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THESIS OUTLINE

Micromonospora is now considered as a plant growth promoting bacterium (PGPB),
but until 2015, the genomes of only two endophytic strains had been sequenced. In this
thesis, a comparative genomic approach was used to elucidate some of the biological
processes that drive the relationship between Micromonospora and the plant at a genomic
level. To achieve this, the following specific objectives were proposed:

1. Creation of new bioinformatic tools that complement or enhance widely used pro-
grams in microbial genomic characterization and creation of a pipeline to character-
ize plant-related bacterial features in the genus Micromonospora.

2. Characterization of the main genomic features that drives the relationship between
Micromonospora and the plant, using a comparative genomic approach.

3. Genome based characterization of strains isolated from different parts of the plant,
closely related to the main species found in the nodules, Micromonospora saelicesensis
and Micromonospora noduli.

This thesis is therefore divided in three parts, one for each objective. In the first part some
of the most popular programs and applications in microbial genomic characterization were
briefly analyzed and their strong and weak features were singled out. Several bioinformat-
ic solutions were proposed, to help improve the end-user management of some of these
frequently used programs. Finally, an R based pipeline was proposed to analyze and man-
age genomic data, to decipher significant differential features that drive the relationship
between Micromonospora and its host plants. All these bioinformatic solutions were imple-
mented as R based scripts, with the additional benefit that they can be easily introduced in
future pipelines with only a minimal amount of commands and variables needed.

The second chapter was focused on the second objective, the characterization of the
main genomic features that drive the plant-bacteria relationship in Micromonospora. The
genomes of seventeen Micromonospora strains isolated from different legumes (Cicer sp.,
Medicago sp., Lupinus sp., Ononis sp., Pisum sp. and Trifolium sp.), and plant tissues (nodule
and leaves) were sequenced. With the addition of these newly sequenced genomes, we
constructed a database of 74 genomes, with an almost equal number of soil-related and
endophytic-related Micromonospora representatives. Using a novel comparative genomic
approach, based on the database generated in 2018 (Levy et al., 2018) and the proteome of
known host plants, we determined several genomic features that could potentially be relat-
ed to the Micromonospora-plant interaction.

The third chapter focused on the final objective. As the most frequently isolated Micro-
monospora in plant nodules (Carro, 2009; Carro et al., 2012; Cerda, 2008; de la Vega, 2010;
Trujillo et al., 2010, 2015), the species M. saelicesensis and its close phylogenetic neighbor
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M. noduli probably play an important role in the relationship with their legume host. Howev-
er, these two species share many features, and the question arose whether they should be
merged into a single species. Using different genomic approaches, in chapter Il we have
studied the taxonomic relationship between the species Micromonospora saelicesensis and
Micromonospora noduli using genome-based data.
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CHAPTER I

Script development and implementation



1.1 INTRODUCTION

1.1.1-Genomic information and its place in systematics

Genomics has revolutionized Life Sciences. The great potential of genomic information to
generate new data cannot be underestimated, and as we speak is revolutionizing biomedical
research, bacterial ecology and systematics.

A quick search in the US National Center for Biotechnology Information (NCBI) reveals a total
of 285,747 bacterial genomic assemblies and 3,514 archaeal assemblies, of which 10,711 and
384 respectively are labeled as type material. Of course, this is a raw count, and does not take in
count the quality of the genome, nor include all the diversity obtained in metagenomic studies.
An enormous effort has been made to improve public databases with new genomic informa-
tion. Global projects like the Genomic Encyclopedia of Bacteria and Archaea (GEBA) (Wu et al.,
2009), with more than 15.000 bacterial and archaeal genomes already sequenced (see jgi.doe.
gov for more information), and the recently proposed Global Catalogue of Microorganism 10K
Type Strain Sequencing Project (Wu and Ma, 2019) are providing good quality reference data to
the public repositories. It is to be expected that these databases will grow exponentially in the
following years with the impulse of the previously mentioned global projects and the constant
publication of genomic data in scientific works.

Advancement and drastic drop of the costs of DNA sequencing technology, the publication
of new and reliable methods and tools to characterize bacterial diversity and ecology, and the
development of new reliable and simpler bioinformatic pipelines, have contributed to the incor-
poration of genomics as part of many scientific studies. Most of the novel species described
nowadays are described with genome assemblies associated with, at least, the type strain, and
many journals request this information as part of their requirements for publication.

1.1.2- Genomic information in the field of bacterial systematics

Current taxonomy relies on the use of the polyphasic approach (Tindall et al., 2010), consid-
ering multiple aspects of the organism in study, including genotypic, phenotypic and chemo-
taxonomic features. However, the use of phenotypic traits and chemotaxonomy in prokary-
otic systematics are of limited value, due to intra-species variability and lack of reproducibility
(Amaral et al,, 2014; Baek et al., 2018; Sutcliffe et al., 2013). As a result, genotypic characteri-
zation is growing in importance.

1.1.2.1- 16S rRNA gene phylogenies

16S rRNA gene sequence similarity and phylogeny is the most used genetic tool in bacterial
systematics. However, as 16S is a very conserved gene, it presents problems in resolving phy-
logenetic relationships in closely related organisms (Hahnke et al., 2016; Katayama et al., 2007;
Na et al., 2018).
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Other housekeeping genes have been proposed to improve the resolution in closely re-
lated species. For example, the use of gyrB is highly recommended in the genus Micro-
monospora, given its higher resolution (Garcia et al., 2010; Kasai et al., 2000). However,
these genes also present some drawbacks. Housekeeping genes, even having conserved
sequences, can be subjected to Horizontal Gene Transfer events (HGT) that can hinder the
interpretation of the inferred phylogenetic trees (Creevey et al., 2011). Moreover, topologies
of single gene phylogenies can be very different, even if very conserved core genes are se-
lected, making the identification of close neighbors a difficult task.

1.1.2.2- Multi-locus sequence approach

To overcome the limitation of single gene phylogenies, multi-locus sequence analysis
(MLSA) approach was developed (Gevers et al., 2005). The MLSA consists in the concat-
enation of several housekeeping genes and the subsequent phylogenetic analysis of the
concatenated sequence. The selection of genes is a crucial part in the process, as the genes
ideally should be single copied in the genome as well as homologous and ubiquitous in all
prokaryotes (for future comparations), or at least ubiquitous in large groups of bacteria and
archaea (Gevers et al.,, 2005; Glaeser and Kampfer, 2015). The final topology of the MLSA
phylogenetic analysis is usually very stable, increasing its stability with the increasing num-
ber of housekeeping genes included in the analysis, being even proposed for some time
as an alternative to DNA-DNA hybridization (DDH) (Cole et al., 2010; Glaeser and Kampfer,
2015; Martens et al., 2008). The number of genes in the analysis can vary depending on the
scope of the analysis, but it usually ranges from five genes to more than one hundred (Car-
ro et al., 2012; Na et al., 2018). Before genomes were available, this approach required the
partial amplification and high quality sequencing of the selected genes (Glaeser and Kamp-
fer,2015), and depended greatly on the genes deposited in the databases. Furthermore, no
consensus on the genes to be chosen was made between different taxa, therefore a com-
parative study above the genus level could be expensive and laborious, as new core-genes
had to be sequenced for all the strains of interest. The advent of the genomic era has solved
most of these problems. All genes of interest can be easily and automatically screened in
the genome, allowing the reconstruction of trees with hundreds of genes.

Genomes can facilitate phylogenetic reconstruction using the core-genome as the base
pool of genes (Liu et al.,, 2016b). The idea of selecting common genes for all bacteria has
already been explored several times, Na and collaborators (2018) even have developed a
phylogenetic tool called up-to-date bacterial core gene (UBCG), based on a database of
ninety two bacterial genes, ubiquitous in the domain Bacteria.
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1.1.2.3- Overall relatedness indexes

Genomes can also be used to establish overall general relatedness indices (OGRI), a term
proposed by Chun and Rainey (2014) that englobe all indices inferred from genomes that
establish a general relatedness between two genomes, in a similar fashion to the DNA-
DNA hybridization. The most and frequently used OGRIs are the Average Nucleotide Iden-
tity (ANI) (Goris et al., 2007) and the digital DNA-DNA hybridization, based on the Genome
BLAST Distance Phylogeny method (GBDP) (Henz et al., 2004; Meier-Kolthoff et al., 2013).

1.1.2.3.1- ANI

ANl is a similarity-based index, the query genome is divided in 1020 base pairs long se-
guence fragments, and then searched directly against the reference genome, usually using
BLASTN program (Altschul et al., 71990; Chun and Rainey, 2014). All matches with identity
above 30% are considered to calculate a mean identity value that will constitute the ANI
index. As the calculation of the matches is not symmetrical (the best hit for the query-refer-
ence can be different to the reference-query), ANI values can be slightly different depending
on the direction of the analysis. To avoid this, the ANl is usually calculated in both directions
and a mean value is used as the ANI final value.

Prokaryotic species delimitation for the ANI index is stablished in the range of 95-96%,
that is equivalent to the 70% traditional DNA-DNA hybridization value (Goris et al., 2007;
Richter and Rossell¢-Mdra, 2009).

As the ANI is the most used OGRI, many variations of the original method have been pro-
posed (Arahal, 2014). Since traditional BLASTn is computationally cost intensive and slow,
the main variation consists in the algorithm used to search for the sequence. MUMmer soft-
ware (Kurtz et al., 2004), and USEARCH (Edgar, 2010) have been proposed as alternatives that
demonstrated not to compromise the accuracy in favor of the calculation speed (Richter and
Rossell6-Mora, 2009; Yoon et al., 2017b). To differentiate these two approaches, ANI based on
BLAST is called ANIb, ANI based on MUMmer ANIm and ANI based on USEARCH is called ANlu.

To avoid the non-symmetrical pairwise calculation problem, another approach called Or-
hoANI was devised (Lee et al., 2016). This approach uses orthologs, sequences with sym-
metrical homology (the reference and the query are the best hit in both ways), to make the
pairs and calculate the index. As the resulting homology values are always symmetrical, a
unigue value is given as result of the ANI calculation, despite of the direction of the analysis.
As expected by the use of very close sequences, OrthoANI is more restrictive and generate
slightly higher values, but it is more stable than the regular ANI that have proven to give
slightly different values, even when using the same platform (Beaz-Hidalgo et al., 2015).

/Q\ Chapter | | Introduction | P4gina 17



There are many stand alone and web-based programs to calculate ANJ, just to cite some
examples: web-based Kostas lab ANIb calculator (Rodriguez and Konstantinidis, 2014),
stand-alone and java based Jspecies with its online web based service JspeciesWS that
calculates ANIm (Richter et al., 2016; Richter and Rossell6-Méra, 2009), and finally web
server EzBioCloud that allows to calculate both ANIu and OrthoANI and also has a stand-
alone tool called Orthologous Average Nucleotide Identity Tool (OAT) (ezbiocloud.net/tools/
orthoani) that calculates both ANIb and OthoANI, implementing a matrix presentation of the
results (Lee et al., 2016; Yoon et al.,, 2017a, 2017b).

1.1.2.3.2- Digital DNA-DNA hybridization (dDDH)

dDDH based on GBDP is a distance-based approach. Genome sequences are directly
aligned without any trimming, using BLAST+ (Camacho et al., 2009) as the preferred align-
ment tool to obtain high scoring segment pairs or HSP. These HSP are then used to calcu-
late a distance using a formula optimized to the overlapping of the HSP (Meier-Kolthoff et
al., 2013). On the web server Genome to Genome Distance Calculator (GGDC) (ggdc.dsmz.
de), three algorithms are offered as a result: “greedy”, “greedy with trimming” and “coverage”,
but normally the second one is recommended. This method is offered as a standalone ver-
sion for the old version GGDC v1.0 (Henz et al.,, 2004), but only as web server service for
the version 2.0, offering more sophisticated and improved statistical models with interval
estimations and other important features (like the calculation of pseudo-bootstrapping rep-

licates) (Meier-Kolthoff et al., 2013).

As GBDP method is a distance-based approach, phylogeny based on distance matrices
can be inferred. However, to give statistical support a pseudo-bootstrap must be inferred
by generating multiple distance matrices with modifications in the sampling of HSP, a sam-
pling with substitutions and sampling with deletion process (bootstrapping and jackknifing)
to produce at least one hundred additional matrices to make the phylogenetic inference
(Meier-Kolthoff et al., 2014). The GBDP method to make phylogenetic trees has been used
to make genome based classifications of the phyla Bacteroidetes, and Actinobacteria, the
family Geodermatophilaceae and the genus Micromonospora (Carro et al.,, 2018; Hahnke et
al., 2016; Montero-Calasanz et al., 2017; Nouioui et al., 2018). The method is very promis-
iIng however, up to this date, the program implementing this method has not been released
to the public. Only a web based implementation called Type strain Genome Server (TYGS)
based on the GBDP method have been recently released, but do not give total control of the
strains included in the phylogenetic analysis nor the possibility to include it in a bioinformat-
ic pipeline (Meier-Kolthoff and Goker, 2019).
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1.1.3- Improvements in bioinformatic workflows to facilitate the use of bioin-
formatic tools in systematics

New alternatives to the already known bioinformatic tools are appearing every day. There
are many algorithms, all with pros and cons. However, most of the times the worst enemy
of a bioinformatic tool is not the algorithm, but the usability by the end-user. If the tool is
difficult to use, involves many steps or is not freely available to customize, the final user can
choose another program, even if the final result is less desirable.

As an example, given the drawbacks mentioned previously for the GBDP method (lack
of a method to make distance or dDDH matrices and no availability of the tool to integrate
it in a bioinformatic pipeline), the end-user may be prone to select other tools, like ANI for
the OGRI and UBCG multilocus approach for the phylogenomic tree inferring. The algorithm
is probably better, as it captures genome variability by aligning whole genomes instead of
highly similar fragments, but the final user can choose other methods if he wants to include
many genomes or wants to customize the tool.

Other disadvantage that can discourage the end-user is the use of console-based ap-
proaches. Most of the time, this cannot be avoided, because the approach may depend on
Linux based tools. However, simplifying the tool to the minimum coding must be an essen-
tial priority, as the final user usually works with “click and go” tools, and normally tends to
avoid the coding language as much as possible. An example of this problem can be found
in the UBCG pipeline (Na et al.,, 2018): UBCG depends entirely on Linux based programs, and
It requires at least a command line for every genome in the analysis. To the end-user of the
program, it means a lot of time spent in writing cumbersome command lines. In the end,
the final user can choose another method, even if it is less flexible, like TYGS server (Mei-
er-Kolthoff and Goker, 2019).

New bioinformatics pipelines can aid to solve these flaws, even adding a better visual
representation of the results, making the tool more appealing to the user.

1.1.4- Genomic applications on the field of microbe-plant interaction ecology

Molecular biology advances, not only in the field of genomics, but in all the commonly
called “omics" (genomics, transcriptomics, proteomics, and metabolomics) have revolution-
ized ecology. Commonly used microbial ecological tools until now have relied on amplicon
sequencing of a selection of core genes (16S or gyrB), allowing the characterization of the
microbial community, but not the description of the features that drives the relationships with
the environment. Advances in technology have made possible the reconstruction of the struc-
ture of a microbial community using the entire genomic information available, allowing the
accurate screening not only of the microbial diversity, but also the pool of genes that drives
the interactions between the microbial community and the environment (Levy et al., 2018a).
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The study of model organisms at the genomic level and the use of comparative genomics
approaches have contributed to expand the knowledge of factors that drive bacteria-plant
interactions, both positive and negative. Studies of these factors have been appearing in the
literature for the last decade (Liu et al., 2016a; Loper et al., 2012; Trujillo et al.,, 2014). These
studies have focused on known bacterial genes involved in plant relationships, inferring
new plant related functions at the genus and even species level. However, the molecular
mechanisms that drive the plant-microbe interactions are still not fully understood. There
are many gaps to fill, but the use of genomic data seems like a good alternative to complete
the picture.

Genomics studies can be used to elucidate some of these unknown functions: Compar-
ative genomics can be used for the screening of genes that potentially contribute in the
bacterial adaptation to plants, amplifying the plant related bacterial gene databases even
with genes with unknown functionality. Based on this idea, new, dedicated databases are
now available. A good example is the Genomic Features Of Bacterial Adaptation to Plants
database (GFOPAP), that uses a dataset of 3837 genomes to create a database of poten-
tial bacterial mechanisms that could be involved in plant-bacterial interactions (Levy et al.,
2018b). These databases represent potential biological processes that could transform the
way we see the interaction between the plant and its associated microbiome, however they
must be validated in subsequent studies in the laboratory.

The drawback (and the advantage) of these functional databases is that they tend to be
very general, covering multiple phyla across the domain bacteria. A bioinformatic pipeline
to make genus-based functional databases, incorporating not only bacterial information but
also that of the host plant, can be very useful in our understanding of the ecological function
of a bacterium in the plant environment.
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1.2- OBJECTIVES

1.

Development of new bioinformatic pipelines that facilitate the use of popular tools in
systematics.

Up to date Bacterial Core Gene (UBCG)

+ Automatize and improve code preparation, depending only on easily editable
and importable feature tables.

Improve phylogenetic tree visualization.
+  Genome to Genome Distance Calculator (GGDC)

Improve data management and creation of an environment suitable for
bioinformatic pipelines.

+  Createdistance and dDDH tables that can be exported and visualized externally.

Create a simple phylogenomic tree reconstruction, based on distances
calculated with GGDC.

2. Development of a new bioinformatic pipeline for the creation of a plant-related bacte-
rial gene database, and the subsequent statistical analysis based on a comparative
genomic approach.

D’

+ Screening of the selected functions and genes on the genome.

Statistical analysis of all the genomes focusing on differences based on their hab-
Itat or any other ecological feature of interest.
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1.3- SCRIPT DEVELOPMENT

1.3.1- Script environment selection

R environment offers a very flexible tool for data management and analysis. Among
other characteristics R language is:

A flexible data and storage management tool.
+ A perfect tool for indexed variables management, in special tables and matrices.
A tool for statistical analysis and visual representation of the data.

An effective open source program language, simple, flexible and open to changes
and customization, as it is constructed to run using “packages’, more specific tools
that are created by the community.

Taking advantage of these characteristics, many of the data of this work have been treat-
ed or inferred using personalized R scripts. These scripts offer a solution to several needs,
from the simple organization of the databases used in the study, to almost final graphic
representation of the results.

Three main scripts have been created for this thesis, “UBCG_iTOL_maker”, “GGDC Out-
put Management Assistant (GOMA)", and “Micromonospora Plant Associated Gene tool
(MicroPLAGE)".

1.3.2- UBCG_iTOL_maker

Up-to-date Bacterial Core Gene (UBCG) is a tool to construct phylogenetic trees using ge-
nome sequences based on a multilocus sequence approach (Na et al., 2018). The workflow
of the UBCG tool is composed of two steps. In the first one, the program does a quick pro-
tein-coding gene prediction using Prodigal (PROkaryotic DYnamic programming Gene-finding
Algorithm), a gene prediction software for prokaryotes (Hyatt et al., 2010) and then screens
each genome for 92 bacterial core genes using HMMER software v.3.2.1 (hmmer.org), against
a predetermined Hidden Markov Model (HMM) profile database. When the screening is com-
plete, it generates an intermediate file with all the gene data in a program readable file, in bcg
format. In the second step, every bcg file in the working folder is retrieved to make an align-
ment using MAFFT program (Multiple sequence Alignment based on Fast Fourier Transform)
(Katoh, 2002) of each of the 92 core genes and the concatenated sequence of all the genes.
All these alignments are used to infer a phylogenetic tree of all the genes and the concate-
nated sequences using FastTree (Price et al., 2010) or RAXML (Randomized Axelerated Max-
imum Likelihood) (Stamatakis, 2014) , according to the user choice. Finally, it calculates the
Gene Support Index, a value of support in the tree independent to the bootstrap that indicates
how many individual genes support each branch in the tree (Na et al.,, 2018).
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In the end, UBCG program uses two main files: the fasta nucleotide file of the genome,
and the self-created .bcg file. The method of storing these files completely depends on the
user, and it usually becomes quite chaotic when several trees are made and new fasta files
and .bcg files are added to the database. Also, the user must make the terminal order for
each genome, providing details like the accession number, the complete species taxonomic
nomenclature, the strain identification and the path for both the fasta file and the folder in
which to store the necessary .bcg files for each tree. All these requirements make UBCG
program difficult to use in the long term, especially for the novel user that does not know
how to operate in a Linux environment, leading to human error in the command prompts
and duplicated work.

UBCG_iTOL_maker has been created to organize and facilitate the UBCG workflow, man-
aging the internal fasta and bcg databases and generating all the necessary commands
to run the UBCG program in the Linux terminal, significantly reducing the time spent in ge-
nomic phylogenetic tree reconstruction. Additionally, it integrates some tools for final tree
visualization and presentation of the data, as it integrates R script table2itol.R (Goker, M.,
freely available in https:/github.com/mgoeker/table2itol), for iTOL annotation (Letunic and
Bork, 2016).

1.3.2.1- Dependencies

UBCG program is created to work in a UNIX environment, and has been tested only in
Linux and Mac X 10 or higher Operating Systems (0S), not working under MS Windows OS
(see user’s manual on help.ezbiocloud.net/ubcg-users-manual/). For that reason, UBCG_
ITOL_maker has been optimized to work under a Linux environment, with the idea that the
bioinformatic workflow can be carried out in one place and the databases can be handled
in situ. The script has also been tested in a Windows environment, successfully working,
but the resulting command file must be run in Linux since UBCG only works in a UNIX envi-
ronment, and all the databases must be copied from Windows to Linux every time the user
wants to run the script and run the analysis.

The script has been designed to work with only two packages, but it also inherits all the
dependencies of the table2itols that runs in the final step of the workflow. In the end, the
script has six dependencies:

1. Dependencies of the script:

* readxl: This package is designed to read .x/s and .x/sx Excel files and import
them to the R environment (Wickham and Bryan, 2018). Feature database is
designed in Excel format (.x/sx) to make it readable in multiple operating sys-
tems and making it easily copied and updated in the operating system the user
prefers. For UBCG_iTOL_maker (and any other R script) a simpler format like
comma separated values (.csv) or tab separated values (.tsv) are easier to read
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and import, but sometimes these files are difficult to read for the regular user

w,n

(I.e.: In Spain the csv format is usually codified with a ;" separator instead of the
regular “, because this symbol is used as decimal separator). To avoid these
problems the Excel format is favored as it can be used in almost all the regular
spreadsheet reader programs, therefore allowing the user to modify all the input

tables in their preferred OS.

tidyr: As its name suggests, this package is designed for data tidying (Wick-
ham and Henry, 2018), and it is used to handle irregularities in the feature da-
tabase, created in the data integration to the R environment, like missing cells.
These irregularities are often created as the feature table, an Excel .x/sx is often
imported from one OS to another, as the user incorporates new data on their per-
sonal computer. Ideally, this process should be easy, but sometimes the incom-
patibilities of the OS make subtle differences in the file that incorporates written
empty cells.

2. Dependencies of the script table2itol.R (github.com/mgoeker/table2itol)

plotrix: This package aids in labeling, axis and color scaling functions (Lemon,
2013). It is used to generate branch annotations in the final phylogenetic tree.

+ yaml: This package was created to convert YAML format, a standardized for-
mat used in data serialization, to R readable format (Stephens et al., 2018). It is
used to define color vectors manually.

readxl: As explained before, this package reads Microsoft Excel files.

readODS: This package is similar to readxl/, as it also converts spreadsheets
into R readable data tables, but this programs is used to read OpenOffice .ods files
(Schutten et al., 2018).

+ optparse: The package is a command line parser, inspired in Python’s “opt-
parse” library (Davis, 2019). This package is used to configure a command like
orders in R for the management of certain variables of the script, that otherwise
would be entered manually. In blas2itol.R this package is used for running the
non-interactive mode and show the help message used to configure your com-
mand line.

The package has been constructed under R v3.5.2 (R Development Core Team and R
Core Team, 2011), and developed and ran in RStudio (RStudio Team, 2016), outdated ver-
sions of R are not guaranteed to work, as the dependences could be unusable.
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1.3.2.2- Preparation of the environment and databases

UBCG_iTOL_maker, like many other R scripts focused on database managing depends
greatly on the organization of the environment. The script is pretended to work under the de-
fault construction of the UBCG program, that comprise the main folder, in which the UBCG
main program and two additional folders are placed. These two folders are the “fasta” folder,
where all the genome nucleotide fasta will be placed and the “bcg” folder, in which the beg

will be created.

The script uses 3 databases that will be placed in the default folders “fasta” and “bcg”:

D’

. Genome fasta database: This database intends to contain all the fasta nucleotide

files of the genomes that has been or will be used. It must be formatted with these
characteristics:

All the genome records have to be fasta nucleotide files of the whole genome,
or a fasta file with all the contigs, as provided in most of the frequently used
public databases (NCBI, JGI, RAST...). To download these assemblies, the fol-
lowing methods are provided (valid in March 2019):

NCBI: Go to ncbi.nlm.nih.gov, select Genome in the search toolbar and look
for the desired genome. Then go to “Download sequences in FASTA format
for genome” and click on genome. Ensure that it only has one assembly
(if it does not, it should appear something like “Sequence data: genome
assemblies: X

(See Genome Assembly and Annotation report)”. Click on See Genome
Assembly and Annotation report and select the desired strain.

If you do not see the link to genome, go to the RefSeq number, click on it,
scroll down to the end of the page, and click the numbers after WGS (contig
accession numbers). Go to Download tab and select the FASTA link under
Contigs category.

JGI: Go to genome.jgi.doe.gov and look for the desired genome in the search
toolbar. Click the IMG number ( 25685427558) of the genome. In the IMG/
MER page, click Add Genome to cart > click to select genome > Upload
& Export & Save tab - Download selected genomes via JGI Portal (click
Download Genomes). Select .fna file inside the downloaded folder.

RAST: Go to rast.nmpdr.org, click on Go to the Jobs Overview, select the

desired genome clicking in [view details]. Then go to “Available downloads
for this job", select DNA Contigs and click Download.
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All assembly records must be in .fasta format, not .fna, .fas or .fa for the
construction of the bcg creation script. If they are not, a direct change of
the extension can be done manually, as all above mentioned formats are
equivalent to the canonical fasta format.

All fasta names must be as simple as possible and must be constructed with-
out spaces or symbols (with the unique exception of “_"). The name must be
unique, as it will be used as key reference in the database scanning.

All fasta files must be contained in a folder, named after the genus of the
strain. First letter of the genus name must be in capital letter.

+ All genus folders must be contained in the “fasta” folder of the UBCG program.

Genome feature database: It is an Excel (.x/sx) file, containing all relevant character-
istics. All genome in the database must have an entry. The database will be placed in
the “fasta” folder, with the Genome fasta database. At this point, this database con-
tains the following fields, but only the specifically named as mandatory are really
needed, the rest will be used to make the ITOL feature table:

Fasta: fasta file name without the extension (i.e.:.M_auratinigra_DSM_44815):
This field is mandatory, as it will be used as reference in the analysis.

