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ABSTRACT

GONCALVES, Osiel Silva, D.Sc., Universidade Federal de Vigosa, July, 2023. The known
unknowns: understanding slow-growing bacteria and their plant interaction through
reverse ecology approaches. Adviser: Mateus Ferreira Santana. Co-advisers: Wendel Batista
da Silveira and Mauricio Dutra Costa.

The cultivation of bacteria that exhibit slow growth rates has posed a longstanding challenge in
microbiology, resulting in a significant number of unculturable bacterial species. This
phenomenon, known as the "great plate count anomaly", represents one of the oldest unresolved
topics in the field. Recent advancements in cultivation techniques have shown promise in
overcoming this challenge. In addition, the study of slow-growing bacteria and their interactions
with plants has gained significant attention due to their ecological importance and potential
applications in agriculture. Genomics techniques have provided valuable insights into the
genetic characteristics underlying microbe-plant interactions. In this context, by examining the
in-cultivation techniques, genomics, and computational modeling, we seek to shed light on the
slow-growing bacteria and uncover their contributions to ecosystem functioning and plant
interaction. Our initial understanding was obtained through the study of 92 slow-growing
bacteria isolated from the Brazilian Cerrado soil during a four week-long isolation period. These
bacteria can thrive in low-water conditions, promote plant growth, and belong to a novel species
group. Genome analysis of five strains revealed their potential in biogeochemical cycles, plant
growth promotion, and biosynthesis of secondary metabolites. Next, we conducted greenhouse
experiments to assess the efficacy of these bacteria in soybean cultivation, employing a
carefully designed bacterial consortium based on our comprehensive understanding of
microbial-microbe and plant-microbe interactions. The results showed promising outcomes for
improving soybean productivity. In the third chapter of this thesis, we employed in-silico
modeling to design a synthetic microbial community aimed at enhancing the yield of important
crop plants. By selecting six hub species with essential plant growth-promoting traits from the
dominant plant species found in the Campos rupestres, we aimed to optimize the plant-microbe
interactions and maximize crop productivity. Lastly, our analysis of 758 metagenome-
assembled genomes shed light on the global distribution of the Acidobacteriota phylum and its
interactions with plants and biogeochemical processes. This exploration revealed distinct
ecological roles for individual taxonomic groups within this phylum, providing valuable

insights for future research. Overall, our thesis contributes to a better understanding of slow-



growing bacteria, their ecological significance, and their potential applications in agriculture,

offering insights into ecosystem functioning and plant interactions.

Keywords: Agriculture. Slow-growing bacteria. Ecosystems. Genomics. Microbe-plant
interactions. Microbiology



RESUMO

GONCALVES, Osiel Silva, D.Sc., Universidade Federal de Vigosa, julho de 2023.
Desconhecidos conhecidos: compreendendo as bactérias de crescimento lento e suas
interacdes com as plantas através de abordagens de ecologia reversa. Orientador: Mateus
Ferreira Santana. Coorientadores: Wendel Batista da Silveira e Mauricio Dutra Costa.

O cultivo de bactérias de crescimento lento tem sido um desafio persistente na area da
microbiologia, resultando em muitas espécies bacterianas que ndo podem ser cultivadas. Esse
fendomeno, conhecido como "a grande anomalia na contagem de placas", ¢ um dos problemas
mais antigos ndo resolvidos na microbiologia. Recentemente, foram feitos avangos nas técnicas
de cultivo que tém mostrado promessa para superar esse desafio. Além disso, o estudo das
bactérias de crescimento lento e suas interacdes com as plantas tem recebido atencdo
significativa devido a sua importancia ecologica e as possiveis aplicagdes na agricultura. A
gendmica tem fornecido informagdes valiosas sobre as caracteristicas genéticas que estdo por
tras dessas interagdes entre microrganismos e plantas. Nesse contexto, examinamos as técnicas
de cultivo, a gendmica e a modelagem computacional para esclarecer as bactérias de
crescimento lento e descobrir como elas contribuem para o funcionamento dos ecossistemas e
para a interacdo com as plantas. Nosso primeiro entendimento foi obtido por meio do estudo de
92 bactérias de crescimento lento isoladas do solo do Cerrado. Essas bactérias tém a capacidade
de se desenvolver em condi¢des com pouca agua, caracteristicas promissoras para promover o
crescimento das plantas, e pertencem a um novo grupo de espécies. A analise do genoma de
cinco linhagens revelou seu potencial em ciclos biogeoquimicos, promog¢ao do crescimento das
plantas e biossintese de metabolitos secundarios. Em seguida, realizamos experimentos em casa
de vegetacdo para avaliar a eficdcia dessas bactérias no cultivo da soja, utilizando um consoércio
bacteriano cuidadosamente projetado, com base nas interagdes microbianas e com as plantas.
Os resultados se mostraram promissores para melhorar a produtividade da soja. No terceiro
capitulo da tese, utilizamos a modelagem in-silico para projetar uma comunidade microbiana
sintética com o objetivo de aumentar o rendimento de importantes plantas agricolas.
Selecionamos seis espécies centrais com caracteristicas essenciais para a promoc¢ao do
crescimento das plantas, a partir das espécies dominantes encontradas nos Campos rupestres,
buscando otimizar as interagdes entre microbios e plantas e maximizar a produtividade de
importantes culturas agricolas. Por fim, nossa analise de 758 genomas montados a partir de

metagenomas trouxe novas informagdes sobre a distribuicdo global do filo Acidobacteriota e



suas interacdes com plantas e processos biogeoquimicos. Essa exploragdo revelou papéis
ecologicos distintos para grupos taxondmicos individuais dentro desse filo, fornecendo
informagdes valiosas para pesquisas futuras. Em resumo, essa tese contribui para uma melhor
compreensdo das bactérias de crescimento lento, sua importancia ecoldgica e suas possiveis
aplicacdes na agricultura. Além disso, ela oferece informagdes valiosas sobre o funcionamento

dos ecossistemas e as interagdes entre microbios e plantas.

Palavras-chave: Agricultura. Bactérias de crescimento lento. Ecossistemas. Gendmica.
Interagdes microbio-planta. Microbiologia.
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General introduction

The microbial world is a vast and intricate web of life, where countless organisms coexist and
interact in complex ways. Among these microorganisms, bacteria reign the most numerous and
diverse biological organisms on the planet. However, despite their ubiquity, a significant
portion of bacterial species remains unknown, defying attempts to cultivate them in laboratory
settings. This enigmatic phenomenon, known as the "great plate count anomaly", has puzzled
microbiologists for decades, representing one of the oldest unresolved topics in the field.

In recent years, remarkable progress in tackling this challenge by employing innovative
strategies to cultivate previously 'unculturable' bacteria. By utilizing approaches such as
oligotrophic media, extended incubation periods, and the selective isolation of slow-growing
bacteria, the potential of these elusive microorganisms has been improved. This advancement
not only presents a significant breakthrough in microbiology but also opens doors to
understanding the vast unknown biological diversity that exists on our planet.

The studies of bacteria's interactions with plants have gained substantial attention due
to their crucial role in shaping ecosystems and influencing plant health. Exploring the genetic
characteristics and ecological traits of plant growth-promoting bacteria has been made possible
through the application of genomics techniques. A valuable insight into the intricate dynamics
of microbe-plant interactions has been done by analyzing the genetic makeup of these bacteria
and deciphering their metabolic capabilities.

Reverse ecology offers a unique opportunity to unravel the genetic traits underlying
slow-growing bacteria and their interactions with plants. Reverse ecology is a frontier in
evolutionary systems biology that aims to obtain novel insights into an organism's ecology.
This approach uses advances in systems biology and genomic metabolic modeling to predict
the ecological traits of microbes and their interactions with other organisms. By examining the
in-cultivation techniques, genomics, and computational modeling, we seek to shed light on the
hidden world of these elusive microorganisms and uncover their vital contributions to
ecosystem functioning and enhance plant growth.

This thesis includes three appendix articles that significantly contribute to the
understanding of various aspects within the scope of this study. In the first article, we
investigated the essential characteristics of the Acidobacteriota phylum, which carries multiple
integrative and conjugative elements in the chromosome. These elements encode a diverse
repertoire of genes, showcasing potential environmental functions such as heavy metal

resistance, iron uptake, secondary metabolism, and antibiotic resistance. These advantageous
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attributes play a pivotal role in the phylum's survival, resistance, and persistence in various
environmental conditions. Moving on to the second appendix, we explore the application of
reverse ecology as a powerful tool to reveal the potential metabolic interplay among
'Candidatus Liberibacter' species, Citrus hosts, and psyllid vectors. This research sheds light
on how to effectively employ reverse ecology techniques to uncover interactions between
microorganisms and their hosts, providing valuable insights into managing such interplays.
Finally, in the third appendix, we focus on the isolation of novel rhizobacteria species from
soybean using an oligotrophic medium. We demonstrated that some of these isolates have
potential to improve soybean growth under drought, and through genomic analysis, we have
successfully demonstrated the presence of genes encoding plant growth-promoting proteins and
secondary metabolite biosynthetic clusters in publicly available genomes for the ten genera
studied. Together, these three articles substantially contribute to the knowledge and
understanding of diverse microbial interactions and their implications in environmental,

agricultural, and ecological contexts.
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Chapter 1

Uncovering the Secrets of Slow-Growing Bacteria in Tropical Savanna Soil through

Isolation and Genomic Analysis

Gongalves, O.S, Santana, M.F. Uncovering the Secrets of Slow-Growing Bacteria in Tropical
Savanna Soil through Isolation and Genomic Analysis. The manuscript was accepted for

publication in the Microbial Ecology.
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Uncovering the Secrets of Slow-Growing Bacteria
in Tropical Savanna Soil through Isolation and
Genomic Analysis

Osiel Silva Gongalves!, Mateus Ferreira Santana'”

'Grupo de Genomica Eco-evolutiva Microbiana, Laboratério de Genética Molecular de
Microrganismos, Departamento de Microbiologia, Instituto de Biotecnologia Aplicada a

Agropecudria, Universidade Federal de Vigosa, Minas Gerais, Brazil.

*Correspondence author: mateus.santana@ufv.br

Abstract

One gram of soil holds ten billion bacteria of thousands of different species, but most remain
unknown, and one of the serious issues is intrinsic to slow-growing bacteria. Here, we report
the week-long isolation of slow-growing bacteria from Brazilian Cerrado soil. During a four-
week incubation, we selected a total of 92 isolates. These isolates, consisting mostly of slow-
growing bacteria, could thrive in low-water conditions and possess features that promote plant
growth. Our results indicate that slow-growing bacteria are genetically similar to established
bacterial species but also belong to a novel group of species. The new strains identified were
Caballeronia sp., Neobacillus sp., Bradyrhizobium sp., and high GC Gram-positive species. In
addition, the growth experiment conducted under various culture media and temperature
conditions revealed an extended lag phase for five strains. Genomic analysis of these five slow-
growing bacteria showed their potential to participate in biogeochemical cycles, metabolize
various carbohydrates, encode proteins with a role in promoting plant growth and have
biosynthetic potential for secondary metabolites. Taken together, our findings reveal the

untapped potential of slow-growing bacteria in tropical savanna soils.

Keywords: Cerrado; drought; plant growth-promoting bacteria; reverse ecology; uncultured

bacteria.

Introduction
Bacteria, the most abundant living organisms on Earth, remain largely unexplored due to the
"Great Plate Count Anomaly", which estimates that less than 1% of bacterial species have been

cultivated in laboratory conditions [1]. Soil is by far the richest environment for microbial life;
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it is estimated that in one gram, there are ten billion bacteria with thousands of different species,
and despite extensive cultivation-independent study and advances in high-throughput
sequencing technology, little is known about the majority of bacteria in soils [2]. Although the
cultivation-dependent approach has some limitations, it is essential for understanding the

diversity, ecology, and physiology of bacteria [3].

Many bacteria that are found in natural environments grow slowly and have been difficult to
cultivate in laboratory conditions due to various factors, such as nutritional and ecological
conditions [4, 5]. These bacteria are often referred to as “uncultured” or “previously uncultured”
bacteria. Slow-growing bacteria are typically fastidious microorganisms, especially those that
live in oligotrophic environments with slow growth rates [6]. They are present in various
terrestrial and aquatic environments, and much of our current understanding of slow-growing

bacteria relies on studies of human pathogenic bacteria.

In soil, slow-growing bacteria tend to be in the deeper layers of soil or are not closely associated
with plant roots, where nutrients are limited, and environmental conditions are relatively stable
[2]. The ability of these bacteria in the soil to adapt to changing environmental conditions is
another essential characteristic. They grow slowly, and they are often more resistant to drought,
low-nutrient environments, and other stressors that can be detrimental to other bacteria [7].
Altogether, they play an essential ecological role in biogeochemical cycles, soil fertility, the
synthesis of new natural products, and interactions with other microbes, plants, and their
surroundings [8]. However, little is known about the role of these bacteria in soil environments,

especially in tropical forests.

The Cerrado is the world's most species-rich tropical savanna with an annual severe drought
and is considered nutrient-poor, acidic, and aluminum-rich soil. This tropical savanna occupies
one-quarter of Brazil. Interestingly, it is classified as a savanna with several physiognomies,
morphoclimatic zones, and phytogeographic domains [9, 10], which are subject to variations in
nutrient cycling, climatic season, and soil acidity inherent to the environment, and this reflects
the assembly and structures of the microbial communities [11]. Metagenomic analyses have
shown that slow-growing bacteria, such as those in the phylum Acidobacteriota, are highly
abundant in Cerrado soil [12]. Therefore, this environment provides a unique opportunity to

study microbes that have adapted to challenging environmental conditions.
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Despite their importance, our understanding of slow-growing bacteria in soil is still limited.
Much more research is needed to fully understand the functions and properties of these elusive
microorganisms. Studies have shown the potential for the cultivation of previously
“unculturable” bacteria from environmental samples using simple but laborious cultivation
strategies[13—15]. The cultivation of “unculturable” bacteria can be improved by combining
oligotrophic media, extended incubation periods, and the selection of slow-growing bacteria.
Here, we reported the week-long isolation of 92 slow-growing bacteria belonging to nine genera
from Cerrado sample soil and described their potential role in biogeochemical cycles and plant

growth promotion potential abilities.

Materials and Methods

Soil sampling, preparation of media, and isolation procedures

Approximately 50 g of topsoil was obtained from five equidistant areas (approximately 1 meter
apart) located in the Cerrado sensu stricto within a forest remnant in Rio Verde, Goias, Brazil
(17°47'10.8"S 50°57'59.7"W) (Fig. S1). The soil samples were then transported to the
laboratory enclosed in polyethylene bags at ambient temperature and kept refrigerated at 4 °C
for one week until processing. One gram of weighed sample of sieved soil was dispersed in 100
ml of sterile saline solution 0.85% after 1 ml aliquots were diluted in series. Aliquots of 100 uLL
of each dilution were inoculated in the VL55 medium base (composition in 1 L of distilled
water: 3.9 g of MES (2-Morpholinoethanesulfonic acid), 20 mM MgS0O4.7H>O, 30 mM
CaCl».2H>0, 20 mM (NH4):HPO4). This medium was autoclaved at 121 °C for 20 min and
cooled to 56 °C. Next, 10 mL of 5% (w/v) xylan from beechwood (Fluka), 2 ml of
tungstate/selenite solution, 2 mL of SL-10 trace element solution (see below), and nystatin (10
mg/L~!") were supplemented in the VL55 medium base. The selenite/tungstate, vitamin, and

trace element solutions were sterilized by filtration.

The tungstate/selenite solution contained (per liter of distilled water) 0.5 g of NaOH, 3 mg of
NaxSe03.5H>0, and 4 mg of Na;WO4.2H>0 [16]. SL-10 trace elements contained (per liter of
distilled water) 10 ml of HCI [25%, 7.7 M], 1.5 g of FeCl,.4H>0, 70 mg of ZnCl,, 100 mg of
MnCL.4H20, 6 mg of H3BO3, 190 mg of CoCl..6H20, 2 mg of CuCL.2H>0, 24 mg of
NiCl,.6H>0 and 36 mg of Na;M004.2H>0) [17]. The vitamin solution contained (per liter of
H>0) 2 mg (+)-biotin, 2 mg of folic acid, 10 mg of pyridoxamine hydrochloride, 5 mg of

thiamine chloride, 5 mg of riboflavin, 5 mg of nicotinic acid, 5 mg of hemicalcium D-(+)-
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pantothenate, 0.1 mg of cyanocobalamin, 5 mg of 4-aminobenzoate and 5 mg of DL-6,8-thiotic

acid.

Plates with five replicates per sample were incubated in polyethylene bags to prevent
desiccation at 25 °C in the dark for 15 weeks of incubation. To facilitate bacterial growth, the
colonies were collected and transferred for purification on DMSZ acidiphilium medium agar
(composition in 1 L of distilled water: 2 g of (NH4)2SO4, 0.1 g of KCI, 0.5 g of KoHPO4, 0.5 g
of MgS04.7H-0, 0.3 g of yeast extract, 1 g of D-glucose, and 15 g of agar—agar). This step was
taken to augment bacterial growth, as VL55, being an oligotrophic medium, may provide
limited nutrients. The cells were grown in liquid DMSZ acidiphilium medium for cryostock

preparation with stocks prepared with glycerol and maintained at -80 °C.

Plant growth-promoting bacterial trait analysis
Bacterial growth under reduced water availability

The slow-growing bacteria were grown in tryptic soy agar (TSA) medium (10%) with
additional sorbitol at five different concentrations (0 g/L™!; 85 g/L !, 285 g/L !, and 660 g/L™")

to simulate water stress at 28 °C [18].
Exopolysaccharide (EPS) production

Slow-growing bacteria were inoculated onto 5 mm diameter paper discs disposed of in DSMZ
acidiphilium medium agar. The production of EPS was checked by slime appearance and by
mixing a portion of the mucoid substance in 2 mL of absolute ethanol, in which the formation

of a precipitate indicated the presence of EPS [19].

Indole acetic acid (IAA) production

Aliquots of 100 pL of slow-growing bacteria were initially grown in 10 mL of TSA medium
(10%) for 48 hours in the dark at 28 °C. Next, colonies were transferred to fresh plaque
containing TSA medium (10%) supplemented with 5 mM L-tryptophan. Colonies were covered
with a cellulose filter (0.45 um pore size) and incubated in the dark at 28 °C. After 48 h, the
membranes were washed in Salkowski reagent (50 mL of perchloric acid (35%) and 1 mL of
FeCls solution (0.5 M) for 30 min in the dark [20]. The appearance of pink to red color indicated
IAA production.

Phosphate solubilization assay
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Slow-growing bacteria were inoculated into tubes with 10 ml of tryptone soya broth (TSB)
medium (10%) for one week at 28 °C and shaken on an orbital shaker at 180 rpm. Cells were
collected by centrifugation and washed twice with 0.8% NaCl solution, and 20 pL of this
suspension was spotted on the National Botanical Research Institute’s phosphate growth
medium (NBRIPM) containing 15 g of agar, 10 g of glucose, 5 g of Ca3(POs)?, 5 g of
MgCl,-6H,0, 0.25 g of MgS04:7H>0, 0.2 g of KCI, and 0.1 g of (NH4)>SO4 per liter [21].
Plates were incubated for 15 days at 28 °C. Positive phosphate solubilization was confirmed by

the appearance of clearing zones around the spot.

Siderophore production

Slow-growing bacteria were tested for their ability to produce siderophores in CAS medium
[22]. Bacteria were collected from TBS, resuspended, and washed twice with phosphate-
buffered saline pH 6.5. An aliquot of 20 pL of bacterial suspension was spotted on CAS agar
plates. The production of siderophores was checked daily for color change from blue to red

around each colony.

DNA Extraction and 16S rRNA Sequencing, Processing, and Analysis

Slow-growing bacteria were inoculated into tubes with 20 ml of liquid DSMZ medium for one
week at 28 °C and shaken on an orbital shaker at 180 rpm. Cells were collected by
centrifugation, and genomic DNA was extracted using the Wizard® Genomic DNA
Purification Kit (Promega Corp., Madison WI, USA) as recommended by the manufacturer.
DNA was checked for quality using a NanoDrop 2000 (Thermo Fisher Scientific, Waltham,
MA, USA) and subjected to gel electrophoresis (0.8% agarose). The 16S rRNA genes were
amplified using 27F and 1492R [23]. PCRs were adjusted to a volume of 25 pL containing 0.1
uM of each 16S rRNA primer, 25 ng of genomic DNA, 0.2 mM of each dNTP, and 1.25 U of
Taq DNA polymerase. The regions were amplified under the following conditions: initial
denaturation stage at 95 °C for 5 min, followed by 34 cycles at 94 °C for 50 sec, 60 °C for 1
min, 72 °C for 1.3 min, and a final extension at 72 °C for 8 minutes. The amplification products
were analyzed by electrophoresis on a 1.5% agarose gel. The amplicon was sequenced in the

ABI 3730x1 System (Macrogen, Inc., Seoul, South Korea).

The sequences were trimmed and assembled using Geneious Prime 2022.0.1 (Biomatters, Inc.,
Boston, USA). Next, the sequences were compared to the National Center for Biotechnology
Information using BLASTn [24] against the 16S ribosomal RNA sequences (Bacteria and

Archaea) database. We retrieved the whole 16S rRNA sequences for each species' family taxa
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and built an in-house database. These databases were aligned and subjected to phylogenetic tree
inference  using  the  neighbor-joining  method in  MAFFT  version 7

(https://mafft.cbre.jp/alignment/server /large.html) [26]. 16S rRNA sequences were then

directly aligned against closely related strains in the reference sequence (RefSeq) database that
were retrieved for phylogenetic analysis. Next, the sequences were aligned using the Clustal W
algorithm [27] on MEGA11 [28]. The best-fit substitution model was calculated in MEGAT11,
and the phylogenetic trees were constructed using the maximum likelihood tree (1000 bootstrap
replicates) and the substitution model General Time Reversibletgamma distribution with

invariable sites (G+I).

DNA fingerprinting

For molecular characterization of the slow-growing bacteria, BOX regions were amplified by
PCR using the BOXAIR primer (5'-CTACGGCAAGGCG ACGCTGACG-3 ") [29]. PCRs
were adjusted to a volume of 25 pL containing 0.5 mM of the BOX primer, 50 ng of DNA, 250
uM of each dNTP, and 1.25 U of Taq DNA polymerase. The following setup was used: initial
denaturation stage at 95 °C for 7 min, followed by 35 cycles at 95 °C for 3 s, 92 °C for 30 s, 50
°C for 1 min, 65 °C for 8 min, and a final extension at 65 °C for 8 minutes. The amplification
products were analyzed by electrophoresis on a 1.5% agarose gel, the fingerprint patterns were
analyzed using BioNumerics (Applied Maths Inc., Sint-Martens-Latem, Belgium) software,

and the same pattern fingerprint was considered a clone.

Growth condition experiment

The growth capabilities of five bacterial strains were determined by subjecting them to diverse
culture media and temperatures. Initially, the strains were streaked on R2A medium
(composition in 1 L of distilled water: 0.5 g of yeast extract, 0.5 g of peptone, 0.5 g of casamino
acids, 0.5 g of glucose, 0.5 g of soluble starch, 0.5 g of pyruvate, 0.3 g of K;HPO4, 0.05 g of
MgS04.7H>0, and 15 g of agar—agar). Subsequently, individual colonies were transferred to 50
mL tubes containing 20 mL of the following media: VL55, R2A, DMSZ acidiphilium, and
nutrient broth (NB). The nutrient broth consisted of 0.3 g of beef extract, 0.5 g of peptone, and
0.5 g of NaCl per liter. For each strain, two tubes were prepared. These tubes were then
incubated at four different temperatures: 20 °C, 25 °C, 28 °C, and 37 °C, without any agitation,
over six days. We monitored the growth progress at regular intervals, initially every 12 hours

and then, after three days, every 24 hours. To quantify the growth, we measured the absorbance
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reading at 600 nm using the Multiskan™ GO Microplate Photometer 96-well plate reader
(Thermo Scientific™, Waltham, MA, USA).

DNA Extraction and Whole-Genome Sequencing

Five slow-growing bacteria were grown in a flask containing 20 mL of liquid DSMZ medium
for one week at 28 °C and shaken on an orbital shaker at 180 rpm. Cells were collected by
centrifugation, and genomic DNA was extracted using the Wizard® Genomic DNA Purification
Kit (Promega Corp., Madison, WI, USA), as recommended by the manufacturer. DNA was
checked for quality using a NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA)
and subjected to gel electrophoresis (0.8% agarose). The whole genome was sequenced using

the DNBseq Sequencing platform at BGI, Inc.

Genome assembly and analysis

Raw data with adapter or low-quality sequences were filtered. We first went through a series of
data processing steps to remove contamination and obtain valid data. This step was completed
using bynSOAPnuke software. SOAPnuke software filter parameters: “-n 0.01 -120 -q 0.4 -ada
Mis 3 -out QualSys 1 -minReadLen 150 [30]. Sequences were assembled using a de novo
assembler implemented as an initial assembly graph from short reads in Unicycler [31], and the

assembly metrics were evaluated using QUAST v4.6 [32].

The completeness and contamination of all genomes were estimated using CheckM (v1.0.11)
[33]. Taxonomic assignment of individual genomes was performed using GTDB-Tk - v1.7.0,
with default settings. Open reading frames (ORFs) were predicted by Prokka v. 1.14.6 [34] and
then annotated by KOfam and custom HMM profiles within METABOLIC v.4.0 [35] and
eggNOG-mapper v.2.1.2 [36] with default settings. Transporters were identified by aligning
genome protein sequences to reference transporter sequences of the TCDB database [37].
Carbohydrate active enzymes (CAZy) were identified by searching protein sequences against
dbCAN [38] within METABOLIC v.4.0 [35]. The genomes were submitted to the National
Center for Biotechnology Information (NCBI) GenBank under the bioproject number
PRINA950099. The protein sequences of the genomes were used to predict plant growth-
promoting traits (PGPTs) through PLaBAse (v1.01, http:/plabase.informatik.uni-

tuebingen.de/pb/plabase.php) [39] and were also mined for biosynthetic gene clusters (BGCs)
using antiSMASH v5.1 [40].

