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Thesis outline

The introduction shows a brief picture of the bacterial role in plant development,
and points the importance of the subjects of this thesis;

Chapter 1 shows the effect of fertilization on plant growth-promoting bacteria
(PGPB) action and also on the environment, and it is used as part of the introduction for
this thesis;

Chapter 2 presents a model that was based on previous data from several works
from our group, and it was the basis for Chapter 3;

Chapter 3 intended to test the proposed model under a greenhouse microcosm
experiment, and presents a large collection of interactions and correlations;

Chapter 4 presents a novel hypothesis and a novel statistical method for PGPB
research. It also discusses proposals for future research in the PGPB field;

The concluding remarks show the final picture we have for the model and some
future directions for the research field.

In the Appendage 1 is shown a brief list of other works and achievements

obtained during this PhD work.



Estrutura da Tese

A introdugdo mostra uma breve descricdo do papel bacteriano no
desenvolvimento de plantas, e aponta a importancia dos temas dessa tese

O Capitulo 1 mostra o efeito da fertilizacdo em bacterias promotoras de
crescimento vegetal (plant growth-promoting bacteria, PGPB) e também no ambiente, e
é usado como parte da introducéo desta tese

O capitulo 2 apresenta o modelo que foi baseado em dados anteriores de
diversos trabalhos de nosso grupo, e é a base para o capitulo 3

O Capitulo 3 pretendia testar o modelo proposto em um experimento de casa de
vegetacdo, e apresenta uma grande colegéo de interacdes e correlagdoes

O Capitulo 4 apresenta uma nova hipdtese e um novo método estatistico para
pesquisa em PGPB. Ele também discute propostas para future pesquisa no campo de
PGPB

As consideragdes finais mostram um quaddro dinal que temos para 0 modelo e
algumas diregdes futures para o campo de pesquisa

No Apéndice | é mostrada uma breve lista de outros trabalhos e destaques

obtidos durante ester trabalho de doutorado



Abstract

Soil bacteria greatly interact with plants, and are key components for plant health and
vigor. The natural associations and interactions of plant and bacteria can be manipulated
by addition of bacterial inoculants, which are of great interest to agriculture. However,
even highly efficient bacterial strains extensively tested under diverse conditions might
fail to act as plant growth promoting bacteria (PGPB) at full efficiency and at all times.
This happens because of the multiple, complex interactions between the plant, the
inoculant, the bacterial community and the environment. This thesis aims to detect
patterns in plant-bacteria interactions, so that the right inoculant is added at the right
conditions. Using data over 2200 strains isolated in several projects from our research
group, we raised a model that proposes to explain which bacterial traits would be
selected by the plant in nutrient poor or nutrient rich conditions. Our model says that
plants will favor P solubilizers, like Burkholderia, in nutrient poor conditions and plant
hormone producers, like Enterobacter, in nutrient rich conditions. This model was then
tested in a diversity gradient microcosm, inoculating Burkholderia and Enterobacter, as
single strains and also co-inoculated. We tested these strains in rice plants, using rich
clay soils and poor sandy soils, under a dilution-to-extinction diversity gradient. Results
show that, as the model suggested, Burkholderia was a better PGPB in poor soils and
Enterobacter was a better PGPB in rich soils, and that P solubilization and production
of plant hormones by the bacterial communities are indeed inversely correlated. Some
of the predictions of the model were not confirmed, specifically on the display of each
trait in the rhizosphere and endosphere niches. The diversity gradient shows that PGPB
efficiency, strain survival, and strain niche colonization largely depend on the initial
microbial community. On the last chapter of this thesis, we used a novel statistical
methodology when analyzing the impact of bacterial inoculation on rhizosphere
communities under the assumptions of invasion ecology. Although some of our
hypothesis did not hold in this case, they are still interesting to consider, and the novel
methodology can be very useful for PGPB research as it facilitates comparisons of next
generation sequencing results of a test group and a standard, like a non-inoculated
control. We conclude this thesis stating that our model and the statistical methodology

presented can be very useful for PGPB research and application.



Resumo

Bactérias de solo interagem com plantas e sdo componentes chave para saide e vigor
vegetal. As associagBes e interacGes naturais de plantas e bactérias podem ser
manipuladas pela adi¢do de inoculantes bacterianos, que sdo de grande interesse para a
agricultura. Porém, mesmo linhagens bacterianas eficientes e extensivamente testadas
em diferentes condi¢cbes podem falhar em agir como bactérias promotoras de
crescimento vegetal (plant growth promoting bacteria, PGPB) em total eficiéncia e em
todos os casos. Isso ocorre devido as numerosas, e complexas, interacdes entre a planta,
o0 inoculante, a comunidade bacteriana e 0 ambiente. Esta tese buscou detectar padrdes
em interacOes planta-bactéria, para que o inoculante certo seja adicionado nas condigdes
certas. Usando dados de mais de 2200 estirpes isoladas em diversos projetos de nosso
grupo, propusemos um modelo que busca explicar quais caracteristicas bacterianas
seriam selecionadas pela planta em condi¢Ges pobres ou ricas em nutrientes. O modelo
propGe que plantas irdo favorecer solubilizadores de fosfato (P), como Burkholderia, em
condigdes pobres em nutrientes, e produtores de hormonio vegetal, como Enterobacter,
em condicdes ricas em nutrientes. Este modelo foi, entdo, testado em um microcosmo,
inoculando Burkholderia e Enterobacter, isoladas e em co-inoculacdo. Testamos estas
estirpes em plantas de arroz, usando solos argilosos ricos e arenosos pobres, em um
gradiente de diversidade de diluicio-até-extin¢do. Os resultados mostraram que, como
sugerido pelo modelo, Burkholderia era uma melhor PGPB em solos pobres,
Enterobacter era uma melhor PGPB em solos ricos, e que a solubilizacéo de P e
producdo de hormonios vegetais sdo inversamente correlacionadas. Algumas das
previsdes do modelo ndo foram confirmadas, especificamente na quantificagdo de cada
caracteristica nos nichos rizosférico e endofitico. O gradiente de diversidade mostrou
que eficiéncia de PGPB, sobrevivéncia das linhagens e colonizagdo dos nichos sdo
bastante dependentes da comunidade microbiana inicial. No ultimo capitulo desta tese,
uma nova metodologia estatistica foi testada, enquanto analisou-se o impacto da
inoculacéo bacteriana nas comunidades rizosféricas em relagéo a teorias da ecologia de
invasdo. Apesar de algumas de nossas hipéteses terem sido rejeitadas, elas ainda assim
sdo consideravelmente interessantes, e a nova metodologia pode ser muito util para
pesquisa em PGPB, pois ela facilita comparagdes de resultados de sequenciamento de
nova geracdo. Nés concluimos esta tese afirmando que o modelo e a metodologia

estatistica apresentada podem ser muito Uteis para pesquisa e aplicacdo de PGPB.



Introduction and General Objectives

Natural soils have an outstanding diversity, much higher than any other
environment in our planet. A single gram of soil can have up to 10° prokaryotic cells
(Griffiths and Philippot, 2012), 2,000 to 18,000 genomes (Daniel, 2005), summing 300
to 3,000kg of biomass per ha (Ranjard and Richaume, 2001). Soils receive diverse kinds
of substrates, nutrients, contaminants, and are subjected to many types of stresses. This
creates a very complex, open system that operates with networks and communities,
where competition, antagonism, cooperation, and symbiosis are all occurring within one
cubic millimeter (Zelezniak et al., 2015). Bacteria blur our defined lines of organism
and species, when it develops in microbial mats, lichens and other complex
communities, where specific components have specific functions. Bacteria struggle for
survival on Earth was the first to start since and least 3.5 billion years ago (Koonin,
2014), so it not surprising they can take so many different roles and forms all over the
planet. A single example can demonstrate the ability of bacteria to cooperate with other
organisms. The development of endosymbiosis, which eventually turned into modern
mitochondria and chloroplast, shaped the biosphere as we know it. This event, that
independently occurred at least 7 times for chloroplasts (Koonin et al., 2001), generated
organisms that were metabolically very efficient, and alone it is enough evidence that
bacteria can develop highly efficient, intimate cooperation with other organisms. Being
so present in the biosphere, interacting with other organisms at such a basal level, and
taking part in all biogeochemical cycles, bacteria influence life on earth with more than
by-products to be explored.

Plants had to coexist with bacteria since the start of their evolutive history.
Today, we see that both plants and bacteria have multiple kinds of interactions as they
share the same space (Barea et al., 2005). It is very clear that the bacteria in soil can
affect plant health and development, not only through pathogens and disease as it was
thought when bacteria living inside the roots were first discovered. Through the action
of carbon substrates and signaling molecules liberated by the roots (exudates) plants are
capable of influencing the composition and function of the microbial communities
around its roots (Bais et al., 2006). These exudates can take around 20% of the plants
photosynthetic products (Haichar et al., 2008), and compose about 40% of the available
carbon input in soils (Richardson et al., 2009). Using exudates to select parts of the
microbial community to colonize the plant rhizosphere and endosphere, plants populate

their roots with the most appropriate partners they can find. Bacteria, in their turn,



compete very strongly with each other to colonize these niches, in a fierce struggle for
life while under the influence of the plant host. This creates a rhizosphere effect,
effectively generating a gradient of diversity in soil: bulk soil has fewer nutrients and
more diversity, the rhizosphere has much more carbon substrates but less diversity, and
the endosphere has more nutrients, less competition, and less diversity, but its entry is
tightly regulated by the plant (Hatmann et al., 2008). As they feed from the exudates,
beneficial bacteria will help plants by solubilizing nutrients, producing plant hormones,
and prevent colonization of pathogens or other deleterious microorganisms. Details on
the mechanisms used by bacteria to help the plant are presented in Chapter 1.