Phylum: (i.e.: Actinobacteria)

Class: (i.e.: Actinobacteria)

Order: (i.e.: Actinobacteria)

Family: (i.e.: Micromonosporaceae)

Genus: (i.e.: Micromonospora): This field is mandatory to locate the fasta file.

Species: (i.e.. Micromonospora auratinigra): This field is mandatory for bcg file
creation.

Strain: (i.e.. DSM 44815): This field is mandatory for bcg file creation.

type_strain: “yes’ if it is a type strain, “no” otherwise. (i.e.: yes): This field is man-
datory for beg file creation.

genes: number of genes (i.e.: 6183)

genome_length: total length of the genome, in pair of bases (i.e.: 6758600)
GC: G+C content percentage without % symbol (i.e.: 70.25)

Habitat: origin of the strain (i.e.: soil)

Ref: accession number (i.e.: NZ_LT594323, jgi_2585427558, rast_66654556). This
fleld is mandatory for bcg file creation.

Contig: number of contigs (i.e.: 2)
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3. bcg database: The database is handled entirely by UBCG_iTOL_maker. It looks for the
default “bcg” folder of the UBCG program, and it locates a subfolder named “bcg_gen-
eral_db", where the general database of bcg is placed. In the case that one or none of
the folders exist, the script will create them. All the newly .bcg files created by UBCG
will be placed automatically in the bcg_general_db subfolder. This subfolder will be
scanned by UBCG_iTOL_maker to extract all the already done .bcg files for the next
analysis of the UBCG program, preventing duplicated work and saving computational
time.

For the script to work, the genome fasta and the feature databases must be well for-
matted and in the correct folder. UBCG_iTOL_maker R script file can be placed in any fold-
er but must be accompanied with the table2itol.R file (available in github.com/mgoeker/
table2itol). Also, it must be in the same location as the search table, a simple Excel file with
one column named “fasta” in where all fasta names used for the analysis are included (with-
out the extension, they can be copy-pasted from the feature database).

1.3.2.3- Proposed bioinformatic workflow
The proposed bioinformatic workflow is divided in 3 steps:

1. UBCG_ITOL_maker: The script must be run separately in R console command or RStudio.
Before running the script, the user must stablish the variables between quotes:

+  Name of the analysis: will be used as name of the tree (i.e.: “tree_Microm"). It must
be unique, if there is a previous work with the same name, the script will display an
error message and the program will end.

+  The UBCG main program path (i.e.: “/home/user/desktop/UBCG_v3/UBCG").

Table2itol and UBCG_iTOL_maker containing folder path (i.e.: “/home/user/desk-
top/UBCG_v3/UBCG/UBCG_itol_maker”).

Feature database name: As the “fasta” folder has been set as the predeter-
mined folder for the database, only the name (with the extension) must be
provided (i.e.: “genome_feat_DB.xIsx").

Search table name: The name of the search table, that must be in the same folder
as the UBCG_ITOL_maker (“search_fasta_table.xIsx").

When all the variables are set, the user can run the script. The script will scan the environ-
ment and create all the necessary folders for the analysis. If the folder for the phylogenetic
tree already exists, due to a repetition of the work, the script will generate an error message
and will terminate. On a second step, it will load all the variables from the feature database,
using the search table as a reference. These variables will be used for four processes:
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Scan for the .bcg files in the general database, and it exists, it will copy it to the
analysis folder. If the .bcg file does not exists, it will create a command prompt in
a text file for the generation of the file in the UBCG program and its posterior copy
to the analysis folder.

Generation of a command prompt to do the phylogenetic tree in the UBCG program.

Construction of a readable table for the table2itol script. After that, the script will
launch table2itol using this table as model to make the final iTOL feature files.

+ Construction of a genomic accession table: with the complete strain identification
and the accession number in the public database, in .csv format.

2. UBCG: Using the script with all the command prompts generated previously by UBCG_

ITOL_maker, UBCG program can be launched in the GNU to generate all the necessary
.beg files in the “general_bcg_db" folder and copy them to the bcg tree folder where
the analysis will be performed. After that, UBCG will make the alignments and then
will infer the phylogenetic trees for each gene and the concatenated sequences. This
process will generate alignment and raw tree files for each gene and the concatenat-
ed sequence.

iTOL visualization: Raw tree files and all the desired features can be loaded in the
iTOL visualization tool (Letunic and Bork, 2016), freely available in itol.embl.de. From
this platform the final details can be arranged, and the final phylogenetic tree can be
exported to different formats.

A summary of the proposed bioinformatic workflow can be found in Figure 1.

D
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1.3.3- GGDC Output Management Assistant (GOMA)

Genome-to-Genome Distance Calculator (GGDC) is an online based tool that makes a
distance calculation between a pair of genomes and estimates a digital hybridization per-
centage, mimicking the conventional DNA-DNA hybridization (Meier-Kolthoff et al., 2013).
The workflow of the UBCG method is composed of three main steps, that are done auto-
matically in a dedicated server: In the first step the pair of genomes is reciprocally blast-
ed against each other, looking for “High-scoring segment pairs” (HSP), namely zones (or
matches) of high similarity between the two genomes. In the second phase, these matches
are converted to a single distance value, applying one of three formulas:

1. Length of the HSP/genome length.
2. Sum of all identities in HSP/overall HSP length
3. Sum of all identities in HSP/genome length

The recommended formula for almost all cases is formula 2, as it does not consider the
genome length, being able to make an accurate analysis on incomplete assemblies. In the
last step, GGDC uses a generalized linear model (GLM) inferred from empirical data (Mei-
er-Kolthoff et al., 2013) to calculate the digital DNA-DNA hybridization (dDDH).

From an end-user point of view, GGDC server takes one genome sequence and compares
it against up to 75 genomes, making pairs between the query sequence and each one of the
references. As final product, the server sends the user an automated email with an attached
comma separated value spreadsheet (.csv) with all the data, including calculated distances
for each of the formulas, inferred dDDH and G+C difference. This final display is quite useful
if the user only wants the comparison between one genome and the rest, but quite cumber-
some when the work involves doing a dDDH or a distance matrix, that will require multiple
files in a not so easy to read form for many countries (like Spain), with automatic numerical
names. When the work surpasses the 75 genomes, the complexity rises as all the interac-
tions must be done in phases. The analysis can take several days (putting the server in a
reasonable 50-60% of workload) yielding results of hundreds of files (Figure 2).

Minimum file generation by GGDC

1400

Figure 2: Minimum number of
o files generated by GGDC needed to
make a matrix, assuming a max-
imum number of 75 references
against one query.

Minimal number of product files

Genomes in the analysis
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GGDC Output Management Assistant (GOMA) offers a simple solution to treat the GGDC
data, facilitating the creation of matrices from these automatically generated files, providing
a more comprehensible labeling, graphical representation and means to make a phylogenetic
reconstruction from the distance data using FastME 2.0 online service (Lefort et al,, 2015).

1.3.3.1- Dependencies

GOMA uses as input the output of the GGDC online tool, canonical comma separated
value files that can be used under any OS. As GGDC is created specifically to work web
based, no restrictions in the environment are imposed by the original program. GOMA has
been created under MS Windows 10 OS, with one package that involves the utilization of a
java environment (x/sx package), presenting some issues in a Linux based environment and
implying that the program can only be fully used in a Linux environment with root admin-
istration privileges. An UNIX adapted GOMA version has been consequently been created,
with the final export in Microsoft Excel format (.x/sx) stripped from the script, only exporting
dDDH and distance matrices in canonical .csv format.

The script has been designed to work with three packages:

1. data.table: This package is designed to operate with large sets of tabular data, allow-
ing reorganization of column data with simple syntax (Dowle and Srinivasan, 2018).
It is used in GOMA to read the original data and create the final matrices using the
identifier of the query (the fasta name of the query genome) and the references (the
fasta name of the references genome).

2. ComplexHeatmap: This package is an efficient way to visualize association between
data from different sources and reveal potential connections and relationships in a
visual way, providing a flexible way to arrange heatmaps and annotations (Gu et al.,
2016). It is used in GOMA script to create the final heatmaps of distances and dDDH,
providing also a clustering function that can be used to create a reference dendro-
gram of the genomes in the analysis.

3. xIsx: This package provides a way to read, write and format Microsoft Excel files (.x/s
and .x/sx) in an R environment (Dragulescu and Arendt, 2018). It is used in the script
to export the final dDDH and distance matrix to an Excel format. This package is not
strictly necessaire for the core functions of the scripts, as it is only used to generate
an easily format to work in a Microsoft environment. This package sometimes gives
privileges problems in UNIX based environments, therefore it has not been included
in the Linux version of the script.

The package has been constructed under R v3.5.2 (R Development Core Team and R
Core Team, 2011), and developed to run in RStudio (RStudio Team, 2016), outdated ver-
sions of R are not guaranteed to work, as the dependencies could be unusable.
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1.3.3.2- Preparation of the environment and databases

GOMA does not use a strict environment to work, as it mostly creates its own working
environment, only being mandatory that all GGDC output files are contained in the same
folder. However, there are some prerequisites in the data uploaded to the GGDC server that
must be taken in consideration for the script to work. The script captures the names of the
fasta uploaded to the server from the output file and uses them as key references to con-
struct the matrices. For that reason, the fasta names must be unique and must contain the
minimal number of symbols, as they can be mistaken as operators in R environment and
lead to errors in the matrix construction. If there is a necessity to use a symbol, for example
to separate two names, the underscore (“_") can be used with confidence. No name chang-
ing is needed for the output files, they will be recognized in the folder for the name pattern
and introduced in the pipeline automatically.

1.3.3.3- Proposed bioinformatic workflow
The proposed workflow is divided in three main steps:

1. GGDC: The user must upload the fasta files to the server, taking in consideration
the requirements presented previously. This step can be quite cumbersome, as
all the data must be uploaded manually, and all the outputs must be download-
ed from the user mail. As of today, there is no alternative because the code
for the GGDC v2.1 program has not been made public (only depreciated v1.0 is
available), nor an API (Application Programming Interface) has been developed
to upload the data to the server. In addition, the minimal number of uploads of
datasets is equal to minimal number of product files that can be seen in Figure
2; therefore, if the user wants to include many genomes in the analysis a lot of
time will be required.

2. GOMA: The script must be run in a R console or RStudio. Before running the
script, the user must stablish a unique variable:

Working directory path: It is the path of the folder that contains all the GGDC
generated files.

When the variable is set the script can be launched. First, the script will look for
all the GGDC files available in the folder, looking for the pattern “ggdc_" that has
all the GGDC files. The script will scan the file for the name of the query genome
and rename the GGDC output file with it. If there is more than one file for the
same query, the script will add a numerical tag to distinguish them (l.e.: M_sae.
csv, M_sae_1.csv, M_sae_2.csv, etc.). After that, the script will create a list of all
genomes included in the analysis and use it to load each of the .csv files and con-
struct both distance and dDDH matrix with the data corresponding to formula
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2. The script is designed to accept new data, therefore new GGDC data can be
provided and the script reloaded to construct the matrix using old and new data
even if the names has been automatically changed in previous analysis.

After the matrices are completed, a heatmap will be created for each one of the matri-
ces. GOMA will create a folder called “output” were all the product files will be allocat-
ed. Heatmaps will be created as .pdf files inside the “output” folder and matrices will
be exported as .x/sx Microsoft Excel files and .csv comma separated values.

Finally, and only if all the interactions have been made and the distance matrix is com-
plete, the script will generate a phylip formatted distance matrix called “FastME_matrix.txt"
that can be used to infer phylogenomic tree reconstruction. If any interaction is missing, the
script will generate an error message in .txt format that indicates which coordinates of the
matrix are empty.

3. FastME tree reconstruction: Phylip formatted distance matrix can be uploaded to

FastME v2.0 online tool (Lefort et al., 2015), freely available in atgc-montpellier.fr/
fastme/, and used to infer a genomic phylogeny. However, no statistical support will be
generated as only one distance matrix is uploaded. The resulting tree will be generated
in newick standard format (.nwk) that can be uploaded to most of the commonly used
visualization programs (like MEGA or iTOL (Kumar et al., 2016; Letunic and Bork, 2016)).

A summary of the proposed bioinformatic workflow can be found in Figure 3.

D’

Chapter | | Script development | Pagina 33



‘e1ep 1ndino pue saseqgelep uaalb ul pue sa|gelieA pal ul 'YINO9 a2y Jo sued ojdind uj “eiep 1ndino 1ussaldal spioq
-woyJ ‘auladid ayy Jo ssao0ud Juasaidal salenbs 'saseqelep 1uasaidal SIapuljAo '$2104d Siuasaldal spuowelq YINOD JO MO|PIoM dleuliojulolq pasodold :g ainbi4

Juswaduelleal
uwn|o)

Suiuesd ejeq

(fpd") juswasue.seal

deuneoy P 3 Moy

oueISI(]

UL QOUBISI(]

Joureu oures o)

YIM I B 210} ST

SUTu99I0s AL | 1aeys 1duog
Surrroyur Ay

9911 OISR daxy didyg

Iseqelrep

andino (9

(fpd-)

m::::.»: UOTIBII) A—n:zﬂxm

JuswaBuelseal
Hadar uwn|o) SUTRIU0D.

Suiues|d ezeq

juawasuelseal
Moy SI[qeLIe A

Chapter | | Script development | Pagina 34



1.3.4- Micromonospora Plant Associated Gene tool (MicroPLAGE)

In 2018, Levy and collaborators published a huge database of potentially plant-related
genes, inferred from several statistical abundance analyses at a genomic level (Levy et al.,
2018b). The starting database comprised 3837 genomes, distributed across many phyla in
the Bacteria domain, including the phylum Actinobacteria. Five statistical approaches were
used in the analysis, and all the products, that include COG, Pfam, TIGRFAM and KEGG
annotations, and hmm profiles of the plant-related genes, were included in a huge and com-
plex database, comprised of Excel, Fasta, HMM and phylogenetic trees data, and most of
them were divided according to its phylogenetic distribution.

As it can be imagined, extracting data from this database and inferring results for it can
be a challenge by itself. For this work, the database of Levy and colleagues was manually
curated, only accepting entries that were covered by two or more of the five statistical anal-
yses, as recommended (Levy et al., 2018b). Considering that the analysis would be focused
in the genus Micromonospora, only the entries contained in the Actinobacterial database
were used. After performing de novo annotations of the genomes (see Materials and Meth-
ods in chapter Il), all the raw data must be analyzed. Working with a medium to large size
databases can be troublesome, as each annotation of interest must be manually screened
in each genome and incorporated in the comparative analysis. As reference, in this work a
medium size database of seventy-four genomes was used, comprising approximately half
million genes. Micromonospora Plant Associated Genes tool (MicroPLAGE) was made as a
tool to channel all this information, concatenating a query for all the annotations of interest
and a set of statistical analyses to infer functional relationships among the genomes in
the database. The script finds the potentially plant related bacterial genes, and cluster all
strains according to its plant-microbe interaction related functions, in the assumption that
there must be functional differences between strains of Micromonospora isolated from dif-
ferent niches. The main product of the script is a list with the statistically over or infra-rep-
resented functions that characterized each function-based cluster, allowing a characteriza-
tion of the main functions that potentially drives the plant-microbe relationship in the genus
Micromonospora.

1.3.4.1- Dependencies

MicroPLAGE is a complex script, mostly dependent on three types of packages based on
its functionality: table formatting and data interchange, statistical analysis of table format-
ted data and graphical representation.

1. Table formatting

Table formatting packages tydir and data.table, already explained before, were used to
format input data to find all plant-related annotations in the genome features. The packages
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will index and cross all the information, to finally generate a new database with all poten-

tially plant-microbe interaction related genes. These two packages constitute the core of

the script, since their final output is the central table containing all potentially plant related

bacterial genes in each genome, functionally characterized or not, that will be confronted

afterwards with the functional annotation tables for the statistical analysis.

2. Statistical analysis

FactoMineR: It is a package designed for multivariate Exploratory Data Analysis
(Lé et al,, 2008). Its main features are the principal component analysis, corre-
spondence analysis, multiple correspondence analysis, clustering and structura-
tion of data. It is used to perform the Principal Component Analysis (PCA) made in
the COGs of the input genomes and the COGs of the potentially plant related bac-
terial genes. It is also responsible of the clustering of the KEGG functional data to
obtain all the functional related groups and the statistically significant functions
that drives this distribution.

Factolnvestigate: the package is designed to interpret in an autonomous form all
the data generated in the PCA analysis, selecting the best graphs to represent
and explain the results. It also generates an text file with a report for all the main
features of the analysis (Thuleau and Husson, 2018). The script uses this package
in order to generate report files of the PCA produced by FactoMineR in the analysis.

cluster: This package was created to perform cluster analysis in large sets of
data. It finds groups inside complex data tables (Maechler et al., 2018). It is used
in the analysis to form clusters in the PCA for its posterior graphical representa-
tion, interacting with the package circlize to make the final .pdf output of the PCA
analysis. It was also used to validate the number of clusters generated in the
KEGG functional analysis performed by FactoMiner.

ComplexHeatmap: This package, previously explained in the GOMA script is used
iIn MicroPLAGE to generate multiple heatmaps, organizing and clustering the data
to perform an ideal visual representation. It is used in the representation of the
core genome, as well as the functional KEGG representation.

3. Visual representation

D

factoextra: It is used to extract and visualize data from the Multivariate Data Anal-
ysis made by FactoMineR (Kassambara and Mundt, 2017). In the script, it is used
to internally visualize all the PCA data and clustering analysis.

circlize: It is a package for product circular layouts representation of huge amounts
of information (Gu et al., 2014). It is used in MicroPLAGE to produce the final pdf
outputs of the PCA analysis, in conjunction with the package cluster.
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ggplot2: ggplot2 is a useful tool to generate graphics (Wickham, 2016), being one
of the most popular tools in data visualization among R users. It is mainly used in
the script to make the bar plots for the COGs of each strain.

ggfortify: It works as a complement of ggplot2, providing a unified style for com-
plex analysis like time series, PCA and clustering (Tang et al., 2016). It is used
along with ggplot2 for several visual representation, including PCA visualization
generated by cluster and circlize.

RColorBrewer: It is used to add color palettes in R visualization tools (Neuwirth,
2014). In the script, this package is used to add color to some graphics, like heat-
maps and bar plots.

1.3.4.2- Preparation of the environment and databases

MicroPLAGE is not designed to create, manage or curate its own input database there-

fore the preparation of the initial data and the working environment is a critic step for the

program to work. All the input data must be contained in a folder named input inside the
main working directory. The script needs many input data, divided in:

1.

D’

Reference list, of all genomes included in the analysis in a csv2 format (a special
comma separated values file that changes the comma separator for a semicolon
separator (" = “") and the point decimal indicator for a comma (" = ). This file
contains all the metadata of the genomes in the study, like the strain identifier (that
must be unique), the accession code, the number of coding sequences (CDS), the
habitat and the genome length. This file must be called “CDS.csv". The reference list

must have at least the following features:

strain: This is the reference name and is not necessarily the official strain desig-
nation. As it will be used as reference, the field “strain” must be unique for each
genome in order to link this table with all the annotation data. No symbols that
can be confused as operators can be used in the reference designation, and all
spaces must be replaced with underscores.

+  CDS: number of coding sequences in the genome. They are used to calculate rel-
ative values, like the percentage of COGs in the genome.

Ref: Accession number of the genome. It is not used in the analysis, but it is the
official reference to find the assembly in public databases. Note: It was not used
as key reference because some of the genomes were not published at the time
the analysis was carried out.

RealStrain_id: The strain designation.

+  Original_procedence: original habitat, directly taken from the description of the strain.
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Procedence_final: The habitat designation must be normalized and simplified,
due to the complex nature of the data.

genome_length: Genome length, in Mbp.

2. Strain annotation: All strains must be annotated with Pfam, TIGRFAM, the HMM da-
tabase of Orthologs contained in Levy et al. 2018 and the Plant-resembling bacterial
genes found in the blast analysis against the plant proteome database. All these data
must be contained in a folder with the reference name of the genome, included in
‘strain” field of the reference list. In this work, all annotations are structured in csv2
spreadsheet format.

D

Pfam annotation: It must be contained in a csv2 file, inside the strain folder, with
the name “dom_strain.csv" (replacing strain with the reference name). It needs to
contain at least a column named “domain” with the Pfam annotation and a column
name “gene” with the gene identifier.

TIGRFAM annotation: In a similar way to the previous annotation table, it must be
contained in the strain folder, with the name “TIGRfam_strain.csv" with a csv2 for-
mat. It needs at least a column named “TIGR" with the TIGRFAM annotation and a
column named “gene” with the gene identifier.

HMM database of orthologs: All hmm profiles contained in the database Ac-
tinobacterial of the Genomic Features of Bacterial Adaptation to Plants da-
tabase (freely available in  labs.bio.unc.edu/Dangl/Resources/gfobap_
website/ (Levy et al., 2018b)) have been screened against the genomes, generat-
ing an additional annotation. The annotation file must be named “table_res_strain.
csv” and be in a csv2 format inside the strain folder. It must have at least a column
named "HMM" with the hmm profile name and a gene column with the gen iden-
tifier.

Plant-resembling bacterial genes. All genes have been confronted against a
known Micromonospora plant host proteome database. The result must be con-
tained in a csv2 format file named "BLAST_plant_proteome_strain.csv”’, within the
strain folder, with at least one column named “gene”, with all the genes found in
the analysis.

Transcriptome comparison. MicroPLAGE is able to perform a comparison with
the results of the transcriptome, if needed. If this function is required, a folder with-
in the strain folder named “transcriptoma” and a simple file with the gene identifier
(named “gene”) and the result (UP/DOWN), must be included. The file must be
named “strain_res_Patri_trad.csv".
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3. EggNOG annotation. All the genomes have been screened in the EGgNOG mapper

tool (Huerta-Cepas et al., 2017), and the results converted into a csv2 file. All these
fles have been named “strain_NOG.csv" and situated in a folder named EGGNOG
within the input folder. This file will be used to extract all COGs and KEGG information.

Core genome. Roary (Page et al,, 2015) has been used to calculate the core and
pan-genome of the set of genomes, producing a final table, named “gene_presence_
absence.csVv’. As this analysis will be mentioned in Materials and Methods in Chapter
I, and will be discussed later, no more information about the procedure and the re-
sults will be given in this section. The file “gene_presence_absence.csv” generated by
Roary will be used to extract all genes contained in the core genome for each strain.
This file must be contained in a folder called “core_genome” within the input folder.

As Roary is very selective with the input format, sometimes a new annotation with
prokka (Seemann, 2014) is needed, giving as result other gene identifiers. If a transla-
tion is needed, csv2 files with translation for each strain must be contained in the path
*./input/core_genome/core_translation/results” and named “strain_trad_core.csv".

At the beginning of the analysis, MicroPLAGE will look for the files needed, and if they are
not present the script will generate an error message and terminate.

1.3.4.3- Proposed bioinformatic workflow

The proposed analysis workflow involves three main steps: genome analysis and data

preparation, potential plant-related gene table generation and statistical analysis and graph-
ic generation, being responsible MicroPLAGE of the last two parts.

1.

D’

Genome analysis and data preparation. This analysis will be commented in Materials
and Methods (Chapter II). This step involves:

Use of HMMER (hmmer.org) to screen the genomes against Pfam, TIGRFAM and
the HMM database of orthologs in the database Actinobacterial of the Genomic
Features of Bacterial Adaptation to Plants database (Levy et al.,, 2018b).

Use of BLASTp, available within BLAST+ (Camacho et al., 2009) to compare our
genomes against the plant proteome database, generating a set of proteins with
high resemblance to the plant host proteome.

+  Use of EggNOG mapper (Huerta-Cepas et al,, 2017) to analyze each genome

against the EggNOG database (Huerta-Cepas et al., 2016).

Use of Roary (Page et al., 2015) to calculate the core and pan-genome, generating
a table of absence-presence of the genes of each genome in the pan-genome.
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2.
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Potential plant-related bacterial gene table generation. This is the core of Micro-
PLAGE. In the first place, EGgNOG files are screened for KEGG and COGs annotations,
and all the files for these annotations are created within each strain folder inside the
input folder. It also looks for the presence-absence table, creating a file within each
strain folder, containing all genes in the core genome.

The script screens all the annotation files, looking for the plant-microbe related fea-
tures described in Levy et al. 2018 Actinobacterial database, focusing only in features
confirmed with two or more statistical approaches. After that, all genes that has been
found as highly similar to the plant proteome are added to the analysis. Finally, any
core gene found in the previous queries is labeled as not-differential and eliminated
from the analysis.

The final product is a list of the strains with all the potential plant-related genes, that
contains both functionally well characterized genes and uncharacterized genes. Only
the genes with functional characterization will be used in the functional statistical
analysis, but the inclusion of poorly characterized genes is very important, as they
could represent hidden potential, and start new lines of work in the future. All genes
are exported as a text file, with the gene and KEGG functional annotation, ready to be
mapped in KEGG mapper tool (Kanehisa et al., 2012).

Statistical analysis and graphic generation: All genes with functional COG and KEGG
annotation will be analyzed to stablish if some function is statistically differential in
plant-related strains. First, the script will make an initial analysis with the COGs of the
potentially plant related bacterial genes. All these COGs will be plotted in bar-plots for
each strain and the overall data will be included in a PCA analysis. The analysis of this
PCA will be the first main output of the program.

On second place, all the KEGG annotations will be analyzed. First, all the data for
all strains will be plotted in a heatmap, to visually see all the differences. After that,
considering that unique functions could affect the position of some strains in smaller
clusters and will not represent an overall differential plant-related bacterial feature of
the genus, all unique genes are separated and analyzed separately (in this thesis, this
step only affected one strain with a very differential feature, comprising 75 genes of
the strain M. pattaloongensis DSM 45245T). All the curated data is then clustered, to
see the distribution of the strains and the features that drive this distribution (all the
features that significantly deviates from the mean). All the features that characterized
each cluster will be written in a csv2 formatted table of differential elements. All these
elements can be used to create a map of differential elements, to visually study them
in the KEGG mapper tool.
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In addition to the previously mentioned analysis, MicroPLAGE works with the input data
to make some initial reference analysis. It will make a PCA analysis of the COGs of all strains
with the raw data, to see how the strains distribute themselves before the analysis. It will
also make a heatmap with the Roary data, to visualize the pangenome. Additionally, it will
compare the plan-related gene table obtained in step 2 to the transcriptomic data, if needed.

Most of the analysis is optional and can be programmed as variables at the start of the script.

A summary of the proposed bioinformatic workflow can be found in Figure 4.
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1.4- CONCLUSIONS

Three bioinformatic pipelines have been proposed in this thesis. These pipelines depend
on three R scripts, that intend to be flexible enough to incorporate in any bioinformatic pipe-
line, with independence of the operative system used.

