outbreaks [66]. Other
successful applications of ONT in the food industry included
the characterization of the microbiome of a salmon ectoparasite
(Caligus rogercresseyi), revealing its potential role as a reservoir
for fish pathogens [67]; and the determination of the fish spe-
cies present in complex mixtures, which would help to pre-
vent—and rapidly detect—food fraud [68].

Overall, nanopore results generally agreed with those
obtained by Illumina sequencing when available, thus validat-
ing the use of this technology for the vast majority of applica-
tions. Despite the huge potential shown, the suitability of
MinION sequencing in an industrial context has yet to be ascer-
tained, since all the discussed works were not carried out under
field conditions. In fact, there are some critical points to be
addressed before this technique could become a standard in the
industry: (i) sequencing cost should be reduced; (ii) rapid and re-
liable in situ DNA extraction and library preparation protocols
should be designed and validated; (iii) minimal sequencing
yields should be determined for each specific application; (iv)
fast and real-time pipelines should be created and tested; and
(v) level of expertise for managing the data and the samples
should be notably reduced.

Real-time analysis of clinical samples

Microbial infections are an increasingly relevant problem in in-
tensive care units worldwide. Especially, the emergence of
multi-drug resistance microorganisms is one of the main
threats our society is facing from a clinical point of view [69].
Current diagnostics for pathogen identification in hospitals is
still mainly dependent on culture- and molecular-based
approaches, which have several limitations regarding specific-
ity, bias, sensitivity, and time to diagnosis. The revolution of
high-throughput sequencing and the decreasing costs associ-
ated to SGS has strongly empowered clinical diagnostics and
other aspects of medical care [70]. In the particular case of clini-
cal infections, high-throughput metagenomic sequencing
allowed for the first time the precise strain-level identification
of multiple pathogenic agents in single, all-inclusive diagnostic
tests [71]. However, the limitations of SGS regarding cost and
time to results (as described in previous sections) hamper its ap-
plication when a fast analysis is needed. For instance, in the
case of sepsis, patients are usually treated with broad-spectrum
antibiotics until the first results of culture-based analysis (in-
cluding determination of antibiotic susceptibility) are obtained
36-48h later. When available, SGS approaches can speed up the
process to ~24h, but result is expensive, labour intensive, and
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Figure 2: Real-time, in situ sequencing as a monitoring tool for industrial biopro-
cesses. Relevant systems (digesters, crops, farmed animals, etc.) are sampled
and analysed through metagenomic sequencing with MinION. Sequencing and
bioinformatic analysis result in the rapid diagnosis of problems, for which cor-
rective actions (antimicrobial treatments, bioaugmentation, change in control
process parameters, etc.) can be early implemented.

informatically challenging for most hospitals and healthcare
centres [72]. In this context, MinION sequencing (Fig. 1) paves
the way towards a diagnostic alternative in a clinically critical
timeframe, which could reduce the morbidity and mortality as-
sociated to major microbial infections.

The first reports on MinION sequencing in clinical diagnosis
were focused on the detection of single pathogens during out-
breaks. Flagship examples of such applications are the fast
(<24h) detection of Ebola virus during the 2015 outbreak in
West Africa [16, 73], or the fast (<6h) phylogenomic analysis of
Salmonella strains during a hospital outbreak [74]. Other signifi-
cant efforts have focused on the fast identification of single
clinical isolates [75], including the analysis of ARGs in a time-
frame of <6h [76, 77]. However, a range of use cases in the clini-
cal field requires the use of metagenomic sequencing to unveil
the identity of viral or microbial communities rather than single
isolates. In the case of viruses, the seminal work of Greninger
et al. [78] reported the detection of several viral pathogens in hu-
man blood in <6h since the obtention of the samples, by using

cDNA conversion and random amplification prior to sequenc-
ing. Despite the notable error rate observed in the sequences, all
viruses (chikungunya virus, Ebola virus, and hepatitis C virus)
were correctly identified and most of their genomes were recov-
ered with high accuracy (97-99%). A similar approach was
reported for the rapid identification of mosquito-borne arbovi-
rus [79], and other viruses causing co-infections, including den-
gue, from human serum samples [80].

On the other hand, an extensive number of reports have been
focused on the analysis of infections caused by bacterial commu-
nities (Table 2), using different approaches which resulted in dif-
ferent analysis times. Even though a range of PCR-free protocols
have been developed for MinION sequencing, one of the main
problems associated to the analysis of microbial communities in
clinical samples is the overwhelming concentration of host DNA,
which hampers the detection of bacterial sequences during the
first hours of the sequencing runs [89, 90]. Several strategies have
been applied to partially overcome this limitation. On the one
hand, PCR-based approaches targeting the 16S rRNA gene proved
the most rapid methods to identify pathogenic agents from hu-
man samples. Particular examples of this are the metagenomic
analysis in empyema patients with pleural effusion [83] and the
metagenomic analysis of patients with acute respiratory distress
syndrome [84], both studies reporting the obtention of the first
results in only 2h after the collection of samples. On the other
hand, the use of human cell-free samples allows the application
of WGS protocols for the analysis of the communities, yielding
not only taxonomic information but also the identification of pu-
tative antimicrobial resistance genes, which are of outstanding
relevance for the selection of effective treatments. Pendleton
et al. analysed in 2017 [86] lavage fluids from patients with pneu-
monia and managed to identify the bacterial pathogens in the
lungs in <9h using a WGS strategy. Similar approaches per-
formed on urine samples [87] and resected valves from patients
with endocarditis [85] yielded a diagnosis in 4h. For the analysis
of bacterial sepsis, recent reports describe the application of
MinION metagenomic sequencing on cell-free samples (<6h
from samples to results) [81] and on faecal samples from preterm
infants (obtaining results in <5h) [82]. The depletion of human
DNA prior to metagenomic sequencing proved also a useful alter-
native to reduce total analysis time [88].

