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Estrutura da Tese

A introducdo mostra uma breve descricdo do papel Hactérias no
desenvolvimento de plantas e ressalta a import@osdemas dessa tese.

O Capitulo 1 mostra o efeito da fertilizacdo emtédas promotoras de
crescimento vegetaplant growth-promoting bacterjdPGPB) e também no ambiente, e
€ usado como parte da introducéo desta tese.

O Capitulo 2 apresenta o modelo que foi baseadod&ios anteriores de
diversos trabalhos de nosso grupo e € a base f@zapitulo 3.

O Capitulo 3 se propde a testar o modelo propastora experimento de casa
de vegetacéo e apresenta uma grande cole¢cao tecdds e correlagoes.

O Capitulo 4 apresenta uma nova hipotese e um m@todo estatistico para
pesquisa em PGPB. Ele também discute propostasfytaras pesquisa no campo de
PGPB.

As consideracgdes finais mostram um quaddro final tgtmos para o modelo e
algumas dire¢des futures para o campo de Pesquisa.

No Apéndice | é mostrada uma breve lista de outralsalhos e destaques
obtidos durante este trabalho de doutorado.



Abstract

Soil bacteria greatly interact with plants, and leeg components for plant health and
vigor. The natural associations and interactionglaft and bacteria can be manipulated
by addition of bacterial inoculants, which are oéaf interest to agriculture. However,
even highly efficient bacterial strains extensivedgted under diverse conditions might
fail to act as plant growth promoting bacteria (B}Bt full efficiency and at all times.
This happens because of the multiple, complex acte@ns between the plant, the
inoculant, the bacterial community and the envirentn This thesis aims to detect
patterns in plant-bacteria interactions, so thatright inoculant is added at the right
conditions. Using data over 2200 strains isolatedaveral projects from our research
group, we raised a model that proposes to expldirclwbacterial traits would be
selected by the plant in nutrient poor or nutrigoh conditions. Our model says that
plants will favor P solubilizers, likBurkholderig in nutrient poor conditions and plant
hormone producers, likenterobacter in nutrient rich conditions. This model was then
tested in a diversity gradient microcosm, inocagBurkholderiaand Enterobacter as
single strains and also co-inoculated. We testedetlstrains in rice plants, using rich
clay soils and poor sandy soils, under a dilutioiextinction diversity gradient. Results
show that, as the model suggest®drkholderiawas a better PGPB in poor soils and
Enterobacterwas a better PGPB in rich soils, and that P sbaation and production
of plant hormones by the bacterial communitiesiadeed inversely correlated. Some
of the predictions of the model were not confirmgpicifically on the display of each
trait in the rhizosphere and endosphere niches.diMesity gradient shows that PGPB
efficiency, strain survival, and strain niche coiaion largely depend on the initial
microbial community. On the last chapter of thigedis, we used a novel statistical
methodology when analyzing the impact of bactemaculation on rhizosphere
communities under the assumptions of invasion egolcAlthough some of our
hypothesis did not hold in this case, they ar¢ istitresting to consider, and the novel
methodology can be very useful for PGPB researdhfasilitates comparisons of next
generation sequencing results of a test group asthrdard, like a non-inoculated
control. We conclude this thesis stating that oodet and the statistical methodology

presented can be very useful for PGPB researclagpitcation.



Resumo

Bactérias de solo interagem com plantas e sao aunpes chave para saude e vigor
vegetal. As associagfes e interagBes naturais aetapl e bactérias podem ser
manipuladas pela adicdo de inoculantes bacteriguesséo de grande interesse para a
agricultura. Porém, mesmo linhagens bacterianagepfes e extensivamente testadas
em diferentes condicbes podem falhar em agir coraotébas promotoras de
crescimento vegetaplant growth promoting bacterjd?GPB) em total eficiéncia e em
todos os casos. I1sso ocorre devido as numerosasp@exas, interagcdes entre a planta,
o inoculante, a comunidade bacteriana e 0 ambi&ste. tese buscou detectar padrdoes
em interacdes planta-bactéria, para que o ino@itzeto seja adicionado nas condicbes
certas. Usando dados de mais de 2200 estirpeslasoé&am diversos projetos de nosso
grupo, propusemos um modelo que busca explicars queiacteristicas bacterianas
seriam selecionadas pela planta em condigdes polbrasas em nutrientes. O modelo
propde que plantas irdo favorecer solubilizadoes®sfato (P), com&urkholderig em
condi¢cOes pobres em nutrientes, e produtores dedmo vegetal, com&nterobacter

em condigdes ricas em nutrientes. Este modelefdgo, testado em um microcosmo,
inoculandoBurkholderiae Enterobactey isoladas e em co-inoculacdo. Testamos estas
estirpes em plantas de arroz, usando solos argildsos e arenosos pobres, em um
gradiente de diversidade de diluicdo-até-extin€@® resultados mostraram que, como
sugerido pelo modeloBurkholderia era uma melhor PGPB em solos pobres,
Enterobacterera uma melhor PGPB em solos ricos, e que a $imagéio de P e
producédo de hormoénios vegetais sdo inversamenteelagonadas. Algumas das
previsdes do modelo ndo foram confirmadas, espanignte na quantificacdo de cada
caracteristica nos nichos rizosférico e endofit@ogradiente de diversidade mostrou
qgue eficiéncia de PGPB, sobrevivéncia das linhagemslonizacdo dos nichos séo
bastante dependentes da comunidade microbianalifim ultimo capitulo desta tese,
uma nova metodologia estatistica foi testada, emquanalisou-se o impacto da
inoculacdo bacteriana nas comunidades rizosféeicarelacdo a teorias da ecologia de
invasdo. Apesar de algumas de nossas hipéteses sate rejeitadas, elas ainda assim
sdo consideravelmente interessantes, e a nova oteg@d pode ser muito Gtil para
pesquisa em PGPB, pois ela facilita comparacoegsidtados de sequenciamento de
nova geracdo. Nés concluimos esta tese afirmandooqmodelo e a metodologia

estatistica apresentada podem ser muito Uteigparpiisa e aplicacdo de PGPB.



Introduction and General Objectives

Natural soils have an outstanding diversity, mudghér than any other
environment in our planet. A single gram of soihdsave up to 1Dprokaryotic cells
(Griffiths and Philippot, 2012), 2,000 to 18,00(ngenes (Daniel, 2005), summing 300
to 3,000kg of biomass per ha (Ranjard and Richa@o®@]). Soils receive diverse kinds
of substrates, nutrients, contaminants, and arecigiol to many types of stresses. This
creates a very complex, open system that operatésnetworks and communities,
where competition, antagonism, cooperation, andbgysis are all occurring within one
cubic millimeter (Zelezniak et al., 2015). Bactebiarr our defined lines of organism
and species, when it develops in microbial matshelns and other complex
communities, where specific components have spetftifictions. Bacteria struggle for
survival on Earth was the first to start since dast 3.5 billion years ago (Koonin,
2014), so it not surprising they can take so maiffgrént roles and forms all over the
planet. A single example can demonstrate the glfibacteria to cooperate with other
organisms. The development of endosymbiosis, whigmtually turned into modern
mitochondria and chloroplast, shaped the biosphsreve know it. This event, that
independently occurred at least 7 times for chlasis (Koonin et al., 2001), generated
organisms that were metabolically very efficiemgalone it is enough evidence that
bacteria can develop highly efficient, intimate pemtion with other organisms. Being
so present in the biosphere, interacting with otirganisms at such a basal level, and
taking part in all biogeochemical cycles, bactanffuence life on earth with more than
by-products to be explored.

Plants had to coexist with bacteria since the stértheir evolutive history.
Today, we see that both plants and bacteria havepieukinds of interactions as they
share the same space (Barea et al., 2005). Itrysclkear that the bacteria in soil can
affect plant health and development, not only tglopathogens and disease as it was
thought when bacteria living inside the roots wins discovered. Through the action
of carbon substrates and signaling molecules libdray the roots (exudates) plants are
capable of influencing the composition and functminthe microbial communities
around its roots (Bais et al., 2006). These exwdedm take around 20% of the plants
photosynthetic products (Haichar et al., 2008), @mipose about 40% of the available
carbon input in soils (Richardson et al., 2009)ingsexudates to select parts of the
microbial community to colonize the plant rhizosghand endosphere, plants populate
their roots with the most appropriate partners thay find. Bacteria, in their turn,



compete very strongly with each other to colonlzese niches, in a fierce struggle for
life while under the influence of the plant hostisl creates a rhizosphere effect,
effectively generating a gradient of diversity milsbulk soil has fewer nutrients and
more diversity, the rhizosphere has much more casobstrates but less diversity, and
the endosphere has more nutrients, less competéih less diversity, but its entry is
tightly regulated by the plant (Hatmann et al., 200As they feed from the exudates,
beneficial bacteria will help plants by solubiligimutrients, producing plant hormones,
and prevent colonization of pathogens or othertdet®is microorganisms. Details on
the mechanisms used by bacteria to help the ptanrasented in Chapter 1.

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

PGPB have been in fact been used at industriad $oalyears, saving billions of
dollars in fertilizers (Alves et al., 2003). The nomercialization of inoculants as
formulated biofertilizers reached about U$ 440 iorllin 2012 and is expected to
increase 10% per year (Owen et al, 2015). Even péant-bacteria-environment
interactions are so complex due to biological ditgrin soil that a selected strain that
is effective in one location might not be effective another. Issues like soil type, pH,
crop varieties, farming practices, chemical amemdm@rmulation of the inoculant,
previous soil use and also the interaction with aive microbial community might
reduce PGPB activity or even deny it (Bashan et 2013). The interaction of
inoculated PGPB with the native community is on¢éhef most difficult issues to solve,
because of the sheer diversity found in soil systedntil recently, it was difficult to
study this specific issue, since most approachese wased on culture-dependent
methods, which are often reported to represent abbut 1% of the total diversity in
soil (Daniel, 2005). The development of metagensmgieatly improved our ability to
detect bacteria in soil, and the evolution of tlextngeneration sequencing (NGS)



technology and bioinformatics have already chartpedfield completely. Processing

information and generating useful knowledge outdatabases is one of the new

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

But even with extensive testing of strains and aldgs, and using the most
advanced technology available, there may alwaysmbpeedicted interactions happening
in real-world applications. That is why it is impant to study patterns and correlation
on functional groups and ecological networks thet be generalized and applied to

PGPB testing. Understanding how the plant-soil esystvill react to the addition of

different types of inoculants can help us to chotise best candidates for different

conditions. This is the main objective of this tlkeso detect correlations between what
the plants selects from the microbial communitydifferent conditions and how
different bacteria can contribute to it, anticipgtiexperimental results. Using the data
available in our laboratory, we managed to constausimplified model that polarizes
plant-bacteria interactions to nutrient-rich andrieut-poor conditions. This model is
presented in Chapter 2, and describes some bddtaiia that would be selected by the
plant in these polarized conditions. On Chaptethi3, model is tested on a greenhouse
assay, also challenged over a diversity gradientyeapply classical invasion ecology
theories to PGPB inoculation. Finally, on Chaptevelshow a statistical approach that
can be useful on PGPB inoculation research thas D§8S, as it easily highlight
differences in community composition to a standach as a negative or positive
controls.
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Introducéo e Objetivos Gerais

Solos naturais tem uma diversidade excepcionalformmaior do que qualquer outro
ambiente em nosso planeta. Uma Unica grama de sode ter até TOcélulas
procaridticas (Griffiths and Philippot, 2012), 2008 18,000 genomas (Daniel, 2005),
somando 300 a 3.000kg de biomassa por hectareafldaand Richaume, 2001). Solos
recebem diversos tipos de substratos, nutrientegaminantes e sao sujeitos a muitos
tipos de estresse. Isso cria um sistema muito aa®hberto, que opera com redes e
comunidades, onde competicdo, antagonismo, codjerac¢ simbiose estdo todos
ocorrendo em um milimetro cubico (Zelezniak et 2015). Bactérias desafiam nossas
definicdes de organismo e spécie, ao sedesenvoivene biofilmes, liquens, e outras
comunidades complexas, onde components especiéinofuncdes especificas. A luta
pela sobrevivéncia das bactérias foi a primeir@aegar na Terra, desde pelo menos
3.5 bilhdes de anos atras (Koonin, 2014), entdoéndarpreendente que elas possam
tomar tantas formas e funcdes diferentes por tog@aeta. Um Unico exemplo pode
demonstrar a abilidade de bactérias em cooperar @atnos microorganismos. O
desenvolvimento da endosimbiose, que eventualmeuwlteinou em mitocondrias e
cloroplastos modernos, formou a biosfera como aecegmos. Este evento, que ocorreu
independentemente ao menos 7 vezes para cloraplésbonin et al., 2001) gerou
organismos que eram metabolicamente muito efiderdesozinho é evidencia que
bactérias podem desenvolver cooperacgdes intimaso naficientes, com outros
organismos. Sendo tao presentes na biosfera, gmédo com outros organismos em
nivel tdo basal, e fazendo parte em todos os didagequimicos, bactérias influenciam
a vida na terra com mais do que subprodutos a sexplorados.

Plantas tiveram que coexistir com bactérias desdaicio de sua historia
evolutiva. Hoje, vemos que tanto plantas como bastéem muitos tipos de interacdo
pois dividem o mesmo espaco (Bareae et al., 2@8DBjuito claro que bactérias no solo
podem afetar salude e desenvolvimento das plariasgpenas através de patdgenos e
doengas como foi primeiramente considerado quaadt&bas vivendo dentro de raizes
de plantas foram inicialmente descobertas. Atraleéacdo de substratos carbonicos e
moléculas sinalizadoras liberadas pelas raizesdéas) plantas sdo capazes de
influenciar a composicéo e fungdo das comunidadetebanas ao redor de suas raizes.

Estes exudatos podem conter cerca de 20% dos psofhtiosintéticos das
plantas (Haichar et al., 2008), e compor cercald¢ das fontes de carbono disponivel
no solo (Richardson et al., 2009). Usando exudgiasm selecionar partes da
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comunidade microbiana para colonizar a rizosfeemdosfera da planta, elas povoam
suas raizes com 0s parceiros mais apropriados upergm encontrar. Bactérias, por
sua vez, competem para colonizar esses nichosjrarfaroz luta pela vida enquanto
sob influéncia do hospedeiro vegetal. Isso criafaitce rizosférico, gerando um
gradiente de diversidade no solo: solo livre tenmasenutrientes e mais diversidade, a
rizosfera tem mais substratos carbonicos mas meémwessidade, e a endosfera tem
mais nutrients, menos competicdo e diversidade,sma®ntrada é altamente regulada
pela planta (Hatmann et al.,, 2008). Enquanto seealiam dos exudatos, bactérias
benéficas vao ajudar plantas ao solubilizar nusigoroduzindo horménios vegetais, e
evitando colonizagdo de patégenos ou outros migesasmos deletérios. Detalhes dos
mecanismos usados por bactérias para ajudar dapkiio apresentadas no Capitulo 1.
Como sao tdo importantes para a saude vegetalg rsmpreendente que tais
bactérias sejam importantes para a agricultura. hdghoramento da producéo de
alimentos sempre foi um objetivo humano. Esta ¢lpooém, que os métodos modernos
usados para produzir nossa comida, e a producgaidecos necessarios para tal, ndo
sdo sustentaveis. Consideracfes ambientais sqimedacdo e uso de fertilizantes séo
apresentadas no Capitulo 1. Aqui € suficiente dipes a producdo sustentavel de
alimentos é um dos problemas mais criticos parangara sociedade moderna no
futuro. As bactérias promotoras de crescimento teég@lant growth promoting
bacterig PGPB) entram na agricultura moderna exatamerste pento, por serem um
recurso renovavel e barato que pode ajudar em nwdagtodo com que produzimos
comida para formas que sdo menos dependents ersagedmitos (Berg et al., 2013).
PGPB ja tem sido utilizada em escala industrialgmars, economizando bilhdes
de ddlares em fertilizantes (Alves et al., 2003cofnercializacdo de inoculantes como
biofertilizantes formulados alcancou cerca de U$liGes em 2012 e € esperado em
crescer 10% ao ano (Owen et al., 2015). Mesmo asaieracfes planta-bactéria-
ambiente sdo tdo complexas devido a diversidadédiia no solo que uma linhagem
selecionada que é eficiente em um lugar pode néefisgente em outro. Parametros
como tipo de solo, pH, variedades de sementecpgitigricolas, adicdo de quimicos,
formulagdo do inoculante, usos anteriores do soltarebém a interacdo com a
microbiota naiva podem reduzir ou mesmo negar a dedPGPB (Bashan et al., 2013).
A interacdo de PGPB inoculadas com a comunidadeandtum dos problemas mais
dificeis de resolver, devido a grande diversidaumetrada em sistemas de solo. Até

recentemente, era dificil estudar este ponto efsp®gd que a maioria das abordagens
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eram baseadas em métodos dependents de cultiveridaot que sao frequentemente
reportados como representando apenas 1% da dagedidtal do solo (Daniel, 2005) O
desenvolvimento da metagen6mica melhorou muito andsxbilidade em detectar
bactérias no solo, e a evolucdo da tecnologia geeseiamento de nova geracao (Next
generation sequencing, NGS) e ferramentas de biomgtica jA mudaram o campo
completamente. Processando informacgéo e gerand@ciomento Util apartir de bancos
de dados é um dos novos desafios que o compouerardretar. Mas é preciso manter
em mente que até o mais recente dos métodos teddimitacdes e viezes, dos quais
aquele 1% da populacéo cultivavel pode nos ajud@tector e corrigir.

Mas mesmo com extensivos testes de linhagens @vew&] e usando a
tecnologia mais avancada disponivel, sempre podesder interacdes imprevistas
ocorrendo em situacdes de campo. Por isso que értempe estudar padrbes e
correlacdes em grupos funcionais e redes ecolégjoaspodem ser generalisadas e
aplicadas a testes com PGPB. Entendendo como emsissolo-planta vai reagir a
adicao de diferentes tipos de inoculantes pode apjodar a escolher os melhores
condidatos para diferentes condigfes. Este € @ipaihobjetivo desta tese: detectar
correlagbes entre o que a planta seleciona da ddaden microbiana em diferentes
condi¢cBes e como diferentes bactérias podem cairtrilisso, antecipando resultados
experimentais. Usando dados disponiveis em nodsoralrio, nés conseguimos
construir um modelo simplificado que polariza iatgies planta-bactéria em condicdes
ricas e pobres em nutrients. Este modelo é apesbento Capitulo 2, e descreve
algumas caracteristicas bacterianas que seriantis®das pela planta nessas
condi¢Bes polarizadas. No capitulo 3, este modelestado em casa de vegetacgéao,
também sob um gradiente de diversidade, enquaritamps teorias da ecologia de
invaséo a inoculagdo de PGPB. Por fim, no Cap#ulws mostramos uma abordagem
estatistica que pode ser util na pesquisa de iag@alde PGPB que usa NGS, pois a
abordagem facilmente destaca diferencas na condmosi@ comunidade com um
padrdo, como controles positivos ou negativos.
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Introduction

Currently, 40% of the world population is fed by tincreased crop productivity
that results from the use of fertilizers (UNEP, 2D(However, fertilizer production is
dependent on limited fossil fuels, the use of whecharmful to vital natural resources.
This dependence creates a completely unsustaisgisédion that will prevent humanity
from maintaining its current food production systamis estimated food production
worldwide will either change or collapse within em years. Obviously, this issue
requires the attention of the scientific community.

Fertilizers supply plants with important nutrientallowing growth and
productivity that is much greater than those olat@diwith unfertilized plants. Chemical
fertilizers were first used in the mid-19th century Europe, when low levels of
phosphates in the soil endangered continuous foadiuption in industrialized
countries (Dawson and Hilton, 2011; Neset and dbrd811). Traditional organic
fertilization did not recycle enough phosphate éplace what was removed during
increasingly large harvests in lands that had loedtivated for centuries. The discovery
of rock phosphate as an amendment to crops in d8d@ed the continuity of the
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agricultural system, avoiding a food productiorsisrifor 1.5 billion humans on Earth
(Dawson and Hilton, 2011). However, by the starttted 20th century, the lack of
biologically available nitrogen for crops presentechew challenge for scientists and
farmers. The Haber-Bosch process, developed in ,180@bled ammonia to be
synthesized from atmospheric nitrogen and to bd osecrop production (as well as in
explosives and ammunition production, as World Wawvas about to occur). In
subsequent years, man-made reactive nitrogen grieatieased food production, and
the inventors of the ammonia synthesis processvextéwo Nobel prizes, one in 1918
and another 1931. After the food shortages caugeddrld War I, there was intense
investment in crop production policies, especiallyenhancing plant responsiveness to
fertilizers, greatly increasing the productivity damprofitability of farming systems
(Dawson and Hilton, 2011). This new technologicatkage (heavily dependent on
fertilizers, pesticides, herbicides, and fertilizesponsive high-yield plant varieties)
was adopted by several developing countries, givisg to the Green Revolution
(Evenson and Gollin, 2003). These developmentstlgreaproved food security and
prevented starvation for millions of people, bugytthave come with a steep cost to
nature.