Results

Slow-growing bacteria isolated from Cerrado soil
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Soil samples were obtained in the Cerrado sensu stricto in a forest remnant in Rio Verde, Goias,
Brazil (Fig. S1). The predominant climate in this region is a tropical climate, with warm
temperatures in the winter and high temperatures in the summer, and two distinct seasons: a dry
season (from May to October) and a rainy season (from November to April). This area has a
latosol profile with an annual rainfall of 1,800 mm and an annual temperature range of 20 °C
to 35 °C. We used the VL55 medium, and the incubation period was extended to 15 weeks to
enhance the selection of slow-growing bacteria. Slow growers were defined as colonies that
appeared after more than 7 days of incubation [14], and the growth of colonies was monitored
and picked weekly. A total of 92 isolates were selected within four weeks of incubation (Fig.
1A). In addition, we noticed that the number of isolates was reduced while the incubation time
was increased. At the end of the first week, 52 isolates were obtained, followed by 23 isolates
in the second week, 10 in the third week, 2 in the fourth week, and 5 new isolates after more
than 5 weeks of incubation (Fig. 1A). The isolates were named CER (from Cerrado) followed
by a sequential number according to their isolation. During the period of isolation, a particular
isolate was found to be associated with another CER isolate and was observed to inhibit its
growth. This specific isolate was designated ANTI. Most of these slow-growing bacteria had
formed small-sized colonies with a variety of shapes, colors (or lack thereof), and textures.
Notably, after an extended period of incubation, we only observed the growth of microsized
cultures in the VL55 medium, and most of these isolates were unable to thrive on fresh agar

medium.

Slow-growing bacteria grow in low-water conditions and have the potential to enhance

plant growth

Slow-growing bacteria are well known for their ability to tolerate stressful or starving
conditions. As a result, we assessed their potential under drought conditions by testing their
capacity for growth in a medium with reduced water availability. [18] Forty-seven percent
(24/51) of the slow-growing bacteria isolated in the second week grew in at least two different
concentrations of sorbitol (0 g L™!; 85 g L™!), and the same result was observed in 45% (15/33)
of the slow-growing bacteria isolated after the third week. In addition, although growth was
relatively low at the highest sorbitol concentration, only 19% of the slow-growing bacteria

managed to grow at all sorbitol concentrations (Fig. 1B).

Next, we selected slow-growing bacteria that grew at concentrations of 85 g L1, 285 g L™, and
660 g L' sorbitol to screen for in vitro plant growth promotion traits, including phosphate

solubilization, IAA production, EPS production, and siderophore production (Fig. 1C). Almost
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all slow-growing bacteria displayed at least one characteristic for plant growth enhancement,
except the isolates CER22 and CER66. The isolates CER49, CER54, CERSS, CERG61, and
CERG67 produced most of the features (Fig. 1C), and it is interesting to note that the four last

isolates were isolated in the second week of incubation (Fig. 1C).

The slow-growing bacteria are phylogenetically related to known bacterial species, yet

they may represent a group of new species

During this study, we collected slow-growing bacteria that were isolated in the second week
and demonstrated the potential to promote plant growth. Additionally, we also gathered all
slow-growing bacteria that were isolated during the second week of incubation and performed
16S rRNA sequencing. Analysis of the sequencing data revealed that the slow-growing bacteria
belonged to two major taxa based on taxonomic classification: Proteobacteria (including a-
proteobacteria and [B-proteobacteria classes) and Terrabacteria (including Firmicutes and
Actinobacteria classes) (Fig. S2). We found that Caballeronia sp., Neobacillus sp.,
Bradyrhizobium sp., and high GC gram-positive species (such as Arthrobacter sp.,
Intrasporangium sp., Monashia sp., and Paenarthrobacter sp.) were highly enriched among the

slow-growing bacteria (Table S1).

We used the 16S rRNA gene sequences to gain insight into the phylogenetic relationship
previously mentioned in Table S1 with known bacterial species. To assign the species, we first
aligned the sequences against their respective family taxa (data not shown) and then against
closely related strains in the reference sequence (RefSeq) database. Phylogenetic trees display
the tree of Caballeronia sp., Neobacillus sp., Bradyrhizobium sp., and high GC gram-positive
species (Fig. 2). It is noteworthy that these slow-growing bacteria appeared to cluster closely
with phylogenetically related bacterial species, but they may belong to a new group of species,
except for CER28, which was clustered in the same branch as Arthrobacter alkaliphilus with
98 bootstrap replicates. Figs. S3-S9 provide a detailed view of the evolutionary trees for each

species.

Phylogenetic analysis also found a group of slow-growing bacteria that may belong to the same
species and perhaps clones, genotypically indistinguishable isolates. To this end, we grouped
these isolates and used the BOX-PCR fingerprint to perform molecular typing. We discovered
that four isolates of Neobacillus sp. form a single clone, and two separate sets of clones,

CERS56/CERS57 and CER65 through CER72, were detected in Caballeronia sp. (Fig. S10).
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Taken together, our findings show that the collections of slow-growing bacteria retrieved

contain several unique bacterial species.

Growth of bacterial strains in varied culture conditions reveals a slow growth phenotype

We sought to investigate whether five previously reported strains, known for their potential
interaction with plants, exhibit slow growth due to culture media and/or temperature conditions
over five days (Fig. 3A). The medium conditions ranged from oligotrophic to rich media.
During the experiment, we noticed that only two strains, namely, ANTI and CER19, displayed
rapid growth. They reached a density of 0.1 after 30 and 25 hours of cultivation, respectively
(Fig. 3A). However, the remaining strains exhibited a prolonged lag phase in bacterial growth,
with an initial logarithmic phase observed after 70 hours (Fig. 3A). Interestingly, neither
changes in the media composition nor temperature variations significantly affected the growth
of these strains throughout the observation period (Fig. 3A, Fig. 3B). The highest density
observed was 0.2, indicating that these strains indeed exhibit slow growth. We also observed
that the NB medium promoted population growth for ANTI and CER19, while CER78 thrived
better in the oligotrophic VL55 medium. However, most strains had limited growth in this
medium (Fig. 3C). In general, the majority of the strains exhibited better growth at temperatures

of 25 °C and 28 °C, with 28 °C showing the greatest enhancement (Fig. 3D).

Insights into the taxonomy, metabolic pathways, and functional diversity of slow-growing

bacterial genomes

We next gained insights into the genomes of these five strains. GTDB-Tk was used to classify
the genomes taxonomically, revealing that two isolates had been assigned to species that were
already known (Table S2). ANTI was the assigned species for Paenibacillus polymyxa, and it
had a genome consisting of 26 contigs with a size of 6.2 Mb, an N50 value of 374 kb, and a GC
content of 45% (Table S2, Fig. S11). The strain CER44 was assigned to Methylobacterium
brachiatum, whose genome was composed of 6.4 Mb assembled in 57 contigs with a GC
content of 69%. Additionally, we were able to map four contigs that were circularized and found
to be plasmids. Although M. brachiatum is known to be isolated from fresh water and even
human skin, this is, to the best of our knowledge, the first report of this species being isolated

from soil.

At a lower taxonomic rank, we identified novel species of the genera Nocardioides,

Amnibacterium, and Bradyrhizobium, represented by the strains CER19, CER49, and CER7S,
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respectively. It is worth noting that Amnibacterium sp. CER49 was identified as a taxonomic
novelty using relative evolutionary divergence (RED). CER49 has a genome size of 3.3 Mb,
which is assembled into 2 contigs and has a GC content of 73%. It belongs to a group of high-
GC Gram-positive species along with CER19, whose genome size is 4.6 Mb assembled into 9
contigs with a GC content of 71% (Table S2, Fig. S11). Finally, Bradyrhizobium sp. CER78
has a genome size of 7.9 Mb, which is assembled into 39 contigs and has a GC content of 64%.
Its closest related taxonomic classification is Bradyrhizobium macuxiense, which was obtained

from the root nodules of Centrolobium paraense Tul. in the Amazon region of Brazil [41].

The analysis of the genomes revealed that a significant proportion of the genes, ranging from
17 to 20%, were classified as having an unknown function (N, NC) by the EggNOG analysis,
suggesting that there is still much to be discovered and understood about the functional diversity
of these genomes (Fig. S12). Additionally, the analysis also revealed that genes classified under
C (energy production and conversion), E (amino acid metabolism and transport), K
(transcription), M (cell wall/membrane/envelope biogenesis), and P (inorganic ion transport
and metabolism) were prevalent in these genomes (Fig. S12A). We observed that the
classification of genes was consistent with the genome size, meaning that larger genomes
tended to have a higher number of genes assigned to Clusters of Orthologous Genes (COG)
functional categories (Fig. S12B). However, we also noted that despite the relatively small
genome size of Amnibacterium sp. CER49, nearly half of its genes were not assigned to COG
functional categories. In contrast, M. brachiatum strain CER44 has a comparatively high degree

of functional diversity despite its genome size.

The metabolic capability of slow-growing bacteria was predicted based on their genome using
METABOLIC [35]. Many genes involved in central metabolic pathways, such as glycolysis,
gluconeogenesis, the pentose phosphate pathway, and the citrate cycle, were present in the
genomes analyzed (Fig. 4, Table S3). However, we observed that the number of genes involved
in these pathways varied among the species. In particular, we found that the high GC Gram-
positive species Nocardioides sp. CER19 and Amnibacterium sp. CER49 had similar metabolic
profiles (Fig. 4). Notably, both species lacked genes involved in the conversion of fructose 6-
phosphate to ribose 5-phosphate, which is a characteristic feature of the pentose phosphate
pathway. We mapped genes involved in the biosynthesis and metabolism of essential and
aromatic amino acids and found that all genomes analyzed contained genes related to the
biosynthesis of tryptophan and phenylalanine (Fig. S13). Additionally, an examination of genes

associated with different metabolic pathways revealed that numerous genomes possessed the
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capability to synthesize and metabolize diverse carbohydrates, including inositol, ascorbate,
galactose, and D-galacturonate (Fig. S13). We observed that M. brachiatum strain CER44 had
an enriched number of genes associated with the ethylmalonyl pathway, which is involved in

the assimilation of methylamine.

The genomes were searched for genes encoding carbohydrate-degrading enzymes described in
the Carbohydrate-Active enzymes (CAZymes) and peptidases (Fig. S14, Table S4, Table S5).
Multiple CAZymes were found encoded in the genomes, with the P. polymyxa strain ANTI
being the most prolific, producing 150 enzymes. The most frequently found CAZymes were
glycoside hydrolases of the families GHO13, GH109, and GHO001 (Fig. 5, Fig. S14A). Together,
these glycoside hydrolases are responsible for hydrolyzing glycosidic bonds in starch,
degrading xylan, and hydrolyzing glycosidic bonds in various types of carbohydrates, including
cellulose, chitin, and xylan [42]. Additionally, our analysis revealed that Bradyrhizobium sp.
CER78 had the highest number of peptidase genes, with S33 and C26 being enriched in all the
genomes (Fig. S14B). An analysis of transporters revealed that among the five families enriched
in the genomes of slow-growing bacteria, the 3A family was the most prevalent (Fig. S15A,
Table S6). These transporters utilize ATP-binding cassette (ABC) mechanisms to transport a
variety of molecules such as sugars, amino acids, and ions. Notably, the 9B family, which is
involved in the transport of small molecules such as drugs and toxins, was also found to be
significant (Fig. SI5A). This family is important for bacterial antibiotic resistance and survival
in toxic environments. We also examined phosphate transporters and discovered two primary
transporters in the genomes. The PiT family was found to be the most prevalent among all the

genomes (Fig. S15B).

Exploring the importance of slow-growing bacteria in biogeochemical cycles

We also used METABOLIC analysis to gain insights into the role of the five slow-growing
bacteria in carbon, nitrogen, sulfur, and other cycles. Our findings indicate that all the bacteria
have the potential to participate in organic carbon oxidation to ethanol, as well as the
fermentation of acetate to ethanol, while some may also have a role in acetate oxidation (Fig.
6A, Table S7). Additionally, only Bradyrhizobium sp. CER78 was found to play a role in
methanotrophy and carbon fixation, while P. polymyxa strain ANTI was the only strain capable
of nitrogen fixation (Fig. 5, Fig. 6B). ANTI, along with Nocardioides sp. CER19 also showed
potential for nitrate reduction and a role in nitrite ammonification (Fig. 5). ANTI was found to

have a genomic arsenal in the sulfur cycle, being responsible for sulfur and sulfide oxidation
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and reduction (Fig. 6C). All five strains were found to be able to reduce iron, but only three

strains may participate in the oxidation step (Fig. 6D).

In addition, some of these bacteria, such as M. brachiatum strain CER44 and Bradyrhizobium
sp. CER78, have the potential to be involved in urea utilization and chloride reduction, with the
latter strains also being responsible for nitrite hydration. The distribution of 105 genes important
for biogeochemical processes, which were identified in the genomes, can be found in Table S7.
Altogether, these findings provide valuable insight into the potential roles of the five slow-

growing bacteria in biogeochemical cycles and their impact on the environment.

Uncovering the biosynthetic potential of slow-growing bacteria for secondary metabolites

and their role in promoting plant growth

Slow-growing bacteria have attracted research attention due to the possibility of encoding
biosynthetic pathways to synthesize secondary metabolites that may not be found in fast-
growing bacteria, including antibiotics, phytohormones, siderophores, and other plant-growth-
promoting compounds. We analyzed the genomes of several bacterial strains for genes related
to promoting plant growth, focusing on 31,500 genes classified into eight categories based on
PLaBAse [39]. These categories included biofertilization, phytohormone/plant signal
production, plant immune response stimulation, colonizing plant system, competitive
exclusion, bioremediation, and stress control/biocontrol (Fig. 7A, Table S8). We observed that
the number of genes mapped varied by genome size, with Bradyrhizobium sp. CER78 has the
most genes (3,389). We then identified the genes with direct effects on plants, finding that
nitrogen acquisition was a common role among most genomes. These genes include those
involved in N acquisition/regulation, glutamate transport and metabolism, denitrification, urea
usage, and atmospheric nitrogen fixation (Table S8). However, this category had a smaller
number of genes compared to other categories. We also found that most genomes encode genes
responsible for phosphate solubilization and neutralizing abiotic stress (Fig. 7A), including
genes responsible for neutralizing salinity stress, such as the proline metabolism cluster
argABCDEHJO, which can protect cells from dehydration, oxidative stress, and other stressors
[43]. Heat shock proteins and genes involved in glycine-betaine also play a role in osmotic
stress. Some genomes, such as CER44 and CER49, have an entire cluster of tryptophan
biosynthesis (trpABCDEFGS), which is a precursor to indole-acetic acid (Fig. 5). In addition

to indirect genes involved in the colonization of plant roots, such as chemotaxis and motility
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genes for all strains, there are also genes involved in plant-derived carbohydrate transport,

including glycerol, cellobiose, maltose, sorbitol, and others (Table S8).

Our analysis revealed that the slow-growing bacteria contain a total of 46 biosynthetic gene
clusters (BCGs), which are mainly responsible for encoding nonribosomal peptide synthase
(NRPS) by P. polymyxa strain ANTI (Fig. 7B). These BCGs include well-known clusters for
synthesizing antimicrobial compounds such as fusaricidin B, paenibacterin, polymyxin, and
anabaenopeptin. Additionally, CER44 and other genomes were found to contain BCGs for
siderophore production, while most genomes contain BCG regions for terpene biosynthesis,
particularly carotenoids (Table S9). Notably, CER49 contains a cluster for synthesizing
alkylresorcinol, a compound with potent antimicrobial activity against a variety of bacteria and

fungi.

Discussion

Soil harbors one of the most diverse bacterial communities on the planet. It is believed that one
gram of soil contains up to one billion bacterial cells, each of which includes tens of thousands
of different species [44]. Despite the overwhelming diversity of bacteria, most of the species
remain largely unknown, and one of the serious issues is intrinsic to a group of bacteria that
have slow growth rates, classified as slow-growing bacteria. Here, we reported the isolation of
this remarkable group of bacteria from the soil of the Cerrado, the world's most species-rich
tropical savanna with an annual severe drought that provides a unique opportunity to explore
microbes adapted to extreme environmental conditions. Over four weeks, we isolated 92 slow-
growing bacteria. To do this, we used VLS55 oligotrophic medium [45]. In addition to simple
cultivation process adjustments, such as the use of a polymeric growth substrate (xylan),
oligotrophic media, and a longer incubation period, VL55 has been used to isolate globally
widespread yet uncultured phylogenetically novel soil bacteria [45—47]. Interestingly, our
analysis also revealed that while some of these microbes were able to form colonies on agar
after several weeks of incubation, others only thrived when placed on fresh agar. Specifically,
some of the slow-growing bacteria present in our study were able to be domesticated on new
fresh media. However, after an extended period of incubation, most of these isolates were
unable to grow on any medium, indicating that they may be extremely recalcitrant bacteria.
This domestication process has been proven to make it more challenging to isolate unculturable

and slow-growing bacteria [48].
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We showed that 42% of the slow-growing bacteria isolated in the Cerrado can grow in a
medium with reduced water availability. This ability might be an adaptation to surviving the
prolonged water shortages that are frequent in this environment. Hence, we tested whether these
slow-growing bacteria produce features for enhancing plant growth. Almost all slow-growing
bacteria tested positive for at least one feature: the production of IAA, EPS, siderophores, and
phosphate solubilization. These features produced by microbes have been documented to play
a major role in maintaining the health of the plant host [49, 50]. Plant growth-promoting
bacteria (PGPB) surrounding their roots, as well as positive gene selection, have recently been
linked to key beneficial mechanisms for plant survival in the Atacama Desert [51]. Moreover,
the PGPB isolated from Brazilian cactus exhibited various traits that could enhance plant
development under drought conditions. [18]. Overall, these findings shed light on our slow-
growing bacteria, suggesting that they have untapped potential for improving plant

development under drought conditions.

Next, to gain insight into the species, we sequenced almost full-length 16S rRNA genes. These
slow-growing bacteria were found to be part of two main taxa and 19 distinct genera, including
Arthrobacter sp., Bacillus sp., Bosea sp., Bradyrhizobium sp., Caballeronia sp., Cupriavidus
sp., Dermacoccus sp., Intrasporangium sp., Massilia sp., Mesorhizobium sp.,
Methylobacterium sp., Monashia sp., Neobacillus sp., Nocardioides sp., Paenarthrobacter sp.,
Pseudomonas sp., Rhizobium sp. They were discovered to be phylogenetically linked to existing
bacterial species but comprise a group of novel species. Although we observed certain species
that were relatively ubiquitous in the isolation, such as Bacillus, we discovered that this strain
did form a distinctive clade in phylogenetic trees along with species in the family, indicating

that this strain may be unique, which also includes the characteristic of slow growth.

Caballeronia sp., a genus of bacteria from the family Burkholderiaceae isolated from soil, as
well as plant-associated bacteria such as endophytes and legume nodulation, was one of the
main enriched species in our isolation [52]. This species has been reported to perform biological
nitrogen fixation and promote plant growth on extremely nutrient-poor soils [53, 54]. Five slow-
growing bacteria are phylogenetically close to Bradyrhizobium spp., a genus of slow-growing
bacteria, gram-negative, nitrogen-fixing o-Proteobacterium, that includes B. japonicum that
forms root nodules on soybeans [55]. In addition, Actinobacteria comprise most of our slow-
growing bacteria in the Terrabacteria group. This phylum is ubiquitous, abundant, and the most
diverse group of bacteria in the soil that plays roles in vital ecological processes, regulation of

biogeochemical cycles, decomposition of biopolymers, exopolysaccharide secretion, and plant
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growth promotion [56]. Additionally, five slow-growing bacteria belong to Arthrobacter spp.,
a bacterium commonly found in soil that exhibits an intriguing cell division known as "snapping
division" or reversion in which the exterior bacterial cell wall ruptures at a joint, being rods
during exponential growth and cocci in their stationary phase [57]. One of this species' most
well-known roles is the bioremediation of hexavalent chromium and 4-chlorophenol levels in
contaminated soil by A4. crystallopoietes [58]. It has also been characterized as a plant growth-
promoting rhizobacterium and endophytic with the potential to control fungal and bacterial

pathogens [59-61].

We have identified a group of slow-growing bacteria known as Neobacillus species. Members
of this genus were originally classified as Bacillus; however, comparative genomic
investigations of Bacillus species indicated that isolates from these genera shared several
molecular synapomorphies, resulting in the formation of a new genus [62]. Neobacilli can be
found in a wide range of environments, including soil, human origin, and plant roots, as well as
endophytes, which have been reported to enhance plant growth [63, 64]. To the best of our
knowledge, in this study, most of these species were the first documented slow-growing

bacteria.

Five isolates were selected for genome sequencing, which provided valuable information to
gain insights into their taxonomy, metabolic capabilities, and functional diversity. Genomic
analysis showed that some isolates belonged to known species, while others represented novel
species. Amnibacterium sp. CER49 was identified as a taxonomic novelty using relative
evolutionary divergence (RED). This metric is used to measure the evolutionary distance
between two organisms based on their genetic differences and estimate the evolutionary
divergence between organisms that is independent of the time since they last shared a common
ancestor [65] The bacterium in question is classified under the Actinomycetota phylum, and its
genus refers to a rod-shaped bacterium commonly found in rivers. Hence, Amnibacterium sp.

CERA49 could potentially represent a distinct species within this group.

These genomes provided essential information about the gene's functional categories, showing
that 17-20% of the genes are still largely unknown. Despite consistency with genome size, M.
brachiatum strain CER44 displays a comparatively high degree of functional diversity.
Methylobacterium species are pink-colored, gram-negative, aerobic, nonspore-forming,
facultative methylotrophic bacteria commonly found in various environments, such as soil,
water, and plants [66]. This genus has gained attention as a novel plant growth-promoting

bacteria due to its ability to fix nitrogen, nodulate the host plant, and produce the plant hormone
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cytokinin and the enzymes pectinase and cellulase, thereby promoting plant growth through

increased nitrogen availability and systemic resistance induction [67].

Our analysis indicated that many genes involved in central metabolic pathways were present in
the genomes of the five slow-growing bacteria. However, we also observed that these microbes
exhibit slow growth rates when isolated under laboratory conditions, which raises the question
of why this was the case. One potential explanation is that it may be intrinsic to the environment
in which these microbes were originally found - an oligotrophic soil that is limited in terms of

available nutrients, which could slow down growth rates.

Genome analysis has also provided an insightful view into the potential roles of the five slow-
growing bacteria in carbon, nitrogen, sulfur, and other biogeochemical cycles. The results
indicate that all five strains could participate in organic carbon oxidation to ethanol and
fermentation of acetate to ethanol, with some strains also capable of acetate oxidation.
Furthermore, only Bradyrhizobium sp. CER78 was found to be involved in methanotrophy and
carbon fixation, while P. polymyxa strain ANTI was the only strain capable of nitrogen fixation.
Overall, these findings offer valuable insights into the potential roles of the five slow-growing
bacteria in biogeochemical cycles and their impact as individual organisms on communities.
This prediction is linked to the biosynthetic potential of slow-growing bacteria for secondary
metabolites and their ability to promote plant growth. Our research demonstrates that microbe
genomes contain genes responsible for biofertilization, production of phytohormones/plant
signals, stimulation of plant immune responses, colonization of plant systems, competitive
exclusion, bioremediation, and stress control/biocontrol. Furthermore, the analysis exposed a
range of unique BGCs for secondary metabolites that could be further explored in future studies.
It is necessary to supplement more complex nutrients in culture media to support the growth of
recalcitrant isolates such as Amnibacterium sp. CER49. In summary, genome analysis is an
effective tool for comprehending the growth and functions of microbes in the environment. By
providing insights into the genetic mechanisms that enable microbial growth and function,
genome analysis can facilitate the development of strategies for managing microbial

populations and harnessing their potential for various applications.

Conclusions
In this study, we isolated 92 slow-growing bacteria from tropical savanna soil, providing a
unique opportunity to study microbes that have adapted to challenging environmental

conditions, such as drought and acidity. Despite taking several weeks to grow, these bacteria
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were successfully cultivated under laboratory conditions. Our analysis revealed their potential
to enhance plant growth under drought conditions, and genomic analysis provided insights into
their taxonomy, metabolic capabilities, and functional diversity. This information is crucial for
developing strategies to assist the future direction of microbial growth and applications.
Overall, with the development of new techniques for studying soil microbiology, there is
optimism that we will be able to uncover the secrets of slow-growing bacteria and utilize their

power for sustainable agriculture and environmental management.
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Figure 1. Experimental strategy and in vitro features for plant growth promotion were tested. (A) Sample collection strategy displaying total
incubation time and the number of isolates per week. (B) The ability of bacteria to grow in a medium with reduced water availability containing
different sorbitol in increasing concentrations. The colored squads indicate the growth of each isolate. The scale used to indicate growth levels is
as follows: (-) no growth, (+/-) moderate growth, and (+) significant growth. (C) The production of features for plants promotes growth. Left to
right: phosphate solubilization (Ca3(POs)? in gray; synthesis of indole acetic acid (IAA) in pink; exopolysaccharide (EPS) production in yellow;
siderophore production in CAS medium in purple. The colored squads indicate the growth of each isolate.
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Figure 2. Evolutionary relationships among the slow-growing bacteria and related known
species. (A) Likelihood phylogeny tree of Caballeronia species. (B) Likelihood phylogeny tree
of Bradyrhizobium species. (C) Likelihood phylogeny tree of Arthrobacter/Paenarthrobacter
species. (D) Likelihood phylogeny tree of Neobacillus species. Colored shades denote the same
species cluster, while blue dots indicate slow-growing bacterial isolate codes. The evolutionary
history was inferred using the maximum likelihood tree (1000 bootstrap replicates) and the
substitution model General Time Revesiblet+gamma distribution with invariable sites (G+I).
The scale bar at the bottom indicates the number of differences in base composition among
sequences.
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Figure 4. Distribution of metabolic marker genes in the genomes of slow-growing bacteria,
focusing on those involved in central metabolic pathways (A) and essential amino acid
biosynthesis (B). The size and color of each circle correspond to the number of hits for the
respective gene. For more detailed information about these pathways and a full description of
the marker genes present in the genomes, see Table S6.
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Chapter 2

The Reverse Ecology-Based Approach to Design a Bacterial Consortium as Soybean

Bioinoculant

Gongalves, O.S., Veloso, T.G.R., Fernandes, A.S., Santana, M.F. The Reverse Ecology-Based
Approach to Design a Bacterial Consortium as Soybean Bioinoculant. The manuscript will be

submitted as a short communication to Microbiological Research.
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A Reverse Ecology-Based Approach to
Design a Bacterial Consortium as Soybean
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Highlights
¢ A microbial consortium was designed and evaluated as soybean inoculants using reverse
ecology.
e The consortium, composed of three soil bacteria, significantly improved soybean
growth.
e The study provides a novel insight into the design of microbial consortia using a

computational approach.