In the current SARS-CoV-2 outbreak, MinIlON sequencing is
proposed not only as a rapid tool for WGS, but also as a
metagenomics-based approach for the rapid diagnosis of poly-
microbial/viral infections associated to coronavirus disease
COVID19. This is especially relevant to optimize the treatment
of patients suffering severe symptoms of the disease.

Finally, other advantages of MinION sequencing besides the
reduction of analysis are also to be highlighted. Given the low
price of the devices and consumables (in comparison to SGS
equipment), MinION has enabled the metagenomic analysis of
clinical samples in areas with limited resources [25, 91]. Also,
from a technical point of view, the generation of long reads
increases the resolution of the taxonomic analysis of the sam-
ples, reaching in most cases a species-level identification of the
most abundant members of the communities [92, 93].

The ‘read until’ strategy: towards cost-effective
in situ metagenomics
Metagenomic applications are often limited by the nature of the

samples to be analysed. For instance, the characterization of
prokaryotes or viruses present in a sample dominated by host
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Table 2: Summary of procedures and analysis times (from sample to results) reported for MinlON-based metagenomic analyses of clinical

samples
References Clinical application Sample type Approach Total
analysis
time, h
Grumaz et al. [81] Bacteremia in septic patients Blood cell-free Whole-genome amplification + li- 5-6
samples gation sequencing
Leggett et al. [82] Rapid diagnosis of preterm infants Faeces Different approaches tested <5
with suspected sepsis
Mitsuhashi et al. [83] Unveiling microbial communities Pleural effusions 16S rRNA amplification + rapid 2
in empyema patients sequencing
Greninger et al. [78] Identification of viral pathogens in Blood samples Amplified cDNA + ligation <6
clinical samples sequencing
Tanaka et al. [84] Metagenomic analysis in patients Airway secretions 16S rRNA amplification + rapid 2
with acute respiratory distress sequencing
syndrome (ARDS)
Cheng et al. [85] Metagenomic analysis in culture- Resected valves Ligation sequencing 4
negative infective endocarditis
cases
Pendleton et al. [86] Identification of bacterial patho- Lavage fluid Ligation sequencing 9
gens in the lungs of patients
with pneumonia
Batovska et al. [79] Metagenomics of mosquito-borne Mosquitoes cDNA conversion + ligation <10
arbovirus sequencing
Schmidt et al. [87] Identification of pathogens and Urine Ligation sequencing and rapid 4
AMR in urine infections sequencing
Charalampous et al. [88]  Diagnosis of bacterial lower respi- Sputa and endotra- Human DNA depletion + Rapid 6
ratory infections cheal secretions PCR sequencing
Kafetzopoulou et al. [80] =~ Metagenomic analysis of viral Plasma and serum Ligation sequencing and rapid Not reported
infections and co-infections sequencing
Sanderson et al. [89] Metagenomic sequencing from Sonication fluid Different approaches tested 4

infected orthopaedic devices

from explanted

prostheses

Gong et al. [90] Metagenomic analysis of liver

abscess

Abscess aspirates

Ligation sequencing Not reported

DNA via direct shotgun sequencing could be really challenging,
and would require high sequencing depth, thus increasing the
cost of the analysis [94, 95]. Although it is possible to enrich
samples in particular fractions (i.e. differential centrifugation
and filtration) or DNA fragments (i.e. PCR amplification and
DNA hybridization) [96, 97], several factors should be taken into
account when considering a fast, in situ application. Mainly, it
would be especially difficult to adapt enrichment protocols to
field conditions, and they could cause substantial losses of ge-
netic material, add extra time to sample preparation, and result
in a significant bias.