The excessive use of pesticides has damaged marsystems and caused
health problems for human workers, and the higldyearieties of rice, wheat, corn,
and soybeans developed in Europe and the USA lestdted in a decreased use of
native varieties and crops. Furthermore, local fagnhas become overshadowed by
industrialized farming. Agriculture has grown coetfely dependent on the use of
chemical NPK fertilizers to ensure food productairthe required levels. However, the
production of fertilizers is dependent on non-reable resources. Despite manifold
improvements, the Haber-Bosch process still usddyt@onsumes natural gas to break
down the strong triple bond of atmospheric dinigognd to supply free H to form 2
molecules of NH out of N> and CH, consuming about of 1.1% of the entire world’s
energy production (Dawson and Hilton, 2011; FAO1DP0 There is no other feasible
source of reactive nitrogen at an industrial scaleannot be harvested, extracted or
mined. Its only source is chemical synthesis, d@danly economically viable fuel for
its production is natural gas. Reactive nitrogen a#so be produced through water
hydrolysis, but such an approach is not yet cdsictve.

Nevertheless, nitrogen is not the only finite seutbhat humanity utilizes to
produce food: the reserves of rock phosphate, thie source of P for fertilizers, are
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also limited and non-renewable. The largest reseoferock phosphate are found in
only five countries, and 77-85% of the phosphatppluis found only in Morocco
(which holds a significant part of this reservainonflict zone). Approximately 90% of
all phosphate mined on earth is used for fertiligeyduction, but only approximately
20% of the phosphate removed from the reserves reaehes the consumers’ tables,
illustrating the remarkable inefficiency of the eatproduction process. The peak of
rock phosphate production might be reached as &s0R033 — from this point on,
prices should increase while supply decreases (Baasd Hilton, 2011).

Potassium is the least troublesome of the NPK eniSi It is also mined from
underground, but salty lakes (Romheld and Kirki1® or even ocean waters could
be used as a secondary and renewable source fspmbabecause it is found at
naturally high concentrations in salty bodies w880 mg L* of K against 0.06 mgt
of P) (Dawson and Hilton, 2011). Additionally, higloncentrations of potassium in
soils and water are not harmful to human healtly, do they threaten wildlife
(Ramasamy et al, 2005); in addition, they usually not create detectable
environmental damage.

Fertilizer applied to crops can also run off beeaagnificant portions of the
introduced nutrients are not taken up by crops estdpe to the environment, causing
damage. Depending on the soil characteristics,t®.90% of the applied fertilizers
might not be taken up by crops, with losses of 3@thg very common (Adesemoye
and Kloepper, 2009; Simpson et al., 2011). This neethat millions of tons of
expensively processed nutrients are washed awayraby or volatized to the
atmosphere, causing damaging nutrient imbalanceandr the world. Biologically
active nitrogen and phosphate can reach water $ochieating disturbances in nutrient
cycling and availability and causing eutrophicatiorrivers, lakes and coastal waters.
An excess of P causes algal blooms of cyanobadigheh are often toxic) because P
is the major nutrient that limits their developmemt P-rich conditions, a few
cyanobacteria outcompete other plankton speciesddeastically change the biological
component of water bodies. Eutrophication has atneg impact on public health, the
economy and the environment, including water hyaofdonsumption of dissolved
oxygen by bacterial decomposition, which leadsish @ieath by suffocation), changes
in trophic webs, biodiversity loss, blocking of fight from the water column, toxic
algae blooms, changes in water quality for humamsemption and other such effects
(Carpenter et al., 1998; Lau and Lane, 2002). Marastal waters are in severe danger,
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as this type of damage is difficult to control besa it is non-punctual (unlike sewer
water from cities, which has a punctual geograplocigin) and is difficult to counter
because it affects entire environments.

While P causes severe damage to water bodies,iveeautrogen could be
volatized to the atmosphere by microbial nitrifioat and denitrification, causing
damage on a global scale. These volatized gaspecialy NNO) might return to the
soil in regions far away from farming centers, tren nutrient unbalances, altered
growth rates and biodiversity changes (UNEP, 200¥)proximately 75% of all
anthropically generated ;8 comes from agriculture. J® is a very dangerous
greenhouse gas because it is very stable (it swvthe atmosphere for approximately
100 years) and very potent (1 g ofNhas the global warming potential of 300 g of
CO,) (UNEP, 2007). Another problem that agricultureefa is the reduction in farming
lands, meaning there is the need for even greatetuptivity. The world’s best areas
for high crop productivity due to good soil condits were historically next to cities,
but such farms are quickly being replaced by urkapansion. Even if the best
agricultural practices are used on the most felditels, the financial gain from farming
cannot compete with the financial gain from turnitigese lands into high-profile
residential areas (Singh et al., 2011).

The production and release of artificially producedctive nitrogen compared
to the amount of nitrogen fixed naturally by diamgihs gives us a picture of the scale
of the problems generated by these processes. difttngal increase in the use of
fertilizers worldwide has resulted in a releasee#ctive nitrogen that is now equal to
the amount of naturally fixed nitrogen worldwidegrisusly threatening the natural
cycling of this nutrient. Approximately 100 millioctons of both man-made and natural
reactive nitrogen are produced every year, effetidoubling the amount of nitrogen
available to the biosphere. This is one of the ntistupted natural cycles man has
interfered with, and this disruption will lay waste precious water resources sooner
rather than later if left unchecked. (FAO, 2011;EMN 2007)

Thus, humanity faces a truly unsustainable sitmatitois completely dependent
on an environmentally dangerous (with respect tth hse and production), limited
natural resource, the supply of which is expectediecline sharply in less than 50
years. This situation cannot continue for an indeditime. Thankfully, there are many
alternatives to this traditional system, includingproved techniques and materials for
fertilizer use and production. One very promisieghnology is the utilization of plant
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growth-promoting rhizobacteria (PGPR), which casilgaeduce up to 50% of the use
of fertilizers on a crop without any loss in protivity (Baldani et al., 1986; Alves et
al., 2003; Hayat et al., 2010; Good and Beatty12Miransare, 2011)

The effect of fertilizers on the use of PGPR
Fertilizers reduce nitrogen fixation by PGPR

The use of fertilizers influences the relationshgiween PGPR and their host
plants. Nitrogen fixation by diazotrophs may beusztl or even halted by the use of
nitrogen fertilizers in soils because the presarfaeactive nitrogen in the solil acts as a
repressor for the nitrogen fixation mechanism. Beeathe whole cascade is
energetically expensive for the bacteria, they wdk activate their nitrogen fixation
mechanism if it is much easier to simply take th&ctive nitrogen from the soil. It has
been widely reported that nitrogen fertilizatiomluees the number and activity of root
nodules in legumes and affects the diversityndbH genes in microbial populations
(Kolb and Martin, 1988; Muthukumarasamy et al., @®rakamhang, 2009). This issue
has already been extensively discussed and i©adbtus of this review.
Fertilizers interfere with plant selection of PGPRwith respect to two traits
simultaneously: phosphate solubilization and auxgmoduction

Previous work from our group (Costa et al., 201@ndnstrated an interesting
correlation between phosphate solubilization anel itidolic compound production
abilities of bacteria isolated from different NPéttilization conditions. Root-associated
diazotrophs isolated from rice plants under urifeed conditions have shown higher
phosphate solubilization activity and lower indotiompound production, while root-
associated bacteria isolated from rice plants utidat fertilization conditions (50%
fertilizer dose) have shown higher indolic compoumdduction and lower phosphate
solubilization activity. Additionally, the indolicompound production of rhizospheric
bacteria isolated from rice plants grown under ditfieed conditions was higher than
the indolic compound production displayed by rosdexiated bacteria, and the
phosphate solubilization ability was higher in dgpheric bacteria isolated from rice
plants under light fertilization conditions compér& the root-associated bacteria.
Plants were effectively hosting bacteria based tair tPGP characteristics: nutrient
solubilization over hormone production in poor et conditions and hormone
production over nutrient solubilization in moderatetrient conditions. Rhizospheric

and root-associated bacterial populations isol&tech full nutrient conditions (100%
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fertilizer dose) were very similar with respectheir phosphate solubilization activities
and indolic compound production, suggesting thauah fertilization levels, these two
PGP traits were not important factors for plant«eln bacterial selection. We also found
an inverse correlation between these two PGP :tigitsd phosphate solubilizers were
not good indolic compound producers, and good indmmpound producers were not
good phosphate solubilizers. Still, the isolatesld@resent an intermediary phenotype
or poor expression of both PGP traits. There ag®abe no naturally occurring good
phosphate solubilizers that are also good indalimmound producers. These findings
have a series of implications.

First, plants select bacteria according to thegc#r PGP traits in response to
the specific nutrient availability. It was not aétefit to the plant to host better hormone
producers (found in the rhizosphere) in a situatid@re nutrients were more limiting.
Once nutrients were more readily available, thetpleft the best phosphate solubilizers
on the rhizosphere and kept the best hormone peoslugside their tissues. This result
could mean that nutrient solubilizers are bettePRGn nutrient-poor conditions and
that hormone producers are better PGPR in nutnesderate conditions. When we
tested some selected strains in a field experimiat,good phosphate solubilizers
(originally isolated from unfertilized conditionspuld only enhance plant growth under
unfertilized conditions, while the good growth hame producers (originally isolated
from light fertilization conditions) only improveglant growth under light fertilization
conditions (Costa et al., 2012). Under heavy fedilon conditions, these two PGP
traits were not driving factors for plant growthid interesting to note that the isolates
promoted growth only in the environments they weaated from and that PGPR
prospection usually takes bacteria from conventior@p fields (under 100% fertilizer)
and tests them for optimal use at the 50% fertiliesel. These findings help us to
better select PGPR candidates according to thettéedd conditions as well as help us
to direct the PGPR bioprospection according toR&® trait of interest.

Results similar to those described above have dlrebeen reported.
Poonguzhali et al. (2006) studied the effects @faaic and chemical fertilization on
rhizospheric and endophytic isolates of Chinesdagé. While the focus of their work
was on Principal component analysis (PCA) groupiigtaxonomic and substrate
utilization characteristics of the microbiote, acttaial analysis considering the
interaction effect between the niche and the featilon condition was missing. Using
the data available from this paper, we performdv@way ANOVA analysis of the
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indolic acetic acid (IAA) production ability of thesolates in relation to niche and
fertilization interaction effects. There was a #igant interaction between these factors
(p=0.04), indicating that the IAA production abjlivas higher for the endophytic
isolates than for the rhizospheric isolates wheey tlvere subjected to chemically
fertilized conditions, but in the unfertilized catdn, the rhizospheric isolates were the
best indolic compound producers. Dias et al. (2048) studied the IAA production
and phosphate solubilization abilities of endophytacteria isolated from strawberry
plants. He reported that the best indolic compopndducers were not the best
phosphate solubilizers. These studies agreed with pyoposed model for IAA
production. It has already been reported that g@ication of phosphate fertilizer at
many different levels may increase the generaldmattbiomass, including phosphate
solubilizers (Hu et al., 2009; Chu et al., 2007; &wal., 2009). Additionally, phosphate
fertilization may reduce the phosphate solubil@atiactivity and potential of the
microorganisms (Hu et al., 2009) because they mgdop need to expend so much
energy to solubilize a more readily available reseu
Effects of fertilization on siderophore production

Although the effects of different nitrogen fertéizs on rhizosphere pH is well
documented (Kurek an8ciset, 2003), there is little work regarding thdeefs of
fertilization on siderophore production, even if pifects iron bioavailability directly.
A previous work (Costa et al., 2012) showed thaagpheric bacteria isolated from a
heavy fertilization condition presented higher sagdhore solubilization indexes (a ratio
of halo and colony size on a plate trial) than gxgsic bacteria isolated from the same
condition, while both rhizospheric and endophytiecteria isolated from light
fertilization and unfertilized conditions presentsiomilar siderophore solubilization
indices. Another report showed that there wereifierdnces in siderophore production
due to the addition of straw or manure to crop sdien compared to an untreated
control (Rodgers-Gray and Shaw, 2001). A previooskvalso suggested that there was
a slight correlation between siderophore productiod phosphate solubilization (Costa
et al., 2012) that needed further confirmation.hBps the increase in siderophore
production due to fertilization is linked to thegher bacterial biomass and diversity
caused by the use of fertilizers, as siderophokedymtion is related to bacterial
competition and exclusion due to iron nutritionitaion (Weyens et al., 2010).

Fertilizers reduce the activity of ACC-deaminase ligcterial isolates
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Some bacteria may produce the enzyme 1-aminocyemes1-carboxylate
(ACC)-deaminase, which hydrolyzes ACCdketobutyrate and ammonia. ACC is the
immediate precursor of ethylene, an important plamtmone that regulates growth
according to its concentration and the plant’'s mhggical condition (Arshad and
Frankenberger, 2002). Because high levels of etbylere expected to inhibit root
development, bacteria that prevent its synthesisylyolyzing the immediate precursor
ACC might help plant root development and growth,has been shown in several
studies (Long et al, 2008; Babalola, 2010; Mirans@011). Because ethylene
production is sensitive to the nutrient status adothe roots (Abeles et al., 1992) and
increases under nutrient-deficient stress conditif@lick et al., 1998; Jalili et al.,
2009), one might expect that its production relatlsely to fertilizer application,
ultimately leading to shifts in the rhizobacter@mmunity structure or function.

There is evidence suggesting that the use ofifend reduces the effectiveness
of ACC-deaminase activity. Shaharoona et al. (2@686ded three strains belonging to
the Pseudomonagenus that were selectively isolated from the malazosphere for
ACC production in field assays under different ifdtion conditions. All treatments
received P and K at 100 and 50 kg'heespectively, but N was added at 175 kg ha
only for some treatments. While two strains werk @b induce plant growth even in
the presence of the N fertilizer, their effectivesi@vas greater in the absence of the N
fertilizer compared to the control. Furthermoree third isolate tested promoted plant
growth only in the absence of the N fertilizer.their subsequent work (Shaharoona et
al., 2008), two isolates dPseudomonas fluorescemisat presented ACC-deaminase
activity were tested in greenhouse and field triisgreenhouse trials, both isolates
were able to increase plant root weight and bionmatise presence of 0, 25, 50, 75 and
100% NPK fertilizer of 120-100-60 kg harespectively, but the efficiency of the
inoculation clearly decreased with increasing lieelr levels. This pattern was repeated
in the field trials, as several yield measuremevdse improved by both isolates under
the different fertilization conditions, but theirogvth efficiency compared to the non-
inoculated control was greater under lower fedtian conditions. There were
significant negative correlations between the itatwon efficiency and the increasing
fertilizer application for various yield parametaensboth greenhouse and field trials. In
Zabihi et al. (2010), fouPseudomonastrains presenting ACC-deaminase activity were
tested on wheat plants in greenhouse and fields tader different P fertilization
conditions of 0, 25 and 50 kg hawhile the 25 kg hadose of P fertilizer generally
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presented the best productivity with respect tddyism some cases, the highest PGPR
activity was achieved at zero P fertilization andhwdecreasing efficiency as the
fertilization levels increased.

These reports suggest that ACC-deaminase becos®egnportant as the plant
liberates less ethylene in response to stresstuitional conditions. In fully fertilized
conditions, less ethylene is produced, and ACC-dwmse no longer functions to
elongate root length. This PGP trait activity cesate be a very important trait of the
rhizhosphere community under such conditions. Iteimpting to speculate that the
number, activity and niche occupation of ACC-deamsing bacteria under different
fertilization conditions might change.

Effects of fertilization on bacterial motility

There is no information about the effects of fea#it on bacterial motility, even
though motility and bacterial dispersion are impaott factors for successful root
colonization (Babalola, 2010; Turnbull et al., 2B0Kristin and Miranda, 2013).
Bacterial mobility is also related to nutrient dadility, as nutrient limitation increases
motility, and high nutrient concentrations redue@nsming speed and the selective
advantages for higher motility (Mitchell and Kogu2®06; Matz and Jurgens, 2003). A
study by Turnbull et al. (2001a) showed that moBi$®udomonastrains attached to
roots more successfully than non-mobile straindoim-nutrient media, while high-
nutrient media reduced general attachment by malpidenon-mobile strains to an equal
extent. Thus, less mobile bacteria could surviverop soils due to fertilization-induced
increased nutrient availability, which ultimatelyght hinder plant-bacteria interactions.
The exact impact of this possible interaction stidad looked into, as nutrient excesses
might generate “lazy” bacteria that are less slatédr use as PGPR.

Effects of fertilization on antagonism

Antagonism effects vary greatly because each siplgiet-antagonist-pathogen
relationship is different. Several biotic and almiotharacteristics that influence
rhizhosphere composition might affect antagonistiationships as well. For example,
organic agriculture and the use of organic compostdribute to the improvement of
soil quality, increase microbial richness and eessnpromote a decrease in pathogenic
damage and prevent diseases in the soil (Chaptalg 2012; Wu et al., 2008; Bulluck
Il et al., 2002). However, the type of chemicalavganic fertilizer as well as the type
of compost used might greatly influence the effestess of antagonism (Kurek and
Scisel, 2003; Wu et al., 2008; Hoitink and Fahy, @P8The enhancement of
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antagonism is more likely to occur with the useooganic fertilizers than chemical
fertilizers, but this enhancement is still subjgectmany potentially disruptive biotic and
abiotic factors.
Fertilizers affect the bulk soil, rhizospheric andndophytic bacterial populations in
different ways

It has been established that plants select cetygies of bacteria to execute
specific functions (Hartmann et al., 2008). One saa this by looking at shifts in the
associated microbiome following environmental clemgr comparing the bacteria
found in the different niches of the rhizobiomedephytic and rhizoplane bacteria,
rhizospheric bacteria and bulk soil bacteria. Thogseips of bacteria represent different
communities that are subjected to different saleciressures and challenges. As the
physical distance from the roots increases, thal tmdcterial population decreases in
number but increases in diversity. Bulk soil wodssa “storage area” of very different
bacteria, and a subset of the diversity found i bail will be selected by plants to join
the rhizosphere, creating the “biased rhizospheiethe same manner, endophytic
bacteria are a subset of the more diverse rhizogphacteria. Plants are expected to
greatly control which bacteria will be found in whiniche (Hartmann et al., 2008).

There are many reports that show differences betwae taxa or function of
endophytic and rhizospheric bacteria. Seghers €2@04) used a DGGE approach with
maize samples to show that type | metanotrophs wessent in both endophytic and
rhizospheric communities, while type Il methanotrepwere present only in the
rhizospheric community. Additionally, the metanqtino diversity was higher after
organic fertilization compared to chemical feralibn. Wang et al. (2009) detected
significant differences between root-associated a@haopheric ammonia-oxidant
bacteria from rice under different N fertilizaticonditions. Most of the root-associated
and rhizhospheric samples clustered differentlp IRCA when T-RFLP patterns were
compared. These authors observed a trend wheran rélative abundance of
Nitrosomonasncreased relative tNitrosospirawith the increase of N fertilization right
after the application of fertilizers. Pariona-Llanet al. (2010) showed that organic
fertilization resulted in greater endophytic baetenumbers than chemical or no-
fertilization conditions in sugarcane. Two enzymelated to active penetration of plant
cells were also screened, and it has been foung#éaiinase activity was more present
after chemical fertilization, while endoglucanasé\aty was more present after organic
fertilization. Unfertilized conditions had lower @aarence of both traits. Ferrara et al.
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(2011) studied endophythic and rhizospheric entertdria of theEnterobacterand
Klebsiella genera isolated from sugarcane in commercial figldd compared some
PGP traits. They found that amino acid releasegweater in endophytic isolates, while
the antagonism and nitrogen fixation was greaterhimospheric isolates, but IAA
production was similar in both niches. Many PGRidrean be differentially selected by
plants under different conditions; thus, thererayétypical” endophytic or rhizospheric
bacteria (besides the symbiotic legume-rhizobiulbn}, instead, plants select bacteria
according to their current needs.

Conclusions

As we can see, fertilization works differently o8PR from different niches and
on several different traits of the community. Conmitya genera composition, bacterial
concentration, enzyme production, antagonism, @&no fixation, nutrient
solubilization, genetic and functional diversity iizospheric and endophytic bacteria
were all affected differently by fertilization. Fgéization affects many important PGP
traits, community structure and the efficiency &fFR inoculation. Simple experiments
with double-cross comparisons of endophytic andzaspheric communities of
fertilized and unfertilized conditions may stillveal many of the plants’ preferred PGP
traits. The discovery of the selected attributesy ngaeatly increase inoculation
efficiency because researchers might be able twulate crops with the “more favored”
PGPR under field conditions.

