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Summary

In nature, plants are constantly releasing a mextdimetabolites through the roots known
as root exudates. Its composition can be affecyea Wide variety of stimuli, including
chemical, physical and biological factors. Amongsi factors there are different abiotic
stresses, such as salinity or high temperaturdshwelan negatively affect the growth and
production of different crops, among which areustfruits. In addition, root exudates
modulate the different interactions that occur lestwplants and other organisms in the
rhizosphere, including other plants of the sameotirer species, fungi, bacteria,
nematodes or insects. In this context, the predectoral thesis has studied how saline
stress and high temperatures affect the compositionot exudates of different citrus

rootstocks, as well as their role in the rhizospher

In Chapter 1, it was compared how saline stress lagkd temperatures affect root
exudation in two citrus rootstocks with differentarance to these stresses. To this end,
the rootstocks citrange Carrizo (which is sensitigesalinity and tolerant to high
temperatures) anditrus macrophyllawhich is tolerant to salinity and sensitive tglhni
temperatures) were used. The results obtainedsrchiapter show that plants subjected
to stress conditions release to the rhizospherterdiit concentrations of certain
metabolites, such as proline or phytohormones, isibs@cid, salicylic acid or
indoleacetic acid. In addition, the concentratidrihese metabolites was also affected
depending on the rootstock. Consequently, in Chdbthe effect of root exudates on
microorganisms of the rhizosphere has been stuslenying that the citrus root exudates
favour the growth of the rhizobacteriddseudomonas putidakKT2440 and
Novosphingobiumsp. HR1a. Also, when the root exudates come friamtp subjected to
salt stress or high temperatures, this positivecefobn the growth of both bacteria is
increased, which is correlated with the higher leweécertain metabolites, such as proline
or salicylates, observed in these plants, as shiow@hapter 1. Additionally, the
determinations of the expression of @ andPpana promoters ofP. putidaKT2442
andNovosphingobiursp. HR1a respectively, have revealed that bothebacire able to
detect the proline and salicylates present in tlo¢ €xudates respectively, which could
be used as carbon and nitrogen source. Finallyg observed the positive effect that
plants have, through their root exudates, on tbevtir of beneficial bacteria, in Chapter

3 the effect of these bacteria Gitrus macrophyllgplants under saline stress conditions
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has been studied. The results showed a palliatfeeteof both bacteria on the adverse
effects that salt stress produces in physiologpatameters such as chlorophyll
fluorescence, transpiration and stomatal conduetaas well as in the accumulation of

chlorides, proline and phytohormones.

In conclusion, this work has deepened the studhouwf citrus plants are able to modulate
the composition of root exudates to promote theeligoment of bacteria present in the
rhizosphere and promote their development, favguitireir growth to a greater extent
when plants are subjected to stress, in order pvawe their tolerance to these adverse

conditions.
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Resumen

En la naturaleza las plantas estan constantenibatarido una mezcla de metabolitos a
través de las raices conocida como exudados radesulSu composicion puede verse
afectada por una gran variedad de estimulos, ianllty factores quimicos, fisicos y
biolégicos. Entre estos factores se encuentranedifes estreses abioticos, tales como la
salinidad o las elevadas temperaturas, que puddetaanegativamente al crecimiento
y produccion de diferentes cultivos, entre los gaeencuentran los citricos. Ademas,
los exudados radiculares modulan las diferentesantiones que se producen entre las
plantas y otros organismos en la rizosfera, incidgeotras plantas de la misma u otras
especies, hongos, bacterias, nematodos o inséfiiosste contexto, la presente tesis
doctoral ha estudiado como afectan el estrés salimpmr altas temperaturas a la
composicién de los exudados radiculares de difesepbrtainjertos de citricos, asi

como su papel en la rizosfera.

En el Capitulo 1, se comparé como afectan el esalso y el causado por elevadas
temperaturas a la exudacion radicular en dos pggtéds de citricos con diferente
tolerancia a estos estreses. Para ello, se empléasoportainjertos citrange Carrizo
(que es sensible a la salinidad y tolerante a dbsséemperaturas)@itrus macrophylla
(que es tolerante a la salinidad y sensible a dis/demperaturas). Los resultados
obtenidos en este capitulo demuestran que lasaglanimetidas a condiciones de estrés
liberan a la rizosfera diferentes concentracionescigrtos metabolitos, tales como
prolina o las fitohormonas &cido abscisico, aciaticdico o acido indolacético.
Ademas, la concentracion de estos metabolitos tand®e vio afectada en funcion del
portainjertos. En consecuencia, en el Capitulo zhaeestudiado el efecto de los
exudados radiculares sobre microorganismos dedafdra, viéndose que los exudados
radiculares de citricos favorecen el crecimienttadeaizobacteriaBseudomonas putida
KT2440 y Novosphingobiunsp. HR1a. Asimismo, cuando los exudados radicsilare
proceden de plantas sometidas a estrés salino elgpadas temperaturas, este efecto
positivo sobre el crecimiento de ambas bacteriasvesancrementado, lo que se
correlaciona con los mayores niveles de ciertosabuditos, tales como prolina o
salicilatos, observados en estas plantas, tal quone de manifiesto en el Capitulo 1.
Adicionalmente, las determinaciones de la expred®ins promotoreBputay Ppana de

P. putida KT2442 y Novosphingobiunsp. HR1a respectivamente, han revelado que
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ambas bacterias son capaces de detectar la prolioa salicilatos presentes en los
exudados radiculares respectivamente, los cualdsigmo emplear como fuente de
carbono y nitrégeno. Finalmente, una vez obsenedefecto positivo que tienen las
plantas, a través de sus exudados radicularesg salbrcrecimiento de bacterias
beneficiosas, en el Capitulo 3 se ha estudiadéeetaeque tienen estas bacterias sobre
plantas deCitrus macrophyllaen condiciones de estrés salino. Los resultadasraron

un efecto paliativo de ambas bacterias sobre lstasf adversos que produce el estrés
salino en parametros fisiologicos como la fluores@e de clorofilas, transpiracion y
conductancia estomatica, asi como en la acumuladén cloruros, prolina y

fitohormonas.

En conclusion, este trabajo ha profundizado esteldeo de cdmo las plantas de citricos
son capaces de modular la composicién de los ersdadliculares para promover el
desarrollo de bacterias presentes en la rizosfeiguey promueven su desarrollo,
favoreciendo en mayor medida su crecimiento cudadgplantas estan sometidas a

estrés, para asi poder mejorar su tolerancia a estaliciones adversas.
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Resum

En la naturalesa les plantes estan constantmeipéralht una barreja de metabolits a
través de les arrels coneguda com exsudats radicli seva composicio es pot veure
afectada per una gran varietat d'estimuls, incliaetbrs quimics, fisics i biologics. Entre
aguests factors es troben diferents estressodabhiobm ara la salinitat o les elevades
temperatures, que poden afectar negativament iedeonent i produccio de diferents
cultius, entre els quals es troben els citrics. & nels exsudats radiculars modulen les
diferents interaccions que es produeixen entreplastes i altres organismes en la
rizosfera, incloent altres plantes de la mateiatires espécies, fongs, bacteris, nematodes
0 insectes. En aquest context, la present tesbdddta estudiat com afecten l'estres sali
| per altes temperatures a la composici6 dels etsuddiculars de diferents portaempelts

de citrics, aixi com el seu paper en la rizosfera.

En el Capitol 1, es va comparar com afecten I'essedi i el causat per elevades
temperatures a |'exsudacio radicular en dos popaksde citrics amb diferent tolerancia
a aquests estressos. Per a aix0, es van empraoredempelts citrange Carrizo (que és
sensible a la salinitat i tolerant a elevades teatpees) iCitrus macrophylla(que és
tolerant a la salinitat i sensible a elevades teatpees). Els resultats obtinguts en aquest
capitol demostren que les plantes sotmeses a comslid'estres alliberen la rizosfera
diferents concentracions de certs metabolits, coanpeolina o les fitohormones acid
abscisic, acid salicilic o acid indolacetic. A mksconcentracio d'aquests metabolits
també es va veure afectada en funcio del porta¢snjggl consequéncia, en el Capitol 2
s'’ha estudiat I'efecte dels exsudats radicularsesoiicroorganismes de la rizosfera,
veient que els exsudats radiculars de citrics aéixen el creixement dels rizobacteris
Pseudomonas putid€T2440 i Novosphingobiunsp. HR1a. Aixi mateix, quan els
exsudats radiculars procedeixen de plantes sotmasestrés sali o per elevades
temperatures, aquest efecte positiu sobre el ereire d'ambdues bacteris es veu
incrementat, el que es correlaciona amb els nivedls alts de certs metabolits, com ara
prolina o salicilats, observats en aquestes platdesom posa de manifest en el Capitol
1. a més, les determinacions de I'expressié desqiorsPouta i Ppana de P. putida
KT2442 i Novosphingobiunsp. HR1a respectivament, han revelat que els doeiis
son capacos de detectar la prolina i els salicpatsents en els exsudats radiculars

respectivament, els quals podrien emprar com adectrboni i nitrogen. Finalment, un
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cop observat l'efecte positiu que tenen les plaatésvés dels seus exsudats radiculars,
sobre el creixement de bacteris beneficiosos, dbagitol 3 s'ha estudiat I'efecte que
tenen aquests bacteris sobre plantgSittas macrophyllan condicions d'estres sali. Els
resultats van mostrar un efecte pal-liatiu delslmgeris sobre els efectes adversos que
produeix l'estrés sali en parametres fisiologicer da fluoresceéncia de clorofil-les,
transpiracié i conductancia estomatica, aixi com'aumulacio de clorurs, prolina i

fitohormones.

En conclusid, aquest treball ha aprofundit enudistle com les plantes de citrics sén
capacos de modular la composicid dels exsudatsculadé per promoure el
desenvolupament de bacteris presents a la rizodfeque promouen el seu
desenvolupament, afavorint en major mesura el sgiMetnent quan les plantes estan
sotmeses a estrés, per aixi poder millorar la ¢elaancia a aquestes condicions

adverses.
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Introduction

Introduction: Root exudation process, what do we kaw?

Abstract

Metabolites secreted to the rhizosphere by ro@tsaolved in several processes. By the
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modulation of root exudates composition, plantsroadify soil properties in order to get
adapted and ensuring their survival under advemsditons by through several
strategies, as i) changing soil pH in order to Bitize nutrients into assimilable forms,
i) chelating toxic compounds, iii) attracting béice&l microbiota or iv) releasing toxic
substances for pathogens, etc. In this work, tmeposition of root exudates has been
reviewed, and the different mechanisms of root etod have been described.
Moreover, this work has also reviewed the differeristing methodologies for root
exudates obtaining, indicating their advantages disddvantages. Several factors
affecting root exudation have been exposed, innpghysical, chemical and biological
agents which can produce qualitative and quantéathanges in exudates compaosition.
Finally, since root exudates play an important moléne recruitment of mycorrhizal fungi
and plant growth promoting rhizobacteria (PGPRg, ititeraction mechanisms between

plants and the beneficial microbiota has been fggted.

Keywords: mycorrhiza, rhizosphere, rhizobacteria, root exesla

Abbreviations: AACT: Acetoacetyl CoA thioliase; ABC: ATP-BindinQassette; ACC:
1-Aminocyclopropane-1-Carboxylate; AMF: Arbusculdtycorrhizal Fungi; ATH:
Arabidopsis Twinkle Homolog; ATP: adenosine tripploate; ALMT: Aluminium-
Activated-Malate Transporters; CPT: CamptotheciitXDDetoxification; DVS: Dual
Vessel System; ECM: Ectomycorrhiza; FRDL: FerricddBRease Defective Like; GC-
MS: Gas Chromatography coupled to Mass Spectrom@&yJasmonic Acid; LC-MS:
Liquid Chromatography coupled to Mass Spectroma@#@TE: Multidrug and toxic
compound extrusion; MRP: Multidrug Resistance-aisged Protein; NBD: Nucleotide-
Binding Domains; NO: Nitric Oxide; PDR: Pleiotrodirug Resistance; PEZ: Phenolics
Efflux Zero; PGP: P-glycoprotein; PGPR: Plant GrowRromoting Rhizobacteria;
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R-type: Rapid-type; SA: Salicylic Acid; S-type: 8ldype; SLAC: Slow Anion
Channels; TIS: Temporary Immersion System; TMD:nfraembrane Domains; VAM:
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Introduction

Root exudates composition

In nature, plants are permanently releasing diffecmmpounds to their surrounding

media. This secretion process is known as exudatimhit can be carried out by different

organs, including leaves, shoots or roots, whichszrete substance in solid, liquid or

gaseous forms to their surrounding environments Work is focused in root exudates,

which are involved in numerous interactions witthie rhizosphere, contributing to the

circulation of carbon and nitrogen, which can berstd from roots and taken up from
the soil (Jones et al., 2009).

Table 1.1 Compounds secreted by plant roots. Modified frorkdda and Phillips (2002) and Dennis et al. (2010)

Amino acids
-Alanine, -alanine, -aminobutyric, -aminoadipic, arginine, asparagine,
aspartic, citrulline, cystathionine, cysteine, ayst deoxymugineic, 3-
epihydroxymugineic, glutamine, glutamic, glycinéstidine, homoserine,
isoleucine, leucine, lysine, methionine, mugineimiithine, phenylalanine,
proline, serine, threonine, tryptophan, tyrosirsdine
Sugars

Arabinose, fructose, galactose, glucose, maliosenose, mucilages of various
compositions, oligosaccharides, raffinose, rhamnilsese, sucrose, xylose,
deoxyribos

Organic acids

Acetic, aconitic, ascorbic, aldonic, benzoic, bigtycaffeic, citric, p-coumaric,
erythronic, ferulic, formic, fumaric, glutaric, giglic, lactic, glyoxilic, malic,
malonic, oxalacetic, oxalic, p-hydroxybenzoic, pd$c, propionic, pyruvic,
succinic, syringic, tartaric, tetronic, valeric,nilfic

Fatty acids

Linoleic, linolenic, oleic, palmitic, steal

Sterols

Campesterol, cholesterol, sitosterol, stigmas

Growth factors and
vitamins

p-Amino benzoic acid, biotin, choline, inositol, Nethyl nicotinic acid, niacin,
pathothenic, pantothenate, pyridoxine riboflavinigslactones, thiamir

Enzymes

Amylase, invertase, peroxidase, phenolase, akalifaé phosphatase,
polygalacturonas, proteas

Flavonoids

Chalcone, coumarine, flavones, flavonols, flavaispfilavonones, isoflavone

Nucleotides/purines

Adenine, guanine, uridine/cytidi

Others

Al-induced polypeptides, alcohols, alkyl sulphidasxins, camalexin,
dihydroquinone, ethanol, glucosides, glucosinolaggginebetaine,
hydrocyanic acid, inorganic ions and gaseous mdsqie.g. CQ@ Hy, H*, OH;,
HCOQ;), isothiocyanates, unidentified ninhydrin posita@mpounds,
unidentifiable soluble proteins, reducing compoumsdspoletin, sorgoleone,
strigolactone
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By this, it is estimated that among 5 and 25% efdarbon fixed by the photosynthesis
is exuded to the rhizosphere through roots, althdbgs percentage can vary depending
on plant species, age or plant nutritional staBasd et al., 2006; Jones et al., 2009).

Root exudates are a mix of a wide variety of conmaisyincluding primary and secondary
metabolites (Tab 1.1). Primary metabolites inclgdicarbohydrates, amino acids or
organic acids, are secreted in larger quantitias #econdary metabolites, as flavonoids,
glucosinolates, auxins... (Badri and Vivanco 200®ve3al works have identified and
quantified these metabolites in different plantcsg® including arabidopsis, soybean,
rice or common bean (Strehmel et al., 2014; Suetkl., 2009; Tawaraya et al., 2014a,;
Tawaraya et al., 2014b). However, most of the wéokased in root exudates metabolite
identification are focused in herbaceous plantssmdbs, whereas similar studies with
trees are limited to a few species as apMelis pumilg, peach Prunus persicaor
jujube iziphus jujubg although in these cases root exudate analydasodidentify as
many metabolites as in herbaceous plants (Zhaalg, &007).

In these cases, root exudates analyses for thefidation and quantification of secreted
metabolites have been generally accomplished witbroatographic tools, including
GC-MS and LC-MS for analyses of primary and secondaetabolites. However,
although the techniques for root exudates analgsienerally common in the majority
of these studies, the methodology for the obtaiwihigot exudates differs substantially
among the different studies, due to the compleitst inaccessibility of the root system
(Oburger et al., 2014).

Mechanisms and genes involved in root exudation

Plants have developed several mechanisms to séueseemetabolites to the rhizosphere,
including different types of passive and activengort. Traditionally, the secretion of

root exudates has been considered a passive prapessicludes the transport through
the root membrane by diffusion, ionic channels amdicles transport (Baetz and

Martinoia 2014). Each secretion process is resptmsof the exudation of some

compounds depending on their chemical propertigs (A).
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Figure 1.1 Representation of the different mechanisms of rgotlation. Red circles represent molecules released t

the rhizosphere

Thereby, diffusion is responsible of the exudatboompounds of low molecular weight,
including sugars, amino acids, carboxylic acids pinenolics. This process is due to the
gradient created by the different concentratiori&/éen the cytoplasm of root membrane
cells and the rhizosphere, and it can be affecyed@® membrane permeability, the state
of root cells and the polarity of the compoundsdiBand Vivanco 2009; Bertin et al.,
2003).

lonic channels are responsible of the secretiaradiohydrates and specific carboxylates
as malate or oxalate, which are also exuded in ¢togicentrations and not always can be
secreted by diffusion, being this transport medidg proteins. In this case two different
anionic channels have been described: SLow Aniaan@éls (SLACSs), originally named
S-type (Slow-type), which need several secondseoaoattivated; and QUick Anion
Channels (QUACS), originally named R-type (Rapipey which can be activated in the
low millisecond range (Dreyer et al., 2012). Irstgroup, Aluminium-Activated-Malate
Transporters (ALMT), has been widely studied. Tdrisup consists in several proteins
involved in several physiological processes, béregexudation of organic acids, mainly
malate, in presence of toxic *Alions in the soil, the most studied. Since the etedr
organic acids chelate and inactivaté3Abxic ions, these anion channels are responsible
of conferring aluminium tolerance to the plantsingeactivated in aluminium stress
conditions (Sharma et al., 2016). The ALMT famifyneembrane transporters has been
evolutionary classified in five different cladesgaconsists in 13 membersAnabidopsis

thaliang 12 inVitis vinifera (grape vine), and 8 i@ryza sativa(rice) (Sharma et al.,
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2016). Although ALMT transporters family is highdgtivated in presence of aluminium
and the major contributor to aluminium toleransenot the only protein family involved
in plant responses against this stress, being MAamily of active membrane
transporters independently activated, and resplangilzitrate exudation in this situation
(Liu et al., 2009a). Moreover, the malate secrettansed by the overexpression of
AtALMTL1 in presence of aluminium, also mediates in theurenent of beneficial
rhizobacteria that induce plant immunity (Kobayastal., 2013).

