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Abstract

We present a complete portable pipeline for sequencing and analysis of environmental metagenomes in less than a day. This
unprecedented development was possible due to the conjunction of state-of-the art experimental and computational advances: a
portable laboratory suitable for DNA extraction and sequencing with nanopore technology.The powerful metagenomic analysis
pipeline SqueezeMeta, capable to provide a complete analysis in a few hours and using scarce computational resources. Finally,
tools for the automatic inspection of the results via a graphical user interface, that can be coupled to a web server to allow
remote visualization of data (SQMtools and SQMxplore). We tested the feasibility of our approach in the sequencing of the
microbiota associated to volcanic rocks in La Palma, Canary Islands. Also, we did a two-day sampling campaign of marine
waters in which the results obtained the first day guided the experimental design of the second day. We demonstrate that it
is possible to generate metagenomic information in less than one day, making it feasible to obtain taxonomic and functional
profiles fast and efficiently, even in field conditions. This capacity can be used in the further to perform real-time functional

and taxonomic profiling of microbial communities in remote areas
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Abstract

We present a complete portable pipeline for sequencing and analysis of environmental
metagenomes in less than a day. This unprecedented development was possible due to
the conjunction of state-of-the art experimental and computational advances: a portable
laboratory suitable for DNA extraction and sequencing with nanopore technology.The

powerful metagenomic analysis pipeline SqueezeMeta, capable to provide a complete
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analysis in a few hours and using scarce computational resources. Finally, tools for the
automatic inspection of the results via a graphical user interface, that can be coupled to
a web server to allow remote visualization of data (SQMtools and SQMxplore). We
tested the feasibility of our approach in the sequencing of the microbiota associated to
volcanic rocks in La Palma, Canary Islands. Also, we did a two-day sampling campaign
of marine waters in which the results obtained the first day guided the experimental
design of the second day. We demonstrate that it is possible to generate metagenomic
information in less than one day, making it feasible to obtain taxonomic and functional
profiles fast and efficiently, even in field conditions. This capacity can be used in the
further to perform real-time functional and taxonomic profiling of microbial communities

in remote areas
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Introduction

The popularization of portable sequencers, especially those based on nanopore
technologies [1], has created the possibility of having rapid sequencing data which can
be very valuable in several contexts, for instance in clinical scenarios of disease control
or epidemics [2,3]. Also, the portability of these devices has been explored in situ, for
example in oceanographic expeditions or in the Antarctic ice [4-6], illustrating the
capability of producing sequences readily. This allows to envision the capacity of

designing dynamic sampling campaigns, where the planning of the whole campaign
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can be driven by the results being produced. This can be important, for instance,
whenever the sampling takes place in remote regions for which is desirable to have
prompt data acquisition to prevent suboptimal results. It will be valuable also in any
study where following the course of a microbiome in real time is necessary, for example
when monitoring microbial blooms [7], assessing the quality of drinking waters
(including security and bioterrorism) [8], or controlling food processing issues like
fermentations [9,10]. While standard amplification approaches (metabarcoding) can be
useful in some of these cases (for instance, for detecting particular organisms in a
sample), they may present issues related to biases in the amplification, and are usually
limited to study taxonomic composition and/or very specific functions [11]. When the
objective is to obtain a full functional profile of the whole community, or the sample is
expected to contain unknown organisms, metagenomics is a most sensible option [12].
Metagenomics is a powerful tool for gaining insight on microbial communities, and has
become a standard procedure for analyzing the structure and functionality of

microbiomes.

The bottleneck of metagenomics is often the complexity of the associated bioinformatic
analysis. To relieve this burden, we developed the SqueezeMeta pipeline [13] with
several objectives in mind: 1) offering a fast and easy-to use platform for performing the
complete analysis of metagenomes. Our goal was to include all the common steps in
metagenomic analysis with state-of-the-art tools, but making them attainable to all
users, no matter their bionformatic skills. 2) Breaking the dependence on large
computers, making it able to run with scarce resources, even laptops. 3) Providing

additional tools for performing the statistical analysis and sharing the results.



76  Since then, we and others have tested the ability of SqueezeMeta to fulfill these

77 requirements in many different instances. These capabilities make SqueezeMeta an
78 optimal system for analyzing metagenomic data in all settings, even under difficult

79 environmental conditions, and with poor logistic setups and limited computational

80 resources.

81

82 Our challenge has been to be able to produce a complete metagenomic analysis in
83 less that 24 hours, directly on the sampling spot, without relying on electrical power or
84 internet connectivity. This will make our system capable to work in any circumstance
85 and in any environment (including the most remote ones), and to obtain real-time

86 results that can shared with others on-the-fly. To do so, we devised a platform

87 composed of several different modules:

88 1) A portable DNA extraction laboratory, small enough to be carried by one person, to
89 isolate environmental DNA.

90 2) a MinlON nanopore sequencer for producing metagenomic sequences.

91 3) The bioinformatic pipeline SqueezeMeta, running in a small laptop, to analyze the
92 DNA sequences, and:

93 4) The stand-alone statistical package SQMTools [14] to perform statistical analysis of
94 the data, coupled to our new SQMxplore library

95 (https://github.com/redondrio/SQMxplore) which allows creating interactive web pages

96 and interfaces for openly sharing the results.

