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| saw that wisdom is better than folly,
just as light is better than darkness.
The wise have eyes in their heads,
while fools walk in the darkness;
but | came to realize
that the same fate overtakes them both.
Then | said to myself,
“The fate of the fool will overtake me also.
What then do | gain by being wise?”
| said to myself,
“This too is meaningless.”
For the wise, like the fool, will not be long rentesred;
the days have already come when both have beeotfeng
Like the fool, the wise too must die!

Eccles. 2:13-16
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Abstract

The plant growth promoting rhizobacteria (PGPR)endiverse mechanisms which play
key roles in nutrient uptake, modulation of grow#igulators and environmental stress
tolerance in plants. Despite of many successfukeegpces, both in greenhouse and
field, the application of PGPR on a commercial adas frequently been problematic,
mostly due to the low reproducibility of the resutibtained for different crops. It has
been suggested that the inconsistencies are thét rels physical, chemical and
biological soil properties, which could affect testablishment, survival and activity of
the inoculated PGPR. There is little scientificoimhation regarding environmental
factors and agronomic management associated wiltamo acids soils that could
affect PGPR performance as inoculants. The objestf this study were to isolate and
select native rhizobacteria capable of mobilizingpiuble forms of phosphorus (P) and
synthesize indole acetic acid (IAA); in addition determine the influence of typical
environmental factors of Andisols on these mecimasjsand to evaluate the effect of
rhizobacteria inoculation on plants in a low avalgaP soil. In the first part of this
project, we have isolated a total of 1,176 natiaetérial strains from the rhizosphere of
perennial ryegrass plants of a long-term trial pletth (N1: 600 kg N yt) and without
fertilization regime nitrogen (NO).The total isadt rhizobacteria were assessed its
ability to solubilize phosphate, mineralize phytatel produce IAA in vitro. According
to the results obtained, ten rhizobacteria strawese selected from each of the
treatments (NO and N1), which showed the highestitio efficiency for the three
tested mechanisms. The selected rhizobacteria mengified by partial sequencing of
16S ribosomal RNA (rRNA). The selected rhizobaetesiere members of the taxa
Enterobacter, Bacillus, Flavobacteria, Pseudomomas Serratia Furthermore, the
results revealed the N fertilization affected tleewrence of different types of potential
culturable PGPR. Compared to the plot NO, N1 photeased significantly (30%) the
occurrence of culturable phosphobacteria, but desed (7%) the incidence of IAA-

producing rhizobacteria.



Regarding the influence of particular environmerigators on the activity of
selected rhizobacteria, in vitro tests were pertaito assess the effect of organic acids
(citric, malic and oxalic acid at concentrations1®, 50 and 10@M), metals (Al and
Mn at concentrations of 50, 200, 500 and 50, 160,13/, respectively) and N sources
(urea and ammonium sulfate at concentrations gfIA%nd 30 mM) on the production
indole acetic acid (IAA ) and the release phosphdR). Four strains were selected
(Bacillus sp. N1-19NA, Enterobactersp. NO-29PA,Pseudomonasp. N1-55PA and
Serratia sp. NO-10LB) due to their greater capacity to poedulAA and to
solubilize/mineralize P. At a low pH (4.8), the teeshowed that IAA production by
Serratia sp. NO-10LB increased (31 to 74%) in the presenteorganic acids.
Additionally, the production of IAA byseudomonasp. N1-55PA increased by two to
five times by the presence of metals. For all sebkcstrains, growth and IAA
production decreased significantly in the presesfc@00uM Al, with the exception of
Serratiasp. NO-10LB, suggesting its potential as PGPRutas for acidic soils, such
as Chilean Andisols. When urea was added as a soante of N, bacterial growth and
the use of P significantly increased compared terwdimmonium sulfate was added.

Subsequently, greenhouse trials were conductedg uia four preselected
strains mentioned above. Pot experiments were aeduto investigate the
contribution of four selected rhizobacteria on trewth of cereals (wheat, oats and
barley) grown in an Andisol of Piedras Negras Seitbout P fertilization history. The
following parameters were evaluated: plant biomdsg matter, P uptake and P
concentration in plant tissue, rhizospheric soiyene activities, superoxide dismutase
of root (SOD), and changes in bacterial communiireshe rhizosphere. The result
showed thaEnterobacterNO-29PA significantly increased the P concentra{{6.3%)
in wheat plant (sterile soil), and plant dry biom&89%) and P uptake (47%) of oat
(non-sterile soil under P-deficient soil conditioir) general, the inoculation with the
others rhizobacteriaB@cillus sp. N1-19NA,Pseudomonasp. N1-55PA and&erratia
sp. NO-10LB) did not incise the plant biomass, Fakg and P concentration in cereal
plants compared with uninoculated control. Alse thoculation treatment increased

the available P in the rhizosphemagillus sp. N1-19NA andEnterobactersp. NO-



29PA) and resulted in changes in acid phosphatask umease activity in the
rhizosphere Fseudomonassp.N1-55PA in oats). In general, inoculation of all
rhizobacteria increased (24-125%) the potentigdramluce 1AA in the rhizosphere and
inoculation of three of the four strainEnterobactersp. NO-29PA ,Pseudomonasp.
N1-55PA andSerratiasp. NO-10 LB) increased the antioxidant activlBDD) in wheat
roots. In relation to the influence of inoculatiom the structure of the native soll
microbial community, DGGE fingerprint analysis retegbno consistent differences
between treatments within cereal species.

The present study shows that environmental factarsl agricultural
management (pH, metals, fertilizer N) can influertke occurrence and activity of
rhizobacteria associated to plant growth promotmgchanisms.The inoculation of
rhizobacteria in volcanic soil P-deficient, can lueihce important plant growth
parameters and abiotic stress tolerance, such iassphere soil available P, the
enzymatic activities of the rhizosphere (acid plhaspse and urease) and plants

antioxidant activity (SOD).
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Resumen

Las rizobacterias promotoras del crecimiento veédetmocidas por su sigla en inglés
PGPR plant growth promoting rhizobacteria) tienen dsos mecanismos que
desempeian roles claves en la absorcion de nésiemodulacion de reguladores de
crecimiento y tolerancia al estrés ambiental entpka A pesar de muchas experiencias
exitosas, tanto en invernaderos y campo, la apficae PGPR a escala comercial no
ha sido facil, debido a la baja reproducibilidadateresultados obtenidos en diferentes
cultivos. Se ha sugerido que las inconsistenciasceaosecuencia de las caracteristicas
fisicas, quimicas y biolégicas del suelo, lo quelrfao afectar el establecimiento,
supervivencia y actividad de las PGPR inoculadaselEcaso de nuestro pais, existe
poca informacion con respecto a los factores arndlesy de manejo agronémico
asociados a suelos volcanicos acidos que podréataafel desempefio de PGPR como
inoculantes. Los objetivos de este estudio fuerstaray seleccionar rizobacterias
nativas con capacidad de movilizar formas insohilole fosforo (P) y sintetizar acido
indol acético (AlA); ademas de determinar la infloia de factores ambientales propios
de suelos Andisols sobre estos mecanismos; y evalu@oculacion de rizobacterias en
plantas en un suelo deficiente en P disponiblelafprimera parte de este proyecto, se
aislo un total de mil ciento setenta y seis cepasdnianas nativas fueron aisladas desde
la riz6sfera de parcelas canlium perennecon (N1: 600 kg de N aff) y sin régimen

de fertilizacién con nitrégeno (NO) en ensayo dgdaplazo. Al total de rizobacterias
aisladas se les evaluo su capacidad para solulfihgtato, mineralizar fitato y producir
AlA in vitro. De acuerdo a estos ensayos, se seleaon diez rizobacterias
provenientes de cada uno de los tratamientos (N)yy que presentaron la mayor
eficiencia en los tres mecanismos evaluados. lasbarcterias seleccionadas fueron
caracterizadas mediante la secuenciacion pardigjahe16S ARN ribosomal (rRNA).
Las rizobacterias fueron caracterizadas como miesnlde las taxeEnterobacter
Bacillus Flavobacteria Pseudomonay Serratia Ademas, los resultados revelaron la
influencia de la fertilizacion con N sobre la oentia de potenciales PGPR cultivables.

En comparacion con la parcela NO, la parcela Nfemento significativamente (30%)

11



la aparicion de fosfobacterias cultivables, perasméhuyd (7%) la incidencia de
rizobacterias productoras de AlA.

En relacion la influencia de factores ambientakesiqulares de suelos Andisols
sobre la actividad de las rizobacterias selecciasage evalud in vitro los efectos de los
acidos organicos (citrico, malico y oxalico en antcaciones de 10, 50 y 1QM),
metales (Al y Mn en concentraciones de 50, 200, %0®0, 100, 350uM,
respectivamente) y de fuentes de N (urea y sulfatamonio en concentraciones de 7,5,
15 y 30 mM) sobre la produccién acido indol acéfidt) y la liberaciéon fésforo (P)
de cuatro cepas seleccionadas. Las cepas fuereccisgladas Bacillus N1-19NA,
EnterobacterN0O-29PA, PseudomonadN1-55PA y Serratia NO-10LB) por su mayor
capacidad para producir AlA y solubilizar/mineralizP. A un pH bajo (4,8), los
ensayos mostraron que la produccion de AlA Qerratiasp. NO-10LB se incrementd
(31 a 74%) en presencia de los acidos organicasotifm lado, la produccion de AlA
por Pseudomonasp. N1-55PA se incrementd en dos a cinco vecetapgmesencia de
metales. En todas las cepas, el crecimiento y ¢aymcion de AIA disminuyeron
significativamente en una concentracién de pPDAI, con excepcion d&erratiasp.
NO-10LB, lo que sugiere su potencial como PGPR parautilizada en suelos acidos,
como los Andisoles chilenos. Cuando la urea segagtemo principal fuente de N, el
crecimiento bacteriano y la utilizacion de P auraesignificativamente en comparacion
a cuando se agreg0 sulfato de amonio.

Posteriormente, se realizaron ensayos en invermadiende se utilizaron las
cuatro cepas mencionadas arriba. Experimentos eetasase llevaron a cabo para
investigar la contribucién de las cuatro rizobdateseleccionadas sobre el crecimiento
de cereales (trigo, avena y cebada) cultivadosneingisol de la serie Piedras Negras
sin historial de fertilizacion con P. Se evaluatoa siguientes parametros biomasa
vegetal en base materia seca, absorcion de Ponteitracion de P en el tejido de las
plantas, actividades enzimaticas del suelo rizmsfésuperoxido dismutasa de la raiz
(SOD) y las comunidades bacterianas de la rizastara resultados mostraron que
EnterobacterNO-29PA aumento significativamente la concentraai@ P (7,3%) en

trigo (suelo estéril), y la biomasa seca de latpld29%) y la absorcion de P (47%) en

12



avena (suelo no estéril, sin fertilizacion conE).general, la inoculacion con las otras
rizobacterias Bacillus sp. N1-19NA,Pseudomonasp. N1-55PA anderratiasp. NO-
10LB) no afecto la biomasa vegetal, ni la concentrade P en plantas de cereales en
comparacion con el control sin inocular. Ademasntulacion de las cepas aumento
el P disponible en la rizosferBdcillus N1-19NA y EnterobacteN0-29PA) y produjo
cambios en las actividades enzimaticas fosfatasda ag ureasa en la rizésfera
(Pseudomonassp.N1 55PA en avena). En general, la inoculaciontatias las
rizobacterias incremento (24 a 125%) el poterdgaproducir AlA en la rizésfera y la
inoculacion de tres de las cuatro cefasi€robactersp. NO-29PAPseudomonasp.N1
55PA y Serratiasp. NO-10 LB) aumento la actividad antioxidantelal@nzima SOD
enla raiz trigo. En relacion a la influencia derlaculacion sobre la estructura de la
comunidad bacteriana nativas del suelo, los refndtade DGGE no revelaron
diferencias consistentes entre los tratamientasada uno de las plantas de cereal.

El presente estudio muestra que factores ambisnyatke manejo agronomico
(pH, metales, fertilizacion N) puede condicionar daurrencia y actividad de
rizobacteria con mecanismos asociados a la promagbcrecimiento vegetal y que la
inoculacion de rizobacterias en suelo volcanico aeficiencia de P, puede influenciar
parametros relevantes para el crecimiento vegetaleyancia al estrés abiotico, tales
como P disponible del suelo rizosferico, las adtides enzimaticas de la rizosfera

(fosfatasa acida y ureasa) y plantas (SOD).
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General Introduction

Plant growth promoting rhizobacteria (PGPR) arangef as free living bacteria that
colonize and live in the roots that exert benefieféects on growth, disease suppresion
and stress tolerance of plants. Among the principachanisms by which PGPR
promote plant growth are the capacity to incredsesphorus (P) and nitrogen (N)
availability, production of indole acetic acid (IAAproduction of antibiotics and
induction of systemic resistance in plants. Undeis tscenario, PGPR are being
considered as a significant component to achiestaswable crop yields by reducing the
use of pesticides and making more efficient theaisgemical fertilizers.

Experiments in, both greenhouses and fields hawaodstrated that the
application of PGPR in major scale has not beey, ehge to the low reproducibility of
the results obtained at the field test level indifeerent crops. This limitation can be a
consequence of physical, chemical and biologicdld@racteristics, such as the soil
texture, pH, nutrient status, humidity, temperatuocgganic matter content and
biological interactions of the rhizosphere, whiduld affect the establishment, survival
and activity of the inoculated PGPR (Lambert anosJt989;Richardson 2001; Rengel
2008). This aspect has limited the commercial dgwekent inoculants and makes
necessary to better understand the influence thatommental factors on the beneficial
mechanisms of rhizobacteria on plants which inatuikapplied.

In Chile, PGPR represents an interesting alteraatdr agriculture, which is
characterized by a high dependency in agrochem{sgighetic chemical fertilizers and
biocides). Chemical fertilizers increase the praduc costs and cause constant
contamination on the environment. Nowadays, PGPRnasulant are not used in
traditional agriculture, such as pasture and cenexgds in southern of Chile, but there is

a need for a more efficient use of fertilizer bgs, particularly phosphorus (P). In this
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context, PGPR known as phosphobacteria arise agrnative to P-fertilizers.
Phosphobacteria is refered to bacteria that liwnthe rhizosphere have the ability to
convert insoluble P (both inorganic and organichtoaccessible form to plants. The
predominant soils in southern Chile are those @drivom volcanic ash (Andisols) and
a large percentage of the agricultural productemesdeveloped in these soils. Andisols
are characterized by acid soils (pH < 5.5) and lughtent of total P, product of the
prolonged applications of P-fertilizers, howevérit availability for the plants is very
low. This is mainly caused because some of thebsold applied to soils as fertilizer is
rapidly absorbed by the colloidal fractions of dmwl and becomes unavailable to plants
(Rodriguez and Fraga 1999). Organic P is one obmijforms in soils comprising
between 30 and 50% of the total P in many soilfygophytate as predominant form
(30-60% of organic P) (Richardson 2001; Turner 300n the other hand, the Andisols
are characterized by a high metal phytotoxic cati@d™ and Mri?) in the soil solution
(Inostroza-Blancheteau et al. 2008; Millaleo et28l10) and low pH, mainly caused by
precipitations and N fertilization applications buas urea (Mora et al. 2002).

The potential use of PGPR in Chilean Andisols rnexpua better understanding
of the influence of endemic environmental factonstbeir effectiveness, such as pH,
cation presence (Al and Mn), low levels of avaiaBl and crop management, could

have over the potential performance of inoculaieothacteria.
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Hypotheses

Hypothesis I:

In the rhizosphere of pasture systems developeadlcanic acid soils of southern of

Chile, exist native rhizobacteria carrying PGPRivagts which are modulated by

environmental factors such as nitrogen, organid,a@tion metals present in acidic soill

solution.

Hypothesis II:

Based on the ability to utilize insoluble forms miosphorus and to produce indole

acetic acid, rhizobacteria can stimulate growtlcedfeal plants under P-deficient soil

conditions.

20



General objective

To study the influence of environmental factors;hsas nitrogen, organic acids, cation
metals present in soil solution, on occurrence RGIPR activities of rhizobacteria in a

volcanic soils.

Specific objectives

1. To isolate native rhizobacteria from pasture syst&hacid volcanic soils of
southern Chile.

2. To select phenotypically and genotypically natiM@zobacteria presenting
multiple mechanisms associated with the promotioplant growth, such as the
use of insoluble forms of phosphorus (P solubiizand P mineralizing) and
production of indole acetic acid.

3. To to evaluate in vitro the effects of organic acigitric, malic and oxalic
acids), metals (aluminium and manganese), andgaitracsupply (ammonium
sulphate and urea) on the potential PGPR activ(iredole acetic acid [IAA]
production and P liberation) of selected IAA-prothgcphosphobacteria.

4. To evaluate the contribution of selected rhizoha@&t® stimulate plant growth

of cereals under P-deficient soil condition in greause.
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Chapter 2

Review

Mechanisms and Practical Considerations Involved ifPlant Growth Promotion by
Rhizobacteria
(Published on September 2010 in

Journal of Soil Science and Plant Nutrition 10:2939)
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Abstract

Rhizobacteria are capable of stimulating plant ghothirough a variety of mechanisms
that include improvement of plant nutrition, prodon and regulation of
phytohormones, and suppression of disease causganiems. While considerable
research has demonstrated their potential utitite, successful application of plant
growth promoting rhizobacteria (PGPR) in the fidlds been limited by a lack of
knowledge of ecological factors that determinertlseirvival and activity in the plant
rhizosphere. To be effective, PGPR must maintaintial population density of active
cells. Inoculation with PGPR strains can tempoyagihhance the population size, but
inoculants often have poor survival and competd witligenous bacteria for available
growth substrates. PGPR often present more thanmm@ahanism for enhancing plant
growth and experimental evidence suggests thapldm growth stimulation is the net
result of multiple mechanisms of action that mayabgvated simultaneously. The aim
of this review is to describe PGPR modes of actind discuss practical considerations

for PGPR use in agriculture.