The last group of passive transport is the vedi@dasport, which is used to secrete
metabolites with high molecular weight stored irsigkes (Badri and Vivanco 2009;
Bertin et al., 2003). This process is also knowaxaxytosis, and the exuded metabolites
proceed from the endoplasmic reticulum or Golgi aontributes to the secretion of

compounds involved in the protection against pathegWeston et al., 2012).

On the other hand, root secretion of metabolitesuth an active transport mechanism
is mediated by proteins located in the root plagmmaembrane (Baetz and Martinoia
2014). In this context, there are two big famile@smembrane transporters, including
ABC (“ATP-Binding Cassette”) and MATE (“Multidrugna toxic compound extrusion”)
(Kang et al., 2011; Yazaki et al., 2008). Root extigh mediated by proteins can derive
in three different situations depending on theedficity: one transporter that can secrete
different metabolites; one metabolite which carrddeased to the rhizosphere through
different membrane transporters; or specific conmgisuwhich can be exuded by only
one transporter. ABC transporters family is extehde a huge variety of living
organisms, including mammals, and are consideliethpy transporters since they utilize
the energy from ATP (adenosine triphosphate) hydrslito translocate a wide variety of
solutes (Jones and George 2002). This family ofsprarters is one of the most extended
in living organisms, and includes 130 memberaiabidopsis thalianaand have been
classified in different families (Kang et al., 201The nomenclature of the genes that
regulate these transporters have been changedlovéime. However, a new unified
classification has been developed depending omthanisation of the domains TMD
and NBD, grouping the different members in 9 faesiinamed with letters from A to I,
although family H is not present in plants (Verrgral., 2008). Some reports have
analysed the role of ABC transporters in root exiodaand have determined their
importance in this process. & thaliang works analysing root exudates obtained from
ABC transporters knockout mutamspdr6 Atpdr2, Atmrp2 Atath6andAtpgp4-lhave
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revealed that these transporters are involved ot exudation, since there were
differences in root exudates composition in thesamts related to those obtained from
control plants (Badri et al., 2008). Moreover, gsd@ of the rhizosphere microbiota of
Atabcg30mutant have revealed that this transporter is abgwable to modify soil
microbiota. In this mediation, root exudates playraportant role, since their analysis in
this mutant have revealed that it exudes more pgltetmmpounds and less sugars (Badri
et al., 2009).

In relation to MATE family in plants, these transgos were originally identified ir.
thaliana, with 56 members named with the initials DTX (fralatoxification) (Li et al.,
2002), but over the time there have been identdi¢otal amount of 58 members, which
are reported as secondary active transportersiseadn electrochemical gradient of other
ions, such as sodium or protons, to allow the marénof different compounds across
membranes (Weston et al., 2012). The importanceMATE transporters in root
exudation has been tested in different crops, a@sirecwith some genes in sorghum
(SbMATE), rice (OsFRDL4 barley HVAACT), and arabidopsis AAMATE)
(Magalhaes et al., 2007; Liu et al., 2009b; Yokoshal., 2011; Zhou et al., 2013) which
regulate citrate exudation in response to aluminstirss, chelating the Rltoxic ions
(Delhaize et al., 2007). Moreover, other worksiae Isuggest thadsPEZ1andOsPEZ2
are involved in the transport of phenolic compoundsich can be involved in the root

exudation of these metabolites (Ishimaru et all,120akanashi et al., 2014).

Root exudates collection

There exist several methodologies to obtain roatdates from plants, although their
composition can be different quantitatively andlgatvely depending on the technique
used for their collection. By this, root exudatésamned from plants cultured under field
conditions are more representative of those fouarttie nature, but due to the difficulty
to obtain them in these conditions and their loproducibility, other methodologies as
hydroponic oiin vitro cultures are more extended. In these situatidghey parameters in
the cultures, including the aeration in hydropoaidtures, or thdan vitro culture in
temporary immersion systems (TIS) not only affelanp development but also the
composition of root exudates, affecting the repnest@on and reproducibility of these
methodologies (Vranova et al., 2013) (Fig. 1.2)hdts been demonstrated tivatvitro




Introduction

culture plants respond to different environmentatditions following the same trend
than under field conditions, as an example citlasts subjected to different stresses as
high salinity or heat stress exhibit similar comserof phytohormones, proline or
malondialdehyde (Lépez-Climent et al., 2008; Moitat al., 2009; Vives-Peris et al.,
2017; Zandalinas et al., 2016), and some auth@@mmend this system for exudates
collection in order to avoid the presence of micgamisms present in the rhizosphere
which can affect root exudates composition (Kujikeerl., 2015; Vranova et a. 2013).

Figure 1.2 Classification of the methodologies of root exudatellection according to their representation and

reproducibility

Although most of the studies use root exudatesimddafrom hydroponic om vitro

cultures, where the liquid medium, with or withagration, is collected, other studies
use soil, being the root exudates obtained by reiffie physicochemical processes,
including extraction processes with different chegis or solid phase extraction (Dundek
et al., 2011), or through sorption filters buriedthe ground (Neumann et al., 2014). It
has been also reported the collection of exudabésireed from the culture of excised
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roots instead of whole plants (Marin et al., 2018)some cases exudation takes place in
hydroponic cultures with liquid media supplementeth nutrients as Murashige and
Skoog salts (Murashige and Skoog 1962) or Hoagtahdtion (Hoagland and Arnon
1938) which can affect root exudates analysis @&itea et al., 2005). On the contrary,
other studies let the plants exudate directly istilted water in order to avoid
interferences in the chromatographic analysis fileerexogenously supplement salts and
sucrose (Badri et al., 2013; Barbas et al., 1999).

Notwithstanding the foregoing, there are some warkieh compile all these techniques
and commendn vitro systems to study root exudates, due to the fadititcontrol
environmental parameters and because that culysters offers higher reproducibility
of the experiment conditions (Vranova et al., 20k8Vyitro techniques allow the culture
of entire plants or excised organs as roots ortshddis fact can affect root exudates
composition, since several studies have reportsdhie presence of shoots in the culture
affect root exudation as they are responsible ®fGk» assimilation by photosynthesis,
and changes in the aerial tissues, as changingdbe of grafted plants affects root
exudation processes in watermelon (Ling et al. 32@hd in the combination of tomato

and eggplant (Liu et al., 2009a).

In addition to traditional stationary methodologaésulture for root exudates collection
from in vitro cultured plant tissues, in the last years sevantdmated TIS have been
developed, including more than ten different systesome of which allow the forced
ventilation and C® enrichment and even allow to culture hairy rootsd aell
suspensions. These systems generally consist idiffeoent vessels (or one vessel with
two differentiated compartments), one containing phants and other the liquid media,
which is periodically transferred to the plant nietie(Georgiev et al., 2014). Among all
these systems RITA(Recipient & Immersion Temporaire Automatjgiseone of the
most popular, which is one of the first temporamyriersion systems (Alvard et al., 1993;
Mordocco et al., 2009). Although the original puspoof RITA TIS was plant mass
propagation, it has been also proved to be a g¢®dorF obtaining metabolites from root
cultures since it reduces hyperhydricity and haseloconsumable and work costs
(McAlister et al., 2005). The main advantage of 1dShat generally increase biomass
and metabolite production, hence their use forinltg specific metabolites from root
exudates is being more spreaded (Paek et al., X0illen et al., 2005). Moreover, some
of these systems allow the filtration of the ligamedium for root exudates obtaining (Ziv

10



Introduction

2005). However, since root exudation are produoedigher quantities in TIS, and are
usually obtained from hairy roots or cell suspensioltures, the composition of the root
exudates obtained from these systems can be cataveiy and/or qualitatively different
than the root exudates from plants grown in fieddditions. For this reason, TIS systems
generally used for the obtaining of specific metab® with commercial interest in larger
guantities (Georgiev et al., 2007). Some exampfeme&tabolites obtained from root
cultures in TIS are betalains froBeta vulgaris(beet), which have antioxidant and
colorant properties (Pavlov and Bley 2006), angotompounds with pharmacological
interest, as 3,4-Dihydroxy-L-phenylalanine, obtairieom root cultures o$tizolobium
hassjog with therapeutic properties against Parkinsorseabse (Sung and Huang 2005),
or the anticancer 6-Methoxy-podophyllotoxin, ob&rnfrom transformed root cultures

of Linum albumandLinum persicun{Wink et al., 2005).

Factors affecting root exudates composition

Root exudation pattern can be affected quantitigtiaed qualitatively depending on
several conditions, including physical, chemical &iological factors (Fig. 1.3).

Figure 1.3 Classification of the different factors affectirgpt exudation processes
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Different factors, intrinsical from the plant, calso affect root exudation, including the
genotype and the age of the plant. Thereby, geratsp produce several changes in root
exudation of some compounds, as occurs with Jolgnass and Shattercane sorghum
accessions, whose exudates production is approsiyna®d up-fold and 50% lower in
comparison with the data obtained from other somgleultivars respectively (Czarnota
et al.,, 2003). Moreover, genetic changes influeroz# exudates production and can
strongly modulate changes in the microbial comnyugibwing in the rhizosphere in
several crops, including. thaliana(Micallef et al., 2009)Solanum tuberosurfpotato)

(Inceo lu et al., 2010) andea maygmaize) plants (Aira et al., 2010).

The age of the plant also affects the metabolitees®n to the rhizosphere. It has been
reported that the exudation patternAinthalianaplants vary depending on the growth
stage, being sugars the most exuded compoundsiealy stages of development,
whereas in older plants of 28-31 days, amino aardsphenolics are secreted in higher
quantities. Consequently, this fact affects toas&blishment of microbial communities

in the rhizosphere (Chaparro et al., 2013). Sidyilan potato plants, age also affects
betaproteobacterial communities in the rhizosphexaeasing their population in the

later stages of plant development (Indecet al., 2010).

Most of the chemical and physical factors which edfect root exudation can be
considered abiotic stress, such as drought, highitgaflooding, extreme temperatures
or nutrient starvation. One of the most studiednabal factors which can produce
changes in root exudates is nutrient availabilitgluding not only soil nutrients but also
atmospheric C® In this case, plant can modify the compounds @hatreleased to the
rhizosphere depending on the quantity of nutripnésent in the root environment, being
affected by the lack or excess of nutrients. Poiicy, that is one of the most studied
lacks affecting root exudation, induces an increaskee secretion of some organic acids
as citramalic acid and salicylic acid (SA) in sugmeet plants, which contributes to
solubilize soil phosphorus by the acidification il pH (Khorassani et al., 2011).
Moreover, studies with maize plants cultured witv lquantities of N, P, K and Fe have
revealed different modifications over the exudatiates of amino acids, carbohydrates
and organic acids depending on the low nutrientlifeation. Low N fertilization reduces
amino acid exudation, but increases organic a@dence in root exudates. Whereas the

lack of P promotes sugar exudation and K starvatirbits it, and Fe deficiency
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increased the exudation of glutamate, glucosdpfiand citrate (Carvalhais et al., 2011).
CO» concentration also affects root exudation singbaa rhizodeposition can vary in

the range between 11 and 44% of the quantity fixethe photosynthesis (Jones et al.,
2009; Paterson and Sim 2000). Furthermore, studigssdifferent grass species have
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concluded that plant biomass affects directly carbduzodeposition, being increased
when the plant biomass is higher, what is alsdedlaith the total fixed C&(Baptist et
al., 2015).

Plant water status also induces changes in rootat®&s composition, affecting
differentially depending on whether water is applie excess or in absence, although
both situations generally increase the organic arasxisting in root exudates. In this
context, Henry et al. (2007) revealed that in @aot Agropyron cristatum drought
increased a 71% the total organic carbon in treosmhere, with higher exuded quantities
of succinic, fumaric and malic acids, whereas flagdncreased a 45% the total organic

carbon present in root exudates, with higher seeretf oxalic and malonic acids.

Salt stress, including the osmotic and the iondbxicomponents also affects root
exudation pattern. Analyses of root exudates obthiromGlycine maxsoybean) and
Phaesolus vulgarisccommon bean) have identified several flavonadsot exudates of
both species, which concentration generally in@eagen plants are grown in salt stress
conditions (Dardanelli et al., 2010, 2012). It lhaen also reported that excised roots of
almond tree cultured undén vitro conditions exuded proline in larger quantities in
presence of salt stress, being the exudation patifferent depending on the genotype
(Marin et al., 2010).

Changes in the temperature can also alter roota&sdcomposition, although little
information exists about how heat and cold cancatiee secretion of metabolites to the
rhizosphere. By this, Pramanik et al. (2000) resgatihat increasing the day/night
temperature from 25°/20° C to 30°/25° C in cucungdants cultured in hydroponic
conditions promotes considerably the root exudatfsome organic acids as benzoic, 4-

hydroxy-benzoic, phtallic and palmitic acids.

Other abiotic stress which can affect root exuaaiBdhe presence of toxic ions, including
trace elements as heavy metal ionsAlrthaliang the stress caused by Al toxicity induces
a higher secretion of malate and citrate, duedattivation oAtALMT1andAtMATE]
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which are responsible of Mion chelation and the recruitment of beneficid@obacteria
asBacillus subtilis( Kobayashi et al., 2013; Liu et al., 2009a). Hoere the activation
of ALMT transporters seems to be more effectivAirtolerance in comparison with
MATE transporters, since barley plants overexpressvheatTaALMT1gene showed
higher tolerance than plants overexpres®t®TE genes (Gruber et al., 2011; Zhou et
al.,, 2014). In this interplay between ALMT and MATi#Eansporters families, the
transcription factor STOP1 has been described esssary for the activation of both
kinds of membrane transporters, which encodes atipatzinc finger protein and it is
important to resist low pH conditions in arabidgp@uchi et al., 2007; Liu et al., 2009a).
Application of Cd stress has also revealed changesoot exudates from the
hyperaccumulator plaigedum alfredjiwhere analyses of root exudates by GC-MS have
revealed differences in the concentrations of 20maunds, demonstrating that trehalose,
erythritol, naphthalene, d-pinitol and n-octacosanght be related to cadmium
stabilization, phosphoric acid, tetradecanoic agidlic acid, threonic acid and glycine
could be involved in cadmium mobilization (Luo &t @014). Moreover, treatment with
Pb in this plant species also affects root exudatith 15 identified compounds which
can be used as biomarkers whose concentrationagesen presence of Pb, including
amino acids as L-alanine and L-proline; organids@s oxalic and glyceric acids; and
some phenolic compounds as 4-methylphenol and Baxgphenol (Luo et al., 2017).

Respect to the relation of light with root exudatiis role in this process is evident since
CO: fixed in the photosynthesis is finally secretedrte rhizosphere, being this process
influenced not only by light wavelength, but algodiotoperiod duration. In this context,
light type affects the composition of root exudatbsained from plants dhvena fatua
grown with far-IR-enriched radiation (Pomilio et.,al2000). Moreover, longer
photoperiods promotes higher exudation of some nicgacids as benzoic acid, 4-
hydroxy-benzoic in cucumber plants grown with atpperiod of 14 hours of light in
comparison with a photoperiod of 10 hours (Pramaatilal., 2000). In addition, the
exposition of roots oAlnus glutinosdor 5 days to 16 hours white light photoperiodals
increases root exudates of flavonols as quercetinkaempferol (Hughes et al., 1999).
The exudation of other flavonoids as catechin atdahol by roots a€entaurea stoebe
(spotted knapweed) plants is also affected by Hlenination, being the maximum
exudation rate after 6 hours of light (Tharayilaét 2010). However, although light

wavelength and photoperiod clearly affect root etigh, other studies support that the
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circadian rhythm does not influence as much as lgagéh and photoperiod, sinceAn
thaliana some ABC genes are not affected by diurnal rhytbemng only the secretion
of some specific compounds (7 of 390 identified abetites) affected by this process
(Badri et al., 2010).

Root exudates mediation in the interaction betweeplants and other

organisms

Different biological factors, as the presence aiftsoof other plants of the same or a
different species, some herbivores as insects miatages, fungi or bacteria can affect
root exudation pattern. By this, the presence béiotiving organisms can affect plant
growth positively or negatively, being these relaships widely modulated by plant root

exudates.

On the other hand, root exudates mediate the ttteraamong plants of the same or
different species, affecting positively or negayvelepending on root exudates
composition and the mechanisms of the relationsRpgarding on the negative
interactions, there exist different types of medtiaas to modulate these relationships,
including allelopathy, consisting in the releasehwphytotoxins to the rhizosphere in
order to be in advantage over other competitorsstMd phytotoxins exuded to the
rhizosphere have a similar chemical structure, &rbmatic components and hydroxyl
or ketone groups, including metabolites as flavdspiquinones, quinolines and
hydroxamic acids (Bais et al., 2006). Allelochensaozan affect negatively other plants
by inducing changes in cell structures, inhibiticgll division and elongation,
destabilizing the antioxidant system, increasingnimene permeability, affecting plant
growth regulators and enzymes and influencing rapn, photosynthesis, metabolism
and water and nutrient uptake (Cheng and Cheng)2Bibsvever, with the adaptation of
the affected plants to the secreted allelochemitadsadverse effect of these phytotoxins
is evolutionary reduced, being more important toaions with invasive plants, where
the invasive and the host plants are not adaptixfohytotoxins released by other plants.
Consequently, some of these compounds could be aséerbicides against invasive
plants, although their specificity and efficacy arually limited (Bhadoria 2011). For
example, root exudates dfmpatiens glanduliferacontaining the phytochemical 2-
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methoxy-1,4-naphthoquinone have been reportedhatsitiors of the seed germination of
Hieracium murorumandScrophularia nodos&Ruckli et al., 2014), whereas rice plants
exude different allelochemicals, including momitaw B, which also has a inhibitory
effect in the neighbouring plants (Kato-Noguchi 2D@®n the other hand, root exudation
of other compounds can also affect positively plgnatwth, inducing resistance against
herbivores, as occurs witHordeum vulgargbarley) plants treated with root exudates
from Elytrigia repenscontaining carboline, that repel aphids (Glinwadal., 2003).
Root exudates can also mediate in the attractigmenfators for herbivores, as it has been
described in the modification of root exudates cosipon fromVicia faba(broad bean)
plants infected by the aphityrthosiphon pisunwhich induce the production of volatile
compounds in unaffected plants that attract thagad Aphidius ervi(Guerrieri et al.,
2002). Plants can also directly affect the growitbtber plants, as the root exudation of
plant growth regulators as auxinic compounds agactones which can promote plant
growth, and have been found in root exudates (Haiehal., 2014), although the positive
role of strigolactones and their interaction withxims is still not clear (Sun et al., 2016).

