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RESUMO

SANTOS, Lidiane Figueiredo dos, D.Sc., Universidade Estadual do Norte Fluminense Darcy
Ribeiro, novembro de 2020. Bacterioma da semente: estrutura da comunidade e impactos
na germinacéo, crescimento e prote¢éo do milho (Zea mays L.). Orientador: Fabio Lopes
Olivares.

As plantas hospedam comunidades microbianas diversas e complexas, que juntas compde o
chamado “microbioma”. A origem desses micro-organismos é amplamente discutida, mas
comumente atribuida ao solo. Recentemente, a microbiota transmitida pela semente também
passou a ser considerada fonte essencial para o microbioma vegetal. Nesse sentido, esta tese
apresenta dois capitulos dedicados a revisar os conceitos e as funcionalidades dos
microbiomas e discutir os fatores envolvidos na sua modulacdo. Os objetivos dos outros trés
capitulos foram: (i) caracterizar o bacterioma da semente de milho SHS 5050 e DKB 177; (ii)
avaliar o papel das bactérias transmitidas por sementes em processos de germinacédo,
crescimento e biocontrole; e (iii) identificar o impacto da inoculacdo microbiana na estrutura
do bacterioma da raiz de milho. Para alcancar esses objetivos, diversas abordagens foram
utilizadas, incluindo sequenciamento de nova geracdo, contagem em meio de cultura e PCR
em Tempo Real, microscopia, analises bioquimicas e ensaios de germinacdo, crescimento e
biocontrole. Brevemente, os resultados indicam que a remocdo parcial da microbiota
transmitida pela semente através da desinfestacdo com hipoclorito de sodio afeta,
negativamente, a germinacdo e o crescimento das plantulas de milho SHS 5050 e altera a
estrutura da comunidade associada as raizes emergidas. A recomposi¢do parcial do
bacterioma, principalmente com isolados do género Burkholderia, restaura parcialmente o
fenotipo das sementes desinfestadas. Na variedade de milho DKB 177, a perturbacdo da
comunidade bacteriana da semente reduz o desempenho das plantulas e a tolerancia a fungos
fitopatogénicos transmitidos pela semente. A inoculagdo microbiana também altera a estrutura
do bacterioma da raiz de milho SHS 5050 ao interagir com membros-chave da comunidade,
como Burkholderia. Além disso, o impacto da inoculacdo € intensificado nas comunidades
que tiveram membros parcialmente removidos pela desinfestacdo. Pela primeira vez na
literatura, mostrou-se o efeito da desinfestacdo de sementes e da inoculacdo microbiana sobre
0 bacterioma e os potenciais taxons bacterianos responsaveis pela germinagéo, crescimento e

tolerancia a fungos fitopatogénicos.

Palavras-chave: Bacterioma da semente, biocontrole, bioinoculante, desinfestacdo,
sequenciamento rRNA 16S.
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ABSTRACT

SANTOS, Lidiane Figueiredo dos, D.Sc., Universidade Estadual do Norte Fluminense Darcy
Ribeiro, November, 2020. Seed bacteriome: community structure and impacts on maize
germination, growth, and protection (Zea mays L.). Advisor: Fabio Lopes Olivares.

The plants host diverse and complex microbial communities, which together make up the so-
called “microbiome”. The origin of these microorganisms is widely discussed but is
commonly attributed to the soil. Recently, the seed-transmitted microbiota has also come to
be considered an essential source for the plant microbiome. In this sense, this thesis presents
two chapters dedicated to review the concepts and functionalities of microbiomes and to
discuss the factors involved in their modulation. The objectives of the other three chapters
were: (i) to characterize the SHS 5050, and DKB 177 maize seed bacteriome; (ii) evaluate the
role of seed-borne bacteria in germination, growth, and biocontrol processes; and (iii) identify
the impact of microbial inoculation on the structure of the maize root bacteriome. To achieve
these goals, several approaches were used, including new generation sequencing, counting in
culture medium and Real-Time PCR, microscopy, biochemical analyzes and germination,
growth, and biocontrol tests. Briefly, the results indicate that the partial removal of the seed-
transmitted microbiota thorough disinfection with sodium hypochlorite negatively affects the
germination and growth of SHS 5050 maize seedlings and changes the community structure
associated with the emerged roots. The partial rebuilding of the bacteriome, mainly with
isolates of the Burkholderia genus, partially restores the disinfected seeds phenotype. In the
maize variety DKB 177, disturbance of the seed bacterial community reduces seedling
performance and tolerance to phytopathogenic fungi transmitted by the seed. Microbial
inoculation also alters the structure of the SHS 5050 maize root bacteriome by interacting
with key members of the community, such as Burkholderia. In addition, the impact of
inoculation is intensified on communities that have had members partially removed by
disinfection. For the first time in the literature, the effect of seed disinfection and microbial
inoculation on the bacteriome and the potential bacterial taxa responsible for germination,

growth, and tolerance to phytopathogenic fungi was shown.

Keywords: Seed bacteriome, biocontrol, bioinoculant, disinfection, 16S rRNA sequencing.
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Introducao Geral

E crescente a busca por praticas agricolas inovadoras, com abordagens que utilizam
micro-organismos associados as plantas para superar o desafio de alcancar a produtividade
das culturas e, simultaneamente, garantir a sustentabilidade ambiental (Singh et al., 2020).
Assim como 0s humanos e outros eucariotos, as plantas coevoluiram com micro-organismos,
incluindo bactérias, arqueas e fungos (Trivedi et al., 2020). Coletivamente, essas assembleias
microbianas compde o chamado ‘“microbioma”, que desempenha funcGes-chave no
crescimento e na saude das plantas (Berg et al., 2020). Portanto, é fundamental compreender a
estrutura dos microbiomas e os fatores que o alteram. Até o momento, estudos direcionados
para as fracOes bacterianas do microbioma ou do “bacterioma” sdo de longe 0s mais
abundantes e demonstram que a composicao e a atividade das comunidades variam de acordo
com 0 gendtipo da planta, interacbes microbio-micrébio, praticas agricolas e condicGes
ambientais (Dastogeer et al., 2020).

Uma vez que o genoétipo da planta hospedeira molda a comunidade microbiana, é
preciso caracteriza-la em diferentes espécies agricolas e avaliar sua importancia para
processos de germinacgdo, crescimento e biocontrole. Para isso, é essencial saber a origem (ou
“as origens”) do microbioma vegetal. Os pesquisadores comumente escolhem o solo como a
principal fonte de in6culo (Johnston-Monije et al., 2016). Mas estudos recentes apontam que a
microbiota transmitida pela semente tem sido considerada uma fonte essencial para o
microbioma da planta. Por muitos anos, sementes saudaveis foram consideradas como
“estéreis” e sua microbiota rotulada como “patogénica” para as plantas (Berg e Raaijmakers,
2018). Por conta disso, diversos protocolos fitossanitarios foram desenvolvidos nas Gltimas
décadas, incluindo métodos fisicos, quimicos e bioldgicos de desinfestacdo (Berg e
Raaijmakers, 2018). Contudo, esses procedimentos ndo removem todos 0S micro-organismos
da semente, 0 que torna o conceito de “sementes livres de germes” utdpico.

Ao contrario do que se pensava, as sementes sdo colonizadas por diversos micro-
organismos benéficos, isso inclui bactérias que vivem na superficie e nos tecidos internos das
sementes (Nelson et al., 2018); e que colonizam a raiz da planta apos a germinagao (Johnston-
Monje et al., 2016; Compant et al., 2019). Como o bacterioma da semente representa 0s
colonizadores iniciais das plantulas antes de recrutar micrébios do ambiente circundante, ele
pode desempenhar papeis importantes na montagem e na funcdo do microbioma vegetal
(Nelson et al., 2018). Pesquisas com microbioma de sementes precisam ser realizadas,

inicialmente, em condi¢des experimentais axénicas, sem a contribuicdo da comunidade

14



microbiana do solo-rizosfera. Também € possivel utilizar protocolos de desinfestagdo quimica
amplamente difundidos (geralmente a base de alcool e hipoclorito de sodio) para reduzir o
numero de tdxons da semente e comparar fenotipos da planta com as sementes naturais (ndo
desinfestadas). Com essas abordagens, é possivel caracterizar a estrutura do bacterioma da
semente e suas fungoes.

Compreender o papel de bactérias nativas da semente na montagem do microbioma
vegetal pode identificar os fatores que determinam o estabelecimento bem-sucedido de cepas
microbianas introduzidas (Dini-Andreote e Raaijmakers, 2018). O uso de bioinoculantes na
agricultura ndo é algo novo, mas que ainda enfrenta desafios ao transferir microbios do
laboratério para o campo sem considerar a complexidade e o comportamento ecoldgico da
microbiota natural (Sessitsch et al., 2019). O encontro de um bioinoculante com a
comunidade residente ¢ marcado pela competicdo de recursos e nichos (Mawarda et al.,
2020). O resultado dessa competicdo pode ser a resisténcia da comunidade ao inoculante, que
ndo terd nenhum efeito, ou o estabelecimento da bactéria inoculada, que pode impactar a
estrutura da comunidade de forma transitdéria ou permanente (Mawarda et al., 2020). Impactos
na estrutura do microbioma caracterizam o negligenciado efeito “indireto” ou “ndo-alvo” dos
bioinoculantes e podem resultar no crescimento vegetal e/ou no controle de patégenos
(Sessitsch et al., 2019).

Para aumentar a produtividades das culturas, agricultores e cientistas tentam otimizar
ou alterar o microbioma do solo e da rizosfera (Arif et al., 2020). Talvez a resposta que
procuram ndo esteja SO nesses compartimentos, mas sim nas bactérias nativas da semente.
Tecnologias sustentaveis podem ter mais sucesso se os esfor¢os forem concentrados em
caracterizar, isolar ou “perturbar” (por inoculacdo) membros do bacterioma associado as
sementes (Johnston-Monje et al., 2016).

Esta tese investiga a estrutura e a funcdo do bacterioma da semente e seus principais
objetivos foram: (i) discutir a base conceitual dos microbiomas vegetais, incluindo estrutura,
papel funcional e fatores envolvidos na sua modulagéo; (ii) caracterizar o bacterioma da
semente de milho (variedades SHS 5050 e DKB 177); (iii) avaliar o papel das bactérias
transmitidas por sementes em processos de germinagédo, crescimento e biocontrole; e (iv)
identificar o impacto da inoculacdo microbiana na estrutura do bacterioma da raiz de milho. A
tese estd organizada em cinco capitulos compilados a partir de artigos independentes. Cada
capitulo contém introducgdo e discussdo, bem como detalhes dos métodos utilizados. No final

da tese sdo apresentadas as principais conclusdes do trabalho.
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Resumo

As plantas sdo colonizadas por uma infinidade de micro-organismos, coletivamente
denominados “microbioma”, e que desempenham papeéis importantes nos nichos que habitam.
O potencial do microbioma, aliado a necessidade de produzir alimentos de forma mais
sustentavel, torna seu estudo promissor. Apesar do crescente reconhecimento da ampla
capacidade funcional da microbiota nativa para a planta, nossa compreensdo acerca do modo
como as comunidades microbianas se estruturam e dos fatores que podem altera-la é limitada.
Nesta revisdo, mostramos como as pesquisas tém caracterizado a microbiota de diferentes
nichos da planta e quais metodologias tém utilizado para isso. Demos énfase ao impacto do
gendtipo da planta, interacBes entre taxons microbianos, praticas agricolas e condicGes
ambientais no estabelecimento ou enriquecimento de micro-organismos com efeitos benéficos
para crescimento, desenvolvimento e salde das plantas. Ao final, propomos um modelo que
converte o conhecimento acerca dos microbiomas em produto biotecnolégico. Uma primeira
abordagem é utilizar fatores que influenciam a microbiota para estimular seus integrantes
benéficos. A exemplo desses fatores tem-se o melhoramento de plantas, uso de
bioinoculantes, de praticas agricolas apropriadas e das condi¢6es adversas do meio. Por outro
lado, micro-organismos com papéis-chave no microbioma podem ser isolados e passar a
compor novos bioinoculantes. Independentemente da abordagem a ser utilizada, inovacdes

com o uso de microbiomas representam o futuro da agricultura sustentavel.

Palavras-chave: enddfitos; bioinoculante; bactérias benéficas; biota vegetal; bacterioma;

insumos bioldgicos.
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ARTICLE INFO ABSTRACT

Keywords: Plants are colonized by a multitude of micro-organisms, collectively called “microbiome,” and which play
Endophytes essential roles in the niches they inhabit. The potential of the microbiome, combined with the need to produce
Bioinoculant

food more sustainably, makes its study promising. Despite the growing recognition of the vast functional ability
of the native microbiota as an intricate component of the plant fitness, our understanding of how microbial
communities are structured, and the intrinsic and environmental factors that can modulate microbial network is
partial understood. In this review, we explore how research has characterized the microbiota of different plant
niches and the methodological approaches that they have used to access this. We consider the impact of the
plant’s genotype, interactions between microbial taxa, the influence of the agricultural practices, as well as the
environmental conditions that influence the establishment and enrichment of micro-organisms with beneficial
effects on plant growth, development, and health. Ultimately, we suggested a model route that converts current
knowledge about microbiomes into a potential biotechnological product applied to agriculture systems. One
proposed approach is the use of the driven factors that influence the microbiota community composition to
stimulate its beneficial members. Some examples of these influential factors are the use of bioinoculants, proper
agricultural practices, and certain environmental conditions. On the other hand, micro-organisms with critical
roles in the microbiome can be isolated, formulated, and become a new biological product. Regardless of the
approach to be used, innovations with the use of microbiomes represent the future of sustainable agriculture.

Beneficial bacteria
Plant biota
Bacteriome
Biological inputs

1. Introduction ecological niche, can be attributed to their high genetic and metabolic

diversity [3]. In these environmental niches that they inhabit, symbionts

During evolution, micro-organisms began to colonize higher organ-
isms, establishing symbiotic relationships that range from mutualistic to
antagonistic [1]. In humans, the symbiotic relationship of the intestinal
microbiota has been extensively studied, which performs a series of
metabolic functions, including absorption, synthesis, and breakdown of
compounds, and which is associated with host health in many instances
[1]. Plants’ body can be considered a complex interplay of ecological
niches that harbor in their rhizosphere, surface-tissues (rhizoplane and
phylloplane), and inner-tissues (endosphere), a great diversity of
micro-organisms with which they establish a broad range of beneficial,
neutral, and harmful interactions [2].

In the last 500 million years, with the evolution and diversification of
animals and plants, micro-organisms have developed several mecha-
nisms to invade and proliferate within eukaryotic cells and tissues [3].
The high adaptation of the microbiota (mainly bacteria) to all types of

provide a variety of benefits to the host. In the case of plants, the
microbiota associated acts in the acquisition of soil nutrients, tolerance
to abiotic stresses, and disease control, all related to the promotion of
plant growth and the consequent increase of ecological fitness under the
natural environment or food, fiber, and energy production under agri-
cultural systems [4].

Given the potential of micro-organisms to improve the efficiency of
plant production, several pieces of research have been carried out to
discover which variables act in the modulation of symbiotic interactions
[5]. What is known so far is that there are several routes for the evolu-
tion of bacterial symbiosis. Most of the time, this symbiosis emerges
from ancestors of the environment, bacteria with characteristics that can
benefit the host, or through horizontal transfer of genes that encode
symbiotic features [5]. According to Sachs et al. [5], bacterial symbiosis
can also arise from parasitic ancestors, through the vertical transmission
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of genetic material. However, these mechanisms are still not well
understood.

Native microbial community of plants is called “microbiome,” which
is defined as the “set of genes found in association with the organisms
that colonize a given environment” [6]. The microbiome dynamically
interacts with the plant host to create synergistic relationships, which, in
turn, influence the host’s physiology [7]. Several studies are driven to
explore how the microbiome is built and what is the driving forces that
affect its dynamics to shape plant performance in the ecosystem.

The potential of the microbiome has stimulated studies to identify
the biotic and abiotic factors that shape its taxonomic and functional
structure in plants. These factors are related to the plant genotype, the
interaction between microbial communities, the adoption of specific
agricultural practices, and certain environmental conditions. However,
little attention has been given to the interaction between “native” plant
micro-organisms and the introduced as “microbial inoculants” [8],
herein defined as products based on micro-organisms formulations that
favor plant growth and health [9].

In recent years, most of the initiatives developed for plant growth
promotion and disease control technological bio-products have
appeared as bioinoculants formulations containing a single selected
cultivable micro-organism [10]. The use of these individual microbial
strains has faced variable success, attributed to the complexity of native
microbial communities and their interactions with the environment
[10]. Thus, the effect of bioinoculants on the balance of non-cultivable
microbial plant communities has not yet been elucidated, but it can be
attributed to 1) its direct impact on plant metabolism; 2) its effect on the
displacement of the microbiome structure; 3) combination of both.
However, most studies negligence the impact of bioinoculants on bac-
terial microbiome composition and dynamics. Understanding the
bioinoculant-microbiome interaction will elucidate its effects on the
host plant.

The new sequencing generation technologies, combined with bio-
informatics tools, have revealed the taxonomic structure and the relative
abundance of micro-organisms in plant microbiome research [8]. With
these independent-cultivation techniques, it is possible to understand
how the microbiome is structured in different ecosystems and their role
in these environments [7]. Advances in this area will undoubtedly
promote benefits to the “health” of plants. It is believed that, shortly, it
will be possible to manipulate the bacterial community of plants to
promote their best development, in addition to isolating the “central
microbiome” or the “specific microbiome” of cultures for the formula-
tion of new bioinoculants [11].

This review aims to describe the location, benefits, and factors that
alter the structure of the plant microbiome. Ultimately, a model that
converts this knowledge into biotechnological agricultural applications
will be considered.

2. Concepts and evolution of studies in plant-microbiomes

The current microbiome (archaea and bacteria) emerged about 3.8
billion years ago, 2 billion years more than eukaryotic organisms [12].
However, the definition of “microbiome” has a shorter history. This term
was first coined by Lederberg and McCray [13] as “the ecological
community of commensal, symbiont or pathogenic micro-organisms,
which occupy space in our body,” where the authors referred to
micro-organisms associated with humans. In 2002, “The Human
Microbiome Project Consortium” [14] simplified the definition for
“micro-organisms associated with humans.” Currently, the term micro-
biome encompasses micro-organisms in any configuration. However,
there is a problem with its meaning, which can be read as “micro-biome,
 defined as the “set of resident micro-organisms that inhabit a given
host/environment” or “microbi-ome,” defined as the “set of genes found
in association with the organisms that colonize a given environment.” In
this case, both definitions are accepted.

For many years, research on the microbial communities of the plant
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kingdom has focused on the study of specific micro-organisms, such as
arbuscular mycorrhizal fungi and rhizobia [1]. Thus, a holistic view of
microbial groups associated with plants is a new perspective [15]. The
importance of research on plant microbiomes can be seen by the high
number of publications on this topic, with numerous studies considering
different plant compartments from the soil to plant continuum, studies
showing changes in the microbiome modulated by environmental fac-
tors and its potential benefits for agriculture [8].

In Brazil, several research groups have contributed to important
discoveries on microbiomes issues. About 3% of scientific publications
in the plant microbiomes field are carried out by Brazilian research
groups [8]. Brazilian contributions in scientific papers on the endo-
sphere, rhizosphere, and phyllosphere compartments of plants corre-
spond, respectively, to 4, 2, and 1% of the literature [8]. These studies
have focused on the microbiome composition in different plant com-
partments and factors that influence the assembly of the microbiome,
and the use of molecular tools to access microbial communities and its
potential benefits for sustainable agriculture.

A recent Brazilian initiative was the creation of the “Brazilian
Microbiome Project (BMP)” (http://www.brmicrobiome.org/), intend-
ing to organize data from different Brazilian microbiomes [16]. The
results obtained at BMP are integrated into a larger project, called “Earth
Microbiome Project (EMP)” (http://www.earthmicrobiome.org/),
providing Brazilian microbiomes with a broader analysis [16].

From a global perspective to the plant microbiome theme, it is noted
that recent initiatives have sought for its use in agricultural production.
The first was launched by the White House, which created the US
Microbiome on May 14, 2016, with investments of US $ 450 million to
improve research and commercialization of microbiomes. A second
initiative was created by the European Union Commission when
launching the International Bioeconomy Forum (IBF) on October 13,
2016, where the use of microbiomes for food and nutritional security
was the central theme [15].

From the works presented, the elucidation of taxonomic and func-
tional patterns of micro-organism-micro-organism interactions and
plant-micro-organism interactions is a direction for future research. It is
worth mentioning that, together with the need to unveil the “secret” of
microbiomes, the demand for new methodologies for their study has
grown.

3. Methodologies used in the study of plant microbiomes

Classic microbiological approaches, such as the isolation and culti-
vation of micro-organisms from nutrients and growth conditions that
vary according to the target organism, are essential for their genetic and
physiological study [17]. Testing sole micro-organisms reveal their
different life strategies and their influence on promoting plant growth
[18]. However, cultivation-dependent techniques result in the loss of
much of the microbial diversity network of the environment [17]. Thus,
numerous independent-cultivation techniques have revolutionized sci-
ence and allowed for a better understanding of plant-microorganism
interactions [17]. Advances in DNA/RNA extraction procedures
coupled with omics’ analysis have been providing information about
diversity, abundance, functional profile, and metabolites in different
microbial communities [16,19,20].

Metagenomics, a term created in 1998 to represent the total genomes
of microbial communities [21], initially consisted of using cloning DNA
fragments obtained from environmental samples and analyzing libraries
in search of new micro-organisms [21]. The advancement of this tech-
nique occurred with the development of next-generation sequencing
technologies, which do not require cloning of DNA fragments and pro-
duce a higher amount of data [22]. Within the metagenomics, it is
possible to sequence all the DNA of an environmental sample (Shotgun)
and has its taxonomic and functional profile. However, most studies that
unearthed the composition of microbiomes used sequencing with mi-
crobial markers for bacteria (rRNA 16S) and fungi (ITS).
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Fig. 1. Epiphytic microbial-plant niches at the underground (rhizoplane) showing some examples of root anatomy domains available to the microbial attachment
(border cells, root tip zone, elongation zone, root hair zone). Aboveground leaf-surface niches exemplified by stomata complex, trichomes, and the periclinal cell-wall

surface of epidermal cells available for phylloplane colonization.

By new generation sequencing, Cai and collaborators [23] concluded
that the chemical composition of the soil influences fungi and bacteria
rhizosphere composition of tomato and cucumber plants. Using this
same technique, Hartman et al. [17] observed that rhizobia colonize 70
% of the root microbiome of Trifolium pratense. Other molecular biology
platforms perform synthesis-based sequencing, pyrosequencing. When
using this technique, Bergottini et al. [24] concluded that the microbial
diversity of yerba mate roots was altered when the plant is submitted to
different cultivation practices. Using the same approach, Shcherbakova

et al. [25] observed that the inoculation of beneficial symbionts in
chickpeas modified their rhizospheric microbiome and the composition
of their root exudates.

Microscopic techniques combined with molecular biology tools also
contribute to advances in the study of the structure of microbiomes [26,
27]. Among the methods used to evaluate these microbial communities,
there is microscopy: 1) epifluorescence light microscopy; 2) interferen-
tial and differential contrast light microscopy; 3) bright-field light mi-
croscopy; 4) scanning electron (SEM) and 5) transmission electron
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Fig. 2. Endophytic microbial-plant niches at
the underground showing a transverse cross-
section of the root tissue, also showing lateral
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(parenchyma; vascular tissue)
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that harbor endophytes. The main endophytic
niche occupied is the apoplastic compartment,
including intercellular spaces of ground tissue
and vascular tissue. Aboveground leaf-
transverse section showing the apoplastic com-
partments (intercellular mesophyll spaces,
xylem lumen and substomatal cavity).
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microscopy (TEM). These techniques make it possible to obtain visual
evidence of the intimate colonization pattern of the microbial commu-
nity associated with plant tissues [28]. Also, many other approaches are
used in the study of plant microbiomes. For example the real-time PCR
[26,29], automated version of ribosomal intergenic spacer analysis
(ARISA) [29], fluorescence in situ hybridization (FISH), denaturing
gradient gel electrophoresis (DGGE), terminal restriction fragment
length polymorphisms (TRFLP), phospholipid and fatty acid analysis
[30]. These methods analyze microbial diversity based on their genetic
structure or differences in the lipid components of the membrane [30].

Given recent advances, it is believed that modern molecular meth-
odologies can be used in conjunction with more conventional analyses
[15]. Recently, microcosm systems have been used in combination with
reference stocks of bacteria to assess the process of assembling the root

Bacteria colonizing root
intercellular space (upper) and
intracellular (bottom)

microbiome and its effect on plant growth. Using microcosms, Hartman
et al. [17] observed that the inoculation of Flavobacterium alone in
Trifolium pratense reduced its growth. However, its co-inoculation with
other members of the root microbiome reduced the negative effect of
this single micro-organism application. Bodenhausen et al. [29], when
evaluating the influence of the plant’s genotype on the composition of
the phyllosphere microbiome, used the plate counting method to
enumerate the colony-forming units (CFU) of that compartment.

It is noteworthy that molecular techniques also have limitations,
where the difficulty of amplifying the 16S rRNA gene from plants can be
highlighted since plant tissues are rich in chloroplastic and mitochon-
drial DNA, similar to cyanobacterial DNA [15]. Nevertheless, in recent
years the use of peptide nucleic acid (PNA), which blocks the amplifi-
cation of contaminating sequences, has facilitated the sequencing of
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amplicons in prokaryotes [15]. The PCR amplification of the rRNA 18S
gene also has limitations inherent in the lack of universal primers, and
that provides a consistent and impartial view of fungi in the plant
microbiome [15].

Another challenge of research on plant microbiome is to characterize
the wide variety of molecules responsible for the network communica-
tion between plants and micro-organisms with the technology currently
available [15,20]. Thus, the increased sensitivity of existing tools, such
as spectroscopies, and the use of molecular approaches, including met-
atranscriptomics and metabolomics, are necessary for the character-
ization of microbiome signaling molecules [15].

Although molecular tools are more used in studies on microbiomes,
culture-dependent methods, including the isolation of micro-organisms,
contribute to the consolidation of knowledge obtained from modern
techniques in innovative biotechnological products, such as bio-
inoculants [15]. Thus, the creation of multidisciplinary approaches,
which integrate new technologies and traditional tools, is of paramount
importance for advancing research on plant microbiomes. These ap-
proaches may identify, for example, the microbiota that inhabits the
different niches of the plant.

4. Microbial niches in plants

Plants have highly distinct microenvironments that harbor complex
and diverse communities of fungi and bacteria, the so-called “plant
microbiomes” [8]. These microbiomes represent a continuum of mi-
crobial communities associated with different niches on the surface
(epiphytic interactions - Fig. 1) and inside plant tissues (endophytic
interactions - Fig. 2). Studies on microbiomes explore different vegeta-
tive/reproductive organs and various compartments of the plant where
micro-organisms can establish and colonize. In the plant, habitats such
as the antosphere, carposphere, and spermosphere are less investigated
[31-33]. So far, much research has focused on the study of the micro-
biota associated with the rhizosphere, seed, root, and aerial part of
plants.

4.1. Rhizosphere microbiome

The soil is the largest reservoir of micro-organisms that interacts with
plants [34] and houses, in its rhizospheric portion, almost 1011 micro-
bial cells/gram of root, responsible for more than 30,000 prokaryotic
species [35]. The rhizospheric part of the soil is defined as a region that
is influenced by exudates and root secretions and is home to a microbial
community that is crucial for plant growth and health [23]. This fraction
of microbial diversity present in the soil is responsive to a variety of
chemical compounds and other physicochemical changes in the rhizo-
spheric compartment, favoring the selective enrichment of specific mi-
crobial communities over others [36]. In the rhizodeposition process,
rhizoderm cells release a wide range of compounds, including organic
acids, inorganic acids, siderophores, sugars, vitamins, amino acids, pu-
rines, nucleosides, and polysaccharide mucilage [22,37]. Because it is a
carbon-rich environment, the rhizosphere has 10-100 times more
micro-organisms than “bulk” soil [37].

The rhizodeposition process also refers to the release of specialized
cells from the root tip, called “border cells,” which influence the mi-
crobial colonization of the rhizosphere [38]. This increase in microbial
activity in the rhizosphere is accompanied by a reduction in microbial
diversity related to the adjacent soil [39].

As several studies have shown the role of root exudates in bacterial
chemotaxis and, consequently, in the colonization of the host plant, it is
believed that rhizodeposition contributes, at least in part, to the struc-
turing of plant bacterial communities [40,41]. According to Bakker et al.
[42], it is necessary to use the exudation characteristics of plants to
select and improve beneficial microbial activities.

Root exudates contribute to shaping the rhizospheric microbial
community. Nevertheless, its quantity and composition vary from one
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plant to another. The assembly of the microbiome also tends to be
different among plant species. Turner et al. [2,43], when comparing the
rhizosphere of wheat, oats, and peas, found similar microbial groups
belonging to the phyla Proteobacteria, Actinobacteria, Firmicutes,
Acidobacteria, Planctomycetes, and Bacteroidetes. However, they also
observed that peas (legumes) had a more substantial effect on the
rhizosphere than wheat and oats (cereals). Legume plants, due to sym-
biotic internship with nitrogen-fixing rhizobia, present a root exudation
that differs, in quantity and quality, from non-leguminous plants, which
generates the distinctive assembly of the rhizospheric microbiome. The
exudation of the roots is essential in the recruitment and modulation of
the rhizosphere microbiome; however, it is worth mentioning that other
biotic and abiotic factors can affect this assembly [44].

On the other hand, some microbial taxa are always detected in a host
plant or a condition, the so-called “central microbiome” or “microbial
core” [45]. Sequencing the rhizospheric microbial community of 19
herbaceous plants showed that each species shared 8-111 select oper-
ational taxonomic units (OTUs) [44]. The existence of a central micro-
biome was also confirmed by identifying members of Rhizobiales,
Sphingomonadales, Burkholderiales, and Xanthomonadales in the
rhizosphere of six different plant species (Artemisia argyi, Ageratum
conyzoides, Erigeron annuus, Bidens biternate, Euphorbia hirta and Viola
japonica) as reported by Lei et al. [46].

In arid regions, the species Adenium obesum, Aloe dhufarensis and
Cleome austroarabica present microbial taxa and rhizosphere-specific
enzymatic activity, but share fungi from the phylum Ascomycota and
Basidiomycota, in addition to bacteria from the groups’ Actinobacteria,
Proteobacteria, Bacteroidetes, Planctomycetes, Acidobacteria and, Ver-
rucomicrobiae [47]. In wheat, a survey in the rhizosphere pointed out
the bacterial phyla Proteobacteria, Actinobacteria, and Acidobacteria
and the fungi Ascomycota, Chytridiomycota, and Basidiomycota as the
dominant groups [48]. Currently, many works have been dedicated to
the mapping of central microbiomes, in an attempt to use them in
different plant species and contexts. However, these abundance-defined
nuclei may miss non-dominant members of the microbiota, but essential
in many processes. Moreover, perhaps the source of crucial microbes is
not just the soil, as most studies point out, but the seed.

4.2. Seed microbiome

Soil is considered the primary source of microbial diversity in the
rhizosphere. However, recent studies indicate that part of its microbial
composition may result from the release of resident epiphytic and
endophytic micro-organisms associated with plant tissues during the
process of germination [33,49]. Seeds harbor beneficial and pathogenic
microbiota on their surface and inside the tissue [50]. Beneficial seed
micro-organisms act on the initial development of the plant, affecting
germination and seedling survival [51,52].

The micro-organisms that inhabit the seeds can be acquired directly
from the mother plant (vertical transfer) or the environment (horizontal
transmission). In the vertical transfer, it is believed that micro-
organisms associated with the flower, fruits, and leaves of the plant
come into contact with the seed and become part of its microbiome. This
same seed, upon reaching the soil and undergoing imbibition, initiates a
germination process. In this process, several metabolites, such as organic
acids, amino acids, fatty acids, and carbohydrates, are released around
the seed - a region called the spermosphere - creating an attractive area
for soil micro-organisms [37]. At that moment, the soil microbiota can
start to compose, via horizontal transfer, the seed microbiome [53]. For
that, it will have to compete against the microbiota already established
in the seed. Kumar et al. [37] listed studies in which several bacterial
taxa, such as Bacillus, Pseudomonas e Rhizobium, exhibited positive
chemotaxis for seed exudates. They also showed that these exudates
induce the expression of several metabolic genes in bacteria [37].

Based on the transmission pathways (vertical vs. horizontal), micro-
organisms will occupy distinct niches in the seed, such as its coating
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(pericarp), the embryo (embryonic and cotyledon axis), and storage
tissue (endosperm or perisperm) [53]. According to Barret et al. [54],
micro-organisms associated with the embryo and endosperm are more
likely to be transmitted vertically, while those associated with the
coating are transmitted horizontally.

Advances in sequencing and microscopy technologies have allowed
the characterization of micro-organisms that live outside and inside
seeds, with a more significant number of studies aimed at bacterial
communities. In several plants, bacteria are often associated with the
phyla Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes [40,
49,501, which can be explained, in part, due to the predominance of
these phyla in the soil [55]. Of course, biotic and abiotic factors influ-
ence the recruitment of specific micro-organisms to the plant, but native
bacterial species of the seed can be conserved in some vegetables [40,
56]. However, some plant species have a highly specific microbial
signature and with a small central microbiome, which was observed
when comparing the seed microbiome of eight species of alpine plants
[571.

The correlation between the seed and soil microbiome is still unclear,
but it is known that seed bacteria can colonize different parts of the plant
[58,59], and may even come out from the root to the rhizosphere and
reach the ground [56]. On the other hand, soil microbes appear later and
need to compete against the already established microbiota in the seed
[51]. Micro-organisms selected in the rhizosphere will be able to move
to other parts of the plant.

4.3. Root and shoot microbiome

The area of a leaf can harbor an average of 10%-10” cm ™2 bacteria and
fungi ranging from 102-10® CFU g, a number comparatively less than
the rhizosphere diversity [60]. Even though the rhizosphere houses a
rich and diverse microbiota, part of this community has developed
mechanisms for physically interacting with plants. Through chemotaxis
processes, followed by microbial adhesion mechanisms, bacteria, and
fungi attach epidermal-cell wall root surface (Fig. 1). These epiphytic
interactions in the rhizoplane may involve the participation of
anchoring structures and adhesive proteins that result in the firm
adhesion of micro-organisms to the plant cell wall, with subsequent
formation of aggregates and biofilms [61]. Epiphytic interactions in the
phylloplane can result from systemic spreading through the xylem vessel
elements by rising water flux in the transpiratory processes of the plant
or by direct access of micro-organisms to the surface of the stem and
leaves [1].

Part of the epiphytic microbial community developed strategies to
infect and colonize the interior of the plant’s tissues, thus establishing an
endophytic interaction (Fig. 2). Endophytic micro-organisms are those
capable of colonizing at least in part of their life cycle, the interior of
plant tissues without inciting symptoms of the disease [62]. In these
interactions, micro-organisms can modulate the plant’s innate immune
response and live inside the planta, mainly in apoplastic compartments
[63]. This compartment is also known, by some authors, as the endo-
sphere [8].

According to life strategy, endophytes can be classified as mandatory
or optional. Mandatory endophytes are dependent on the host plant for
growth and survival and inherited through vertical transmission via
seeds or vectors [26,64]. Optional endophytes have a biphasic life cycle,
alternating between the host plant and the environment. These
micro-organisms come from the soil, infect the host plant, and colonize
the plant tissue [26,64]. Most endophytic plant-growth promoters are
optional.

The structure of microbial communities in the different compart-
ments that make up plant microbiomes can be influenced by the micro-
organism’s ability to colonize and allocate plant resources [18]. For
efficient colonization, it is observed that root endophytes often adhere to
the surface of the roots and multiply. Then, they invade the intercellular
environment through natural openings caused mainly by the emission of
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lateral roots [61]. After initial colonization, some endophytes can move
to the shoot of the plants [61]. The allocation of resources in different
plant compartments also modulates the endophytic community distri-
bution pattern on the tissues [18]. The persistence of the microbiota in
the plant compartments also depends on its ability to compete with
other micro-organisms and the impact of adverse conditions of the
environment [65].