Keywords: Agricultural inoculant, phytohormone, phytopathogbicontrol, plant

nutrition, rhizosphere.
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2.1.Introduction

Plant growth promoting rhizobacteria (PGPR) inflcerplant health and productivity
by a variety of mechanisms that involve solubili@atof mineral nutrients, stimulation
of root growth, and suppression of root diseasggeShe first studies on PGPR in the
1950’s, many hundreds of candidate PGPR straine hagn screened and evaluated in
laboratory, greenhouse and field studies acrossvtrlel. Today PGPR are commonly
used in developing countries, and inoculants aesl ws millions of hectares of land
(Zehnder et al. 2001). Nevertheless, implementatibithis biotechnology has been
hindered by the lack of consistency and variatioresponses that are obtained in field
trials from site to site, year to year, or for diént crops (Lambert and Joos 1989).
Successful establishment of the introduced bactlpends on proper PGPR selection
that must be tailored to the soil and crop comimmatOther basic problems that are
related to inoculum production, storage, and dejiveave mostly precluded the use of
non-spore forming bacteria as soil inoculants. Iyaghere has been considerable
confusion over the precise PGPR effects which aamdoscientific studies aimed at
guantifying their contribution to plant growth. Bhis largely due to poor understanding
of the interactions between PGPR and their plastshand the resident microflora, as
well as a paucity of information on how environnmarfactors influence processes that
contribute to plant growth promotion.

Two paradigms that have emerged so far from thdystiPGPR is that many of
the best strains are multifunctional, and secontligt PGPR traits are commonly
distributed among many different species and geméranicroorganisms, many of
which are indigenous members of the soil micromammunity. In most cases,

individual strains vary considerably in performaratel there is no clear relationship
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between taxonomy and PGPR functions that can ke toseonitor the population size
and activity of these bacteria based on quantiboadf specific taxonomic groups in
the soil. The possibility that indigenous PGPR cifféhe relative performance of
introduced PGPR inoculants is quite high, so witHowowledge of background PGPR
activity, the response to soil inoculation is diffit to predict. Many PGPR
simultaneously solubilize phosphorus, produce auxivat stimulate root growth, and
produce antibiotics and siderophores that may fandh suppression of root disease.
Other traits that may contribute to plant growtltorpotion include production of
substances that induce systemic resistance, omawygegrading hydrogen cyanide or
ethylene and reactive oxygen species that are peadhy plants during environmental
stress. Lastly, the phenomenon of quorum regulatamaffect the expression of each
of these traits as PGPR interact with the resiaeictobial community (reviewed by
Lugtenberg and Kamilova 2009). In this mannerjaaitthreshold population sizes are
likely required to induce the expression of sonatgr particularly those involved in
biocontrol. Altogether any and all of the cumulatiffects of PGPR that influence root
growth rates, root system architecture, root haimgation and longevity, will indirectly
affect the ability to acquire water and nutrientsl &o tolerate root loss to disease.
Deciphering which mechanisms are most important ho@ to manage the soil
microflora to obtain expression of these traitsasthe remaining great challenge for
consistent PGPR use in agricultural systems.

In this review, we examine the types of PGPR bacteat have been identified
to date and their functional characteristics. Weoaexamine briefly inoculum
production and delivery technologies and the achged and disadvantages of various
methods for introducing and maintaining high popata densities of PGPR that are

needed in order to be effective.
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2.2.General characteristics of PGPR

PGPR have been subjected to numerous investigatomsed on biotechnological
applications in agriculture, horticulture, foresagd environmental protection (Zahir et
al. 2004). Early studies in the 1950’s began witfo@s on nitrogen fixing bacteria.
Since then, a large number of PGPR belonging feremt bacterial classes and genera
with multifunctional traits have been described qRgQuez-Diaz et al. 2008). PGPR
strains are broadly distributed among many taxaludieg Actinobacteria
BacteroidetesCyanobacteria Firmicutesand Proteobacteria(Tilak et al. 2005), such
that determination of the background populatiore sind activity of PGPR in resident
microbial communities is difficult to assess basedanalysis of microbial community
structure or abundance of a particular taxonomiougr The main aim of
biotechnological development based on PGPR has toegavelop soil inoculants that
can contribute to a sustainable agriculture, ther@iminishing the need for use of
chemical fertilizers and pesticides (Adesemoyediogpper 2009).

Based on our present knowledge, the interactiotwda® bacteria and plants
can be classified into three categories: neutrafjative or positive (Whipps 2001).
Most rhizobacteria associated with plants are consale, in which bacteria establish
an innocuous interaction that does not have aniplgisffect on the growth and
physiology of the plant (Beattie 2006). The rhiZosge also contains rhizobacteria that
negatively influence the growth and physiology dietplants, and includes
phytopathogens (Beattie 2006). In addition to pacaand disease causing organisms,
such bacteria include those that produce phytotexibstances, such as hydrogen
cyanide or ethylene that inhibit root growth. Carnto these deleterious bacteria are

PGPR, which exert a positive effect on plant grobthdirect mechanisms such as
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solubilization of nutrients, nitrogen fixation, ghaction of growth regulators, etc., or by
indirect mechanisms such as stimulation of mycaa®i development, competitive
exclusion of pathogens, or removal of phytotoxibstances that are produced by
deleterious bacteria and plant roots under streasditton mechanisms (Beattie 2006;
Bashan and de-Bashan 2010).

In addition to these functional classifications,FRcan be further grouped with
respect to the plant compartment that they occupyeither intracellular (iPGPR,
symbiotics) or extracellular (ePGPR, free living), accordance with the degree of
association with the root cells. The IPGPR may In&de the root cells, generally in
specialized structures, such as nodules. ExtrdaelaPGPR are situated either in the
rhizosphere, on the root surface (rhizoplane) othm intercellular spaces of the root
cortex, colonizing the plant tissue intercellulai@ray and Smith 2005).

In accordance with the mechanisms presented by PGRBsification terms
have been established (Table 2.1) to describe #aéivities and mechanisms by which
these functions are achieved. In general, directhax@sms are those affecting the
balance of plant’s growth regulators, enhancinggdanutritional status and stimulating
systemic disease resistance mechanisms (Zahir 20@4; Glick et al. 2007). Indirect
mechanisms are related to biocontrol, includingb#éstic production, chelation of
available Fe in the rhizosphere, synthesis of egthalar enzymes that hydrolyze the
fungal cellular wall and competition for niches kit the rhizosphere (Zahir et al. 2004;
Glick et al. 2007). This classification has led ttee application of generic terms
including: biofertilizer, phytostimulator and bicgieide to describe the primary
function. Nonetheless, many bacteria have duakrelich can lead to confusion. The
best example of such confusion is found in the bodwork onAzospirillum which

initially was based on this bacterium’s abilityfibo nitrogen, but which was later shown
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to affect plant growth by production of phytohorresn Since then, it has been
classified primarily as a phytostimulator (Okon aKdpulnik 1986; Spaepen et al.
2008). Similarly, many phosphorus-solubilizing leaiet have been screened and
selected based on their ability to solubilize hygapatite on agar media, but they have
later been found to affect root growth by productad plant growth hormones. Despite
the confusion generated by multifunctional PGPRs worthwhile to examine the traits

associated with each of the three generic descsipbhat are used to classify PGPR.

2.3. Contribution of rhizobacteria to plant nutrition

Microorganisms having mechanisms that facilitatériant uptake or increase nutrient
availability or stimulate plant growth are commonigferred to as biofertilizers.
Biofertilizers are considered as an alternativeamnplement to chemical fertilization to
increase the production of crops in low input agtiral systems. There are some
PGPR that can fix nitrogen, solubilize mineral rerits and mineralize organic
compounds. The most well-studied PGPR considerederiizers correspond to

nitrogen fixation and utilization of insoluble fosmof phosphorus.

2.3.1. Agronomic significance of biological nitragéxation

Nitrogen (N) is one of the principal plant nutrignand its low availability due to the
high losses by emission or leaching is a limitiagtér in agricultural ecosystems, hence
bacteria with ability to make atmospheric N avdgafor plants play a critical role.
There are two types of biological fixation: symiicodnd non-symbiotic. The first is the

most important mechanism by which most atmosph¥ris fixed, but it is limited to
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legume plant species and various trees and shhabsfdrm actinorrhizal roots with
Frankia. This process is carried out in well defined nedstiructures. Among the most
studied symbiotic bacteria ar®&hizobium Bradyrhizobium Sinorhizobium and
Mesorhizobium (Zahran 2001). Although the beneficial effects tbe symbiotic
association of rhizobia with legume plants is knpthese bacteria are not considered
PGPR, except when associated with non-legume p{Baisbelaere et al. 2003). On the
other hand, non-symbiotic biological N fixation, married out by free living
diazotrophics, and this can stimulate non-legunamtgl growth (Antoun et al. 1998).
There are studies showing that N-fixing bacterr@efliving as well asRhizobium
strains, can stimulate the growth of non-legumet s radish (Antoun et al. 1998) and
rice (Mirza et al. 2006), in this way contributing reduced dependence on N-based
fertilizers (Bhattacharjee et al. 2008). Non-syntioid\-fixing rhizospheric bacteria
belonging to genera includingzoarcus(Reinhold-Hurek et al. 1993Azospirillum
(Bashan and de-Bashan 201@urkholderia (Estrada de los Santos et al. 2001),
GluconacetobactefFuentes-Ramirez et al. 2001) d@skudomona@Mirza et al. 2006)
have been isolated from different soils.

Due to the high energy requirement for N fixatiord aelatively low metabolic
activity of free living organisms that must compéte root exudates outside a nodule
environment, the ability of nonsymbiotic bacteria fix significant quantities of
nitrogen is limited. The presence of a diazotrogbacterium in the rhizosphere of a
certain plant is no longer considered to imply teath bacteria make a substantial
contribution to N fixation and N supply for plantogvth. Although the N fixing
capacity of certain bacteria can easily be dematestrundeiin vitro conditions, its
demonstration in greenhouse and field studies isencomplex and highly variable.

Some observations suggest that rhizobacteria cawidar crops with significant
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guantities of N (Dobbelaere et al. 2003). Nevedbkg| studies in sorghum, maize and
wheat inoculated witizospirillumhave revealed a contribution of only 5 kg N'hai*
(Okon and Lanbandera-Gonzalez 1994). This quamgdles in importance when
compared with the application of N fertilizers inrange of 150-200 kg N Hayr™,
which is commonly practiced in modern agricultuféis applies likely to other free
living N fixers. Recently, Unkovich and Baldock (H) pointed out that the
contribution of N by free living soil bacteria farop growth in Australia is probably
<10 kg h& yr'. Peoples et al. (2002) present a N fixation vaifi® to 15 kg hd yr
and Bottomley and Myrold (2007) suggest annual eslbetween <1 and 10 kgha
For this reason, the ability of PGPR to fix N is lomger an important criterion for

classification of a bacterium as a biofertilizer.
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Table 2.1 Terms adopted for classified mechanisms by whiaht growth promoting bacteria stimulate plantvgfia

Term Definition Mechanisms References

Biofertilizer A substance which contains live miorganisms - Biological nitrogen fixation Vessey 2003; Somers et
which, when applied on the seed, plant surface-ddtilization of insoluble forms of phosphorus al. 2004; Fuentes-Ramirez
the soil, colonizes the rhizosphere or the inteoibr and Caballero-Mellado
the plant and promotes growth through increased 2006

supply or availability of primary nutrients for the

host plant.
Phytostimulator Microorganism with the ability toroduce or - Production of phytohormones (auxins, Lugtenberg et al. 2002;
change the concentration of growth regulators sugytokinins and gibberelins) Somers et al. 2004

as indole acetic acid, gibberellic acid, cytokininsDecreased ethylene concentration (in the

and ethylene. interior of the plant)
Biopesticide or Microorganisms that promote plant growth throughProduction of antibiotics (siderophores, HCNyessey 2003; Somers et
biocontrol agent the control of phytopathogenic agents, mainly fantifungal metabolites) al. 2004; Chandler et al.

the production of antibiotics and antifungal Production of enzymes that degrade the 2008
metabolites. cellular wall of the fungi
- Competition for sites in the root

- Acquired and Induced systemic resistance
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2.3.2. Enhancing phosphorus availability for plgrdwth by rhizobacteria

Phosphorus (P) is an essential plant nutrient {@ith availability in many agricultural
soils. Today many agricultural soils have a hid¢ialt® content due to the application of
P fertilizers over long periods of time. On theeasthand, much of this P is in mineral
forms and is only slowly available to plants (rewesl by Rodriguez et al. 2006 and
Richardson et al. 2009). Most of the insoluble i are present as aluminum and iron
phosphates in acid soils (Mullen 2005), and calciphosphates in alkaline soils
(Goldstein and Krishnaraj 2007). The ability of zisphere bacteria to solubilize
insoluble P minerals has been attributed to thegpacity to reduce pH by the excretion
of organic acids (e.g. gluconate, citrate, lactatd succionate) and protons (during the
assimilation of NH") (Gyaneshwar et al. 1999; Mullen 2005). Thesetdvac have
been characterized as members ofBhaeillus Burkholderig Enterobactey Klebsiellg
Kluyverg StreptomycesPantoea and Pseudomonasgenera (Chung et al. 2005;
Hariprasad and Niranjana 2009; Oliveira et al. 300%arious studies of P solubilizing
bacteria from different rhizospheric soils. Theseroorganisms grow in media with
tricalcium phosphate or similar insoluble materedsthe only phosphate source and not
only assimilate the element, but also solubilizargities in excess of their nutritional
demands, thereby making it available for plantse(Cét al. 2006).

On the other hand, organic P can constitute bet88eand 50% of the total P of
the soil, a high proportion of it correspondingptoytate (Borie et al. 1989; Turner et al.
2002). In this context, there are bacteria capableroducing phytase enzymes for the
mineralization of phytates (Lim et al. 2007; Jonguet al. 2008b). To date, there are
only few studies reporting rhizobacteria capablenoferalizing the phytate. Among the

phytase producing rhizobacteria, species belonging Bacillus Burkholderig
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Enterobacter PseudomonasSerratiaandStaphylococcugenera are the most common
culturable bacteria (Richardson and Hadobas 19%9igsid et al. 2007; Shedova et al.
2008). Many of these bacteria are remarkably efficiRichardson and Hadobas (1997)
isolatedPseudomonaspp. that utilized phytate from different soils Awistralia. The
isolated strains exhibited a high phytase activityeasing over 80% of the P content in
the phytate. In a later study utilizing plants wathimited capacity to obtain the P from
phytate, Richardson et al. (2001) observed thaakbigy of pasture plants to acquire P
from phytate was enhanced followed by inoculatiotinthe specified®seudomonasp.
strains. Similarly, Unno et al. (2005), isolategtedse bacteria with the ability to utilize
phytate from the rhizosphere from white luplrufinus albus Almost all the isolates
were classified as members of tBarkholderiagenus and some of them significantly
promoted the growth of the lupin. Jorquera et2008a) isolated P solubilizing bacteria
from the rhizospheres of five cultivated plantollum perenng Trifolium repens
Triticum aestivum Avena sativa Lupinus luteus which presented more than one
mechanism for utilizing insoluble forms of phosplmrMoreover, all strains showed
the capacity to produce P hydrolases. The majoitdtran today for use of these
organisms is the lack of consistent effects in nimbhg P under field conditions. This is
likely due to competition with the native microféorand environmental factors that
either limit the population size or activity of tHeGPR. It is now clear from many
studies that evaluation and ranking of P-solulmitizibacteria under laboratory
conditions do not necessarily correspond to theeady of the PGPR for enhancing
plant P uptake under field conditions (Richards6@12 Rengel 2008). As with nitrogen
fixing bacteria, the production of plant growth hmames that improve root surface area
can have indirect effects on the ability to effidig extract P from soil. Thus, it is likely

that many so-called biofertilizers have dual acteffects that are mediated by direct
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solubilization of inorganic P, mineralization ofganic P, and stimulatory effects on

plant root growth or mycorrhizae formation.

2.4.Production of phytohormones and regulation of ethiene levels in plant

The production of phytohormones by PGPR is now icemed to be one of the most
important mechanisms by which many rhizobacter@rmte plant growth (Spaepen et
al. 2007). Phytohormones are signal molecules @etschemical messengers and play
a fundamental role as growth and development régslan the plants. Phytohormones
are organic compounds that in extremely low comegiohs influence biochemical,
physiological and morphological processes in plaaisd their synthesis is finely
regulated (Fuentes-Ramirez and Caballero-Mellad0620Numerous fungal and
bacterial species can produce phytohormones (Thkaxkeet al. 2006). The
phytohormone producing ability is widely distribdtamong bacteria associated with
soil and plants. Studies have demonstrated thaP@GEBR can stimulate plant growth
through the production of auxins (indole acetida¢Spaepen et al. 2008), gibberellines
(Bottini et al. 2004) and cytokinins (Timmusk et 4b99), or by regulating the high

levels of endogenous ethylene in the plant (Glickl €1998).

2.4.1. Indole acetic acid (IAA) producing rhizobexta

Some of the most abundant phytohormones preserdture are the auxins, IAA being

the main plant auxin. IAA is responsible for theisiion, expansion and differentiation

of plant cells and tissues and stimulates rootggtan. The ability to synthesize 1AA
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has been detected in many rhizobacteria as weah @gsathogenic, symbiotic and free
living bacterial species (Costacurta and VandedaytR95; Tsavkelova et al. 2006).

At present, auxin synthesizing rhizobacteria are tmost well-studied
phytohormone producers (Tsavkelova et al. 2006;efga et al. 2007). These
rhizobacteria synthesize IAA from tryptophan byfeliént pathways, although it can
also be synthesized via tryptophan-independentwaat, though in lower quantities
(Spaepen et al. 2007). Phytopathogenic bacterianlynaise the indole acetamide
pathway to synthesize IAA, which has been implidatetumor induction in plants. It is
not clear whether it is used by beneficial bactdnacontrast, the acid indole pyruvic
pathway appears to be the main pathway presenamnt growth promoting beneficial
bacteria (Patten and Glick 2002).

Among PGPR speciesAzospirillum is the best-known I[AA producer
(Dobbelaere et al. 1999). Others IAA producing baat belonging toAeromonas
(Halda-Alija, 2003),Azotobacter(Ahmad et al. 2008)Bacillus (Swain et al. 2007)
Burkholderia (Halda-Alija 2003), Enterobacter (Shoebitz et al. 2009),
Pseudomondslariprasad and Niranjana 2009) aRtizobium (Ghosh et al. 2008)
genera have been isolated from different rhizosphsmils.. Inoculation with 1AA
producing PGPR has been used to stimulate seedrggion, to accelerate root growth
and modify the architecture of the root system, tmdhcrease the root biomass. In
recent studies, Tsavkelova et al. (2007) have ee@rbeyond individual strains as
inoculants and reported an increase in the gerromatf orchid seedsDendrobium
moschatuminoculated withSphingomonasp. and IAA producindg/lycobacteriumsp.