‘Micromonospora Plant Associated Gene tool (MicroPLAGE)" intends to be an innovative
method to screen for bacterial genomic features related to the bacterial-plant interaction at
a genus level. It works under the assumption that there must be a genomic adaptation to
the plant environment in the genus of study. Micromonospora, as a genus present in diverse
environments, including plant-related environments, soils (from desertic soils, to forest soils)
and marine environments, is the perfect candidate to test this script. In the second part of
this thesis the proposed pipeline for MicroPLAGE will be the central analysis tool in the com-
parative genomic analysis.

“UBCG_iTOL_maker” and “GGDC Output Management Assistant (GOMA)" have been cre-
ated to organize the input data and present the results of their corresponding base program
(UBCG and GGDC) in an intuitive and more visual form. Of course, the scripts depend on
the main base program, and sometimes they cannot avoid the main drawbacks of the base
programs. For example, GOMA script starts from the output of the GGDC online service, and
therefore require that the user upload all the genomes to make all the interactions. As GGDC
server does not have any way to automatize the data upload at present, this drawback could
not be solved. However, the capacity of the scripts to be incorporated in any bioinformatic
pipeline entails that all these problems could be solved in the future if the main program is
released. UBCG_ITOL_maker and GOMA will be used in the third part of this thesis, to high-
light the presentation of the results.

D’
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CHAPTER Il

On the hunt for genomic features of
Micromonospora adaptation to plants



2.1- INTRODUCTION

Micromonospora is a Gram-positive bacterium with a wide geographical distribution. Al-
though it is mainly isolated from soils, members of this genus have been recovered from
marine and freshwater environments and even from animal tissues (de Menezes et al., 2012;
Genilloud, 2015; Veyisoglu et al., 2016; Zhang et al., 2012). In the last decade, Micromono-
spora has been recovered from diverse plant tissues, specially from nitrogen fixing nodules
of actinorhizal and leguminous plants (Carro et al., 2012b, 2013; Trujillo et al., 2010; Valdés
et al,, 2005). Although this bacterium has been isolated from nodules using the same pro-
tocol as rhizobia, it had been largely overlooked due to its slow growth when compared to
rhizobial strains (Carro, 2009; Cerda, 2008; de la Vega, 2010).

The presence of Micromonospora in nodular tissues was confirmed for the first time us-
ing fluorescence in-situ hybridization (FISH) and transmission electron microscopy (TEM),
suggesting a close interaction between the bacterium and the plant (Trujillo et al., 2070).
Subsequent monitorization of the colonization process in three different plants, Lupinus,
Medicago and Trifolium using a GFP-tagged Micromonospora strain, Lupac 08, in combina-
tion with the corresponding nitrogen fixer (rhizobia), and coupled with immunogold labeling
(Benito et al.,, 2017) confirmed the capacity of Micromonospora to colonize the plant cells
and suggested that a non-specific relationship takes place between the bacterium and the
plant (Benito et al., 2017). Strain Lupac 08 was localized in all nodular tissues, confirming its
capacity to enter and colonize the three hosts.

In order to unveil potential traits in the Micromonospora-plant relationship, genomic infor-
mation is essential to help explain some of the complex mechanisms involved in this inter-
action. The genome sequence of M. lupini Lupac 08, isolated from a lupin nodule (Truijillo et
al., 2007), was determined to identify genomic features potentially involved in this plant-mi-
crobe interaction (Alonso-Vega et al.,, 2012; Trujillo et al,, 2014). The annotated genome
disclosed various traits potentially involved in the capacity of this bacterium to alternate a
lifestyle as a saprophyte in the soil and as an endophyte inside the root nodules (Truijillo et
al., 2014).

These strategies included several characteristics commonly found in endophytic strains,
such as the presence of siderophores, phytohormones and survival systems against plant
defenses. This study also highlighted a wide array of plant cell wall degrading enzymes
encoded in the genome. However, as no additional genomic information was available, this
study could not compare these results with other Micromonospora strains, and no common
plant-related genomic features could be defined above the strain level.

In recent years, an important number of Micromonospora genomes has been sequenced
(Carro et al,, 2018). This work opened up the possibility to carry out comparative genomic
analyses to search for plant-related traits in this genus. Nevertheless, the number of Mi-
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cromonospora strains isolated from plant tissues with available genomes is still low when
compared to the soil environment. To increase the number of sequenced endophytic Micro-
monospora genomes, in this work we have sequenced seventeen new genomes from Micro-
monospora strains isolated from several legumes and different tissues. With the addition of
these newly sequenced genomes, we have constructed a database of 74 genomes, with an
almost equal number of soil-related and endophytic-related Micromonospora genomes. Us-
ing a novel comparative genomic approach, supported by the database generated in 2018
(Levy et al.,, 2018) and the proteome of known host plants, we have determined several
genomic features that could potentially be related to the Micromonospora-plant interaction.

Genome-wide association studies (GWAS) are a very powerful tool in genomics that tries
to match a genetic component with its correspondent phenotype by comparing multiple ge-
nomes (Falush and Bowden, 2006; Saber and Shapiro, 2020). In comparison with traditional
molecular approaches that select a DNA sequence and test its effect in the phenotype (bot-
tom-up approach), GWAS are a top-down approach that starts with the phenotype and asso-
ciates differences in phenotype with differential regions of th e bacterial genome (Falush
and Bowden, 2006; Sillanpaa and Corander, 2002). GWAS has the potential to reveal the
genetic features involved with relevant microbial phenotypes such as antibiotic resistance
and virulence (Bandoy and Weimer, 2019; Sutton et al., 2019). In 2018, Levy and colleagues
developed a computational approach to identify plant-associated genes and root-associ-
ated genes based on comparison of phylogenetically related genomes with known origin
of isolation. This work used a wide association analysis of 3837 genomes to identify what
genomic traits could explain their isolation origin, generating a huge plant-related features
database (Levy et al.,, 2018). In this work, our aim was to develop an alternative pipeline to
identify Micromonospora strains with the highest association to plants, using a comparative
functional analysis of 69046 genes potentially related to the microbial adaptation to plants.
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2.2- OBJECTIVES

The present study was designed to study the genomic features that drives the relation-
ship between Micromonospora and the plant, using a comparative genomic approach in a
database of 74 genomes. To achieve this, several specific aims were established:

1. Togenerate a database of all potentially plant-related genes contained in the genomic
database, using a novel bioinformatic pipeline that comprises a screening in known
microbial-plant related features databases, a comparation with known Micromono-
spora plant host proteomes and a comparative genomic analysis of the Micromono-
spora genomic database.

2. To characterize all functional features that differentiate strains that are close to the
plant life in the genomic database from the rest, using the Clusters of Orthologs
Groups (COG) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) for the
comparative functional analysis.

3. To create a novel and reliable bioinformatic pipeline that englobes the two
above-mentioned objectives.

Chapter Il | Objectives | Pagina 53

D’



2.3-MATERIALS AND METHODS

2.3.1- Isolation of strains

Soil from an agriculture field, collected at the “Fundacion Vicente Rodriguez Fabrés”
was sampled on October 2015. The complete coordinates for the collection site were N
40°57'26.96", W 5°39'37.28" (Figure 5). The soil was stored in plastic sealed bags and kept
at 4 °C until processing.

Commercial Medicago sp. seeds were sterilized using a solution of 70% (v/v) ethanol,
for 30 seconds, followed by 2.5% (v/v) HgCl, for five minutes and finishing with six wash-
es in sterile distilled water, for one minute each (Benito et al., 2017). Sterilized seeds were
placed in pots using the collected soil and kept in a plant growth chamber for a month,
programmed with mixed incandescent and fluorescent lighting for a 16h photoperiod, day-
night cycle, a constant temperature of 21-22 °C and 50-60% relative humidity. The pots were
watered alternating sterile distilled water and nitrogen-free nutrient solution (Rigaud and
Puppo, 1975) as needed.

Mature plants were harvested after one month of growth. To eliminate all the remaining
soll, root systems were washed with sterile distilled water. For bacterial isolation, all nodules
were surface sterilized with 2.5% (v/v) HgCl, for two minutes, rinsed five times in sterile dis-
tilled water and then crushed in a microtube using a sterile homogenizing pestle. The slurry
obtained was plated on yeast mannitol agar (YMAT1") (Vincent, 1970) and incubated for 3-4
weeks at 28°C.

After incubation, colonies with a morphological resemblance to Micromonospora (Genil-
loud, 2015) were selected and picked under a stereoscopic microscope. All selected colo-
nies were plated on DSMZ medium 65 (M652?) (Shirling and Gottlieb, 1966) to obtain pure
cultures which were then conserved at -80 °C in 20% (v/v) glycerol suspensions.

a b

I:] O

Figure 5: Location of the sampling site. Maps were downloaded from Google® Maps 2019 database.

1 YMA: Mannitol (10g), yeast extract (3g), K,HPO, (0.2g), MgS0, (0.2g), NaCl (0.1g), agar (18g), distilled water (11).
2 M65: Glucose (4g), yeast extract (4g), malt extract (10g), CaCO, (2g), agar (18g), distilled water (11).



2.3.2- 16S rRNA gene identification of isolated strains

Genomic DNA was extracted for molecular identification of the isolated strains to confirm their
preliminary identification based on their morphology. A pellet of cells after 7-14 days of growth on
M65 agar was harvested in a microtube, resuspended in 300 pl of distilled water and centrifuged
at 12000 rpm?, for 10 minutes. Biomass was stored at -20 °C until further processing.

‘REDExtract-N-Amp Plant PCR Kit" (Sigma™) was used for DNA extraction according to the
following protocol (de la Vega, 2010):

1.

o A~ W N

Biomass is resuspended in 80ul of “extraction solution”.

Heat at 95 °C for 10 minutes for cellular lysis.

Add 80 pl of “dilution solution”.

Add 100 pl of phenol-chloroform-isoamyl alcohol solution (25:24:1).

Briefly vortex the sample to obtain a uniform milky suspension and centrifuge at 13000 rpm
for 70 min.

Transfer 100 pl of the supernatant to a new microtube and discard the rest. Add 100 ul of a
chloroform-isoamy! alcohol solution (24:1) and mix well.

Centrifuge the sample at 13000 rpm for 5 min. Collect 80 ul of the supernatant to a new
microtube and discard the rest. Samples were stored at -20 °C.

Amplification of the 16S rRNA gene by polymerase chain reaction (PCR) was carried out in a
final volume of 25 pl that contained:

REDExtract mix 12 ul
Extraction-Dilution 1:1 (v/v) 2.5l
SF1 primer (Table 1) 0.8
1522R primer (Table 1) 0.8
milliQ H,0 8l
DNA (template) 1l

PCR was carried out under the following conditions:

3

If not specified otherwise, the sample is centrifuged in an Eppendorf centrifuge model 5418, using an 18-place Ae-

rosol-tight fixed rotor for 1.5-2.0 ml tubes (FA-45-18-11) with a rotor radius of 7.7cm. For a quick conversion, one revolution
per minute (rpm) equals approximately to 0.8609 g.



PCR amplicons were loaded in a 1% agarose gel and electrophoresed for one hour at 100V,
using Thermo Scientific™ GeneRuler 100bp DNA ladder as reference for fragment size. Frag-
ments of approximately 1500 base pairs (bp) were selected and purified using FavorPrep™
GEL/PCR Purification kit following the manufacturer’s protocol with some modifications:

1.

Transfer up to 300 mg of the excised gel to a microtube and add 500 pl of FADF
Buffer.

Incubate at 55 °C in a thermoblock until the agarose gel melts, manually mixing the
sample every 1-2 minutes.

Cool down the mixture and transfer up to 800 pl to a FADF Column. Centrifuge at
14000 rpm for 30 seconds and discard the flow-through. If the volume is higher
than 800 pl in the sample, repeat step 3 in the same column until all sample is
transferred.

Add 750 pl of Wash buffer to the column and wait 5 minutes. Centrifuge 30 seconds
at 14000 rpm and discard the flow-through.

Centrifuge again at 14000 rpm for 3 minutes to dry the column matrix and discard
the flow-through.

Place the column in a new microtube. Add 35 pl of distilled milliQ water (or elution
buffer provided with the kit) and wait 5 minutes for DNA elution.

Centrifuge at 14000 rpm for five minutes and eliminate the column. The final DNA
sample in the microtube is stored at -20 °C until further use.

The purified amplicon sample was quantified using Invitrogen life technologies™ Qubit®
fluorometer, following the recommended protocol:

1.

D

Prepare 200 pl/sample of working solution (Qubit reagent- Qubit Buffer 1:199 (v/v)).
Each time a new Working solution is prepared, Qubit fluorometer must be calibrated
using two standard DNA samples.

Prepare the assay tubes, using Qubit 0.5 ml tubes:
For the standards, 10 pl of the standard is mixed with 190 pl of the working solution.

+  For the samples, 1-20 pl of the DNA sample is used, and mixed with working solution
in a final volume of 200 pl. For 16S rRNA gene amplicons, a volume of 3 pl was used.

Vortex all assay tubes for 2-3 seconds and incubate the tubes at room temperature
for at least 2 minutes for the reaction between the DNA and the Qubit® reagent to take
place. The sample can be stored at room temperature for a maximum of 2 hours.

Insert the tubes in the Qubit fluorometer and take the readings. For the 16S rBNA gene,
‘dsDNA" and “High sensitivity” reading parameters were used.
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Once quantified, the 16S rRNA gene amplicons were partially sequenced at the DNA Se-
quencing NUCLEUS service at the University of Salamanca. Primer SR2 (Table 1) (Carro et
al., 2012b) was used to obtain a sequence of approximately 450 bp between the positions
1 and 487 of the 16S rRNA gene sequence. The strains were identified using EzBiocloud
16S identification service (Yoon et al., 2017). Strains with high similarity to M. saelicesensis
were chosen for complete 16S rRNA gene sequencing, using primers SR3, SR4 and 1522R
(Table 1) (Carro et al., 2012b). All reads were assembled using DNAStar® SegMan v5.0 and
identified using EzBiocloud 16S identification service (Yoon et al., 2017).

Table 1: Primers used for amplification and sequencing of the 16S rRNA gene. Primer melting temperature
(Tm), hairpin melting temperature (Hairpin Tm) and self-dimer melting temperature (Self Dimer Tm) were esti-
mated using Primer3 v2.3.7 under GeneiousTM v2019.0.4 environment.

Primer ) Hairpin | Self Di-
Sequence Tm Min Max
length Tm mer Tm
Primer Direction| %GC
o (bp5 | (bp 5
5-3 b °C °C °C
(5-3) (bp) 9 |3 | 3 | €O | €O
AGAGTTTGATCMTGGCT- 55.1-
SF1 20 | forward | 474 5 24 - 18.0
CAG 569
58.7-
SR2 |GWATTACCGCGGCKGCTG| 18 | reverse |64.7 619 487 504 531 38.8
CCGTCAATTC- 49.9-
SR3 20 | reverse |33.3 877 896 449
MTTTRAGTTT 541
SR4 GGGTTGCGCTCGTTG 15 | reverse |66.7] 555 | 1067 | 1081 - 97
52.5-
1522R| AAGGAGGTGWTCCARCC | 17 | reverse |56.3 553 1497 | 1513 52.3

2.3.3- Strains selected for whole genome sequencing

A set of sixteen Micromonospora strains isolated from plant tissues (nodules and leaves)
of six legumes (Medicago, Lupinus, Pisum, Trifolium, Cicer and Ononis) was selected for whole
genome sequencing. All selected strains were chosen according to their 16S rRNA gene se-
guence similarity to the type strains of Micromonospora saelicesensis and Micromonospora
noduli, as these species appear to be the most abundant in legumes (Table 2) (Carro et al.,
2012b). The genome of M. noduli GUI43™ was also selected for whole genome sequencing.
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Table 2: List of selected strains for whole genome sequencing. Identity values against the type strains of M.
saelicesensis and M. noduli were determined using BLAST v2.7.1 against GenBank reference sequences (ac-
cession numbers AJ783993 and FN658649).

M. saelicesensis | M. noduli

Strain Host legume Isolation tissue
(%) (%)
GARO5 Cicer arietinum Nodule 99.9 99.6
GARO06 C. arietinum Nodule 99.9 99.7
LAHO8 Lupinus angustifolius Leaf 99.7 99.9
LAHO09 L. angustifolius Leaf 99.4 99.3
Lupac 06 L. angustifolius Nodule 99.9 99.6
Lupac 07 L. anqustifolius Nodule 99.9 99.7
MEDO1 Medicago sp. Nodule 99.9 997
MED15 Medicago sp. Nodule 99.2 100
NIE79 Trifolium sp. Nodule 99.9 99.6
NIE111 Trifolium sp. Nodule 999 99.6
ONO23 Ononis sp. Nodule 99.6 100
ONO86 Ononis sp. Nodule 997 999
PSHO03 Pisum sativum Leaf 995 99.6
PSH25 P. sativum Leaf 99.7 99.4
PSNO1 P. sativum Nodule 999 997
PSN13 P. sativum Nodule 99.9 997
M. noduli GUI437 P. sativum Nodule 99.6 100

2.3.4- Sequencing, Assembly and Annotation

Strains selected for genome sequencing were grown at 28 °C for 7-14 days in M65 broth,
harvested and washed with 0.8% (w/v) NaCl solution in a centrifuge tube. The following
protocol was used for DNA extraction:

1. One gram of cells is resuspended in 5 ml EC buffer (Tris-CI 6 mM, Ethylenedi-
aminetetraacetic acid (EDTA) 0.1 M, N- Lauroylsarcosine sodium salt 1% w/v, sodium
deoxycholate 0.2% w/v). 60 pl of lysozyme (300 mg/ml) and 50 pl of mutanolysin
(1000 U/ml) are added to the suspension.
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2. Incubate tubes 1-1.5h at 37 °C in a water bath.
3. Add 5ml of 2% (w/v) SDS and 200 pl of proteinase K (10 mg/ml) with gentle mixing.

4. Incubate the tube at 55 °C in a water bath for 3 hours with gentle mixing from time to
time (approx. 1 per hour).

5. Add one volume of phenol- chloroform -isoamyl alcohol (25:24:1) to the lysate. Gently
mix by manually inverting the tube several times.

6. Centrifuge the mixture at 6000 rpm (5000 g approx.) for 15 minutes. Transfer the
supernatant into a fresh tube.

7. Add 35 pl of RNAse A (10mg/ml) to the supernatant and incubate for 1 hour at 565 °C
in a water bath.

8. Add one volume of chloroform- isoamyl alcohol (24:1). Mix the sample by inverting
the tube several times.

9. Centrifuge at 6000rpm (5000 g approx.) for 10 minutes at room temperature.
10. Transfer the aqueous phase (upper) into a clean tube.

11.Add 1/10 volume of 3M sodium acetate pH 7.0, followed by 2.5-3 volumes of cold
ethanol (-20 °C).

12. Invert tube to mix the sample. DNA should be visible as white strands. Leave the sam-
ple approximately 30 minutes at -20 °C and spool the DNA into a clean microtube.

13. Wash the DNA with 70% ethanol and centrifuge at max speed for 5 minutes.

14. Discard the supernatant and allow the pellet to dry for 10-15 minutes. If the pellet
is not dry, incubate at 37 °C in the thermoblock. Resuspend the DNA in 150 pl of TE
buffer (Tris-HCI 10 mM, EDTA TmM) or 150 pl of milliQ H,0.

DNA samples were sequenced at ChunLab Inc. Libraries were prepared using TruSeq™
library kit, according to the manufacturer instructions. Sequencing was performed using an
lllumina® MiSeq™ platform (300-bp paired-end), with a coverage superior to 100X.

lllumina sequencing data was assembled with SPAdes 3.10.1 (Algorithmic Biology
Lab, St. Petersburg Academic University of the Russian Academy of Sciences). Pro-
tein-coding sequences (CDSs) were predicted by Prodigal 2.6.2 (Hyatt et al., 2010).
Genes coding for tRNA were searched using tRNAscan-SE 1.3.1 (Schattner et al., 2005).
The rRNA and other non-coding RNAs were searched by a covariance model search
with Rfam 12.0 database (Nawrocki et al., 2015). All genomes were functionally anno-
tated using the new EggNOG-mapper (Huerta-Cepas et al., 2017) with HMMER mapping
mode against actNOG and bacterial HMM databases using all Orthologs (Huerta-Cepas
et al,, 2016). To confirm annotation, the predicted CDSs were compared with Swissprot
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(The UniProt Consortium, 2017), KEGG (Kanehisa et al., 2014) and SEED (Overbeek et
al., 2005) databases using UBLAST program (Edgar, 2010). CRISPR elements were re-
trieved using the online application CRISPR-finder, available in http://crispr.i2bc.par-
is-saclay.fr (Grissa et al., 2007) using default parameters.

2.3.5- Data compilation and proteome annotation

Fifty-seven Micromonospora and Salinispora genomes were retrieved from GenBank and
IMG databases (Clark et al., 2016; Markowitz et al., 2012) and added to the seventeen Micro-
monospora genomes obtained. The final database, comprising seventy-four genomes, con-
tained representatives isolated from soil (39%), endophytes (34%), sediment (16%), marine
(4%) and diverse environments that included animals, air and fresh water (7%) (Table 3). All
genomes were checked for contamination using CheckM in KBase environment (Arkin et
al., 2018; Parks et al., 2015).

For data normalization, the 74 proteomes were re-annotated using the following databases:

1. Pfam: |s a database based on the UniProt Reference Proteome database (The Uni-
Prot Consortium, 2017), that contains a large collection of protein families classified
according to their functional regions (or domains), each represented by sequence
alignments and hidden Markov models (HMMs) (Finn et al., 2016). The version used
in this study was the 31.0, released in 2017.

2. TIGRFAM: |s a curated database of multiple sequence alignments and HMMs for
prokaryotic protein sequence classification, designed to increase functional identi-
fication of proteins (Haft et al., 2001). The version used in this study was the 15.0,
released in 2014.

3. EggNOG: is a public database that contains orthologous groups of proteins, con-
structed with a taxonomical grouping approach that generates a more accurate iden-
tification of proteins and allows to increase the overall annotation coverage. EggNOG
database provides functional annotation of Clusters of Orthologous Groups (COGSs),
Gene Ontology terms (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways and Smart/Pfam domains (Huerta-Cepas et al., 2016). The version used in this
study was the 4.5.1, released in 2016.

4. Genomic Features Of Bacterial Adaptation to Plants (GFOBAP): Released in 2018, it
contains several plant-related bacterial features, inferred from a comparative ge-
nomic analysis of 3837 genomes (Levy et al., 2018). This database comprises the
results of the statistical enrichment analysis and the fasta files, alignments and
HMM profiles of the orthogroups generated in the study of 2018. The database is
divided according to taxonomic monophyletic groups, being the Actinobacterial da-
tabase the one used in this study.
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hmmsearch, included within HMMER version 3.1b2 program (hmmer.org) was used to
annotate all proteomes against Pfam, TIGRFAM and GFOBAP HMM protein profiles, under
a Linux environment. EggNOG-mapper online tool (Huerta-Cepas et al., 2017) was used
to annotate all proteomes against the EggNOG bacterial database. Secondary metabolite
biosynthetic gene clusters were screened using antiSMASH 4.0 (bacterial version), with
KnownClusterBlast, smCoG analysis, ActiveSiteFinder and SubClusterBlast extra features (Blin
etal., 2017).

Table 3: Genome sequence accession numbers and isolation source of the strains used in this work.

) ) Accession ) ) ) Accession .
Designation Habitat  Designation Habitat
number number
M. acroterricola , M. noduli
QGKR0O0000000| Soil PYABOOO0O000OO |Endophyte
5R2A7T Lupac 07
M. aurantiaca , M. noduli
NC_014391 Soll PYAC00000000 |Endophyte
ATCC 270297 MED15
M. aurantiaca , M. noduli
FMHX00000000| Soil PYADOOOOOOOO |Endophyte
DSM 45487 ONO23
M. aurantiaca Endo- M. noduli
NC_014815 PYAEO0O000000 |Endophyte
L5 phyte ON086
M. auratinigra , M. olivasterospora | _
L T594323 Soil jgi_2585427559 Soll
DSM 448157 DSM 43868
M. avicenniae | Endo- M. pallida _
]gi_2681813563 FMHWO00000000 Soll
DSM 457587 phyte DSM 438177
M. carbonacea , M. palomenae _
FMCTO00000000| Soll VIXA00000000 | Animal
DSM 431687 DSM 1021317
M. chaiyaphumen- .
y _p , M. pattaloongensis | ,
Sis FMCS00000000| Soil jgi_ 2693429860 | Sediment
DSM 45246" DSM 452457
M. chalcea , M. peucetia ,
MAGPO0O000000| Air FMICO0000000 Soill
DSM 43026" DSM 433637
M. chersina , M. pisi o
FMIBOO0O0O0O000O | Soil jgi_2758568729 |Endophyte
DSM 441517 DSM 451757

M. chokoriensis

M. purpureochromo-

LT607409 Soll genes LT607410 Soll
DSM 451607 DSM 438217
M. citrea Sedi- | M. rhizosphaerae ,
FMHZ00000000 FMHV00000000| Sediment
DSM 43903" ment DSM 451317

Y
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M. coriariae
DSM 44875T
M. costi
CS1-127
M. coxensis
DSM 451617
M. cremea
DSM 455997
M. eburnea
DSM 448147

M. echinaurantiaca

DSM 430947
M. echinofusca
DSM 43913"
M. echinospora
DSM 43816"
M. endolithica
DSM 44398"
M. globispora
S$29017
M. haikouensis
DSM 456267
M. halophytica
DSM 431717
M. humi
DSM 456477
M. inaquosa
LB397
M. inositola
DSM 438197
M. inyonensis
DSM 46123T
M. krabiensis
DSM 453447
M. lupini
Lupac 08

0

LT607412

RBANOOOOOOOO

LT607753

FSQTO0000000

FMHY00000000

LT607750

LT607733

LT607413

jgi_2585427558

QGGFO0000000

FMCWO00000000

FMDNOOOOO00O

FMDMO00000000

QGSZ00000000

LTe07754

FMHUOO000000

LT598496

CAIEOO000000

Endo-
phyte

Endo-
phyte

Soil

Soil

Soil

Soil

Animal

Soll

Soall

Sedi-
ment

Sedi-
ment

Saline

Sall

Soil

Soail

Sail
Sedi-
ment

Endo-
phyte

M. rifamycinica
DSM 44983T
M. rosaria
DSM 8037
M. saelicesensis
Lupac 06
M. saelicesensis
DSM 448717
M. saelicesensis
GARO05
M. saelicesensis
GARO06
M. saelicesensis
PSNO1
M. saelicesensis
PSN13
M. sagamiensis
DSM 439127
M. sediminicola
DSM 457947
M. siamensis
DSM 450977

Micromonospora sp.

LAHO9

Micromonospora sp.