Abstract

Traditionally, bioinoculants for plant growth have relied on the selection of efficient microbes
from the soil that exhibit potential traits for enhancing plant growth. However, this selection
often overlooks microbe-microbe and microbe-plant interactions. In this study, we applied a
reverse ecology framework to design and evaluate the composition of a bacterial consortium
for soybean. Our analysis showed the efficacy of our microbial consortium composed of three
soil bacteria strains, including Paenibacillus polymyxa, Methylobacterium brachiatum, and
Enterobacter. By leveraging a comprehensive understanding of microbial-microbe interactions
and plant-microbe interactions, we demonstrated through computational and in vitro analysis
that the selected microbial strains lacked strong competitive abilities and metabolic
compatibility with the host plant. In addition, we have successfully validated the effectiveness
of our consortium in a greenhouse experiment. Taken together, this study provides a novel
insight into the design of a microbial consortium using a computational approach and offers
promising prospects for the development of bioinoculants with enhanced performance in

promoting plant growth and productivity.
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Introduction

Traditionally, bioinoculants for plant growth have relied on the selection of efficient microbes
from the soil that exhibit potential traits for enhancing plant growth (Kumar et al., 2022; Singh
et al.,, 2021) These traits encompass both direct and indirect effects on plants, including the
production of phytohormones, nitrogen fixation capabilities, organic and inorganic phosphate
solubilization, protection against plant pathogens through the production of metabolite
compounds, as well as the induction of plant resistance and the release of volatile organic
compounds (Compant et al., 2010; Glick, 2012; Gongalves et al., 2023; Kavamura et al., 2013;
Souza et al., 2015). The conventional approach of using bioinoculants from soil has been a
significant advancement in the field, but it has limitations. It requires extensive time and effort
for isolation and testing, often overlooking microbe-microbe and microbe-plant interactions.
Therefore, it is crucial to consider these limitations and move towards a more comprehensive

and holistic approach to harnessing the potential of bioinoculants.

High-throughput sequencing has revolutionized genomics by enabling rapid and cost-effective
analysis of DNA sequences(Reuter et al., 2015) . This technology has greatly enhanced our
understanding of genomes and their potential applications in various fields, including the
harnessing of novel plant-growth bacteria (Bruto et al., 2014; Gongalves et al., 2023; Imam et
al., 2016). It allows for the efficient sequencing of bacterial genomes, providing valuable
insights into their genetic composition, functional traits, and metabolic capabilities. In general,
this centric-genomic approach is rooted in the concept of reverse ecology. Reverse ecology
represents a frontier in evolutionary systems biology, offering critical information about an
organism's metabolic capabilities and shedding new light on its ecological dynamics(Levy and

Borenstein, 2012).

Reverse ecology relies on several computational approaches that to translate high-throughput
genetic data into large-scale ecological data, which potentially turns ecology into a high-
throughput field (Levy and Borenstein, 2012). It was developed by demonstrating the concept
that a microorganism's metabolic activity is directly linked to the biochemical environment
(Freilich et al., 2010, 2009; Levy and Borenstein, 2013; Parter et al., 2007). In addition, reverse
ecology approaches have been used in different fields, including microbial-plant interactions to
uncover metabolic environments (Karpinets et al., 2014; Ofaim et al., 2017); in human health,

to quantify microbes' biosynthetic capabilities across the human oral microbiome (Bernstein et
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al., 2019), to identify immune-beneficial infant gut bacteria by mining their metabolism for
prebiotic feeds (Michelini et al., 2018), and more recently to uncover the potential metabolic

interplay among plant bacteria pathogen and its hosts (Gongalves et al., 2022).

We have conducted a recent study in which we isolated a remarkable collection of 92 isolates
from the tropical savannah Cerrado, primarily consisting of slow-growing bacteria (Gongalves
and Santana, 2023). Our findings demonstrated that certain strains exhibited the ability to thrive
in low water conditions and possess distinctive features that may support plant growth. To
further explore these promising characteristics, we applied the concept of reverse ecology to
design and evaluate the composition of a bacterial consortium. This consortium was carefully
assembled, incorporating three specific strains known to foster syngenetic interactions with
soybean plants, while ensuring the inclusion of complementary strains that enhance their

collective benefits.

Material and Methods

Bacterial strains and Growth conditions

In our study, we carefully chose eight bacterial strains that were previously isolated from the
tropical savannah Cerrado. These strains included Paenibacillus polymyxa strain ANTI,
Nocardioides strain CER19, and Arthrobacter sp. CER28, Methylobacterium brachiatum strain
CER44, Amnibacterium strain CER49, Enterobacter sp. CERS5, Mesorhizobium sp. CER7S,
and Bradyrhizobium strain CER78. The strains were cultivated in a liquid R2A medium for
reactivation. The composition of the medium per liter of distilled water included 0.5 g of yeast
extract, 0.5 g of peptone, 0.5 g of casamino acids, 0.5 g of glucose, 0.5 g of soluble starch, 0.5
g of pyruvate, 0.3 g of KxHPO4, and 0.05 g of MgS04.7H20. The cultivation was performed at
28 °C and 180 rpm for one week. Afterward, streaking onto solid R2A medium.

Plant Growth Promotion in Greenhouse Experiment

Soybean cultivar Brevant® DS5916IPRO seeds underwent surface sterilization before being
inoculated with eight different strains. The inoculation process involved mixing the seeds with
the inoculum for one hour, with a concentration of 107 to 108 CFU mL ™! (measured at DO550
=0.1 or 0.5). To establish a control treatment, the seeds were mixed with a phosphate-buffered
saline (PBS) 1X (137 mM NacCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4) pH
7. The seedlings were grown in plastic trays filled with Tropstrato®, and were exposed to
natural sunlight in a greenhouse. The average daytime temperature ranged from 12 to 33 °C.

Throughout the growth period until the emergence of the first trifoliate (stage V1) leaves, the
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soybean plants were watered daily with the same volume of water. Subsequently, a water
restriction treatment was implemented using PEG (Polyethylene Glycol) at a concentration of
10%. Evaluation of the plants was conducted two weeks after the initiation of water restrictions.
Parameters such as leaf area, number of nodes, shoot and root lengths, as well as shoot and root
dry biomass, were measured and recorded. For the greenhouse experiments, a completely
randomized design was employed. The collected data were subjected to one-way ANOVA, and
the Skott—Knott clustering algorithm was applied using the R package Easyanova to analyze

the results.

Microbe-Microbe and Plant-Microbe interactions using Reverse Ecology

The genome sequences of strains ANTI and CER44 were obtained from the National Center
for Biotechnology Information (NCBI) with the access numbers JARVWTO000000000 and
JARVWR000000000, respectively. For CERS55, we used the closest placement reference
genome of FEnterobacter kobei strain DSM 13645 under RefSeq assembly accession
GCF _001729765.1. To annotate the protein-level assemblies of these genomes, we employed
KofamKOALA (Aramaki et al., 2020) with the following parameters: '--e-value 0.00001'. The
resulting KEGG orthologs (KO) from these annotations were then utilized to determine
microbe-microbe interactions, specifically focusing on competition and complementarity
indices. For calculating these indices, we used the Cooperation Index package within RevEcoR
(Cao et al., 2016). To further analyze the potential ecological host-microbe interactions, we
created a matrix containing substrate and product information for each species based on the
RevEcoR analysis. Subsequently, we employed NetCooperate (Levy et al., 2015) to gain
insights into these interactions. Specifically, for pairwise interactions between hosts and
microbes, we measured the biosynthetic support score (BSS) and the metabolic
complementarity index (MCI). The compounds involved were annotated in KEGG compounds,
including their biological roles, as well as in the Phytochemical Compounds Database and the

MetaCyc Metabolic Pathway Database (Caspi et al., 2020).

Co-culture experiment

To facilitate pairwise interactions between strains ANTI, CER44, and CERS5S5, they were
streaked onto solid R2A medium in four quadrants, with each strain occupying one quadrant.
The plates were then incubated at 28 °C for one week, and the growth of the strains was
monitored daily. To investigate the potential for growth inhibition by volatile organic

compounds, the plates were sealed with parafilm. This sealing mechanism aimed to prevent the
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escape of any volatile compounds that might be produced by the strains during their growth on

the medium.

Greenhouse Experiment to Validate the RevEco Approach for Plant Growth Promotion

Soybean cultivar BMX® LANCA 58160 RSF IPRO seeds were surface-sterilized and
inoculated with ANTI, CER44, and CER55 by mixing for 1 h in the inoculum (107 ~ 108 colony-
forming units (CFU) mL™! (DO550 = 0.5 for the first two strains and 0.1 for CER44). As a
control treatment, the seeds were mixed with sterilized PBS 1X. Additionally, a consortium
(CSC) was created by mixing 10> CFU mL™! of CER55, 10° mL™! of ANTI, and 10° mL™! of
CER44. The seedlings were then grown in individual pots filled with agricultural soil, and
placed in a greenhouse that received natural sunlight, with an average daytime temperature
ranging from 12 to 25 °C. Daily watering of the soybean plants was carried out until the end of
stage V2. Measurements were taken for shoot and root lengths, as well as fresh and dry biomass.
The greenhouse experiments were conducted using a completely randomized design. The
collected data were subjected to one-way ANOVA, and the Skott—Knott clustering algorithm

was applied using the R package Easyanova to analyze the results.

Results and Discussions

Selection of strains with the potential to enhance soybean growth in a greenhouse
experiment.

We conducted an initial evaluation to assess the effectiveness of eight strains in promoting
soybean growth under both water and drought conditions. An interaction between the factors
of water condition and type of inoculum was observed for the leaf area of the soybean. This
means that the choice of inoculum to prevent leaf area loss depends on the water condition (p-
value = 0.035216). In the well-watered treatment, the leaf area remained consistent regardless
of the inoculum used (p-value = 0.072). However, under PEG-induced drought, the selection
of inoculum becomes significant (p-value = 0.016), and it is advisable to avoid using the ANTI

and CER49 (p-value = 0.016) (Fig. 1).

Significant effects of the inoculum on the dry weight of the root system were found (p-value =
0.014). The CNT, CER44, and CER2S8 resulted in the greatest weight gains for the root system,
regardless of the water treatment conditions. No significant differences were observed in root
length among the inoculums in well-watered treatment. However, in the presence of PEG-
induced drought deficit, plants treated with CER28, CER44, CER49, CERS5S5, and CER75
showed the highest root growth compared to other treatments (Fig. 1). Additionally, the dry
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weight of the shoot also exhibited a significant effect of the inoculum (p-value = 0.014), and an
interaction between the water condition and the type of inoculum used (p-value = 0.00348).
The Scott-Knott test revealed that there were no differences between the inoculums under the
condition of water stress induced by PEG. However, in the absence of stress, the control
treatments, ANTI, CER28, and CER44 showed the highest dry weights (p-value = 0.00057).
Plants inoculated with CER19, CER28, CER44, CER49, CERS55, CER75, and had significantly
higher dry weights (p-value = 0.0023) compared to soybean inoculated with ANTI, CER76,
and non-inoculated (CNT) (Fig. 1).

The results of this experiment revealed a complex and intricate interaction between the water
condition and the type of inoculum for each factor. Overall, most strains did not exhibit
significant improvements in soybean growth under well-watered conditions compared to the
control treatment. However, in contrast, most of the strains demonstrated significant
enhancements in both root and shoot length of soybean plants under PEG-induced drought
conditions. It is well-documented that during water shortages, plants undergo shifts in root
system development to enhance their access to water. In this study, the observed increase in
root length supports this notion. Additionally, it has been suggested that some plants respond
to drought by stimulating or maintaining root growth while reducing shoot growth, the
"balanced growth" hypothesis (Bloom et al., 1985). Interestingly, in contrast to this hypothesis,
plants inoculated with the strain exhibited increased shoot growth. This could be attributed to
the strains' ability to produce auxins, which are known to promote plant stem development

(Gallavotti, 2013).

Designing a microbial consortium using reverse ecology

We next selected specific bacterial strains to create a soybean bioinoculant using a reverse
ecology framework. These strains include M. brachiatum strain CER44, which demonstrated a
significant increase in soybean growth. Additionally, we incorporated Enterobacter sp. CERS5
is known for its remarkable capacity to produce phytohormones and solubilize phosphate, as
well as P. polymyxa strain ANTI, an outstanding biocontrol agent and plant growth-promoting
rhizobacterium. This specie has a broad host range and exhibits essential characteristics such
as nitrogen fixation, phosphate solubilization, siderophore production, and the production of
volatile organic compounds (Pandey et al., 2023; Salme et al., 2005; Singh and Wesemael,
2022; Soni et al., 2021).
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We observed that the strains in our study did not exhibit significant differences in their
competitiveness index. The highest score observed was 0.6, which occurred in the pairwise
interaction between CERSS5 and CER44. This suggests that these two strains have similar
metabolic capabilities, as indicated by their complementarity index of 0.1 (Fig. 2A). This
similarity implies that competition between these strains may occur when resources are scarce.
However, despite their metabolic similarities, CER55 and CER44 exhibit different growth
characteristics. CER55 is considered a copiotroph, characterized by rapid growth, typically
within 24 hours, in nutrient-rich culture media. On the other hand, CER44 is classified as an
oligotroph, exhibiting slower growth that is better suited for low-nutrient culture media
(Gongalves and Santana, 2023; Koch, 2001). Interestingly, our co-culture assay demonstrated
that these strains could grow together without any inhibition caused by secondary metabolites
or volatile organic compounds (Fig. 2B). This finding is particularly noteworthy, considering
that P. polymyxa strain ANTI possesses numerous biosynthetic gene clusters encoding

antimicrobial potential (Gongalves and Santana, 2023).

The Biosynthetic Support Score (BSS) exhibited a range of 0.4 to 0.8 across microbe-microbe
interactions (Fig. 2C). When considering the strains as an individual metabolic consortium
(CSC), the BSS score was found to be similar to that of soybean strains, as was the case with
the Complementarity Index (MCI) (Fig. 2C). These two metrics rely on the host species' ability
to fulfill the nutritional requirements of a parasitic or commensal species and support each other
through biosynthetic complementarity (Levy et al., 2015). In the interaction among the strains,
we identified 277 BSS compounds (106 unique compounds), with most of these compounds
belonging to the lipid, carbohydrate, and amino acid classes (Fig. 2D). A similar result was
observed for lipid-associated BSS compounds in the plant-microbe interaction (Supplementary

Fig S1).

Lipids play a crucial role in rhizosphere interactions, facilitating communication between plant
roots, and microbes, and even modulating the plant's defense responses upon interaction with
beneficial or phytopathogenic microorganisms (Macabuhay et al., 2022). This suggests that
these strains possess metabolic capabilities to modulate synergetic interactions with plants
through similar complementarity. An interesting finding was the identification of a supportive
interaction involving the compound mannitol between CER55 and ANTI. Mannitol, a sugar
alcohol, serves as a carbon and energy source for M. brachiatum strain CER44. The genus
Methylobacterium is commonly associated with the leaf surfaces of plants, known as the

phyllosphere. Mannitol is abundant on plant leaf surfaces as a by-product of pectin metabolism
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during cell wall synthesis (Abanda-Nkpwatt et al., 2006; MacDonald and Fall, 1993; Nemecek-
Marshall et al., 1995).

The validation of the consortium in the greenhouse experiment

In summary, our reverse ecology framework has yielded supportive results for our microbial
consortium, leveraging comprehensive knowledge of microbe-microbe interactions and plant-
microbe interactions. To further validate the potential of our reverse ecology consortium, we
conducted a greenhouse experiment to assess its ability to enhance plant growth compared to
individual strains. By employing this approach, we aim to demonstrate the collective benefits

and synergistic effects that can arise from the interactions within our consortium.

In contrast to the first experiment, the results of our second experiment showed that all
individual strains had a positive impact on soybean growth. We attribute this outcome to the
characteristics of the soil used in this experiment. The commercial substrate, as used in the first
greenhouse experiment, provided a nutrient-rich environment for the plants, potentially
influencing the synergistic interaction between the plant and the microorganisms. This
phenomenon has been well-documented in the case of mycorrhizal fungi (Huey et al., 2020;
Mujica et al., 2016) or symbiotic association with rhizobium (de Castro Pires et al., 2018). Also,

it is noteworthy that nitrogen nodules were found in all plants across the different treatments.

Significant effects of the inoculum were observed in terms of shoot length (Fig. 3A), root length
(Fig. 3B), as well as fresh and dry weight. Interestingly, we noted that the CSC (consortium)
treatment showed significant effects compared to the control plants, but not when compared to
the individual strains. However, on average, the CSC treatment exhibited slightly better results
than the individual strains. This observation is also evident in Fig 3C, where the plant
architecture in the CSC treatment stands out compared to the other treatments. It is worth
mentioning that the presence of ANTI, one of the strains in the consortium, did not significantly
improve the root growth of soybeans and occasionally even had a slight negative impact on the
performance of the consortium. This suggests that the absence of ANTI might enhance the

overall effectiveness of the consortium.

Employing a microbial consortium offers several advantages over single-strain inoculants. The
inclusion of diverse species within the consortium enables a wider range of functions and
benefits for plants (Bradacova et al., 2019). Furthermore, soil habitats are dynamic systems,

and the majority of microbes present have evolved strategies to cope with changing
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environmental conditions (Jansson and Hofmockel, 2020). Therefore, species with adaptive
functional traits, such as the ability to exhibit r and k microbe strategies, such as employed in
our consortia, can respond to various climate changes, and facilitate spatial-temporal

coordination of functions that ultimately benefit plants.

Conclusions

Our reverse ecology framework has provided valuable insights into the microbe-microbe and
plant-microbe interactions within our microbial consortium. Through a greenhouse experiment,
we evaluated the potential of our consortium to enhance plant growth compared to individual
strains. The results demonstrated significant effects of the inoculum on shoot length, root
length, as well as fresh and dry weight of the plants. Interestingly, the consortium treatment
exhibited notable effects when compared to the control plants, but not when compared to the
individual strains. Further investigation is warranted to explore the underlying mechanisms and
interactions within the consortium. Fine-tuning the composition of the consortium by
considering the presence or absence of specific strains, such as ANTI, could potentially
optimize its performance and yield even more beneficial effects on plant growth. In summary,
this study has provided novel insights into the design of a microbial consortium using a
computational approach, focusing on understanding microbe-microbe and microbe-plant
interactions comprehensively. By leveraging computational tools and knowledge of these

interactions, we have gained a new perspective on the construction of microbial consortia.
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Figure 1. Soybean growth under water and PEG-induced drought condition in a greenhouse experiment. Phenotypic traits were measured
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Figure 2. A reverse ecology approach to depict the genomic potential of microbe-microbe and plant-microbe interactions. A) Matrix plot
of the competition and the complementary indices among three species of the microbial consortium. The competition index ranges from 0
(indicating the lowest competition) to 1 (representing the highest competition index). The size and color of each circle correspond to the competition
and complementary index. B) Co-culture microbe assay depicts in vitro interaction of the three species in the microbial consortium. C) The
distribution of the biosynthetic support score (BSS) and metabolic complementary (MCI) for the microbe and plant pairwise interactions. The Y-
axes represent the pairwise interactions and indicate that the first microbe/plant is metabolically supported or complemented by the second
microbe/plant. D) Detailed information regarding the biosynthetic compounds found in the interaction between the bacterial strains. Circles
represent the proportion of each class, while arcs depict the set of compounds within each class.
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Figure 3. Validation of microbial consortium designed by reverse ecology approach to
enhance soybean growth in a greenhouse experiment. Phenotypic traits of shoot (A) and root
(B) were measured in soybean plants under four treatment conditions: without inoculation
(Control, CNT), individually inoculated with three strains, and inoculated with the consortium
(CSC). Treatments that shared the same lowercase letter within each water deficit condition did
not show statistically significant differences according to the Skott-Knott test. C, Visual
comparison of soybean plant across different treatments after the end of V2. The left side scale
indicates the actual size of the plants in centimeters.
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Abstract

Background

Manipulating the rhizosphere microbial community through beneficial microorganism
inoculation has gained interest to improve crop productivity and stress resistance. Synthetic
microbial communities, known as SynCom, mimic natural microbial compositions while
reducing the number of components. However, achieving this goal requires a comprehensive
understanding of natural microbial communities and a careful selection of compatible
microorganisms with colonization traits, which still pose challenges. In this study, we employed
an in-silico approach using genome metabolic modeling to design a synthetic microbial

community aimed at improving the yield of important crop plants.

Results

We used a targeted approach to select a minimal community (MinCom) that encompassed
essential compounds for microbial metabolism and compounds relevant to plant interactions.
This resulted in a reduction of the initial community size by approximately 4.5-fold.
Importantly, the MinCom retained crucial genes associated with essential plant growth-
promoting traits, such as iron acquisition, EPS production, potassium solubilization, nitrogen
fixation, GABA production, and [AA-related tryptophan metabolism. Furthermore, our

selection process for the SymCom, based on a comprehensive understanding of microbe-
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microbe-plant interactions, yielded a set of six hub species that displayed notable taxonomic

novelty, including members of the Eremiobacterota and Verrucomicrobiota phyla.

Conclusion

Overall, our study contributes to the growing body of research on synthetic microbial
communities and their potential to enhance agricultural practices. The insights gained from our
in-silico approach and the selection of hub species pave the way for further investigations into
the development of tailored microbial communities that can optimize crop productivity and

improve stress resilience in agricultural systems.

Keywords: Microbe-microbe-plant interactions; Plant growth-promoting bacteria; Reverse-

ecology; SynComs.

Background

Plants and microbial communities have a complex and interdependent relationship, involving
various mechanisms that influence ecological interactions. One crucial aspect is the release of
photosynthates by plants belowground through mucilage and exudates that serve as energy
sources for specific microbial groups [1-3]. In return, certain microbial taxa can positively
impact plant growth and protect against biotic and abiotic stresses [4]. They achieve this
through the synthesis of phytohormones, nutrient acquisition, and by engaging in antagonistic
interactions with plant pathogens [5,6]. Consequently, it is intriguing to consider that plants
experiencing drought can dynamically influence the eco-evolutionary dynamics of the

microbial community and thereby affect plant performance [7].

In recent years, there has been growing interest in harnessing the potential of microbial
communities in the rhizosphere to improve crop productivity and enhance stress resistance [8—
10]. One approach gaining attention is the manipulation of the rhizosphere microbial
community through the inoculation of beneficial microorganisms. This strategy aims to
establish synthetic microbial communities (SynCom) that can positively influence plant health
and yield. SynCom aim to mimic the original microbial composition by reducing the number
of components in the community while preserving the essential characteristics of their natural

counterparts [11].

The designing of SynCom that promote plant growth and help plants withstand various stresses,
such as drought, salinity, and pathogen attacks, relies upon a careful selection and compatibility

of specific microorganisms into the community that possesses traits for robust colonization,
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prevalence throughout plant development and specific beneficial functions for plants [12—16].
Additionally, factors such as microbial diversity, community dynamics, and the stability of the

introduced microorganisms need to be considered to ensure long-term effectiveness [16,17].

Decades of extensive cultivation-independent study, as well as recent high-throughput
sequencing technology, have radically altered our perspectives on the diversity of microbial life
[18,19]. These approaches capture the breadth of bacterial and archaeal genomic diversity
across Earth’s biomes and provide a resource that underscores the value of genome-centric
approaches for revealing genomic properties of uncultivated microorganisms that affect
ecosystem processes [20]. However, there are still significant limitations in answering the
fundamental ecological and evolutionary questions surrounding natural microbial communities.
In addition, genome-resolved metagenomics represents a valuable strategy for acquiring
insights into the genomic properties, metabolic capabilities, and functional potential of
individual microorganisms within complex microbial communities [21-24]. This enables a
deeper understanding of their ecological roles, interactions, and contributions to various

environmental processes.

The Cerrado, known for its arid conditions and nutrient-poor soils, harbors a diverse array of
resilient plants with an associated microbiome [25-27]. A promising group of microbes that
exhibit unique traits beneficial for plants by isolating and characterizing these bacteria.
Therefore, harnessing novel soil bacteria from harsh environments like the Brazilian Cerrado
holds immense potential for agricultural practices. These novel plant-promoting bacteria can
enhance the growth, productivity, and stress tolerance of important crop plants such as soybean,
maize, sorghum, and sugarcane. Notably, their ability to mitigate drought stress in these crops
is of utmost importance, considering the increasing frequency of drought events caused by

climate change [28,29].

In this study, our aims were threefold: (i) to reconstruct genome-scale metabolic networks
(GSMN s) to gain insight into the metabolic complementarity between bacterial species and host
crop plants; (ii) to define a minimal microbiota community; and (iii) to select hub-species that
preserve the essential plant growth-promoting traits (PGPTs). To this end, we integrated several
in silico approaches, employing multi-genome metabolic modeling of 270 previously described
metagenome-assembled genomes (MAGs) from Campos rupestres, a grassland ecosystem

located in Brazil.
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Materials and methods

Genome data

We retrieved 270 MAGs belonging to two dominant plant species Vellozia epidendroides and
Barbacenia macrantha found in the Campos rupestres [30]. Annotated MAGs were
downloaded from the National Center for Biotechnology Information (NCBI) under the
BioProject PRINAS522264. MAGs were filtered based on co-assembly type to prevent data
redundancy. MAGs details are provided in Supplementary Table S1.