In addition to stimulating root growth, IAA produg bacteria can also be used to
stimulate tuber growth. Swain et al. (2007) repbepositive effect oBacillus subtilis

IAA producing strains on the edible tuberdoscorea rotundata. in one of their

35



studies. They applied a suspensionBofsubtilison the surface of the plants, which
resulted in an increase in stem and root lengtitreased fresh weight of the stem and
root, an increase in the root:stem ratio and irsgdanumbers of sprouts as compared

with non-inoculated plants.

2.4.2. Regulating plant ethylene levels by rhizdbaa

Ethylene is essential for the growth and develognoénplants, but it has different
effects on plant growth depending on its conceioinatin root tissues. At high
concentrations, it can be harmful, as it induce®l@dgion and cellular processes that
lead to inhibition of stem and root growth as vaslpremature senescence, all of which
lead to reduced crop performance (Li et al. 2008phder different types of
environmental stress, such as cold, draught, flapdinfections with pathogens,
presence of heavy metals, among others, plantsomdspby synthesizing
aminocyclopropane, which is the precursor for ethgl (Chen et al. 2002; Glicket al.
2007). Some of the aminocyclopropane is secretéd the rhizosphere and is
readsorbed by the roots, where it is converted etttylene. This accumulation of
ethylene leads to a downward spiral effect, as poot growth leads to a diminished
ability to acquire water and nutrients, which, umnrt, leads to further stress. Thus, PGPR
with the ability to degrade aminocyclopropane ie thizosphere can help to break this
downward cycle and reestablish a healthy root sysieat is needed to cope with
environmental stress.

The primary mechanism that is used by rhizobactévaé degrade ethylene is the
destruction of ethylene via the enzyme ACC deanainfélsaminocyclopropane-1-

carboxylate deaminaseC 4.1.99.4). This enzyme can diminish or prevent sofitbe
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harmful effects of the high ethylene levels (Glatkal. 1998). The ACC deaminase acts
on ACC (1-aminocyclopropane-1-carboxylate), an idiate ethylene precursor in
higher plants, degrading this chemical to alphaietyrate and ammonium (Glick et
al. 1998; Grichko and Glick 2001; Mayak et al. 2D(hizosphere bacteria with ACC
deaminase activity belonging to th&chromobacter(Govindasamy et al. 2008),
Azospirillum(Li et al. 2005) Bacillus (Ghosh et al. 2003Enterobacter(Li et al. 2001)
Pseudomona&Govindasamy et al. 2008) aihizobium(Duan et al. 2009) genera have
been isolated from different soils.

Various studies have demonstrated that plantsetieaith PGPR bacteria that
produce ACC deaminase have increased their resestém environmental stress.
Grinchko and Glick (2001) inoculated tomato seedsh whe ACC deaminase
expressing bacterignterobacter cloacaend Pseudomonas putidand registered an
increase in plant resistance on 55 days of agectmnSecutive days of flooding. Ghosh
et al. (2003) found ACC deaminase activity in thBeeillus speciesBacillus circulans
DUC1, Bacillus firmusDUC2 andBacillus globisporudDUC3), which stimulated root
elongation ofBrassica campestiplants. Mayak et al. (2004) evaluated tomato plants
inoculated with the bacteriusichromobacter piechaudiinder water and saline stress
conditions. The authors reported a significant increase inhfraad dry weight of
inoculated plantsin soils with a high copper content, Reed and G{RB05) reported
an increase in dry matter content of the root ddir part in raps seeds inoculated

with the ACC deaminase producibgcteriumPseudomonas asplenii
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2.5.Biocontrol of microorganisms causing plant disease

Phytopathogenic microorganisms have a great immactcrop yields and can
significantly reduce plant performance and cropliguaThe usual strategy for the
control of phytopathogens is to apply chemical ip&its, but this strategy has led to
increased concerns over environmental contaminaiehhas resulted in the so-called
pesticide treadmill in which pathogens develop stasice to individual chemical
controls over time, needing a constant developroémew pesticides (Fernando et al.
2006). In this context, rhizobacteria that can ptevbiocontrol of disease or insect
pests (biopesticides) are considered an alternédivehemical pesticides (Zahir et al.
2004). A large number of mechanisms are involvebiazontrol and can involve direct
antagonism via production of antibiotics, sideragsp HCN, hydrolytic enzymes
(quitinases, proteases, lipases, etc.), or indineethanisms in which the biocontrol
organisms act as a probiotic by competing withgaghogen for a niche (infection and
nutrient sites). Biocontrol can also be mediatedcabtyvation of the acquired systemic
resistance (SAR), induced systemic resistance (I&Rponses in plants, and by
modification of hormonal levels (Bowen and Rovi@09Q; van Loon 2007) in the plant

tissues.

2.5.1. Antibiotic-producing rhizobacteria

The production of antibiotics is considered onetlo# most powerful and studied

biocontrol mechanisms for combating phytopathogéasdibiotics constitute a wide

and heterogeneous group of low molecular weighinite organic compounds that are

produced by a wide variety of microorganisms (Rmakers et al. 2002). Under
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laboratory conditions many different types of atiics produced by PGPR have
shown to be effective against phytopathogenic agédwen and Rovira 1999). The
antibiotics produced by PGPR include: butyrolactyrewittermycin A, kanosamine,
oligomycin A, oomycin A, phenazine-1-carboxylic @cipyoluteorin, pyrrolnitrin,
viscosinamide, xanthobaccin, and 2,4-diacetyl mgtucinol (DAPG) (Whipps 2001).
The last is one of the most efficient antibiotics the control of plant pathogens
(Fernando et al. 2006) and can be produced byuwsastrains oPseudomonasne of
the most common bacterial species of the rhizogpfegzzonico et al. 2007)DAPG
has a wide spectrum of properties in that it isifangal (Loper and Gross 2007,
Rezzonico et al. 2007 antibacterial (Cronin et al. 199¥,elusamy et al. 20Q6and
antihelmintic (Cronin et al. 1997). In soils, itpgresses the growth of the wheat
pathogenic fungu$saeumannomyces gramingr. tritici, Raaijmakers et al. (1999)
reported a production of 0.62 ng DAPG per-10" CFU g* root by P. fluorescens,

strain Q2-87.

2.5.2. Hydrogen cyanide (HCN) producing rhizobaater

Apart from the production of 2,4 DAPG, some rhizcteasia are capable of producing
HCN (hydrogen cyanide, also known as cyanide@zzonico et al. 2007HCN is a

volatile, secondary metabolite that suppressesi¢velopment of microorganisms and
that also affects negatively the growth and develeqt of plants (Siddiqui et al. 2006).
HCN is a powerful inhibitor of many metal enzymespecially copper containing
cytochrome C oxidases. HCN is formed from glycileotigh the action of HCN

synthetase enzyme, which is associated with thesn@a membrane of certain

rhizobacteria (reviewed by Blumer and Haas 200@).date many different bacterial
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genera have shown to be capable of producing HG#ding species dAlcaligenes,
Aeromonas, Bacillus, Pseudomoresd Rhizobium(Devi et al. 2007; Ahmad et al.
2008). HCN production is a common trait within greup ofPseudomonapresent in
the rhizosphere, with some studies showing thatiab6% of pseudomonads isolated
from potato and wheat rhizosphere are able to m®ddCN in vitro (Bakker and
Schippers 1987; Schippers et al. 1990).

Various studies attribute a disease-protective ceffi®@ HCN, e.g. in the
suppression of “root-knot” and black rot in tomatnd tobacco root caused by the
nematodesvieloidogyne javanicand Thielaviopsis basicotarespectively (Voisard et
al. 1989; Siddiqui et al. 2006). The subterrantamite Odontotermes obesuan
important plague in agricultural and forestry cropdndia, is also bio-controlled by
HCN (Devi et al. 2007). However, there are invesimns reporting harmful effects on
plants, inhibition of energy metabolism of potatwtr cells (Bakker and Schippers
1987), and reduced root growth in lettuce (Alstrand Burns 1989). Likewise, HCN
produced byPseudomonag the rhizosphere inhibits the primary growth obts in

Arabidopsisdue to the suppression of an auxin responsive (Rundrappa et al. 2008).

2.5.3. Siderophore-producing rhizobacteria

Siderophores are low molecular weight compounds dha produced and utilized by
bacteria and fungi as iron (Fe) chelating agentees& compounds are produced by
various types of bacteria in response to iron d&ficy which normally occurs in neutral
to alkaline pH soils, due to low iron solubility @levated pH (Sharma and Johri 2003).
Iron is essential for cellular growth and metabulisuch that Fe acquisition through

siderophore production plays an essential roleciiertnining the competitive fitness of
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bacteria to colonize plant roots and to competeirfor with other microorganisms in
the rhizosphere (see reviews: Crowley and GriesA1@9owley 2006). Siderophore
producing PGPR can prevent the proliferation ofhpgénic microorganisms by
immobilising FE* in the area around the root (Siddiqui 2006). Fplet®n in the
rhizosphere does not affect the plant, as the lewdnacentrations occur at microsites of
high microbial activity during establishment of tip@athogen. Many plants can use
various bacterial siderophores as iron sourcebpadfh the total concentrations are
probably too low to contribute substantially tonglaon uptake. Plants also utilize their
own mechanisms to acquire iron; dicots via a roeimirane reductase protein that
converts insoluble B& into the more soluble Eeion, or in the case of monocots by
production of phytosiderophores (Crowley 2006). ivias studies have isolated
siderophore-producing bacteria belonging to Bradyrhizobium(Khandelwal et al.
2002) PseudomonagBoopathi and Rao 1999Rhizobium(Roy and Chakrabartty
2000) Serratia (Kuffner et al. 2008) an&treptomycegKuffner et al. 2008)genera
from the rhizosphere.

Carrillo-Castaiieda et al. (2002) reported positfects on alfalfa plantlet
growth after the inoculation of siderophore prodgcPseudomonaskRhizobiumand
Azospirillumgrown in iron limited cultures. The inoculatedadi& seeds increased their
germination as well as the root and stem dry weiybtertheless, as with other PGPR,
the growth promotion that occurred may be due bemoiechanisms or combinations of
mechanisms that increase nutrient availabilitypsegs pathogens, or affect root growth

via hormone production.
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2.6.PGPR with multiple mechanisms of action

The notion of multiple mechanisms emerged fromyesttidies orAzospirillum,when
the results of the field inoculation experimenitefato demonstrate that N-fixation was
the main mechanism by which plant growth was statad (Bashan et al. 1989; Bashan
and Levanony 1990). Failing N fixation as an exptan, the additive hypothesis was
then proposed to describe the effect Adospirillum on plant growth (Bashan and
Levanony 1990). The additive hypothesis proposes plossibility of multiple
mechanisms that function simultaneously or segaiy{iBashan and de-Bashan 2010).
In the case oAzospirillum nitrogen fixation has largely been discounted pnohary
plant growth promotion mechanism is now attributeed several other functions
including phytohormones production (Dobbelaerele1299; Malhotra and Srivastava
2008), ACC deaminase activity (Li et al. 2005) amgtrolytic enzyme production
(Mostajeran et al. 2007). Today, it is increasingdgognized that many PGPR strain
likely function by more than one mechanism (de téeeet al. 1997). Examples of such
bacteria are described in (Table 2.2) that refermtiltiple mechanisms of action for
various PGPR isolates (Vassilev et al. 2006; Ahetaal. 2008; Avis et al. 2008).

Two recent reviews reconsider the importance oftlesence of multiple action
mechanisms promoting plant growth in the microoigas. Vassilev et al. (2006)
reviewed the potential of phosphorus solubilizingcneorganisms that can provide
simultaneously phytopathogen biocontrol, and afeecaplant growth via production of
siderophores, hydrolytical enzymes and IAA. A setoaview by Avis et al. (2008)
classified PGPR bacteria into two groups basedhennmtain action mechanisms by
which they are known. These two groups are: (igraurganisms with direct plant

growth promoting mechanisms (e.g. phytohormone uyxctdn, phosphorus
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solubilization, etc.), and (ii) microorganisms whiodirectly promote plant growth and
productivity through biocontrol of phytopathogeresg( production of siderophores,
antibiotics, HCN, etc.). Despite this arbitrary sddication, microorganisms of both

groups can simultaneously contain secondary mesimani

2.7.Practical considerations in the use of PGPR

Studies on the use of PGPR inoculants have beeducted under laboratory (soil
microcosms), greenhouse and field conditions (T&uBy, but they can often lead to
inconsistent results when compared under diffeetgerimental conditions. Many
experiments have demonstrated the growth stimulatigplant crops in the greenhouse,
resulting in increased yield parameters and in dbetrol on soil-borne pathogenic
organisms. However, the replication of successsllts of PGPR applications under
field conditions has been limited by the lack obkiedge about their ecology, survival
and activity in the plant rhizosphere. The mainea$p related to the application of

bacterial inoculants are discussed below.

2.7.1. Efficacy of PGPR inoculation

PGPR efficacy is dependent on establishing an tefeepopulation density of active
cells in plant rhizosphere. As this is a simplengiple, it has proved to be difficult to
establish dose response effects in which the dednelant growth promotion or disease
suppression can be directly correlated with sizeéhef PGPR population. In general,
bacterial suspensions of PGPR are prepared attiésnsi 16 to 16 CFU mi* for root

dipping and soil inoculation. After inoculation taiese high densities, the cell numbers
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will undergo a rapid decline depending on whethemnai the soil has been sterilized. In
autoclaved soils, inoculants will typically persigtcell densities of Z0to 1¢ CFU g*
soil for many weeks. In nonsterile soils where ¢her competition with the resident
flora and predation by protozoa and nematodes,ebakttpopulations will decline
rapidly by orders of magnitude per week until tlopylation reaches equilibrium with
its environment. This likely accounts for differescthat are observed in lab and
greenhouse studies where soils are sterilizedusansthe field where results of PGPR
inoculation are much more inconsistent.

Inoculation efficacy depends on the rhizospherepiance of the bacteria for
the particular host plant. In studies examining thduction of systemic induced
resistance to foliar and systemic pathogens, megtems with cucumber, carnation,
and bean show that effective root colonization lewan be achieved by seed coating
with high numbers of bacteria or by use of bactsuspensions to dip the plant roots or
inoculate the soil at the time of transplanting {@Zéer et al. 2001). To maintain
effective cell densities under field conditions,igt often necessary to reinoculate at
intervals during the production period. The lageategy is limited by the high cost of
inoculum production, difficulty in maintaining vidbcells for long periods of time in
storage, and cost for delivery and incorporatiomotulants into the field. So far, the
most commercially successful inoculants have beeamgpositive spore forming
bacteria, which can persist in storage from mornthyears, and that can withstand
starvation, temperature, moisture and other enmental stresses better than nonspore

forming bacteria.
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Table 2.2 Promoting growth plant rhizobacteria strains withltiple mechanisms.

Species CP IAA ACCD HCN SID Other mechanisms Reference
Azotobacter chroococcufd + + ND + + Wani et al. 2007
Bacillussp. PSB1 + + ND + + Wani et al. 2007
Bacillussp. PSB10 + + ND + + Wani et al. 2007
EnterobacteBNM 0357 + + ND ND ND Nitrogenase + Shoebitz et 2009
Enterobacteisp.NBRI K28 + + + ND + Kumar et al. 2008
Pseudomonas sgF4c - + - ND + Fischer et al. 2007
Pseudomonas aeruginoB&PB9 + + ND + + Protease+, Cellulase+ Jha etQf192
P. fluorescen®SRB21 + + ND ND + Hariprasad and Niranjana 2009
P. mossellFP13 + + ND - + Protease+ Jha et al. 2009
P. fluorescensiotype G (N3) ND + + ND ND Chitinase+ Shaharoohale2006
P. plecoglossicid&P12 + + ND - + Protease+ Jha et al. 2009
P. putidaPSRB6 + + ND ND + Chitinase+ Hariprasad and Naanj2009
Serratia marcescens ND + ND ND + Kuffner et al. 2008

CP: tricalcic phosphate solubilization; IAA: Indatetic acid production; ACCD: ACC deaminase agtiMtCN: Hydrogen cyanide
production; SID: Siderophore production; + positiveegative, ND: not done.
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Table 2.3.Plant crop response to PGPR inoculation undeemdifit experimental conditions.

Plant PGPR inoculant PGPR Plant growth parameter Increased plant  Assay condition and Reference
mechanisms (measure unit) parameters' limitation
involved (%)
Apple BacillusM3, N-fixing and - Cumulative yield (kg tred 26-88 - Field experiment Karlidag et al.
(Malus domestica BacillusOSU-142  phosphate - Average fruit weight (g) 14-25 - Non commercial strains 2007
L.) andMicrobacterium solubilizing - Average fruit diameter (mm) 2-15
FS01 - Total soluble solid (%) -6-2

- Average shoot length (cm) 16-29

- Average shoot diameter (mm) 16-18

- P contents of leaves (%) 3-45
Cotton Bacillus subtilis IAA production, - Average yield (t hd) 31 - Field experiment Yao et al. 2006
(Gossypiunsp.) FZB 24® phytase activity - Bolls/plant mean number 19 - Commercial strain

and antibiotics - Mean plant height cm 11
production

Maize Azotobacter IAA production - Straw yield (t h§ 17 - Field experiment Zabhir et al.
(Zea mays..) - Fresh biomass (t H 12 - Non commercial strains 2005

- Plant height (cm) 7

- Fresh cob weight (g) 13

- Cob length (cm) 6

- Grain rows coly 3

- 1000-grain weight (g) 7

®Percentage increase over non-inoculated control
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Continued...

