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Impacto potencial desta pesquisa: Essa pesquisa tem o potencial de gerar
impactos substanciais em diversas areas, desde a agricultura até a biotecnologia.
As bactérias associadas a plantas desempenham um papel crucial na promocao da
saude e do crescimento vegetal, auxiliando na aquisicdo de nutrientes, na
resisténcia a patdgenos e no aumento da tolerdncia a condi¢bes adversas. A
caracterizagdo gendmica dessas bactérias pode revelar informagdes valiosas sobre
funcdes associadas a adaptacdo com planta, além de apontar novos insights
relacionados a genes e categorias funcionais pouco caracterizadas para serem
exploradas em futuros estudos ou aplicacbes. Os resultados obtidos fornecem
informagdes detalhadas sobre 0os genes e mecanismos que géneros especificos de
bactérias usam para interagir com a planta. Isso pode levar ao desenvolvimento de
estratégias de manejo mais eficazes para melhorar a produtividade de
cana-de-agucar ou para outras culturas de forma sustentavel, reduzindo a
dependéncia de produtos quimicos agricolas. O estudo também pode ter
implicagdes importantes na biotecnologia, uma vez que a caracterizagdo genémica
de bactérias associadas a cana-de-acucar pode abrir caminho para a criacdo de
microrganismos geneticamente modificados a fim de melhorar ainda mais a
resiliéncia das plantas.

The potential impact of this research: This research has the potential to generate
substantial impacts across various fields, from agriculture to biotechnology. Bacteria
associated with plants play a crucial role in promoting plant health and growth by
aiding in nutrient acquisition, enhancing resistance to pathogens, and increasing
tolerance to adverse conditions. Genomic characterization of these bacteria may
unveil valuable insights into functions associated with plant adaptation, offering new
perspectives on poorly characterized genes and functional categories for exploration
in future studies or applications. The obtained results provide detailed information
about the genes and mechanisms that specific genera of bacteria employ to interact
with plants. This can lead to the development of more effective management
strategies to enhance sugarcane productivity or other crops sustainably, thereby
reducing dependence on agricultural chemicals. The study may also have significant
implications in biotechnology, as the genomic characterization of bacteria associated
with sugarcane could pave the way for creating genetically modified microorganisms
to further enhance plant resilience.
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TRAGOS GENOMICOS CARACTERISTICOS DE GENEROS BACTERIANOS
ASSOCIADOS A CANA-DE-ACUCAR

RESUMO - Os microrganismos associados a plantas sao cruciais para a saude e
produtividade vegetal. Estudos de metabarcoding e dados genémicos relacionados
ao microbioma vegetal de diversas espécies tém revelado informagdes relevantes
sobre a composicéo e estrutura da microbiota em resposta a diferentes condigdes e
estresses ambientais. Isso tem ampliado nossa compreensao sobre as interagcdes
microrganismo-planta, destacando o potencial das tecnologias derivadas desses
estudos para aplicagbes na agricultura. No Brasil, a cana-de-agucar, de alta
relevancia econbmica, serve comoO um campo promissor para explorar
microrganismos benéficos. Deste modo, o presente trabalho teve como objetivo
investigar genomas bacterianos isolados de comunidades previamente
reconhecidas como promotoras de crescimento vegetal, provenientes da
cana-de-agucar. Para isso, empregamos a abordagem de montagens de genomas a
partir de metagenomas (MAGs) na investigacdo de tragos benéficos dos membros
presentes dessas comunidades bacterianas, a fim de identificar os principais
mecanismos relacionados as caracteristicas de promogao de crescimento vegetal,
tais como disponibilizagdo de nutrientes, sintese de fitohormonios, entre outros, e de
destacar candidatos para avaliagdo em campo devido as suas caracteristicas
complementares e benéficas para as plantas. Apds determinar os géneros
bacterianos presentes nas comunidades, foi realizada uma analise de gendmica
comparativa de espécies pertencentes a esses géneros, provenientes ou ndo de
plantas, para determinar caracteristicas génicas associadas a colonizagdo de
plantas. A analise gendmica dos 17 genomas identificados permitiu determinar as
principais caracteristicas associadas aos mecanismos subjacentes as interagdes
bactéria-planta. Cinco dos genomas estudados que foram identificados como
Enterobacter asburiae (MAG0O6 e MAG10), Citrobacter werkmanii (MAG17),
Rhizobium punense (MAGO03), e Achromobacter animicus (MAG14) destacaram-se
pela alta densidade de genes associados a caracteristicas benéficas. Em relacéo a
analise gendbmica voltada para compreender os mecanismos envolvidos na
associagdo com as plantas, dos 13 géneros estudados, 9 apresentam
enriquecimento de genes, permitindo seguir com modelos de classificagdo para a
predicdo de genomas associados as plantas. Nesse contexto, a abordagem de
random forest (RF) superou os modelos de regressédo logistica (RL). A analise de
enriquecimento de genes ortélogos além das assinaturas de categorias COG
compartilhadas entre genomas revelaram um conjunto significativo de genes
relacionados a Transporte e metabolismo de aminoacidos (E), Transporte e
metabolismo de lipidios (l), Biossintese, transporte e catabolismo de metabdlitos
secundarios (Q), Transcricdo (K) e Mecanismos de transduc¢do de sinal (T). Os
resultados sugerem que as bactérias investigadas tém um potencial significativo
para promover o crescimento de plantas, posicionando-os como candidatos
promissores para praticas agricolas sustentaveis. Estudos como este tém sido
cruciais para o avango da agricultura sustentavel, uma vez que os microrganismos



desempenham papéis fundamentais na promo¢ao da saude e do crescimento das
plantas. Uma compreensdao mais profunda das interagbes microrganismos-plantas
permitira o desenvolvimento de estratégias mais eficazes para promover a saude do
solo, reduzindo a dependéncia de fertilizantes quimicos e aumentando a resisténcia
das plantas a doencas e fatores de estresse ambiental.

Palavras-chave: Bactérias Promotoras de Crescimento Vegetal (BPCV); Genémica
comparativa; Metagendmica; Sequenciamento de Nova Geragao (SNG)



CHARACTERISTIC GENOMIC TRAITS OF BACTERIAL GENERA ASSOCIATED
WITH SUGARCANE

ABSTRACT - Plant-associated microorganisms are crucial to plant health and
productivity. Metabarcoding studies and genomic data related to the plant
microbiome of several species have revealed valuable information about the
composition and structure of the microbiota in response to different conditions and
environmental stresses. This has been expanding our understanding of
plant-microorganism interactions, highlighting the potential of technologies derived
from these studies for applications in agriculture. In Brazil, sugarcane cultivation is of
great economic importance and has been an interesting source for prospecting plant
growth-promoting microorganisms. Therefore, the present work aimed to investigate
bacterial genomes isolated from communities previously recognized as promoters of
plant growth, derived from sugarcane. To this end, we employed the genome
assembly approach from metagenomes (MAGs) to investigate beneficial
characteristics of members present in these bacterial communities, in order to
identify the main mechanisms related to plant growth-promoting characteristics, such
as nutrient availability, synthesis of phytohormones, among others, and highlight
candidates for field evaluation due to their complementary and beneficial
characteristics for plants. After determining the bacterial genera in the communities,
a comparative genomic analysis of species belonging to these genera, whether or
not originating from plants, was carried out to determine gene characteristics
associated with plant colonization. The genomic analysis of the 17 identified
genomes allowed us to determine the main characteristics associated with the
mechanisms underlying bacteria-plant interactions. Five of the studied genomes,
identified as Enterobacter asburiae (MAGO6 and MAG10), Citrobacter werkmanii
(MAG17), Rhizobium punense (MAGO03), and Achromobacter animicus (MAG14),
exhibited a high density of genes associated with Plant Growth-Promoting Traits
(PGPTs). Regarding genomic analysis aimed at understanding other mechanisms
involved in association with plants, out of the 13 genera studied, only 9 exhibited
gene enrichment, enabling the use of classification models to predict genomes
associated with plants. The random forest approach outperformed logistic regression
models by employing machine learning methods to predict genomes associated with
plants. The enrichment analysis of orthologous genes along with the signature of
COG categories shared among genomes revealed a significant set of genes related
to Amino acid transport and metabolism (E), Lipid transport and metabolism (1),
Biosynthesis, transport and catabolism of secondary metabolites (Q), Transcription
(K) and Signal transduction mechanisms (T). The results found here demonstrate
that the identified bacteria have the potential to promote plant growth, positioning
them as promising candidates for sustainable agricultural practices. The study of
microorganisms has been crucial for the advancement of sustainable agriculture, as
they play fundamental roles in promoting the health and growth of plants. A deeper
understanding of the interactions of microorganisms-plants will allow the
development of more effective strategies to promote soil health, reducing
dependence on chemical fertilizers and increasing plant resistance to diseases and
environmental stressors.

Keywords: Plant Growth-Promoting Bacteria (PGPB); Comparative genomics;
Metagenomic; Next-Generation Sequencing (NGS)



CHAPTER 1 - General considerations

1. INTRODUCTION

Microorganisms occur in a variety of environments, including plant tissues that
harbor a diverse microbial life, such as bacteria and fungi. Interactions between
microorganisms and plants can be simplified as beneficial, neutral, or detrimental
(Hassani et al. 2018), and a relationship can be disrupted when environmental

conditions change (Cheng et al. 2019).

The abundance and diversity of associated taxa of the rhizosphere and other
compartments are shaped by the plant and the soil is the main reservoir of
plant-colonizing microorganisms (Compant et al. 2010, Banerjee and van der
Heijden 2023). However, other factors can also influence the composition of the
associated microbiota, such as environmental variability (soil pH, C:N ratio, soil
carbon, water content), cropping practices (monoculture or crop rotation, type of

fertilization) (Dastogeer et al. 2020).

Scientists have been isolating and studying microorganisms associated with
various plant species for a long time. They are interested in the beneficial effects
these microorganisms can promote for the health and resilience of plants. Several
studies have reported the plant health benefits mediated by the associated
microbiota, such as disease suppression (Mendes et al. 2011), increased nutrient
acquisition (Muthukumarasamy et al. 2017), growth promotion (Armanhi et al. 2018),

and induction of systemic resistance (Yu et al. 2022), among others.

The sugarcane crop (Saccharum spp.) is considered one of the most
important activities for the world economy and is a key crop in the Brazilian economy
due to the production of sugar and ethanol (Heinrichs et al. 2017). It is recognized as
one of the most important energy crops, a recognition intensified by the advent of
ethanol production (Tew and Cobill 2008).

The extensive sugarcane cultivation imposes a high demand for fertilizers and
pesticides, which has a significant environmental impact. In this sense, the

manipulation of the sugarcane microbiome has been explored as a promising



alternative for sustainable cultivation (Armanhi et al. 2018, de Souza et al. 2019, de
Carvalho et al. 2021, Teheran-Sierra et al. 2021).

Advances in next-generation sequencing (NGS) technologies have been
crucial to understanding microbial diversity in environmental samples (Scholz et al.
2012), and long-read sequencing technology has contributed substantially to the

analysis of microbial communities (Cusco et al. 2021, Haro-Moreno et al. 2021).

Therefore, the present study investigated bacterial genomes from bacterial
communities already recognized as plant growth promoters isolated from sugarcane.
For this purpose, we used the approach of genome assemblies from metagenomes
to investigate beneficial traits of the members present in the bacterial communities to
determine the main mechanisms related to the characteristics of plant growth
promotion. After determining the bacterial genera in the communities associated with
sugarcane, we performed a comparative genomic analysis of species belonging to
the identified genera, whether or not they were derived from plants, to determine the

genetic characteristics associated with plant adaptation.

2. LITERATURE REVIEW
21. Soil and plant-associated microorganisms

Microorganisms are present in a wide range of environments, including those
considered more hostile. The soil is a complex environment and one of the largest
reservoirs of microbial genetic diversity, and dynamics, which largely remains
under-explored (Torsvik and Qvreas 2002). Additionally, it is considered a
cornerstone of One Health concept (Banerjee and van der Heijden 2023).

Soil microorganisms play several crucial roles in nutrient cycling, soil carbon
sequestration, maintenance of fertility, and soil microbiota can directly or indirectly
affect the health of plants and animals in terrestrial ecosystems (Fierer 2017).
Additionally, they are a rich source of biologically active metabolites and enzymes

(Daniel 2004), which have numerous biotechnological applications in different fields.

The plants and their associated microorganisms coevolve in response to

reciprocal adaptation, and this relationship has been recognized to be one of the



main determinants of plant health and productivity (Berg et al. 2017, 2020). While
plants have their own mechanisms to mitigate biotic and abiotic stresses in nature,
the microorganisms within them can play a key role in fostering numerous benéefits.
These include disease suppression, activation of the plant's immune system,
induction of systemic resistance, enhanced nutrient acquisition, improved tolerance
to abiotic stresses, adaptation to environmental fluctuations, and promotion of

mycorrhizal associations (Hassani et al. 2018).

The plant system shows a multitude of niches that enable the growth and
proliferation of diverse microorganisms (Trivedi et al. 2020). Plants actively recruit
microorganisms from surrounding microbial reservoirs (Compant et al. 2019), and
the rhizosphere is considered a hotspot of plant—-microbe interactions, due to the
intensity of microbial activity. It represents one of the most complex ecosystems
because root exudates and mucilage attract and select a high diversity of soil

microorganisms (Mitter et al. 2016).