Plant root exudates also affect insect, microbral aematode populations since they
exudate some compounds as sugars or amino aciad$ whn be used as sources of
organic C and N, or other secondary metabolitelsddwa affect their growth negatively,
as phytoalexins or defence proteins. In additiosdi nutrient availability, plants can
also vary soil pH through changes in root exuded@sposition, which affects pathogenic
and beneficial bacteria and fungi, as well as nedes (Lareen et al., 2016). For instance,
pyrosequencing analyses of the bacterial commugnétie very sensitive to changes in
phenolic-related compounds present in root exudat®s A. thaliang which can
stimulate or inhibit the growth of different comnitynmembers (Badri et al., 2013).
Other works also reveal that some legume speciescapable to release specific
combinations of flavonoids in order to attract syomb nitrogen-fixing bacteria (Hassan
and Mathesius 2012). In relation to fungi, severalks have reported the inhibitor effect
of root exudates in some fungi species, as occitrs @itrullus lanatus(watermelon)
plants cultivated in companion dfiticum aestivunfwheat) plants, whose root exudates
reduces the infection of the pathogenic fugisarium oxysporumexhibiting the
watermelon plants less damage in the presence editvdlants (Xu et al., 2015). On the
other hand, some works have also reported theiypmsffect of root exudates over

beneficial fungi, recruiting and promoting the aakation by mycorrhizal fungi, having
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flavonoids and strigolactones an important rolghis mutualism (Steinkellner et al.,
2007). In consequence, the published data confithad plants can modify the
composition of root exudates to modify soil miciiie composition, recruiting

beneficial microbes or inhibiting the growth of pagenic microbes.
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Plant roots can establish mutualistic relation$wiistinct species of fungi and bacteria
by modulating root exudates composition. By thigo tseparate groups of beneficial
microbes have been widely studied: mycorrhizal fusmgd plant growth promoting
rhizobacteria (PGPR).

Mycorrhizal interactions with plants

In reference to mycorrhizal fungi, these species loa classified in different groups
depending on their colonization mechanisms, incdga&indomycorrhiza, also known as
arbuscular mycorrhizal fungi (AMF) or vesicular asigular mycorrhiza (VAM), and
ectomycorrhiza (ECM). Whereas AMFs colonize plaoyspenetrating until the root
cortex zone and extend their hyphae outside the EX©OM live only outside the root
surface, surrounding root cortex. However, ECM laghban sometimes penetrate plant
cells, in that case these ECMs are called ectendorrtyza. In addition, the taxonomic
classification of these fungi are also differenince most of AMFs belong to
Glomeromycota phylum and ECMs belong to BasidiongcoAscomycota, and
Zygomycota phylum (Brundrett 2004). The colonizatity mycorrhizae induces several
changes in the host plants, whose growth is pe$jtiaffected. Among these changes,
more than 500 protein-coding genes are differdgtisdgulated, including nutrient
transporters for phosphate and ammonium transgorteproving N and P nutrition, and
a generalized metabolic change is produced in thst Iplants, having some
phytohormones as ethylene, abscisic acid, SA angastes, an important role in
mycorrhiza colonization and plant growth promoti(Bonfante and Genre 2010).
Moreover, mycorrhizae can also promote plant grdwytadjusting the osmotic potential,
enhancing the photosynthesis rate, alleviating d¢ffect of allelochemicals, and
increasing the resistance against different bimtid abiotic stresses. In this case, AMFs
have been also reported as responsible of roottactlre modification, enhancing the
enzymatic and non-enzymatic antioxidant systemsnaneasing water use efficiency
(Nadeem et al., 2014).
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There are many examples of mycorrhizal associatigtisplants, being estimated that in
nature, about 80-90 % of plants are colonized bgampizae. In the next table (Tab. 1.2)
some examples of works that report the benefi¢fatealleviating plant abiotic stresses

are listed.

Table 1.2 Examples of positive effects of mycorrhizae inndasubjected to abiotic stress conditions

Stress Mycorrhiza Plant Reference

Salinity ~ Glomus iranicum Lactuca sativglettuce) Vicente-Sanchez et al., 2014

Salinity  Rhizophagus irregularis Triticum aestivunfwheat) Zhu et al., 2016

Drought  Rhizophagus intraradices  Punica granatum Bompadre et al., 2014
(pomegranate)

Drought  Rhizophagus irregularis Zea maygmaize) Quiroga et al., 2017

Drought  Funneliformis mosseae Poncirus trifoliata Huang et al., 2017

(trifoliate orange)

Flooding Rhizophagus irregularis Solanum lycopersicum Calvo-Polanco et al., 2014
(tomato)

Flooding Gigaspora margarita Prunus persicgpeach) Rutto et al., 2002

Cadmium Glomus versiforme Lonicera japonica Jiang et al., 2016

Rhizophagus intraradices

Cold Funneliformis mosseae Solanum lycopersicum Liu et al., 2016
(tomato)

Cold, Glomus mosseae Cucumis sativus Haghighi et al., 2015

heat (cucumber)

Heat Glomus fasciculatum Cyclamen persicum Maya and Matsubara 2013
(cyclamen)

Plant growth promoting rhizobacteria interactionsitl plants

Apart from mycorrhizae, PGPRs can also bring sévseaefits for increasing plant
growth and enhancing their tolerance to differdmb®c and biotic stresses. Most of them
belong to the generaAgrobacterium, Alcaligenes, Arthrobacter, Azoshirih,
Azotobacter, Bacillus, Burkholderia, Enterobactitebsiella, Pseudomonas, Serratia
andStreptomycesThese microorganisms live close to plant roots uthe presence of
root exudates, needing some of them dependenteopitbsence of root exudates to

survive. Among the mechanisms that benefit plantwjn, it is necessary to difference
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between direct and indirect mechanisms. Direct meisims include fixation of
atmospheric N, P solubilization, siderophore prdidue 1-aminocyclopropane-1-
carboxylate (ACC) deaminase activity, which deceeathylene concentrations in the

plant, which induce salt tolerance and reduce drbsgess in plants, and phytohormone
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production as indole acetic and gibberellic acidhich promote root growth and

development. On the other hand, indirect mechan&d$&PRs include the competition
for nutrients with other pathogenic microorganigmghe rhizosphere, the production of
antibiotics, the production of lytic enzymes andé ttetoxification and degradation of

virulence factors of some pathogens (Parray eR@L6).

In the next table (Tab. 1.3) some works with PGRRsviating distinct kinds of abiotic

stress are listed as examples.

Table 1.3 Examples of positive effects of PGPRs in plantgestbd to abiotic stress conditions

Stress PGPR Plant Reference
Salinity  Staphylococcus kloosii Fragaria x ananassa Karlidag et al., 2013
Kocuria erythromyxa (strawberry)
Salinity  Enterobactersp. Triticum aestivunfwheat) Singh and Jha 2016
Salinity ~ Dietzia natronolimnaea Triticum aestivunfwheat) Bharti et al., 2016
Salinity, Burkholdera cepacia Cucumis sativugcucumber)  Kang et al., 2014

drought  Promicromonosporap.

Acinetobacter calcoaceticus

Drought  Bacillus licheniformis Capiscum annuurtpepper) Lim and Kim 2013

Drought  Bacillusspp. Sorghumsp. (sorghum) Grover et al., 2014

Osmotic  Arthrobactersp. Capiscum annuurtpepper) Sziderics et al., 2007
Bacillussp.

Flooding Enterobacter cloacae Lycopersicon esculentum Grichko and Glick 2001
Pseudomonas putida (tomato)

Heat Pseudomonas putida Triticum sp. (wheat) Ali et al., 2011

Cold Burkholderia phytofirmans Arabidopsis thaliana Su et al., 2015

Biotechnological tools for root exudates obtainment

Some metabolites which are exuded through plartsrbave commercial interest, and
their production in a large scale can contributéh® development of new and cheaper
technologies for their obtainment. In this wayyitro TIS are the most used systems due

to the purity, the higher concentration of metalesliand easiness for obtaining root
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exudates. Most of these culturesinnvitro TIS use hairy roots instead of whole plants
since this tissue produces higher quantities oft exudates, and use genetically
transformed plant material to enhance their pradactn this case, the addition of some
compounds, known as elicitors, to the growth metha promote metabolite root
exudation, inducing the production of the metakotf interest. In the next table, the
production of some metabolites with commercial res¢ is listed, including the
methodology and elicitors used (Tab. 1.4).

Table 1.4 Examples of metabolites obtained framvitro root exudates. More examples can be found in Gaoeg
al. 2007

Plant Metabolite Use Elicitor Method Reference
Beta vulgaris Betalains Pigments, None RITA, Pavlov and
(red beet) antioxidants hairy Bley 2006

roots
Artemisia annua Artemisinin Antimalarial Aspergillus Flasks, Liu et al.,
(sweet oryzae hairy 1997
wormwood) roots
Camptotheca  Camptothecin (CPT) Anticancer None RITA, Sankar-
acuminata and 10-hydroxyCPT DVS Thomas and
(happy tree) Lieberei

2011

Ocimum Rosmarinic acid Antimicrobial SA, JA, Flasks, Bais et al,
basilicum chitosan, hairy 2002
(basil) phytophthora roots
Datura Tropane alkaloids Pharmaceutical MeJA Petri  Amdoun et
stramonium dishes al., 2009

(jimsonweed)

Harpagophytum Iridoid glycosides Pharmaceutical  None Flasks, Georgiev et
procumbens hairy al., 2006
(Devil's claw) roots

Elicitors can be divided into two wide groups, unding abiotic elicitors, which are
chemical compounds as jasmonic acid (JA), metlsyhfanate (MeJA), SA, nitric oxide
(NO) or CdC4, or biotic elicitors, which are microorganism adde the growth media
asEnterobacter sakazakir Phytophthora parasiticgBadri et al., 2008 b; Georgiev et
al., 2007). These signalling compounds have besaoritbed as root exudation elicitors

and they can be added to the growth media in dcderodify the quantity and diversity

20



Introduction

of compounds released to the rhizosphere. For eleamsipdies with root exudates from
Brassica rapassp. in presence of SA and MeJA, revealed an oca@ugtion of indolic
glucosinolates (which can be used as bioactivetigddi in functional foods and

nutraceuticals) to levels between two and four sirhegher than those obtained from
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control plants (Schreiner et al., 2011). By thig &ddition of chemical elicitors is used
for the obtaining of higher quantities of some comompds with commercial interest, as
occurs with MeJA, which has been described as drtbeomost important chemical
elicitors in root exudates production, affectingthe secretion of several secondary
metabolites, including indole glucosinolates, cagi, triterpens, rosmarinic acid,

scopoletin, caffeic acid, etc... in different plapecies (Badri and Vivanco 2009).

Concluding remarks

Plants are constantly secreting a wide varietyoshgounds to the rhizosphere through
their roots by means of different passive and actransport mechanisms. The mix of
these compounds is also known as root exudatessevtmmmposition can be
quantitatively and qualitatively affected by sevephysical, chemical and biological
factors. In consequence, the alteration of thempasition can contribute to facilitate the
plant to face adverse conditions, as attractingefi@al microbiota, chelating toxic
compounds from the soil, changing soil pH or sdiginig nutrients into assimilable
forms. In consequence, promoting root exudatioogsses under these adverse situations
could help the plants to cope with them, which shdlae importance of enlarging the
knowledge in this area.

Moreover, root exudates are also considered asnegljators in the interaction between
plants and soil microbiota, having a clear effecthe recruitment of beneficial species
of bacteria and fungi. By this, the potentiationrobt exudation could enhance the
colonization by these beneficial species and imgnalant growth and yield without the
requirement of treating with high quantities otilezers. In addition, this beneficial effect
of PGPRs and mycorrhizal fungi manifest the posgibof their use under different
stressful situations, as drought or salt stress¢twhre exacerbated due to the climate
change. In this case, treatments of biostimulabafertilization or bioaugmentation can
contribute to facilitate root colonization by thdseneficial microorganisms, improving

plant growth and yield.
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The improvement of the knowledge about root exudatenposition can derive in the

development of new techniques for the obtainmeplait metabolites in a large scale.
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Objectives

Objectives

The main objective of this work consists in theleation of citrus root exudation process
in plants cultured under different abiotic stressditions and decipher their involvement
in the interaction with PGPRs.

In order to achieve this aim, the following partdjectives were established:
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1. Determine the different tolerance or sensitivitytwb citrus genotypes (Carrizo
citrange andCitrus macrophyllato salt and heat stress.

2. Study the root exudation of proline and phytohorewrnn plants of both
genotypes subjected to salt and heat stress, fagusithe different tolerance of
each genotype to these abiotic stress conditions.

3. Evaluate the effect of root exudates from salt- hedt-stressed citrus plants in

the growth of two rhizobacteria.

4. Evaluate the protective role of two rhizobactetraias on citrus plants subjected

to salt stress.

Partial objectives 1 and 2 will be addressed ingidral of thisDoctoral thesis report,
partial objective 3 in Chapter 2 and partial objext in Chapter 3.

37






Citrus plants exude proline and phytohormones under
abiotic stress conditions

Vives-Peris et al. (2017) Plant Cell Reports 36/11:9984
doi: 10.1007/s00299-017-2214-0






Chapter 1

Chapter 1: Citrus plants exude proline and phytohomones

under abiotic stress conditions

Abstract

Plants are constantly releasing several compountietrhizosphere through their roots,
including primary and secondary metabolites. Raodation can be affected by growth
conditions, including pH, nutrient availability, is@alinity or temperatureln vitro
cultured plants of two citrus genotypes with costireg tolerance to salt and heat stress
conditions, were used as plant material. Proliné phytohormone contents in root
exudates from plants subjected to salt or high sxatpre conditions were evaluated. In
addition, tissue damage and lipid peroxidation tioge with endogenous levels of

chloride, proline, and phytohormones were deterthineroots and shoots. Proline was
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released in larger quantities to the rhizospherenngiants were subjected to salt or heat

stress. In each stress condition, the concentratidhis amino acid was higher in the
exudates obtained from plants tolerant to thisi@aer stress condition. On the other
hand, root exudation of phytohormones salicyliadaaindole acetic acid, abscisic acid
and jasmonic acid generally increased under botkrad conditions. Results confirm a
phytohormone exudation in citrus plants, which hatlbeen described previously and
can have an important role in the rhizosphere comecation. Moreover, stress
conditions and the different tolerance of each ggye to the particular stress

significantly modify the exudation pattern both gtieatively and qualitatively.
Keywords: abiotic stress, citrus, root exudates, phytohormpraine

Abbreviations: ABA: Abscisic acid; AMF: Arbuscular mycorrhizal fgin CC. Carrizo
citrange; CINit-Cinnamic acid; CMCitrus macrophyllajAA: 3-Indole acetic acid;
JA: Jasmonic acid; MDA: Malondialdehyde; SA: Salicacid.

Key messageThis article describes the root exudation of ip@bnd phytohormones in

citrus and their involvement in salt- and heatssnesponses.
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Introduction

In nature, plants are constantly secreting a hagety of biochemical compounds to the
rhizosphere, which are known as root exudates.r8euempounds are susceptible of
being released, including primary metabolites sashsugars, amino acids or organic
acids, and secondary metabolites as flavonoidatbioayanins. The composition of root
exudates can be altered both quantitatively anditgtieely by biotic and abiotic stress
conditions (Badri and Vivanco, 2009).

Root exudates can induce positive or negativeaoteams between the plant and the biota
present in the rhizosphere, including bacteriagfunematodes, and insects, or other
plants of the same or different species. Whereasesoompounds released to the
rhizosphere in high quantities, such as amino acrdsugars, generally promote their
development, some other toxic compounds negatiafbct the performance of these

organisms (Bais et aR006).

Apart from the biotic factors, abiotic conditiomgluding the availability of nutrients or
water, soil salinity, pH or temperature can alsalifyothe composition of root exudates.
These changes can contribute to the modificationsoil properties, including
microorganism populations, soil oxygen pressurerient availability or electrical
conductivity (Henry et al2007).

Root exudation has been traditionally considerephssive process mediated by the
transport of compounds through the root membranemd&gns of diffusion, ion channels
and vesicular transport (Baetz and Martinoia 20D4ffusion is produced by a different
concentration gradient between the cytoplasm df celis and the rhizosphere, and it is
affected by the permeability of the membrane, thad@ion of root cells and the polarity
of the compounds. This process is responsiblenekudation of low molecular weight
compounds, such as sugars, amino acids, carboagiits and phenolics. Meanwhile,
ionic channels secrete carbohydrates and speaifitogylates to the rhizosphere, such as
citrate, malate or oxalate, which are usually exudéiigh concentrations and not always
can be secreted by the diffusion process. Finadlgt exudation mediated by vesicles is
used for secretion of high molecular weight compmtsustored in vesicles (Badri and
Vivanco 2009; Bertiret al., 2003).
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Recent studies also describe root exudation thramgtactive transport mediated by
proteins located ithe plasma membrane of the root ¢@aetz and Martinoia 2014).
There are several families of protein transportevslved in root exudation processes,
two of the most important being ABC (“ATP-Binding€&sette”) and MATE (“Multidrug
and toxic compound extrusion”) (Kang et al., 20Yazaki et al., 2008).

Citrus is one of the most economically importantitfrcrops worldwide whose
productivity can be negatively affected by sevesalVironmental stresses, such as
drought, salinity or extreme temperatures. Thegefibis important to study its tolerance
to different stresses. In this work two differeritues rootstocks have been selected due
to their different tolerance to salt and heat str&arrizo citrange (CC), which is salt
sensitive and heat tolerant a@itrus macrophylla(CM), which is salt tolerant and its
behavior under heat condition is not well known rg&Legaz et al., 1993; Iglesias et
al., 2004; Zandalinas et al., 2016, 2017).
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Although there is no information in the literatusdated to the process of exudation in
this citrus, it has been reported that in commamiband soybean, the production of root
exudates is modified by stress conditions suchigts $alinity, and can vary depending
on the plant stress tolerance, as with the alma®l(Dardanelli et al., 2010, 2012; Marin
et al., 2010). In this context, it is importantdmplore if citrus plants are capable of
exuding stress-related metabolites, and if rootlat@icomposition is modified in plants

subjected to stress conditions.