As they are so important for plant health, it is not surprising that such bacteria
are important for agriculture today. Improvement of food production has always been a
pursue for humans. It is clear, however, that the modern methods we use to produce our
food, and the production of chemicals necessary for food production, are not
sustainable. Environmental concerns about production and use of fertilizers are also
presented on Chapter 1. It is enough to say for now that sustainable production of food
is one of the most critical issues to ensure continuity of modern society in the future.
The plant growth promoting bacteria (PGPB) enter modern agriculture exactly on this
point, for being a renewable, cheap resource that can help in shifting the way we
produce food into forms that are less dependent of finite resources (Berg et al., 2013).

PGPB have been in fact been used at industrial scale for years, saving billions of
dollars in fertilizers (Alves et al., 2003). The commercialization of inoculants as
formulated biofertilizers reached about U$ 440 million in 2012 and is expected to
increase 10% per year (Owen et al.,, 2015). Even so, plant-bacteria-environment
interactions are so complex due to biological diversity in soil that a selected strain that
is effective in one location might not be effective on another. Issues like soil type, pH,
crop varieties, farming practices, chemical amendment, formulation of the inoculant,
previous soil use and also the interaction with the native microbial community might
reduce PGPB activity or even deny it (Bashan et al., 2013). The interaction of
inoculated PGPB with the native community is one of the most difficult issues to solve,
because of the sheer diversity found in soil systems. Until recently, it was difficult to
study this specific issue, since most approaches were based on culture-dependent
methods, which are often reported to represent only about 1% of the total diversity in
soil (Daniel, 2005). The development of metagenomics greatly improved our ability to

detect bacteria in soil, and the evolution of the next generation sequencing (NGS)
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technology and bioinformatics have already changed the field completely. Processing

information and generating useful knowledge out of databases is one of the new

challenges that the field will have to address. But it must be kept in mind that even the
most recent methods will have their limitations and bias, from which that 1% of the
cultivable population can help us detect and correct.

But even with extensive testing of strains and variables, and using the most
advanced technology available, there may always be unpredicted interactions happening
in real-world applications. That is why it is important to study patterns and correlation
on functional groups and ecological networks that can be generalized and applied to
PGPB testing. Understanding how the plant-soil system will react to the addition of
different types of inoculants can help us to choose the best candidates for different
conditions. This is the main objective of this thesis: to detect correlations between what
the plants selects from the microbial community in different conditions and how
different bacteria can contribute to it, anticipating experimental results. Using the data
available in our laboratory, we managed to construct a simplified model that polarizes
plant-bacteria interactions to nutrient-rich and nutrient-poor conditions. This model is
presented in Chapter 2, and describes some bacterial traits that would be selected by the
plant in these polarized conditions. On Chapter 3, this model is tested on a greenhouse
assay, also challenged over a diversity gradient, as we apply classical invasion ecology
theories to PGPB inoculation. Finally, on Chapter 4 we show a statistical approach that
can be useful on PGPB inoculation research that uses NGS, as it easily highlight
differences in community composition to a standard, such as a negative or positive
controls.
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Introducéo e Objetivos Gerais

Solos naturais tem uma diversidade excepcional, muito maior do que qualquer outro
ambiente em nosso planeta. Uma Unica grama de solo pode ter até 10° células
procarioticas (Griffiths and Philippot, 2012), 2,000 a 18,000 genomas (Daniel, 2005),
somando 300 a 3.000kg de biomassa por hectare (Ranjard and Richaume, 2001). Solos
recebem diversos tipos de substratos, nutrientes, contaminantes e sdo sujeitos a muitos
tipos de estresse. Isso cria um sistema muito complex e aberto, que opera com redes e
comunidades, onde competi¢do, antagonismo, cooperagdo e simbiose estdo todos
ocorrendo em um milimetro cubico (Zelezniak et al., 2015). Bactérias desafiam nossas
definicbes de organismo e spécie, ao sedesenvolverem em biofilmes, liquens, e outras
comunidades complexas, onde components especificos tem fungdes especificas. A luta
pela sobrevivéncia das bactérias foi a primeira a comegar na Terra, desde pelo menos
3.5 bilhdes de anos atras (Koonin, 2014), entdo ndo é surpreendente que elas possam
tomar tantas formas e funcBes diferentes por todo o planeta. Um Unico exemplo pode
demonstrar a abilidade de bactérias em cooperar com outros microorganismos. O
desenvolvimento da endosimbiose, que eventualmente culminou em mitocondrias e
cloroplastos modernos, formou a biosfera como a conhecemos. Este evento, que ocorreu
independentemente ao menos 7 vezes para cloroplastos (Koonin et al., 2001) gerou
organismos que eram metabolicamente muito eficientes, e sozinho € evidencia que
bactérias podem desenvolver cooperagBes intimas, muito eficientes, com outros
organismos. Sendo tdo presentes na biosfera, interagindo com outros organismos em
nivel tdo basal, e fazendo parte em todos os ciclos biogequimicos, bactérias influenciam
a vida na terra com mais do que subprodutos a serem explorados.

Plantas tiveram que coexistir com bactérias desde o inicio de sua historia
evolutiva. Hoje, vemos que tanto plantas como bactérias tem muitos tipos de interacéo
pois dividem o0 mesmo espaco (Bareae et al., 2005). E muito claro que bactérias no solo
podem afetar salide e desenvolvimento das plantas, ndo apenas através de patdgenos e
doencas como foi primeiramente considerado quando bactérias vivendo dentro de raizes
de plantas foram inicialmente descobertas. Através da acdo de substratos carbonicos e
moléculas sinalizadoras liberadas pelas raizes (exudatos) plantas sdo capazes de
influenciar a composicéo e funcéo das comunidades bacterianas ao redor de suas raizes.

Estes exudatos podem conter cerca de 20% dos produtos fotosintéticos das
plantas (Haichar et al., 2008), e compor cerca de 40% das fontes de carbono disponivel

no solo (Richardson et al.,, 2009). Usando exudatos para selecionar partes da
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comunidade microbiana para colonizar a rizosfera e endosfera da planta, elas povoam
suas raizes com o0s parceiros mais apropriados que puderem encontrar. Bactérias, por
sua vez, competem para colonizar esses nichos, em uma feroz luta pela vida enquanto
sob influéncia do hospedeiro vegetal. Isso cria o efeito rizosférico, gerando um
gradiente de diversidade no solo: solo livre tem menos nutrientes e mais diversidade, a
rizosfera tem mais substratos carbonicos mas menos diversidade, e a endosfera tem
mais nutrients, menos competicdo e diversidade, mas sua entrada é altamente regulada
pela planta (Hatmann et al., 2008). Enquanto se alimentam dos exudatos, bactérias
benéficas vdo ajudar plantas ao solubilizar nutrients, produzindo hormdnios vegetais, e
evitando colonizacdo de patdgenos ou outros microorganismos deletérios. Detalhes dos
mecanismos usados por bactérias para ajudar as plantas séo apresentadas no Capitulo 1.
Como sdo tdo importantes para a salde vegetal, ndo é surpreendente que tais
bactérias sejam importantes para a agricultura hoje. Melhoramento da producdo de
alimentos sempre foi um objetivo humano. Esta claro, porém, que os métodos modernos
usados para produzir nossa comida, e a produgdo de quimicos necessarios para tal, ndo
sdo sustentiveis. Consideragdes ambientais sobre a producéo e uso de fertilizantes sdo
apresentadas no Capitulo 1. Aqui é suficiente dizer que a producdo sustentivel de
alimentos é um dos problemas mais criticos para garantir a sociedade moderna no
futuro. As bactérias promotoras de crescimento vegetal (plant growth promoting
bacteria, PGPB) entram na agricultura moderna exatamente neste ponto, por serem um
recurso renovavel e barato que pode ajudar em mudar o método com que produzimos
comida para formas que s&éo menos dependents em recursos finitos (Berg et al., 2013).
PGPB ja tem sido utilizada em escala industrial por anos, economizando bilhdes
de dolares em fertilizantes (Alves et al., 2003). A comercializagdo de inoculantes como
biofertilizantes formulados alcancou cerca de U$440 milhdes em 2012 e é esperado em
crescer 10% ao ano (Owen et al., 2015). Mesmo assim, interacBes planta-bactéria-
ambiente sdo tdo complexas devido a diversidade biolégica no solo que uma linhagem
selecionada que € eficiente em um lugar pode nédo ser eficiente em outro. Pardmetros
como tipo de solo, pH, variedades de semente, préaticas agricolas, adicdo de quimicos,
formulacdo do inoculante, usos anteriores do solo e também a interagdo com a
microbiota naiva podem reduzir ou mesmo negar a acdo de PGPB (Bashan et al., 2013).
A interacdo de PGPB inoculadas com a comunidade nativa é um dos problemas mais
dificeis de resolver, devido a grande diversidade encontrada em sistemas de solo. Até

recentemente, era dificil estudar este ponto especifico ja que a maioria das abordagens
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eram baseadas em métodos dependents de cultivo bacteriano, que séo frequentemente
reportados como representando apenas 1% da diversidade total do solo (Daniel, 2005) O
desenvolvimento da metagend6mica melhorou muito nossa habilidade em detectar
bactérias no solo, e a evolucdo da tecnologia de sequenciamento de nova geragdo (Next
generation sequencing, NGS) e ferramentas de bioinformatica ja mudaram o campo
completamente. Processando informagdo e gerando conhecimento Util apartir de bancos
de dados é um dos novos desafios que o compo terd que enfretar. Mas é preciso manter
em mente que até o mais recente dos métodos terdo suas limitagdes e viézes, dos quais
aquele 1% da populacéo cultivavel pode nos ajudar a detector e corrigir.