Phyllosphere microbiota is distributed in distinct leaf-niches micro-
environments. It needs to adapt to a more hostile environment with
frequent changes in temperatures, light, UV radiation levels, low
availability of water, and nutrients [65]. These are the factors that alter
the composition and microbial diversity in the phyllosphere. In this re-
gion, bacteria are predominant, and the phyla Firmicutes, Acid-
obacteria, Actinobacteria, and Cyanobacteria are frequently found.
Yeasts of the genera Cryptococcus, Sporobolomyces, Rhodotorula, and
filamentous fungi belonging to the genera Cladosporium, Alternaria,
Penicillium, Acremonium, Mucor, and Aspergillus are also part of the leaf
microbiome community [65].

Microbiome composition similarities between the root and its
rhizosphere have been observed with the dominance of bacteria
belonging to the phyla Proteobacteria, Actinobacteria, and Bacter-
oidetes. However, the bacterial diversity is higher in the rhizosphere
compartment and lower in the interior of the root [66]. The endophytic
microbial community associated with olive roots (Olea europaea) was
less diverse than the rhizospheric, being represented by the bacteria
Actinophytocola, Streptomyces, and Pseudonocardia and by the fungi
Canalisporium, Aspergillus, Minimelanolocus and Macrophomina [67].
Probably, plant physical and biochemical barrier exerts selective pres-
sure over the root-epiphytic community. As a result of this selective
pressure to gain entrance into the plant tissue, the endophytic micro-
biota is less diversity and composition tends to remain stable inside the
plant and vary significantly in the rhizosphere [68].

Recognizing the plant body as a complex interconnect niches that
harbor the microbiota in the rhizosphere, rhizoplane/phylloplane, and
endosphere domains represents a step forward to understand what are
the modulatory factors that shape plant microbiome composition.

5. Factors that alter the structure of microbiomes (composition,
wealth and abundance)

Although several types of micro-organisms form the microbiome,
different groups respond similarly to biotic and abiotic factors that
impose strong selection in the composition of their community [8].
Among these factors are the plant genotype, the interaction of microbial
communities, the use of specific agricultural practices, and environ-
mental conditions.

5.1. Effect of plant genotype

Plants benefit from several functions performed by their micro-
biome, which is why they invest part of their carbon sources in the
formation and maintenance of the microbiota. In this sense, plants with
different genotypes behave differently concerning root metabolism, the
composition of root exudates, recognition systems, and innate immune
response [25,69,70]. Studies indicate that variations of this nature can
alter the structure and activity of the plant microbiome, which, in turn,
acts on growth, nutrition, and resistance to biotic and abiotic stresses
[71].

The contribution of the plant genotype to the structure of the root
microbiome was observed in a study by Curlango-Rivera et al. [72],
where the production of border cells varied between different cotton
cultivars. These cells are formed from meristematic cells and were
initially considered “dead” and responsible for the mechanical protec-
tion of the root tip. Today, it is known that border cells are related to
colonization of the root by micro-organisms. Similarly, plant roots de-
posit high and low molecular weight compounds at the root-soil
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Fig. 3. Direct (blue arrow) and indirect (purple arrow) effects of the bioinoculant application on the plant host. Plant-growth promotion characterized by the release
of phytohormones (biostimulation effect), the supply of nutrients (biofertilization effect), and protection against pathogens (biocontrol) (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

interface, the rhizodeposition, which may vary according to their ge-
notype [22]. Thus, plants with different genotypes can release com-
pounds with different composition, promoting specific microbial
signaling and colonization [73].

When analyzing the seed microbiome, different authors identified
the impact of the plant genotype on the microbial composition of the
seed [50,74]. In the Arabidopsis phyllosphere, a study revealed that four
of the nine genotypes tested had a different microbial composition,
which indicates that the genetic factors of the host plant may shape the
associated microbiota [29]. Similar results were found by Morella et al.
[75] in the tomato phyllosphere. In the rhizosphere, Mendes et al. [76]
observed that bacteria from the families Pseudomonadaceae, Bacilla-
ceae, Solibacteraceae, and Cytophagaceae were more abundant in
Fusarium-resistant bean cultivars. Fusarium resistance shaped the mi-
crobial assembly of the rhizosphere and selected bacterial taxa with
biocontrol activity [77]. In watermelon, bacteria and actinomycetes
were more abundant in the rhizosphere of the cultivar resistant to
Fusarium oxysporum than in the susceptible variety, while the population
of the fungi Penicillium, Fusarium and Aspergillus were smaller in the
resistant cultivar [78]. Rhizospheric soil transplantation from tomato
plant resistant to Ralstonia solanacearum to a susceptible plant genotype
suppressed the symptoms of the disease [79]. It was noted that the
transplanted soil was abundant in flavobacteria and capable of sup-
pressing the pathogen [79].

In this sense, genetic improvement should start to consider the
microbiome associated with the plant, to design or select cultures
capable of attracting the beneficial microbiota and of agricultural in-
terest, as antagonists and growth promoters [71]. The practice of
selecting and improving plants due to their association with the bene-
ficial microbiota is highly promising. Nevertheless, the progress depends
on understanding the functioning properties of the microbiome and its
interaction with the plant [71].

5.2. Effect of bioinoculants (beneficial interactions)

Bioinoculant is a sustainable method to increase crop productivity
while reducing the use of chemical fertilizers [61]. However, knowledge
of its impact on the plant microbiome is very scarce [80]. Thus, un-
derstanding the interaction between native and inoculated microbial
communities in plants will contribute to the improvement of biological

products [80].

Microbial inoculants efficiency depends on the inoculum traits and
its ability the overpass native microbial competition and establishes in
the rhizosphere. Rhizospheric competence is a multigenic heritage,
poorly understood but crucial for successful, positive plant-response
[61]. The interaction between native micro-organisms of the plant and
micro-organisms called “transients” can be parasitic, predatory,
competitive, or mutualistic [81]. This interaction can be mediated by
the production of specific molecules, with antimicrobial or probiotic
activity, which selectively inhibits or stimulate microbial growth [70].
In this way, the native microbial community of the host plant is crucial
for the success of its colonization by transient micro-organisms [81].

The establishment of micro-organisms in the root region involves
different plant-microorganism signaling pathways and between mi-
crobes. For the interaction between micro-organisms, the quorum sensing
system, which regulates population density by producing low molecular
weight molecules, is a form of communication. The mechanism is
underlined by acylated homoserine lactones (AHLs) between gram-
negative bacteria and cyclic peptides between gram-positive bacteria
[82]. Examples of plant-microorganism interaction include the release
of effector proteins by symbionts to suppress, activate, or alter host
defense [83] and reorganize plant metabolism [84]. Thus, bioinoculants
with higher invasive capacity can establish themselves in the soil of the
host plant, alter the structure of their native microbial community, and
the response of the plant to the inoculum [85]. From this, one can
classify the effects of bioinoculants on plant-growth promotion as indi-
rect or direct.

The effect of the bioinoculant is considered indirect when it causes
changes in the structure of the microbiome (Fig. 3). The first reports
related to these changes were made by Andreote and colleagues [8] and
Conn and Franco [86], where the inoculant modified the structure of
endophytic populations. In a study by Ardanov et al. [85], changes in the
structure of the endophytic potato community were observed in
response to the inoculation of Methylobacterium sp. In this work, bacte-
rial inoculants increased the relative abundance of Massilia sp., Acine-
tobacter sp., Entyloma sp., and Phoma sp., known for their biocontrol
properties.

The influence of a microbial inoculant on the seed microbiome was
reported by Mitter and colleagues [26]. In this study, Paraburkholderia
phytofirmans (PsJN) inoculation in spring wheat seeds reduced the
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population of Proteobacteria and enriched with Flavobacteria.

Certain fungi can also modify the composition of the microbiome,
which was observed when inoculating arbuscular mycorrhizal fungi in
salvia (Salvia officinalis), French lavender (Lavandula dentata), thyme
(Thymus vulgaris), and santolina (Santolina chamaecyparissus), o that
modified the composition of the bacterial community associated with
the rhizosphere [87]. Likewise, inoculation of the fungus Metarhizium in
beans increased the diversity of micro-organisms that promote plant
growth, such as Bradyrhizobium, Flavobacterium, Chaetomium, and Tri-
choderma, in addition to suppressing the activity of the Fusarium solani
pathogen [88].

Pyrosequencing the 16S rRNA gene, changes in the bacterial com-
munity of the chamomile rhizosphere were observed from the applica-
tion of different bioinoculants, where bacteria belonging to the phylum
Verrucomicrobia were only present in the treatment with Steno-
trophomonas rhizophila [80]. Actinobacteria were only observed in
samples treated with Bacillus subtilis, Stenotrophomonas rhizophila, and
Serratia plymuthica [80]. However, dominant taxonomic groups were
common to all treatments and included the phyla Proteobacteria, Bac-
teroides, Firmicutes and Actinobacteria; and the genera Rhizobium
(phylum Proteobacteria), Pseudoxanthomonas (phylum Proteobacteria),
Pseudomonas (phylum Proteobacteria), Flavobacterium (phylum Bacter-
oidetes) and Arthrobacter (phylum Actinobacteria) [80]. Gu and col-
leagues [89] had shown that microbial inoculants isolated from forest
soils, soybeans, and tomatoes showed apparent effects on the bacterial
structure of the rhizospheric community, where the genera Streptomyces,
Luteimonas, and Enterobacter were identified as responsible for the
growth of plants.

The effects of bioinoculants are considered direct when the inoculum
can act on plant metabolism and improve, for example, the distribution
of roots in the soil, increasing the colonization sites by the microbiota
[61] or when the inoculation changes the profile of root exudates,
which, in turn, modulate the structure and function of the microbial
community (Fig. 3). In this sense, Da Silva Lima et al. [90] observed that
root maize seedlings inoculated with Herbaspirillum seropedicae and the
bacteria combined with humic acid exuded a diversity of nitrogen
compounds, differing from the exudation profile of control or humic
acid-treated plants. Changes in the secondary metabolism of chamomile
(Chamomilla recutita) were also observed by the increase in the flavonoid
apigenin-7-O-glycoside when this plant was inoculated with Bacillus
subtilis and Paenibacillus polymyxa [80].

Biocompatibility studies between inoculated and native micro-
organisms can solve several failures obtained in this interaction [91].
Molecular technologies allow characterizing the microbiome of different
plants, comparing with the microbiome of plants treated with bio-
inoculants [91]. From this understanding, it will be possible to isolate
new micro-organisms of agricultural relevance from the microbiome,
and design new bioinoculants, or shape it according to the need of the
culture [91].

5.3. Effect of a pathogen

The endophytic plant-community can present beneficial and harmful
micro-organisms in a latent state. These dormant micro-organisms can
be “reactivated” by external factors, such as the attack of pathogens, and
promote the resistance of plants to diseases. The endophytic community
can induce plant defense thought: 1) the endophytic community must
contain micro-organisms that act in resistance; 2) native endophytic
populations must be reactivated by an entry micro-organism, as a bio-
logical control agent, or by abiotic factors [92]. However, reactivation of
latent micro-organisms is more efficient after attack by pathogens [92].

Little is known about the impact of pathogens on the plant micro-
biome structure, but some studies have devoted themselves to investi-
gating this hypothesis. In Arabidopsis thaliana, the presence of
phytopathogenic fungi altered the epiphytic and endophytic bacterial
colonization of the phyllosphere [93]. Erlacher et al. [94] showed that
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the inoculation of the phytopathogenic fungus Rhizoctonia solani
increased the diversity of Gammaproteobacteria in lettuce. In this study,
the authors identified an increase in enterobacteria in the phyllosphere
of lettuce with root rot, while the genera Acinetobacter and Alkanindiges
were identified as indicators of healthy plants. Similar results were
found by Koberl et al. [95], when reporting that banana trees infested by
Fusarium oxysporum were colonized, preferably, by bacteria from the
Enterobacteriaceae family, while healthy plants were associated with an
increase in Pseudomonas and Stenotrophomonas. In kiwifruit, the bacte-
rial canker disease, caused by Pseudomonas syringae, affected the
microbiome of the Actinidia delicious phyllosphere, where it promoted a
drastic reduction in microbial diversity [96]. The pathogen Plasmodio-
phora brassicae was responsible for reducing the abundance of Flaviso-
libacter and Streptomyces in the rhizosphere and Bacillus in the root of
Chinese cabbage [97]. Also, in the rhizosphere, the abundance of Ral-
stonia solanacearum reduced the alpha diversity of the bacterial com-
munity, where Bacillus and Chitinophaga were negatively affected [41].

On the other hand, changes in microbial composition and diversity
after infection of pathogens can be based on chemical changes in the
plant, such as changes in the root exudation profile [98,99]. This change
was observed in the Arabidopsis plant, which, when infected with the
pathogen Pseudomonas syringae, had increased malate secretion, which
attracted Bacillus subtillis to the roots, a bacterium active in biocontrol
[100].

Since the microbiome can help plants withstand pathogen infections,
it is conceivable that they can affect the host’s microbiota. The works
cited here sought to understand the complex phytopathogen-
microbiome interaction in order to seek new alternatives for disease
control.

5.4. Effect of agricultural practices (fertilizers, green manure, compost,
vermicompost, agrochemicals, crop rotation, monoculture)

Agricultural practices are often related to changes in the plant
microbiome. This influence occurs due to changes in soil properties,
mainly nutritional and can affect the microbiome directly, by stimu-
lating or inhibiting its activity according to their nutritional preferences,
or indirectly, interfering in the way plants select their micro-organisms
[23].

Sustainable technologies have been gaining ground in global agri-
culture and are identified as the most “committed” to preserving plant
microbiomes. In this sense, several studies are being carried out in order
to understand the effect of sustainable practices on the structure of the
plant’s microbial community. As an example, we can mention the use of
native trees and residues of vegetable and animal origin. According to
Bergottini et al. [24], the use of green manure and agroforestry system
alters the composition of the yerba mate bacterial microbiome, and its
cultivation in monoculture favors the development of an abundant
fungal microbiome. Further evidence of the effect of the organic system
on the microbiome is presented in work by Lupatini et al. [101], where
the use of organic compost in soil with crop rotation increased the
phylogenetic richness, diversity and bacterial heterogeneity of the soil
when compared to the conventional cultivation system. In the potato
rhizosphere, the use of mulch increased the diversity of fungi, with
Ascomycota being the dominant phylum. On the other hand, this prac-
tice inhibited the reproduction of the Fusarium pathogen [102].

In a long-term field experiment (more than two decades), Hartmann
et al. [103] compared soils managed in conventional and organic sys-
tems and concluded that these soils housed different microbiomes. The
organic system was composed of specific microbiota, but known to
degrade organic compounds, while the system that did not receive
manure housed oligotrophic micro-organisms, typical of environments
with few nutrients. In another study, Hartman et al. [104] identified that
cultivation practices altered the microbial community of the soil and
winter wheat roots, where no-tillage was determinant for soil bacteria
and root fungi. On the other hand, the type of management influenced
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soil fungi and root bacteria. In this case, about 10 % of the variations in
the structure of the microbiomes are explained by the management
practices. Campisano et al. [105], when studying the influence of agri-
cultural practices on the endophytic bacterial community of vines,
observed that the genera Mesorhizobium, Caulobacter, and Staphylococcus
were more abundant in organic vines. At the same time, Ralstonia,
Burkholderia, and Stenotrophomonas were abundant in vines subjected to
integrated pest management (IPM).

Understanding the effect of nitrogen fertilization on the plant
microbiome is of great importance for the sustainable management of
this fertilizer in agriculture. The use of increasing doses of nitrogen, for
example, increases the exudation of sugars, sugar alcohols and phenolic
compounds in maize, which, in turn, can alter the structure and abun-
dance of bacteria in the rhizosphere. In this case, bacteria of the orders
Bacillales, Rhodocyclales, and Nitrosomonadales are more abundant
because they are related to nitrogen cycling [106]. Cai et al. [23] also
correlated the differential selection of the rhizospheric microbiome of
tomatoes and cucumbers to nitrogen fertilization of crops.

In a study by Li et al. [39], the results found suggest that the
monoculture of black pepper, in the long term (12, 18, 28, and 38 years),
alters the composition of the soil microbial community and its physi-
cochemical properties. In this study, the authors observed that mono-
culture increased the abundance of bacterial phyla in the rhizosphere,
but reduced it in non-rhizospheric soil, with a significant decline in
Firmicutes. An increase in soil/rhizosphere Fusarium population was
observed accomplished by a decrease in Pseudomonas and Bacillus,
beneficial bacteria for black pepper. On the other hand, in a crop rota-
tion system with pepper and banana, a reduction in the Fusarium oxy-
sporum pathogen was observed concerning the monoculture system. The
soil submitted to the rotation was more abundant than monoculture
cropping for Gemmatimonas, Pseudomonas, Sphingobium, Sphingomonas,
Penicillium, Mortierella, and Chaetomium [107].

5.5. Effects of abiotic factors (drought, salinity, high temperatures, low
temperatures, pH)

Under natural conditions, plants and their microbial community are
exposed to various environmental conditions, such as changes in tem-
perature, humidity, pH, and UV rays, which directly or indirectly modify
the composition of the microbiome [108]. A comparison of soil
micro-organisms from different climatic conditions revealed distinct
communities taxonomically and functionally, where functional diversity
was less in arid environments [108]. This study has important impli-
cations for understanding the impacts of climate change on different
microbiomes. When comparing the rhizosphere microbiome between
eight soil types collected in different countries, Simonin et al. [109]
found significant differences in the richness of taxa and the structure of
the community (variation of 57 %). They attributed this variation to the
pH of the soil.

Drought is one of the abiotic factors that most affect micro-
organisms. In addition to osmotic stress, the mobility of nutrients, and
access to oxygen in the soil are limited [110]. In a study by Santos--
Medellin et al. [111], rice plants subjected to water stress had their root
microbiome restructured, which can contribute to the survival of plants
in these extreme environmental conditions. In this work, the authors
observed an increase in the phyla Actinobacteria and Chloroflexi in rice
roots and a reduction in the phyla Acidobacteria and Deltaproteobac-
teria [111]. Similarly, Fitzpatrick et al. [112] concluded that drought
altered the composition of root microbiomes, increasing the abundance
of Actinobacteria.

Soils subjected to thermal treatments (50-80 °C) respond to heat
disturbances by changing their bacterial community and reducing their
ability to suppress diseases [113], a fact that can be attributed to the
decrease in the relative abundance of Streptomycetaaeae, Micro-
coccaceae and Mycobacteriaceae, bacteria that are known for their
antagonistic effect [113]. Plants are also regularly exposed to UV
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radiation, which leads to the stratification of the phyllosphere micro-
biome. By damaging microbial DNA, radiation selects bacterial pop-
ulations of the leaf and its tolerance to radiation [37]. However, some
bacteria withstand high UV exposure due to the presence of pigments
(such as carotenoids, xanthomonadine, and melanin), extracellular
polysaccharides (EPS), and the formation of spores [37].

Mark Ibekwe et al. [114] observed when evaluating the effect of
salinity on the soil microbiome and the spinach rhizosphere that stress
was more pronounced in the rhizospheric microbiome, which can be
attributed to the increase in water absorption by plants due to transpi-
ration. Besides, the authors noted that a second factor, temperature, also
changed the diversity of the community. In March and May, the samples
of the spinach rhizosphere showed a high relative abundance of Fla-
vobacteriaceae, while in June, the samples contained more Hal-
omonadaceae. For the soil microbiome, the months of May and June
differed in the relative abundance of the Cytophagaceae, Comamona-
daceae, Hyphomicrobiaceae, and Planctomycetaceae families.

The studies mentioned above showed that biotic and abiotic factors
could alter the structure of plant microbiomes; it remains for us to un-
derstand if this change brings benefits to the plant.

6. Benefits of microbiomes for plants

Many micro-organisms, saprophytic, or necrotrophic, are harmful to
plants and their native microbial diversity [37]. Examples of pathogens
include Agrobacterium, Pseudomonas, Xanthomonas, Ralstonia, and Erwi-
nia bacteria, and the fungi Phytophthora, Mangnaporthe, Puccinia,
Pythium, Rhizoctonia, Fusarium, Ustilago, and Alternaria [37]. However,
among the several benefits of the microbiome for plants, disease control
stands out, also called biocontrol [115]. There are several examples of
biocontrol by the plant-associated microbiota [116] through the pro-
duction of siderophores (chelating agents capable of sequestering
insoluble ferric ions), volatile compounds, enzymes, and antibiotics, in
addition to modulation in phytohormone levels [71,117]. The plant
microbiome also inhibits the growth and activity of pathogens through
competition for nutrients and microenvironments, parasitism, antibiosis
[115], and the resistance they confer to the plants’ immune system [1].
Some soil bacteria capable of protecting the plant from pathogens
belong to the genera Pseudomonas, Streptomyces, Bacillus, Paenibacillus,
Enterobacter, Pantoea, Burkholderia, and Paraburkholderia [71]. In the
soil microbiome, the phyla Acidobacteria, Actinobacteria, and Firmi-
cutes were able to control the wilt caused by Fusarium oxysporum [118],
while the endophytes Serratia and Enterobacter were able to control the
pathogen Gaeumannomyces graminis, which caused take-all of wheat
[119].

In addition to promoting plant growth through the biocontrol
mechanism, the microbiome also stimulates growth through bio-
fertilization, that is, by controlling the availability and acquisition of
nutrients by plants [18]. Symbiotic associations between nitrogen-fixing
bacteria, mainly rhizobia, arbuscular mycorrhizal fungi, and phosphate
solubilizing bacteria, are typical examples of biofertilization and how
plants obtain nitrogen and phosphorus, respectively [120]. The inter-
action between arbuscular mycorrhizal fungi and phosphate solubilizing
bacteria increases the availability of phosphorus for plants since the
bacteria solubilize phosphorus ions while the fungi translocate them to
the plant [37]. Azotobacter, Microbacterium, Erwinia, Bacillus, Beijer-
inckia, Serratia, Burkholderia, Enterobacter, Flavobacterium, Pseudomonas,
and Rhizobium bacteria are known as phosphate solubilizers [37].
Rhizobia, on the other hand, evolved together with vegetables, mainly
legumes, to fix nitrogen directly from the air and help plants to establish
themselves in limiting soils [1]. In addition to containing rhizobia, the
legume nodule microbiome consists of other endophytic bacteria, both
of which are responsible for direct and indirect growth promotion
mechanisms in plants [121]. Some nitrogen-fixing endophytes are cya-
nobacteria (Anabaena, Nostoc, Calothrix), Azotobacter, Azospirillum, and
Gluconacetobacter [37]. However, fixators can also be free-living and
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Table 1
Description of work with essential contributions to the study of the plant microbiome.

Plant

Methodologies used

Key findings

Reference

Watermelon (Citrullus lanatus)

Maize (Zea mays)

Maize (Zea mays)
Maize (Zea mays)

Cotton (Gossypium hirsutum
and Gossypium barbadense)
Arabidopsis thaliana

Spinach (Spinacia oleracea)

Chamomile (Chamomilla
recutita)

Lettuce (Lactuca sativa)

Vine (Vitis vinifera)

Arabidopsis thaliana

Arabidopsis thaliana
Willow (Salix purptirea)

Winter wheat (Triticum
aestivum)
Grass-clover
Tomato (Lycopersicon
esculentum)
Cucumber (Cucumis sativus)
Maize (Zea mays)

Willow (Salix purpiirea and
Salix miyabeana)
Maize (Zea mays)

Potato (Solanum Tuberosum)
Black pepper (Piper nigrum)
Beet (Beta vulgaris)

White birch (Betula pendula)
Rape (Brassica napus)
Rye (Secale cereal)
Autumn Crocus (Colchicum
autumnale)

Arabidopsis thaliana

Tomato (Solanum lycopersicum
cv. Micro-Tom)

Soy (Glycine max)

Wheat (Triticum aestivum)
Bean (Phaseolus vulgaris)

PCR-DGGE

Terminal restriction fragment length
polymorphism (TRFLP)

Microscopy

Sequencing

Sequencing
Sequencing
Extracellular trap

Sequencing

Microscopy

Catalyzed reporter deposition-fluorescent
in situ hybridization (CARD-FISH)
Sequencing

Sequencing

Real-time PCR

Polymerase chain reaction-single-strand
conformation polymorphism (PCR-SSCP)
High-performance liquid chromatography-
mass spectrometry (HPLC-MS)
Microscopy

Sequencing

Sequencing

Automated ribosomal intergenic spacer
analysis (ARISA)

ARISA

Real-time PCR

Cultivation and plate counting
Sequencing

Sequencing

Sequencing

Sequencing

Cultivation
TRFLP

Sequencing
Sequencing

Sequencing
Real-time PCR
Spectrophotometry
TRFLP

Sequencing
Sequencing

PhyloChip

Cultivation

Sequencing

Microscopy

Fluorescence in Situ Hybridization-Based
Confocal Laser Scanning Microscopy
(FISH-CLSM)

Sequencing

Sequencing

High-performance liquid chromatography
(HPLC)

Sequencing

Biochemical assays

Bacteria and actinomycetes are more abundant in the rhizosphere of the
watermelon cultivar resistant to Fusarium oxysporum than in the susceptible
variety, while populations of fungi are smaller in the resistant cultivar.
Maize seeds have a conserved central microbiome.

Seed isolates manage to leave the root and colonize the rhizosphere.

The diversity and function of the soil microbiome vary between terrestrial
biomes.

Endophytic bacterial communities of the seed vary between maize hybrids
with different genotypes.

Variation of endophytic bacteria, in number and species, in maize seeds
with different genotypes.

Variation in the production of border cells between cotton cultivars.

Differences in the bacterial community, according to Arabidopsis genotypes.

Bacterial communities of spinach seeds and cotyledons are similar in
richness and diversity.

Bacterial inoculants interact with the plant’s microbiome and influence its
secondary metabolism.

Inoculation of the phytopathogenic fungus Rhizoctonia solani increases the
diversity of Gammaproteobacteria (Enterobacteriaceae family) in the
phyllosphere.

The composition of endophytic bacterial communities differed between
plants subjected to organic production and integrated pest management
(IPM).

Differences in the phyllosphere microbiome of different Arabidopsis
genotypes.

Modulation of bacterial colonization of the rhizosphere by salicylic acid.
Changes in willow growth in areas contaminated by hydrocarbons after the
manipulation of their rhizospheric microbiome.

Agricultural soils under organic and conventional systems are home to
distinct microbiomes.

Influence of soil nutrition on the composition of the rhizospheric
microbiome.

Transmission of epiphytic and endophytic microorganisms from seeds to
the rhizosphere.

Influence of oil concentration from contaminated soils on the willow
microbiome.

Increased root exudation and abundance of rhizospheric bacteria with
increasing doses of nitrogen fertilization.

Alteration in the structure of the potato endophytic microbial community
after the inoculation of Methylobacterium sp.

Changes in the structure of the bacterial and fungal community of the soil
and rhizosphere of black pepper.

The soil temperature alters the bacterial diversity of the rhizosphere
microbiome, which can lead to disease suppression.

The high degree of diversity and specificity of the bacterial microbiome
associated with flower pollen and its alteration concerning the type of
pollination.

Changes in the epiphytic and endophytic bacterial colonization of the
phyllosphere after inoculation of the fungal pathogens Albugo and
Dioszegia.

Ralstonia solanacearum alters the root exudation profile of tomatoes and the
composition of the bacterial community.

Of 2.007 bacterial isolates from rhizospheres, 55 % showed characteristics
of growth promotion.
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An et al. (2011)
Johnston-Monje e
Raizada (2011)
Fierer et al. (2012)
Liu et al. (2012)
Liu e Xu (2012)
Curlango-Rivera
et al. (2013)

Lundberg et al.
(2013)

Lopez-Velasco et al.
(2013)
Schmidt et al. (2014)

Erlacher et al.
(2014)

Campisano et al.
(2014)

Bodenhausen et al.
(2014)

Lebeis et al. (2015)
Yergeau et al. (2015)

Hartmann et al.
(2015)

Cai et al. (2016)
Johnston-Monje

et al. (2016)

Tardif et al. (2016)
Zhu et al. (2016)
Ardanov et al.
(2016)

Li et al. (2016)
Van der Voort et al.
(2016)

Manirajan et al.
(2016)

Agler et al. (2016)

Gu et al. (2016)

Rascovan et al.
(2016)
Kumar et al. (2016)

(continued on next page)
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Plant

Methodologies used

Key findings

Reference

Red clover (Trifolium pratense)

Spring wheat (Triticum
aestivum)

Yerba mate (llex
paraguariensis)
Chickpeas (Cicer arietinum)

Wheat (Triticum sp.)
Potato (Solanum tuberosum)
Lily (Lilium sp.)
Carrot (Dacus carota)
Maize (Zea mays)

Rice (Oryza sativa)

Potato (Solanum tuberosum)
Mustard (Brassica juncea)

Sage (Salvia officinalis)
French lavender (Lavandula
dentata)
Thyme (Thymus vulgaris)
Santolina (Santolina
chamaecyparissus)

Maize (Zea mays)

Spinach (Spinacia oleracea)

Tomato (Solanum lycopersicum)

Rice (Oryza sativa and Oryza
glaberrima)

Banana (Musa acuminata)

Potato (Solanum tuberosum)
Wheat (Triticum sp.)

Arabidopsis thaliana
Kiwifruit (Actinidia chinensis
and Actinidia deliciosa)
Bean (Phaseolus vulgaris)
Tomato (Solanum lycopersicum)
Thirty species of gymnosperms
Wheat (Triticum aestivum)
Wheat (Triticum aestivum)
Chinese cabbage (Brassica
rapa)
Olive (Olea europaea)
Bean (Phaseolus vulgaris)
Hibiscus hamabo
Artemisia argyi
Ageratum conyzoides
Erigeron annuus
Bidens biternate
Euphorbia hirta
Viola japonica
Eight species of alpine plants

Wheat (Triticum sp.)

Sequencing
Biochemical assays
Sequencing

Microscopy
Real-time PCR
Sequencing
Sequencing

Sequencing
Biochemical assays
Sequencing
Sequencing

Microscopy
Biochemical assays
MicroResp™

Sequencing

Nuclear magnetic resonance (NMR)
Gas chromatography-mass spectrometry

(GC/MS)
Sequencing

Sequencing
Biochemical assays
Sequencing

Sequencing

Sequencing
Sequencing

Sequencing
GC-MS

Sequencing

Sequencing

Sequencing
Sequencing
Sequencing
Sequencing
Biochemical assays

Sequencing

Sequencing

Metatranscriptome
Isolation
Sequencing

Greenhouse test
Sequencing

Sequencing

Sequencing

Rhizobium leguminosarum has an activity for ACC deaminase, phosphate
solubilization, and biocontrol.

Neutralization of harmful effects of microorganisms by the root
microbiome.

Alteration of the seed microbiome due to the inoculation of endophytic
microorganisms.

Dynamic response of the plant microbiome to different agricultural
practices.
Correlation between microbiome and exudates released by plant roots.

Impact of climate on the soil microbiome.
The difference in soil microbiome promoted by type of production system
(organic/conventional).

Increased tolerance of plants to salt stress from the inoculation of
endophytic bacteria.

Increased microbial activity in the rhizosphere concerning the soil by
assessing substrate-induced respiration (SIR).

Changes in the structure of the rhizospheric bacterial community after the
inoculation of arbuscular mycorrhizal fungi.

Change in root exudation of maize after inoculation of Herbaspirillum
seropedicae and humic acid.

Temperature and salinity altered the bacterial diversity of the spinach and
soil rhizosphere.

IAA hormone production by bacteria from the tomato root endophytic
microbiome.

Restructuring of the rice root microbiome under water stress.

Banana trees infested with Fusarium oxysporum are colonized, preferably,
by bacteria from the Enterobacteriaceae family.

The use of mulch inhibited Fusarium reproduction.

Endophytes Serratia and Enterobacter can control the pathogen
Gaeumannomyces graminis.

Pseudomonas syringae alters the root exudation profile of Arabidopsis and the
composition of the soil and rhizosphere bacterial community.
Pseudomonas syringae affects the structure of the phyllosphere microbiome
and reduces its diversity.

Plants resistant to the Fusarium oxysporum pathogen have different
rhizobacteria (in composition and metabolic potential) than non-resistant
plants.

The rhizosphere microbiota of resistant plants suppresses the pathogen
Ralstonia solanacearum from susceptible plants.

Drought alters the composition of root microbiomes, increasing the
abundance of Actinobacteria.

Agricultural practices (no-tillage and type of management) alter the
microbial composition of the soil and wheat roots.

Rhizobacteria promote wheat germination and growth, produce
siderophores, and inhibit the Fusarium solani pathogen.

Changes in the bacterial and fungal community of Chinese cabbage infected
with Plasmodiophora brassicae concerning healthy plants.

The root’s endophytic microbial community is less diverse concerning the
rhizosphere and abundant in Actinophytocola, Streptomyces, and
Pseudonocardia.

Bacterial microbiome of Fusarium resistant bean rhizosphere is
physiologically actuated to biocontrol.

Rhizosphere microbiome promotes germination and plant growth under
salinity conditions.

Existence of a central microbiome in the rhizosphere of different plant
species.

Plants have a highly specific seed microbiome, with a low microbial “core.”

The seed microbiome defines the structure of the root’s endophytic
bacterial community.
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Hartman et al.
(2017)
Mitter et al. (2017)

Bergottini et al.
(2017)
Shcherbakova et al.
(2017)

Tripathiet al. (2017)
Lupatini et al.
(2017)

Shahzad et al.
(2017)
Brolsma et al. (2017)

Rodriguez-Caballero
et al. (2017)

Da Silva Lima et al.
(2017)

Mark Ibekwe et al.
(2017)
Tian et al. (2017)

Santos-Medellin
et al. (2017)
Koberl et al. (2017)

Qin et al. (2017)
Durén et al. (2018)

Yuan et al. (2018)

Purahong et al.
(2018)
Mendes et al. (2018)

Kwak et al. (2018)

Fitzpatrick et al.
(2018)

Hartman et al.
(2018)

Kumar et al. (2018)

Lebreton et al.
(2019)
Fernandez-Gonzalez
et al. (2019)

Mendes et al. (2019)

Yuan et al. (2019)

Lei et al. (2019)

Wassermann et al.
(2019)

Kavamura et al.
(2019)

(continued on next page)
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Reference

Plant genotype shapes the microbial composition of the phyllosphere.
Soils from different countries differ in the richness of taxa and the structure

Morella et al. (2020)
Simonin et al. (2020)

of the microbial community.
Nuclear microbiome consists of 177 taxa (archaea, bacteria, fungi, and

The abundance of the pathogen Ralstonia solanacearum reduces the
bacterial diversity of the rhizosphere and the sugar content (alteration of

Wen et al. (2020)

the metabolome).

Plant Methodologies used Key findings
Tomato (Solanum sp.) Sequencing
- Sequencing
protists).
Tomato (Solanum sp.) Sequencing
GC-MS
Banana (Musa sp.) Sequencing

Chilli pepper (Capsicum Real-time PCR
frutescens)
Bean (Phaseolus vulgaris) Sequencing

Real-time PCR

The rotation of pepper-banana culture reduces the abundance of the
Fusarium oxysporum pathogen.

Inoculation of Metarhizium in beans increases the diversity of plant growth
promoters, such as Bradyrhizobium, Flavobacterium, Chaetomium, and

Hong et al. (2020)

Barelli et al. (2020)

Trichoderma, and suppresses the activity of the Fusarium solani pathogen.

Microbial inoculants have effects on the bacterial structure of the

Gu et al. (2020)

rhizosphere, with the genera Streptomyces, Luteimonas, and Enterobacter
responsible for promoting growth.

The microbial composition of the root endosphere is stable and rich in
Stenotrophomonas.

The wheat rhizosphere is dominated by the phyla Proteobacteria,
Actinobacteria, Acidobacteria, Ascomycota, Chytridiomycota, and

Zhang et al. (2020)

Rossmann et al.
(2020)

Basidiomycota.

Tomato (Solanum lycopersicum) ~ Sequencing

Japanese knotweed Sequencing
(Polygonum cuspidatum)

Wheat (Triticum aestivum) Sequencing

Adenium obesum Sequencing

Aloe dhufarensis
Cleome austroarabica
Maize (Zea mays)

Biochemical assays

Sequencing

Real-time PCR
Microscopy
Cultivation e isolation
Biochemical assays

Microbial diversity and extracellular enzymes differ between the
rhizosphere of three plants in the arid region. However, they also share
some taxa.

Maize seed-borne bacteria positively modulate germination and initial
growth of the host plant.

Khan et al. (2020)

Dos Santos et al.
(2020)

establish themselves in non-leguminous plants, as is the case, for
example, with the genera Beijerinckia, Klebsiella, and Bacillus [37].