In previous studies with citrus subjected to abigtiress conditions, proline has been
determined as a stress marker that protects th& pleting as an osmoprotectant.
Generally, endogenous content of proline increasestressed plants, but there is a
controversy about the capability of this amino @oi@ounteract stress damage (Arbona
et al., 2013). Other studies have reported that dmino acid is also released in high
quantities to the rhizosphere (Vilchez et al., 2000addition to proline, phytohormones
such as abscisic acid (ABA), salicylic acid (SAsmonic acid (JA) or 3-indole acetic
acid (IAA) have also been described as importantiaters in several processes,
including abiotic stress responses (Gomez-Caddnals, 015). Scarce information on
phytohormone exudation is found in the literatkBA has been detected in soybean
(Tawaraya et al., 2014) and rice (Tawaraya eR@ll3) root exudates, but their function

in the rhizosphere remains unclear.
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The purpose of the present work was to study roaidation of proline and
phytohormones in citrus plants cultured under déifé abiotic stress conditions, and
decipher how the exudation pattern was affectedhey different tolerance of each

genotype to specific adverse culture conditions.

Materials and Methods

Plant material, treatments and root exudate colliect

Seeds of the citrus rootstocks Carrizo citran@#rs sinensid. Osbeck xPoncirus
trifoliata L. Raf.; CC) andCitrus macrophyllaWester (CM) were used in the different
experiments. Seed coats were removed in ordercibtdée seed germination. Peeled
seeds were disinfected for 10 minutes with a 2% sddium hypochlorite solution
containing 0.1% Tween 20 as moisturizer, and rirtbeele times with sterile distilled

water (Pérez-Clemente et al., 2012).

Seeds were individually sown vitro into 150 x 20 mm culture tubes with 25 ml MS
medium containing the inorganic salts of Murashagel Skoog (1962), supplemented
with 0.55 mM myo-inositol, 4.86 uM pyridoxine-H@,59 uM thiamine-HCI, 8.12 uM
nicotinic acid and 87.64 mM sucrose (Duchefa Biociee Haarlem, Netherlands).
Culture medium pH was adjusted to 5.7 and wasi§elidvith European bacteriological
agar at 0.9 % (Conda, Madrid, Spain). Plant mdtes& cultivated at 26 °C in darkness
for 2 weeks and 2 more weeks with a hl@hotoperiod and illumination of
150mmolm? st. After this period, plants were transferred to NBiid medium. Roots

were pruned during the transplant to induce then&tion of adventitious roots.

Once plants reached between 6 and 8 centimetegth|athey were transferred to tubes
containing sterile deionized water, and the diffiiérabiotic stresses were applied. Salt
stress was applied by adding 0 (Control), 60 andn®0 sodium chloride, while heat

stress was applied by incubating plants in diffeeriture chambers with temperatures
of 25 (Control), 30 or 40 °C. Root exudates weréected at 1, 3 and 10 days after the
stress imposition, frozen with liquid nitrogen astdred at -80 °C. Concurrently, shoot
and root tissues were also sampled and frozeguidlinitrogen, and root exudates were

freeze-dried before the analysis. The absence mfanunations in root exudates was
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tested by culturing a 20 ul aliquot in petri disheish potato dextrose agar medium
(Conda, Madrid, Spain). No contamination was detkch the exudates used for the

analysis.

Leaf damage

Variations in plant appearance and performance vessessed. Depending on the
symptoms, three different damage levels were eshaa: i) Asymptomatic plants; ii)
Plants with some yellowish leaves (mild damageq; iapPlants with some burned leaves
(severe damage). If a plant presented differentadg@ndegrees, the most severe damaged

was considered.
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Chloride content

Chloride content in root and shoot tissues of lyethotypes subjected to salt stress was
measured by automatic titration as described inezépliment et al. (2008). Briefly,
samples were ground and incubated for 12 hours@itiN HNG (Panreac, Barcelona,
Spain) and 10% glacial acetic acid (Sigma-Aldrigh, Louis, MO, USA). Finally, the
chloride concentration was obtained by measuribg.of the solution with a chloride
meter (Model 626, Sherwood Scientific Ltd., CambedUK).

Malondialdehyde concentration

Malondialdehyde (MDA) concentration was measuredigctrophotometry following
the methodology described by Hodges et al. (1998)s methodology consisted of
homogenization 00.5 g of fresh weight in 80% absolute ethanol (Sighkhdrich, St.
Louis, MO, USA) for 30 minutes using a sonicatoing S30, Elma, Singen, Germany).
Samples were centrifuged and two aliquots of theeswatant were mixed with 20%
trichloroacetic acid (Sigma-Aldrich, St. Louis, MQJSA) or a solution of 20%
trichloroacetic acid and 0.5 % thiobarbituric a(®gma-Aldrich, St. Louis, MO, USA).
Both mixtures were incubated in a bath with wateB@ °C for one hour. After that,

samples were cooled and centrifuged in order tcovensuspended particles. Finally,
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absorbance was measured at 440, 534 and 600 nnsigdilank in a spectrophotometer
(Thermo Spectronic Genesys 10, Waltham, MA, USADAconcentrations were
calculated as described in Arbona et al. (2008).

Proline concentration

Proline concentration was determined by spectraphetry in plant tissue and root
exudates as described in Bates et al. (1973) withesmodifications. The extraction
procedure had some differences depending on theriadat

In shoot and root tissues, 0.05 g of sample wamebed with 5 ml of 3% sulfosalicylic
acid (Panreac, Barcelona, Spain) by sonicatioB@aminutes. Samples were centrifuged
at 4000 g for 20 minutes at 4 °C, and the supenhatas mixed with glacial acetic acid
(Sigma-Aldrich, St. Louis, MO, USA) and ninhydrieagent (625 mg of ninhydrin in 15
ml of glacial acetic acid and 10 ml of orthophosph@cid 6M) in a 1:1:1 proportion
(v:v:v). Samples were incubated at 100 °C for amer Im a water bath, cooled down and
centrifuged 5 min at 2000 g at 4 °C. Absorbance massured at 520 nm with a
spectrophotometer (Thermo Spectronic Genesys 10th#va, MA, USA). Proline
guantification was performed with a standard cunagle with a commercial standard of
proline (Sigma-Aldrich, St. Louis, MO, USA)).

In root exudates, proline determination was pertatras described above, but starting
from 15 ml of freeze-dried root exudates. Sulfasdic acid at a concentration of 3% was
used as extraction solvent by adding 5 ml to 16ffeeze-dried root exudates. Samples
were sonicated for 30 minutes and centrifuged. Thenl of the supernatant was mixed
with 1 ml of glacial acetic acid and 1 ml ninhydreagent and incubated at 100 °C for
one hour. Finally, samples were cooled down on aod centrifuged before the
measurement with a spectrophotometer at 520 nnlinBrmontent in root exudates was
expressed relative to the root fresh weight. Blamitb water and sodium chloride at the
studied concentrations were measured to checkosenae of proline.
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Phytohormone analysis

ABA, JA, SA and IAA concentrations were determinedtissue samples and root
exudates 10 days after the onset of stress tre&mdoreovert-cinnamic acid (CIN)
was also determined in root exudates. Metabolibeeotrations were determined by high
performance liquid chromatography coupled online aotriple quadrupole mass
spectrometer (Micromass, Manchester, UK) througbréamogonal Z-spray electrospray
ion source (Durgbanshi et al., 2005). Two hundrétigrams of shoot and root tissue
samples were homogenized to fine powder and erttaeith water using a mill ball
equipment (MillMix20, Domel, elezniki, Slovenija]?He]-ABA, dehydrojasmonic acid,
[13Cq]-SA, [?H2]-IAA and [Hg]-CIN were used as internal standards. pH was satjus
2.8-3.2 with acetic acid. Extracts were partitiortedce with diethyl ether and the
supernatants were evaporated under vacuum in afagatconcentrator (Speed Vac,
Jouan, Saint Herblain Cedex, France) at room temye. The solid residue was
resuspended in 500 ul of water:methanol 90:10 éteded through 0.22 uM PTFE filters.
20 pul of this solution were injected into the HPEgstem (Acquity SDS, Waters Corp.,
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Milford, MA, USA). In root exudates samples, thdraxtion protocol was the same as in
plant tissue but starting from 15 ml of freeze-dneot exudates extracted by 15 minutes
of sonication.

A reversed-phase C18 column (Gravity,>X&®.1mm 1.8-m particle size, Macherey-
Nagel GmbH, Germany) was used to achieve the chliographical separation, using a
methanol:water mixture, supplemented with 0.1%ieacstid, gradient at a flow rate of
300 | min'. Results were processed using Masslynx v4.1 sodtwand the
phytohormone contents were quantified with a steshdarve prepared with commercial

standards.

Statistical analyses

Statistical analyses were assessed with the SphiigsaPlus v.5.1. Software (Statistical
Graphics Corp., Herndon, VA, United States). Daganaeans of three measurements per
sample from three independent experiments and wswpgected to one- or two-way
analysis of variance (ANOVA) and a Tukey posthost @ 0.05) when significant
differences were detected.
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Results

Phenotypic traits in response to stress

Differences in phenotypic traits were observedianglants depending on the genotype
and the applied stress. In salt stress experimeatphenotypic change was observed in
stressed plants compared to control. However, whéared under heat stress conditions
some plants of both genotypes showed differentisesedamage, including yellowish

and burned leaves (Fig. 1.1).

Figure 1.1Heat-induced damage in leaves of Carrizo citraAg€) andC. macrophyllgD-F) after ten days of stress.

Non-damaged leaves (A, D), mildly damaged leave&jBnd severely damaged leaves (C, F)

The frequency of symptom appearance depended orotitstock. Ten days after the
stress imposition, the percentage of plants exh@leaf damage was higher in CM (Fig.

48



Chapter 1

1.2). At 30 °C, 23.5% of CC plants showed mild dgenand 11.8% showed severe

damage whereas in CM, 33.3% of plants showed naildatje, and the same percentage
of plants exhibited severe damage. These percentageased in plants cultured at 40

°C, exhibiting 56.3% and 12.5% of CC plants withdnaind severe damage, respectively.
In CM, 30.0% and 60.0% of plants had mild or sedemmage, respectively.
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Figure 1.2Percentage of citrus plants with heat-induced damapaves after ten days of stress. White: Plaitteout

any damaged leaves. Grey: Plants with mild daméggadbs. Black: Plants with severe damaged leaves
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Chloride accumulation

Endogenous chloride content increased progressivelyoots and roots of plants of both
genotypes after the stress imposition althoughetheere some differences in the

accumulation pattern among tissues (Fig. 3).

In roots of plants cultured under salt stress doons, chloride concentration increased
considerably in both genotypes, being the diffeesnio relation to control statistically
significant in all the sampling points. In rootfeaten days of stress, chloride levels were
similar to those determined at three days, withiesl3.56 and 2.32 times higher in roots
of CC and CM plants subjected to 90 mM NacCl.

Chloride accumulation pattern in shoots was shapérion levels were higher at the end
of the experiment (Fig. 1.3). Chloride concentnaiio the shoots increased since the first
day of stress imposition, being the accumulatiatepa similar in both genotypes during
the first three days, with values being among h0d 1.56 times those found in control
plants. After ten days of stress there was an acfation of chloride in CMshoots, with
levels 3.58 and 4.25 times higher than controllam{s treated with 60 and 90 mM NacCl
respectively, whereas treated CC shoots had cklaeodcentrations 2.06 and 3.48 times

higher than those recorded in control plants, retbgady.

Proline content in shoots and roots

The accumulation of this compatible osmolyte wagmheined in root and shoot tissues

after 10 days of salt treatment or high temperastness (Fig. 1.4).

Salt stress induced a significant decrease in n@otiontent in roots of CM, with
reductions of 12.11% and 43.79% when plants welbbgested to 60 and 90 mM NacCl,
respectively. No differences with respect to cdstravere observed in proline
concentration neither in shoots of CM nor in shamtsoots of CC cultured under the
different conditions assayed.

50



Chapter 1

0O
I
>
T
—
m
PY)
B

Figure 1.3 Endogenous chloride content in shoots and rooaofizo citrange an@€. macrophyllasubjected to salt
stress. White symbols refer to control, grey ton@@ NaCl, and black to 90 mM NaCl. Values indicate tiwean of

three replicates * standard error. Different lsttefer to statistically significant differencesPat 0.05

Proline content increased in CC shoots after 1@ d&yeat stress, reaching values 1.29
times higher than control when cultured at 30 °d 40 °C. On the contrary, the

concentration of this metabolite decreased in resisosed to 40 °C reaching values
29.89% lower than control, while in roots of plastsessed with 30 °C similar values to

control plants were recorded.

No significant variations in proline content wermektted either in root or in shoot tissue

of CM plants subjected to heat stress in relatiooontrols (Fig. 4).
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Figure 1.4Endogenous proline content of Carrizo citrange@nohacrophyllashoots and roots of plants subjected to
salt and heat stress for ten days. Salt stressratdwhite), 60 mM (grey) and 90 mM (black). Hesitess: control
(white), 30 °C (grey) and 40 °C (black). Values @adé the mean of three replicates + standard édifferent letters

refer to statistically significant differences at B.05

Proline exudation

The exudation rate of this amino acid was diffeidgpending on the applied stress and

the genotype (Fig. 1.5).

In salt stress experiments, no differences wererdecl in the root exudation of proline

between stressed and control CC plants, whereasst@ddsed plants released higher
quantities of this amino acid to the rhizospheoefthe first day of the experiment. These
differences in root secretion of proline betweentoml and stressed plants increased with

the extent of the stress, independently of the NaGtentration. Root exudates from CM
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stressed plants showed proline concentrationsah@3.17 times higher than control at
the third day of stress when culture medium wapkmpented with 60 and 90 mM NaCl
respectively. These differences increased to 8M6b7a67 times higher than controls at
the tenth day of stress respectively.

Proline exudation also increased in plants of lyethotypes subjected to 30 and 40 °C,
but in lower quantities than those detected instediss experiments. The differences were
only statistically significant between root exudafi®m control plants and those obtained
from plants cultured at 40 °C. Conversely to daitss results, when plants were cultured
under high temperature, root exudates from CC sHatlve highest differences with
respect to control, being statistically significérm the first day of stress at 40°-C, with
proline content 2.52 times higher than control sTdifference was maintained over time,
with the amount of proline present in root exuddtem plants subjected to 40 °C 1.87
and 3.15 times higher than control at the third #wedtenth day of stress respectively. On
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the other hand, exudates from CM plants subjeadteat stress only presented larger

quantities of proline in the treatment at 40 °@ratien days, with values 2.24 times higher

than control.

Phytohormone content in shoots and roots

The endogenous content of ABA, SA, JA and IAA inats and roots of both genotypes
was affected differently depending on the stregdiegh after 10 days of treatment (Tab.
1.1).

Under salt stress conditions, CC plants subjeate@0t mM NaCl exhibited increased
endogenous ABA concentrations, reaching values&n@12.92 times higher than control
in shoots and roots, respectively. In CM plants thcrease was not as marked as in CC,
being only appreciable in shoots of plants subgetbe60 mM NaCl, with values 3.83
times higher than control, whereas roots subjettethis treatment showed values
66.84% lower than control. 60 and 90 mM NacCl tresita induced an increase in SA
concentration in shoots of CM, with values 4.04 @b times the control, while the
content of this phytohormone did not vary in shootsCC. Meanwhile, SA content
increased in roots of CC, with values 1.65 and 8r8&s higher than control under both,
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moderate and severe salt stress. In contrastotitertt of SA in roots of CM subjected

to 60 mM was 33.04% lower than control.

Figure 1.5Proline levels exuded to the rhizosphere by Caritange andC. macrophyllaplants subjected to high
salinity and heat after 1, 3 and 10 days of str@#ste symbols refer to root exudates obtained framtrol plants,
grey symbols refer to root exudates obtained fraiid stressed plants (60 mM or 30 °C) and black symbefer to
root exudates obtained from severe stressed pl@dtsiM or 40 °C). Values indicate the mean of thieg@icates +

standard error. Different letters refer to statity significant differences at P0.05
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Table 1.1Phytohormone levels in shoot and root tissue of Carrizawge andC. macrophyllgplants subjected to salt and heat stress for ten days. Valdieste the
mean of three replicatesstandard error. Asterisks refer to statistically sigaifit differences at P 0.05

Shoots Roots
Control Mild Stres: Severe Contro Mild Stres«  Severe Stre:
Stres:
ABA Sall Carrizc 9.38+0.4: 7.06+0.4¢ 54.51+6.48 9.85+0.9! 10.47+3.0 28.83+2.03
ng-g*
(|:g\]/\/§)I Macrophylla 3.46%0.35 13.27+0.03* 4.57+0.59 5.94+0.82 1.97+0.39* 5.43+1.53
Heat Carrizo 5.64+1.09 8.10+1.02 3.46+0.43 9.47+1.84 7.65+0.86 1.56+0.11*
Macrophylle 6.47+0.3: 7.23+1.6! 1.32+0.53 9.77+1.8. 8.21+0.7 3.35+0.58
SA Salt Carrizo 25.05+11.05 35.93+8.57 41.37+9.25 26.43+0.43 43.60+16.03*87.39+19.84*
ng-g*
(|:g\]/\/§)I Macrophylle 27.49+6.00 111.05+11.66 67.32+6.05 81.90+12.1 54.84+2.67 64.60+13.
Heal Carrizc 2.70+1.0¢ 3.48+0.4t 8.81+0.59 3.22+1.3: 4.03+0.7: 12.63+1.67
Macrophylla 9.19+0.45 10.71+1.93 52.32+0.62* 12.20+2.65 11.83+0.31 5.84+2.21*
JA Salt Carrizo <LOQ <LOQ 13.89+0.56* <LOQ <LOQ 63.56+8.62*
ng-g*
(|:9\]/\/£)J Macrophylle <LOQ <LOQ 0.55+0.5! <LOQ 7.40+1.10 11.06+1.34
Heat Carrizo 5.74+0.96 6.29+1.23 0.87+0.50* 15.53+5.05 3.96+1.53* 0.41+0.41*
Macrophylla 7.56+0.58 8.17+1.54 6.17+2.62 11.53+2.86 10.99+3.23 1.72+0.82*
I1AA Sall Carrizc 0.7€+0.2¢ 0.7%0.2E 0.64+0.51 0.41+0.22 0.60.62 1.6&0.1¢
(ng-g*
FW)
Macrophylle  7.1<+0.77 14.743.2¢ 8.97+1.9¢€ 4.6&1.82 1.1¢0.7Z 0.8&+0.72
Heal Carrizc 4.27+1.8= 2.95+2.27 8.95+2.14* 3.81+2.04 7.3(x2.44 2.1&0.74
Macrophylle  7.44+2.92 7.1<+5.1¢€ 10.7¢0.81* 2.74+0.75 2.7&0.44 3.21+0.64
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In shoot tissue, salt stress only induced changeadogenous IAA concentration in CM
plants subjected to 60 mM NaCl. The pattern of aadation of this phytohormone was
different in roots depending on the genotype. Wholets of CC plants subjected to 90
mM NaCl showed an increase of IAA levels, with \edu}.10 times higher than control,
roots of CM subjected to 60 and 90 mM exhibitetightdecrease of IAA contents.