97

98 These steps are summarized in Figure 1. For testing the feasibility of in-situ sequencing
99 and the dynamic design of campaigns, we performed two different sampling and

100 sequencing experiments. The first aimed to set up the protocol under field conditions,


https://github.com/redondrio/SQMxplore

101 sequencing the microbiota associated to volcanic rocks on La Palma island (Canary
102 Islands, Spain). The second aimed to design a two-day campaign in which the results
103 of the first day coud be used to determine the objectives for the second one. For this
104 purpose, we chose sampling marine planktonic communities in the Ria de Vigo (Spain).
105

106 Materials and Methods

107

108 Portable DNA extraction laboratory

109 The portable laboratory was composed of the following items:

110 -MicroSpin centrifuge, yielding 12.500 RPM (ThermoFisher, Waltham, MA, USA)
111 -Table Vortex, lightened by removing the metal base (ThermoFisher, Waltham, MA,
112 USA)

113 -Mini agate mortar and pestle, for homogenizing samples.

114 -MicroSpinner (ThermoFisher, Waltham, MA, USA)

115 -Two mini batteries to power up all systems (U’King Shenzhen Zhuo Qiong

116 Technology Co., Ltd., China)

117 -PowerSoil DNA extraction kit (Qiagen NV, Venlo, Netherlands)

118

119 Optionally, in case of cold conditions, the devices can be heated using:

120 -3 Hand warmers (up to 60°C, Shenzhen Ziheng Technology Co., Ltd., China)
121 -2 portable thermal isolated containers

122

123 The DNA extraction protocol included with the recommended PowerSoil DNA

124 extraction kit includes bead-beating and centrifugation. Our tests indicate this can be
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done efficiently with portable equipment, as demonstrated by comparisons with
standard laboratory equipment.

Microbial DNA is sometimes scarce in environmental samples. Therefore, it is
advisable to process several extraction tubes using the same filtration column, in order
to collect as much DNA as possible. In our settings, we process 8 tubes per column. It
is also advisable to perform a gentle bead-beating, in order to maintain DNA integrity
as much as possible, which will be very important to obtain higher quality in the
subsequent sequencing step.

In addition, we have improved the results by purifying the extracted DNA using Omega
Mag-Bind TotalPure NGS Beads (Omega Bio-Tek, Norcross, GA), which helps to

preserve the life span of the flow cell by removing contaminants that could degrade it.

All the devices are powered by a portable battery (222Wh/60000mAh) with autonomy
for 12 hours of normal functioning. In case of cold conditions, we insulated the batteries
and other equipment in an insulated lunch bag, heated by placing hand warmers in it.
Cool conditions for storing some reagents are kept by using an insulated thermal

container (portable 10 | camping fridge) with cold packs inside.

Laboratory transportation and setting

All devices can be carried in a suitcase, or a medium backpack (60 liters). The total
weight is around 13 Kg. A light camping tent is used to provide shelter and protection
from sun, rain, moisture, or winds. Inside of the tent, a small folding table (1x1 meters)

is sited as stable surface, together with a portable chair (Figure 2).

DNA sequencing platform
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The sequencing module is composed of the following items:

-Qubit 4 fluorometer (Invitrogen, ThermoFisher, Waltham, MA, USA)

-MinlON sequencer (ONT, Oxford, UK)

-MinlON flow cell (ONT, Oxford, UK)

-RAPId Sequencing Kit (ONT, Oxford, UK)

-Micro Thermocycler or portable water heater

-Laptop Schenker XMG Fusion 15 (16 Gb RAM, 8 core), with stand-alone MinKNOW

software (v21.02., ONT, Oxford, UK)

First, the DNA concentration was measured using the Qubit fluorometer. This is
needed to correctly adjust the amount of DNA to be introduced in the flow cell. The
concentration of DNA obtained from environmental samples is variable, but can be
rather low in lava rocks. Then, we calculated the volume of the DNA solution to be
added for introducing 400 ng of DNA. We estimated that a minimum DNA
concentration around 40 ng/ul is needed. Several samples can be multiplexed in the

same sequencing run.

The library is prepared using the RAPId kit from ONT, following manufacturer’s
instructions, and barcoding the diverse samples with different tags. This kit includes a
transposase that must be thermally inactivated. This can be done using a mini
thermocycler, or simply heating water using a water immersion heater and incubating
briefly the solution.

The sequencing time to reach the desired amount of sequence depends on several

factors (DNA concentration, flow cell integrity, etc). In cold conditions, the MinlION
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device and the laptop are protected by using insulated containers, which can be heated

by placing hand warmers inside.

Bioinformatics platform

The equipment needed for the bioinformatic analysis are the following:

-Same laptop than above (Schenker XMG Fusion 15), running the SqueezeMeta
pipeline (https://github.com/jtamames/SqueezeMeta), R, the SQMTools, SQMxplore
and Shiny R libraries installed. Internet connectivity is not needed for functioning, but of
course would be necessary for sharing the data over the internet, if desired.

