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Introduction

Mud volcanoes and PAH-degrading bacteria

Polyaromatic hydrocarbons (PAHSs) are priority soil pollutants. They are the product
of both anthropic fossil fuel combustion and natural catagenetic processes. PAHs can
be detected in high quantities in soils adjacent to industrialized areas. The PAHs spiked
soil represent a health risk which can lead to various types of cancer (Vandenbroucke
et al., 2007; Keith, 2014).

In order to bioremediate the PAH-spiked soils, one must develop new biotechnology
protocols, which would imply specialized PAH-degrading bacteria. Specifically, one
should isolate bacteria from the naturally PAH-spiked ecosystem.

Mud volcano can be considered a naturally PAH-spiked ecosystem. Mud volcanoes
are geological structures, whose genesis is tightly linked to catagenetic processes,
which occur in the depths of sedimentary layers (Mazzini and Etiope, 2017). Given this
aspect, mud volcanoes might theoretically sustain a community of highly specialized
PAH-oxidizing bacteria. This comes as an alternative for the industrially PAH-spiked
ecosystems which might be populated by only facultative PAH-degrading bacteria
(Alain et al., 2006; Abdel-Shafy et al., 2016).

Sequential and textual biological databases

Nowadays, the majority of biological databases are based on either nucleotide or
proteic sequences. As an example, one can mention databases such as Genbank or
Uniprot. These databases are considered to be essential for any kind of biological
research (Brown et al., 2014; Consortium, 2014; Benson et al., 2017). Given the exclusive
dependence on biological sequence, these types of data bases have inherent
limitations. For example, overreliance on the sequence ignores the research context of
these sequences. Additionally, reliance on sequence does not count the outlook of the

researchers, who uploaded these very sequences.
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In order to mitigate this problem, this study proposed a new type of database. It
described the first textual database, which would base itself on biological lexeme. This
database will try to compensate the limitation of the sequential databases.
Simultaneously, this database will serve as a minimal viable product and will be mainly

focused on mud volcanoes.

Study objectives and the general purpose

The main purpose of this study is to show that terrestrial mud volcanoes can
sustain the growth of a PAH-degrading bacterial community. In order to attain this

purpose, we set the following objectives:

e Show by means of both microbiological and genomic techniques that mud
volcanoes represent ecosystems fit for the in-depth study of PAH-degrading

bacteria.

e The construction of the first textual data based which would be solely focused on

mud volcanoes and would validate the microbiological results of this study.



Methods and materials

Sediment sampling and the isolation of PAH-degrading bacterial
community

This study aimed to isolate PAH-degrading bacteria extracted from a mud volcano
sediments (Lat: 48°2'12.0588”N, Long: 27°11'46.9428”E). These sediments were
extracted with a manual sampler from the various depths. In order to create a

representative sample, the sediments were mixed (Figure 1).

Figure 1. Investigated mud volcano. A, B, D, E - mud volcano and its localization, C - sediment sample.
X - mud volcano, p - spring, h - Hancauti village, w - adjacent water body, z - landslide, y - inactive
mud volcanoes.



Enrichment of the PAH-degrading bacteria

Representative sediment sample was serially diluted and was used as inocula.

Enrichment media (M9) with phenanthrene and pyrene as a carbon source was used as

as culture media (Yin et al., 2020).

Microscopic analysis of the PAH-degrading bacteria

After the isolation of HAP-degrading consortium, an array of various microscopic
analyses was performed:

Contrast phase microscopy - live bacteria assessment

Microscope: Zeiss Axio Scope.Al (Zeiss, Germany).

Fluorescence microscopy (CARD-FISH/DAPI) - bacteria / archaea identification
Fixation: Paraformaldehyde (2%).

Hybridization probes: EUB3881, ARCH9I15, and nonEUB338.

Permiabilization: Lysozyme, Achromopeptidase P, Proteinase K.

Tyramides: Alexa594.

Microscope: Axio Imager Z2 (Zeiss, Germany).

Scanning electron microscopy (SEM) - identification of the physiological
adaptations of the PAH-degrading bacteria

Dehydratation: Leica EM CPD300 (critical point drying).

Microscope: Zeiss Merlin VP Compact (Zeiss, Germany).



Taxonomic identification of the PAH-degrading bacteria (RNAr 76S gene)

ZR Fungal/Bacterial DNA Miniprep kit (Zymo Research, US) was used for the DNA
extraction. RNAr 16S gene was amplified with 27F (forward) and 1492R (reverse) primers.
Amplicons were cloned into pJET1.2 vector. CloneJET PCR cloning kit was used for the
cloning procedure (ThermoFisher Scientific, US). Plasmidic DNA was sliced and purified
with ZR Plasmid Miniprep (Zymo Research, US) and 7ag/ enzyme (ThermoFisher

Scientific, US). The obtained sequences were subjected to Sanger sequencing.

Transcriptome analysis

Enrichment culture was used for the transcriptomic analysis. Microscopical
explorative assessment showed the numerical dominance of one type of bacteria
(cocco-bacillus morphology). RNAr 76S gene profiling showed the dominant bacteria
might be linked to Pseudomonas genus. Given these data, obtained transcriptome was
aligned to a reference genome of the Pseudomonas stutzeri 19MN4 (NZCP0O007509.1).
QuasR library was used for the alignment procedure (Gaidatzis et al., 2014). Unwanted
variance was removed by means of the RUVSeq (k=2) library (Risso, Ngai et al., 2014).
EDAseq library was used for counts normalization (Risso, Schwartz et al., 2011). DESeqg2

library was used for differential analysis (Love et al., 2014).