Plant PGPR inoculant PGPR Plant growth parameter Increased plant  Assay condition and Reference
mechanisms (measure unit) parameters’ limitation
involved (%)
Maize Pseudomonas IAA production - Shoot length (cm) 30-32 - Microcosm and Hernandez-
(Zea mayd..) fluorescengMPp4), and antagonism - Longest root length (cm) 47-63 greenhouse experiments Rodriguez et
Burkholderiasp. againstrusarium - Shoot fresh weight (g) 24-32 - Non commercial strains al. 2008
(MBp1, MBf21 and verticillioides - Root fresh weight (g) 76-88 - Not proven at field
MBf15) - Plants showing disease symptoms 10-30 level
(%)
- Disease reduction (%) 60-87
Oat Azospirillumsp. IAA production - Root length (mm) -12-23 - In vitro Yao et al. 2008
(Avena sativd.) (ChO6 and Ch08) and acetylene - Root area (ch) 8-500 - Non commercial strains
Azotobacter reducing activity - Shoot dry weight (mg plan} 693 - Not proven at field
sp.(ChO5) - Total N (mg plarnt) -50-50 level.
Pseudomonasp. - Proportion of plant N fixed from the
(Ch09) atmosphere (% Ndfa) 50-64
Raspberry cv BacillusM3 N-fixing and - Cane length (cm) 13 - Field experiment Orhan et al.
Heritage phosphate - Cane diameter (mm) 6 - Non commercial strains 2006
(Rubusspp) solubilizing - Number of picks -3
- Number of cluster 25
- Number of berries 25
- Leaf area (cf) 14
- Total soluble solid (%) -0.9
- Titratable acids (%) 2

®Percentage increase over non-inoculated control
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Continued...

Plant PGPR inoculant PGPR Plant growth parameter Increased plant  Assay condition and Reference
mechanisms (measure unit) parameters' limitation
involved (%)

Red pepper cv Azospirillum IAA production, - Shoot length (cm) 4-35 - Greenhouse experimentMadhaiyan et
Barodda brasilenseCW903, P solubilizing and - Root length (cm) 0.4-17 - Non commercial strainsal. 2010
(Capsicum Burkholderia N fixing - Not proven at field
annuumL.) pyrrocinia CBPB- level.

HOD,

Methylobacterium

oryzaeCBMB20
Rice cv. Dongjin  Azospirillum IAA production, - Shoot length (cm) 1.5-85 - Greenhouse experimentMadhaiyan et
(Oryza sativd..) brasilenseCW903, P solubilizing and - Root length (cm) 20-31 - Non commercial strainsal. 2010

Burkholderia N fixing - Not proven at field

pyrrocinia CBPB- level.

HOD,

Methylobacterium

oryzaeCBMB20
Sorghum B. cereusKBE7-8) Siderophore - Shoot height (mm) 104-182 - Greenhouse pot trial  Idris et al.
(Sorghum bicolour B. cereuslAS4-3)  production, IAA - Shoot fresh weight (g) 1133-2255 - Non commercial strains 2009
(L.) Moench) and production and - Shoot dry weight (g) 180-260 - Not proven at field

Stenotrophomonas phosphate - Chlorophyll (spad units) 68-78 level.

maltophilia KBS9-  solubilization - Leaf width (mm) 103-326

B) - Root length (mm) 214-279

- Root dry weight (g) 1300-1525

®Percentage increase over non-inoculated control
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Continued...

Plant PGPR inoculant PGPR Plant growth parameter Increased plant  Assay condition and Reference
mechanisms (measure unit) parameters' limitation
involved (%)
Sweet cherry cv. PseudomonaBA-8 - Yield per trunk cross-sectional area - Field experiments Esitken et al.
0900 Ziraat andBacillus OSU- (kg cm?) 11-22 - Non commercial strains 2006
(Prunus aviuni.) 142 - Fruit weight (g) 1-5
- Fruit diameter (mm) 0.2-1
- Total soluble solid (%) 1-4
- Titretable acidity (%) -0.4-3
- Shoot length (cm) 11-29
- Shoot diameter (mm) -0.5-0.7
Tomato cv Rio Bacillus - Yield plant™ (g) 21-25 - Greenhouse Mena-Violante
Fuego subtilis BEB-ISbs - Marketable grade yield (%) 6-20 experiments and Olalde-
(Lycopersicon (BS13). - Weight/fruit (g) 18-29 - Non commercial strains Portugal 2007
esculentunMill) - Length (cm) 9-18 - Not proven at field
- Diameter (cm) 4-5 level.
Tomato cv Azospirillum IAA production, - Shoot length (cm) 8-13 - Greenhouse experimentMadhaiyan et
Mairoku (L. brasilenseCW903, P solubilizing and - Root length (cm) 1-13 - Non commercial strainsal. 2010
esculentunMill.) Burkholderia N fixing - Stem girth (mm) 5-11 - Not proven at field
pyrrocinia CBPB- level.
HOD,
Methylobacterium
oryzaeCBMB20

®Percentage increase over non-inoculated control
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Methods for inoculation with either gram negative gram positive PGPR
bacteria require the use of a carrier to deliver itoculum into the soil and allow
mixing of the cells in the soil profile. This canvblve low cost carriers such as peat,
calcined clay, or powdered corn cobs that are mixgh the bacterial suspensions and
dried. Alginate microbeads are also used and peowidny advantages by incorporating
the cells into a protected matrix that undergoesongosition in the soil and slowly
releases the bacteria. Lastly, bacteria can bedated into the irrigation water via on-
site fermentation equipment that automatically wel$ the bacteria and pumps them
into the irrigation water at desired intervals. Wmot widely used, studies employing
this technology have shown that it is possible @main effective cell densities of
pseudomonads in a citrus orchard for control oft na caused byPhytophthora
cinammomi(Steddom et al. 2002) over the whole year. Equignf@nirrigation based
inoculum delivery continues to improve and providesnnovative method for assuring
high cell densities of PGPR, with particular adegets for allowing utilization of gram
negative bacteria as soil inoculants.

PGPR population densities are typically much highethe plant rhizosphere
than in the bulk soil. However, correlating popidat density to activity is a great
challenge. The rhizosphere is very heterogenouls meispect to nutrient availability.
Mature roots are typically colonized by bacterigansities of 19to 1d CFU g' in the
mature root zones. However, there is extreme cdtiggetbetween bacteria on the
mature roots where the community is crowded witlgadtophic bacteria that are
selected based on their ability to use recalcitraaterials such as cellulose and lignin
and their ability to grow at very slow rates. Imtast, total bacterial cell densities are
orders of magnitude lower in the apical root zoaes in the zone of elongation behind

the root tips, but the cells are more active duthéolocalized release of root exudates.
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Thus, the population size, PGPR activity and exgpo@sof relevant genes will vary in
different root locations. To be effective, PGPRdut® biocontrol of root disease must
be active in the same location as the pathogen.

A number of approaches are commonly used to gyam®GPR, including
measurements of cell densities based on 16S rRM& gepy numbers or plating on
agar and CFU enumeration. Other approaches empldy ethods to quantify the
copy number of a particular functional gene, orregpion of relevant mRNA for genes
encoding PGPR traits. A common problem in muchaeteon PGPR has been the
failure to monitor the cell density of the introduacbacteria over time to confirm that
inoculation was effective. In such cases, it is pagsible to determine whether PGPR
are responsible for the observed effects or to aplariations in efficacy of the
inoculants that may be caused by management oroemvental factors.

Mathematical modeling of the behavior of PGPR swkulants has been used
to predict how various environmental factors affée survival and activity of PGPR
soil inoculants (Strigul and Kravchenko 2006). Saipg much experimental work,
the model by Strigul and Kravchenko illustratest tearvival and growth of newly
introduced bacteria are strongly limited by comipmti for organic substrates with the
resident microflora. PGPR are predicted to be tlustneffective in soils with low
organic matter or stressed soils where growth @fildigenous population is restricted.
In the case of disease suppressive pseudomonatgritduce the antibiotic 2,4-
diacetylphloroglucinol (2,4-DAPG), the effectivepdation size to obtain suppression
of take-all decline of wheat caused Byamannomycegraminisis in the range of 0
to 10 CFU gram soif. Effective isolates with good rhizosphere competenan be
added to the soil at £@CFU and will grow to densities of at least’ XOFU g root*

(Bankhead et al. 2004). Interestingly, disease magon effects occur at this threshold
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cell density and are not enhanced at higher ceikitles (Raaijmakers and Weller
1998). This suggests that once a critical cell nmassbeen achieved, there is a quorum
mediated signal that results in expression of @&itttbproduction at concentrations that
provide the biocontrol.

To date, there is very limited knowledge of howafe inoculants interact with
resident microbial populations (Haas and Keel 2008)netheless, many resident
bacteria, possibly including nonculturable bactewdl carry genes encoding common
PGPR functions. In the case of quorum regulate@gesuch as those for antibiotic and
siderophore production, there is a broad intra mmerspecific communication level
between different bacterial populations. Thus, @ynresult in either positive and
negative feedback on quorum sensor mediated behfRierson et al. 1998). Prior
experiments examining the effects of wheat inocaatwith 2,4-DAPG producing
pseudomonads have shown that there are broadadtterdevels not only with various
genotypes of resident fluorescent pseudomonads,witit populations of diverse
bacterial species includingrthrobacter, Chyrseobacterium, Flavobacterend other
species that are significantly enriched in the gnes of 2,4-DAPG producers (Lanea
al. 2003). Similarly, a recent study by Roesti et @006) showed striking shifts in
rhizobacterial community structures following int¢ation with various combinations of
PGPR pseudomonads. However, such interactionsagi@ble and even strain specific
for different inoculants. In a study comparing thiegseudomonads, relatively minimal
changes in community structure of the rhizosphereuwed on wheat grown over
multiple cycles (Bankhead et al. 2004), but eadtutant shifted the community in a
distinct manner. A larger question is whether idaton can result in shifts in
community structure that increase plant growth mtom and disease suppression

functions of the resident community. This questmill only be answered once
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molecular tools are available to detect and quaatifthe PGPR relevant phenotypes in
the microbial community. As most bacteria in thezosphere are still uncultured, this

will require a metagenomics approach to identify ¢fenes. Quantitative PCR arrays or
DNA microarrays will also provide valuable tools fexamining the response patterns

of microbial communities to soil inoculants.

2.7.2. Potential marker genes for PGPR monitortrfgel level

Potential marker genes for PGPR functions includes¢ encoding enzymes for
antibiotic production, hydrogen cyanide, ethylerestduction and auxin promotion.
HCN genes are broadly distributed among many 2,£208/roducing pseudomonad
strains (Haas and Défago 2005). PCR primers farrsarved sequence in thenAB
genes have been shown to be specific for detectfidhCN producing pseudomonads
from a world-wide collection of isolates (Svercelad. 2007). Similarly, primers are
available to target production of 2,4-DAPG (Bergswiiami et al. 2005). Typically
these primers have been used to test isolatesatbatultivated from soil, but can be
used with soil with the caveat that gene produaas$ &re produced. The PCR products
should be further analyzed by DNA melting and sitbheck (570 bp fragment) and
sequencing to determine the primers have not amgldther genes. An advantage with
these primers is that the forward primer can belsoed with a GC clamp for analysis
of the PCR products by DGGE to assess the genotiyparsity of indigenous DAPG-
producingPseudomonassolates.

Another target gene for quantification is theccA gene that encodes
aminocyclopropane carboxylic acid deaminase. abeA gene is broadly distributed

among a wide range of Gram negative bacteria imfuBGPR pseudomonads, and is
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common in many Gram-positive bacteria, rhizobiaJ &mgi (see review: Glick et al.
2007). Here again, caution must be used duringpregation of changes iaccAgene
copy numbers, as some bacteria have sequencearéhhitghly similar, but they code
instead for enzymes with other functions such ameedeamination. Using PCR
methods to detect and quantify PGPR target genéallow soils, our experience has
been that cell numbers of PGPR and copy numbeRGHR relevant genes may fall
below detection limits, such that the populatiorestzetter estimated by culture of a host
plant in the soil and baiting of the populationstorthe roots where they can readily be

quantified in their working habitat.

2.8.Concluding remarks and future trends

The use of PGPR inoculants to improve agricultpraduction has been demonstrated
in numerous studies and the basic mechanisms avewsdl understood. PGPR, in
accordance with their mode of action, can be diassi as biofertilizers,
phytostimulators and biopesticides, with certainctéaa having overlapping
applications. It is becoming increasingly appariat most PGPR can promote plant
growth by several mechanisms, but most studiesepotlyr focus on individual
mechanisms and have not been able yet to sorheuttative contributions of different
processes that are responsible for plant growtimption. Screening strategies for
selecting the best strains will require more comensive knowledge of the traits
required for rhizosphere competence, and studieth@recology of introduced PGPR
with the resident PGPR and other microbial spemethe plant rhizosphere. While
inoculation is now viewed as a means to enhanaat glaowth, the effects of various

management practices or soil amendments on PGH®tyadf indigenous bacteria
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remain unknown. The use of PGPR inoculants in aljuce is already proceeding, and
offers many opportunities to improve plant nutmtiocrop yields, and disease
management, while improving sustainability by redgahe need for chemical inputs.
Nevertheless, as our understanding of the ecolbglyese bacteria improves, it should
be possible to obtain a more informed explanatioth® mechanisms that are involved
in plant growth promotion and identify situatioms which bioaugmentation with soll

inoculants may be useful for increasing crop yields
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Abstract

Plant growth-promoting rhizobacteria (PGPR) natyrakcur in the rhizospheres of
pasture, but still little is understood regardingwhsoil agricultural practices affect
them. Here, we examined the effects of long-tertnogen (N) fertilisation on the
occurrence of potential culturable PGPR in rhizesphsoils from pastures grown in
Chilean Andisols. We also evaluatedvitro the effects of organic acids (citric, malic
and oxalic acids), metals (Al and Mn), and N sugpiiea and ammonium sulphate) on
indole acetic acid (IAA) production and phospho(B3 liberation by selected strains.
Compared with non-N-fertilised pasture, N fertitisa significant increased (30%) the
occurrence of culturable phosphobacteria, but ése (7%) the occurrence of IAA-
producing rhizobacteria. Most efficient IAA-prodogi phosphobacteria (IAAP) were
identified asBacillus Enterobacter Pseudomonasnd Serratia At low pH (4.8), the
assays showed that the IAA production $grratia sp. NO-10LB was increased (31-
74%) by organic acids. On the other hand, the |1Addpction byPseudomonasp. N1-
55PA was increased 2-5 fold by metals. In all ssathe growth and IAA production
were significant decreased by 500 of Al, exceptSerratiasp. NO-10LB, suggesting
its potential as PGPR for Chilean Andisols. Whezaurvas added as main N source the
bacterial growth and P utilization significant iaased compared with ammonium
sulphate. The influence of environmental factoet tire typical of Chilean Andisols on
rhizobacterial communities will provide better mgament practices to enhance their
PGPR functions as well as a better selection Hib$ers to be used in Chilean

Andisols.

Keywords: indole acetic acid;nitrogen fertilisation; aluminium; phosphobacteria;

volcanic soils
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3.1.Introduction

Plant growth-promoting rhizobacteria (PGPR) ocaurall soils and enhance plant
health and productivity by improving nutrient awdility, phytostimulator production,
and disease suppression. While there is consideniabtrest in the development of
PGPR as biofertilisers that can be used to augs@himicrobial communities, there
has been relatively little research to examineitifleence of agricultural management
practices and environmental factors on PGPR aetsvif indigenous bacteria (Evans et
al. 1993; Malboobi et al. 2009).

Agricultural production in southern Chile is based ash-derived volcanic
Andisols, which are characterized by low pH (4.8)}5and high content of organic
matter and total phosphorus. Cultivated Andisabsent high amounts of total P (1,
422 - 4, 011 mg K9, organic P (870 - 3,197 mg Kpand low available P (Borie and
Rubio 2003). In these soils, the acidification tesdrom the use of urea and other
ammonia fertilisers (Mora et al. 2005, 2007). Inil€hthere is an increasing need to
improve the management of grazing systems anddiacesboth the negative impact of
N leaching and the chemical reaction in acid soilse use of large amount of N
supplied as urea is the most common practice ik amtl meat production system based
on pastures (Nuiiez et al. 2010a, 2010b). In thgsteras, the nitrification process
contributes to soil acidification because of freerelease. Due to the acid condition,
which characterizes volcanic soils, acidic reactibriertilisers applied continuously to
soil overcomes their buffer capacity and the awdifon process is accelerated. About
50 % of these soils present a high soil acidityelethe main factor limiting pasture

production (Mora et al. 1992002, 2006).
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P solubilisation (PS), P mineralisation (PM) andlale acetic acid (IAA)
production are desirable traits in PGPR. Phospéalighilising/mineralising
rhizobacteria, also known as phosphobacteria, anenmn components of soils, and
they are well known to enhance the phosphorus \(&)adility for plant growth (Unno
et al.2005; Collavino et al. 2010). On the othandhd AA-producing rhizobacteria have
been reported to significantly enhance the devetynof the host plant root system,
which may improve mineral uptake, particularly Pafflschner et al. 2011). In general
terms, it is known that some environmental factsugh as pH, may affect soil bacterial
diversity (Fierer and Jackson 2006). In soils witv pH, investigations has been
reported that member of familgnterobacteriacea@are the predominant group within
phosphate solubilizing rhizobacteria populationgéré2 et al. 2007; Collavino et al.
2010). Several studies have also revealed thatRBeand IAA production by
rhizobacterial isolates may be modulated by pH (Malet al. 2000; Malboobi et al.
2009), temperature (Nautiyal et al. 2000; Ona e2@05; Malboobi et al. 2009), and
nutrient availability (Gyaneshwar et al. 1999; dm@ et al. 2008; Malhotra and
Srivastava 2009).