Phytostimulation or biostimulation is another process causally
related to plant growth and consists of the production of phytohormones
by the microbiome [18], such as indole-3-acetic acid (IAA) or
auxin-simulating molecules [122]. Other microbial phytohormones or
molecules similar to phytohormones, such as gibberellins, cytokinins,
salicylic acid (SA) and jasmonic acid, are also produced [122]. Besides,
some  bacteria can  secrete an  enzyme, 1-carboxylic
acid-1-aminocyclopropane (ACC) deaminase, which reduces the level
of ethylene in the plant [71,123]. In a study by Tian et al. [124], bacteria
from the tomato root endophytic microbiome produced the hormone
IAA from tryptophan and promoted plant growth. Rascovan et al. [125]
found, in the roots of wheat and soybeans, bacteria capable of producing
IAA and ACC deaminase, being them Pseudomonas spp., Para-
burkholderia spp. and Pantoea spp.

The microbiome also plays an essential role in plant tolerance to
extreme conditions, such as salinity, drought, and exposure to heavy
metals [27]. Soil salinity has hindered the growth rates of plants and
reduced their yield. However, the negative impact of high levels of salt
in the soil can be minimized through the production of phytohormones
by the microbiome, with a consequent increase in plant resistance to
these extreme environments [27]. In a study by Yuan et al. [126], the
rhizosphere microbiome was able to promote germination and growth of
Hibiscus hamabo under salinity conditions.

In this sense, the excessive use of pesticides in agriculture has
contaminated the soil with the release of xenobiotic compounds [127].
To eliminate the harmful effects of these contaminants, the use of plants
in remediation processes has become common, and its effectiveness is
attributed to the micro-organisms associated with it. These
micro-organisms are capable of degrading and stabilizing contaminants
[52,127]. Recently, Thijs et al. [128] proposed a model to explain the
establishment and maintenance of the beneficial and degrading micro-
biome in the rhizosphere of contaminated soil plants. Four strategies
were identified, including plant selection based on the microbiome,
interference from root exudates, disturbance and feeding of supply lines,
in order to ensure that the microbial community is kept under control in
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polluted environments.

Plants that live in oil-contaminated soils depend on their microbiome
for survival, growth optimization, and biomass production [129]. At the
same time, as the contamination of these areas increases, there are
changes in the composition of the microbiome, favoring
hydrocarbon-degrading micro-organisms associated with plant growth
[130]. The plant-microbiome interaction will not always be efficient for
phytoremediation; therefore, human interventions are necessary to
optimize this interaction and promote the degradation of pollutants
[128].

Understanding the potential of the microbiome for agriculture can
lead to its use as an inoculant or its manipulation, in order to select more
efficient microbial groups for plant development [11]. Besides that,
reducing the use of pesticides and chemical fertilizers based on an un-
derstanding of the potential of the plant microbiome is of paramount
importance for advancing sustainable agricultural practices.

7. State of the art

Several studies have been dedicated to investigating the structure
and function of the microbiome for plants and have found that plants
provide niches and nutrients to the microbiota, while the microbiota
promotes plant growth, nutrition, and protection against pathogens. In
Table 1, it is possible to observe different studies involving these themes.
The main findings of these researches prove the beneficial effect of the
microbiome for various plant cultures, as well as list biotic and abiotic
factors that influence its structure (composition/diversity).

Among the works described in Table 1, almost all used sequencing as
the central methodology; this shows the importance of new generation
sequencing techniques for the study of microbiomes. These independent
cultivation techniques allow us to capture a greater diversity of micro-
organisms than traditional cultivation techniques. However, these two
tools can be combined to structurally characterize microbiomes and
analyze displacements from the community (after exposure to factors of
different nature), as well as isolating and identifying their micro-
organisms. After being isolated and identified, the micro-organisms
can have their effects validated in different plant species and, if
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Fig. 4. Approaches that convert knowledge about microbiomes into a biotechnological product. Above and below ground, plants are colonized by microbiomes,
which can be shaped by biotic and abiotic factors. The plant microbiome (molded or not) can be deconstructed and isolated by cultivation-dependent techniques,
while sequencing techniques can trace the profile of the entire microbial communities. These two approaches must be combined to identify and isolate the principal
members of the microbiome, who will have their functional skills tested in inoculation experiments (gnotobiotic system and greenhouse). These micro-organisms, if
beneficial, may form new bioinoculants. Besides, factors that stimulate the beneficial microbiota of plants must be maintained or enhanced.

beneficial, will compose new bioinoculants. Within this logic, we pro-
pose in this review article a model that converts the knowledge acquired
about microbiomes into a biotechnological product (Fig. 4).

8. Future perspectives

The global demand for food will increase by 70 % in 2050, at the
same time, the farmer will have to face adverse climatic conditions,
nutritionally depleted, contaminated soils and water scarcity [15]. In
this scenario, using available natural resources, such as plant micro-
biomes, is the most sustainable alternative.

Despite knowledge accumulated on microbiomes in the scientific
literature, advances are needed, such as the expansion of molecular
approaches, including sampling, extraction, and amplification of DNA;
the reduction of sequencing costs; the development of bioinformatics,
among others. Also, the complementation of these factors with tradi-
tional techniques is necessary for a more detailed understanding of the
behavior and functioning of plant microbiomes.

Once the structure, functioning, and factors that modulate the
structure of microbiomes have been elucidated, it will be possible to use
them in agriculture to optimize plant development. More precisely, it
will be possible to shape or isolate the microbiome. When we talk about
shaping the microbiome, we are referring to the use of approaches that
alter the structure of its bacterial and fungal community, in order to
select or attract micro-organisms with beneficial functions. Several
factors that alter the structure of the microbiome were mentioned in this
review, such as the selection of agricultural management practices that
favor the microbiota with beneficial functions, plant breeding based on
the associated beneficial microbiota, and the use of bioinoculants that
positively interact with the microbiome. On the other hand, it is possible
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to identify, by independent cultivation techniques, members of the
microbiome that are functionally important for plants and to isolate
them by cultivation-dependent techniques. From these micro-
organisms, new mixed bioinoculants can be assembled in order to
enhance their functions in the plant.

Although knowledge about plant microbiomes has increased a lot in
recent years, we still need to understand how the microbiome is struc-
tured, what its benefits are for plants, and how bioinoculants interact
with the resident microbiota.
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One sentence summary: Partial removal of the seed-borne microbiota negatively affects
maize seedlings growth performance and altered bacterial community structure associated
with emerged roots. Partial microbial rebuilding mainly with Burkholderia-related isolates
partially restores the germination phenotype of disinfected seeds.
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RESUMO

A germinacdo das sementes modula a composi¢do da comunidade microbiana, que em
ultima andlise, influencia o crescimento das plantulas. Neste estudo, avaliamos a comunidade
bacteriana da raiz de milho (variedade SHS 5050) germinado de sementes desinfestadas (DS)
e de sementes ndo desinfestadas (NDS). Utilizando um sistema gnotobidtico, sementes
tratadas com hipoclorito de sédio (1,25%, 30 min) apresentaram reducdo no tamanho da
populacdo bacteriana e aparente aumento na diversidade da comunidade associada a uma
reducdo seletiva de Burkholderia. Mudancas na composi¢do da comunidade de bactérias em
DS afetou negativamente a velocidade de germinacdo do milho, o crescimento das plantulas e
a mobilizacdo de reservas em comparacdo com NDS. Uma comunidade bacteriana sintética
(syncom), formada por doze isolados (9 Burkholderia spp.; 2 Bacillus spp. e 1 Staphylococcus
sp.) obtidos da microbiota natural de sementes de milho, foram capazes de recuperar a
germinacao e o crescimento das plantulas quando reintroduzidas em DS. Os resultados gerais
mostraram que as mudancas na composicao da comunidade bacteriana e a reducéo seletiva da
dominéancia de membros relacionados a Burkholderia interferem nos eventos de germinacéo e
no crescimento inicial das plantulas de milho. Por meio de abordagens independentes e
dependentes de cultivo, deciframos a estrutura do microbioma semente-milho, a localizagédo
dos nichos bacterianos e 0s tdxons bacterianos com papéis relevantes no crescimento das
plantulas. Uma relagdo entre a sucessdo da comunidade microbiana das sementes e a
germinacdo abre oportunidades em tecnologias de sementes para construir comunidades

microbianas para impulsionar o crescimento e a salde das plantas.

Palavras-chave: microbioma de sementes; sementes desinfestadas; bactérias endofiticas;

colonizacdo das raizes; sucessdo microbiana; tecnologias microbianas.
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ABSTRACT

Seed germination events modulate microbial community composition, which
ultimately influences seed to seedling growth performance. Here we evaluate the germinated
maize (variety SHS 5050) root bacterial community of disinfected seed (DS) and non-
disinfected seed (NDS). Using a gnotobiotic system, sodium hypochlorite (1.25%, 30 min)
treated seeds showed a reduction of bacterial population size and an apparent increase of
bacterial community diversity associated with a significant selective reduction of
Burkholderia. The shift in the bacteria community composition in DS negatively affects
germination speed, seedling growth, and reserve mobilization rates in comparison with NDS.
A synthetic bacterial community (syncom) formed by twelve isolates (9 Burkholderia spp.; 2
Bacillus spp. and 1 Staphylococcus sp.) obtained from natural microbiota of maize seeds
herein were capable of recovering germination and seedling growth when reintroduced in DS.
Overall results showed that changes in bacterial community composition and selective
reduction of Burkholderia related members dominance interfere with germination events and
initial growth of the maize plantlets. By cultivation-dependent and independent approaches,
we deciphered seed-maize microbiome structure, bacterial niches location, and bacterial taxa
with relevant roles in seedlings growth performance. A causal relationship between seed
microbial community succession and germination performance open opportunities in seed

technologies to build-up microbial communities to boost plant growth and health.

Keywords: seed microbiome; disinfected seeds; endophytic bacteria; root colonization;

microbial succession; microbial technologies.
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INTRODUCTION

Soil microbial community represents the primary source of mutualistic microbes,
which colonizes the soil rhizosphere of plants (Bakker et al. 2015; Hardoim et al. 2012).
From the soil to the rhizosphere continuum, plant-root exudates availability and composition
are the major selective forces that shape rhizospheric microbiota, stimulating proliferation of
certain bacterial specific groups (Bakker et al. 2015; Baudoin et al. 2003). Presumably, such
enriched bacterial populations have more chance to colonize root surface (epiphytically) and
root inner tissue (endophytically), contributing to the significant fraction of the plant
bacteriome composition.

Bacterial endophytes recruited from microbial diversity enriched by plant exudates
have their soil-origin widely recognized (Bulgarelli et al. 2012). However, controversial
reports have been published on the concern of the pivotal contribution of soil-borne bacteria
for the plant bacteriome assembly (Johnston-Monje et al. 2014). Several studies pointed out
the importance of seed-borne bacteria to build-up microbiome composition during plant
growth and development (Nelson 2017).

Vertically transmitted bacteria through seeds or vegetative plant parts have been
extensively reported for different plant species. The underlying mechanisms of bacterial
community dynamics and colonization of seeds, their offspring transmission, and
predominant taxa under the germination process have been considered (Truyens et al. 2015).

More comprehensive studies about seed-associated microbes have been leveraged by
cultivation-independent approaches (Adam et al. 2016; Hardoim et al. 2012; Johnston-Monje
et al. 2016). For instance, 16S rRNA gene amplicon sequencing allows broader assessment
and comparison of the bacterial community of seeds, rhizosphere, and bulk soil. Thereby, the
relative contribution of different factors (host genotypes, plant organ, and ontogeny, soil type,
geography) that determine the assembly of seed endophytes can be adequately covered.

Among the plant species, maize seeds have received much attention as a niche for
microbial communities (Truyens et al. 2015). Using culture-dependent techniques,
Rosenblueth et al. (2010) isolated distinct bacteria endophytes from surface-disinfected maize
kernels detached from cobs and germinated under gnotobiotic conditions. In the early stages
of germination, the predominant genera were Bacillus and Paenibacillus. Already
Methylobacterium, Alcaligenes, Tsukamurella, Erwinia, Microbacterium, and Rhodococcus
were detected later. Furthermore, Burkholderia was detected inside seeds using PCR of the

16S rRNA gene. Bacterial endophytes were isolated from surface-sterilized maize kernels of
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four different cultivars under aseptic conditions, and the bacterial isolates were identified by
16S rRNA gene sequencing as Pantoea sp., Microbacterium sp., Frigoribacterium sp.,
Bacillus sp., Paenibacillus sp., and Sphingomonas sp. (Rijavec et al. 2007). Among eight
bacteria isolated from the surface of disinfected seeds of thirty maize genotypes, Bacillus spp.
was the most predominant species, with few isolates from the genera Staphylococcus and
Corynebacterium (Bodhankar et al. 2017).

Cultivation-independent methods were applied to decipher maize seed microbiome.
Eight bacteria species were common in all six maize hybrids, representing a seed-inhabiting
endophytic core. Among them, Pantoea agglomerans, Enterobacter cloacae, and Aeribacillus
palli were the most representative taxa, accounting for 60% of relative abundance (Liu et al.
2017). The relative contribution from the soil and surrounding environment (horizontal
transmission) and those inherited from seeds (vertical transmission) for endophytic
assemblage in maize were accessed by Johnston-Monje et al. (2014). It was concluded that
the bacterial community from juvenile maize plants resembled a more seed bacterial
community profile than the soil bacterial community in which the plants were growing. Also,
around one-fifth of the bacterial community profiles harboured by roots and sprouts of the
plant were typical in all soil geographical origin used, emphasizing the selective role of maize
root exudates. In another study, it was demonstrated that despite the contribution of the soil
bacteria for maize rhizosphere richness, the most dominant bacterial groups in juvenile maize
rhizosphere are seed transmitted (Johnston-Monje et al. 2016).

To gain insight into the role of seed microbiome, we used sodium hypochlorite as a
seed disinfecting agent and further evaluated bacterial community structure, root-bacteria
colonization and growth performance of maize seedlings under gnotobiotic conditions. To
date, it is the first time that the bacterial community structure is assessed after seed chemical
disinfection compared to non-disinfected seeds. We hypothesized that the chemical treatment
changes the successional bacterial community structure during seed to seedling transition and
modulate plantlets growth performance. We analyzed maize seed-borne bacteria by assessing
the culture-dependent and culture-independent fraction of the bacterial community associated
with germinated seedlings. We have also assessed the effect of the reintroduction of a
synthetic bacterial community (syncom) formed by isolates obtained from the same maize
seed-borne genotype herein. Ultimately, we can take advantage of the succession population

changes in microbial seed technologies to boost plant growth and health.
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MATERIAL AND METHODS
Disinfection and germination of maize seeds

Seeds of commercial maize (Zea mays L.) hybrid SHS 5050 (Santa Helena Sementes,
Brazil) were washed five times in sterile distilled water and remained immersed in water for 5
h. After the imbibition period, the seeds were divided into two treatments: a) Non-disinfected
seeds (NDS) and b) Disinfected seeds (DS). For DS, seeds were surface disinfected in 70%
ethanol for 5 min and soaked in sodium hypochlorite (NaClO; Butterfly Ecologia, Audax
Company) at 1.25% for 30 min with subsequent five rinses in sterile distilled water. NDS
received the same sequential treatment substituting ethanol and NaClO for sterilized water.
The experimental unit comprised twelve seeds from NDS or DS treatment aseptically placed
in a Petri dish containing agar-water medium (0.5%) under axenic conditions. Five replicates
were used for each treatment in a completely randomized design (DIC). NDS and DS seeds
were germinated in a growth chamber at 30 °C and photoperiod 12/12 h (light/dark) for 5 and
8 days, respectively. During this period, the number of germinated seeds (radicle > 5 mm)
was recorded daily to calculate different germination parameters, including germination
percentage (%G), germination speed index (GSI), average germination time (AGT) and
average germination speed (AGS) (Maguire 1962). Significance between treatments was
calculated using an unpaired t-test (p < 0.05). The 30 min immersion time in sodium
hypochlorite was defined in an assay that evaluated the effect of different disinfection times

on seed bacteria's density (Supplementary data SD.1).

Counting and isolating maize seed-borne bacteria

The population size of total and diazotrophic bacteria were estimated with root
samples obtained in the germination assay for DS and NDS of maize. For this, 1 g of root
from each Petri dish was macerated in saline 99 mL of sodium chloride (NaCl, 8.5 g L) and
subjected to serial dilution from 107! to 107. After that, 100 pL of each dilution was
transferred to culture media. Plates were incubated in the growth chamber at 30 °C for 5 to 7
days. Solid Nutrient Broth (NB) medium was used for counting total heterotrophic bacteria,
and results were expressed in logio cells per g (fresh weight root). For diazotrophic bacteria
count, two media were used, the JNFb semisolid medium (malic acid as C-source) and LGI
semisolid medium (sucrose as C-source). The media composition and procedure to determine
Most Probable Number (MPN) per g of a fresh root followed the recommendation of Baldani

et al. (2014).
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Microscopy evaluation of the maize seed microbiota

Non-germinated and germinated maize seeds of DS and NDS were collected and
processed for scanning electron microscopy (SEM) aiming to characterize the seed
(Supplementary data SD.2) and root-associated bacteria. From the germination assay
described herein, the whole primary root of the maize seedlings was obtained from each
treatment. For SEM, root segments (= 1 cm) and transversal/longitudinal sections of whole
seeds were fixed in a solution containing 2.5% glutaraldehyde and 4% paraformaldehyde in
potassium phosphate buffer (0.05 mol L, pH 7.0). Then, the samples were washed (3 times
for 20 min for root; 30 min for seed) in the same buffer and dehydrated in a growing series of
ethanol (15, 30, 50, 70, 90 and 2 x 100% at 15 min for each root; 30 min for seed). After
dehydration, samples were dried in critical point drier apparatus (BAL-TEC CPD 030),
mounted on Al-stubs and metalized with ionized platinum in a sputtering coat apparatus
(BAL-TEC SCD 050); and visualized under an SEM Zeiss EVO 40. Macroscopic structures
of the seeds were recorded using a magnifying glass (Zeiss Stemi SV 11) coupled to a digital

camera and used as a reference for the SEM images.

Sequencing of the bacteriome

Samples of emerged roots from DS and NDS were macerated in liquid nitrogen and
stored at -70 °C until the extraction of the genetic material. The total genomic DNA was
isolated from roots (~ 0.2 g) using two adapted extraction protocols: 1) Plant DNAzol® kit
(Ausubel et al. 1990; Wilfinger et al. 1997); 2) Cetyltrimethylammonium bromide (CTAB)
(Chen and Ronald 1999; Doyle and Doyle 1990). Then, the DNA was quantified by a
NanoDrop 2000® spectrophotometer (Thermo Scientific) and Qubit® fluorometer
(Invitrogen); and its quality evaluated on agarose gel (0.8%) electrophoresis (80 V, for 70
min). The total DNA was sent to the company “WEMSeq Biotecnologia” for sequencing of
the 16S rRNA gene in lllumina MiSeq, with six replicates per treatment. Twenty nanograms
of DNA were used as a template for 18 cycles of amplification of the V4 region of the 16S
rRNA gene, using primers 515F and 806R (Caporaso et al. 2012) and GoTag Master Mix
(Promega). PCR products were quantified with the Qubit dsDNA HS kit (Invitrogen) and
sequenced with the 300Vv2 Kit (lllumina) in Hllumina MiSeq (lllumina), following the
manufacturer’s instructions.

The sequences obtained from MiSeq were analyzed using the QIIME (Quantitative

Insights Into Microbial Ecology) version 1.9.0 (Caporaso et al. 2010), where they were
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filtered, grouped into Operational Taxonomic Units (OTUs) with a 97% similarity cut and
taxonomically classified (phylum, class, order, family, and genus) using the SILVA database
as a reference (Quast et al. 2012). BIOM files were imported into the R environment using the
phyloseq (McMurdie and Holmes 2013) and vegan (Oksanen et al. 2013) packages. Sampling
quality was estimated using Good’s coverage. To test the hypothesis that disinfection shapes
the bacteriome, principal coordinate analysis (PCoA) graphs were constructed based on the
Bray-Curtis dissimilarity matrix. Differences between treatments were obtained by
Multivariate Analysis of Permutational Variance (PERMANOVA) (Anderson 2014). Alpha
diversity was estimated by applying the Shannon diversity index. Also, the differential
abundance at the family and genus level was calculated using the aldex function (Fernandes et
al. 2014). Venn diagrams and genus-level heatmaps were built. The rarefied dataset was used
for statistical analyses. The raw FASTQ files were submitted to NCBI public data under
accession number study PRINA669054.

Quantitative PCR (gPCR) for eubacteria

Pre-germinated seeds and emerged maize roots (NDS and DS) had their bacterial
community quantified by gPCR from DNA extracted according to the methodology
mentioned above (chosen method: CTAB). Each PCR reaction (15 uL) contained template
DNA (100 ng for seed and 40 ng root); 7.5 pL of SYBR Green (Promega), 0.5 pL of each
primer (10 UM; 926F: AAACTCAAAKGAATTGACGG,; 1062R:
CTCACRRCACGAGCTGAC) (De Gregoris et al. 2011) and water. The reactions were
carried out in triplicate, with 5 min incubation at 95 °C, 40 cycles of 15 s at 95 °C and 1 min
at 60 °C in Step-One-Plus Real-Time PCR System (Applied Biosystems). The proportion of
bacteria in the microbiome was calculated based on the Ct (cycle threshold) values of the
samples (three replicates per treatment) and using a standard curve generated from the model
bacteria Escherichia coli ATCC 25922. E. coli was grown in NB liquid medium (180 rpm, at
30 °C) and had its DNA extracted with Wizard Genomic DNA Purification Kit (Promega).
The reference DNA was diluted in series of 10 to 108 (20 - 2 x 10° ng of DNA), and its

quantification in gPCR (expressed in Ct) plotted concerning the number of E. coli cells.

Partial recomposition of the bacterial maize microbiota (syncom)
Bacteria isolates obtained from maize NDS axenically were recovered from NB solid

medium and JNFb or LGI semisolid medium herein. Based on distinct colony morphology, 12
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out of 19 isolates were selected for partial recomposition microbiota (syncom) assays after a
greenhouse inoculation screening for plant-growth promotion of maize (data not shown).
Strain designation and origin of the isolates are quoted in Supplementary data SD.3. The
taxonomic affiliation of the selected bacterial isolates can be seen in Supplementary data
SD.4. Each bacterium of this consortium was grown in liquid NB medium, kept under
agitation (180 rpm, for 24-48 h at 30 °C). The bacterial cells were collected by centrifugation
(2.000 x g, for 10 min (Eppendorf)) and resuspended in sterile distilled water. The values of
ODsgs (optical density at 595 nm) of the isolates were standardized on a spectrophotometer
(ODsgs = ~ 0.5 in NB medium), and these were mixed to form a synthetic bacterial
community diluted until 107 concentration from an initial cell density of 2 x 108 CFU.g™.

For the inoculation of the synthetic bacterial community, disinfected maize seeds were
immersed in the inoculum for 10 min, aiming at the partial rebuilding of the microbiota
removed by seed disinfection with sodium hypochlorite. Then, the seeds that were disinfected
and that received the mix of 12 bacteria (DS + MIX) were placed in Petri dishes with agar-
water medium (0.5%). Ten seeds per plate constituted the experimental plot. The
experimental design was completely randomized with the following treatments: 1) NDS; 2)
DS; 3) DS + MIX and five repetitions for germination test evaluation and four repetitions for
the plant-growth evaluation. The DS and NDS were used as controls. All plates were
conditioned in the growth chamber at 30 °C and photoperiod 12/12 h (light/dark) for five
days. Germination rate was calculated, and the length and mass (fresh and dry) of the aerial
part and root seedlings with the aid of a millimetre ruler and analytical balance. SEM was
used for the structural characterization of reinoculated seeds and roots, respectively. The
results were submitted to analysis of variance (ANOVA) and the means compared by the
Tukey test (p < 0.05).

Biochemical analysis of seed reserves under seedling germination

All seeds were treated and germinated as described herein. Stored seed reserves were
quantified from three compartments of maize: 1) whole seed: sampled after the soaking and
disinfection phase; 2) embryonic axis: collected 24 (for NDS) and 48 h (for DS and DS +
MIX) after radicle protrusion; 3) seedling root: obtained after five days of germination. The
collected material was macerated in liquid nitrogen and analyzed for protein, glucose,
triglyceride, reducing sugar, and alpha-amylase activity. Three replicates per treatment were

used. For protein dosing, the bicinchoninic acid (BCA) method (Smith et al. 1985) was used,
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characterized by the reduction of copper ions (Cu*?— Cu*t) and formation of the violet BCA-
Cu*! complex. The protein concentration was measured at 562 nm in a spectrophotometer.
The albumin curve was used as a standard. Reducing sugars were quantified using the 3,5-
dinitrosalicylic acid (DNS) method (Miller 1959). In this method, the sugars react with the
DNS (yellow), which is reduced to 3-amino-5-nitrosalicylic acid (dark red). Absorbance was
measured at 540 nm. Colourimetric methods determined glucose, triglyceride levels, and
alpha-amylase activity and according to the manufacturer’s instructions (Bioclin® K082,
K117, K003). Hydrogen peroxide in the presence of specific reagents forms cherry-coloured
and cherry-red compounds, whose intensity (500-505 nm) is proportional to the concentration
of triglyceride and glucose, respectively. The alpha-amylase activity in the samples was
inversely proportional to the intensity of the blue colour, a product of the complexation
between iodine and non- starch and calculated by comparing it to a control substrate (600

nm).

RESULTS

Disinfection assay showed that the increase of the immersion time with sodium
hypochlorite (1.25%) proportionally reduced the seed-borne bacterial population associated
with pre-germinated seeds (Supplementary data SD.1). The chosen time for disinfection (30
min) had shown significant microbial population reduction without compromise germination
performance (Supplementary data SD.1). The seed disinfection affected the successional
bacterial population size associated with emerged roots at 5-d of germination. Bacterial counts
confirmed it in culture media with different carbon sources. Using LGI (C-sucrose) and JNFb
(C-malic acid) N-free semisolid medium, the diazotrophic bacterial population levels in roots
of NDS were, respectively 6.23 + 0.8 and 5.05 + 1.0 logio bacteria cells per gram of fresh root
(Fig. 1). For the roots of DS, the diazotrophic bacterial population level was dramatically
reduced, being not detected (Fig. 1). The total heterotrophic bacterial population (NB solid
medium) recovered from roots of NDS was 8.5 + 0.5 logio bacteria cells per gram of fresh
root. Surprising, values of 7.21 + 0.5 logio bacteria cells per gram of fresh root were observed
in DS (Fig. 1). Up to one hundred purified colonies were obtained from NB solid medium,
JNFb and LGI semisolid medium in the present study. The bacteria were isolated from NDS
and DS.
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Figure 1. Estimation of bacterial population size associated with emerged roots of non-
disinfected (NDS) and disinfected seed (DS). Count for diazotrophic bacteria was obtained in
LGl and JNFb semisolid nitrogen-free media. Count for total heterotrophic bacteria in
Nutrient Broth (NB) solid medium. Data expressed logio cell number per g of fresh weight
root with four replicates per treatment and statistical differences tested with Student t-test at 5
% probability (*). nd means not detected at 107! dilution.

SEM analysis of DS and NDS-treated maize seeds after imbibition (Supplementary
data SD.2) and two days after germination (Fig. 2) were carried out aiming to characterize
seed-borne microbiota structural interaction. The surface of the pericarp external layer of
NDS non germinated seeds was colonized by bacteria aggregates in monolayer pattern
(Supplementary data SD.2 Al). However, bacteria cells density (cell per unit area) associated
with NDS was greater than DS (Supplementary data SD.2 B1). Cross-section of maize kernel
also revealed the presence of bacteria in inner tissues colonizing the region of the endosperm
(Supplementary data SD.2 A2-B2) and embryo (Supplementary data SD.2 A3-B3) with no
apparent differences in bacteria density. In early germination stages, with the rupture of the
integument by the primary root, more bacteria cells were visualized by SEM in both
treatments. The bacterial aggregates were mainly localized between the pedicel (tip cap) and
the bottom of the emerged radicle as well in the root hair formation zone of the radicle
(Supplementary data SD.2 A4- B4). Disinfection of seeds remove most of the epiphytic
bacteria from the pericarp surface, but the microscopy observation suggests that the
endophytic niches colonization remains unchanged.

The influence of seed-disinfection on the microbial colonization pattern of the root
axis in germinated seeds was confirmed by SEM (Fig. 2). It was observed in roots of NDS
after five days of growth in axenic conditions, extensive colonization by the microbiota. In

this case, bacterial biofilms were seen more frequently, mainly in lateral roots emergence sites
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(Fig. 2A1-A2), the root hair zone (Fig. 2A3-A4), and root cap (Fig. 2A5-A6). Microbial
colonization in roots of DS had shown the same colonization sites described for NDS,
however, with visible reduced established population, where single cells and small aggregates
were seen more frequently (Fig. 2B). The bacteria cell shape diversity of the bacterial
microbiota was also affected by the disinfection of the seeds, which removed small bacteria
cells, in ovoid or short rod shape, and selected long rod shape (Fig. 2A vs 2B4). Interestingly,
fungus hyphae were frequently seen in roots that emerged from disinfected seeds (data not

shown).

oo , B D) 1 i S

Figure 2. Colonization of maize roots by the microbiota. Bacterial cells were visualized by
scanning electron microscopy (SEM). Maize seeds non-disinfected (A) and disinfected
treatments (B). Root regions: mitotic sites (Al and A2; B1 and B2), root hair (A3 and A4; B3
and B4) and root cap (A5 and A6; B5 and B6). White arrows indicate biofilms and small
bacterial aggregates. Bars represent the following scales: panel A2, A3, A4, A5, and A6: 5
um; B2, B4, and B6: 10 um; B3: 50 um; Al, B1, and B5: 100 pm.
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Bacteriome community associated with the emerged root that succeeds the DS and
NDS maize seed germination under gnotobiotic conditions was evaluated. Illumina MiSeq
sequencing of the root bacteriome by 16S rRNA gene amplicons from 12 maize root samples,
produced a total of 250,303 reads and 88% average sample coverage (Supplementary data
SD.5). Principal coordinate analysis (PCoA) based on the Bray-Curtis dissimilarity matrix
representing beta diversity shows that disinfection with hypochlorite shapes the maize root
bacteriome (Fig. 3A). The structure of the bacterial community differs between roots from DS
and NDS. Alpha diversity measures indicated significant differences between the roots
analysed (p = 0.0051), with greater apparent diversity in the DS treatment whose bacteriome
was removed by superficial disinfection of the seed (Fig. 3B). PCoA results were confirmed
by Permanova, where the disinfection factor was significant (p = 0.006), contributing 36% of

the variation (Supplementary data SD.6).
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Figure 3. The principal coordinate graph (PCoA) based on the Bray-Curtis dissimilarity
matrix (A) and measurements of the alpha diversity of root bacteriome from disinfected (Yes)
and non-disinfected (No) seeds. Different colours indicate the treatments. Shannon =
microbial diversity index.

Venn diagram shows a higher number of unique OTUs in roots of NDS treatment (51),
followed by a lower number in the DS treatment (5). The intersection between treatments
shared 4 OTUs (Fig. 4). The comparative relative abundance of bacteria assigned for the same
taxon revealed that five genera were abundant in each treatment (Fig. 4). In the NDS-roots,
the genus Burkholderia was the most abundant, followed by f Enterobacteriaceae 922761
(unassigned genus), Rubrobacter, Lactobacillus, and Azospirillum. In the DS-roots, the most
abundant bacteria belong to the genus Pseudomonas, Bacillus, Acinetobacter,
f_Alcaligenaceae 575028 (unassigned genus) and Corynebacterium. Proteobacteria
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dominated the maize root bacteriome in both conditions (7 out of 10 genera), followed by the
phyla Actinobacteria, Firmicutes, and Bacteroidetes in equal proportion (1 out of 10 genera).
Differential abundance analysis was performed to filter bacterial genus removed from
the maize root by the disinfection process (Supplementary data SD.7). Disinfection with
hypochlorite significantly removed (p < 0.05) mainly bacteria taxon assigned as Burkholderia
genus (Fig 4). Three groups of operational taxonomic units not assigned (NA) genus,
Corynebacterium, Staphylococcus and Cryocola were more abundant in roots of DS
compared to NDS. Independent of the disinfection, Burkholderia representatives were the

most abundant taxon associated with the seedling’s roots (Fig. 4 and SD 7).

Burkholderia

Pseudomonas 1

No Yes
f__Enterobacteriaceae_922761
% Read
Rubrobacter 1 Abundance
4 Bacillus 1
(16778.2) 1e+03

Acinetobacter 1
1e+01
f__Alcaligenaceae_575028 1

Non-core: 1302 (431.8) Lactobacillus 1e-01

Corynebacterium 4

Azospirillum 4

T T
o 7}
z @

Figure 4. Venn diagram showing OTUs overlap (A) and the relative abundance between roots
from disinfected (Yes) and non-disinfected (No) seeds (B). Colour intensity of heatmap
indicated in the legend to the right of the figure, shows the relative values for the genus.

Quantification of the seed bacteriome by gPCR showed that disinfection reduced from
5.9 to 3.3 (p < 0.05) the number of bacteria/ng DNA (Fig. 5A). In the maize root, there were
no significant differences between treatments (NDS: 6.9 bacteria/ng DNA; DS: 6.3
bacteria/ng DNA; p > 0.05) (Fig. 5B).
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Figure 5. Quantification of bacteriome by gPCR in non-disinfected (NDS) and disinfected
seeds (DS) before germination (A) and emerged roots after germination (B). *Significant
difference between treatments according to the Tukey test (p < 0.05).

To evaluate the influence of the microbiota on the germination and growth of maize
plantlets, non-germinated DS with a reduced bacterial population was subjected to a bacterial
recomposition using twelve seed-borne isolates obtained in the present study. Members of this
synthetic bacterial community (syncom) were identified by sequencing the 16S rRNA gene
(Supplementary data SD.4). Nine isolates were attributed to the genus Burkholderia
(Burkholderia sp. and Burkholderia gladioli); two to the genus Bacillus (Bacillus drentensis
and Bacillus camelliae) and one identified as belonging to the genus Staphylococcus sp.

The seed inoculation with the synthetic bacterial community (DS +MIX) resulted in
higher germination percentage and average germination time (82.5%; 2.57 days), when
compared to non-inoculated DS (52.5%; 3.21 days) (Fig. 6). When comparing inoculated
seeds (82.5%) and non-disinfected seeds (92.5%), the %G had shown the same trend with no
statistical differences. However, for average germination time (AGT), the treatments differed
(p < 0.05). For the germination speed index (GSI) and average germination speed AGS), no
significant differences were observed between DS and DS + MIX, only when DS and
DS+MIX were compared to NDS.
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Figure 6. Maize non-disinfected seeds (A; NDS), disinfected seed (B; DS), and disinfected-
syncom inoculated seeds (C; DS + MIX). Germination percentage (D), germination speed
index (E), average germination time (F), and average germination speed (G). *Significant
difference between treatments according to the Tukey test (p < 0.05).

Five days after germination, the length of the root and aerial part of the seedlings from
NDS was significantly longer (17 cm; 6.25 cm) than DS (8.62 cm; 2.83 cm), but did not differ
from DS + MIX (syncom inoculated) (14.79 cm; 4.95 cm) (Fig. 7). DS + MIX seedlings
showed more significant growth and produced higher amounts of dry root biomass (0.109 g
dry matter) than DS-treatment (0.063 g dry matter), demonstrating that the microbiota
influence germination and plantlets growth. For the other parameters analysed, no differences

were observed between the DS and DS + MIX.
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Figure 7. Maize seeds non-disinfected (A; NDS), disinfected (B; DS), and disinfected-
inoculated (C; DS + MIX). Shoot length (D) and root (E), shoot fresh weight (F) and root (G),
shoot dry weight (H), and root (I). *Significant difference between treatments according to the

Tukey test (p <0.05).
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Structural microscopy analysis of disinfected seeds confirmed the bacterial
colonization by syncom inoculation (Supplementary data SD.8). The pericarp cell wall
surface was pronouncedly colonized by single cells and aggregates along the cell junctions
(Supplementary data SD.8 A1-A2). In the previous observation of the disinfected seeds,
epiphytic bacteria (from the pericarp) were removed by the hypochlorite treatment
(Supplementary data SD.2 B1). In cross-sectioned inoculated-seeds, we visualized bacteria
cells in low density at endosperm and embryo regions (Supplementary data SD.8 A3-A6).
Interesting to quote that the site of radicle emergence was heavily colonized by bacteria
aggregates and biofilms (Supplementary data SD.8 A7-A8). This region seems to be the
preferential site (“hot spot”) for bacterial growth on germinated seeds since seed-borne
bacteria naturally colonized it in non-disinfected seeds, as previously showed in this study.