We applied CheckM v1.0.13 [31] with the tree_qa command to extract a set of 43 single-copy,
protein-coding marker genes. These marker genes were employed to evaluate phylogenetic
markers within a dataset consisting of 270 assembled metagenomic bins. The concatenated
protein alignments of the 43 universal marker genes, obtained from CheckM, were then used to
reconstruct a maximum-likelihood phylogenetic tree using IQ-TREE v1.6.11 [32]. During the
reconstruction process, specific parameters ('-m TEST -bb 1000") were implemented to ensure
the generation of an accurate tree. Subsequently, the phylogenetic tree was uploaded to iTOL
[33], where it underwent visual annotation, including color coding and the application of

heatmaps.

Reconstruction of the genome-scale metabolic networks (GSMNs)

The metabolic networks of each MAG were analyzed using genome-scale metabolic models
reconstructed through an automated command-line version of PathwayTools [34]. The entire
analysis was conducted using the metage2metabo (m2m) tool suite [35]. To begin the
reconstruction process, we utilized the mpw¢ (multiprocessing pathway tools) program from the
m2m tool with the "--path" flag to create a PathoLogic environment for each genome in gbff
format. Subsequently, we performed the automatic reconstruction of non-curated metabolic

networks using the m2m recon command line.

For the analysis of metabolic producibility and calculation of cooperation potential, we
employed the m2m iscope command line for individual potential and the m2m cscope command
line for collective metabolic potentials. Additionally, in the m2m cscope command, we included
the "-m" flag to incorporate the host metabolic network in the sbml file format. The sbml files
for maize (Zea mays), sugarcane (Saccharum officinarum), and sorghum (Sorghum bicolor)
were obtained from C4GEM [36]. Furthermore, for soybean (Glycine max), we reconstructed
non-curated GSMNs using the m2m recon command line for the genome of the G. max cultivar

EMBRAPA BRS 537 downloaded from NCBI (Supplementary data 1). As a nutritional
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constraint, we used root exudate-mimicking growth media [37,38], which were used as a "seed"

(-s flag in m2m) for the targeted predicted producible metabolites (Supplementary Table S2).

The selection of the minimal community and computation of key species were performed using
the m2m mincom command line. For this analysis, we considered each host GSMN in sbml
format and included essential compounds for their metabolism, such as amino acids, nucleotide
components, cofactors, vitamins, phytohormones, organic acids, and other compounds relevant
to plant interactions (Supplementary Table S3). The identification of key species for the
targeted set of compounds was carried out using MiSCoTo [39], which is implemented in the

m2m suite.

The MetaCyc Metabolic Pathway Database [40] and the Kyoto Encyclopedia of Genes and

Genomes were used as references to link genome annotation to metabolism.

Identification of plant growth-promoting traits (PGPTs)

To identify genes associated with plant growth-promoting traits (PGPTs) within the MAGs, we
conducted an alignment of their protein sequences. This alignment was performed using a
combination of BLASTP and HMMER tools available in the PGPT-Pred database from
PLaBAse [41]. To ensure the accuracy of the annotations, we further validated them by
conducting BLASTP searches against the NCBI non-redundant protein, RefSeq, and
UniProtKB/Swiss-Prot databases. Hits with an E-value <le—5 were considered significant for

both approaches.

To assess the MAGs' potential to interact with plants, we established a criterion based on the
presence or absence of 86 PGPT genes. These genes are involved in nitrogen fixation,
phosphorus solubilization, as well as the production of EPSs, siderophores, and plant growth

hormones. Specifically:

Nitrogen-fixing genes: nifA, nifB, nifD, nifE, nifF, nifH, nifHD1, nifHD2, nifJ, nifK, nifM,
Exopolysaccharide (EPS) production: epsE, epsD, epsF, epsH, epsl, epsJ, epsL, epsM,
epsN, epsO.

Root colonization by nodulation: nodA4, nodB, nodC, node, nodF, nodl, nodJ, nodU, nod,
nodT, nolM, noeA, noeB, noeC, noeD, noeE, nodN, nodN like, nodO, nodP, nodsS,
nodS _like, nodY, nodZ, nodV, nodV _like, nodW, nodX, nodX, nodO.

Oxidative stress|ROS scavenging: sodN, sodC, sod3.
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Iron acquisition: /ipA, lipB, lipL, lipL2, lipM, IplA.

Salinity stress-potassium transport: kdpA, kdpB, kdpC, kdpD, kdpE, kdpF.

Plant embryogenesis-spermidine: puuA, puuB, puuC, puuD, puuE, pup

[AA-related tryptophan metabolism: trpA, trpB, trpC, trpCF, trpD, trpE, trpEG, trpG,
trpDG, trpF, trpS, trpR

Microbe-Microbe and Plant-Microbe interactions using Reverse Ecology

Protein-level assemblies of eight MAGs were annotated using KofamKOALA [42] (KOfam
parameters: '--e-value 0.00001"). The KEGG orthologs (KO) obtained from these annotations
were utilized for determining microbe-microbe interactions, specifically competition and
complementarity indices. To calculate these indices, we employed the Cooperation Index

package in RevEcoR [43].

Next, we created a matrix that included the substrate and product information for each species
from the RevEcoR analysis. Subsequently, we applied NetCooperate to gain insights into
potential ecological host-microbe interactions [44]. For pairwise interactions between hosts and
microbes, we measured the biosynthetic support score (BSS) and the metabolic
complementarity index (MCI). The KOs obtained from the annotated host genomes, which were
sourced from the Joint Genome Institute (JGI, https://genome.jgi.doe.gov/portal/), were
considered for these analyses. The compounds involved were annotated in KEGG compounds
with  their Dbiological roles and the Phytochemical Compounds Database
(https://www.genome.jp/kegg/ compound/) as well as the MetaCyc Metabolic Pathway
Database.

Additionally, we utilized NetMet [45] to predict the metabolic performances of microbes and
their combinations in user-defined environments. To achieve this, we utilized lists of species-
specific enzymatic reactions (EC numbers) obtained from the JGI, along with the host

compounds, as inputs for the metabolic environment analysis.

Results

Design of this study

In this study, we investigated 270 previously described MAGs obtained from Campos rupestres,
a grassland ecosystem located on the geologically ancient rocky outcrops of central and eastern
regions of Brazil [30]. This unique ecosystem is characterized by extremely low concentrations

of essential nutrients, creating challenging conditions for plant growth [46]. However, it also
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serves as a habitat for microorganisms that have adapted to these harsh conditions. The MAGs
were primarily sourced from bulk soil (BS) and the rhizosphere (RX) of two dominant plant

species in the campos rupestres, namely V. epidendroides (BE) and B. macrantha (BM).

To gain insights into the metabolic capabilities of these microorganisms, we reconstructed
GSMNs for the MAGs and determined the minimum number of species required to perform
specific metabolic functions related to plant-microbe interactions. We considered a predefined
set of target compounds and incorporated information about the associated plant hosts. By doing
so, we successfully reduced the complexity of the microbiota and identified minimal

communities with comparable properties (Fig. 1).

Furthermore, we conducted a comprehensive analysis of key species within these minimal
communities, focusing on their PGPTs. Additionally, we calculated competition and
complementarity indices for each pair of species to assess their potential interactions. This
thorough workflow allowed us to identify beneficial microbes and construct SynCom that have

the potential to enhance crop productivity (Fig. 1).

Soil and rhizosphere microbiome associated with dominant plant species in the Campos
rupestres

Here, we utilized 270 MAGs obtained from the soil and rhizosphere microbiomes of V.
epidendroides (BE) and B. macrantha (BM). Among the MAGs, those belonging to the phylum
Proteobacteria were the most abundant in the samples (37.4%), followed by Actinobacteriota
(15.9%) and Acidobacteriota (14.8%) (Fig 2, Fig. STA). Interestingly, we observed a significant
presence of the phylum Eremiobacterota, known for its ecological versatility and ability to
thrive under various extreme environmental conditions [47], which accounted for 10.3% of the

species in the dataset used in this study.

The size of the MAGs varied, ranging from 0.6 Mb in a MAG affiliated with the phylum
Patescibacteria to 8 Mb in MAGs belonging to Chloroflexota, Proteobacteria, and Myxococcota
(Fig 2, Fig. S1B). Generally, we did not observe a direct relationship between the distribution
of phyla and the environment. Most MAGs were widely distributed throughout the Campos
rupestres, which may be attributed to the heterogeneity of MAGs within and across phyla. We
retrieved a total of 48 MAGs from the bulk soil of V. epidendroides (BE_BS), 55 MAGs from
the rhizosphere of V. epidendroides (BE_RX), 82 MAGs from the bulk soil of B. macrantha
(BM_BS) and 85 MAGs from the rhizosphere of B. macrantha (BM_RX). For detailed
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information on each MAG and its taxonomic assessment, please refer to Supplementary Table

S1.

Reconstruction of genome-scale metabolic networks (GSMNs) to understand metabolic
complementarity between species

To identify metabolic functions and species of interest within the Campos rupestres microbiota,
we employed the Pathway Tools [34] integrated within the m2m [35]. Notably, the overall
statistics of GSMNs varied depending on the number of MAGs per sample, with MAGs from
BE BS displaying relatively lower numbers. In total, the reconstruction of GSMNs
encompassed a range of 59,479 to 101,411 compounds, 39,700 to 72,566 reactions, and 945 to
1,742 pathways. Interestingly, MAGs from BE RX exhibited a relatively smaller number of
pathways (Fig. S2, Supplementary Table S4, Supplementary Table S5). Individual GSMNs for
each MAGs are provided in Supplementary Data 1.

Next, we gained insights into the metabolic potential, referred to as scopes, of individual
metabolic networks under specific nutritional conditions, specifically a seed representing a
"root exudate-mimicking growth media" (see Materials and Methods for details). Overall, the
sizes of individual scopes remained relatively stable across all GSMNs. The results revealed
that, on average, each microbiota from the samples could access approximately 80 metabolites
(as indicated by the intersection of scopes) (Fig. 3A, Supplementary Table S6). When
considering the reachable metabolites for all organisms together, the combined scope
comprised 521, 444, 451, and 510 metabolites in the BE BS, BE RX, BM_BS, and BM_RX
samples, respectively (Fig. 3A, Supplementary Table S6, Supplementary Table S7).

Additionally, we conducted a metabolic potential analysis considering the metabolites
reachable by the entire community, excluding the seeds. Overall, we examined the composition
of the 519 newly producible metabolites accessible to the community (Fig. 3B, Supplementary
Table S8). Interestingly, the number of these metabolites remained consistent regardless of the
inclusion of the GSMNss of the host plant in the analysis (Fig. S3) (see Materials and Methods
for details). Most of these metabolites predominantly consisted of carbohydrates, organic acids,
nucleotide components, and amino acids (Fig. 3C). Among the target compounds included in
the analysis of the entire community, we discovered that this community could produce 17
amino acids, five organic acids, and five aromatic compounds (Fig. 3D, Supplementary Table

S9).
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Defining a minimal community of microbial

We proceeded to reduce the microbiota into minimal communities that possess equivalent
properties, making them suitable for further analyses. Considering our desired target
compounds and the host metabolism (crop), we narrowed down the community to 68 bacterial
species. Specifically, we identified 16 species associated with soybean, 18 with maize, 17 with
sorghum, and 39 with sugarcane (Supplementary Table S10). Among these species, 47 MAGs
belonged to Proteobacteria, 13 MAGs belonged to Actinobacteriota, 7 MAGs belonged to
Eremiobacterota, and 4 MAGs belonged to Acidobacteriota. These phyla were generally
present across all samples, but Eremiobacterota showed a stronger association with V.
epidendroides (BS/BS), while Actinobacteriota and Acidobacteriota exhibited a preference for
B. macrantha (Fig 4A). We also observed a core set of species shared among different plant
hosts, with sugarcane hosting a unique set of species (Fig 4B). At a lower taxonomic level,
families such as Beijerinckiaceae, Binataceae, Chroococcidiopsidaceae, Enterobacteriaceae,
Reyanellaceae, and Steroidobacteraceae were found to be widespread across all hosts.
Sorghum had the highest number of unique families selected (Fig 4C). Additionally, the
producible set of metabolites from this minimal community included essential amino acids, a
selection of ten organic acids, aromatic compounds like indole, vitamins, and inorganic ions

(Fig 4D, Supplementary Table S11).

We analyzed the MAGs to identify genes encoding proteins related to plant growth-promoting
traits (PGPTs). These PGPT genes were categorized into seven classes, including Iron
acquisition, EPS production, potassium solubilization, nitrogen fixation, GABA production,
and TAA (indole-3-acetic acid) related tryptophan metabolism (Fig. 5). It is noteworthy that a
majority of these MAGs contained genes encoding PGPT proteins, although the presence and
abundance varied across different host plants. We found that genes encoding for potassium
solubilization, and IAA metabolism were more abundant across the MAGs. Specifically, only
a few MAGs from the species Metakosakonia intestini exhibited the potential for nitrogen
fixation, and we identified one MAG associated with soybean that possessed a complete set of
nitrogen-fixing genes (Fig. 5). Detail of PGPTs for each MAGs can be found in Supplementary
Table S12 and Supplementary data 2.

Designing a SymCom based on key species in a minimal community through pairwise
interactions
Within the 68 species of the minimal community, we identified eight species as essential

symbionts, present in all minimal communities and enabling the producibility of the target
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metabolites [35]. These essential symbionts represented four phyla (Cyanobacteria,
Eremiobacterota, Proteobacteria, and Verrucomicrobiota), with only one MAG assigned at the
species level, M. intestine. Interestingly, these essential symbionts were associated with all crop

hosts (Supplementary Table S13).

We aimed to construct a microbial consortium by identifying microbe-microbe interactions
using RevEcoR [43]. To assess the dynamics within the consortium, we calculate competition
and complementarity indices for all pairs of species (Fig. S4). Among the species in the
SymCom, we observed that members of Enterobacteriaceae, specifically M. intestine and an
Enterobacter specie, exhibited the highest competitiveness index compared to other species.
Consequently, we decided to exclude these two species and recalculated the competition index.
Interestingly, the results revealed that none of the species exceeded a competition index greater

than 0.6, indicating a lack of competition among the species (Fig. 6A).

Regarding the complementarity index, we observed that a member of the phylum
Eremiobacterota tended to provide support to most members in the SymCom (Fig. 6B).
Furthermore, we assessed the metabolic complementarity between species and the host plants
(Fig. 6C, 6D). Initially, we calculated the Biosynthetic Support Score (BSS), which evaluates
the host species' ability to meet the nutritional requirements of a parasitic or commensal species.
Additionally, we computed the Metabolic Complementarity Index (MCI), which quantifies the
extent to which two microbial species can support each other through biosynthetic

complementarity [17].

The distribution of BSS values across the hosts ranged from approximately 0.1 to 0.8, while the
MCI values ranged from 0.0 to 0.4 (Fig. 6A, Fig. 6B). As expected, there were clear differences
in BSS and MCI scores between bacteria and hosts, indicating that hosts tend to better fulfill
the nutritional needs of the soybean. Interestingly, a member of the Chthoniobacterales order,
belonging to the Verrucomicrobiota phylum, exhibited high BSS and MCI scores in pairwise
interactions with sorghum and soybean (Fig. 6C, 6D). We identified 641 BSS compounds that
were supported by the SymCom and 1,037 compounds in which the SymCom was supported
by the hosts (Supplementary Table S14). Most of these compounds were not assigned to known
compounds, but we found that carbohydrates, esters, amino acids, and aromatic compounds
were the most frequently involved in the interaction between the SymCom and the hosts (Fig.
6F). Conversely, amino acids, lipids, and coenzymes were found to be involved in the

interaction between hosts and the SymCom (Fig. S5).
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We have confirmed that the six species included in the SymCom encoding PGPT proteins are
actively involved in various essential processes such as nitrogen fixation, phosphorus
solubilization, EPS production, siderophore production, and plant growth hormone production
(Supplementary Table S15) Our observations indicate that the Beijerinckiaceae (bei) species
possess a comprehensive set of genes responsible for phosphate transport, homeostasis, and
degradation (pho, pts, and phn clusters), as well as the production of siderophores like
enterobacterin and mycobactin (ent and mdt clusters). Furthermore, all the species exhibit the
potential to promote plant germination through the production of H>S and the synthesis of IAA.
They also possess the ability to solubilize potassium, with three of them capable of producing
the GABA phytohormone and protecting against osmotic stress through the production of
osmolytes such as glycine and betaine (Supplementary Table S15). Collectively, our findings
provide strong evidence that the SymCom model can generate crucial PGPTs that significantly
enhance crop productivity. In return, these enhanced plants can contribute to the maintenance

and sustainability of SymCom (Fig. 6H).

Discussion

The integration of omics data acquisition and analysis, along with modeling approaches,
enables computational predictions of an organism's resource utilization, biosynthetic capacities,
limitations, and growth under diverse conditions [48,49]. These models rely on the
reconstruction of metabolic networks from annotated genomes, which integrate all the expected
metabolic reactions of an organism. This makes it possible to predict fundamental information
regarding the competition of members of the microbial community, and their cooperation

among microbes and their host [50,51].

In this study, we used 270 MAGs derived from the microbiomes associated with V.
epidendroides and B. macrantha in campos rupestres, as described by [30]. This unique
ecosystem is characterized by remarkably low concentrations of essential nutrients, creating
challenging conditions for plant growth. However, these conditions also present an excellent
opportunity to explore plant-microbe interactions in harsh environments. The authors noted a
significant level of taxonomic novelty within this environment and highlighted the presence of
microbial taxa associated with low phosphorus (P) soils, which have the potential for
phosphorus turnover [46]. Our in-silico approach involved reducing the microbial community
based on the metabolic complementarity between bacterial species and host crop plants, aiming

to identify hub species that preserve the essential PGPTs for the design of a SymCom.
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We showed that the selection of this minimal community was based on our target compound,
encompassing essential compounds for their metabolism, such as amino acids, nucleotide
components, cofactors, vitamins, phytohormones, organic acids, and other compounds relevant
to plant interactions. Through this process, we successfully reduced the initial community size
from 270 to 68 species, resulting in a notable change of approximately 4.5-fold. This reduction
is particularly intriguing, considering the intricate microbial interactions typically observed
within soil communities [52—54]. Remarkably, the microbial community exhibited significant
production of amino acids, organic acids, vitamins, aromatic compounds, and various inorganic
ions. These findings align with previous studies on plant microbiomes, which also preferentially
utilize these nutrients [38]. These compounds have been extensively documented to play a
crucial role in plant-microbe interactions, particularly through root secretions where plants can
signal and attract beneficial microbes under specific conditions [55-59]. In contrast, gut
microbes were found to predominantly metabolize lipids, sugar derivatives, and carboxy acids

[35].

The minimal community we identified preserved important genes associated with PGPTs,
including those involved in iron acquisition, EPS production, potassium solubilization, nitrogen
fixation, GABA production, and [AA-related tryptophan metabolism. This emphasizes the
significance of screening novel microbial taxa, particularly under harsh conditions. The
findings suggest that such microbial taxa may assist plants in thriving during drought
conditions. Recent studies in the Atacama Desert have highlighted the role of plant growth-
promoting bacteria (PGPB) and positive gene selection in facilitating key mechanisms for plant
survival [60]. In line with this study, an emphasized the presence of Acidobacteriota,
Eremiobacterota, and Verrucomicrobiota as members of this group of PGPB. It is worth noting
that members of these phyla are often characterized as slow-growing bacteria and most lack
culture representative. A genome-centric approach has recently provided a comprehensive
analysis of 756 MAGs belonging to Acidobacteriota, revealing their potential to promote plant

growth through their interactions (Gongalves et al., 2023).

Within the minimal community, we carefully selected eight hub-species or essential symbiotics
that were present in all minimal communities and enabled the production of target metabolites.
These hub species were chosen to compose the SymCom and represented four phyla, namely
Cyanobacteria, Eremiobacterota, Proteobacteria, and Verrucomicrobiota. In our initial round of
species interactions, we excluded two proteobacteria that displayed high competitiveness within

the SymCom. It has been documented that genome-encoded metabolic potential tends to cluster
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quantitatively and qualitatively based on phylogeny, resulting in competitive behaviors among
species [38,61]. The exclusion of these species revealed that all the species within the SymCom
exhibited cooperative interactions, with a member of the Eremiobacterota phylum playing a
supportive role in the metabolism of most species. This finding further underscores the
significance of this phylum in microbial interactions. To comprehend the interaction between
SymCom and the host, we integrated five important crop plants, including soybean, maize,
sorghum, and sugarcane, into our study. Interestingly, our results demonstrated that, in general,
only sorghum selected unique microbial species. However, a core set of species remained
consistent across different hosts, suggesting their importance independent of the specific plant
type. This result was crucial in identifying six hub species that could enhance the growth of all
crops. Furthermore, we found that the hosts primarily provided amino acids, lipids, and
coenzymes, while the SymCom, in addition to PGPTs, supplied carbohydrates, esters, amino

acids, and aromatic compounds to the hosts.

Conclusion

The soil microbiome associated with plants in stressful environments offers an exceptional
opportunity to investigate how plants select beneficial microbial taxa to enhance their survival.
It is well-known that soil microbe interactions are complex and depend on various biotic and
abiotic factors. Recent advancements in sequencing technologies have allowed for insights into
these microbes and their interactions within their natural environment. Computational modeling

and prediction approaches enable the exploration of such dynamics.

In this study, we employed an in-silico approach using genome metabolic modeling to design
a synthetic microbial community aimed at improving the yield of important crop plants. This
approach relied on comprehensive knowledge of microbe-microbe-plant interactions and
involved the selection of key species carrying essential plant growth-promoting traits. Similar
approaches, as demonstrated here, can be combined with culturomics- and metagenomics-based
techniques [62] to design synthetic microbial communities as microbial inoculants for future

agricultural production.

Availability of data and materials

The genomes used in this study are publicly available in the supplementary information. Source
data with genes associated with plant growth-promoting traits (PGPTs) in the MAGs and
GSMN:s file are available in the Zenodo repository: xx, xx. The datasets generated and analyzed

during the study are provided with this paper in supplementary information.
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Figure 1. illustrates the workflow employed in this study to design the SymCom. The study
starts with the use of 270 MAGs obtained from the microbiomes associated with V.
epidendroides and B. macrantha in Campos rupestres, as detailed in Camargo et al. (2020).
Subsequently, genome-scale metabolic networks of individual MAGs were reconstructed using
the M2M tool suite. To determine the target compound, which encompasses crucial compounds
for their metabolism (such as amino acids, nucleotide components, cofactors, vitamins,
phytohormones, organic acids, and other compounds relevant to plant interactions), as well as
by incorporating GSMNs of significant crop plants, we curated a minimal community
(MinCom) from the original microbiome community linked to V. epidendroides and B.
macrantha. From this MinCom, we identified genes associated with plant growth-promoting
traits (PGPTs) and employed a reverse ecology approach to select species that collectively
constitute our SymCom. The figure was designed using BioRender.
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Figure 2. Phylogeny of 270 metagenome-assembled genomes (MAGs) from Campos
rupestres. A maximum likelihood phylogenetic tree based on 43 single-copy; protein-coding
marker genes identified using CheckM. Phyla are marked in different background colors. The
first arc of the tree represents the genome size of each MAG, followed by sequential arcs
indicating the source of the obtained MAGs, distinguished by filled geometric forms. A
phylogenetic tree was built under the model of rate heterogeneity G+F+1+G4, and a maximum
of 1,000 bootstrap replicates. Bootstraps are shown in black circles. The tree is drawn to scale,
with branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree.
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Figure 3. Metabolic producibility and cooperation potential of the microbiome from Campos rupestres. A) Metrics displaying individual
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sample. C) Classification of the accessible compounds into categories within the community. D) Detailed information regarding the target
compounds accessible to the entire community. Circles represent the proportion of each class, while arcs depict the set of compounds within each
class. Abbreviations: BE BS (bulk soil of V. epidendroides), BE_RX (Rhizosphere of V. epidendroides), BM_BS (bulk soil of B. macrantha), and
BM_RX (rhizosphere of B. macrantha)
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Figure 4.
Metabolic producibility of the minimal community of the microbiome from Campos rupestres. A) Taxonomic abundance of the minimal
communities for each sample collection. Abbreviations: BE BS (bulk soil of V. epidendroides), BE RX (Rhizosphere of V. epidendroides),
BM_BS (bulk soil of B. macrantha), and BM_RX (rhizosphere of B. macrantha). B) The core set of species shared among different plant hosts of
the reduced community. C) Distribution of taxonomic family across different plant hosts. D) Community reduction analysis of the target categories
in microbiome from Campos rupestres
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Figure 5. The distribution of key genes associated with plant growth-promoting traits
among members of the minimal community in the microbiome from Campos rupestres.
The Y-axes represent the GenBank access numbers of individual members within the reduced
community, while the X-axes group the PGPT genes into categories based on their shared
functions. The graph is color-coded according to the host plant, and the absence of color in
squares indicates the absence of the gene. The presence of multiple, red-colored squares
indicates genes found across more than two hosts. Details of all PGPT genes are in
Supplementary Table S12 and Supplementary Data 2.
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Figure 6. A SymCom designed based on comprehensive knowledge of microbe-microbe-plant interactions. A) Matrix plot of the competition
index among six species of SymCom. The competition index ranges from 0 (indicating the lowest competition) to 1 (representing the highest
competition index). B) Matrix plot of the complementary index among six species of SymCom. The size and color of each circle correspond to the
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microbe/plant is metabolically supported or complemented by the second microbe/plant. F) Biosynthetic support with biological pathways found
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in the compounds of the bacteria-host interaction. The color of each circle corresponds to its abundance, except for the inner circle, which shows
the number of each compound for that category. G) The SymCom was designed with six microbial species showing potential PGPT features that
can enhance plant growth. In turn, the host plant may supply potential compounds to the bacteria to support this interaction. Abbreviations: alp
(Alphaproteobacteria), cya (Cyanobacteria), bei (Beijerinckiaceae), els (Elsterales), ere (Eremiobacterota), ver (Verrucomicrobiota).
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Abstract

The prevalence and abundance of Acidobacteriota raise concerns about their ecological
function and metabolic activity in the environment. Studies have reported the potential of some
members of Acidobacteriota to interact with plants and play a significant role in biogeochemical
cycles. However, their role in this context has not been extensively studied. Here, we performed
a comprehensive genomic analysis of 758 metagenome-assembled genomes (MAGs) and 121
RefSeq genomes of Acidobacteriota. Our analysis revealed a high frequency of plant growth-
promoting traits (PGPTs) genes in the Acidobacteriaceae, Bryobacteraceae, Koribacteraceae,
and Pyrinomonadaceae families. These PGPTs include genes involved in nitrogen fixation,
phosphorus solubilization, exopolysaccharide production, siderophore production, and plant
growth hormone production. Expression of such genes was found to be transcriptionally active
in different environments. In addition, we expanded the knowledge of the functional potential
for biological nitrogen fixation in Acidobacteriota. We identified numerous carbohydrate-
active enzymes and peptidases involved in plant polymer degradation and revealed the
distributional role of the phylum in carbon, nitrogen, sulfur, and trace metal cycling. This study
underscores the distinct potential ecological roles for each of these taxonomic groups, providing

valuable insights for future research.