In Chilean Andisol, soil acidity also increases to@centration of metal cations
in soil solution, such as aluminium @) and manganese (Mf, which can be toxic for
plant growth (Mora et al. 2006; Millaleo et al. Z)1In response to the presence of
toxic metals, plants often respond by increaseddaton of organic acids and Al-
phosphate complexes as a tolerance mechanismse (Bod Rubio 2003; Mora et al.
2009). Also the high P fixation at low pH and thigh organic P in Andisols make
necessary to develop other alternative managemeatdtiges such as the use of
biofertiliser. In this context, we have isolatedopphobacteria from plants grown in

Andisol, which are now being studied as potentiall snoculants to increase P
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availability in Chilean Andisols (Jorquera et 008, 2011). We also have detected the
presence of mobile genetic traits related to Aerahce in rhizobacteria populations
associated with pasture and cereal plants growAndisols (Jorquera et al. 2010).
Thus, the development of microbial inoculants wease the P nutrition of plant grown
in Chilean Andisols must consider its efficiencydan urea fertilisation, low pH and
presence of metalsThe objectives of this research were : 1) to evaltiae effect of
long-term nitrogen fertilisation on the occurrenok potential culturable PGPR in
pastures grown Chilean Andisol, 2) to evaluate itnovthe effects of organic acids
(citric, malic and oxalic acids), metals (aluminiy&] and manganese [Mn]), and N
supply (ammonium sulphate and urea) on the poteR@EPR activities (indole acetic
acid [IAA] production and P liberation) of selecté8lA-producing phosphobacteria

(IAAP).
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3.2.Materials and Methods

Soil sampling

Rhizospheric soil samples of were collected fronstpas located in Maquehue
Experimental Station (38°50 and 72°41W). The pastures are managed by La
Frontera University and have a history of fertiisa with triple super phosphate (400
kg ha' yr!) and potassium magnesium sulphate (300 kg yrd). The pastures were
initially established in 2004 with perennial ryeggd_olium perenneultivar Aries) and
divided in plots without (NO) and with (N1) a framtated long-term urea fertilisation
(equivalent to 600 kg N Hayr'). The absence of N supply in NO have resulted in
changes in botanical composition (68% ryegrass 3% resident species) compared
with N1 (100% ryegrass). In contrast, the applaatof N in soils has produced a
continuous decrease of pH (Fig. 3.1), with the oomitant increase of Al saturation
(Mora et al. 2002, 2006), but an increase of acdatad pasture production for season
(14.6 Mg ha) compared with unfertilized pasture (2.2 Mg'ha

Rhizospheric soil samples (including roots and &adbesoil) were randomly
collected from each plots (NO and N1). The samplese collected in triplicate (0-10
cm) by with a cleaned spade, stored in cooler®@tahd transported to the laboratory

within a few hours where they were immediately pssed.

Occurrence of potential plant growth-promoting diiacteria

The culturable rhizobacteria were isolated usingy ftypes of general agar media as

follows: Luria-Bertani agar (LB), nutrient agar (NAPseudomonagsgar base (PAB)
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and R2A agar (R2A). After the incubation period¢cteaial colonies differentiated by
morphology, pigmentation and growth rate were ramgioselected. Approximately 50
different colonies were isolated from each typagdr media separately inoculated with
three samples from each plot. The screening fduable phosphobacteria was carried
out on National Botanical Research Institute’'s piase growth medium (NBRIP)
(Nautiyal 1999) and phytase-screening medium (PSMe@rovuo et al. 1998),
respectively. After a 4-d incubation, halo formasoaround the colonies indicated
bacterial PS and PM activities. The isolates wetected on the basis of a halo zone

produced in the NBRIP/PSM agar.

| |

4.75
2003 2004 2005 2006 2007 2008 2009 2010

Years
& NO plot WN1 plot

Figure 3.1.Effect of long-term N fertilizer application on $pH of pastures. Bars

represent mean + standard deviation (n = 6)

The culturable rhizobacteria with ability to proéumdole acetic acid (I1AA)
were detected in supplemented LB broth accordingtéamdard methods previously
described by Patten and Glick (2002) with the modifon of adding 5 mM L-

tryptophan to the LB broth. The qualitative detestof produced IAA was carried out
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in microplates (96-well plates), and the quanti&gstimation was carried out in 15-ml
tubes. The quantitative determination was accoin@tisvith the following parameters
that simulated the rhizosphere of acidic volcaoitss 10-fold dilution of LB broth with

a pH of 4.8. After incubation (48 h at 30°C withaking), bacterial cells were removed
from the culture medium by centrifugation at 10,@t»r 10 min. The supernatant (1
ml) was mixed with 2 ml of Salkowski’'s reagent, atfg mixture was incubated at
room temperature for 30 min. The appearance ofl zobour indicated IAA production.

The colour intensity was determined at 530 nm usingpectrophotometer (Metertek
SP-830). The concentration of IAA was determinedalstandard curve prepared with
known concentrations of IAA (Sigma-Aldrich). The aomt of IAA produced was

expressed as pg ti Three independent replicates of each isolate aeaéysed.

Genetic and enzymatic characterisation of indo&tia@cid-producing phosphobacteria

Based on screening of potential PGPR, ten indoletiac acid-producing
phosphobacteria (IAAP) were selected from each ptotthe basis of the halo zone
(width > 3 mm) produced in NBRIP/PSM agar and |Aguction (> 5 ug mf). The
selected IAAP strains were then characterised douprto the partial sequencing of
16S rRNA gene. The 16S rRNA gene characterisatrocegulure was carried out as
previously described by Jorquera et al. (2008)efBri genomic DNA was extracted
from bacterial cultures grown in LB broth overnightt 30°C. Amplification of the
variable region of the 16S rDNA gene was perforrbgdpolymerase chain reaction
(PCR) using primers previously described by Muyeeial. (1998). The 358F (CCT
ACG GGA GGC AGC AG) and 907R (CCG TCA ATT CMT TTGA TT) primers

were used to amplify the V3-V4 variable region, efhallowed characterisation at the
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genus level for each isolate. The 16S rDNA fragmemere sequenced by Macrogen
(Seoul, Korea). The obtained DNA sequences werepaosal with sequences in the
GenBank database using BLAST tools. The nucleasielguences generated in this

study were deposited in the GenBank.

Effect of organic acids and metals on the productibindole acetic acid by selected

rhizobacteria

The two most efficient IAAP were chosen from eaelstpre on the basis of their ability
to produce IAA (15-60 pg rif). These strains were grown in 10-fold diluted LiBth
supplemented with organic acids (citric, malic apxhlic acid) and toxic metals
(@luminium and manganese). The samples of cultueglianwere inoculated with
approximately 5 x 10cells mi*, and the cultures were incubated for 48 h at 308
shaking. The same procedure was followed for thentjiative determination of 1AA
and the bacterial growth was measured by opticakitde at 600 nm (OERg. The
results were expressed as a ration between |1AAyotadh and bacterial growth.

The concentrations assayed of each organic acie ¥@&r50 and 100 uM and to
metals, the following concentrations were used: 200 and 500 uM for Al and 50, 100
and 350 uM for Mn. All the concentrations assayedacording to values reported in
the literature for rhizosphere (Jones 1998, 20@3alland Dawson 1999; Li et al. 2002)
soils and values obtained by our research gromnitisols (Rosas et al. 2007; Mora et

al. 2009).
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Effect of N on the release of phosphate by selettezdbacteria

The effect of N on PS ability of rhizobacteria wasted by growing the strains in
NBRIP broth containing three concentrations (7.5, ahd 30 mM) of ammonium
sulphate and urea. These concentrations are thiggested by Cartes et al. (2009) for
Chilean Andisols. The quantitative estimation of B&ivity in NBRIP broth was
carried out using 15-ml tubes containing 5 ml ofdraen inoculated in triplicate with
the selected bacterial strains. Uninoculated meeved as blank. The tubes were
incubated at 30°C for 48 h. The bacterial growtls weeasured by the quantification of
total protein content in microbial biomass by Badf(Kruger 2002).

The liberated P from the NBRIP broth was measuredording to the
ammonium molybdate method as previously describediziner (2004) with slight
modifications. After incubating the samples for B8at 30°C, 1 ml of the culture
medium was centrifuged at 9,360and 20 pl of the supernatant was added to 2060 pl
distilled water, 1150 pl of solution A (acetone N5SH,SO, and 10 mM ammonium
molybdate; 2:1:1 v/v) and 80 pl of citric acid. Tim@rganic P liberation capacity was

determined by spectrometry at 355 nm.

Data analysis

The data were analysed by a one-way analysis @dn@ (ANOVA), and comparisons
were carried out for each pair with Student’s t-tasing JMP statistical software
(version 5.0; SAS Institute, Inc.). All experimentsre carried out in triplicate, and the
values are given as means = standard errors. Bifée's were considered to be

significant when thé&-valuewas less than or equal to 0.05.
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3.3.Results

Occurrence of potential plant growth-promoting diiacteria

A total of 1,176 bacterial strains were isolatednirthe rhizosphere of the perennial
ryegrass. Of these strains, 620 strains were derik@n NO, and 556 strains were
derived from N1. Table 3.1 shows the percentagecufurable rhizobacteria that
showed plant growth-promoting traits. A significgf < 0.05) higher percentage of
culturable rhizobacteria that solubilise phosplateNBRIP and mineralise phytate on
PSM only (PS + PM) was found in N1 (47%) as comgavéh NO (14%) (Table 3.1).
In contrast, a significantP(< 0.05) higher percentage of culturable rhizobaaténat
with the ability to produce IAA only were found MO (10%) compared with N1 (3%).
According to the analysed mechanisms, approximdi@i§3% of the culturable
phosphobacteria also showed the ability to prodéce (IAAP). The occurrence of
culturable rhizobacteria without any mechanisms alas found, and the percentage of

these bacteria was higher in NO (31%) than with(NIPb).

Characterisation of indole acetic acid-producinggghobacteria

The analyses of 16S rRNA gene sequences of 20tsel&8AP strains revealed the

presence of rhizobacteria belonging to the follgyiaxa: Enterobacteria Bacillus,

Flavobacteria Pseudomonasnd Serratia (Table 3.2). It is noteworthy that all the

IAAP isolated from non-N-fertilised pastures (NO@neEnterobacteria
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Effect of organic acids and metals on the productibindole acetic acid by selected

rhizobacteria

The effect of organic acids on IAA production by shefficient IAAP Bacillus N1-
19NA, EnterobacteNO0-29PA,Pseudomonadl1-55PA andSerratiaNO-10LB) strains
is shown in the Figure 3.2. The IAA production [Bacillus N1-19NA and
Pseudomonasp. N1-55PA strains were not affected when tharstvas incubated in
LB broth supplemented with the three organic aeidthe three concentrations tested.
With EnterobactemN0-29 PA strain, the addition of three organiaacignificant (F<
0.05) decreased (34-50%) the production of IAA. cémtrast, the IAA production by
Serratiasp. NO-10LB was significant (R 0.05) increased (31-74%) with three organic
acids.

The Figure 3.3 shows the effect of metals on IAAduction by most efficient
IAAP strains. The IAA production of theseudomonasl1-55PA was significant (R
0.05) increased 2-5 fold by addition of Al and Mrtlee two concentrations tested. The
concentration of Al 50uM affected the growth of IAAP, exce@erratia NO-10LB

which showed similar IAA production compared withnerol without Al.

Effect of N on the release of phosphate by selettezdbacteria

The phosphate liberation by efficient IAAP strast®wed that the N compounds type
used as main N source, affect significantly thetdréad growth and phosphate content
in liquid medium (Fig. 3.4). Higher bacterial grdwitvas observed when the broth was
supplemented with urea compared with ammonium siéphHowever, the level of

phosphates found in broth in the presence of usesalower for all strains.
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Table 3.1 Percentages (%) of culturable rhizobacteria wathential PGPR traits

isolated from the rhizosphere of non-N-fertilisédO] and N-fertilised (N1) pastures
plots.

Potential PGPR traits NO N1
PS 3.8 3.3
PM 19 16.3
IAA 10.4* 3
PS+PM 14.3 46.5*
PS+IAA 0.8 0.2
PM+IAA 10.2 6.1
PS+PM+IAA 10.5 13.1
Noné’ 31.2* 11.5

®Percent in relation to 600 colonies randomly chdsem general media agar (LB, NA, PAB
and R2A).’Percent in relation to 556 colonies randomly chdsem general media agar (LB,
NA, PAB and R2A). PS: culturable rhizobacteria thalubilise phosphate on NBRIP only; PM:
culturable rhizobacteria that mineralise phytatdP@M only; IAA: culturable rhizobacteria that
produce indole acetic acid in LB broth only. PS+Rilturable rhizobacteria that solubilise
phosphate on NBRIP and mineralise phytate on PSIM &8+IAA: culturable rhizobacteria
that solubilise phosphate on NBRIP and producelindoetic acid in LB broth only; PM+IAA:
culturable rhizobacteria that mineralise phytateP8M and produce indole acetic acid in LB
broth only; PS+PM+IAA: culturable rhizobacteria thaolubilise phosphate on NBRIP,
mineralise phytate on PSM and produce indole aeeiitin LB brothculturable rhizobacteria
that do not solubilise phosphate on NBRIP, do moteralise phytate on PSM and do not
produce indole acetic acid in LB broth.* denotensfigant difference P < 0.05).

In assays wittBacillus N1-19NA andSerratia NO-10LB strains in LB broth
supplemented with ammonium sulphate, P in broth wigmificantly @ < 0.05)
increased (4-3tM P ml*) compared with the respective controls (28 P mr?). In
contrast, withEnterobacterNO-29PA andPseudomonabl1-5PA strains the P in broth

was significant lowerR < 0.05) (3uM P mI™*) compared with controls (@M P mr?).
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Table 3.2 Genetic characterization of selected efficiedbie acetic acid producing phosphobacteria (IAAP).

Strains Taxonomic Closest relative or cloned sequences (Accession)io. Similarity Accession no.
(%)

Non-N-fertilised pasture (NO)

NO-10LB Proteobacteria; Gammaproteobacteria; Serratia grimesifrom soil (FJ469981) 97 JN050949
Enterobacteria

NO-20LB Proteobacteria; Gammaproteobacteria; Serratiasp. from soil (EU414474) 100 JN050950
Enterobacteria

NO-20NA Proteobacteria; Gammaproteobacteria; Enterobacteisp. from soil (FN555403) 99 JN050951
Enterobacteria

NO-21NA Proteobacteria; Gammaproteobacteria; Endophytic bacterium from rhizosphere (FJ603034) 96 JN050952
Enterobacteria

NO-22NA Proteobacteria; Gammaproteobacteria; Uncultured bacterium from rhizosphere (GQ457013) 99 JN050953
Enterobacteria

NO-25PA Proteobacteria; Gammaproteobacteria; Uncultured bacterium from rhizosphere (GQ457013) 001 JN050954
Enterobacteria

NO-29PA Proteobacteria; Gammaproteobacteria; Enterobactersp. from soil (FN555403 ) 100 JN050955
Enterobacteria

NO-6R2A Proteobacteria; Gammaproteobacteria; Serratia proteamaculansom wheat roots (EU627690) 99 JN050956
Enterobacteria

NO-20R2A Proteobacteria; Gammaproteobacteria; Enterobacteisp. from rhizosphere soil (GQ383912) 97 JN050957
Enterobacteria

NO-7NA Proteobacteria; Gammaproteobacteria; Enterobacter ludwigifrom from ryegrass rhizosphere 98 JN050958
Enterobacteria (EU006530)

N fertilised pasture (N1)

N1-41LB Proteobacteria; Gammaproteobacteria; Serratiasp. from soil (FJ786070) 98 JN050959
Enterobacteria

N1-19NA Firmicutes; Bacilli; Bacillus Bacillus thuringiensifrom soil (F1655838) 73 JN050960

N1-29PA Proteobacteria; Gammaproteobacteria; Serratia grimesiifrom soil (FJ469981) 97 JN050961
Enterobacteria

N1-3R2A Bacteroidetes; Flavobacteria Uncultured bacterium from rice plant (AB114609) 81 JN050962

N1-55PA Proteobacteria; Gammaproteobacteria; Pseudomonas aeruginofam soil (FJ972538) 100 JN050963
Pseudomonas

N1-11aR2A  Proteobacteria; Gammaproteobacteria; Enterobactersp. from soil (DQ985288) 99 JN050964
Enterobacteria

N1-11cR2A Firmicutes; Bacilli; Bacillus Bacillus subtilisfrom wheat field soil (FJ959367 ) 99 JNO050965

N1-41PA Proteobacteria; Gammaproteobacteria; Pseudomonas aeruginofam soil (FJ972528) 99 JN050966
Pseudomonas

N1-52PA Proteobacteria; Gammaproteobacteria; Pseudomonas aeruginofam soil (FJ972530) 99 JN050967
Pseudomonas

N1-20R2A Bacteroidetes; Flavobacteria Bacterium from soil (AM932449) 72 JN050968

4Based on partial sequencing of 16S rRNA gene amtpaoison with Genbank database.
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3.4.Discussion

It is widely accepted that the diversity and/ordtionality of microbial community of the
rhizosphere can be influenced by a wide varietyneirenmental factors. Root exudates,
pH, plant species, soil type, soil parental matearal soil fertilisation may significantly
alter the structure and diversity of the soil miied community (Marschner et al. 2001;
Fierer and Jackson 2006; Singh and Mukerji 200@ich/land Becker 2006; Suzuki et al.
2009). In the present study, N fertilisation aféettthe natural occurrence of culturable
rhizobacteria that have the ability to solubiliseleralise insoluble P forms and produce
IAA. However, it noteworthy that we studied cultbla rhizobacteria which may represent
only a small portion (1-10%) of total bacteriale trhizosphere (Nannipieri et al. 2003).
This study also showed high percentages of phoguteba in Andisols, similar
those reported by Jorquera et al. (2008, 2011 ¥-riegas et al. (1997) reported that 32% of
isolates had the ability to mineralise Ca-phospHhatewise, Hussin et al. (2007) reported
that approximately 83% of the bacterial isolatesoamted with maize roots produced
extracellular phytases that could mineralise P frioositol hexaphosphate (phytic acid,
dodecasodium salt). We also observed that long-tdrniertilisation influenced the
population densities of culturable phosphobactdiieere are only a few reports linking the
occurrence of phosphobacteria with N fertilisati@ne effect of N fertilisation is the
alteration of nutrient dynamics and concentratiafs soluble phosphate which are
maintained by differences in relative demand for NG, and P during organic matter
decomposition (Harapiak et al. 2004). The N feséilion also affects the composition
and/or activity (enzymes) of microbial communit{€e et al. 2010), although the specific

effects on PGPR were not examined. Poonguzhalil.e(2806) reported that high N
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fertilisation (320 kg N hd) resulted in selection for higher percentages (68%PS
bacteria from an acidic soil. This higher propartiof culturable phosphobacteria in N
fertilised acidic soils should be related to thkease of P by rhizobacteria as a tolerance
mechanism against &l toxicity because Al forms complexes with phosphates in acidic
soils (Borie et al. 1989). Likewise, the N-fixinganobacteriumAnaboena cylindricalcan
accumulate intracellular inorganic polyphosphatengtes used to sequestef’Aland this
mechanism may be responsible for detoxifying lichitenounts of Al" (Pettersson et al.
1985). However, it is necessary to mention thatsblebilisation/mineralisation of P is a
complex phenomenon in the nature andvitro studies with culturable phosphobacteria
may not be correlated with the major available af Ehe rhizosphere and the promotion of
plant growth (Chung et al. 2005; Collavino et &11Q).