Mas mesmo com extensivos testes de linhagens e variaveis, e usando a
tecnologia mais avancada disponivel, sempre poderdo haver interaces imprevistas
ocorrendo em situagcbes de campo. Por isso que é importante estudar padrdes e
correlagbes em grupos funcionais e redes ecoldgicas que podem ser generalisadas e
aplicadas a testes com PGPB. Entendendo como o sistema solo-planta vai reagir a
adicdo de diferentes tipos de inoculantes pode nos ajudar a escolher os melhores
condidatos para diferentes condigdes. Este € o principal objetivo desta tese: detectar
correlagbes entre o que a planta seleciona da comunidade microbiana em diferentes
condi¢bes e como diferentes bactérias podem contribuir nisso, antecipando resultados
experimentais. Usando dados disponiveis em nosso laboratério, nds conseguimos
construir um modelo simplificado que polariza interacdes planta-bactéria em condicdes
ricas e pobres em nutrients. Este modelo é apresentado no Capitulo 2, e descreve
algumas caracteristicas bacterianas que seriam selecionadas pela planta nessas
condicBes polarizadas. No capitulo 3, este modelo é testado em casa de vegetagdo,
também sob um gradiente de diversidade, enquanto aplicamos teorias da ecologia de
invasdo a inoculacdo de PGPB. Por fim, no Capitulo 4, nos mostramos uma abordagem
estatistica que pode ser util na pesquisa de inoculagdo de PGPB que usa NGS, pois a
abordagem facilmente destaca diferencas na composi¢cdo da comunidade com um
padrdo, como controles positivos ou negativos.
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Abstract

Plant growth-promoting bacteria can greatly assist sustainable farming by
improving plant health and biomass while reducing fertilizer use. The plant-
microorganism-environment interaction is an open and complex system, and
despite the active research in the area, patterns in root ecology are elusive. Here,
we simultaneously analyzed the plant growth-promoting bacteria datasets from
seven independent studies that shared a methodology for bioprospection and
phenotype screening. The soil richness of the isolate’s origin was classified by a
Principal Component Analysis. A Categorical Principal Component Analysis was
used to classify the soil richness according to isolate’s indolic compound
production, siderophores production and phosphate solubilization abilities, and
bacterial genera composition. Multiple patterns and relationships were found and
verified with nonparametric hypothesis testing. Including niche colonization in the
analysis, we proposed a model to explain the expression of bacterial plant growth-
promoting traits according to the soil nutritional status. Our model shows that plants
favor interaction with growth hormone producers under rich nutrient conditions but
favor nutrient solubilizers under poor conditions. We also performed several
comparisons among the different genera, highlighting interesting ecological
interactions and limitations. Our model could be used to direct plant growth-
promoting bacteria bioprospection and metagenomic sampling.
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Introduction

Plant growth-promoting bacteria (PGPB) are microorganisms that are naturally
found inside and around plant roots. These microorganisms participate in
complex ecological interactions in the rhizosphere, where they can influence the
health, growth and stress response of their host plants [1]. PGPB can be used as
inoculants for crop plants aiming at sustainable food production. In some cases,
the use of these bacteria can reduce chemical fertilizer usage up to 50% [2], which
represents a huge benefit to the environment because chemical fertilizers are
polluting agents based on finite resources [3]. In fact, research on PGPB has been
increasing for years [4], and the use of these bacteria might be the future of
modern agriculture [5], either for a biotechnologically intensive or a natural and
organic-based approach.

While there are many reports of the successful prospection and use of PGPB,
most of the actual interactions that occur in the rhizosphere are unknown, as the
soil-plant-microorganism interface is a very complex open system [6]. Because
there are many factors affecting rhizosphere dynamics, multivariate statistics for
microbial ecology have become a very important tool for understanding the
general outcomes that elude univariate statistics and linear relationships [7].
Unfortunately, these methods are not widely used by microbiologists, and even
classical statistical tests are absent from several reports. Many papers on PGPB —
which are expensive and difficult to obtain — are underexploited. In addition, new
molecular biology technologies, such as deep sequencing and microarrays,
generate large datasets, requiring advanced statistical analysis [8].

Having at our disposal data from seven different studies that shared a common
methodology for bioprospection, we created a databank of 2,211 putative
diazotrophic PGPB that were isolated from different crops. We discovered
interesting patterns in the soil-plant-microorganism interface that were not clear
in the independent studies upon which this paper was based. We propose a model
that suggests that plants permit an endophytic relationship with associated
bacteria based on the plant nutritional needs and on the bacterial plant growth-
promoting abilities. According to this model, nutrient-solubilizing bacteria are
favored under nutrient-poor conditions, while hormone-producing bacteria are
favored under nutrient-rich conditions. These findings can be used to direct the
bioprospection of PGPB, genes or metagenomes, and the methodology that is
used in these analyses can be replicated by microbiology researchers who have
access to a large collection of isolates.

Materials and Methods

Dataset compilation

To create the dataset that was used in this work, bacterial collections from six
published papers and one personal communication from our group were pooled.
These works, although performed independently from each other, shared similar
methodology, focusing on the isolation and characterization of PGPB for
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biotechnological applications. Bacterial isolates were obtained from the rhizo-
spheric soils or roots of rice collected in Cachoeirinha (29%6'51.9"'S,
5106'46.3""W) for reference [9]; Acegua (31°45'11"'S, 54°3'22''"W), Arroio
Grande (32°14'19"'S, 53%'27''"W), Cachoeirinha (29%56'51.9"'S, 51°06'46.3"'W),
Santa Vitdria do Palmar (33°31'08"'S, 53°22'04"'W), Uruguaiana (29°45'18"’S,
57905'16''W), and Viamao (30904'51"'S, 51°01'22""W) for reference [10]; wheat
collected in: Sdo Borja (28°39'39"'S, 56°00'14'"W), Julio de Castilhos
(29°13'37"'S, 53°40'54''"W), Vacaria (28°30'43"'S, 50%6'02"W), Campina das
Missoes (27°920"'S, 54°50'22""W), Guarani das Missoes (28°08'27"'S,
54°33'29'"W), and Boa Vista do Cadeado (28°35'06"'S, 53°47'57""W) (Moreira,
personal communication); maize collected in: Julio de Castilhos (29°13'37"'S,
53°40'54"'"W), Porto Alegre (30°1'40"’S, 51°13'43""W), Rio Grande (32°04'54"’S,
52909'48''"W), Vacaria (28°30'43"'S, 50%6'02"W) and Veranépolis (28°54'3"'S,
51°33"10""W) for reference [11]; sunflower collected in: Encruzilhada do Sul
(30°32'38''S, 52°31'19""W)], Sao Borja (2839'39''S, 56°00'14""W), Sdo Gabriel
(30°20'0"'S, 54°19'12""W)], Vacaria (28°30'43"'S, 50%6'02''"W)], and Viamao
(30°04'51"'S, 51°01'22"'W) for reference [12]; apple trees collected in Sao
Joaquim (28°17'36''S, 49%56'1"'"W) for reference [13]; and Lupinus albescens
grown in arenized and non-arenized areas located between the latitudes of 29°00'S
to 31°00’S and longitudes of 54°30"W to 58°45'W for reference [14]. No specific
permissions were required for all of these locations and the field studies did not
involve endangered or protected species. The analyzed soil chemical character-
istics were the pH, clay, organic matter, phosphorous (P) and potassium (K)
contents [15]. The characteristics that were considered for the isolates were niche
colonization (rhizospheric or endophytic), the amount of indolic compounds
(ICs) produced, the halo sizes of bacterial colonies in plate assays for tricalcium
phosphate (TCP) the solubilization and siderophores production abilities, the
bacterial genera, and the sample origin of the isolate. Nitrogen fixation potential
was not quantified for the majoritiy of the isolates, so this PGP trait could not
partake in our model. The isolation was performed according to Dobereiner [16].
Isolated diazotrophs are considered putative as some bacteria might survive
selective isolation by using cellular N reserves, or scavenging very low N content
from the original soil solution. The full dataset for this work is presented in S1
and S2 Tables.

In all of the analyzed studies, rhizospheric isolates were obtained from the soil
that was immediately attached to plant roots, and putative endophytic isolates
were obtained from surface-sterilized plant roots. Root sterilization was
performed in 70% ethanol for 2 minutes and sodium 4.0% hypochlorite for 2
minutes, followed by several water washings. While our surface sterilization
procedure might allow the survival of bacteria protected in root crevices or by
biofilm, such bacteria nevertheless would have a more intimate colonization of the
plant compared to the rhizospheric bacteria. Furthermore, these occasional
survivors should not outnumber endophythic bacteria to the point of
compromising the results. The halo size of the bacterial colonies in plate assays for
TCP solubilization [17] and siderophores production [18] was classified as 1= no
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halo, 2= small or average halo size (ranging from 0.1 to 0.6 mm), and 3= large
halo size (larger than 0.6 mm). The halo size of positive siderophores producers
was not registered by one of the authors [11]; therefore, we could only consider
the halo size of the non-producing isolates from this dataset in our analysis. Thus,
99 positive siderophores isolates were not analyzed and were considered as
missing data regarding their siderophores production ability. Indolic compounds
production was determined after 72 h of incubation in King B medium that was
supplemented with tryptophan using the Salkowski reagent [19]. The values were
reported as micrograms of ICs per milliliter (ug of ICs ml™"). The isolates were
identified at the genus level by PCR-RFLP and the partial sequencing of the 16 S
rRNA gene using the procedures described by Ambrosini et al. [12]. In this study,
the bacterial genus was considered only if it contained at least 5 isolates. The
genera that contained 4 or less isolates or isolates that were not identified at the
genus level were pooled as the “rare” portion of the microbiota. This rare portion
was composed of 134 unidentified isolates and 57 isolates belonging to 40 genera,
as shown in S1 Table.