In this context, targeted or selective real-time sequencing—
also known as ‘Read Until'—is a new approach for focusing the
sequencing process to specific DNA fragments of interest. Read
Until is based on the ability of programming nanopore
sequencers to reject individual DNA molecules while they are
being read [98], releasing the individual nanopore to sequence
another DNA fragment. ONT sequencing speed is estimated to
be 450bp/s [98-100], and it is relatively common to achieve
sequences longer than 100kbp [24, 101]. Theoretically, to dis-
card a read for being read after a few seconds of translocation
through the nanopore would prevent wasting sequencing ca-
pacity, which could be saved for sequencing targeted DNA frag-
ments [99]. In a metagenomic context, the Read Until strategy
could be used to deplete sequencing of undesirable DNA (i.e.
host DNA) or for enriching specific genes/genomes. This

depletion/enrichment procedures would not require any experi-
mental steps, thus facilitating their use under field conditions.
Selective sequencing was first demonstrated by Loose et al.
[102]. Later, Edwards et al. [103] showed the ability of Read Until
strategies to enrich E. coli genomic sequences over human DNA.
However, the actual revolution in targeted ONT sequencing is
taking place in the recent months, with three different
approaches being simultaneously released (Table 3). The first
one, named BOSS-RUNS, introduced the dynamic selection of
DNA regions of interest [100]. This method consists of focusing
sequencing efforts on areas that have achieved low coverage
during the run, thus leading to the compensation of sequencing
bias. With this methodology, De Maio et al. [100] were able to ef-
fectively enrich multiple loci of interest within a bacterial ge-
nome, enabling up to 5-fold coverage improvement. In the field
of metagenomics, BOSS-RUNS could be applied for improving
the characterization of samples by ensuring the deep sequenc-
ing of clade-specific genetic markers [104]. On the other hand,
Kovaka et al. [99] recently developed UNCALLED, a tool able to
directly map ONT raw signals in order to detect wanted/
unwanted sequences. They used this approach for sequencing a
mock community (ZymoBIOMICS high molecular weight) con-
taining seven bacteria and one yeast. The objective was to map
the generated signals to a database containing the references
for the bacterial genomes (29 Mbp), rejecting DNA strands when
a match was detected. Bacterial sequencing depletion resulted
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Table 3: Summary of Read-Until strategies developed for ONT sequencing

References Method’s Based on Mapping Main objectives Comments
name algorithm/tool
Loose et al. [102] - Raw signal Dynamic time Enriching target regions of lambda  Poor scalability
warping virus genome, and obtaining
uniform coverage for 11
different amplicons
Edwards et al. [103] RUBRIC Sequence  LAST Enriching E. coli genome (1%) in a Modest enrichment (15%)
sample dominated by human
host DNA (99%)
De Maio et al. [100] BOSS-RUNS Sequence NA Enriching multi-locus regionsina  Tested on simulated data. Limited
bacterial genome, and retrieving scalability
uniform coverage in shotgun
sequencing
Kovaka et al. [99] UNCALLED Raw signal UNCALLED Enriching a yeast genome by de- Limited to mapping to non-
pleting bacterial genomes repetitive references smaller
than ~100 Mbp. Implemented on
CPU. Prior knowledge of the
sample needed
Payne et al. [98] - Sequence  Minimap Enriching a yeast genome, by dy- No prior knowledge of the sample

namically adjusting genome
coverage for every species in the
mock community

needed. Implemented only on
GPU. Scalable to Gbp references.

in up to 4.46-fold of yeast genome enrichment. Finally, another
strategy based on DNA sequences comparison has been pro-
posed by Payne et al. [98]. In this work, the same ZymoBIOMICS
mock community was used, but the enrichment of the yeast ge-
nome was achieved in a different way. Briefly, sequencing
started with default parameters, but when a pre-defined cover-
age was reached for a specific microorganism, its genome se-
quence was given to the Read Until application in order to reject
DNA strands coming from this microorganism. Interestingly,
the pipeline was adapted to incorporate a metagenome classi-
fier (Centrifuge) [41], allowing the use of this strategy without
prior knowledge of the sample.

Overall, selective sequencing has proved useful for different
metagenomic applications. Nevertheless, an associated reduced
total yield per flowcell has been reported [98, 99]. This could be
explained by two main reasons: (i) rejecting DNA strands in-
crease the time that a nanopore is not reading a molecule and
(ii) voltage changes needed for rejecting the fragments may pro-
duce pore blockages [98]. Nuclease flush could potentially help
to overcome this situation, although current throughputs are
enough for enriching DNA sequences and reducing the time
needed to reach the desired coverage [98, 99], which is a key fac-
tor in many in situ applications.

Concluding remarks

In this work, we have reviewed the state-of-the-art, current re-
search, and applications of real-time, in situ metagenomics. The
spectacular development of metagenomic technologies in the last
years as well as the number and importance of current and new
challenges—including biomedical hazards—that could be addressed
with portable metagenomic sequencing, reveals the importance of
further developing this technology to match a variety of niches that
we can, already, forecast. For example, we can envisage a close fu-
ture in which microbial ecologists will be equipped with small,
MinION-like devices that will allow to both extract DNA, carry out a
fast sequencing, and yield the results in a very short time. The un-
derstandability of the results and the minimization of the—visible—