After seed germination, the colonization pattern of the syncom was evaluated. The
SEM data od DS + MIX revealed that roots were densely colonized by bacteria (Fig. 8)
compared with previous data obtained for DS (Fig, 2B1-B6). Massive bacteria colonization
was observed in regions with lateral root emission and root cap (Fig. 8). More significant
bacterial aggregation was identified at points of emergence of lateral root (Fig. 8A1-A2) and
elongation zone (Fig. 8A5-A6) of the root axis growing zone. In the root-hair zone (Fig. 8A3-
A4) and root cap (Fig. 8A7-A8), the cells were more dispersed. The bacterial syncom (DS +
MIX) establishment was confirmed by estimation of total heterotrophic bacterial population
(NB solid medium) recovered from roots where the numbers were 10,1 + 1,2 logio bacteria
cells per gram of fresh root, higher count than NDS (8.5 £ 0.5 logio) and DS (7.21 £ 0.5 logio)

treatments.
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Figure 8. Roots colonization of disinfected maize seeds inoculated with syncom (A).
Bacterial cells were visualized by SEM. Root regions: lateral root (Al and A2), root hair (A3
and A4), zone of elongation (A5 and A6) and root cap (A7 and A8). Biofilms and small
bacterial aggregates are indicated by white arrows. Bars represent the following scales: panel
A4 and A6: 10 um; A2 and A8: 20 um; A3, A5 and A7: 100 um; Al: 200 pm.
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Analysis of the stored reserve mobilization in germinated seeds (Fig. 9) was accessed
in three seed to seedling developmental stages. No germinated imbibed seeds (called Seed),
an earlier stage of germination where embryonic axis emitted visible radicle protuberance
(called Embryonic axis) and the later stage of germination where roots were emerged (called
Roots). Generally, there is no effect of the disinfection (partial bacteriome remotion) in the
early stages of reserve mobilization (seeds and embryonic axis). We notice a positive effect of
the syncom (DS + MIX) on protein remobilization compared to DS. Also, the degradation of
triglycerides was higher in the roots of the NDS treatment compared to DS + MIX for the
embryo region.

Great accumulation of protein, glucose, triglycerides and reducing sugars contents was
observed in the root tissue when the seed was previously disinfected concerning to NDS (Fig.
9 A-D). Such accumulation may suggest an altered pattern of catabolic energy conversion and
decreased anabolic conversion of monomers units in polymeric structures to fulfil demanding
cellular structures to accommodate the root growth. Supposedly, glucose was quickly driven
to respiration or cell wall formation in the NDS-treatment.

When we inoculated the syncom (SD + MIX), a more efficient reserve mobilization
for reducing sugars was noticed concerning to DS, but not so efficient than NDS-treatment.
The rapid mobilization of reserves in NDS resulted in a low content of these sugar classes.

The activity of the alpha-amylase enzyme did not change between treatments in the
seed compartment. In the region of the embryonic axis, the enzyme reached higher activity
with 24/48 h of germination, with no activity modulation by disinfection and syncom
inoculation. Removing part of the maize microbiota increased the activity of alpha-amylase in
the roots. The same was observed for the DS + MIX (Fig. 9E).

58



0.15+
B  0.10-
2 £
[ = [}]
[ S 0.05-
e ]
0.00-
~&
QPGP 6\6\
&
&
Treatments Treatments

0.020- C _05
= 3
!é, 0.015- £ 041
= 8 0.3
= 0.010 @
] ab 2 0.2
> =
g 0.0054 _g 0.1
&
0.000- 0.0-
o © > O
& ~o"‘°: & & -é'f):
i o
& & < F
Treatments Treatments

Il NDS
DS
B DS+MIX

Alpha Amylase (U/g)

Treatments

Il NDS
I DS
B DS+MIX

Hl NDS
[ DS
B DS+MIX

Figure 9. Quantification of protein (A), glucose (B), triglyceride (C), reducing sugar (D), and
alpha-amylase activity (E) in different compartments of maize; disinfected or not.

*Significant difference between treatments according to the Tukey test (p < 0.05).
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DISCUSSION

The present work unravels the bacterial community structure from maize-root
seedlings under the gnotobiotic system. Seed-disinfection with sodium hypochlorite was
performed, aiming to reduce the natural seed microbial inhabitants to access the functional
roles of the seed-bacteriome. The comparative analysis emphasizes the importance of the
bacterial microbiome to seedlings growth rates and stored reserve dynamic mobilization.

The multiple events of germination begin after water is absorbed by the seed and is
completed with the radicle emission, a structure that will give rise to a differentiated root
(Bewley 1997). During this process, not only the seeds but also its microbiome, change from
a quiescent state to an active physiological state. According to Frank et al. (2017), the seeds
exude carbon in the form of sugars, proteins, and fatty acids, which act as an energy source
for microorganisms and have the potential to shape the bacterial composition around the seed.
In response to the availability of nutrients released from the seed or water, microbial cells
leave their dormant state and are transferred to seedlings and various organs of mature plants
(Nelson et al. 2018), where they can have direct consequences on their germination and
growth.,

The contribution of the microbiome to plant physiology is still not entirely understood.
Herein, we demonstrated that the partial removal of seed-borne bacteria by rigorous
disinfection of maize seeds in sodium hypochlorite significantly reduced the seed germination
speed and seedling growth. This result can be justified by the hypochlorite’s antimicrobial
action, which Killed relevant bacteria groups modulating germination and growth processes.
Increased seed-disinfection time reduces bacterial population communities and eliminates
certain species lowering seedlings germination. Similar results were found by Verma and
White (2018) and Verma et al. (2018) when increasing the sterilization time in NaOCI from
20 to 40 min. In similar studies, seedling growth was also restricted by removing epiphytic
and endophytic microorganisms from seeds through superficial sterilization with NaClO, use
of antibiotics (Verma and White 2018; Verma et al. 2018; Verma et al. 2017) or heat
treatment (Holland 2016; Holland 2019).

Our data revealed that the disinfection of seeds with hypochlorite (even for a long time
as 90 minutes) does not guarantee the complete elimination of microorganisms, especially
those living inside the seed. In roots emerged from untreated-seeds, bacterial cells were
viewed in the microscope as aggregates and biofilms as observed by SEM technique. Since

the cultivation system was axenic, the bacterial community described come from the seed
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itself and can proliferate during seed germination and seedling development. Thus, it is
claimed that part of the initial bacterial community of maize seedlings, detected by
microscopy, originates from the seed itself, by vertical transfer (Frank et al. 2017; Johnston-
Monije et al. 2016).

For disinfected seeds, only surface-living resistant microbes or inhabitant of inner
tissues were able to colonize emerged primary roots. In this case, the colonization pattern was
affected, with reduced bacteria density, mainly viewed as single cells or small groups with
cell morphology distinct from the control (natural seed inhabitants). Surface disinfection
methods usually carried out with ethanol and sodium hypochlorite, eliminate, or inactivate
mainly epiphytic microorganisms from the seed, but not those occupying endophytic sites.

The antimicrobial effect of the hypochlorite was demonstrated by the absence of
detectable diazotrophic bacterial population and a reduced number of total bacteria associated
with emerged roots from disinfected seeds. In control, due to the absence of hypochlorite, the
bacterial count was high for all the culture media used. On the other hand, the high
quantification of bacteria at the root of the disinfected treatment by gPCR can be explained by
the niche theory, which predicts that the microbial diversity of plants is determined by the
number of available niches (Hardoim 2015). In this study, the disinfection of seeds “vacated”
niches in the maize root, which started to be colonized by other bacteria (endophytic or
resistant to hypochlorite).

Cultivation-dependent approach and cultivation-independent sequencing by Illumina
MiSeq revealed similar trends into the bacteriome shift for roots from NDS and DS. The root
sequencing analyses revealed high bacterial diversity by the Shannon index when the
hypochlorite removed part of its bacteriome. Diversity values were lower in non-disinfected
seeds. We have to look carefully for this result. Disinfection procedure could eliminate or
substantially reduce the dominant taxon (high OTU abundance), mainly those occupying
more superficial niches. Such effect allowed sampling and detection of low abundant OTU
that harbour more protected seed niches. Thus, what we measure is an apparently increased
diversity related to the experimental conditions.

Among the bacteria groups associated with emerged maize plantlets radicles, the
genus Burkholderia was the most affected by the hypochlorite treatment. In contrast, roots
that showed higher growth rates (NDS treatment) were abundantly colonized by
Burkholderia. This genus was defined by Yabuuchi et al. (1992) and had inhabited broader

ecological niches (Coenye and Vandamme 2003). Burkholderia species can colonize diverse
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plant host, and thus promote their growth and protection against pathogens (Tagele et al.
2018; Tagele et al. 2019). Burkholderia abundance has been reported in maize and other
plants (Johnston-Monje et al. 2016; Mashiane et al. 2017; Rosenblueth et al. 2010), being
able to fix nitrogen, solubilizing phosphate, producing IAA (indole-acetic acid; auxin) and
siderophores (Batista et al. 2018). Genomic studies had shown several genes related to the
biosynthesis of IAA, ACC (1-aminocyclopropane-1-carboxylate) deaminase, dioxygenases,
multiple efflux pumps, degradation of aromatic compounds, and diverse protein secretion
systems (Dias et al. 2019). Some of these genetic traits may have contributed to the growth of
seedlings with Burkholderia in its bacteriome.

Twelve bacteria isolated from the non-disinfected seeds were used to compose a
synthetic bacterial community aiming to evaluate the microbiota recomposition phenotype.
Nine from twelve bacterial isolates obtained were identified as belonging to the Burkholderia
genus. After inoculation in disinfected seeds, the germination and growth of the maize
seedlings were recovered, being comparable to the development rates of seeds that were not
treated with hypochlorite. Bacteria counts and microscopy analysis confirmed the partial
rebuilding of the microbiota. In similar studies, it has been found that removing the
microbiota from seeds has reduced the germination and development of rice, soybeans, beans,
and millet (Verma and White 2018; Verma et al. 2018). Holland (2019) used thermotherapy
at 50 °C for 48 h for seed disinfection on soybean seeds and demonstrated a population
reduction of Methylobacterium by 3% associated with reduced germination and abnormal
seedling growth. All of the growing and developmental plant traits were restored after the
reintroduction of removed bacterial community part. Collectively, these studies suggest that
the germination and growth rates of seedlings can be positively modulated, at least in part, by
the bacteriome associated with seeds. The increased seedling fitness can be related to the
production of phytohormones, synthesis of other metabolites and alleviation of damage
caused by pathogens, through the production of antifungal and antibacterial compounds.

The plantlets growth performance can be partially associated with the bacteriome. The
underlined mechanism can be, in part, related to the positive modulation of seed reserve
mobilization during germination. Thus, for root from non-disinfected maize seeds, protein,
glucose, and triglyceride reserve degradation is more efficient than when the associated
microbiota was partially removed. The low content of reducing sugars and the increase of the
activity of the alpha-amylase enzyme in the embryonic axis supports rapid plant growth in

intact and restored microbiota. On the other hand, the disinfection of the seeds removed part
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of the microbiota and promoted late mobilization of its biomolecule reserves, evidenced by
the accumulation of protein, glucose, triglyceride, and reducing sugar in the root, in addition
to high alpha-amylase activity in the post-germination phase. Late mobilization of reserves
affected maize growth. Similar results were found by Zhu et al. (2017), where Ammodendron
bifolium endophytic bacteria increased the efficiency of endosperm use, including more
significant degradation of sucrose, protein, and triglyceride from the seed, in addition to the
production of hydrolytic enzymes by these bacteria. For Verma et al. (2017), seed bacteria
can express the enzyme amylase and increase the efficiency of endosperm use during
germination and seedling growth. The idea that the microbiota can mobilize nutrients from the
endosperm to the embryo is supported by the presence of bacteria in these regions, located by
scanning microscopy.

Overall results point that even after the removal of part of seed-borne bacteria, similar
population levels were detected by gqPCR in roots from disinfected and non-disinfected
germinated seeds. Therefore, the remaining bacteriome from disinfected-seeds exhibited
selective removal of prevalent fast-grown groups and specific taxon. Then, under less
competition, the remaining bacteria can move to the root and colonize it during germination
when the seed releases several metabolites that shape the bacterial composition (Frank et al.
2017). This fact was proven by detecting Enterobacteriaceae, Acinetobacter, Pseudomonas,
Lactobacillus, and Burkholderia in maize seeds and roots by amplicon sequencing. SEM also
confirmed the migration of the remaining bacteria from seeds to radicle. However, the
population size and diversity of these bacteria in the treatments are distinct. As quoted before,
in disinfected treatment, the root bacteriome is more diverse, but this diversity does not
include or contemplates a reduced number of bacteria that promote germination and growth,
which negatively affected the development of these seedlings.

On the other hand, the natural microbiome of maize roots is composed of more
dominant groups and less diverse bacterial taxa, which act positively in the efficient
mobilization of seed reserves and processes of biostimulation and biofertilization. It can be
inferred from the sequencing results that bacteria of the genus Burkholderia play a significant
role in these processes since the partial rebuild of the microbiota with members of this genus
has recovered maize germination and plant growth processes. Whatever the underlined
mechanism displayed, it is evident that physiological processes during germination and
seedling growth of maize SHS 5050 seeds were modulated by seed-borne bacteriome.

However, the consequences of such change for different maize genotypes must be evaluated
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case by case due to its effect over the seed-borne microbial structure. In this study, results
from cultivable approaches (population counts and isolation) and non-cultivation methods
suggest the following ascending order variation: seed from the same cob < cobs from same
maize plant < seed from different maize plants (same genotypes) and higher variation when
comparing different genotypes. The challenger is to gain accumulative insights in
understanding the microbial community changes and take advantage of it to maximise plant
growth and plant health.

ACKNOWLEDGEMENTS

This work was supported by FAPERJ grant n® E-26/203.003/2017, CNPq grant n°
314263/2018-7 and Newton Fund grant BB/N013476/1 “Understanding and Exploiting
Biological Nitrogen Fixation for Improvement of Brazilian Agriculture,” co-funded by the
Biotechnology and Biological Sciences Research Council (BBSRC) and the Conselho
Nacional das FundacGes Estaduais de Amparo a Pesquisa (CONFAP) and FINEP-
PLURICANA financially supported this study. This work is part of the PhD thesis from LFS
that acknowledge CAPES for the fellowship.

REFERENCES

Adam E, Bernhart M, Muller H et al. The Cucurbita pepo seed microbiome: genotype-specific
composition and implications for breeding. Plant and Soil 2016;422: 35-49.

Anderson MJ. Permutational multivariate analysis of variance (PERMANOVA). Wiley state ref:
statistics reference online 2014, DOI 10.1002/9781118445112.stat07841: 1-15.

Ausubel F, Brent R, Kingston R et al. Preparation of genomic DNA from bacteria. Current protocols
in  molecular biology John  Wiley Sons, Inc, New York, NY 1990, DOI
https://doi.org/10.1002/0471142727.mb0204s56.

Bakker MG, Chaparro JM, Manter DK et al. Impacts of bulk soil microbial community structure on
rhizosphere microbiomes of Zea mays. Plant and Soil 2015;392: 115-26.

Baldani JI, Reis VM, Videira SS et al. The art of isolating nitrogen-fixing bacteria from non-
leguminous plants using N-free semisolid media: a practical guide for microbiologists. Plant and Soil
2014;384: 413-31.

Batista BD, Lacava PT, Ferrari A et al. Screening of tropically derived, multi-trait plant growth-
promoting rhizobacteria and evaluation of corn and soybean colonization ability. Microbiological
Research 2018;206: 33-42.

Baudoin E, Benizri E, Guckert A. Impact of artificial root exudates on the bacterial community
structure in bulk soil and maize rhizosphere. Soil Biology and Biochemistry 2003;35: 1183-92.

64


https://doi.org/10.1002/0471142727.mb0204s56

Bewley JD. Seed germination and dormancy. The Plant Cell 1997;9: 1055.

Bodhankar S, Grover M, Hemanth S et al. Maize seed endophytic bacteria: dominance of antagonistic,
lytic enzyme-producing Bacillus spp. 3 Biotech 2017;7: 232.

Bulgarelli D, Rott M, Schlaeppi K et al. Revealing structure and assembly cues for Arabidopsis root-
inhabiting bacterial microbiota. Nature 2012;488: 91-5.

Caporaso JG, Kuczynski J, Stombaugh J et al. QIIME allows analysis of high-throughput community
sequencing data. Nature methods 2010;7: 335.

Caporaso JG, Lauber CL, Walters WA et al. Ultra-high-throughput microbial community analysis on
the Illumina HiSeq and MiSeq platforms. The ISME journal 2012;6: 1621-4.

Chen D-H, Ronald P. A rapid DNA mini preparation method suitable for AFLP and other PCR
applications. Plant Molecular Biology Reporter 1999;17: 53-7.

Coenye T, Vandamme P. Diversity and significance of Burkholderia species occupying diverse
ecological niches. Environmental Microbiology Reports 2003;5: 719-29.

De Gregoris TB, Aldred N, Clare AS et al. Improvement of phylum-and class-specific primers for
real-time PCR quantification of bacterial taxa. Journal of Microbiological Methods 2011;86: 351-6.

Dias GM, de Sousa Pires A, Grilo VS et al. Comparative genomics of Paraburkholderia kururiensis
and its potential in bioremediation, biofertilization, and biocontrol of plant pathogens. Microbiology
Open 2019;8: e00801.

Doyle J, Doyle J. Isolation of plant DNA from fresh tissue. Focus 1990;12: 13-5.

Fernandes AD, Reid JN, Macklaim JM et al. Unifying the analysis of high-throughput sequencing
datasets: characterizing RNA-seq, 16S rRNA gene sequencing and selective growth experiments by
compositional data analysis. Microbiome. 2014;2: 15.

Frank AC, Saldierna Guzman JP, Shay JE. Transmission of Bacterial Endophytes. Microorganisms
2017;5.

Fernandes AD, Reid JN, Macklaim JM et al. Unifying the analysis of high-throughput sequencing
datasets: characterizing RNA-seq, 16S rRNA gene sequencing and selective growth experiments by
compositional data analysis. Microbiome. 2014;2: 15.

Hardoim PR, Hardoim CC, van Overbeek LS et al. Dynamics of seed-borne rice endophytes on early
plant growth stages. PloS one 2012;7: e30438.

Holland MA. Probiotics for Plants? What the PPFMs told us and some ideas about how to use them.
Journal of the Washington Academy of Sciences 2016;102: 31-42.

Holland MA. Thinking About PPFM Bacteria as a Model of Seed Endophytes: Who Are They? Where
Did They Come from? What Are They Doing for the Plant? What Can They Do for Us? Seed
Endophytes, DOI 10.1007/978-3-030-10504-4: Springer, 2019, 21-34.

Johnston-Monje D, Lundberg DS, Lazarovits G et al. Bacterial populations in juvenile maize
rhizospheres originate from both seed and soil. Plant and Soil 2016;405: 337-55.

65



Johnston-Monje D, Mousa WK, Lazarovits G et al. Impact of swapping soils on the endophytic
bacterial communities of pre-domesticated, ancient and modern maize. BMC Plant Biology 2014;14:
233.

Liu Y, Wang R, Li Y et al. High-throughput sequencing-based analysis of the composition and
diversity of endophytic bacterial community in seeds of “Beijing” hybrid maize planted in China.
Plant Growth Regulation 2017;81: 317-24.

Maguire J. Speed of germination aid in selection and evaluation for seedling emergence and vigor.
Crop Science 1962;2: 176-7.

Mashiane RA, Ezeokoli OT, Adeleke RA et al. Metagenomic analyses of bacterial endophytes
associated with the phyllosphere of a Bt maize cultivar and its isogenic parental line from South
Africa. World Journal of Microbiology 2017;33: 80.

McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive analysis and graphics of
microbiome census data. PloS one 2013;8.

Nelson EB. Microbial dynamics and interactions in the spermosphere. Annual review of
phytopathology 2004;42: 271-309.

Nelson EB. The seed microbiome: Origins, interactions, and impacts. Plant and Soil 2017;422: 7-34.

Nelson EB, Simoneau P, Barret M et al. Editorial special issue: the soil, the seed, the microbes and the
plant. Plant and Soil 2018;422: 1-5.

Oksanen J, Blanchet FG, Kindt R et al. Vegan: Community Ecology Package. R Package Version 2.0-
8, 2013. http://CRAN.R-project.org/package=vegan (access on 30 March 2020).

Quast C, Pruesse E, Yilmaz P et al. The SILVA ribosomal RNA gene database project: improved data
processing and web-based tools. J Nucleic Acids Research 2012;41: D590-D6.

Rijavec T, Lapanje A, Dermastia M et al. Isolation of bacterial endophytes from germinated maize
kernels. Canadian Journal of Microbiology 2007;53: 802-8.

Rosenblueth M, Lopez-Lopez A, Martinez J et al. Seed bacterial endophytes: common genera, seed-
to-seed variability and their possible role in plants XXVIII International Horticultural Congress on
Science and Horticulture for People (IHC2010): International Symposium on 938, 2010, 39-48.

Tagele SB, Kim SW, Lee HG et al. Effectiveness of multi-trait Burkholderia contaminans KNU17BI1
in growth promotion and management of banded leaf and sheath blight in maize seedling.
Microbiological Research 2018;214: 8-18.

Tagele SB, Kim SW, Lee HG et al. Potential of novel sequence type of Burkholderia cenocepacia for
biological control of root rot of maize (Zea mays L.) caused by fusarium temperatum. International
Journal of Molecular Sciences 2019;20: 1005.

Truyens S, Weyens N, Cuypers A et al. Bacterial seed endophytes: genera, vertical transmission and
interaction with plants. Environmental Microbiology Reports 2015;7: 40-50.

Verma S, White J. Indigenous endophytic seed bacteria promote seedling development and defend

against fungal disease in browntop millet (Urochloa ramosa L.). Journal of Applied Microbiology
2018;124: 764-78.

66



Verma SK, Kingsley K, Bergen M et al. Bacterial endophytes from rice cut grass (Leersia oryzoides
L.) increase growth, promote root gravitropic response, stimulate root hair formation, and protect rice
seedlings from disease. Plant and Soil 2018;422: 223-38.

Verma SK, Kingsley K, Irizarry | et al. Seed vectored endophytic bacteria modulate development of
rice seedlings. Journal of Applied Microbiology 2017;122: 1680-91. Wilfinger WW, Mackey K,
Chomczynski P. Effect of pH and ionic strength on the spectrophotometric assessment of nucleic acid
purity. Biotechniques 1997;22: 474-81.

Yabuuchi E, Kosako Y, Oyaizu H et al. Proposal of Burkholderia gen. nov. and transfer of seven
species of the genus Pseudomonas homology group Il to the new genus, with the type species
Burkholderia cepacia (Palleroni and Holmes 1981) comb. nov. Microbiology Open 1992;36: 1251-75.

Zhu Y-L, She X-P, Wang J-S et al. Endophytic bacterial effects on seed germination and mobilization
of reserves in Ammodendron biofolium. Pakistan Journal of Botany 2017;49: 2029-35.

67



SUPPLEMENTARY DATA

SD. 1. Effect of disinfection time (0, 10, 20, 30, 40, 50, 60, 70, 80, 90 minutes) with sodium
hypochlorite 1.25% on seed-borne bacterial population size on non-germinated seeds (A)
measured as optical density increase over the time, and germination parameters associated
with maize seeds (B-E). The time of 30 minutes had shown significant bacterial population
reduction without affect germination performance, and it was selected for further assays.
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SD. 2. Colonization of maize seeds by its microbiota. Bacterial cells were visualized by
scanning electron microscopy (SEM). Maize seeds non-disinfected (A) and disinfected (B).
Seed regions: pericarp (Al and B1), endosperm (A2 and B2), embryo (A3 and B3), and
radicle (A4 and B4). White arrows indicate biofilms and small bacterial aggregates. Bars
represent the following scales: panel A1 and A2: 20 um; A3 and B1: 20 and 10 um; A4 and
B4: 200 and 20 um; B2: 100 and 20 um; B3: 100 and 2 pm.
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SD. 3. Bacterial isolates obtained from seed and maize root microbiota (Zea mays L.) variety
SHS 5050 that was used to compose the synthetic community (syncom) for further studies of
the partial rebuilding of the seed-borne bacteria microbiota.

Bacteria strain designation Origin

LMS 3b NB NDS R2 -5
LMS 4 NB NDS R2 -6
LMS 5 NB NDS R2 -6
LMS 7 NB NDS R2 -6
LMS 8 NB NDS R2 -6
LMS 10 NB NDS R2 -6
LMS 23 NDS NB overnight R2 -4

LMS 25b NDS NB overnight R2 -6

LMS 73bl LGI NDS R2 -6 (-7)
LMS 77 LGI NDS R4 -5 (-7)
LMS 81 JNFb NDS R1 -4 (-7)
LMS 99 JNFb NDS R4 -6 (-7)

Culture media used for isolation: NB solid medium and JNFb and LGI semi-solid medium; Non-
disinfected seed (NDS); the number of experimental unit replication and dilution obtained (RX -
X).

SD 4. Identification by sequencing the 16S rRNA after BLAST in the NCBI database of the
maize seed-borne bacteria isolates used to compose the synthetic community (Syncom).

Isolate Isolate identified by 16S rRNA gene sequence rﬁ\;;]:%sesr Idze(;:)lty vaIIEue Quel(’g//ociover Score
3b Staphylococcus sp. strain Firmi-16 MH683105.1  99.59 0.00 91 1332
4 Burkholderia sp. strain Beta-30 MH698880.1  99.57 0.00 100 1279
5 Burkholderia gladioli strain E37CS3 MK474979.1  99.87 0.00 100 1413
7 Burkholderia sp. strain BIS1062 MN810235.1  99.87 0.00 100 1408
8 Burkholderia gladioli strain 16BC MK474977.1 100 0.00 100 1232
10 Burkholderia gladioli strain T3.3.1 MTO001453.1  99.85 0.00 100 1247
23 Bacillus drentensis strain CD3 MK?216756.1 100 0.00 100 1330

25b Bacillus camelliae strain 7578-1 NR_159341.1 99.72 0.00 98 1321
73bl Burkholderia gladioli strain E37CS3 MK474979.1 100 0.00 100 1291
77  Burkholderia gladioli strain TWS (19)-Abf_48Ba MN049500.1 100 0.00 99 1293
81 Burkholderia sp. strain Beta-30 MH698880.1 100 0.00 100 1291
99 Burkholderia gladioli strain TWS (19)-Abf_48Ba MN049500.1 100 0.00 100 1293

The identification of the twelve bacteriome selected isolates (SD. 4) was carried out by
sequencing the 16S rRNA gene. For this, the bacteria were cultured in NB liquid medium (180 rpm,
for 24-48 h at 30 °C) and resuspended by centrifugation (5.000 rpm, for 10 min). The total DNA was
extracted as described previously (CTAB method) and quantified in a NanoDrop 2000®
spectrophotometer (Thermo Scientific). Subsequently amplified by PCR using the following reaction:
1 pL of genomic DNA (100 ng); 5 puL of buffer (10x Buffer, Invitrogen), five uL of MgCl,, one uL of
dNTP (10 uM), one uL of each primer (10 uM; 27F: AGAGTTTGATCCTGGCTCAG; 1492R:
GGTTACCTTGTTACGACTT), 0.5 uL of Taq polymerase enzyme and water (35.5 uL), totalling 50

pL of reaction. The mixture was incubated in a thermocycler with the following conditions: initial
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denaturation of 5 min at 95 °C, 35 cycles of 95 °C for 30 s, 55 °C for 2:15 min and 72 °C for 1:15 min.
The PCR product was quantified, and the amplification confirmed on an agarose gel (1.5%) submitted
to electrophoresis (90 V for 90 min).

The PCR products were purified with the Exo-SAP kit according to the manufacturer's
description and sequenced on the ABI PRISM 3500 Genetic Automatic analyser sequencer (Applied
Biosystems) using the commercial cycle Big Dye® Terminator Sequencing Kit v3.1 from Thermo
Fisher Scientific (Cat. No 4333456). The amplicons were sequenced at both ends, using the same pair
of PCR primers. The sequences of the 16S rRNA genes were analysed and assembled using the
program BioEdit version 7.1.9 (Hall, 1999). The sequences were then aligned and compared to those
deposited in the GenBank database using the BLAST program (Altschul et al., 1997). The sequences
were deposited in the NCBI database under submission code SUB8322664.

SD 5. Distribution of reads by root sample of germinated disinfected (yes) and no disinfected
seeds (no) of maize variety SHS 5050.
X.Sample Total

ID Genotype Extraction Disinfection Treatment Reads Coverage
012 SHS5050 CTAB No R_SHS5050 ND_CTAB 64695 0.9944354
011 SHS5050 CTAB No R_SHS5050 ND_CTAB 23212 0.9912545

04 SHS5050 DNAZol No R_SHS5050 ND_DNAZol 49737 0.9941291

02 SHS5050 DNAZol Yes R_SHS5050 D DNAZol 1248 0.9551282

08 SHS5050 CTAB Yes R_SHS5050 D CTAB 118  0.6949153

09 SHS5050 CTAB Yes R_SHS5050 D CTAB 144  0.5555556

05 SHS5050 DNAZol No R_SHS5050 ND_DNAZol 64020 0.9946892

03 SHS5050 DNAZol Yes R_SHS5050 D DNAZol 263  0.8365019

06 SHS5050 DNAZol No R_SHS5050 ND_DNAZol 42802 0.9939022
010 SHS5050 CTAB No R_SHS5050 ND _CTAB 3686 0.9750407

o7 SHS5050 CTAB Yes R_SHS5050 D CTAB 148  0.7229730

01 SHS5050 DNAZol Yes R _SHS5050 D DNAZol 230  0.8391304

SD 6. Permutational Multivariate Variance Analysis (Permanova) of the root bacterial
community structure of maize geminated seeds variety SHS 5050. The disinfection factor was
significant (p = 0.006), contributing 36% of the variation.

Df* SumsofSgs® Mean Sgs® F. Model R2 Pr(>F)

Disinfection 1 1.563833 15638332 5.719781 0.3638588 0.006

Residuals 10 2.734079 0.2734079 NA 0.6361412 NA
Total 11 4.297912 NA NA 1.0000000 NA

aDf: degrees of freedom

®Sum of Sgs: sequential sums of squares
®Mean Sgs: mean squares

9F. Model: F statistics

#Pr>(F): partial R-squared and P values
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SD 7. Differential abundance of roots associated OTU of maize plantlets variety SHS 5050
from disinfected (DS) versus non-disinfected seeds (NDS).

rab.all?  rab.win.R_ rab.win.R_
Root_DSP Root_NDS¢

effect overlap we.epd Family Genus

14.3029290 8.2025510
1.0463097 5.3631248
4.2163306 7.3515686

6.6462458 2.1751503
2.2337604 4.2573698

8.2251787 2.1263053
7.3891091 1.7284770
3.5135809 5.1803706
8.1816592 2.1437384

6.1747742 0.4890293
0.9485628 3.6297661

5.7504276 0.5893332
6.1834278 0.2673052
2.7629464 4.3992226

16.6679985
-0.4587697
3.0277565

8.8878914
0.5699101

10.6305670
9.3867903
2.8285070
10.3636854

6.5897098
-0.6027736

6.3364622
6.6261919
1.2307604

3.6336860 0.0003653998 0.0008595304 f Burkholderiaceae g_Burkholderia
-2.1410903 0.0052604506 0.0065642852 f Oxalobacteraceae NA”
-1.9246204 0.0003653998 0.0092850702 f_Alcaligenaceae NA*

2.4701196 0.0003653998 0.0215379059 f Burkholderiaceae g_Burkholderia
-1.4411406 0.0518185718 0.0271257626 f_Corynebacteriaceae g_Corynebacterium

2.6413734 0.0003653998 0.0274517615 f Burkholderiaceae g_Burkholderia
2.7051190 0.0003653998 0.0297697949 f Burkholderiaceae g_Burkholderia
-1.8998283 0.0259172269 0.0299101109 f_Staphylococcaceae g_Staphylococcus
2.6321218 0.0003653998 0.0353067527 f Burkholderiaceae g_Burkholderia

1.8652017 0.0104432569 0.0358160707 f_Burkholderiaceae g_Burkholderia
-1.2680380 0.0466378252 0.0382945172 f_Microbacteriaceae g_Cryocola

1.7958206 0.0207385644 0.0456794252 f_Burkholderiaceae g_Burkholderia
1.8131076 0.0103891482 0.0515493973 f_Burkholderiaceae g_Burkholderia
-0.8633717 0.0937527019 0.0536003332 f Sinobacteraceae ~ NA”

2 rab.all - median clr value for all samples in the feature

b rab.win.No - median clr value for the group of non-disinfected samples
¢ rab.win.Yes - median clr value for the group of disinfected samples

4 we.ep - Expected P-value of Welch’s t-test

“NA = unassigned
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SD 8. Colonization of disinfected non-germinated seeds of maize with syncom (A). Bacterial
cells were visualized by SEM. Seed regions: pericarp (Al and A2), endosperm (A3 and A4),
embryo (A5 and A6), and early emerged radicle (A7 and A8). White arrows indicate biofilms
and small bacterial aggregates. Bars represent the following scales: panel A2, A6, and A8: 10
pm; Al and A4: 20 um; A3 and A5: 100 um; A7: 200 pm.
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RESUMO

As sementes sdo reservatorios de micro-organismos benéficos e prejudiciais que
modulam o crescimento e a salde das plantas. Neste estudo, acessamos a montagem do
bacterioma da semente em plantulas modificadas por desinfestacdo das sementes e seu efeito
sobre a germinagdo do milho e a colonizacdo microbiana das raizes. A desinfestacdo das
sementes foi realizada com hipoclorito de sodio (1,25%, 30 min), resultando em reducédo da
fracdo cultivavel da populacdo bacteriana transmitida pela semente, mas ndo detectada
significativamente por PCR em tempo real, microscopia e analise bioquimica das raizes de
sementes germinadas. O sequenciamento do rRNA 16S revelou que o bacterioma das
sementes ndo germinadas e das raizes germinadas exibiram, apds 5 dias, diversidade
semelhante e ndo diferiram em estrutura apds a desinfestacdo das sementes. Por outro lado, a
reducdo dos géneros Azospirillum e Acinetobacter em sementes desinfestadas antes da
germinagdo parece alterar a proeminéncia de varios novos taxons nas raizes. Curiosamente,
esta comunidade bacteriana reconstruida afetou negativamente a velocidade de germinacao e
o crescimento das plantulas de milho. Além disso, a remodelacdo do bacterioma aumentou a
suscetibilidade da var. DKB 177 ao patogeno vegetal transmitido pela semente Penicillium sp.
Essas mudancas na composicdo natural da semente removeram sua barreira natural,
aumentando a suscetibilidade a patogenos, impedindo que as sementes desinfestadas
germinassem e se desenvolvessem. Concluimos que as bactérias transmitidas pelas sementes
modulam a abundancia relativa dos taxons que colonizam as raizes emergidas, promovem a

germinacao, o crescimento das plantulas e protegem o milho contra patégenos fangicos.

Palavras-chave: Bactéria endofitica, Bactérias transmitidas por sementes, Biocontrole,

Desinfestacdo das sementes, Germinacdo, Penicillium sp., Sequenciamento do rRNA 16S.
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ARTICLE INFO ABSTRACT

Keywords:
Endophytic bacteria
Seed-borne bacteria
Biocontrol

Seeds are reservoirs of beneficial and harmful microorganism that modulates plant growth and health. Here, we
access seed to seedling bacteriome assembly modified by seed-disinfection and the underlined effect over maize
germination performance and root-seedlings microbial colonization. Seed-disinfection was performed with so-
dium hypochlorite (1.25 %, 30 min), resulting in a reduction of the cultivable-dependent fraction of seed-borne
bacteria population, but not significantly detected by real-time PCR, microscopy, and biochemical analysis of the
roots on germinated seeds. 16S rRNA sequencing revealed that bacteriome of non-germinated seeds and roots of
5-d germinated seeds exhibited similar diversity and did not differ in the structure concerning seed-disinfection.
On the other hand, the relative abundance reduction of the genera f Enterobacteriaceae 922761 (unassigned
genus), Azospirillum, and Acinetobacter in disinfected-seed prior germination seems to display changes in
prominence of several new taxa in the roots of germinated seeds. Interestingly, this bacteriome community
rebuilt negatively affected the germination speed and growth of maize plantlets. Additionally, bacteriome re-
shape increased the maize var. DKB 177 susceptible to the seed-borne plant pathogen Penicillium sp. Such
changes in the natural seed-borne composition removed the natural barrier, increasing susceptibility to patho-
gens, impairing disinfected seeds to germinate, and develop. We conclude that bacteria borne in seeds modulate
the relative abundance of taxa colonizing emerged roots, promote germination, seedling growth, and protect the
maize against fungal pathogens.