Keywords: Ecological roles, metagenomics, plant growth-promoting bacteria, soil bacteria.
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Main

Acidobacteriota is a highly prevalent bacterial phylum found in various environments such as
soils, freshwater, and marine ecosystems worldwide. It was initially discovered in 1991 with
the identification of Acidobacterium capsulatum from an acidic mineral habitat [1]. Since then,
the phylum's widespread distribution was revealed by its distinctive 16S rRNA gene sequence
[2—4]. Studies have shown that Acidobacteriota is a phylogenetically diverse group, consisting
of 26 major sequence clades or subdivisions (SDs) [5]. It is also a geographically widespread

and numerically significant component of the soil microbiota [6].

The prevalence and abundance of these microorganisms raise concerns about their ecological
function and metabolic activity, particularly in soil environments [7-9]. In soil ecosystems,
members of this phylum are suggesting contributing to nutrient cycling and organic matter
decomposition [10—12]. They are known for their ability to tolerate a wide range of soil pH
levels and have been found to be particularly abundant in acidic soils (ref). Some
Acidobacteriota members have been classified as k-strategists, which means they can thrive in
settings with limited nutritional availability, slower growth rates, and high tolerance to toxic

compounds [13, 14].

Acidobacteriota strains from subdivision 1 (SD1) were identified to act as plant growth-
promoting bacteria [ 14]. These strains produced plant growth-promoting traits (PGPTs), which
increased the biomass of roots and shoots in Arabidopsis thaliana [14]. This was the first report
of Acidobacteriota interacting with the plant. Moreover, given their dominance and metabolic
activity in the soil, Acidobacteriota is believed to play a significant role in the biogeochemical
cycles of rhizosphere soil [8]. The diversity of Acidobacteriota in various soils and
environments indicates their potential significance in plant-microbe interactions. However,

their role in this context has not been extensively studied.

Here, we performed a comprehensive genomic analysis of 758 metagenome-assembled
genomes (MAGs) from catalog of Earth’s microbiomes (GEM) [15] and 121 RefSeq genomes
of Acidobacteriota to better understand the plant interactions and the biogeochemical role of
this phylum. Using this genomic database, we identified four ecologically distinct taxonomic
groups that have the potential to play a direct role in plant growth. These groups possess genes
encoding plant growth-promoting traits (PGPTs), such as nitrogen fixation, phosphorus

solubilization, exopolysaccharide (EPS) production, siderophore and plant growth hormones
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production. Furthermore, we uncovered distinct potential ecological roles for each of these

taxonomic groups, which can provide valuable insights for future research.

Results

A comprehensive analysis of 758 MAGs reveals the potential for plant growth promotion
of Acidobacteriota in diverse environments

To investigate the potential interaction between the Acidobacteriota phylum and plants, we
collected a total of 758 metagenome-assembled genomes (MAGs) from the Global Earth
Microbiome (GEM) catalog [15] and 121 RefSeq genomes from NCBI (Supplementary Table
1, Supplementary Table 2), which provided us with a comprehensive dataset to explore the
diversity and abundance of Acidobacteriota within different environments. The dataset included
MAGs from all continents and oceans on Earth, with a notable emphasis on samples from North
America and Europe (Fig. 1A). These MAGs were obtained from diverse environments,
including soils and other terrestrial habitats (243), ocean and other aquatic environments (173),
plant host-associated (52), and engineered environments (52) (Fig. 1B, Supplementary Table
3). In addition, the sizes of Acidobacteriota MAGs ranged from 1 Mb to 11 Mb, with the largest
one discovered in the UBAS5066 and Bryobacterales order (Supplementary Table 4,
Supplementary Fig 1).

These MAGs represented 13 different taxonomic classes, with Acidobacteriaceae (n= 372)
being the most abundant class in the dataset (Supplementary Fig. 1). It is noteworthy that most
of the isolates cultivated to date from this class are affiliated with formal subdivision 1, which
suggests that this subdivision is the most well-studied group within the Acidobacteriota phylum
[16]. Furthermore, we observed that the predominant members of the Acidobacteriaceae family

were bacteria of the orders Acidobacteriales (Supplementary Table 1).

We constructed a phylogenetic tree using 43 single-copy marker genes to understand the
evolutionary relationships between Acidobacteriota genomes (Fig. 1B). Our dataset included
758 MAGs obtained from various environments, as well as 121 Acidobacteriota reference
genomes publicly available. The phylogenetic tree analysis revealed the formation of 17 distinct
branches, thereby the presence of high yet uncharacterized Acidobacteriota species-level
diversity (Fig. 1B). These branches represented different taxonomic groups within the dataset,
with most genomes (n=211) were found to belong to the Acidobacteriales order, indicating their

abundance and widespread distribution in various environments.
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Subsequently, we conducted a genome mining analysis on Acidobacteriota MAGs to identify
genes associated with PGPTs, to explore the potential of this phylum in plant growth promotion.
We categorized these genes into six classes associated with PGPTs, namely bio-fertilization,
stress-control/biocontrol, colonization, competitive exclusion, phytohormone production, and
plant immune response stimulation (Supplementary Table 5). Our analysis revealed that the
colonization and competitive exclusion PGPTs classes had a broad presence in the
Acidobacteriota phylum (Fig. 1B), and their genes were linked to indirect effects on plant
growth, such as the utilization of amino acids, carbohydrates, and lipids derived from plants, as
well as motility and chemotaxis. In general, we noticed that the abundance of these categories
varied significantly, particularly within certain taxa such as members of the Acidobacteriaceae
(Supplementary Fig. 2). Notably, the Acidobacteriales and Holophagales order showed levels
of PGPTs associated with bio-fertilization and phytohormone production. These classes are
known to play a direct role in plant growth and contain genes involved in iron acquisition,
nitrogen assimilation and regulation, mineral solubilization (K, P), auxin and cytokinin
synthesis, vitamin production, plant germination, H>S production, and metabolism

(Supplemental data 1).

After observing that numerous genes within these categories may not be directly contribute to
plant growth, we specifically chose 86 PGPTs genes that are involved in nitrogen fixation,
phosphorus solubilization, as well as the production of EPSs, siderophore and plant growth
hormones (Supplementary Table 6). A clear division into two clusters based on family and gene
frequency was observed (Fig. 2). The first cluster comprised the families Acidobacteriaceae,
Bryobacteraceae, Koribacteraceae, and Pyrinomonadaceae, which exhibited a high frequency
of PGPT genes. Conversely, Aminicenantaceae, Chloracidobacteriaceae, Holophagaceae,
Thermoanaerobaculaceae, and Vicinamibacteraceae displayed lower frequencies of these
genes (Supplementary Fig. 3). The genes associated with tryptophan metabolism
(trpABCDEGFYS), potassium solubilization (kdpABCDEF), and EPS production
(epsDFHILMNO) were predominantly identified in the second cluster. Furthermore, we
observed a high occurrence of nitrogen-fixing genes in Acidobacteriaceae and Holophagaceae
(Supplementary Table 6, Fig. 2). These findings suggest that the second cluster is potentially

involved in a range of functions related to nutrient cycling and soil health.

The potential of Acidobacteriota to act in plant polymer degradation
Carbohydrate Active Enzymes (CAZymes) and peptidases play a crucial role in plant growth

and development. These enzymes are responsible for the synthesis, modification, and
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breakdown of carbohydrates in plants [17]. Our analysis mapped of 39,722 CAZymes
distributed across 758 MAGs of Acidobacteriota (Supplementary Table 7). Among these
enzymes, a predominance of GH (Glycosyl Hydrolases) and the presence of some PL
(Polysaccharide Lyases) in small number were identified. In particular, the GH enzyme family
stood out, representing the seven most abundant CAZymes in these genomes. These enzymes
were identified as GH3, GHS, GHI13, GH23, GH28, GH29, and GH109, with varying in
numbers, ranging from 832 to 4299 Hits, and abundance within the phylum, being
Acidobacteriaceae and Bryobacteriaceae exhibited a higher abundance of these enzymes in
their genomes (Supplementary Table 7, Supplementary Fig. 4A, Fig.3A). Particularly
noteworthy was the significant presence of GH109 in both families, suggesting their
involvement in activities related to a-N-acetylgalactosaminidase. Additionally,
Acidobacteriaceae showed high quantities of GH3 and GHI13 enzymes, indicating their
capacity for cellulose, glucan, starch, and peptidoglycan degradation. In addition to these
activities, the seven most abundant enzymes also individually contribute to the degradation of

mannan, chitooligosaccharides, pectin, and fucose.

A total of 32,566 proteolytic enzymes were mapped, grouped according to their catalytic type,
including five families of aspartic peptidases (A), 18 families of cysteine peptidases (C), 62
families of metallo peptidases (M), 2 families of asparagine peptide lyases (N), 1 family of
mixed peptidase (P), 37 families of serine peptidases (S), 6 families of threonine peptidases (T),
and 3 families of peptidases with unknown catalytic type. Additionally, 761 inhibitors
belonging to 5 distinct families were mapped in these OTUs (Supplementary Table 8).

Among the peptidases, the eight most abundant families were selected from the mapped
genomes. These families include: C26, corresponding to the family of gamma-glutamyl
hydrolases; M 103, containing the peptidase TIdD; M13, containing metalloendopeptidases with
restricted activity to substrates smaller than proteins; M20A, containing carboxypeptidases;
M38, corresponding to the family of beta-aspartyl dipeptidases; S09X, containing a diverse set
of serine-dependent peptidases; S12, containing serine-type D-Ala-D-Ala carboxypeptidases;
S15, containing Xaa-Pro dipeptidyl peptidase; S33, containing exopeptidases that act on the N-
terminus of peptides; and TO03, which exhibits activities of aminopeptidase and
aminotransferase (Fig. 3B). The Acidobacteriaceae family hosted most proteolytic enzymes,
followed, in smaller quantities, by the Koribacteriaceae, Pyrinomonadaceae, and

Bryobacteriaceae families, respectively (Supplementary Fig. 4B, Fig. 3B).
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Acidobacteriaceae showed a higher number of enzymes related to plant polymer degradation,
such as GH2, GH42, GH13, GH144, GH149, GH6, GH9, GH55, GH77, GH97, GH1, GH23,
GH15, GH31, GH10, GH115, GH30, GH67, GH8, GH74, GH120, and GH39 (Supplementary
Table 7), indicating the possible involvement of Acidobacteriaceae in the degradation of
cellulose, pectin, cellobiose, galactose, mannose, glucuronic acid, glucan, and arabinofuranose
cleavage (Fig. 3C). Furthermore, the families Bryobacteraceae, Koribacteraceae, and
Pyrinomonadaceae also exhibited a significant quantity of these enzymes. Altogether, this

highlights the significant potential of this bacterial family to act in plant polymer degradation.

Role of Acidobacteriota in Biogeochemical Cycles

Our findings highlight the significant role of organisms from the phylum Acidobacteriota in
four biogeochemical cycles: carbon, nitrogen, sulfur, and elemental metal cycles
(Supplementary Table S9, Fig. 4). We identified 618 MAGs from this phylum that contribute
to these reactions, and most of them carry acs genes, which are important for acetate oxidation
(Fig. 4A). Moreover, we observed a similar pattern of classes participating in the sulfur cycle
pathways, which exhibited substantial Acidobacteriota involvement (Supplementary Fig. 5).
Within this cycle, we identified eight classes of the Acidobacteriota, comprising a total of 436
MAGs engaged in sulfur oxidation reactions (Fig. 4B). Additionally, in pathways involving the
reduction of sulfur, 278 MAGs were found, which shared the same classes present in the
oxidation pathways, differing only by the inclusion of subgroup 26. Notably, the MAGs
primarily encoded genes associated with sulfide oxidation (fccB, sqr), sulfite reduction
(dsrABD, asrABC), sulfur oxidation (sdo, sor), sulfur reduction (sreABC, sor), thiosulfate

oxidation (soxBCY), sulfate reduction (aprA, sat), and thiosulfate disproportionation (aprA).

Furthermore, a significant contribution of Acidobacteriota to nitrogen balance in the
environment (Supplementary Fig. 5). While individuals from all eleven taxonomic classes of
the phylum Acidobacteriota participated in eight stages of the nitrogen cycle, they were notably
absent in the ammonia oxidation pathway (Fig. 4C). Conversely, in pathways crucial for
nitrogen absorption and assimilation by plants and microbiota, such as nitrification (norBC)
and nitrite ammonification (n7fADH, nirBD), a higher number of taxa were predicted to be
involved. Specifically, 308 MAGs were associated with nitrification, and 186 MAGs were
associated with nitrite ammonification (Fig. 4C). Moreover, we identified 17 MAGs belonging
to the classes Acidobacteriae and Holophagae that possess the capability to engage in biological
nitrogen fixation. Marker genes involved in biological nitrogen fixation, namely nifDK and

nifH, were successfully identified in these MAGs.
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Lastly, with regard to elemental metals, all 746 MAGs were found to participate in redox
reactions involving iron (Fig. 4D). However, the elements selenium and arsenic displayed
minimal participation from individuals within the taxonomic classes. Specifically, only one
MAG was identified in the arsenite oxidation pathways (Fig. 4D). In summary, our research
underscores the crucial role played by Acidobacteriota in important biogeochemical processes.
Their involvement spans the carbon, nitrogen, sulfur, and elemental metal cycles,
demonstrating their significance in maintaining environmental balance and ecosystem

functioning.

Expansion of Nitrogen-fixing activity in Acidobacteriota

Although nitrogen-fixing genes have been acknowledged for their significance [18], their
distribution and role within the phylum remain largely unexplored. Consequently, additional
research is necessary to uncover the prevalence of these genes in various bacterial families and
their functional implications in different ecological settings. A search was conducted to identify
evolutionary conserved genes associated with nitrogen fixation in the genomes under study. A
total of seventeen MAGs were discovered to contain genes linked to nitrogen fixation. Upon
analysis, it was determined that the genetic capacity for N fixation was linked to the following
families: Holophagaceae (6), Acidobacteriaceae (5), Bryobacteraceae (5), and
Koribacteraceae (1). Notably, Holophagaceae displayed the highest prevalence, while
Koribacteraceae exhibited the lowest frequency. At genus level, we identified Holophaga (4),
Geothrix (2), Terracidiphilus (1), and Granulicella (1). Furthermore, it was observed that 8
MAGs did not belong to any classified genera within the phylum (Supplementary Table S9).
The majority of genes were associated with MAGs predominantly distributed in terrestrial
environments (15), with a smaller presence in aquatic environments (2) and only one MAG
identified in engineered environments (1). Within the terrestrial environment, some operational
taxonomic units (OTUs) were found in peat soils (2), while the majority were detected in

permafrost (10) (Supplementary Fig. 6A).

We mapped eight nif genes directly involved in the N2 fixation, including nif4 (5), nifB (14),
nifD (17), nifH (6), nifJ (16), nifK (16), nifS (12), and nifW (4). The nifD gene was found in all
analyzed genomes, either in its complete form or as fragments. Notably, OTU-17217, affiliated
with the Terracidiphilus genus, exhibited a higher abundance of nitrogen assimilation genes, as
well as other genes associated with the organization of nitrogen fixation operons
(Supplementary Fig. 6B) [19]. However, contig fragmentation resulted in several reference

sequences containing more than one fragment per contig. Overall, our analysis provided a
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comprehensive understanding of how nitrogen-fixing genes are distributed, their functional
implications, and their organization within various ecological settings in the Acidobacteriota

phylum.

Evidence of transcriptional activity of PGPTs in metatranscriptomic data

Lastly, we employed metatranscriptomic data from Acidobacteriaceae bacterium URHE0068
and Chloracidobacterium thermophilum to investigate their transcriptional activity related to
PGPTs (Fig. 5). These data were collected from various environments, including grassland soil
microbial communities (Fig. 5A), Avena fatua rhizosphere and bulk microbial communities
(Fig. 5B), and anoxygenic and chlorotrophic microbial communities from Yellowstone
National Park (Fig. 5B), being the first two RNA-seq for Acidobacteriaceae bacterium
(Supplementary Table S10).

Our analysis revealed that both species exhibited metabolic activity in these environments, as
evidenced by the high expression levels of general metabolism (Fig. 5). Furthermore, PGPTs
associated with phosphorus solubilization, siderophore production, EPS, and genes related to
plant growth hormones exhibited above-average relative transcriptional activity, particularly in
terrestrial ecosystems associated with plants. Interestingly, several peptidase genes showed the
highest levels of transcriptional activity in grassland soil and the anoxygenic community (Fig.
5B, C). Additionally, we observed differential expression of the aminopeptidase family M9
gene between soil associated with root (rhizosphere) and soil not associated (bulk soil) of 4.
fatua. Similarly, phosphorus transport genes exhibited above-average relative transcriptional
activity in the rhizosphere of the host plant. A high relative transcriptional activity of genes
involved in iron metabolism (such as bacterioferritin, ferritin-like, and iron complex outer
membrane receptor) in the anoxygenic microbial communities of C. thermophilum (Fig. 5C).
Overall, our findings shed light on the transcriptional activity of Acidobacteriota and their
involvement in PGPTs. These results highlight their potential contributions to nutrient cycling

and plant-microbe interactions in various ecosystems.

Discussions

Acidobacteriota is a prominent bacterial taxon widely observed in soils worldwide, often
constituting a substantial portion of the total bacterial community, reaching up to 52% in some
cases [6, 7, 20]. These bacteria are commonly associated with the rhizosphere, the region
surrounding plant roots, where intricate interactions between plants and microorganisms occur,

mutually influencing each other. Despite their high abundance in this environment, our
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understanding of how Acidobacteriota members specifically interact with plants and contribute
to biogeochemical processes remains limited. Here, we took advantage of metagenome data
spanning various environmental contexts within the Acidobacteriota to elucidate the roles
played by this phylum in plant-microbe interactions and their impact on the biogeochemical

dynamics.

We explored 758 MAGs from GEM catalog and 121 RefSeq genomes of Acidobacteriota from
wide range of habitats worldwide, which allowed us to explore the ecological roles and
adaptations of this phylum in different environments. Our comprehensive analysis of the
metagenome data allowed us to identify a wide distribution of PGPTs genes within the
Acidobacteriota phylum. Notably, the colonization and competitive exclusion classes of PGPTs
were found to be present in numerous Acidobacteriota members. The colonization PGPT class
encompasses genes that are involved in establishing robust interactions between
Acidobacteriota and plants. These genes contribute to processes such as adhesion, biofilm
formation, and the ability to colonize plant tissues [21-23]. Similarly, the competitive exclusion
PGPT class plays a vital role in plant-microbe interactions. Genes within this class enable
Acidobacteriota to outcompete other microorganisms [24]. Previous studies have provided
evidence that members of the Acidobacteriota possess multiple conjugative and integrative
elements within their genomes and upregulate the expression of specific genes to persistence in

the soil environments [25, 26].

Our analysis identified four major Acidobacteriota families, namely Acidobacteriaceae,
Bryobacteraceae, Koribacteraceae, and Pyrinomonadaceae, which exhibited a considerable
number of 86 keys PGPTs genes. These families have the potential to directly interact with
plants, suggesting their ability to promote plant growth and development. The presence of these
PGPT genes within these Acidobacteriota families highlights their importance in establishing
beneficial relationships with plants and their potential contributions to enhancing plant growth.
Acidobacteriaceae, a family within the SD1 subdivision of the Acidobacteriota phylum, stands
out as the most abundant and extensively cultured group within the phylum [16, 27]. It is
considered the dominant division of Acidobacteriota. The initial discovery of plant growth-
promoting abilities within the Acidobacteriota phylum was associated with Acidobacteriaceae.
Subsequently, another study reported the presence of plant growth-promoting members in two
additional families: Bryobacteraceae (SD3) and vicinamibacteraceae (SD6). Although no

typical bacterial plant growth-promoting traits were identified in vitro for these strains, they
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were found to enhance the growth of duckweed and exhibited the ability to colonize plant

surfaces [28].

This study built upon previous evidence of nitrogen fixation by Acidobacteriota [18]. We
discovered 17 metagenome-assembled genomes (MAGs) exclusively belonging to the
Acidobacteriaceae and Holophagae families, representing nine novel genera involved in this
important process. Interestingly, most of these genera have not been taxonomically classified
yet. We did not observe any direct correlation, beyond the family level, between these genera
and their involvement in nitrogen fixation. Therefore, we hypothesized that this phenomenon
could potentially be attributed to horizontal gene transfer events. However, due to the inherent
limitations of MAGs, we were unable to definitively determine the origin of these nitrogen-
fixing capabilities. Further investigations are needed to fully understand the genetic basis and

evolutionary dynamics of nitrogen fixation in these Acidobacteriota genera.

We profiled the carbohydrate degradation and peptidase activities of Acidobacteriota. Our
analysis revealed that the enzymatic repertoire of Acidobacteriota, being some members encode
up to 200 CAZymes and more than 100 peptidases, specifically in the four major families
associated with PGPTs, was enriched with genes involved in the degradation of plant polymers.
This suggests a potential connection between carbohydrate degradation and PGPTs in
Acidobacteriota. However, it is important to consider that this correlation could be influenced
by the dataset itself, as the number of MAGs available for these specific Acidobacteriota

families may are abundant compared to others.

Acidobacteriota may play a significant role in biogeochemical cycling, although many aspects
of their specific contributions are still not well understood [27]. Here, we applied an in-depth
insight into the diversity of the phylum and their role in carbon, nitrogen, sulphur, and trace
metal cycling. Our analysis revealed a significant presence of Acidobacteriota in both the sulfur
and nitrogen cycles, which are vital processes in ecosystems, incorporating essential nutrients
into the soil through sulfur oxidation and nitrogen fixation [29, 30], making them available to
plants. Finally, our study provided evidence of the metabolic activity of Acidobacteriota
members in diverse environments, demonstrating their contribution to the expression of crucial
genes involved in PGPTs. These findings shed light on the roles played by Acidobacteriota in
plant-microbe interactions and their impact on biogeochemical processes. The transcriptional
activity of highly expressed core genes further emphasized the metabolic relevance of

Acidobacteriota in different environments.
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We aimed to shed light on the role of specific families within Acidobacteriota in plant-microbe
interactions and their potential impact on biogeochemical processes that contribute to soil
functioning (Fig. 6). We focused on six representatives of Acidobacteriota known to have a
more direct relationship with plant interactions. These strains possess the ability to form
flagella, enabling them to encounter root exudates and mucilage components [31]. Chemotaxis
driven by flagella likely plays a crucial role in root colonization. Additionally, we found a
consensus among these members regarding the presence of the high-affinity phosphate
transport system PstSCAB, located on the outer side of the cell membrane (Fig. 6). This
indicates their ability to transport inorganic phosphate [32]. Furthermore, we demonstrated that
these bacterial strains may degrade complex plant polymers such as chitin, cellulose, and

hemicellulose, as reported in previous studies [33-35].

We also observed that the solubilization of insoluble potassium (K) is a common trait among
these representatives, with the ability to convert it into a soluble form suitable for plant growth
[36]. Additionally, we found that some members of Acidobacteriota are capable of surviving in
environments contaminated with heavy metals, suggesting their potential as bioremediation
agents. Furthermore, the presence of CRISPR loci and other antiviral mechanisms in
Acidobacteriaceae and Pyrinomonadaceae members may provide a selective advantage in the

interaction between bacteria and phages in the soil environment [37].

In the biogeochemical context, we observed that many members of Acidobacteriota are
involved in nitrogen transformation processes such as ammonification, nitrification, and
biological nitrogen fixation, as well as sulfur-related processes including sulfate reduction,
sulfur oxidation, and sulfide oxidation (Fig. 6). Although it is challenging to establish a direct
effect of these bacterial plant growth-promoting traits in vitro [28], either due to the lack of
understanding of their mechanisms or the difficulty of isolating and cultivating in laboratory
conditions, the transformations performed by Acidobacteriota in oxidizing essential elements
for plant growth may improve overall plant growth. Altogether, this study highlights the
importance of this intriguing phylum and opens new avenues for future research aimed at
exploring specific Acidobacteriota taxa and their implications in plant interactions for

applications in agriculture and environmental sustainability.

Material and Methods

Dataset compilation
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We retrieved 758 MAGs from the publicly available GEM catalog
(https://portal.nersc.gov/GEM/) [38]that were taxonomically affiliated with the phylum

Acidobacteriota. To gain insights into these MAGs, we employed QUAST v5.0.2102 to
calculate fundamental features such as size, GC content, N50 value, and other relevant metrics.
In addition to the MAGs, we also acquired 129 genome RefSeq from the National Center for
Biotechnology Information (NCBI). These RefSeq were selected for the purpose of comparison
and further analysis. By including these additional genomes, we aimed to broaden the scope of

our investigation and potentially uncover valuable similarities or differences between the

MAGs and the RefSeq.