-Mini batteries to power up the laptop (U’King Shenzhen Zhuo Qiong Technology Co.,

Ltd., China)

SqueezeMeta is a fully automatic software that performs the common steps of the
bioinformatic analysis of metagenomic data [13]. The preferred mode of analysis
implies assembling the raw sequences. But when the amount of sequencing is
moderate, as in our case, the performance of the assembly decreases and it is
advisable to run the analysis directly on the raw reads [15]. Each read is then
processed looking for ORFs and performing taxonomic and functional annotation for
them, using the sgm_longreads program from the SqueezeMeta suite. The results are
composed by a set of tables compiling all the information found for each read (including
functional and taxonomic assignments), and statistics on the abundance of taxa and
functions.

The drawback of using read annotation is that usually it takes a long time to complete,

thus compromising our goal of performing the complete pipeline in less than 24 hours.



200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

Accordingly, the following strategy was used for the marine samples: Analyze the first
three samples by co-assembly using an assembler such as Flye [16], Canu [17], or
MEGAMHIT [18], to provide a quick analysis adequate to determine the most interesting
spot for additional sampling. The first two are preferable, since they are optimized for
working with MinlON reads. The “--singletons” option of SqueezeMeta was used,
allowing the addition the unassembled reads as new contigs. The second set of

samples was analyzed using careful annotation of reads.

The analysis of the results is facilitated by the SQMtools R package [14], part of the
SqueezeMeta suite. This library imports the tables resulting from the SqueezeMeta run
and creates a R object that can be used to perform many different statistical analyses.
SQMtools includes many prefabricated commands to obtain easily the most common

types of plots and analyses.

The final step is the visualization and publication of results to make them accessible to
the public. For this we use SQMxplore, which is a graphical user interface based on
Shiny, a R library to build interactive web apps straight from R. SQMxplore takes the
results from SqueezeMeta and SQMtools and displays them using a web browser. The
data can be easily explored and shared, for instance by drawing histograms for the
taxonomic composition of the sample, or the abundance of different functions. In this
way, a remote user is able to access the results for inspection, without the need of

(bio)informatic skills.
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Taxonomic diagrams were plotted with Pavian [19], via the sgm2pavian script of the
SqueezeMeta pipeline. Plots for KEGG metabolic maps were done using the SQMtools

interface to PathView [20].

Sampling design: microbial communities on volcanic rocks

For the sequencing of microbiota associated with volcanic rocks, lava rock samples of
two different ages were taken in May 2022 from lava fields in the south of La Palma
island (Canary Island, Spain). Two main volcanic eruptions took place at the sampling
site: San Antonio volcano (1677), and Teneguia volcano (1971). Each of them
produced its own lava flows, which are very close and easily identifiable (Figure 3)
(28°28'32"N 17°51'04"W).

We took 5 subsamples (weighting approximately 100 grams each) in each of the spots
and combined them to obtain one sample per sampling spot.,. We crumbled down them
using a small mortar and pestle, to obtain a fine grained powder suitable for the
PowerSoil extraction Kit.

The resequencing of the volcanic samples for validation was performed using llumina

NextSeq2000, in FISABIO (Valencia, Spain).

Sampling design: planktonic microbial communities

We planned an oceanographic cruise in the Ria de Vigo (NW Iberian Peninsula).
During the first day (July 12th 2022), surface (2 m) water samples were taken at three
different locations: one in the outer part of the Ria, which is significantly influenced by
oceanic waters (Cap Home, 42° 14.262"N 8° 52.325"W), one in the middle sector of the
embayment in a anthropogenically affected area (Samil Beach, 42° 12.551"N 8° 46.983

"W), and the last one in the inner part of the Ria with a relatively higher influence of

10
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riverine discharge (San Simén Bay, 42° 18.707'N 8° 37.926"W) (Figure 3). The three
samples were processed and analyzed in order to choose the microbial community with
the most interesting metagenomic profile, to repeat the sampling at the corresponding
site the following day (July 14th 2022), increasing the sequencing depth of the analysis

and the sampling resolution in the water column (2 m and 5 m).

Seawater samples were collected in 5 L acid-cleaned Niskin bottles and filtered through
a 200 uym pore size mesh to remove larger zooplankton, in order to ensure good
replication and facilitate filtration process. Subsequently, 12 L acid-washed
polycarbonate bottles were gently filled with the filtered waters and kept under dim light
conditions, until arrival to the laboratory. Microplankton biomass was concentrated by
means of sequential filtration through 3 and 0.2 ym pore-size polycarbonate filters at
low vacuum pressure. Particles retained in the 3 pm pore-size filters were discarded,

and microbial DNA was extracted from the 0.2 ym pore-size polycarbonate filters.

As explained above, approximately 5 liters of water were processed for each sample.
When processing seawater samples, a first step of microplankton biomass
concentration by means of vacuum filtration is needed. Onboard logistics did not allow
to perform this filtration at sea, although this is a procedure often performed during
oceanographic cruises. Therefore, water samples were taken to the laboratory at
Estacion de Ciencias Marina de Toralla (ECIMAT, Vigo) for filtration. The rest of the

protocol remains unaltered.