Plant microbiome components may form separate communities, such as
those found in the plant rhizosphere, endosphere, and phyllosphere. This is due to
the environment-dependent selection process and response to microbes in each of
these niches (Andreote et al. 2014). Additionally, microbial diversity presents a
gradient when comparing aboveground and belowground compartments, meaning
that phyllosphere microbial communities have relatively low species diversity with a
high rate of change (Lebeis 2015). In the study described by Trivedi et al. (2020), the
profile of bacterial groups in the soil exhibited similarity with the rhizosphere, with a
slight increment in the Proteobacteria phylum. Similarly, with the fungal community,
the profile differs in terms of belowground versus aboveground, colonized by a
diversity of fungi mainly belonging to the phyla Ascomycota and Basidiomycota.
However, a subset of microorganisms called the core microbiome, which constitutes
groups of microorganisms that are particularly widespread within a host population,
represent a particularly critical component for host biological functions (Risely 2020),
and a few members are keystone taxa that influence and drive the community
structure (Banerjee et al. 2018). This has contributed to understanding
plant—-microbiome structure and provided a starting point for assembling SynComs to
manipulate plant—-microbiome interactions for increased growth and productivity
(Trivedi et al. 2020).



2.2. Sugarcane: Importance

Sugarcane is a large perennial tropical grass belonging to the genus
Saccharum, a member of the Andropogoneae tribe of the grass family (Poaceae)
and has a very close genetic relationship to sorghum and other grass family
members (Godshall and Legendre 2003, Hoang et al. 2015).

The cultivation of sugarcane (Saccharum spp.) is considered one of the most
important activities for the global economy. This crop has a significant economic
impact on the Brazilian agribusiness sector. In addition to sugar and ethanol
production, sugarcane produces numerous valuable by-products such as bagasse,
press mud, molasses, and spent wash (vinasse), demonstrating the versatility of this

crop.

During the 2021-2022 crop year, around 585 million tons of sugarcane were
produced in the country, in a harvest area of 8.317,3 million hectares. This volume
represents a retraction of 10.6% compared to the previous harvest (2020/2021)
(CONAB 2022a).

The harvest survey for 2022/23 estimated a production of 572.9 million tons,
indicating a 1% decrease from the previous harvest. It also shows a 2.6% decrease
in the area devoted to sugar and alcohol production, primarily due to the increased
demand for areas dedicated to soybeans and corn cultivation, driven by attractive
grain prices (CONAB 2022b).

2.3. Microbiome associated with sugarcane

The plant microbiome has gained prominence due to unexplored diversity
(microbial dark matter) (Mapelli et al. 2022), highlighting the importance of
microorganisms' roles in host associations with implications for the plant's health,

development, and productivity (Levy et al. 2018).



In recent years, there has been a significant increase in studies aimed at
understanding plant-associated microbiomes, with a notable swell, especially from
2019 to 2021 (Figure 1).
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Figure 1. The trend in the number of publications (NP) related to the
plant-associated microbiome from 2008 to 2021 in the Web of Science Core
Collection’ (Methodology of automatic searches based on terms are available in
Appendix A). The bar plot displays the total number of articles per plant (only plants
with over 20 records) and the line plot displays the cumulative number per year.
Studies associated with sugarcane are highlighted in green.

At the top of the list of plants with the most studied microbiomes (Figure 1) are
those related to staple foods, such as cereals like maize (corn), wheat, and rice,
which are acknowledged as the most relevant crops worldwide and contribute to
approximately 50% of the total dietary calories (Erenstein et al. 2022). This highlights
the importance of microbiota for the plant's health, development, and productivity.

' https://www.webofscience.com/wos/woscc/basic-search



The sugarcane is widely acknowledged as a valuable model system for
microbiome studies, owing to its significant economic importance in Brazil and other
countries, particularly for sugar and biofuel production. However, there is a lack of
comprehensive studies focused on this crop. Fortunately, some studies have shed
light on the structure and composition of the microbial assemblage associated with

sugarcane.

The study conducted by Hamonts et al. (2018) investigated the microbiome of
distinct varieties of sugarcane at various stages to identify the factors influencing the
assembly of the community under field conditions and the behavior of the
microbiome associated with the occurrence of Yellow Canopy Syndrome (YCS). The
study’s findings revealed that the plant compartment was the primary determinant of
sugarcane-associated microbial assemblages, followed by growing region, crop age,
variety, and the incidence of Yellow Canopy Syndrome (YCS). Furthermore, the

occurrence of the syndrome significantly influenced a core microbiome.

In another study on the sugarcane microbiome, Souza et al. (2016) provide a
detailed inventory of the structure and composition of bacterial and fungal
communities. The study's findings reveal that the core microbiome comprises a small
subset of species, which represent a large proportion (more than 90% of the total
relative abundance) in any organ. However, differences between organs reflect
variations in relative taxa abundances. Furthermore, these groups play critical
biological roles in plant growth and fermentation. Interestingly, some of the most
abundant taxa in central microbiomes have not been isolated or studied before. In
contrast to the bacterial component of the microbiome, only a small portion of fungal
diversity has been investigated, suggesting that a substantial portion remains
unknown, especially regarding the role of fungal colonizers in plant growth,

development, and response to biotic and abiotic stress.

The farming system can also influence the composition and structure of the
sugarcane microbiome. In De Carvalho et al. (2021), the richness and diversity of
microorganisms were slightly greater in conventional systems. However, the farming
system alone did not represent a weighty factor in driving the fungal and bacterial
communities’ assembly, but in combination with the plant environmental niche.

Among the differentially abundant taxa, several genera with the potential to promote



plant growth and protection were identified, evidencing a potential source for

isolation and prospection of beneficial microorganisms for agriculture.

Microorganisms associated with sugarcane have exhibited a large potential
for promoting plant growth, as demonstrated in a study conducted by Armanhi et al.
(2018). In this study, a synthetic bacterial community assembled from the sugarcane
microbiome was found to be compatible with corn, dominating over 50% of the
microbial abundance in the rhizosphere. This dominance led to a remarkable
increase in biomass 3.4 times greater in the inoculated plants group than in the
control. Moreover, the genomic analysis of this synthetic community revealed that
commonly studied PGP traits were not the sole determinants of robust colonization.
Therefore, the observed PGP traits in the experiments could be related to other

unknown features, as suggested by de Souza et al. (2019).

2.4. Plant Growth-Promoting Bacteria

The global food demand is continuously increasing, and with this increase,
environmental impacts caused by agriculture also are expanding (Tilman et al. 2011).
To deal with this, sustainable alternatives need to be intensified. Beneficial
microorganisms have been highlighted for sustainable agriculture, playing a
significant role in increasing the productivity of various crops, helping to maintain soil

fertility, and reducing pollutants derived from the intensive use of chemical inputs.

Several plant-associated microorganisms can provide various benefits to
hosts, and they have been highlighted as promising for improving plant health and
growth. These are commonly referred to as plant growth-promoting microorganisms
(PGPM) which are divided into plant growth-promoting [rhizo]bacteria (PGPB or
PGPR) and plant growth-promoting fungi (PGPF) (Compant et al. 2010). All of them
have mechanisms that promote beneficial effects for plants, helping to maintain the
health of the host.

The genera Azospirillum, Bacillus, Burkholderia, Enterobacter,

Gluconacetobacter, Herbaspirillum, Klebsiella, Paenibacillus, Pantoea,



Pseudomonas, Rhizobium, Stenotrophomonas represent genera commonly

associate with sugarcane beneficial traits (Table 1) and likely constitute part of the
sugarcane microbiome (Yeoh et al. 2016, Armanhi et al. 2018, de Carvalho et al.
2021, Teheran-Sierra et al. 2021).

Table 1. Identified sugarcane-associated bacterial genera and their traits related to
plant growth promotion. The methodology of automatic searches based on terms
and references of records in the table is described in Appendix A and Appendix B,
respectively. IAA = indoleacetic acid production, NIT = nitrogen fixation, PHOS =
phosphate solubilization, ACC = ACC deaminase, SID = siderophore production,

STR = abiotic/biotic stress tolerance, CK = cytokinin production, HCN = HCN

production, AM

ammonia production, GA = gibberellin production, BIOC

biocontrol and PG = plant growth promotion.

Genus Traits References

Achromobacter IAA; NIT; PHOS; SID; BIOC; PG 1-3

Acidomonas IAA; BIOC 4

Acinetobacter IAA; NIT; PHOS; BIOC; PG 2,5,6

Agrobacterium IAA; NIT; PHOS; ACC; SID; BIOC; PG 2,7,8

Arthrobacter ACC; BIOC; PG 9

Asaia NIT; PHOS; SID; AM; BIOC; PG 4

Azospirillum IAA; NIT; PHOS; SID; BIOC; PG 10-21

Azotobacter NIT 12

IAA; NIT; PHOS; ACC; SID; STR; CK;

Bacillus HCN; AM; BIOC; PG 1,3,4,9,16,17,19,20,22-43

Beijerinckia NIT; PG 44

Bradyrhizobium NIT; BIOC; PG 20,4549

Brevibacillus IAA; NIT; PHOS; BIOC; PG 1,39,42
1,4,7,13,20-22,27,39,42,44,49—

Burkholderia IAA; NIT; PHOS; ACC; SID; AM; BIOC; PG 69

Chryseobacterium IAA; PHOS; ACC; PG 70

Clostridium NIT 71

Cohnella IAA; PHOS; BIOC; PG 42

Curtobacterium NIT; BIOC 42,60

Delftia IAA; PHOS; SID; HCN; BIOC; PG 72

Dyella IAA; NIT; PHOS; PG 27

IAA; NIT; PHOS; ACC; SID; HCN; BIOC;

Enterobacter PG 2,3,10,26,27,40,44,62,63,73—-83

Erwinia IAA; NIT; PHOS; PG 27
7,11,13,15,16,18,19,49,53,61,6

Gluconacetobacter IAA; NIT; PHOS; SID; BIOC; PG 9,77,84,85,85-103

Herbaspirillum

IAA; NIT; PHOS; SID; HCN; GA; BIOC; PG 1,11,13,15,16,21,36,39,49,50,5



Ideonella

Klebsiella
Kosakonia
Leifsonia
Mesorhizobium
Methylobacter
Methylobacterium
Microbacterium
Microbispora
Nguyenibacter
Nitrospirillum
Ochrobactrum
Paenibacillus
Pannonibacter

Pantoea
Paraburkholderia

Pseudomonas
Rahnella
Raoultella

Rhizobium
Roseateles
Serratia
Shinella
Sphingobium
Sphingomonas
Staphylococcus

Stenotrophomonas
Streptomyces
Tanticharoenia

Xanthomonas

NIT; BIOC

IAA; NIT; PHOS; ACC; SID; HCN; BIOC;

PG

IAA; NIT;, PHOS; GA; BIOC; PG
BIOC

NIT; BIOC; PG

NIT; PHOS; PG

IAA; NIT; PHOS; CK; PG

IAA; NIT; ACC; BIOC; PG

IAA; NIT; PHOS; ACC; SID; BIOC; PG

NIT; PHOS; SID; AM; BIOC; PG
NIT; SID; BIOC; PG

BIOC

IAA; NIT; PHOS; SID; BIOC; PG

IAA; NIT; PHOS; ACC; SID; HCN; PG
IAA; NIT; PHOS; ACC; SID; HCN; BIOC;

PG
NIT; GA; BIOC; PG

IAA; NIT; PHOS; ACC; SID; HCN; AM; GA;

BIOC; PG

IAA; NIT; PHOS; ACC; SID; HCN; PG

NIT; PG

IAA; NIT; PHOS; ACC; SID; HCN; BIOC;

PG

IAA; NIT; PHOS; PG
NIT

NIT; BIOC; PG

IAA; PHOS; PG

NIT; BIOC; PG

IAA; PHOS; PG

IAA; NIT; PHOS; ACC; SID; HCN; BIOC;

PG

IAA; NIT, PHOS; ACC; SID; BIOC; PG

NIT; PHOS; SID; AM; BIOC; PG

IAA; NIT; PHOS; ACC; SID; HCN; BIOC;

PG

3,56,69,72,74,90,93,101,104-1
07

49

44,45,50,75,77,82,108—111
22,56,78,107,112—114
60

20,60

39

39,40,115-118
9,60,119,120

40,121

4

61,94,122,123

60

23,24,40,42

75

2,27,63,72,73,119,124-128
56,61,94,107,129

2,9,17,19,22,23,27,31,36,38,40,
43,44,50,56,75,105,107,108,11
9,126,130-136

75
137

8,20,49,62,75,126
65

45

2,80

62

60,138

2,7,8,8,27,43,63,75,112,139
40,140
4

2,60,75
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2.5. Mechanisms of action of plant growth-promoting bacteria

There are direct and indirect mechanisms related to plant growth promotion,
here we will focus on the most common traits present in bacteria that have these

mechanisms.

2.5.1. Direct mechanisms
Biological Nitrogen Fixation

Nitrogen is an essential element of life and is one of the most important
nutrients that limit crop yield. Plants cannot directly assimilate atmospheric nitrogen
or di-nitrogen (N,). However, certain archaea or bacteria known as diazotrophs have
the ability to convert atmospheric nitrogen into ammonia (NH;), which is usable by
plants (Soumare et al. 2020). This process, known as biological nitrogen fixation
(BNF), is catalyzed by nitrogenases, which are complex metalloenzymes with
conserved structural and mechanistic features (Dixon and Kahn 2004). The most
prevalent nitrogenase complex consists of two proteins: the catalytic
molybdenum-iron protein (MoFeP) encoded by nifDK genes and its specific
reductase, the iron protein (FeP) encoded by nifH gene. Additionally, several
regulatory proteins involved in nitrogen fixation are encoded by the nif genes (Dixon
and Kahn 2004, Soumare et al. 2020). Some species also possess homologous
alternative nitrogenases, such as vanadium-containing nitrogenase (FeV) and/or

iron-only nitrogenase (FeFe).