Statistical analysis

To classify the different soils samples into poor, average or rich categories, the soil
chemical characteristics (pH, organic matter, clay, K and P contents) were
analyzed by a Principal Component Analysis (PCA). Afterwards, we tested the
PCA soil classification with ANOVA (log-transformed pH, organic matter, clay,
and K contents) and Kruskal-Wallis (P contents). The multivariate analysis of the
bacterial isolate characteristics was performed by a Categorical Principal
Component Analysis (CatPCA).

To associate the categorical data (halo sizes for siderophores production and
TCP solubilization abilities, soil richness, and genera), we used the chi-square
statistic obtaining the exact p value. When necessary, a Monte Carlo simulation
was used to estimate a p value window (the upper and lower borders were always
0.001>p>0.0001). An adjusted standardized residual analysis was used to detect
significant individual associations that were reported on a heat map. Comparisons
of the ICs production levels according to the soil condition, TCP solubilization
and siderophores production were performed with the Kruskal-Wallis nonpara-
metric test followed by Dunn’s multiple comparisons, which considers different
sample sizes [20]. The comparison of ICs production according to the
colonization niche was performed with the Mann-Whitney pair wise comparison.
In these analyses, non-ICs producers were not included. As the variance was too
high to return meaningful results when comparing the ICs production across
genera, we categorized ICs production as low (0-10), average (11-80) and high
(80 or more) pg of ICs ml™~' and analyzed it as in phosphate solubilization and
siderophores production. The differences were considered significant at p<<0.05,
and to correct for global type I error, we determined a False Discovery Rate of
10% [21]. All hypotheses tests (with sample sizes, p values, degrees of freedom,
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and false discovery rate) are shown on S3 Table. Additional information on the
statistical methods is presented as Supplementary Material (S1 Text).

Results

Our dataset was composed of 2,211 bacterial isolates classified in 80 genera, with
1,061 endophytic and 1,150 rhizospheric isolates. There were 634 TCP
solubilizers, 1,358 siderophores producers, and 1,977 IC producers. These isolates
were obtained from 40 different soil samples from seven different plants plus two
natural grasslands.

Multivariate plotting and analysis

Soil PCA

The PCA analysis of the soil chemical characteristics allowed us to separate the soil
samples into three clusters (Fig. 1). The evaluated characteristics — whose higher
values are associated with productive, healthy and rich soils [22] - were plotted on
the positive values of the first principal component, with the P contents more
associated to the second principal component due to two soils with very high P
contents (soils 23 and 30). We considered that these three clusters allowed us to
classify the soils from which the bacteria were isolated as poor, average and rich,
thereby both grouping and dividing an otherwise very heterogeneous sample
origin dataset with mixed plants and farming managements. Soil 23 was
considered an average soil, and soil 30 was considered a rich soil. Most of the soils
from the poor conditions were from an arenized area that was not used for crop
production and that lacks vegetal cover other than Lupinus sp., a leguminous
plant (Granada et al., 2013). We also performed supervised statistics to test these
classifications. For all soil characteristics, richer soils had higher values than poor
soils. Average soils presented intermediate values for all soil characteristics, but
were statistically similar to rich soils for P contents and pH, and statistically
similar to poor soils for clay contents (S1 Fig.).

Analysis of the isolates by CatPCA

In the CatPCA analysis (Fig. 2), the soil richness increases towards the positive
values of the first dimension (X axis), while the TCP solubilization ability
increases with the negative values of the same dimension. Because the vectors
(lines) increase in opposite directions, we could say that the best TCP solubilizers
would be found in the poorer soils. The ICs production ability of bacterial isolates
increases towards the positive values of both dimensions. This result suggests that
the ICs production ability of the isolates increases as the soil richness increases
and should decrease as the phosphate solubilization ability of the isolates
increases. The siderophores production vector is plotted close to the phosphate
solubilization vector, suggesting that these vectors could be associated as well.
Finally, the different bacterial genera were separated into three different clusters:
one associated with high ICs production, another associated with poor soils and
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Fig. 1. PCA analysis of the soil characteristics from the 40 soils samples (numbered black circles) that were used for bacterial isolation. The
percentages show how much variation is explained by each principal component. The soils with higher pH, organic matter (OM), potassium (K), phosphorus
(P), and clay (Clay) contents are plotted to the right. There are three clusters along the first principal component (PC1) that grouped the soils by overall
richness. Based on these clusters, all 40 of the soil samples were classified according to their overall soil richness: poor, average or rich. The appropriate
soil richness was attributed to each bacterial isolate (according to its origin) before further analysis. Supervised statistics of these data on S1 Fig.

doi:10.1371/journal.pone.0116020.g001

high phosphate solubilization, and a larger cluster that does not seem to be
associated with a high expression of any of the evaluated PGP traits.

Hypothesis testing

PGP traits and the environment

The multiple associations between the PGP traits, bacterial genera and
environment were further verified by hypothesis testing. The ICs production
ability of the bacterial isolates increases as the soil richness increases (Fig. 3).
However, the ICs production ability of the best TCP solubilizers is lower than the
ICs production ability of those isolates that did not present a good TCP
solubilization capacity. Similarly, the best siderophores producers were not the
best ICs producers. The association heat map (Fig. 4 and S2 Fig.) shows that
higher TCP solubilization ability of the bacterial isolates was associated with poor
soils, and that the richer soils were associated with isolates that presented a lower
TCP solubilization ability. Similar associations occurred with siderophores
production: the isolates with a strong ability to produce siderophores were
associated with poor soils, while those with weak siderophores production
abilities were associated with richer soils. Finally, we showed that siderophores
production and TCP solubilization abilities have some degree of correlation: there
is an excessive number of isolates that were level 1 TCP solubilizers and level 1
siderophores producers, or were level 3 TCP solubilizers and level 3 siderophores
producers. At the same time, there was a reduced number of isolates that were
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Fig. 2. CatPCA analysis of 2,211 bacterial isolates. The indolic compounds production, TCP solubilization, siderophores production and soil richness are
shown as colored vectors, with arrows indicating the vector’s direction in the plot. The black numbers show the average position of each bacterial genus. In
the right column are shown the bacterial genera, the number they represent in the plot (Plot code), and their frequency in the dataset (Freq). Cronbach’s

alpha value was 0.774.

doi:10.1371/journal.pone.0116020.g002

level 3 TCP solubilizers and level 1 siderophores producers or that were level 1
TCP solubilizers and level 3 siderophores producers. This observation indicates,
for example, that the simultaneous high expression of these two PGP traits in the
same bacterium occurs with a greater frequency than expected.

Niche effect on the PGP traits

The niche effect — which considers the occurrence of certain bacteria within the
plant roots (endophytic) or around the rhizosphere — could not be accurately
verified by the CatPCA (see S1 Text). As shown in Fig. 5, the ICs production
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Fig. 3. Indolic compound production ability of the isolates (average rank +1 SE) according to the soil
nutrient conditions and TCP solubilization and siderophores production abilities. The phosphate
solubilization and siderophores production scores are 1= no halo, 2= small or average halo, and 3= large
halo. The soil richness score is according to the PCA analysis (Fig. 1). Different letters show significant
differences. Sample sizes and p values are presented on S3 Table.

doi:10.1371/journal.pone.0116020.9003

ability was different between the endophytic and rhizospheric isolates: the best ICs
producers were found in the rhizospheric soils of plants that were cultivated in
poor soils or were isolated from the roots of plants that were cultivated in average
or rich soils. The niche effects on TCP solubilization and siderophores production
are shown in a heat map in Fig. 6 and S3 Fig. Apparently, the endophytic and
rhizospheric bacterial populations presenting these two PGP traits behaved in a
similar manner in poor soils, as these tests were non-significant. However, in
average and rich soils, there were more level 3 TCP solubilizers and more level 3
siderophores producers in the rhizospheric soils than there were inside the plant.