Results

11
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Volcanic samples

The goal of this experiment was to assess the differences in community structure in
lava rocks of different ages (Teneguia and San Antonio samples), in order to shed light
on the microbial colonization patterns of these rocks. Therefore, we were interested in
determining the taxonomic profile of both samples.

We were able to reach the objective of completing the full protocol of sampling, DNA
extraction, sequencing and in-situ analysis in less than 24 hours, powered all the
equipment with batteries and in the absence of data connectivity. The amount of DNA
obtained from these rocks was rather low: 14.7 ng/ul in Teneguia, and 32.1 ng/ul in
San Antonio. In order to obtain a reasonable sequencing depth, the sequencing had to
be extended for several hours, resulting in almost complete degradation of the flow cell.
We sequenced a total of 286.4 Mb, 191 Mb for San Antonio and 95.4 Mb for Teneguia
(Table 1). Raw reads for these samples were analyzed using the script

sgm_longreads.pl from the SqueezeMeta pipeline (Table 1).

The taxonomic profiles obtained by the analysis of the metagenomes can be seen in
Figure 4. While the bacterial community structure is rather similar in both samples,
marked differences were founf with respect to eukaryotic compounds. The compaosition
of Ascomycota assigned to Lecanoromycetes (major class including lichen-forming
fungi) differed between both samples. A clear predominance of sequences assigned to
the genus Letharia (Lecanorales) and presence of Cladonia genus (Lecanorales) was
observed in Teneguia lava rocks. However, in San Antonio samples, sequences
assigned to the genera Letharia (Lecanorales) and Lasallia (Umbilicariales) were

detected, but without the clear dominance of Letharia found in Teneguia samples. In

12
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addition, sequences assigned to the fungal orders Chaetotyriales and Leotiomycetes
were only found in San Antonio samples. On the other hand, sequences assigned to
Trebouxia (Chlorophyta, Trebouxiales), the most common photobiont of lichen-forming
fungi, were also detected only in San Antonio samples. With respect of bacterial
communities, differences in composition of the phyllum Actionabacteria were also
found between both samples. These results reveal that the age of the lava mainly
conditions the fungal composition and the establishment of lichen communities. Thus, it
is demonstrated that this platform is useful to identify differences in microbial
composition in the field, and focus subsequent sampling.

We also generated functional profiles for both samples, making it possible to analyze
functional diversity exemplified by the abundance of genes involved in sulfur

metabolism (Suppl Figure 1).

To validate our approach and demonstrate that it produces valid and usable results, we
resequenced both samples using Illlumina NextSeq2000, obtaining 20 million
seqguences per sample that were processed using the same SqueezeMeta pipeline
than for MinlON sequences. That is, analyzing the reads using the sgqm_longreads.pl
script. The results are shown in Suppl Figure 2, and indicate a very strong correlation
between results from MinlON and lllumina (In all cases, R*>0.94, p<0.01). Both taxa
and functions abundances are very similar, with most abundant taxa and functions well
preserved among them. Therefore, our in-situ MinlON sequencing produces accurate
results and can be used for studying functional and taxonomic composition of

microbiomes.

Marine water column samples

13
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The objective of this experiment was to test the feasibility of planning a results-driven
cruise, in which an initial sampling of different locations can serve to determine the

most interesting spot to be further analyzed on subsequent days.

Our primary objective was to study sulfur metabolism in the Ria de Vigo. The Ria is
characterized by high productivity due to upwelling events that promote the intrusion of
nutrient-rich water to the embayment [21]. This natural productivity and activities
related to mussel farming are associated with an increased flow of organic matter to the
seabed. Microbiological degradation of this organic matter consumes oxygen from the
sediment interstitial water, promoting the development of anoxic zones where sulfate
reduction and methane production processes coexist [22]. We were interested in
testing possible differences in some parts of the Ria, because sediment anoxic
conditions have been shown to be more prevalent and shallower in the sediment cores
from the inner part of the Ria (the San Simon Bay, which shows the characteristics of a
typical estuary and is subjected to particularly important inputs of organic matter)
compared to the middle or the outermost zones (which are subjected to oceanic
influence). In fact, the highest sulfide concentrations are usually found in the inner zone
of the Ria, the San Simon Bay [23]. A recent work [24] demonstrates important
differences between the taxonomic composition of microbial communities living in
shallow organic-rich estuarine sediments from San Simén Bay and in non-gassy
sediments retrieved from the outer area of the ria. The authors suggest these
differences are likely related to sediment type and differences in the cycling of organic

matter, sulfur and methane.
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The aim of the present work was to study the differences in microbial processes related
to sulfur cycle in the water column in distinct sectors of the Ria de Vigo. Our hypothesis
is that gas escapes from seafloor will differentially affect the sulfur cycling in the water
column in distinct sectors of the Ria de Vigo. We decided to explore three locations of
the Ria de Vigo, looking for the one with most interesting or most abundant genes
related to sulfur metabolism. We performed two different samplings. During the first day
(12" July), we took microplankton surface samples in three different locations in the Ria
de Vigo, sequenced DNA and analyzed the sequences in less than 24 hours.
Metagenomic information recovered during the first day informed about sulfur
metabolism in the three stations, and helped to choose the most interesting location to
perform a more detailed analysis (increased vertical resolution of sampling and

increased sequencing depth) during the second day.