Here a total of 1,176 rhizobacterial strains werangined, from which 28% of the
strains were characterised as culturable IAA-praduchizobacteria, independently of
their ability to solubilise/mineralise P. Sever&lides have reported IAA production by
diverse isolates of rhizobacteria. Khalid et aDG2a; 2004b) reported that approximately
70-80% of the bacteria isolated from cereal ripheses were capable of producing IAA in
the absence of L-tryptophan and that 100% of tlutelia were capable of producing IAA
in the presence of L-tryptophan. Naik et al. (20083erved that 49% of the PS fluorescent
pseudomonad strains isolated from rice and bart@inaspheres are able to produce IAA.
In contrast, other studies have revealed lower greages of IAA-producing bacteria
occurrence. Ramos et al. (2006) observed that 1 bf6ehizobacteria isolated froBum
cistusrhizospheres are IAA-producing bacteria. Hynealef2008) reported that only 7%
of bacteria isolated from pea, lentil and chickpe&ospheres are capable of producing

IAA in vitro. The differences in the percentages of culturéfeproducing rhizobacteria
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occurrences may to be related to differences itatism methods, number of screened
isolates, the types of plants and soils, and graetiditions.

Coincident with our results, Yuan et al. (2011)dstd the influence of chemical
and organic N fertilisation (0 and 400 kg N'ha™) on IAA-producing rhizobacteria. They
reported that the highest diversity of IAA-produgibacteria was observed in unfertilised
soils or in soils amended with organic N fertilsewhereas application of high levels of
chemical N fertilisers reduced the numbers of sgsethat produce IAA. These authors
concluded that different fertilisation treatmentSeet the IAA yield mainly through
modifying the occurrence of rhizobacteria ratheanthAA-production activity. However,
the effect of N fertilisation on the occurrenceldf-producing rhizobacteria is not yet
well understood.

The present study also revealed that approxim#&@é% of isolates showed more
than one mechanism and 10-13% of the isolates icosimultaneously the three of the
mechanisms analysed (IAAP). Identification of the &fficient IAAP strains by partial
sequencing of the 16S rRNA genes revealed siméanwith known bacteria belonging to
generaBacillus Enterobactey Flavobacteria PseudomonaandSerratia(Table 3.2). This
result is in agreement with previous PGPR studmes have described the isolation of
Bacillus (Ahmad et al. 2008)Enterobacter(Collavino et al. 2010) ané’seudomonas
(Ahmad et al. 2008; Naik et al. 2008). From theospheres of perennial ryegrass pastures
grown in volcanic acidic soils, Shoebitz et al. 2D isolated and identified an
Enterobacterludwigii strain with multiple traits, such as nitrogenas#ivdy, mineral
phosphate solubilisation activity, antifungal aityivand IAA-producing ability. It has been
postulated that many PGPR strains act by more timen mechanism involved in plant

growth promotion, and that the most effective sgsabf PGPR may express several
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mechanisms acting simultaneously and/or sequentidalhmad et al. 2008). However, the
exact mechanisms by which PGPR with multiple trpitsmote plant growth are not fully
understood. Still other factors are the relativpregsion levels of these traits over time, and
whether the PGPR are located in effective populatiensities at the microsites on plant
roots where root growth can be modulated by IAAdoiion, ethylene suppression,
hydrogen cyanide, and availability of nutrients.

In relation to factors evaluated, several studegelsuggested that the effectiveness
of PGPR may be mediated by various environmentabfa (Ahmad et al. 2008; Park et al.
2010; Yuan et al. 2011). However, only a few stadiave examined the effects factors that
are relevant in volcanic soils on effectivenessP@PR. Our results showed that the
presence of organic acids may stimuléer¢atia sp. NO-10LB) or inhibit Enterobacter
sp. NO-29PA) the IAA production by rhizobacteritiid known that organic acids affect
diverse important processes in the rhizosphereeglk®98), such as solubilising of
nutrients and metals chelating, but to our knowtetitere are no reports on the effect of
organic acids on PGPR traits. With respect to mgthe presence of Al and Mn stimulated
the IAA production byPseudomonasp. N1-55PA. To our knowledge there is not report
indicating the stimulation of IAA production linketb increase of Al and Mn. We
hypothesised that this effect might be related tdeéence strategy of this strain. It is
noteworthy thaSerratiasp. NO-10LB were not affected by highest Al corcation (500
uM) respect to other strains and control without asldition. This result indicate that
Serratia sp. NO-10LB is well adapted to Al stress conditieithout lose its ability to
produce IAA.

According to the P-release assay, the contentasfanic P in broth was affected by

the type of N (ammonium sulphate and urea) soundetygpe of rhizobacteria. Among the
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four strains examined, all showed a higher growtienvliquid medium was supplemented
with urea than with ammonium sulphate. This higbacterial growth indicates a higher
solubilising of supplemented P, with the consequieimhmobilization in cell biomass and
low P content in broth. Park et al. (2010) repdrteat urea is the better N source as
compared with ammonium sulphate for P solubilisaty theBurkholderia viethamiensis
M6 strain. However, these authors indicated tha&auconcentrations above or below
0.015% (w/v) result in decreased levels of P stikdiion. In contrast, Sharan et al. (2008)
observed higher P solubilisation carried outdanthomonas campestiiis the presence of
ammonium sulphate than with urea.

Our study suggests that each factor we examinedd cbath positively or
detrimentally affect the population size and atyiwf individual strains, which confounds
the overall goal of deriving general relationsHipsthe effects on environmental factors on
specific PGPR functions. However, it may still bespible to derive general principles
using quantitative methods to measure net change®py numbers and expression of
these functions in relation to changes in specéitvironmental factors. Also, the
characterization of individual strain responses bawe application in identifying strains
that may be used as soil inoculants in situationeresr PGPR activities might be enhanced
by inoculation. For example, tigerratiasp. NO-10LB strain was not affected by metals.
Thus, this bacterial strain may be better adapgtechinging conditions in the rhizosphere

under acidic conditions, such Chilean Andisols.
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3.5.Conclusions

In the present work, we show that the N fertiligat{as urea) in pastures established in
Chilean Andisols plays a key role in the occurrentotential plant growth-promoting
rhizobacteria (PGPR). Thus, the long-term N fesdilion significant increases (30%) the
occurrence of culturable rhizobacteria that soisdlineralise insoluble phosphorus forms
and decrease (7%) the occurrence of culturabl®eblaizteria with ability to produce indole
acetic acid. Moreover, the percentage of poteR{@PR was higher in N-fertilised pasture
(88%) compared with non-N-fertilised (69%). The gnhefficient indole acetic acid
phosphobacteria (IAAP) were identified Bsterobacter Serratia sp., Pseudomonasp.
and Bacillus sp. It is noteworthy that efficient IAAP belongirto Pseudomora and
Bacillus genus were only found in N fertilized pastureswidger, it is necessary indicate
that this study is based on culturable bacteriacwluian represent only 1-10% of total
bacterial populations. Tha vitro assays about the effect of organic acids and tmetals
and on IAA production by efficient IAAP showed thhe ability to produce IAA can be
increased 2-5 fold by metals presencePseudomonasp. N1-55PA and 31-74% by
organic acids inSerratiasp. NO-10LB. In relation to N supply, our obsemwas at 48 h
showed that the addition of urea resulted in a drighacterial growth, compared with
ammonium sulphate, indicating a quick P immobilaatin cell biomass, but with the
consequent decrease in P in media.

Summarizing, in this study we demonstrate thaefilisation and factors present
in Chilean Andisols have a relevant role in theussence and performance of culturable

rhizobacteria containing beneficial traits for glagrowth. Furthermore, this influence
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should be taken into account when microbial inatisi@re developed for applying them in

volcanic acidic soils.
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Abstract

Cereal production in southern Chile is based oncamt soils (Andisol) with low
availability of phosphorus (P). Releasing of bouhdh soil by bacterial inoculants is an
important tool to be considered to improve growtl afficiency of crops. However, what
is the potential contribution of rhizobacteria cgreals grown under P-deficient Andisols
remain unknown. Pot experiments in a greenhouses wenducted to investigate the
contribution of four selected native rhizobactemacereal plants grown in an Andisol with
basal and without P-fertilization. Wheat, oat aratldy plants were grown in Piedras
Negras Andisol Serie (3 mg kdPoise) and inoculated with selected native rhizobacteria
(Bacillussp. N1-19NA Enterobactersp. NO-29PAPseudomonasp.N1-55PA an&erratia

sp. NO-10LB). Plant dry biomass, plant P uptake Bndoncentration, rhizosphere soil
enzymatic activities, root superoxide dismutasedp@xctivity and changes in rhizosphere
bacterial communities were evaluaté&shterobacterNO0-29PA significantly increased the P
concentration in wheat plant grown in sterile saild plant dry biomass and P uptake of oat
plants grown in non-sterile soil. In general, ti@dulation with the other rhizobacteria
(Bacillus sp. N1-19NA, Pseudomonasp.N1-55PA andSerratia sp. NO-10LB) did not
affect the plant biomass, P uptake and P concenmirah cereal plants.. The DGGE
technique did not also reveal consistent differendetween rhizosphere bacterial
communities among treatments in each of the cespeties. Although,, the inoculation
with these rhizobacteria produced changes on duwdghatase and urease activities in the
rhizosphere and increased the potential of IAA pobidn in the rhizosphere. Interesting,
the inoculation witfEnterobacteMN0-29PA,Pseudomonabl1-55PA andSerratiaNO-10LB

significantly increased the antioxidant root enzy8@D in wheat plants. These results
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shows that under P-deficient conditions, the rhémdéria inoculation not only can
influence the plant growth, P uptake and P coneéntr of cereal plants but also can affect
other relevant as enzymatic rhizosphere activityg ptant defense mechanisms agaisnt

stress.

Keywords: Andisol, indole acetic acid, phosphate, phytdigabacteria.
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4.1.Introduction

Cereal production in southern Chile is based ondasived volcanic soils (Andisols).
Cultivated Andisols present high content of totabgphorus (P), but the availability of P is
low to plants (Borie and Rubio 2003; Turner 200he low P availability is due that
Chilean Andisols have a high P fixing capacity d@ne P content in soil is increased by
added fertilizer P by farmers which is quickly adism forming complexes with minerals,
allophane, and ferrihydrite (Mora and Canales 199%5b), thus large amounts of P
fertilizers are needed to overcome P limitation®(®et al. 1999). Under this scenario, the
importance of plant growth-promoting rhizobactdil5PR) populations on mineral plant
nutrition, particularly P, is well recognized (Bowand Rovira 1999; Martinez-Viveros et
al. 2010). Improving fertility by releasing boufdin soil by PGPR is an important aspect
to be considered for achieving optimum crop growth. this context, phosphate
solubilization, phytate mineralization and indotetc acid (IAA) production are beneficial
mechanisms desired in PGPR.

Phosphate-solubilizing rhizobacteria are commonpgmments of soils, and they are
well known to enhance the plant growth (Rodrigusd Braga 1999; Yu et al. 2011). On the
other hands, IAA-producing rhizobacteria have ddsen reported to significantly enhance
the development of the host plant root system, wimdirectly may improve P uptake by
plants (Marschner et al. 201Despite that organic P, particularly phytate, reprging an
important source of P potentially available to planAndisols, scarce studies have been
conducted to evaluate the role of rhizobacterieetease available P from phytate in soils.
It has been postulated that phytate-mineralizimgotbacteria could play a predominant role

in the recycling of phytate from soil P reservescfRrdson 2001). Recent studies have
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isolated phosphobacteria (phytate-mineralizing phdsphate-solubilizing bacteria) from
the rhizosphere the plants grown in Chilean Andisahd they have been suggested as
potential soil inoculants to increase P availapi(forquera et al. 2008; Shoebitz et al.
2009; Jorquera et al. 2011). These native isol&i@ge also included rhizobacteria
containing other mechanisms found in PGPR, suchAAsproduction and siderophore
(Shoebitz et al. 2009; Acufia et al. 2011). Morepgemmom agricultural practices (such
as fertilization with urea) and environmental fast@pH, organic acids and cation metals)
have shown to be relevant in the occurrence arfdmpeaince of potential PGPR in Chilean
Andisols (Martinez et al. 2011).

However, what is the real contribution of nativedbacteria on plant growth and P
concentration in cereals grown in Chilean Andigel®mains unknown. Thus, the objectives
of this research were to evaluate the inoculatibmatdive rhizobacteria on plant (total
biomass, P uptake, P concentration and activityoot-surface phosphatase, superoxide
dismutase and thiobarbituric acid-reactive-substarand rhizospheric (P available, 1AA
potential, activity of urease and phosphatase andctare of bacterial community)

parameters of cereal plants grown in an Andisah\atv P available.
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4.2.Materials and methods

Rhizobacteria

The strainBacillus sp. N1-19NA Enterobactersp.NO-29PA Pseudomonasp. N1-55PA
and Serratiasp. NO-10LB were previously isolated from pastdmnzosphere and selected
for their ability to solubilize phosphate, mineraliphytate and produce indole acetic acid

(IAA) under laboratory conditions (Martinez et 2011).

Soil

The soil chosen is one Andisol belonging Piedragrakesoil (PNS) Serie. The soil samples
were collected from the top 20 cm in pasture latateOsorno province from southern of
Chile (40°20’'S; 72°35’'W). Soil collected were airedl and sieved to 2 mm. The main
chemical soil properties are (mgRgtotal P (R 1,124, inorganic P (Pi) 131 and organic P
(Po) 993, Bisen 3, K 109, pHio 5.4, organic matter 17 (%) and Al saturation 1684),

cation exchange capacity 2.95 (cmol+'kg

Greenhouse experiment |

A pot experiment was conducted to evaluate thecefé rhizobacteria inoculation on P
content by wheatTfiticum aestivunlL. cv. Fritz) plants. For this experiment sterded
non-sterile soil was utilized. Soil at 70% moisturas sterilized in 1 kg plastic bags using a

microwave (5 min to 2,450 MHz) for three consecaitilays (Borie and Rubio 1999), and
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then aerated for 24 hours.The wheat seeds weralated with rhizobacteria (~ 1x3@fu
seed"). The seeds were coated with the bacterial peé&ire sown. After germination, 27
plants per pot were sowed and plantlets were rediiated with a bacterial suspension’(10
CFU mi* plant®) at 10 days after germination (Fernandez et a07R0Soil basal P
fertilization (100 mg kd) was applied as triple superphosphate before sdreat plants
were irrigated regularly to maintain 60% of the maxm water holding capacity. Nitrogen
fertilization (50 mg kg as urea) was carried out at 9 day.

A completely random experimental design was adopthd inoculation treatments
included: (1) control (non-inoculated), (Bacillus sp. N1-19NA, (3)Enterobactersp.NO-
29PA, (4) Pseudomonasp. N1-55PA, (5)Serratia sp. NO-10LB and (6) mix of four
strains. These treatments were applied to bothesterd non-sterile soil.

The wheat plants were maintained under greenhausditons for 30 days. Wheat
plants were harvested and analyzed for plant bieraasl P concentration in tissues (see

below method description).

Greenhouse experiment ||

A pot experiment was conducted with wheat, datefia sativaL. cv. Rayen) and barley
(Hordeum vulgard.. cv. Pincoya) plants. Cereal plants were gerteith@n wet filter paper
for 7 days and then the seedlings were transplaotgadts (10 plants per pot) filled with
0.95 kg of PNS, and irrigated regularly to maintéBfo of the maximum water holding
capacity. The cereal plants were inoculated withaaterial suspension A@FU mL*

plant!) at 1, 30 and 55 days (Fernandez et al. 2007 prAptetely random experimental

design was adopted. The inoculation treatmentsidted: (1) control (non-inoculated), (2)
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Bacillus sp. N1-19NA, (3)Enterobactersp.N0O-29PA, (4Pseudomonasp. N1-55PA, and
(5) Serratiasp. NO-10LB. These treatments were applied to whest and barley. The
plants were maintained under greenhouse conditfons75 days and N fertilization
(equivalent to 200 kg urea Rawas carried out at 30 day. The basal P fertilizatvas not
applied.

In the end of this experiment, cereal plants wesevésted and the following
variables were measured: plant biomass, P conicetrat tissues, P available in the
rhizosphere, root surface phosphatase activity,esaiymes (acid phosphatese and urease),
IAA potential in the rhizosphere, root superoxidentutase (SOD) and thiobarbituric acid

reactive substances (TBAR) and bacterial commuaitgposition in rhizosphere.

Biomass and P concentration of plants

Plants were carefully removed from the pots and theashed with distilled water for
removing soil trapped in the roots. Shoots andseatre separated, rinsed with deionized
water and dried at 65°C for 48 h to determine deight (dw). The shoot and root P
concentration in tissues was analyzed by the mokx@hadate method as described by
Sadzawka et al. (2007). Briefly, after dry weigktetmination, samples were dry-ashed in
a muffle furnace at 500°C for 8 h and digested &itd HCI. Ashes were filtered and P in

the extracts was quantified in a spectrophotonatd66 nm.
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P availability and root surface phosphatase agtivit

Soil available P in the rhizoshere was estimateddigg the molybdenum blue method as
described by Sadzawka et al. (2006). Briefly, aldé@ P is extracted from rhizospheric soil
by bicarbonate (NaHC#psolution at pH 8.50. P in the extracts was quatitely analyzed
at 880 nm by a formation of an antimony—phosphatdyindate complex reduced with
ascorbic acid to form a blue-colored complex.

In relation to root surface phosphatase activitg toots were carefully removed
from soil, and root surface phosphatase activity s wdetermined usingp-
nitrophenylphosphatg{NPP) substrate according to the procedure desthigeRubio et
al. (1990). Roots were submergedpiNPP solution and incubated for 30 min at 20 ° C,
with roots in the dark and leaves were uncover@itl Ahosphatase activity was calculated
as the gram op-nitrophenyl p-NP) released during 1 min of assay per gram of fresh

weight.