The diazotrophs are found in a range of habitats, including free-living in soils
and within plants as endophytes or endosymbionts (Mus et al. 2016). Several groups
participate in nitrogen fixation, and the most well-known association (plant-microbe
mutualism) is the symbiosis between rhizobia and legumes, as well as the
actinorhizal symbioses between filamentous nitrogen-fixing soil bacteria of the genus
Frankia and diverse group of dicotyledonous plants (Actinorhizal plants) (Mus et al.
2016).
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Synthetic nitrogen fertilizers are commonly used to alleviate the nitrogen
limitation in crops, consequently increasing yields. However, intensive fertilization

can lead to several environmental impacts (Sainju et al. 2019).

Nitrogen-fixing bacteria, known as diazotrophs, have emerged as an
alternative to replace and reduce the use of synthetic nitrogen fertilizers. Efforts and
interest are increasing to facilitate higher levels of Biological Nitrogen Fixation (BNF)
in non-legume crops. The study conducted by Wen et al. (2021) highlighted the
successful development and commercialization of the first microbial product
composed of Klebsiella variicola 137-1036 (Kv137-1036), modified through synthetic
biology to enable BNF for corn (Zea mays) in fertilized fields. This represents a
significant step towards the development of sustainable agricultural practices that

reduce our reliance on synthetic nitrogen fertilizers.

Phosphate and Potassium Solubilization

Phosphorus is an essential macronutrient required for key metabolic
processes in plants, including cell division, energy generation, macromolecule
biosynthesis, membrane integrity, signal transduction, and photosynthesis (Rawat et
al. 2021). Although it is a common element in the soil and abundant, a huge portion
is predominantly in insoluble forms that are not readily absorbed by plants. This

necessitates the use of phosphate fertilizers to address phosphorus deficiency.

Phosphorus occurs in soil in two forms organic, which is derived from
biological metabolic processes, and inorganic, comprising phosphates bound to
minerals like calcium phosphate, aluminum phosphate, and iron phosphate (Rawat
et al. 2021). Due to their highly reactive nature, these forms undergo various

transformations, rendering P inaccessible to plants (De Zutter et al. 2022).

Phosphate-solubilizing microorganisms (PSMs) possess metabolic capacity to
enhance the bioaccessibility of various recalcitrant P forms in soils. Different
mechanisms involved in inorganic phosphate solubilization include the production of
organic acids, inorganic acids, H,S, exopolysaccharides (EPS), and siderophores.

Meanwhile, organic phosphate solubilization is mediated by the secretion of
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extracellular enzymes, including non-specific acid phosphatases (NSAPs), phytases,

phosphatases, as well as C—P lyases.

Among the diversity of PSM the genera Paenibacillus, Bacillus,
Pseudomonas, Lactococcus, Enterobacter, and Alcaligenes are considered the main
bacterial genera capable of solubilizing organic and inorganic phosphates, while
Aspergillus and Penicillium are the main representative fungal genera (Li et al.
2021).

The bioavailability of potassium to plants highly depends on the type of
mineral. Two phyllosilicate minerals within the mica family, biotite and muscovite, are
of particular interest, due to their richness in essential nutrients, such as Mg, K, Mn,
and Zn. These minerals are more readily soluble than others (Sattar et al. 2019).
Different mechanisms are associated with K-solubilization by bacteria/rhizobacteria,
the major mechanisms being the production of organic and inorganic acids and the
production of protons (acidolysis mechanism), similar to what occurs in phosphate

solubilization (Etesami et al. 2017).

Siderophores production

Most organisms require iron as a trace element. However, it is often
unavailable for direct assimilation by plants and microorganisms. In an aerobic
environment, iron exists predominantly as Fe*', typically in the form of insoluble
hydroxides or oxyhydroxides (Rajkumar et al. 2010). Some bacteria acquire iron for
their growth and development by synthesizing and secreting siderophores, which are
small ferric iron-binding molecules, effectively acting as solubilizing agents for iron
from minerals or organic insoluble compounds (Kong and Glick 2017). Additionally,
these molecules can also chelate numerous other metals (Johnstone and Nolan
2015).

Siderophore-producing bacteria can either directly stimulate plant growth by
improving iron availability or indirectly by inhibiting the activity of plant pathogens in

the rhizosphere by limiting iron availability in the environment (Kong and Glick 2017).
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Some species are known for their ability to produce siderophores including
Streptomyces spp. (Terra et al. 2021), Burkholderia spp., Bacillus spp. (Khan et al.
2016), and Pseudomonas spp. (Cornelis and Matthijs 2007). These species have
been studied for their role in promoting plant growth, which includes the production
of siderophores. In a related study, Ghazy and EI-Nahrawy (2021) conducted
research focusing on strains of Bacillus subtilis and Pseudomonas koreensis,
selected for their superior performance in siderophore production and antagonistic
activity against Cephalosporium maydis in an in vitro test. In the corn field
experiment on the incidence of maize late wilt, the inoculation with the mixture of
isolates led to significant increases in catalase (CAT), peroxidase (POX), and
polyphenol oxidase (PPO) activities, as well as total chlorophyll and carotenoids,
compared to control treatments. Additionally, there was a greater effect in reducing
infection and increasing the thickness of the sclerenchymatous sheath layer
surrounding the vascular bundles in the corn stalk. These results reflected an

increase in productivity and productivity parameters.

Phytohormones production

Phytohormones are crucial plant growth regulators that generally facilitate
physiological processes under both normal and stressful conditions. Several genera
of bacteria in the rhizosphere and plant-associated produce or modulate essential
phytohormones such as gibberellins (GAs), cytokinins, abscisic acid (ABA), auxins,

and ethylene.

Auxins are plant hormones that constitute a group of low-molecular-weight
molecules, playing a central role in controlling plant growth and development across
various environmental conditions (Gomes and Scortecci 2021). The most common
naturally occurring auxin is indole-3-acetic acid (IAA) (Cakmakgi et al. 2020,
LeontovyCova et al. 2020), which is produced by plants, bacteria, and fungi through
at least three different tryptophan-dependent IAA production pathways. This
hormone plays a significant role in establishing and maintaining beneficial interaction
between plants and associated microorganisms. However, some pathogens can
synthesize and secrete IAA as a virulence mechanism during disease development
(Fu and Wang 2011).
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Cytokinins (CKs) are derivatives of adenine molecules that play a crucial role
in influencing various traits of plant growth, development, and physiology (Akhtar et
al. 2020). Several studies have reported the secretion of this plant hormone in
different bacteria, including Azospirillum brasilense (Zaheer et al. 2022),
Pseudomonas fluorescens (Grol3kinsky et al. 2016), and Bacillus subtilis (Liu et al.
2013). However, the mechanisms involved in CK synthesis are still not well
understood (Frébortova and Frébort 2021). Similarly, little has been uncovered about
the biosynthesis of Gibberellins (GAs) in bacteria. Gibberellins belong to another
class of regulators of growth and developmental processes in vascular plants. It is
known that some members from the rhizobia group contain a putative GA
biosynthetic operon/gene cluster (Nett et al. 2017, 2020).

Ethylene (ET) governs plant adaptation to stress, but it comes at the expense
of growth and development (llangumaran and Smith 2017). Under stress conditions,
plants increase ET synthesis, which then triggers defense mechanisms. However,
due to the multiple effects of this hormone on plant phenotype, elevated levels of ET
lead to a series of pleiotropic effects (Ravanbakhsh et al. 2018). To counteract the
detrimental effects of ET, many PGPBs encode in their genome the enzyme
1-aminocyclopropane-1-carboxylate (ACC) deaminase. This enzyme has the ability
to regulate the production of ethylene (Ali et al. 2014, Chandra et al. 2019,
Konkolewska et al. 2020), reducing the impact of various deleterious effects on
plants (Glick 2014).
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2.5.2. Indirect mechanisms
Induction of Systemic Resistance (ISR)

The induced systemic resistance is a plant’s defensive response against a
broad spectrum of pathogens and herbivorous insects. This response is also
stimulated by beneficial microorganisms (Pieterse et al. 2014). Plants have an innate
ability to detect and recognize potential invading microorganisms by identifying
pathogen- or microbe-associated molecular patterns (MAMPs or PAMPs) through
transmembrane pattern recognition receptors (PRRs). These receptors activate
immune defense, known as pattern-triggered immunity (PAMP-triggered immunity -
PTI) (Nishad et al. 2020, Yu et al. 2022). Non-pathogenic bacteria can regulate
induced systemic resistance (ISR) through signaling pathways that are salicylic acid
(SA)-independent mechanisms, such as the jasmonic acid (JA)/ET-dependent
pathway (Pieterse et al. 2014, Elias et al. 2018, Yanti et al. 2019, Nguyen et al.
2020). Moreover, certain PGPRs have been reported to trigger an SA-dependent
type of ISR that resembles pathogen-induced systemic acquired resistance (SAR)
(Ryu et al. 20044, Niu et al. 2016, Sun et al. 2021).

A variety of bacterial factors are involved in inducing systemic resistance by
PGPB, with outer membrane lipopolysaccharides (LPS), siderophore production, and
salicylic acid production recognized as the most important (Ramamoorthy et al.
2001).

Many studies have demonstrated the effectiveness of PGPB in inducing
systemic resistance (ISR) in plants. The research conducted by Arencibia et al.,
(2006) showed that Gluconacetobacter diazotrophicus possesses and/or produces
elicitor molecules that activate sugarcane's defense mechanisms, resulting in
resistance to Xanthomonas albilineans. Specifically, it was found that the bacterium
affected the sugarcane defense system through the production or influence on
several key components: genes of the ethylene signaling pathway, proteins
regulated by auxins, B-1,3 Glucanase proteins, and ubiquitin genes. Also, Jetiyanon
and Plianbangchang (2013) reported that LPS of Enterobacter asburiae strain RS83
plays a role in the induction of early defensive-related enzymes in lettuce against soft

rot disease caused by Pectobacterum carotovorum subsp. carotovorum (Pcc).
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Antimicrobials and lytic enzymes

Some bacteria have the ability to suppress phytopathogens’ growth and
proliferation by producing a series of antimicrobial compounds and enzymes with
antagonistic activity. These compounds include a wide range of substances such as
ribosomal peptides, polyketides (PKs), non-ribosomal peptides (NRPs), volatile
organic compounds (VOCs), and terpenes.

The ribosomally synthesized and posttranslationally modified peptides
(RiPPs), have attracted interest as alternatives to conventional antibiotics. The
biosynthesis of these compounds begins with the synthesis of linear peptides in
ribosomes, which are subsequently modified by enzymes (Li and Rebuffat 2020).
While NRPs and PKs are mechanisms independent of the ribosome, both are
synthesized by large enzyme complexes called nonribosomal peptide synthetases
(NRPSs), which condense amino acids (and sometimes other organic acids) to form
nonribosomal peptides. Polyketide synthases (PKSs), on the other hand, condense
small carboxylic acids, primarily acetate, and propionate, to form polyketides (Little
and Hertweck 2022).

The terpenoids are the most abundant natural products and comprise a
diverse class with diverse biological functions (Wang et al. 2018, Helfrich et al.
2019). Terpenoid skeletons consist of C5 isoprene units, which are derived from the
precursors isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP).
In bacteria, these units commonly occur via the 2-C-methyl-D-erythritol 4-phosphate
pathway (MEP) (Wang et al. 2018).

Volatile organic compounds (VOCs) consist of carbon-containing compounds
with low molecular weight that readily evaporate at normal temperatures and
pressures (Wang et al. 2013), They belong to various compound classes, such as
alkenes, alcohols, ketones, benzenoids, pyrazines, sulfides, and terpenes
(Schulz-Bohm et al. 2017). This compound can have multiple functions in addition to
antagonistic activity against another organism, can have an effect to promote plant
growth (Park et al. 2015, Almeida et al. 2023), and induce systemic resistance (Ryu

et al. 2004b). Responsible for inter- and intra-organism communication, these
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compounds play a role in a variety of interactions between plants and their
symbiotes, including antagonistic and mutualistic relationships, both below and
above ground (Kanchiswamy et al. 2015).

Additionally, there are Iytic enzymes produced by PGPBs, including
chitinases, cellulases, 3-1,3 glucanases, proteases, and lipases that can hydrolyze
the polysaccharides that make up the cell wall of various phytopathogenic fungi
(Philip et al. 2020, Sharma et al. 2020) and bacteria (Zhang et al. 2015, Dong et al.
2022).

2.6. Metagenomics applied in studies of plant-associated microbiomes

For a long time, microorganisms were discovered using classical
microbiological culture-dependent approaches, which allowed the identification of
specific groups of microorganisms and bioactive compounds. However, it is
important to note that culture-dependent approaches have a limitation for a
comprehensive microbial community discovery. This occurs because only those
microorganisms capable of growing in the culture media will be recovered, leading to
an incomplete representation of the local microbial diversity (Tegtmeier et al. 2021).
It is also worth mentioning that there is not always a correlation between the relative
abundance of a microorganism in its natural environment and its ability to grow in
synthetic culture media (Poyet et al. 2019). This means that a microorganism may be
abundant in its natural habitat but may not grow well or at all in laboratory conditions.
In this way, alternative approaches, such as culture-independent methods, are

necessary to obtain a more comprehensive understanding of microbial communities.