bioinformatic background will be very important to allow non-
specialized staff to use such portable devices. The recent COVID-19
outbreak as well as the surveillance of Ebola, Zika, and many other
emergent diseases will need an army of—not necessarily special-
ized—detectors, for which easy-to-run, easy-to-understand plat-
forms will be needed. Alternatively, raw sequencing data will have
to be transmitted through secure Internet-based applications to cen-
tralized points, in which specialist staff will further process and fi-
nally analyse the information. Such portable, easy-to-use, cheap
devices will be used in quality control of all sorts of foods and ingre-
dients; in the identification of crop pathogens on an individual plant
basis; in forensic investigations; in the assessment of the energetic
potential of different substrates or batches for biogas production; or
for the identification of the best soils for specific crops, as deduced
by the soil microbial (either taxonomic or functional) profile. In order
to meet all these possibilities (which we have ambitiously described
in future and not conditional tense), the combination of five traits
will have to take place. The in situ, portable platform of the future
will (have to) be: inexpensive, robust, fast, easy to use, and connect-
able. A platform with these features will have a game-changing ef-
fect on the way we perform—and understand—microbial ecology.
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The Spanish gut
microbiome reveals links
between microorganisms
and Mediterranean diet

Adriel Latorre-Pérez'™, Marta Hernandez?*, Jose Ramon Iglesias?, Javier Moran?,
Javier Pascual?, Manuel Porcar*, Cristina Vilanova® & Luis Collado®

Despite the increasing evidence of links between human gut and health, the number of gut
microbiomes that have been studied to date at a country level are surprisingly low. Mediterranean
countries, including some of the most long-lived and healthy countries in the world, have not been
considered so far in those studies at a large scale. The main objective of this work is to characterize
the gut microbiome of a healthy adult population of a Mediterranean, paradigmatically healthy
country: Spain. Stool samples from 530 healthy volunteers were collected, total metagenomic DNA
extracted, and the microbial profiles determined through 16S rRNA metataxonomic sequencing. Our
results confirm the associations between several microbial markers and different variables, including
sex, age, BMI and diet choices, and bring new insights into the relationship between microbiome
and diet in the Spanish population. Remarkably, some of the associations found, such as the
decrease of Faecalibacterium with age or the link of Flavonifractor with less healthy dietary habits,
have been barely noticed in other large-scale cohorts. On the other hand, a range of links between
microorganisms, diet, and lifestyle coincide with those reported in other populations, thus increasing
the robustness of such associations and confirming the importance of these microbial markers across
different countries. Overall, this study describes the Spanish “normal” microbiome, providing a solid
baseline for future studies investigating the effects of gut microbiome composition and deviations in
the adherence to the Mediterranean diet.

Human gut is one of the most diverse ecosystems on Earth. As a result of millions of years of co-evolution, gut
microorganisms perform essential activities for human health and nutrition, from the digestion of vegetal fiber!
to the regulation of complex signalling pathways acting beyond our gut®. Since the development of metagenomic
sequencing techniques, the human gut microbiome has been a recurrent object of study. In 2007, The Human
Microbiome Project (HMP) was launched with two main objectives: (1) understanding the dimension of the
microbial communities associated to the human body, regarding variability among individuals; and (2) shedding
light on the interplay between gut microbiota and a range of diseases®®. To date, nearly 6.000 gut microbiome
samples (out of more than 31.000 corresponding to different body sites) have been analyzed in the framework of
the HMP. These datasets originate from individuals of different sex, age, culture, geographic location, and health
status, which implies multiple potential connections between the composition of the gut microbiome and a range
of health issues and diseases®”. In order to shed light on those correlations, the microbiome profiles of different
cohorts (usually, healthy vs diseased) are often compared, and differences involving single microorganisms®?,
microbial consortia'?, or dynamic behaviors of the community are identified".

The definition of a “normal” (or “healthy”) microbiome is crucial to understand how this microbiome is altered
as a consequence of any factor. However, the systematic analysis of the microbiome of healthy individuals has only
been addressed by a few studies, and the very concept of “normal” microbiome is still controversial'>'*. Since a
range of factors associated to climate, geography, and culture are known to influence the gut microbiome'*',

!Darwin Bioprospecting Excellence S.L., Paterna, Spain. ZInstituto Central Lechera Asturiana para la Nutricién
Personalizada (ICLANP), Siero, Spain. 3Instituto de Innovacién Alimentaria, Universidad Catdlica de Murcia,
Murcia, Spain. “Institute for Integrative Systems Biology (12SysBio), University of Valéncia-CSIC, Paterna,
Spain. °Department of Medicine, Complutense University of Madrid, Madrid, Spain. email: alatorre@
darwinbioprospecting.com; marta.hernandez@capsa.es
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Abstract

sufficiently assessed to date.

inhibitory, volatile acids on an industrial scale.