Endophytic and rhizospheric bacteria under fegdiand unfertilized conditions
can be statistically compared in many ways. Forticoaus PGP traits, a two-way
factorial ANOVA with a simple main effect analysssxd a post-hoc test can reveal
interesting interaction effects. However, one mumit forget to confirm the
homogeneity of variances before testing: 1AA prdduclevels frequently violate this
assumption and should be treated with a non-parank@uskal-wallis test followed by
Dunn’s post-hoc test. Discrete traits can be eastdynpared with the chi-square
statistic, with multiple layers and residue anayssed to single out what conditions
and traits are occurring outside expected valueslli, plot multivariate statistics such
as CatPCA or MCA can greatly facilitate simultaneausualization of the multiple
correlations between PGP traits, bacterial taxd,emnvironmental conditions, as long as
numeric, ordinal, nominal and supplementary vaealdre treated as such. For more

information on multivariate statistics for microbé&cology, see Ramette (2007).
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Many research institutes worldwide have standingglterm trials involving
different fertilization conditions at experimentatations, which are perfect for
identifying these interactions and greatly facitastudies that take this type of
statistical approach. A single practiced microbgiddb who knows what comparisons
must be made can isolate, screen and analyze tRetfa@s of hundreds of isolates in
just six months, which also facilitates the studiest take this type of approach. Given
the relative ease and plentitude of opportunitegun this comparison, the intense
biological interaction of PGPR with fertilizers, cathe importance of this issue with
respect to resource conservation and economicisabti#y, additional research on this

topic that take this approach are greatly encoutage
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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.

1125

32



@ PLOS | ONE

Multivariate Analysis of 2,200 Bacterial Isolates

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°56'51.9"'S,
51°06'46.3""W) for reference [9]; Acegud (31°45'11"'S, 54°3'22""W), Arroio
Grande (32°14'19"'S, 53°'27""W), Cachoeirinha (29%6'51.9"'S, 51°06'46.3"'"W),
Santa Vitéria do Palmar (33°31'08"’'S, 53%22'04""W), Uruguaiana (29°45"18"’S,
57905'16"'W), and Viamao (30°04'51"'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%56'02"W), Campina das
Missdes (27°59'20"'S, 5450'22""W), Guarani das Missoes (2808'27"'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 (3204'54"'S,
52909'48''W), Vacaria (28°30'43"'S, 50%6'02'W) and Veranadpolis (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), Sdao Gabriel
(30°20°0"'S, 54°19"12""W)], Vacaria (28°30'43"'S, 50°56'02'"W)], and Viamdo
(30°04'51"'S, 5101'22"'W) for reference [12]; apple trees collected in Sio
Joaquim (28°17'36"'S, 49%6'1""W) for reference [13]; and Lupinus albescens
grown in arenized and non-arenized areas located between the latitudes of 2900'S
to 3100’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 (pg 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 (51 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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5 S Genera Plot code Freg
—» Soil Richness
— Indolic compounds production 15 Achromobacter 1 31
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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.0116020.9002

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 54 Fig. Few bacterial

Soil Phos Soil Sid Phos
1 2 3 1 2 3
Poor Poor 69 61 91 1
Average Average 343 2
Rich Rich | 435 383 | 3

Fig. 4. Heat map associations of the TCP solubilization (left) and siderophores production (middie)
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 i
Soil 73 27 22 38 40 44
A Root 263 73 127 97
verage
¢ soi 2 . 123 s |
Rich Root 448 91 202 208
IC
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.

doi: 10.1371/journal pone.0116020.g006
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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> ug 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 54 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 Tig. 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 ug of ICs ml~ ") and 3= high (80 or> pg of ICs ml™"). The red cells
= |ess 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.g008

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, Kiebsiella, 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.g009

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 (51 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 (56 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.g010

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.
d0i: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)

§5 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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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.
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Abstract

Management of the soil microbial community to irase crop productivity is
one of the main challenges of modern agriculturact@ial inoculants can help the
achievement of this goal, but are not always edfitidue to the complex plant-bacteria-
environment interactions. In this work, we test adel that intent to explain the
relationship between plant growth promoting baatéRGPB) and their host plants in
contrasting nutrient conditions, over a manipulaged diversity gradient. Rice plants
were single or co-inoculated with two selectedistrdelonging taBurkholderiaand
Enterobactergenera in rich clay and poor sandy soils. Befdamtpg, both soil types
were sterilized and inoculated with a natural ssollution, with three increasing
dilutions that reduced diversity for each microcosnoculant survival, plant growth
promotion (PGP) of plants, strain colonization, quation of indolic compounds (ICs)
and P solubilization abilities from both rhizospberand endophytic bacterial
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communities were analyzed. Several proposals of ntloelel were experimentally
confirmed, such as the best PGP efficiencyBafkholderia in poor soils and of
Enterobacterin rich soils, the highest bacterial ICs production rich soils and the
highest bacterial P solubilization on poor soilsgd @also that these two PGP traits were
inversely correlated. Multiple interactions amonacterial survival and colonization
with soil type, diversity level and plant growthopmotion were observed. We conclude
that PGPB efficiency depends largely on initial mkmal community composition, and
that the proposed model is very useful for PGPBrtgsnd bioprospection.

Key words: Dilution-to-extinction gradient, P solubilizationndolic compounds,

inoculant colonization, inoculant survival.

Introduction

Plants and bacteria interact in many different waysd manipulation of the
microbial communities can largely affect plant bass (Babalola, 2010; Berg et al.,
2013). Some of these interactions can be usedshaisable agriculture to improve food
production while diminishing chemical inputs (Ahednand Kibret, 2014; Adesemoye
and Kloepper, 2009). Manipulation of local micrdbieommunities through the
inoculation of selected strains has been alreadd 0% industrial scale for years, with
clear improvements on crop productivity in a cd$eaive manner. Bacterial
inoculants for plants, however, are not 100% eifffectin many ocasions. Many
environmental variables, most notably the nativerabial community, can greatly
affect the effectiveness of plant growth promotingcteria (PGPB). Plant-bacteria-
environment interactions are complex, but undedstanof rhizosphere ecology will be
a key element in future agriculture (Singh, 2015).

A previous work from our group (Costa et al., 20ptdposed a theoretical
model to explain some plant-bacteria interactidmsg, this model still had to be tested.
The model predicts that plants on rich nutrientdibons will favor their interactions
with bacteria that are able to produce high amowftgrowth hormones, to better
increase plant biomass by improving the use of available nutrients. Meanwhile,
plants on nutrient poor conditions will favor themteractions with bacteria able to
solubilize nutrients, such as phosphorus and itonhelp them to survive in an
environment with limited availability of nutrient#®d\ccording to the model, bacteria
belonging to theBurkholderia genus would be a typical PGPB in soils with low
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nutrients availability, while those belonging t@ tinterobactergenus would be typical
PGPB in soils with high nutrients availability. Theodel simplifies PGPB effectiveness
to a dualistic scenario, but lacks information relgag bacterial diversity levels.
However, it is well know that the native bactemalmmunity plays a major role on
PGPB effectiveness (Owen et al., 2015). One wagxgerimentally manipulate the
native microbial community is through a dilutionegtinction microcosm approach,
creating a controlled diversity gradient that coaftect the plant-bacteria interactions.
This method has already been used to generatesiiyvgradients several times (van
Elsas et al.,, 2012; Malon et al., 2015; Franklinl &nills 2006; Wertz et al., 2006),
keeping the differential diversity levels for mositfBonkowski and Roy, 2005).

In this work we aim to: (I) test the hypothesisgeged in the model (Costa et
al., 2014), by inoculating rice plants wilmterobacterandBurkholderiastrains in soils
rich and poor in nutrients; (Il) associate inoctl@urvival in these soils and the
colonization of endosphere and rhizosphere of plats with the effective PGPB
action of the inoculant; and (lll) evaluate theeetfof a soil diversity gradient in the

survival-colonization associations.

Methods
Strains and selective media

The two strains used in this work where isolated aested in different
fertilization conditions: Burkholderia viethamiensigl5 was isolated from a zero
fertilizer condition ancEnterobacter asburiaé8 was isolated from a light fertilization
condition (60 kg of N, 20 kg of®s, and 60 kg of KO ha' year'). Both strains were
isolated from rice fields cultivated in the IRGAngkituto Riograndense do Arroz)
research station located in Cachoeirinha, Brazik Enterobacterstrain is reported to
produce almost three times more indolic compouhds theBurkholderiastrain, and
the Burkholderia strain had the siderophore and phosphate solatidiz indexes ten
times higher than thEnterobacter(Costa et al., 2012). These strains had alreadwy be
tested in greenhouse and field assays, and hadnspotential as effective PGPB
(Costa et al., 2012).

The two strains had their 16S rDNA gene completeguenced. DNA
extraction from 1.5 mL of LB liquid (Sigma) cultwewas performed with the
Ultraclean Microbial DNA extraction Kit (MOBIO). Rgmerase Chain Reaction (PCR)
was performed with the following reaction: uD of PCR buffer 10 X (Roche), 048
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of MgCl, (50 mM), 1.0uL of DMSO 100%, 0.5iL of BSA (20 mg mif), 1.0 uL of
dNTP mix (10 nm, Roche), dL of primer B8F (10uM, Edwards et al., 1989), L of
primer 1492R (1QuM, Lane, 1991), 0.2L of Taq Polimerase (Roche), . of DNA
template (5.0 ngL™) and 38.5.L of PCR-grade water. Initial denaturation was made
by 95°C for 5 min, followed by 35 cycles of 95°C fomin, 52°C for 30 s, and 72°C for
2 min, and then a final extension at 72°C for 7.r8iequences where compared to the
GenBank database and had identities of 99% witlhesponding species (accession
numbers are: XXXXX foiE. asburiae68 and YYYYY forB. viethamiensié5).

The natural resistance dBurkholderia strain to different antibiotics was
evaluated on solid LB medium (Sigma). A LB mediunpglemented with 5Qg mL?
of spectinomycin and 2hg mL?* of gentamycin was chosen as the most suppressive
condition that allowed a good development of thiais. For theEnterobacterstrain,
spontaneous mutants were generated by platinguL5§f high density cell suspension
on LB medium supplemented with rifampicin at 10, 30 and 10Qug mL?. Plates
were incubated at 37°C for 7 days. Single colothes$ acquired antibiotic resistance
were streaked to purity and grown on liquid LB maediwith the original amount of
rifampicin. Fully grown mutant cultures were tragrséd to LB without antibiotic to
compare their growth rates with the wild type str&neEnterobacterstrain naturally
resistant to rifampicin at 100y mi* and with no observed growth impairment was used
for the soil inoculations. Mutations for rifampicresistance, generally mediated by a
mutation in the} subunit of RNA polymerase, are rare in soil baat@Compeau et al.,
1988). Both selective media also received cyclohede at 50ug mL* to suppress
fungi growth. Both strains were stored in glyces6%o at -20°C.
Microcosm set up

The soil considered “poor” was taken from a sarebtisn with no vegetal cover
within a forest patch in Noordlaren (53°06'59.5"RB&48.8"E), The Netherlands. Its
organic matter content was 0.95%z=0.12, and pH ®18% The soil considered “rich”
was taken from a clay soil pasture covered by grasSteenharst (53°15'43.1"N
6°10'18.9"E), The Netherlands. Its organic mattentent was 6.40%+0.90, and pH
6.71£0.22. To determine organic matter and pH, Isoils were grinded and dried (72 h
at 60°C). Organic matter was calculated from dilvgeight loss after burning at 550°C
for 5 h [(initial weight — final weight)/ initial wight*100]. pH was measured in a 1:4.5
soil to water solution after 30 min of mixing andh bf decantation.
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Natural soils were autoclaved twice, in autoclagaltrhgs with no more than 8
kg of soil each. Soils were cooled in open bagsrroght before the second time
autoclaving, and then a 10! solution of this sabwplated on LB medium to check for
sterility. Approximately 300 g of autoclaved soiexe used to fill each 0.3 L plastic
pots. The pots from each treatment were put inragpalastic trays, distributed at
random in the greenhouse and filled with distiNeater up to 3-7 cm, watering the pots
from the bottom. Then, sterile soils were immedyaigoculated with serial dilutions of
101, 10% and 10from the natural soil, creating the microcosm dhitg gradients. The
serial dilutions started with 150 g of either rich poor natural soils in 1,350 mL of
sterile 0.85% NacCl (saline solution). Each pot nes@ 30 mL of the serial dilution on
July, 2%, 2015, and the microcosms were left to maturate3fmonths. Temperature
was kept at 28°C, photoperiod at 14 h/day.

Seedling planting and bacterial inoculation

Before strain inoculation, microcosm soil sampld$ (g) were taken to
determine pre-planting CFUs and for chemical soilgsis. Two mL of inoculant
cultures grown in liquid LB medium with Qgbnm0.982+0.04 (9.39+0.34 log CFU mL
1) were added to each treatment. Non-inoculatedralsnteceived 2 mL of sterile LB
medium. Water levels on the trays were raised écssdime height as the soil on the pots
to simulate the flooding conditions. Rice see@sia sativa IRGA-409 variety) were
pre-germinated in Petry dishes with wet paperrfiibe 2 days in the dark prior planting.
Seedlings were also exposed to the liquid inocutantabout 30 min prior planting.
Three seedlings were planted per pot, buried aBdiitm deep in the soil, and plants
were tinned to 1 plant per pot 10 days after ptantiThe rice seeds used in this
experiment were developed by the same researcltyadgenm where the strains were
isolated (IRGA, Brazil), and were gently concedey IRRI (International Rice
Research Institute, Philippines). The experimerg st on 12, 17, and 20 of October,
2015 for the 101, 103, and %fleatments, respectively. Plant biomasses wereuned
as shoot length 15 days post-inoculation, shootraatllengths at harvest (30 days after
inoculation), and shoot dry weight at harvest (8Qsdafter inoculation).

Pots received 50 mL of 1 X Hoagland solution ahpiey, and every 10 days
thereafter. Hoagland solution was composed of Soffolution A (KNG 82.15 g L[,
and Ca(N@)..4H,0 118.08 g [}), 8 mL of solution B (KHPO, 8.5 g L* ,
MgSQ,.7H,0 61.62 g [}), 1 mL of solution C (HBOs 0.284 g [}, MnCh.4H,0 0.099
g L%, (NH)eM07024.4H,0 0.124 g [*, CuSQ.5H,0 0.050 g [}, and ZnSQ4H,0
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0.055 g ), and 1 mL of solution D (Fe-EDTA 18.8 ¢}, and filled with sterile
distilled water to 1 L.

The four factors in the experimental design werbreiated according to soil
types (P for poor, R for rich) followed by bactéi@oculation (C for control, colored in
black; B for Burkholderig colored in blue; E foEnterobacter colored in red; M for
mixed strain inoculation, colored in green in thgufes), noted with the microcosm
dilution in superscript { 3, and ® for 10", 10°, and 16 dilutions, respectively).
Abbreviations like PB2 means poor soil inoculatethvurkholderiastrain on the 103
microcosm dilution. Rhizospheric and endophytic gis were abbreviated as Rhizo
and Endo, respectively, when necessary.

Microcosm sampling and CFU determination

All samples from the microcosms were composed otehindependent
composite samples, one of each composed from thdependent pots. To determine
inoculant survival, top soil samples were collectath a sterile loop from the first 2 to
3 cm of soil at days 1, 5, 15 and 30 after plantRgizospheric samples were obtained
from the soil that was immediately attached to plaots, and putative endophytic
isolates were obtained from surface-sterilized tptants. Rhizospheric and endophytic
samples were taken only at harvest, 30 days afeertipg. Root sterilization was
performed by root washing in 70% ethanol for 1 foilowed by a sodium hypochlorite
4.0% wash for 2 min, followed by 5 washings in #gedistilled water and then shred
with disinfected scissors. For all CFU counts agpnately 1 g of fresh soil or shred
roots was added to 9 mL of sterile saline soluiioisterile 15 mL falcon tubes. The
tubes containing rhizospheric soil were agitated wortex for 30 s and left in a shaker
at 28°C and 180 rpm for 1 h prior plating for CFaloting. Shred roots where left in
the shaker overnight at the same conditions. Athter serial dilutions were made with
sterile saline solution, and plates received PQ0of the serial dilutions. Inoculated
plates grown for 48 h at 28°C prior colonies caumti
Phosphate solubilization and indolic compound assay

An indicator medium based on tri-calcium phosph@€P) was used for the
phosphate solubilization assay (Ambrosini et &.12). Autoclaved solutions of 10%
K,HPO, and 10% CaGlwere added to GY medium (10 g'lglucose, 2 g I yeast
extract, 15 g [* agar) at 50 and 100 ml™{ respectively. The TCP medium was

inoculated with colonies randomly picked from th& lmedium plates (without
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antibiotics) that were used to estimate CFUs cagntiom rhizosphere and endosphere
populations. About 42 colonies were picked per grpental condition. Results were
recorded as colonies with no halo, with small hgthameter between 0.1 to 6 mm) or
with large halos (diameter above 6 mm). Inoculatlaties were grown for 48 h at 28°C
prior evaluation. Using this approach we addedhbias of cultivability from LB and
GY media, and also of the phosphate source usesh@édeet al., 2012).

The indolic compounds (ICs) detection assay with Salkowski reagent was
based on the PC method (Glickmann and Dessaux,),189i1g the King B medium
supplemented with tryptophan and 5§ mL? of cycloheximide to suppress fungi
growth. Two-hundregiL of this medium in a sterile 96 well plate wasantated with
10 uL of the serial dilutions (from 102 to Ithat were also used for CFUs counting of
rhizospheric and endospheric populations. Each kawgss inoculated in triplicate with
two different dilutions. Standard curves for eatdteused O, 1, 5, 10, 15, 20, 30, 50, 75
and 100ug mL? of 3-Indoleacetic acid (Sigma) as a standardcutaded plates were
incubated for 48 h at 28°C prior evaluation. Theggibr each plate was determined,
prior the supernatant collection, for normalizatiointhe ICs production by bacterial
biomass. Using this approach we added the biaslavability and of the medium’s
capacity to represent ICs production.

Statistical analysis

Plant biomass measures were evaluated with a twoAMOVA. Separate tests
were made for plants cultivated in rich and podlss&hoot dry weight in rich soils had
to be transformed to the forth root due to unegaahnces.

For inoculant survival, we applied the log-trangfied CFU data from the
different time points to a non-linear regressionay&—Newton method). The
expression used wa =N, x €™ * Y whereC; is the log CFU g fresh weightat timet
(days),No is the initial log CFU g fresh weighton day 1, andn is a slope parameter
(Semenov et al.,, 2007). The slope parameter isuledds] by an iterative process to
minimize the residual square mean, and was givaaréing value of 1. Pseudo-r values
were checked to verify fit of expected to observatlies. The equations were used to
determine how many days it would take for Bwrkholderiaand Enterobacterstrains
to reach, respectively, 5.5 and 4.2 log CFU g freatight'. These values are the
detection limit, based on background antibiotiastasice of non-inoculated controls 30
days after planting. The equation output was tested two-way ANOVA, transformed
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to In due to unequal variances. Separate tests mearér each soil type and the two
different inoculants.

To determine colonization of top soil, rhizospherend endospheric
environments, CFU data from selective media werenabzed by the total CFU in LB
medium without antibiotic for each sample (selextmedia CFU/ LB CFU*100). Due
to the high variance that could not be fixed bysfarmations and multiple factors that
could not be properly analyzed with non-parame#sts, analysis on jitter plots was the
best way to evaluate the data (Cumming et al., 2007

For the P solubilization data, we used the chi-sgstatistic to obtain the exact
p value. Analysis of adjusted standardized resglweds used to detect significant
associations between halo size and experimentaria¢niche, inoculation, soil type,
and microcosm dilution), that were reported on a neap.

Production of ICs was evaluated with a two-way AN®OWhaving niche
(rhizospheric or endophytic) and soil type as festavith separate tests for soil type,
inoculation and microcosm dilution. Data were norpeal by biomass (ICs
production/ORog) in each well of the plate.

To correlate the different variables measured, sedua Categorical Principal
Component Analysis (CatPCA), an iterative procebat tevaluates non-linear
correlations on ordinal and nominal variables. lrlaton treatment was split by
diversity level and considered as a multiple nomuaaiable, while all other variables
were considered ordinal. For the CatPCA, P sokaddilbn was split by halo size (only
small or large) and transformed to percentageshef tbtal number of colonies
evaluated.

All transformed averages and confidence intervadsewback-transformed to
report results. The statistical term “interactiomds often used, meaning that the effect
of one factor of the two-way ANOVA depended on sleeond factor (such as the effect
of inoculation depending on diversity level). Testsd plots were made using the
software SPSS (IBM corp. 2010) and PAST (Hammex.eR001).