MEDO1

Micromonospora sp.

NIETT1

Micromonospora sp.

NIE79

Micromonospora sp.

PSHO3

Micromonospora sp.

PSH25

M. tulbaghiae
DSM 451427

LT607752 Sediment

Soall

jgi_2728369162

PYAJOOO0O000 |Endophyte

FMCRO0000000 |Endophyte

PXXWQ00000000 |Endophyte

PYAH00000000 |Endophyte

PYAIO0000000 |Endophyte

PYAG0O0000000 |Endophyte

Soll

jgi_2585427560

FLRHO0000000 | Sediment

LT607751

Soll

Endophyte

Endophyte

Endophyte

Endophyte

Endophyte

Endophyte

FMCQO0000000 |Endophyte
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M. marina M. viridifaciens

FMCV00000000| Saline LT607411 Soll
DSM 455557 DSM 439097
M. matsumotoense | M. wenchangensis ,
FMCUO0000000| Soil MZMV00000000| Sediment
DSM 441007 CCTCC AA 20120027
M. mirobrigensis M. yangpuensis ,
FMCX00000000 | water FMIAOOO00000 | Animal
DSM 448307 DSM 455777
M. narathiwatensis , M. zamorensis ,
L T594324 Soll LTe07755 Sall
DSM 452487 DSM 456007
M. nigra , S. arenicola o ,
FMHTO0000000| Saline jgi_2561511037 | Sediment
DSM 438187 CNH-643T
M. noduli Endo- S. pacifica ,
PYAKO00000Q0 AZWO000000000/| Sediment
GUI43T phyte CNR-114"
M. noduli Endo- S. tropica ,
PYAAO0000000 NC_009380 | Sediment
LAHOS phyte CNB-4407

2.3.6- Selection of plant-related Micromonospora genes
2.3.6.1- Core genome analysis

A cut-off BLAST value was calculated using a pre-established bacterial core-gene set com-
prising 92 bacterial core genes described in the UBCG method (Na et al.,, 2018). These 92
genes were screened and aligned using UBCG 3.0 (Na et al., 2018) for all genomes in the da-
tabase. Identity matrices were calculated for all the alignments, and the mean, median, max-
imum and minimum identity percentages were determined for each gene and the overall set.

Roary v 3.11.2 (Page et al., 2015) was used to define the core and pan-genome, using the
previously calculated identity cut-off for the clustering of proteins. Protein clusters were used
to generate an absence-presence table used for the analysis and a development plot. Com-
plexHeatmap R package (Gu et al., 2016) was used to make a pan-genome heatmap plot.

2.3.6.2- Selection of plant-related and root-related gene annotations

The selection of bacterial genes was based on a pre-defined dataset of plant and
root-related genes, described previously (Levy et al., 2018). Considering the phylogenet-
ic position of Micromonospora (Nouioui et al., 2018), the dataset was restricted to the
first group of the Actinobacteria (Actinobacterial database).

Orthofinder groups, COGs, KEGG Orthologs (KO), Pfam and TIGRFAM within Actino-
bacterial, "Reproducible Plant Associated Domains” and “Plant-Resembling Plant-Asso-
ciated and Root-Associated Domains” (PREPARADOs) were included in the annotation
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search analysis. These annotations were taken in consideration only if two or more of
the five statistical support analyses were positive, as recommended (Levy et al., 2018).

2.3.6.3- Plant-resembling bacterial proteins

Proteomes of known Micromonospora host plants were screened in UniprotKB database
(release 2018_6) (The UniProt Consortium, 2017). Eighteen proteomes, comprising differ-
ent species of Cicer, Glycine, Lupinus, Medicago, Oryza, Phaseolus and Trifolium were used to
create a BLAST database, comprising 731325 proteins.

Proteomes of the 74 bacterial strains were blasted against the plant proteome database,
using BLASTp stand-alone program, included in BLAST+ executables v. 2.7.1 (Camacho et
al., 2009), with a threshold of 1e*° for the E-value, 70% coverage and 30% identity. All identi-
fled proteins found in the analysis were labeled as “plant-resembling bacterial proteins” and
included in the overall analysis.

2.3.7- Data management, statistical analysis and visual representation

MicroPLAGE script, described in Chapter |, was used to screen for all the potential plant
related gene annotations and to carry out the statistical analyses.

In summary, all annotations for the 74 genomes were screened against GFOBAP curated
annotation database (Levy et al., 2018) using data.table and tidyr packages (Dowle and Srini-
vasan, 2018; Wickham and Henry, 2018) in R v 3.5.1 (R Development Core Team and R Core
Team, 2011). Additionally, plant resembling bacterial proteins were added to the database
and all core conserved proteins were deleted.

Non-parametric relationships between habitat and genome length and number of potential
plant-related genes and habitat were obtained using IBM® SPSS® Statistics v.25. Bar-plots
for COG analyses of each strain were made using ggplot2 and ggfortify packages (Tang et al.,
2016; Wickham, 2016). FactoMineR, factoextra, Factolnvestigate and cluster packages (Kas-
sambara and Mundt, 2017; Lé et al., 2008; Maechler et al., 2018; Thuleau and Husson, 2018)
were used for Principal Component Analysis (PCA) and clustering analysis of the COGs and
plant-related functional KEGG characterization (Chapter ). To further analyze the functional
differentiation between all the strains included in the database and the groups detected, all
the data in the functional KEGG analysis were compared using factoextra package principal
component analysis and hierarchical clustering tools to highlight differences with statistical
significance (p<0.05), not only due to absence/presence of the KEGG ortholog, but also in
relation to their abundance. All unique strain elements were analyzed separately.

P values generated in KEGG abundance analysis were corrected using p.adjust tool,
included in stats R native package, with Bonferroni adjustment method (Jafari and An-
sari-Pour, 2019; R Development Core Team and R Core Team, 2011). Corrected p value
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(hereafter, g value) resulted in a corrected threshold for statistical significance of 1.31 x
10°® for KEGG elements abundance in each calculated cluster (0.05 g value = 1.31 x 10% p
value). Clusters generated in the KEGG analysis and habitat distribution of the strains in
each cluster were tested for statistical correlation using a Pearson chi-square statistical
approach, followed by a contingency table post-hoc analysis using multiple regression
approach (Beasley and Schumacker, 1995) using IBM® SPSS® Statistics v.25.

ComplexHeatmap package (Gu et al.,, 2016) was used for the heatmap construction of
the KEGG functional analysis and the core genome visual representation. Complete path-
way mapping files of plant-associated, root-associated and plant-resembling bacterial
proteins for each genome and also for the differential traits between the clusters generat-
ed in the PCA analysis were generated using R and visualized using KEGG Mapper online
tool (Kanehisa et al., 2012) (Chapter I).

A flowchart explaining how the database was constructed is included in Figure 6.
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2.4- RESULTS

2.4.1- Isolation and identification of the strains

Nineteen strains were isolated from Medicago internal nodule tissues, with thirteen of
them having Micromonospora-like morphology (Genilloud, 2015). These strains were select-
ed for partial 16S rRNA gene sequencing (Table 4).

16S rBNA gene amplicons of 386-444 base pairs were identified using EzBiocloud
16S-based identification service (Yoon et al., 2017). Affiliation to the genus Micromonospora
was confirmed for all sequenced strains. Seven isolates (MED04, MEDO6, MEDO8, MEDQS,
MED15, MED16 and MED20) were most similar to the type strain Micromonospora noduli
GUI43T; three (MEDOT, MEDO2 and MEDQ7Y) were related to M. saelicesensis Lupac09', and
the remaining three strains were close to either M. zamorensis DSM 45600" (MED13 and
MED18) or M. lupini Lupac 1T4NT (MEDO5) (Figure 7). All isolates had values of 100% similari-
ty with their closest match except for strain MED15 which yielded a value of 99.6% similarity
against M. lupini Lupac 14NT (Table 4).

Closest match

Strains
Figure 7: Closest hits according to partial 16S rRNA gene sequence identification in EzBiocloud.

Strains MEDO1, MEDQ7 and MED15 were selected for complete 16S rRNA gene sequenc-
ing, as these were closest to M. saelicesensis and M. noduli, reported to be the most abundant
species in legumes sampled hitherto (Carro et al., 2012b; Riesco et al., 2018). Strains MEDQ1
and MEDO7 had an identity of 99.9% sequence similarity with M. saelicesensis Lupac 097, while
strain MED15 was close to M. noduli GUI43T, with an identity value of 100% (Table 4)
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Table 4: Micromonospora strains isolated from Medicago sp. and their identity percentage based on partial and
complete 16S rRNA gene sequences. Red-colored strains were selected for whole genome sequencing.

Strain Closest match Length | Identity
MEDO1 | M. saelicesensis Lupac 097 1433 99.9%
MEDO02 | M. saelicesensis Lupac 097 436 100%
MEDO04 | M. noduli GUI43T 435 100%
MEDOS5 | M. lupini Lupac T4NT 440 99.6%
MEDO6 | M. noduli GUI43T 436 100%
MEDO7 | M. saelicesensis Lupac 097 1440 99.9%
MEDO8 | M. noduli GUI43T 437 100%
MEDO09 | M. noduli GUI43T 415 100%
MED13 | M. zamorensis DSM 456007 437 100%
MED15 | M. noduli GUI43T 1457 100%
MED16 | M. noduli GUI43T 444 100%
MED18 | M. zamorensis DSM 456007 447 100%
MED20 | M. noduli GUI43T 376 100%

2.4.2- General genomic features of Micromonospora

Seventeen high-quality genomes (mean depth of 279x) were obtained from the se-
lected Micromonospora strains (Table 2). Their sizes ranged from 6.8 to 7.6 Mb, with
strains PSH25 and MEDO1 having the smallest and largest genomes respectively. G+C
mol % values ranged from 70.8 to 71.6 (mean value 71.1 £ 0.2). The number of coding
DNA sequences varied from 6182-7060, with a mean value of 6528 + 196. The number
of tRNA coding sequences was more variable, ranging from 45 (strain PSH25) to 84
(strain NIE79), with a mean number of 59 + 9. rRNA coding sequences also deviated
significantly, from 3in NIE 111 to 8 in strain GARO6. Confirmed clustered regularly inter-
spaced short palindromic repeats sequences (CRISPR) ranged from 0-4. A summary of
the genomic characteristics can be found in Table 5.

The final genome database contained the seventeen Micromonospora strains sequenced
in this work and the fifty-seven genomes retrieved from the public databases. Their genome
lengths ranged from 5.2 Mb (Salinispora tropica CNB-4407) to 8.7 Mb (M. pisi DSM 45175"). Spe-
cifically, the Micromonospora genomes ranged from 5.4 Mb for M. pattaloongensis DSM 452457
to 8.7 Mb for M. pisi DSM 45175, with an average and median values of 7.0 Mb (Micromonospora
aurantiaca ATCC 27029"). Salinispora genomes were significantly smaller, ranging from 5.2 Mb
for S. tropica CNB-4407 to 5.9 Mb for S. pacifica CNR1147, with a mean value of 5.6 Mb.
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No clear correlation was found between genome size and habitat. Endophytic and soil
related strains showed similar genome lengths (7.1 + 0.4 Mb), while sediment isolates had
amean of 6.6 £ 0.9 Mb, with high dispersion values. Interestingly, M. tulbaghiae DSM 451427
isolated from leaves of Tulbaghia violacea (Kirby and Meyers, 2010) and M. pisi DSM 45175"
isolated from nodular Pisum tissue (Garcia et al., 2010) were recovered as outliers among
the endophytes, with genome sizes of 6.5 and 8.7 Mb respectively (Figure 8).

Genome length (Mbp)

o M. tulbaghiae

Air

Animal

Endophyte

Habitat

Saline

Sediment

Soil

Water

Figure 8: Box plot distribution of the Micromonospora strains according to their genome size and habitat. Out-

liers are specified as circles or asterisks.

Table 5: General genome characteristics of the sequenced genomes. CRISPR number only represent only el-
ements marked as “confirmed CRISPR" in the CRISPRfinder tool (Grissa et al., 2007), all questionable CRISPR
have been omitted.

) Genome | G+C ratio .
Strain ] CDS | rRNA | tRNA | Contigs  CRISPR| Depth N50
size (Mb) | (mol%)

GARO5 71 712 6526 6 68 75 176 | 162179

GARO06 7.0 71.2 6410 8 67 60 4 275 | 180642
M. noduli

7.2 70.9 6539 3 57 225 0 784 | 105196

GUI43T

LAHO8 7.3 71.1 6627 4 56 62 3 170 | 278302

LAHO09 6.9 716 6182 4 50 133 1 270 | 102519
Lupac 06 71 71.2 6495 4 65 59 1 235 | 191999
Lupac 07 71 71.1 6500 4 51 56 2 216 | 240674

MEDO1 7.6 70.8 7060 4 53 63 3 246 | 232044

Y
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MED15 1.2 711 6554 4 56 43 1 191 | 354266
NIETT1 6.9 711 6298 3 52 71 2 165 | 232317
NIE79 1.2 711 6566 5 84 82 3 165 | 168635
ONO23 1.2 71.0 6565 5 56 135 2 315 | 99720
ONO86 1.1 70.9 6591 4 55 407 2 322 | 29811

PSHO3 7.0 71.0 6395 4 54 45 2 342 | 295666
PSH25 6.8 71.2 6395 5 45 586 2 303 | 19082
PSNO1 6.9 711 6458 4 67 456 4 361 26003
PSN13 1.4 711 6823 3 64 41 1 227 | 485329

2.3.3- Functional characterization of the Micromonospora database

Analysis of Clusters of Orthologous Groups (COGs) assigned a COG category to 85.0% of
the proteins. Main categories were transcription (K, 7.7% + 0.8), carbohydrate metabolism
and transport (G, 5.5% + 0.6), amino acid metabolism and transport (E, 5.0% + 0.3), energy
production and conversion (C, 4. 3% + 0.3), and inorganic ion transport and metabolism (P,
4.1% + 0.3). In addition, 31.7% + 0.0 of the annotated proteins were assigned to the S cate-
gory (unknown function). The complete COG distribution is given in Appendix |.

Principal Component Analysis (PCA) of the COG distributions and their relation to the
strain habitats were highly influenced by four categories which accounted for 84% of the
variance. Namely, these were transcription (K, ~30%), replication and repair (L, ~26%), car-
bohydrate metabolism and transport (G, ~16%), and secondary metabolism (Q, ~12%). The
endophytic strains were recovered as a well-recognized cluster based on high values of K
and G, and low Q values. Most of the soil strains were found in the center of the plot, with
medium or low values for K, G and C categories, and high values of Q (secondary metabo-
lism). Marine and several soil related strains showed high values for L, and low values of G,
T (signal transduction mechanisms) and K, while microorganisms isolated from sediments
and other environments were scattered all over the plot, with no clear correlation (Figure 9).
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The number of biosynthetic clusters related to secondary metabolites varied from 6 (M.
globispora S29017) to 46 (M. matsumotoense DSM 441007), being the most abundant type
terpenes, type | polyketide synthases (t1pks), non-ribosomal peptide synthase (nrps), lanthi-
peptides, t1pks—-nrps, bacteriocines, type Il polyketide synthases (t2pks), siderophores and
type Il polyketide synthases (t3pks) (Figure 10). Secondary metabolite biosynthetic gene
cluster analysis revealed no significant correlation between the number of clusters found
and the strain habitats, as previously reported (Carro et al., 2018). In general, the endophytic
Micromonospora strains had less biosynthetic gene clusters (mean of 14), than the soil, sed-
iment and marine isolates (mean of 20, 20 and 23 clusters respectively). The exception was
Micromonospora pisi DSM 451757, with 26 biosynthetic clusters identified.
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2.4.4- Selection of plant-related Micromonospora genes

2.4.4.1- Identification and removal of highly-conserved, non-differential genes in the Mi-
cromonospora database

Sequence identity distribution analysis of the 92 bacterial core genes described in Na et
al., (2018) revealed high stability, being the most stable the rpsJ gene (30S ribosomal pro-
tein S10), with a mean identity value of 99%. However, the genes argS (arginine tRNA ligase)
and /leS (isoleucine tRNA ligase) presented not only a high difference between the minimum
and the maximum identity values but high dispersion in the overall values (Figure 11).

Mean and median identity values of the 92 bacterial core genes correlate well in all iden-
tity progresion analyses suggesting a simetrical distribution of identies. All Micromonospora
genomes included in the database had a similarity =40% for all the genes in the identity
study, with the exception of two genes (ctgA and ctgX, with minimal values of 21.3%). Con-
sidering the overall identity progression, a cut-off value of 70% was selected as threshold for
the core genome calculation, as it covered the mean identity of 98.9% of the genes (91/92).
The selected threshold was above the minimum value of identity for 87.0% of the genes
(80/92) (Figure 12).

With the selected identity threshold, the core genome was calculated to be 992 genes,
representing 15.5% of the genome, with an average genome of 6407 genes. The calculated
pangenome was 73500 genes (Figure 13). All the genes in the core genome were deleted
from the final plant-related gene database to facilitate recognition of the differential genes
potentially involved in the Micromonospora-plant interaction.
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Figure 11: Identity distribution of the 92 bacterial core genes as recommended by Na et al., 2018.
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Figure 12: Identity progression of the 92 bacterial core genes. Minimum values (blue), maximum values (grey),
mean values (yellow) and median values (orange).
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2.4.4.2- Selection of plant-associated and root-associated genes

Levy et al. (2018) divided their bacterial genome database in several sections, according to
their separation in a multilocus phylogenetic tree using 31 universal single-copy genes (Levy
et al., 2018). The phylum Actinobacteria was divided in two sections (Actinobacterial and Acti-
nobacteria2), however, neither group included any representatives from the genus Micromono-
spora. Arecent genome-based taxonomic analysis of the phylum Actinobacteria (Nouioui et al.,
2018), positioned Micromonospora within the Actinobacterial section database. Consequen-
tially, only elements in Actinobacterial were selected for the search analysis.

Considering only the features that were supported by two or more statistical analyses,
431 Pfam, 298 KEGG Orthology (KO) and 120 TIGRFAM annotation features were selected
for plant-associated (PA) gene screening. In addition, to cover all unannotated or poorly an-
notated genes, 273 Orthofinder-generated orthologs in GFOBAP Actinobacterial database
were also added to the database. Finally, the database was completed with 86 Pfam, 70 KO
and 38 TIGRFAM features to represent root-associated (RA) genes and complemented with
122 Orthofinder-generated orthologs.

|dentification of the genes in PA and RA categories were not mutually exclusive, and
therefore, these were labeled as unique PA, unique RA or belonging to more than one cate-
gory (Table 6). Unique PA genes ranged from 675 genes in M. pisi DSM 451757 to 364 in M.
inyonensis DSM 46123", being the endophytes the strains with more PA genes. Unique RA
genes ranged from 52 in M. inositola DSM 438197, to 12 in M. pattaloongensis DSM 452457,
with the soil, rhizospheric soil and endophytes containing the highest number of RA genes.
As expected, Salinispora strains presented the lowest values for both categories with arange
of 312 to 273 for unique PA related genes and a range of 10 to 12 for unique RA genes.

2.4.4.3- Plant-resembling bacterial proteins

Comparative analysis between available host plant proteomes (Cicer, Glycine, Lupinus,
Medicago, Oryza, Phaseolus and Trifolium proteomes in a database of 731325 proteins) and
the bacterial genome database revealed a range of 300-550 plant-resembling bacterial pro-
teins coding genes per strain. A high percentage of these genes were part of the calculated
core-genome and therefore were deleted from the final database. This deletion mainly af-
fected very conserved genes in all domains of life, such as ribosomal related protein coding
genes. Several of the remaining genes also matched with the Plant associated (PA) and
Root associated (RA) genes previously identified (section 2.3.4.2). Thus, a range of 167 to
295 unique plant-resembling bacterial proteins coding genes per strain were added to the
plant-related gene database (Table 6).
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2.4.4.4- Final bacterial plant-related gene database

The information derived from the plant-associated (PA), root-associated (RA) and
plant-resembling bacterial proteins (PRPB) were combined in a final database of 69046
putative plant-related genes. Not all the genes were unique for one of the three categories
defined (PA, RA or PRPB), therefore elements belonging to two or three of the previously
defined categories were distinguished as separate groups to make the final gene count for
each genome (Table 6).

The total number of potential plant-related genes varied greatly among the study strains,
with M. pisiand S. tropica CNB-440T containing the highest and lowest numbers respectively
(1137 and 570). Nevertheless, a clear correlation between the environment and the number
of genes retrieved in the analysis was observed. Specifically, the endophytic strains had the
highest number of genes with a mean of 1036 + 57 potentially plant-related genes, followed
by soil (914 + 85), sediments (841 + 172) and saline environment (714 + 14).

Except for the endophytic strains, it was not possible to make a significant correlation
(p< 0.05) between the number of plant-related genes found and the environment, due to
the high dispersion of the sediment isolates. Interestingly, the soil isolates M. cremea DSM
45599" and M. carbonacea DSM 43168" were recovered as outliers given their high number
of potentially plant-related genes identified (1121 and 1100 respectively); these values were
above the mean of the endophytic strains. Soil isolate M. inyonensis DSM 46123" was also
recovered as an outlier due to the low number of genes identified (704) (Figure 14).

1200
M. cremea

o M. carbonacea

1000

800

M. inyonensis

o

600

Potentially Plant-related genes

Soil Endophytic Sediment Animal Saline

Habitat

Figure 14: Box plot distribution of all strains according to the number of genes potentially related to plants
found in the analysis with respect to their habitat.
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Table 6: Number of genes included in the plant-related gene database. All genes in the core genome were
deleted from the final database and are not included in the table. Plant associated genes (PA genes); Root
associated genes (RA genes); Plant resembling bacterial protein associated genes (PRBP genes).

PA | RA | PRBP |Genesin "™ Total
Strain unique | unique | unique two cate- the three genes
genes | genes | genes | gories cat_ego- found
ries
M. acroterricola 5R2A7" 563 40 186 133 21 943
M. aurantiaca DSM 45487 513 23 218 132 23 909
M. aurantiaca ATCC 27029" 505 26 215 131 24 901
M. aurantiaca L5 506 25 218 136 25 910
M. auratinigra DSM 448157 522 21 196 131 14 884
M. avicenniae DSM 45758" 566 31 207 138 27 969
M. carbonacea DSM 43168" 603 14 286 158 39 1100
M. chaiyaphumensis DSM 452467 526 39 211 127 18 921
M. chalcea DSM 430267 512 24 239 138 31 944
M. chersina DSM 441517 538 36 204 141 18 937
M. chokoriensis DSM 451607 553 34 195 131 22 935
M. citrea DSM 43903" 501 22 187 116 15 841
M. coriariae DSM 448757 583 37 211 138 25 994
M. costi CS1-127 595 50 200 135 25 1005
M. coxensis DSM 451617 517 22 193 118 22 872
M. cremea DSM 455997 608 51 281 145 36 1121
M. eburnea DSM 448147 481 22 215 120 16 854
M. echinaurantiaca DSM 43094" 556 33 206 130 18 943
M. echinofusca DSM 439137 507 16 197 122 14 850
M. echinospora DSM 438167 595 24 229 132 30 1010
M. endolithica DSM 44398" 535 25 214 125 17 916
M. globispora S2901" 531 33 209 158 35 966
M. haikouensis DSM 456267 622 19 204 130 22 997
M. halophytica DSM 431717 394 21 185 108 19 727
M. humi DSM 45647" 546 25 215 140 19 945
M. inaquosa LB39" 615 36 219 147 28 1045
M. inositola DSM 43819" 514 52 205 145 22 938
M. inyonensis DSM 461237 364 20 198 102 20 704
M. krabiensis DSM 45344" 618 44 201 132 23 1018

Chapter I | Results | Pagina 80



M. lupini Lupac 08 607 29 284 154 26 1100

M. marina DSM 455557 383 16 186 97 16 698

M. matsumotoense DSM 441007 590 22 218 131 17 978
M. mirobrigensis DSM 448307 507 26 193 138 20 884

M. narathiwatensis DSM 452487 480 24 196 121 20 841
M. nigra DSM 43818" 419 15 167 100 16 77
M. noduli GUI43" 619 40 243 159 21 1082
M. noduli LAHO8 634 39 224 151 21 1069
M. noduli Lupac 07 632 38 220 146 22 1058
M. noduli MED15 636 38 242 155 23 1094
M. noduli ONO23 650 38 219 149 21 1077
M. noduli ONO86 611 37 209 147 22 1026

M. olivasterospora DSM 43868" 424 24 229 112 24 813
M. pallida DSM 438177 482 21 208 130 29 870

M. palomenae DSM 1021317 487 31 195 115 21 849
M. pattaloongensis DSM 452457 421 12 172 114 23 742
M. peucetia DSM 433637 484 17 219 120 23 863
M. pisi DSM 45175" 675 39 227 170 26 1137

M. purpureochromogenes DSM 438217 | 480 32 201 120 23 856
M. rhizosphaerae DSM 451317 542 45 236 147 29 999
M. rifamycinica DSM 44983" 501 17 189 112 16 835
M. rosaria DSM 803" 567 24 208 132 25 956
M. saelicesensis DSM 448717 614 38 235 146 23 1056
M. saelicesensis GARO5 625 36 214 140 23 1038

M. saelicesensis GARO6 617 38 220 141 25 1041
M. saelicesensis Lupac 06 615 38 221 144 24 1042
M. saelicesensis PSNOT 605 38 205 138 22 1008
M. saelicesensis PSN13 656 41 225 152 25 1099

M. sagamiensis DSM 439127 498 22 194 119 23 856
M. sediminicola DSM 457947 529 29 206 130 18 912
M. siamensis DSM 450977 452 25 196 127 16 816
Micromonospora sp. LAHO9 586 36 201 131 18 972
Micromonospora sp. MEDO]1 636 39 239 158 19 1091
Micromonospora sp. NIETT1 590 33 238 141 20 1022
Micromonospora sp. NIE79 634 39 241 153 18 1085
Micromonospora sp. PSHO3 596 33 211 139 22 1001

D’
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Micromonospora sp. PSH25 603 36 213 148 18 1018

M. tulbaghiae DSM 451427 519 23 211 128 25 906
M. viridifaciens DSM 43909 471 34 215 105 28 853
M. wenchangensis CCTCC AA 2012002™| 529 20 295 136 32 1012
M. yangpuensis DSM 455777 453 14 249 124 26 866
M. zamorensis DSM 456007 542 35 211 131 12 931
S. arenicola CNH-643" 312 12 194 87 24 629
S. pacifica CNR-114" 274 12 184 91 18 579
S. tropica CNB-440" 273 10 181 88 18 570

2.4.5- Functional characterization of the plant-related gene database
2.4.5.1- Clusters of Orthologous Groups (COGs)

Principal Component Analysis of the COGs of the putative plant-related genes that com-
posed the final database (69046) revealed a distribution mainly dependent of the carbohy-
drate metabolism and transport (G, ~60%), transcription (K, ~20%), secondary metabolism
(Q, ~10%) and inorganic ion transport and metabolism (P, ~5%) categories (Figure 15a).