Seed disinfection
Germination
Penicillium sp.

16S rRNA sequencing

1. Introduction biocontrol of phytopathogens, is highlighted. These bacteria generally

promote plant growth by facilitating the acquisition of nutrients (ni-

Plants are colonized by diverse microbial assemblages, known as
microbiota (set of microorganisms) or microbiome (set of genomes)
(Compant et al., 2019). Regarding the bacterial component of the
microbiome (bacteriome), the ability to occupy various niches in the
plant (surface and interior of the tissues) (Gopal and Gupta, 2018) and
perform various beneficial activities, such as promoting growth and

* Corresponding author.

trogen, phosphorus, and iron) and producing/modulating phytohor-
mones (auxin, gibberellin, and cytokinin) (direct effect); or by reducing
damage caused by fungal and bacterial (harmful) pathogens through
compounds they produce (siderophores, antibiotics, lytic enzymes,
bacteriocins, lipoproteins, and volatile organic compounds) (indirect
effect) (Orozco-Mosqueda et al., 2018; Verma et al., 2019b). Direct and
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indirect interactions of the microbiota with plants are essential to reduce
the use of synthetic and pesticide fertilizers and make agriculture more
sustainable.

The plant bacteriome has its origin in seeds (endo and epiphytic),
considered a natural carrier of microbial inoculants transmitted verti-
cally (Frank et al., 2017). Bacteria have already been isolated from
sterilized seeds on the surface of many cultures (Verma et al., 2017,
2018; Verma and White, 2018), which suggests their protection inside
the seed or strong adhesion to the surface. During germination, the
radicle, already densely colonized by resident seed-bacteria, elongates
and emerges from its coating. Then, the primary root grows in contact
with the soil becomes a new source of bacteria for the plant host via a
horizontal transmission (Bakker et al., 2015). Highlighting only the
bacterial associations originating from the seed, we found studies that
demonstrated the ability of its prokaryotic inhabitants to promote
germination and growth of different plant species, which was confirmed
by removing them by chemical and thermal disinfection (Holland, 2016;
Irizarry and White, 2017; Verma et al., 2017, 2018; Verma and White,
2018; Holland, 2019; Verma et al., 2019b).

In addition to bacteria, the seeds harbour fungi of a phytopathogenic
nature that can develop during the germination period, delaying
germination, or killing the seed (Xing et al., 2018). Among the main
pathogens transmitted by seed are fungi of the genus Penicillium, which
infect a wide range of economically important plants (Xing et al., 2018).
These fungi often reduce grain yield and quality, in addition to pro-
ducing mycotoxins (Akonda et al., 2016). Fortunately, seed bacteria are
competent biocontrol agents and protect plants from their enemies
(Verma et al., 2017; Khalaf and Raizada, 2018; Verma et al., 2018;
Verma and White, 2018; White et al., 2017).

Most of the analyzes available on the seed microbiota focus on the
diversity or functional abilities of isolated bacteria. In the present study,
possible roles for the seed-borne bacteria community were accessed by
comparing chemical disinfected and non-disinfected maize seeds
growing under axenic conditions. Using cultivable-independent ap-
proaches, we evaluated bacteria populations of non-germinated seeds
and radicle of germinated seeds throughout 16S rRNA sequencing and
population size by real-time PCR. Also, the population size of the
cultivable bacteria pool and the structural interaction between the seed-
resident microbial community and maize seedling were accessed.
Finally, seed germination, seedling growth, and stored reserve remobi-
lization were evaluated, and during these assays, it was observed a
differential behaviour for the seed-borne fungus Penicillium sp. on dis-
infected and non-disinfected seeds.

2. Material and methods

2.1. Surface disinfection, germination, and seedlings growth promotion of
maize

Maize seeds (Zea mays L.) of the DKB 177 variety (Dekalb®, Brazil)
were immersed in sterile distilled water for 5 h, with part of the seeds
being non-disinfected (NDS treatment). The disinfected seeds (DS treat-
ment) were treated in 70 % alcohol for 5 min and sodium hypochlorite
(NaClO; Butterfly Ecologia, Audax Company) 1.25 % for 30 min.
Washings in sterile distilled water were performed between the solutions
(1x) and after immersion in hypochlorite (5x). Preliminary tests were
carried out to reach the 30 min time of immersion in NaClO (1.25 %).
For this, seeds were immersed in this solution for times ranging from
zero to 90 min (0, 10, 20, 30, 40, 50, 60, 70, 80 and 90 min) and placed
in tubes containing NB liquid medium (Nutrient Broth; 5 mL) for 48 h
(180 rpm, up to 30 °C). The optical density (OD) of each treatment was
measured at 595 nm in a spectrophotometer (Chameleon, Hidex, model
425—156) and associated with the growth of seed bacteria.

The effect of disinfecting seeds for 30 min was evaluated using the
Live/Dead® kit (Thermo Fisher Scientific), which analyzes the viability
of bacterial cells. For that, bacterial suspension (2 mL) grown from the
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seed (zero- and 30-min immersion in hypochlorite) was centrifuged
(10,000 x g for 4 min) and resuspended in saline (NaCl; 8.5 g L™1) twice.
Then, two fluorescent nucleic acid dyes, SYTO9 and propidium iodide
(PI) (0.5 pL each) were mixed with the bacterial suspension (100 pL) and
incubated at room temperature for 15 min. The stained bacteria were
visualized using an Axioplan Zeiss epifluorescence microscope.

Disinfected and non-disinfected seeds were germinated under axenic
conditions, being placed in Petri dishes (8 repetitions; 12 seeds per dish)
containing agar-water medium (0.5 %) and packed in BOD (30 °C;
photoperiod 12/12 h (light/dark)) for 5 days. After this period, germi-
nation percentage (%G), germination speed index (GSI), average
germination time (AGT), and average germination speed (AGS)
(Maguire, 1962) were evaluated using an unpaired t-test. Radicles > 5
mm were considered to be germinated.

2.2. Seed-borne bacteria population count

The bacteria population associated with emerged radicle of germi-
nated seedlings under axenic conditions (as described in topic 2.1) of
disinfected and non-disinfected seeds were estimated. The diazotrophic
population estimation was determined by the Most Probable Number
(MPN) technique for positive growth in semi-solid media (data
expressed as logio n° cells. g~! root). The total heterotrophic bacteria
was accessed by colony-forming unit in Nutrient Broth (NB) solid me-
dium plates (data expressed as log;o n° cells. g~* root or mL ™) with and
without population enrichment in liquid NB medium. For this, roots (1
g) were macerated in saline (NaCl; 99 mL; 8.5 g L™1), subjected to serial
dilution (1072 to 10~®) and inoculated with a pipette (100 pL) into a 16
mL glass flask containing 5 mL of N-free semi-solid JNFb and LGI me-
dium (diazotrophic population) or plated in NB medium (heterotrophic
bacteria). The flasks and Petri plates were incubated in BOD (30 °C; 5-7
days), and the counts were as described above and following Baldani
et al. (2014). Additionally, primary root segments were placed in tubes
containing NB liquid medium (5 mL) subjected to “overnight” agitation
(180 rpm, at 30 °C). After bacterial growth, serial dilution, plating in
solid NB, and colony counting were performed.

2.3. Structural characterization of the maize bacterial microbiota by light
microscopy (LM), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM)

Maize seeds and seedlings were grown under axenic conditions were
collected and processed for light microscopy (LM) and scanning electron
microscopy (SEM).

For LM, the primary maize root was visualized after being stained
with 2,3,5-triphenyl tetrazolium chloride (0.1 % TTC for 2 h) (TTC;
Reagen®), followed by reduction of the tissue background after
immersing the root in potassium hydroxide solution (2.5 % KOH for 40
min). Stained roots were placed on slides with sterile distilled water and
bacteria visualized for reducing the TTC from the colourless soluble
form to the insoluble pink form, with this precipitation around the
colonies being recorded by the bright-field microscope Axioplan Zeiss.

For SEM, segments (1 cm) of the primary maize root were fixed in
glutaraldehyde (2.5 %) and paraformaldehyde (4 %) in sodium phos-
phate buffer (0.05 mol L™, pH 7.0). Then, the segments were washed
with the same buffer (3 times for 20 min for root; 30 min for seed) and
dehydrated in an alcoholic series (15, 30, 50, 70, 90 and 2 x 100 % at 15
min for each root; 30 min for seed). The samples were dried in a critical
point device (Bal-Tec CPD 030), mounted on aluminium stubs, and
metalized with ionized platinum in a sputtering coat apparatus (Bal-tec
SCD 050). Maize seeds and roots were visualized in SEM Zeiss EVO 40 at
15 kV. Magnifying glass (Zeiss Stemi SV 11). Magnifying glass records
(Zeiss Stemi SV 11) were used to indicate macroscopic structures of the
seed.

Other root segments were incorporated, after the dehydration phase,
in crescent LR White resin (medium grade) until complete tissue
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Fig. 1. Bacterial growth reported as optical density increase in NB liquid medium with maize seeds submitted to different disinfection times in sodium hypochlorite
(1.25 % for 10, 20, 30, 40, 50, 60, 70, 80 and 90 min) (A) and fluorescence live/dead bacterial viability assay images of seeds non-disinfected (NDS) and disinfected

(DS) (B). Scale bar: 10 pm.

replacement of ethanol for resin. After that, individual samples were
mounted in transparent gelatin capsules filled with pure fresh resin and
then polymerized in an oven at 60 °C for 24 h. Semi-thin sections
(0.8-1.0 pm) of cured samples were obtained with the aid of a glass knife
and ultramicrotome (Reichert-Jung Ultracut II E). The sections were
collected on glass slides heated in a metal plate and stained with tolui-
dine blue (1 %). After staining, the material was mounted in water with
a coverslip, and it was observed under a light microscope. For TEM,
samples prepared as described above were sectioned in ultra-thin sec-
tions (50—90 nm) with the aid of a diamond knife and ultramicrotome
(Reichert-Jung Ultracut II E). The sections collected in copper grids (300
mesh), contrasted with uranyl acetate (5 % for 20 min) and lead citrate
(5 min) and observed in a transmission electron microscope JEOL 1400
Plus at 80 KV.

2.4. Maize seeds and roots bacteriome

Seeds and roots were sampled from plates of the axenic assay
described above and stored at -70 °C until DNA extraction. Frozen
samples were macerated in liquid nitrogen to extract genomic DNA
(from 0.2 g) using Cetyltrimethylammonium bromide (CTAB) for roots
and seeds (Chen and Ronald, 1999; Doyle and Doyle, 1987). The amount
of DNA in the samples was determined using NanoDrop 2000®

spectrophotometer (Thermo Scientific) and Qubit® fluorometer (Invi-
trogen), while the quality was confirmed in agarose gel (0.8 %) elec-
trophoresis (80 V, for 70 min). The total DNA was sent to the company
“WEMSeq Biotechnology” for sequencing of the 16S rRNA gene in Illu-
mina MiSeq, with three replicates per treatment. The samples were
amplified with primers 515F and 806R against the V4 region of the 16S
rRNA (Caporaso et al., 2012). PCR products were quantified (Qschd
dsDNA HS kit, Invitrogen) and sequenced on the Illumina MiSeq plat-
form (300V2 Kit, [llumina) according to the manufacturer’s instructions.

The MiSeq raw sequences were analyzed in QIIME (Caporaso et al.,
2010), version 1.9.0, where low-quality readings were filtered, and the
rest grouped into Operational Taxonomic Units (OTUs) using a 97 %
identity threshold. After grouping, sequences were aligned and classified
with the SILVA database (Quast et al., 2012). The quality of the sampling
was estimated from Good’s coverage (Good, 1953). Subsequent analyzes
were performed in the R environment (Team, R. C., 2013) using the
phyloseq package (McMurdie and Holmes, 2013) to estimate the alpha
and beta diversity. The ordering of the sequencing for beta diversity was
performed based on the Bray-Curtis dissimilarity matrix and presented
in principal coordinate analysis (PCoA) graphs. Permutational multi-
variate analysis of variance (Permanova) (Anderson, 2014) was used to
assess statistical differences between treatments through the vegan
package (Oksanen et al., 2013). The alpha diversity of the treatments
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Fig. 2. Germination of non-disinfected (NDS; A) and disinfected (DS; B) maize seeds. Germination percentage (C), germination speed index (D), average germination
time (E), and average germination speed (F). *Significant difference between treatments according to the Tukey test (p < 0.05).

was estimated from the Shannon index, and the results were contrasted
using the Wilcoxon nonparametric statistical method. Venn diagrams
were created to illustrate the overlap of OTUs between samples. Dif-
ferential and relative abundance analyzes were performed at the gender
level, the latter being represented in heatmaps.

2.5. Quantitative PCR for bacterial microbiome

The abundance of the Eubacteria domain in seed and maize root was
measured by real-time PCR from the 16S rRNA. For this, the total DNA of
the samples was extracted according to the methodology mentioned in
the previous topic (CTAB method) and amplified from primers 926F
(AAACTCAAAKGAATTGACGG) and 1062R (CTCACRRCACGAGCTGAC)
(De Gregoris et al., 2011). PCR was performed in triplicate and with 15
pL of a reaction containing DNA (100 ng for seed and 40 ng for root), 7.5
pL of SYBR Green (Promega), 0.5 pL of each primer (10 pM) and water.
The reaction conditions were 5 min incubation at 95 °C, 40 cycles of 15 s
at 95 °C and 1 min at 60 °C in Step-One-Plus Real-Time PCR System
(Applied Biosystems). The standard curve was generated by diluting the
DNA of the bacterium Escherichia coli ATCC 25922 in series of 102- 1078
(20—2 x 10° ng of DNA). E. coli was grown in NB liquid medium (180

rpm, at 30 °C) and had its DNA extracted with Wizard Genomic DNA
Purification Kit (Promega). The number of bacteria in the seed and root
was calculated based on the values of Ct (cycle threshold) and the
standard curve (Staroscik, 2004).

2.6. Mobilization of seed-maize reserves during germination

To measure the mobilization of reserves during the germination of
maize, seeds were treated and germinated according to item 2.1, with
some modifications, including the soaking of NDS in sterile distilled
water for 35 min. At the same time, DS was immersed for an equal period
in alcohol/hypochlorite. Biochemical analyzes on maize were carried
out in three distinct stages: 1°) Imbibition (seeds sampled after disin-
fection); 2°) End of germination (embryonic axis collected 24 (for NDS)
and 48 h (for DS) after radicle emission (5 mm); 3°) Seedling stage (root
collected after 5 days of germination). In stage 2, the embryonic axis was
collected at different times because disinfection reduces the speed of
seed germination (Fig. 2). The samples collected in the 3 stages were
macerated in liquid nitrogen and analyzed, in triplicate, for protein
(Smith et al., 1985), reducing sugar (Miller, 1959), glucose, triglycerides
and alpha-amylase activity (Bioclin® K082, K117, K003), according to

81



L.F. Santos et al.

% 107 ns mm NDS
5 8 ns i
< %7 i = DS
k=)
S 64 « *
e i i
2 4
[
o
T 24
o
5 nd
S 0% T T

LGI JNFb NB NBenrich

Medium

Fig. 3. Influence of seed disinfection (DS versus NDS) on bacterial population
counts associated to five days emerged radicle of maize seedling (Z. mays DKB
177) under axenic conditions recovered in different culture media. Maize seeds
non-disinfected (NDS) and disinfected (DS). nd: not detected. Positive growth in
LGI (sucrose as C-source) and JNFb (malic acid as C-source) semi-solid N-free
media means the formation of a white sub-superficial white pellicle Data for
diazotrophic expressed as logyo n° cells. g~1 root with three biological repli-
cates. Data for total bacteria expressed as logyo n° CFU. g~! root or mL™~! in NB
solid medium.

the cited protocols. The results were analyzed by ANOVA, followed by
Tukey test (p < 0.05).

2.7. Effect of bacterial microbiota on biocontrol

To evaluate the potential of maize seed-borne bacteria in the control
of phytopathogenic fungi, disinfected, and non-disinfected seeds were
assayed as described in the 2.1. follow inoculation with Penicillium sp.
This fungus was initially isolated from another maize variety (Z. mays
var. SHS5050) after inhibiting 100 % of its germination and affected
seed reserve remobilization in the previous study with the same exper-
imental setup under the axenic condition described herein.

Once isolated, Penicillium sp. was grown in solid potato-dextrose-
agar (PDA) in BOD (30 °C; 7 days), followed by new growth in NB
liquid medium (180 rpm, at 30 °C) and inoculation in NDS and DS (150
pL per seed; OD595 = ~1; 10 seeds per plate; 4 repetitions). After five
days, germination rate and seedling growth (length and mass) were
evaluated, while scanning microscopy was used to characterize fungal
colonization at the root of the different treatments (methodologies
described in topics 2.1 and 2.3, respectively). The results were submitted
to analysis of variance (ANOVA) and the means compared by the Tukey
test (p < 0.05).

3. Results

To assess the role of seed-borne bacteria in maize, a time-course
chemical seed-disinfection assay with sodium hypochlorite was carried
out to remove most of the microbial community without impairing the
germination process. Thus, we selected the time of 30 min of seed im-
mersion in 1.25 % sodium hypochlorite solution. Disinfecting the seeds
for 30 min removed most of their bacteria (Fig. 1A), without affecting
the germination percentage of the maize (Fig. 2C). Live/Dead® viability
tests confirmed that the disinfection reduced the number of viable
bacteria cells compared to the non-disinfected treatment (Fig. 1B). Both
treatments showed green fluorescence (live cells), with few visible (red)
dead cells (Fig. 1B).

The seed-disinfection did not affect the germination percentage of
the maize (Fig. 2C) but reduced the germination speed (Fig. 2D and F)
and increased the time necessary for the seed to germinate (Fig. 2E).

Seed-disinfecting treatment significantly reduced diazotrophic bac-
teria population associated to emerged radicle of maize seedling (5 days
after emergence) in LGI semi-solid N-free medium (sucrose as a C-
source) and dramatically reduced the diazotrophic bacteria population
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grown in JNFb semi-solid N-free medium (malic acid as C-source) to no
detected level (Fig. 3). For total heterotrophic bacteria in NB solid me-
dium, it was shown no significant decrease in the root seedling popu-
lation in disinfect seeds. The same trend was obtained by population size
of root segments overnight enriched in NB liquid medium (Fig. 3)

Elongation/differentiation zone cross-section of the emerged radicle
from non-disinfected (Supplementary Fig. A1, A1-A3) and disinfected
maize seeds (Supplementary Fig. A1, B1-B3) were viewed under light
(LM) and transmission electron microscopy (TEM). The tissue system
organization of the root tissue can be visualized in images of LM (Sup-
plementary Fig. Al). Under TEM, the regular orientation of the plant cell
wall, cytoplasmatic organelles, and the presence of prominent vacuoles
in both treatments were noticed (Supplementary Fig. A1). Thus, it seems
unlikely that the hypochlorite affected the root anatomy organization of
maize root seedling.

Scanning electron microscopy (SEM) was used to characterize the
niche occupancy by the bacterial community in water-imbibed seeds
before germination (Fig. 4). It was not possible to distinguish population
density differences of bacteria in the pericarp coat (Fig. 4Al and 4B1)
and endosperm region (Fig. 4A2 and 4B2) from disinfected and non-
disinfected seeds. After 48 h-germination, with radicle protrusion that
emerged throughout the micropyle, it was noticed a remarkable densely
bacteria populations at the bottom of the radicle surface in both treat-
ments (Fig. 4A3-A4 and 4B3-B4).

After 5 p-germination, bacterial cells were viewed under LM and
SEM. In root-segments stained with TTC, few bacteria aggregates were
seen in the lateral root emission region (Fig. 5A1 and 5B1). In contrast,
no bacteria were visualized directly in the root tip surface of the dis-
infected and non-disinfected treatments (Fig. 5A2 and 5B2). SEM ob-
servations showed many single to small aggregate bacterial cells
distributed over root hair zone of NDS-treated (Fig. 5A3), while DS
bacteria were viewed as larger aggregate with less frequent colonization
pattern over root hair zone (Fig. 5B3). At the elongation zone of DS,
bacteria cells were main visualized as single cells, while aggregated or
biofilms of bacteria community were observed in the NDS (Fig. 5A4 and
5B4). In the root tip segment, the pattern colonization was similar for
both (NDS and DS) with bacteria community more frequently organized
as small aggregates (Fig. 5A5 and 5B5).

By sequencing and analyzing thel6S rRNA, we characterize the
bacteriome of the transition phase of the seed to root seedling emer-
gence under axenic conditions. Data sequencing of 5-h embedded seed
resulted in 587 reads in total, with an average sample coverage of 53 %
(Supplementary Table 1). PCoA analysis for seed bacteriome showed
distinct clustering between some samples independent of disinfected
and non-disinfected seeds (Supplementary Fig. A2, A). The seed bac-
teriome showed similar diversity (p = 0.66) (Supplementary Fig. A2, B)
and did not differ in structure (p = 0.6; R = 0.195) (Supplementary
Table 2) after the disinfection process.

Venn diagram revealed a low number of OTUs in non-germinated
embedded seeds, with two unique OTUs for non-disinfected seeds and
3 for disinfected seeds (Supplementary Fig. A3, A). Only 2 OTUs were
shared between treatments. In the bacteriome associated with the seed,
we identified ten genera from 3 different phyla, attributed to Proteo-
bacteria (7 genera), Firmicutes (2 genera), and Actinobacteria (1 genus)
(Supplementary Fig. A3, B). Among the ten genera, Azospirillum, Aci-
netobacter, and f Enterobacteriaceae_ 922761 (unassigned genus) were
more abundant in non-disinfected seeds, while Acinetobacter and
Staphylococcus were abundant in seeds treated with hypochlorite. Other
genera were detected in low numbers. Disinfection appears to reduce the
relative abundance of f Enterobacteriaceae 922761, Agzospirillum, and
Acinetobacter in the seed. However, the analysis of differential abun-
dance revealed that no taxon was removed by the hypochlorite (Sup-
plementary Fig. A3, B)

Five days after seed germination, the sequencing of the maize root
bacteriome resulted in 2,229.23 reads in total and average sample
coverage of 86 % (Supplementary Table 3). PCoA analysis showed that
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Fig. 4. Colonization of maize seeds by its microbiota. Bacterial cells were visualized by scanning electron microscopy (SEM). Maize seeds non-disinfected (A) and
disinfected (B). Seed regions: pericarp (Al and B1), endosperm (A2 and B2), and radicle (A3, A4, B3, and B4). Biofilms and small bacterial aggregates are indicated by
white arrows. Bars represent the following scales: panel B2: 3 pm; A2: 10 pm; Al, A4, B1, and B4: 20 pm; A3: 100 pm; B3: 200 pm.

the beta dispersion of the samples did not differ between the emerged
roots of NDS and DS (Fig. 6A), while Permanova indicated that disin-
fection was not significant for grouping biological replicates (p = 0.384;
R2 =0.091) (Supplementary Table 4). The bacterial diversity of the root
was also not altered by disinfection (p = 1.0) (Fig. 6B). We observed a

high overlap of OTUs between bacteria communities associated with
emerged roots of NDS and DS, with 10 OTUS in common (Fig. 7A). Only
3 and 6 exclusive OTUS were observed for NDS and DS, respectively
(Fig. 7A). In the root bacteriome, we identified ten genera, nine classi-
fied in the phylum Proteobacteria and 1 in the phylum Bacteroidetes
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Fig. 5. Bacterial colonization of maize root visualized by light (LM; root stained with TTC) and scanning electron microscopy (SEM). Maize seeds non-disinfected (A)
and disinfected (B). Root regions: mitotic sites (A1 and B1), root hair (A3 and B3), the zone of elongation (A4 and B4), root cap (A2, A5, B2, and B5). Bacteria are
indicated by arrows. Bars represent the following scales: panel Al, A2, B1, and B2: 10 pm; A3-A5 and B3-B5: 20 pm.
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(Fig. 7B). Genus differences include a greater abundance of Pseudo-
monas, Acinetobacter, Achromobacter, Methylobacterium, and Novos-
phingobium in the roots of disinfected treatment (Fig. 7B). Interestingly,
roots from the disinfected treatment were densely colonized by bacteria
abundant in NDS roots, plus the genera Zoogloea, f Comamonada-
ceae_ 942852 (unassigned genus), Ralstonia, Sediminibacterium and
f Oxalobacteraceae_1033018 (unassigned genus) (Fig. 7B). We found 3
OTUs that differed in abundance in disinfected versus non-disinfected
seeds and were attributed to the genera Acinetobacter and Ochrobacte-
rium (Supplementary Table 5). Within Acinetobacter, only the species
A. rhizosphaerae was identified.

The quantification of bacteria via real-time PCR identified a similar
number of cells/ng of DNA in roots (Supplementary Fig. A4, A; NDS:
7356 log cell; DS: 7287; p > 0.05), and roots (Supplementary Fig. A4, B;
NDS: 5360 log cell; DS: 5208; p > 0.05) disinfected and non-disinfected.

Significant differences in the mobilization of maize reserves were
only observed in the degradation of triglycerides of the embryonic axis
(Fig. 8C) and activity of the alpha-amylase enzyme to the root (Fig. S8E).
In both cases, the results were superior in the non-disinfected treatment.
The protein, glucose, and reducing sugar content did not differ between
treatments (NDS and DS) of the seed compartment, embryonic axis, and
root (Fig. 8A, B, and D). In general, the mobilization of reserves changed
as germination progressed, with significant differences between the
analyzed stages (Supplementary Table 6).

We also evaluated if the observed changes in the seed-borne bacteria
community interfere with tolerance against seed-borne phytopathogenic
fungi. Maize germination was tested after seed disinfection and inocu-
lation of Penicillium sp. In Fig. 9, we observed that fungus significantly
reduced the percentage (C) and the germination speed (D) of the dis-
infected seeds, which had part of their microbiota re-shaped by the

action of the hypochlorite. Due to the action of the fungus, many dis-
infected seeds decay before or just after germination (Fig. 9B2). When
non-disinfected, the seeds that received the fungus germinated normally
(Fig. 9C and D), with percentage and speed equal to the control (without
inoculation of the fungus). The average germination speed and time did
not differ between treatments (Fig. 9E and F).

The growth of germinated seedlings from disinfected seeds and
inoculated with Penicillium sp. was drastically reduced, affecting the
length of the aerial part (LAP) and root (LR), as well as the fresh root
mass (FMR) (Fig. 10C, D, and F). These results were significantly inferior
to the non-disinfected seeds challenged with the phytopathogenic fun-
gus and the disinfected-without-inoculation control (Fig. 10). It is
noteworthy that disinfected-inoculated seedlings rotted, showing brown
spots over the root axis (Fig 10B2). Seedlings of seeds that were non-
disinfected and inoculated with fungus grew normally for all charac-
teristics analyzed (except FMAP), with LAP, LR, and FMR values close to
the control without inoculation (Fig. 10C, D, and F). Only the fresh
weight of the aerial part (FMAP) did not differ between treatments
(10E).

Scanning electron microscopy (SEM) identified the presence of
fungal hyphae in maize roots infected with Penicillium sp. (Fig. 11).
Mycelia densely colonized the elongation/differentiation zone
(Fig. 11B3 and B4) and the root tip region(Fig. 11B5) of the germinated
roots of the disinfected seeds. The lesser density of bacteria and yeast
aggregates were observed in the infected region (Fig. 11B4). In the roots
of non-disinfected seeds, SEM showed few hyphae in the elongation/
differentiation zone (Fig. 11A3 and A4), and no hyphae were viewed in
the root tip region (Fig 11A5). In this treatment, it was observed a high
number of bacteria attached to the root surface in monolayer, inter-
acting with fungus hyphae (Fig. 11A4). Penicillium sp., yeasts, and
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bacteria colonized root areas with lateral root emergence, in the dis-
infected treatment (Fig. 11B1 and B2), while bacterial biofilms were
seen in the non-disinfected treatment in the same niche (Fig. 11A1 and
A2).

No filamentous fungal tissue was observed in uninoculated seedling
roots (Supplementary Figure A5). In control, bacteria and yeasts were
seen colonizing the root tissue in isolation or small aggregates (Suppl.
Fig. A5). A higher density of bacteria was detected in the root hood of
the non-disinfected treatment (Suppl. Fig. A5).

4. Discussion

For a long time, “sterile” seeds were considered healthy, which
contributed to the development of disinfection methods (chemical,
mechanical, physical, and biological) in order to remove their “patho-
gens” (Berg and Raaijmakers, 2018). However, in recent years, studies
based on “omics” have shown that the seeds harbour diverse and mostly
beneficial microbial communities (Berg and Raaijmakers, 2018). In the
present work, we confirmed that axenically germinated maize seeds host
several bacteria taxon, which was located, quantified and identified by
microscopic analysis, real-time PCR, counting in the culture medium,
and sequencing. Also, it was demonstrated that from seed to seedling
transition, there was a substantial increase in size and complex of the
bacteria community structure, whose functionalities remain to be
elucidated.

In this axenic study, soaking maize seeds in sodium hypochlorite
solution (1.25 %, 30 min) proved its antimicrobial effect through the
Live-Dead viability assay and population estimation by count in the

culture medium. However, microscopy analysis of the water embedded
seed and emerged roots from germinated maize seeds revealed that the
chemical disinfection reduces but does not remove all bacteria from the
seed. Pieces of evidence for this are images of SEM and LM with no
visible differences in the bacterial density of the treatments (NDS versus
DS).

After reducing the number of maize bacteria with disinfection, a
delay in seed germination speed and seedling growth was observed that
reinforces the idea that some bacteria borne in seeds are essential for
these physiological processes. Other studies have shown that chemical
disinfection (Irizarry and White, 2017; Verma et al., 2017, 2018; Verma
and White, 2018) and thermal treatments (Holland, 2016, 2019) have
slowed germination and growth of rice, soybean, beans, and millet. It is
worth mentioning that disinfection did not affect the germination per-
centage of maize and did not structurally alter the plant cell and tissue
viewed by transmission electron microscopy. Therefore, it seems un-
likely that delays in the speed of germination and growth are attributed
to sodium hypochlorite.

The idea that disinfection can reduce, but not remove all bacteria
from maize, was confirmed by sequencing the 16S rRNA, since there
were no significant differences between treatments (NDS versus DS) for
Permanova and Shannon diversity, besides the significant number of
shared OTUs. Differences in sequencing were restricted to the distinct
taxonomic composition between the seed and root compartments, which
shared only two genera (Acinetobacter and Novosphingobium). Within the
studied compartments, the variation between treatments is only quan-
titative; that is, it is based on the abundance of taxa, not on their pres-
ence or absence, which justifies the fact that only 3 OTUs have been
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Fig. 9. Germination of non-disinfected (NDS;
Al and B1) and disinfected (DS; A2 and B2)
maize seeds inoculated (B1-B2) or not (A1-A2)
with fungus Penicillium sp. Germination per-
centage (C), germination speed index (D),
average germination time (E), and average
germination speed (F). Different capital letters
indicate significant differences for the inocula-
tion factor (Control x Fungus), and lowercase
letters indicate significant differences for the
disinfection factor (NDS x DS) according to the
Tukey test (p < 0.05).
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removed by disinfection (Acinetobacter (2) and Ochrobacterium (1)). In
the seed, the reduction of the genera f Enterobacteriaceae 922761
(unassigned genus), Azospirillum, and Acinetobacter after disinfection can
be related with later emergence of several new taxa (9 genera in all)
activated at the emerged root during germination, with emphasis on the
genus Novosphingobium. These findings suggest that the reduction of
dominant genera in the seed reduced the competition for niches or re-
sources in the root, allowing colonization by other bacterial groups
(Hardoim, 2019). However, these new groups do not contemplate or
contemplate a reduced number of bacteria that promote germination
and growth, which affected the development of maize.

Once the bacteriome of maize is characterized, it remains to eluci-
date how these microorganisms promote germination and plant growth.
Most studies attribute bacteria to biostimulatory, biofertilizer, and
biocontrol skills (Santos et al., 2019). Some research already reports that
bacteria can positively modulate the mobilization of seed reserves dur-
ing germination. In this study, the changes in compositional bacteria
structure do not seem to interfere with this seed-stored mobilization,
maybe due to the remaining presence of key taxon after disinfection. On
the other hand, if the number of bacteria/ng of DNA (detected via
real-time PCR) has not been altered by disinfection, the mobilization of
reserves will not be altered either.

After the loss of several germination assays due to the action of the

\)0
«*’@

Treatments

10

pathogenic fungus Penicillium sp. (data not shown from our group for
Z. mays variety SHS5050), we decided to explore the role of the bacterial
microbiota in protecting the seed (maize of the variety DKB 177). Re-
sults of this test showed that the partial removal of the microbiota by the
hypochlorite rendered the seed more susceptible to the seed-borne
fungus Penicillium sp., drastically reducing the germination and
growth of maize. On the other hand, seeds that were non-disinfected and
inoculated with the fungus developed typically, as well as the control
seeds without fungus challenger. This finding was confirmed by SEM of
germinated roots, with dense fungal colonization in the disinfected-
inoculated treatment, while little or no hypha was observed in the
treatment non-disinfected-inoculated. Other studies have also shown
that seed-bacteria control fungal diseases (Verma et al., 2017; Khalaf
and Raizada, 2018; Verma et al., 2018; Verma and White, 2018; White
et al., 2017).

We correlated biocontrol results with maize sequencing and
observed that the bacteriome acted as a “barrier” against phytopatho-
gens by inhibiting the proliferation of fungi that deteriorate the seeds,
also determining the bacterial profile of the root and the growth pa-
rameters of the maize seedlings. For this, they had to compete for nu-
trients and niches, induce plant resistance or produce antifungal and
antibacterial metabolites (antibiotics, bacteriocins, lytic enzymes, and
volatile compounds) (Verma et al., 2019a). The candidates’ bacteria
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Fig. 10. Growth of maize germinated of non-
disinfected (NDS; Al and B1) and disinfected
(DS; A2 and B2) maize seeds inoculated (B1-B2)
or not (A1-A2) with fungus Penicillium sp. Shoot
length (C; LAP) and root (D; LR), shoot fresh
weight (E; FMAP), and root (F; FMR). Different
capital letters indicate significant differences
for the inoculation factor (Control x Fungus),
and lowercase letters indicate significant dif-
ferences for the disinfection factor (NDS x DS)
according to the Tukey test (p < 0.05).
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consortium responsible for microbial “barrier” are f Enterobacteri-
aceae 922761, Azospirillum, and Acinetobacter. With disinfection, the
abundance of these genera was reduced, changing the root bacteriome,
making the seed susceptible to Penicillium sp. that harming the germi-
nation and seedling growth of maize.

Possible functional abilities of the featured gender have been
established in the literature. Recent studies indicate that endophytic
strains of Enterobacter (classified in the family f Enterobacteri-
aceae_922761) can stimulate germination and plant growth (Panigrahi
et al., 2019; Vitorino et al., 2019). The underlying mechanisms involve
phytohormones (indole-acetic acid-IAA) (Verma et al., 2017; Srisuk
et al., 2018; Panigrahi et al., 2019), siderophores (Maleki et al., 2018;
Panigrahi et al., 2019) and phosphate solubilization (Verma et al., 2017;
Panigrahi et al., 2019; Luduena et al., 2018); and that seeds not treated
with these bacteria are susceptible to degradation by fungal phyto-
pathogens, such as Penicillium, Fusarium and others (Sandhya et al.,
2017; Verma et al., 2017; Vitorino et al., 2019). Enterobacteria were
able to inhibit the growth of Aspergillus flavus and seven other fungal
pathogens through volatile compounds produced (Gong et al., 2019).