Results

Aiming to test the proposed model, in this work exaluate if: (I) bacteria on
rich soils were able to produce higher amountsddiic compounds (ICs) than those in
poor soils, while bacteria on poor soils were igtteosphate solubilizers than those on
rich soils; (I1) if the endophytic bacteria wouldogluce higher amounts of ICs than the

63



rhizospheric bacteria on rich soils, while in pamils rhizospheric bacteria would
produce higher amounts of ICs than the endophy#ctdria; (lll) if phosphate
solubilizers would be more frequent in the rhizesehthan in the endosphere on rich
soils, while on poor soils they would be in simileequencies; (IVBurkholderiawould

be mostly a rhizospheric bacterium that better tedeits PGP effects in poor soils,
while Enterobacterwould be mostly an endophytic bacterium that betisplayed its
PGP effects in poor soils; and finally (V) if theadberial ICs production ability
increased, as bacterial phosphate solubilizatiahtyalblecreased and vice-versa. To
achieve all these objectives, 792 seedlings weaat@dl in 264 pots distributed in 24
trays. All plants had both their rhizospheric antd@phytic bacterial populations
sampled. Survival curves and colonization perceasagere based on 648 and 612
plated dilutions, respectively. P solubilization svbased on 2,058 randomly picked
colonies, and ICs production was based on 432 plalienoculations.

Plant biomass

As could be expected, rich soils developed lardgntp than poor soils. In both
soil types, the effect of the inoculant on plardrbass was dependent on the diversity
level (interactions at p<0.05, n = 99 for poor soil =132 for rich soils)

In the poor soils, interactions were significant &hoot length and shoot dry
weight, marginally significant for shoot length @i&ys post-inoculation (p=0.056), but
root length had only a diversity effect (Figure There were no statistically significant
differences between treatments and control, buPBfecondition consistently presented
higher averages for all plant biomass measuremegmys higher than the PC3
condition. TheBurkholderiastrain in the PB3 condition was then consideretheécan
effective plant growth promoter. In this perspeetithe Burkholderia inoculation
presented better results than Eh@erobacterinoculation on poor soils, as suggested by
the model. It is interesting to note, however, thatBurkholderiastrain in the PB* and
PB® conditions did not behave as a PGPB, and, somstipiants in those conditions
were significantly smaller than plants in the P8adition.
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after 30 days. Red Enterobacterinoculation, Blue =Burkholderiainoculation, Green
= Mixed strain inoculation, Black = non-inoculateohtrol

For the rich soils, interactions were significant shoot length, root length,
shoot dry weight, and shoot length 15 days posttitation (Figure 2). Both REand
RM?® conditions presented significantly larger plartart RC and REB conditions. In
this perspective, theEnterobacter strain behaved better as a PGPB than the
Burkholderiastrain on rich soils, as was suggested by the mtidg interesting to note
the effects oEnterobacterinoculation according to the diversity gradierampared to
the control: RE! condition reduced plant biomassilev RE3 condition had no
significant effect, but thé&nterobacterstrain in the RE condition was an effective
PGPB. Similarly, plants that were inoculated withm& of both strains in the 103
microcosm had their biomasses reduced, but in €Aariicrocosm the mix of strains
displayed an effective PGPB effect.
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Figure 2: Plant biomass (average *Cl 95%) in richiss with different
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(d) Root length after 30 days. RedEnterobacterinoculation, Blue =Burkholderia

inoculation, Green = Mixed strain inoculation, Bdae non-inoculated control

Inoculant survival

All pots received approximately 9.5 log CFU as maat, and 24 h after
inoculation we detected an average + SD of 7.540g6CFU ¢' fresh top soil. The
specific CFU count 24 h after inoculation of eastatment was used as the first time
point to calculate the survival curves. In pooiss¢m=18 survival curves), mixed strain
inoculation affected strain survival depending dre tdiversity level (interaction
p<0.05), but in rich soils (n=18 survival curvesias survival was affected only by
diversity. This means that diversity played a mage on inoculant survival, but this
role was affected by mixed strain inoculation inopaoils. Raw CFU values are
presented in Figure S1.

As can be observed in Figure 3a, the survivdBadkholderiastrain in rich soils
clearly decreased as diversity decreased, eitheznwdingle or mixed with the
Enterobacterstrain. Mixed strain inoculation seemed to deaet®e Burkholderia

survival compared to the single strain inoculatibut this effect was not statistically
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significant (p= 0.098). The survival &urkholderiastrain in rich soils was also better
than on poor soils. In the poor soil condition, siievival of this strain was less affected
by the diversity gradient, since survival only d=sed in the famicrocosm. However,
the PM condition had an effect oBurkholderia survival, increasing it instead of
reducing it, such as was observed in RRE®, and PB conditions.

The survival of Enterobacter strain in rich soils (Figure 3b) presented a
fluctuation according to the microcosm diversityadient, as in the 103 microcosm it
clearly showed the highest survival rates. To @wgtto what was observed for the
Burkholderig mixed strain inoculation seemed to increase Eh&erobactersurvival
compared to the single strain inoculation, but thffect was also not statistically
significant (p= 0.058). On poor soils, single strenoculation survival was very similar
to rich soils, with the highest survival at the Icrocosm. However, the PM
condition had an effect oBnterobactersurvival, increasing it instead of reducing it,
such as was observed in RNRB®, and PB conditions.
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Figure 3: Inoculant survival, as in days (avera@g 95%) necessary to decrease until
the detection limit (5.5 log CFU ¢ for Burkholderiaand 4.2 log CFU g* for
Enterobactey, and according to the microcosm diversity gratiéa) Burkholderig (b)
Enterobacter. Red = Enterobacter (Ent) inoculation, Blue =Burkholderia (Burk)
inoculation, Green = Mixed (Mix) strain inoculatioill lines = rich soils, dashed lines
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Niche colonization by the inoculant

Burkholderia colonization was higher on top soil and rhizosphénan on
endosphere (Figure 4a-b). Raw CFU values are pexsen Figure S2. Colonization
was not especially higher either whBarkholderiawas an effective PGPB or when it

was reducing biomass (Figures 1 and 2), excepeffioophytic colonization in R
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condition. On rich soils, lower survival (Figure)3eorrelated to lower top soil and
rhizospheric colonizations (Figure 4a). On poofssahis correlation was not observed.
Enterobacter colonization was higher on the endospheric thantem soil and
rhizospheric (Figure 4c-d) environments. In richilssoEnterobacter endophytic
colonization could reach up to 99% on some sampledonization did not seem
especially higher either when this bacterium wasgas an effective PGPB or when
plants inoculated with this strain presented a ¢gdn on their biomass (Figure 1 and
2), but Enterobacter colonization correlated with survival. On rich Ispihigher
Enterobactersurvival (Figure 3b) was correlated with lower eplytic colonization,
and higher rhizospheric and top soil colonizatiéig@re 4c). On poor soils, higher
Enterobactersurvival (Figure 3b) was correlated to higher eadaic colonization, and
lower rhizospheric and top soil colonizations (Feguid). All together, these data
suggested that inoculant colonization was corrdldte bacterial survival, but the

occupied niche would depend on soil type and strain
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Phosphate solubilization ability of randomly seleck cultivable bacteria
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The cultivable bacterial community ability to solige tri-calcium phosphate
was largely affected by soil type, niche, diverdéyel, and inoculation treatment. The
heat map in Figure 5 shows how much the observegsaleviated from the expected
ones, which assume that there would be no assmtiagitween halo sizes and factors of
the experimental design. Sums of the adjusted uakidchelp us to evaluate the factors
that most affected the bacterial P solubilizatibility, as table cells with lower adjusted
residuals represented counts closer to the exped&cs. A treatment with high
frequency of non-solubilizers or low frequency ofmal solubilizers was considered to
present low P solubilization activity, while a tneent that had low frequency of non-
solubilizers and showed an excess of normal argbod solubilizers was considered to
have high P solubilization ability.

Firstly, it could be observed that poor soils presd a higher number of
colonies with P solubilization ability than richilsp especially the solubilizers with
larger halos (“good” solubilizers). Looking at thiegm of adjusted residuals from soils, it
was possible to observe that the poor soil conditaffected the bacterial P
solubilization ability more than the rich soil catmah (sums of 202.7 and 104.0,
respectively).

Secondly, it could be observed that bacterial Rislzation ability was higher
on the rhizosphere than on the endosphere, onsbdttypes. Sum of adjusted residuals
showed that the endophytic niche affected P saohabibn at a similar level in the
different soils (sums of 63.4 and 61.8, for pood ach soil conditions, respectively),
while the rhizospheric niche effect was strikingifferent between both soils (sums of
139.2 and 42.2, for poor and rich soil conditioresspectively). This means that P
solubilization was affected by both soil type anche, but the difference between the
soils was only clear on the rhizospheric environngEigure 5).

Regarding bacterial inoculation, P solubilizatidnlity was most affected in the
Burkholderia single strain treatment, increasing it on the roptwere of plants
cultivated in poor soil condition. This was the ymteatment that had an excessive
number of good P solubilizers on all three divgrdévels, and it deviated from
expected values much more than any other treat(sanm of 50.5). It is worth noting
that the rhizospheric P solubilization ability isesed byBurkholderiainoculation was
not observed in rich soils, and was independerwkholderia colonization (Figure
4a-b). TheEnterobactertreatment, on the other hand, caused the smalastges on

the bacterial P solubilization ability, having tlewvest frequency of either normal or
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good solubilizers. The mixed strain treatment prese P solubilization ability between
those ofBurkholderiaand Enterobactersingle strain inoculations. Control conditions
had P solubilization ability similar to treatmeinspoor soils, but not in rich soils. RC
condition was the only one with an excessive numbkrP solubilizers in the
endosphere, while RC® and REonditions were the only ones that presented an
excessive number of strains presenting small hilid smlubilization in the rhizosphere.
Inoculation only increased bacterial P solubiliaatability on poor soils, where
according to our model this trait was supposed @ontore important. Our model
expected, however, that P solubilization abilitywebbe similar among rhizospheric
and endophytic communities in poor soil conditiins interesting to notice that PB3
condition, which was the condition that exhibitededfective PGP effect in poor soils,
presented the highest number of strains with laedes of P solubilization in the whole
experiment. However, the effective PGP treatmantich soils (RE and RM) did not

present any expressive P solubilization abilityljkenthe endophytic bacteria on RC
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Poor soil Rich soil

202.7 104.0
Niche | Treat. Div. | No halo | S.halo | L. halo No halo L. halo Div. Treat Niche
1001 35 0 0 42 0 10M
5.2 2.23 -1.80 | -1.20 2.45 -1.32 | 5.74
Control | 1073 49 0 52 0 1043 | Control
17.6 6.2 2.65 -1.42 2.73 -1.47 | 640 | 210
10”6 48 0 6 1076
6.1 2.62 -1.41 312 | 885
10M 41 0 0 41 1 0 10M
5.7 2.42 -1.95 | -1.30 1.97 -1.41 -1.32 | 470
Burk | 1043 49 0 40 0 0 10~3| Burk
18.0 6.2 2.65 -1.42 2.39 -1.93 -1.28 | 5.60 13.5
S 1076 48 0 45 3 0 1076 o
P 6.1 2.62 -1.41 1.28 -0.53 -1.41 | 3.23 o &
[ = o
S w 101 43 2 0 42 0 10n1 o =
b 3.9 1.61 096 | -1.36 2.45 132 | 574 =3
Entero | 1043 a0 2 0 46 1 0 10~3| Entero
13.7 3.7 1.49 085 | -1.32 2.14 -1.56 -1.39 | 510 13.4
1076 48 0 42 6 0 1076
6.1 2.62 -1.41 -0.05 1.05 -1.41 | 251
1001 39 0 0 42 0 10M
5.5 2.36 -1.90 | -1.27 2.45 -132 | 574
Mix 1013 49 0 49 0 1073 Mix
14.1 6.2 2.65 -1.42 2.65 -1.42 | 6.21 14.0
1076 43 5 0 44 2 2 1076
2.3 0.39 052 | -141 0.84 -1.06 010 | 2.00
10M 11 28 1 1 1071
14.8 7.84 | -0.88 0.94 -1.00 -0.16 | 2.10
Control | 1073 2 12 40 9 0 1023 | Control
37.0 11.9 -1.16 | 7.35 -1.32 2.56 -1.42 | 531 11.6
1076 14 0 39 8 1 1076
10.3 527 | -1.41 -1.39 2.10 -0.65 | 4.15
100 0 3 48 5 0 10nM1
3.7 -1.49 | 2.20 0.63 0.29 -1.48 | 2.40
Burk 1073 5 23 45 5 0 1073 Burk
50.5 | 28.0 0.73 | 16.79 0.49 0.42 -1.44 | 2.35 7.1
£ 1076 12 11 43 5 0 [10% Z
£ o 18.7 422 | 690 0.39 0.52 141 | 232 ~ O
wy hoad !\.) 1%
5 i 100 28 4 0 20 0 0 10M1 (=
£ 2.0 0.85 | -1.15 1.68 -1.36 -0.90 | 3.94 2
Entero | 1073 43 3 1 40 0 0 1073 | Entero
18.4 1.9 0.79 049 | -0.63 2.39 -1.93 -1.28 | 5.60 11.8
10”6 15 5 44 4 0 1076
14.5 5.80 2.37 0.84 -0.01 -1.41 | 2.25
100 0 7 1 ) 10M1
15.7 -1.05 | 9.79 - -0.37 421 | 6.75
Mix 1073 11 2 42 6 0 1073 Mix
33.3 6.8 3.61 0.07 -0.05 1.05 -1.41 | 251 11.8
10”6 15 2 42 6 0 1076
10.9 5.80 0.10 -0.05 1.05 -1.41 | 251

Figure 5: Heat map of associations of TCP soludtion in the whole
experiment. The number on the top of each tableshelvs the total number of colonies
with each type of halo in TCP media, and the nundmethe bottom of each table cell
shows the adjusted residual values, based on cadunchrine totals. Numbers below the
diversity (Div,) levels, inoculation treatment (&tg, niche and soil type (poor or rich)
show the total sum of adjusted residuals, whiclheggnt how much each factor affects

the distribution of P solubilizing bacteria. Redl€e less colonies than expected under
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those conditions, green cells = excessive numbearotinies under those conditions,
and yellow cells = no significant differences betwehe observed and expected values
(less then 1.96 adjusted residuals). Only some tedlls containing zero colonies with
small halos are highlighted because of differenicesine totals (as is the case of
endophytic PB! and PB3). S = small halo; L = lang®

Bacterial community ICs production ability

Figure 6 shows the production of ICs by bacter@hmunities in the course of
the experiment. The serial dilutions used for CElurging were used as inoculums for
the indicator media. Statistical tests were perttmbetween rhizospheric and
endophytic samples of poor and rich soils, withasafe tests for different microcosm
dilutions and inoculations (n = 42 to 62, dependamgoutliers and detection limits).
There were significant interactions between soid amche at the 10' and 103
microcosms on different treatments, but not onlfenicrocosms.

Production of ICs dropped with the diversity redumct likely due to the
extinction of species by progressive dilution. Tiaduction occurred at both soil types,
and was bigger for endophytic bacteria. On ricHssdiowever, this drop was less
intense for the mixed treatment, and was not ptegerthe control, where ICs
productivity fluctuated. Inoculated treatments sednto produce lower amounts of
indolic compounds than the control, especially ioh soils.

In addition to the ICs production drop accordingtie diversity gradient, it
could also be observed that rich soils communpiesiuced more ICs than poor soils
communities, and endophytic bacteria produced Ihighemounts of ICs than
rhizospheric bacteria. This pattern was slightfifedént on the 1®microcosm, and it
was also different on the control treatment at 16& microcosm. Indeed, our model
expected that bacterial ICs production ability vebbe higher in rich soils than in poor
soils, but the effect of the niche did not suppie model. We expected that the
endophytic bacterial communities would produce @ighmounts of ICs than the
rhizospheric bacterial communities in rich soilsidathat the rhizospheric bacterial
communities would produce higher amounts of ICsnthendophytic bacterial
communities in poor soils.

Higher production of ICs did not explain the effeetPGP effects of the strains.
Production of ICs by PB? treatment was statistycalmilar to PC2 treatment at both
niches, while for RN treatment this trait was similar to RGreatment at the
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endosphere, but lower on the rhizosphere. FdttRfatment, the production of ICs was

actually lower than the control at both niches.
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Figure 6: Indolic compounds production by endoph{®indo) and rhizospheric
(rhizo) populations in poor and rich soils (averag@él 95%), according to the
microcosm diversity gradient and separated by ilaicun treatment. Factors that
significantly affected ICs production are shown \abdhe niches, with interaction
meaning that the effect of the niche depends onsthie type. (a) Control, (b)
Burkholderig (c) Enterobacter(d) Mixed strain inoculation; full lines = rich #s

dotted lines = poor soils

Comparisons between the phosphate solubilizationl #@s production abilities

Neither ICs production nor P solubilization abdgifully followed the model at
the niche level, but when these traits were simelasly analyzed the predicted
correlation was observed. It was expected thatebattcommunities with high
phosphate solubilization ability will not simultamesly present a high ICs production
ability, and vice versa. This correlation can beady observed when we merged the
inoculation treatments and focalized on the divgrgvels, keeping in mind that when
the ICs production ability shifted in one directidghe P solubilization ability shifted to
the other direction.

On the 10! microcosm, the bacterial ICs productias lower in the rhizosphere

than in the endosphere, especially for poor séilgure 7, left), while P solubilization
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ability was higher in the rhizosphere than in timelasphere, especially for poor soils
(Figure 8, left). This pattern was repeated onlibEemicrocosm. In rich soils, bacterial
ICs production (Figure 7, center) and P solubiirat(Figure 8, center) were quite
similar across niches. In the poor soils, howeddference on ICs production due to
niche was very high (Figure 7, center), and so thadifference in proportion of large
halo P solubilizers due to niche (Figure 8, cent&éhe 103 microcosm showed that
when differences in ICs productions were small@fer@nces in P solubilization were
also smaller, and when differences in ICs productieere bigger, differences in P
solubilization were also bigger. The®Iicrocosm showed a different behavior on the
pattern for both traits. While on rich soils thectmial ICs production was slightly
smaller for endophtytic bacteria (Figure 7, rigiR)solubilization was actually higher
for endophtytic bacteria (Figure 8, right). On pawils, ICs production was also
slightly smaller for the endophytic bacteria, whitesolubilization ability compared to
the other poor soil microcosms was the lowest firaspheric bacteria and the highest
for endophytic bacteria.
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Figure 7: Indolic compounds production by endoph{®indo) and rhizospheric
(rhizo) populations in poor and rich soils (averag® 95%), according to the diversity
gradient with 101 microcosm (left), 103 microcosmiddle) and 1®microcosm (right).

Full lines = rich soils, dotted lines = poor soils
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Div. Soil Niche |No halo |Small halo|Large Halo| Total | [Div. Soil Niche |No hato\Sma\l halolLarge Halo| Total | |Div. Soil Niche | No halo |Small halo|Large Halo| Total

187 188 166 18 8 192

Endo Endo 43 86 Endo 3 8 24 35

Rich . 20 187 Rich ) 168 23 192
Rhizo 43 86 Rhizo 3 8 25

Total | Total | 334 41 9 384

108
187 192
87 201

10°

Endo

Poor . 56 18 192
Rhizo 74 43 201

Total | 305 61 18 384

Figure 8: Heat maps of associations of TCP sokdiitbn ability of endophytic
(Endo) and rhizospheric (Rhizo) communities, andoating to the soils and the
microcosm diversity (Div.) gradients. 10 microco@ett), 102 microcosm (middle) and
10° microcosm (right). The numbers on top of each skbw the total number of
colonies with each type of halo in TCP medium, dr@lnumbers on the bottom of each
cell show the adjusted residual values. Red cellsss colonies than expected under
those conditions, green cells = excessive numbeplohies than expected under those
conditions, and yellow cells = no significant difaces between the observed and

expected values (less than 1.96 adjusted residuals)

Correlations of all variables — Categorical Princ Component Analysis

Multivariate statistics can help to find patterscomplex datasets, by reducing
dimensionality. To correlate all of our variables @ance, a Categorical Principal
Component Analysis (CatPCA) was used. The CatP@®@Avalthe exploration of non-
linear correlations, through ordinal and nominaiaales.