Bacterial genus association with the PGP traits and the environment
The bacterial genus association with all of the PGP traits, the environment, and
the niche effects can be seen on the heat map in Fig. 7 and S4 Fig. Few bacterial

Soil Phos Soil sid Phos sid

1 2 3 12 3 12 3
Poor poor [ 69 61 | 91 1 [611 263 N
Average 155 |[EUS Average 343 2 104 101 127

Fig. 4. Heat map associations of the TCP solubilization (left) and siderophores production (middle)
abilities of bacterial isolates with soil conditions and with each other (right). Phos = TCP solubilization,
and Sid = siderophores production. 1= no halo, 2= small or average halo, and 3= large halo. The red cells =
less isolates than expected under those conditions, the green cells = excessive number of isolates under
those conditions, and the yellow cells = no significant differences between the observed and expected
values. Percentages and residuals are shown in S2 Fig. Sample sizes and p values are presented on S3
Table.

doi:10.1371/journal.pone.0116020.9004
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Fig. 5. Niche effect on ICs production (average +1 SE) between endophytic (root) and rhizospheric
(soil) isolates under each soil condition. The best ICs producers shift their colonization site according to
soil richness. Sample sizes and p values are presented on S3 Table.

doi:10.1371/journal.pone.0116020.9005

genera (Burkholderia, Acinetobacter, Hafnia, Pandoreae, and Staphylococcus)
presented strains that were associated with a high TCP solubilization ability, while
others (Achromobacter, Agrobacterium, Azospirillum, Enterobacter, Ewingella,
Grimontella, Herbaspirillum, Leclercia, Pseudomonas, Rhizobium, and
Stenotrophomonas) presented strains that were associated with the non-
solubilization ability. Only 29% of the isolates and 77% of the genera presented
strains that were able to solubilize TCP. Most of the genera with strains that were
associated with high ICs production belonged to the Enterobactereace family

Soil Niche Phos Sid
1 2 3 1 2 3
Root 60 22 17 31 21 47
Poor .
Soil 73 27 22 38 40 a4
A Root 263 73 127 97
verage
€ soil 82 81 123 | 206
. Root 448 91 202 208
Rich .
Soil 464 87 65 233

Fig. 6. Heat map associations of the TCP solubilization and siderophores production abilities of endophytic (root) and rhizospheric (soil) isolates
under each individual soil condition. Phos = TCP solubilization, and Sid = siderophores production. 1= no halo, 2= small or average halo, and 3= large
halo. The red cells = less isolates than expected under those conditions, the green cells = excessive number of isolates under those conditions, and the
yellow cells = no significant differences between the observed and expected values. Percentages and residuals are shown in S3 Fig. Sample sizes and p
values are presented on S3 Table.

doi10.1371/journal.pone.0116020.006

PLOS ONE | DOI:10.1371/journal.pone.0116020 December 26, 2014 9/25



@PLOS ‘ ONE

Multivariate Analysis of 2,200 Bacterial Isolates

Genera Phos Sid ICs Soil Soil and niche
1 2 3 1 2 3 1 2 3 Poor Aver Rich Poor Average Rich
Root  Soil Root  Soil Root  Soil
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Escherichia 4 2 0 2 3 1 2 1 3 0 3 3 - -
Ewingella 2 [l o 9 15 8 18 o N 2 . -
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Klebsiella | 38 | 60 B o e 9 48 60 5 4
Leclercia 37 2 13 |28 12 22 5 1 14 24 1 0
Leifsonia 5 0 0 2 1 2 4 1 0 1 0 4 0 1
Luteibacter 5 1 0 4 0 2 5 1 0 0 0 6 - - -
Microbacterium O ol + [l ° o o 5 7 3 2 3
Novosphingobium 5 0 0 4 1 0 2 3 0 0 2 3 - - 0
Ochrobactrum 5 0 0 4 1 0 0 4 1 0 1 4 - - 0
Paenibacillus 3 3 0 2 2 1 1 5 0 0 2 4 - - 2
Pandoraea 10 1 B 5 3 10 18 0 7 o [N 6 6
Pantoea 27 8l s 9 17 16 24 14 5 16 24 h’ 9
Pseudomonas 197 33 [Nl | 8¢ | &0 143 31 21 168 9 12 L2
Rahnella 22 8 3| |l 2 18 |16 39 - - -
Raoultella 6 1 0 0 6 i 1 6 0 0 1 6 - - 1 0 5 1
rare genera 129 33 82 91 60 69 94 31 90 96 4 4 39 51 41 55
Rhizobium os RN |0 2 48 51 19 38 49 s |5 = 27 2
Salmonella 6 0 2 Bl o 2 SRS 1 3 4 0 1 3 0 13
Serratia 25 9 3 13 15 20 16 s I > 1 7 4 1 17
Shigella 6 0 0 1 . 1 1 4 1 o 1 5 - = 0 1 5 .
Sphingobium 8 0 1 @ o 2 6 3 0 o "' IR - 2 7 10
Sphingomonas 9 0 1 8 1 1 5 4 1 0 7 3 - - 7 . 2 1
Staphylococcus B 20O IO 3 2 Bl 2 1 3 0 T 1.0
Stenotrophomonas BN 12 47 28 50 45 9 7 29 @ 68 3 4 18 11 32 36
Xanthomonas 9 0 H 5 0 4 4 5 0 0 2 7 - - 2 0 6
Total 1577 382 252 754 622 736 856 1043 312 221 812 1178 99 122 380 432 562 616

Fig. 7. Heat map associations of bacterial genera and PGP traits (left), soil richness (middle), and occurrence of putative endophytic (Root) and
rhizospheric (Soil) bacteria under each soil richness condition (right). Phos = TCP solubilization, Sid = siderophores production, with 1= no halo, 2=
small or average halo, and 3= large halo. ICs = Indolic compounds production, with 1= low (0-10 pg of ICs mI~ "), 2= average (11-80 pg of ICs ml~ ") and
3= high (80 or> nug of ICs ml™"). The red cells = less isolates than expected under those conditions, the green cells = excessive number of isolates under
those conditions, and the yellow cells = no significant differences between the observed and expected values. “~” = an association could not be calculated
due to the lack of cases (no expected total marginal values). Percentages and residuals are shown in S4 Fig. Sample sizes and p values are presented on
S3 Table.

doi:10.1371/journal.pone.0116020.g007
(Enterobacter, Escherichia, Grimontella, Klebsiella, Pantoea, and Rahnella), and the

most commonly isolated bacterial genus in soil samples, Burkholderia, presented
strains that were greatly associated with a very low production of ICs. Sixty-one
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percent (61%) of the isolates and 95% of the genera presented strains that could
produce ICs above a residual level (>10 pg of ICs ml™"). For siderophores
production, few bacterial genera presented strains that were associated with high
production (Burkholderia, Enterobacter, and Grimontella), while others (Klebsiella,
Stenotrophomonas, Rhizobium, Herbaspirillum, and Citrobacter) presented strains
that were associated with a low production of siderophores. Sixty-four percent
(64%) of all of the isolates and 100% of all of the bacterial genera presented strains
that were able to produce siderophores. Approximately one-third of all of the
isolated bacterial genera presented at least one positive association with a PGP
trait at a high level. The associations between the genera and soil conditions
indicate that many genera were more associated with richer conditions. Only few
genera, such as Burkholderia, Pandoreae, Rhizobium, Serratia, and Staphylococcus,
were associated with poor soils.

Niche effect on the selection of bacterial genera according to the environment
Some bacterial genera might be associated to a colonization niche on some soil
richness conditions, but not on others. (Fig. 7 and 4 Fig., right). The strains
belonging to the Burkholderia genus were found predominantly in the
rhizospheric soil samples despite soil richness, whereas the strains belonging to the
Enterobacter genus were found mostly inside the plant roots (endophytes). The
strains belonging to the Rhizobium, Herbaspirillum, and Pandoreae genera
displayed an endophytic behavior only in the samples that were obtained from
poor soils. While strains belonging to both the Rahnella and Grimontella genera
were associated with richer soils and presented high levels of ICs production, only
those strains belonging to the Grimontella genus were more often found inside the
plant roots (endophytic). The strains belonging to the Sphingobium and
Sphingomonas genera presented similar PGP traits and behaved endophytically in
average soils, which both are associated to. The strains belonging to the Klebsiella
genus, despite being found very often and presenting a high PGP trait shift (see
below), were not associated with any soil condition or colonization niche.

Bacterial genera PGP trait shift

The genera presented on Fig. 8 have shifted the occurrence of some PGP abilities
according to the soil richness. Fig. 8 and S5 Fig. show independent chi-square
tests for each genus that presented a significant deviation from the expected values
due to the soil condition on at least one PGP trait. A PGP trait increases under a
given soil condition if the number of level 3 producers is larger than expected and/
or the number of level 1 producers is lower than expected. Likewise, a PGP trait
decreases when the opposite occurs.

For example, the strains belonging to the Raoultella, Azospirillum and
Rhizobium genera had an increase in ICs production in rich soils and presented a
decrease in siderophores production. In average soils, however, there was a
decrease in ICs production and an increase in siderophores production. However,
the TCP solubilization ability was unchanged. The strains belonging to the
Pseudomonas and Cedecea genera had an increase in ICs production in rich soils,
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Fig. 8. PGP traits of some bacterial strains shifted due to the soil richness. Only those bacterial genera
that significantly changed their PGP traits are shown. Each box is a separate chi-square test, with non-
significant tests shown entirely in yellow. Phos = TCP solubilization, and Sid = siderophores production, with
1= no halo, 2= small or average halo, and 3= large halo. ICs = Indolic compounds production, with 1= low
(0-10 pg of ICs mI™ "), 2= average (11-80 pg of ICs ml~ ") and 3= high (80 or> g of ICs mI™ ). The red cells
= less isolates than expected under those conditions, the green cells = excessive number of isolates under
those conditions, and the yellow cells = no significant differences between the observed and expected
values. “~" = an association could not be calculated due to a lack of cases (no expected total marginal
values). Percentages and residuals are shown in S5 Fig. Sample sizes and p values are presented on S3
Table.

doi:10.1371/journal.pone.0116020.9008

while they decreased their TCP solubilization ability. For average soils, however,
there was a decrease in ICs production and an increase in phosphate
solubilization. For strains belonging to the Burkholderia, Klebsiella, Leclercia,
Stenotrophomonas, Herbaspirillum, and Dyella, genera there was an increase in ICs
production in richer soils and a decrease in poor and average soils. Of these
isolates, however, only the Burkholderia isolates showed a decrease in siderophores
production in richer soils, and only Klebsiella isolates showed a decrease in TCP
solubilization in richer soils. We note that the strains belonging to the
Burkholderia, Klebsiella and Pseudomonas genera were the most variable in their
PGP abilities in response to the soil conditions, as all of their three PGP traits that
were evaluated in this study changed according to the environmental conditions.
Approximately one-third of the studied bacterial genera presented PGP trait
shifting, and in most cases PGP trait shifting follows our model (23 of the 29
cases). Exceptions were found in the siderophores production of strains belonging
to Klebsiella genus, where the strains with a high production of siderophores were
associated with rich soils, and for the ICs production levels of strains belonging to
the Azorhizobium and Ochrobactrum genera, where the strains with lower ICs
production levels were associated with richer soils. To better visualize the PGP
trait variability of Burkholderia, Enterobacter, Klebsiella, Pseudomonas,
Stenotrophomonas, Herbaspirilum, Rhizobium, and Grimontella genera we created
additional CatPCA plots (Fig. 9). In Fig. 9 a single genus is visually displayed,
showing all isolates from that genus. All the other 39 genera were visually
suppressed, but still take part in the mathematical construction of the plot.