Based on the COG results, the strains were divided in three clusters: the first one com-
prised twenty-nine strains, being twenty-two of them Micromonospora with endophytic or-
igin (76% of the cluster), six soil-related strains (21%) and one sediment isolate (3%). This
cluster was characterized with a high percentage of genes included in the transcription (K),
carbohydrate metabolism and transport (G) and inorganic ion transport and metabolism (P)
categories (Figure 15b). The second cluster contained thirty-four strains, with a more het-
erogeneous origin. The main habitats in the second cluster were soll, with eighteen isolates
(53% of the cluster) and sediments, with seven isolates (20%). The remaining nine strains
were of endophytic (3 strains, 9%), animal (3, 8%), marine (1, 3%), air (1, 3%) and fresh water
(1, 3%) origin. The second cluster was highly influenced by secondary metabolism (Q) re-
lated genes. Finally, the third cluster contained only ten isolates, two marine (20%), and five
soil (50%) related Micromonospora strains, and the three Salinispora representatives (30%),
with high values of Q and low values of G, P and K categories (Figure 15b). Individuals in
cluster 1, mainly related to endophytic strains, grouped tightly together, suggesting a close
relationship in the functional role of the potentially plant-related genes. Clusters 2 and 3
representing most of the soil isolates were loosely recovered, indicating an important de-
gree of heterogeneity in their gene composition and the complexity of their environment. In
a similar manner, cluster 3 was not highly correlated and showed a complex relationship.

Approximately 17.8% of the genes included in the plant-related gene database were cat-
egorized in the S category (Unknown function).
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Figure 15: a: Contribution of each variable to the Principal Component Analysis (%). b: Principal component
analysis of the genes putatively related to plants according to COG categories for each strain. The PCA shows
the strains recovered in three clusters: cluster 1, 2 and 3 in green, red and blue respectively.

2.4.5.2- Functional KEGG Ortholog analysis

KEGG Orthology annotations of the putative plant-related genes were also compared,
clustered and plotted to determine any differential traits that separated plant-associated
Micromonospora strains from the other environments (Figure 16). In this case, the PCA anal-
ysis based on KEGG data, three clusters were also obtained with almost identical compo-
sition as the COG clustering analysis (Section 2.4.5.1). The first cluster was composed of
thirty isolates, mainly of endophytic (23 strains, 77 % of the cluster) and soil (5, 17%) origin.
The second cluster contained thirty-two strains, mainly soil (21, 66%) and sediment (5, 16%)
related strains. Finally, the third cluster included twelve strains, mainly isolated from soll
(4, 33%), marine water (3, 25%) and sediments (4, 33%), including the Salinispora isolates.
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Pearson chi-square test revealed a strong correlation between the clusters 1 and 2 and
the isolation source of their strains. Cluster 1 was highly correlated with the endophytic
habitat (3.3 x 10 g value). Cluster 2 was significatively influenced by the soil habitat (3.0
x 10 g value). Cluster 3 contained all marine isolates (three strains) but did not correlate
with any other habitat significantly. Accordingly, from this point the three groups of strains
will be referred as cluster 1 (endophytes), cluster 2 (soil) and cluster 3 (mixed). The detailed
composition of the three clusters is given in Table 7.

Comparative analysis of the KEGG Orthology annotations revealed significant differenc-
es between the three clusters (mean of genes with the annotation varied significantly from
the overall mean in all strains (q value < 0.05)). Specifically, 105 significantly over-repre-
sented and twenty under-represented KEGG annotations were found in endophytes cluster
(cluster 1); twenty-two over- and twenty-four under-represented annotations corresponded
to the soil cluster (cluster 2) while only two and sixteen over- and under-represented KEGG
features were found for the mixed group (cluster 3). All significantly over-represented and
under-represented KEGG annotations identified in the clustering analysis are found in Ap-
pendix Il.

An interesting result was the fact that strain M. pattaloongensis DSM 45245" contained
75 unique elements and according to their annotation, coded for an almost complete flagel-
lar assembly system (Morimoto and Minamino, 2014) (Figure 17). Hitherto, the presence of
a similar flagellar system has not been reported before for Micromonospora strains. These
genes were not considered in the functional comparative analysis, as they were unique to
this strain. Their removal from the database did not affect the position of M. pattaloongensis
DSM 45245 as a component of cluster 3.
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Table 7: Distribution of KEGG Orthology derived clusters, according to the strain habitat. Endophytes cluster
(1, green), soil cluster (2, red) and mixed cluster (3, black).

Endophytes cluster

P
[}
-
(7]
=
o
‘©
(%)

Mixed cluster

Strain Habitat Strain Habitat
GARO05 Endophyte M. noduli Endophyte
GARO6 Endophyte M. pisi Endophyte
LAHO8 Endophyte M. rhizosphaerae Sediment
LAHO9 Endophyte M. saelicesensis Endophyte
Lupac 06 Endophyte M. zamorensis Soll
Lupac 07 Endophyte MEDO1 Endophyte
Lupac 08 Endophyte MED15 Endophyte
M. acroterricola Soll NIETT1 Endophyte
M. avicenniae Endophyte NIE79 Endophyte
M. chokoriensis Soil ONO23 Endophyte
M. coriariae Endophyte ONO086 Endophyte
M. costi Endophyte PSHO3 Endophyte
M. cremea Soll PSH25 Endophyte
M. inaquosa Soll PSNO1 Endophyte
M. krabiensis Sediment PSN13 Endophyte
DSM45487 Soill M. haikouensis Sediment
L5 Endophyte M. humi Soll
M. aurantiaca Soll M. inositola Soll
M. auratinigra Soll M. matsumotoense Soll
M. carbonacea Soll M. mirobrigensis Water
M. chailyaphumensis Soll M. narathiwatensis Soll
M. chalcea Air M. pallida Soll
M. chersina Soll M. peucetia Soll
M. citrea Sediment M. rifamycinica Sediment
M. coxensis Soll M. rosaria Soll
M. eburnea Soll M. sagamiensis Soll
M. echinaurantiaca Soll M. sediminicola Sediment
M. echinofusca Animal M. siamensis Soll
M. echinospora Sall M. tulbaghiae Endophyte
M. endolithica Soll M. viridifaciens Soll
M. globispora Sediment M. yangpuensis Animal
M. halophytica Saline M. pattaloongensis Sediment
M. inyonensis Soil M. purpureochromogenes Soll
M. marina Saline M. wenchangensis Soll
M. nigra Saline S. arenicola Sediment
M. olivasterospora Soll S. pacifica Sediment
M. palomenae Animal S. tropica Sediment
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Figure 17: Flagellar assembly KEGG map (02040). In green, general genome annotation; in red, plant-associ-
ated genes (PA); in blue, root-associated (RA), in light green, plant-resembling bacterial proteins. The box is not
colored if the genes was not found.

2.4.5.2.1- Endophytes Cluster - Main features

The cluster containing the endophyte-associated strains was characterized by a
high number of over-represented plant-related genes, many of them involved in use of
carbohydrates (Appendix Il). It has been reported that plant-related bacterial genomes
encode for more carbohydrate metabolic functions than phylogenetically related, but
non-plant-associated bacterial genomes (Levy et al., 2018).

Plant-related bacteria evolved to take advantage of sugars usually present in the
rhizosphere (raffinose, melibiose, galactose, etc.), reinforcing their transport systems
to secure these sugars in the competitive bacterial community of this environment

ﬁ Chapter Il | Results | P4gina 87



(Dennis et al.,, 2010). In this context, several oligosaccharide transporters were found
to be over-represented in cluster 1. Multiple sugar transporters coding genes (msmX,
K, E, F and G), responsible for the transport of sugars such as raffinose, stachyose and
melibiose (Tao et al., 2010) were found highly over-represented, in some cases in more
than two-fold with respect to the overall mean (msmX). In addition, malZ, sacA and galA
genes, coding for several sugar interconversions from raffinose, sucrose, stachyose,
manninotriose and melibiose to glucose, galactose and fructose, were found over-rep-
resented in this cluster.

Part of the ribose ABC transport system coding genes (rbsA, B and C) were found
over-represented in cluster 1, with four to five genes per strain. However, the auxiliary
component rbsD gene was not present in any of the plant-related strains and was found
only in seven genomes of the 74 analyzed. rbs transporters have been reported to inter-
act with the Autoinducer-2, being a key factor in several quorum sensing mechanisms
(Rezzonico et al., 2012; Shimada et al., 2013). RbsD, catalyzes the conversion between
the B -pyran and B-furan forms of D-ribose (Shimada et al., 2013) and could be dispens-
able if used only in the transport of the Autoinducer Il and not ribose.

The presence of plant cell-wall degrading enzymes was reported earlier in the genus
Micromonospora (de Menezes et al., 2012; Trujillo et al., 2014, 2015). 8- glucosidases
(EC: 3.2.1.21) which participate in cellulose degradation systems, hydrolyzing the cel-
lobiose released during the initial hydrolysis of this polymer (Medie et al., 2012), were
found in almost six copies in all strains in the endophyte cluster. However, the degrada-
tion of plant polymers (celluloses, hemilcelluloses, pectin, etc.) requires multiple inter-
mediate steps for their complete hydrolysis. Thus, in different hemicelluloses such as
arabinoxylan, the main B-d-(1,4)-linked xylopyrano backbone is substituted with L-arab-
inose residues (Dimarogona and Topakas, 2016), which require the action of specific
hydrolytic bacterial enzymes. The arabinofuranohydrolases are enzymes that cleave
these L-arabinose residues enabling the action of other hydrolytic enzymes such as
arabinosyl hydrolases for the decomposition of arabinan, a major pectin polysaccharide
(Kim, 2008). Genes coding for L-arabonate dehydratase (araC) and arabinoxylan arab-
inofuranohydrolase (xynD) were found over-represented in the endophyte cluster, with
more than a two-fold difference with respect to the overall mean in the whole genome
database.

Siderophore production is one of the most frequently plant-growth promoting sys-
tems screened in bacteria (Afzal et al., 2019; Crowley, 2006). Interestingly, siderophore
secondary metabolic clusters (Figure 9) and genes encoding for transporters associ-
ated with siderophores (iron complex transporters coding genes fhuB, C and E) were
found in almost all Micromonospora strains analyzed without a significant difference
with respect to the endophytes cluster. Moreover, a ferric transporter coding gene afuB
was found highly under-represented in the cluster 1 (fold change <0.5).
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Vitamins have been reported to be involved in rhizosphere colonization (Babalola, 2010),
quorum sensing and cellular signaling (Miret and Munné-Bosch, 2014; Rajamani et al.,
2008), gene regulation (Miret and Munné-Bosch, 2014), redox modulation (Mooney et al.,
2009) and as cofactors in several biological reactions (Vanderschuren et al., 2013). Com-
plete metabolic pathways for production of thiamine (B1), riboflavin (B2), niacin (B3), panto-
thenate (B5), pyridoxine (B6), biotin (B7) and folate (B9) were found in almost all Micromono-
spora genomes analyzed. However, only the genes thiD, ilvD and another one coding for a
pyridoxine 4-dehydrogenase (involved in B1, B6 and B5 biogenesis respectively) were found
significantly over-represented in the endophyte cluster (q value < 0.05).

Amino-acid transport has been reported to have several roles in the relation between the
bacteria and its host. Amino-acids can serve as nitrogen sources for the plant or the bacte-
ria, and even as a regulation factor of the rhizobial bacteroids inside the plant nodule (Prell
et al,, 2009b). Genes coding for branched-chain amino-acid transporters (/iv) were found to
be over-represented in all strains in the endophyte cluster, presenting a mean of ten genes
per genome encoding for the genes /ivG and /ivF. Branched chain aminoacid transporters
have been reported to have a broad substrate specificity, being able to transport y-amino-
butyric acid (GABA) (Hosie et al., 2002). GABA is an abundant aminoacid in legume nodules,
and serves as an additional carbon source for bacteroids in the rhizobium-legume symbi-
osis (Cooper et al., 2018; Prell et al., 2009a). The transport of GABA to bacterial cells has
also been described as one of the quorum sensing factors associated with the control of
Rhizobium radiobacter growth (previously known as Agrobacterium tumefaciens), regulating
the colonization of plant cells (Chevrot et al., 2006).

Urate is one of the main end products of rhizobial infected cells in legumes. It is transport-
ed to uninfected nodular cells where it is transformed into ureides that are transported in the
xylem to the rest of the plant. The N:C ratio of 1:1 confers a major advantage for ureides as
N-transport molecules, providing N to plants at a minimal reduced C cost (Baral et al., 2016;
Izaguirre-Mayoral et al., 2018). Interestingly, two genes coding for xanthine dehydrogenases
(xdhG and yagT), involved in the metabolization of urates, were highly over-represented in
the endophytes cluster, with more than two-fold difference with respect to the overall mean.

2.4.5.2.2- Soil cluster - Main features

The soil cluster (cluster 2) was characterized by an almost equal number of over-represent-
ed and under-represented genes, with only a few being over-represented (fold change > 2).

Among the highly over-represented, an acetyl-CoA synthetase and a propionyl-CoA syn-
thetase coding genes were found. These genes are known to participate in multiple met-
abolic routes, including the degradation of acetate, metabolization of pyruvate and propi-
onate and lipid biosynthesis. Acetate is an essential element in soil, being one of the main
carbon sources available (Lanoil and Han, 2006). On the other hand, many genes related to

/Q\ Chapter Il | Results | P4gina 89



lipid biosynthesis have been found over-represented in cluster 2, including ACSF2, ACSL and
fadD36, coding for fatty acid CoA and acyl CoA synthetases.

The number of under-represented (fold change < 0.5), or even absent genes in the soil
cluster strains was significantly high. These genes were related to carbohydrate metabo-
lism and transport, and genetic information processing, as predicted in the COG analysis
(Appendix Il and Figure 15a and b). Specifically, the absence of malZ and araC (coding for an
alpha-glucosidase and a L-arabonate dehydrase) and the low number of xynD (coding for an
arabinoxylan arabinofuranohydrolase) are of special importance due to their involvement in
the hydrolysis of plant polymers.

Fe acquisition through siderophore production and capture plays an essential role in the
colonization of soils and it has been widely studied in rhizospheric bacteria (Crowley, 2006;
Martinez-Viveros et al., 2010). Iron acquisition genes afuA and B, part of an ABC transport
system responsible for the reception of iron (Ill) (Chin et al.,, 1996) were found over-repre-
sented in the soil cluster.

2.4.5.2.3- Mixed cluster - Main features

The mixed cluster (cluster 3) was characterized by the low number of plant-related fea-
tures, presenting only eighteen differential features, sixteen of them under-represented (Ap-
pendix I1). Most of the highly under-represented features (fold < 0.5) were involved in carbon
source metabolism and transport (araA, msmFG, and several multiple sugar transport per-
mease coding genes). Clearly, these results highly correlate with the origin of the strains.
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2.5- DISCUSSION

In the present work, the genomes of seventeen new endophytic Micromonospora strains
isolated from different legume tissues were sequenced. This data was combined with other
publicly available Micromonospora sequences to build a database of 74 genomes represent-
ing strains from several environments, with endophytic and soil strains, highly represented.
The database was used in a comparative analysis to identify the genomic features of adap-
tation of Micromonospora to its host plant.

2.5.1- Features of plant-associated bacterial genomes

Recent data suggests that bacterial adaptation to plants is partially reflected in an
Increase in genome size as compared to non-plant related bacteria. It is also suggested
that these genomes contain an enriched number of genes involved in carbohydrate me-
tabolism and a loss of genomic information related to mobile elements (Levy et al., 2018).

In this study, no significant correlation between genome size and different environ-
ments was found. Furthermore, genome size in the two main environments (soil and
plant) was very similar (7.1 + 0.4 Mbp). As expected, the genome sizes of the Micro-
monospora and Salinispora representative strains varied greatly, with a mean difference
of 1.5 Mb, indicating that while these two microorganisms are often difficult to distin-
guish phenotypically, important differences can be found at the genomic level. Salinis-
pora is a marine obligate bacterium that cannot grow in the absence of NaCl (Mincer et
al., 2002) and its reduced genome strongly suggests an adaptation to marine environ-
ments. Micromonospora on the other hand, appears to have evolved to adapt to multi-
ples niches which could be translated in larger genomes to accommodate different life
styles (Trujillo et al., 2014).

Data derived from COG principal component analysis further revealed that Micro-
monospora genomes of plant-associated strains had an increased gene pool involved
in the metabolism of carbohydrates (G) and transcription (K) in comparison with the
Micromonospora isolates recovered from other habitats. On the other hand, marine and
soil isolates contained a genome rich in replication, recombination and repair systems
(L), and secondary metabolism (Q) functions. Although in some cases, it is not easy to
determine the real origin of some of the strains included in this study, clear differenc-
es were observed between the genomes of plant-associated and non-plant associated
bacteria (Levy et al., 2018).
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2.5.2 Construction of a dedicated Micromonospora genome database
associated to plants

While many Micromonospora strains have been isolated from plant tissues, they are not con-
sidered obligate endophytes (Carro et al., 2012b; Trujillo et al,, 2010). Recent studies singled out
several strategies necessary to lead a successful lifestyle as a saprophyte in the rhizosphere, a
competitive and harsh environment, and as an endophyte capable of colonizing the internal plant
tissues (Afzal et al., 2019; Brader et al,, 2017; Compant et al., 2010; Trujillo et al., 2014).

Considering that genomic information must be related to niche adaptation, an analysis
based on GWAS (Genome-wide association study) to correlate different bacterial lifestyles
(including a plant-associated) with the genomic differences found in the Micromonospo-
ra genome database, would be a good choice. However, for the correct application of the
GWAS method, it is necessary to know before hand, if the Micromonospora strains includ-
ed in our database have a close relationship with the plant. As Micromonospora is not an
obligate endophyte, it is not always possible to stablish a direct correlation between the
bacteria and the plant based only on the isolation origin. Thus, with the available data the
GWAS approach cannot be applied with confidence. As such, it was necessary to develop
an alternative approach that used genomic data to group strains associated with plants,
stablishing the functional differences that separate them from the rest of the strains.

In this work, a new bioinformatic pipeline based on three different stages was developed.
First, a search for all genes potentially related to the plant-bacteria interaction was carried out,
second, a functional comparative analysis was done and finally a correlation between the re-
sults of the functional analysis with the habitats of origin was carried out. A general overview
of this pipeline and its comparison with a GWAS approach is presented in Figure 18.

The first step was to use a curated version of the plant-related features database released in
2018 (Levy et al,, 2018) as a starting point and added plant-resembling bacterial proteins to identify
all potential plant-related genes contained in the genomic database of Micromonospora. This data
compilation generated a raw database of 69046 potentially plant-related genes. In the second step
of this pipeline, all genes with functional annotation (based on COG and KEGG annotations) were
included in a comparative analysis which resulted in the distribution of the study strains into three
well-defined groups, based on specific functional characteristics. To try to establish a relationship
between the groups generated in the functional comparative analysis and a potential habitat, in
the last step of the pipeline, these groups were correlated with the original strain isolation habitats.

By following this approach, the group that included all strains sequenced in this work were
linked with the endophytic environment (Cluster 1). This cluster was also composed by sever-
al strains isolated from rhizospheric (M. cremea DSM 45599 and M. zamorensis DSM 45600")
(Carro et al,, 2012a), and desert soils (M. inaquosa LB39" and M. acroterricola 5R2A7™) (Carro et al,,
2019a,2019b). Surprisingly, these four strains shared an important number of functions identified
as plant-related functions.
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The sequence of steps in the new pipeline follows a completely different order than in a
conventional GWAS analysis (Falush and Bowden, 2006; San et al., 2020). A database was
not constructed on functions directly related to a phenotype (e.g. habitat). On the contrary,
starting from a database of functions previously correlated with bacterial adaptation to the
plant, the strains are grouped based on the differential presence of these functional features
in the genome (Figure 18). The method developed in this thesis may seem indirect, but it
has the advantage of identifying the strains most likely to have a relationship associated
with the plant, using only genomic material as the baseline. Under this approach, the infor-
mation available for the original habitat is only used to characterize the groups generated at
the genomic level, but not for the distribution of the strains into their respective groups. It is
hoped that in the future, this new pipeline can be used to select new Micromonospora strains
with agro-biotechnological potential, regardless of their habitat.
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2.5.3- Micromonospora and the host plant: from the rhizosphere to the nodule

The bioinformatic pipeline developed in this work was used to identify Micromonospora
strains with the highest association to plants, using a comparative functional analysis of
69046 genes. The aim is thus, to single out those genomic functions that appear to be
closely related to bacteria-plant interactions and are unique with respect to non-plant relat-
ed bacteria.

Interestingly, although many of the genomic characteristics commonly related to PGPB
bacteria were identified in the initial search for plant-related genes (e.g. siderophore produc-
tion, phytohormone production, etc.), for the most part, they were not found to be differen-
tial in the present analysis. In fact, most of the functional differences were not due to the
presence or absence of a specific functional characteristic, but to the overrepresentation of
specific systems, increasing the number of genes dedicated to specific functions. Partic-
ularly noteworthy was the increase in the number of genes related to the metabolism and
carbohydrate transport in the strains most closely associated to an endophyte lifestyle, a
result that coincides with data previously described for Micromonospora and other plant-as-
sociated bacteria (Levy et al., 2018; Trujillo et al., 2014).

The colonization of the rhizosphere, especially by filamentous and non-motile bacteria
such as Micromonospora, is closely linked to its growth rate, which in turn is related to the
ability to capture essential growth elements (Dennis et al., 2010). Growth capacity has been
correlated, among other factors, with genes involved in nutrient uptake (de Weert et al.,
2006; Garcia-Fraile et al., 2015), with the production and transport of amino acids (Hosie et
al., 2002; Prell et al., 2009b; Simons et al., 1997) and the production of vitamin B1 (Simons
et al,, 1996). These biological processes stood out as differential and were found over-rep-
resented in the Micromonospora strains most closely related to an endophytic or plant-as-
sociated lifestyle (cluster 1).

In the rhizosphere, it is important that the strains are able to use and metabolize with great
efficiency the sugars exuded by the plant (raffinose, melibiose, galactose, etc.) in order to
compete with other bacteria in the same environment (Dennis et al.,, 2010). Many of the genes
related to the assimilation of these sugars (malZ, sacA and galA) and their transport (msmEF-
GKX and rbsABC) were overrepresented in the genomes of plant-associated strains. The reg-
ulation of the expression of this set of genes also seems to be important in Micromonospora,
especially in relation to genes coding for sugar transporters. Expression assays in contact
with plant exudates of the strains Micromonospora cremea CR30", M. lupini Lupac 08 and M.
saelicesensis Lupac 09", demonstrated that the msm and rsb systems, identified as differential
in this work, strongly regulated their expression in contact with exudates from the plant (Beni-
to, 2020). Some of these carbohydrate transport coding genes, such as the case of the ABC
transporter for ribose (rbsABC), may be useful in the regulation of the bacterial community in
the rhizosphere, since they can also transport quorum sensing molecules (Polkade et al., 2016;
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Rezzonico et al.,, 2012). Since Micromonospora can establish a relationship with rhizobial bacte-
ria both in the rhizosphere and inside plant tissues (Benito et al., 2017; Trujillo et al,, 2015), the
presence and regulation of possible bacterial quorum sensing systems is of great importance.

The presence of genes encoding for hydrolytic enzymes with the capacity to degrade the
plant cell wall was previously described in Micromonospora (Trujillo et al.,, 2014, 2015). In this
study, overrepresentation of these genes in the bacterial genomes associated with plants
was also confirmed. Furthermore, transcriptomic data strongly showed that several genes
related to hydrolytic enzymes were strongly regulated when several Micromonospora strains
were confronted against root exudates (Benito, 2020). In the case of the genes coding for
B-glucosidases, their expression was increased four to ten-fold in Micromonospora strains
considered endophytic. Interestingly, the presence of these enzymes does not appear to have
a negative effect on the colonization of the plant by the bacterium (Trujillo et al., 2014, 2015).

In Medicago and Trifolium, Micromonospora has been observed to adhere to the root hairs of
the host plant, causing deformation of the roots hairs but without interfering in the infection by
rhizobia, suggesting a close relationship between the two bacteria and the host plant (Benito
et al., 2017). The presence of plant-cell wall hydrolytic genes is not uncommon in non-patho-
genic bacteria and does not necessarily mean that these strains are involved in plant tissue
degradation (Mastronunzio et al., 2008; Reinhold-Hurek et al., 2006; Taghavi et al., 2010). In
addition, the presence of genes coding for cellulases has been related in some bacteria with
the production of biofilms and these molecules are essential for root colonization of rhizobia
(Medie et al.,, 2012; Robledo et al., 2012).

The role of amino acids is essential in the interaction between legumes and Rhizobium (Day
et al,, 2001). These molecules have been described as important factors in the bacteroid-le-
gume relationship and may serve as nitrogen sources for the bacteroid and the plant (Prell et
al., 2009b). Amino acids could also act as regulation factors for the growth and proliferation
of bacteroids in the plant cell (Delmotte et al,, 2010; Prell et al., 2009b). Transporters such
as branched-chain amino acid transporters (liv), are not only important in the relationship
between the plant and the bacteroid after infection (Cooper et al.,, 2018; Prell et al., 20093,
2009b), they also appear to involved in plant-bacteria commmunication prior to colonization,
allowing the plant to control the bacterial growth in the root (Chevrot et al., 2006). In this study,
branched chain transporters (/ivGF) were found overrepresented with nearly 10 copies on av-
erage, in genomes of strains associated with an endophytic lifestyle. These genes also appear
to be strongly regulated in the presence of plant exudates as recently shown with several en-
dophytic Micromonospora strains (Benito, 2020). Similar to Rhizobium, branched chain trans-
porters may also play a role in colonization. Since the presence of Micromonospora increases
the efficiency of the nodule (Cerda, 2008; Martinez-Hidalgo et al., 2015; Truijillo et al.,, 2015),
it is possible that LIV transporters are also important for Micromonospora. However, further
studies are needed to clarify the role of these genes inside plant tissues.
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Ureides are one of the most important nitrogen transport molecules in legumes. Along
with amino acids (asparagine and arginine), ureides constitute one of the main end products
produced in nitrogen fixing nodules (Baral et al., 2016; Izaguirre-Mayoral et al.,, 2018). These
molecules are formed from urates produced in rhizobium-infected cells which are subse-
quently transported to uninfected cells within the nodule to finally transform into ureides.
Ureides are subsequently transported through the xylem to the host plant’s leaves (Baral et
al., 2016; Izaguirre-Mayoral et al., 2018). Interestingly, genes related to ureide metabolism
were also overrepresented in the cluster of plant-associated strains (Cluster 1). It is unclear
how Micromonospora and ureides may interact, but this could partially explain the presence
of Micromonospora in plant tissues other than nodules, such as leaves (e.g. strains LAHOS,
LAHQ9, PSHO3, PSH25).