Figure 9a shows the CatPCA for poor soils. It canadbserved that plant
biomasses increased on positive values of thedimsension, with root length slightly
apart from the shoot measures and closer to higddaes of ICs production. The shoot
biomass measures were close to hi@wkholderiasurvival and colonization, and also
to the occurrence of strains displaying large haloB solubilization in the rhizosphere.
These correlations might suggest that shoot bionmaseased because of an improved
P solubilization ability, caused WHgurkholderiainoculation, as seen on Figure 5. As
microcosm dilution increased (that is, as diverdiggreased) ICs production decreased,
as explored in Figures 6 and 7, and strains disglagmall halos of P solubilization
were more frequent, as shown on Figure 8. Findtllgan be seen thdEnterobacter
survival, while correlated to endophytic colonipati was opposed t&nterobacter

colonization of the top soil and rhizosphere.
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Figure 9b shows the CatPCA for rich soils. It candbserved that root length
was quite separated from the shoot biomass paraesnéiteras more highly correlated to
ICs production and good phosphate solubilizationtle® rhizosphere, while shoot
biomass was closely correlated to higher endoplegticnization by both strains. Strain
survival and colonization of the rhizosphere ana $oil were opposite to plant growth
and endophytic colonization. Shoot biomass was elssely related to REand RM
treatments - the effective PGPB in rich soils. Brtddic P solubilization was almost
exclusively associated to R€ondition, as seen on Figure 5, and it was oppdsitoot
length. The microcosm dilution vector was directypposite to large halos in
rhizospheric P solubilization, meaning that as hitg dropped the good P solubilizers
in the rhizosphere were less present, which issdem on Figure 8.
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Figure 9: Categorical Principal Component Analy§laPCA) of all variables evaluated
in poor (a) and rich (b) soils. Each line represenvariable that increases in value from
the center, and longer lines explain more variakeeh letter represents the centroid of
triplicates from each strain inoculation and miasm dilution treatments. Axis show
how much of the variance of the transformed vaegalis explained. Green lines = plant
biomass measurements, Blue line8Barkholderia (Burk) colonization and survival,
Red lines =Enterobacter (Entero) colonization and survival, Purple lines P=
solubilization, Orange lines = ICs production, Gitge = microcosm dilution. Black
letters = Control, Blue lettersBurkholderia(B), Red letters Enterobacter(E), Green
letters = Mixed (M) strain inoculation

Discussion
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After the analyses of all results we concluded thatmodel had several of its
hypothesis confirmed, although it failed for otheY8e were able to show that the
Burkholderiastrain was a better PGPB in poor soils, whileEnéerobacterstrain was
a better PGPB in rich soils. We were also ablehtiwsthat ICs production and bacterial
P solubilization abilities are inversely correlatee confirmed that bacterial
communities on rich soils were able to produce éiglmounts of ICs than those on
poor soils, and that bacterial communities on Emdls displayed better P solubilization
ability than those on rich soils. However, the quation of these traits by niche did not
follow the model's prediction. In addition, we weable to observe that colonization
and survival were correlated to the analyzed PG@GRstand effective PGP effect in
different ways, depending on soil, niche, and diitgr As far as we know, this is the
first dilution-to-extinction microcosm experimerttat test different PGPB, although
some works explore plant reactions to bacteriagidity manipulations (Bonkowski and
Roy, 2005; Tkacz et al., 2015; Becker et al.,, 20X&nultaneous correlations of
bacterial survival, colonization, P solubilizatiaand ICs production abilities after
inoculation were difficult to find in the literater
Enterobacter has a diversity-dependent PGP effgtint biomass reduction on high
diversity and plant biomass increase in low divéysi

Enterobacter asburiadnas already been reported to produce quorum sensin
molecules (Lau et al., 2013), to degrade pesticittesolubilize P, to produce indolic
compounds, (Abraham and Silambarasan 2015), teiatke heavy metal toxicity in
soybean (Kang et al., 2015), and to promote plaotvth in mung bean (Zhao et al.,
2011). It has already been isolated from lettucau(ket al., 2013) and from different
soils (Abraham and Silambarasan, 2015; Zhao eP@ll1l). Here we show that an
Enterobacter asburiastrain can either promote or reduce rice grovettydly colonizes
the plant endosphere, and had its survival andt ptderactions affected when it was
co-inoculated with 8urkholderiastrain

Enterobacterinoculation on rich soils demonstrated a cleaedity-dependent
PGP effect: plants in the RE! condition presentieanbsses lower than the control,
those in the RE? condition presented biomassedasitoi the control, and those in the
RE® condition presented biomasses higher than the @affitigure 2). There are many
Enterobacterstrains that can be pathogenic to plants (To#l.e2006), just as there are
many that are efficient PGPB (Singh et al., 20The same PGPB strain can show both
behaviors, depending on the environmental conditi@hanway et al. (2000) showed
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that three differenPseudomonasioculants improved spruce seedlings biomass & on
location, but reduced plant biomass in anothea previous work (Costa et al., 2012)
the sameBurkholderiastrain used here increased plant biomass on afedilization
condition, but reduced plant biomass in a lightifeation condition. Although plant
biomass is known to increase with increasing badtdiversity (Weidner et al., 2015)
we could not find other works testing a PGPB oveliversity gradient, so we do not
know how common is this diversity-dependent PGPBcef It is wrong, however, to
consider that PGPB in general reduce plant biontadsgh bacterial diversities, as
there is much evidence showing that PGPB can ingop&nt biomass in natural soils
(Berg et al., 2013).

Niche occupation theory could explain this diversiependent PGPB effect by
considering that an invasion &nterobacterunder more intense competition (more
diversity and less free niches) could trigger mesedfish responses towards the plant
interaction. For example, the strain could be caziog the plant and consuming the
root exudates for energy without providing benetiiishe plant. In a condition under
lower competition (less diversity and more freeneg)Enterobactercould trigger more
beneficial responses towards the plant interaciiorg positive feedback provided by
lower stress. Drastic changes in the behaviorstfan, including display of pathogeny,
could happen due to quorum sensing mechanisms (8odnal.,, 2003), which are
sensible to strain survival (van Elsas et al., 20B80wever, data on strain survival, our
best measure of strain stress in the microcosnes dot agree with thi€nterobacter
survival on RE condition is the same as on RE! condition (Fi@lre instead of having
a higher survival, which would be characteristic af lower stress. Likewise,
Enterobactersurvival on poor soils was almost identical tottba rich soils, but this
diversity-dependent biomass effect was not presamt poor soils (Figure 1).
Furthermore, field trials in natural soils (withomanipulation of diversity) using the
sameEnterobacterstrain used in this work have already been effec{Costa et al.,
2012). An alternative explanation to the diversigpendent biomass effect is that an
antagonist toEnterobacterpositive PGP effect (and not necessarily antagdoists
survival) was extinguished on more diluted microuss which then allowed
Enterobacterto display a positive PGP effect. Becker et aD1@ showed that
beneficial biocontrol effects can be suppressezkaessively antagonistic communities.
These authors created communities with one to élightidomonas fluoresceasgains
antagonistic to an oomycete causing root rot oalfalfplants. The strains were also
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antagonistic to each other, and protection to roband bacterial biomass decreased as
more strains were added to the community.

Data on EnterobacterIC’s production (Figure 6) might suggest that ICs
production was too high on higher diversities, aaysn indole-3-acetic-acid mediated
pathogenic effect (Patten and Glick, 1996; Hardeinal., 2008; Long et al., 2008).
However, although ICs production in the RE! cowndithas higher than in the RC?
condition, it was similar in RM! and RB?* conditionghich did not present any biomass
reduction effect. Excessive endophytic colonizatigingure 4c) is unlikely to be
responsible for the effect either, because althdrigh condition colonization was very
high, RE® condition colonization was higher than in RE? dtind, and Enterobacter
also colonizes at high rates in RMondition. Unsurprisingly, a multitude of factors
should be responsible for this diversity dependsfaict, but we present clear evidence
that PGPB efficiency is strongly dependent on th&éve microbial community, as
already widely reported (Owen et al., 2015; Berglgt2013).

For the mixed strain treatment, the reduction amiaiss effect appeared only on
the 10% microcosm, unlike the linear diversity-degent effect of the single strain
Enterobacterinoculation (Figure 2). This showed that the additof Burkholderia
interfered withEnterobactemplant interactions. Co-inoculation was expectethterfere
on plant-bacteria interactions, but also to improve PGP effect (Aung et al., 2013;
Jarak et al., 2012). Differential survival is umliit to explain the plant biomass
reduction effect, because although the higleggerobactersurvival occurred on RM3
condition, RE3 condition also had a high surviviigire 3), and no negative plant
biomass effect. Plant biomass reduction did notuocwhen Burkholderia was
inoculated as a single strain, either at highelower survival rates, s&urkholderia
should not be responsible for this effect. Colotimaand ICs production were not too
high or too low to explain the reduction on planbrbass. Apparently, species
interactions between the native community and theading inoculant at the 103
microcosm were stressful to the plant.

Effective PGP effect by Burkholderia on poor soitepends on the improvement of P
solubilization ability of the bacterial community

Burkholderia viethamensis a known PGPB, able to resist to several kinds o
stresses, to solubilize P (Park et al., 2010)ixt@timospheric nitrogen, to produce ICs,
and to produce quorum sensing molecules (Suareemdoet al., 2012). It has already
been isolated from sugarcane (Govindarajan eR@06), maize (Suarez-Moreno et al.,
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2012), and rice (Govindarajan et al., 2008; Varelet 2000), and it is also able to
improve plant growth of these crops. It colonizeshbendosphere and rhizosphere, but
its co-inoculation with other strains might be astefficient as single strain inoculation
(Govindarajan et al., 2006). Here we showed thBugholderia viethamensistrain
was able to improve rice growth, favored rhizosgheolonization, and had its survival
and plant interactions affected by the co-inocatatwith anEnterobacterstrain We
also showed that its PGP effect may depend on tteaton of the microbial
community, as discussed below.

Plants in the PB2 condition were considered to saoweffective PGP effect, for
presenting overall higher averages on plant bionilags those in the PC23 condition
(Figure 1). Figure 9a suggested that shoot biomess correlated tdurkholderia
colonization, survival and to the occurrence ofootds with large P solubilization
halos. Figure 5 confirmed that the PB2 conditiod tiee highest P solubilization values.
Thus, it seems th&urkholderiainvasion on poor soils improved P solubilizatiangd
this improved plant biomass. This result agreesngly with the model (Costa et al.,
2014) and many other reports that demonstratedbtiaerial P solubilization is higher
on poor soils (Wakenlin et al., 2009; Jakobsen.eP@05; Hu et al., 2009; Matsuoka et
al., 2013), and that poorer nutrient conditionsimfe the plant-bacteria interactions
(Gune et al., 2014; Costa and Passaglia, 2015; BonkoarskiRoy, 2005; Tkacz et al.,
2015; Lapsansky et al., 2016).

The logical conclusion would be thaBurkholderia a good phosphate
solubilizer, was largely present on PB2 conditiangd thus improved P solubilization.
But data regarding strain colonization (Figure dbdwed that this was not true. It can
be observed that thBurkholderia strain on PB3 condition colonized approximately
0.7% of the rhizosphere, while the large halo Rilsbkers composed approximately
47% of the total rhizospheric LB colonies screemethe indicator medium (Figure 5).
This means that the P solubilization in PB3 cooditias not improved because of the
rhizospheric abundance of the inoculatBdrkholderia itself, but instead that the
invasion of this strain altered the microbial conmitypand this alteration improved the
general P solubilization ability of the bacteri@nemunity. Large halo P solubilizers
compose 16 and 23% of the screened rhizosphemmies! in PB and PBconditions,
respectively, while the rhizosphere colonizationtted Burkholderiastrain was of 2.5
and 0.8% respectively. Besides showing that thisnization-solubilization correlation

was non-linear, these proportions showed that tmgravement on P solubilization
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ability was dependent of the starting microbial camnity. If Burkholderia invasion
cannot stimulate the recruitment of P solubilizémsm the initial community, P
solubilization will not improve. This behavior wadserved in rich soils, which have
less P solubilizers but similaBurkholderia colonization. If Burkholderia was
improving P solubilization because of its own akamze, rhizospheric colonization in
RB!, RB? and RBconditions, of 1.8, 0.9 and 0.1 %, respectiveigy(Fe 4a), would not
have a complete absence of large halo P solulslidégure 5). Likewise, survival of
Burkholderia(Figure 3) did not explain the improvement on Rulstization: on rich
soils, Burkholderiasurvival decreased while P solubilization was lstabnd on poor
soils,Burkholderiasurvival was stable as P solubilization fluctuated

This independence of P solubilization improvemarthe rhizosphere in relation
to strain colonization and survival help us to explwhy bacterial inoculation
sometimes is effective and sometimes is not, eivdreiinoculant is present on the soill
and colonizes the plant. If an inoculant invasianreot impact the population in a way
useful to the plant, the PGP effect not might octiusoil systems, sub communities of
different bacteria may cooperate for better sulviva to degrade a substrate in
syntrophy, especially in poor nutrient conditioZglezniak et al., 2015). The invasion
of the Burkholderia strain might be responsible for organizing such sammunities
with improved P solubilization ability, even if tlgrain itself is not so present in the
rhizosphere. It has already been proposed thatattexation of the rhizosphere
community could be a PGPB trait (Barea et al., 20@8 such alterations can be
correlated to effective PGPB effect (Ramos et28l03). Addition of microorganisms in
degraded soils might break the dormancy of residedteria, recovering lost or
attenuated functions on degraded soils (Senevi@atdeKulasooriya, 2013). Recovery
or improvement of P solubilization in our experirmeauld be occurring in this fashion.
Biotic and abiotic factors affecting survival of thinoculant

Survival of the bacterial strains was expectedtodase as diversity lowers, but
this was not observed. For tHgurkholderia strain in rich soils (Figure 3a), two
hypothesis can explain its lower survival on lowerersity microcosms. One is that an
antagonist to the inoculated strain, highly abubhdan the natural soil, became
increasingly more dominant on the microcosm as mh@re rare species where
extinguished by dilution. It is possible that aivatBurkholderia,which can be very
common in soil (Ahemad and Kibret, 2014; Kunitoaét 2011) actually increased a
specific competition or direct antagonism to theoculated strain. Bacteria of
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Burkholderiagenus have large genomes (Parke and Gurian-she2@@h) and flexible
metabolisms capable of exploring a variety of nicf@oenye and Vandamme, 2003),
making it a good competitorBurkholderia strains can be antagonistic to other
Burkholderiastrains as well (Lin et al., 2011; Marshall et &010), and the native
strain should be more adapted to the local condtiban the invasive inoculated strain.
The other hypothesis would be that the inoculéBedkholderia needed a basic sub
community network providing specific ecological @ions or cooperative metabolism
to effectively survive. Occurrence of such sub camities with such effect is common
in soils (Zelezniak et al., 2015). Once such sulmroanity is weakened by diversity
loss, Burkholderiasurvival could drop as well. It should be notedttbuch functional
loss should be quite specific, as general functiomaits (ammonia oxidizers,
denitrifiers, and heterotrophs) are not affectedairdilution-to-extinction approach
(Wertz et al., 2006).

On poor soils, the diversity effect durkholderia survival was not as clear.
Although there was a reduction on survival in st diversity microcosm, there was
no difference on survival between PB! and PB?3 dmmbs (Figure 3a). It can be
observed that the highest survival on poor soils statistically similar to the lowest
survival on rich soils. Since poor soils are expddb have less diversity than rich soils,
the 10 microcosm on poor soil might have alreagynmromised the sub community
that does not allow highdBurkholderia survival, and such sub community became
more compromised only on the®iflicrocosm. The alternative, that specific antasjsni
prevent theBurkholderiastrain survival, can also be in effeBurkholderiaare typical
for poor soil conditions (Parke and Gurian-Shern#001; Granada et al., 2013), and
could have large populations on the natural saittlfermore, the natural poor soil used
in the experiment (sandy forest soil with no vebetawer) had more stressful abiotic
conditions than the soil from where tBeirkholderiastrain utilized in this work was
originally isolated (farm clay soil with no chemidartilizers). In addition, conditions
with less nutrients are less invasible (Kassenl.et2@00), and this could affect the
inoculant survival. Thus, the native microbial coomty, which was already living in
harsh conditions, might be competing very stronglth the invadingBurkholderia
from the start.

The Enterobacterstrain made use of the free new niches availabiecrease its
survival from the 10! to the 103 microcosm in bethils (Figure 3), as was expected
(van Elsas et al, 2012; Mallon et al.,, 2015). Heeve its survival did not keep
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increasing from the 103 to the ®Iicrocosm, and instead dropped to the same levels o
the 10 microcosm. This effect was consistent asdurred in both soil types. It could
have been caused by specific interactions betwhennative community and the
inoculant. Perhaps a minimal sub community necgdearEnterobactersurvival was
compromised on the £0microcosm, or an antagonist present in the scéreame a
threshold, and could then suppressEnhéesrobacter
K and r strategies can explain survival changesnmxed co-inoculation

The mixed inoculant was expected affect survivalbath strains could compete
for the same niches and nutrients of the top smhmed to determine the survival
curves. In the rich soils, mixed inoculation wagioving Enterobactersurvival while
reducingBurkholderiasurvival, if we consider single strain inoculatias a reference
(Figure 3). It could be considered thBnterobacterwas selfishly exploiting the
presence oBurkholderia According to the modeEnterobacterwas expected to be
more fit thanBurkholderiain rich conditions, and it might be quicker to reakse of the
impact caused by invasion (such as suppressionmnorgagonist or competitor to
Enterobacte), even if the impact was actually causedBuykholderia Considering the
two-sided nature of the model and the behavio®wkholderiaand Enterobacter K-
Ir- strategies concepts could be applied here.Eftterobacteistrain could be described
as a quick-growing, generic and opportunistic atstgist adapted to rich soils and easily
accessible substrates, with high invasion potenfiaé Burkholderia strain could be
described as a slow growing, specialist K stratergsistant to stress, with lower
colonization ability. The K-/r- strategies concepizve already been applied to the
rhizosphere (van Elsas et al., 2007), considehat it strategists would be quite typical
for the rhizosphere of younger plants and K stiategmore typical to older plants
(Garbeva et al., 2004). Haichar et al. (2008) stdidoot colonization in different plants
by different taxa and describdfhterobacteras a generalist anBurkholderiaas a
specialist, supporting our own classification. TKér- concept has long been applied
on invasion ecology, with r strategists as a mgpecally successful invader than K
strategists (Facon et al., 2006). While it couldangued that th&urkholderia strain
used in this work should have a better survivalpoor soils to be considered a K
strategist, it must be considered that Buskholderiawas more outside of its original
environment than thEnterobacterstrain, and that the poor soils had a local comiyun

adapted to its specific conditions.
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The PM condition improved the survival of both strains;t mspecially the
Enterobacter allowing it to further exploited free niches. Thaxed co-inoculation
could make up for diversity or ecological functiofsss, such as restoration of
productivity by inoculation of biofilmed biofertders on degraded soils (Seneviratne
and Kulasooriya, 2013), although the addition ofydwo strains might not generate
consistent functional recovery. Consideriggterobateras an r strategist, it could be
expected that it made better use of changing donditand free niches than the K
strategisBurkholderia(Facon et al., 2006).

Colonization correlates to survival in different wa, depending on plant selection

The favoring of niches for colonization shown by trains — rhizospheric for
Burkholderia and endophytic forEnterobacter (Figure 4) was already expected.
According to the modeEnterobacterisolates are supposed to be mostly endophytic,
while Burkholderiaisolates are supposed to be mostly rhizosphenstiCet al., 2014).
Furthermore, theBurkholderia strain used in this work was isolated from the
rhizosphere, while th&nterobacterstrain was isolated from the endosphere (Costa et
al., 2012). Nonetheless, it was surprising to keeeltent oEnterobactercolonization
of the root tissues, although it was already knakat the endosphere can hold a large
bacterial population (Dong et al., 2003; Hardoinmakt 2008). This favoring of niches
was also observed by Dong et al. (2003), wherebddst endosphere colonizer was the
worst rhizosphere colonizer, and the best rhizagpheolonizer was the worst
endosphere colonizer.