Discussion

Multivariate methods are very useful in microbial ecology. These methods permit
a massive reduction in complexity while simultaneously exploring several research
questions. Despite some limitations, such as the use of cultivable bacteria, the halo
size and ICs quantification through spectrometric analyses, our study presents the
largest databank of bacterial isolates displaying different plant growth-promoting
abilities that we are aware of.
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Fig. 9. CatPCA analysis of 2,211 bacterial isolates (the legend and interpretation are similar to those of Fig. 2). The genera Burkholderia,
Enterobacter, Klebsiella, Pseudomonas, Stenotrophomonas, Herbaspirilum, Rhizobium, and Grimontella are represented one at a time. Each black dot
represents an isolate, but isolates with the same characteristics are stacked on the same dot.

doi:10.1371/journal.pone.0116020.9009

A model to explain the occurrence of PGP traits

The CatPCA analysis demonstrated that the bacterial ICs production levels
increase as the soil richness increases. Meanwhile, the bacterial TCP solubilization
ability increases as the soil richness decreases, and the bacterial siderophores
production seems to be correlated with the TCP solubilization ability (Fig. 2). The
interaction between the bacterial ICs production and TCP solubilization abilities
with increasing nutrient levels has already been proposed in a previous work [9]
but was here confirmed with a sample that was 12-fold larger in size (Fig. 3).
While the TCP solubilization ability was expected to be higher or more important
in the soils with lower P contents [23-26], the association of higher levels of ICs
production with richer soils (Fig. 3) was never suggested by other authors. The
association of siderophores production with soil richness was also not reported
elsewhere.

We detected a decrease in siderophores production by bacterial isolates in
richer soils (Fig. 4). Although siderophores-producing bacteria can be often found
in Fe-limited soils [26] the iron concentrations in the sampled soils were not
measured in this study. Nevertheless, siderophores have functions other than iron
homeostasis. Siderophores may bind to more than 16 different metal ions, either
for nourishment or to avoid metal toxicity [27,28], in addition to being able to
reach an optimum production in nutrient scarcity conditions [29]. In a
diazotrophic Azotobacter vinelandii strain, siderophores were produced to capture
Mo and V metals for nourishment [30] even in the presence of Fe [31]. As organic
matter and clay act as ligands for metals, affecting their availability [32], bacterial
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siderophores production could be associated with these variables. Acidic sandy
soils with low organic matter content, such as those from the poor soil conditions
described here, are more susceptible to heavy metal toxicity [33] and could have
favored bacterial strains that displayed greater siderophores production for
toxicity alleviation. Thus, the increased number of bacterial strains that presented
larger halo sizes for siderophores production in poor soils may be related to both
general metal acquisitions for nutrients and toxicity alleviation. Furthermore,
siderophores action could liberate usable molecules that are attached to binding
metals, such as FePO,, which potentially acts as a source of P [34]. We found a
correlation between the halo sizes of bacterial colonies for siderophores
production and TCP solubilization on indicator media (Fig. 4), which might be
caused by the Ca binding by siderophores. The occurrence of this correlation in
nature is currently being further investigated with an updated phosphate
solubilization assay [35]. As 100% of the studied genera presented strains
displaying the ability to produce siderophores (Fig. 7), we confirm that this PGP
trait is widespread in rhizospheric bacteria [36], similarly to the ability to produce
ICs [37, 1]

The inverse correlation between ICs production and TCP solubilization is not
deterministic or prohibitive: 23 strains in our database (5 of them belonging to the
Burkholderia genus) produced more than 80 pg of ICs ml™" and simultaneously
showed large halos on TCP medium (S1 Table). Chaiharn and Lumyong [38]
isolated 216 bacterial strains where the best ICs producer was also the best
phosphate solubilizer, while Bianco and Defez [39] showed that a genetically
engineered Sinorhizobium strain that overproduced ICs improved its phosphate
solubilization ability. While a single strain could enhance plant growth
simultaneously via these two mechanisms, our results suggest that the average
phosphate solubilization and average ICs production of diazotrophs in soil are
under the proposed interaction: the best ICs producers are not the best TCP
solubilizers. It seems that the driving mechanism behind this correlation is
ecological and not molecular and it is better visualized in a soil richness gradient
[9]. Spaepen and Vanderleyden [40] reviewed the molecular aspects of ICs
production, and the only reported environmental constrain was that carbon
limitation is required for ICs biosynthesis in Azospirillum brasilense [41].

Plants have a great effect on the microbial species that surround their roots due
to the action of exudates [42]. The rhizosphere is a complex and competitive
environment where the bacterial colonization of the interior of the roots is under
higher control of the plant and provides more benefits for the bacteria [6,43]. ICs
production by bacteria is also greatly controlled by plants. Not only do plants
actively exude tryptophan [37], a necessary amino acid in the tryptophan-
dependent indolic acetic acid production pathway, but they might even induce the
expression of tryptophan permease genes in bacteria [44]. Rhizospheric bacteria
produce more ICs than do bulk soil bacteria [45], but in this study, we expand
this effect to endophytic bacteria (Fig. 5) and determine the conditions of its
occurrence, corroborating our hypothesis that in richer soils, the best IC
producers are endophytic, while the best nutrient solubilizers are not (Fig. 6), due
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to active plant influence and selection. This suggests that the plant permits
interaction with endophytic or rhizospheric bacteria displaying different PGP
abilities according to its nutritional status [6,9]. It is important to notice that
plants have limited space and resources and cannot, therefore, select both good
ICs producers and good nutrient solubilizers when these groups are composed of
different bacteria. This finding addresses a critical research need raised by Gray
and Smith [43], as it demonstrates that differences between ePGPB and iPGPB in
relation to indolic acetic acid production may be found across a soil richness
gradient. Nutrient solubilizers do not necessarily have to live in the rhizosphere to
aid nutrient acquisition by plants. Bacteria may act as phosphate solubilizers and
metal chelators endophytically [46-48]. Thus, endophytic nutrient-solubilizing
bacteria from poor soils may act on nutrient acquisition directly, perhaps more
actively than rhizospheric bacteria that are closer to the soil nutrients themselves.

We could also identify three clusters of bacterial genera scattered on the
CatPCA plot: one small group of genera that were associated with nutrient
solubilization, another group associated with phytohormone production, and a
larger third group that could be associated with other, non-screened PGP traits
(Fig. 2). We suggest that good nutrient solubilizers are more common under
limited nutrient conditions in which the plant would benefit most from bacteria
that help its nourishment. Additionally, good growth hormone producers are
more common under nutrient-rich conditions in which the plants are not starving
and may use bacterial secondary metabolites for improved shoot and root growth.
This situation is reinforced by the observation that TCP solubilization and growth
hormone production are inversely related. The large cluster with other PGPB
include nitrogen fixers, such as strains belonging to the Herbaspirillum and
Rhizobium genera (Fig. 9), and should include bacteria with other PGP traits that
were not tested in this study (for example, nitrogen fixation, ACC deaminase
activity, and disease resistance) as well as soil bacteria that do not act as PGPB.
Despite the large number of papers evaluating soil bacteria functional groups [49—
51] or reviews regarding simultaneous ICs production and nutrient solubilization
[1,4,52-56], the clustering and interactions of hormone producers and nutrient
solubilizers was never suggested before.

Highlights of specific genera that are associated with the PGP
traits, niche and environment

Several interesting associations can be found in the heat maps in Figs. 7 and 8.
Some of these associations are described below, and can also be noticed on Fig. 9.
We believe that our highlights could help direct bioprospection, suggest specific
research questions, and illustrate the behavior of some bacterial genera in the
plant-soil interface.

Strains from the Burkholderia genus are a dominant component of many soil
ecosystems [57]. These strains are often found in adverse or unprovided
environments, such as in Al-toxic soils [58] or forest to grassland vegetation shift
where the soil organic matter content sharply decreases [59]. This genus has
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strains that were previously characterized as mostly external to the root tissue [43]
and very capable of solubilizing nutrients [48, 56, 60, 61]. Burkholderia strains
present exceptional metabolic and functional diversity [62], possibly provided by
their genomes of 4-9 Mb [57]. Here, we demonstrate that Burkholderia is a very
common genus living mostly outside the root tissue and that is more associated
with poor soils and acts as a good nutrient solubilizer, in addition to having a
wide versatility and environmental adaptability — all of which agrees with current
knowledge. However, Park and Gurian-Sherman [57] stated that the role of
siderophores production by Burkholderia in root colonization has not been
investigated. Here we provide evidence that shows that the siderophores
production potential by Burkholderia strains decreases as the soil richness
increases (Fig. 8). Also, in rich soils, the best siderophores producers were found
in the rhizosphere rather than inside plant tissues — a tendency that disappears
under poor soil conditions (Fig. 6). Furthermore, when we consider only
Burkholderia isolates in an analysis that is similar to the one presented in Fig. 6,
we could observe that, in poor soils, the best siderophores producers are actually
more often found inside the plant than in the rhizosphere (S6 Fig.). We also
depict Burkholderia strains as poor indolic compound producers that are more
often found in the rhizosphere than inside the plant despite soil richness
conditions (Fig. 7). This behavior of the Burkholderia genus was not previously
described [1, 5,43, 63].