On the other hand, the only heat stress conditiah dffected ABA endogenous levels
was 40 °C. This treatment induced decreases in &@Aent of CM shoots, with values
representing 79.60% lower than control, while iotsodecreases were observed in both
genotypes, with reductions of 83.53% and 65.71%tedlto controls in roots of CC and
CM, respectively. Contrary to the decrease of ABA, geihmus SAcontent generally
increased in plants cultured at 40 °C. In shodbis,ihcrease was of 3.26 and 5.69 times
the control in CC and CM plants respectively. lats) there was an increase of 3.92 times
the control values in CC, while in CM SA contentidmsed a 52.13% related to control.
Heat stress induced a reduction in endogenous d#ewebin stressed plants. In shoots, a
decrease was only observed in CC plants subjeotdd PC, exhibiting values 84.84%
lower than control. In roots of CC, both temperasuinduced a decrease of JA content,
with values 74.50 and 97.36% lower than contrad@tand 40 °C, while roots of CM
plants subjected to 40 °C showed a decrease dd@br6lated to control, no differences
in JA concentration were registered with respedaiatrol when plants were cultured at
30°C.

The content of IAA only varied in shoots of planfsboth genotypes subjected to 40 °C,
showing an increase of its concentration of 2.1@ hd5 times the control in shoots of
CC and CM respectively.

Phytohormone content in root exudates

Phytohormone content not only varied in plant &ssbut also in root exudates of both
genotypes after 10 days of exposure to salt orgtezds (Tab. 1.2).
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Table 1.2Phytohormone levels in root exudates of Carrizaange andC. macrophyllaplants subjected to salt and
heat stress for ten days. Mild stress refers tmmBDNaCl and 30 °C, and severe stress refers to 90Na®l and 40
°C in salt and heat stressed plants respectivelyegandicate the mean of three replicates + stahelaor. Asterisks
refer to statistically significant differences at P.05

Root exudates

Control Mild Stress Severe Stress
ABA Salt  Carrizo 4.216+0.486 8.527+1.735*  10.932+2.715*
(ng-g* root) Macrophylla ~ 2.959+0.446 1.456+0.211*  0.196+0.196*
Heat  Carrizo 0.342+0.035 0.533+0.097 0.079+0.026*
Macrophylla ~ 0.208+0.039 0.168+0.019 <LOQ
SA Salt  Carrizo 44.436+1.011  43.730+16.784  40.842:39.6
(ng-g* root) Macrophylla ~ 173.957+32.651 273.926+25.818¢76.910+11.312
Heat Carrizo 9.319+4.211 6.855+0.934 24.444+6.944*
Macrophylla ~ 18.952+1.768 16.374+4.558  70.578+9.757* o
JA Salt  Carrizo 0.944+0.545  28.104+17.421*  5.715+3631 I
(ng-g* root) Macrophylla ~ 1.577+0.354  72.206+17.794* 146.992+8@2 Z
Heat  Carrizo 0.015+0.001 0.037+0.008* 0.024+0.002 m
Macrophylla ~ 0.018+0.004 0.019+0.002 0.059+0.009* E
IAA Salt  Carrizo 4.938+1.877 9.091+5.012 6.655+2.389
(ng-g* root) Macrophylla  1.213+0.696 3.094+0.645* 1.502+0.638
Heat  Carrizo 0.834+0.439 3.783+0.500* 0.659+0.316
Macrophylla ~ 2.873+0.958 2.768+1.206 2.389+1.280
CIN Salt  Carrizo 0.146+0.013 0.108+0.003 0.195+0.047
(ng-g* root) Macrophylla  3.544+1.342 15.057+1.227*  28.587+0.237*
Heat  Carrizo 0.727+0.199 1.984+0.373 9.105+0.253*
Macrophylla ~ 3.428+0.834 2.094+0.359  13.710+1.887*

Under salt stress conditions, ABA concentratiomeéased in root exudates obtained from
CC plants subjected to either 60 or 90 mM NaClhwdlues 2.02 and 2.59 times higher
than control, while in exudates from CM plants gabgd to the same stress, there was a

decrease in the content of this hormone, with \wwfife68 and 93.24% lower than control.

The concentration of SA and its precursor CIN iotrexudates from plants subjected to

salt stress was only altered in those obtained @Wvhplants, with an increase of SA

concentration of 1.57 times the control in plant®jected to 60 mM NaCl, and an

increase of CIN of 4.25 and 8.08 times the conéwedls in plants subjected to 60 and 90
mM NaCl respectively. Salt stress induced JA exodanh both genotypes, with values

of 29.89 and 6.09 times the control in CC, and @&iid 93.03 times the control in root
exudates obtained from CM plants subjected to @0%nhmM NaCl respectively. IAA
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concentration in root exudates only was affectedhivse obtained from CM plants
subjected to 60 mM NaCl, with levels of IAA 2.5&&s higher than control.

After ten days of stress induced by high tempeestuplants of both genotypes subjected
to 40 °C reduced the root exudation of ABA, to eeleof 23.53% the control in CC,
whereas this phytohormone was not detected in CM exudates. Contrary to the
decrease of ABA, root exudates from heat stresskditg exhibited increased
concentrations of SA and CIN than those from cdnttants. Plants of CC and CM
cultured at 40 °C exuded quantities of SA 2.62 82 times higher than control
respectively, and 12.47 and 4.00 times higher encidse of CIN. Moreover, despite the
decrease of endogenous levels of JA in the rastgontent increased in exudates from
heat stressed plants in both genotypes, with valti@s47 times higher than control in
CC plants stressed at 30 °C and levels 3.28 tingdeehthan control in CM plants
subjected to 40 °C.

Heat stress induced an increase of I1AA in exudalésined from CC plants subjected to
30 °C.

Malondialdehyde content in plants

MDA content did not vary in roots of CC plants cuéid under salt stress conditions while
in roots of CMa reduction of 25.66 and 37.10 % in plants treatgd 60 and 90 mM
NaCl respectively was recorded (Fig. 1.6). Meangshil roots of plants subjected to heat
stress a decrease in MDA concentration was obselveabts of CC plants, this decrease
was of 20.42 and 29.33% with respect to the comtrateatments at 30 and 40 °C. A
higher decrease was observed in @ts, exhibiting values 25.96 and 33.97% lower
than the control in treatments at 30 and 40 °Cesgely.
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Figure 1.6 Endogenous Malondialdehyde content of Carrizaoge andC. macrophyllashoots and roots
of plants subjected to salt and heat stress fod#ys. Salt stress: control (white), 60 mM (greryd &0
mM (black). Heat stress: control (white), 30 °Cefgrand 40 °C (black). Values indicate the meathefe
replicates + standard error. Different letters rédestatistically significant differences at .05

Discussion

The results in this work reveal that citrus plaai® able to release proline and

phytohormones to the rhizosphere, and their exodas affected by salt and heat
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stresses, as well as genotype tolerance to thesgsadconditions. Experiments were
performed with two citrus genotypes, CC and CMatifig in their sensitivity to both

stresses. While CC is sensitive to salt stress,iidlerant (Garcia-Legaz et al., 1993;
Iglesias et al. 2004), which represent an intanggtlant system to study the physiological
basis of citrus tolerance to high salinity. Moreguke tolerance of these two genotypes
to high temperatures seems to be opposite (Zarmdadinal., 2016; 2017), which, in our

opinion made this study more comprehensive.

Seeds of both genotypes were germinated umdettro conditions and salt or heat
stresses were applied to the grown plants withdifferent intensities. Although several
works have studied root exudates under field ordyonic conditionsin vitro culture
techniques were chosen in this work because themyallows a more rigorous control
of the environmental conditions, which can affegbtr exudates composition both,
qualitatively and quantitatively, having a higheproducibility among the experiments
(Vranova et al., 2013). To ensure that the detezthimmounts of proline and
phytohormones in root exudates correspond to adagan process and not to a passive
output of these metabolites through damaged rdbhrmanbranes, MDA contents were
determined (Fig. 1.6), since this metabolite is sidered a marker of membrane
degradation. Under none of the conditions assay#us work, MDA levels increased in

roots of any tested plant. This supports the viglidi the system and discarding artifacts.

Our results demonstrate that under salt stressitaomg] the salt tolerant genotype CM
exuded higher quantities of proline related to manplants than the sensitive CC.
Meanwhile, under heat stress conditions, the tote€ was the genotype that exuded
larger quantities of this amino acid (Fig. 1.5)e%$h results demonstrate that under both
abiotic stress conditions, genotypes with lowersgesity release higher amounts of
proline to the rhizosphere. The concentration afdexi proline was proportional to the
intensity of the imposed stress. Although the infation on the subject is scarce, in
excised roots of almond trees grown unitevitro conditions a release of proline to the
medium was reported under salt stress conditiontsita concentration was higher in the
case of tolerant rootstocks (Marin et al., 201@ofRexudation of proline has been also
studied in rice and soybean plants subjected tospgdtmrus deprivation, detecting
increases of its exudation rate in stressed ptristh genotypes (Tawaraya et al., 2013,

2014). Our results point out that citrus plants eapable of exuding proline and this
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process is increased under stress conditions {F). Moreover, there is a correlation
between the resistance of the genotype to a spetifess situation and the amount of
amino acid exuded. Differences in proline contevese evident in root exudates earlier
than in shoots or roots, whose points to the detecf proline content in the rhizosphere
as a non-destructive method to determine salt a&d btress in plants earlier than
traditional determinations of this amino acid irsts or roots, favoring the early use of

corrective actions.

Root exudation of proline in response to abiottess could help plants to mitigate the
adverse environmental conditions in two ways, @ctis an attractant and promoting the
growth of microorganisms present in the rhizosphanel being a source of carbon and
nitrogen for them. Different reports detail the efts of proline in soil microbiota, as
occurs in the case of the plant growth promotingtdy@aPseudomonas putidaT2442,
whose growth is favored in presence of this amiid & corn root exudates (Vilchez et
al., 2000). It has been also reported that, ottrams of this bacterium promote plant
tolerance to some biotic and abiotic stressescasrs with the strain AKB28, which has
been identified in citrus rhizosphere, and suggestebe involved in improving crop
tolerance to huanglongbing (Trivedi et al., 20Another example is the strain Rs-198,
which stimulates the growth of cotton plants sulgjeddo salt stress conditions (Yao et
al., 2010).

Plant hormones can modify soil properties, provgdienefits for plants growing in this
area; as an example, SA and CIN facilitate thelsliation of phosphorus in soil into
assimilable forms (Khorassani et al., 2011; Tawaratyal., 2014). Curiously, IAA was
differently released to the medium depending ondtness applied and the rootstock
tolerance (Tab. 1.2). Whereas under salt stresditomms, only the salt resistant genotype
CM exuded larger quantities of this auxin, undeathsress conditions, CC, the heat-
stress tolerant genotype, was the one that exud&dThe different exudation pattern of
IAA, described as a root growth inducer, could headaptive mechanism to facilitate
plants to explore the soil until zones with lowearaunts of salts or with larger amounts
of water in the case of heat stress, (Fu and Harbe03). IAA exudation could also
facilitate the colonization by plant growth pronmafirhizobacteria, which can use 1AA

as a source of carbon and nitrogen (Leveau andlar005).
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While root exudation of JA was induced by salt &edt stress in both genotypes, ABA
was exuded in lower quantities in CM under safissti(Tab. 1.2). Root exudation of these
phytohormones has been described previously inesoylout its role in the rhizosphere
remains unclear (Tawaraya et al., 2013). In conhtréth the positive effect of proline in
the growth of soil microbiota, the growth inductiby phytohormones ABA, SA and JA
is not clear and some works report that ABA, SAJMeand ethylene do not contribute
to changes in rhizobacteria richness and evenitessigh phytohormones can contribute
to change in community composition (Carvalhaislgt2914). However, other authors
support that SA and CIN promote their growth, ughmem as carbon sources (Segura, et
al., 2017) and that JA has a positive effect orgtimevth of arbuscular mycorrhizal fungi
(AMF) in garlic plants, providing benefits for tipgant growth (Regvar et al., 1996).

Under salt stress conditions, no visible damage detected in plants of the two
genotypes tested, independently of their diffesemisitivities to high salinity conditions.
The absence of visible damage may be due to thédiress period, being the symptoms
more evident in larger periods of stress as itbeen previously reported (Montoliu et
al., 2009). In contrast, plants of both rootstoslbjected to heat stress showed damage,
with the percentage and severity of symptoms high€&@M plants, demonstrating that
this genotype is more sensitive than CC to heasstfFigs. 1.1 and 1.2). This questions
its future use as rootstock in the Mediterrane#icaiture, where summers will become
warmer and drier in the near future, as a consemuehclimate change. Previous work
has demonstrated that other drought-tolerant cigesotypes can have problems
tolerating heat stress (Otero et al., 2015; Zandalet al., 2016).

Endogenous chloride levels rapidly increased intsaduring the beginning of the
experiment and these levels were maintained umilténth day of stress (Fig. 1.3). As
roots are firstly saturated of chloride ions anehththese ions are translocated to shoots,
higher chloride amounts were recorded in the apaal at the end of the experiment.
Plants of both rootstocks increased the endogetmnignt of chloride, but the sensitive
genotype CC reached higher absolute concentratiamsthe tolerant CM compared to
the control plants. Although in comparison with woh plants chloride levels of CM
leaves were higher than in CC leaves, the absealtes were higher in leaves of the salt
sensitive CC. These results confirm previous dathcating that salt sensitive citrus

genotypes accumulate higher absolute levels oficlddhan tolerant rootstocks do under
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salt stress conditions (Hussain et al., 2012; Lé&pement et al., 2008; Montoliu et al.,
2009).

In response to environmental stresses plant lazugsly accumulate proline to regulate
the osmotic potential and cope with the stressviBue studies with citrus revealed that
tolerant rootstocks accumulate higher amounts isf &mino acid (Zandalinas et al.,

2016). The absence of variations in the endogecosentrations of this osmoprotectant
in plants subjected to salt stress in this work nmalycate that plants were not stressed
enough to accumulate proline (Fig. 1.4). Moreosgerce salt stress affects roots earlier
than leaves, proline accumulation in leaves woudduo later than under heat stress,

which affects leaves directly.

However, endogenous proline content decreasedis ajf the tolerant rootstock under

each stress condition, which was concomitant with ligher exudation of this amino
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acid (Fig. 1.4). Although proline content usualhgieases in plant tissues under abiotic

stress conditions, data in the system reported Wetdd agree with other works which
describe a reduction in proline levels in respdns&dverse conditions, as in wheat, with
reductions in leaf proline contents in plants solgé to heat stress (Kumar et al., 2012),
roots of canola plants subjected to salt stresadi@at al., 2012), or in roots Bfagaria

X ananassalants cultured under phosphorus starvation cant(Valentinuzzi et al.,
2015).

In general, stress-related phytohormone conceotrain shoots and roots is in
concordance with the different tolerance of bothajgpes to salt or heat stress (Tab.
1.1). Under salt stress, ABA and JA concentratgarserally increased with the stress, in
a higher extent in the sensitive genotype CC tm&M (Valenzuela et al., 2016).
Meanwhile, SA content followed an erratic patterh azcumulation under NaCl
conditions as it has been previously reported (Miunet al., 2009). Results of this work
also reinforce the scarce information on how citplants respond to heat stress
conditions. Although ABA concentration generallyci@ases under different abiotic
stress conditions, there is not much information ininvolvement in heat stress
responses. It has been recently reported thagblilgi®hormone content decreases in citrus
plants subjected to heat stress, in parallel vighaccumulation of the ABA degradation
products phaseic acid and dehydrophaseic acid,aliege an induction of ABA
catabolism under high temperature conditions (Zamai et al., 2016). Moreover, the
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partial reduction in JA levels together with theKaof ABA accumulation are in
consonance with other studies that demonstratécathancrease in JA levels is needed
for ABA accumulation in citrus plants subjectedwater stres¢De Ollas et al., 2013).
Also, in rice under heat stress a decrease in dBertdration has been reported (Du et al.,
2013).