Enterobacterendophytic colonization presented an interactiface between
soil and survival. Endophytic colonization Enterobacterwas positively correlated
with its survival on poor soils (Figure 9a), butmeh soils this correlation was negative
(Figure 9b). This can be explained partly by thedeloOn rich soils, the plant is more
receptive toEnterobacterand its PGP traits (Costa et al., 2014), and casi its
exudates to attracEnterobacteitypes. Plants use complex communication and
protection systems to attract and manipulate bactand are often colonized for only a
selected portion of the total soil community (Haatm et al., 2008). When strain
survival on the top soil was lower while the plactively offered a safe niche plenty of
nutrients,Enterobactemwould be more intensively attracted to the rot@ading to high
colonization rates, in a “colonize-or-die” scenari®n higher strain survival,
Enterobactemade better use of nutrients available in thestm) and colonization was
not as high because the strain was not so attréctexbt exudates. Bacterial motility is
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an important trait for rhizosphere competence (dendet al., 2008), and bacteria might
not be as mobile on high nutrient conditions (Métland Kogure, 2006; Matz and
Jargens, 2003; Turnbull et al., 2001). If there \mdewer pressure fdEnterobacterto
swarm to the plant roots due to easier accessct faitrients, colonization could be
expected to drop, in a “colonize-after-lunch” saema

On poor soils, the plant was not as receptivEnterobacteitypes as it was on
rich soils, since endophytic colonization on pooisswas not as high as on rich soils
(Figure 4). This was expected by the model (Costal.e2014), although endophytic
ICs producers were selected in poor soils (Figurg 6ontrary to what the model
expected. WherEnterobacterhad a lower survival rate in poor soils (Figure),3b
endophytic colonization was lower (Figure 4d), sesjong that it was a less fit PGPB
with lower rhizosphere competence in that situatMmenEnterobacterhad a higher
survival rate in poor soils, it had higher numbensl could have more attempts to infect
the roots, colonizing the endosphere more effityesven if the plant was not as
receptive as in rich soils. As in sand soils rcatdates are the dominant carbon source
(Tkacz et al, 2015), a “colonize-after-lunch” sasga should not be expected.
Burkholderiacolonization behaved similarly in rich soils, waehe plant was not as
receptive toBurkholderiatypes, since higher survival in this soil type wassitively
correlated to higher rhizospheric colonization (Fey 9b).Burkholderiain rich soils
could be in a “colonize-or-die” scenario becauseas less fit to invade the soil and
make use of organic matter. These two scenariotrhiglp to explain other situations
where colonization is not correlated to survivalke¢Ber et al., 2012). It could be
expected that the PMcondition should have higheEnterobactercolonization if
survival correlated directly with colonization, bas the presence of tiBarkholderia
strain affected the interactions Bhterobactemwith the plant and with the environment,
it likely affected colonization rates.

Figure 9b suggested that endophytic colonizatioa @@related to higher plant
biomass on rich soils. It is possible that®Rfd RM conditions were promoting plant
growth by mechanisms that were not analyzed hameg $=igure 9b also showed that
shoot biomass was not correlated to bacterial @bdaation or ICs production. PGPB
traits such as nitrogen fixation, 1-aminocyclopnogd.-carboxylate (ACC) deaminase
activity, motility, chemotaxis, solubilization otleer nutrients, and production of other
plant hormones might be responsible for the effecBGP effect observed in rich soils.
Bacterial metabolism and strategies such as carbliration profiles, quorum sensing,
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antibiotic production, antagonism, and competitaility could also be affecting
bacterial survival, colonization and PGP effecte®en

Figure 9a suggested a correlation betwBarkholderiacolonization and plant
biomass increase. But this was not clear when werobd colonization (Figure 4b) and
plant biomass (Figure 1) individually. It is oftessumed that effective plant growth
promotion requires extensive colonization of thetsp but it might not always be the
case. Chanway et al. (2000) showed that on the tbhoations where a PGPB improved
plant biomass the most, it had the lowest colommatwhile on the three locations
where it reduced plant biomass the most, it hadhtghest colonization. In Liu et al.
(1995) it was shown that the colonization of twoHB>5was not correlated to induced
systemic resistance in cucumber. Considering tHectefof Burkholderia on P
solubilization and plant biomass (explored above)are cautious with the correlation
showed in Figure 9a.

The best P solubilizers were not the best ICs proghs, and the best ICs producers
were not the best P solubilizers

At least four previous works had already detectkd inverse correlation
between P solubilization and ICs production baateabilities (Costa et al 2012, Costa
et al 2014, Passos et al., 2014, Moreira et aL6R0rhis correlation can also be directly
observed on works from other researchers (Otienal.et2013; Dias et al., 2008;
Poonguzhali et al., 2006), even if the correlaitself was not described. Other works
may show that ICs production of bacteria from steesconditions is lower than from
optimal conditions (llyas et al., 2012). Those samoutcomes from independent works
reduced the chances of artifacts by a methodolbliaa in the present work.

We now consider that this inverse correlation wasficmed. The best P
solubilizers are not the best ICs producers, aad#st ICs producers are not the best P
solubilizers.This is very important because: (I) P solubilizatand 1AA production are
some of the key components of PGPB activity, mesasand reviewed simultaneously
in hundreds of papers; (Il) these traits are sdémgib the nutrients available in soil,
which is of tremendous importance to agriculturerddwe confirm that an IC producer
is effective on rich soils but ineffective in poswils, and a P solubilizer is effective on
poor soils but ineffective in rich soils.

ICs production reduces with diversity and root lethg

On both soils, root length reduced as diversityioed (Figures 1c and 2c). This

reduction on root length due to the reduction orewdiity could likely be explained by
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the drop on ICs production (Figure 6). This wasfaiced by the observed negative
correlation of ICs production and microcosm dilatim both niches (Figure 9). The
decrease in ICs production due to diversity reductikely happened to the extinction
by dilution of bacteria more able to produce 10s.the mixed inoculation treatment,
this drop on ICs productivity was not so steepelitkdue to the interaction between
both strains, since the co-cultive may improve display of PGP traits such as indole
acetic acid production (Jha and Saraf 2012). Batti®s production is well known to
increase plant biomass (Spaepen et al., 2007},is;ot surprising to observe that the
lower production of ICs was correlated to smal@strlengths. Detection of this well-
known correlation in the present work suggests thatother associations described
here might also be consistent.

Endophytic production of ICs on poor soils reduasdliversity dropped, until it
reached the same level as rhizospheric ICs pramuciigure 7). This decrease can
explain a bias in our model. Our original samplés@or soils used to describe the
model might have already been in a “low diversiggtting, like those in the 10
microcosm. The detected increase in P solubilipatibendophytes in the model might
be simply a side effect of the reduction of ICsdureers in the environment, since both
traits are very clearly correlated.

This may also explain why better ICs producershim éndosphere of rich soils
could not be found. Apparently, in rich soils thiam is lacking a diverse pool of
candidates for endophytic colonization, which wouldrease ICs production. On rich
soils, ICs production in the different niches wéeady similar at the 10 microcosm,
and even more similar at the 103 microcosm (FighrePerhaps the initial microcosm
dilution on rich soils was enough to remove a lgogdion of ICs producers available,
so that the plant could not select the best ICduyrers from the endosphere. If this is
true, this would mean that the best ICs producerspose the more rare parts of the

microbial community in soil that is selected bynia

Conclusions

The starting microbial community is a key factorgant inoculation aiming to
improve crop biomass. The diversity gradient laygefected plant biomass, inoculant
survival and colonization, bacterial ICs productemd bacterial P solubilization. Co-
inoculation ofBurkholderiaand Enterobacteraffected the strains interaction with the
plant and with the environment, which was not akvédgneficial to the plant. The
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challenge on sustainable food production in the figare will be to take the most out
of plant-bacteria interactions, which will happew iolentifying understanding key
correlations in the plant-bacteria-environment riatéions. The use of the right
inoculants on the right conditions so that a defidenction is optimally filled for
greater crop productivity might seem distant, tharé will be many opportunities of
application for this in the future. The advancemargfficiency and reduction of cost of
next generation sequencing (NGS) might fuel thet geaen revolution, as the Haber-
Bosch process fueled the first. As food pricesaase and NGS costs decrease, farmers
within 20 or 30 years will use NGS to evaluate wixal management before planting
crops, such as today they take measurements ohgHNBRK content to define several
farming practices.

Parts of the model were confirmed with the expenm&urkholderia and
Enterobactempromoted plant growth only on the soils they wexpected to be a better
PGPB. ICs production and P solubilization are isgerorrelated, higher on soils they
were expected to be higher, and lower on soils tiveye expected to be lower.
Complementing the model, we now consiigrterobacteitypes as r strategists while
Burkholderiatypes would be K strategists. However, productbiCs by niche did not
follow the model. The initial diversity on 10! maosms might have been too low on
rich soils and too high on poor soils, comparethsoils used to describe the model,
to fully reproduce the expected results. P soladiion by niche in poor soils also did
not follow the model, perhaps because our initedadiption was too influenced by the
correlation between ICs production and P soluliiima An experiment with natural
soils presenting different diversity levels may ddade to settle this niche occupation
issue. We conclude that even if not 100% accuthtemodel is very useful to guide
PGPB testing and prospection.
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Abstract

Plant growth promoting bacteria (PGPB) have alrebdgn used on crops at
industrial scale for years. Yet, inoculants tha efficient in some locations may not be
efficient in others that present physical and cleamcharacteristics apparently similar.
This shows that the understanding of plant-baciateractions, and how to manipulate
them to fulfill agricultural goals, is not an easgk. Classical invasion ecology theory
can be readily applied to PGPB inoculation, helgmgdentify natural patterns that can
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be used to optimize PGPB efficiency. In this wdhHe hypothesis that the most invasive
inoculant will be the most efficient PGPB was tdstdsing next generation sequencing
technology targeting the 16S rDNA gene in metagecsrsamples, we analyzed the
rhizosphere of maize plants inoculated with fourPP&rains cultivated in three
different locations. The microbial communities abculated plants were compared to
the non-inoculated controls, in order to estimagihoculant invasion ability. We also
evaluate the bacterial diversity and soil nutrieobtents from pre-planting conditions,
to test if an environment with higher nutrient mhversity ratio would be easier to
invade. Using a novel SIMPER-PCA approach that usesrols as standards, we could
observe that the most efficient inoculant was meithe most invasive nor the one that
caused unique impacts in the community. Nonetheldss location with a higher
nutrient per diversity ratio presented the mostiefiit PGPB results. We concluded that
the native community strongly affects PGPB efficignand discussed alternatives to
manipulate the nutrient per diversity ratio aimifog a better PGPB application. We
also showed details of the SIMPER-PCA approachchvifacilitates the detection of
microbial community dissimilarities in relation sodefined standard, and can be very
useful for next generation sequencing data and P@Bd&arch.

Key words:Next generation sequencing, metagenomics, PGPRygpinere, maize.

Introduction

Bacterial inoculants have already been successfudlgd to improved crop
production at industrial scale for many years (Ahe¢ al, 2003, Castro-Sowinski et al.,
2007). However, as plant-bacteria-environment attons are far from being
completely understood, inoculation might not bayfelfficient at all times (Berg et al.,
2013, Owen et gl 2015). Even commercialized plant growth promotinacteria
(PGPB) might fail to improve crop yield (Otienoat 2013; Owen et gl2015), in part
due to interactions with the local microbial comntyithat probably will be competing
with the inoculant for nutrients and niches (Bashatnal., 2013). One form of
overcoming this issue is the biotechnological iste& construction of very effective
and competitive strains (Germaine et @&013) and the other is the elucidation and
manipulation of ecological interactions in the dsphere to maximize PGPB efficiency
(Castro-Sowinski et al., 2007).
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Classical invasion ecology has already been appdidzhcteria (van Elsas et,al
2012), but picturing the plant inoculant itselfasinvader to the local community had
not been considered until recently (Ambrosini et 2015). An environment with a high
amount of nutrients but low bacterial diversity wbhhave free niches, and would be
easier to invade than an environment with a low @rhautrients and high diversity
because it would have filled niches (Davis and ¢t¢[8001). An efficient invader must
display a series of traits, such as high dispeftsgh reproduction rate, and will cause
heavy impact on the environment (Parker et #099; Mallon and van Elsas, 2015).
Although dispersal and growth rates of inoculanighibe difficult to measure on field;
their impact on the community is not, thanks to @ldwancements of Next Generation
Sequencing (NGS).

Here, we tested the hypothesis that a bacteria@iuiaot with the best invasion
ability will be the best PGPB. We consider that Iblest invader will cause more impact
on the microbial community it invades, and use a#iteatment dissimilarities from
NGS as a proxy for the impact caused by the invadethis community. In addition,
we also tested the hypothesis that the environmatht the highest availability of
nutrients per diversity ratio will be easier to agle than an environment with a lower
availability of nutrients per diversity ratio. Fiha we presented a novel approach to
analyze metagenomic NGS results, which focus osirdifarities to a standard and can
be useful on PGPB research.

Material and Methods
Field trials design, sampling and soil chemical dyais

Maize ¢ea maykplants (hybrid variety 30F53H, Pioneer) were satgd to a
PGPB trial in three different locations in Paramdtes Brazil. The field crops were
settled in Londrina (L) (23° 184" S, 51° 1024" W), Marechal Candido Godoi (M)
(24° 33 24" S, 54° 324" W), and Ponta Grossa (P) (28348" S, 50° 948" W). All of
these locations have climate classified as humittrepical (Koppen climate
classification Cfa). Inoculation treatments werdda®w: (1) a non-inoculated control,
(2) Azospirillum brasilenséb-V5 (Hungria et al., 2010 (3) Achromobactesp. VC36,
(Arruda et al., 2013) (4pseudomonasp. 4311, and (3Pseudomonasp. 4312 (André
Oliveira, personal communication). When conditioh3™ is cited, we mean
Achromobactersp. VC36 inoculation on Londrina location. Baciewere grown in
liquid LB medium at 28°C under agitation (200 rpim) 16 h. Twenty mL of inoculants

102



cultures containing £aells mL* were used per kg of seeds. The seeds were exfmsed
the inoculant for 30 min at room temperature, agtddry for additional 30 min. All
treatments and controls received 30 kg hectafeN fertilizer, and randomized blocks
were composed of 5 lines of 10 m (length) x 3.2mdi{h) with 0.8 m spacing between
each line. Fields were sown between November 202 January 2013. All of the
strains were isolated from maize in previous woilkge A. brasilenseAb-V5 strain is a
well-know PGP bacterium that display a high-fixXing ability in vitro and had
increased the contents of some nutrients in theekeand grains of maize and wheat, as
P, K and Cu, and increased the N contents in tineeke of these crops (Hungria et al.,
2010). TheAchromobactesp. VC36 strains able to produce indolic compounds and
had displayed positive effects on shoot and rodghteand nutrient uptake of maize
plants (Arruda et al., 2013). The twaseudomonastrains have 97% and 95% similarity
with P. koreensigfor 4311 and 4312, respectively). Both produceolimdcompounds
but only strain 4312 is able to solubilize P (An@#veira, personal communication).

Ten days after plant emergence the rhizosphericdsactly attached to the
plant roots was scraped from three independenttpland pooled to compose a
composite sample. Two independent composite sanfaleand b) were used per
treatment. Two additional independent compositepsasnconsisting of bulk soil were
taken immediately before planting to characteri®e fre-planting conditions. The bulk
soil samples (treatment 0) were also used for gdwéimical analysis, using standard
methods (Sparks et al., 1996).
DNA extraction, amplification and sequencing

Rhizospheric and bulk soil DNAs were extracted fi@/® g of each soil sample
using the Nucleo Spin S8 kit (Macherey-Nagel). DNA amplification of the V4
region of the bacterial 16S rRNA was performed gidine primers F515 and R806
(Caporaso et aP011) and purified using MinElute (Qiagen). Thetpcol for barcoded
lllumina pyrosequencing was described by Caporasale(2011). TruSeq DNA
protocol (lllumina) was followed for library pregion, starting with the end repair of
the fragments. Libraries were sequenced on the d/s@guencer (lllumina) with a read
length of 2 x 300 nt. MiSeq Control Software v B.3vas used for sequencing and
MiSeq Reporter Software v 2.3.32 for demultiplexargl generation of FASTQ files.
Bioinformatics analyses

All sequence analyses were done using QIIME 1Rdad quality control was
performed with the FastQC tool, and merging of seges was performed with the

103



pairedendoverlap tool, available at the BioinforiceaResource Facility of the CeBiTec
computer cluster (Bielefeld, Germany). QIIME defaulere used for filtering of raw
and merged Illumina data, OTUs picking and clustgat 97% identity. Representative
sequence alignments were performed with the PyNA&Jl, and the greengenes
database was used for comparisons through the REIfer. The final OTU table was
generated in the BIOM format.

Statistical analysis

Firstly, reads were cut off at 200 OTU occurrenceésimum. Read counts were
transformed to relative abundances for normalizatand then transformed to the
square-root. The Bray-Curtis distance, widely usadecological studies (Rees et al.,
2004) was used for the ordination method NMDS (Mtetric Multidimensional
Scaling) and for the SIMPER (SIMilarity PERcentaggests. The Bray-Curtis distance
is appropriate for metagenomic data because tlsetess bias introduced by shared
absences of amplicons than in a Euclidian distgdhibs et al., 2006). The SIMPER
test produces direct comparisons of 2 or more groop samples, returning the
dissimilarities each taxa is responsible for ax@aiages of total dissimilarity. Here,
SIMPER comparisons were made with the 2 indepenskmiples from the inoculated
treatments and the appropriate non-inoculated ebiiom each location. The total
SIMPER difference on the treatment-control pairs wsed as a proxy for invasion. All
the taxa dissimilarity from the SIMPER test wasnaigtransformed to show if each
treatment had more or less of a particular OTU thanappropriate control. The signal-
transformed, Bray-Curtis based SIMPER dissimilavese then processed in a within-
group PCA (Principal Component Analysis), groupg®g location. Within-group PCA
minimizes the differences between groups, and veasl o reduce the clustering by
location effect, highlighting the control-treatmehtferences. All tests were performed
on Paleontological Statistics (PAST) software (Hamet al., 2001).

Data from nutrient analysis (clay content, P, Kg&nic matter, Ca, Mg, S, B,
and Mn) were normalized by using relative perceegagSimpson, Shannon and
Eveness indexes from the pre-planting conditionsevadso normalized with relative
percentages, in the different taxonomic levels (&h@lass, Order, Family, Genera, and
OTU). The relative nutrient content was then didids the relative diversity indexes.
This nutrient per diversity ratio was then directtpmpared to SIMPER values
normalized by relative percentage. We normalizesl $hMPER values because they
increase as diversity level decreases, and alsacdaosistency with the normalized
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diversity and nutrient ratios. We could not runtistal tests on this data because of

low sample size and non-independent data pointgdast taxa levels.

Results
Sequencing

Sequencing of amplicons from the V4 region of thetbrial 16S rRNA of the
36 samples with the MiSeq platform returned 12.1lioni reads, with 5.6 million of
unique sequences clustered in 1.3 million OTUs.rd@heere about 844 thousand
singleton sequences, composing 15.1% of sequencds64% of OTUs. Reads
assembling was of 95+4%, except for samples P2b\Btal that resulted in only 37%
and 50% assembled reads, respectively. The avemagwwer of valid reads was
313,984, ranging from 49,623 (P2b) to 1,711,823gM3Fwo samples (P4a and MOb)
were entirely removed from analysis because ofrgeladominance (60 and 40%,
respectively) ofShewanellaceasp., a marine bacterium associated to fish spmilag
(Satomi, 2014). The presence Stfiewanellaceawas inconsistent with the replicates,
and the samples were standing as clear outliersalbriests even when all the
Shewanellacea®dTUs were removed (data not shown). After cut-ofistotal of
6,457,333 reads distributed in 3,179 OTUS was abksl for analysis. Total reads for
each taxa level can be found in Supplementary Thble

The most common Phyla found was Proteobacteri®238.of reads), followed
by Actinobacteria (30.69%), Firmicutes (12.83%)] &ctidobacteria (5.55%). All other
24 phyla (11.59%) had less than 5% of reads eadur@ 1). The three different
sampling locations could easily be discriminatedthrat phyla level, with Londrina
showing a higher number of Actinobacteria, PontaosSa showing more
Proteobacteria, and Marechal Candido Godoi prasgntimore Firmicutes
representatives (Figure 1).
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4312, a =first replicate, b = second replicate

Multivariate ordination and SIMPER tests

The NMDS plot at the OTU level (Figure 2) showedlear clustering according
to location, but no patterns due to the inoculati@atments were observed. Thus, the
effect of inoculation on community composition wasich smaller than the effect of
local conditions.
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Figure 2. Non-Metrical Multidimensional Scaling (NIM5) of OTUs based on Bray-
Curtis distance. The three different sampling fimees clustered together while the five
different inoculation treatments did not group. fBxiént colors show samples from
different locations, with red = Londrina, Blue =mRa Grossa, Black = Marechal
Candido Godoi. Empty triangle = bulk soil from pkanting condition, X = non-

inoculated control, full circle=Azospirillum brasilenseAb-V5, empty circle =

Achromobactersp. VC36, empty square Bseudomonasp. 4311 and full square =

Pseudomonasp. 4312. a = first replicate, b = second repdicat

Using the SIMPER test we quantified the differences community
composition in each treatment-control comparis@silg sorting taxas that would be
the most dissimilar (Clarke, 1993). The SIMPER ealissimilarity, a percentage of the
differences in taxa composition from the treatmeotrol pair, was used as an
indicative of the impact of invasion, and thus thegasion ability of the inoculant.
Condition L3 Achromobactersp. VC36 inoculation on Londrina location) present
the highest SIMPER value at both Phyla (34.68%) @idJ level (59.89%), while
condition P4 presented the lowest SIMPER valuehgtaPlevel (11.26%) and condition
M4 the lowest SIMPER value at OUT level (26.96%)g(ife 3). Inoculant 3
(Achromobactessp. VC36), however, did not presented the higE¢BtPER values at
Ponta Grossa or Marechal Candido Godoi locatiorsammg that none of the four
bacterial inoculants presented an overall highdvilPER value - and thus higher

invasion ability in all locations. Many of the OTltlsat were the most highly dissimilar
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in the control-treatment pairs belonging to Bacillus Burkholderig Pseudomonas,

andPseudonocardigenera, and also to temterobacteriaceaéamily (Table 1).