Soil enzymes and IAA potential

Acid phosphatase and urease were chosen as indiaattcsoil capacity to mineralize
organic N and P compounds. Soil acid phosphatdsataevas measured using the method

described by Tabatabai and Bremner (1969) and reddify Rubio et al. (1990) for soil
with high organic matter content. Samples of 1 ¢ mL bufer (0.1 M Tris, pH 5.5) were

incubated with 0.115 Nb-NPP for 1 h at 20 °C in water bath. The reacti@as stopped by

the addition of 1 mL of 0.5 M CaGland the mixture was filtered and centrifuged,&0@
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g for 10 min. Thep-NP concentration in the supernatant was measurdd®d@nm in a
spectrophotometer. Urease activity was assayelleognodified method of Nannipieri et al.
(1980). Four mL of 0.1 M phosphate buffer (pH 7ahy 1 mL of 1.067 M urea were added
to 1 g soil samples. The samples were incubat@@ &€ for 2 h, and thereafter, 5 mL of 2
M KCI were added to terminate the reaction. The MyNwas determined by ion selective
electrode.

To determine the potential of indole acetic acilA) activity in rhizosphere the
method described by Benitez et al. (2004) was ube&d. grams of fresh rhizosphere soill
was placed in a 50 ml flask. Six ml of phosphatddo(pH 7.5) with glucose (1 g glucose
in 100 mi* phosphate buffer) and 4 ml of 4 mM L-tryptopharrevadded. Soil suspensions
were mixed and incubated at 37°C for 24 h in thi&.dawo milliliters of 5% trichloroacetic
acid solution (to inactivate enzymes), and 1 mD& M CaC} solution were added. An
aliquot was transferred to a 1.5 mL microtube aendtrifuged at 5,000 g for 5 min. The

IAA concentration was measured by spectrophotorae&85 nm.

Root superoxide dismutase and thiobarbituric asgdttive substances

The enzyme antioxidants superoxide dismutase (S®[he first line of defense against
reactive oxygen species (ROS) and commonly uséudasator of plant response to stress.
Root samples were frozen in liquid nitrogen andextat —70C. Later, the frozen material

was homogenized and centrifuged. SOD activity wesayed by measuring the inhibition
of the photochemical reduction of nitroblue tetlama (NBT). The absorbance was
measured at 560 nm. One SOD unit was defined atbent of enzyme corresponding to

50% inhibition of the NBT reduction in comparisom tubes lacking enzymes at-25
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(Donahue et al. 1997). The results were correcyeguiantification of total protein content
(Bradford) in root biomass (Kruger 2002). In paehll thiobarbituric acid-reactive-

substances (TBARS) assay was used to estimateigation of lipids in membrane as
indicator of plant root stress. In the fresh maiferiipid peroxidation was assayed by
measuring the TBARS according to method descrilyederli et al. (1997) and Hodges et
al. (1999). Fresh control and treated roots (0)Jl&ere homogenized with trichloroacetic
acid and thiobarbituric acid. The amount of TBAR&svdetermined in the soluble fraction
by measuring their absorbance at 532, 600 and #throrder to correct the interference

generated by TBARS—sugar complexes.

Bacterial community composition in the rhizosphere

The analysis of bacterial community compositionritizosphere soil was evaluated by
denaturing gradient gel electrophoresis (DGGE)rigple based on 16S rRNA gene. The
DGGE procedure was carried out as described byéomcet al. (2010). Extraction of total
DNA from soil samples was carried out by using P&ed Soil DNA Isolation Kit (Mo—
Bio Laboratories, Inc.) and fragments of 16S rRNshg were amplified by PCR with the
primer set EUBf933-GC/EUBr1387 (lwamoto et al. 2D00he DGGE analysis was
performed in a 9% (w/v) polpolyacrylamide gel wehgradient of 30% and 55% (urea and
formamide).The electrophoresis was run for 12 b0&V and gel stained with SYBR Gold
(Molecular Probes, Invitrogen Co.) for 30 min andofgraphed on an UV
transilluminator. Clustering of DGGE banding prefilusing a dendrogram was also carried

out by using Phoretix 1D analysis software (TotallLad.).
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Statistical Analysis

The data were analysed by a one-way analysis ana (ANOVA), and comparisons

were carried out for each pair with Student’s t-tesing JMP statistical software (SAS
Institute, Inc.). All experiments were carried oattriplicate, and the values are given as
means * standard errors. Differences were conslderde significant when thé value

was less than or equal to 0.05.

4 .3.Results

Greenhouse experiment |

The effect of rhizobacteria on dry biomass, P uptakd P concentration of wheat plants
grown in sterile and non-sterile soil is shown iable 4.1. Compared with uninoculated
control, the result showed that none of inoculatleidobacteria significantly R<0.05)
increased plant biomass in sterile soil (Table.4Sknilarly, the inoculation of wheat with
selected rhizobacteria did not significantB<Q.05) increased the P uptake compared with
controls (Table 4.1). In contrast, P concentrationplants grown in sterile soil and
inoculated with Enterobacter sp. N0O-29PA andBacillus N1-19NA was significantly
(P<0.05) increased (6.5% and 7.3%, respectively) coetpaith uninoculated controls. In
non-sterile soil, the inoculation witBnterobactersp. NO-29PA also increased (7.6%) the P

concentration in inoculated plants as compared wvotitrol.
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Greenhouse experiment Il

Growth and P content of plants

In general terms, the inoculation of wheat and dyarwith Bacillus sp. N1-19NA
Enterobactersp. NO-29PA Pseudomonasp. N1-55PAand Serratiasp. NO-10LB did not
significantly P<0.05) increased the plant biomass compared withrasn(Table 4.2).
Except in oat where the inoculation wiimterobactersp. NO-29PA significantlyR<0.05)
increased (29%) the plant biomass compared witkralon

Similarly, wheat and barley plants inoculated wsttlected rhizobacteria did not
significantly (FX0.05) increased the total P uptake compared withtrals (Table 4.2).
Hovewer, oat inoculated witRnterobactersp. NO-29PA significantlyR<0.05) increased
(47%) total P uptake compared with control.

In relation to P concentration, the rhizobactemadculation did not significantly
(P<0.05) increase the P concentration in plants coegpawith control (Table 4.2).
However, the higher P concentrations (7-14%) wedygeoved in plants inoculated with

Enterobactersp. NO-29PA (Table 4.2).
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Table 4.1 Effect of rhizobacteria inoculation on wheat bass, P uptake and P

concentration in sterile and non-sterile volcamit with basal P fertilization.

Sterile soil Plant P P
dry biomass uptake concentration
(g po™) (mg) (mg k™)
Control non-inoculated 2.48 £0.06 a 3.77 £0.12 ab 1522 £10b
Bacillus N1-19NA 2.46 £0.02 a 4.00 £0.05 a 1621 11 a
Enterobacte NO-29PA 2.18+0.02 b 3.55 £0.03 bc 1633 +8 a
Pseudomoni N1-55PA 2.21+0.06 b 3.36 £0.08 ¢ 15178 b
SerratiaN0-10LB 2.25+0.08 b 3.50 +0.05 ¢ 1558 £36 b
Mix 2.30 £0.01 ab 3.56 +0.03 bc 1547 +£3 b
Non-sterile soil Plant P P
dry biomass uptake concentration
(g pot’) (mg) (mg kg')
Control non-inoculated 1.80 £0.08 a 2.79+0.12 a 1557 £74 ab
Bacillus N1-19NA 1.99 £0.05 a 3.09 £+0.04 a 1550 £19 ab
Enterobacte NO-29PA 1.75 £0.06 a 2.93 £0.06 a 1676 £27 a
Pseudomon: N1-55PA 1.82+0.13 a 2.90+0.23 a 1590 £14 ab
SerratiaN0-10LB 1.81 +0.01 a 2.68 +0.06 a 1481 24 b
Mix 1.89 +0.08 a 3.12+0.11 a 1650 £14 a

Values represent mean * standard error (averagfereé repeats). Different letters in the
same column denote significant differenBg@.05, comparisons of means were carried out
for each pair with Student’s t-test using JMP).

117



Table 4.2 Effect of rhizobacteria inoculation on plant bass, P uptake and P

concentration in wheat, oat and barley grown in-stamnile soil and without P-fertilization.

Wheat Plant P P
dry biomass uptake concentration
(g pot’) (mg) (mg kg)
Control non-inoculated 2.90 +0.06 a 2.45+0.11 a 845 +28 ab
Bacillus N1-19NA 2.33+0.17 b 1.83+0.11 b 787 £12 b
Enterobacte NO-29PA 2.76 £0.24 ab 2.39 £0.25 ab 863 £16 ab
Pseudomoni N1-55PA 2.50 +0.04 ab 2.31 +0.10 ab 921 +31 a
SerratiaNO-10LB 2.75+£0.04 ab 243 +0.11 a 883 £36 ab
Oat Plant P P
dry biomas uptake concentratio
(g pot’) (mg) (mg kg)
Control non-inoculated 2.49+0.12 b 1.77 £+0.14 b 713 43 ab
Bacillus N1-19NA 2.82 £0.16 ab 2.15 £0.20 ab 759 £+31 ab
Enterobacte NO-29PA 3.21 £+0.02 a 2.61 +0.15a 812 +44 a
Pseudomon: N1-55PA 2.73+0.10 b 1.83+0.17 b 667 +41 b
SerratiaNO-10LB 2.74+0.12 b 2.05 £0.15 ab 745 £21 ab
Barley Plant P P
dry biomass uptake concentration
(g pof’) (mg) (mg kg)
Control non-inoculated 1.37 £0.09 a 0.89 £0.04 a 656 +16 a
Bacillus N1-19NA 1.24 +0.10 a 0.82 £0.08 a 659 +22 a
Enterobacte NO-29PA 1.30+0.15a 0.92+0.11a 703 7 a
Pseudomon: N1-55PA 1.48 +0.10 a 1.03 £0.06 a 698 +14 a
SerratiaNO-10LB 1.20 £+0.01 a 0.81 +0.02 a 674 £17 a

Values represent mean * standard error (averagfered repeats). Different letters in the
same column denote significant differenBg@.05, comparisons of means were carried out
for each pair with Student’s t-test using JMP).
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Phosphorus availability and root surface phospleatatvity

A significant <0.05) higher P availability in the rhizosphere wasy observed in
wheat and oat plants inoculated winterobactersp. NO-29PA compared to the
uninoculated control, but the phosphatase actioftyoot surface was decreased the
(Fig. 4.1, A and B). In oat and barley plants, itheculation withBacillus sp. N1-19NA
also significantly P<0.05) increased soil available P and decreaseddtmaty of root

surface phosphatase activity compared to the uolatexd control (Fig. 4.1, B and C).

Soil enzyme and IAA potential

The application of rhizobacterial strains produadnges on acid phosphatase and
urease activities in the rhizosphere (Table 418wheat, the acid phosphatase activity
was significantly decreased (27%) Bseudomonassp. N1-55PAinoculation. In
contrast, the application of thBseudomonasp. N1-55PAsignificantly <0.05)
increased the acid phosphatase (12%) and urea®g €R2ivities in oat compared with
uninoculated control. On the other hands, the apftn of theEnterobactersp. NO-
29PA showed a significanP€£0.05) increase (16%) of acid phosphatase S@datia
sp. NO-10LB showed a significant decreased (25%)refse activity in barley plants
compared with control.

In relation to IAA potential in the rhizosphere, general term the inoculation
with rhizobacteria increase the 1AA production pai& in the rhizosphere soil of plants
(Fig. 4.2). The Figure 4.2A shows that the rhizabaa inoculation significantly
(P<0.05) increased (73-125%) the potential of IAAle trhizosphere of wheat soil. In

oat, the treatments with rhizobacteria had a hig@8r52%) IAA production but not
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significant £<0.05) compared with uninoculated control (Fig. 4.28milarly to wheat
plants, the inoculation witEnterobactersp. NO-29PAPseudomonasp. N1-55PA and
Serratiasp. NO-10LB significantly <0.05) increased (24-69%) IAA production in the

rhizosphere of barley plants (Fig. 4.2C).

Root superoxide dismutase and thiobarbituric aegdttive substances

In relation to parameters involved in stress taoleea mechanisms of plants, the
inoculation with rhizobacteria (excefacillus sp. N1-19NA) significantly P<0.05)
increased the antioxidant root enzyme SOD of whpkints compared with
uninoculated control (Fig. 4.3A) at the same lesfestress indicated by TBARS. This
respond was not observed with the rhizobacteriauladion of oat and barley, where

SOD did not enhance respect to the control (F@.B.and C).
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Table 4.3 Effect of rhizobacterial strains inoculation iizospheric soil enzyme activities in wheat, aad harley crops.

Parameter Treatment
Control Bacillus Enterobacter Pseudomonas Serratia
N1-19NA NO-29PA N1-55PA NO-10LB

Wheat
Acid phosphatase (mgNP g* soil hY) 614 +40 ab 683 +17 a 649 +18 ab 446 +26 C 568 +5
Urease (umol NElg*soil H?) 4.05 0.3 ab 3.38£0.03 b 4.14 +0.17 a 3.64 +@l01 3.81 £0.04ab
Oat
Acid phosphatase (mgNP g* soil HY) 789 £12 b 824 +18 ab 836 +0 ab 887 £27 a 832ati0
Urease (umol NElg'soil H?) 5.04 +0.33 b 5.02+0.4b 6.19 +0.37 ab 6.65 +@.63 6.57 +0.16 a
Barley
Acid phosphatase (MNP ¢* soil hit) 605 +6 b 601 +15b 703 29 a 665 +6 ab 632 +9 ab
Urease (umol NElg*soil H?) 8.91+0.8 a 8.6 £0.09 ab 8.5 £0.55 ab 9.2+0.24a 6.7+0.16b

Values represent mean + standard error (averagiered repeats). Different letters in the same rewote significant differencd?€0.05, comparisons of

means were carried out for each pair with Studeftest using JMP).
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Figure 4.1 Available phosphorus in the rhizosphere soil emat surface phosphatase
activity from inoculated plants of A) wheat, B) catd C) barley. For each parameter,
means (x standard error). Different uppercase rietiedicate differencesP&0.05,
comparisons of means were carried out for eachvp#tir Student’s t-test using JMP)
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soil available P.
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between treatments respect to TBARS.
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Bacterial community composition in rhizosphere

The PCR-DGGE profile of the 16S rRNA gene is shawfkigure 4.4. Despite that the
presence of some dominant bands were observed eatwplants inoculated with
Enterobactersp. NO-29PA andPseudomonasp. N1-55PA, in general terms consistent
differences between bacterial community structumesong the treatments was not
produced by rhizobacterial inoculation. Clusterlgsia based on the DGGE profiles
showed high similarity (> 90% in wheat, > 95% irt,aand >86% in barley) in banding

pattern, suggeting that the inoculation had |gfiiect on the soil rhibacterial diversity.
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4.4.Discussion

Since the discovery of PGPR, many studies have dstrated the beneficial
interactions between PGPR and plants (Dardanelil.e2010). One of the greatest
remaining challenges for better managing theseshactor for development of specific
strains for use as biofertilizers, is the developmef methods to monitor their
population and activity in soils (Arora et al. 2010here is also a basic lack of
understanding of the contribution of the individ@ahctional traits that are involved in
plant growth promotion, and their mode of action affecting plant physiological
processes. Rhizobacteria were originally isolatedl @escribed based on their ability to
solubilize P (Garretsen 1948). Subsequently, thatpjrowth promotion conferred by
many of these bacteria was shown to involve IAAdouiciion. The isolation of PGPR on
the basis of their ability to solubilize P was thauortuitious screening procedure that
was able to cultivate PGPR. Likewise, the early afs&zospirillumwas for fixation of
nitrogen, and only later it was shown that the am®uwf nitrogen fixed by these
bacteria was of little relevance for improving glgmowth as compared to their ability
to stimulate root growth via the production of IA8kon and Kapulnik 1986; Spaepen
et al. 2008). Today most PGPR are recognized te mawitifunctional characteristics
including production of growth hormones, suppressibethylene, mobilization of iron,
N-fixation, production of antibiotics, and prodwstior degradation of HCN in the plant
rhizosphere. Many PGPR also produce antibiotics sorde can induce the systemic
resistance of plants to improve disease tolerance.

In this research, experiments were conducted tamexe some of the
multifunctional properties of PGPR and the degreewhich these are affected by

interactions with a specific plant host. Experinserdtompared four strains of
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rhizobacteria on three cereal plant species innglesisoil type that was deficient in
available P, but that contained high levels ofltotarganic and organic P. This soil was
selected as a model for P limiting soils in south@hile, where grain crops are often P
limited and require high applications of fertilizeto sustain their productivity. Thus
much of the focus of this research was on the Bbdaation and P mineralization
abilities of the selected strains and their abitdymobilize P. In general terms, this
study revealed that inoculation of selected rhiztdy@a strains did not consistently
enhance the biomass, P-uptake and P concentrdtioareal plants. It is well known
that the efficacy of inoculation is influenced kynepetition by the indigenous microbial
community (Bashan 1998). Of the all possible coratiams of plants and inoculants in
experiment |, there were only two instances whecuhants Bacillus sp. N1-19NA
andEnterobactersp. NO-29PA) improved the P concentration in whéhts effect was
only significant when the inoculants were introdiigato sterilized soils, and lead to an
approximate 7% increase in P concentrations inpthet tissues. A similar trend was
observed in nonsterile soil, but the effect wassighificant. In the nonsterile soil, the
level of variation among replicates was 2-5 time=ater than in sterile soils, suggesting
that the inconsistency was due to competition Wit native microbial community.
These results are similar to those reported inipusly published studies. Krey et al.
(2011) reported no significant effects on the plgrawth by the application of two
PGPR strainsRseudomonas fluorescemR54 andEnterobacter radicincitan©SM
16656) alone and in combination with organic feadition (cattle manure and biowaste
compost) on growth of maize and oilseed rape. hthgame way, P concentration of
shoot and root was not increased by rhizobacteraaulation under low P availability
condition in both greenhouse experiments. In alainstudy, Ramirez and Kloepper

(2010) showed data where in the control (soil adé P 3 mg kd) was not observed

128



an effect on shoot P content of Chinese cabbadgabillus amyloliquefaciensZB45
inoculation. Fernandez et al. (2007) observed tit@tP content of soybean plants was
same between plants inoculated with several phosptsplubilizing bacteria
(Pseudomonas fluorescernterobactersp. Burkholderiasp. andBradyrhizobiumsp.)
and soybean plants uninoculated. Also, Malboobialet(2009) also reported that
different phosphate solubilizing bacteria had rgngicant effects on P concentrations
of potato leaves at the tuber stage in the hig-raedium-P inorganic soil types.