The Azospirillum genus comprises bacteria widely studied and used in
agriculture (Santos et al., 2019). Its inoculation in plants promotes
growth through different mechanisms, such as biological nitrogen

fixation, production of phytohormones (such as IAA, gibberellins), and
siderophores (Fukami et al., 2017; Lopez-Reyes et al., 2017). This genus
has been attributed to the ability to reduce the incidence of fungal dis-
eases (Alternaria, Bipolaris, and Fusarium) of maize (Lopez-Reyes et al.,
2017) through the induction of defence genes (Fukami et al., 2017,
2018).

Other studies have identified in Acinetobacter bacteria the ability to
produce IAA, siderophores, solubilize phosphate and zinc, fix nitrogen
and promote plant growth (Gandhi and Muralidharan, 2016; Kang et al.,
2016; Patel et al., 2017); in addition to acting on the control of fungi
associated with seeds (Fusarium and Alternaria) (Medina-de la Rosa
et al., 2016) through chitinases they produce (Krithika and Chellaram,
2016).

5. Conclusion

We concluded that the structure of the seed-borne bacteria com-
munity is drastically shaped (mainly taxon relative abundance) by the
germination process of maize that ultimately influences germination
and seedling growth. Additionally, the removal of certain bacteria taxa
by chemical seed-disinfection suppress natural seed-borne barrier pro-
tection of maize seedlings from fungal pathogens. Understanding the
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Fig. 11. Colonization of maize root by Penicillium sp. Fungi were visualized by scanning electron microscopy (SEM). Maize seeds non-disinfected (A) and disinfected
(B). Root regions: lateral root (A1, A2, B1, and B2), the zone of elongation (A3, A4, B3, and B4), root cap (A5 and B5). Bacteria/yeasts and filamentous fungi are
indicated by white and black arrows, respectively. Bars represent the following scales: panel A2, A4, B1, B2, and B4: 10 pm; Al, A3, A5, B3, and B5: 20 pm.
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successional community balance during the seed germination and crit-
ical community members of the microbial network and physiological
process will open up new ways for the formulation of inoculants to boost
crop productivity and crop protection. Although the strategy of creating
seed microbiome-based inoculants has not yet been put into practice, it
represents the future of agriculture.
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Supplementary Material

Fig. A.1 Root tip cross-sections of non-disinfected (A) and disinfected (B) maize seeds
viewed by light microscopy (Al and B1) and transmission electron microscopy (A2, A3, B2,
and B3). Black arrows indicate cell wall shape. Plant cell organelles: cell wall (CW) and
vacuole (V). Bars represent the following scales: panel A1 and B1: 20 um; A2 and B3: 10
um; B2 and A3: 5 um.
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Fig. A.2 Principal coordinate analysis (PCoA) plot and alpha diversity of the bacteriome
associated with non-disinfected (No) and disinfected (Yes) seeds in axenic systems.
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Fig. A.3 Venn diagram with shared OTUs and heat map with the taxonomy of the most
abundant genera of non-disinfected (No) and disinfected (Yes) seeds maintained in axenic
conditions.
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Fig. A.4 Quantification of bacteriome by real-time PCR in non-disinfected (NDS) and
disinfected (DS) roots (A) and seeds (B). *Significant difference between treatments
according to the Tukey test (p < 0.05).
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Fig. A.5 Bacterial colonization of maize root visualized by scanning electron microscopy
(SEM). Maize seeds non-disinfected (A) and disinfected (B). Root regions: lateral root (Al
and B1), root hair (A2 and B2), zone of elongation (A3 and B3), root cap (A4, A5, B4, and
B5). Bacteria and yeast are indicated by arrows. Bars represent the following scales: panel Al
and A5: 20 um; A2-A4 and B1-B5: 20 pum.
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Supplementary Table 1. Distribution of reads per sample of the 5-h water embedded non

germinated seed.

X.SamplelD Genotype Extraction Disinfection Treatment TotalReads Coverage
034 DKB177 CTAB No S _DKB177_ND_CTAB 106 0.6509434
033 DKB177 CTAB Yes S_DKB177_D_CTAB 92 0.4239130
032 DKB177 CTAB Yes S_DKB177_D_CTAB 183 0.7868852
036 DKB177 CTAB No S_DKB177_ND_CTAB 61 0.4262295
035 DKB177 CTAB No S _DKB177_ND_CTAB 62 0.4516129
031 DKB177 CTAB Yes S_DKB177_D_CTAB 83 0.4216867

Supplementary Table 2. Permanova of the seed bacteriome.

Df? SumsOfSqgs® MeanSgs® F.Model® R? Pr(>F)°

Disinfection 1  0.282091 0.2820910 0.9659997 0.1945227 0.6

Residuals 4  1.168079 0.2920197 NA 0.8054773 NA

Total 5 1.450170 NA NA 1.0000000 NA

aDf: degrees of freedom

bSum of Sgs: sequential sums of squares

®Mean Sgs: mean squares

9F. Model: F statistics

ePr>(F): partial R-squared and P values

Supplementary Table 3. Distribution of reads per sample of the 5-d emerged root from

germinated seeds.

X.SamplelD Genotype Extraction Disinfection Treatment TotalReads Coverage
018 DKB177 CTAB No R_DKB177 ND CTAB 954 0.9245283
024 DKB177 CTAB No R_DKB177 ND CTAB 126 0.7222222
019 DKB177 CTAB Yes R_DKB177_D_CTAB 274 0.8686131
0Ol6 DKB177 CTAB No R_DKB177 ND CTAB 373 0.8176944
015 DKB177 CTAB Yes R_DKB177_D_CTAB 409 0.8459658
014 DKB177 CTAB Yes R_DKB177_D_CTAB 492 0.8231707
021 DKB177 CTAB Yes R_DKB177 D CTAB 582 0.9123711
020 DKB177 CTAB Yes R_DKB177_D_CTAB 17979  0.9987764
013 DKB177 CTAB Yes R_DKB177 D CTAB 435 0.8459770
0o17 DKB177 CTAB No R_DKB177 ND CTAB 493 0.8194726
023 DKB177 CTAB No R_DKB177_ND_CTAB 417 0.8201439
022 DKB177 CTAB No R_DKB177 ND CTAB 389 0.8868895

Suplementary Table 4. Permanova of the root bacteriome.
Df* SumsOfSgs® MeanSgs® F.Model® R2 Pr(>F)®
Disinfection 1  0.3394742 0.3394742 0.9995477 0.0908717 0.384

Residuals 10 3.3962776 0.3396278 NA 0.9091283 NA
Total 11 3.7357517 NA NA 1.0000000 NA

aDf: degrees of freedom

bSum of Sgs: sequential sums of squares
®Mean Sgs: mean squares

dF. Model: F statistics

¢Pr>(F): partial R-squared and P values
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Supplementary Table 5. Differential abundance of roots from disinfected versus non-
disinfected seeds.

rabwin.R_ rab.win.R_

rab.all  DKB177_ D DKB177_ND effect overlap we.ep Family Genus Species
3.987.430 58.208.770 177.209 -10.068.706  8.072.996  312.351 f_ Moraxellaceae g__Acinetobacter NA"
4.928.825 61.503.817 437.454 -5.952.440 24.739.603 1.441.941 f_Moraxellaceae g__ Acinetobacter s__ rhizosphaerae

1.314.203  -3.024.789 314.261 6.797.912 18.701.328 1.500.234 f Brucellaceae g__ Ochrobactrum NA"

“NA = unassigned species

Supplementary Table 6. Differences in protein, glucose, triglyceride, reducing sugar and
alpha-amylase activity from different stages of maize germination (seed, embryo axis and
root).

Treatments
NDS DS
Protein (ug/ul)
Seed 0.2805° 0.1494°
Embryonic axis 0.4385° 0.2706°
Root 1.7384* 1.34642
Glucose (mg/dl)
Seed 0.0087° 0.0099°
Embryonic axis 0.0213° 0.0189°
Root 0.0664* 0.07082
Triglyceride (mg/dl)
Seed 0.0079* 0.0034°
Embryonic axis 0.00822 0.0069?
Root 0.0090* 0.00872
Reducing Sugar (ug/ul)
Seed 0.1471° 0.1390°
Embryonic axis 0.1738° 0.1510°
Root 0.2765% 0.2756*
Alpha-Amylase (U/g)
Seed 14.8333° 8.0000°
Embryonic axis 35.6667°  24.0000°
Root 46.9167*  47.66672

Maize seeds non-disinfected (NDS) and disinfected (DS). Different letters in the same column indicate
significant differences between stages according to the Tukey test (p < 0.05).
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Resumo

Produtos microbianos vém atraindo atengdo mundial como tecnologia sustentavel para a
agricultura. A inoculacdo microbiana bem-sucedida envolve a formulacdo adequada e
métodos de entrega para superar a competicdo com a comunidade microbiana natural do solo
e das plantas. Por muitos anos, os cientistas relacionaram os efeitos dos bioinoculantes aos
seus mecanismos de acdo direta nas plantas (biofertilizacdo, bioestimulacdo, biocontrole e
mitigacdo do estresse abiético) e excluiram seus efeitos na microbiota indigena. Existem
evidéncias de que a inoculacdo de bactérias na semente, solo ou planta afeta o crescimento
vegetal ao modular a estrutura e a fun¢do do microbioma. Neste capitulo, discutimos estudos
que lancam luz sobre os efeitos ndo-alvo dos bioinoculantes na estrutura do bacterioma e
correlacionamos esses efeitos com a promocao do crescimento vegetal e o controle de
patdgenos. Finalmente, destacamos 0s possiveis mecanismos que conduzem as interacfes

bioinoculante-microhioma e os desafios futuros.

Palavras-chave: Agricultura; Bacterioma; Biocontrole; Bioinoculante; Biofertilizacao;

Bioestimulacdo; Microbioma; Crescimento vegetal.
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Abstract

Microbial products have been attracting attention worldwide as a sustainable technology for
agriculture. Successful microbial inoculation involves the proper formulation and delivery
methods to overpass the competition with the natural soil-plant microbial community. For
many years, scientists linked the effects of bioinoculants on their mechanisms of direct-action
on plants (biofertilization, biostimulation, biocontrol and abiotic stress mitigation) and
excluded their effects on the indigenous microbiota. There are pieces of evidence that the
inoculation of bacteria in the seed, soil or plant affects plant growth by modulating its
microbiome structure and function. In this chapter, we discuss the studies that shed light on
the non-target effects of bioinoculants on the bacteriome structure and correlate these effects
with the promotion of plant growth and the control of pathogens. Finally, we highlight the

possible mechanisms that drive bioinoculant-microbiome interactions and future challenges.

Keywords:  Agriculture;  Bacteriome; Biocontrol;  Bioinoculant;  Biofertilization;

Biostimulation; Microbiome; Plant growth.
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1. Introduction

In recent years, with the increase in population, the scarcity of resources and the
growing concern about the costs and long-term effects of pesticides and synthetic fertilizers,
agriculture has resorted to environmentally sustainable means of increasing crop productivity
(Sharma et al., 2016). On the other hand, plants have developed associations with seed and
soil microbiomes capable of promoting germination and growth through the secretion of
phytohormones, suppression of phytopathogens and increased availability of nutrients
(Compant et al., 2019; Glick, 2020; Dos Santos et al., 2020; Santos et al., 2021). In this sense,
the use of microbiomes to increase crop productivity seems to be a feasible alternative
concerning conventional industrial fertilizers and pesticides. Even recognizing the vast
potential of the microbiome, the fundamental and applied researches have been centred on the
use of a single strain of certain selected microbes or an empirical mixture of some
microorganisms formulated as bioinoculants.

Bioinoculants are the products based on living microorganisms that promote plant
growth (Brasil, 2004) by several underlined mechanisms of action that include biocontrol,
biostimulation and biofertilization (Sharma et al., 2016). Recently, scientists have begun to
realize that these bioinoculants not only have direct effects on plants but also their interaction
with the microbiome is a possible mechanism for promoting plant growth (Table 1).
Bioinoculant's actions range from deleterious to beneficial effects on plant-resident microbes,
contributing to open-field failures and highly variable plant response results, despite their
evident efficiency under laboratory and greenhouse conditions (Mohanram & Kumar, 2019;
Sessitsch et al., 2019; Misra et al., 2020).

The use of bioinoculants aims to enhance the effect of one or more microorganisms by
applying them to the soil or plant in a much higher population size than those found under
natural conditions, a technology called microbial enrichment. However, even in higher
microbial numbers, the bioinoculant needs to compete and adjust to an already established
and locally adapted microbial community (Eisenhauer et al., 2013; Banerjee et al., 2018).
Besides the niche occupancy challenger, it is also possible that the inoculant had shown
similar microbial function already present in the microbiome community, and then does not
provide new or complementary functions (Ambrosini et al., 2015). Nevertheless, if the
introduced microorganism can establish itself in the soil or the plant, it can interact with the

native microbiota and promote benefits to the plant (Sessitsch et al., 2019).
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Although the direct effect of bioinoculant on plants has been vastly studied and
critically reviewed (Kour et al., 2020; Sammauria et al., 2020; Tian et al., 2020), the indirect
effect on plants by changing the structure of native bacterial communities (plant bacteriome)
has been scarcely explored and overlooked until recently. Understanding the underlined
mechanism of the interactions of an introduced bacterium with the indigenous microbiota is
essential to ensure the bioinoculant's effectiveness. This chapter shows the bioinoculant's
impact on plant bacteriome structure and the effects of this modulation on the promotion of

growth and control of the pathogens.

2. Plant microbiomes

In the last decade, research on microbiomes has received more attention and has
shown their pivotal roles, including plant-protection and plant-growth (Sessitsch et al., 2019).
This native microbiota can be found in the plant's different ecological niches within seeds,
leaves, and roots (rhizosphere) being the most studied.

The seeds have their microbiome, where they harbour epiphytic microorganisms,
located on the surface of the seed, and endophytic microorganisms, which inhabit its interior
(Glick, 2020). Seed bacteria can be inherited from the mother plant by vertical transfer and
are often associated with the phyla Proteobacteria, Actinobacteria, Firmicutes and
Bacteroidetes (Glick, 2020). Currently, 155 bacterial genera have been detected in seeds of
different species, and some of them are not found anywhere else in the plant body (Hardoim,
2019). The seed-exclusive bacterial taxon suggests the seed bacteriome due to vertical and
horizontal transfers (bacteria from the environment) acting concurrently (Hardoim, 2019).
Regarding the contribution of seed microbes, studies show that their bacteria act in
germination, protection and plant growth, in addition to controlling the establishment of
microbiomes in other organs of the plant (Glick, 2020; Dos Santos et al., 2020; Santos et al.,
2021). Hardoim (2019) pointed out that seed endophytes promote benefits by the ability to fix
nitrogen, synthesize phytohormones, solubilize phosphate and iron, tolerate adverse
conditions and inhibit phytopathogens (through the production of antibiotics, enzymes, and
activation of the plant's defense system).

The leaves are also inhabited, on the surface (phyllosphere) and inside (endosphere),
by heterogeneous microbial groups, distributed in their numerous microenvironments
(Sivakumar et al., 2020). As the leaves are subject to adverse environmental conditions

(pathogens, herbivory, temperature, humidity, radiation, and rain), their surface is considered
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an oligotrophic environment, which explains their particular microbiota (Liu et al., 2020). In
the leaf microbiome, bacteria are predominant and dominated by consistent phylotypes,
including Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes (Liu et al., 2020).
This bacteriome is attributed to the function of controlling pathogens and abiotic stresses,
synthesizing phytohormones, degrading pollutants and influencing the functions of the plant
ecosystem (Laforest-Lapointe & Whitaker, 2019).

The third compartment of the plant is in direct contact with the soil, which houses a
rich microbial life collection. There is a complex "dialogue™ between this microbial life and
the plants, mediated by the root. The growth of a root in the soil contributes to the formation
of the rhizosphere, a region that encompasses three niches: rhizospheric soil, rhizoplane (root
surface), and endosphere (root interior) (De la Fuente Cantd et al., 2020). The root and,
consequently, its rhizosphere are considered the "microbial hotspots”, with the high microbial
activity of this region attributed to the process of rhizodeposition (Mohanram and Kumar,
2019). In this process, plant roots secrete various organic compounds in the surrounding soil,
including primary and secondary metabolic products, which attract microbes to it (Mohanram
& Kumar, 2019; De la Fuente Canto et al., 2020). The diversity of C-exudates is the main
factor responsible for microbial diversity changes of the root and maintains the specific
microbial populations (Kalia et al., 2020). Amidst the diversity of the rhizosphere, bacteria are
more abundant and often attributed to the phyla Actinobacteria, Bacteroidetes, Firmicutes,
and Proteobacteria (Kour et al., 2019). For plants, the establishment of bacterial communities
around the root has positive feedback on the acquisition of nutrients and water, resistance to
biotic and abiotic stresses, and morpho-physiological characteristics that increased the plants'
ecological fitness (De la Fuente Cant6 et al., 2020).

Although the described compartments, i.e. seed, leaf and root are dominated by the
same bacterial phyla (Actinobacteria, Bacteroidetes, Firmicutes and Proteobacteria), yet these
groups are dynamically shaped by several environmental and host factors, such as soil,
climate, plant species, agricultural development and practices (Rodriguez et al., 2019).

Due to their critical roles in agricultural systems, members of the soil and plant
microbiome have widely been used as bioinoculants, including plant growth-promoting

bacteria (PGPRs) and biocontrol agents.
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3. Bioinoculants in agriculture

The functions performed by microorganisms can be used in sustainable food
production by reducing or replacing the use of fertilizers and pesticides with bioinoculants,
products based on one or some living microorganisms are capable of fixing, solubilizing,
mobilizing or decomposing nutrient sources (Mohanram & Kumar, 2019; Sessitsch et al.,
2019; Verma et al., 2019). The production of a bioinoculant occurs in several stages,
including the selection of useful microorganisms, determination of the functional abilities of
the selected microorganisms, an increase of microbial biomass, selection of a carrier,
formulation of the bioinoculant, field tests, large-scale production and establishment of
quality control, storage and transportation system (Chaudhary et al., 2020). Each step
mentioned is decisive for the quality of microbial inoculants.

Microorganisms used in inoculants must promote plant growth by different
mechanisms, be compatible with the soil and plant's native microbiota, multiply easily and
present no risks to the environment (Macik et al., 2020). Microbes with these characteristics
are grown (on a large scale) in an accessible culture medium (low cost and easily found) and
nutritious for the strains (Macik et al., 2020). Then, the grown microorganisms are unified
with a carrier/vehicle (material that carries and protects the microorganism) of liquid or solid
origin, tested in a greenhouse or field (to confirm the benefits and the absence of eco-
toxicological effects) and registered (Macik et al., 2020).

Bioinoculants can be applied to the seeds, plants or soil, which vary according to the
type of bioinoculant, plant species, environmental, and farmer conditions. Bioinoculants can
be classified according to the microorganisms they contain, and their mechanisms of action
include three categories: biofertilizer, biostimulant and biocontrol. Currently, these

mechanisms are used to explain the direct effects of bioinoculants on plants.

4. Direct effect of bioinoculant on plants
For many years, the benefits of bioinoculants in agricultural production have been
attributed solely to their direct effect on plants, achieved through biofertilization,

biostimulation and biocontrol (Figure 1).
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Figure 1. The direct effect of bioinoculant on plant growth through biofertilization
biostimulation and biocontrol.

The principle of biofertilization is related to the higher acquisition of nutrients by the
plant. These depend on microorganisms to fix, solubilize, mineralize and chelate,
respectively, gaseous, inorganic, and organic forms of nitrogen, phosphorus, potassium, zinc,
and iron are minimally available to plants (Saad et al., 2020).

Nitrogen is the most abundant element in the atmosphere and a crucial macronutrient
for plant growth and development. Although abundant in the atmosphere, it is not in a form
available to all living beings. Only bacteria, called diazotrophic, can convert atmospheric
nitrogen into a form assimilable by plants and animals, and this process is called biological
nitrogen fixation (FBN) (Mahmud et al., 2020). Some of these bacteria can live in symbiotic
association with leguminous plants (forming nodules) (examples: Bradyrhizobium,
Mesorhizobium, Rhizobium, Sinorhizobium, and Frankia), while others fix nitrogen in non-
legumes and can be free-living or associate with rhizospheric niches and plant endophytes
(Azotobacter, Azospirillum, Azoarcus, Anabaena, Nostoc, Gluconacetobacter, Acetobacter,
Burkholderia, Enterobacter, Pseudomonas, Klebsiella and Bacillus) (Glick, 2020; Mahmud et
al., 2020; Rawat et al., 2020). Allito et al. (2020) reported that Rhizobium inoculation
significantly increased nodulation, nitrogen fixation, nutrient absorption and nitrogen balance

from the soil. In mung beans and soybeans, Htwe et al. (2019) observed an increase in
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growth, nodulation, nitrogen fixation, nitrogen, phosphorus and potassium (NPK) absorption,
and seed yield after the inoculation of Bradyrhizobium and Streptomyces griseoflavus.
Biofertilizers based on Bacillus, Pseudomonas and Sinorhizobium meliloti also increased the
nitrogen content in the rhizospheric soil of chilli peppers and improved growth, yield and
quality of the fruits (Gou et al., 2020).

After nitrogen, phosphorus is the second most crucial element for plants and is also
not readily available in the soil for absorption. However, some bacteria like Pseudomonas,
Bacillus, Agrobacterium, Arthrobacter, Azotobacter, Burkholderia, Enterobacter, Erwinia,
Duganella, Pseudoduganella, Variovorax, Kushneria, Paenibacillus, Pantoea, Ralstonia,
Rhizobium, Rhodobacter, Rhodococcus, Serratia, Bradyrhizobium, Sinomonas, Thiobacillus
are capable of solubilizing the insoluble phosphate and enriching the soil with this
macronutrient (Srivastava et al., 2020). For this, bacteria produce organic acids (such as
gluconic acid and 2-ketogluconic acid) and extracellular enzymes (phosphatases and
phytases) (Glick, 2020; Rawat et al., 2020). The beneficial impact of phosphorus-solubilizing
bacteria has been documented in several plant species. Sarikhani et al. (2020), when using
biofertilizer based on bacteria of the genera Pseudomonas, Enterobacter, Bacillus and Pantoe
in maize, observed increases in the fresh and dry weight of the aerial part and root, as well as
in the concentration of phosphorus in these regions. Similar results were also found by Zineb
et al. (2020) and Borgi et al. (2020) by inoculating, respectively, Pseudomonas and Serratia
in soil with rock phosphate. In both studies, the bacteria increased phosphorus absorption and
the growth of Medicago truncatula and Vicia faba.

Potassium is the third most essential macronutrient for vegetables and is present in the
soil as mineral K, making it inaccessible to plants. However, several bacteria can solubilize it
and supply the demand for this element for crops (Srivastava et al., 2020). Pseudomonas,
Bacillus, Arthrobacter, Thiobacillus, Burkholderia, Azotobacter, Rhizobium and
Flavobacterium are known potassium solubilizing bacteria, and they do this through the
secretion of organic acids and acid hydrolysis (Rawat et al., 2020). In a study by Zhao et al.
(2019), the inoculant based on Bacillus megaterium and Bacillus mucilaginous improved the
availability of potassium and the growth of chilli peppers. The application of Bacillus
pseudomycoides with mica significantly increased potassium availability in the soil, which
facilitated the absorption of this nutrient by Camellia sinensis (Pramanik et al., 2019).

According to Khanghahi et al. (2019), inoculation of Pantoea agglomerans, Rahnella
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aquatilis, and Pseudomonasorientalis, alone or combined with half of the recommended K
fertilizer, increased the yield of rice grains.

Iron and zinc are the essential micronutrients for plants. Even if required in smaller
quantities, the availability of these soil elements is low, which results in deficiencies in crops.
Some bacteria (Pseudomonas, Azotobacter, Bacillus, Enterobacter, Serratia, Azospirillum
and Rhizobium) secrete iron-chelating compounds called siderophores supplying iron directly
to plants, while the others (Pseudomonas, Bacillus, Burkholderia, Gluconacetobacter and
Serratia) promote the solubilization of zinc through exchange reactions, synthesis of
siderophores and organic acids (Macik et al., 2020; Saad et al., 2020; Rawat et al., 2020). In
recent studies, Sarwar et al. (2020) showed an increase in the release of iron in the soil after
the inoculation of the genus Bacillus. Rahimi et al. (2020) found higher iron concentrations in
Cydonia oblonga treated with the rhizobacterium Microccucuce yunnanensis. When
inoculating Bacillus megaterium in Capsicum annuum, Bhatt and Maheshwari (2020)
observed increases in plant growth parameters and maximum zinc content in fruits. In another
study, Bacillus and Pseudomonas increased the absorption of zinc and chickpeas' productivity
(Zaheer et al., 2019).

The biostimulating action of some microbial inoculants is related to the production of
substances that promote plant growth, such as phytohormones, which is the most common
mechanism to explain the positive effects of inoculated bacteria. Most plant physiological
activities are regulated by phytohormones, including auxins, gibberellins, cytokinins,
ethylene, abscisic acid, salicylic acid, jasmonic acid, and brassinosteroids (Glick, 2020). In
addition to plants, bacteria also synthesize and/or modulate some phytohormones, such as
auxins (indole-3-acetic acid - IAA), gibberellins, cytokinins and ethylene (Glick, 2020). They
operate in complex networks to regulate germination, leaf growth, stem, root, flowering,
ripening, and senescence (Glick, 2020). An endophytic bacterium and IAA producer, Mixta
theicola, when inoculated in maize seed, increased germination, root elongation, vigour and
fresh and dry seedling biomass (Hagaggi & Mohamed, 2020). The application of the efficient
IAA producer Pantoea agglomerans in Corylus avellana improved the percentage of rooted
explant, the number of adventitious roots, survival, and vigour of the plant, in addition to
increasing its leaf area (Luziatelli et al., 2020). In addition to IAA, Bacillus methylotrophicus
is a producer of gibberellin. The inoculation of this bacterium in lettuce increased its
germination and biomass (Radhakrishnan & Lee, 2016). A species of seed-borne Bacillus

(Bacillus amyloliquefaciens) also produces gibberellins and promotes rice growth (Shahzad et
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al., 2016). Some bacteria promote plant growth under stress conditions through the production
or regulation of cytokinin and ethylene phytohormones. According to Jorge et al. (2019),
lentils stressed by drought and inoculated with Methylobacterium oryzae showed the high
levels of cytokinin, better water management and growth; while Bacillus producer of ACC (1-
aminocyclopropane-1-carboxylate) deaminase was able to mitigate salt stress and promote
maize growth by modulating ethylene levels in the plant (Misra & Chauhan, 2020).

For biocontrol, some bacteria (such as Bacillus, Pseudomonas, Streptomyces, and
Serratia) defend plants from the infection of various phytopathogens (Rawat et al., 2020). For
this, they produce antifungal and antibacterial compounds, enzymes that degrade cell walls,
and siderophores. These bacteria can also compete with pathogens for plant nutrients and
niches, extinguish quorum, reduce ethylene levels, and induce systemic resistance (Glick,
2020). In a study by Im et al. (2020), Bacillus methylotrophicus strongly inhibited the growth
of Ralstonia solanacearum, which causes tomato wilt, through the production of antibacterial
compounds. Similarly, antifungal compounds (diffusible, volatile, and extracellular) from
Bacillus velezensis inhibited the growth of Verticillium dahliae in olive trees (Azabou et al.,
2020). The quorum quenching activity of Pseudomonas segetis reduced the symptoms of soft
rot caused by Dickeya solani, Pectobacterium atrosepticum and Pectobacterium carotovorum
in potatoes and carrots, in addition to protecting the tomato against Pseudomonas syringae
(Rodriguez et al., 2020).

The above studies showed that the benefits of bioinoculants have been attributed to its
direct effects on crops and have disregarded the indirect effects, which involve the complexity

and behaviour of the plants' native microbiota, i.e. microbiomes.

5. Effect of bioinoculants on the structure of the bacteriome with benefits for plants

Bioinoculants are applied in the field in much higher quantities than those found
naturally in soils and plants. Although the direct effects of this application on plant growth are
well established, few studies have considered the non-target effects of bioinoculants and their
beneficial impact on crops. In this interaction, the bioinoculant effect on the native microbiota
is variable, where some bacterial groups can be stimulated, others can be inhibited, and in
some cases, no changes are observed (Macik et al., 2020). These effects can be transient or
long-term (Trabelsi & Mhamdi, 2013; Ambrosini et al., 2016). The result of these interactions
of a repressive or inducing nature can be decisive for plant growth (Trabelsi & Mhamdi,
2013; Ambrosini et al., 2016).
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Research conducted recently (between 2017 and 2020), in controlled and open field
conditions has evaluated the effects of bioinoculants on the resident bacterial community and
has found changes in diversity, abundance, and composition of taxonomic groups (Table 1).
Several conventional and modern techniques have been applied to access these effects
(Sharma et al., 2016), but currently, sequence analyses are by far the most used method. In a
survey conducted by Mawarda et al. (2020), changes in the soil microbial community's
composition were identified in 96% of the 26 studies with microbial inoculation (all studies
used high-throughput sequencing).

Studies that report the effects of bioinoculants on microbiomes are summarized in
Table 1. In these studies, one or more combinations of bacteria that act on the growth or
defence of several plant species are used. In one of these studies, bionoculants intended to
promote growth (Burkholderia and Rhizobium) and control of pathogens (Actinomyces,
Bacillusand Aspergillus) applied to ginseng regulated the soil microbial community by
increasing the abundance of beneficial taxa (Bacillus, Burkholderia, Rhizobium, Streptomyces
and Mycobacterium) and reduce harmful taxa (Fusarium), in addition to increasing the crop
yield (Dong et al., 2019). Gu et al. (2020), while using microbial inoculants isolated from
forest soil, also observed the changes in the rhizospheric bacterial community structure and
positive effects on tomato growth. In the same study, they identified the genera Streptomyces
and Enterobacter as responsible for growth. In another study, inoculants based on Ensifer,
Acinetobacter and Flavobacterium promoted the changes in the bacterial community of the
indigenous soil with an increase in Gamma-proteobacteria, Acidobacteria, Nitrospirae and
Armatimonadetes and a reduction in Actinobacteria and Firmicutes, plus positive effects on
cucumber productivity (Wang et al., 2018). The abundance of Rhodanobacter spp. and
Mycobacterium spp., known to cause N losses and plant diseases, was reduced in soybeans
after the inoculation of Paenibacillus mucilaginosus, while the abundance of beneficial
bacteria Bradyrhizobium spp. and Pseudomonas spp. was increased (Ma et al., 2018).
Beneficial effects accompanied changes in the relative abundance of certain taxa on growth,
symbiotic nodulation and soybean productivity. Finally, the co-inoculation of Paenibacillus
mucilaginosus and Sinorhizobium meliloti increased the abundance of Firmicutes (including
Bacillus) and Acidobacteria in the alfalfa rhizosphere and improved its growth (Ju et al.,
2020).

The genus Bacillus is commonly being used as bioinoculants, a fact attributed to their

well-documented agronomic effect (Nambirajan et al., 2020). Since its inoculation directly
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affects plant growth, its use will likely also modify the structure of microbiomes. For
example, the application of Bacillus megaterium and Bacillus mucilaginous in pepper
increased the abundance of the genus Flavobacterium and the availability of phosphorus,
potassium (in the soil and plant) and the growth of plants (Zhao et al., 2019). When treated
only with Bacillus megaterium, rice plants had its beneficial bacteria enriched in the presence
of the endophyte (Cheng et al., 2020). The authors correlated microbial changes in the
rhizosphere with plant resistance to spikelet rot disease. Inoculation of another species,
Bacillus velezensis, increased the abundance of beneficial bacteria and reduce pathogens in
Anoectochilus (Wei et al.,, 2020) leading to a distinct succession of the rhizospheric
microbiota linked to increases in pepper yield (Zhang et al., 2019). Similar results were also
found by the other authors when inhibiting the pathogen Fusarium sp. with the inoculation of
Bacillus amyloliquefaciens and Bacillus sp., which in turn increased the abundance of
disease-suppressing taxa (Sphingobium, Dyadobacter, Cryptococcus, Lysobacter,
Gemmatimonas, Sphingomonas and Pseudomonas) (Fu et al., 2017; Xiong et al., 2017; Shen
et al., 2019). With the application of Bacillus subtilis in maize, the phyla Bacteroidetes and
Chloroflexi became abundant and increased in the use efficiency of nitrogen and culture yield
(Sun et al., 2020). The higher abundance of Proteobacteria and Acidobacteria and reduction of
Actinobacteria was observed in the rhizosphere of Prosopis articulata when receiving
Bacillus pumilus (Galaviz et al., 2018).

The genus Pseudomonas also contributes positively to agriculture and, therefore, is
used as bioinoculant; but studies have already pointed out their effect on the plant bacteriome
structure. Sharma et al. (2020), when evaluating the total resident (DNA) and active (cDNA)
bacterial community of the pigeon pea rhizosphere after receiving Azotobacter chroococcum,
Bacillus megaterium and Pseudomonas fluorescens, concluded that the bioinoculant
influenced the active community and the absorption of nutrients by the plant. Using the same
bioinoculant, Sharma et al. (2017a) observed increases in the abundance of nitrogen-fixing
bacteria, Pseudomonas and Actinomycetes. The isolated inoculation of Pseudomonas putida
and Pseudomonas stutzeri increased the abundance of several beneficial bacteria in the soil
and the rhizosphere, in addition to improving the availability of nutrients and the growth of
different cultures (He et al., 2019; Ke et al., 2019; Lu et al., 2020).

The application of Rhizobium as a bioinoculant has been carried out for decades to
improve plant growth (Sharma et al., 2017b). However, these applications can result in

variable effects on the soil and plant resident microbiota (Sharma et al., 2017b). Zhong et al.
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(2019) reported that inoculation of Rhizobium modulated soybean rhizobacteria communities
by increasing the abundance of Streptomyces, Bradyrhizobium and Chryseobacterium in the
rhizosphere. In rice root, the inoculation of Rhizobium leguminosarum generated a higher
number of operational taxonomic units (OTUs) of Rhizobium, Azospirillum and other bacteria
of the order Rhizobiales, in addition to contributing to the growth of the crop (Jha et al.,
2020).

Like Jha et al. (2020), the other researchers investigated the effect of bioinoculants on
the structure of the plant microbiome, especially in the root endophytic environment. Among
these studies, Thokchom et al. (2017) showed that the colonization of tangerine roots by
Enterobacter hormaechei, Enterobacter asburiae, Enterobacter ludwigii and Klebsiella
pneumoniae influenced the composition of endophytic and rhizospheric bacterial communities
(dominance of Gammaproteobacteria, Firmicutes and Deinococcus-Thermu) and the growth
of plants. In Brassica juncea, the inoculation of Serratia marcescens and Arthrobacter
ginsengisoli reduced the relative abundance of Bacillus and Fictibacillus and increased the
abundance of Pseudomonas and Microbacterium in the root, in addition to increasing the root
biomass (Wang et al., 2020). Wheat roots inoculated with Massilia sp. also had the altered
bacterial community, and the increased root biomass (Liu et al., 2017). The inoculation of
"living soil" in chrysanthemum increased the abundance of Pseudomonas and Acinetobacter
in the leaves, while Enterobacter and Luteibacter were abundant in the root (Pangesti et al.,
2020).

In general, 26 studies showed bioinoculants (with varying composition) changing the
abundance of bacterial taxa residing in the soil and plants (rhizospheric and root endophytic
region) (Table 1). Also, those studies related the observed plant growth with an increased
relative abundance of specific microbial taxa. Nevertheless, it is not yet clear how inoculation

impacts microbiomes.
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Reference

Table 1. The effect of bioinoculants on the structure of microbiomes. The studies presented are recent (2017-2020), and all used high-throughput sequencing.

Bioinoculant

Microbiome

Effect on the microbiome
analyzed

Plant species

Growth regulation

Biocontrol of

Fu et al. (2017)

Bacillus
amyloliquefaciens

Greater abundance of Sphingobium, Rhizosphere

Dyadobacter and Cryptococcus and lower
abundance of Fusarium, Ralstonia and
Burkholderia

Banana (Musa spp.)