We employed a two-step approach to obtain biogeographic and environmental metadata. First,
we utilized the genome ID information from the GEM catalog and searched a search on the
Metagenome Bin Search tool available on Integrated Microbial Genomes and Microbiomes

(JGI IMG, https://img.jgi.doe.gov). This allowed us to gather relevant biogeographic and

environmental information associated with the MAGs. Additionally, for the RefSeq genomes,
we accessed the metadata available on Biosample on NCBI, which provided us with details of

the geographical origin and environmental context of these genomes.

Phylogenetic analyses

CheckM v1.0.13 [39]with the tree ga command was employed to extract 43 single-copy,
protein-coding marker genes. These marker genes were utilized to assess phylogenetic markers
in a dataset comprising 758 assembled metagenomic bins and 121 genomes. The concatenated
protein alignments of 43 universal marker genes obtained from CheckM were subsequently
used to reconstruct maximum-likelihood phylogenetic tree using IQ-TREE v1.6.11 [40]. The
reconstruction process incorporated specific parameters (-m TEST -bb 1000') to ensure
accurate tree generation. The phylogenetic tree was uploaded to iTOL [41], where it underwent

visual annotation, such as color coding and heatmaps were applied.

Annotations and metabolic predictions

MAG gene prediction was determined using Prokka v1.14.5 [42] with specific parameters ('—
metagenome’) then annotated by KOfam and custom HMM profiles within METABOLIC v.4.0
[43] and eggNOG-emapper v.2.1.2 [44] with default settings. Additionally, METABOLIC-G
v.4.0 was used to profile metabolic and biogeochemical traits, and functional networks in the
Acidobacteriota MAGs and genomes. dbCAN2 [45] within METABOLIC v.4.0 was used to

annotate proteins carbohydrate-active enzymes (CAZymes) using default thresholds.
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Peptidases were searched against MEROPS ‘pepunit’ database [46] also implemented in
METABOLIC. The annotations of genes of interest were compared among the outputs of
different annotation tools. Amino acid sequences of selected MAGs were used to detect known
prokaryotic antiviral systems using DefenseFinder (https://defense-finder.mdmparis-lab.com)

[48].

Identification of plant growth-promoting traits (PGPTs)

We performed alignment of MAGs' protein sequences to identify genes related to plant growth-
promoting traits (PGPTs) within the genomes. This alignment was carried out using a
combination of BLASTP and HMMER tools in PGPT-Pred database from PLaBAse [49]. In
addition, to ensure accuracy, the annotations were further validated through BLASTP searches
against the NCBI nonredundant protein, RefSeq, and UniprotKB/Swiss-Prot databases. Hits
with an E-value <le—5 were considered as significant for both approaches. To determine the
MAGs potential to interact with plant, we established a criterion based on the presence/absence
of 86 PGPTs genes involved in nitrogen fixation, phosphorus solubilization, as well as the

production of EPSs, siderophore and plant growth hormones. Specifically:

e Nitrogen-fixing genes: nifd, nifB, nifD, nifE, nifF; nifH, nifHDI, nifHD2, nifJ, nifK,

e Exopolysaccharide production: epsE, epsD, epsF, epsH, epsl, epsJ, epsL, epsM, epsN,
epsO.

e Root colonization by nodulation: nodA4, nodB, nodC, node, nodF, nodl, nodJ, nodU,
nod, nodT, nolM, noeA, noeB, noeC, noeD, noeE, nodN, nodN _like, nodO, nodP, nods,
nodS _like, nodY, nodZ, nodV, nodV _like, nodW, nodX, nodX, nodO.

e Oxidative stress|ROS scavenging: sodN, sodC, sod3.

e Iron acquisition: lipA, lipB, lipL, lipL2, lipM, IplA.

e Salinity stress-potassium transport: kdpA, kdpB, kdpC, kdpD, kdpE, kdpF.

e Plant embryogenesis-spermidine: puud, puuB, puuC, puuD, puukE, pup

e [AA related tryptophan metabolism: trpA, trpB, trpC, trpCF trpD, trpE, trpEG, trpG,
trpDG, trpE, trpS, trpR

See Supplementary Table 6 for more details. The frequency of PGPT genes was transformed
into In(x) values, and a heatmap was generated using Clustvis Vv.1.0

(https://biit.cs.ut.ee/clustvis/) [50]. To nif-genes analysis of 17 MAGs with role in N2 fixation
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were selected. Nif-cluster were extracted and syntenic analysis was performed using clinker

and clustermap.js [51]).

Metatranscriptomic analysis

Publicly available metatranscriptomic data from JGI IMG was used to investigate the
expression of PGPT genes, as well as metabolic and biogeochemical traits. We specifically
searched for Acidobacteriota RNASeq Expression Studies, and Acidobacteriaceae bacterium
URHEO0068 and Chloracidobacterium thermophilum B were considered. We selected the
studies "Avena fatua rhizosphere and bulk microbial communities" (submission ID 49153,
48966, 48929, 49411, 49409, and 49669) and "Grassland soil microbial communities"
(submission ID 49669, 49668, 49671, 49675, 49677, 49686) for Acidobacteriaceae bacterium
URHEO0068. In addition, we chose the study "Anoxygenic and chlorotrophic microbial mat
microbial communities from Yellowstone National Park" (submission ID 64582, 64581, and

64584) for C. thermophilum.

Subsequently, we mapped PGPT genes, metabolic traits, and biogeochemical traits in these
selected studies. To quantify gene expression, read counts per transcript were normalized by
the total number of samplings reads and the length of each transcript. FPKM values were then
calculated using the formula FPKM = (Number of mapped reads for the gene / Length of the
gene in KB) / (Total number of mapped reads in the sample / 1 million). This normalization and
calculation procedure allowed for the comparison of gene expression levels across different

samples and genes of interest.

Data availability
The genomes used in this study are publicly available https://portal.nersc.gov/GEM/. Source

data with genes associated with plant growth-promoting traits (PGPTs) in Acidobacteriota

MAGs are available in the Zenodo repository: https://doi.org/10.5281/zenodo.7957159. The

datasets generated and analyzed during the study are provided with this paper in supplementary

information.
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Figure 1. Phylogeny and an overview of their PGPTs potential and global distribution of
885 genomes of Acidobacteriota phylum. (A) The global distribution of the Acidobacteriota
described in this study in a map generated using ‘ggplot2’ package in R. The abundance is
highlighted in distinct circle size. (B) A maximum likelihood phylogenetic tree of 879 genomes
including the 758 metagenome assembled genomes (MAGs) from GEM catalog and 121
RefSeq genomes. The phylogeny is based on 43 single-copy, protein-coding marker genes
identified using CheckM. Acidobacteriota families are marked in different background colors.
The first arc of the tree displays the environmental source of each genome, followed by
sequential arcs representing the relative abundance of genes associated with plant growth-
promoting traits (PGPTs), and the last arc represents the genome size of each MAGs.
Phylogenetic tree was built under the model of rate heterogeneity LG+F+I+64, and a maximum
of 1,000 bootstrap replicates. Bootstraps are shown in pink circles. The tree is drawn to scale,
with branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree.
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Figure 2. Heatmap depicting the distribution of 86 genes associated with plant growth-
promoting traits (PGPTs) that directly contribute to plant growth. The abundance values
have been logarithmically transformed (In(x)-transformed). Row centering and unit variance
scaling have been applied to enhance visualization. Missing values were estimated using
imputation techniques. The rows and columns have been clustered using correlation distance
and average linkage methods.
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Figure 4. The genomic-based predictions regarding the potential biogeochemical role of Acidobacteriota in various elemental cycles. The
taxonomic classes are color-coded to represent their involvement in different steps within the Carbon (A), Nitrogen (B), Sulfur (C), and trace metal
(D) cycles. The number of Metagenome-Assembled Genomes (MAGs) participating in each element transformation is indicated within parentheses.

It is important to note that only pathways encoded in at least one MAG are displayed, and when all MAGs are involved in a particular pathway,
taxonomic classes are not color-coded. Each arrow in the figure signifies a single transformation or step within a specific cycle.
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Figure 5. Metatranscriptomic activity of genes associated with PGPTs in two strains of Acidobacteriota across different environmental
settings. The expression levels, measured in Fragments Per Kilobase per Million mapped fragments (FPKM), are shown for Acidobacteriaceae
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General conclusions

The isolation of these remarkable slow-growing bacteria has uncovered a group of novel species
with significant potential for enhancing plant growth, particularly in drought conditions. These
findings not only provide new insights into their taxonomic and ecological roles but also offer

fresh perspectives on their interactions with plants.

The integration of reverse ecology and genomics approaches has proven to be a valuable tool,
supplementing traditional methods for selecting microbial species to compose bioinoculants.
Additionally, gaining an overview of the natural microbial community offers a valuable means
of manipulating and selecting beneficial microorganisms to construct synthetic communities

that can improve crop productivity and enhance stress resistance.

These results significantly contribute to advancing our understanding of slow-growing bacteria,
their ecological importance, and their potential applications in agriculture. They provide crucial
insights into ecosystem dynamics and plant-microbe interactions, laying the foundation for

future breakthroughs in this field.
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Highlights

e Ten novel ICEs were identified in the chromosome of Acidobacteria.

e ICEs were found co-existing as three separated monopartite ICEs into the single
chromosome.

e ICEs carry a repertoire of genes with potential environmental roles.

Abstract

Soil bacteria can rapidly adapt to environmental perturbations through horizontal gene transfer.
Acidobacteria is one of the most persistent dominant phyla in the soil. However, the role of
these organisms in terrestrial ecosystems remains elusive. Here we identified and describe the
integrative and conjugative elements (ICEs) in the published complete genomes of
Acidobacteria. In total, ten novel ICEs were identified, in which nine were found integrated as
three separated monopartite ICEs in the single chromosome sequences of three Acidobacteria.
These ICEs carry a repertoire of genes with potential environmental roles, including heavy
metal resistance, iron uptake, secondary metabolism, and antibiotic resistance. To our
knowledge, these are the first evidence of three monopartite ICEs identified in the single
chromosome, and this might be due to the absence of recognizable entry exclusion systems. We
hypothesis that the coexistence of multiples ICEs in the chromosome of Acidobacteria might
reflect a major advantage for the survival, resistance, and persistence of phylum in the

environment.

Keywords: Bacterial evolution; Mobile DNA; Soil bacteria.



112

1. Introduction

Mobile genetic elements (MGEs) are segments of DNA that encode proteins mediating inter-
and intragenomic mobility. The prokaryotic MGE pool constitutes the “mobilome” (Frost et al.,
2005), which encompasses transposons, insertion sequences, integrons, introns, plasmids,
bacteriophages, and integrative and conjugative elements (ICEs) (Siguier et al., 2014). Special
attention has been paid to ICEs, as they can play a major role in microbial evolution, allowing
microbes to acquire new genes and phenotypes (Johnson and Grossman, 2015). ICEs are the
most abundant conjugative elements in prokaryotic genomes (Guglielmini et al., 2011). Most
of these elements have been extensively studied through phenotypic analysis, including
antibiotic resistance and virulence factors, in bacterial human pathogens (Beker et al., 2018;

Farzand et al., 2019). However, ICEs are poorly documented in soil bacteria.

The phylum Acidobacteria is one of the most dominant bacterial taxa found in soils around the
world, representing, in some cases, up to 52% of the total bacterial community (Barns et al.,
1999; Delgado-Baquerizo et al., 2018). Its members are physiologically diverse and are found
in a variety of environments, including hot springs, oceans, and polluted environments.
However, despite the ubiquity and abundance of Acidobacteria in soils, little information is
available regarding the potential function of this phylum in the environment (Kielak et al.,
2016). In this study, we identified and describe ICEs within the complete genomes of
Acidobacteria. Ten novel ICEs were identified, in which nine were found integrated as three

separated monopartite ICEs in the single chromosome sequences of three Acidobacteria.

2. Materials and methods
2.1. Data
Fourteen RefSeq Acidobacteria complete genomes were retrieved from the National Center for

Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/genome) (Table S1), in

August 2019. The common tree taxonomy of Acidobacteria was created in the NCBI Taxonomy

Tool (https://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/ wwwcmt.cgi).

2.2. Detection of conjugative systems and delimitation of ICEs

ICEs were identified through a search for conjugative systems with the CONJscan module of

MacSyFinder (https://galaxy.pasteur.fr) (Cury et al., 2017); by a standard BLASTn search

against the ICEberg database version 2.0 (https://db-mml.sjtu.edu.cn/ICEberg/) (Liu et al.,
2018) and ICEfinder (https://db-mml.sjtu.edu.cn/ICEfinder/ICEfinder.html). The genomes
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were inspected for MGE-encoding relaxases, type-IV coupling proteins (T4CP), and the type-
IV secretion system (T4SS) gene cluster using the oriTfinder tool (http://bioinfo-

mml.sjtu.edu.cn/oriTfinder) (Li et al., 2018). Exclusion proteins were screened in the predicted

ICEs using BLASTp (McGinnis and Madden, 2004) against the following references proteins
(Accession No.): TraT F (BAA97971), TraS F (NP _061479), TraS R100 (NP_052977)
(Garcillan-Barcia and de la Cruz, 2008). Hits were regarded as significant when their e-value
was <107 and their alignment covered at least 30% of the protein profile. ICEs sequences in
FASTA format were annotated using GeneMarkS (Besemer, 2001). The amino acid output was
used to predict the relaxase MOB family in the MOBscan server

(https://castillo.dicom.unican.es/mobscan/) (Garcillan-Barcia et al., 2020). Core genes flanking

ICE loci were analyzed to determine their upper bounds. This was achieved by aligning ICE
upstream regions against closely related genomes where no ICE sequences had been found. We
also use the Repeat Finder plugins on Geneious® to identify the attachment sites (attL and attR)
delimiting ICEs. The elements were named in accordance with the nomenclature system

proposed by Burrus et al., (2002).

2.3. Cargo-associated genes carried by ICEs in Acidobacteria
ICE sequences, in FASTA format, were submitted for secondary metabolite biosynthetic gene

cluster identification using antiSMASH 5.0 (https://antismash.secondary metabolites.org) (Blin

et al., 2019) with default settings. In addition, ICEs were searched for the presence of
antimicrobial resistance-associated genes by BLASTN against the Comprehensive Antibiotic

Resistance Database (CARD, http://arpcard. mcmaster.ca) (Jia et al., 2016).

2.4. Element Comparisons

TrbL, integrase, and relaxase amino acid sequences were aligned using CLUSTALW (Larkin
et al., 2007) to build pairwise-alignment-based matrix calculations in the Sequence
Demarcation Tool (SDT) program v.1 (Muhire et al., 2014). Whole ICE sequence alignment
was made with MAFFT (Katoh and Standley, 2013) in the EMBL-EBI
(https://www.ebi.ac.uk/Tools/msa/mafft/).

3. Results and discussion
3.1.Co-existence of three monopartite ICEs into the single chromosome of the Acidobacteria
Among the fourteen Acidobacteria genomes analyzed (Table S1), we found ICEs in four

Acidobacteria belong to the family of Acidobacteriaceae (Fig. 1A). Genome inspection for
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MGEs-encoding relaxases, T4CP, and T4SS cluster using oriTfinder revealed several open
reading frames (ORFs) within three regions in the genomes of Acidobacterium capsulatum
ATCC 51196, Acidisarcina polymorpha SBCS82, and Terriglobus saanensis SP1PR4,
indicating the high potential of these regions for self-transferability (Fig. 1B). These regions
were manually examined and we found three monopartite ICEs in these Acidobacteria
chromosomes, named ICEAcapl, ICEAcap2, and ICEAcap3 (in the A. capsulatum ATCC
51196), ICEApoll, 1CEApol2, and ICEApol3 (in the A. polymorpha SBCS82), as well as
ICETsaal, ICETsaa2, and ICETsaa3 (in the T. saanensis SP1PR4). In addition to these ICEs,
we also mapped a solo ICE in the chromosome of Granulicella tundricola MP5SACTX9 (Table

).

The ICEs in the genome of A. capsulatum ATCC 51196 has a similar size pattern. While for 4.
polymorpha SBCS82 and T. saanensis SP1PR4, the ICEs sizes were widely varied (Table 1 and
Fig. 1C). The whole sequence alignment of these ICEs was revealed to share a low degree of
nucleotide identity (Fig. 1D). Therefore, we looked more closely at these ICEs, the amino acid
sequences of conjugal transfer protein TrbL, integrase, and MOBy relaxase were aligned and
compared. The alignment scores for these gene markers were highly different, being TrbL

sequences the ones with the highest similarity (Fig. S1).

ICEs are mobile intercellular elements that can be vertically spread during DNA replication and
cell division, or horizontally transferred to another cell by conjugation (Johnson and Grossman,
2015). These MGEs are mediators of horizontal gene flow in bacteria. In general, ICEs are
structure organized as contiguous modules integrated within a bacterial genome, which together
guarantee the conjugation and maintenance of the element. Recently, a unique group of ICEs
was found in Mesorhizobium spp.; this group of ICEs was characterized to form three entirely
separate but linked chromosomal elements, namely tripartite integrative and conjugative
elements (ICE®s) (Haskett et al., 2016). Haskett et al., (2017) has shown that these elements
undergo a series of chromosomal recombinations mediated by integrase proteins to be
assembled into a single circular ICE, followed by transfer, integration, and disassembly into

three parts in the chromosome of the recipient cell.

To determine whether there is the existence of ICE’s in the Acidobacteria chromosome, we
looked for the attachment site (AttL and AttR) in each identified ICEs (Table S2). In sum, all
the regions have no intertwined site for recombination systems, as were previously

demonstrated for the ICE’s (Haskett et al., 2016). Therefore, we conclude the existence of three
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separate monopartite ICE integrated into the single chromosome sequences of the

Acidobacteria.

3.2.General description of ICEs integrated into A. capsulatum ATCC 51196 genome
ICEAcapl is a 66 kb long ICE found in the chromosome of A. capsulatum ATCC 51196, a
member of the Acidobacteria subdivision 1, first isolated from acidic drainage (Kishimoto et
al., 1991). ICEAcap1 encodes a site-specific tyrosine recombinase, xerC; it is integrated next
to the 3’ end of the sstA tmRNA gene. This integrase is necessary for both the integration and
excision of the ICE; it binds to specific DNA consensus sequences, separated from XerD
binding sites, to form a heterotetrameric XerC-XerD complex that promotes recombination
among DNA substrates (Hallet et al., 1999). ICEAcap! also codes for proteins associated with
ICE excision and transfer, including a conjugative MOBEF relaxase and elements of the
conjugative T4SS component (VirB, VirB4, and Trbl). The ICE carries gene clusters associated
with mercury resistance (merP, merC, and the transcriptional regulator merR gene), the cobalt-
zinc-cadmium resistance protein cation efflux system (CusAl, CusB1, and outer membrane
efflux proteins), and the heavy metal efflux pump, including the copper-transporting ATPase
and the putative copper resistance protein B (Fig. 2a and Table 1).

ICEAcap?2 encodes a site-specific tyrosine recombinase that is integrated into next to the 5" end
of the tRNAMt gene. This ICE also encodes proteins associated with excision and transfer,
including a conjugative MOBEF relaxase, proteins of the conjugative T4SS component (VirB,
VirB4, VirBS5, Trbl, and TrbG/VirB9), ParB, and an additional recombinase (RecA). ICEAcap?
encodes a plasmid stabilization system protein (RelE/ParE family), an mRNA interferase toxin
RelE component of a type II toxin-antitoxin (TA) system recognized as a small module
composed of a toxin protein, and its cognate antitoxin. The major function of the TA system is
related to DNA stabilization through a phenomenon denoted as addiction (Leplae et al., 2011).
As a cargo gene, the ICEAcap?2 codes for the putative beta-lactamase protein (Fig. 2a and Table
1), which confers resistance to different beta-lactam antibiotics (penicillin, cephalosporin, and

carbapenem) (Wilke et al., 2005).

The ICEAcap3 lacks an integrase gene. It is located upstream of the RNA polymerase sigma-
70 factor gene and downstream of the dapA2 gene, and it encodes proteins associated with its
excision and transfer, including a conjugative MOBF relaxase and elements of the conjugative

T4SS (VirB, VirB4, VirBS5, and Trbl), and carries the Lasso peptides (Fig. 2a and Table 1), a



116

class of ribosomally synthesized and post-translationally modified peptides, as cargo gene

(Hegemann et al., 2015).

3.3. General description of ICEs integrated into A. polymorpha SBC82 genome

ICEApoll is a 25 kb long ICE found in the chromosome of 4. polymorpha SBC82, a member
of the Acidobacteria subdivision 1, recovered from lichen-covered acidic soils of a forested
tundra (Belova et al., 2018). ICEApol! has a tyrosine-phage integrase directs the integration of
this region next to the 3’ end of the tRNAP gene. It encodes a conjugative T4SS component
(VirB3, VirB4, VirB9, VirB11, Trbl, and TraD) and a Tral protein (DNA helicase). No notable
feature associated with a potential environmental role for the ICEApol/l was noticed (Fig. 2b

and Table 1).

The ICEApol2 encodes a tyrosine-phage integrase; it is integrated adjacent to the tsa4 gene. As
core ICE genes, this region encodes conjugative MOBF relaxase, conjugative T4SS proteins
(VirB3, VirB4, VirB5, VirB6, VirB9, VirBl1, Trbl, and TraD), and a DNA helicase.
Furthermore, this region also codes for the type Il toxin-antitoxin system HipA family toxin
(Fig. 2b and Table 1). ICEApol?2 carries an SOS response-associated peptidase (SRAP), a DNA-
associated autoproteolytic switch that recruits diverse repair enzymes onto DNA damage

(Aravind et al., 2013).

The ICEApol3 encodes a resolvase integrase; it is integrated next to the 3’ end of the tRNAPhe
gene. Regarding core genes, ICEApol3 encodes T4SS component (VirB10), conjugative
transfer pilus assembly proteins (TraC and TraD), ParB, and ParC. Also, it carries several cargo
genes related to iron uptake (corresponding to the ABC-type Fe3+-siderophore transport system
and the periplasmic iron-binding protein FecB) with potential environmental roles (Fig. 2b and

Table 1).

3.4. General description of ICEs integrated into T. saanensis SP1PR4 genome

The length of ICETsaal is 50 kb; it was located on the 7. saanensis SP1PR4 chromosome, a
member of the Acidobacteria subdivision 1 from tundra soils (Rawat et al., 2012). A site-
specific tyrosine recombinase that integrates the region downstream of the 5’ end of the tRNAAP
is encoded by ICETsaal. This element contains genes that encode ICE-associated proteins,
such as conjugative MOBr relaxase, T4SS proteins (VirB3, VirB4, VirBS5, VirB6, VirB9, and
Trbl), ParB-like partition protein, DNA helicase I, DNA primase, and single-strand protein-
binding protein. In addition, it encodes a plasmid stabilization system protein (RelE/ParE

family). The most notable feature carried by the ICET7saal is that the acriflavin resistance
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protein (Fig. 2¢ and Table 1), a multidrug efflux system that is believed to protect the bacterium
against hydrophobic inhibitors (Ma et al., 1993).

The ICETsaa?2 encodes a site-specific tyrosine recombinase; it is integrated near the 5’ end of
the tRNAV# gene. It also encodes a conjugative MOBr relaxase, T4SS component proteins
(VirB3, VirB4, VirB5, VirB6, VirB9, and Trbl), a ParB-like partition protein, DNA helicase I,
a DNA primase, an HNH endonuclease, and a single-strand binding protein. The ICE carries
iron uptake coding genes (a siderophore-interacting protein, 20G-Fe(Il) oxygenase, and
putative iron uptake protein), a transporter of drug resistance, and an efflux pump of cobalt-

zinc-cadmium resistance (Fig. 2¢ and Table 1).

The ICETsaa3 encoding a tyrosine-phage integrase is integrated next to the 3’ end of the
tRNAPhe gene. Similar to the ICETsaa2, ICETsaa3 encodes the same component regarding the
ICE core genes. However, there is no significant feature associated with a potential function in

the environment (Fig. 2¢ and Table 1).

3.5. General description of ICE integrated into G. tundricola MP5ACTXY

ICEGtun| is the only solo ICE identified in G. tundricola MP5SACTX9, another member of the
Acidobacteria subdivision 1 from tundra soils (Rawat et al., 2013). ICEGun/ is 38-kb long and
encodes a site-specific tyrosine recombinase that integrates the region near the tRNA”® gene.
This ICE codes for a conjugative MOBF relaxase, T4SS components (VirB3, VirB4, VirB5,
VirB6, VirB9, TraG), conjugative transfer proteins (TrbJ and Trbl), a ParB-like partition
protein, a single-strand binding protein, and the plasmid mobilization relaxosome protein
MobC. Also, ICEGtunl carries several cargo genes, such as those for an ABC transporter

protein and cobalt-zinc-cadmium resistance efflux pump proteins (Fig. 2d and Table 1).

Altogether, these ten novel ICEs carry a pool of poorly characterized genes with unknown
functions that might enhance bacterial fitness or play a critical role in the maintenance of these

elements (data not shown).

Bacteria in the soil are subjected to various environmental perturbations. A rapid adaptation to
persist in the environment might be achieved through horizontal gene transfer (Koskella and
Vos, 2015). Acidobacteria is one of the most dominant bacterial taxa found in soils worldwide.

However, how the members of this phylum, considered to be slow-growing bacteria, are so
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abundant, and what role they play in the functioning of terrestrial ecosystems remains elusive

(Kielak et al., 2016).

The presence of MGEs affecting the structure and plasticity of Acidobacteria genomes has been
observed in other studies (Challacombe and Kuske, 2012; Eichorst et al., 2018). Here, we
identified and characterized ten ICEs in the Acidobacteria carrying a repertoire of genes with
potential environmental roles, including heavy metal resistance, iron uptake, secondary
metabolism, and antibiotic resistance. To our knowledge, these are the first evidence of three
monopartite ICEs identified in the single chromosome. Entry exclusion is a mechanism of
conjugative MGEs by which prevents the cells to host additional conjugation elements, and this
system relies mostly on the entry exclusion gene, such as T4SS-related tra genes (traT and traS)
(Garcillan-Barcia and de la Cruz, 2008). We found that all monopartite ICEs in the
Acidobacteria chromosome lack recognizable entry exclusion systems and this might explain

why Acidobacteria are recipients of additional ICEs.