After DNA extraction, we were able to retrieve the following DNA concentrations in the
three spots: 8.60 ng/ul, 9.75 ng/ulin, and 21.8 ng/ul, for Cap Home, Samil Beach, and
San Simén Bay samplings spots, respectively. These concentrations are below optimal,

but still amenable to be sequenced.

Giving these concentrations, the three samples were barcoded and pooled using
equimolar amounts of DNA. Subsequently, samples were put into the MinlON flow cell
for sequencing. To maximize flow cell survival, we decided to sequence for only 10
hours, as this was an exploratory analysis and consequently a large sequencing depth

was not necessary.
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We obtained 98.693 reads, corresponding to 283 Mb of sequence (Table 1). Even if we
pooled equimolar amount of DNA for the tree samples, the result did not preserve
equal quantities for each sample. Indeed, 48% corresponded to San Simén sample,
31% to Cap Home, and 21% to Samil. This can be due to different causes (see

discussion).

As the results were needed quickly, we decided not to work with individual reads and
instead analyze the results of the co-assembly of the three samples. Since the
coverage in all samples was low, the proportion of reads that could be assembled was
low for all samples (26%, 24% and 23%), yielding just 599 contigs (but long ones:
N50=35.5 Kb, longest contig, 179 Kb). To increase the information, we decided to use
the option "--singletons"” in SqueezeMeta, that takes all the unassembled reads and

treats them as new contigs. In this way, all reads are represented in the analysis.

Finally, 64.228 contigs (N50: 6.600 bp) encoding for 256.774 ORFs were obtained. The
analysis took approximately 4.5 hours to complete on our laptop. Therefore, the total
length of the experiment was: Sampling: 4 hours. DNA extraction: 5 hours. Sequencing:

10 hours. Analysis: 4 hours, total 23.5 hours.

Inspection of the results in SQMtools and SQMxplore quickly determined that San
Simén was the most interesting spot for sulfur metabolism, both in terms of abundance
and presence of genes related to sulfur.

Different sulfur-related genes were found in the three different locations during the first
day of sampling. Overall, the metagenome in San Simon Bay included a relatively

higher abundance of sulfur genes (Figure 5). For example, SoxA (2.8.5.2) and SoxB

16



397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

(3.1.6.20) genes, thiosulfate sulfur transferases (2.8.1.1), TauACB and genes
responsible for catabolizing sulfonamides (1.14.11.17) were relatively more abundant in
San Simén Bay, suggesting an important presence of bacteria utilizing thiosulfate and
bacteria incorporating taurine at this site. Similarly, dehydrogenation of sulfite (1.8.5.6,
1.8.2.1) and sulfate reduction (2.7.1.25, 3.1.3.7, CysND, CysH) were also relatively
more abundant at San Simon Bay. Especially relevant was the presence of Sox genes,
being the only sample in which we spotted the presence of SoxA and SoxB genes
(Suppl Figure 3). Overall, the results from the first sampling day suggested that
microbial communities from San Simon Bay will be of more interest for a second, more

intensive (water column depth resolution) sampling.

This second sampling was done on July 14th 2022. We took two samples in San Simon
sampling point, corresponding to two different depths (2 meters and 5 meters), so it
was possible to characterize in detail sulfur metabolism of microbial communities from
this station.

The concentration of extracted DNA was 29.7 ng/ul and 22.9 ng/ul for the samples at 2
and 5 meters, respectively. We performed sequencing during 10 hours using the same
flow cell of the previous day. We aimed to obtain similar number of sequences for the
two samples, therefore we adjusted concentrations to load the same amount of DNA
for both. However, surprisingly, the total amount sequenced was 204 Mb and 32 Mb for
both, emphasizing our difficulties to achieve equal sequencing depths (Table 1).

As time was not as demanding in this instance, a more complex approach was followed
for the analysis, using co-assembly and the "doublepass" option of SqueezeMeta. This
aims to discover extra genes by including an additional step of Blastx homology search

on these parts of the sequences without gene prediction, or where the predicted ORF
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not matches anything in the nr database, pointing to a possible prediction mistake. The
sample taken the previous day at the same location was also included in this analysis.
A summary of the results can be seen in Table 1. We obtained 1148 contigs in the
assembly (Longest contig: 175796 bp) that contained approximately 30% of the reads.
These were supplemented with 67186 singletons (unassembled reads). The final set of
68.334 sequences contained almost 500.000 ORFs, of which more than 400.000

matched some gene in the GenBank nr database [25].

During the second survey, interesting temporal and spatial (vertical) differences in
sulfur-related genes in San Simon Bay metagenomes were found (Suppl Figure 4).
Most of the sulfur-related genes found were relatively more abundant in surface
samples (2 m) than close to bottom (5 m). This result may suggest, for example, that
bacteria utilizing thiosulfate and bacteria incorporating taurine at this site are relatively
more abundant in surface waters. On the other hand, a tendency to have higher
relative abundance at surface waters on 14" compared to 12" July was found for some
of the genes (e.g. SoxB, TauACB). These results suggest temporal changes in the
relative importance of specific sulfur metabolisms in San Simén Bay.