Treatment Taxonomic level

Phyla Class Order Family Genera Otu

L2 15,50 18.15 20.23 20.56 21.43 27.76
L3 3469 38.19 4161 4431 4547 59.89
L4 15.13 19.79 22.08 24.19 25.83 36.87
L5 28s 17.20 19.25 20.29 21.72 2991
P2 18.11 24.09 27.72 29.37 31.01 40.16
P3 1439 19.76 21.20 21.88 23.43 33.09
P4 11.26 17.22 1848 1896 20.11 38.04
P5 15.81 19.76 21.54 21.60 22.64 42.06
M2 18.15 2434 25.12 26.50 27.58 42.76
M3 18.20 18.64 19.68 21.03 2235 35091
M4 19.58 24.20 2530 26.01 27.10 26.96
M5 2215 2580 26.70 27.78 28.69 32.07

Figure 3: SIMPER percentages from the treatmentrobipairs, at each taxonomic
level. Color gradient shows lower values in reghler values in green. L = Londrina, P
= Ponta Grossa, M = Marechal Candido Godoi;&zespirillum brasilenséb-V5, 3 =
Achromobactesp. VC36, 4 #Pseudomonasp. 4311 , and 5 Bseudomonasp. 4312
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Table 1: SIMPER percentages from the treatmentrobipiairs, at OTU level. Av.

dissim. = taxa average dissimilatity; contrib. %centribution of that taxa to total
dissimilarity; Cumul. % = cumulative total dissianilty; Mean abundances =
normalized and transformed counts of each taxadatrol and treatments; p_ = Phyla;

c_=Class; o_ = Order; f_= Family; g_ = genera.

Mean Mean Mean
Londrina abundance Marechal abundance Ponta abundance
Av.  Contrib. Cumul Av.  Contrib. Cumul Av.  Contrib. Cumul
Taxon dissim % %  controtreatment Taxon dissim % %  controtreatment Taxon dissim % %  controtreatment
k_Bacteria 0.155 0.558 0.558 0.504.050 g__Burkholderia 0.533 1.328 1.328 1.150220 g_ Pseudomonas  0.408 0.955 0.955 2.9r690
g__Pseudonocardia 0.140 0.504 1.062 2.6€@MB40 Bacillus flexus 0.297 0.740 2.068 2.1802.650 c__Betaproteobacteri@@408 0.954 1.909 0.6452.420
ﬁ f__Comamonadaceae 0.128 0461 1.522 2.58060 f__Xanthomonadaceae 0.257 0.640 2.707 0.22B60 g_ Pseudonocardia 0.385 0.900 2.809 1.12690
% f__Comamonadaceae 0.123 0.442 1.964 130835 g_ Chryseobacterium 0.247 0.616 3.323 0.13%40 f__Enterobacteriacea®.382 0.894 3.702 2.7001.290
JE f__Xanthomonadaceae 0.116 0.417 2.381 0.703128 g__Bacillus 0.224 0557 3.880 1.620.710 f__Micrococcaceae 0.287 0.670 4.372 1.710910
i f__Oxalobacteraceae 0.093 0.336 2.717 0.39™54 c__ [Chloracidobacteria0.201  0.500 4.380 1.1801.150 g__ Burkholderia  0.269 0.630 5.002 3.98R.070
é c__Chloroflexi 0.092 0.330 3.047 0.609.063 g__Cupriavidus 0.196 0.488 4.869 0.176300 c__Ktedonobacteria 0.248 0.579 5.582 0.53%80
o~ o__Acidimicrobiales 0.090 0.326 3.372 0.838.454 g__Paenibacillus 0.174 0.433 5.301 1.060580 Bacillus flexus  0.237 0.555 6.137 1.2800.185
g__Sphingomonas 0.090 0.323 3.695 0.12B652 f__ Enterobacteriaceae 0.153 0.382 5.683 0.2B640 g__Bacillus 0.223 0.521 6.657 1.450.494
g__Cellulomonas 0.087 0.314 4.009 0.620.313 g__Bacillus 0.153 0.380 6.063 1.100.430 g__Cupriavidus 0.173 0.404 7.062 0.281050
g__Burkholderia 0.970 1.619 1.619 0.423.020 Bacillus flexus 0.320 0.967 0.967 2.1803.750 f__Enterobacteriacea®524 1.458 1.458 2.7000.327
f__Enterobacteriaceae  0.529 0.883 2.502 0.224610 g__Bacillus 0.241 0.728 1.694 1.628.050 g_ Pseudomonas 0.385 1.073 2.531 2.9¥380
Salinispora tropica  0.442 0.737 3.240 0.2712.490 c__[Chloracidobacterial0.228 0.689 2.384 1.1802.360 f__Micrococcaceae 0.317 0.882 3.412 1.7B0150
% f__Comamonadaceae 0.410 0.685 3.924 2.56(674 g__Bacillus 0.217 0.656 3.040 1.102.350 g__Burkholderia  0.253 0.703 4.115 3.980.750
§ g__Pseudonocardia 0.408 0.681 4.605 2.660786 g__Paenibacillus 0.180 0.544 3.584 1.0@0080 g__Bacillus 0.164 0.457 4.573 1.450.804
E g__Burkholderia 0.388 0.647 5.252 0.041.740 g__Bacillus 0.168 0.507 4.091 0.680.660 f Micrococcaceae 0.157 0.437 5.010 0.18%920
§ f__Enterobacteriaceae  0.336 0.560 5.812 0.02%10 g__Pseudonocardia 0.141 0.427 4518 1.80859 f Oxalobacteracea®.150 0.417 5.427 1.0900.404
® g__Burkholderia 0.333 0556 6.369 0.017.470 g__Bacillus 0.121 0.365 4.883 0.761.480 g_ Pseudomonas 0.146 0.408 5.835 0.68363
f__Solirubrobacteraceae 0.295 0.493 6.861 1.8R0438 g__Ammoniphilus 0.113 0.340 5.224 0.046.689 Bacillus flexus ~ 0.134 0.374 6.209 1.2800.875
Acinetobacter Candidatus
rhizosphaerae 0.259 0.433 7.294 0.0821.200 nitrososphaera 0.105 0.318 5.541 0.5491.010 g__Bacillus 0.109 0.304 6.513 1.410.240
f__Comamonadaceae 0.204 0.552 0.552 2.56(880 Bacillus flexus 0.333 0.876 0.876 2.1803.360 f__Enterobacteriacea®.640 2.374 2.374 2.7005.370
f__Micrococcaceae 0.194 0525 1.077 1.37B330 g__Bacillus 0.259 0.682 1.558 1.620.240 g__ Burkholderia  0.368 1.365 3.738 3.98D510
g__Burkholderia 0.162 0.439 1.515 0.423.390 g__Burkholderia 0.259 0.681 2.239 1.15D690 g_ Pseudomonas 0.357 1.323 5.062 2.9¥610
- Candidatus
5 Nitrososphaera 0.155 0.421 1.936 0.1060.908 g__Bacillus 0.249 0.655 2.894 1.102.190 Bacillus flexus  0.157 0.583 5.644 1.2800.930
g‘ Methylobacterium
é adhaesivum 0.149 0.404 2.341 0.3510.994 c__[Chloracidobacteria0.201 0.529 3.422 1.1800.884 g_ Pseudomonas  0.132 0.490 6.134 0.68387
§ f__Comamonadaceae 0.127 0.345 2.685 1.300626 g__Paenibacillus 0.169 0.445 3.867 1.080903 f_ Oxalobacteracea®.130 0.484 6.618 1.0900.591
ﬁ Candidatus
<‘f Nitrososphaera 0.126 0.342 3.028 0.0850.795 g__Bacillus 0.168 0.443 4.310 0.680.680 f__Micrococcaceae 0.114 0.424 7.041 1.710910
f__Xanthomonadaceae 0.122 0.332 3.360 0.703149 f__Acidobacteriaceae 0.141 0.370 4.680 0.26M80 g_ Pseudonocardia 0.112 0.415 7.456 1.10G53
g__Kaistobacter 0.118 0.319 3.678 0.298.967 g__Pseudonocardia 0.131 0.345 5.025 1.8D060 g__Bacillus 0.110 0.406 7.863 1.450.690
g__Pseudonocardia 0.106 0.288 3.966 2.6€0040 f__Chitinophagaceae  0.115 0.303 5.328 0.49350 g__Rhodoplanes 0.106 0.392 8.254 1.410180
f__Comamonadaceae 0.155 0.518 0.518 2.56(0/’80 g__Burkholderia 0.420 0.999 0.999 1.158390 f_Enterobacteriacea®395 1.231 1.231 2.7000.969
f__Comamonadaceae 0.124 0.414 0.932 1.300/95 Bacillus flexus 0.310 0.736 1.735 2.1802.690 g_ Pseudomonas 0.306 0.955 2.186 2.99450
] f__Xanthomonadaceae 0.118 0.393 1.325 0.703165 g__Bacillus 0.227 0540 2.275 1.62R.050 f__Micrococcaceae 0.197 0.615 2.801 1.72070
Q. f__Oxalobacteraceae 0.103 0.345 1.669 0.3939 c__[Chloracidobacteria0.206 0.490 2.765 1.1801.200 g__Burkholderia  0.194 0.606 3.407 3.980.020
g g__Pseudonocardia 0.101 0.339 2.008 2.6@m50 g__Paenibacillus 0.198 0.472 3.236 1.060610 g_ Pseudomonas 0.172 0.536 3.943 0.38928
é c__Chloroflexi 0.089 0.297 2.305 0.609.091 g__Bacillus 0.160 0.381 3.617 1.100.040 Bacillus flexus  0.167 0.522 4.465 1.2800.733
E g__Cellulomonas 0.088 0.296 2.601 0.620.317 g__Bacillus 0.155 0.369 3.987 0.680.560 g__Bacillus 0.156 0.487 4.951 1.450.867
® g__Kaistobacter 0.088 0.295 2.896 0.298.681 g__Pseudonocardia 0.155 0.367 4.354 1.80001 g__Burkholderia  0.145 0.452 5.403 0.410.820

g__Bacillus flexus 0.088 0.293 3.189 0.238.693 f__Paenibacillaceae 0.137 0.324 4.678 0.30887 g_ Pseudomonas 0.128 0.398 5.801 0.68258

f__Gaiellaceae 0.082 0.274 3.463 0.846.880 g__Bacillus 0.126 0.299 4.978 0.320.749 g_ Pseudomonas  0.124 0.387 6.189 0.76321

Multivariate ordination on SIMPER tests
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The SIMPER-PCA plot (Figure 4) does not show thenposition of the
communities such as the NMDS, but instead it shibwglifferences each inoculant has
to its appropriate controls. In this plot, obje@ata points) that cluster together present
a similar set of differences in relation to the ttoh while an object that does not
belong to the cluster has a different set of défifiees in relation to the control. The
longer lines (colored red) indicate taxas that @&ixpimore variance on the treatment-
control dataset. The longer lines (colored redjcaie taxas that explain more variance
on the treatment-control dataset. Objects plottethé direction of the lines presented
more representatives of that particular taxa thencontrol, and those in the opposite

direction of the line presented less representadfe¢hat taxa than the control.

@ 2 - Azospirilum brasilense Ab-V5
3 - Achromobacter sp.

L 4 - Pseudomonas sp. 4311

W 5 - Pseudomonas sp. 4312

Location: Londrina

Location: Ponta

Location: Marechal

P&
1.6 o)
Salinispora tropica

P5 p2
°

Betaproteobacteria
— _Micrococcaceae —— Pseudonocardia sp.

Burkholderia sp. 3.2+

244

12
i

21.65%

= T
=~ 0.6 Solirubrobacteraceae

LﬁlCumamonadaceae
5

T T
-3.0 -2.4

Enterobacteriaceae
3299 %

Figure 4: SIMPER-PCA approach based on OTU taxal lelowing differences
in treatment-control pairs. In this plot, a clustdrsamples present a similar set of
differences compared to the control, while a sarfgriédrom the cluster have a different
set of differences to the control. Each line repnes an OUT, with red lines explaining
more variance than the green lines. Different ®lehow samples from different
locations, with red = Londrina, Blue = Ponta GrosB&ack = Marechal Candido
Godoi; full circle=Azospirillum brasilenséAb-V5, empty circle sAchromobactersp.
VC36, empty square Bseudomonasp. 4311, and full squareRseudomonasp. 4312

As can be observed, Figure 4 also shows the SIMPER~esults at OTU level.

Conditions L2, L4 and L5 from Londrina location slared very closely, showing that
most differences to control were associated tqtiesence of Comamonadaceae family
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OUT representatives. Condition L3, however, hadsidigar dissimilarities to the
control at Londrina, mostly associated to the pmese of Burkholderia and
Enterobactereaceae OTU representatives. Condi#@n$3 and P5 from Ponta Grossa
location also clustered together, with differencasre associated to the presence of
BetaproteobacteridseudonocardiandMicrococcaceadOUT representatives, and the
absence of Enterobacteriaceae representatives.itGond4 Pseudomonasp 4331),
however, also had a different set of differencestarhighly associated to the presence
of a Pseudomonasp. OTU. In the sense of impacting the environmerd different
manner than other inoculants, condition P4 is sintib L3, but with a lower SIMPER
value (38.03%). Although data points from MarecGahdido Godoi location were not
very spread, conditions M2 and M5 were separat@eh tonditions M3 and M4 by the
2° Principal Component (PC).
Analysis of pre-planting conditions

Table 2 shows the soil chemical and nutrient amaligs each soil sampling at
pre-planting condition, and Figure 5 shows the ity indexes for those pre-planting
conditions. The normalized nutrients per diversitgexes, compared to normalized
SIMPER values, are shown on Figure 6. Londrina thaslocation with the highest
relative nutrient per diversity ratio, and was thee with the highest relative invasion
value. The Marechal Candido Godoi location presemteslightly higher nutrient per
diversity ratio and SIMPER values than the Pontas&a location. Together, this result
supports the hypothesis that an environment wih friches would be easier to invade;
although the relationship would better fit by a Aimear correlation. The SIMPER
analysis was also used on pre-planting condition©dT level (Table S2), using
Londrina as a standard compared to Marechal Can@ddoi and Ponta Grossa
locations (39.05% and 38.43% dissimilarity, respety). The 20 most dissimilar
OTUs from both comparisons showed that Londrina mmadre Actinobacteria
representatives, especially from theermoleophiliaClass, and less representatives of
the Bacillaceae family.
Table 2: Soil chemichal analysis from pre-plantomgpditions on the different locations

Organic

Location pH Clay Matter P K Ca Mg S Zn B Mn
% (mg.dm-?) (nmol _dm~)

Londrina 5.7 5.9 33 6.4 339 6.7 2 11 3.2 0.5 30

Marechal 5.4 6 32 11 173 5 2.6 25 0.9 0.7 25

Ponta 6.1 2.2 7.2 7.9 292 5.3 3.6 15 4.1 0.4 7
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Taxa level Location Simpson Shannon Eveness
LO 0 0. . 0.180859

Phyla MO 0.40249 0.424558 0.474808
PO 0.367212 0.355265 0.344333

LO 0.298026 0.262097 0.177328

Class MO 0.357482 0.394538 0.481367
PO 0.344492 0.343365 0.341305

LO 0.312499 0.269693 0.165552

Order MO 0.347999 0.383845 9482377
PO 0.339503 0.346462 0.352071

LO 0.323838 0.291027 0.178379

Family MO 0.338738 0.360263 0.435643
PO 0.337423 0.34871 0.381977

LO 0.316487 0.277232 0.151065

Genera MO 0.342266 0.366123 0.450038
PO 0.341248 0.356645 0.398897

LO 0.332812 0.325137 0.263144

Otu MO 0.334376 0.344951 0.399536
PO 0.332812 0.329911 0.33732

Figure 5: Diversity indexes from pre-planting cdmhs of the three locations, sorted

by taxa level. Color gradient shows lower valuesed, higher values in green. LO =

Londrinha, MO = Marechal Candido Godoi, PO = Pdatassa
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Figure 6: Nutrient per diversity ratios of pre-giag conditions, compared to SIMPER

values of control-treatments pairs after inoculati&ach point represents one taxa level

for each of the locations. All values were transfed to relative percentages, as in a

constrained analysis
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Discussion
The SIMPER-PCA approach: visualizing control-treatemt dissimilarities

The clustering of the OTUs by location observedNiWIDS (Figure 2) was
largely expected, as geographic distance is orteeokey limiting factors for bacterial
composition in different environments (Hanson et 2012), and was evidently more
important than the effect of the inoculation treamtthon soil, otherwise data points
would cluster by treatment. The observed phylarifistion (Figure 1) is typical for
rhizospheric soil (Berg et al., 2013). Although weannot take more conclusions from
these plots with our experimental design, the SIRPEsults (Table 1) provide an
extensive description of the treatment-controletéghces, that we aimed to correlate to
PGPB effectiveness. Several works already providestesting analysis exploring both
the tabled SIMPER results and ordination methodseomutation tests (Thomas et al.,
2012; Stevens and Olson, 2013; Wilkins et al., 20%¥&ng et al., 2014). Yet, to the best
of our knowledge, this is the first attempt to @bze SIMPER results on ordination
methods.

The SIMPER-PCA approach facilitated the interpietatof the SIMPER
results, and allowed new hypothesis that were wioleat on NMDS to be formulated.
This approach is interesting because it can viseahe difference related to a defined
standard (such as the control) and could be appiedarge number of reports that rely
on cluster analysis from ordination methods. Tolapims approach, three issues must
be addressed: (I) the SIMPER test is based on ttag-Burtis distance, so for
consistency is appropriate to use this distanceother tests (such as ANOSIM,
PERMANOVA or NMDS) (Wang et al., 2014); (ll) Taxaefuency should be square
root transformed to adjust for weights of domintaxa (Clarke and Warwick, 2001);
and (Ill) The SIMPER dissimilarities per taxa mist signal-transformed according to
total abundances, as explained below.

The SIMPER test output from the PAST software (€abl shows what are the
differences of each taxa between compared datagmts,also shows the average
abundances of each taxa for each dataset. Thegavedrssimilarity output does not
show directly if one taxa is more present on datds€control) or on dataset 2
(treatment). If the collective SIMPER dissimilaesi are directly applied on a PCA, it
would be impossible to tell if one condition hadmm@r less of a certain taxa than the
control, confounding taxa excesses with taxa alesen&n example can be found at
Table 1, on the average abundanceRadnibacillusOTU from samples M2, M3 and
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the appropriate controls for Marechal Candido Gddoation. Compared to control,
M2 has about half the abundance of this OUT (0.58Mjle M3 has about twice the
abundance of this OUT (2.080). Since both haveumddnce difference of about 50%
in relation to the control, the average dissimijanf this same OTU on M2 and M3
samples is almost the same (0.174 and 0.180, tesggy If this dissimilarity of
almost equal value is imputed on a PCA analysisditons M2 and M3 would be
almost on the same spot in the ordination plotongny their differences on this OTU.
In fact, conditions M2 and M3 should be in oppositieections on the plot, reflecting
either the excess or the lack of this OTU. In additas all other OTUs are added in the
ordination plot, there will be almost no taxa asst®d to negative values of the first
principal component, making visualization of thetpless clear and the arrangements
resembling artifacts (Figure S1). However, if therage dissimilarity is multiplied by -

1 when the control average abundance is highertti@treatment average abundance,
the signal shift will differentiate the two OTUsemplified above, letting conditions
M2 and M3 separate when plotted on the ordinatiethod. This signal shift will also
transform the dataset to a normal distribution (Feg S2). This transformation is
appropriate as the variance-covariance matrix orclwkthe PCA is based performs
better with normally distributed data, since theAPLSsumes linear correlations.

The SIMPER data could be used on other ordinati@thods. Categorical
Principal Component Analysis (CatPCA) can evaluat@-linear correlations with
ordinal and nominal data (Linting et al., 2007); NBI is free from assumptions of
normality; and Canonical Correspondence Analysi€AL can include explanatory
environmental variables (Ramette, 2007) — or evea the SIMPER data as the
explanatory variables. Applying our approach, tbetml samples will not appear on
the SIMPER-PCA plot, as they were used as the atdnédditional information on the
control treatments that could be added on the glath as plant biomass or nutrient
concentration, does not have to be discarded. Bisrdata from treatments could be
transformed to percentages or fold differencesotttrol, before input in the ordination
method. This could correlate higher biomass to dmgthfferences to a certain taxa.
Appropriate sample sizes should be kept in mindthia work, we could not use the
SIMPER-PCA approach on the pre-planting conditiflreble S2) as we only had two
points to plot on the PCA.