Background: Recent research articles indicate that direct interspecies electron transfer (DIET) is an alternative meta-
bolic route for methanogenic archaea that improves microbial methane productivity. It has been shown that multi-
ple conductive materials such as biochar can be supplemented to anaerobic digesters to increase the rate of DIET.
However, the industrial applicability, as well as the impact of such supplements on taxonomic profiles, has not been

Results: Seven industrial biogas plants were upgraded with a shock charge of 1.8 kg biochar per ton of reac-

tor content and then 1.8 kg per ton were added to the substrate for one year. A joint analysis for all seven systems
showed a decreasing trend for the concentration of acetic acid (p <0.0001), propionic acid (p <0.0001) and butyric
acid (p=0.0022), which was significant in all cases. Quantification of the cofactor F420 using fluorescence microscopy
showed a reduction in methanogenic archaea by up to a power of ten. Methanogenic archaea could grow within

the biochar, even if the number of cells was 4 times less than in the surrounding sludge. 165-rRNA gene amplicon
sequencing showed a higher microbial diversity in the biochar particles than in the sludge, as well as an accumulation
of secondary fermenters and halotolerant bacteria. Taxonomic profiles indicate microbial electroactivity, and show the
frequent occurrence of Methanoculleus, which has not been described in this context before.

Conclusions: Our results shed light on the interplay between biochar particles and microbial communities in anaer-
obic digesters. Both the microbial diversity and the absolute frequency of the microorganisms involved were signifi-
cantly changed between sludge samples and biochar particles. This is particularly important against the background
of microbial process monitoring. In addition, it could be shown that biochar is suitable for reducing the content of

Keywords: Anaerobic digestion, Biochar, DIET, Microbial communities

Background

Anaerobic digestion is a methane-yielding process car-
ried out by a microbial biocenosis composed of bacteria
and methanogenic archaea. Firstly, substrate is hydro-
lyzed by bacteria. Further degradation by acetogenic

*Correspondence: christian.abendroth@tu-dresden.de

Heitkamp Kerstin and Adriel Latorre-Pérez contributed equally to this
work

#Institute of Waste Management and Circular Economy, Technische
Universitat Dresden, Pirna, Germany

Full list of author information is available at the end of the article

B BMC

bacteria leads to the formation of mainly organic acids,
alcohols, hydrogen, and carbon dioxide. Eventually,
the aforementioned metabolites are transformed into
acetate, hydrogen, and carbon dioxide during acetogen-
esis. Metabolites produced by acetogenic bacteria are
transformed by methanogenic archaea into methane [1].
Methanogenesis is usually divided into three major path-
ways: acetoclastic, hydrogenotrophic and methylotrophic
methanogenesis [2]. In all three pathways, acetate, for-
mat, hydrogen and several methyl compounds (mono-,
di- and trimethylamines) serve as electron carriers for

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http:/creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.
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Summary

Solar panel surfaces can be colonized by microor-
ganisms adapted to desiccation, temperature fluctua-
tions and solar radiation. Although the taxonomic
and functional composition of these communities
has been studied, the microbial colonization process
remains unclear. In the present work, we have moni-
tored this microbial colonization process during
24 months by performing weekly measurements of
the photovoltaic efficiency, carrying out 16S rRNA
gene high-throughput sequencing, and studying the
effect of antimicrobial compounds on the
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composition of the microbial biocenosis. This is the
first time a long-term study of the colonization pro-
cess of solar panels has been performed, and our
results reveal that species richness and biodiversity
exhibit seasonal fluctuations and that there is a
trend towards an increase or decrease of specialist
(solar panel-adapted) and generalist taxa, respec-
tively. On the former, extremophilic bacterial genera
Deinococcus, Hymenobacter and Roseomonas and
fungal Neocatenulostroma, Symmetrospora and
Sporobolomyces tended to dominate the biocenosis;
whereas Lactobacillus sp or Stemphyllium exhibited
a decreasing trend. This profile was deeply altered
by washing the panels with chemical agents (Vir-
kon), but this did not lead to an increase of the solar
panels efficiency. Our results show that solar panels
are extreme environments that force the selection of
a particular microbial community.

Introduction

Extreme environments are characterized by their strong
selective pressures, which can include physical (i.e.,
temperature or radiation), geochemical (i.e., desiccation
or salinity) and/or biological stresses (i.e., limited nutrient
availability) (Lynn and Rocco, 2001). The microorgan-
isms that inhabit these environments, known as extremo-
philes or extremotolerants, are selected due a variety of
mechanisms, such as biofilm formation (Flemming et al.,
2016; Blanco et al., 2019); the production of extremo-
lytes and extremozymes (Gabani and Singh, 2013); or
highly efficient DNA repair systems (Singh and Gabani,
2011). Microorganisms inhabiting extreme environments
evolve faster than those inhabiting ‘benign’ environ-
ments, mainly due to the high mutation rates associated
to stressful environmental conditions (Li et al., 2014),
and this could lead to these microorganisms being rich
sources of new specialized metabolites (Sayed et al.,
2019).