It is noteworthy, Enterobacter NO-29PA significantly increased the P
concentration in sterile soil in wheat under P bésdlization (greenhouse experiment
). This bacterium also increased the plant bionsass P-uptake of oat plants without
P-fertilization (greenhouse experiment Il). The ufes further suggested that this
mobilization of P byEnterobactersp. NO-29PA may be related to its production of
extracellular phytase (data not shown) allowingadtess to the organic P in this saill,
which contained 993 mg KgP concentrations were increased approximatelyOfyng
kg, irrespective of fertilization. These results areagreement with previous reports
thatEnterobacterstrains produce extracellular phytase (Yoon €1@96; Konietzny and
Greiner 2002). Bacterial phytase are actively sedrénto soil, where they participate
both in decomposition of plant debris and in theedation of P from soil organic
compounds that must be dephosphorylated, afterhathie liberated P can be taken up
by plants (Richardson and Simpson 2011).

The possible effect of increased IAA-producing ptasbacteria on P
availability was further evaluated with respect da&tractable P using the Olsen
extraction method. In both cases where the twa¥e strains were shown to improve
plant P concentrations, the levels of extractableelPe significantly elevated in soils

inoculated with eitheBacillus sp. N1-19NA otEnterobactersp. NO-29PA as compared
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to soils inoculated with the other two test strainghe uninoculated control soil. The
mobilization of P is likely caused by induction giytase enzyme activity to supply P
for the bacteria that are actively growing in thanp rhizosphere. At elevated enzyme
activity levels, the bacteria may liberate P theat be taken up by the plant before it is
immobilized by the bacteria. Or as postulated byddaner et al. (2011), the P that is
immobilized into the bacterial cells may be reledseing death and turnover of the
bacteria along the older root parts behind the rutes. Bacterial phospholipids
contained in the cell membranes of bacteria arehlfigabile and undergo
dephosphorylation soon after the death of bactee#ds. Prior research has similarly
shown that extractable P levels can be increased sbil inoculation, but have not
investigated the mechanism by which this occursid@ra et al. (2002) showed an
increase in plant (sugarcane) available P statufiansoil upon addition oBacillus
megaterium Similar observations have been reported by Zatidil. (2004), where the
available P status of the soil was improved byattiéition ofPseudomonas striat&till
other processes by which bacteria might enhancet ffa uptake could involve
stimulation of root hair formation, or increasetiesaof exudation by plant roots. 1AA
production by bacteria stimulates cell division agbansion of the tissues in the zone
of elongation where the majority of root exudatmecurs. Organic acids contained in
the root exudates in turn may desorb P from mingualaces, or complex mineral P.
Root exudates are also involved in priming of organatter mineralization, leading to
enhance microbial activity and mineralization oftbdl and P contained in soil organic
matter.

One of the curious results from this research wees dbservation that root
surface phosphatase activity was decreased sutlthdra was an inverse relationship

between the level of extractable P and the phoaphactivity of the roots. This was
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observed in soils inoculated with boBacillus sp. N1-19NA andEnterobactersp. NO-
29PA, the only two strains that significantly inesed P uptake by the plant. While
difficult to explain, this phenomenon was also mpd by Paredes et al. (2011), in
which they found that the root surface phosphateas inhibited at least 65% in
response to increase soil available P. In the reBemnducted here, P concentrations in
the inoculated plants were measured at 800 rify ikglicating the plants were still very
P deficient (Sanchez 2007) and in which case thatplwould be hypothesized to
produce phosphatases in order to increase P matimliizand uptake. The suppression
of phosphatase activity suggests that this enzysnaot regulated in relation to P
availability. The degree to which root surface pitegase activity is regulated by P
availability is not yet well understood. On the ethhand, the suppression of this
enzyme in the presence of bacteria that putatieehance P availability requires further
explanation. One possibility is that local elevatédconcentrations in the soil may
suppress the induction of the surface enzyme &ctvien while the plant shoot suffers
from P deficiency.

On the other handsPseudomonasN1-55PA inoculation increased acid
phosphatase and urease in oat. Mader et al. (2@&Hdgrted that the application
combined of PGPR (fluoresceRseudomonastrains:P. jesseniR62 andP. synxantha
R81) and arbuscular mycorrhizal fungi increased sozyme activities of alkaline
phosphatase, acid phosphatase, urease and dehyagede wheat rhizosphere. Also, it
has been reported that inoculation withcillus subtilisandEnterobacteragglomerans
significantly increased the urease and phosphatdsédtias of the rhizosphere solil in
lettuce and tomato plants, respectively (Kim etl8P8; Kohler et al. 2007).

Along with enzyme activities, other factors mayenaict to influence P

availability and uptake by plants. Production ofAlAy PGPR has been suggested as
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one of the most important factors affecting plaravgh and may indirectly affect P-
uptake as described above, by increasing rootdmaguction or by altering plant root
exudation (Lebuhn et al. 1994; Marschner et al.1208lumerous studies have shown
an improvement in plant growth and development @sponse to seed or root
inoculation with various microbial inoculants. Aasvexpected, results from the current
study showed that plants that were inoculated WAA-producing phosphobacteria
strains enhanced the potential production of IAAails amended with the tryptophan.
This amino acid is a precursor of IAA and is a comgnt of root exudates. When
secreted into the rhizosphere, bacteria can protdlehat is taken up by the plant,
causing root growth and proliferation of root hgi@assan et al. 2011). The mode of
action for increasing root growth is thought tootwe an auxin mediated decrease in
the pH of the cell walls, which enable the cella@lasicrofibrils to slip past one another
and allow the root cells to expand (Hopkins and ét(2009). Subsequently, the cell
walls are fixed by displacement of protons withadnt calcium, which stabilizes the
cell walls from further expansion. The regulatadrauxin and root elongation is further
mediated by interactions with ethylene, which can ibfluenced by bacteria that
produce the enzyme ACC deaminase. This enzyme diegthe precursor of ethylene.
This research did not examine ACC activity of tlhd sioculants, and this remains as
an open question for further study.

In this research, studies were conducted to exaiheerelationship between
plant P status and plant stress as indicated b/ pigroxidation to the plant membranes
(revelated by TBARS). Previous work has suggestet P deficiency results in
elevated superoxide dismutase (SOD) activity ofgla@t roots, and reflects a response
to the generation of reactive oxygen species (Rfa83ed by P deficiency (Juszczuka et

al. 2001; Shin et al. 2005; Tewari et al. 2007)wedwer, this is a relatively unstudied
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topic in cereal plants. Here, we examined the Hygss that inoculation with beneficial
IAA-producing phosphobacteria may stimulate SODvaygt Together the SOD and
TBAR activity measurements can be used to assesffects of PGPR on stress caused
by plant P deficiency. Results shown in Figuregh8wed erratic effects of inoculation
on these enzyme activities. Three of the inoculaffiaterobacter sp.NO-29PA,
Pseudomonasp. N1-55PA andSerratia sp. NO-10LB) stimulated SOD activity in
wheat, but suppressed this activity in oat, andr@sdignificant effect on barley.

Another possibility unrelated to the P hypothesithat the changes in activity of
SOD and enzymes associated with lipid peroxidafi@ARS) were instead associated
with other functions of the PGPR related to theumible systemic resistance response
that can be conferred by some PGPR (Dimkpa et @9R ROS are continuously
produced as a result of aerobic metabolism orsparse to biotic and abiotic stresses.
The SOD enzymes, ROS scavenging, are very impontaamelioration the damage
caused by oxidative stress in plants (RaychaudindgiDeng 2000; Alscher et al. 2002;
Gusta et al. 2009). In this context, the activityS®D has been reported to increase
under diverse stress situations such as drougliingh metal toxicity, and disease.
Increases in SOD activity are often correlated wiitl tolerance of the plant against
abiotic stresses (Raychaudhuri and Deng 2000; Tanak 2004; Cartes et al. 2012),
and is also associated with induced systemic egsist (ISR) in plants (Jetiyanon 2007,
Li et al. 2008; Liang et al. 2011). The resultdhe research conducted here with respect
to the effects of PGPR on this aspect of plant phygy represent a preliminary
investigation of this topic and the possible inttiens between plant P status and the
induction of the systemic resistance response.

One of the most difficult questions in the devel@minof PGPR soil inoculants

is their interaction with the native microbial comnity. PGPR that are introduced into
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soils must compete with indigenous rhizobacterit @re well adapted to the local
environment, and may be influenced by a wide ravfggignal molecules secreted by
plant roots or by other microorganisms. In thisesesh, experiments were conducted to
examine possible broad changes in the species tigoo of the rhizosphere
communities using PCR-DGGE of 16S rRNA genes. Elartique is low resolution in
that only a small number of bands (<100) represganty thousands of species that are
present in the soil (Winding et al. 2005). For indual microorganisms to be
represented in the DNA band profiles, they showdhgrise at least 1% of the total
DNA (MacNaughton et al. 1999; Casamayor et al. 20008us this technique resolves
only very broad changes in community structurepievious research, this technique
has been employed to follow changes in the pomuatize of soil inoculants, but as
individual PGPR strains rarely exceed £@ll per gram in communities that contair! 10
or more cells per gram soil, it may not be posstblérack the inoculants (Bergsma-
Vlami et al. 2005; Winding et al. 2005). In thisearch, the DGGE gels did not reveal
consistent differences between bacterial commusiityctures among the treatments.
This is in agreement with a prior study by Herschtzoet al. (2005) that reported that
A. brasilenseinoculation did not alter or disrupt the microbsfucture at the group-
specific level in maize rhizosphere as revealed YGE fingerprints analysis.
Likewise, Lerner et al. (2006) reported that nonpreent effect ofA. brasilense
inoculation was observed on the bacterial commemitf plant roots grown in two
different soils by DGGE and ARISA (automated ribmsd intergenic spacer analysis).
Piromyou et al. (2011) inoculated forage corn repwere withPseudomonasp. SUT
19 andBrevibacillussp. SUT 47 and they reported that dominant spegi@sicrobial

community structure were not interfered by PGPRis$:

134



4.5.Conclusions

In general, plant response to rhizobacteria indimrawas variable depending of the
inoculated strain and cereal plant species assalfmvever, the rhizobacteria
inoculation clearly influenced parameters relateglant biomass, phosphorus uptake,
rhizospheric enzymatic activities, such as indatetia acid potential, root surface
phosphatase, acid phosphatase, urease and phasphariability. In the present work,
only EnterobacteMN0-29PA inoculation did improve the plant biomaBsjptake and P
concentration in cereal plants compared with urufeded control.EnterobacterNO-
29PA significantly increased the P concentratiorwimeat plant grown in sterile soll
with basal P fertilization, and plant dry biomasal & uptake of oat plants grown in
non-sterile soil without P fertilization. DGGE fimgeint analysis revealed that plant
inoculation with rhizobacteria had slight effectthie rhizosphere bacterial communities
among treatments in each of the cereal speciesoirast, the inoculation with
rhizobacteria produced changes on acid phosphaade urease activities in the
rhizosphere and increased the potential of IAA potidn in the rhizosphere.
Interesting, the inoculation witBnterobactersp. NO-29PAPseudomonasp. N1-55PA
and Serratiasp. NO-10LB increased the antioxidant root enzgumegeroxide dismutase
in wheat plants, paremeter related with plant defanechanisms.

This study show that plant growth promotion pot@nbf the rhizobacterial strains
requires major evaluation to be implemented in phosus-deficient Andisols.
Moreover, the response of cereal crops to the egtpn of these rhizobacterial strains
in appropriate combinations with chemical and/ayamic phosphorus fertilizers could

be considered for future experiments.
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Global Discussion

Phosphorus (P) is one of the major essential matients for biological
growth and development. In southern of Chile, ugt386 of total agricultural land is
acid and moderately acid volcanic ash-derived g@itsdisol). Andisols contain large
reserves of total P, a part of the accumulated fpert#s on regular application of
chemical fertilizers or organic amendments. Butx@tion and precipitation with soil
constituents cause a major P-deficiency and sevesstyict the growth and yield of
crop plants. Modern agriculture is heavily depegdam the application of chemical
inputs particularly, P fertilizers. This practicg, ihowever, not sustainable and also
uneconomic, producing also the continuous accumoulaif P in Andisols. In order to
raise the availability of P and to reduce the usehemical fertilizers, solubilization of
insoluble inorganic P and mineralization of orgamcby beneficial rhizospheric
phosphobacteria has provided an alternative to admphosphate fertilizer.

Beneficial free-living rhizosphere bacteria aresafteferred to as plant growth-
promoting rhizobacteria (PGPR) and are found im@asion with the root surfaces of
many different crop plants. The PGPR are capabléadfitating plant growth after
inoculation onto seeds or when already present hizospheric soils in high
concentration. The PGPR facilitate plant growth $ynthesizing or altering the
concentration of phytohormones (IAA), disease sepgion (siderophores, antibiotics
and cyanide), and solubilization of mineral phospbaand other nutrients and by
increase stress plant tolerance. And hence, ussuch PGPR may be a viable
alternative to chemical fertilizers for increasitige productivity of various crops in

volcanic soils. However, despite their proven &pitif growth promotion, PGPR have
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yet to fulfill their promise and potential as commeial bioinoculants. Understanding
functional diversity of PGPR is vital for sustait@production in agroecosystems.

In this thesis were isolated and selected nativieobacteria capable of
mobilizing insoluble forms (organic and inorganaf) phosphorus (P) and synthesize
indole acetic acid (IAA). The effects of long-temitrogen (N) fertilisation on the
occurrence of potential culturable PGPR in rhizesphsoils from pastures grown in
Chilean Andisols was examined. In vitro the effeat organic acids (citric, malic and
oxalic acids), metals (Al and Mn) and N supply @ur@nd ammonium sulphate) on
indole acetic acid (IAA) production and phospho(B$ liberation by selected strains
was also evaluated. The most efficient culturalAé\-producing phosphobacteria
(IAAP) were identified asBacillus sp. N1-19NA, Enterobacter sp.NO-29PA,
Pseudomonasp. N1-55PA anderratiasp. NO-10LB. In this study was demonstrate
that N fertilisation and factors present in Chileamdisols have a relevant role in the
occurrence and performance of culturable rhizobact®ntaining beneficial traits for
plant growth. Furthermore, this influence shouldtélken into account when microbial
inoculants are developed for applying them in woicacidic soils.

Latter, the influence of selected rhizobacteriaceneal plants and rhizosphere
parameters were evaluated and the results showeztedtial responses of cereal
species to rhizobacteria inoculation respect totptrowth, plant P uptake and soill
biological activities under P-deficient soil. Inéstlty, the inoculation oEnterobacter
sp. NO-29PA, increased plant dry biomass and Fkaptaoat plants. In general, these
results showed that under P-deficient conditiohs,rhizobacteria inoculation not only
can affect the plant growth, P uptake and P conagom of cereal plants but also can
affect other relevant as enzymatic rhizosphereviagtand plant defense mechanisms

agaisnt stress.
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Several isolates dEnterobactethave been developed as biofertilizers. However,
to be used as successful biofertilizers a greabenpcehensive knowledge of their
ecology is desired. An understanding of the medmsienabling this bacterium to
interact with cereal plants will be essential tdlyfuachieve the biotechnological
potential of efficient plant—bacterial partnershimsa range of agricultural applications.
In addition, future research is required to underdtthe performance &nterobacter
sp.NO-29PA under volcanic soil agricultural conathis and their effects on efficiency of

P fertilization utilization and P uptake.
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General Conclusions

Considering that the two main goals of this studyev (1) to examine the potential for
enhancing plant growth by native rhizobacteria WiGPR activities and how the
environmental factors influence the performancettiese PGPR activities, and (2) the
inoculation of cereal plants with selected natimdole acetic acid (IAA)-producing
phosphobacteria under P available deficient soie ¥é&n conclude that in pasture
growing in volcanic soils there are native rhizakaea with various PGPR activities
which are suitable for use as potential crop inactd. But, we must to consider that
nitrogen fertilization management change culturableosphobacteria community
profile in the rhizosphere because acidificatiosaif. The typical Al and Mn content in
volcanic acid soil influence IAA production and bextal growth. Furthermore, our
studies of the different organic acids like citnoalic and oxalic, for simulating plant
roots exudates in the rhizosphere, produced chandascterial growth and their 1AA
biosynthesis performance. Nevertheless, the implaittese factors is strain dependent.
The inoculation of cereals plant with selected isgraBacillus sp. N1-19NA,
Enterobacter sp.N0-29PA, Pseudomonassp. N1-55PA andSerratia sp. NO-10LB
influenced plant and rhizospheric parameters butmaobacterial community structure
evaluated by denaturing gradient gel electropher@®GGE). Although, the changes in
the activity of the rhizosphere and plant paransetan be attributed to inoculation. We
concluded that the bacterial community structuraélwated by DGGE after rhizosphere
inoculation is not a methodology appropriate fotedeng changes in rhizobacterial
communities. The results of the inoculation wheats and barley showed that not all

selected native 1AA-producing phosphobacteria hidgnee ability to promote the plant

149



growth and phosphorus uptake under conditions fafidat in available P soil. But, the
inoculation with native strairEnterobacter NO-29PA showed promising results in

relation to increase plant biomass and phosph@take in cereal plants.
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Suggestions for future research

The future research should be include toward thectien by molecular
techniqgues genes involved in the solubilization iobrganic phosphate,
mineralization of organic phosphate and indoleie@atid production.

Future efforts aimed at tracking PGPR populationd their activity in the
rhizosphere may benefit from the use of reporteregeonstructs such as those
using fluorescent proteins that are coupled toptteenoters for relevant PGPR
functional genes. The activity and population off®awill likely vary along the
root axis, and will be very different than that fells located in the bulk soil
that is not under the influence of the plant rodtsstudies of the ecology of
PGPR it is especially important to consider midexsiwhere activity is relevant
to particular processes such as phosphorus mdimlizaor production of
hormones, or expression of enzymes that are inddlveutrient mineralization
and other processes that affect plant growth.

New screening strategies should be used to isolatiba wider range of
rhizobacterial species with PGPR activities.

Field evaluations during several grown seasondaftgrowth are required to

determine the results under agronomic conditions.
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