In this work, several differential genomic characteristics with potential relationship to
an endophytic lifestyle were identified. Some features, such as the production of hydrolytic
enzymes and an increase in the number of genes related to carbohydrate metabolism had
been previously described in Micromonospora (Truijillo et al., 2014). However, this work con-
stitutes the first large-scale search for plant-associated genes using 71 Micromonospora
strains, without focusing exclusively for genes commonly related to PGPB traits.

When compared, many of the genes often identified with plant growth promotion func-
tions (production of siderophores, plant hormones, etc.) did not have any weight as differential
characteristics in our database. The present data suggest that adaptation at a genomic level
to an endophytic environment is more likely due to the reinforcement of central systems,
such as those related to carbohydrate metabolism and transport, and not necessarily due to
the presence of unique genes or functional characteristics that could act as a trump card in
the relationship with the plant (like the production of an antibiotic or a phytohormone). The
reinforced systems provide a competitive advantage in the rhizospheric environment and en-
hances the possibility to interact both with the plant and other rhizobacteria.

The new pipeline proposed has proved to be an efficient method for the selection of
strains with a genomic profile that indicates they have potential to interact with plants. New
Micromonospora genomes need to be tested and if successful, this method could be very
useful for the selection of new candidates for biotechnological applications in agriculture
and the environment.
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2.6- CONCLUSIONS

D

Genome-size and habitat distribution did not correlate in a significative level in
members of the genus Micromonospora of our database. However, a significative
difference in genome size has been found between the members of the genus
Salinispora and the members of the genus Micromonospora, being the first ones
significative smaller.

A final database of 69046 potentially plant-related genes has been obtained in this
study. Endophyte Micromonospora contributed with a mean of 1036 + 57 potentially
plant-related genes per strain to the overall database.

The new bioinformatic pipeline has revealed several strains that have the genomic
potential to have a close relationship with the plant. More studies must be done in
the future to test if these bacteria could colonize the plant as endophytes.

Carbon source metabolism and transport systems are highly reinforced in plant-re-
lated Micromonospora.

A list of the most significant functional differences between potentially plant-relat-
ed Micromonospora and the other strains in the database have been inferred. These
differences were mostly due to a reinforcement in the genomic content for certain
functional systems and not so much for the absence/presence of specific genes.
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CHAPTER IlII

Defining the species Micromonospora
saelicesensis and Micromonospora noduli
under the framework of genomics.



3.1- INTRODUCTION

To define a species, current prokaryotic taxonomy relies on the polyphasic approach,
integrating multiple aspects of a microorganism including phenotypic, chemotaxonomic
and genomic data (Chun and Rainey, 2014; Colwell, 1970; Vandamme et al., 1996). This ap-
proach has contributed for decades to improve classification and identification schemes.
However, its limitations and pitfalls, particularly in relation to reproducibility of some meth-
ods and the difficulty of data storage, have been addressed multiple times (Sutcliffe et al.,
2012; Thompson et al,, 2015; Vandamme and Peeters, 2014).

The introduction of cost-effective whole genome sequencing and the improvement of
genome-based methodologies provide a new working framework for species delineation.
Unlike DNA-DNA hybridization, that was considered the “golden standard” for delineating
genomic species in 1987 (Wayne et al., 1987), genomic data can be stored and made avail-
able to the scientific community. Furthermore, bioinformatic results are also highly repro-
ducible (Chun and Rainey, 2014). Genomic data can also be used to predict phenotypic pro-
files that can be then tested in the laboratory, reducing the need to perform labor-intensive
and non-reproducible tests (Amaral et al.,, 2014; Sutcliffe et al., 2012). It is even possible to
reconstruct the complete metabolic profile of a microorganism using genomes, expanding
the physiological characterization beyond the conventional wet-lab analysis (Durot et al.,
2009; Mendoza et al., 2019).

Another problem is the definition of species based on single-strain representatives. This
approach does not allow the recognition of intra-species diversity and limits the proposal for
a sound and testable definition of a prokaryotic species (Oren and Garrity, 2014; Sutcliffe et al.,
2012). Unfortunately, for most species, only one strain is described (the type strain) or one ge-
nome is deposited in the repositories, hindering the possibility to study intra-species variation.

The genus Micromonospora represented by Gram-stain positive, filamentous and spor-
ulating actinobacteria, belongs to the family Micromonosporaceae of the order Micromono-
sporales in the phylum Actinobacteria (Genilloud, 2015a, 2015b, 2015¢). As reviewed in the
previous chapter of this thesis, the genus Micromonospora has been isolated from diverse
ecosystems such as soil (Lee and Whang, 2017; Thawai et al., 2016), aquatic habitats (de
Menezes et al,, 2012; Trujillo et al., 2005), plant tissues (Carro et al., 2013, 2016; Trujillo et
al., 2007) and other environments (Veyisoglu et al.,, 2016; Zhang et al.,, 2012). Recently, a
revised classification of the genus Micromonospora based on genome sequence data has
been proposed (Carro et al.,, 2018).

Micromonospora saelicesensis was formally described in 2007, with three strains isolated
from internal nodule tissues of Lupinus angustifolius, Lupac 06, Lupac 07 and Lupac 09" (Trujil-
lo et al., 2007). This species has also been found in other leguminous and actinorhizal plants
including Medicago sp. (Martinez-Hidalgo et al., 2014), Pisum sp. (Carro, 2009; Carro et al,,
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2012), Alnus sp., Coriaria myrtifolia and Morelia pensylvanica (Carro et al., 2013). The species M.
saelicesensis is the most frequently isolated species in legumes and actinorhizal plants (Carro,
2009; Carro et al., 2012; Cerda, 2008; de la Vega, 2010; Trujillo et al., 2010, 2015).

Micromonospora noduli described with a single representative, strain GUI43", was isolated
from the nodular tissue of Pisum sativum. It was found to be closely related to the species M.
saelicesensis, with a DNA-DNA hybridization (DDH) value of 63.4% (62.3% reciprocal) (Carro
etal., 2016). While the DDH value is below the proposed threshold for species delineation of
70% (Wayne et al., 1987), these two species share many features, and the question arises
whether they should be merged into a single species.

In our laboratory, we maintain more than 2000 Micromonospora strains isolated from
legume nodules, with 13% of them having an almost complete 16S rRNA gene sequence.
Thirty-three percent of the strains sequenced have been found to be closely related to the
species Micromonospora noduli and Micromonospora saelicesensis (with 17% and 16% of the
isolates respectively). As the most frequently isolated Micromonospora, these two species
probably play an important role in the relationship with their legume host.

D’
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3.2- OBJECTIVES

The present study was designed to study the taxonomic relationship between the spe-
cies Micromonospora saelicesensis and Micromonospora noduli using genome-based data to
determine if they should be considered the same species. To achieve this, several specific
aims were established:

1. To characterize the species Micromonospora saelicesensis and Micromonospora nodull,
using a genomic approach based on a combination of overall genomic relatedness in-
dices (OGRI) and phylogenomic analysis.

2. To analyze and compare different genomic approaches for the correct identification
of Micromonospora species based on a genomic framework using the latest accepted
classification of the genus.

3. To infer phenotypic profiles based on the genomic information and to confirm these
with physiological and biochemical data obtained in the laboratory.
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3.3- MATERIALS AND METHODS

3.3.1- Selection of strains

Sixteen strains closely related to Micromonospora saelicesensis and Micromonospora nod-
uli,isolated from nitrogen fixing nodules of six different legumes were selected. The list of all
isolates is given in chapter II, with details of their isolation source and their relatedness with
both M. saelicesensis and M. noduli according to the 16S rRNA gene (Table 2, Chapter II).
Genomic DNA of the selected strains was extracted, sequenced and annotated as specified
previously (Section 2.3.4, Chapter II).

3.2.2- 16S rRNA gene analysis

DNA extraction using “REDExtract-N-Amp Plant PCR Kit" (Sigma™), 16S rRNA gene am-
plification and sequencing of the strains MEDO1 and MED15 were carried out as previously
explained (Section 2.3.2, Chapter Il). 16S rRNA gene sequencing of strains GAR05, GARO6,
LAHO8, LAHO9, Lupac 06, Lupac 07, NIE79, NIE111, ONO23, ONO86, PSH03, PSH25, PSNO1
and PSN13 was previously carried out in the laboratory (Benito, 2020; Cerda, 2008; Trujillo
et al., 2007).

16S rBNA gene sequences were compared against the EzBiocloud Database (Yoon et al.,
2017) and other public platforms (Genbank, EMBL, etc.). A database was constructed with
eighty-one 16S rRNA gene sequences of Micromonospora type strains downloaded from
the GenBank database (Clark et al., 2016) and the sixteen study strains. Catellatospora citrea
IMSNU 22008, a member of the family Micromonosporaceae was selected as an outgroup
for the 16S rRNA gene phylogeny, and therefore its 16S rRNA coding gene was added to the
database. The final database contained 98 16S rRNA sequences.

All sequences included in the database were aligned with ClustalX v. 2.0 (Thompson
et al., 1997). Phylogenetic analyses were performed using MEGA (v 7.0.14) (Kumar et al.,
2016). Distances were calculated with the Kimura 2-parameter (Kimura, 1980) and tree to-
pologies were based on the Maximum Likelihood algorithm (Felsenstein, 1981). Total analy-
sis included 1319 positions and a bootstrap sampling of 1000 (Felsenstein, 1985).

3.3.3- gyrB gene phylogeny

Complete Micromonospora B subunit of DNA gyrase coding gene (gyrB) sequences were
extracted from whole genome sequence data when available. gyrB gene sequences were
screened in the genomes using HMMER (hmmer.org), and a precomputed HMM profile. The
following script was used for batch gene search in a Linux environment, using Prodigal v.
2.6.1 (Hyatt et al, 2010), HMMER v. 3.2.1 and HMMER associated toolkit easel/ (hmmer.org).
E value for the search was stablished in 1 x107%,
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#!/bin/bash.
for filename in ./fasta/* fasta
do
prodigal -i “Sfilename” -t hmm/Micromonospora.trn -d “./S(basename “Sfilename” fasta).
fasta’;
done
mkdir output
for fasta in ./* fasta
do
hmmsearch -E 1e-150 --tblout myhits.tbl hmm/gyrb.hmm “Sfasta’
esl-sfetch —-index “Sfasta’
grep -v '#" myhits.tbl | awk NR==1"{print ST} | esl-sfetch -f ‘Sfasta” - > out_gyr.fasta
sed '1 d' out_gyr.fasta > out_gyr2.fasta
sed -i "1 >"S(basename “Sfasta” .fasta)’_gyrb" out_gyr2.fasta
mv ‘out_gyr2 fasta” “$(basename “Sfasta” .fasta)’_gyrb.fasta’
rm -r out_gyr*.fasta *.ssi *.thl
done
mkdir output/gyrb
cat *_gyrb.fasta> output/gyrb/secuencias_gyrb.fa
rm *_gyrb.fasta

gyrB complete gene sequences of the sixteen isolates and forty-three Micromonospora
type strains were screened from whole genomic sequences and included in a database.
When whole genome sequences were not available, partial gyrB gene sequences were di-
rectly downloaded from GenBank nucleotide database (Clark et al., 2016). A total of thir-
ty-three partial sequences were included in the gyrB gene database. Catellatospora citrea
DSM 44097T was selected as an outgroup for gyrB phylogeny, and therefore its gyrB coding
gene was screened from its genome and added to the final database. The final gyrB gene
database contained 93 sequences.

All sequences included in the gyrB database were aligned with ClustalX v. 2.0 and used to
construct a Maximum-Likelihood phylogenetic tree based on Kimura 2-parameter, using 1001
nucleotide positions and a bootstrap value of 1000 using MEGA (v 7.0.14) (Kumar et al.,, 2016).

3.3.4- Multi-Locus Sequence Analysis (MLSA)

Sequences of the B-subunit of RNA polymerase (rpoB), ATP synthase B-subunit (atpD)
and recombination protein A (recA) coding genes were retrieved from the genomes of
the sixteen isolates and forty-seven Micromonospora genomes, using HMMER v. 3.2.1
and a precomputed HMM profile as previously explained for gyrB gene. In addition, par-
tial gene sequences for eight Micromonospora type strains were directly retrieved from
GenBank database. The final MLSA database contained sequences for 72 strains, in-
cluding Catellatospora citrea DSM 44097" that was selected as an outgroup for the phy-
logenetic analysis.
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All sequences were aligned using ClustalX v2.0 and then trimmed in the flanking regions of
the alignment to the first and last position that covers all sequences using Gblocks v0.91b (Ta-
lavera and Castresana, 2007). Sequences were concatenated using Geneious® v. 10 in the fol-
lowing order 16S rRNA-gyrB-rpoB-atpD-recA. Maximum-Likelihood phylogenetic tree based on
Kimura 2-parameter model was inferred using MEGA (v 7.0.14) (Kumar et al., 2016) with a boot-
strap value of 1000. A total of 4340 nucleotide positions were used for the tree construction.

3.3.5- OGRI analysis and core genome analysis

To delimit the closest strains to the species Micromonospora saelicesensis and Micro-
monospora noduli, four different overall genomic relatedness indices (OGRI) were used:
BLAST based Average Nucleotide Identity (ANI ) (Goris et al., 2007), OrthoANI (Lee et al,,
2016), Digital DNA-DNA hybridization (dDDH) (Meier-Kolthoff et al., 2013) and G+C content
differences (Meier-Kolthoff et al.,, 2014b). The genomes of the sixteen study strains (Sec-
tion 3.3.1, Chapter Ill) were compared against the genomes of M. saelicesensis DSM 448717
(Carro et al., 2018) and M. noduli GUI43™ (Chapter II, Table 3).

ANI and OrthoANI comparisons were made with the Orthologous Average Nucleotide
Identity Tool (OAT) v0.93 (https:/www.ezbiocloud.net/tools/orthoani). Digital DNA-DNA hy-
bridizations (dDDH) and G+C content differences were obtained with Genome to Genome
Distance Calculator (GGDC) v2.0 available at https://ggdc.dsmz.de/ggdc.php#. BLAST+ lo-
cal alignment and formula 2 output (optimized for draft genome sequences) were used as
GGDC preferences (Meier-Kolthoff et al., 2013b). dDDH heatmap was made using GGDC
Output Management Assistant (GOMA) described in the first chapter of this thesis.

EDGAR 2.0 platform (Blom et al., 2016) was used to calculate the core genome, dispens-
able genome and singleton genes of the ten strains closest to the type strains of M. saelice-
sensis and M. nodulr.

3.3.6- Whole-Genome phylogenomic Analyses

Two approaches were used to infer phylogenomic relationships: Genome Blast Distance
Phylogeny approach (GBDP) (Auch et al.,, 2010) and the Up to date Bacterial Core Gene
(UBCG) based on the multilocus analysis of 92 universal bacterial core genes (Na et al,
2018). Genomes for the phylogenetic tree reconstruction were downloaded from NCBI Gen-
Bank database (Clark et al., 2016). All genomes used for the tree and their accession num-
bers are provided in Appendix ll.

1. Whole genome phylogenetic tree based on Genome Blast Distance Phylogeny approach
(GBDP): Distance matrices were calculated using GGDC online tool v2.0 (Meier-Kolthoff
et al., 2013), with the recommended settings of BLAST+ and formula 2 (optimized for
incompletely sequenced genomes at contig level). GOMA script was used to construct
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distance matrices both in Phylip and comma separated values (.csv) formats. Phylip
formatted distance table was submitted to FastME v2.0 online tool (Lefort et al., 2015)
for phylogenetic reconstruction. As GGDC bootstrapping and jackknifing tool is not
freely available, the final tree was based on a unigue distance matrix, and therefore no
statistical support (bootstrap) was provided.

2. Up to date Bacterial Core Gene (UBCG): standalone UBCG v3.0 program (Na et al,
2018) in combination with UBCG_iTOL_maker script (see Chapter ) were used to infer
phylogenetic reconstruction. Default parameters for UBCG program were used (co-
don alignment method, filtering cut-off for gap containing positions of 50% and Fast-
Tree phylogeny reconstruction program). Bootstrap and Gene Support Index (number
of individual gene trees that support the node) are given in the tree.

ITOL v3.0 online tool (Letunic and Bork, 2016) was used for the visualization and manual
editing of the final annotation details of the inferred trees.

3.3.7- Physiology

A set of physiological and biochemical tests reported to differentiate between M. saelice-
sensis and M. noduli were carried out. These tests included carbon source utilization, deter-
mination of enzymatic activities, NaCl and pH tolerance, and degradation of starch, Tween
20, Tween 80, tyrosine and urea. All tests were done in triplicate.

Nineteen carbon sources (D-maltose, D-trehalose, D-cellobiose, sucrose, D-raffinose,
D-mannose, D-galactose, L-rhamnose, D-serine, L-alanine, L-arginine, L-histidine, L-arabi-
nose, lysine, L-proline, sorbose, valine, xylitol and myo-inositol) were tested in vitro at differ-
ent times in the same conditions (2016 and 2017), using the method described in Williams
etal, (1983). These results were compared with the original description of Micromonospora
saelicesensis (Trujillo et al., 2007), that contained physiological data of two of the strains
studied (Lupac 06 and Lupac 07). The following protocol was used to prepare the media:

1. Sugar carbon sources were prepared at a final concentration of 1% p/v and amino acid
carbon sources at a final concentration of 0.1% p/v. Each carbon source was tindalized
in 20 ml of distilled water (5X concentration) for 30 min, 100 °C and T1atm, during three
consecutive days.

2. 10 ml of Difco™ Yeast Nitrogen Base was prepared at a 10X concentration following
the manufacturer indications and filtered with a 0.2 um sterile filter.

3. A basal agar medium was prepared with a final concentration of 0.5 g/l of KH,PO,,
0.5g/1 of MgSO, x7H,0 and 18 g/l of agar. This medium was prepared in 70 ml at a con-
centration of 1.42X and autoclaved (20 min, 120 °C, Tatm). The media was maintained
at 50 °C until use.
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4. Sugar carbon source preparation, nitrogen base and basal agar preparation (20:10:70)
were mixed to a final volume of 100 ml and plated. The media was stored at 5 °C until use.

Seven-day old bacterial cultures were suspended in 0.8% NaCl for a final concentration 1.8
x 10° cells/ml (MacFarland 6). 20 ul were inoculated on each carbon source agar plate in tripli-
cate. Strains were incubated at 28°C for twenty-one days. The test strains were also inoculat-
ed on the basal medium alone (negative control) and the medium supplemented with glucose
(positive control). Growth on the test media was compared with that on both positive and neg-
ative controls. Strains were scored positive if growth on the test plate was greater than that on
the negative control. On the contrary, negative results were recorded when growth was less
than or equal to the negative control plate. Genome data of the test strains was screened for
genes coding for proteins for carbon metabolism of the carbon sources assayed.

APl ZYM system (bioMérieux SA) was used for determination of enzymatic activities. All
strains were cultures on M65 agar at 28°C for 7 days. Bacterial suspensions were prepared in
0.8% NaCl for a final concentration 1.8 x 10° cells/ml (MacFarland 6) and inoculated in the AP
ZYM microplates. After 48 hours of incubation at 28°C, one drop of ZYMA and ZYMB reagents
(bioMérieux SA) were used to develop the enzymatic test. Positive results were assessed by
development of color in the microplate and following manufacturer’s instructions for interpre-
tation of results

NaCl tolerance was assessed using M65 agar plates supplemented with NaCl at a final
concentration of 1%, 2%, 3% 4%, 5%, 6% and 7% (Kutzner, 1981). pH tolerance was evaluated
on M65 agar supplemented with appropriate buffers to adjust pHto pH 2, 3,4, 5,6, 7, 8,9 and
10 (Kutzner, 1981). Strains were inoculated in the same manner as explained above and incu-
bated at 28°C for 21 days.

M65 agar plates supplemented with starch (0.5%) were used to evaluate amylase activity.
Plates were incubated at 28°C for 10 days. Positive results were developed with addition of
lugol, revealing translucent halos within a blue background.

Degradation of Tweens 20 and 80 were made using a bacto-pectone based agar medium
(bacto-pectone 10g/l, NaCl 5 g/l, CaCl, 0.1 g/l and agar 15 g/I) supplemented with the corre-
sponding Tween substrate for a final concentration of 1% (v/v) (Sierra, 1957). Strains were
incubated at 28°C for 21 days. Positive results were assessed by the apparition of an opaque
degradation halo.

Tyrosine degradation was measured using M65 agar supplemented with L (-) tyrosine at a
final concentration of 0.4%. Strains inoculated as previously explained and incubated at 28°C
for 21 days. Positive results were assessed by the development of a translucent degradation
halo. For the urea degradation test, strains were incubated in Urea Broth (Fluka) at 28°C for
14 days (Christensen, 1946). Positive results were visible as a change of the fuchsia original
color to purple.
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3.3.8- Biolog characterization

GEN Il Microplates in an Omnilog device (BIOLOG Inc., Hayward, CA, USA) were used to
generate a phenotypic fingerprint of seventy-one carbon sources and twenty-three chemi-
cal sensitivity assays.

Strains selected in OGRI analysis and reference strains Micromonospora saelicesensis
Lupac 09" and Micromonospora noduli GUI43T were tested at 28°C. One-week old cells were
suspended in an inoculating fluid (IF C) provided by the manufacturer and inoculated in the
GEN Il Microplates at a cell density of 80% transmittance. Phenotype microarray mode was
used to measure respiration rates yielding a total running time of 7 days using two indepen-
dent replicates for each strain. Data were recovered and analyzed using the opm package for
R, v.1.0.6 (Vaas et al,, 2012, 2013). Clustering analyses of the phenotypic microarrays were
constructed using the pvelust package for R v.1.2.2 (Suzuki and Shimodaira, 2015). Distinct
behaviors between the two repetitions in the reactions were regarded as ambiguous.
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3.4- RESULTS

3.4.1- 16S rRNA gene phylogeny

The 16S rRNA gene sequences were used to determine the nearest phylogenetic
neighbors based on overall sequence similarity in relation to currently described Micromono-
spora species. In all cases, the closest species were M. saelicesensis and M. noduli with sim-
ilarity values of 99.3-100% (Chapter II, Table 2.2).

A phylogenetic tree constructed with the study strain sequences and those of 81 Micro-
monospora type strains distributed the sixteen strains into two groups: Group | contained
the type strain M. saelicesensis Lupac 09" and the isolates PSN13, GAR06, PSNOT, Lupac
06, GARO5 and Lupac 07. Group Il was formed with ONO86, ONO23, LAH08 and MED15 and
M. noduli GUI43™ (Figure 19). The strains LAHO09, PSH25, PSHO3, NIE79 and NIET11 form
an independent cluster, characterized by longer distance branches separating its members
from M. saelicesensis and showing a closer relationship to M. zamorensis, M. luteifusca and
M. vinacea. Strain MEDO1 was recovered as a separate strain, between groups | and |1.

Tree topology showed the close relationship between the strains in groups |, Il and
MEDO1 with very low distances represented by almost inexistent branches. Group Il (M.
noduli), Group | (M. saelicesensis) and MEDOT1 also showed a close relationship with the
type strains of Micromonospora profundi isolated from a deep marine sediment (Veyisoglu
et al.,, 2016) and Micromonospora ureilytica isolated from Pisum sativum (Carro et al., 2016).
Reported DDH values between M. saelicesensis and M. ureilytica and M. profundi (Veyisoglu
et al., 2016) were 28.4% and 56.9%, respectively. A DDH value of 50.9% was found between
M. noduli GUI 43" and M. ureilytica GUI23" (Carro et al., 2016).
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Figure 19: Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences showing the relation-
ships between 81 Micromonospora type and the study strains. Distances were calculated with the Kimura
2-parameter. The tree is based on 1,319 nt. Bootstrap percentages =50% (1,000 samplings) are shown at

nodes. Bar, 0.02 substitutions per nucleotide.
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3.4.2- gyrB phylogeny

The phylogenetic tree constructed with the gyrB gene sequences showed a similar to-
pology to the 16S rRNA gene tree with respect to the members of group | (M. saelicesensis)
and Il (M. noduli) (Figure 20). Again, two groups were recovered, with almost similar com-
position. The exception was strain Lupac 07, recovered in the M. noduli cluster (Group II)
with a support bootstrap value of 99%. Interestingly, this strain was originally classified as
M. saelicesensis (Trujillo et al., 2007). Strains PSH03, MEDO1, NIE111, NIE79 and PSH25
were recovered as separate strains and appear less related to the species M. noduli and M.
saelicesensis. Isolate LAHO9 is positioned at a significant distance from the rest of the study
strains and appears more related to M. zamorensis DSM 456007,

The positions of the type strains M. profundi DS 30107 and M. ureilytica GUI23" also
changed and moved out of the M. noduli and M. saelicesensis clusters. As previously noted
(Carro et al.,, 2012; Garcia et al., 2010), the gyrB gene phylogeny yielded a better resolution
as observed by slightly larger distance branches, however, the topology of the remaining
type strains was very different from that obtained using the 16S rRNA gene.
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Figure 20: Maximum-likelihood phylogenetic tree based on gyrB gene sequences. A total of 76 Micromonospo-
ra type strains and 10 non-type strains have been used for the analysis. Distances were calculated with the
Kimura 2-parameter, using 1001 nucleotide positions and a bootstrap of 1,000. Bootstrap percentages =50%
(1,000 samplings) are shown at nodes. Bar, 0.02 substitutions per nucleotide.
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3.4.3- Multi-Locus Sequence Analysis (MLSA) phylogeny

Phylogenetic tree reconstruction based on the concatenation of five core genes (16S
rRNA, gyrB, rpoB, atpD and recA) showed a very similar topology to the gyrB gene tree with
respect to position of the study strains. Again, two groups were visualized and isolate Lupac
07 was recovered in the M. noduli cluster (Group Il) with 99% bootstrap support. The type
strain M. ureilytica GUI23" was recovered outside the M. noduli cluster in a similar topology
as the gyrB gene phylogeny. Strains PSHO3, NIET111 and MEDO1 grouped as a separate clus-
ter, far from M. saelicesensis and M. noduli groups. Isolates PSH25 and NIE79 clustered with
M. ureilytica, but with long distance branches between them while strain LAHO9 clustered
with M. zamorensis DSM 45600, but forming a long branch (Figure 21).