The culture-independent methods have become possible due to technological
advances in molecular biology and high-throughput omics. These methods have
greatly promoted efforts to elucidate the structure and dynamics inherent in
microbiomes, such as plant-associated microbiomes (Levy et al. 2018). In recent
years, plant microbiome research has increased drastically, providing significant
insights concerning the roles of plant-associated microbiota, particularly in terms of

their agricultural relevance on plant growth promotion and pathogenesis.

Metagenomic approaches serve as the foundation for various other
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techniques and the increasing abundance of omics data information from a wide
range of environments offers numerous opportunities to advance our understanding

of the field of plant-associated microbiomes.

Many studies describing microbial communities rely on short-read amplicon
sequencing, which has limitations in understanding functional capabilities and
providing low taxonomic resolution at the species level (Soto-Giron et al. 2021). In
contrast, long-read metagenomic sequencing has emerged as a powerful tool,
enabling the retrieval of metagenome-assembled genomes (MAGs) with high
completeness. This approach has greatly improved our understanding of microbial
populations and their interactions with hosts or their environment, as well as
facilitated the discovery of novel species, thus contributing to the reduction of what is
often referred to as the ‘microbial dark matter’ (Setubal 2021). In microbiome
analyses using marker genes (metabarcoding), high-throughput sequencing of long
reads positively impacts the increase in the phylogenetic signal, which is attributed to
greater coverage of the target gene, which in turn leads to a significant rise in the
resolution of the taxonomic profile of the community. Furthermore, long-read
sequencing has been instrumental in enhancing taxonomic resolution at both the
species and genotype levels (Armanhi et al. 2016, Walder et al. 2017, Martijn et al.
2019, Tedersoo et al. 2020).
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APPENDIX A. Supplementary methodology
Plant microbiome studies

To obtain a summary of the work related to phytomicrobiomes, we collected
records from the Web of Science 2 online tool, using the following search term on
title, abstract and keywords: ‘plant microbiome’ OR (('core microbiota') AND (plant)
OR ((‘core plant microbiome') OR ('core plant microbiota'))). The plant or group was
identified based on a match with a list of common or scientific plant names obtained

from the Apsnet * website.

Bacterial genera associated with sugarcane

The data of bacterial genera described as plant-growth promoters isolated
from sugarcane were collected from the Web of Science online tool, using the
following search terms on title, abstract, and keywords: (((PGPR) OR (PGPB) OR
("plant growth-promoting") OR ("plant growth promotion") OR ("plant growth*") OR
("plant growth-promoting bacteria") OR ("plant growth-promoting rhizobacteria") )
AND ((sugar*cane) OR (Saccharum) OR (isolate from sugar*cane) OR (isolated from

sugar*cane) OR (sugarcane endophytic) OR (sugarcane epiphytic))).

A list of bacterial genera available in the NCBI Taxonomy was retrieved using
the TaxonKit tool (Shen and Ren 2021). This list was then used to identify matching
genera in the records. Additionally, we conducted searches using terms related to

traits associated with plant growth promotion from the recovered queries.

The matching results for species or genera recognized as sugarcane
pathogens (species: Acidovorax avenae, Leifsonia xyli, Herbaspirillum

rubrisubalbicans; genus Phytoplasma, Mycoplasma) were not accounted for.

2 http://www.webofknowledge.com
% https://www.apsnet.org/edcenter/resources/commonnames/Pages/default.aspx
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CHAPTER 2 - Unveiling genomic features linked to traits of
plant-growth-promoting bacterial communities from sugarcane

ABSTRACT - The microorganisms are ubiquitous, and those inhabiting plants have
been the subject of several studies. Plant-associated bacteria exhibit various
biological mechanisms that enable them to colonize host plants and, in some cases,
enhance their fitness. In this study, we describe the genomic features predicted to be
associated with plant growth-promoting traits in six bacterial communities isolated
from sugarcane. The use of highly accurate single-molecule real-time sequencing
technology for metagenomic samples from these bacterial communities allowed us
to recover 17 genomes. The taxonomic assignments for the binned genomes were
performed, revealing taxa distributed across three main phyla: Bacillota,
Bacteroidota, and Pseudomonadota, with the latter being the most representative.
Subsequently, we functionally annotated the metagenome-assembled genomes
(MAGSs) to characterize their metabolic pathways related to plant growth-promoting
traits. Our study successfully identified the enrichment of important functions related
to phosphate and potassium acquisition, modulation of phytohormones, and
mechanisms for coping with abiotic stress. These findings could be linked to the
robust colonization of these sugarcane endophytes.

Keywords: long-read sequencing; Single-Molecule Real Time (SMRT) sequencing;
plant—-microbe association; plant-beneficial bacteria;
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1. INTRODUCTION

Plants harbor numerous microorganisms that engage in complex interactions
with both the plant host and with each other. The plant microbiome has been
recognized as one of the main determinants of plant growth, health, and productivity
(Berg et al. 2017). The combination of the host plant and its symbiotic microbiota is

referred to as a holobiont (Sanchez-Cafiizares et al. 2017, Hassani et al. 2018).

Beneficial microorganisms are becoming more prominent in modern
agriculture, given their role in increasing the productivity of different crops, helping to
maintain soil fertility, and reducing pollutants derived from the intensive use of
agrochemical inputs (Kumar et al. 2022). The study of microbiomes associated with
soil and plants has been highlighted to expand plant resilience and crop productivity
in an agricultural system (Armanhi et al. 2021). Several studies demonstrate
considerable evidence of the role of beneficial microorganisms in increasing plant
growth (Marks et al. 2015), nutrient acquisition (Emami et al. 2018, Singh et al.
2021), biocontrol (Rojas-Solis et al. 2018), and resistance induction (Sharma et al.
2018). However, our understanding of the relationships inherent to the microbiota
associated with plants and soil is still limited., This has led to studies aiming to
identify the driving factors that modulate the composition and structure of

microbiome communities (Dastogeer et al. 2020, Santos and Olivares 2021).

The phytomicrobiomes of different plants such as sugarcane (de Souza et al.
2016, Hamonts et al. 2018, de Carvalho et al. 2021), maize (Cai et al. 2018), rice
(Cai et al. 2018, Wang et al. 2020), and others, have been explored to understand
their structures, interactions, and roles in promoting benefits to hosts, consequently
improving crop quality and productivity in agriculture (Parray et al. 2022). Despite the
knowledge surrounding the structure and dynamics of plant-associated microbiomes,
it is still a challenge to understand which species and traits are actively part of the
community or are playing key roles (GroRRkopf and Soyer 2014). To overcome this
limitation, researchers have focused on assembling simplified microbial consortia
(SMC) or synthetic communities (SynCom) (Grol3kopf and Soyer 2014, Kang et al.
2020). Furthermore, a new approach known as simple state communities (SSC) has
been proposed to simplify the complex communities and enable studies aimed at
understanding microbial interactions (Sarkar et al. 2022).
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Bacterial consortia have gained interest as potential inoculants since different
types of microorganisms can interact synergistically. This can not only increase
functional diversity but also enhance metabolic efficiency and environmental
adaptation (Tosi et al. 2020). Several studies related to the co-inoculation of different
species of microorganisms have observed an improvement in yield (Hungria et al.
2013). Additionally, these studies have presented various mechanisms of action
resulting from the compatibility and synergy between the species (Korir et al. 2017,
Armanhi et al. 2021, Kaur et al. 2022).

Recently, the study by Teheran-Sierra et al., (2021) reported microbial
communities from sugarcane with high potential to promote plant growth. This report
was based on several assays commonly related to plant growth-promoting microbes
(PGPM) and also observed beneficial traits in plants (Brachiaria ruziziensis), besides
other characteristics related to indirect traits that could provide benefits to the
microorganisms’ adaptability in the plant environment. However, there is still a lack of
information about the role and function of the bacteria in these communities that

possess multiple plant growth-promoting traits associated with sugarcane.

Strategies using metagenome-assembled genome (MAG) have proven helpful
in understanding microbial populations and their functional potential within dynamic
ecosystems. Moreover, this methodology enables the discovery of novel species
(Setubal 2021). Many studies have generated valuable reference genomes for the
different microbiomes using MAGs (IMG/M Data Consortium et al. 2020, Almeida et
al. 2021, Xie et al. 2021, Su et al. 2022). However, the quality of these genomes can
be precarious, and the most recent strategy in metagenomics to overcome this
consists of employing long reads, to ensure greater contiguity of MAGs, together
with short reads, to polish and improve overall precision (Driscoll et al. 2017, Cusco
et al. 2021, Singleton et al. 2021) or use high accuracy methods, like highly accurate

long-read (HiFi sequencing) (Haro-Moreno et al. 2021).

The current study aims to explore the genomes of the community’s species,
identifying genomic features and linked traits related to such plant-beneficial
capabilities. This leads us to question whether understanding genomic
characterization in terms of functions can reveal that microbial communities

collectively contribute to a greater diversity of functions that are beneficial to plants.
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To achieve this, we utilized highly accurate single-molecule real-time sequencing
technology (SMRT) on metagenomic samples from the top-rated bacterial
communities by Teheran-Sierra et al., (2021). We retrieved MAGs and accessed
their functional potential to identify biological mechanisms related to the plant

growth-promoting traits of each member.

2. MATERIAL AND METHODS
2.1. Selected bacterial communities

The bacterial communities we are focusing on were obtained from the
phytomicrobiome of mature sugarcane (Saccharum sp.) variety CTC9001 under
distinct agricultural management, as previously described by Teheran-Sierra et al.,
(2021). The top 6 communities were selected based on overall plant growth
promotion performance. The communities C07, C09, and C12 were obtained from
the epiphytic surface of the stalk, while CO8 and C28 are composed of endophytes.
All of them from sugarcane plants cultivated under conventional management
systems. The C27 community, on the other hand, was obtained from the endophytic
niche of sugarcane leaves under organic management. These communities were
selected based on features related to benefits to plants, such as
1-aminocyclopropane-1-carboxylic acid (ACC) deaminase and indole-3-acetic acid
(IAA) production, solubilization of phosphorus, and others (Teheran-Sierra et al.
2021). They were also evaluated in planta using Brachiaria ruziziensis, besides other
characteristics related to indirect traits that could provide benefits to the
microorganisms’ adaptability in the plant environment. In addition, the same study
revealed the composition of these communities by a metabarcoding approach based

on the sequencing of the V3-V4 hypervariable region of the 16S rRNA gene.

2.2. DNA extraction

The bacterial communities were individually cultured in 20 mL of BRX broth
(Teheran-Sierra et al. 2021) from a 10 uL aliquot of the stock. They were incubated
for 48 h at 30 °C under constant agitation at 150 rpm. Subsequently, the community
cultures were submitted to centrifugation of 3000 x g for 15 min at 20 °C. The

resulting pellets were resuspended in 1X PBS buffer, and the cell concentration was
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adjusted to approximately 2 x 10° cells. The bacterial suspension was then
centrifuged, and the pellets underwent the DNA extraction process. DNA extractions
were performed using the MagAttract HMW DNA Kit (QIAGEN, Hilden, Germany)
(Cat No./ID: 67563) according to the manufacturer's instructions. Then, the DNA was
quantified using NanoDrop 2000® spectrophotometer and Qubit® 3.0 fluorometer
(Thermo Fisher Scientific®). The concentrations were adjusted to 50 ng.uL™" to
ensure equal sampling conditions for sequencing. The DNA samples were then
pooled into two groups, SC1 (composed of C08, C09, and C28 communities) and
SC2 (composed of CO07, C12, and C27 communities). The DNA pools were
quantified in the Qubit® 3.0 fluorometer and subsequently stored at -80 °C.

2.3. Construction of a metagenomic library and sequencing on the PacBio
Sequel Il platform

The community DNA pools were subjected to the HiFi library construction
process using the SMRTbell® Express Template Prep Kit 2.0 (Pacific Biosciences©)
according to the Pacific Biosciences standard template preparation protocol for
building libraries greater than 10 kb. The recovered fragments were subsequently
sequenced on the PacBio Sequel Il platform. All library preparation steps were
carried out by the Georgia Genomics and Bioinformatics Core (GGBC) laboratory at
the University of Georgia (UGA). PacBio SMRT sequencing involves circularized
molecules known as SMRTbells within Zero Mode Waveguides (ZMWs), and the

reads obtained from each ZMW are referred to as subreads.

2.4. Quality filtering of long reads

The obtained raw reads (subreads) were demultiplexed using lima tool* (v.
1.9.0) setting the following parameters “-j 7 --peek-guess --same --min-score 0O
--dump-removed --split-bam-named’. Subsequently, the sets of subreads, i.e. the
reads from the same SMRTbell molecule, were submitted to the Circular Consensus
Sequencing (CCS) protocol. The sets of subreads for each library (SC1/SC2) were

processed using the CCS tool (v. 4.2.0) to generate one representative sequence

4 https://github.com/PacificBiosciences/barcoding
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(consensus read) per ZMW. This process was performed irrespective of the number
of passes (--min-passes 0) but considering a minimum read quality (--min-rq 0.90).

Both tools are components of the SMRT® Link software package.