Impact on community does not predict PGPB effect
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The impact of inoculation on the rhizosphere natraeterial community has
already been studied for some time (Gilbert et1896; Ambrosini et gl 2015). This
impact, and also PGPB effectiveness, is known foedeé on many factors (Castro-
Sowinski et al., 2007; Owen et al., 2015). Evabatf invasion ability as observable
community impact has also already been considd?adckér et aJ 1999), but we could
not find reports that use SIMPER differences tosueainvasion ability.

Based on the SIMPER-PCA approach (Figure 4), it lsarobserved that no
single inoculant induced the same set of differenicethe different locations, which
would characterize a consistent invasion effecte Thpact of the inoculant on the
environment was strongly dependent on the loca#dso based on the SIMPER-PCA
approach, we raised the hypothesis that treatmeéhtwould have the highest
agronomical productivity, since it was the treatmeith the highest SIMPER value and
also had a different set of differences from thieeotinoculants at the same location.
Since treatment P4 also had a different set oédfices to control when compared to
other inoculation treatments at the same locatwm,raised another hypothesis that
treatment P4 would also have a higher productiatyleast compared to treatments in
the same location. Finally, since the samples fianechal Candido Godoi location
were divided by the 2° PC, we raised the third hiypsis that this division would be
also noticed on agronomical productivity.

None of the above hypothesis was held by field .dai&d results showed that
L4 (Pseudomonasp. 4311 strain inoculated in Londrina locatiorgswthe one that
presented the best PGP results, as maize plargslated withPseudomonasp. 4311
strain presented 37% higher productivity then tbatl plants (Carolina Galvao,
personal communication), while all other treatmentse statistically similar to each
other and to the respective controls. This shoves the condition with the highest
SIMPER values (L3) was not the one that preserftedbest productivity, and plants
inoculated with strains that presented a diffesattof differences (L3 and P4) did not
present the most productive results. PGPB invashility, as measured here, is not a
predictor of inoculant efficiency. However, a@hizobium inoculants impact the
environment more than free-living inoculants (Andiro et al., 2015), just as they are
also more efficient PGPB than free living inocutadtue to legume symbiosis, the best
invader might be the best inoculant in their pattc case.

Treatment L4, that had a distinguishable PGP effeatl no distinguishable
features in any of the analysis made. With the SERRapproach on pre-planting soils
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using Londrina as a standard (Table S2), we corgdeathat the higher abundance of
Actinobacteriafrom the Thermoleophilia Class facilitated thepthy of plant growth
promotion by L4. Alternatively (or in addition ta) was the lower abundance of
Bacillales that facilitated the plant growth effect, as itghti have been acting as a
specific antagonist. BotActinobacteriaandBacillus can act as antagonist in soils and
produce antibiotics (van Elsas et al.,, 2012), seythave the potential to largely
influence rhizosphere interactions. These synavgiantagonistic effects to inoculant 4
(Pseudomonassp. 4311) could be tested in greenhouse trials, ehgiching or
suppressing these taxa.

Free niches facilitate invasion and could help PGRHficiency

Our sampling sizes were limited, diversity and ieuttr availability were not
manipulated to better test the hypothesis, and seel an oversimplification to measure
invasion and invasibility (Davis and Pelsor, 2004%0, it has been proposed that is not
diversity itself that can increase resistance t@sion, but, instead, the ability of the
communities to exploit available resources (Malvrale 2015). Yet, the nutrient per
diversity ratio could still be useful when choosisgils, strains and crops for
inoculation. The Londrina location was the one vtk highest nutrient per diversity
ratio, SIMPER values (Figure 6), and inoculatiohcefncy. Perhaps the L4 treatment
was efficient because thtseudomonasp. 4331 strain could better survive or colonize
the plant due to lower competition (Compant et 2010), supporting our hypothesis.
Alternatively (or in addition to), L4 had a morevéaable bacterial community to
coexist with, such as one with less specific ant&ys.

While it is already well known that bacterial indetion can help crop
production, there could be other forms of manipogathe microbial community and
the environment to maximize beneficial plant-baet@rteractions. This would be very
different from traditional crop research in the pasr period (Dawson and Hilton J,
2011), where plant-fertilizer interactions were iojzed in lieu of plant-bacteria
interactions (Philippot et al.,, 2013), that mighdt rbe very effective under intense
fertilization (Costa and Passaglia, 2015). In faotne level of stress to plants optimizes
their beneficial interactions with microorganisn&iifie et al, 2014).

Experiments that manipulate and evaluate the hbatteommunity and the
availability of nutrients from pre-planting conditis could correlate those factors to an
effective PGPB effect. Fumigating soils can templyrauppress the native community
and facilitate microbial invasions (Liu et al., Z)Ivakabe et al., 2010), but there are
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many important ecological services provided by badteria that could be disrupted by
fumigation (Griffiths et al 2000). Fumigation is chemically intensive, nonesfie, and
not ecologically friendly (Liu et al., 2015). Fdrig, fumigating soils should not be the
first option to alter the nutrient per diversityioa

Addition of nutrients to soil to improve plant grdwis a method used for
centuries, but we might consider to “fertilizingtiet bacteria instead of the plants to
improve inoculation efficiency. If at the time afaculation soils also receive nutrients
usable by bacteria, this would increase the nutrmer diversity ratio, and could
improve inoculant survival and colonization. Salkckeria are often limited by carbon, a
resource liberated by plant roots through exudatian affects some bacteria more than
others (Castro-Sowinski et al., 2007). This poolre$sources in soil is subject of
competition between the inoculant and the nativenroonity. Addition of carbon
sources at inoculation might make the native conitydess attracted to the exudates
and more attracted to the added carbon sourcematibg rhizosphere niches and
making the colonization easier for the inoculahhds already been shown that resource
pulses can increase an invader’s persistence li\alon et al., 2015; van Elsas et al.,
2007), and this effect has also been observed ant phvasions under fluctuating
resources availability (Davis et al., 2000). Baliyd aManibhushanrao (1993) also
demonstrated that the simultaneous addition of dungntagonists and organic
amendments can increase plant protection, plamhdss, and inoculant CFUs. In this
scenario, the inoculant would also be drawn to abdded carbon source. It is well
known that the carrier for the inoculant can afle@PB effectiveness, and they can be
used to provide nutrients and niches to the inotu{@ashan et al., 2002). These
additions aim specifically to increase the survigélthe inoculant, and may include
sugar, glycerol, gum arabic or others (Bashan.g@lL3).

If a carbon source that could be used by the natdramunity but not by the
inoculant is added to the soil in the moment otiration, then an effective “diversion”
might happen. The native rhizospheric communityl&é@warm to the added nutrient,
freeing the root niche for the inoculant, whicmat attracted by the added nutrient. r-
strategists, which are typical for the rhizosphefgoung roots and quickly consume
easily degradable substrates (van Elsas et al7)26tght be especially affected by this
approach. The carbon source could be specificdibsen based on the inoculant and
the native communities’ metabolism capabilities the inoculant could have a

suppressive mutation on an easily degradable splikeeglucose. There are several
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factors that could interfere in this (like motilitghemotaxis, substrate use, plant
development, competition, plant exudates, andtgp#), but positive results could be
useful to the inoculants companies.

There are many forms of manipulating the environmamd the associated
microbial community, including non-intentional onewhich could use bacterial
inoculations to improve crop production or prevenvironmental damage. Undesired
effects of pesticide application like the loss d@fifters (Jacobsen and Hjelmsg, 2014)
could be minimized or avoided if nitrifiers are auwated afterwards. Inconsistencies in
pathogen suppression by fumigation can be duedadicolonization of the pathogen
after the diversity loss (Yakabe et,&010). A spore-forming biocontrol agent, like
Bacillusstrains, could survive fumigation effects, andvpreg pathogen re-colonization.
The impacts actually caused by farming practicagdceven be an opportunity in favor
of the farmer. Glyphosate application might incesaarkholderialesin soil (Lancaster
et al., 2010), and reduce the number of carbontsaibs explored by the community
when mixed with 2,4-D (Lupwayi et.aP009). This could actually help Burkholderia
inoculation that could be used as a biocontrolastipide-degrading agent. Application
of different kinds of biochar or NPK fertilizersicalso affect local communities (Sun et
al., 2016; Shang and Yi, 2015), creating a windofvopportunity for bacterial
inoculation. If farmers consider who are the actealdents in the local soils and know
how they may react to inputs, microbiome manipafatby strain inoculation could
counter impacts before they happen, or make ussidi impacts to further optimize

desired plant-bacteria interactions.

Conclusions

With the results obtained in this work, the hypasikehat the best invader would
be the best PGPB was rejected. Inoculant invaduitya measured as dissimilarity of
the inoculated treatments compared to the contra§ not associated to an effective
PGPB effect. The location with higher nutrients geersity ratio had higher invasion,
possibly because it had more free niches and l@eampetition. This location was also
the only one with positive PGPB effect. Even asaswn ability of the inoculant itself
was not associated to positive PGPB effect, anrenment with higher invasibility
might improve PGPB effectiveness. We conclude ititatactions with the initial native
bacterial communities, including competition foradable resources, are a key factor
for PGPB effectiveness.
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We urge that more attention is given to microb@ienunities before planting,
especially with NGS tools. If the microbial commiyniis to be manipulated by
inoculation, its structure cannot be ignored. Caeishg that NGS costs are reducing
drastically over time, and food prices and the nfediood production increase over
time, NGS might be a standard tool for common fasmwethin less than 30 years. Just
like today farmers take pH measurements of theis $0 calculate the right inputs for
optimal productivity, they could use NGS at prenpilag stages or before addition of
inputs to calculate the proper microbial managensemategy. For example, a soil with
many antagonists to Bseudomonad?GP effect should not be inoculated with a
Pseudomona®GPB. This is a long term goal and requires meskearch, but as long
as there is enough food to feed scientists, NG&areh on plant-soil interactions will

not stop.
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Final remarks

The Objective of this thesis was to increase thensiic understanding of natural
plant-bacteria interactions, and how we can use B>@Bculation to exploit them,
improving crop growth. A model to describe some BGRteractions was raised and
tested, confirming several points of the modelatidition, a novel methodology that
can help in PGPB microbial community analysis isspnted, while applying classical
invasion ecology to PGPB inoculation. As for newights to be added to the published
model, incorporation of the K-/r- strategies mayveey helpful, since they also try to
simplify very complex strategies in a two-sided estie. While ICs production and P
solubilization did not fill the niches under eadil s expected, this could be due to the
difference in the experimental designs of Chaptan@ Chapter 3. A final experiment,
aiming at this discrepancy and considering theiptesvexperimental designs, should be
able to solve this issue. Obviously, the model barfurther expanded by evaluating
other traits, like those discussed in Chapter nEexpanded, it must be kept in mind
that the model is based on averages and corredatidnwould be wrong to propose that
Burkholderiacannot produce ICs and be an effective PGPB imabfield conditions.

We consider that the thesis was successful onrdgogsal, because large datasets
were thoroughly investigated under the scientifietmod to generate knowledge that
can be applied to sustainable food production. @ra@B and 4 were not submitted to
scientific publishing yet, and it is worth notindgeav points about them.

The data presented on Chapter 3 is only aboutdiatie data generated in that
experiment. There was one additional variable -Atpd@e — that could not be properly
analyzed in time for this thesis presentation. €hme additional 216 large pots (9 per
experimental condition) were the rice plants depetbfor 60 days before harvesting,
for a total of 480 pots and 300 kg of soil in themcosm. All this additional plants had
rhizospheric and endophytic populations sampledlg¢termine colonization rates, P
solubilization, and ICs production. We do not haveurvival curve for the 60 day
experiment, or shoot length after 15 days. We h#se sampled soils from all pots just
before planting for a chemical analysis, but thelfiresults are not yet available. In
addition to this, we also extracted metagenomid<2¥dA from all 480 pots just before
rice planting and inoculation. Soils were pooled domposite samples for each trio of
pots, like what was done for all rhizospheric andaphytic community sampling. This
means that we still have 172 soil metagenomes Witli7,279 total sequences waiting
for analysis. These data will be very importanptopoint taxa that may be associated

125



to the PGP effect, strain survival, and colonizatibo analyze these data, we will use
the methodology described in Chapter 4.

We don't have access to the full description of fieéd results from Chapter 4
since the paper that describes the field trials n@spublished yet. Still, Chapter 4
should be submitted to publishing as soon as werficate the feedback from the
thesis committee. Chapter 3 still needs some fewthsoof work because of the NGS
data, the 60 day experiment, and soil chemicalyarmsal In addition, the CatPCA
analysis from Chapter 3 can still be further optmai to explain more variance if we
transform some of our variables to non-monotonindip multiple nominal analysis
level. This makes the fullest use of non-lineaatiehships, but interpretation of results
and detection of errors can be quite difficult.

Future research in the area must keep in mindN&Eg will be a common tool for
farmers, given enough time. Costs for NGS shouldticoe to drop and costs of food
should continue to rise. Given that the effectigsnef PGPB is dependent on the initial
microbial community that is going to be interactwgh the plant and the inoculant,
farmers will use targeted microbial management andecomes profitable for them.
This evidently needs much research beyond PGPBagtiens, but it is very interesting
to have a defined, long-term goal in mind. The nhadelf, as it is, can be useful in
future research too. Not only the experimentalgtesind statistical methodology can be
replicated with other datasets, the model can le&l der targeted bioprospection of
strains and genes of interest, especially if caiittg differences are to be explored.
Other important traits in the rhizosphere mightoalsllow a two sided, K-/r- like
differences that can be very important when chapstrains to fill selected functions in
specific conditions. Direct application of the mbdan also be used at field scale.
While most industrial farming today takes placeieh soils, food production in poor
soils might be a necessary alterative if envirorti@edegradation is not quickly
reverted. It that case, every piece of informatwii be necessary to ensure food
production.
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Consideracgdes finais

O objetivo desta tese foi de aumentar o entendmnemntifico de interacbes
naturais entre plantas e bacterias, e como podes@sa inoculacdo de PGPB para
explora-las, melhorando a producdo agricola. Um alooghara descrever algumas
interacdes PGPB foi levantado e testado, confirmalikersos pontos do modelo. Além
disso, uma nova metodologia estatistica que pattaaem analises de comunidades
microbianas é apresentada, enquanto aplica ecalagiavasdo classica a inoculacdo de
PGPB. Quanto a novas consideracdes para o moddlicguo, incorporagdo das
estratégias K-/r- pode ser muito Util, pois elasti@dm simplificam estratégias muito
complexas em um esquema de dois lados. Apesaodagéo de ICs e solubilizagéo de
P n&do ocorrerem nos nichoes como esperado, isstpodido devido a diferencas no
desenho experimental dos Capitulos 2 e 3. Um eaxpetd final, objetivando essa
discrepancia e considerando os desenhos experiamizriores, deve ser capaz de
resolver esse ponto. Obviamente, o0 modelo podeeseandido avaliando outras
caracteristicas, como aquelas discutidas no CapfitulMesmo expandido, deve ser
mantido em mente que o modelo € baseado em médiagadacfes — seria errado
propor queBurkholderiando pode produzir ICs e ser uma PGPB eficienteardicdes
de campo normais.

Nés consideramos que a tese foi bem sucedida enprsy@sta, pois grandes
conjuntos de dados foram criteriosamente investigasbb o método cientifico para
gerar conhecimento que pode ser aplicado a prodde&alimentos sustentavel. Os
Capitulos 3 e 4 ainda ndo foram submetidos a @gd cientifica, e é valido destacar
alguns pontos sobre eles.

Os dados apresentados no capitulo 3 sdo apenasdeentetade dos dados gerados
no experimento. Havia mais uma variavel — idadeplimta — que ndo pode ser
propriamente analisada a tempo da apresentacéda theses Existem mais 216 potes
grandes (9 por condicdo experimental) onde plaseasrroz se desenvolveram por 60
dias antes da retirada do experimento, para urhdetd80 potes e 300kg de solo no
microcosmo. Todas essas plantas adicionais tiveparpulagBes rizosféricas e
endofiticas amostradas para determinar-se taxamldaizagdo, solubilizagdo de P e
producdo de compostos indolicos. Nao dispomos da cumva de sobrevivéncia ou
altura das plantas apos 15 dias. Também amostreoios de todos os potes antes do
plantio para andlise quimica, mas os dados finadaando estdo disponiveis. Além
disso, também extraimos DNA metagendmico dos stdosodos os 480 potes logo
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antes do plantio e inoculagédo do arroz. Solos foagnupados para formar amostras
compostas a cada trés potes, como foi feito patda wmmostragem rizosférica e

endofititca. Isso significa que ainda temos 172agetomas de solo com 1.777.279
sequéncias para analise. Estes dados serdo myitotantes para destacar taxas que
podem estar associados a um efeito de PGP, sodneiavdo inoculante, e colonizagéo.

Para analisar esses dados, utilizaremos a metaaalegcrita no Capitulo 4.

N&o temos acesso a descricdo completa dos resltedocampo do Capitulo 4,
pois o0 artigo que descreve 0s ensaios de campa aéwl foi publicado. Mesmo assim,
o Capitulo 4 deve ser submetido a publicagdo agsanincorporarmos 0s comentarios
da banca avaliadora da tese. O Capitulo 3 aindzisprée alguns meses de trabalho
devido aos dados de sequenciamento de nova gemgiperimento de 60 dias, e a
analise quimica do solo. Além disso, a analise @atPCA do Capitulo 3 pode ser
otimizada para explicar mais variancia, se tramsfsmos algumas da variaveis para o
nivel de andlise ndo-monotdnica nominal multiptsol explora melhor relagbes nao-
lineares, mas a interpretacao dos resultados egdetele erros pode ser bastante dificil.

Pesquisa futura na area precisa considerer que $é¢@Suma ferramenta comum
para fazendeiros, dado tempo o bastante. Custad\N§a$% devem continuar baixando, e
custos de alimentos devem continuar subindo. Dad® & eficiéncia de PGPB é
dependente da comunidade microbiana inicial queintéragir com a planta e o
inoculante, fazendeiros irdo usar manejo microbiama vez que isso seja lucrativo
para eles. Isso evidentemente requer muita pesgléisadas interacdes de PGPB, mas
€ interessante ter um objetivo de longo prazo iefiem mente. O modelo em si, como
estd, pode ser util em pesquisa no futuro tambéin.dpenas o desenho experimental e
metodologia estatistica podem ser replicadas como®iancos de dados, o modelo
pode ser usado para bioprospeccdo de linhagenses gie interesse especificos,
especialmente se diferencas contrastantes serdmrasgs. Outros tragcos importantes
na rizosfera podem seguir um esquema de dois lamsp estratégias K-/r-, que
podem ser muito importantes ao escolher linhagears preencher fungbes em
condi¢cOes especificas. Aplicacdo direta do modeitbém pode ser feita em escala de
campo. Enquanto maior parte da agricultura indalgtoje toma lugar em solos ricos, a
producdo de alimentos em solos pobres pode ser alteenative necesséria se
degradacdo ambiental ndo for rapidamente revertioha.tal caso, cada evidéncia
cientifica sera necesséria para garantir a prodde&imentos.
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Additional papers published during this thesis

The author of this thesis is very thankful to teeesal authors that allowed him to make
scientific contributions on their papers. Theseenargreat importance for the author to
develop his expertise in statistics and scientifi¢ing during his PhD. The published
papers are:

Souza R, Beneduzi A, Ambrosini A, Costa PB, Meyesthl. (2012) The effect of
plant growth-promoting rhizobacteria on the growfthice (Oryza satival..) cropped in
southern Brazilian fields. Plant Soil 366: 585-688i:10.1007/s11104-012-1430-1.

Granada C, Costa PB, Lisboa BB, Vargas LK, PassagliP (2013) Comparison
among bacterial communities present in arenized ashdcent areas subjected to
different soil management regimes. Plant Soil 33—-358. doi:10.1007/s11104-013-
1796-8.

Passos J, Costa PB, Costa MD, Zaffari GR, NavatGl.e(2014) Cultivable
bacteria isolated from apple trees cultivated umbiéerent crop systemsDiversity and
antagonistic activity again§tolletotrichum gloeosporioide$enet Mol Biol 572: 560—
572.

Moreira FS, Costa PB, Souza R De, Beneduzi A, lasiBB, et al. (2016)
Functional abilities of cultivable plant growth pmoting bacteria associated with wheat
(Triticum aestivuni .) crops. Genet Mol Biol 121: 111-121.

Campos SB, Lisboa BB, Camargo FAO, Bayer C, Co8ad® al. (2016) Soil
suppressiveness and its relations with the mickob@mmunity in a Brazilian
subtropical agroecosystem under different managesystems. Soil Biol Biochem 96:
191-197. doi:10.1016/j.s0ilbio.2016.02.010.
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