The remaining MLSA tree topology resembled the groups described in 2018 by Carro and
colleagues (Carro et al., 2018). Pairwise similarity values for all strains are given in Appendix IV.
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Figure 21: Maximum-likelihood phylogenetic tree based on a concatenation of 16S rRNA, gyrB, rpoB, atpD and
recA genes. Distances were calculated with the Kimura 2-parameter, using 4340 nucleotide positions and a
bootstrap of 1,000. Bootstrap percentages =50% (1,000 samplings) are shown at nodes. Bar, 0.02 substitu-
tions per nucleotide. Accession number for all genomes and individual sequences are given in the tree.
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3.4.4- OGRI indices

Overall genomic relatedness indices (Chun and Rainey, 2014) were used to determine
the relationship between each pair of genomes obtained previously (Section 2.3.4, Chap-
ter Il). The strains were distributed in eight groups according to their OGRI values that in-
cluded ANI, ortho-ANI, dDDH and G+C values. Group | included the strains GARO05, GAROG6,
Lupac 06, PSNOT and PSN13 in addition to the type strain Micromonospora saelicesensis
DSM 44871". Group Il contained the isolates MED15, ONO23, ONO86, Lupac 07, LAHO8 and
the type strain Micromonospora noduli GUI43™. The six remaining single strain groups were
represented by the isolates MEDOT, NIE79, NIE111, PSHO3, PSH25 and LAHOS with values
below the recommended cut-off threshold for species boundaries and confirmed that they
did not belong to the species M. saelicesensis or M. noduli.

In M. saelicesensis (Group 1) ANI and OrthoANI values ranged from 97.82-99.13% and
97.96-99.19%, respectively, between the type and study strains. The M. noduli group (Group
I1) had ANI and OrthoANI values from 99.05-99.09% and 99.12-99.14% respectively (Table
8). In both cases, these values were above the recommended cut-off value of ~96% for spe-
cies recognition (Richter and Rossell¢-Mdra, 2009).

The ANI and OrthoANI values between the type strains M. saelicesensis and M. noduli
were 96.6% and 96.8% respectively. Overall, pairwise comparison between groups | and Il
showed ANI and OrthoANI values ranging from 96.2% to 96.6% and 96.2% to 96.9% for ANI
and OrthoANI respectively. The highest ANI and OrthoANI values corresponding to strains
GARO5 and GUI43" (96.7%, ANI) and PSNO1 and ONO23 (96.9%, OrthoANI) (Appendix V).
Both results are slightly above the border line of 95-96% for the delineation of species. How-
ever, these results are comparable to OrthoANI values obtained for the genome pairs of M.
carbonacea and M. haikouensis (95.2%), and M. inyonensis and M. sagamiensis (96.5%).

Members of the six single strain groups had ANI and OrthoANI values ranging from 90.1
to 95.7 and 90.5 to 95.9 with M. noduli and values of 90.3 to 95.7 and 90.7 and 95.9 with M.
saelicesensis (Table 8). The single strain groups were below the recommended cut-off value
of ~96% for species recognition.

Species delineation based on dDDH values ranged from 81.0 to 93.7% for the six strains
in Group | (M. saelicesensis) and 92.3 to 93.8% for the strains contained in group Il (M. nod-
uli), all values clearly above the recommended threshold value of 70% (Appendix V). Simi-
lar to ANI and OrthoANI results, dDDH values between the two groups were slightly above
the border limit threshold value of 70% (71.0 — 71.8%) (Appendix V). Overall pairwise com-
parisons of the study genomes and 48 additional Micromonospora type strains show the
close relationship of the strains but clearly delineate each group within this 70-71% dDDH
radius (Figure 22). A similar situation is observed between the species Micromonospo-
ra sagamiensis and Micromonospora inyonensis which share a dDDH value close to 70%
(69.8%, dDDH; 61.3%, experimental DDH) (Kroppenstedt et al.,, 2005). Meier-Kolthoff and
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colleagues (Meier-Kolthoff et al., 2014a), recently proposed the delineation of subspecies
using genomic data. Specifically, the authors recommended a dDDH threshold value of
79-80% to define subspecies in prokaryotic taxonomy. In the present study, values be-
tween strains in M. noduli and M. saelicesensis groups are much lower than this range, and
therefore are better classified as separate species, rather than subspecies.

Internal dDDH values in the remaining single strain groups ranged from 39.6 to 61.0%,
values which are clearly under the recommended threshold for species delineation of
70%. Furthermore, with respect to all strains in M. noduli and M. saelicesensis groups, the
values ranged from 40.7 to 65.8%, being LAHQ9 the strain with the lowest dDDH values.

The G+C mol% among all strains was very homogeneous. The values of the M. saelice-
sensis group ranged from 71.1 — 71.2% while the strains in the M. noduli cluster varied from
70.9 to 71.1%. The six single group strain values ranged from 70.8 to 71.6%. As observed,
the G+C mol% values between all genomes was less than 1% (0-0.8%).

Based on all OGRI values analyzed in this section, the strains MEDO1, NIE79, NIET1T,
PSHO3, PSH25 and LAHQS, representing single member groups had values below recom-
mended thresholds for species delineation. Furthermore, gyrB gene and MLSA phylogenetic
analysis also supported their status as separate species. As the scope of this study was to
clarify the taxonomic relationship between the species M. saelicesensis and M. noduli, the
Isolates MEDOT, NIE79, NIET11, PSHO3, PSH25 and LAHO9, were not included in the core
genome, phylogenomic and phenotypic studies.
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Table 8: OGRI indices: ANI, OrthoANI and dDDH percentage values calculated between the type and study strains.

ANI

Strain

M. saelicesensis
DSM 448717/
M. noduli GUI43T

OrthoANI

M. saelicesensis
DSM 448717/
M. noduli GUI43T

dDDH

M. saelicesensis
DSM 448717/
M. noduli GUI43T

M. saelicesensis DSM 448717 100/96.6

GAR 05 99.1/96.7
GAR 06 99.1/96.6
Lupac 06 99.1/96.6
PSN 01 99.1/96.6
PSN 13 97.8/96.6

M. noduli GUI437/
M. saelicesensis

DSM 448717
M. noduli GUI43T 100/96.6
LAH 08 99.1/96.2
Lupac 07 99.1/96.6
MED 15 99.1/96.6
ONO 23 99.0/96.6
ONO 86 99.0/96.6

M. noduli GUI43™/ M. noduli GUI43"/ M. noduli GUI437/
M. saelicesensis

DSM 448717
MEDOT 94.9/949
NIE/9 94.8/94.9
NIETTT 95.3/95.3
PSHO3 95.7/95.7
PSH25 94.3/94.3
LAHO9 90.1/90.3

100/96.8
99.2/96.8
99.2/96.8
99.2/96.8
99.2/96.8
98.0/96.8

100/96.8
99.1/96.8
99.1/96.8
99.1/96.8
99.1/96.9
99.1/96.2

M. saelicesensis
DSM 448717

95.1/95.2
95.1/95.5
95.6/959
95.9/95.1
94.6/94.7
90.5/90.7

100/71.2
92.5/71.5
92.9/71.3
92.7/71.2
92.8/716
81.3/71.3

M. noduli GUI43"/ M. noduli GUI437/
M. saelicesensis
DSM 448717

M. saelicesensis

DSM 448717

100/71.2
92.5/71.3
92.7/71.3
92.6/71.1
92.3/71.3
92.8/715

M. saelicesensis

DSM 448717

60.3/60.6
60.3/60.4
63.1/62.7
65.8/65.4
57.4/579
40.8/41.0
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3.4.5- Core genome analysis

The core genome of the six strains in Group | (M. saelicesensis) was calculated to be 5313
genes that represents 81.3% of the genome considering an average genome of 6531 genes.
The number of singletons ranged from 94 for GARO6 to 706 for PSN13. In M. noduli strains
(group 1) the core genome included 5759 genes, that represent 88.05% of an average ge-
nome of 6540 genes. In this group, strain Lupac 07 had the lowest number of singletons
with 84 genes and ONO86 the largest number with 369 genes (Figure 23 and Table 9). The
calculation of a core genome based on all strains dropped to 74.72% and contained 4884
genes (Table 9). The calculated pangenomes were 8405, 7857 and 9867 genes for M. sae-
licesensis (Group 1), M. noduli (Group Il) and the combination of both species, respectively
(Table 9). As expected, an increase in the number of genes in the global pangenome was
observed when all strains were considered for pangenome calculation, suggesting an im-
portant degree of variation between the genomes. The progression of the pan- and core
genome can be seen in Figure 24.

Figure 23: Venn diagram showing the number of clusters of orthologous genes, that conforms the core ge-
nome, the disposable genome, and singletons, A: between all strains in Group | (Micromonospora saelicesen-
sis). B: between all strains in Group Il (Micromonospora noduli).

Chapter Ill | Results | Pagina 129

D’



Table 9: Number of orthologous genes that conform the pan genome, core genome and singletons of Micro-
monospora saelicesensis (Group 1) and Micromonospora noduli (Group I1). In parenthesis, values expressed as
percentages based on an average genome of 6531 genes for M. saelicesensis and 6540 genes for M. noduli.

Singletons
Pan genome | Core genome )
Strain Gene count (%)
DSM 448717 346 (5.29%)
8
§ - GARO05 154 (2.36%)
= GAR06 94 (1.44%))
£ 9 8405 5313 (81.35%)
e 5 Lupac 06 125 (1.91%)
m N
s PSNOT 294 (4.50%)
PSN13 706 (10.08%)
= GUI43T 172 (2.63%)
§ LAHOS8 187 (2.86%)
S Lupac 07 84 (1.28%)
= 7857 5759 (88.05%)
~§ MED15 115 (1.76%)
; ONO23 132 (2.02%)
ONO86 369 (5.64%)
Pan VS Core development plot
12000
10000
E 6000 ’1“"“‘*-&1%- —————
i 4000 5
2000
0
M. GAR 05 GAR 06 Lupac 06 PSN 01 PSN 13 M. noduli LAH 08 Lupac 07 MED 15 ONO 23 ONO 86

saelicesensis GUI43T

DSM 448717
M. saelicesensis (Group 1)

e=@==Core-genome Pan-genome

M. noduli (Group II)

Figure 24: Pan- and Core genome development plot of Micromonospora noduli and Micromonospora saelicesensis
strains. The orange and blue lines show the progression in the pan- and core genomes as more genomes are added.
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3.4.6- Whole genome phylogenomic analysis (GBDP method)

Phylogenomic tree reconstruction based on whole-genome distances calculated with
the GBDP tool is presented in Figure 25. This tree included the 10 study genomes, all Micro-
monospora strains (type and non-type) published previously (Carro et al., 2018) and the ge-
nome sequences of the type strains M. noduli GUI43", M. avicenniae DSM 45748, M. pisi DSM
451757, M. pattaloongensis DSM 45245T, M. rosaria DSM 803" and M. wenchangensis CCTCC
AA 2012002" (Appendix Ill). The composition of the M. saelicesensis and M. noduli groups
defined in the gyrB gene and MLSA trees were identical, including the position of Lupac 07
as a member of M. noduli (Group II).

The overall topology of this tree and the one published by Carro et al. (Carro et al., 2018)
was very similar, however, the inclusion of 17 additional genomes, as expected, influenced
the distribution of the type strains, especially the inclusion of the six additional type strains.
Nevertheless, three out of Carro’s five defined groups (I, IV and V) were almost completely
recovered in the present phylogenomic analysis, the major rearrangements were observed
in Carro's groups Il and Ill. In the present phylogenomic analysis, the strains in group |l
(M. purpureochromogenes, M. coxensis and M. halophytica) fused with M. rifamycinica and
M. matsumotoense (group Ill) and were joined by M. wenchangensis (new to the analysis).
The instability of group Il was already highlighted (Carro et al., 2018). This rearrangement
reduced group Il to M. olivasterospora, M. carbonacea and M. haikouensis.

Micromonospora pattaloongensis DSM 45245" and M. pisi DSM 451757, which were not in-
cluded in the previous work (Carro et al., 2018), were recovered as a separate cluster, with high
distance length between them and the rest of members of the genus Micromonospora. This
separation was already seen in the MLSA analysis (Figure 21). Salinispora arenicola CNH643"
and Salinispora pacifica CNR114T were also recovered as a separate cluster, between the M.
pisi-M. pattaloongensis cluster and the remaining members of the genus Micromonospora.
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Tree scale: 0.01 ————

Carro et al. 2018 groups

[l Grow!
. Group Il
Il Growp Il

[ Group IV

. Group V

[ ] New genomes

ONO86

Micromonospora noduli GU143T

ONO23

LAHO08

MED15

Lupac 07

PSN13

PSNO1

Micromonospora saelicesensis DSM 448717
Lupac 06

GARO06

GARO05

Micromonospora zamorensis DSM 456007
Micromonospora chokoriensis DSM 451607
Micromonospora cremea DSM 455997
Micromonospora coriariae DSM 448757
Micromonospora lupini Lupac 08
Micromonospora krabiensis DSM 453447
Micromonospora avicenniae DSM 457587
Micromonospora nigra DSM 438187
Micromonospora endolithica DSM 443987
Micromonospora echinaurantiaca DSM 439047
Micromonospora citrea DSM 439037
Micromonospora peucetia DSM 433637
Micromonospora echinofusca DSM 439137
Micromonospora olivasterospora DSM 438687
Micromonospora haikouensis DSM 456267
Micromonospora carbonacea DSM 431687
Micromonospora rifamycinica DSM 449837

Micromonospora wenchangensis CCTCC AA 20120027

Micromonospora matsumotoense DSM 441007

Micromonospora purpureochromogenes DSM 438217

Micromonospora halophytica DSM 431717
Micromonospora coxensis DSM 451617
Micromonospora siamensis DSM 450977
Micromonospora mirobrigensis DSM 448307
Micromonospora rhizosphaerae DSM 454317
Micromonospora inositola DSM 438197
Micromonospora auratinigra DSM 448157
Micromonospora viridifaciens DSM 439097
Micromonospora narathiwatensis DSM 452487
Micromonospora eburnea DSM 448147
Micromonospora chersina DSM 441517
Micromonospora chaiyaphumensis DSM 452467
Micromonospora sediminicola DSM 457947
Micromonospora humi DSM 456477
Micromonospora chalcea DSM 43026
Micromonospora marina DSM 455557
Micromonospora tulbaghiae DSM 451427
Micromonospora aurantiaca ATCC 270297
Micromonospora aurantiaca L5
Micromonospora aurantiaca DSM 45487
Micromonospora yangpuensis DSM 455777
Micromonospora rosaria DSM 803
Micromonospora pallida DSM 438177
Micromonospora echinospora DSM 1040
Micromonospora echinospora DSM 438167
Micromonospora sagamiensis DSM 439127
Micromonospora inyonensis DSM 461237
Salinispora arenicola CNH643T

Salinispora pacifica CNR1147
Micromonospora pattaloongensis DSM 452457
Micromonospora pisi DSM 451757
Actinoplanes globisporus DSM 438577
Actinoplanes missouriensis NBRC 1023637
Actinoplanes utahensis NRRL 12052
Actinoplanes derwentensis DSM 43941
Catelliglobosispora koreensis DSM 445667
Hamadaea tsunoensis DSM 441017
Longispora albida DSM 447847

Figure 25: Whole genome-sequence based phylogenomic tree constructed with the GBDP tool (see main text
for details). Colors on the right side represent groups described in Carro et al. (2018). Asterisks represent con-

served nodes between this tree and the UBCG genome phylogenetic tree.
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3.4.7- UBCG phylogenomic analysis

The same dataset as above (Appendix Ill) was used to construct a phylogenetic tree
based on a core genome set of 92 genes using the UBCG tool (Na et al., 2018). Most of the
UBCG selected genes (67/92) fall in the translation COG category (J), coding for ribosomal
proteins (25/92, 50S and 18/92, 30S), aminoacid-tRNA ligases (10/92) and elongation and
initiator factors (4/92).

Again, the ten strains were distributed in two groups of identical composition as that of
the gyrB gene, MLSA and whole genome phylogenomic analyses with significant branch
support as indicated by the bootstrap values and gene support indices (GSI) (Figure 26).
GSl values indicate the number of individual gene trees that support a node (up to 92 genes)
(Naetal, 2018).

The topology of this tree with respect to the composition of the two groups was the same
as the whole genome, MLSA and gyrB gene trees, including the position of strain Lupac 07,
recovered in the M. noduli group. The topology of the UBCG tree highly correlated to the to-
pology of the whole genome phylogenomic tree of this study. Especially interesting was the
fact that the new redefined groups Il and Il were recovered in their entirety together with
groups |, IV and V. In this analysis, a new group that contained strains from Carro's groups |
(M. mirobrigensis and M. siamensis), Il (M. yangpuensis) and IV (M. krabiensis), in addition to
the newly included type strains M. avicenniae and M. rosaria, was formed (Figure 26). Anoth-
er important difference between the GBDP and UBCG trees of this study was the position of
Salinispora pacifica and Salinispora arenicola which in the latter tree was found associated to
group V. In this case, the up-to-date bacterial core gene analysis was not resolutive.

The same topology as MLSA and whole genome trees with respect to M. pattaloongensis DSM
452457 and M. pisi DS; 45175 was observed in the UBCG tree. These two isolates were recovered
in a separate distant cluster, with very high support values (30 GSI and 100% bootstrap).
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Micromonospora coriariae DSM 448757
Micromonospora endolithica DSM 443987
Micromonospora echinaurantiaca DSM 439047
Micromonospora nigra DSM 438187
Micromonospora citrea DSM 439037
Micromonospora peucetia DSM 433637
Micromonospora echinofusca DSM 439137
Salinispora pacifica CNR114T

Salinispora arenicola CNH643T
Micromonospora aurantiaca L5
Micromonospora aurantiaca DSM 45487
Micromonospora aurantiaca ATCC 270297
Micromonospora marina DSM 455557
Micromonospora tulbaghiae DSM 451427
Micromonospora chalcea DSM 43026
Micromonospora sediminicola DSM 457947
Micromonospora humi DSM 456477
Micromonospora chaiyaphumensis DSM 452467
Micromonospora chersina DSM 441517
Micromonospora auratinigra DSM 448157
Micromonospora viridifaciens DSM 439097
Micromonospora eburnea DSM 448147
Micromonospora narathiwatensis DSM 452487
Micromonospora rhizosphaerae DSM 454317
Micromonospora inositola DSM 438197
Micromonospora purpureochromogenes DSM 438217
Micromonospora coxensis DSM 451617
Micromonospora halophytica DSM 431717
Micromonospora wenchangensis CCTCC AA 20120027
Micromonospora rifamycinica DSM 44983
Micromonospora matsumotoense DSM 441007
Micromonospora olivasterospora DSM 43868
Micromonospora carbonacea DSM 431687
Micromonospora haikouensis DSM 45626
Micromonospora krabiensis DSM 453447
Micromonospora avicenniae DSM 457587
Micromonospora rosaria DSM 803
Micromonospora yangpuensis DSM 455777
Micromonospora mirobrigensis DSM 448307
Micromonospora siamensis DSM 450977
Micromonospora pallida DSM 438177
Micromonospora inyonensis DSM 461237
Micromonospora sagamiensis DSM 439127
Micromonospora echinospora DSM 438167
Micromonospora echinospora DSM 1040
Micromonospora pisi DSM 451757
Micromonospora pattaloongensis DSM 452457
Actinoplanes globisporus DSM 438577
Actinoplanes missouriensis NBRC 1023637
Actinoplanes utahensis NRRL 12052
Actinoplanes derwentensis DSM 43941
Hamadaea tsunoensis DSM 441017
Catelliglobosispora koreensis DSM 445667
Longispora albida DSM 447847

Figure 26: Up-to-date bacterial core gene phylogenomic tree reconstructed with 92 bacterial core genes. Tree
has been formatted using UBCG_iTOL_maker and iTOL platform. Colors on the right represent groups de-
scribed in Carro et al. (2018). GSI support (left) and bootstrap values (right) are given at nodes.
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3.4.8- Phenotypic profiles

Thirty-one phenotypic tests reported previously to be useful for the differentiation of
the species M. saelicesensis and M. noduli (Carro et al., 2016) were carried out with all test
strains. The number of characteristics that phenotypically differentiated between the two
species was significantly reduced to one test when the number of strains compared in-
creased (Appendix VII). Specifically, the use of rhamnose as carbon source was positive for
all strains in M. noduli, and negative for M. saelicesensis group, with the exception of isolate
PSN13, which was positive. The results of the remaining test varied at strain level and did
not relate to their species identification (Table 10).

Intra-species variability ranged from 0 to 33.3% for all the phenotypical traits essayed.
Range of pH growth and lipase production were the most variable test in M. saelicesensis
(Group ). Utilization of serine as carbon source, degradation of tyrosine and pH growth
range were the most variable for the M. noduli group.

Phenotypic profiles using the Biolog system was also determined for all the strains in
group | and Il (Appendix VI). In this case, none of the 71 carbon sources or the 23 biochem-
ical tests served to differentiate between the two species, given the variability observed
among the duplicate tests. The isolate Lupac 06 was the most variable with 35.1% of dis-
crepancies recorded (marked as conflictive results in Appendix VI). Overall intraspecies vari-
ability for M. saelicesensis and M. noduli groups was 25.5% and 26.6% respectively.
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Nineteen carbon sources were also assayed at different times (2007, 2016 and 2017) to
check for reproducibility. Nine of the eleven strains tested expressed discrepant results over
the different testing times. Three strains (Lupac 09T, Lupac 06 and Lupac 07) showed the
highest variation with 26% of the tests yielding conflicting results while MED15, LAHO8 and
PSN13 had the lowest variation (5.2%). The use of D-serine as carbon source was the least
reproducible test with seven strains yielding conflicting results (Appendix VII).

Draft genomes of the test strains were screened for genes involved in the carbon metab-
olism of the corresponding 19 substrates assayed in vitro. The predicted phenotypes cor-
related 100% with the results obtained in the laboratory for 11 tests. However, in the case
of L-alanine, L-arginine, L-histidine, L-lysine, myo-inositol, L-rhamnose, D-serine and D-treha-
lose, discrepant results were found between in-vitro results and in-silico predictions (Figure
27). For L-alanine, myo-inositol and D-trehalose, the genes were localized in the genome,
but the experimental results varied (with positive or negative results), suggesting that even
if the test are carried out in the same laboratory, under the same conditions, they were not
100% reproducible.

In the case of L-rhamnose, in vitro tests for strain GUI43™ were positive but the genes
related to the metabolism of this compound were not located. This is probably explained by
the fact that draft-genomes were used, and interpretation of genomic data should be done
with precaution.
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3.5- DISCUSSION

The genus Micromonospora is highly relevant in biotechnological applications in areas
such as medicine, agriculture and biofuels (Carro et al., 2018; Hirsch and Valdés, 2010; Tru-
jillo et al., 2015). Within this framework, DNA-DNA hybridization (DDH) has been considered
the key test to decide if a new strain represents a new species, despite its well spelled limita-
tions. Given the drawbacks of DDH, it is not always straight forward to delineate the species
limits, especially when DDH values are close to the threshold. Therefore, the development
of whole genome sequencing seems more appropriate to deduce relatedness by compar-
ing genome sequences rather than performing DDH experiments (Vandamme and Peeters,
2014). Genomic data was recently used as the backbone to revisit the classification of the
genus Micromonospora using a set of 45 draft genomes providing a useful dataset for com-
parison (Carro et al., 2018).

While 16S rRNA is limited in resolving phylogenetic relationships at the species level
(Carro et al., 2018; Hahnke et al., 2016; Katayama et al.,, 2007; Na et al., 2018), it has provid-
ed a good starting point for taxonomic studies. The sequence similarity values obtained for
the study strains indicated that M. saelicesensis or M. noduli were the two most closely relat-
ed species although in some cases, similarity values were identical between the study and
both type strains (e.g. GARO6 and LAHQ8). In the present study 16S rRNA gene phylogeny
was not sufficient to clearly determine the relationship of the strains identified as either M.
noduli or M. lupini; the position of strain MEDO1 was the most uncertain as it was recovered
between the previously mentioned species. Nevertheless, the remaining five isolates (NIE79,
NIET11, PSHO3, PSH25 and LAHO9) were recovered distantly away from the M. noduli and
M. lupini clusters and showing closer relationship with other species of Micromonospora.

The use of gyrB gene sequences to resolve phylogenetic relationships in the genus Micro-
monospora has been recommended by several authors (Carro et al,, 2012; Garcia et al., 2010;
Kasai et al., 2000) given its higher resolution when compared to 16S rRNA gene phylogeny. In
this study, the gyrB gene tree topology showed a similar arrangement to the 16S tree with re-
spect to the test strains, however several differences were observed. The branch lengths were
slightly longer, but still very small when compared to the rest of the Micromonospora species
included in the tree. The most relevant change was the position of strain Lupac 07, which, to-
gether with strains Lupac 06 and Lupac 09" were originally classified as M. saelicesensis. The
latter strains remained in the M. saelicesensis cluster but Lupac 07 moved to the M. noduli group.
In addition, isolate MEDO1 was recovered as an independent strain, close to M. noduli group. Iso-
lates NIE79, NIET11, PSHO3 and PSH25 were again recovered as independent strains, but closer
to M. saelicesensis and M. noduli groups. The strain LAHO9 was recovered in a distant branch,
being closer to M. zamorensis DMS 45600". As expected, topologies of both trees in relation to
the type strains were very different confirming that phylogenies based on single genes are very
limited and unstable, making identification of nearest phylogenetic neighbors difficult.
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Multi-locus sequence approach (MLSA), based on a concatenated alignment of five core
genes, served as an intermediate approach between single gene phylogeny and whole ge-
nome approaches. MLSA tree topology showed a similar arrangement to that of gyrB gene
tree, including the position of strain Lupac 07, recovered in the M. noduli cluster. The topolo-
gy of this tree also positioned the strains MEDOT, NIE79, NIE111, PSHO3, PSH25 and LAHO9
as independent isolates, away from M. saelicesensis and M. noduli clusters.

The tree topologies based on the phylogenomic analyses of the UBCG (92 genes)
and the whole draft genomes were similar. In both trees, strain Lupac 07 was recovered
in the M. noduli group, strongly suggesting that this strain should be reclassified as a
member of this species. The remaining 9 strains were recovered in the same species
groups throughout all analyses.

In this study, both phylogenomic analyses contained a total of 70 genomes, including
six additional Micromonospora type strains. Overall, good agreement was found between
the two phylogenies of this work and recently published data. In all cases, groups |, IV and
V previously defined (Carro et al., 2018) were recovered in their entirety with M. avicenniae
joining group IV. The main difference between the three phylogenies was the composition
of Carro's groups Il and Il which were clearly influenced by the addition of M. rosaria DSM
803" and M. wenchangensis CCTCC AA 20120027, producing a new group recovered in both
phylogenies of the present work. Nevertheless, the groups |, IV and V remained very stable
considering that eleven new genomes (M. noduli GUI43™ and ten test strains) were added
and these were assigned to group IV where M. saelicesensis DSM 44871" was originally as-
signed. These rearrangements reinforce the argument that classification and identification
systems are data dependent and constant rearrangement should be expected as more data
are added and alternative methods are applied (Carro et al., 2018).