2.5. Metagenome assembly and genome retrieval

The metagenomics data (CCS reads) were assembled using metaFlye (v.
2.8.3) (Kolmogorov et al. 2020) with parameters set to consider PacBio HiFi data
(“--pacbio-hifi”) and providing an expected sum of all genome lengths as 110
megabases (“-genome-size 110m”). Thereafter, the Metagenome-Assembled
Genomes (MAGs) binning was performed by metaWRAP (v. 1.2.1) (Uritskiy et al.
2018), utilizing the binning module that takes advantage of multiple binning
algorithms: MaxBin2 (Wu et al. 2016) (--maxbin2), metaBAT2 (Kang et al. 2019)
(--metabat2), and CONCOCT (Alneberg et al. 2014) (--concoct). A refinement step
was performed using the bin_refinement module, considering a threshold for
completeness (-¢ 50; i.e. completeness > 50 %) and contamination (-x 10; i.e.

contamination < 10 %).

Additionally, the resulting bins were also refined by removing contigs with
divergent genomic properties using RefineM (v0.1.2) (Parks et al. 2017) with default
settings. Subsequently, we subjected these bins to evaluation with MAGPurify
(v1.026) (Nayfach et al. 2019) to identify contamination in MAGs. Contamination, in
this context, refers to the contigs originating from a different species relative to the

dominant one present in the MAG.

The CCS reads were mapped back to the refined MAGs using minimap2 (v.
2.15-r905) (Li 2018) allowing for up to 20% sequence divergence (-x asm20). These
reads mapped within each MAG were retrieved and employed in the complete
Circlator pipeline (Hunt et al. 2015) through the Canu assembler (Koren et al. 2017)

(--assembler canu) in an attempt to achieve circularization of the MAGs.

At last, the integrity and contamination of the MAGs were evaluated by
checkM (v1.0.13) (Parks et al. 2015) using the lineage_wf workflow to automatically
select an appropriate set of lineage-specific marker genes for the assessment. We

followed the vcriteria outlined in the Minimum Information about a
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Metagenome-Assembled Genome (MIMAG) of bacteria and archaea (Bowers et al.

2017) to assign an overall quality status for each genome assembled.

2.6. Taxonomic assignment and phylogenomic analysis

The Kraken tool (v.2.0.7-beta) (Wood et al. 2019) was employed for
taxonomic assignment. We utilized a custom database comprising the NCBI
non-redundant nucleotide sequences, as well as the RefSeq (Pruitt et al. 2005)
genome sequences from bacteria, archaea, and viruses (October/2021). Only the

whole genomes with assembly levels of “complete genome”, “chromosome”, and

“scaffold” were used to build the Kraken database.

We also performed the taxonomic assignment using the ‘classify_wf’ function
of the GTDB-tk tool (v.1.7) (Chaumeil et al. 2019) with default settings. This function
assigns taxonomy based on the GTDB reference database (Release 202) (Parks et
al. 2022), using a combination of evidence, including phylogenetic placement,
relative evolutionary divergence (RED) (Parks et al. 2018), and average nucleotide

identity (ANI) values using the genomes within the GTDB reference tree.

The molecular phylogenetic tree was inferred using the maximum likelihood
method (ML). The tree was built from the alignment of 124 single-copy marker
genes, which were identified with the BUSCO tool (v5.2.2) (Manni et al. 2021) using
the bacterial dataset (bacteria_odb10/2020-03-06). Our phylogenomic analysis was
conducted using the BUSCO_Phylogenomics.py® script to reconstruct species

phylogenies from 639 representative genomes (REPR).

2.7. Gene prediction and functional annotation

The prediction of protein-coding genes, tRNAs, and rRNAs in the MAGs was
carried out using Prokka (v1.11), a prokaryotic genome annotation pipeline
(Seemann 2014).

® https://github.com/jamiemcg/BUSCO_phylogenomics
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The predicted amino acid sequences were subjected to functional annotation
with the EnrichM® tool (v0.5.0). The ‘annotate’ module was used to align proteins
using Diamond (v0.9.22) (Buchfink et al. 2015) against the EnrichM v10 database,
which incorporates a KO-annotated UniRef100 database. The parameters were
configured to set alignment thresholds at 40% for identity (-id 0.4), 90% for query
coverage (--aln_query 0.9), and 90% for reference coverage (--aln_reference 0.9).
Additionally, the ‘classify’ was used to identify the KEGG Orthology (KO) modules

recognized as complete.

Gene clusters associated with the biosynthesis of secondary metabolites were
identified using antiSMASH (v5.0) (Blin et al. 2019) considering the bacterial domain
(--taxon bacteria). We also set additional parameters to compare identified clusters
against databases of known predictions (--cb-general --cb- knownclusters
--cb-subclusters), to activate site finder analysis --asf), to run Pfam to Gene Ontology
mapping module (--pfam2go), and to generate phylogenetic trees of identified cluster

orthologous groups (--smcog-trees).

2.8. Genes related to plant growth-promoting traits

The annotation of proteins related to Plant Growth-Promoting Traits (PGPTs)
was performed using the PGPT-Pred web tool for plant-associated bacteria
PLaBAse’ (v.1.02) (Patz et al. 2021).

For annotations of PGPTs, we exclusively considered those identified with
KOs previously annotated by the enrichM tool. The PGPT density was estimated by
the ratio between the number of PGPTs to the total number of Coding Sequences
(CDS).

The enrichment analysis for each genome was performed using PGPT
presence/absence data up to level 4 in the PGPT annotation hierarchy. The PGPT
frequencies in this level were assessed by comparing the traits annotated in the
MAGs (observed PGPTs) to the distribution of all PGPTs (expected PGPTs). The

enrichment value was achieved by Pearson's Chi-square test in R (v. 3.6.2). The

5 https://github.com/geronimp/enrichM
7 http://plabase.informatik.uni-tuebingen.de/pb/plabase.php
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post-hoc analysis based on the residuals of the Chi-squared test was computed
using the R package “chisq.posthoc.test”. The p-values were corrected using
Benjamini-Hochberg False Discovery Rate (FDR), and a significance threshold of

0.1 (g-value < 0.1) was applied to identify enriched features.

The richness of PGPTs was assessed using the Chao1 index, implemented

through the fossil package (v.0.4.0) (Vavrek 2011) in the R environment.

2.9. Data availability

The metagenomics data generated for this study were deposited in the NCBI -
Sequence Read Archive (SRA), under BioProject ID PRJNA933557. The MAG
sequences recovered in this study are available in the GenBank database at the
National Center for Biotechnology Information (NCBI) under the accession numbers:
JAYGIX000000000 (MAGO1), JAYGIY000000000 (MAGO02), JAYGIZ000000000
(MAGO03), JAYGJA000000000  (MAGO04), JAYGJB0O00000000  (MAGO5),
JAYGJCO000000000 (MAGO06), JAYGJDO00000000 (MAGO7), JAYGJEO00000000
(MAGO08), JAYGJF000000000 (MAGO09), JAYGJGO000000000 (MAG10),
JAYGJH000000000 (MAG11), JAYGJIOO0000000 (MAG12), JAYGJJO0O0000000
(MAG13), JAYGJK000000000  (MAG14), JAYGJL0O00000000  (MAG15),
JAYGJMO000000000 (MAG16) and JAYGJNOOO000000 (MAG17).

3. RESULTS AND DISCUSSION

3.1. Metagenome-assembled genomes and taxonomy assignment

The high-throughput sequencing of the two community pools by PacBio
Sequel Il platform using HiFi protocol resulted in a total of 25,822,498 subreads, of
which 12,297,135 were obtained for the SC1, and 13,525,363 for the SC2 library,
both exhibited an average read size of approximately 11 kb (Appendix A). From
these sequences, a total of 702,188 CCS (75%) were generated with an average

precision of approximately 98.30% and an average length of 8,559 bp. The
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sequencing data processing efforts yielded a total of 17 MAGs. According to the
completeness and contamination values assessed by CheckM (Table 1), and the
quality standards established by the Genomic Standards Consortium (Bowers et al.
2017), five MAGs were circularized and were designated as “finished”, five MAGs as

“high-quality”, six as “medium quality”, and the remaining one as “low quality”.
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The taxonomic assignment results contain MAGs distributed among three
bacterial phyla: Pseudomonadota (n = 13), Bacillota (n = 2), and Bacteroidota (n =
2). These phyla are most predominantly related to phyllosphere communities of
various plants (Trivedi et al. 2020). The phylum Pseudomonadota stands out as the
most representative, encompassing nine genera: Achromobacter, Burkholderia,
Citrobacter, Enterobacter, Pantoea Pseudoxanthomonas, Rhizobium, Sphingobium
and Stenotrophomonas. The genera Lactococcus and Paenibacillus are
representatives of the phylum Bacillota, and the genera Chryseobacterium and
Sphingobacterium belong to the phylum Bacteroidota (Appendix B). Moreover, a
phylogenetic tree was reconstructed from 124 bacterial BUSCO single-copy genes to
assess the phylogenetic relatedness of the MAGs and representative species

(Figure 1).

Most MAGs were classified at the species level with the GTDB-tk tool
(Chaumeil et al. 2019) and exhibited an ANI above 95%, a threshold traditionally
employed for species discrimination (Goris et al. 2007) (Appendix C). However, the
MAG belonging to the genus Chryseobacterium (MAG11) showed the highest
similarity with the genome of a species not yet characterized (Appendix C). This
genome had been previously sequenced and shared an ANI of 97.23% with the
genome of Chryseobacterium sp. ON_d1 (GenBank ID: GCF_006829085.1).
According to the phylogenetic tree, the closest relative is the species
Chryseobacterium gleum (Figure 1). For MAG12, which belongs to the genus
Paenibacillus, no taxonomic assignment at the species level was possible. It
grouped closely with the species of Paenibacillus hunanensis (GenBank ID: GCF

014645615.1), suggesting the potential discovery of a new species (Figure 1).
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Figure 1. The maximum-likelihood phylogenetic tree constructed using the
concatenated alignment of 124 single-copy marker genes found in up to 70% of the
species of the 639 representative genomes from the GenBank database, as well as
the MAGs belonging to the phyla Pseudomonadota, Bacteroidota, and Bacillota.
Clades containing 5 or more representatives are collapsed. The color scale of the
branches indicates bootstrap values (based on 1000 replicates), ranging from the

lowest support (red) to the highest support (black).
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3.2. Functional Profile

The functional diversity of the bacterial genomes was assessed based on the
KEGG Ortholog (KO) groups (Table 2 and Appendix D). The metabolic
reconstruction reveals a total of 281 complete and 121 incomplete KEGG modules.
A detailed presentation of the individual description of pathways/modules by

genomes can be found in Supporting Information Appendix E.
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Among the KEGG pathways, we identified some important modules that
are related to beneficial traits from plant growth-promoting bacteria (PGPBs),
such as metabolism of nitrogen (N), solubilization and uptake of phosphate (P),
and sulfur (S) metabolism, as well as mechanisms involved in alleviation of
abiotic stresses, antioxidants, and biosynthesis of secondary metabolites
(terpenoids, pyrrolnitrin, polyamines) (Figure 2A). In addition, we identified the
gene encoding ACC deaminase (acdS), commonly recognized as important for
plant-bacteria interaction as it is associated with the modulation of ethylene
levels in plants. We also identified several other genes encoding enzymes
related to the biosynthesis of phytohormones, such as auxin (IAA), cytokinin
(CK), and salicylic acid (SA) (Figure 2B).
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Figure 2. Key genomic features observed in MAGs, which are commonly
associated with plant growth-promoting bacteria. These features were
represented here as (A) KEGG modules or (B) KEGG orthology (KO) identifiers,
which are not included in modules.

Regarding the potential of biological nitrogen fixation, we have not
identified nitrogenases, which are essential for this process. However, the
genomes of Rhizobium punsense (MAGO3), E. asburiae (MAG06 and MAG10),
P. dispersa (MAGO09), A. animicus (MAG14), and C. werkmanii (MAG17) can be
considered nitrate-reducing bacteria according to the ability of these genomes
to transform nitrate (NO;-) into ammonium (NH.") by dissimilatory nitrate
reduction (DNRA) (Figure 2A).
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The 1-aminocyclopropane-1-carboxylate (ACC) deaminase (acdsS;
K01505), is an enzyme responsive to modulating the level of ethylene
production, decreasing ethylene levels in plants, and mitigating adverse effects
of high accumulation of this hormone on plant growth (Ali and Kim 2018). The
acdS was identified for the MAGs Sphingobacterium multivorum (MAGO08),
Chryseobacterium sp. (MAG11), and Achromobacter animicus (MAG14) (Figure
2A and Appendix D). The presence of this enzyme in those genera has been
mainly related to saline and hydric stress alleviation and plant growth promotion
(Tittabutr et al. 2013, Bhise et al. 2017, Araujo et al. 2020, Nascimento et al.
2021a).

The genes gcd (KO0117), gdh (K0O0034), and gn/ (KO1053) encode
enzymes involved in inorganic P solubilization through gluconic acid (GA), the
primary organic compound associated with this process. The genomes of S.
yanoikuyae (MAGO01), R. pusense (MAGO03), Chryseobacterium sp. (MAG11),
and A. animicus (MAG14) carry genes encoding the enzymes responsible for
GA production. MAG14 encodes the enzyme 2-ketogluconate reductase (EC
1.1.99.3; K06151 and K06152), which can convert GA into 2-Keto-D-gluconic
acid, another organic acid associated with the solubilization of inorganic P
(Appendix D). Moreover, these MAGs harbor genes related to P uptake (phnC
[K02041], phnD [K02044], and phnE [K02042]) and phosphate transport system
(pstA [K02038], pstB [K02036], pstC [K02037], and pstS [K02040]), alongside
regulatory genes (phorR [K07636] and phorB [K07657]) (Figure 2A and Table
Appendix E). These findings suggest that the MAGs can increase phosphate
uptake, enhance soil P turnover, and potentially increase its availability to plants
(Liang et al. 2020).