A diversity of physical, geochemical and biological
extremes (solar radiation, temperature fluctuations, des-
iccation and limited nutrient availability) concur on solar
panel surfaces. A study performed on subaerial solar
panel biofiims in Sao Paulo revealed that dust, pollen
and other debris covering the solar panel surfaces accu-
mulated in time and included abundant fungi and pig-
mented bacterial genera, and this was associated with a

© 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

Open Access



246

..\' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 15 April 2020
doi: 10.3389/fmicb.2020.00645

OPEN ACCESS

Edited by:

John R. Battista,
Louisiana State University,
United States

Reviewed by:

Sergey B. Zotcheyv,

University of Vienna, Austria
Francisco (Paco) Barona-Gomez,
Center for Research and Advanced
Studies of the National Polytechnic
Institute, Mexico

*Correspondence:

Javier Pascual
Jjpascual@darwinbioprospecting.com;
Jjavier.pascual.fipm@gmail.com

Specialty section:

This article was submitted to
Evolutionary and Genomic
Microbiology,

a section of the journal
Frontiers in Microbiology

Received: 24 October 2019
Accepted: 20 March 2020
Published: 15 April 2020

Citation:

Iglesias A, Latorre-Pérez A,

Stach JEM, Porcar M and Pascual J
(2020) Out of the Abyss: Genome
and Metagenome Mining Reveals
Unexpected Environmental
Distribution of Abyssomicins.

Front. Microbiol. 11:645.

doi: 10.3389/fmicb.2020.00645

Check for
updates

Out of the Abyss: Genome and
Metagenome Mining Reveals
Unexpected Environmental
Distribution of Abyssomicins
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Natural products have traditionally been discovered through the screening of culturable
microbial isolates from diverse environments. The sequencing revolution allowed the
identification of dozens of biosynthetic gene clusters (BGCs) within single bacterial
genomes, either from cultured or uncultured strains. However, we are still far from fully
exploiting the microbial reservoir, as most of the species are non-model organisms
with complex regulatory systems that can be recalcitrant to engineering approaches.
Genomic and metagenomic data produced by laboratories worldwide covering the
range of natural and artificial environments on Earth, are an invaluable source of raw
information from which natural product biosynthesis can be accessed. In the present
work, we describe the environmental distribution and evolution of the abyssomicin BGC
through the analysis of publicly available genomic and metagenomic data. Our results
demonstrate that the selection of a pathway-specific enzyme to direct genome mining
is an excellent strategy; we identified 74 new Diels—Alderase homologs and unveiled a
surprising prevalence of the abyssomicin BGC within terrestrial habitats, mainly soil and
plant-associated. We also identified five complete and 12 partial new abyssomicin BGCs
and 23 new potential abyssomicin BGCs. Our results strongly support the potential of
genome and metagenome mining as a key preliminary tool to inform bioprospecting
strategies aimed at the identification of new biocactive compounds such as -but not
restricted to- abyssomicins.

Keywords: abyssomicins, genome mining, metagenome mining, bioprospecting, biosynthetic gene cluster
distribution and evolution

INTRODUCTION

Natural products are the main source of pharmaceutically interesting biomolecules. In particular,
the search of microbial specialized metabolites has yielded a broad range of chemical structures with
bioactivities, from antibiotics or antimycotics to immunosuppressants and anticancer compounds.
Among those, compounds featuring tetronate moieties are attractive due to their versatile biological

Frontiers in Microbiology | www.frontiersin.org 1
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he fast development of new research
T fields, such as genetic engineering or

synthetic biology, is often met with
public concerns or even resistance, the fate
of genetically modified crops being a prime
example. There are many factors at play that
determine how laypeople perceive new tech-
nologies and a better understanding of these
can help to inform debate. Foremost,
however, it is necessary to obtain reliable
information on public opinion of emerging
technologies that have the potential to affect
their lives. To this end, we conducted a
survey to gauge public opinion on genetic
engineering and biotechnology as part of a
special exhibition at the CosmoCaixa
Museum in Barcelona, Spain. The large
sample size of 38,113 respondents allowed
us to assess the effect of age, gender or
education on the perception of three related
terms: “biotechnology”, “genetic engineer-
ing” and “synthetic biology”. In addition, by
randomly associating these terms with the
image of either a male or a female scientist,
we looked at the effect of gender on people’s
perception of these technologies. In short,
two conclusions can be reached: the terms
“biotechnology” and “genetic engineering”
were preferred to “synthetic biology”.
Second, terms associated with an image of a
female scientist were better rated compared
to the same terms associated with a male
researcher. These results show an interest-
ing gender dimension of public perception of
new technologies.

Public perception of biotechnology

Synthetic biology, genetic engineering and
biotechnology are interrelated terms with
blurred boundaries. Biotechnology uses
living organisms, cells or cellular

components to synthesize products for agri-
culture, medicine, industry and research and
has been used for centuries, albeit uncon-
sciously. Genetic engineering is one of the
subdisciplines of biotechnology: it involves
the manipulation of an organism’s DNA
sequence by addition, deletion or modifi-
cation in order to expand the product range
of biotechnology. While both generally are
based on using organisms, genes or meta-
bolic pathways from nature, synthetic biol-
ogy aims to design novel artificial systems.
Synthetic biology can thus be seen as both
an extension of genetic engineering, as well
as a new view on biotechnology by using
engineering principles such as standardiza-
tion, modularity or orthogonality [1].

«

There are many factors at
play that determine how
laypeople perceive new
technologies and a better
understanding of these
can help to inform debate.”