The Enterobactericeae family is well known for widespread IC production
[64,65], and several studies have used Enterobacter strains to assay the indole-3-
acetic acid production pathways [37,40]. Still, the only report suggesting that
enterobacteria produce more ICs than do other taxa of soil bacteria was from our
group (Moreira, personal communication). Although there are many reports
demonstrating the efficient endophytic colonization of strains belonging to the
Enterobacter genus, it was never before reported that this genus might be found
more often inside the plant tissues than in the rhizosphere in average or rich soils
but not in poor soils. As enterobacteria follow an r-strategy for rapid growth and
the quick use of resources [64], the low occurrence of these bacteria in poor soils
with less resources is understandable. Additionally, although Enterobacter strains
are known for displaying P solubilization ability [54, 55], it was not reported that
they might solubilize less phosphate than do several other soil bacterial genera
(Fig. 7).

It is interesting to notice the differences between the Burkholderia and
Enterobacter genera (Fig. 9). Their PGP traits are almost opposed to each other
but both are associated with high siderophores production. Their favored
environment and niche are directly opposed as well. It seems that these genera
follow distinct strategies for survival and plant interaction, and both are
successful. A comparative genomic analysis of these genera could return
interesting results for soil bacteria life strategies.

Information concerning the Grimontella genus is scarce. Its occurrence in plants
is restricted to a previous study [12] of sunflower. This genus stands out among
the Enterobacteriaceae cluster in Fig. 2 because none of the 10 isolates belonging to
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this genus produced low amounts of ICs (Fig. 9). Similarly to Enterobacter, strains
from the Grimontella genus are good siderophores producers that live
endophytically in rich soils (Fig. 7). Further investigation of this genus might
reveal it as a very useful biotechnological agent that has, so far, been largely
ignored. To find more Grimontella strains in the environment, we suggest
sampling surface-sterilized sunflower roots from rich soil conditions using an
Enterobacteriaceae-friendly culture medium. Additionally, deeper investigation of
the similarities between Enterobacter and Grimontella could provide valuable
scientific insights. It might be interesting to note, as well, that strains from the
Grimontella and Rahnella genera behaved very similarly, yet only the strains
belonging to the Grimontella genus were mostly endophytic.

The strains from the Herbaspirillum genus presented low scores of PGP traits,
and behaved more endophytically in poor soils (Fig. 7). It is possible that this
behavior is a response to fertilization: in N-rich soils, plants no longer require
bacterial strains to fix nitrogen, and there is a reduced need for endophytic
diazotroph colonization [66]. The strains from the Rhizobium genus behaved
similarly, except that these strains were more frequent in poor soils (both are
shown in Fig. 9). This observation has important crop management implications,
as it indicates that farmers have nitrogen fixers in their soils but prevent them
from being useful due to the addition of N fertilizers. It is interesting to notice
that none of Herbaspirillum isolates that were analyzed in this work were able to
solubilize phosphates (Fig. 7), reinforcing the finding of Estrada et al. [61], who
first identified a phosphate-solubilizing Herbaspirillum strain.

Pandoreae strains were previously isolated from contaminated soils [67, 68] and
plant rhizospheres [69,70], and strains from this genus are promising in
biodegradation applications [71]. In this study, we found that strains from
Pandoreae, similarly to strains from Rhizobium and Herbaspirillum genera, are
associated with poor soils, where they showed endophytic behavior (Fig. 7).
However, much unlike Rhizobium and Herbaspirillum strains, these strains were
found in the nutrient-solubilizing cluster of Fig. 2, as they were good phosphate
solubilizers but were completely unable of producing ICs, one of the most
widespread and important PGP traits of soil bacteria. It is possible that the
adaptations of these strains to adverse conditions instead of growth hormone
production play a key role in their association with plants. Bioprospectors
interested in Pandoreae biodegradation could consider endophytic bacteria and
soil richness conditions in their sampling strategy.

Although bacteria from the Klebsiella genus are known for producing ICs [38],
fixing nitrogen [72], solubilizing phosphate [55], producing siderophores [56],
and actively colonizing the plant rhizosphere [1], there are no reviews regarding
their general role in the rhizosphere. Here we illustrate the Klebsiella genus as very
common in soil and also very adaptable and versatile, with an overall high IC
production and a mix of nutrient-solubilizing abilities (Figs. 7 and 9). Strains
from this genus were not associated with any environment or colonization niche,
although it has already been reported that Klebsiella would be more often found
as a rhizospheric than as a endophythic bacteria [73]. Klebsiella followed the
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Fig. 10. A model to explain the distribution of bacteria displaying different plant growth promotion
traits. In soils with fewer nutrients, plants leave the best growth hormone producers in the rhizosphere, while
both endophytic and rhizospheric bacteria are good nutrient solubilizers. In soils with more nutrients, the best
growth hormone producers are found inside plant roots, but the endophytic bacteria are poor nutrient
solubilizers, with the best solubilizers found in the rhizosphere. In addition, genera diversity and growth
hormone producers are more abundant in soils with more nutrients, while phosphate solubilizers and
siderophores producers are more abundant in soils with fewer nutrients. Siderophores producers and
phosphate solubilizers seem to co-occur, while indolic compound producers are clearly opposed to phosphate
solubilizers. Plants seem to select bacterial PGP traits according to their nutritional needs: nutrient solubilizers
under poor conditions and growth hormone producers under rich conditions.

doi:10.1371/journal.pone.0116020.9010

model for IC production but was the only genus that behaved against the model
concerning siderophores production in rich soils and phosphate solubilization in
poor soils (Fig. 8). It becomes clear to us that the ecological significance of
Klebsiella in soils is largely underestimated.

Most of the PGP trait-shifting bacterial genera presented on Fig. 8 followed our
model. In richer soils, the ICs production levels increased as the phosphate
solubilization and siderophores production abilities decreased, but in poorer soils,
the ICs production decreased as the nutrient solubilization increased.

Based on our data, we updated a previously proposed model that is explained in
Fig. 10 and described above. This model helps direct bioprospection for PGPB so
that the bacteria (or genes) displaying a trait of interest can be more easily found
in the soil and root samples, considering the soil richness and niche occupation by
these bacteria. We also found several interesting PGPB-niche-environment
interactions at the genus level that could aid PGPB bioprospection by using
appropriate selective medium or molecular markers or by directing research
questions.
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Conclusions

We propose a model for the occurrence of some plant growth-promoting traits in
plant-associated bacteria. This model praises that plants will favor their
association with endophytic bacteria according to the nutrient status of the soil,
permitting an association with nutrient solubilizers under nutrient-poor
conditions or selecting growth hormone producers under nutrient-rich condi-
tions. We also suggest several associations at the genus level, demonstrating where
some genera are more likely to be located and which phenotypic traits they should
be displaying. This model could be used for directed PGPB bioprospection, so
that target PGP traits or bacterial genera can be screened in the right niche and
under the right conditions, which is important both for cultivation-dependent
and -independent methods, as both are time-consuming and expensive and,
therefore, should not blindly sample plants and roots.

Supporting Information

S1 Fig. Soil chemical characteristics according to PCA cluster classification. (a)
Log-transformed values (average + 1 SE) of Potassium (K), Clay content, Organic
matter, and pH for poor, average and rich soils. (b) Rank values (average +1 SE)
of Phosphate (P) content for poor, average and rich soils. Different letters show
significant differences.

doi:10.1371/journal.pone.0116020.s001 (TIF)

S2 Fig. Heat map associations of the TCP solubilization (left) and siderophores
production (middle) abilities of bacterial isolates with soil conditions and with
each other (right), displayed in percentages (a) and adjusted residuals (b). The
legend and interpretation are similar to those of Fig. 4.
doi:10.1371/journal.pone.0116020.s002 (TIF)

S3 Fig. Heat map associations of the TCP solubilization and siderophores
production abilities of endophytic (root) and rhizospheric (soil) isolates under
each individual soil condition, displayed in percentages (a) and adjusted
residuals (b). The legend and interpretation are similar to those of Fig. 6.
doi:10.1371/journal.pone.0116020.s003 (TIF)

S4 Fig. Heat map associations of bacterial genera and PGP traits (left), soil
richness (middle), and occurrence of putative endophytic (Root) and rhizo-
spheric (Soil) bacteria under each soil richness condition (right), displayed in
percentages (a) and adjusted residuals (b). The legend and interpretation are
similar to those of Fig. 7.

doi:10.1371/journal.pone.0116020.s004 (TIF)

S5 Fig. PGP traits of some bacterial strains shifted due to the soil richness.
Only those bacterial genera that significantly changed their PGP traits are shown.
Each box is a separate chi-square test, displayed in percentages (a) and adjusted
residuals (b). The legend and interpretation are similar to those of Fig. 8.
doi:10.1371/journal.pone.0116020.s005 (TIF)
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S6 Fig. Heat map associations of the TCP solubilization and siderophores
production abilities of endophytic (root) and rhizospheric (soil) isolates of the
Burkholderia genus under each individual soil condition (the legend and
interpretation are similar to those of Fig. 6). Only the Burkholderia isolates are
displayed here.

doi:10.1371/journal.pone.0116020.s006 (TIF)

S1 Table. Full information of each isolate used in this study. Includes
quantification of plant growth promoting traits, colonization niche, bacterial
genera, soil richness, isolate geographical origin, code on PCA plot, and associated
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Final remarks

The Objective of this thesis was to increase the scientific understanding of natural
plant-bacteria interactions, and how we can use PGPB inoculation to exploit them,
improving crop growth. A model to describe some PGPB interactions was raised and
tested, confirming several points of the model. In addition, a novel methodology that
can help in PGPB microbial community analysis is presented, while applying classical
invasion ecology to PGPB inoculation. As for new insights to be added to the published
model, incorporation of the K-/r- strategies may be very helpful, since they also try to
simplify very complex strategies in a two-sided scheme. While ICs production and P
solubilization did not fill the niches under each soil as expected, this could be due to the
difference in the experimental designs of Chapter 2 and Chapter 3. A final experiment,
aiming at this discrepancy and considering the previous experimental designs, should be
able to solve this issue. Obviously, the model can be further expanded by evaluating
other traits, like those discussed in Chapter 1. Even expanded, it must be kept in mind
that the model is based on averages and correlations — it would be wrong to propose that
Burkholderia cannot produce ICs and be an effective PGPB in normal field conditions.