Indole-3-acetic acid (IAA) production was identified in some MAGs
(Figure 2A). Bacterial IAA synthesis generally occurs by tryptophan (trp)
dependent pathways, which include three major ones: Indole-3-pyruvate (IPyA),
tryptamine (TAM), indole-3-acetamide (IAM) (Luduefia et al. 2019, Zhang et al.
2019). However, the tryptophan side chain oxidase (TSO) pathway is most

commonly observed in strains of Pseudomonas fluorescens (Li et al. 2018).



61

The MAGs exhibit pathways related to the biosynthesis of tryptophan
(Trp) from chorismate (M00023; Appendix E). Except P. dispersa (MAG09) and
B. gladioli (MAG16) lack genes related to Trp synthesis.

The IPyA pathway is considered the most common pathway in bacteria
(Zhang et al. 2019). In this study, this pathway was identified in E. asburiae
related genomes (MAGO06, and MAG10), since they encode two main enzymes
responsible for the conversion of IAA intermediates. Indole-3-pyruvate is
converted to indole-3-acetaldehyde (IAAld) by the key enzyme indolepyruvate
decarboxylase (K04103; EC 4.1.1.74) (Schutz et al. 2003, Harris et al. 2018).
The resulting compound from decarboxylation is oxidized by the aldehyde
dehydrogenase (K00128; EC 1.2.1.3) into Indole-3-acetic acid (IAA) (Figure
2B), a compound commonly found in Enterobacter species (Luziatelli et al.
2020).

The presence of amidase (K01426; EC. 3.5.1.4) in the genomes of S.
bentonitica (MAGO02), R. pusense (MAGO03), Pseudoxanthomonas sp. (MAGO04),
S. pavanii (MAGO7), Paenibacillus sp. (MAG12), L. lactis (MAGO013), A.
animicus (MAG14), S. maltophilia (MAG15), and B. gladioli (MAG16), suggests
their capability to synthesize |IAA by the IAM pathway, utilizing the intermediate
indole-3-acetamide (Figure 2B). The Pseudoxanthomonas sp. (MAGO04)
probably exhibits IAA synthesis through the TAM pathway, which intermediates
the conversion of tryptamine (TAM) to IAAId by monoamine oxidase (K00274;
EC 1.4.3.4). The final step is catalyzed by aldehyde dehydrogenase (K00128;
EC 1.2.1.3).

The enzymatic and non-enzymatic antioxidant processes consist of
mechanisms that attenuate abiotic stress factors in plants, mediated by plant
growth-promoting bacteria (Zandi and Schnug 2022). The biosynthesis pathway
of polyamines, as well as the transport systems for spermidine and putrescine,
were identified in E. asburiae (MAG06 and MAG10) and R. pusense (MAGO03).
These compounds have been reported to be involved in cell growth inducing
root growth (Wu et al. 2012, Zhou et al. 2016), and frequently are related to
plants’ responses to various abiotic stresses (Bhise et al. 2017, Selim et al.
2021). Other compounds related to abiotic stress-alleviating effects in plants,

acting as osmoprotectants, include proline (Kartik et al. 2021), glycine betaine
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(Ahmed et al. 2021), glutathione (Santos et al. 2018), ectoine (Tao et al. 2016),
etc. The ectoine biosynthetic cluster was identified in the S. yanoikuyae
(MAGO1) and A. animicus (MAG14) (Appendix F). Several clusters of
secondary metabolites known to enhance plant health, such as siderophores
(Aznar and Dellagi 2015), and non-ribosomal peptides (NRPs) (Ongena and
Jacques 2008) were identified in the genomes (Appendix F). The MAGs of S.
yanoikuyae (MAGO1), Chryseobacterium sp. (MAG11), and B. gladioli (MAG16),
stand out for having a high number of biosynthetic gene clusters (BGCs) (n > 5)
(Appendix F).

Chitinolytic  enzymes, including chitinase [EC:3.2.1.14] and
endoglucanase [EC:3.2.1.4], were identified in almost all MAGs, except for
Chryseobacterium sp. (MAG11) and Paenibacillus sp. (MAG12). These
enzymes are often associated with antifungal activity (Philip et al. 2020, Sharma
et al. 2020).

3.3. Functional PGPT annotation

The genomic features of each MAG related to the beneficial functions in
plant growth are based on PGPT mapping of the annotated KOs (Appendix G).
The heatmap displays the abundance of main PGPTs at hierarchical level 4 (n =
39) (Appendix H). The abundance profile of traits resulted in MAGs being
clustered into two groups. This result also highlights categories which have
significant enrichment (g-value < 0.1) in at least one genome. The MAGs
assigned as E. asburie (MAG06 and MAG10), C. werkmanii (MAG17), A.
animicus (MAG14), and R. punsense (MAGO03) are members of cluster | and
were grouped based on the highest abundance and distribution of PGPTs in
level 4 hierarchy (Figure 3). This is a consequence of the higher density of
PGPTs in these MAGs when compared to the members of cluster Il (Table 2),

whose PGPT abundances at the same level were relatively lower (Figure 3).
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Figure 3. Abundance and enrichment of traits related to plant growth promotion
(PGP). The heatmap illustrates the distribution of PGPTs at hierarchical level 4.
The PGPTs annotations are based on KEGG Orthology (KO), and the values
were normalized by the z-score. Enriched traits within each MAG (g-value < 0.1)
are marked with asterisks (*). Categories preceded by [D] and [I] indicate direct
and indirect effects on plant growth promotion, respectively.

With respect to the direct effect on plant growth promotion, the category
of bio-fertilization exhibits enrichment of essential functions aimed at enhancing
plant nutrient acquisition, particularly phosphorus (P) and potassium (K)
solubilization. These processes are primarily mediated by the production of
several organic compounds (Appendix G). Most MAGs exhibited enrichment for

these two classes (Figure 3).

Except for the S. pavanni MAGs (MAGO05 and MAGOQ7), all the others

have genomic features related to IAA production, demonstrated either by the
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enrichment of the IAA metabolism trait (Figure 3) or by the presence of
orthologs associated with the biosynthesis of this molecule (Figure 2B). While P.
dispersa (MAGO09) and B. gladioli (MAG16) do not show enrichment for this trait
due to the absence of genes related to tryptophan biosynthesis, the ability to
produce IAA from exogenous tryptophan or intermediate compounds may still
be possible. This is supported by the presence of EC:1.2.1.3 in both genomes,
and EC:3.5.1.4, EC:3.5.5.1, and EC:4.2.1.84 in B. gladioli (MAG16), which are

related to the acid indole acetic pathway.

While P. dispersa (MAG09) and B. gladioli (MAG16) do not show
enrichment for this trait due to the absence of genes related to tryptophan
biosynthesis, the ability to produce IAA from exogenous tryptophan or
intermediate compounds may still be possible, supported by the presence of
genes encoding enzymes related to the acid indole acetic pathway, the EC
1.2.1.3 in both genomes and EC 3.5.1.4, EC 3.5.5.1, EC 4.2.1.84 in B. gladioli
(MAG16). Additionally, the MAGs assigned with S. multivorum (MAGO08) and
Chryseobacterium sp. (MAG11) exhibit enrichment for cytokinin (CK)
metabolism, inferred by the identification of genes related to the biosynthesis of
isoprenoids (C10-C20) (Figure 3) and the presence of genes such as miaA,
miaB, and miaE, responsible for the production of zeatin (Figure 2A: “M00364”
and Appendix E), which is directly associated with the synthesis of CKs
(Nascimento et al. 2021b).

Among the MAGs, only those assigned to Stenotrophomonas spp.
showed enrichment for components of the type Il secretion system (T2SS)
(Figure 3). This reveals the ability to secrete different types of proteins and
transport substrates across their cell membrane, which are commonly found in
many gram-negative bacteria (Korotkov et al. 2012). Additionally, these
Stenotrophomonas spp. genomes have fimbriae and flagellar assembly
systems. These systems, which also occur in A. animicus (MAG14), R. pusense
(MAGO03), and Pseudoxanthomonas sp. (MAGO04) (Figure 3), enhances
bacterial cell adhesion to the root surface — a meaningful feature for endophyte

colonization (Ahlawat et al. 2022).
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Another factor to be considered in plant colonization is the usage of
plant-derived compounds (Figure 3). Protein families related to sugar and amino
acid transport were found in microorganisms identified as robust colonizers
within a synthetic community derived from the sugarcane microbiome (de
Souza et al. 2019). The family of ATP-independent tripartite periplasmic
transporters (TRAP transporters) is specialized in the absorption, exchange, or
efflux of C4-dicarboxylates (dctABD) (Janausch et al. 2002). We found genes
related to the uptake of C4-dicarboxylates, citrate (citABCDEFGTX and
tctABCDE), malate (maeAN), and fumarate (dcuBRS) (Appendix D). These
organic acids are commonly found in exudates from sugarcane roots and stems
(Singh and Mukerji 2006, Glassop et al. 2007). The TRAP transporters are
absent in the MAGs related to S. bentonitica (MAGO02), Pseudoxanthomonas
sp. (MAGO04), S. pavanii (MAG0O5 and MAGO07), S. multivorum (MAGO08),
Chryseobacterium sp. (MAG11), Paenibacillus sp. (MAG12), L. lactis (MAG13),
and S. maltophilia (MAG15). The absence of TRAP transporters in some
genomes may indicate a potential limitation in their ability to efficiently transport
and utilize plant-derived C4-dicarboxylates. On the other hand, several
genomes showed enrichment of the “plant amino acid utilization” feature, except
for the MAGs related to S. pavanii (MAGO05), P. dispersa (MAGO09),
Paenibacillus sp. (MAG12), and C. werkmanii (MAG17).

In general, the MAGs exhibit different mechanisms that may be involved
in the colonization process, some of which were previously related to robust
colonization (de Souza et al. 2019). Furthermore, the broad enrichment for the
stress control category (Figure 3) suggests that mechanisms related to ROS
scavenging, osmotic, and saline stress neutralization, may be involved with the
robust colonization style of sugarcane. This is supported by findings in several
studies (Amna et al. 2020, Guo et al. 2020, Chandra et al. 2021).

In Figure 4, we display the functional richness distribution of the PGPTs
for each MAG, based on the Chao1 metric. This includes the total richness,
which corresponds to the sum of all functions associated with the PGPTs of all
MAGs. This analysis provides an overview of the functional potential and the

distribution of functional categories found in the bacterial recovered genomes.
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Figure 4. Functional diversity of PGPTs (Plant Growth-Promoting Traits) of each
genome and the aggregated sum of all genomes (total). In the bar chart on the
left, the Chao1 index corresponds to the measure of functional richness,
highlighting the variety of specific functions and their distribution in different
genomes. The stacked bar chart on the right represents the distribution of
functions of PGPT at hierarchical level 2. The highlighted MAGs on the y-axis
indicate that the genomes are completed.

In the context presented, we identified five genomes (MAGs) with
functional richness indices greater than 1,000 (Figure 4, bar graph on the left).
These include the species: Rhizobium pusense (MAGQ03), Enterobacter asburie
(MAGO6 and MAG10), Achromobacter animicus (MAG14), and Citrobacter
werkmanii (MAG17). It is noteworthy that in previous analyses, this group of
MAGs with high functional richness was already observed. However, here we
specifically highlight MAG14, which exhibits many PGPT categories, as
depicted in Figure 4.

Species of the genus Achromobacter are mainly associated with clinical
samples but have also been isolated from other environments, including soils
(Gomila et al. 2011, Zhang et al. 2023), sewage sludge (Pradeep et al. 2015),
effluent water industrial plants (Sreeja Mole S S et al. 2021). Additionally, they
can be found in plant association (Kuncharoen et al. 2017, Mohamadpoor et al.

2022), exhibiting endophytic and plant growth-promoting characteristics.

Considering the genus' importance as an emerging opportunistic

pathogen, we evaluated the genome of Achromobacter animicus (MAG14)
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searching for virulence factors using the PathogenFinder tool (Cosentino et al.
2013). This tool indicated a low probability (26%) of MAG14 being a human
pathogen. Our results suggest that MAG14 has significant potential as a plant
growth promoter, exhibiting multiple functions related to plant interactions.
Among them, we emphasize its capacity for ACC deaminase production, and
synthesis of indoleacetic acid through the conversion of indole-3-acetamide.
Additionally, MAG14 can also produce different organic acids that act in the
solubilization of phosphate and potassium. These traits likely contribute to the
plant growth properties previously reported for this genus (Jha and Kumar 2009,

Romero-Perdomo et al. 2019).