In conclusion, our results demonstrate that ciplasts are able to exude proline and
phytohormones to the rhizosphere through their scoBtoot exudation of proline
increased in plants subjected to salt or heatsstregh higher increase in the tolerant
genotype in both stresses. Since the increaseolm@rconcentration was observed in
root exudates earlier than in shoots or rootsngasurement in the rhizosphere could be
used as an early stress marker. On the other hidwed,increased quantities of
phytohormones released to the rhizosphere couldl led$p plants to cope with these
stresses, either by solubilizing nutrients as acauth SA and CIN, or inducing root
growth by auxins. Meanwhile, ABA and JA exudatioould improve nutrient
solubilization and modify soil pH, due to their dici character. ABA could also inhibit

seed germination of competing plants.
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Chapter 2: Root exudates from citrus plants subje@&d to

abiotic stress conditions have a positive effect ahizobacteria

Abstract

Plants are constantly releasing root exudateseatitzosphere. These compounds are
responsible of different positive or negative iatgions with other organisms, including
other plants, fungi or bacteria. In this work, #féect of root exudates obtained fram
vitro cultured plants of two citrus genotypes differingheir sensitivity to salt and heat
stress on two rhizobacteri#®geudomonas putid{T2440 andNovosphingobiunsp.
HR1a) was evaluated. Bacteria were grown in mini@lmedium supplemented with
succinate in presence of root exudates as thesgotee of N, and growth was determined
measuring optical density at 660nm and colony fagminits. Root exudates obtained
from control plants promoted the growth of both teaa, and this positive effect
increased when exudates were obtained from strgdaats. Root exudates from salt-
stressed plants &@. macrophylla(salt tolerant) induced an increase in bacteriaimgn
higher than that obtained from Carrizo citrangedatas (salt sensitive). Root exudates

from heat-stressed plants also had a positive tedfeacterial growth, which was more
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evident in the heat-sensitiv€. macrophylla Moreover, constructions dP. putida
KT2442 (pMIS5) andNovosphingobiunmsp. HR1la (pPAH)were used to test the

capability of both bacteria to detect proline aaticylates present in culture medium by
measuring -galactosidase activity-galactosidase activity increased in presenceaif ro
exudates obtained from stressed plants, and iglehiextent in the case of exudates
obtained from the genotype resistant to each pdatistress, indicating that those root
exudates contain larger quantities of proline aality@ates, as it has been described
previously. These results reveal that the growtthese rhizobacteria can be modulated
through citrus root exudates, and it can changerdipg on the stress conditions and the
genotype. Moreover, our data reveals that bacterigd use proline and salicylates from

root exudates as sources of C and N, and they teulsed as biosensors of plant stress.
Keywords: citrus, heat stress, rhizobacteria, root exudatdsstress

Abbreviations: ACC: aminocyclopropane-1-carboxylic acid; 2: Arbuksr mycorrhizal
fungi; CFU: Colony forming units; Cm: ChloramphenlicHLB: Huanglongbing; LB:
Lysogeny broth medium; MS: Murashige and Skoog salution; ONPG:ortho
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nitrophenyl- -galactoside; PGPR: Plant growth promoting rhizodda;, Rif:
Rifampicin; SA: Salicylic acid; Tc: Tetracycline
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Introduction

Plants release between 5 and 25% of net fixed oartio the rhizosphere in the form of
compounds ranging from simple organic anions toglermpolymer mucilages (Bais et
al., 2006). Those specialized metabolites, prodaceldsecreted by plants, play a critical
role in the interaction of plants with soil organis at the root vicinity, generally
increasing the total quantity and activity of mioes around plant roots. These
microorganisms use the compounds released by #&mtspihrough their roots as major
nutrient sources, mainly carbon and nitrogen, ctugsits of sugars and amino acids,
which are the compounds released to the rhizosphdrigher quantities (Lugtenberg et
al., 1999; Moe, 2013). This is the case of the tpgmowth promoting rhizobacteria
(PGPR)Pseudomonas putidavhich growth is positively affected by prolineneoof the
amino acids largely released to the rhizospherdcliez et al., 2000b). In addition,
flavonoids, anthocyanins or salicylates, presembot exudates in lower quantities can
affect rhizosphere biotic composition (Badri andafico, 2009; Cesco et al., 2012; Wu
et al., 2009).

Root exudation is highly influenced by various hhioand abiotic factors in the
surrounding environment, which can lead to a sigaift shift in the rhizosphere
microbiota (Kawasaki et al., 2016). Several studmsied out with herbaceous species,
reveal that PGPR and arbuscular mycorrhizal fuAiik) alleviate the damage induced
by abiotic stresses conditions such as droughisalflooding, nutrient deprivation,
heavy metal or high temperatures in plants (Alalet 2011). The association with the
bacteriaScytonema hofmanaailleviates the adverse effects of salt stressce plants
(Rodriguez et al., 2006). MeanwhilBurkholderia phytofirman®sJN improves shoot
and root growth and tuberization in potato plandtured, eitheim vitro orex vitrg under
heat stress conditions (Bensalim et al., 1998). a¥ipéants inoculated witP. putida
AKMP7 are less damaged by high temperature sthessrton-inoculated plants, showing
higher levels of chlorophyll, sugars, proline, sharprotein and amino acids, and a
reduction in superoxide dismutase, ascorbate pdsisgiand catalase activities (Ali et al.,
2011). Among the mechanisms responsible of thiteption against abiotic stresses are

the bacterial production of indole acetic acid iricmoxide, which stimulate root growth

and development and facilitate nutrient fixatidre tecrease of plant endogenous content

of ethylene by the bacterial 1-aminocyclopropareaiboxylic acid (ACC) deaminase
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activity or by the induction of changes in the raetl wall or membrane, such as the

production of biofilms (Dimkpa et al., 2009).

Therefore, understanding the interactions amongdierganisms in the rhizosphere will
have a great value in improving plant resistandsott biotic and abiotic stresses, which
will ultimately result in an increase in crop pradiuity.

There is little information about the colonizatiohPGPRs in citrus plant rhizosphere.
Isolates belonging to generdurkholderia Pantoea Pseudomonas Bacilli,
Painibacillus andSerratiawere found to be associated with citrus rootspdpéne soll
bacteria population different in plants affectedimanglongbing (HLB) (Trivedi et al.,
2011) and the beneficial effect Bf putidain absence of any stress condition (Chiquito-
Contreras et al., 2012). On the other hand, itdesn reported that the AMF mitigates
some biotic and abiotic stresses, including phytiopta infection (Watanarojanaporn et
al., 2011), drought (Wu and Zou 2009), high salirfNlavarro et al. 2014; Satir et al.
2016; Zhang et al. 2017) or chilling (Wu and Zod.@p

Among citrus genotypes there is a wide variabitipncerning to their tolerance to
different abiotic or biotic stress conditions. Gaorcitrange is salt sensitive and heat
stress tolerant, wheredsitrus macrophyllais salt tolerant and heat stress sensitive
(Vives-Peris et al., 2017). In addition, our praxsavork demonstrates that citrus plants
are capable to exude proline and salicylates asaniic acid or salicylic acid (SA) by
their roots. These and other metabolites preseaitrins root exudates could affect the
growth of different bacteria present in the rhizoee (Vilchez et al., 2000a; Vives-Peris
et al., 2017; Wu et al., 2009).

In this work, the effect of root exudates of twérus genotypes Carrizo citrange and
Citrus macrophyllawith contrasting tolerance to salt and heat stogsthe bacteri®.
putida KT2440 andNovosphingobiunsp. HR1a has been studied. Althoughputida
KT2440 has been previously reported as a PGPR drdamp et al., 2015), the role of
Novosphingobium sp. HR1a as a PGPR is not clearghienited to other strains of this

genus (Zhang et al., 2016).
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Materials and Methods

Root exudates obtainment

Root exudates fronm vitro cultured plants of two citrus rootstocks, Carrtrange
(Citrus sinensid.. Osbeck xPoncirustrifoliata L. Raf.) andCitrus macrophyllaNester,

were obtained as described in Vives-Peris et2017).

Seeds of both genotypes were peeled and disinféotetl0 min in a 0.5% (vol/vol)
sodium hypochlorite solution containing 0.1% (voljvTween-20 wetting agent and
rinsed three times with sterile distilled watere@g were sown individually in 25x150
mm culture tubes with 20 mL of germination mediut) consisting of Murashige and
Skoog salt solution (Murashige and Skoog, 1962) Z¥dof sucrose as carbon source.
The pH was set at 5.7 + 0.1 with 0.1 N NaOH befauoclaving. The medium was
solidified by the addition of 0.9 % agar (Conda, Madrid, Spairhe cultures were
maintained at 25 °C, first in darkness for two weahnd two more weeks with a
photoperiod of 16 hours and illumination of 150 mimo? s After that, plants per
treatment were transferred to liquid MS medium eoats were pruned in order to favor

the development of new roots.
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Twenty days after the transference to MS liquid imgolants with a well-developed root

system were transferred to the exudation mediaposed by sterile deionized water in
control and heat-stressed plants. For salt streatments, 60 or 90 mM NaCl was added
to the exudation medium. For heat stress, plante waltured at 30 or 40 °C with a 16
hours photoperiod. Control and salt-stressed phlast® maintained at 25 °C with the
same photoperioddedium was collected after ten days of exudatfoozen with liquid
nitrogen and stored at -80 °C. The absence of oongions in root exudates was tested
by culturing a 20 uL aliquot in potato dextroseragadium (Conda, Madrid, Spain).

Bacterial strains and plasmids

To study the effect of root exudates on rhizobaatgrowth, P. putidastrain KT2440
and Novosphingobiunsp. strain HR1a were used. For the detection ofingrcand
salicylates, -galactosidase assays using. putida KT2442 (pMIS5) and
Novosphingobiunsp. HR1a (pPAH) respectively were performed. INgM(Vilchez et
al., 2000a) thePpua promoter was cloned before tHacZ gene in plasmid pMP220
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(Spaink et al., 1987) and in pPAH tRgsna promoter was controlling the expression of
the ‘lacZ gene (Segura et al.,, 2017). Chloramphenicol (Gmgmpicin (Rif) and
tetracycline were added to the bacterial cultutdsal concentrations of 30, 10 and 10

png/mL respectively when it was necessary (Tablg 2.1

Table 2.1Bacteria, plasmids and plants used’, &pri, Rif" and T¢& refer to resistance to ampicillin, chloramphenicol
rifampicin and tetracycline respectively

Bacterial strains, plasmids and Relevant characteristics Reference or
plant genotypes source
Bacterial strair
P. putide KT2440 Wild type; Ap’, Cnr Franklin et al. 198
P. putide KT244z Rif" derivative of KT244 Franklin et al. 198
Novosphingobiursp HR1a Wild type; Tc' Segura et al. 20:
Plasmid
pMISE Tc", Ppue::'lacZ oriRK2 Vilchez et al. 200
pMP22( Tc", ‘lacZ oriRK2 Spaink et al. 19¢
pPAH TC", Ppane::‘lacZ oriRK2 Segura et al. 20:
Plant genotype
Carrizo citrang Salt sensitive, heat toler: Vives-Peris et al. 201
Citrus macrophyll Salt moderate toleranteat sensitiv. Vives-Peris et al. 201

Bacterial growth assays

Bacteria were cultured in glass tubes with 2 mliepfid M8 minimal medium (Kohler

et al., 2000) supplemented with 20 mM succinateaalson source and root exudates at
the original concentrations. For this, 15 mL of trexudates were freeze-dried and
resuspended in 1.5 mL of sterile deionized wateinddiluted 10 times when applied to
the bacterial medium. Mocks with bacteria growing8 minimal medium containing
20 mM succinate, and supplemented with 60 or 90 N&Z| were used to consider the
salt effect on the bacteria. The concentratiorheftiacterial inoculum was adjusted to
ODssonmof 0.1. Bacterial cultures were incubated at 3@°@n orbital shaker at 200 rpm
during 48 h.

Quantification of bacterial growth was performedhydoy assessing Gknmand by

counting the colony forming units (CFU). OD at awekength of 660 nm was recorded
with a 96 well microplate spectrophotometer (SumriBecan, Mannedorf, Switzerland).
Results were expressed as the variation 0B in comparison with the respective
mock and referred to the root fresh weight (Dooméial., 2011; Neal et al., 2012). CFU
was determined by plating appropriate bacteriatucel dilutions on lysogeny broth
medium (LB) supplemented with Cm and Rif fdP. putida KT2440 and
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Novosphingobiunsp. HR1a cultures respectively (Bertani, 1951)UGkere counted
after 24 h of incubation at 30°C (Goldman and Gr2698).

Induction of the PputA and PpahA promoters by diféemnt metabolites

P. putidaKT2442 (pMIS5)and Novosphingobiunsp. HR1a (pPAH), were cultured in
presence of commercial standards of different nudtals related to proline and
salicylates catabolisn®P. putidaKT2442 (pMIS5)was grown in M9 basal plus 20 mM
succinate media supplemented with L-proline and rdwytlL-proline, whereas
Novosphingobiunsp. HR1la (pPAH), was grown in M9 basal media plGsn2M
succinate supplemented with salicylic acid biosgsih and conjugation pathways
compounds, including methyl salicylate, sodium csédite, L-phenylalanine, sodium
benzoatep-coumaric acid anttcinnamic acid (Fig. Sup. 1). Tubes containing 2 ofiL
M9 medium plus 20 mM succinate supplemented wighstiandards at concentrations of
0.1 and 1 mMwere inoculated to an initial Qkynmof 0.1 and they were cultured at 30

°C in an orbital shaker.-Galactosidase activity was measured after 7 anttb4s.
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-Galactosidase activity measurement

-Galactosidase activity was measured k putida KT2442 (pMIS5) and
Novosphingobiumsp. HR1a (pPAH) bacteria cultured in M8 minimal mnoeal
supplemented with 20 mM succinate and root exudat€xalactosidase activity was
determined as described in (Miller, 1972). Thismoeblogy is based in the colorimetric
reaction betweermrtho-nitrophenyl- -galactoside (ONPG), a colorless substrate -of
galactosidase, which is hydrolyzed by this enzymedipcing galactose and-
nitrophenol, which has a yellow color, and its cemication can be determined
colorimetrically. Briefly, 1 mL of the bacterial lture was centrifuged, and the
supernatant was removed. The cells were dilutddniri of buffer Z with 2.7 mL ! of
2-mercaptoethanol, and the turbidity of this saltiwas spectrophotometrically
measured at 660 nm. After this, 500 pL of the sa#ipension in buffer Z were mixed
with 100 puL of buffer Z inP. putidaKT2442 (pMIS5), while 100 pL of the suspended
cells in buffer Z were mixed with 500 puL of Buff&rin Novosphingobiunsp. HR1a
(pPAH). 20 pL of chloroform and 20 pL of 0.1% SD®re added and the samples were
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mixed with a vortex. Samples were incubated fonfifutes at 30 °C with agitation at
350 rpm, and 100 pL of ONPG were added as a stbsioa the detection of -
galactosidase activity. When samples acquired &owish color, the reaction was
stopped by adding 260 pL of B&0s; 0.5M and the turbidity was measured at 420 nm.
Finally, results of -galactosidase activity were calculated in Milleits, and the results

were normalized according to the root fresh weight.

Statistical analyses

Statistical analyses were assessed with the SphligeaPlus v.5.1. Software (Statistical
Graphics Corp., Herndon, VA, USA). Data are medrthm@e independent replications
and were subjected to one- or two-way analysisasfance (ANOVA) and a Tukey

posthoc test (p 0.05) when statistical significant differences avdetected.

Results

Bacterial tolerance to saline conditions

In absence of root exudates, the growth of botlebat strains was reduced during the
first 8 and 2 hours iP. putidaKT2440 andNovosphingobiunsp. HR1a, respectively.
After these periods, the cultures of both bact@gaeased their turbidity, although some
differences were observed depending on the saltntient and the bacterial strain. The
addition of NaCl to M8 minimal medium supplementeth 20 mM succinate had a
negative effect on the turbidity of cultures oflibbicterial straing?. putidakT2440 and
Novosphingobiunsp. HR1a regardless the severity of the imposeds{60 or 90 mM
NacCl) in comparison with cultures growth in absen€dNaCl. The diminution of the
ODegsonm in cultures with 90 mM NaCl was sharper in theeca§P. putidaKT2440
(34.92% with respect to the control without NaChiaseas ilNovosphingobium spiR1a
the decrease was of 19.07% after 24 hour®. IputidaKT2440 salt treatment affected
cultures turbidity from 3 hours until the end oétbxperiment. Differently, the turbidity
of Novosphingobium spiR1a cultures was only affected after 24 hourprgsence of
90 mM NacCl, and after 48 hours in 60 mM NacCl treatin(Fig. 2.1).
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Figure 2.1 Turbidity at OReonmOf cultures of. putidaKT2440 andNovosphingobiursp. HR1a in presence of 0, 60
and 90 mM NacCl in M8 medium plus 20 mM succinate.ité/hircles refer to control; black circles refera0 mM

NaCl and black triangles refer to 90 mM NacCl treattaevialues indicate the mean of three replicatstasdard error

Similar results were observed in the number of Gitdr 6 hours of culture, when a
decrease of this parameter was observed in cultfrd®. putida KT2440, with a
diminution of CFU values of 52.00 and 98.52% intbaa grown with 60 and 90 mM,
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respectively, in comparison to control culturesjlevmo differences were observed in

cultures ofNovosphingobiumsp. HR1a in presence of NaCl (Fig. 2.2).

Figure 2.2 Number of CFU of cultures &. putidakT2440 andNovosphingobiursp. HR1a in presence of 0, 60 and
90 mM NacCl in M8 medium plus 20 mM succinate, afidnours. White bars refer to control at 0 houightligrey,
dark grey, and black bars refer to cultures ingmee of 0, 60 and 90 mM, respectively. Values imtdiche mean of
three replicates + standard error
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Bacterial growth in presence of citrus root exudate

Root exudates obtained from Carrizo citrange @nchacrophyllaslightly promoted the

growth of P. putida KT2440 andNovosphingobiunsp. HR1a under normal growth
conditions. However, exudates obtained from satid &eat-stressed plants of both
genotypes supported the growth of both strainkpafjh this positive effect was more

evident in presence of exudates from Macrophykenisl.

Figure 2.3 Effect of root exudates from Carrizo citrange (Al &) andC. macrophylla(B and D) plants subjected to
salt stress in the growth Bf putidaKT2440 (A and B) antlovosphingobiursp.HR1a (C and D) in M8 medium plus
20 mM succinate. White circles refer to controbdi circles and black triangles refer to root exesldrom plants
subjected to 60 and 90 mM NacCl, respectively. Valodiate the mean of three replicates + standiacd e

Root exudates from Macrophylfdantssubjected to 90 mM NaClad a clear positive
effect in the growth oP. putidaKT2440 during the first 8 hours in culture andoails
Novosphingobiunsp. HR1a, with an increase in the turbidity at &0 of 23.41 and
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13.10 times higher than those obtained from coriants, respectively (Fig. 2.3B and
2.3D). When exudates were obtained from Carrizatplaubjected to 90 mM NacCl, it
was also observed a growth increase, but it waasiotarked as the observed in presence
of Macrophylla exudates, with values 5.28 and 1i8&s over the control in cultures of
P. putidaKT2440 and sp. HR1a, respectively (Fig. 2.3A arRC2. After 24 hours, the
increase of the turbidity per gram of root in ctdisl ofNovosphingobiunsp. HR1a in
presence of root exudates from Macrophylla sa#issed plants reached values 13.10
times higher than the growth of bacteria treateth wontrol exudates. With exudates
from Carrizo, this increase was of 1.61 times thetol after 24 hours (Fig. 2.3C and
2.3D).
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Figure 2.4 Effect of root exudates from Carrizo citrange &dnacrophyllasalt-stressed plants in the increase of the
number of CFU oP. putidaKT2440 andNovosphingobiunsp. HR1a in M8 medium with 20 mM succinate after 6
hours. White bars refer to control; grey bars rédezultures with root exudates from 60 mM NaClss$esl plants, and
black bars refer to cultures with root exudatesnf@ mM NaCl stressed plants. Values are normabinedrding to
root fresh weight and indicate the mean of thredéigates + standard error. Different letters tdistaally significant
differences at P 0.05

Root exudates also affected differentially the namif CFU of both bacterial strains

after 6 hours (Fig. 2.4). In both cases, CFU ineedawhen root exudates from salt-
stressed plants were added to the medium. Thisaserwas different depending on the
citrus genotype source of exudatesR? IputidaKT2440, root exudates from Macrophylla
salt-stressed plants increased the number of Cathireg levels 157.82 and 108.48 times
higher than control in 60 and 90 mM NacCl, respetyivRoot exudates obtained from
Carrizo stressed plants only affected CFU numbe9GmmM NaCl, with CFU levels

98.46% lower than control. Similarly, the numberGHU also increased in cultures of
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Novosphingobiunsp. HR1a in presence of root exudates from Magytgbalt-stressed
plants, with values 157.82 and 108.48 times higjiren control when root exudates were
obtained from plants of this genotype subjecte@®@oand 90 mM NaCl respectively.
However, in presence of Carrizo root exudates, ifferdnces were observed in the

number of CFU in cultures of this bacterial strain.