There have been previous records of the co-existence of various ICEs in the same host. Isolates
of the emergent pathogen Shewanella spp. have been shown to occur hosting the ICE SXT and
ICESh955 for many generations (Parmeciano et al., 2019). The coexistence of multiples ICEs
in the chromosome of Acidobacteria might reflect a major advantage for the persistence of
phylum in the environment since most of the ICEs carry important genes for bacteria fitness.
Altogether, this result sheds light on the ecology of Acidobacteria, which may help to
understand the survival, resistance, and persistence of this unknown phylum in the soil

environment.
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Fig. 1. Overview of monopartite ICEs in chromosomes of Acidobacteria. (A) Phylogenetic tree
of Acidobacteria unrooted using the genomes used in this work (Table S1) showing the
subdivision for the phylum, the source of each genome, and the presence of ICE. (B)
Coordinates of the ORFs related to relaxases (green), type-1V coupling proteins (red), and type-
IV secretion system (blue) gene clusters in the genomes of Acidobacterium capsulatum ATCC
51196, Acidisarcina polymorpha SBC82, and Terriglobus saanensis SP1PR4. (C) The sizes of
the ICEs that were found in the genome of Acidobacteria. (D) Identity Matrix of nucleotide

sequences of whole ICE alignment.
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Table 1. Characteristics and coordinates of putative monopartite integrative and conjugative element (ICEs) in the genomes of Acidobacteria

Host Name Coordinates (Slif)g Integration Integrase Relaxase Cargo genes code for
1386780- SSTA Mercury, Copper resistance, heavy metal
. . ICEAcapl 1453488 66 kb tmRNA XerC MOBr offlux
Acidobacterium 3658945-
capsulatum ATCC  ICEAcap?2 66 kb tRNA-Met  XerC MOBr beta-lactamase resistance
51196 3725767
3727209- .
ICEAcap3 3795596 68 kb dapA2 - MOBF Lasso peptides
ICEApoll 505917-531056  25kb  tRNA-Phe pllgfg_e MOBF Unknown function
Acidisarcina 4848388-
polymorpha SBCS2 ICEApol2 4904726 56 kb tsaA Ser-Rec  MOBk Stress response
ICEApol3 55%3876767625_ 51kb  tRNA-Phe Rec MOBFr ABC-type Fe3+-siderophore transport
2870403- Acriflavin resistance protein, multi-drug
ICETsaal 2921190 50kb tRNA-Asp XerC MOBFr efflux system
Terriglobus saanensis
SP1PR4 3600787- i ABC-type Fe3+-siderophore transport, Iron
ICETsaa2 3667585 67kb  tRNA-Val XerC MOBF dicitrate transport
4507722- Tyr- .
ICETsaa3 4549030 41kb  tRNA-Phe phage MOBFr Unknown function
Granulicella 3633215-
tundricola ICEGtuni 3672162 38kb  tRNA-Ala XerC MOBF Antibiotic resistance efflux pump
MP5ACTX9
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Abstract

‘Candidatus Liberibacter’ species have developed a dependency on essential nutrients and
metabolites from the host cell, as a result of substantial genome reduction. Still, it is difficult to
state which nutrients they acquire and whether or not they are metabolically reliant. We used a
reverse-ecology model to investigate the potential metabolic interactions of ‘Ca Liberibacter’
species, Citrus, and the psyllid Diaphorina citri in the huanglongbing disease pyramid. Our
findings show that hosts (citrus and psyllid) tend to support the nutritional needs of ‘Ca.
Liberibacter’ species, implying that the pathogen's metabolism has become tightly linked to

hosts, which may reflect in the parasite lifestyle of this important genus.

Keywords.: Greening disease, metabolism, microbial genomics, plant-pathogen interaction

Highlights
e More than ten pathways were found to be involved in the interaction between
‘Candidatus Liberibacter’ species, citrus, and psyllids.
e ‘Ca. Liberibacter’ spp. and closely related strains differed in the compounds provided

by hosts.
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e Citrus spp. and psyllid tend to support the nutritional requirements of ‘Ca. Liberibacter’

spp.

Introduction

The citrus tree is a member of the Rutaceae family and is one of the major fruit trees in the
world, including important crops such as oranges (C. sinensis), lemons (C. limon), grapefruits
(C. paradisi), pomelos (C. maxima), and limes (C. aurantiifolia). In addition, several biotic and
abiotic issues have challenged the production and quality of citrus fruits across the world, with
huanglongbing (HLB), or greening disease, standing out for its ability to have a significant
impact on Citrus trees. HLB is caused by a group of Gram-negative bacteria ‘Candidatus
Liberibacter’ spp., which include the ‘Candidatus Liberibacter asiaticus’ (CLas), ‘Candidatus
Liberibacter americanus’ (CLam), ‘Candidatus Liberibacter africanus’ (CLaf) (Jagoueix et al.,
1994). Together, these species are phloem-colonizing, psyllid-transmitted fastidious bacteria,
classified in the Rhizobiaceae (CLass: Alphaproteobacteria) (Fagen et al., 2014). ‘Ca.
Liberibacter’ spp. is transmitted in the hemolymph and salivary glands of psyllids Diaphorina
citri, and since psyllids feed on sap, this allows bacteria to enter the plant's phloem (Nadarasah
and Stavrinides, 2011). They cause significant metabolic and regulatory changes in the plant,
causing damage to the transport system, affecting the plant's defensive mechanisms, and
altering the chemical and sensory properties of the fruit. Blotchy mottle leaves, stunted growth,
reduced fruit size, premature fruit drop, corky veins, and root decline are also observed

(Baldwin et al., 2010; Bové and Barros, 2006; Dala Paula et al., 2018; Wang et al., 2017).

‘Ca. Liberibacter’ spp. are obligate host-associated bacteria with specialized living
environments in the host plant (i.e., phloem) or vector (specific psyllid cells, tissues, and
organs). As a result, their genomes undergo extensive gene and DNA loss, resulting in a small
genome (approximately 1.2 Mb) with few genes and correspondingly restricted metabolic
capacities that rely on the regular supply of certain energy substrates from hosts (Moran, 2002;
Thapa et al., 2020). Although several studies have addressed the interaction of ‘Ca.
Liberibacter’ spp., citrus, and psyllids (Mafra et al., 2013; Ramsey et al., 2020; de Francesco
et al., 2022), it is still unclear which nutrients they acquire and whether there is metabolic
dependency. Therefore, we employed a reverse ecology analysis to obtain insights into the
potential metabolic interplay of ‘Ca. Liberibacter’ spp., C. sinensis and the psyllid D. citri. This

approach is based on several computational tools to translate high-throughput genetic data into
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large-scale ecological data, which potentially turns ecology into a high-throughput field (Levy
and Borenstein, 2012).

Reverse ecology approaches have been used in different fields, including microbial-plant
interactions to uncover metabolic environments (Karpinets et al., 2014; Ofaim et al., 2017); in
human health, to quantify microbes' biosynthetic capabilities across the human oral microbiome
(Bernstein et al., 2019) and to identify immune-beneficial infant gut bacteria by mining their
metabolism for prebiotic feeds (Michelini et al., 2018). Here, we investigated the potential
metabolic interplay among ‘Ca. Liberibacter’ spp., C. sinensis, and D. citri using reverse

ecology analysis.

Material and methods

Public metabolic data were retrieved from the KEGG (Kyoto Encyclopedia of Genes and
Genomes) database using the function getOrgMetabolicData in the Package RevEcoR (Cao et
al., 2016). The following ‘Ca. Liberibacter’ spp. was employed in this study: CLas, CLam,
CLaf, and ‘Ca Liberibacter solanacearum’ CLso-ZC1 (CLso-ZCl1 - Iso). In addition, we
included Liberibacter crescens BT-1 (lcc), a culture representative surrogate for plant pathogen
‘Ca. Liberibacter’ (Jain et al. 2019), and Sinorhizobium meliloti 1021 (sme), a closely related
model bacterium to Liberibacter. We also retrieved metabolic data from the hosts C. sinensis
(cit) and D. citri (dci). Each KEGG Organism code is displayed in the front of the species name

in parenthesis.

Next, a matrix was created including the substrate and product for each species, and then
NetCooperate was applied for inferring host-microbe cooperation (cooperative and competitive
potential) (Levy et al., 2015). The biosynthetic support score (BSS), and metabolic
complementarity index (MCI) were measured for species interactions. The compounds were
then annotated in KEGG compounds with biological roles and the Phytochemical compounds

Database (https://www.genome.jp/kegg/compound/). In addition, NetMet (https://freilich-lab-

tools.com/) (Tal et al., 2020) was used for predicting the metabolic performances of microbes
and their corresponding combinations in user-defined environments. For that, we took the lists
of species-specific enzymatic reactions (EC numbers) in the Joint Genome Institute (JGI,

https://genome.jgi. doe.gov/portal/) for the ‘Ca. Liberibacter’ spp. and used the C. sinensis and

D. citri compounds from RevEcoR output as environmental input (nutritional resources).

Results and Discussion
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We first calculate the Biosynthetic Support Score (BSS), which evaluates a host species'
capacity to provide the nutritional requirements of a parasitic or commensal species (Levy et
al., 2015). According to network analysis (Fig. 1A), the majority of ‘Ca. Liberibacter’ spp.
metabolic pathways were supported by metabolic pathways of C. sinensis and D. citri, as shown
by the support seeds (red dots), indicating that the bacteria obtain compounds exogenously from
the hosts. These seed sets were proven to be compatible with the lifestyles of many bacteria and
typically correspond with various basic aspects of the species' surroundings, as well as
biological observations of key adaptations (Borenstein et al., 2008). Additionally, the
distribution of BSS values of ‘Ca. Liberibacter’ spp. against C. sinensis and D. citri ranged
from approximately 0.1 to 0.8 (Fig. 1B), and there was a significant difference in BSS scores
between bacteria and hosts (Fig. 1B). Our findings suggest that CLam and CLas are more
dependent on D. citri than CLaf and CLso-ZC1, but the same evidence was not observed for C.
sinensis (Fig. 1B). In addition, we revealed that the ‘Ca. Liberibacter’ spp. and closely related
species L. crescens and S. meliloti have a similar score, despite the fact that S. meliloti has low

score support from the host (Fig. 1B).

Furthermore, we seek to provide which pathways and compounds are involved in these
interactions in both directions. In the ‘Ca. Liberibacter’ spp. — C. sinensis interaction, we
mapped a total of 1702 compounds grouped into 17 pathways, while in the ‘Ca. Liberibacter’
spp. — D. citri interaction, we mapped 1141 compounds grouped into 14 pathways (Fig. S1,
Supplementary Table S1). These pathways were involved mostly in metabolic pathways,
biosynthesis of secondary metabolites, biosynthesis of cofactors, and biosynthesis of amino
acids. We observe that the hosts may supply some compounds involved in specific pathways
for ‘Ca. Liberibacter’ spp., S. meliloti, and L. crescens, such as compounds in D-amino acid
metabolism in the C. sinensis-CLam interaction; and compounds in fatty acid and pyrimidine

metabolism in the C. sinensis-CLas/ D. citri-CLas interaction (Fig. S2, Fig. S3).

In general, most of these compounds were involved in metabolic pathways, including ATP,
UDP-glucose, L-Alanine, 5-Phospho-alpha-D-ribose 1-diphosphate, and Folinic acid,
following biosynthesis of secondary metabolites. Details of the compounds that were found in
the hosts-pathogen interaction can be found in Supplementary Table S2. Other key pathways
for bacterial survival have been found, including amino acid biosynthesis, carbon metabolism,
and fatty acid metabolism. It has been proposed that very-long-chain fatty acids play an
important role in the axenic growth of pathogenic Liberibacter spp., but this gene is missing in

all ‘Ca. Liberibacter’ spp. (Leonard et al., 2012). Remarkably, we only mapped this compound
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in the interaction among S. meliloti, a closely related model bacterium, C. sinensis and D. citri
(Supplementary Table S2). Besides, CLas lacks the ability to synthesize phosphatidylcholine,
which is associated with the fluidity, permeability, and potential of bacterial membranes, but
encodes a predicted ABC transporter system for choline, indicating that it is capable of utilizing
extracellular choline (Li et al., 2012). We found evidence that D. citri may support this
compound for CLas (Supplementary Table S2).

The compounds involved in the BSS were then contracted against each ‘Ca. Liberibacter’ spp.
We found that L. crescens and CLaf had the most exclusive compounds mapped, 33 and 31,
respectively (Fig. 1C). We mapped L. crescens, compounds with biological roles in the classes
of organic acids (2-oxoisovalerate), carbohydrates (d-mannose), peptides (I-ornithine), and
vitamins and cofactors (phylloquinone, menaquinone, and nicotinamide). In addition, for CLaf,
we found organic acids (malate), nucleic acids (dAMP), vitamins and cofactors (pyridoxamine,

UDP-glucose, biotin) (Supplementary Table S3).

Finally, we used NetMet (Tal et al., 2020), a tool for predicting the metabolic performances of
microorganisms and their environments, which we defined as a compilation of nutrients
provided by the hosts citrus and psyllid (Fig. 2). Our analysis shows that the hosts may provide
practically all needed cellular components, however, some categories are host-dependent and/or
produced individually by the strain, such as a few essential amino acids, cofactors and

nucleotides (Fig. 2).

Throughout the longitudinal study, our in-silico approach was also congruent with experimental
data of metabolite extracts obtained from leaf samples taken from CLas and control grafted
lemon plants (Ramsey et al., 2020). The authors profiled 25 metabolites using 1H-NMR
spectroscopy, including sugars, amino acids, and other primary and secondary metabolites.
Interestingly, adenosine, along with many amino acids (proline, arginine, and the branched-
chain amino acids (BCAA), was among the metabolites with the significant concentration
changes between fruit taken from CLas" trees and those collected from CLas trees (Slisz et al.
2012). Similar metabolites were also reported by other studies using different Citrus varieties

(Chin et al. 2014; Liu et al. 2020).

Fan et al., (2012) observed different transcriptional changes in host responses to CLas in highly
susceptible C. sinensis and tolerant rough lemon (C. jambhiri Lush.) throughout the time

course, including lipid metabolism and hormone metabolisms, using microarray analysis.
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Furthermore, the authors demonstrated that pathways such as glucose metabolism, cell wall
metabolism, and stress response were completely changed in disease development. Overall,
these results indicate that several metabolites are available during the infection of ‘Ca.
Liberibacter’ spp. in Citrus trees may be used by the pathogen to thrive in the plant

environment.

Here, we demonstrated that the main common compounds abundantly available in the phloem
sap and hemolymph environments, such as organic acids, and amino acids, vitamins,
saccharides, and fatty acids (Duan et al., 2009; Killiny, 2017; Killiny et al., 2017; Merfa et al.,
2019), including the metabolism of purines and pyrimidines, which CLas lacks essential
enzymes (Hartung et al., 2011), may be provided by the hosts for ‘Ca. Liberibacter’ spp. In
addition, several studies have shown that ‘Ca. Liberibacter’ spp. obtain essential nutrients from

microbial communities other than citrus and psyllid hosts ((Zufiga et al., 2020; Hu et al., 2021).

Taken together, our findings show that hosts (citrus and psyllid) tend to support the nutritional
requirements of ‘Ca. Liberibacter’ spp. This suggests that the pathogen's metabolism has
become tightly linked to hosts, which may reflect in the parasite lifestyle and the complexity to
isolate in axenic culture ‘Ca. Liberibacter’ spp. in an artificial medium. Understanding the
interaction between the host and pathogen could aid in the development of new disease-control
strategies, as well as the design of sustainable media culture that supports the growth of the

bacteria.
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Fig 1. The potential interplay among ‘Ca Liberibacter’ species, C. sinensis, and the psyllid D.
citri depicted through reverse ecology. A, The metabolic networks of ‘Ca’ L. asiaticus (CLas),
Citrus, and D. citri. Nodes represent compounds and edges connecting substrates to products.
Each network highlights which metabolites were identified as seeds (blue), which of these seeds
were identified as being potentially supported by the second species (red), and the
corresponding supporting metabolites in the second network (green). Only the giant
components are considered here. B, the distribution of the biosynthetic support score. C,
Diagram Ven showing shared compounds among the ‘Ca’ Liberibacter species. Abbreviations:
Candidatus Liberibacter asiaticus (CLas); Candidatus Liberibacter americanus (CLam);
Candidatus Liberibacter africanus (CLaf); Candidatus Liberibacter solanacearum CLso-ZCl1
(CLso); Liberibacter crescens BT-1 (Icc); Sinorhizobium meliloti 1021 (sme).
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Fig 2. Profiles of the predicted production of cellular building blocks by the C. sinensis and D.
citri. X-axis: Candidatus Liberibacter asiaticus (CLas); Candidatus Liberibacter americanus
(CLam); Candidatus Liberibacter africanus (CLaf); Candidatus Liberibacter solanacearum
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Abstract: It is claimed that one g of soil holds ten billion bacteria representing thousands of distinct species. These
bacteria play key roles in the regulation of terrestrial carbon dynamics, nutrient cycles, and plant productivity.
Despite the overwhelming diversity of bacteria, most bacterial species remain largely unknown. Here, we used
an oligotrophic medium to isolate novel soil bacteria for positive interaction with soybean. Strictly 22 species of
bacteria from the soybean rhizosphere were selected. These isolates encompass ten genera (Kosakonia,
Microbacterium, Mycobacterium, Methylobacterium, Monashia, Novosphingobium, Pandoraea, Anthrobacter,
Stenotrophomonas, and Rhizobium) and have the potential as novel species. Furthermore, the novel bacterial species
exhibited plant growth-promoting traits in vitro and enhanced soybean growth under drought stress in a
greenhouse experiment. We also reported the draft genome sequences of Kosakonia sp. strain SOY2 and
Agrobacterium sp. strain SOY23. Along with our analysis of 169 publicly available genomes for the genera reported
here, we demonstrated that these bacteria have a repertoire of genes encoding plant growth-promoting proteins
and secondary metabolite biosynthetic gene clusters that directly affect plant growth. Taken together, our
findings allow the identification novel soil bacteria, paving the way for their application in crop production.

Keywords: Biocontrol; Drought; Genomics; Soybean.

1. Introduction

Plants are intimately intertwined with microbial communities in which
several distinct mechanisms mediate dynamic ecological interactions.
Plants release photosynthates belowground through mucilage and
exudates, which are used as energy sources by distinct dwelling microbial
taxa [1-3]. In return, some specific microbial taxa can promote plant
Accepted: date growth and/or offer protection against biotic and abiotic stressors. They
Publiched: date occur via the synthesis of phytohormones, acquisition of nutrients, and
antagonistic interactions with plant pathogens.
It is estimated that less than 1% of bacterial species have been cultivated
under laboratory conditions, a phenomenon known as the "Great Plate
Count Anomaly” [4]. Soils are by far the richest environment, containing
an extensive and diverse set of bacteria, of which the majority are yet
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Apart from the rhizosphere, most of the soil is considered an oligotrophic environment. This
area is distinguished by lower levels of microbial density and activity than those in high-resource
environments [7]. The microbiome that inhabits this habitat is classified as a k-strategist, which implies
that it can survive in low-nutrient conditions, grow at a slower rate, and has a high tolerance to toxic
compounds [8,9]. Yet, most of the cultivation methods used in microbiology rely on nutrient-rich media,
which may limit the study of oligotrophic bacteria from soil ecosystems [10]. These bacteria play key
roles in regulating terrestrial carbon dynamics, nutrient cycles, and plant productivity. Therefore, novel
strategies for assessing this unknown biological diversity are necessary.

Studies have shown the potential for cultivation of previously “unculturable’ bacteria from
environmental samples using simple cultivation strategies [11,12]. The cultivation of ‘unculturable’
bacteria can be improved by combining oligotrophic media, extended incubation periods, and selection
of slow-growing bacteria [12,13]. Herein, the goal of this study was to isolate and identify novel
microbial species with the potential to plant growth-promoting rhizobacteria (PGPR) for soybean
plants, as well as to apply genomics approaches to gain insights into bacteria-plant interactions.

2. Materials and Methods
2.1. Soil sampling, preparation of media, and isolation procedures

Five equidistant samples of rhizosphere soil from soybean (Glycine max) were obtained from the
experimental field at the Universidade Federal de Vigosa, Minas Gerais, Brazil (20°46'01.1"S
42°52'10.2"W). The map was built using QGIS 3.16 Hannover (DATUM: SIRGAS2000, UTM zone 225)
(Figure 1A). 10g of each sample was diluted in series with sterile saline. Aliquots of each dilution were
inoculated in the following media: VL55 medium (3.0 g 2-[N-morpholino]ethanesulfonic acid (MES),
0.4 mM MgSOs, 0.6 mM CaClz, 0.4 mM (NHs)2HPO,, 2 ml of tungstate/selenite solution (composition in
1L of distilled water: 0.5 g of NaOH, 3 mg of Na:5eO3.5H:0, 4 mg of Na2WO4+.2H20 [14] and 2 ml of SL-
10 trace elements (composition in 1 L of distilled water: 10 ml of HC1 [25%, vol/ vol], 1.5 g of FeCl>.4H:0,
70 mg of ZnClz, 100 mg of MnCl2.4H-O, 6 mg of HsBOs, 190 mg of CoCl2.6H:0, 2 mg of CuCl2.2H:0, 24
mg of NiCl2.6H20 and 36 mg of NazMoO42H:O. The pH was adjusted to 5.5 with a mixture of 200 mM
NaOH and 100 mM KOH. This base medium was autoclaved at 121 °C for 20 min and cooled to 56 °C.
A 10 mL aliquot of 5% (w/v) xylan from beechwood (Fluka), 2 mL of vitamin solution (see below), and
2 mL of an SL-10 trace element solution [15] were added per 1 L. Selenite/tungstate, vitamin, and trace
element solutions was sterilized by filtration. The vitamin solution contained (per 1 L of distilled water)
2 mg (+)-biotin, 2 mg of folic acid, 10 mg of pyridoxamine hydrochloride, 5 mg of thiamine chloride, 5
mg of riboflavin, 5 mg of nicotinic acid, 5 mg of hemicalcium D-((+)-pantothenate, 0.1 mg of
cyanocobalamin, 5 mg of 4-aminobenzoate and 5 mg of DL-6,8-thiotic acid. Nystatin (10 mg L-!) was
added. Plates with five replicates per sample were incubated in polyethylene bags to prevent
desiccation at 25 °C in the dark for two weeks. The colonies were collected and transferred to fresh
DMSZ acidiphilium medium agar (composition in 1 L of distilled water:2 g (NH4)2504, 0.1 g KC1, 0.5 g
KzHPO4, 0.5 g MgSOs x 7H20, 0.3 g yeast extract, 1 g D-glucose, 15 g agar-agar) plates for purification.
The cells were grown in liquid DMSZ acidiphilium medium for cryostock preparation with stocks
prepared with glycerol and maintained at -80 °C.

2.2. DNA fingerprinting

For molecular characterization of bacterial isolates, molecular markers BOX, ERIC, and GTG.
PCR was performed for fingerprint analysis. BOX GTG regions were amplified by PCR using primers
BOXAIR (5'-CTACGGCAAGGCGACGCTGACG-3") [26,27], and ERICIR (5'-
ATGTAAGCTCCTGGGGATTCAC-3'), ERIC2 (3-AAGTAAGTGACTGGGG TGAGCG-5") [27], and
GTG5 (GTGGTGGTGGTGGTG). PCR reactions were adjusted to a volume of 25 uL containing 5.0 uL
of Buffer, 2.5 uL of MgCl, 2.5 uL of primer (BOX and GTG), 2.0 uL of genomic DNA 1.0 uL of dNTP,
0.25 ul of Tag DNA polymerase and 11.75 ul of H2O. The regions were amplified with an initial
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denaturation step at 95°C for 5 min, followed by 30 cycles at 94°C for 1 min, 51°C for 1 min, and 65°C
for 8 min, and a final extension at 65°C for 8 min. The amplification products were analyzed by
electrophoresis on 1.5% agarose gel, and the fingerprint patterns were analyzed using BioNumerics
(Applied Maths) software, and the same pattern fingerprint was considered a clone.

2.3. DNA Extraction and 16S rRNA sequencing, processing, and analysis

The isolates were inoculated into tubes with 20 ml of liquid DSMZ medium for one week at 28
°C and shaken on an orbital shaker at 180 rpm. Cells were collected by centrifugation and Genomic
DNA was extracted using the Wizard® Genomic DNA Purification Kit (Promega Corp.), as
recommended by the manufacturer. DNA quality was checked using a NanoDrop 2000 (Thermo
Scientific) and subjected to gel electrophoresis (0.8% of agarose). The 165 rRNA genes were amplified
using the 27F and 1492R ([21]. PCR reactions were adjusted to a volume of 25 puL containing 0.1 uM of
each 16SrRNA primer, 25 ng of genomic DNA, 0.2 mM of each dNTP, and 1.25 U of Taq DNA
polymerase. The regions were amplified under the following conditions: initial denaturation at 95 °C
for 5 min, followed by 34 cycles of 94 °C for 50 s, 60 °C for 1 min, 72 °C for 1 min 30 s, and a final
extension at 72 °C for 8 min. Amplification products were analyzed by electrophoresis on a 1.5% agarose
gel. The amplicon was sequenced in the ABI 3730xI System (Macrogen, Inc.).

The sequences were trimmed and assembled using Geneious Prime 2022.0.1 (Biomatters). Next,
the sequences were compared to the National Center for Biotechnology Information using BLASTn [22]
against the 165 ribosomal RNA sequence (Bacteria and Archaea) database. We retrieved whole 165
rRNA sequences for each species' family taxa and built an in-house database. These databases were
aligned and subjected to phylogenetic tree inference using the neighbor-joining method in MAFFT
version 7 (https://mafft.cbrc.jp/alignment/server/large.html) [23]. The 16S rRNA sequences were then
directly aligned against closely related strains in the Reference RNA sequence (Refseq) database
retrieved for phylogenetic analysis. Next, the sequences were aligned using the ClustalW algorithm [24]
in Megall [25]. The best-fit substitution model was calculated in Megall, and phylogenetic trees were
constructed using the maximum likelihood tree (1000 bootstrap replicates) and the substitution model
General Time Revesible+tgamma distribution with invariable sites (G+1).