In the public eye, however, biotechnol-
ogy, genetic engineering and synthetic biol-
ogy are often reduced to genetically
modified organisms (GMOs). This,
combined with a critical perception of
GMOs, has fuelled a generally negative atti-
tude of biotechnology. The last Eurobarome-
ter survey (2010) on GM food showed that
only 5% of Europeans completely support it,
18% “tend to agree”, but as much as 61%
totally disagree, that is, are against GM food.
Moreover, 83% of Europeans had not heard
about synthetic biology before. The main
concerns were the possible risks rather than

potential benefits from these technologies
(http://ec.europa.eu/commfrontoffice/publi
copinion/index.cfm/Survey/index#p = 1&ins
truments = SPECIAL&search = 341). Indeed,
genetic engineering is perceived with a
higher degree of concern compared to other
scientific fields [2].

€« .

... Generation T
(2011-present), also known
as Generation Alpha, is
growing up with an iPad or a
smartphone in their hand in
front of a screen.”

In relation to perceptions of gender, a
number of recent studies have shown biases
of how men and women are evaluated and
perceived at work [3,4]. A randomized
double-blind study of professors in biology,
chemistry and physics showed that identical
academic profiles were more positively eval-
uated when they belonged to a male student
than a female student. The result of such
biases is that women in academia have to
work harder than their male peers to obtain
the same recognition [5] and that males are
often seen as more capable than women [6].
Just to highlight one common example of
gender stereotyping, when using neutral or
non-gender-specific language, people tend to
assume that a specialist in question is a man

[7].
The exhibition and the survey
The survey was carried out in the Cosmo-

Caixa museum, a flagship science museum in
Barcelona that is sponsored by La Caixa

1 Institute for Integrative Systems Biology (12SysBio), Universitat de Valéncia-CSIC, Valencia, Spain. E-mail: manuel.porcar@uv.es

2 Darwin Bioprospecting Excellence SL, Valencia, Spain

3 Language Theory and Communication Sciences Department (UV), Universitat de Valéncia, Valencia, Spain
DOI 10.15252/embr.201948401 | EMBO Reports (2019) 20: e48401 | Published online 26 June 2019

© 2019 The Authors. Published under the terms of the CC BY 4.0 license

EMBO reports 20: €4840112019 1 of 5



248

‘.\' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 29 October 2021
doi: 10.3389/fmicb.2021.714110

OPEN ACCESS

Edited by:
Joaquin Bautista-Gallego,
University of Extremadura, Spain

Reviewed by:

Heng-Lin Cui,

Jiangsu University, China

Hua Xiang,

Institute of Microbiology, Chinese
Academy of Sciences (CAS), China

*Correspondence:
Manuel Porcar
manuel.porcar@uv.es

Specialty section:

This article was submitted to
Food Microbiology,

a section of the journal
Frontiers in Microbiology

Received: 24 May 2021
Accepted: 27 September 2021
Published: 29 October 2021

Citation:

Satari L, Guillén A,

Latorre-Pérez A and Porcar M (2021)
Beyond Archaea: The Table Salt
Bacteriome.

Front. Microbiol. 12:714110.

doi: 10.3389/fmicb.2021.714110

®

Check for
updates

Beyond Archaea: The Table Salt
Bacteriome
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Commercial table salt is a condiment with food preservative properties by decreasing
water activity and increasing osmotic pressure. Salt is also a source of halophilic
bacteria and archaea. In the present research, the diversity of halotolerant and
halophilic microorganisms was studied in six commercial table salts by culture-
dependent and culture-independent techniques. Three table salts were obtained
from marine origins: Atlantic Ocean, Mediterranean (Ibiza Island), and Odiel marshes
(supermarket marine salt). Other salts supplemented with mineral and nutritional
ingredients were also used: Himalayan pink, Hawaiian black, and one with dried
vegetables known as Viking salt. The results of 16S rRBNA gene sequencing
reveal that the salts from marine origins display a similar archaeal taxonomy, but
with significant variations among genera. Archaeal taxa Halorubrum, Halobacterium,
Hallobellus, Natronomonas, Haloplanus, Halonotius, Halomarina, and Haloarcula were
prevalent in those three marine salts. Furthermore, the most abundant archaeal
genera present in all salts were Natronomonas, Halolamina, Halonotius, Halapricum,
Halobacterium, Haloarcula, and uncultured Halobacterales. Sulfitobacter sp. was
the most frequent bacteria, represented almost in all salts. Other genera such as
Bacillus, Enterococcus, and Flavobacterium were the most frequent taxa in the Viking,
Himalayan pink, and black salts, respectively. Interestingly, the genus Salinibacter
was detected only in marine-originated salts. A collection of 76 halotolerant and
halophilic bacterial and haloarchaeal species was set by culturing on different media
with a broad range of salinity and nutrient composition. Comparing the results of
16S rRNA gene metataxonomic and culturomics revealed that culturable bacteria
Acinetobacter, Aquibacillus, Bacillus, Brevundimonas, Fictibacillus, Gracilibacillus,
Halobacillus, Micrococcus, Oceanobacillus, Salibacterium, Salinibacter, Terribacillus,
Thalassobacillus, and also Archaea Haloarcula, Halobacterium, and Halorubrum were
identified at least in one sample by both methods. Our results show that salts from
marine origins are dominated by Archaea, whereas salts from other sources or salt
supplemented with ingredients are dominated by bacteria.