Fusarium oxysporum

Azotobacter chroococcum, Abundance of nitrogen-fixing bacteria, Rhizosphere  Pigeon pea (Cajanus Greater growth Sharma et al.
Bacillus megaterium, and Pseudomonas and Actinomycetes cajan) (2017a)
Pseudomonas fluorescens

Bacillus Greater abundance of Lysobacter Soil - Biocontrol of Xiong et al.
amyloliquefaciens Fusarium oxysporum (2017)
Massilia sp. Dominance of Pseudomonas Root Wheat (Triticum Increase in root Liuetal. (2017)
aestivum) biomass
Enterobacter hormaechei,  The dominance of Gammaproteobacteria, Root Mandarin orange Greater growth Thokchom et al.
Enterobacter asburiae, Firmicutes and Deinococcus-Thermus Rhizosphere (Citrus reticulata) (2017)
Enterobacter ludwigii, and
Klebsiella pneumoniae
Ensifer sp., Acinetobacter Increase of Gammaproteobacteria, Soil Cucumber (Cucumis Increased production Wang et al.
sp., and Flavobacterium Acidobacteria, Nitrospirae and sativus) (2018)
sp. Armatimonadetes; and reduction of
Actinobacteria and Firmicutes
Paenibacillus Greater abundance of Bradyrhizobium spp. Soil Soy (Glycine max) Growth, symbiotic Ma et al. (2018)
nodulation, and

mucilaginosus

And Pseudomonas spp., while the
abundance of Rhodanobacter spp. And
Mycobacterium spp. decreased

productivity

Increase in root

Galaviz et al.

Bacillus pumilus

Greater abundance of Proteobacteria and Rhizosphere

Acidobacteria and reduction of
Actinobacteria

Mesquite (Prosopis
articulata)

biomass

(2018)

Gadhave et al.

Bacillus cereus, Bacillus

Abundance reduction of Bacillus Root

(inoculated bacteria), Lysobacter and

Broccoli (Brassica
oleracea)

(2018)
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subtilis, and Bacillus



amyloliquefaciens Acidovorax, while the abundance of

Acinetobacter increased

Burkholderia and Increased abundance of beneficial bacteria Soil Ginseng (Panax Biocontrol of Dong et al.
Rhizobium Bacillus, Burkholderia, Rhizobium, ginseng) Fusarium oxysporum (2019)
Actinomyces, Bacillus, and Streptomyces and Mycobacterium and increased
Aspergillus production
Bacillus megaterium and Greater relative abundance of the genus Soil Chilli (Capsicum Increase in available  Zhao et al. (2019)
Bacillus mucilaginous Flavobacterium annuum) phosphorus and
potassium and
increased growth
Pseudomonas putida Abundance of the genera Blastococcus, Soil Chilli (Capsicum Increased absorption of  He et al. (2019)

AKYG587 and Pseudomonas was increased
after inoculation, while the abundance of
Solirubrobacter, Roseiflexus, Actinoplanes
and Skermanella decreased

Rhizosphere

annuum)

nitrogen, phosphorus,
and potassium and
increased biomass

Bacillus velezensis Greater abundance of genera
Sphingomonas, Sphingopyxis,
Bradyrhizobium, Chitinophaga,
Dyadobacter, Streptomyces, Lysobacter,

Pseudomonas and Rhizomicrobium

Rhizosphere

Chilli (Capsicum
annuum)

Increased yield Zhang et al.

(2019)

Pseudomonas stutzeri Increase of nitrogen-fixing communities Soil Maize (Zea mays) Growth and Ke et al. (2019)
and ammonia oxidants Rhizosphere accumulation of
nitrogen
Bacillus sp. Stimulation of Gemmatimonas, Soil Banana (Musa Biocontrol of Shen et al. (2019)
Sphingomonas, Pseudomonas, Lysobacter  Rhizosphere acuminata) Fusarium oxysporum
and Bacillus
Rhizobium Greater abundance of Streptomyces, Rhizosphere Soy (Glycine max) Height increase, Zhong et al.
Bradyrhizobium, and biomass, and number (2019)

Chryseobacterium

of nodules

Microbial inoculants from  Streptomyces and Enterobacter genera were
forest soil positively associated with plant growth

Rhizosphere

Tomato (Solanum
lycopersicum)

Positive effect on the
assimilation of
nutrients and biomass

Gu et al. (2020)
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Azotobacter chroococcum,
Bacillus megaterium, and
Pseudomonas fluorescens

Active bacterial community (cDNA study)
was influenced by inoculation

Rhizosphere

Pigeon pea (Cajanus

cajan)

Better nutrient
absorption

Sharma et al.
(2020)

Pseudomonas putida

The relative abundance of Bacillus, Soil
Halomonas, Delftia, Brevibacterium,
Acinetobacter, Pseudomonas, Aquicella,
Flavobacterium, Niastella, Arenimonas,
Pontibacter, Reyranella, Mesorhizobium,
Phaselicystis and Acidibacter was
increased, while Nitrospira, Aeromicrobium
and Polycyclovorans were reduced

Grape (Vitis vinifera)

Increase in the amount
of available
phosphorus and better
growth

Lu et al. (2020)

Bacillus megaterium

Enrichment of beneficial bacteria Rhizosphere

Rice (Oryza sativa)

Reduced incidence of
spikelet rot disease

Cheng et al.
(2020)

Bacillus subtilis

Increased abundance of Bacteroidetes and Soil
Chloroflexi

Maize (Zea mays)

Increase in nitrogen
use efficiency and
higher yield

Sun et al. (2020)

Bacillus velezensis

Increase in the abundance of beneficial
bacteria and reduction of
Xanthobacteraceae, Cladophialophora and
Penicillium pathogens

Rhizosphere

Orchid (Anoectochilus

roxburghii e
Anoectochilus
formosanus)

Greater growth

Wei et al. (2020)

Paenibacillus
mucilaginosus, and
Sinorhizobium meliloti

Greater abundance of Firmicutes (including  Rhizosphere
Bacillus) and Acidobacteria

Alfalfa (Medicago

sativa)

Greater growth

Ju et al. (2020)

Rhizobium leguminosarum Higher number of operating taxonomic Root Rice (Oryza sativa) Greater growth Jha et al. (2020)
units (OTUs) of Rhizobium, Azospirillum
and unclassified Rhizobiales
Serratia marcescens, and Reduction in the relative abundance of Root Indian mustard Higher biomass Wang et al.
Arthrobacter ginsengisoli Bacillus and Fictibacillus and increase in (Brassica juncea) (2020)

Pseudomonas and Microbacterium

Soil inoculation with its
indigenous microbiota

Pseudomonas and Acinetobacter were Leaf
abundant in the leaf, while Enterobacter Root
and Luteibacter were abundant at the root

Chrysanthemum
(Dendranthema
grandiflora)

Pangesti et al.
(2020)
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6. How does the bioinoculants change the structure of the bacteriome?

Although the studies presented here show that bioinoculation affects the structure of
bacterial communities in soil and plants, little is known about the mechanisms behind the
changes in the abundance, structure, and activity of microbiomes. Mawarda et al. (2020)
proposed four mechanisms that can drive these changes. The first is the competition for
resources (Figure 2b), where the bioinoculant, with initially high population size, surpasses
native taxa that compete for the same resources (Yang et al., 2017). When it becomes
abundant, the introduced bioinoculant can suppress similar functional taxa or stimulate
unrelated taxa multiplication (Mawarda et al., 2020). In this case, the bioinoculants will have
a high chance of successfully establishing itself in the new habitat, if there are empty niches
(not occupied by the native microbiota) (Mawarda et al., 2020).

For non-established bioinoculants, the results of transient and unsuccessful invasions
can also induce changes in the composition of the native community (Mawarda et al., 2020).
In this case, the fact that the invader is in higher numbers will guarantee its triumph over the
resident taxa, which will seek the other niches (Mallon et al., 2018). Even if this invader is
later eliminated from the community, it has left unoccupied niches that can make new
invasions (from the same or similar invader) successful and lasting (Mallon et al., 2018). In an
experiment carried out by Gadhave et al. (2018), the recovery of three Bacillus species
inoculated in broccoli was very low; even so, the inoculant altered the indigenous community
root by reducing the abundance of Lysobacter and Acidovorax and increasing the abundance
of Acinetobacter.

The second and third mechanism proposed by Mawarda et al. (2020) involves
antagonism and synergism between bioinoculants and microbiomes (Figure 2b). In the case of
antagonism, the bioinoculant that targets specific pathogens can also suppress the growth and
activity of non-target microbial taxa through previously described biocontrol mechanisms
(topic 4). In synergism, bioinoculants that produce specific metabolites can stimulate the
growth of the native microbiota. Recently, Li et al. (2019) showed that facilitating interactions
with the resident community promoted and antagonistic interactions suppressed the invasion
of the pathogenic bacterium Ralstonia solanacearum in tomatoes.

In the fourth and final proposed mechanism, Mawarda et al. (2020) explain that the
bioinoculant can affect native communities by modifying the rate and composition of
exudates released by plant roots (Figure 2b). Many bioinoculants boost root growth and alter

their exudation pattern, which modifies the rhizospheric microbiome by enriching specific
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taxa. Florio et al. (2017; 2019) showed that the inoculation of Azospirillum lipoferum altered
the root exudation of maize and increased the abundance of denitrifying groups in the soil.

It is not yet clear whether the impact generated in the microbiome by bioinoculation
persists for long periods or is transient. For Mawarda et al. (2020), the native microbiota can
be resilient and recover its initial composition at variable time intervals (transient impact)
(Figure 2a). However, these authors also warn about the possibility that the microbiome does
not return or does not return quickly to its initial composition (non-transient impact), and this
irreversible change may affect the functioning of the soil and plants (Figure 2a). If the
microbiome structure does not change after inoculation, the community is said to be resistant
(Figure 2a). As most studies carried out to date have evaluated the non-target effect of
bioinoculants for a short period, it is difficult to conclude whether their impact on the
microbiome persists for a longer time. Studies that seek out to measure the duration of this

impact in different field conditions are required.
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a) Impact of bioinoculant to bacteriome structure

Bioinoculant Bacteriome Interaction Unchanged bacteriome
Bioinoculant x Bacteriome (1) Resistant

Impacted bacteriome Recovered bacteriome
(2) Transient impact

The shift of microbiome remained
(3) Non-transient impact

b) How bioinoculants alter bacteriome composition?

Phyllosphere

Figure 2. The indirect impact of bioinoculant on plants by changing the structure of
bacteriome and possible mechanisms explaining these changes. After inoculation, the
structure of the bacteriome may not change (al) or maybe transient (a2) or permanent (a3).
The interaction between the bioinoculant and the bacteriome can occur through competition
for resources (b1), synergism (b2), antagonism (b3) and alteration of root exudation (b4).
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7. Conclusion and future perspectives

Relating the bacteriome structure to the growth and health of plants has made it
difficult to understand and recognize the indirect mechanisms of bioinoculants as promoters
of plant growth. Based on the studies, it is evident that the promotion of growth by an
inoculated bacterium includes, in addition to direct effects (acquisition of nutrients,
production of phytohormones, and biocontrol), its interaction with the native microbiota of
the soil and plants. Accordingly, changes in the taxonomic groups of the microbiome need to
be further investigated along with the impact of this change on the functioning of indigenous
microbial communities and plant growth. For this, multi-omic studies need to be further
explored, since the microbiome's impact and resilience after bioinoculation will only be
adequately evaluated when combining taxonomic and functional characteristics of the
community. More research in this regard is necessary to ensure the effectiveness of

bioinoculants and microbiomes' proper functioning.
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Resumo

Produtos a base de micro-organismos (bioinoculantes) tém atraido atencdo mundial
como tecnologia sustentavel para a agricultura. Por muitos anos, os cientistas relacionaram os
efeitos dos bioinoculantes a seus mecanismos de acdo direta nas plantas (biofertilizagéo,
bioestimulacdo, biocontrole e mitigacdo do estresse abiotico) e excluiram seus efeitos sobre a
comunidade nativa (bacterioma). Existem evidéncias de que bioinoculantes afetam o
crescimento vegetal ao modular a estrutura da comunidade residente. Neste trabalho,
avaliamos se a inoculacdo de Herbaspirillum seropedicae combinada com &cidos himicos
(HA) pode alterar a estrutura do bacterioma da raiz de milho. Para isso, sementes de milho
(Zea mays var. SHS 5050) ndo desinfestadas e desinfestadas (em hipoclorito de sédio a 1.25%
por 30 min) foram germinadas em placas com meio agar-agua e transferidas para sistema
hidropdnico contendo solucdo de cloreto de célcio (CaClz) com os seguintes tratamentos: 1)
controle (sem inoculacdo); 2) H. seropedicae (RAM10); 3) acidos himicos; e 4) combinacgao
de H. seropedicae e acidos humicos. Apds 5 dias, o crescimento do milho foi avaliado e as
raizes submetidas a contagem de bactérias em placa e PCR em Tempo Real (qPCR),
microscopia de epifluorescéncia e eletrénica de varredura, além de terem seu DNA extraido
para sequenciamento do rRNA 16S. Na contagem em placa (UFC) e por gPCR (bactéria/ng de
DNA), um maior nimero de bactérias totais e de H. seropedicae foi observado nos
tratamentos inoculados com a bactéria. Os resultados da microscopia mostraram que H.
seropedicae colonizou diferentes regifes da raiz de milho, principalmente a zona de
ramificacdo. Resultados do sequenciamento mostraram que a desinfestacdo da semente e a
inoculacdo de H. seropedicae (combinada ou ndo com &cidos humicos) afetou a estrutura do
bacterioma da raiz ao alterar sua diversidade, abundancia e composi¢do. Em concluséo, a
inoculacdo bacteriana modulou a comunidade nativa da raiz de milho, o que pode ter

influenciado seu crescimento.

Palavras-chave: bacterioma, bioinoculante, desinfestacdo, Herbaspirillum seropedicae,

acidos humicos, sequenciamento do rRNA 16S.
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Abstract
Products based on microorganisms (bioinoculants) have attracted worldwide attention

as a sustainable technology for agriculture. For many years, scientists have linked the effects
of Dbioinoculants to their mechanisms of direct action on plants (biofertilization,
biostimulation, biocontrol, and mitigation of abiotic stress) and have excluded their effects on
plants by altering the structure of the native community (bacteriome). There is increasing
evidence that bioinoculants affect plant growth by modulating the structure of the resident
microbial community. In this work, we evaluated whether the inoculation of Herbaspirillum
seropedicae combined with humic acids (HA) can re-shape the structure of the maize root
bacteriome. For this, maize seeds (Zea mays var. SHS 5050) that were non-disinfected and
disinfected (in sodium hypochlorite at 1.25% for 30 min) were germinated in plates with agar-
water medium and transferred to a hydroponic system containing calcium chloride solution
(CaCl,) with the following treatments: 1) control (without inoculation); 2) H. seropedicae
(RAM10); 3) humic acids; and 4) combination of H. seropedicae and humic acids. After five
days, the growth of the maize was evaluated, and the roots were subjected to bacteria count in
a plate and Real-Time PCR (qPCR), epifluorescence microscopy and scanning electron
microscopy, in addition to having their DNA extracted for sequencing the 16S rRNA. For
colony plate count (cell number per g of the root) and by gPCR (bacterium/ng of DNA), a
greater number of total bacteria and H. seropedicae was observed in the treatments inoculated
with the bacterium. The results of the microscopy showed that H. seropedicae colonized
different regions of the maize root, mainly the lateral root emission zone. Results of the
sequencing showed that the disinfection of the seed and the inoculation of H. seropedicae
(combined or not with humic acids) affected the structure of the root bacteriome by changing
its diversity, abundance, and composition. In conclusion, bacterial inoculation modulated the

native maize root community, which may have influenced its growth.

Keyword: bacteriome, bioinoculant, disinfection, Herbaspirillum seropedicae, humic acids,

16S rRNA sequencing.
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1. Introduction

In sustainable agriculture, products based on microorganisms, the so-called
bioinoculants (Brasil, 2004), have been used to increase crop productivity (Sharma et al.
2016). In the last decade, several studies have reported the effectiveness of bioinoculants and
related their effects to mechanisms of direct action on plants, such as biofertilization,
biostimulation, biocontrol, and mitigation of abiotic stress (Kour et al. 2020; Sammauria et al.
2020; Tian et al. 2020). However, the indirect effect of bioinoculants on plants when changing
the structure of the resident microbial community (called “microbiome” or “bacteriome” for
bacterial communities) has been little explored and overlooked until recently. This effect is
caused by the entry of a “foreign” microorganism into a natural microbial community (a non-
pathogenic microbial invasion), which is often practised in agriculture through the use of
microbial inoculants (Mallon et al. 2015a,b; Mallon et al. 2018).

When inoculated into the environment, selected bacterial strains can displace resident
taxa and alter the microbial network and the functioning of the community (Mallon et al.
2015a,b; Xing et al. 2020). On the other hand, the native community can also resist the
invasion, which would explain the failure of many bioinoculants in the field. This resistance is
related to the diversity/composition of native communities and the availability of local
resources (Mallon et al. 2015a,b; Xing et al. 2020). If the resistance of the community is
overcome, the inoculated bacteria expand its population and permanently displaces resident
taxa (Xing et al. 2020). Bioinoculants with low colonization efficiency or later successionally
eliminated can also leave permanent marks on the bacteriome structure (Mallon et al. 2018).

The effect of microbial inoculations on the structure of native communities has been
further investigated in the soil-rhizosphere system and almost unexplored in seeds and roots
(rhizoplane and endophytic region) (Mawarda et al. 2020; Santos e Olivares, in press).
Although neglected, the seed bacteriome has already been shown to contribute to germination,
growth, and plant protection and cannot be disregarded at the time of bacterial inoculation
(Dos Santos et al. 2020; Santos et al., 2021). We believe that these seed-borne bacteria can be
affected by bioinoculants and also determine their success. Few studies have analyzed
changes in the root bacteriome of different plant species after the application of bioinoculants
(of varying composition), and some have correlated changes in community structure with the
promotion of plant growth (Liu et al. 2017; Sheridan et al. 2017; Thokchom et al. 2017;
Gadhave et al. 2018; Jha et al. 2020; Wang et al. 2020; Pangesti et al. 2020).
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In this work, we evaluated whether the inoculation of Herbaspirillum seropedicae in
combination with humic acids (HA) can alter the structure of the maize root bacteriome. We
hypothesized that the inoculation of H. seropedicae combined or not with HA could alter the
structure of the maize root bacteriome, whereas the inoculation of HA alone would have a
lesser effect. Furthermore, we expected modulations in the diversity, abundance, and
composition of the native community to reveal key taxa of the bacteriome and possibly
responsible for plant growth.

2. Material and Methods
2.1. Hydroponic assay
2.1.1. Extraction of humic acids

Humic substances were extracted as described by the International Humic Substance
Society, with some adaptations. Humic acids (HA) were extracted from vermicompost
produced with sugar cane filter cake. For extraction, a 0.5 M NaOH solution was mixed with
the vermicompost (10: 1, v/v) under an inert N2 atmosphere. After 12 hours, the suspension
was centrifuged (5,000 g) and acidified with 6 M HCI at pH 1.5 to precipitate the HA.
Solubilization and acidification were repeated three times. After centrifugation (5,000 g) for
15 min, the sample was washed with water until negative for AgNOs, followed by dialysis
against deionized water using a 1000-Da cut membrane (Thomas Scientific, Swedesboro, NJ,
USA). The dialysate was lyophilized, and the carbon content was analyzed by dry combustion
(CHN analyzer Perkin Elmer series 2400, Norwalk, CT, USA). The HA powder was
solubilized in KOH (1%).

2.1.2. Preparation of the bacterial inoculum

The bacterium used was H. seropedicae strain RAM10, derived from H. seropedicae
ZA95, isolated from rice (Baldani et al. 1986) and linked with the gfp reporter gene. The pre-
inoculum was prepared with the growth of 50 uL of the bacteria in a 5 mL tube containing
DYGS medium for 48 h at 30 °C under an orbital shaker at 150 rpm (Baldotto et al. 2011).
The viability and purity of the pre-inoculum were verified by phase-contrast and
epifluorescence microscopy. Then, Erlenmeyer containing 180 mL of DYGS liquid medium
were inoculated with 300 pL of the pre-inoculum and grown under the same conditions

reported above for 24 h. After growth, the bacterial cells were centrifuged, resuspended in
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sterile water and the optical density adjusted to approximately 1.0 to 595 nm (approximately
108 cells per ml).

2.1.3. Disinfection and germination of maize seeds

Maize seeds (Zea mays L.) of the SHS 5050 variety (Santa Helena Sementes, Brazil)
were immersed in sterile distilled water for 5-h, being part of the seeds not disinfected (NDS
treatment). Disinfected seeds (DS treatment) were treated with 70% alcohol for 5 min and
sodium hypochlorite (NaClO; Butterfly Ecologia, Audax Company) 1.25% for 30 min.
Washings in sterile distilled water were performed between the solutions (1x) and after
immersion in hypochlorite (5x). Then, non-disinfected and disinfected seeds were germinated
in Petri dishes (7 repetitions; 21 seeds per dish) containing agar-water medium (0.5%) and
packed in BOD at 30 °C and 12/12 h photoperiod (light/dark) for 3 and 4 days, respectively.

2.1.4. Seedling treatment with H. seropedicae and Humic acids

After germination, the maize seedlings were transferred to a hydroponic system
containing 1,800 mL of CaCl, solution (2 M), with the following treatments: a) control
(without inoculation); b) H. seropedicae; ¢) humic acids; d) combination of H. seropedicae
and humic acids. The bioinoculant was produced by diluting 180 mL of the bacterial solution
and/or 240 mg of humic acids in CaCl: solution at pH 6.7, with a final concentration of 35 mg
of carbon L and approximately 107 cells mL™. After 5-d in hydroponic cultivation, seedlings
were evaluated for total length and biomass (fresh and dry), with the aid of a millimetre ruler
and analytical balance, respectively. Means of four repetitions were analyzed by ANOVA,
followed by the Tukey test (p < 0.05).

2.2. Maize root bacteria count
2.2.1. Plate colony-count

The count of total and inoculated bacteria was performed by colony forming units
(CFU). For this, maize roots (1 g) were macerated in saline solution (NaCl; 99 mL; 8.5 g L),
subjected to serial dilution (107 to 10®), and plated (100 pL) in solid medium NB (Nutrient
Broth) with and without nalidixic acid antibiotic (20 mg L™1). Total bacteria were quantified in
a medium without antibiotics, while H. seropedicae, which is naturally resistant to nalidixic

acid, was grown in the medium with antibiotics. The antibiotic was dissolved in KOH (0.1
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M), filtered in Millipore®, and mixed with the NB medium. The plates were incubated in
BOD at 30 °C for 5 to 6 days.

2.2.2. Real-time PCR

Total and inoculated bacteria were quantified by real-time PCR (qPCR) from the 16S
rRNA. For this, the total DNA of the maize roots was extracted by the CTAB method
(Cetyltrimethylammonium bromide) (Chen and Ronald, 1999; Doyle and Doyle, 1987). The
gPCR used SYBR Green (Promega; 7.5 uL), DNA template (1 pL; 40 ng), water, and primers
(10 uM; 0.5 pL of each). The primers 926F (AAACTCAAAKGAATTGACGG) and 1062R
(CTCACRRCACGAGC TGAC) (Bacchetti De Gregoris et al. 2011) were used to quantify
the total bacteria. For the quantification of Herbaspirillum, the primers HRC54F
(CGGTTTTGGCTAATATCCAG) and HRC54R (AGTGTTATCCCAGGGGCTGC) (Boa
Sorte, 2013) were used. The reactions were incubated in a thermocycler (Step-One-Plus;
Applied Biosystems) for 5 min at 95 °C, then 40 cycles of 15 s at 95 °C and 1 min at 60 °C.
The bacterial proportions were calculated based on the values of Ct (cycle threshold) and the
standard curve (Staroscik, 2004). The standard curve was generated by diluting the DNA of
the bacterium Escherichia coli ATCC 25922 and H. seropedicae RAM10 in series of 102 - 10°
8 (20 - 2 x 10° ng of DNA). E. coli and H. seropedicae were grown in liquid medium NB and
DYGS (180 rpm, at 30 °C), respectively. The bacterial DNA was extracted with Wizard
Genomic DNA Purification Kit (Promega).

2.3. Epifluorescence and scanning electron microscopy

In epifluorescence, microscopic observations were made in different regions of the
maize root, including lateral root, elongation zone, and root cap. Whole roots were placed on
glass slides with sterile distilled water and observed under an Axioplan Zeiss microscope
equipped with specific filters for the detection of GFP (BP 460-490 nm; LP 510-550 nm) and
AxioCam digital photography system.

For scanning electron microscopy (SEM), maize roots were cut into 1 cm segments,
comprising a lateral root, elongation zone and root cap, and immediately fixed in
glutaraldehyde (2.5%) and paraformaldehyde (4%) in sodium phosphate buffer. (0.05 mol L,
pH 7.0). Then, the samples were washed with the same buffer (3 times for 10 min),
dehydrated in a series of ethanol (15, 30, 50, 70, 90 and 2 x 100% at 10 min) and dried in a

critical point device (Bal-tec CPD 030). The segments were mounted on aluminium stubs,
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metalized with ionized platinum in a sputtering coat apparatus (Bal-tec SCD 050) and
visualized in SEM Zeiss EVO 40 at 15 kV.

2.4. Sequencing of maize root bacteriome

Maize roots from the hydroponic test were stored at -70 °C. Frozen samples were
macerated in liquid nitrogen to extract total DNA (from 0.2 g) using the CTAB method
(Cetyltrimethylammonium bromide) (Chen and Ronald, 1999; Doyle and Doyle, 1987). The
extracted DNA was quantified in NanoDrop 2000® spectrophotometer (Thermo Scientific)
and the quality confirmed in agarose gel (0.8%) electrophoresis (80 V, for 70 min). The total
DNA was sent to the company “NGS Solugdes Gendmicas” for sequencing of the 16S rRNA
gene in Illumina MiSeq, with three repetitions per treatment. The samples were amplified
with primers 515FB (GTGYCAGCMGCCGCGGTAA) and 806RB
(GGACTACNVGGGTWTCTAAT) (Caporaso et al. 2011; 2012), with modifications to
primer degeneracy done by the labs of Jed Furhman (Parada et al. 2016) and Amy Apprill
(Apprill) et al. 2015). For PCR, 10 pL of PCR master mix, 0.5 uL of each primer (10 uM), 1
uL of DNA template, and 13 puL of PCR-grade water were used, totalling 25 pL of reaction.
The PCR conditions were: initial denaturation at 94 °C for 3 min, followed by 30 cycles of 94
°C (30 s), 50 °C (30 s) and 72 °C (30 s) and a final extension of 72 °C (10 min). The
sequencing was performed on the lllumina MiSeq platform.

2.5. 16S profiling data analysis

The raw sequences of the Illumina system were analyzed following the
recommendations of the Brazilian Microbiome Project (Pylro et al. 2014) and using the BMP
Operating System (BMPOS) (Pylro et al. 2016). Briefly, the sequences were filtered, grouped
into Operational Taxonomic Units (OTUs) with a 97% similarity cut (Edgar, 2013) and
taxonomically classified with the QIIME software (Caporaso et al. 2010), using Greengenes
reference sequences (McDonald et al. 2012).

The BIOM file was imported into the R environment using the phyloseq package
(McMurdie and Holmes, 2013), and the sampling quality estimated from Good’s coverage
(Good, 1953). Taxonomy up to gender level was estimated in centered log-ratio (clr)
transformed abundance (Gloor and Reid, 2016). Beta diversity (bacterial diversity between
different samples) was compared by main coordinates analysis (PCoA) using the phyloseq

package and the significance between groups visualized by Permutational multivariate

135



analysis of variance (Permanova) (Anderson, 2017) with the adonis function available in
vegan package (Oksanen et al. 2015).

Alpha diversity (bacterial diversity within each sample) was calculated
(estimate_richness function in the phyloseq package) by the species observed and by the
Shannon diversity index (considering the number and abundance of species), while the
richness was estimated by the Chao index (weight total and rare species). The diversity
indices were submitted to analysis of variance (ANOVA) and normality confirmed by the
Shapiro-Wilk W test (p> 0.05). Significant differences were later analyzed by post hoc
Tukey’s HSD test within the agricolae R-package (p <0.05).

Amplicon sequence variants (ASVs) tables were set up based on the number of times
that sequences differing in only one nucleotide were observed in each sample. Venn Diagrams
represented shared and unique ASVs. ASVs were also used to quantify the abundance (clr-
transformed abundance) of the bacterium H. seropedicae inoculated in treatments (disinfected
and not disinfected; control, H. seropedicae, H. seropedicae + HA and HA) and within the
phylum Proteobacteria and Betaproteobacteria class. The differences were compared using the
Wilcoxon test (p<0.05). Spearman’s correlation determined which bacterial genera were
modulated by the bioinoculant, with a correlation matrix visualized by the corrplot package
(p<0.05 was considered significant) (Wei and Simko, 2017).

3. Results

The number of total and inoculated bacteria in the maize root treated with H.
seropedicae combined or not with HA was greater than the control and the isolated
application of HA (not inoculated) (Table 1). Non-disinfecting maize seed ensured a high
number of CFU in the uninoculated roots while disinfecting the seeds and later treating it with
H. seropedicae (with and without HA) increased the total, and inoculated bacteria count
(Table 1). Among the inoculated treatments, a greater number of total bacteria was observed
after the isolated application of H. seropedicae, while its combination with HA increased the
population of H. seropedicae (Fig 1).

The maize root bacteriome was also quantified by Real-time PCR, which revealed a
high number of total bacteria when disinfecting the seed and applying the bioinoculant (H.
seropedicae and/or HA) (Fig 1). In non-disinfected seeds, a greater number of total bacteria
was obtained by combining H. seropedicae with HA (Fig 1). Real-time confirmed the

presence of H. seropedicae in the inoculated treatments (Fig 1).

136



Table 1. Influence of disinfection and bioinoculants on the count of total bacteria and H.
seropedicae in NB culture medium.

Treatments
Total bacteria (CFU.mL™?)
Item Control H. seropedicae H. seropedicae+HA HA
DS 0.5x 108 18 x 108 12 x 108 1.8 x 108
NDS 1.6 x 108 13 x 108 11 x 108 2.2x108
H. seropedicae (CFU.mL™?)
Item Control H. seropedicae H. seropedicae+HA HA
DS 0.04 x 108 3.3x108 7 x 108 0.4 x 108
NDS 0.4 x10°8 2.8 x10° 4 x 108 0.7 x 108
Germinated maize roots of disinfected (DS) and non-disinfected (NDS).
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Fig 1. Quantification of total bacteria (A) and H. seropedicae (B) in germinated roots of non-
disinfected (NDS) and disinfected (DS) seeds and treated with H. seropedicae and/or humic
acids (HA). Different capital letters indicate significant differences for the disinfection factor
(NDS and DS) and lowercase letters indicate significant differences between the bioinoculants
according to the Tukey test (p < 0.05). nd: not detected.

In epifluorescence images, the bacterium H. seropedicae was not detected in non-
inoculated treatments, including control root and treated with HA (Figs 2, 3, and 4 Al-B1,
A4-B4). In the inoculated roots, H. seropedicae colonized the emergence region of the lateral
root, elongation zone, and root cap, where it formed cell aggregations of different sizes (Figs
2, 3, and 4 A2-B2, A3-B3). The green fluorescence of the inoculated bacteria was observed in
the germinated roots of disinfected and non-disinfected seeds.

Under SEM view, native bacteria isolated or in small aggregates were visualized in the
uninoculated roots (Fig 5, 6, and 7 A1-B1, A4-B4). The lateral root of the inoculated maize
was densely colonized by H. seropedicae, with the presence of biofilms in the disinfected and
non-disinfected treatments (Fig 5 A2-B2, A3-B3). Cells from this region appear in SEM as
curved rods typical of Herbaspirillum. Bacteria also colonized the maize elongation zone and
root cap (Fig 6 and 7 A2-B2, A3-B3).
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Fig 2. Colonization of H. seropedicae RAM10 on the lateral root of the maize visualized by
epifluorescence microscopy. Germinated seedlings of disinfected (DS; A) and non-disinfected
(NDS; B) seeds and treated with H. seropedicae and/or humic acids (HA). Treatments:
Control (A1-B1); H. seropedicae (A2-B2); H. seropedicae+HA (A3-B3); HA (A4-B4). Bars
represent the following scales: A1-B1-A4-B4 = 150 um; A2-B2-A3-B3 = 250 pm.
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Fig 3. Colonization of H. seropedicae RAM10 on the zone of elongation of the maize
visualized by epifluorescence microscopy. Germinated seedlings of disinfected (DS; A) and
non-disinfected (NDS; B) seeds and treated with H. seropedicae and/or humic acids (HA).
Treatments: Control (A1-B1); H. seropedicae (A2-B2); H. seropedicae+tHA (A3-B3); HA
(A4-B4). Bars represent the following scales: A1-B1-A4-B4 = 150 um; A2-B2-A3-B3 = 250
pm.
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Fig 4. Colonization of H. seropedicae RAM10 on the root cap of the maize visualized by
epifluorescence microscopy. Germinated seedlings of disinfected (DS; A) and non-disinfected
(NDS; B) seeds and treated with H. seropedicae and/or humic acids (HA). Treatments:
Control (A1-B1); H. seropedicae (A2-B2); H. seropedicae+HA (A3-B3); HA (A4-B4). Bars
represent the following scales: 50 pum.
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Fig 5. Bacterial colonization of maize lateral root (LR) visualized by scanning electron
microscopy (SEM). Germinated seedlings of disinfected (DS; A) and non-disinfected (NDS;
B) seeds and treated with H. seropedicae and/or humic acids (HA). Treatments: Control (Al-
B1); H. seropedicae (A2-B2); H. seropedicae+HA (A3-B3); HA (A4-B4). Bars represent the
following scales: panel LR1: 200 um; LR2: 100 um; Others: 20 pm.

e i
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Fig 6. Bacterial colonization of maize zone of elongation (ZE) visualized by scanning electron
microscopy (SEM). Germinated seedlings of disinfected (DS; A) and non-disinfected (NDS;
B) seeds and treated with H. seropedicae and/or humic acids (HA). Treatments: Control (Al-
B1); H. seropedicae (A2-B2); H. seropedicae+HA (A3-B3); HA (A4-B4). Bars represent the
following scales: panel ZE1: 200 um; ZE2: 100 um; Al, B2, A4 and B4: 10 um; B1, A2, A3
and B3: 20 pm.
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Fig 7. Bacterial colonization of maize root cap (RC) visualized by scanning electron
microscopy (SEM). Germinated seedlings of disinfected (DS; A) and non-disinfected (NDS;
B) seeds and treated with H. seropedicae and/or humic acids (HA). Treatments: Control (Al-
B1); H. seropedicae (A2-B2); H. seropedicae+HA (A3-B3); HA (A4-B4). Bars represent the
following scales: panel RC1: 200 um; Al, B1, A2 and A4: 10 um; RC2, B2, A3 and B3: 20
pum; B4: 2 um.
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The application of H. seropedicae with HA in disinfected and non-disinfected seeds
increased the total length of the maize seedlings (Fig 8A). When the maize seeds were
disinfected, the combined use of H. seropedicae and HA significantly increased the total dry
biomass compared to the other treatments (Fig 8C). No significant differences were observed
for fresh seedling biomass in NDS and DS, as well as for dry biomass in NDS (Fig 8B and
8C).

A B
s " — 20 = DS
§e a " D =1 NDS é 15 éﬂ . T =3 NDS
-.Ess b . 2 A, Aa Ba B
3 50 = Abe Ab 2o = A
% a5 Be . E a E E y E E E E
» 4 5
35 T T T T T T T T E 0.0 T T T T T T T T
%&3@%&& cf;fw"&&d’;:*f &
N N N
™ » ™ ™
Treatments Treatments
C

Fig 8. Growth of maize germinated of non-disinfected (NDS) and disinfected (DS) seeds
and treated with H. seropedicae and/or humic acids (HA). Seedling length (A), fresh
seedling biomass (B) and dry seedling biomass (C). Different capital letters indicate
significant differences for the disinfection factor (NDS and DS) and lowercase letters
indicate significant differences between the bioinoculants according to the Tukey test (p <
0.05).