4. CONCLUSIONS

The efforts undertaken in this work allowed the recovery of a series of
genomes related to microorganisms with the potential to promote plant growth.
Furthermore, an in-depth investigation of their functional profiles was possible,
shedding light on the processes of plant-microorganism symbiotic interaction.
The findings provide valuable insights concerning the main traits of bacteria
associated with plants. Additionally, the results demonstrate the importance of
complementarity between individuals that compose microbial communities,
highlighting the role of compatibility in the remodeling or construction of
simplified or synthetic communities. In future studies, we plan to test these
organisms directly on plants to validate the traits and processes estimated by

the genetic features.
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CHAPTER 3 - Classification of genomic features of plant-associated bacteria
using machine learning

ABSTRACT - Plants harbor a diverse array of microorganisms within various niches,
with bacteria playing a crucial role in plant associations by adapting specific traits to
thrive in their hosts. To gather insights into the genomic features associated with this
lifestyle adaptation, we conducted an evaluation of 1808 bacterial genome
sequences across 13 genera obtained from the GenBank database. Among these,
129 genomes were identified as plant-associated, with 190 specifically associated
with roots, 1,304 isolated from non-plant sources (including humans, non-human
animals, air, sediments, and aquatic environments), and 184 derived from soll
samples. Analysis of the plant-associated genomes revealed a higher enrichment of
orthologous gene groups (orthogroups). Employing machine learning (ML) methods
to predict plant-associated genomes, the Random Forest (RF) approach
outperformed Logistic Regression (LR) models, demonstrating a sensitivity value >
0.8 and specificity > 0.9. Feature selection highlighted that approximately 50% of the
enriched orthogroups shared among genera were crucial for plant-associated
genomes. These features represent significant functional categories with specific
genes related to plant genomes.

Keywords: Comparative genomics; Random forest; Endophytic lifestyle; Host
adaptation; Plant-associated environments
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1. INTRODUCTION

A substantial number of microorganisms, with bacteria being the most
dominant group, are closely associated with plants and many of them have been
relatively well studied (Trivedi et al. 2020). The close coexistence with plants
requires specific adaptive mechanisms that allow microorganisms to overcome plant
defenses and inhabit plant tissues (Hassani et al. 2019). Interactions of
plant-adapted microorganisms can vary, having positive (mutualistic), neutral
(neutralism), or deleterious (predation) impacts on plant fithess (Thrall et al. 2007,
Hassani et al. 2018).

Several studies of interactions between pathogenic bacteria and plants have
clarified the responses of the plant's innate immune system, including the
mechanisms of pathogen recognition, as well as the mechanisms that pathogens
use to subvert the host's immune system. On the other hand, the genetic and
molecular ~ mechanisms underlying symbiotic interactions such as
Legume-Rhizobium interactions were also elucidated. Furthermore, numerous
studies have been conducted to isolate beneficial bacteria (PGPB/PGPR) and
investigate the mechanisms involved in promoting plant growth or mitigating adverse

conditions.

Other studies have employed comparative genomics to explore traits typical of
lifestyles both associated and non-associated with plants in various bacterial groups.
In a study conducted by Zhang et al. (2016), a comparative analysis was carried out
between plant-associated and non-plant-associated Bacillus amyloliquefaciens and
Bacillus subtilis species. This analysis led to the identification of genes related to the
use of plant-derived polysaccharides and the synthesis of antibiotics, which were
found to be more abundant in the genome pool of plant-associated strains. In the
study of Poncheewin et al. (2022), they adopted a classifier of the plant-associated
lifestyle of Pseudomonas strains using genome properties and revealed 28
discriminating features. Also, Levy et al. (2018) compared thousands of bacterial
genomes and identified orthologous groups and protein domain profiles, which are

characteristic of plant adaptation.

In this work, our goal was to identify functional genomic features from certain

bacterial genera that have not been considered in previous studies and which are
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poorly characterized in plant association. We aimed to investigate mechanisms
related to adaptations for colonizing plant environments. To achieve this, we

employed machine learning and feature selection approaches.

2. MATERIAL AND METHODS
2.1. Genomic data compilation and metadata

We have previously assembled and inspected the genomes of plant
growth-promoting bacteria belonging to the genera Achromobacter, Burkholderia,
Chryseobacterium, Citrobacter, Enterobacter, Lactococcus, Paenibacillus, Pantoea,
Pseudoxanthomonas, Rhizobium, Sphingobacterium, Sphingobium,
Stenotrophomonas (Unpublished) within bacterial communities associated with

sugarcane (Teheran-Sierra et al. 2021).

To improve comprehension of the relationship of these bacteria with
plant-associated environments, we retrieved the sequences of bacterial genomes
within these genera with the status of “complete genome” or “chromosome” available

in the NCBI Genome database? until December 2021.

The genomes were classified according to the isolation sites, distinguishing
between plant-associated (PA) - which includes any plant niche, including roots - or
root-associated (RA) - which genomes derived solely from endophytic or epiphytic
compartments of roots (rhizoplane), and non-plant-associated (NPA) or
soil-associated (SA) through a manual curation process. This process included
scanning of metadata in the following catalogs: NCBI BioSample (Barrett et al.
2012), Integrated Microbial Genomes (IMG) (Markowitz et al. 2012), Leibniz-Institut -
Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ)°, American
Type Culture Collection (ATCC) (Benton et al. 2021), Czech Collection of
Microorganisms (CCM)'°, Global Catalogue of Microorganisms (GCM) (Wu et al.
2018), Japan Collection of Microorganisms (JCM)", World Data Centre for
Microorganisms (WDCM) (Wu et al. 2017), and the related scientific literature.

®http://www.ncbi.nlm.nih.gov/genome
® https://www.dsmz.de

'° https://ccm.sci.muni.cz

" https://jcm.brc.riken.jp
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The bacterial genome fastas (n=1,807) were downloaded from the GenBank
database at the National Center for Biotechnology Information (NCBI), and the

sequences were then subjected to gene prediction using Prokka (Seemann 2014).

2.2. Construction of the phylogenetic tree

The phylogenomic analysis was performed from the alignment of 124
single-copy marker genes, which were identified with the BUSCO tool (v5.2.2)
(Manni et al. 2021), using the bacterial dataset (bacteria_odb10/ 2020- 03-06). The
phylogenetic tree was inferred by the maximum likelihood method (ML) from the
BUSCO output by using the BUSCO_Phylogenomics.py'? script to reconstruct the

species phylogeny from 1807 bacterial genomes.

2.3. Inference of orthologous gene groups

To infer similarities between protein sequences we used an all-gainst-all
pairwise BLASTp alignments among the genomes within each taxonomic group
(genus level). The BLASTp alignments were performed using the algorithm
implemented in DIAMOND (v 2.0.8) (Buchfink et al. 2015) with the following options:
--ultra-sensitive --query-cover 90 --subject-cover 90 --top 5 --evalue 0.001.
Subsequently, the Orthofinder (2.5.4) tool (Emms and Kelly 2019) was employed
with default parameters to infer the orthologous gene groups (orthogroups). In the
second step, we retrieved a representative sequence (the longest sequence) of each
orthogroup from each taxonomic group and performed a new orthology inference

using the same approach, this time, among the taxonomic groups.

2.4. Functional annotation of the representative orthogroups

The representative orthogroups’ sequences were annotated using
eggNOG-mapper (v2.1.6) (Huerta-Cepas et al. 2017) configured to use
DIAMOND-based BLASTp searches against the EggNOG database (v5.0)

'2 https://github.com/jamiemcg/BUSCO_phylogenomics
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(Huerta-Cepas et al. 2019) and also the following parameters: --target _orthologs
one2one, --sensmode ultra-sensitive, --pident 30, --query cover 90, --evalue
0.00001, --tax_scope bacteria, --tax_scope_mode inner_narrowest --go_evidence

all.

2.5. Enrichment analysis of orthogroups according to lifestyle

The identification of plant-associated (PA), non-plant-associated (NPA),
root-associated (RA), and soil-associated (SA) genes was carried out based on the
existence of significantly enriched protein clusters (orthogroups) in the gene proteins
set from these defined groups of bacterias (PA, NPA, RA or SA). The enrichment
analyses were based on three approaches: the hypergeometric test (Hyperg),
PhyloGLM (lves and Garland 2010), and Scoary (Brynildsrud et al. 2016), similar to
those adopted by Levy et al. (2018). For the hypergeometric test, two versions
(hypergbin, hypergcn) were used. For both gene copy-number and gene
presence/absence data, the P-values were corrected by Benjamini-Hochberg False
Discovery Rate (FDR) with a threshold of P<0.05. In the PhyloGLM approach, the
copy number (phylogimcn) or presence/absence data (phylogimbin) of each gene
was used as the only independent variable. The positive estimates in the PhyloGLM
and P < 0.05 indicate enrichment for PA/RA, while negative estimates and P < 0.05
exhibit enrichment for NPA/SA. The Scoary uses exclusively the gene
presence/absence dataset. The orthogroup was considered significant only if (1) it
had a g-value (an FDR-adjusted P-value) less than 0.05 for Fisher’s exact test, (2)
the ‘worst’ P-value from the pairwise comparison algorithm was < 0.05, and (3) the
empirical (permutation-based test) P-value was < 0.05. Odds ratios greater or equal
than 1 indicated PA or RA and less than 1 indicated NPA or SA enriched genes.

2.6. Classification of plant-associated (PA) genomes and features (genes)

selection

To predict the lifestyle of plant-associated bacteria, we employed two machine
learning approaches using the content of bacterial genomes as input, i.e. the gene
feature tables, considering the copy-number and the presence/absence datasets.

One approach is to use logistic regression, a traditional statistical technique, and the
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other is to use a random forest classifier, a supervised machine learning algorithm.
The evaluation was performed using as input the genome datasets organized by
genus. The datasets were partitioned into 70% for training (model building step) and

the remaining (30%) for testing (validation step).

The analyses were performed in the statistical program R version 4.1.2 (R
Core Team 2021), the logistic regression (LR) was performed using gimnet package
(Friedman et al. 2021) zeroing ridge-regression penalty parameter (a = 0), and the
random forest (RF) was performed using randomfForest package based on Breiman
(2001) algorithm with an increase in the parameter related to the number of trees
(ntree = 1000) (Liaw and Wiener 2002). The performance was evaluated using the
following metrics: accuracy, error rate, precision, sensitivity, F-score, and Receiver

Operating Characteristic (ROC) curves.

The variable importance (varlmp) from each classification analysis using the
two approaches with all datasets was computed using the function “varimp” of the
caret package in R (Kuhn 2008). The varlmp is a measure of the importance of
variables (genes/orthologous) in a machine learning model. It indicates how much
each variable contributes to the model's ability to make accurate predictions. This

measure is useful for selecting the most relevant features for a given model.

2.7. Enrichment of functional categories of Clusters of Orthologous Groups
(COG)

The orthogroups shared among genome groups were subjected to enrichment
analysis using Fisher's exact test in R to identify any significant associations. We
evaluated the functional categories enriched in the comparison between
plant-associated (PA) and non-plant-associated (NPA), as well as between

root-associated (RA) and soil-associated genomes.
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3. RESULTS
3.1. Bacterial genome groups and phylogenomic analysis

A total of 1,807 sequences of bacterial genomes were retrieved from the
Genbank database (Appendix A). Among these, 129 were annotated as
plant-associated (PA), 190 as root-associated (RA). Additionally, there were 1,304
non-plant-associated bacterial genomes (NPA) sourced from various environments,
such as humans, non-human animals, air, sediments, and aquatic environments, and
184 genomes derived from soil-associated (SA) (Appendix B). The phylogenomic
analysis reveals the distribution of taxonomic groups: Alcaligenaceae
(Achromobacter), Burkholderiacea (Burkholderia), Enterobacteriaceae (Citrobacter
and Enterobacter), Erwiniaceae (Pantoea), Xanthomonadaceae
(Pseudoxanthomonas, Stenotrophomonas), Rhizobiaceae (Rhizobium), and
Sphingomonadaceae (Sphingobium), all belonging to the phylum Pseudomonadota
in addition to Streptococcaceae (Lactococcus) and Paenibacillaceae (Paenibacillus)
representatives of the phylum Bacillota, and Weeksellaceae (Chryseobacterium) and
Sphingobacteriaceae  (Sphingobacterium), representatives of the phylum

Bacteroidota (Figure 1, Appendix B).
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Family

[ Burkholderiaceae
B Alcaligenaceae

[ sphingomonadaceae
B Rhizobiaceae

B sphingobacteriaceae
[T weeksellaceae

[7] streptococcaceae
[ Paenibacillaceae
[ xanthomonadaceae
W Erviniaceae

Bl Enterobacteriaceae

Classification
B r

B rA

W PA

B soi

Figure 1. The maximum-likelihood phylogenetic tree was constructed from the
concatenated alignment of 124 single-copy marker genes. The inner ring displays
the taxonomic group, with colors indicating family level. The outer ring displays the
isolation source for each genome, distinguishing among plant-associated (PA)

genomes, root-associated (RA), non-plant-associated (NPA), and soil (SA) genomes.

3.2. Orthologous gene enrichment

The results of genus-specific protein clustering analysis, revealed a total of
635,466 orthogroups (Table 1). From the orthogroups’ enrichment analysis, we
identified the significantly enriched orthogroups related to a plant-associated lifestyle
based on any of the employed statistical approaches. The lists of statistically
significant PA, RA, SA, and NPA orthogroups for each genus-specific dataset are laid
out in Appendix C.
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Table 1. Numbers of the identified orthogroups (OGs) into each genus-specific
dataset, and also, the enriched genes for each genus according to the considered
environments.