Keywords: table salt microbiome, halotolerant bacteria, halophilic bacteria, haloarchaea, 16S rRNA gene
sequencing analysis
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1 | INTRODUCTION

A range of parameters such as temperature, pH, or substrate con-
centration need to be stable in order to sustain a suitable micro-
bial growth and/or a stable biosynthesis of a bioproduct (Walker,
2000). Temperature strongly affects a range of fundamental cel-
lular processes (Goldberg, 2003; Haas, 2010), and thus keeping a
microbial culture in a suitable range of temperatures is of high im-
portance in terms of strain performance (Amillastre, Aceves-Lara,
Uribelarrea, Alfenore, & Guillouet, 2012). Large-scale growth of
most microorganisms is accompanied by the production of heat
(Brettel, Lamprecht, & Schaarschmidt, 1981), which, when large cul-
ture volumes are set, often results in an undesirable increase in the
temperature of the batch culture that has to be alleviated through
refrigeration (von Stockar & van der Wielen, 1997; Tirker, 2004).

In a previous work, we described the first microbial thermoelec-
tric cell (MTC), a system designed for batch cultures that allows the
partial conversion of microbial metabolic heat into electricity. MTC is
based on the Seebeck effect, a thermoelectric property that allows
direct conversion of temperature differences to electricity voltage.
Taking into account that microbial growth is mainly exothermic,

theoretically it is possible to produce an electrical current with the

| Cristina Vilanova®' | José J. Alcaina®? | Manuel Porcar!?

We have designed a thermoelectric heat exchanger (TEHE) for microbial fermenta-
tions that is able to produce electric power from a microbial continuous culture using
the intrinsic heat generated by microbial growth. While the TEHE was connected, the
system proved able to stably self-maintain both the temperature and the optical den-
sity of the culture. This paves the way toward a more sustainable operation of micro-
bial fermentations, in which energy could be saved by converting part of the metabolic

heat into usable electric power.

continuous culture, heat exchange, Peltier-Seebeck effect, power production, temperature

generated metabolic heat by using a thermoelectric cell (Rodriguez-
Barreiro, Abendroth, Vilanova, Moya, & Porcar, 2013). Nevertheless,
a range of industrial fermentations are carried out in continuous cul-
ture, where stable cellular densities can be maintained during long
periods thanks to the supply of fresh medium, which is introduced
at a rate that is equal to the volume of product that is removed from
the fermenter. In this work, we aimed at designing, constructing, and
characterizing a continuous culture system in which temperature is
automatically controlled and electric power is constantly obtained
during all the fermentation process. To do that, we envisaged, con-
structed, and set in place a thermoelectric heat exchanger (hereafter
called TEHE), a device also based on the Seebeck effect, which fa-
cilitates a fine control of temperature and fresh medium input—and
thus microbial growth—while electric power is produced.

2 | MATERIALS AND METHODS

2.1 | Experimental set-up

A medium-scale continuous culture of budding yeast Saccharomyces
cerevisiae strain D170 (kindly provided by Prof. Emilia Matallana,
IATA, Valencia, Spain) in YPD medium supplemented with 18%

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
© 2018 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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Abstract

Ocean pollution is a worldwide environmental challenge that could be partially
tackled through microbial applications. To shed light on the diversity and applica-
tions of the bacterial communities that inhabit the sediments trapped in artificial
containers, we analyzed residues (polyethylene terephthalate [PET] bottles and
aluminum cans) collected from the Mediterranean Sea by scanning electron micro-
scopy and next generation sequencing. Moreover, we set a collection of culturable
bacteria from the plastisphere that were screened for their ability to use PET as a
carbon source. Our results reveal that Proteobacteria are the predominant phylum in
all the samples and that Rhodobacteraceae, Woeseia, Actinomarinales, or Vibrio are
also abundant in these residues. Moreover, we identified marine isolates with en-
hanced growth in the presence of PET: Aquimarina intermedia, Citricoccus spp., and
Micrococcus spp. Our results suggest that the marine environment is a source of
biotechnologically promising bacterial isolates that may use PET or PET additives as

carbon sources.
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from hundreds to thousands of years) (Barnes et al., 2009), has
resulted in a major, worldwide problem of plastic accumulation in

Plastic production and, subsequently, plastic waste have in-
creased exponentially through the last decades (Worm
et al., 2017). The poor management of these residues, and their

resistance to natural degradation (in some cases it comprises

all ecosystems on Earth. Even though the amount of recycled
plastic has doubled from 2006 to 2018, the amount of post-
consumer waste plastic that is sent to landfills in Europe was still
25% in 2018 (PlasticsEurope, 2020).
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