We consider that the thesis was successful on its proposal, because large datasets
were thoroughly investigated under the scientific method to generate knowledge that
can be applied to sustainable food production. Chapters 3 and 4 were not submitted to
scientific publishing yet, and it is worth noting a few points about them.

The data presented on Chapter 3 is only about half of the data generated in that
experiment. There was one additional variable — plant age — that could not be properly
analyzed in time for this thesis presentation. There are additional 216 large pots (9 per
experimental condition) were the rice plants developed for 60 days before harvesting,
for a total of 480 pots and 300 kg of soil in the microcosm. All this additional plants had
rhizospheric and endophytic populations sampled to determine colonization rates, P
solubilization, and ICs production. We do not have a survival curve for the 60 day
experiment, or shoot length after 15 days. We also have sampled soils from all pots just
before planting for a chemical analysis, but the final results are not yet available. In
addition to this, we also extracted metagenomics soil DNA from all 480 pots just before
rice planting and inoculation. Soils were pooled for composite samples for each trio of
pots, like what was done for all rhizospheric and endophytic community sampling. This
means that we still have 172 soil metagenomes with 1,777,279 total sequences waiting

for analysis. These data will be very important to pinpoint taxa that may be associated
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to the PGP effect, strain survival, and colonization. To analyze these data, we will use
the methodology described in Chapter 4.

We don’t have access to the full description of the field results from Chapter 4
since the paper that describes the field trials was not published yet. Still, Chapter 4
should be submitted to publishing as soon as we incorporate the feedback from the
thesis committee. Chapter 3 still needs some few months of work because of the NGS
data, the 60 day experiment, and soil chemical analysis. In addition, the CatPCA
analysis from Chapter 3 can still be further optimized to explain more variance if we
transform some of our variables to non-monotonic spindle multiple nominal analysis
level. This makes the fullest use of non-linear relationships, but interpretation of results
and detection of errors can be quite difficult.

Future research in the area must keep in mind that NGS will be a common tool for
farmers, given enough time. Costs for NGS should continue to drop and costs of food
should continue to rise. Given that the effectiveness of PGPB is dependent on the initial
microbial community that is going to be interacting with the plant and the inoculant,
farmers will use targeted microbial management once it becomes profitable for them.
This evidently needs much research beyond PGPB interactions, but it is very interesting
to have a defined, long-term goal in mind. The model itself, as it is, can be useful in
future research too. Not only the experimental design and statistical methodology can be
replicated with other datasets, the model can be used for targeted bioprospection of
strains and genes of interest, especially if contrasting differences are to be explored.
Other important traits in the rhizosphere might also follow a two sided, K-/r- like
differences that can be very important when choosing strains to fill selected functions in
specific conditions. Direct application of the model can also be used at field scale.
While most industrial farming today takes place in rich soils, food production in poor
soils might be a necessary alterative if environmental degradation is not quickly
reverted. It that case, every piece of information will be necessary to ensure food

production.
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Consideragoes finais

O objetivo desta tese foi de aumentar o entendimento cientifico de interagdes
naturais entre plantas e bacterias, e como podemos usar a inoculagcdo de PGPB para
explora-las, melhorando a producéo agricola. Um modelo para descrever algumas
interacbes PGPB foi levantado e testado, confirmando diversos pontos do modelo. Além
disso, uma nova metodologia estatistica que pode ajudar em andlises de comunidades
microbianas é apresentada, enquanto aplica ecologia da invaséo classica & inoculagéo de
PGPB. Quanto a novas consideragdes para o modelo publicado, incorporacdo das
estratégias K-/r- pode ser muito Util, pois elas também simplificam estratégias muito
complexas em um esquema de dois lados. Apesar da producéo de ICs e solubilizagéo de
P n&o ocorrerem nos nichoes como esperado, isso pode ter sido devido a diferencas no
desenho experimental dos Capitulos 2 e 3. Um experimento final, objetivando essa
discrepancia e considerando os desenhos experimentais anteriores, deve ser capaz de
resolver esse ponto. Obviamente, o modelo pode ser expandido avaliando outras
caracteristicas, como aquelas discutidas no Capitulo 1. Mesmo expandido, deve ser
mantido em mente que o modelo é baseado em médias e correlagBes — seria errado
propor que Burkholderia ndo pode produzir ICs e ser uma PGPB eficiente em condi¢fes
de campo normais.

Nos consideramos que a tese foi bem sucedida em sua proposta, pois grandes
conjuntos de dados foram criteriosamente investigados sob o método cientifico para
gerar conhecimento que pode ser aplicado a produgdo de alimentos sustentivel. Os
Capitulos 3 e 4 ainda ndo foram submetidos a publicacdo cientifica, e é valido destacar
alguns pontos sobre eles.

Os dados apresentados no capitulo 3 sdo apenas cerca de metade dos dados gerados
no experimento. Havia mais uma varidvel — idade da planta — que ndo pode ser
propriamente analisada a tempo da apresentagdo dessa tese. Existem mais 216 potes
grandes (9 por condigdo experimental) onde plantas de arroz se desenvolveram por 60
dias antes da retirada do experimento, para um total de 480 potes e 300kg de solo no
microcosmo. Todas essas plantas adicionais tiveram populacbes rizosféricas e
endofiticas amostradas para determinar-se taxas de colonizagéo, solubilizacdo de P e
producdo de compostos indélicos. Ndo dispomos de uma curva de sobrevivéncia ou
altura das plantas ap6s 15 dias. Também amostramos solos de todos os potes antes do
plantio para andlise quimica, mas os dados finais ainda ndo estdo disponiveis. Além

disso, também extraimos DNA metagenémico dos solos de todos os 480 potes logo
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antes do plantio e inoculagdo do arroz. Solos foram agrupados para formar amostras
compostas a cada trés potes, como foi feito para toda amostragem rizosférica e
endofititca. Isso significa que ainda temos 172 metagenomas de solo com 1.777.279
sequéncias para andlise. Estes dados serdo muito importantes para destacar taxas que
podem estar associados a um efeito de PGP, sobrevivéncia do inoculante, e colonizagéo.
Para analisar esses dados, utilizaremos a metodologia descrita no Capitulo 4.

N&o temos acesso a descricdo completa dos resultados de campo do Capitulo 4,
pois 0 artigo que descreve 0s ensaios de campo ainda ndo foi publicado. Mesmo assim,
0 Capitulo 4 deve ser submetido a publicacdo assim que incorporarmos 0s comentarios
da banca avaliadora da tese. O Capitulo 3 ainda precisa de alguns meses de trabalho
devido aos dados de sequenciamento de nova geragdo, o experimento de 60 dias, e a
analise quimica do solo. Além disso, a andlise com CatPCA do Capitulo 3 pode ser
otimizada para explicar mais variancia, se transformarmos algumas da varidveis para o
nivel de andlise ndo-monotdnica nominal maltipla. Isso explora melhor relagfes ndo-
lineares, mas a interpretacdo dos resultados e deteccdo de erros pode ser bastante dificil.

Pesquisa futura na area precisa considerer que NGS sera uma ferramenta comum
para fazendeiros, dado tempo o bastante. Custos para NGS devem continuar baixando, e
custos de alimentos devem continuar subindo. Dado que a eficiéncia de PGPB é
dependente da comunidade microbiana inicial que ir4 interagir com a planta e o
inoculante, fazendeiros irdo usar manejo microbiano uma vez que isso seja lucrativo
para eles. Isso evidentemente requer muita pesquisa além das interacdes de PGPB, mas
é interessante ter um objetivo de longo prazo definido em mente. O modelo em si, como
estd, pode ser util em pesquisa no futuro também. N&o apenas o desenho experimental e
metodologia estatistica podem ser replicadas com outros bancos de dados, o modelo
pode ser usado para bioprospeccdo de linhagens e genes de interesse especificos,
especialmente se diferencas contrastantes serdo exploradas. Outros tragos importantes
na rizosfera podem seguir um esquema de dois lados, como estratégias K-/r-, que
podem ser muito importantes ao escolher linhagens para preencher fungGes em
condicOes especificas. Aplicacdo direta do modelo também pode ser feita em escala de
campo. Enquanto maior parte da agricultura industrial hoje toma lugar em solos ricos, a
producdo de alimentos em solos pobres pode ser uma alternative necesséria se
degradacdo ambiental ndo for rapidamente revertida. Em tal caso, cada evidéncia

cientifica serd necesséria para garantir a producéo de alimentos.
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