Figure 2.5 Effect of root exudates from Carrizo citrange (Al&@) andC. macrophyllaB and D) plants subjected to
heat stress in the growth Bf putidaKT2440 (A and B) andNovosphingobiunsp. HR1a (C and D) in M8 medium
with 20 mM succinate. White circles refer to cohthdack circles and black triangles refer to rertidates from plants
subjected to 30 °C and 40 °C, respectively. Valugdisdte the mean of three replicates + standard erro

Interestingly, exudates obtained from Carrizo anaciMphylla plants stressed at 40°C
were able to support growth Bf putidakT2440, whileNovosphingobiumap. HR1a only

grew when exudates from Macrophylla plants streasd@°C were added, in comparison
with cultures grown with exudates from control g&a(Fig. 2.5). Macrophylla exudates
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induced a higher growth increaseRn putidg reaching values 8.34 times higher than
those observed in presence of control exudates3fiteours. Root exudates from Carrizo
heat-stressed plants at 40 °C the increase of gnvas 2.71 times higher than in presence
of control exudates at 30 hours. Meanwhile, indage ofNovosphingobiunsp. HR1a,
this increase was not as marked as the observéd putida KT2440, reaching its
maximum at 30 hours, when the root exudates frorordfahylla plants stressed at 40 °C
induced an increase of 2.58 times over the conRobt exudates from Carrizo plants
cultured at 40°C did not affect differently tRe putidakT2440 growth.

Results were different when exudates were obtaineth heat-stressed plants. The
number of CFU after 24 hours in cultureskof putidaKT2440 was only affected in

presence of root exudates from Macrophylla plantgested at 40°C showing values
43.23 times higher than in presence of root exsdats#ained from control plants.
However, the number dovosphingobiunsp. HR1a CFU was not significantly affected
by root exudates from any of both rootstocks &tehours (Fig. 2.6).
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Figure 2.6 Effect of root exudates from Carrizo citrange &dnacrophyllaheat-stressed plants in the increase of the
number of CFU oP. putidaKT2440 andNovosphingobiunsp. HR1a in M8 medium with 20 mM succinate after 24
hours. White bars refer to control; grey bars rédecultures with root exudates from 30 °C stregsadts, and black
bars refer to cultures with root exudates from @0sfressed plants. Values are normalized accorgingot fresh
weight and indicate the mean of three replicatsidard error. Different letters to statisticailgnificant differences
atP 0.05
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Differential induction of the RBua and Bana promoters involved in proline and

salicylates detection

-Galactosidase activity iR. putidaKT2442 (pMIS5) andNovosphingobiunsp. HR1a
(pPAH) cultures was affected differently dependomgthe commercial standards added

to the culture medium (Figs. 2.7 and 2.8).

In cultures ofP. putidaKT2442 (pMIS5), -galactosidase activity was only affected in
presence of both compounds, L-proline and hydroxprdline, at 1 mM concentration.
L-proline induced a higher increase of this enzyoettivity than hydroxy-L-proline did,
reaching values 7.28 and 11.71 times higher thatra@aafter 7 and 24 hours respectively,
while 1 mM hydroxy-L-proline only affectedgalactosidase activity after 24 hours, with

values 2.73 times higher than control (Fig. 2.7).

Figure 2.7 -Galactosidase activity of cultures Bf putidaKT2442 (pMIS5) supplemented with L-Proline (L-Pro)
and L-Hydroxyproline (L-Hyp) at concentrations of M (white bars) and 1 mM (grey bars) after 7nitined bars)
and 24h (lined bars). Values are referred to madtue and indicate the mean of three replicatstandard error.
Different letters refer to statistically significadifferences at P 0.05

Regarding on -galactosidase activity dflovosphingobiunsp. HR1a (pPAH), it was
increased by 0.1 mM methyl salicylate and sodiufit\date after 24 hours (2.74 and

5.48-fold increase compared to the control), andiuso benzoate after 7 hours, with
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values 3.42 and 2.88 times higher than control aicentration 0.1 and 1 mM,

respectively (Fig. 2.8).

Figure 2.8 -Galactosidase activity of cultures Bbvosphingobiunsp. HR1a (pPAH) supplemented with methyl
salicylate (Me-SA), sodium salicylate (Na-SA), Leptylalanine (Phe), sodium benzoate (Na-Bepxpumaric acid
(p-coum) and-cinnamic acid (t-cin) at concentrations of 0.1 rwhite bars) and 1 mM (grey bars) after 7 (nondine
bars) and 24h (lined bars). Values are referreshdok culture and indicate the mean of three refica standard
error. Different letters refer to statistically sificant differences at P 0.05
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-Galactosidase activity in presence of citrus rextudates

-Galactosidase activity was measured at 7 and @vsladter the inoculation of bacterial
cultures with root exudates. Differences tgalactosidase activity in culturesfputida
KT2442 (pPAH) andNovosphingobiunsp. HR1a (pPAH) cultures supplemented with
root exudates from salt or heat-stressed citrustplavere detected depending on the

applied stress and the plant genotype.

-Galactosidase activity increased fh putida KT2442 (pMIS5) cultures grown in
presence of root exudates obtained from salt-&tdegkants after 7 hours in culture (Fig.
2.9). Exudates from Carrizo salt-stressed plardsiaad an increase of this enzymatic
activity (1.91- and 2.37-fold increase with respiiet controls in 60 and 90 mM NacCl,
respectively. The enzymatic activity increase wighér in cultures supplemented with
root exudates obtained from Macrophyltaaching values 6.17 and 7.26 times higher
than control with exudates from plants treated v@thand 90 mM NacCl, respectively.
Root exudates from salt-stressed plants only teasdates obtained from Macrophylla
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increased the-galactosidase activity dflovosphingobiunsp. HR1a (pPAH), reaching
values of 6.86 and 1.40 times higher than the obfdr 60 and 90 mM NacCl.

Figure 2.9 -Galactosidase activity &f. putidaKT2442 (pMIS5) andNovosphingobiurap. HR1a (pPAH) grown with
root exudates from citrus plants subjected tostedtss for 10 days-Galactosidase activity was measured at 7 hours.
White bars refer to control; grey bars refer ton®@ NaCl, and black bars refer to 90 mM NacCl. Valuadidate the
mean of three replicates + standard error. Diffeletiters to statistically significant differencasP 0.05

P. putidaKT2442 (pMIS5) cultures supplemented with root@ates from Carrizo heat-
stressed plants had enzymatic activity values &8 1.69 times higher than control

when plants had been maintained at 30 and 40 °@Qtsplaespectively (Fig. 2.10).
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Conversely, root exudates from heat-stressed Maghapplants did not induce any
change in -galactosidase activity. Only root exudates frorangd subjected to 40°C
increased -galactosidase activity in cultures Mbvosphingobiunsp. HR1a (pPAH) in

comparison with control root exudates. This inceeass similar in cultures with root
exudates from both citrus genotypes, being 1.251ab8 higher than their controls in

cultures with root exudates from Carrizo and Mabxdia, respectively.
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Figure 2.10 -Galactosidase activity d¥. putidaKT2442 (pMIS5) andNovosphingobiunsp. HR1a (pPAH) grown
with root exudates from citrus plants subjectetigat stress for 10 days:Galactosidase activity was measured at 24
hours. White bars refer to control, grey bars r&fe80 °C, and black bars refer to 40 °C. Valuesatdithe mean of
three replicates + standard eriifferent letters refer to statistically signifidadifferences at P 0.05

89



Chapter 2

Discussion

In this work, the effect of root exudates from w#tiplants subjected to salt or heat stress
on plant beneficial rhizobacteria putidaKT2440 andNovosphingobium spiR1a has
been studied. The study was performed using rasdates from two genotypes differing
in their tolerance to salt and heat stress: whiei€o is a salt-sensitive but heat-tolerant
citrus rootstock, Macrophylla is salt-stress taketaut heat-sensitive (Vives-Peris et al.,
2017).

Although the role oP. putidaas PGPR has been well established in a wide yavfet
plants as coffee, cocoa or coconut (Kejela eR8ll,7; Khadeejath Rajeela et al., 2017),
to our knowledge there is no information relatesl plossible effect dflovosphingobium
sp. HR1a on plants, although other strains of glkisus a?Novosphingobium oryzas
Novosphingobium pokkaliiave been reported as PGPRs (Krishnan et al.,; Z0tahg

et al., 2016).

Our results revealed that citrus root exudates pterthe growth of both rhizobacterial
strains when they are grown in a minimal mediunhait any nitrogen source apart from
root exudates. This positive effect on bacterialngh can be due to the presence of extra
carbon and nitrogen inputs by root exudates, gdgespart of sugars and amino acids,
as it has been reported by previous studies wloateexudates from some plants, such
as cucumber or banana, promote growth and biofdonméation of PGPR®acillus
amyloliquefacienSQR9 andBacillus subtilisN11 growth (Zhang et al., 2014). However,
growth promotion can be also due to the presenaghsr metabolites secreted to the
rhizosphere in lower concentration, such as hormarregrowing factors which are
differentially exuded, both quantitatively and dtalvely, depending on the citrus
genotype (Vives-Peris et al., 2017).

The presence of 60 and 90 mM NaCl in the culturdioma inhibited bacterial growth in
both strains in comparison with mocks without ggigs. 2.1 and 2.2). These results are
in concordance with other works which confirm thiae and activity of the soil microbial
community is reduced under soil salinity and sdgiciduced by irrigation, resulting in
a reduction in the soil organic matter decompositnd the mineralization of carbon,
nitrogen, sulphur and phosphorus (Rietz and Hay2®33). This negative effect is more

evident inP. putidaKT2440 than inrNovosphingobiungp. HR1a, which was originally
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isolated from seaside soils which commonly presagtt salt levels, sustaining that this

strain has developed adaptive mechanisms to telargh salinity (Segura et al., 2017).

Therefore, it was considered essential to undeddtamw exudates from plants subjected
to salt stress could affect the growth of both@bacteria. Results indicate that exudates
promoted this growth, even at higher levels thamtrmb exudates, during the first growth
stages, being this beneficial effect higher whendaxes come from the salt tolerant
rootstock Macrophylla than in those obtained froarrzo plants (Fig. 2.3). Moreover,
the promotion of the developmentMovosphingobiunsp. HR1a was higher than h
putidaKT2440, which could be due to the higher tolerapicthis strain to high salinity.
The number of CFU in both bacterial strains incegas presence of root exudates from
salt-stressed plants, being this beneficial effiggiher in presence of root exudates from
the salt tolerant genotype Macrophylla (Fig. 2HMdwever, some disagreements were
observed among the results observed with the titylmaeasurement at 660 nm and the
obtained from the measure of CFU, which could besequence of an increase in the
turbidity measurements due to the presence ofdilyspccharides from the rhizobacteria,
which can affect the turbidity determinations &s thavelength (Sakai et al., 2003). These
data reveal that root exudates from the salt-toteganotype Macrophylla have a higher
potential to promote the growth of both rhizobaetewhich could contribute to a better
colonization by these bacteria and the alleviatibgsalt stress to the plant, as it has been
reported thaP. putidaandNovosphingobiunsp. are able to mitigate the adverse effects
of this stress in herbaceous plants (He et al.7 2Qfishnan et al., 2017; Yao et al., 2010).
Moreover, the higher influence of exudates froresged plants could be due to a higher
exudation of several compounds of the primary awbisdary metabolisms, not only
proline or phytohormones, but also other metalgliés occurs with root exudates from
Glycine max(soybean) an®haesolus vulgarigcommon bean), which have been also
described as promoters Ghryseobacterium balustinugrowth (Dardanelli et al. 2010,
2012). Previous studies with citrus plants subpttbedifferent abiotic stresses as drought
or high temperatures, have demonstrated that tdlex@tstocks have an enhanced
antioxidant system (Zandalinas et al., 2017). Iditagh, since tolerant citrus plants
subjected to salt stress maintain a higher photbsyic rate than sensitive plants, being
this parameter directly linked with the exudatiate; the exudation of metabolites
obtained from the C fixed in the photosynthesischlgould be used as nutrient sources
by PGPRs would be increased (Bais et al., 2006e4gliment et al., 2008). Finally, the
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higher concentration of antioxidant compounds s$sue which could be related to their
higher exudation, promoting the growth of PGPRs play an important role in the
mutualism among citrus and PGPRs.

When the root exudates were obtained from heasssttke plants, those obtained from
plants subjected to 30 °C did not affect the growtheither P. putida KT2440 or
Novosphingobiunsp. HR1a, but root exudates from plant subjeatediOt°C stimulate
growth of both strains, principally in presencerabt exudates from the heat sensitive
Macrophylla (Fig. 2.5). The lack of differencestie growth of both strains in presence
of root exudates from plants subjected to 30 °C oeegue to the fact that this temperature
is not high enough to induce a severe stress intpléconsidering that citrus is a
subtropical crop) and consequently it does notaff@ot exudation as much as salt stress
or higher temperatures such as 40 °C (Vives-Per&d. €017). This difference in the
composition of exudates from heat-stressed Macitplants could be consequence to
its higher sensitivity to this stress conditiorsuking in an earlier modification of root
exudate composition in this genotype in a loweeshold temperature. In addition, the
higher growth of both strains in presence of exesladrom salt-stressed plants in
comparison with those obtained from heat-stressexb @an be due to the different
character of each stress: whereas salt stresgsaffest to the root system, originating
directly changes in this organ, heat stress maaifigcts shoots, exercising the soil a
buffer effect which attenuates the affection oftleteess in the root system (Zhang et al.,
2005).

The differential induction ofPputa and Ppana promoters with commercial standards
revealed that the constructién putidaKT2442 (pMIS5) is specific for the detection of
proline (Fig. 2.7), whereas the treatments with wm@rcial standards of salicylates in
Novosphingobiumnsp. HR1a (pPAH) exposed that the expression fralmApromoter is
induced in presence of several salicylates, inalgidnethyl salicylate, sodium salicylate
and sodium benzoate. Induction of ehApromoter (that drives the expression of the
dioxygenase involved in polycyclic aromatic hydndmans (PAHS) degradation in
Novosophingobiump. HR1a) by salicylate was previously demonatr§Begura et al.,
2017), in concordance with the capacityNafvosphingobiumnsp. HR1a to degrade PAHs
via this aromatic compound, but our experiments demnatesthat different intermediates
in the SA biosynthetic pathway in plants are ablenduce its expression (Fig. 2.8),

probably via salicylate.
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Since previous studies reported that there is enre@se in proline and salicylates content
of citrus root exudates from plants subjected tbsteess (Vives-Peris et al., 2017), the
expression patterns of bacterial genes relatetidtesence of these compounds was
studied. The results of-galactosidase activity analysesRn putidaKT2442 (pMIS5)
andNovosphingobiursp. HR1a (pPAH) demonstrated that both bacterains are able

to detect proline and salicylates presents in edaidates respectively, since these are
promoters from the gengmitA andpahAfrom both bacteria related to the detection of
these compounds (Segura et al., 2017; Vilchez.e2@00a). Moreover, different-
galactosidase activity was obtained depending enrdlotstock and the applied stress
(Figs. 2.9 and 2.10) which are in concordance witiline and SA contents measured in
root exudates from citrus plants subjected tossadtheat stress (Vives-Peris et al., 2017),
suggesting that the exuded proline and SA coukliseeptible of being detected by these

constructions and could be used as nutrient solmcsesil microorganisms.

To conclude, this work reveals the positive effefatitrus root exudates in the growth of
two different PGPRsP. putida KT2440 andNovosphingobiumsp. HR1a, which
increases when they are obtained from salt- or-$teessed plants. Moreover, root

exudates from plants subjected to both stresses@nthe expression putAandpahA
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genes in both bacterial strains, revealing that #re able to detect proline and salicylates

present in root exudates. The concordance betwegtactosidase activity and proline
and salicylates contents quantified by other methaVeals thaP. putida KT2442
(pMIS5) and Novosphingobiunsp. HR1a (pPAH) can be respectively used for the
detection of proline and salicylates in root exedaOn the other hand, this work reveals
the importance of root exudates in the growth ofPR&, which could be used as a

fertilizer to improve PGPR colonization and thereftrigger plant benefits.
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Chapter 3

Salt stress alleviation in citrus plants by plant gowth
promoting rhizobacteria Pseudomonas putidand

Novosphingobiunsp.

Abstract

Salt stress is a kind of abiotic stress which eff@an be exacerbated in the near future
due to climate change. In this context, plant ghopromoting rhizobacteria (PGPRS) can
mitigate the negative effects of these stressesitjtr different mechanisms. In this work,
Citrus macrophylla(alemow) plants inoculated with the rhizobactefiseudomonas
putidaKT2440 andNovosphingobiursp. HR1a were subjected to salt stress for 30 days
and the role of both bacterial strains in plantg@cton against salt stress was evaluated.
Moreover, salt-stressed inoculated plants exhibit@der endogenous contents of
chloride ions, proline, abscisic acid (ABA) andisgdlc acid (SA) than non-inoculated
stressed plants. The inoculation with both rhizédyaal strains in absence of salt stress
induced a decrease of gas exchange parametersarepitation (E) and stomatal
conductance @ contributing to a higher water use efficiencyondover, although
chlorophyll fluorescence parameters as quantund yiePSIl) and maximum efficiency
of photosystem II photochemistry (Fm ratio) were reduced due to salt stress, the
inoculation with these rhizobacteria inhibited tkeduction of this parameters. All these
changes leaded to a reduction of leaf abscissiontla® appearance of the symptoms
caused by salt stress Although both bacterial spdwd a beneficial effect in salt-stressed

citrus plants, results point out tidovosphingobiunsp. HR1a induces more resistance
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to salt stress thaR. putidaKT2440. By this, our results postuldt®vosphingobiunsp.
HR1a as a PGPR and demonstrate that the inoculatiboPGPRs through programs of

biofertilization and bioaugmentation, as well a®dtimulation can improve plant
tolerance under abiotic stress conditions, avoidmggutilization of chemicals for citrus
plants protection against salt stress conditions.