The influence of seed disinfection and H. seropedicae and/or HA inoculation on the
structure of the maize root bacterial community was analyzed by Illumina MiSeq sequencing.
A total of 248,639 reads were obtained from 25 samples (Table 2). Good coverage in the 99-
100% range indicated that the number of readings from the sequencing was sufficient to

capture the bacterial diversity of the maize root (Table 2).
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Table 2. Distribution of reads per sample and sequence coverage.

rn  Name Disinfection Treatment Total Reads Coverage
1 1 No Control 5601 1.0000000
10 10 No H. seropedicae+tHA 10436 1.0000000
11 11 No H. seropedicae+tHA 10983 1.0000000
12 12 No H. seropedicae+HA 15930 1.0000000
13 13 Yes Control 7334 1.0000000
14 14 Yes Control 7201 1.0000000
15 15 Yes Control 6342 1.0000000
16 16 Yes HA 5778 1.0000000
17 17 Yes HA 6598 1.0000000
18 18 Yes HA 6940 1.0000000
19 19 Yes H. seropedicae 9658 0.9998965
2 2 No Control 4687 1.0000000
20 20 Yes H. seropedicae 11095 1.0000000
21 21 Yes H. seropedicae 13639 0.9999267
22 22 Yes H. seropedicae+HA 19051 1.0000000
23 23 Yes H. seropedicae+HA 14125 1.0000000
24 24 Yes H. seropedicae+HA 21123 1.0000000
3 3 No Control 4452 1.0000000
32 32 H. seropedicae 2 27889 1.0000000
4 4 No HA 4270 1.0000000
5 5 No HA 5637 1.0000000
6 6 No HA 4241 1.0000000
7 7 No H. seropedicae 7930 1.0000000
8 8 No H. seropedicae 7284 1.0000000
9 9 No H. seropedicae 10415 1.0000000

Differences in the bacterial community of the maize root after seed disinfection and
inoculation of H. seropedicae were visualized by principal coordinate analysis (PCoA) (Fig
9A). First, we observed the separation of treatments inoculated with H. seropedicae and not
inoculated. Inoculated samples were grouped without the influence of disinfection. Among
the non-inoculated samples, we observed the separation of disinfected and non-disinfected
treatments. Permanova’s analysis confirmed that disinfection (p = 0.001, R2 = 0.100) and
inoculation (p = 0.001, R2 = 0.467) significantly influenced the maize root bacteriome (Table
3). Alpha diversity measures revealed that the species observed, Chao richness and Shannon
diversity of the inoculated treatments (H. seropedicae combined or not with HA) were
significantly greater than the control and the isolated application of HA (Fig 9B). The
inoculation of H. seropedicae with HA after maize disinfection tends to increase the alpha

diversity index (Fig 9B).
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Fig 9. Beta (A) and alpha (B) diversity of the bacteriome associated with roots of non-
disinfected (No) and disinfected (Yes) seeds and treated with H. seropedicae and/or humic
acids (HA). Letters indicate significant differences for alpha diversity indices according to the
Tukey test (p <0.05).

Table 3. Permanova of the root bacteriome.

Df*  SumsOfSgs® MeanSgs® F.Model? R? Pr(>F)e
Treatment 3 0.1263022 0.0421007 8.961044 0.4672616 0.001
Disinfection 1 0.0269522 0.0269522 5.736708 0.0997110 0.001
Treatment:Disinfection 3 0.0418775 0.0139592 2.971174 0.1549279 0.001
Residuals 16 0.0751711 0.0046982 NA 0.2780995 NA
Total 23 0.2703030 NA NA 1.0000000 NA

aDf: degrees of freedom

®Sum of Sgs: sequential sums of squares
®Mean Sgs: mean squares

9F. Model: F statistics

®Pr>(F): partial R-squared and P values

Disinfection and the application of bioinoculant in maize altered the root bacteriome at
different taxonomic levels. These modulations were presented in a box plot with clr-
transformed abundance values (Fig 10). Non-disinfected seeds maintained the abundance of
the Proteobacteria phylum in the non-inoculated treatments (control and HA). However, H.
seropedicae inoculation (with or without HA) reduced the abundance of Proteobacteria and
stimulated bacteria of the phylum Bacteroidetes (Fig 10). Reduced abundance of the
Proteobacteria phylum was also noticed for disinfected maize seeds inoculated with H.
seropedicae (with and without HA). This trend was accompanied by an abundance increase of
Bacteroidetes in all treatments, especially those inoculated with the bacteria (Fig 10). With
disinfection, we also observed an abundance of Firmicutes and Acidobacteria in treatments

that received only HA and Actinobacteria when combining H. seropedicae and HA (Fig 10).
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Fig 10. Centered log-ratio (clr) transformed abundance of bacterial phyla found in roots of
non-disinfected (No) and disinfected (Yes) seeds and treated with H. seropedicae and/or
humic acids (HA).

At the class level, the abundance of Alphaproteobacteria in the inoculated treatments
was lower concerning the control and HA, regardless of the disinfection method (Fig 11). On
the other hand, Betaproteobacteria and Gammaproteobacteria were more abundant when H.
seropedicae (combined or not with HA) was inoculated in non-disinfected and disinfected
maize, respectively (Fig 11). Some bacteria classes had their abundance linked to maize
disinfection and inoculation of specific treatments, such as Bacilli and Acidobacteria_Gp1l in

the presence of HA and Flavobacteriia in the presence of H. seropedicae (Fig 11). The classes
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Sphingobacteriia, Actinobacteria, and Cytophagia were stimulated by the combined use of H.

seropedicae with HA (Fig 11).
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Fig 11. Centered log-ratio (clr) transformed abundance of bacterial classes found in roots of
non-disinfected (No) and disinfected (Yes) seeds and treated with H. seropedicae and/or
humic acids (HA).

In the composition of the bacteriome at the order level, seed disinfection reduced the
abundance of Burkholderiales in all treatments, while the orders Pseudomonadales and
Rhodocyclales were enriched after the inoculation of H. seropedicae (Fig 12). For
Rhodospirillales and Sphingomonadales order, the abundance was higher in control and

reduced in the presence of H. seropedicae and/or HA (Fig 12). The abundance of other orders
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has been attributed to the inoculation of H. seropedicae (Caulobacterales, Xanthomonadales,
Flavobacteriales, and Rhizobiales), HA (Caulobacterales, Bacillales, Rhizobiales, and
Terriglobus) and a combination of both (Sphingobacteriales, Rhizobiales, Actinomycetales

and Seeds and Cytopathines and Cyanthes and other seeds and/or not disinfected (Fig 12).
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Fig 12. Centered log-ratio (clr) transformed abundance of bacterial orders found in roots of
non-disinfected (No) and disinfected (Yes) seeds and treated with H. seropedicae and/or
humic acids (HA).

Among the families identified by sequencing, Burkholderiaceae was reduced by
disinfecting maize with hypochlorite, while inoculation of H. seropedicae with or without HA

stimulated the abundance of Oxalobacteraceae, Pseudomonadaceae, Rhodocyclaceae, and
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Paenibacillaceae_1, mainly in the disinfected treatment (Fig 13). The abundance of the other
families varied between the control treatments (Rhodospirillaceae, Sphingomonadaceae,
Comamonadaceae, Moraxellaceae, and Sinobacteraceae), H. seropedicae (Caulobacteraceae,
Xanthomonadaceae, Sphingobacteriaceae, Flavobacteriaceae, Staphylococcaceae,
Rhizobiaceae,  Bradyrhizobiaceae, and Bacillaceae_1), HA  (Caulobacteraceae,
Comamonadaceae, Alicyclobacillaceae, Methylobacteriaceae, Microbacteriaceae,
Planococcaceae, and Acetobacteraceae) e H. seropedicae+HA (Chitinophagaceae,
Methylobacteriaceae, Microbacteriaceae, Planococcaceae, Intrasporangiaceae,
Micrococcaceae, Brucellaceae, and Cytophagaceae), with most of the taxa stimulated after
maize disinfection (Fig 13).
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Fig 13. Centered log-ratio (clr) transformed abundance of bacterial families found in roots of
non-disinfected (No) and disinfected (Yes) seeds and treated with H. seropedicae and/or
humic acids (HA).

The analysis of the bacterial genera of the maize root revealed, as expected, a greater
abundance of Herbaspirillum in the inoculated treatments and a reduction of the Burkholderia
genus when seeds were disinfected (Fig 14). The single application of H. seropedicae or
combined with humic acids also reduced the abundance of Burkholderia and other genera,
such as Magnetospirillum, Sphingomonas, Pelomonas, and Ralstonia (Fig 14). The genera
Caulobacter,  Stenotrophomonas,  Sphingobacterium,  Chryseobacterium,  Delftia,
Staphylococcus, Rhizobium, Pseudomonas, Shinella, Paenibacillus, Pedobacter,

Sediminibacterium, Bosea, and Bacillus were enriched in treatments inoculated only with the
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bacteria. At the same time, Novosphingobium, Massilia, Sphingobacterium, Delftia,

Hydrotalea,

Methylobacterium, Pseudomonas,

Shinella,

Leucobacter,

Sporosarcina,

Paenibacillus, Pedobacter, Intrasporangium, Arthrobacter, Ochrobactrum, Azospirillum,

Naxibacter, and Micrococcus were more abundant when combining the bacteria with HA (Fig

14). The isolated application of HA stimulated the abundance of Caulobacter, Pelomonas,

Novosphingobium, Tumebacillus,

Methylobacterium, Sporosarcina, Acinetobacter, and

Enhydrobacter (Fig 14). Most of the cited taxa became abundant in the maize root after

disinfecting the seeds and inoculating the bacteria H. seropedicae (Fig 14).

Centered log-Ratio Transformed Abundance

Herbaspirillum

Burkholderia

Caulobacter

Magnetospirillum

+5T 100 60
60
80
50 40
40
Disinfection 4 ] B
0 20 %I
EI No 0 0 - &%
0
Yes &. T hs -50 L — T r T T r T T T T
> o > o > 3 > o
o é‘\@ e&"{b QX\‘? X &\@ @&db Q,"Q\v ¥ o°\@ _&oq, e,x\\?. X 00\\0 G‘b\& QJQ? X
& (¢ & * @ F S &
K & K & K S &K
& & & & & &~ &
B N & R R ~ ° R
R RS R RS
: & RS &
Sphingomonas Pelomonas Stenotrophomonas Novosphingobium Ralstonia
80
40 10 20
60 20
20 P 5 10
é é $ 10
0
0 20 é o .
re
é 0 * 51 & + P
20 T — T — . - A
&© &df R é\\@\ &d,,e XX (\\&c} &df’ XX é\\@ F XX (\\@ F X
o A IS & P o & &P IS & oy &
S $ & 5 & S S
£ & £ & Ca £ & £ &
R RS RS R R
RS RS : :
Massilia Sphingobacterium Chryseobacterium Delftia Hydrotalea
. % 10 30 20
10
20 5 20 é
10
10 o é b ﬁ 5
0 0
-5 é +* 0 0
+>
o e 5 e Grer  [eed 4 e lel, e
> o > 2 > o > @ > @
. & a&db exy & . & 0&& fv & &8 0&& fv & & S ex:r X & zxy &
S &P R4 < & & O N ) &0 &
&5 & &5 & <5 & £ & £ &
RS RS RS R RS
& RS : &
Staphylococcus Tumebacillus Methylobacterium Rhizobium Pseudomonas
12 10 20
20 5 10
: 5,
4 10 0 0
0 0 -5 & 0 10 Ii‘l
4@ + 10 4o, 10 * % + 20
4 = % ¥ 3
Q\@ ) \J,e & Q\@» ) &(,,0 XX Q\@ \de‘ XX Q\@ \&@ R Q\@ . \dp I X
IS & & < & & < & & &L & [ &
SIS K K KA &
£ & £ g £ & &5 & &
RS .Be} R ‘zﬁé R ?e} R Q\.ee‘ R _&'\

152



Shinella Leucobacter Sporosarcina Paenibacillus

4 25
25 25
0.0
00 2 0.0
Disinfection 285g % 25
25 If.l 0 5o é
B3 No 2 o # E] + * . ® 5.0 % &
Yes j) L — 2l A (A I —
S & F X S # ¥ X S P ¥ X S & ¥ ¥
o§ & (?Px‘ X OOQ\* & &0;2* X o°{$ \o’bdb@x\ R 06‘\\ & &Q;b X
& & & S & S & &S
£ & £ & £ & F K
R & R R @ RS
RS RS : :
Pedobacter Intrasporangium Arthrobacter Sediminibacterium Acinetobacter
6 10 6
0.0 4 5 3
5
25 2 0 0
0] & 0
15 . é 0 -5 '%" * -3
% 5.0 $ % - %, Y I%, é
2 % 2 e % N i -10 6 iy
5 T T T T T T T T T T T T T T T T T T T
2 N & XX © F XX © F XX © F XX € F XX
IS & # s P & s & & o & o S & &£
B 5 5 > 5 > 5 5
Q 2 er L Qob ) QeP L QeP 2 er
= &> O PSEFC > L S O RS O
— o < o o <
o ks R R R
L2
7]
c
o
[ Ochrobactrum Bosea Azospirillum Endobacter Bacillus
o
© 3
o ° 1 2 2
g ° 1 1
5 2 ’ 1
0
0] 3 & é 1
e 0 &
8 ° 4% +
& * ‘ @ 21 & # R S s
3 e % 5 53 1 2
Q\@\ . \Qq,% R & »@"’?' X & & \0@@ X (\x@\ \Qq,e R < \Qq,e R
S & 2 S & S & £ & & 2 S & 2
o S 7 S P & & @
S & 25 & &5 & S P £ &
> © S O x O > © S O
5 & 24 4 S
- RS R RS
Mucilaginibacter Naxibacter Micrococcus Enhydrobacter Phenylobacterium
75 2 5 6
5.0 0 3
0 0
25 0
2 & é &
2 %
001 o & 2 & # o o 3 @ +*
- * 4 & 2 4 Sy
Q\@\ »\db% XX é‘\@\ \000 X Q@ X \(5,@ X Q\@\ \6,,@ X é\\@\ . \o’°® X
& & & & & &F & & & & & & & &L &£
K & K S K S K S K S
& P & P & P S P & P
. O . O . O . O . O
R R R R R
: : RS RS &

Fig 14. Centered log-ratio (clr) transformed abundance of bacterial genera found in roots of
non-disinfected (No) and disinfected (Yes) seeds and treated with H. seropedicae and/or
humic acids (HA).

In the Venn diagram, we observed a total of 40 bacterial ASVs in non-disinfected
samples, of which 17 were shared between some treatments, and 23 were exclusive for one
treatment (Fig 15). In disinfected samples, we observed the overlap of 31 ASVs against 35
unique ones, totaling 66 ASVs (Fig 15). Despite the variations between treatments, five
genera integrated the bacterial core of germinated roots from non-disinfected seeds, including
Caulobacter, Magnetospirillum, Sphingomonas, Pelomonas, and Burkholderia (Tables 4 e 5).
The bacteriome core composition was changed in disinfected seeds, with the replacement of

the Burkholderia genus by Novosphingobium and members of the Chitinophagaceae family
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(Tables 4 and 5). The treatments inoculated with H. seropedicae had the number of shared
ASVs increased from 5 (genera Herbaspirillum, Chryseobacterium, and Delftia; families
Sphingobacteriaceae and Oxalobacteraceae) to 10 (genera Chryseobacterium, Delftia,
Massilia, Sphingobacterium, Staphylococcus, Stenotrophomonas, Shinella, Paenibacillus,
Pedobacter, and Bosea) after seed disinfection (Fig 15; Tables 4 and 5). Interestingly, the
combined use of H. seropedicae with HA in disinfected seeds increased from 8 (genres
Novosphingobium, Hydrotalea, Sporosarcina, Micrococcus, Bradyrhizobium, Oxalobacter,
and Neochlamydia; family Chitinophagaceae) to 15 (genera Leucobacter, Intrasporangium,
Arthrobacter, Methylobacterium, Ochrobactrum, Azospirillum, Naxibacter, Actinomadura,
Sphingobium, Streptomyces, Flavihumibacter, and Hymenobacter; Oxalobacteraceae and
Intrasporangiaceae families; Spartobacteria class) the number of unique ASVs for treatment
(Fig 15; Tables 4 and 5).

Not Disinfected

H.seropedicae H. seropedicae+HA

Disinfected

H.seropedicae H. seropedicae+HA

Fig 15. Venn diagram with shared ASVs between roots of non-disinfected and disinfected
seeds and treated with H. seropedicae and/or humic acids (HA).
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Table 4. Individual and shared ASVs between non-disinfected treatments.

Phylum Class Order Family Genus Control | H. seropedicae | H. seropedicae+tHA | HA

Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Herbaspirillum 0 4808 5262 0
Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae Caulobacter 1320 1280 611 | 3230
Proteobacteria Alphaproteobacteria Rhodospirillales Rhodospirillaceae Magnetospirillum 1644 328 436 | 1631
Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae | Sphingomonas 2821 1195 511 654
Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Pelomonas 2103 69 314 | 1275
Proteobacteria Gammaproteobacteria | Xanthomonadales Xanthomonadaceae Stenotrophomonas 0 722 449 311
Bacteroidetes Sphingobacteriia Sphingobacteriales Chitinophagaceae NA 0 0 878 0
Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae | Novosphingobium 0 0 426 0
Proteobacteria Betaproteobacteria Burkholderiales Burkholderiaceae Ralstonia 0 0 0 33
Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Massilia 0 179 1600 77
Proteobacteria Betaproteobacteria Burkholderiales Burkholderiaceae Burkholderia 4813 2405 901 | 4651
Bacteroidetes Flavobacteria Flavobacteriales Flavobacteriaceae Chryseobacterium 0 909 104 0
Bacteroidetes Sphingobacteriia Sphingobacteriales Chitinophagaceae Hydrotalea 0 0 284 0
Proteobacteria Alphaproteobacteria Rhizobiales Methylobacteriaceae | Methylobacterium 0 0 297 616
Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Delftia 0 42 22 0
Firmicutes Bacilli Bacillales Planococcaceae Sporosarcina 0 0 197 0
Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae | Sphingobacterium 0 194 0 0
Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae | NA 0 90 10 0
Acidobacteria Acidobacteria_Gpl Terriglobus NA NA 0 0 55 76
Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae | Mucilaginibacter 0 86 0 0
Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae NA 0 20 226 0
Actinobacteria Actinobacteria Actinomycetales Micrococcaceae Micrococcus 0 0 50 0
Bacteroidetes Sphingobacteriia Sphingobacteriales Chitinophagaceae Sediminibacterium 0 257 0 0
Proteobacteria Alphaproteobacteria Rhizobiales Bradyrhizobiaceae Bosea 0 65 0 0
Proteobacteria Gammaproteobacteria | NA NA NA 0 61 0 0
Proteobacteria Alphaproteobacteria NA NA NA 0 0 45 1
Proteobacteria Alphaproteobacteria Rhizobiales Bradyrhizobiaceae Bradyrhizobium 0 0 37 0
Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae | NA 0 0 3 105
Actinobacteria Actinobacteria Actinomycetales Mycobacteriaceae Mycobacterium 0 0 0 17
Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae Bacteroides 0 0 0 25
Actinobacteria Actinobacteria Actinomycetales Microbacteriaceae Curtobacterium 0 0 0 7
Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus 0 0 0 5
Actinobacteria Actinobacteria Actinomycetales Microbacteriaceae Leifsonia 0 6 0 0
Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae NA 9 0 0 0
Firmicutes Clostridia Clostridiales Lachnospiraceae NA 0 0 0 3
Thaumarchaeota | Nitrososphaerales Nitrososphaeraceae | Nitrososphaera NA 0 2 0 0
Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae | Sphingosinicella 10 0 0 0
Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Oxalobacter 0 0 1 0
Proteobacteria Betaproteobacteria NA NA NA 0 2 0 3
Chlamydiae Chlamydiia Chlamydiales Parachlamydiaceae Neochlamydia 0 0 1 0
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Table 5. Individual and shared ASVs between disinfected treatments.

Phylum Class Order Family Genus Control | H.seropedicae | H.seropedicae+tHA | HA

Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Herbaspirillum 0 5925 5436 213
Proteobacteria Betaproteobacteria Burkholderiales Burkholderiaceae Burkholderia 1393 0 0 992
Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae Caulobacter 466 1730 725 | 1399
Proteobacteria Alphaproteobacteria Rhodospirillales Rhodospirillaceae Magnetospirillum 2897 93 171 | 1297
Proteobacteria Alphaproteobacteria Sphingomonadales | Sphingomonadaceae Sphingomonas 1872 583 616 505
Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Pelomonas 2688 132 153 | 3412
Bacteroidetes Sphingobacteriia Sphingobacteriales | Chitinophagaceae NA 940 7 713 461
Proteobacteria Alphaproteobacteria Sphingomonadales | Sphingomonadaceae Novosphingobium 467 16 454 856
Proteobacteria Betaproteobacteria Burkholderiales Burkholderiaceae Ralstonia 1267 0 0 920
Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Massilia 0 64 449 0
Bacteroidetes Sphingobacteriia Sphingobacteriales | Sphingobacteriaceae Sphingobacterium 0 458 310 0
Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Delftia 0 433 490 0
Bacteroidetes Sphingobacteriia Sphingobacteriales | Chitinophagaceae Hydrotalea 183 0 307 56
Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus 0 456 133 0
Proteobacteria Gammaproteobacteria | Xanthomonadales Xanthomonadaceae Stenotrophomonas 0 414 276 0
Firmicutes Bacilli Bacillales Alicyclobacillaceae Tumebacillus 0 0 0| 1513
Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Chryseobacterium 0 863 284 0
Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae NA 33 0 106 0
Acidobacteria Acidobacteria_Gpl Terriglobus NA NA 0 0 86 256
Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiaceae Rhizobium 0 283 0 0
Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas 90 657 524 0
Proteobacteria Betaproteobacteria Rhodocyclales Rhodocyclaceae Shinella 0 215 114 0
Actinobacteria Actinobacteria Actinomycetales Microbacteriaceae Leucobacter 0 0 81 0
Firmicutes Bacilli Bacillales Planococcaceae Sporosarcina 0 0 0 224
Firmicutes Bacilli Bacillales Paenibacillaceae 1 Paenibacillus 0 82 189 0
Bacteroidetes Sphingobacteriia Sphingobacteriales | Sphingobacteriaceae Pedobacter 0 139 129 0
Actinobacteria Actinobacteria Actinomycetales Intrasporangiaceae Intrasporangium 0 0 124 0
Actinobacteria Actinobacteria Actinomycetales Micrococcaceae Arthrobacter 0 0 170 0
Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae NA 0 0 106 3
Proteobacteria Alphaproteobacteria Rhizobiales Methylobacteriaceae Methylobacterium 0 0 95 0
Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae NA 0 0 56 0
Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 12 0 11 371
Actinobacteria Actinobacteria Actinomycetales Intrasporangiaceae NA 0 0 30 0
Bacteroidetes Sphingobacteriia Sphingobacteriales | Chitinophagaceae Sediminibacterium 186 0 6 0
Proteobacteria Alphaproteobacteria Rhizobiales Brucellaceae Ochrobactrum 0 0 31 0
Proteobacteria Alphaproteobacteria Rhizobiales Bradyrhizobiaceae Bosea 0 29 64 0
Proteobacteria Alphaproteobacteria Rhodospirillales Rhodospirillaceae Azospirillum 0 0 103 0
Proteobacteria Alphaproteobacteria Rhodospirillales Acetobacteraceae Endobacter 11 0 0 0
Firmicutes Bacilli Bacillales Bacillaceae 1 Bacillus 0 48 0 0
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Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Naxibacter 0 0 39 0
Proteobacteria Alphaproteobacteria NA NA NA 0 0 39 4
Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Enhydrobacter 0 0 1 131
Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae Phenylobacterium 158 0 4 0
Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiaceae Kaistia 0 40 0 0
Firmicutes Bacilli Bacillales Planococcaceae NA 0 0 0 42
Actinobacteria Actinobacteria Actinomycetales Thermomonosporaceae | Actinomadura 0 0 15 0
Actinobacteria Actinobacteria Actinomycetales Micrococcaceae Micrococcus 0 18 0 0
Proteobacteria Alphaproteobacteria Sphingomonadales | Sphingomonadaceae Sphingobium 0 0 54 0
Actinobacteria Actinobacteria Actinomycetales Streptomycetaceae Streptomyces 0 0 6 0
Bacteroidetes Sphingobacteriia Sphingobacteriales | Chitinophagaceae Flavihumibacter 0 0 8 0
Proteobacteria Gammaproteobacteria Xanthomonadales Sinobacteraceae NA 36 0 0 0
Actinobacteria Actinobacteria Actinomycetales Microbacteriaceae Leifsonia 0 17 0 32
Proteobacteria Alphaproteobacteria Rhodospirillales Rhodospirillaceae NA 9 0 0 0
Proteobacteria Alphaproteobacteria Rhodospirillales Acetobacteraceae Gluconacetobacter 0 0 0 13
Bacteroidetes Cytophagia Cytophagales Cytophagaceae Hymenobacter 0 0 9 0
Proteobacteria Alphaproteobacteria Rhodospirillales Acetobacteraceae NA 0 0 0 15
Acidobacteria Acidobacteria_Gp6 Gpbé NA NA 8 0 0 0
Actinobacteria Actinobacteria Actinomycetales Corynebacteriaceae Corynebacterium 2 0 0 0
Armatimonadetes | Armatimonadetes gp5 | NA NA NA 0 3 0 0
Proteobacteria Deltaproteobacteria Bdellovibrionales Bdellovibrionaceae Vampirovibrio 0 6 0 0
Verrucomicrobia | Spartobacteria NA NA NA 0 0 2 0
Planctomycetes Planctomycetia Planctomycetales Planctomycetaceae Gemmata 2 0 0 0
Proteobacteria Betaproteobacteria NA NA NA 0 0 1 3
Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Oxalobacter 0 5 0 0
Proteobacteria Alphaproteobacteria Sphingomonadales | Sphingomonadaceae Blastomonas 0 0 0 2
Proteobacteria Alphaproteobacteria Rhizobiales NA NA 0 4 0 0
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ASVs present in the inoculated H. seropedicae bacteria was compared with the
treatments (Fig 16A). The taxonomy of the corresponding ASVs has been modified and now
displays an “Inocular” after each level. Therefore, the caption “Proteobacteria (Inoculate)”
represents an ASV present in the inoculated H. seropedicae bacterium. First, the comparison
between disinfected versus uninfected seeds within each treatment considering the abundance
of inoculated H. seropedicae was not significant (Fig 16B). As expected, the average
abundance of H. seropedicae inoculated between treatments was higher in treatments that
received the bacteria (Fig 16B). The abundance of members of the Phylum Proteobacteria (all,
other than inoculate) and Proteobacteria Inoculate between the treatments H. seropedicae+HA
and H. seropedicae (grouped by disinfection) did not differ significantly (Fig 16C). However,
within the inoculated treatments, the Proteobacteria Inoculate phylum was more abundant
than the Proteobacteria (other than inoculate) phylum in the two disinfection conditions (Fig
16C). Within the Betaproteaobacteria class, the abundance of inoculated bacteria was greater
in the disinfected and non-disinfected treatment (Fig 16D). In Figure 16D, we also see the
reduction of members of the class Betaproteaobacteria (other than inoculate) after the

disinfection of maize seeds.
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Fig 16. Abundance (ASVs; A) of the bacterium H. seropedicae inoculated in treatments
(disinfected and not disinfected; control, H. seropedicae, H. seropedicae+HA and HA; B) and
within the phylum Proteobacteria (C) and the class Betaproteobacteria (D). The differences
were compared using the Wilcoxon test (p <0.05).

As observed in the taxonomy of the bacterial community (Fig 14), the inoculation of
H. seropedicae reduced the abundance of Burkholderia in the maize root, which led us to test
the interrelationships within the bacteriome after the arrival of an inoculated bacterium.
Correlation of Spearman with the 20 most abundant bacterial genera at the root revealed 15
genera negatively correlated with the inoculated H. seropedicae bacterium, among them
Burkholderia, Vampirovibrio, Curtobacterium, Mycobacterium, Bacteroides, Lactococcus,
Gluconacetobacter, Endobacter, Sphingomonas, Magnetospirillum, Ralstonia, Actinomadura,
Streptomyces, Flavihumibacter, and Pelomonas (Fig 17). Some taxa negatively correlated
with H. seropedicae showed a positive correlation with Burkholderia, such as the genera
Vampirovibrio, Curtobacterium, Mycobacterium, Bacteroides, Lactococcus,
Gluconacetobacter, Endobacter, Sphingomonas, and Magnetospirillum (Fig 17).
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Burkholderia correlated negatively with the inoculated bacteria and the

Novosphingobium and Delftia (Fig 17).
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4. Discussion

In this study, we demonstrated the effect of inoculation of H. seropedicae combined or
not with HA on root colonization, plant growth, and the modulation of the root bacteriome of
maize.

First, H. seropedicae successfully colonized the surface and interior of maize roots
grown in a hydroponic system, as observed in the counting results (in plate and gPCR) and
microscopy (scanning electronics and epifluorescence). This endophytic diazotrophic
bacterium, as its name suggests, is capable of efficiently colonizing the internal tissues of the
host plant. For this, it uses cracks formed by the emergence of the root as the main infection
point, which explains a large number of bacteria in this region (Matteoli et al. 2020). Once
inside the plant, bacteria spread, and colonize different tissues (Matteoli et al. 2020).
According to Monteiro et al. (2008), H. seropedicae was able to colonize the surface and
internal tissues of the maize root 30 min and 24 h after inoculation. The application of HA
may also have contributed to the colonization and population increase of H. seropedicae by
inducing physiological and anatomical changes in the maize root (Olivares et al. 2017).

Counting and microscopy results suggest that H. seropedicae was able to compete
with members of the native community and establish itself at the root. Once established, H.
seropedicae combined with HA promoted the growth of maize by significantly increasing
seedling length and total dry biomass. In the literature, we find several explanations for this
result, but they are studies that consider only the direct effect of the bacteria on the host plant
through biofertilization, biostimulation, and biocontrol (Matteoli et al. 2020); or studies that
relate this growth to the positive effects of HA (Olivares et al. 2017). These findings partially
justify the effects of bioinoculants, but they do not answer whether the introduction of a
bacterium as an inoculant disturbs the structure of the native bacterial community and whether
this disturbance is related to plant growth.

In the present study, we demonstrated that the disinfection of the seeds with sodium
hypochlorite and the inoculation of H. seropedicae caused changes in the diversity,
composition, and abundance of the community residing in the maize root. The result of these
changes resulted in significant groupings for beta diversity and increases in alpha diversity
indices, which were positively related to disinfection and inoculation. The effect of seed
disinfection over the increase on diversity can be attributed to the niches vacancy at the root
(by removing part of the resident community) and their occupation by other taxa of the

bacteriome (Hardoim, 2019). Inoculation, on the other hand, contributed by integrating H.
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seropedicae in the resident community or by stimulating native taxa. Collectively,
disinfection and inoculation increased the diversity of the bacteriome. Similar results were
observed by Dos Santos et al. (2020a) when disinfecting maize seeds of the SHS 5050 variety
and having the root diversity increased under axenic conditions. It is worth mentioning that, in
addition to the inoculated bacteria, there was no entry of external species into our controlled
experimental system, that is, the increased diversity is attributed purely to the stimulation of
taxa of the maize bacteriome itself.

Compositional changes in the maize root community were based on reductions and
increases in various bacterial taxa. The genus Herbaspirillum was the most abundant after
five days of inoculation, which indicates that H. seropedicae invaded the plant, overcame the
bacteriome pressures, gained access to available resources, and expanded the size of its
population while displacing members of the resident community (Mallon et al. 2018).
Members of the genus Burkholderia (phylum Proteobacteria), which initially comprised a
dominant portion of the bacteriome, were reduced by disinfecting the seeds and introducing
H. seropedicae. Non-disinfected-inoculated, disinfected-non-inoculated, and disinfected-
inoculated treatments showed declines in Burkholderia abundance. This decline proves the
sensitivity of these bacteria to hypochlorite, as demonstrated by Dos Santos et al. (2020a), and
suggests a preference for niche and similar resources between H. seropedicae and members of
the Burkholderia genus. Nevertheless, since the initial population of H. seropedicae was high,
it was competitively superior in the invasion process (Mallon et al. 2018). Spearman’s
correlations confirmed negative interactions between inoculant and Burkholderia.

Taxons with low initial abundance in the community had displayed consistent increase
after the inoculation of H. seropedicae (combined or not with HA). It is the case of members
of the phylum Bacteroidetes and many genera reported here. Most of the taxa were enriched
at the root after seed disinfection, suggesting emerging empty niches by the action of the
hypochlorite facilitated the expansion of the inoculated bacteria and some members of the
resident community. In general, we believe that the introduction of H. seropedicae overcame
members of the bacteriome that compete for the same substrate (such as Burkholderia),
allowing rare (non-target) taxa to explore better niches and resources not used by H.
seropedicae (Mallon et al. 2018). As a result, the inoculated bacteria reorganized the structure
of the maize root microbial community.

The analysis of ASVs present in the inoculated H. seropedicae bacterium revealed that

their abundance did not differ between the disinfected and non-disinfected treatments.
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However, the impact of inoculation was greater in communities that had members removed
by hypochlorite (disinfected seeds), which resulted in major changes in the composition of the
bacteriome. It is believed that the supply of niches and resources not explored by the
bacteriome of disinfected seeds facilitated the invasion of H. seropedicae. In the case of non-
disinfected treatment, the inoculation also displaced the resident community, but the impact
was less, which can be attributed to the resistance of members of the Burkholderia genus.

According to Mawarda et al. (2020), four mechanisms can explain how bioinoculants
change the resident community. The first mechanism is the competition for resources, cited in
this study as a possible explanation for the reduction of the Burkholderia genus after the
inoculation of H. seropedicae. The existence of empty niches also contributes to the invader’s
success, which possibly happened when we disinfected the maize seeds. The second and third
mechanisms involve antagonism and synergism, which may also justify some results of this
study. The antagonism can explain the suppression of non-target bacterial taxa by the
inoculant when trying to control some pathogens, while in synergism the inoculant can
stimulate native taxa through the metabolites it produces. The fourth and final mechanism
attributes to the inoculant the function of modifying the rate and composition of exudates
released by the roots of the plants, favouring certain taxa. This mechanism may justify the
high number of bacteria stimulated by the combined use of H. seropedicae with HA. HA, in
addition to inducing the emission of lateral roots, increase the exudation of organic acids,
which can be used as a carbon source to support the growth of inoculated bacteria and native
maize taxa (Canellas et al. 2008; Da Silva Lima et al. 2014; Olivares et al. 2017).

We concluded that the inoculation of H. seropedicae combined or not with HA altered
the structure of the maize root bacteriome when interacting with key members of the
community, such as Burkholderia. We also found that the disinfection of seeds with sodium
hypochlorite seems to release niches in the root and contribute to the establishment of the
inoculant and native taxa of maize. We believe that the interactions described here may be
related to the promotion of plant growth and need to be explored. Understanding these
interactions means attributing seed-borne bacteria and bioinoculants their respective roles in
the growth and protection of crops. Also, knowing the response of the native community to an

inoculated bacterium can increase the effectiveness of many microbial applications.
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Conclusdes Gerais

Assim como as plantas, os microbiomas se originam das sementes. Ap0s muitas
décadas de esquecimento, a semente finalmente foi reconhecida como fonte essencial de
indculos para o microbioma vegetal. No entanto, ndo estava claro quem eram 0s micro-
organismos transferidos verticalmente e qual sua influéncia para o desempenho das culturas.

Os resultados deste trabalho comprovam que a semente de milho é fonte de micro-
organismos para a nova planta, com perfil bacteriano distinto entre as variedades SHS 5050 e
DKB 177. Durante a germinagdo do milho, ocorre uma sucessdo ecoldgica secundaria para a
microbiota nativa, o que resulta em mudancas na abundéncia de tdxons na raiz.

Pela primeira vez, um estudo mostrou protocolos de desinfestacdo ja estabelecidos
alterando a comunidade inicial da semente de milho e da raiz emergida. Esse distarbio no
bacterioma da semente tem consequéncias para a germinacao e o crescimento do milho, além
de aumentar sua suscetibilidade a patdgenos fangicos transmitidos por sementes.

Uma vez que alteracbes no bacterioma da semente impactam o desempenho das
plantas, a pratica de inocular micro-organismos exogenos também pode induzir mudancas na
estrutura da comunidade nativa e afetar a produtividade das culturas. No presente trabalho,
essa hipotese foi confirmada ap6s a inoculacéo de H. seropedicae e/ou &cidos himicos alterar
a diversidade e a composicdo do bacterioma do milho. Neste caso, inoculacbes em sementes
desinfestadas intensificam o deslocamento da comunidade e promovem o crescimento
vegetal.

Conclui-se que bactérias transmitidas por sementes podem contribuir para o
desenvolvimento de tecnologias sustentaveis. Mais precisamente, é possivel alterar a estrutura
do bacterioma pela inoculacdo de micro-organismos exdgenos e beneficiar taxons especificos
da comunidade ou isolar membros-chave do bacterioma para a formulagdo de novos

bioinoculantes.
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