Hence, the use of this in-situ strategy allowed to make an informed selection of the
most interesting site at Ria de Vigo to perform an intensive metagenomic survey on

sulfur-related genes, demonstrating the feasibility of this approach.

Discussion

Analysis of metagenomic sequencing results is a work-intensive task involving several

steps and different software tools, and requires careful statistical analysis to achieve
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the desired objectives (e.g. differences in functional or taxonomic diversity, or presence
of particular genes or organisms). Therefore, bioinformatics expertise and powerful

computational resources are needed.

To reduce this burden in resources and expertise, we have recently developed several
software tools that provide a complete solution for all the bioinformatics involved in
metagenomics. The SqueezeMeta software is a complete metagenomic pipeline that
automatizes all steps of the analysis [13]. It requires minimal user intervention, making
it amenable to all kind of users, regardless of their bioinformatics expertise, and is able
to work with limited computational resources, even allowing to analyze metagenomes

on a laptop.

The second tool is the SQMtools software [14]. This is a R library devoted to facilitate
the statistical analysis of the results. The data generated by a SqueezeMeta run (e.g.
contigs and gene sequences and annotations, aggregated functional and taxonomic

profiles, and/or binning results) are loaded into a single R object, that can be explored
with a set of simple functions allowing plot and chart drawing, performing multivariate

analysis, or connecting to other popular analysis packages in microbial ecology.

Nevertheless, the drawback was that users need to be somehow proficient in R usage
to take full advantage of the power of this tool. To overcome this limitation, we have
developed a third tool to facilitate the usage for all kind of users. This tool, named
SQMxplore, includes a user interface for managing the data and allows sharing the
results remotely with other users (Suppl Figure 5). SQMxplore is an application written

using the R’s Shiny library that allows the loading of the tables created by SQMTools,
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as a result of a SqueezeMeta metagenomic analysis. This tool leverages the capacities
of Shiny to provide an interactive graphical user interface, offering the possibility of
visually inspect the tables, create and export customized plots, and perform
multivariate analyses without the need of R programming. Shiny offers dynamic
reloading of the results, so that any adjustments in the input data are immediately
translated to the resulting tables or plots. It is also possible to upload the results to a
web server, allowing remote users to interact with the data, thus facilitating

considerably the discussion and dissemination of the results.

The combination of these three tools provides a complete solution for all the
bioinformatic procedures involved in metagenomics, and together with the availability of
portable sequencers, opens the way to be able to analyze metagenomes quickly and
directly on the sampling spot. To test this capacity, we have sequenced and analyzed

metagenomes from soils and marine waters.

We have shown that a portable laboratory fitting in a medium backpack can be enough
to sequence and analyze a medium-size metagenome directly in the field. All devices
are powered by batteries, thus not needing connection to a stable power source to
work. Internet connectivity is not needed, unless the results wanted to be shared with
remote users via the web interface provided by SQMxplore. Even in that case, the

amount of data needed to be uploaded is tiny.

The weight of the portable laboratory is around 13 kg, so it can be carried by a single
person for some time . This weight can be shared between different persons and/or put

into some wheeled transporter if the terrain allows it. In the study of marine samples,
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the sample processing was performed in the base station to avoid carrying the bulky
and heavy filtering devices. But if needed, these pieces of equipment could be added to
the portable laboratory and powered with additional batteries. In this scenario, however,
we have not tested yet if the ship movement, affecting the stability of the devices, can

be an issue [6].

In laboratory tests devoted to prepare our next Antarctic campaign, we have found that
the cold conditions severely affect the performance of the equipment, as observed by
others [4,5]. However, the usage of thermal insulated boxes filled with one or several
battery-powered hand warmers, were enough to maintain moderately warm conditions

that ensure the proper functioning of the instrumental.

When working with substrates like rocks, where microbial colonization is limited, we
often face a problem related with the low concentration of DNA present in the samples.
We ameliorated this drawback by processing higher amount of sample. In this study, it
was necessary to process eight tubes with 200 ng of soil each, which were later
collected in a single column, in order to concentrate as much as possible. Also, we
realized that the setting of the bead beating procedure to lyse the cells was critical. We
advise the usage of gentle conditions for this step. Vigorous beating could facilitate the
breaking of the cells, especially if these are embedded in a solid matrix [26], but it could
also lead to extensive DNA fragmentation that would hamper the posterior sequencing.
In terms of sequencing performance, it is much better to obtain fewer long sequences
than many short ones, because the sequencing will be faster, consequently reducing
the degradation of the flow cell. In addition, the preparation of the sequencing libraries

is also conditioned by the size of the DNA fragments. Longer fragments will increase
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522 the ratio sequence/adapter, resulting in an excess of adapter. The different degree of
523 DNA fragmentation will also hinder equalizing the contributions of different samples in
524 multiplexing, because if one sample is more fragmented than the other(s), equal DNA
525 concentrations can harbor different number of DNA molecules.