Enriched OGs

Genus OGs

NPA NPA/SA PA PA/RA RA SA
Achromobacter 22,389 0 0 1 0 0 0
Burkholderia 104,439 1,437 1,761 2,908 3,406 307 645
Chryseobacterium 40,969 0 0 1 0 0 0
Citrobacter 55,059 2 0 0 0 0 0
Enterobacter 87,512 505 0 347 0 0 0
Lactococcus 19,781 13 0 22 0 0 0
Paenibacillus 89,675 32 0 540 0 0 0
Pantoea 25,202 3 0 3 0 0 0
Pseudoxanthomonas 11,079 0 0 0 0 0 0
Rhizobium 79,328 1,387 4 1,122 367 63 7
Sphingobacterium 32,816 0 0 2 0 0 0
Sphingobium 28,622 0 0 0 0 0
Stenotrophomonas 38,582 0 0 11 0 0 0

The enrichment analysis detected few orthogroups significantly enriched in
the following genus-specific dataset: Achromobacter (n=1), Chryseobacterium (n=1),
Citrobacter (n=2), Pantoea (n=3), Pseudoxanthomonas (n=0), Sphingobium (0), with
exception of Citrobacter and Pantoea, the others did not proceed in the subsequent
analyzes (Table 1). All these datasets needed more representatives for an
appropriate enrichment analysis. Maybe in the future, we will have more useful data

for them.

We identified a total of 501,446 orthogroups shared among the genomes. In
our results, we observed that the vast majority of these orthogroups were exclusive
to a specific genus 92.42% (463,441), while only 7.58% (38,005) were shared
among more than two genera groups. Many of these were shared between the

Burkholderia and Rhizobium genera.
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Approximately 55% (276,630) of the total orthogroups had a match in at least
one of the databases integrated into eggNOG, including COGs (236,990), ECs
(47,502), KEGG (107,905), GOs (26,840), CAZy (3,750), and PFAMs (215,846).

However, a substantial number of orthologs remain unidentified.

3.3. Performance evaluation of the machine learning approaches

Overall, the random forest approach outperformed the logistic regression
models in predicting plant-associated genomes, with a sensitivity value greater than
0.8 and specificity greater than 0.9. An exception was observed for the
presence/absence dataset of Stenotrophomonas (PA vs. NPA), which showed a
sensitivity of 0.375 (Appendix D). The analysis results of the gene count datasets of
the group Sphingobacterium exhibited a sensitivity of 0.667 (PA vs. NPA), whereas
for Pantoea (PA vs. NPA) and Rhizobium (RA vs. SA) values of specificity were the
smallest 0.353 and 0.667, respectively (Appendix D). To visualize these results, we
provide ROC curves and their corresponding Area under the ROC Curve (AUC)

values for the two employed approaches (Figure 2).
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3.4. Functional categories regarding plant-associated bacteria gene content

The most important features (orthogroups) for each genus-specific group,
considering each dataset type (presence/absence or gene count number), were
obtained from random forest models. These features were then selected and
associated with the orthogroups shared among the genus datasets. This combined
information was considered to search for the most important genes related to plant
association lifestyle independently of the genus. In total, 13,821 orthogroups showed
great importance in at least one of the conditions, of which 30% did not have
importance, while plant-associated genomes accumulated approximately 49%, and

non-plant-associated genomes had 21%.

To identify which functions may be more prominent in plant-associated
genomes, we performed an enrichment of the function profile based on Clusters of
Orthologous Group (COG) and considered only features with varimp > 1 and which
did not present inconsistent annotation, this means that the orthogroups were
derived only from plant-associated genomes or were specific from
non-plant-associated genomes. We had 1,883 orthogroups related to
plant-associated (PA or RA) and 664 to non-plant-associated (NPA or SA).

The Figure 3 and Figure 4 display the differences in the abundance of
orthogroups assigned to COG according to lifestyle. A total of 5 categories were
significantly abundant for plant-associated genomes (P < 0.05): “Amino acid
transport and metabolism” (E), “Lipid transport and metabolism” (I), “Secondary
metabolites biosynthesis, transport and catabolism” (Q), “Transcription” (K), and
“Signal transduction mechanisms” (T). Whereas the non-plant-associated genomes
present enrichment for the following COG categories: “Nucleotide transport and
metabolism” (F), “Replication, recombination and repair’ (L), “Cell motility” (N),
“Function unknown” (S) and “Intracellular trafficking, secretion, and vesicular
transport” (Figure 3.a and 3.b). In the comparison of COG functional category
abundance between root-associated and soil-associated genomes, only “Replication,
recombination and repair’ (L) category showed significant enrichment considering

the gene copy number dataset for soil bacterial genomes (Figure 4.a).
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Figure 4. Differential abundance of orthogroups shared among the genera (varlmp >
1), assigned COGs functional categories in root-associated and soil-associated
genomes.
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4. DISCUSSION

This study aimed to identify genomic features, specifically genes organized in
orthogroups, that are associated with plant-related environments. We adopted
machine learning approaches, hypothesizing that these features would recur across
the genomes of various taxonomic groups of bacteria known to inhabit such
environments. Our approach seeks to distinguish between the genomic
characteristics of bacteria associated with plants and those not directly related to
plant environments, reflecting the unique adaptations of plant-associated bacterial

groups.

Our results indicated that there was either no detection or minimal detection of
orthogroup  enrichment related to bacterial genera  Achromobacter,

Chryseobacterium, Citrobacter, Pantoea, Pseudoxanthomonas, and Sphingobium.

However, these members have been reported for their potential in agriculture
as plant growth-promoting and/or biological control agents (Abdel-Rahman et al.
2017, Bhise et al. 2017, Singh et al. 2021, Ajmal et al. 2022, Huda et al. 2022). On
the other hand, a large number of shared orthogroups between Burkholderia and
Rhizobium genera can indicate function similarities and are often associated with
beneficial plant association (Diaz-Valle et al. 2019, Cui et al. 2020, Heo et al. 2022).

Certainly, the stringent criteria to consider valid alignments, influenced the
obtention of shared orthogroups between genera, generating a large number of
unique orthogroups. The intention was to ensure that more concise orthologous
groups were obtained. Enrichment analysis approaches have been commonly used
to identify trends of over-represented features in large-scale biological datasets (Cai
et al. 2018, Levy et al. 2018, de Souza et al. 2019), contributing to our understanding
of biological patterns.

Machine learning has been commonly used to predict environmental or host
phenotypes, classify microbial features, study interactions between microbiome
components, and monitor changes in microbiome composition (Hernandez Medina
et al. 2022). This has improved the efficiency of discovering important functional
features of microorganisms associated with plants, including predicting

plant-associated bacterial lifestyles and interaction factors (Martinez-Garcia et al.
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2016, Biggs et al. 2021, te Molder et al. 2021, Poncheewin et al. 2022). In our study,
we used logistic regression and random forest techniques, and both proved to be
very useful in identifying discriminant features even with a very small amount of data
(representative genomes for each class, i.e. lifestyle). The random forest performed
slightly better based on AUC values in the analyses of our small datasets. Taking all
of this into consideration, we acknowledge that there is still the possibility to obtain
even more information on this topic using our approach by adjusting parameters and
thresholds, such as the alignment stringency for organizing orthogroups. Another
aspect of extreme relevance to the success of the approach is obtaining a greater

quantity of representative genomes.

Overall, our results using these approaches provide valuable insights into
functional categories associated with the ability to colonize environments associated
with plants, particularly focusing on plant-associated (PA) and root-associated (RA)
enriched categories. These findings shed light on the molecular mechanisms
underlying the interactions between microorganisms and plants, highlighting their

significance for plant health and growth.

For the functional category termed “Amino acids transport and metabolism”
(E) some studies reported as of strong importance in plant-microbe interactions (Cai
et al. 2018, Cheng et al. 2019, Fabian et al. 2021). De Souza et al. (2019) reported
that amino acid transporters are related to plant—-microbe interaction and might be

linked to the robust colonization lifestyle.

Another category overrepresented is the “Secondary metabolites
biosynthesis, transport and catabolism” (Q), which includes biosynthesis of
non-ribosomal peptides (NPR), siderophores, and signaling molecules
(autoinducers) involved in key steps of the quorum-sensing process (Appendix E).
Bacterial secondary metabolites serve as a significant reservoir of antimicrobials and
other bioactive compounds (Chevrette et al. 2022). These compounds play crucial
roles in microbial interactions by mediating rhizosphere competition (Andri¢ et al.
2022, Bhat et al. 2022) and responding to environmental changes (Kim et al. 2011).
The production of these metabolites is often regulated, in part, through processes
such as quorum sensing, emphasizing their role in bacterial communication and

adaptation.
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In the category 'Lipid transport and metabolism' (1), which encompasses
processes related to the breakdown of fatty acids, lipid synthesis, and transport, we
identified genes associated with the biosynthesis of phytoene, an isoprenoid that
serves as a precursor for various carotenoids. Additionally, we found genes encoding
fatty acid desaturase enzymes, which play a crucial role in the synthesis of
unsaturated fatty acids. Lipides play several roles in plant-microbe association, some
of their key functions include stress tolerance (Rojas-Solis et al. 2020), inducing
systemic resistance: unsaturated fatty acids produced by PGPB can trigger systemic
resistance in plants (Macabuhay et al. 2022), biofilm formation: lipids are
components in a biofilm matrix, and generally act as biosurfactant providing
dispersal and bioavailability of hydrophobic substances, and bacterial attachment,

poorly explored in plant-microbe association (Bogino et al. 2013).

The COGs belonging to “Signal transduction mechanisms” (T) are primarily
associated with sensor proteins that participate in various cellular processes,

including chemotaxis proteins.

The “Transcription (K)” category can be related to the regulation of quorum
sensing and motility. Additionally, this category includes proteins with domains for
binding to a variety of ligands, such as a Solute-binding protein (SBP) predicted to
bind specifically only to amino acids (SBP_bac_3) (Ortega et al. 2022). "The LysR, a
transcriptional regulator (TR) found within this category, represents the most
abundant type of TR in prokaryotes. It mediates a cell's response to changes in its
environment by regulating a diverse set of genes, including those involved in

virulence, metabolism, quorum sensing, and motility (Maddocks and Oyston 2008).

5. CONCLUSION

In our work, using the available datasets, we observed that random forest
(RF) slightly outperformed logistic regression, particularly in terms of Area Under the
ROC Curve. However, further efforts are needed, such as the algorithm parameters
tuning, and thresholds reviewing, to improve the accuracy of our classifiers’ models.
In addition, we also need more representative genomes to increase the number of

instances in genus-specific datasets and to avoid the 'curse of dimensionality,’
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enabling us to extract more informative features. Even so, overall, this study
provides a significant set of functional categories related to plant-associated bacterial
genomes, shedding light on genomic features that reveal bacterial adaptations to
inhabit plants. These categories include “Amino Acid Transport and Metabolism (E)”,
“Lipid Transport and Metabolism (1)’, “Secondary Metabolites Biosynthesis,
Transport and Catabolism (Q)”, “Transcription (K)”, and “Signal Transduction
Mechanisms (T)”. A focused effort on the specific characterization of the results for
each genus is crucial to further extend our knowledge about the specific strategies

and mechanisms used for each genus to interact with plant hosts.
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The appendices for this chapter are available on Zenodo, an open-access
general-purpose repository maintained by OpenAlIRE and CERN. This repository
allows the deposit of research articles, datasets, research software, reports, and any

other digital artifacts related to research.

Access to the appendices for this chapter can be found at the following permanent
link: https://doi.org/10.5281/zenod0.10447438

Appendix A- List of all bacterial genomes used in orthologous genes clustering in
the feature extraction step and in the further steps to build and test classifiers’
models. The list includes the isolation source information and the related category for

the genome classification and features selection purposes.

Appendix B - Distribution of genomes by phylum, family, and genus among the

categories defined according to bacteria lifestyle association.

Appendix C- Enriched orthogroups by genus according to each enrichment test
(Material and Methods). Values for each test are "Y" (enriched), "N" (not enriched),
or "Untested" (clusters were untested when there was insufficient phylogenetic

signal, they were too small or were found in all genomes).

Appendix D- Classification performance of random forest and logistic regression
techniques applied to genus-specific datasets of genomic features (orthogroups)
using both matrices from gene count number and presence/absence values.
Sensitivity is a measure of how well a test identifies true positives; Specificity: is a
measure of how well a test or model avoids false positives; Positive Predictive Value
(Pos. Pred. Value): The probability that a positive prediction is correct; Negative
Predictive Value (Neg. Pred. Value): The probability that a negative prediction is
correct; Precision: The accuracy of positive predictions; Recall (Sensitivity): The
ability to find all relevant cases; F1 Score: A combined measure of precision and
recall; Prevalence: The proportion of positive cases in the total; Detection Rate: The
proportion of true positive cases identified; Detection Prevalence: The proportion of

positive predictions; Balanced Accuracy: An average of sensitivity and specificity;
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Area Under the Curve (AUC): The overall performance of the model in distinguishing

between positive and negative cases.

Appendix E- Orthogroups assigned with predicted COGs as an important feature for
classifying plant-associated genomes. COG categories: A - RNA processing and
modification; B - Chromatin structure and dynamics; C - Energy production and
conversion; D - Cell cycle control, cell division, chromosome partitioning; E - Amino
acid transport and metabolism; F - Nucleotide transport and metabolism; G -
Carbohydrate transport and metabolism; H - Coenzyme transport and metabolism; | -
Lipid transport and metabolism; J - Translation, ribosomal structure and biogenesis;
K - Transcription; L - Replication, recombination and repair;, M - Cell
wall/membrane/envelope biogenesis; N - Cell motility; O - Posttranslational
modification, protein turnover, chaperones; P - Inorganic ion transport and
metabolism; Q - Secondary metabolites biosynthesis, transport and catabolism; R -
General function prediction only; S - Function unknown; T - Signal transduction
mechanisms; U - Intracellular trafficking, secretion, and vesicular transport; V -
Defense mechanisms; W - Extracellular structures; X - Mobilome: prophages,

transposons; Y - Nuclear structure; Z - Cytoskeleton.
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