2.4. Screening of bacterial isolates for in vitro plant growth-promotion traits and biocontrol
2.4.1. Bacterial growth under reduced water availability

Isolates were grown in Tryptone Soya Agar (TSA) medium (10%) with additional sorbitol at five
different concentrations (0 g/L; 85 g/L-1, 285 g/L-1, and 660 g/L1) to simulate water stress at 25°C [16].

2.4.2. Exopolysaccharide production

The isolates were inoculated onto 5 mm diameter paper discs disposed of in a DSMZ medium. The
production of exopolysaccharide was checked by slime appearance and mixing a portion of the mucoid
substance in 2 mL of absolute ethanol, in which the formation of a precipitate indicated the presence of
EPS [17].

2.4.3. Indole acetic acid (IAA) production

Aliquots of 100 pL of bacteria were initially grown in 10 mL of TSA medium (10%) for 48 h in the dark
at 28 °C. Next, colonies were transferred to fresh plaque-containing TSA medium (10%) supplemented
with 5 mM L-tryptophan. The colonies were covered with a cellulose filter (0.45 um pore size), and
incubated in the dark at 25 °C. After 48h, the membranes were washed with Salkowski reagent (50 mL
of perchloric acid (35%) and 1 mL of FeCls solution (0.5 M) for 30 min in the dark [18]. The appearance
of pink to red indicates IAA production.
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2.4.4. Phosphate solubilization assay

Bacteria were inoculated into tubes with 10 ml of Tryptone Soya Broth (TSB) medium (10%) for one
week at 28 °C and shaken on an orbital shaker at 180 rpm. Cells were collected by centrifugation and
washed twice with 0.8% NaCl solution, and 20 pL of this suspension was spotted on the National
Botanical Research Institute’s phosphate growth medium (NBRIPM) containing per liter 15 g agar, 10 g
glucose, 5 g Cas(PO4)2, 5 g MgCl>-6H20, 0.25 g MgSO+7H20, 0.2 g KCl, and 0.1 g (NH4)2504 [19]. The
plates were incubated for 15 days at 25 °C. Positive phosphate solubilization was confirmed by the
appearance of clear zones around spots.

2.4.5. Siderophore production

The isolates were selected for their ability to produce siderophores in CAS medium [20]. Bacteria were
collected from TBS, resuspended, and washed twice with phosphate-buffered saline pH 6.5. A 20 uL
aliquot of bacterial suspension was spotted on CAS agar plates. The production of siderophores was
checked daily for color change from blue to red around each colony.

2.4.6. Biocontrol test

For the biocontrol test with the phytopathogenic fungus Fusarium oxysporum f. sp. phaseoli, mycelial discs
of the fungus were collected and placed under a plate (1.5 cm) from the edge. On the opposite side of
the plate, a streak of isolates was inoculated 1.5 cm from the edge. The plates were maintained at 25°C
for one week. The percentage of growth inhibition was calculated using the formula (R1-R2)/R1 x 100,
where R1 is the radial distance of the F. oxysporum f. sp. phaseoli mycelium in the absence of the
antagonist from the center to the edge of the plate (measured in mm) and R2 is the growth distance of
F. oxysporum f. sp. phaseoli from the center of the plate to the bank toward the isolate.

2.5. Plant growth promotion in greenhouse experiment

The seeds of soybean genotype Conquista were kindly provided by Thalita Avelar Monteiro from the
Department of Plant Pathology of UFV. Seeds were surface-sterilized and inoculated with SOY2, SOY5,
and SOY23 isolates by mixing for 2 h in the inoculum (108 CFU mL-" (DO550 = 0.1). A control treatment
was achieved by mixing the seeds with sterilized saline solution (0.85%). The seedlings were grown in
plastic trays containing 500 g of a mixture of soil, sand, and manure (3:2:1). The plants were grown
under natural sunlight in a greenhouse with an average daytime temperature of 12-33 °C. Soybean
plants were watered daily with the same volume until the first trifoliate (stage V1) leaves emerged, after
which a water restriction treatment was imposed. The soybean plants were subjected to the following
two water treatments: soil relative water content of 30% (control) and 5% (drought stress). The soil water
levels were monitored daily. An evaluation was performed 30 d after sowing. The leaf area, number of
nodes, shoot and root lengths and shoot, and root dry biomass were determined. The greenhouse
experiments were conducted using a completely randomized design. The data were subjected to one-
way ANOVA and the Skott-Knott clustering algorithm.

2.6. DNA extraction and whole-genome sequencing

Kosakonia sp. strain SOY2 and Agrobacterium sp. strain SOY23 were grown into a flask containing 20 ml
of liquid DSMZ medium for one week at 28 °C and shaken on an orbital shaker at 180 rpm. Cells were
collected by centrifugation and Genomic DNA was extracted using the Wizard® Genomic DNA
Purification Kit (Promega Corp.), as recommended by the manufacturer. DNA was checked for quality
using a NanoDrop 2000 (Thermo Scientific) and subjected to gel electrophoresis (0.8% of agarose). The
whole genome was sequenced using the DNBseq Sequencing platform at BGI, Inc.

2.7. Genome assembly
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Raw data with adapter or low-quality sequences were filtered. We first went through a series of data
processing to remove contamination and obtain valid data. This step was completed using the
bynSOAPnuke software. SOAPnuke software filter parameters: " -n 0.01 -1 20 -q 0.4 --adaMis 3 --
outQualSys 1 —-minReadLen 150" [28]. The genome was assembled using a de novo assembler
implemented as an initial assembly graph from short reads in Unicycler [29], and the assembly metrics
were evaluated using QUAST v4.6 [30]. The completeness and contamination of all MAGs were
estimated using CheckM (v1.0.11) [31]. The assemblies were annotated using the Prokka v. 1.14.6 [32].
The genomes were submitted to the National Center for Biotechnology Information (NCBI) GenBank.
The genome sequence data were uploaded to the Type (Strain) Genome Server (TYGS), a free
bioinformatics platform available at https://tygs.dsmz.de, for a whole genome-based taxonomic analysis
[33].

2.8. Data retrieving from a public database and bioinformatics analysis

A total 169 genome sequences were retrieved from the NCBI database (last accessed in May 2020) (Table
S1). These sequences were manually checked for their association with soil, plants, and rhizosphere
according to the BioSample database. The proteome of the genomes was used to predict plant growth-
promoting  traits = (PGPTs)  through  PLaBAse  (v1.01,  http://plabase.informatik.uni-
tuebingen.de/pb/plabase.php) [34]. We also mined biosynthetic gene clusters (BGCs) using antiSMASH
v5.1 [35]. Networks using similarity Minimum Information about a Biosynthetic Gene cluster database
(MIBiG), using a locally installed version of the BiG-SCAPE software [36] with the local option enabled
and a distance cut-off score of 0.3. The generated network was imported into Cytoscape version 3.7.2
and analyzed using default algorithms [37].

3. Results

3.1. The selection of distinct rhizobacteria with the potential for novel taxonomic species

VL55 medium, an oligotrophic medium commonly employed for the selection of slow-growing
bacteria, was used to isolate rhizobacteria. We strictly selected 22 isolates rhizobacterial colonies with
morphologically distinct characteristics, including shape, color, size, and texture, from soybean soil
samples collected in the experimental field (Figure 1A). The isolates were assigned the acronym SOY
(soybean) followed by a sequential number. A DNA fingerprint analysis was performed to examine the
genetic profiles of the isolates. Three molecular markers were tested: ERIC, BOX, and GTG. The gel
displayed various band patterns employing the markers, with BOX and GTG markers displaying more
determinant characteristics for isolate identification (Figure S1). As a result, these two markers were
chosen for the genetic profiling of the 22 isolates. A dendrogram revealed three large clusters for the
BOX marker (Figure S2A) and three large clusters for the GTG marker (Figure S2B), each with several
ramifications (Figure S2B). In general, most isolates had distinct genetic profiles; nevertheless,
comparable profiles, such as isolated SOY19 and SOY20 for both markers, were detected, suggesting
that the two isolates were genetically related (Figure S2). These findings suggests that this selection
strategy allowed for the isolation of genetically distinct isolates.

Taxonomic identification of the isolates was based on sequencing of the gene encoding 165 rRNA.
MEGAX was used to create a phylogenetic tree of the sequences. The retrieved sequences were
compared with those in NCBI database in terms of coverage and identity. Species closely related to ten
genera were found: Kosakonia, Microbacterium, Mycobacterium, Methylobacterium, Monashia,
Novosphingobium, Pandoraea, Arthrobacter, Stenotrophomonas, and Rhizobium (Table S2, Figure 1B). The
16S phylogenetic tree analysis also found ten groupings related to the genera. Thirteen of the 22 isolates
analyzed had sequence identities lower than 96% when compared to the database sequences, indicating
that these taxa may belong to new genera or species. This finding was supported by phylogenetic
analysis, which showed that while the isolates were related to these taxa, different clades were formed
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(Figure 1B). Based on the comparison of isolates by NCBI and phylogeny, the proposed classification of
these isolates is shown in Table S2.
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Figure 1. Study site of sample collection and phylogenetic tree of 22 rhizobacteria isolated from soybean.
(A) The experimental field at Universidade Federal de Vigosa, Minas Gerais, Brazil (20°46'01.1"S
42°52'10.2"W), indicated by the sampling sites in the red dot. The map was built using QGIS 3.16
Hannover (DATUM: SIRGAS2000, UTM Zone 225). (B) Likelihood phylogenetic tree of 22 rhizobacteria.
The evolutionary history was inferred using the maximum likelihood tree (1000 bootstrap replicates)
and the substitution model general time-revesible + gamma distribution with invariable sites (G + I).
The scale bar at the bottom indicates the number of differences in base composition among the
sequences. Red stars indicate the 22 isolates described herein.

3.2. The novel bacterial species exhibited plant growth-promoting traits

The isolates were analyzed for their capacity to generate growth-promoting characteristics such as
IAA, EPS, and phosphate solubilization. Seventy-two percent (n=16) of the 22 rhizobacterial isolates
produced IAA, 68% (n=12) solubilized phosphate, and 45% (n=10) produced EPS (Figure 2A).
Furthermore, the isolates were tested for their ability to grow in a medium with low water activity.
DSMZ medium containing four amounts of sorbitol (0 g/L-1, 285 g/L-1, 520 g/L-1, and 660 g/L-!) was used
(Figure 2B). Approximately 91% (n=22) showed positive growth at 285 g/L- sorbitol concentration, 75%
(n=18) showed positive growth at 520 g/L-1 sorbitol concentration, and only Microbacterium sp. strain
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SOY5 exhibited positive growth at all sorbitol concentrations. The lower the water activity, the higher
the sorbitol content. Therefore, we observed that bacterial growth was minimal at the highest
concentration of sorbitol. Taken together, these findings suggest that the majority of the isolates
possessed one or more growth-promoting properties and that these bacteria may enhance plant
development under water stress.

Five isolates with positive results for IAA, phosphate solubilization, EPS, and growth in
reduced water were selected: Kosakonia sp. strain SOY1, Kosakonia sp. strain SOY2, Microbacterium sp.
strain SOY4, Monashia sp. strain SOY12, and Agrobacterium sp. strain SOY23. The isolates were initially
evaluated to determine their growth pattern over time (in hours) for the plant test. The bacteria were
grown for 10 h, during which time a typical growth curve was observed, with the bacteria reaching the
initial stationary phase (Figure S3). After 3 h of incubation, an aliquot of the culture medium at OD 1.0
was plated on a nutritional agar medium for cell counting and viability analysis. The plate cell count
for all isolates showed a cell density of 108 CFU/mL, thus validating the optimal spot on the growth
curve for plant inoculation. Soybean seeds were treated with the isolates and stored for two weeks.
Plants treated with the bacterial suspensions of the isolates grew at a faster rate at the end of the first
week. Given that the initial leaflets were visible in all treatments, a rise in the stems of the plants treated
with bacterial suspensions was generally observed under laboratory conditions.

A B E
sovt i -
sov2 L
sov3 [ [
sova I |
sovs [ o
sove ]
sovt (|
sors A (|
sovio I
sovrs T
SOY12 I —
SOY14 i
sovs i |
sov1e =TT
sov17 [
sov18 e
sov1s [ |
SOY20 e
sov21 I
sovzz T
sov23 [
sov2s e
<59 3333
=g u °c 8 8 8
©3F0O 1
(@]
C
C
SOY23 [
sovt [
sovz [
soviz [
sov4 I I Control sov4 soY12
Control [
0 20 40 60 80 100

[ Growth mm Inhibition rate

Figure 2. In vitro features for plants promoting growth and biological control. (A) The production of
features for plants promotes growth. Left to right: synthesis of indole acetic acid (IAA) in pink;
phosphate solubilization (Ca3(POs)? in green; exopolysaccharide (EPS) production in yellow. Colored
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squares indicate the growth of each isolate. (B) Ability of bacteria to grow in a medium with reduced
water availability containing different sorbitol concentrations at increasing levels. The colored squads
indicate the growth of each isolate. (C) Biological phytopathogen control. On the x-axis, the growth rate
in centimeters by the fungus and the isolates are plotted on the y-axis. The growth of the fungus is
shown in blue, and the inhibition rate of the fungal growth is shown in pink. (D) Paired culture test with
Microbacterium sp. strain SOY4 and Monashia sp. strain SOY12 against Fusarium oxysporum £. sp. phaseoli
sp. (E) In vitro soybean growth-promotion tests; left to right: control plant with PBS buffer, plant
inoculated with SOY1, plants inoculated with SOY2, SOY4, and SOY12 plants inoculated with SOY23.

Finally, the five isolates previously chosen for growth promotion were examined for biocontrol
efficacy against the phytopathogen Fusarium oxysporum f. sp. phaseoli, which causes plant wilting in
common beans [38]. Fusarium oxysporum f. sp. phaseoli was chosen as the model pathogen because F.
oxysporum is a globally dispersed disease with several hosts. Paired in vitro culture activity research
revealed that Microbacterium sp. strain SOY4 and Monashia sp. strain SOY12 inhibited plant pathogen
development by 35%, indicating that these two isolates also have the ability to control phytopathogens.
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Figure 3. Soybean growth under drought in greenhouse conditions. (A) Phenotypic traits were
measured in soybean plants under two water deficit conditions (5% and 30% field capacity) and
inoculation with three bacterial isolates. Treatments that showed the same lowercase letter within each
water deficit condition did not show statistically significant differences according to the skott-knott test.
(B) Non-inoculated soybean plants (control) and plants inoculated with different bacteria (SOY2, SOY5,
and SOY23) and under drought stress.

3.3. Two isolates showed the ability to enhance soybean growth under drought in greenhouse conditions
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The ability to enhance soybean growth under drought in greenhouse conditions was tested for the
Kosakonia sp. strain SOY2, Microbacterium sp. strain SOY5, and Agrobacterium sp. strain SOY23. We found
that the SOY2 and SOY23 bacteria showed potential in water stress mitigation. Under both water stress
conditions, plants whose seeds were inoculated with these bacteria generated more dry matter in the
shoot (Figure 3) and had a smaller reduction in leaf area than the other treatments (control without
inoculation and inoculation with SOY5) (severe and moderate). There was no statistically significant
change in the root system mass across treatments (Figure 3A). Plants inoculated with these two bacteria
(50Y2 and SOY23) had a shorter root length than the other treatments. Under water stress, the plant's
root system usually changes, such as the production of more sharp angles between, to make it deeper
[39], allowing the plant to use the water available in deeper soil strata. However, changing the
architecture of the root system consumes energy that the plant may otherwise employ. Thus, when
compared to SOY2 and SOY23, the increase in root length in SOY5 and the control treatments may imply
less stress mitigation Non-inoculated plants showed a 56% reduction in leaf area (Figure 3A), whereas
SOY2 and SOY23 bacterial treatments reduced leaf area by 25 and 32%, respectively. In other words,
compared to the control, inoculation with these bacteria reduced the leaf area loss by more than half.
Plants with larger leaf areas have a larger surface area for catching light, which implies that photo-
assimilates (sugars) are produced at a higher rate than plants with smaller leaf areas, allowing for more
grain filling during the reproductive phase (Figure 3B).
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GBDP distance formula ds. The numbers above are GBDP pseudo-bootstrap support values of > 60 %
from 100 replications, with an average branch support of 80.8 %. The tree was rooted at its midpoint.
An essential operon encoding plant growth-promoting genes was found. The nif gene cluster in
Methylobacterium nodulans, shows the nif cluster surrounded by mobile genetic elements and nod genes
organized in a single operon with six ORFs. We also found a conservative nif operon in Kosakonia sp.
strain SOY2 and K. oryzae, as well as a single operon for siderophore synthesis. In addition, a flagellar
operon observed in M. oryzae responsible for plant system colonization, and a single cluster for EPS
synthesis in Agrobacterium sp. strain SOY23 was also mapped.

3.4. The genomic sequences of Kosakonia and Agrobacterium

Given the potential of Kosakonia sp. strain SOY2 and Agrobacterium sp. strain SOY23 to positive
interact with soybean in vitro and in planta, here we report a draft genome sequence of these two strains
to gain a better understanding of this interaction with the plant. The assembly of Kosakonia sp. strain
SOY2 consisted of 19 contigs with a total sequence length of 5,035,089 bp, an N50 value of 2,707,390 bp,
and a GC content of 53.81% (Figure 4A). The closest placement taxonomy result
was Kosakonia sp000410515, with an average nucleotide identity (ANI) of 95.63 %. According to the
whole-genome phylogeny, this strain is related to plant-associated Kosakonia spp. However, the genome
was not assigned to any species (Figure 4B). A total of 4,748 CDS, 3 rRNAs (55, 16S, and 235), 71 tRNAs,
and 1 tmRNA were found in the Kosakonia sp. strain SOY2 genome.

The assembly of Agrobacterium sp. strain SOY23 consisted of 22 contigs with a total sequence
length of 5,626,101 bp, N50 value of 607,588 bp, and GC content of 59.59%. Surprisingly, the genome
was not assigned to any closest species, as it was outside the predefined ANI radius (Table S2, Figure
4B). CheckM was employed to estimate the completeness and contamination of the genome, which were
99.94% and 0.35%, respectively. A total of 5,225 CDS, 46 tRNAs, and 1 tmRNA were found in the
Agrobacterium sp. strain SOY23 genome.
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Figue 5. In silico identification and comparison of plant growth-promoting genes. (A) Circular plot
illustrating the average number of plant growth-promoting genes found in each of the seven genera. (B)
Genes encoding plant colonization and plant growth promotion associated with nitrogen fixation,
siderophores, flagella, and exopolysaccharides found in the genomes.
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3.5. A genome mining analysis of novel species of soil bacteria revealed several proteins with traits that promote
plant growth

To better understand the potential of all species described here, we gathered publicly available
genomes from the NCBI database and performed in-silico identification and comparison of plant
growth-promoting genes. We first sought plant growth-promoting genes in 169 genome sequences
associated with soil, plants, and rhizosphere (Table S1). We found that the majority of these genomes
encode proteins with direct effects on the plant, such as biofertilization, iron acquisition, P and K
solubilization, phytohormone synthesis, and nitrogen fixation. These genomes possess heavy metal
resistance genes such as cobalt, copper, nickel, and selenium, which might be exploited for
bioremediation. Furthermore, these bacteria encode traits that aid in plant system colonization, such as
chemotaxis proteins and motility, and they may utilize plant-derived amino acids, sugars, and peptides.
In addition, it neutralizes abiotic stresses, such as high and low temperature and acidic, osmotic, and
salinity stress. The average number of each gene class per genome is shown in Figure 5 and Table S3.

We also explored the repertoire of secondary metabolite biosynthetic gene clusters (BGCs)
encoded within these genomes using AntiSMASH. In total, 506 putative BGC regions were identified
(Table S4). The majority of the BGC were found in the Methylobacterium (146) followed by Arthrobacter
(120). There were 93 terpene-containing gene clusters found, mostly in Methylobacterium, 47 NAPAA
clusters from three genera (Arthrobacter, Methylobacterium, and Microbacterium), 43 betalactone clusters
from 76 phyla, and 40 Type III polyketide synthases clusters. In general, the BGC regions in length
varied from 2 kb to 76kb, the largest size an NRP + Polyketide: Modular type I found in the
Microbacterium amylolyticum DSM 24221. In addition, we used BiG-SCAPE to construct a BGC sequence
similarity network. We discovered that the majority of BGCs were taxonomically distributed among the
same genera and architecturally heterogeneous (Figure 54, Figure S5). In general, nearly none of the
BGCs found here were grouped with the MIBiG reference BGCs, indicating a repertoire of novel
secondary metabolite BGCs.

4. Discussion

In this study, 22 soybean growth-promoting rhizobacteria were identified. 78% of the 22
bacteria isolated exhibited positive results for water stress growth, indicating their potential for
application in crops with a shortage of water. The isolates produced IAA, the primary auxin found in
plants, which is synthesized in the apical system of the stem and transported to the roots; plant-
associated microbes can also synthesize it. Its primary effect is the growth of roots and stems [40,41].
An in vitro test of soybean revealed this elongation effect. Furthermore, the isolates were able to
solubilize phosphorus, an important element in plant metabolism. Plant growth is hampered by its
absence; nevertheless, the least available nutrients for the plant since it is held by the precipitation of
other soil elements, resulting in insoluble inorganic phosphates with the lowest available for the plant
[42,43]. As a result, bacteria with the capacity to solubilize insoluble inorganic phosphate sources,
increasing the soluble phosphorus level in the soil solution and, plant availability, play a crucial role in
the phosphorus biogeochemical cycle [44].
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Figure 6. Identification and comparison of biosynthetic gene clusters. (A) Genera-level BGCs
distribution. (B) Length of BGCs across genera. (C) Sequence similarity networks of the BGCs.

The genera Bacillus, Pseudomonas, and Burkholderia have been commonly identified as widely
prevalent growth-promoting bacteria in soybeans [45-47]. Here, by contrast, we discovered Kosakania
sp., Microbacterium sp., Mycobacterium sp., Methylobacterium sp., Novosphingobium sp., Anthrobacter sp.,
Stenotrophomonas sp., Monashia sp., and Pandoraea sp. This could be due to the VL55 isolation medium
used in this study. VL55 is a defined medium that is low in nutrients and has pH in the most acidic
range. Because xylan is the only available carbon source, it is commonly employed for the selection of
bacteria that were previously classified as "unculturable” in soil [11,48]. Although the isolates identified
in this study were grouped close to the aforementioned genera, phylogenetic analysis revealed that they
may belong to new genera and/or species.

Some of the genera shown here are related to plant growth promotion activities, such as
Microbacterium in Neem growth promotion [49]. Another example is the genus Methylobacterium, which
absorbs carbon molecules during endophytic associations and releases biopolymers, organic acids,
coenzymes, vitamins, and toxins that aid in disease management [50,51]. Yet, few studies have been
conducted to investigate the interactions of this genus with plants. In addition to species already known
to promote plant growth, genera such as Novosphingobium are known to produce enzymes capable of
degrading aromatic compounds [52,53]; Arthrobacter is used in many industrial applications and have
the potential to be used in bioremediation [54]. Surprisingly, genera known to cause diseases in humans,
such as Pandoraea and Stenotrophomonas were isolated. However, based on the phylogenetic distance
between the species, these isolates may belong to a distinct group of bacteria unrelated to human
diseases.

Microbacterium sp. strain SOY4 and Monashia sp. strain SOY12 were effective in suppressing the
phytopathogen Fusarium oxysporum f. sp. phaseoli. Both isolates were Actinobacteria, a phylum
recognized for producing secondary metabolic metabolites with broad antifungal properties [55]. In
addition, we have showed the ability of two isolates SOY2 (Kosakonia sp.) and SOY23 (Agrobacterium sp.)
to enhance soybean growth under drought in greenhouse conditions. Plants seeds inoculated with these
bacteria generated more dry matter in the shoots and had a smaller reduction in leaf area than the other
treatments. Although Agrobacterium has been identified as a plant pathogenic bacterium, certain studies
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have shown that specific tumor-inducing Agrobacterium strains can stimulate plant growth in non-
susceptible plant hosts[56,57].

The use of genomics techniques in investigations aimed at the potential of plant growth-promoting
bacteria has provided evidence of the genetic characteristics that promote the microbe-plant interaction
[58]. Here, we gained insight into the genomic potential of two bacteria of our isolates SOY2 and SOY23
along with the bacteria genus mentioned in this study. We confirmed that SOY2 and SOY23 did not
belong to any of the nearest species and represented two novel bacteria species, and together with 169
genomes, have a repertoire of genes encoding for plant growth-promoting proteins with direct effects
on the plant, such as bio-fertilization, iron acquisition, P and K solubilization, phytohormone synthesis,
and nitrogen fixation. In addition, secondary-metabolite BGCs analysis revealed a variety of novel
secondary metabolite BGCs to be explored.

Well-known plant growth-promoting rhizobacteria (PGPR) have been widely used in the
commercial sector with success; however, the search for new microbes that are resilient to adverse
effects such as drought and have the potential to promote the growth of crops plants is becoming
increasingly relevant, given climate change and its impact on food production. Chauhan and colleagues
[59] reported several novel PGPRs that have not yet been achieved for commercial scales of production.

4. Conclusions

This work adds to the inclusion of new species with significant potential for promoting plant
growth. Taken together, here we demonstrated novel soil bacteria with growth-promoting capability
that had not previously been reported for soybean. In addition, we demonstrated the importance of
coupling more complex medium culture with bioinformatics approaches to select new PGPR. The
findings enable the identification of distinct bacteria with a high potential for promoting plant growth,
opening the path for future research and uses in agriculture intending to reduce the environmental
impact of synthetic industrial pesticides, and fertilizers, and help mitigate drought stress.
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