The new analysis tool UBCG proved useful for the construction of phylogenomic analysis,
showing good correlation with trees using whole-draft genome data even though it did not
resolve well the position of the Salinispora representatives, however, this may be due to the
small number of representatives in the data set. An advantage of this pipeline is the use of
bootstrap and GSI values to support the phylogenetic branches. It is also expected that as
more genome sequences are added to the database, the more resolutive it should become.

Genome relatedness indices (ANI, Ortho-ANI and dDDH) were calculated to comple-
ment the phylogenomic analyses for species demarcation. Overall, the three methods
showed good agreement and the two species groups defined in the gyrB, MLSA, core-ge-
nome and whole-genome phylogenetic analyses supported the recognition of the ten
strains in two species.

Furthermore, these studies served to highlight the close relationship between the spe-
cies M. saelicesensis and M. noduli. ANI values proposed for species delineation have been
set to 95-96% as this range has been found to be correlated with the experimental DDH
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threshold of 70% (Goris et al., 2007; Richter and Rossell¢-Mdra, 2009). An alternative means
to measure relatedness between two genomes is the calculation of dDDH using the GBDP
method which appears to show a better correlation than ANI to the data derived from DDH
experiments (Auch et al.,, 2010; Meier-Kolthoff et al., 2013; Peeters et al., 2016).

In this work, the OGRI values were slightly above the recommended threshold for species
delineation, if strictly applied, the study strains should be recognized as members of the
same species. However, the consideration of other results in this work support the recog-
nition of the strains as two separate species, M. saelicesensis and M. noduli. As previously
expressed, thresholds are necessary for guidance but these should be applied in a flexible
manner and considering other biological properties (Li et al., 2015). The present work is a
good example for the interpretation and application of these values. Finally, OGRI values for
isolates LAH09, MEDO1, PSHO3, PSH25, NIE79 and NIE 111 strongly supports the proposal
of six new species represented by these strains.

The use of phenotypic traits to identify and differentiate species in prokaryotic systemat-
ics is of limited value as previously discussed (Amaral et al., 2014; Sutcliffe et al., 2013; Van-
damme and Peeters, 2014). Several strains identified as one species, expressed different
phenotypes, highlighting the problem of using diagnostic tables based on single strains to
list differential characteristics between species. Information about intra-species variation
is crucial for the development of stable diagnostic characteristics and the convenience of
using more than a single isolate have been previously discussed (Oren and Garrity, 2014;
Sutcliffe et al., 2012).

Our results confirm that the use of phenotypic tests, even when performed under the
same conditions are not reliable for species differentiation due to the high variability ob-
served within several members of the same species (Kumar et al.,, 2015). Instead, phenotyp-
ic studies should be regarded as complementary information to understand the biology of
a microorganism and they should be restricted to strain characterization. Understandably,
the inclusion of additional strains for the description of a taxon is often regarded as a bur-
den because a lot of extra work is needed, especially when looking for differential phenotyp-
ic tests with questionable taxonomic value (Oren and Garrity, 2014, Sutcliffe et al., 2012).

Genomic information can be used to determine the intrinsic variability between a set of
strains based on the core and pangenome profiles (Coenye et al., 2005; Oren and Garrity,
2014; Sutcliffe et al., 2012). The calculation of these parameters has pointed out an import-
ant degree of variation between the species M. saelicesensis and M. noduli supporting their
recognition as separate taxa. The complete elucidation of the gene functions within each
group may provide an initial set of stable differential characteristics for each species, some
of which may be phenotypically expressed.
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3.6- CONCLUSIONS

1. Genome-based classifications should become more stable as additional data is gen-
erated, providing a new working frame for the systematics of prokaryotes.

2. The use of a diverse array of methods and the use of more than one isolate are of
great importance for the characterization of intra-species variation.,

3. OGRI values and especially dDDH values seem very appropriate for the delinea-
tion of prokaryotic species, but threshold numbers should be applied with a level
of flexibility and considering other features inherent to a microorganism such as
ecology, physiology, etc.

4. Phenotypic information is useful to complement strain characterization. However,
these studies should aim to provide information on the biology of a microorganism
and not only to fill out a table with results of questionable value.
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FINAL REMARKS AND FUTURE WORK

The results reported in this thesis revealed several plant-related features that were shared
among many strains isolated from plant-tissues. The novel bioinformatic approach used in
this work also pointed out that these features were shared not only among Micromonospora
strains isolated from a plant-related environment, but also between strains isolated from
soils. The possibility to select strains with the potential to adapt to the plant environment
even when their origin of isolation is not related to the plant is of interest as it shows that
strains from non-endophytic habitats may also serve as potential candidates for future
agrobiotechological processes.

The next step is to adapt and automatize the pipeline with the aim of providing an easy
to use and scalable method to catalogue any Micromonospora genome with a potential for
interaction with a plant. New Micromonospora genomes need to be tested and if successful,
this method could be very useful for the selection of new candidates for biotechnological
applications in agriculture and the environment.

In this work, we have confirmed that Micromonospora saelicesensis and Micromonospora
noduli are two very close but separate species. Genomic tools have proven to be a very
useful tool to build a reliable framework to characterize and separate species. However,
the organization of genomic data, the use command-based programs and the final visual-
ization of results are still a challenge for non-bioinformaticians. In this thesis we have pro-
posed two scripts, UBCG_iTOL_maker and GGDC Output Management Assistant (GOMA)
that try to make the management of genomic data and presentation of the results easier
for all end-users. UBCG_iTOL_maker in particular could be greatly improved by adding extra
features to automatically add genomes in the internal database or modify the existing data.
These features will be implemented in the near future, making the script more user-friendly.

We have sequenced seventeen strains in this work, six of which potentially are new spe-
cies based on OGRI and 16S rRNA, gyrB and MLSA phylogenies. The strains LAHO09, NIE79,
MEDOT, NIE111, PSHO3 and PSH25 will be further characterized and if appropriate, be de-
scribed as new Micromonospora species.
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APPENDIX 11l

Genome sequence accession numbers of strains used in the Chapter IlI.

D’

Strain

Actinoplanes derwentensis DSM 43941
Actinoplanes globisporus DSM 438577
Actinoplanes missouriensis NBRC 102363"
Actinoplanes utahensis NRRL 12052
Catelliglobosispora koreensis DSM 445667
GARO5

GARO6

Hamadaea tsunoensis DSM 441017

LAHO08

Longispora albida DSM 447847

Lupac 06

Lupac 07

MED15

Micromonospora aurantiaca ATCC 270297
Micromonospora aurantiaca DSM 45487
Micromonospora aurantiaca L5
Micromonospora auratinigra DSM 448157
Micromonospora avicenniae DSM 457587
Micromonospora carbonacea DSM 431687
Micromonospora chaiyaphumensis DSM 452467
Micromonospora chalcea DSM 43026"
Micromonospora chersina DSM 441517
Micromonospora chokoriensis DSM 451607
Micromonospora citrea DSM 439037
Micromonospora coriariae DSM 448757
Micromonospora coxensis DSM 451617
Micromonospora cremea DSM 455997
Micromonospora eburnea DSM 448147
Micromonospora echinaurantiaca DSM 439047
Micromonospora echinofusca DSM 439137
Micromonospora echinospora DSM 1040
Micromonospora echinospora DSM 438167
Micromonospora endolithica DSM 443987

Micromonospora haikouensis DSM 456267

Accession number
NZ_LT629758
NZ_ARBJ0O0000000
NC_017093
NZ_JRTT00000000
NZ_ARBLO0O000000
PXXW00000000
PYAHO0000000
NZ_AUAX00000000
PYAAO0000000
NZ_ARBS00000000
PYAJO0000000
PYABOOOO0000
PYAC00000000
NC_014391
NZ_FMHX00000000
NC_014815
NZ_LT594323
NZ_FTNF00000000
NZ_FMCT00000000
NZ_FMCS00000000
MAGP0O0000000
NZ_FMIBO0000000
NZ_LT607409
NZ_FMHZ00000000
NZ_LT607412
NZ_LT607753
NZ_FSQT00000000
NZ_FMHY0000000
NZ_LT607750
NZ_LT607733
jgi_1043257
NZ_LT607413
jgi_1043245
NZ_FMCW00000000
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D

Micromonospora halophytica DSM 431717
Micromonospora humi DSM 456477
Micromonospora inositola DSM 438197
Micromonospora inyonensis DSM 461237
Micromonospora krabiensis DSM 453447
Micromonospora lupini Lupac 08
Micromonospora marina DSM 455557
Micromonospora matsumotoense DSM 441007
Micromonospora mirobrigensis DSM 448307
Micromonospora narathiwatensis DSM 452487
Micromonospora nigra DSM 438187
Micromonospora noduli GUI43T
Micromonospora olivasterospora DSM 43868"
Micromonospora pallida DSM 438177
Micromonospora pattaloongensis DSM 452457
Micromonospora peucetia DSM 433637
Micromonospora pisi DSM 451757
Micromonospora purpureochromogenes DSM 438217
Micromonospora rhizosphaerae DSM 454317
Micromonospora rifamycinica DSM 44983T
Micromonospora rosaria DSM 803"
Micromonospora saelicesensis DSM 448717
Micromonospora sagamiensis DSM 439127
Micromonospora sediminicola DSM 457947
Micromonospora siamensis DSM 450977
Micromonospora tulbaghiae DSM 451427
Micromonospora viridifaciens DSM 439097
Micromonospora wenchangensis CCTCC AA 20120027
Micromonospora yangpuensis DSM 455777
Micromonospora zamorensis DSM 456007
ONO23

ONO86

PSNO1

PSN13

Salinispora arenicola CNH6437

Salinispora pacifica CNR1147

NZ_FMDN0O0000000
NZ_FMDM00000000
NZ_LT607754
NZ_FMHU00000000
NZ_LT598496
NZ_CAIE00000000
NZ_FMCV00000000
NZ_FMCU00000000
NZ_FMCX00000000
NZ_LT594324
NZ_FMHT00000000
PYAK00000000
jgi_1043242
NZ_FMHWO00000000
NZ_FNPH00000000
NZ_FMIC00000000
jgi_1067754
NZ_LT607410
NZ_FMHV00000000
NZ_LT607752
NZ_LRQV00000000
NZ_FMCR00000000
jgi_1043248
NZ_FLRH00000000
NZ_LT607751
NZ_FMCQ00000000
NZ_LT607411
NZ_MZMV00000000
NZ_FMIA00000000
NZ_LT607755
PYAD00000000
PYAEO0000000
PYAI00000000
PYAG00000000
AIIF00000000
NZ_AZW000000000
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APPENDIX IV

Pairwise similarity values based on a concatenation of 16S rRNA, gyrB, rpoB, atpD and recA genes. A total of
4340 nucleotide positions were used to calculate the matrix.

The table is too big to see in one page. The whole table can be seen in https:/drive.google.com/file/d/1nGH-
iMsyvRUwtco_xkfstbJOHGasxI4B9/view?usp=sharing
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APPENDIX VI

BIOLOG phenotypic profiles of M. saelicesensis and M. noduli strains. +, positive; —, negative; ¢, conflicting.

M. saelicesensis (Group ) M. noduli (Group II)

|Lupac 097|Lupac 06| GARO5 | GAR06 |[PSNO1|PSN13| GUI43™ [MED15|ONO23|ONO86| Lupac 07 | LAHO8

Dextrin + + + + + + + c + + + +
D-Maltose + + + + + + + + + + + +
D-Trehalose c - + + - + + + c + + c
D-Cellobiose + + + + + + + + + + + +
B-Gentiobiose + + + + + + + + + + + +
Sucrose + + + + + + + + + + + +
[Turanose + + + + + + + + + + + +
Stachyose + c - c c - - - + c ¢ +
pH 6 + + + + + + + + + c + +
pH 5 - - - - - - - - - - - -
D-Raffinose + c + + + + + + + + + +
a-D-Lactose - c c - - - - + + + - +
D-Melibiose + + + + + + + + + + + +
B-Methyl-D-Glucoside + c + + + + + + + + + +
D-Salicin C C + (o] + + c + + + + +
N-Acetyl-D-Glucosamine c + c - c - - + + c - +
N-Acetyl-B-D-Man-

; ¢ c - - - - + c + + c +
nosamine
N-Acetyl-D-GalacH
tosamine * ¢ ¢ c c - + + + c - +
N-Acetyl-Neuraminic Acid| - - c - - + - - - - - -
1% NaCl + + c + + c + + + c + +
4% NaCl - - - - - - - - - _ _ _
8% NaCl - - c - - - - - - - - -
D-Glucose + + + + + + + + + + + +
D-Mannose + + + + + + + + + + + +
D-Fructose + + + + + + + + + + + +
D-Galactose + + + + + + + + + + + +
3-0-Methyl-D-Glucose c + - + + c c + + + - +
D-Fucose - - - - - - - c c - - c
L-Fucose + + + + + + + + + + + +
L-Rhamnose c c - - - + + + + - + +
Inosine + c c c + c - c - + ¢ _
1% Sodium Lactate + + + + c + + + + - + +
Fusidic Acid - - - - - - - - - _ i _
D-Serine #2 - - - - - - - - - - _ -
D-Sorbitol c c - + c + + c + c - +
D-Mannitol - c - - - + - - - _ _ c
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D-Arabitol

myo-Inositol

Glycerol
D-Glucose-6-Phosphate
D-Fructose-6-Phosphate
D-Aspartic Acid
D-Serine #1
[Troleandomycin
Rifamycin SV
IMinocycline

Gelatin

Gly-Pro

L-Alanine

L-Arginine

L-Aspartic Acid
L-Glutamic Acid
L-Histidine
L-Pyroglutamic Acid
L-Serine

Lincomycin
Guanidine Hydrochlo-
ride

Niaproof

Pectin
D-Galacturonic Acid

L-Galactonic Ac-
id-y-Lactone

D-Gluconic Acid
D-Glucuronic Acid
Glucuronamide
|Mucic Acid
Quinic Acid
D-Saccharic Acid
Vancomycin
Tetrazolium Violet
Tetrazolium Blue

p-Hydroxy-Pheny
lacetic Acid

|Methyl Pyruvate

D-Lactic Acid Methyl
Ester

L-Lactic Acid
Citric Acid

Y

- - - c - c
- c - - - -
+ + + + + +
+ + c + + +
+ + + + + +
+ + + + + +
B B c - c -
+ - + + + c
- + - + + -
+ + - + + +
+ + + + + +
- - - c - c
- - - - C -
c - + - - c
+ - - + + -
+ c - + c c
- C - - - -
c + c + + c
- c - c c -
- - - - c -
c c - - c -
- - - C C -
+ c + + + +
c + c + + +
- - - - - c
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a-Keto-Glutaric Acid
D-Malic Acid

L-Malic Acid
Bromo-Succinic Acid
Nalidixic Acid

Lithium Chloride
Potassium Tellurite
[Tween 40
y-Amino-n-Butyric Acid
a-Hydroxy-Butyric Acid
B-Hydroxy-Butyric Acid
a-Keto-Butyric Acid
Acetoacetic Acid
Propionic Acid

Acetic Acid

Sodium Formate
Aztreonam

Butyric Acid

Sodium Bromate

- + - - C -
- + c - - -
+ + + + + +
- - - + + -
+ + + + c +
+ - + - - -
c - + - - +
+ + + c + +
+ + - - + +
+ + + + + +
+ - c + + -
+ + + + + -
B, B, - c - -
+ - + + + c
- - . - c -
c - + - - -

+ Positive
- Negative

¢ Conflictive results between the two replica

D
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Resumen

Micromonospora es un género de bacterias Gram positivas con una amplia distribucién
en diversos ecosistemas (Genilloud, 2015). Este género es conocido por su gran capaci-
dad para producir metabolitos secundarios, lo que lo convierte en un recurso biotecno-
I6gico valioso en medicinay agricultura (Carro et al., 2018; Martinez-Hidalgo et al., 2015;
Trujillo et al., 2011). En los ultimos afios, se ha observado que Micromonospora forma
una estrecha relacién con tejidos vegetales. En particular, Micromonospora ha podido
ser aislada de forma sistematica como endodfitas en nddulos de fijacién de nitrégeno en

leguminosas y plantas actinorrizcas (Trujillo et al., 2015).

Para intentar clarificar la diversidad del género Micromonospora en leguminosas, se han
realizado multiples estudios moleculares (BOX-PCR, ARDRA, RFLP, RAPDS) (Carro, 2009;
Cerda, 2008; de la Vega, 2010; Trujillo et al., 2010). Estos estudios han revelado una alta
diversidad genética en aislados de Micromonospora, dando lugar a la descripcion de un
numero importante de nuevas especies (Carro et al., 2012, 2013; Garcia et al., 2010;
Trujillo et al., 2007). Entre ellas, la mas frecuentemente aislada es la especie Micromo-
nospora saelicesensis, seguida de cerca por Micromonospora noduli, una especie muy

cercana filogenéticamente con la que comparte multiples rasgos genéticos y fisiologicos.

La funcidn ecoldgica de Micromonospora en relacion con su planta hospedadora es aun
desconocida. Sin embargo, se ha podido confirmar la presencia de estas bacterias en el
interior del tejido vegetal (Trujillo et al., 2010), e incluso monitorizar el proceso de colo-
nizacion del nédulo (Benito et al., 2017). Micromonospora parece interactuar de forma
estrecha no solamente con la leguminosa, sino también con bacterias fijadoras de nitré-

geno (rhizobia), estableciendo una relacidn tripartita (Benito et al., 2017).

En estudios previos, se ha secuenciado y anotado el genoma de la cepa Micromonospora
lupini, Lupac 08 aislada de nddulos de la planta Lupinus angustifolius (Alonso-Vega et al.,
2012; Trujillo et al., 2014). Un primer analisis del genoma de esta bacteria sugirié que
este microorganismo posee un alto nimero de genes codificantes para la produccién de
enzimas hidroliticas. Se han identificado alrededor de 865 genes (9.7% del genoma) re-
lacionados con el metabolismo de carbohidratos, de los cuales, aproximadamente 192

estan relacionados con la produccion de este tipo de enzimas, principalmente celulasas.



La actividad de estas enzimas hidroliticas ha sido comprobada mediante ensayos in-vi-
tro, demostrando gran actividad. No obstante, la presencia de estas enzimas no parece
perjudicar la simbiosis con la planta. El genoma de M. lupini Lupac 08 también contiene
varios genes codificantes para funciones comunmente relacionadas con las bacterias
promotoras de crecimiento vegetal, como la produccién de siderdforos, antibidticos y

fitohormonas (Trujillo et al., 2014).

Hasta 2015, se habian secuenciado y descrito solamente dos cepas de Micromonospora
relacionadas con nédulos fijadores de nitrégeno, lo que supone un porcentaje infimo de
la coleccién de mas de 2000 cepas del género aisladas en nuestro laboratorio. Por lo
tanto, gran parte del potencial ecolégico, metabdlico y genético de esta bacteria que-
daba aun sin estudiar. Esta tesis busca ahondar en la relacién beneficiosa de Micromo-
nospora con la planta, haciendo un estudio de genémica comparativa a nivel de género
para intentar dilucidar los sistemas bioldgicos que condicionan esta relacion planta-mi-

croorganismo. Para ello, se han propuesto los siguientes objetivos especificos:

1. Creacion de nuevas herramientas bioinformaticas que complementen o mejoren
las capacidades de programas frecuentemente usados por la comunidad cienti-
fica en la caracterizacion gendmica bacteriana. Creacién de un nuevo proceso
bioinformatico para la caracterizacidén de funciones que intervienen en la rela-
cién planta-microorganismo en Micromonospora.

2. Caracterizacion mediante gendmica comparativa de los principales rasgos gené-
micos que intervienen en la relacién Micromonospora-planta.

3. Caracterizacion gendmica de cepas aisladas de tejidos vegetales, cercanas a Mi-
cromonospora saelicesensis y Micromonospora noduli. las principales especies
de Micromonospora encontradas en nddulos fijadores de nitrégeno de legumi-

nosas.

La presente tesis se ha dividido por tanto en tres partes, una por cada objetivo pro-
puesto. En el primer capitulo, algunos de los programas y aplicaciones mas usados en la
caracterizaciéon gendmica de microorganismos fueron brevemente analizados, remar-
cando sus puntos fuertes y débiles. Se han propuesto dos soluciones bioinformaticas
disefiadas para mejorar la experiencia del usuario final en el uso de estos programas de

caracterizacion gendmica: UBCG_iTOL _maker y GGDC Output Management Assistant



(GOMA). Por ultimo, se ha propuesto un proceso basado en R, Micromonospora Plant
Associated Gene tool (MicroPLAGE), cuyo objetivo es separar diferencias gendmicas sig-
nificativas que potencialmente intervienen en la relacidn entre Micromonospora y su
planta huésped. Todas estas soluciones bioinformaticas han sido implementadas como
scripts basados en R, que pueden ser facilmente introducidos en procesos bioinformati-

cos en el futuro, cambiando unas pocas variables.

El segundo capitulo se centré en el segundo objetivo: la caracterizacion de rasgos geno-
micos que intervienen en la relacién planta-microorganismo en Micromonospora. Para
lograr este objetivo se secuenciaron los genomas de diecisiete cepas de Micromonos-
pora, asiladas de diferentes leguminosas (Cicer sp., Medicago sp., Lupinus sp., Ononis
sp., Pisum sp. and Trifolium sp.) y tejidos vegetales (nédulos y hojas). Gracias a la inclu-
sién de estos genomas, hemos construido una base de datos de setenta y cuatro geno-
mas, con un numero similar de genomas asociados a cepas aisladas de suelo y a cepas
enddfitas. Mediante el uso de gendmica comparativa, y basdandonos en la base de datos
generada en 2018 (Levy et al., 2018) y en el proteoma de plantas huésped de Micromo-
nospora, se han podido determinar varios rasgos gendmicos que potencialmente pue-

den estar relacionados con la interaccién Micromonospora-planta.

El tercer capitulo se centrd en el ultimo objetivo. La especie M. saelicesensis ha sido
aislada repetidamente de nddulos de leguminas, siendo la especie de Micromonospora
mas frecuentemente aislada en este tejido vegetal (Carro, 2009; Carro et al., 2012;
Cerda, 2008; de la Vega, 2010; Trujillo et al., 2010, 2015). En 2016, la especie M. noduli
fue descrita como una especie muy proxima a M. saelicesensis (Carro et al., 2016). Am-
bas especies compartian muchos rasgos, tanto genémicos como fisiolégicos, y surgié la
duda de si deberian ser consideradas como una sola especie. Usando diferentes aproxi-
maciones gendmicas, en el capitulo Il hemos estudiado la relacién taxonédmica entre las
especies Micromonospora saelicesensis y Micromonospora noduli para concluir que

efectivamente son dos especies distintas pero muy cercanas entre si.



Conclusiones

Capitulo I

Se han propuesto tres procesos bioinformaticos en esta tesis. Estos protocolos estdn
basados en scripts de R, que intentan ser lo suficientemente flexibles como para imple-
mentarse en cualquier otro proceso bioinformatico, con independencia del sistema ope-

rativo empleado.

Micromonospora Plant Associated Gene tool (MicroPLAGE) ha sido concebido como un
método innovador para la busqueda de caracteristicas gendmicas relacionadas con la
interaccion planta-microrganismo a nivel de género. Este script funciona bajo la premisa
de una adaptacion gendmica al ambiente vegetal por parte de la bacteria que nos per-
mita extraer diferencias significativas entre los distintos genomas. Micromonospora es
un género bacteriano que se puede encontrar en varios ambientes, y por lo tanto resulta
el candidato perfecto para el uso de este script. En la segunda parte de esta tesis, Mi-

croPLAGE serd la herramienta central en el analisis de gendmica comparativa.

UBCG_iTOL _maker y GGDC Output Management Assistant (GOMA) han sido creados
para optimizar la entrada de datos y la presentacién final de los resultados de los pro-
gramas UBCG y GGDC, de forma intuitiva y visual. Puesto que estos scripts dependen de
los programas base, en muchas ocasiones no pueden evitar heredar algunos de sus pun-
tos débiles. Como ejemplo, el script GOMA toma como datos de entrada los resultados
del servicio online GGDC, y por lo tanto requiere que el usuario suba manualmente to-
dos los genomas al servidor para hacer todas las interacciones. Puesto que en la actua-
lidad el servidor GGDC no tiene manera de automatizar estas subidas de datos, no se
puede hacer nada para evitar este punto débil. Sin embargo, la capacidad de estos
scripts para ser incorporados en procesos bioinformaticos de forma sencilla conlleva que
todos estos problemas pueden ser solucionados si el programa GGDC es liberado para
su uso de forma local. UBCG_iTOL_maker y GOMA serdn usados en la tercera parte de

esta tesis para mejorar la presentacion y visualizacidn de los resultados.



Capitulo Il

No se encontrd una correlacion significativa entre la distribucidn de los habitats
de aislamiento y la longitud de los genomas en nuestra base de datos. Sin em-
bargo, si que se ha encontrado una diferencia significativa en el tamafio gené-
mico entre los miembros del género Salinispora y los miembros del género Mi-
cromonospora, siendo estos ultimos significativamente mas grandes.

Se ha obtenido una base de datos final de 69046 genes con potencial relacién
planta-microorganismo. Las cepas de origen endofitico contribuyeron con una
media de 1036 £ 57 genes potencialmente relacionados con la planta a la base
de datos.

El nuevo proceso bioinformatico ha revelado varias cepas con potencial relacion
cercana con la planta. Se han de llevar a cabo estudios posteriores para probar
si estas bacterias pueden colonizar la planta.

Las cepas de Micromonospora relacionadas con planta tienen reforzados en sus
genomas aquellos sistemas relacionados con el metabolismo y transporte de
fuentes de carbono.

En este estudio se ha generado una lista de las principales diferencias funcionales
entre las cepas de Micromonospora potencialmente relacionadas con la plantay
el resto de las cepas inlcuidas en la base de datos. Estas diferencias se debieron
principalmente al refuerzo de sistemas funcionales, y no a la presencia o ausen-

cia de genes especificos.

Capitulo Il

Las clasificaciones filogenéticas basadas en datos gendmicos seran mds estables
a medida que se vayan incorporando nuevos datos, lo que supone la creacion de
un nuevo marco de trabajo fiable en la sistematica de procariotas.

Lo trabajos basados en varias cepas de estudio y el empleo de distintos métodos
de analisis son fundamentales para la correcta caracterizacion de la variabilidad

intra-especie.



Los valores OGRI, han demostrado ser muy apropiados para la correcta separa-
cién de especies bacterianas, especialmente la hibridacion digital (dDDH). Sin
embargo, los limites numéricos de referencia han de aplicarse con cierta flexibi-
lidad, considerando también aspectos inherentes al microorganismo como la
ecologia, fisiologia, etc.

La informacion fenotipica es util para complementar la caracterizacién de las ce-
pas de estudio. Sin embargo, estos estudios deberian estar enfocados en propor-
cionar informacion sobre la biologia del microorganismo, y no solo en generar

una tabla de resultados de valor cuestionable.
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