NLP data extraction algorithm and textual database

Raw data was collected from data corpus S20RC (Lo et al., 2020). Textual data
(N=118) was analyzed with in-house build algorithm (muddy_mine). This algorithm is
based on open-source libraries such as spaCy, scispaCy and NCBI Taxonomy database
(Honnibal and Johnson, 2015; Honnibal and Montani, 2017; Neumann at al., 2019; Schoch
et al., 2020). The output generated by muddy_mine represents a list of csv tables which
contain data regarding geology, chemistry and taxonomy affiliated to mud volcanoes.

This output was used for the construction of muddy_db data base.



Results and discussion

PAH-degrading enrichment culture

After the microbiological analyses, PAH-degrading bacterial consortium was
isolated. The consortium was composed of two distinct bacterial genera: Psevdomonas
sp. and Pseudoxanthomonas sp. (Figure 2). In presence of PAHs, these bacteria
synthesize a thick polysaccharidic matrix. This aspect was clearly seen during the

microscopic assessment (Figure 3).
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Figure 2. PAH-degrading consortia growth curves of both phenanthrene (PHE) and pyrene (PY)
treatments.

Differential analysis of the expressed genes in the dominant PAH-
degrading bacteria - Pseudomonas sp.

The analysis of the transcriptome of Psevdomonas sp. showed that the majority of
overexpressed genes are related directly or tangentially to the synthesis of the
extracellular polysaccharidic matrix. For example, the genes responsible for pyocyanin
synthesis (arok and pstP) were overexpressed up to 6.1 and 3.03 times than control

(Figure 4) (Xu et al., 2005; Das et la., 2012; Chen et al., 2012).
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Figure 3. PAH-degrading enrichment culture visualized by scanning eletron microscope. The image
shows two bacterial morphologies: cocco-bacillus (X, Pseudomonas) and bacillus (y,
Pseudoxanthomonas). Bacteria are seen to be embedded into a polysaccharidic matrix (z1, z2).

In addition to pyocyanin related genes, there was a clear overexpression of cobA
gene. This gene is related to cobalamin synthesis and by extension influences
extracellular polysaccharidic accumulation (Warren et al., 2002; Crespo et al., 2018).
Gene cobA was overexpressed up to 2-4 times more than control. In addition to
cobalamin, differential analysis suggested that riboflavin and thiamine cofactors might
significantly influence biofilm synthesis (Webb and Downs, 1997; Fassbinder et al.,
2000). Data showed that ribA and thiL genes were extremely underexpressed. Gene

ribA was underexpressed up to 16 times less than control. Gene {thiL was



underexpressed up to 32 times less than control. In addition to vitamin related genes,
data showed that genes (cysEand carA) related to cell motility were downregulated (up

to 2-16 less times than control) (Sturgill et al., 2004; Butcher et al., 2016) (Figure 4).
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Figure 4. Differential analysis of the genes expressed in Pseudomonas sp.10g2FC - log2 fold
change; PHE - phenanthrene; PY- pyrene.

Textual database / web application - muddy_db

Data for muddy_db was generated with the NLP algorithm muddy_mine. Database
muddy_db represents the first iteration of a textual database, based exclusively on the
mud volcano biology. The data for muddy_db was extracted from all the available mud
volcano related open-access articles published in the last 20 years. In comparison to

classic sequential databases, muddy_db provides the frequency of biologically-related



lexemes. This frequency can suggest the context and the importance of this lexemes in
a given article.

The main page of muddy_db application (MAP) represents an interactive map where
user can see the geographical localization of the academically described mud
volcanoes. Each MAP entry contains data regarding: mud volcano geographical
coordinates, title and the authors of the article and the PMID of the affiliated article.
ARTICLES page contains all the information regarding the articles used in muddy_db
creation. BACTERIA and ARCHAEA pages contain taxonomical data found in the articles.
MUD VOLCANO, GEOLOGY and METHODS pages present tables with lexemes related to
geology, typical mud volcano terminology and experimental methods mentioned in the

mined articles (Figure 5).
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Figura 5. Database / web application muddy_db. The first textual mud volcano database.
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Conclusion

Mud volcanoes could be named appropriate ecosystems for PAH-degrading
bacteria growth and by extension an appropriate study subject. This study proved that
one can isolate HAP-degrading bacteria from mud volcano sediments. This study
described for the first time the PAH-degrading Pseudomonas | Pseudoxanthomonas
consortium. Additionally, the study suggested new methods for both amplification and
suppression of biofilm synthesis and PAH-oxidation. Specifically, this study showed
that riboflavin and thiamine have inhibitory action on biofilm synthesis. On the other
hand, cobalamin can amplify the extracellular polysaccharidic synthesis and by
extension bacterial PAH-oxidation.

The first textual database muddy_db described the state of mud volcano research,
provided data for further meta-analysis, and validated the microbiological data
generated by this study. Specifically, muddy_db showed that there was no mention of
PAH-degrading Pseudomonas [ Pseudoxanthomonas consortia in mud volcano

literature.
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Resources

All the data related to this study was archived.

Raw transcriptome sequences (access number: PRINA843935) are available at:
https://doi.org/10.5281/zenodo.4587649.

Transcriptome analysis pipeline is available on Github
(https://github.com/TracyRage/rnaseq_pipeline)

RNAr 16S sequences are available at: https://doi.org/10.5281/zenodo.6538838.

Al the microscopic images are available at: CARD-FISH/DAPI
(https://doi.org/10.5281/zenod0.4553960) and
SEM (https://doi.org/10.5281/zenodo.5812226).

muddy_mine source code is available at:
https://github.com/TracyRage/muddy_mine.
muddy_db source code is available on Github

(https://github.com/TracyRage/muddy_db).

Keywords

hydrocarbonoclastic, mud volcano, PAH, pseudoxanthomonas, textual database,
thiamine, riboflavin
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