526

527 The long-term survival of flow cells is a real issue, especially when processing soil
528 samples that are prone to have substances that can inactivate or damage the pores.
529 After the initial sequencing runs, the number of available pores dramatically dropped,
530 strongly hindering the reusing of the flow cells, and therefore increasing costs very
531 much. In our experience, a cleaning/purifying previous step using magnetic beads to
532 eliminate impurities improves the durability of flow cells, thus reducing the costs of in-
533 situ sequencing.

534

535 Regarding the bioinformatic analysis, two different approaches for studying a

536 metagenome can be used: to perform an assembly or co-assembly, or work with

537 unassembled raw reads. The co-assembly provides a common reference for all the
538 samples, making it easy the comparison, and generates longer sequences in the form
539 of contigs more suited for the analysis, since they contain several genes that can

540 increase the reliability of taxonomic and functional assignments. On the other hand, the
541 lower is the amount of sequences, the less complete and comprehensive is the

542 assembly. Using raw reads, thus skipping the assembly, has the advantage of using all
543 information available, without discarding any reads. The main drawback is the more
544 demanding computational costs, since this analysis is carried using Diamond Blastx

545 [27], implying translation and homology searching of the six frames of each read.

546

22



547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

To reach our goal of producing a full metagenomic analysis in less than 24 hours using
a laptop as computing infrastructure, the analysis of raw reads is less feasible since it
would take a longer time. Therefore, the co-assembly approach for analyzing the data
was followed. Although the contigs obtained were rather long, only around 30% of the
reads were assembled. To avoid discarding the unassembled reads, we used the
singleton mode of SqueezeMeta, which includes these as new contigs. The following
steps of the analysis proceed as usual, with the prediction and annotation of putative
ORFs. Gene predictors’ accuracy is reduced when the sequences are noisy, as it is
frequent in minlON sequencing, but this can be acceptable if we just want a glimpse at

the functional profiles to, in our case, select the most interesting spot.

The previous strategy can be refined by using the “doublepass” option of SqueezeMeta
when it is necessary to be more precise, such as during the second day of marine
samples analysis. This mode includes a step in which the predicted ORFs are
evaluated according to the results of homology searching. ORF showing a strong hit
with high coverage are kept. An additional blastx search is performed in the parts of the

sequence with discarded or no ORFs, including reliable hits as new ORFs.

In summary, we advise the following:

-Keep gentle conditions for the DNA extraction, especially when dealing with bead
beating procedures. Extensive DNA fragmentation will hamper library preparation,
reducing sequencing yield.

-Take into account that room temperature means 25°C. Performance of all reactions
will degrade below that point. Take corrective measures such as the use of portable

heaters.
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-Put effort in purifying the extracted DNA. A contaminated DNA library can damage the
flow cell very quickly.

-If the concentration is lower than the recommended 40 ng/ml, sequencing is possible
but perhaps the ratio sequence/adapter may need be adjusted (add less adapter).

-A fast but representative analysis can be done by assemblying the sequences and
adding unassembled reads to the resulting contigs (for this we use the —singletons

option in SqueezeMeta).

We demonstrate here that it is possible to generate metagenomic information in less
than one day, making it feasible to obtain taxonomic and functional profiles fastly and
efficiently, even under field conditions. This capacity can be used in the future for real-

time functional and taxonomic monitoring of microbial communities in remote areas.
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Data availability and Benefit-Sharing

SqueezeMeta and SQMtoos software are available at the following address:

https://github.com/jtamames/SqueezeMeta.

SQMxplore software is available at: https://github.com/redondrio/SQMxplore

Sequence data from volcanic rock and marine samples are deposited in SRA

(https://www.ncbi.nlm.nih.gov/sra) under accession numbers SAMN37106907 and

SAMN37106908 for lava rock samples, and SAMN37107275 to SAMN37107279 for

seawater samples. Metadata are also stored in the SRA (BioProjects PRINA1007952

28


https://www.ncbi.nlm.nih.gov/sra
https://github.com/redondrio/SQMxplore
https://github.com/jtamames/SqueezeMeta

723

724

725

726

727

728

729

730

731

732

733

734

735

736

and PRINA1007958) using the NCBI Package Metagenome, version 1.0. Additionally,

sequence files can be found at: https://saco.csic.es/index.php/s/s7tEaRLgL9wWX3r8
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Tables and Figures

San Antonio Teneguia
Total reads 60200 33382
Total bases 191.0 Mb 95.4 Mb
Longest read 34.73 Kb 32.3Kb
N50 6279 5082
Total ORFs 69153 37705
ORFs with KEGGs 48225 26483
ORFs with COGs 54254 28336
Cap Home Samil SanSimon SanSimon SanSimon
(1% day) (2™ day, 2 mts)| (2" day, 5 mts)
Total reads 30854 19585 48254 58387 11409
Total bases 70.1 Mb 40.0 Mb 173.3 Mb 203.7 Mb 31.7 Mb
Longestread | 43.28 Kb | 42.08 Kb | 59.71 Kb 42.27 Kb 34.83 Kb
Total ORFs 116433 68610 318223 464548 88662
ORFs with 19551 10780 43321 109386 24999
KEGGs
ORFs with 25683 13942 55377 145642 33070
COGs

Table 1: Sequencing and analysis data for both environments: Upper table: Volcanic

rock samples. Lower table: Seawater samples
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746 Figure 1: Approximate timeline of an in-situ metagenomic experiment. Time points in

747 the left side are estimates, and refer to the starting time of the given step.
748

749
750
751

31



752

Instruments
on table Portable

Multiple sockets Thermal
isolated

container

Figure 2

753 Figure 2: In-field setting of the portable laboratory
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755 Figure 3: Upper: Recent eruptions in La Palma island, and location of the sampling
756 spots in the confluence of Teneguia and San Antonio lava flows (Source:
757  http://www.ign.es/resources/docs/IGNCnig/VLC-Teoria-Volcanologia.pdf). Lower:

758 Sampling locations in Ria de Vigo.
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Figure 4

764  Figure 4: Taxonomic profiles of Teneguia and San Antonio metagenomic samples of
765 lava rocks. Plots were done using Pavian (Breitwieser & Salzberg, 2020) and the

766 sgm2pavian script of SqueezeMeta.
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K05301; sulfite dehydrogenase [EC:1.8.2.1]

KO0330; phosphoadenosine phosphosullate reduciase
[EC:1.B.4.8 1.8.4.10]

KO1739; cystathionine gamma-synthase
[EC:2.5.1.48]

K21308; sulfite dehydrogenase (guinone) subunit
SoeB

KDD395; adenylylsullate reductase, subunit B
[EC:1.8.99.2]

K02439; thiosulfate sulfutransferase
[EC28.1.1]

KO00381; sulfite reductase (MADPH) hemoprotein
beta-component [EC:1.8.1.2]

K17222; L-cysieine S-thiosullotranslerase
EC:2.6.5.2]

KO00380; sulfite reductase (MADPH) flavoprotein
alpha-component [EC:1.8.1.2]

K15555; sulfonate transport system ATP-binding
protein [EC:3.6.3.-]

K04091; alkanesullonate monooxygenase
IEC:1.14.14.5]

K0GBAEL; bifunctional oligoribonuclease and PAP
phosphatase NmA [EC:3.1.3.7 3.1.13.3]

KO0EEL; homosenine
O.succinyltransferase/O-acetyltransferase
[EC:Z2.3.1.46 2.3.1.31]

K20034; 3-(methylthio)propionyl-—-CoA ligase
[ECE.2.1.44]

KD0640; serine O-acetyltransferase [EC:2.3.1.30]

K17224; S-sulfosulfanyl-L-cysteine sulfohydrolase
[EC3.1.6.20]

K17225; sullane dehydrogenase subunit SoxC

K.00955; bifunctional enzyme CysWN/CysC [EC:2.7.7.4
2.7.1.25]

K00641; homosering
O-acetyliransferase/O-succinyltransferase
[EC:2.3.1.31 2.3.1.48]

KOD1738; cysteine synthase [EC:2.5.1.47]

KEGG

K15552; taurine transport system permeass protein
K00394; adenylylsuliate reductase, subunit A
[EC:1.8.99.2]

K10831; taurine ransport system ATP-binding
protein [EC:3.6.3.36]

K21307; sulfite dehydrogenase (guinone) subunit
SoeA[EC:1.8.5.6]

KO1011; thiosulfaie/3-mercapiopyruvale
sulturtransferase [EC:2.8.1.1 2.6.1.2]

K17218,; sulfideguinone oxidoreduciase
[EC1654]

K15551; taurine transport system
substrate-binding protein

K03119; taurine dinxygenase [EC1,14.11.17]
KOL1082; 3'(27. 5-bisphosphale nucleotidase
[EC:3.1.3.7]

K20035; 3-[methylthio)propanoyl-CoA dehydrogenase
[EC:1.3.8.]

KO0957; sulfate adenylyltransterase subunit 2
[EC27.7.4]

K10764, O-succinylhomoserine sulfhydrylase
[EC:2.5.1.]

K17486; dimethylsulfoniopropionate demethylase
[EC:2.1.1.269]

KO0956; sulfate adenylyliransterase subunit 1
[EC2T.7.4]

KO0BED; adenylylsulfate kinase [EC:2.7.1.25]

KDD958; sulfate adenylyliransferase [EC:2.7.7.4]

Cies Samil SanSiman

Samples

Figure 5

Figure 5: Relative abundances of sulfur genes in the three locations in Ria de Vigo. The
rightmost column corresponds to San Simon sample. Genes driving the selection of
this sampling spot for a second sequencing, as discused in the text, are marked. These
are: SoxA (K17222, EC 2.8.5.2), SoxB (K217224, EC 3.1.6.20) genes, thiosulfate sulfur
transferase (K02439, EC 2.8.1.1), Taurine dioxygenase (K03119, EC 1.14.11.17),
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dehydrogenation of sulfite (K21307, EC 1.8.5.6; KO5301, EC 1.8.2.1) and sulfate
reduction (K00955, EC 2.7.1.25,; K01082, EC3.1.3.7)
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