Keywords: citrus, Novosphingobium plant growth promoting rhizobacteria,

Pseudomonasalt stress

Abbreviations: ABA: Abscisic Acid; ACC: 1-aminocyclopropane-1-baxylate; AMF:
Arbuscular Mycorrhizal Fungi; CFU: Colony Forming nits; DAPG: 2,4-
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diacetylphloroglucinol; E: Transpirationy/Fm: Maximum efficiency of photosystem lI;
gs stomatal conductance; IAA: 3-Indole Acetic Acii: Non-Inoculated; NO: Nitric
Oxide; PGPR: Plant Growth Promoting Rhizobacteris: Quantum efficiency of PSII
photochemistry; SA: Salicylic Acid.
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Introduction

In nature, plants are constantly subjected to awiatiety of abiotic and biotic stress
conditions which can reduce their growth and praigiitg. Moreover, climate change
exacerbates the severity of these adverse consliteffecting mainly to abiotic stress
conditions as drought, heat stress or salinity asinas et al., 2017). In this context, salt
concentration in groundwater of coastal regionsnigeasing because of saltwater
intrusion due to their high exploitation, deriving problems for the plants as a
consequence of the adverse effect of salt (KlagsdrAllen, 2017). High salinity levels
in the substrate has two different effects whidlgger plant damage: the osmotic
component, that appears in the early stage ofsstaes restricts water absorption,
producing plant dehydration and turgor loss; ané iitnic component, due to the
accumulation of Naand Cl ions, that reach toxic levels in tissues (Guptd Hoang,
2014). For most species Nappears to reach toxic concentrations in plastés before
CI does. On the contrary, in the case of citrusjsatonsidered to be the most toxic ion
(Montoliu et al., 2009, Moya et al., 2002, 2003pnSequently, it is necessary to explore
new strategies to maximize plant tolerance to skisss condition in order to improve
plant productivity in zones affected by this adeeesvironmental condition, as occurs in

the Mediterranean region where citrus is one oftlaé crops.

Several strategies to mitigate salt stress-indudmdages in plants have been used,
including chemical treatments, such as 24-epibmatide (Ekinci et al., 2012) or abscisic
acid analogues (Arbona et al., 2006), improvingrttieeral fertilization (Rady, 2012),
modifying the expression of genes related with staltss tolerance (Vives-Peris et al.,
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2017b; Zhao et al., 2017), or modifying soil midata communities in order to potentiate

plant colonization by beneficial microorganismsaasuscular mycorrhizal fungi (AMF)
or plant growth promoting rhizobacteria (PGPR) (&iral., 2016). PGPR can benefit the
plant growth and alleviate salt stress in diffeneays, including an improve of nutrient
levels due to phosphate solubilization or fixatedratmospheric nitrogen, the induction
of root growth and development through the relezsphytohormones and secondary
metabolites to the rhizosphere that interfere witnt auxin biosynthesis pathway such
as indole-3-acetic acid (IAA), nitric oxide (NO)d8&,4-diacetylphloroglucinol (DAPG),
the production of siderophores, or the decreask-arhinocyclopropane-1-carboxylate
(ACC) activity, due to an increase of ACC deaminasigvity in the rhizosphere, which
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consequently derives in a decrease in ethyleneecration in plant tissues (Nadeem et
al., 2016; Vacheron et al., 2013). The reductioAGIC deaminase activity not only can
mitigate the adverse effects of salt stress, butatso alleviate the damage produced by
other abiotic stress conditions, such as drougbmatic stress, flooding, extreme
temperatures, nutrient starvation or heavy metatity (Dimkpa et al., 2009). Several
works have reported that the inoculation of plamith PGPR can derive in different
benefits to the plant: i) plant growth promotiomifio shoots and roots), ii) an increase in
the water use efficiency by modulating transpimatamd stomatal conductance, iii) an
increase in the endogenous content of nutrients asidN, P, K or Ca, iv) an inhibition of
the defoliation caused by ethylene, v) an increagbe production of volatile organic
compounds, and vi) a decrease in the content ofiveaoxygen species (Vejan et al.,
2016). All these effects depend on both plant aaddyia genotypes and their interaction.

Although the alleviative effects of PGPR on plasiibjected to abiotic stress conditions
have been studied in a wide variety of herbacetargg including tomato, rice, lettuce
wheat, potato, cotton, soybean, maize, chickpedil ler pea (Dimkpa et al., 2009;
Nadeem et al., 2014), the knowledge about the tefifiethiese beneficial microorganisms
in woody plants is restricted to a few species rap@yvine plants subjected to chilling
(Barka et al., 2006), d?inus halepensiandQuercus cocciferdrees subjected to water
stress (Rincon et al., 2008). In citrus, the knalgke about the stress mitigatory role of
soil microorganisms is mainly focused on the berefieffects of mycorrhizae in
presence of different biotic and abiotic stressggigtophthora (Watanarojanaporn et al.,
2011), drought (Wu and Zou, 2009), salinity (Satial., 2016; Zhang et al., 2017) and
low temperatures (Wu and Zou, 2010). To our knog#gdh relation to PGPRs, the only
information in this crop refers to the beneficialer of the rhizobacteri@seudomonas
putida FCA-8 in absence of any stress condition, regyitinan increase of plant height
in Citrus x limonia (Rangpur lime) plants (Chiquito-Contreras et 2012). Moreover,
althoughP. putidaKT2440 has been described as a PGPR (Planchaabp 2015), the
positive role on plant growth of the straiovosphingobiunsp. HR1a has not been
proved yet, being only considered as PGPRs othainst in this genus as
Novosphingobium oryzap. nov. (Zhang et al., 2016).

Consequently, in this work, the putative palliateféect of two rhizobacterial straing,
putida KT2440, andNovosphingobiunsp. HR1a, over the damage caused by salt stress

conditions in alemow plants has been evaluated.

106



Chapter 3

Materials and methods

Plant material and treatments

Six-month-old alemow Gitrus macrophylla Wester) plants were acclimated in a
greenhouse for two months. Culture conditions wewgural photoperiod and
temperatures of 25 + 3.0°C and 18 + 2.0°C (daytnigbpectively). A mixture of peat
moss, perlite and vermiculite (80:10:10) was usedudbstrate. Plants were watered with
half-strength Hoagland solution three times a w@ekona et al., 2009).

A first experiment was carried out to optimize timoculation and treatments
methodologies. Plants about 50 cm height, growplastic pots containing 400 érof
substrate, were selected and inoculated RitiputidaKT2440 (Franklin et al., 1981).
The inoculation was performed by watering the @avith a bacterial solution containing
the necessary bacteria to inoculate the pot volunaefinal optical density at 660 nm of
0.1. Previously to the inoculation, culturesRofputida KT2440andNovosphingobium
sp. HR1lawere established in liquid lysogeny broth (LB) nmued from glycerinated
bacteria (Bertani, 1951), supplemented with chlgiaemicol and tetracycline,

respectively, as selective antibiotics.

Ten days after the inoculation, salt stress wasieappy adding 60 and 90 mM NaCl to
the watering solution twice a week. Both, non-irlated plants, and plants watered
without NaCl were added as controls. Leaf and reatsples were collected 30 days after
salt stress onset (Fig. 3.1A). In this experimdiiferent stress related parameters were

measured in order to determine the correct appicadf salt stress, including foliar
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damage, chloride content in soil, shoots and rasdsyell as the colony forming units

(CFU) to determine the appropriate methodologyotulation.

In the second experimer@, macrophyllgplants (similar in height and age to those used
in the first set of experiments) were inoculatethwivo different PGPRs strair?, putida
KT2440 andNovosphingobiunsp. HR1a up to a final optical density at 660 .4
(Franklin et al., 1981; Segura et al., 2018n days after the inoculation with bacteria,
salt stress was applied, by adding 90 mM NacCl &owtlatering solution twice a week
(Fig. 3.1B). In this experiment, leaf and root tiss were sampled after 30 days of stress,
and were used for the determination of the endagenwontent of proline and
phytohormones. Moreover, non-destructive analysigJuding gas exchange and
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chlorophyll fluorescence parameters were determatetl0, 20 and 30 days after the

stress onset.

Figure 3.1 Experimental design of the first (A) and the sateat of experiments (B)

Chloride analysis

Quantification of chloride ions was performed i tissue and soil saturated extract.

Measurements in leaves and roots were performeaditomatic titration with a chloride
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meter (Model 626, Sherwood Scientific Ltd., CambadUK) as described in Lopez-
Climent et al. (2008). Samples were extracted layregd25 ml of the chloride extraction
buffer, consisting in 0.1 N HN¢JPanreac, Barcelona, Spain) and 10% glacial aaetit
(Sigma-Aldrich, St. Louis, MO, USA) to 0.25 g okéh tissue, and were incubated for
12 hours at room temperature. Chloride concentratias measured by titrating 0.5 mL

of the solution with the chloride meter.

Chloride measures of soil saturated extract wer®peed by adding water to 2 g of soil
until saturation. After 24 hours at room temperattine water was collected from the soil

with a vacuum pump, and chloride concentration maasured in the chloride meter.

Determination of colonization rate

Plant colonization by the PGPRs was determined dayyniing the CFU. CFU were

determined by washing roots with sterile deionader and plating culture dilutions on
lysogeny broth (LB) medium (Bertani, 1951). CFU weounted after 24 h of incubation
at 30°C (Goldman and Green, 2008). Nine independegsurements were taken for

every treatment.

Proline analysis

The concentration of proline was determined in brad root samples by following the
methodology described in Bates et al. (1973) witma modifications. Briefly, 0.05 g of

fresh material was extracted by sonication duri@grén, adding to the sample 5 mL of
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a solution of 3% sulfosalicylic acid (Panreac, Bdooa, Spain) in distilled water.

Samples were centrifuged at 4000 rpm for 20 minthedsupernatant was mixed with
glacial acetic acid (Sigma-Aldrich, St. Louis, M@SA) and ninhydrin reagent (prepared
with 0.625 g of ninhydrin in 15 mL of glacial aceicid and 10 mL of orthophosphoric
acid 6M), in a proportion 1:1:1 (v:v:v). Samplesreveércubated in a water bath at 100 °C
for one hour and centrifuged 5 min at 2000 rpm.dkbance was measured at 520 nm
with a spectrophotometer (Thermo Spectronic Gen&8ydValtham, MA, USA), and
proline was quantified by extrapolation in a staddeurve made with a commercial
standard of proline (Sigma-Aldrich, St. Louis, M@GA).
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Phytohormone analysis

Concentration of abscisic acid (ABA), salicylic&¢5A) and 3-indole acetic acid (IAA)
were determined in the tissue samples collectechgalthe experiment by high
performance liquid chromatography coupled online aotriple quadrupole mass
spectrometer (Micromass, Manchester, UK) througbrémogonal Z-spray electrospray
ion source (Durgbanshi et al., 2005). Phytohormevese extracted with water from 0.2
g of fresh material reduced to fine powder by usangill ball equipment. (MillMix20,
Domel, elezniki, Slovenija). fHe]-ABA, [ 13Ce]-SA and[?H]-IAA were used as internal
standards. Samples were centrifuged after the aixira and the supernatant was
recovered, adjusting the pH in the range 2.8-3tB agetic acid. A liquid-liquid partition
was performed twice with diethyl ether and the sogent was evaporated under vacuum
in a centrifuge concentrator (Speed Vac, Jouamt $&rblain Cedex, France). The solid
residue was diluted in 0.5 mL of water:methanol190and filtered through 0.22 uM
PTFE filters. Finally, 20 pL of this solution wergected into the HPLC-MS system
(Acquity SDS, Waters Corp., Milford, MA, USA).

Chromatographical separation was achieved by uaingversed-phase C18 column
(Gravity, 50x2.1mm 1.8-m particle size, Macherey-Nagel GmbH, Germany) as
stationary phase, and a methanol:water gradieni, fupplemented with 0.1% acetic
acid, at a flow rate of 300L min? as mobile phase. Standard curves with the comaierci
standards of the different phytohormones were u$ed quantifying sample
phytohormone concentrations. Results were procassiad Masslynx v4.1 software.

Chlorophyll fluorescence parameters

Quantum vyield (psi) and maximum efficiency of photosystem Il photaoisry, as
F/Fm ratio, were measured between 9 and 11 h AM in randomly chosen undamaged
leaves in every treatment using a portable fluotemevith four measures in every leaf
(FluorPen FP-MAX 100, Photon Systems Instrumenigc Republic)Measurements
of psi were performed in light adapted leaves, where@nFmneasurements were
performed after 30 min of dark adaptation (Zanddiet al., 2016)./F/n calculations
were performed according to Murchie and Lawson 8201
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Leaf gas exchange parameters

Transpiration (E) and stomatal conductance gre measured with a LCpro+ portable
infrared gas analyzer (ADC Bioscientific Ltd., Heddlion, UK) under ambient G@nd
humidity. Light was provided by a photosynthetigalttive radiation lamp at 1000 pmol
m?2 s! photon flux density. Air flow was set at 150 pnmabl? and all measurements
were performed between 9 and 11 h AM. Three undathdgpves of three different
plants were analyzed for each treatment, and efs¢rument stabilization ten measures

were consecutively performed in every leaf (Zandsdiet al., 2016).

Statistical analyses

Statgraphics Plus v.5.1. Software (Statistical GiegppCorp., Herndon, VA, USA) was
used in order to assess the statistical analysegteRented data are means of three
independent determinations and were subjectedde mntwo-way analysis of variance
(ANOVA) and a Tukey posthoc test (p0.05) when significant differences were
detected.

Results

Optimization of salt treatments and inoculation ningidoloqy

Leaf abscission
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After 30 days of treatment, leaf abscission inaedas non-inoculated salt stressed plants,

reaching its higher level in plants subjected ton@@ NaCl, with a percentage of leaf
abscission of 17.5%, whereas in plants inoculatéd v putidaKT2440, this percentage
was of 2.6%, being similar to the observed in adrtants (Fig. 3.2).
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Figure 3.2 Leaf abscission in non-inoculated plants (whitespand plants inoculated with. putidaKT2440 (grey
bars) exposed to 0, 60 and 90 mM NaCl for 30 daydués indicate the mean of ten replicates + stahdemor.
Different letters refer to statistically significadifferences at P 0.05

Chloride accumulation

Chloride concentration was determined in soil, $e@nd roots (Fig. 3.3). In soil, the
presence of the bacteria did not influence chlocolecentration, being only influenced
by the salt treatments, with chloride levels abhbtand 9 times higher than the control
in the treatments with 60 and 90 mM NaCl, respetyiyFig. 3.3A). A similar trend was
observed in leaves, with an increase in the conagon of this ion depending on the
stress severity exclusively, with values aboutah8 3 times higher than those observed
in leaves of non-stressed plants in those planitgested to 60 and 90 mM NaCl,
respectively (Fig. 3.3B). In root tissue, the preseof the bacteri®. putidaKT2440
induced a lower accumulation of chloride ions ian$ subjected to 90 mM, being this
reduction of 24.6% compared to non-inoculated pglasiibjected to the same salt
concentration (Fig. 3.3C).
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Figure 3.3 Chloride contents in soil (A), leaves (B) and ro@3 in non-inoculated plants (white bars) and fdan
inoculated withP. putidaKT2440 (grey bars) exposed to 0, 60 and 90 mM N¥@&lues indicate the mean of three

replicates + standard error. Different lettersrédestatistically significant differences at F0.05
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Colonization rate

The number of CFU was analysed at the end of ther@rent. In this case, two different

levels of bacterial populations were observed deépenif the plants were inoculated or

not (Fig. 3.4). In the case of non-inoculated @antalues of CFU were about 150,000
CFU g* root, while in plants inoculated witR. putidaKT2440, this value was around

600,000 CFU g root.

Figure 3.4 Colony forming units in roots of non-inoculated k& (white bars) and plants inoculated withputida
KT2440 (grey bars) exposed to 0, 60 and 90 mM Na@ieé first set of experiments. Values indicatertiean of nine
replicates + standard error. Different letters rédestatistically significant differences at F0.05

Evaluation of the palliative effect of both strainia plants subjected to salt stress

Appearance of symptoms induced by salt stress

Different degrees of damage were observed aftda$6 of stress (Fig. 3.5). The presence
of both rhizobacterial strains inhibited the freqoe of the appearance of salt stress
damage. While in non-inoculated plants a 68.33%&fes were affected by salt stress,
this percentage decreased in plants inoculated WAth putida KT2440 and
Novosphingobiunsp. HR1a, with values of 57.08 and 44.95%, resgyt(Fig. 3.6).
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Figure 3.5 Different levels of salt stress induced damagkeaves. 1: Non-damaged leaf; 2: Mild-damaged I8af;

Intermediate-damaged leaf; 4: Severe-damaged3e&gaf abscission.
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Figure 3.6 Percentage of affected leaves. Different colois patterns refer to the different levels of leamdae
represented in the Figure 5. 1: Non-damaged ledfjil-damaged leaf; 3: Intermediate-damaged ldafSevere-

damaged leaf; 5: Leaf abscission. Represented efats to the mean of 10 plants.
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Proline concentration

Figure 3.7 Proline concentration in leaves (A) and roots (Bh@n-inoculated plants and plants inoculated Width
putida KT2440 and\ovosphingobiursp. HR1a in control conditions (white bars) and 9 MaCl treatments (grey
bars). Values indicate the mean of three replicatesandard error. Different letters refer to statally significant

differences at P 0.05

The concentration of this amino acid was determinddaves and roots of control and
non-inoculated salt-stressed plants and those latch with P. putida KT2440 or
Novosphingobiumsp. HR1a (Fig. 3.7). An increase of proline comicdion was observed

in leaves due to salt stress application, being\thlue in salt-stressed plants 6.12 times
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higher than in control. The same trend was obseirvatbculated plants (Fig. 3.7A). In
roots of plants subjected to salt stress, therealg@san increase of proline content, which
was of 3.88-fold in non-inoculated plants (Fig.B).7The magnitude of this increase was
lower in roots of plants inoculated with both baetebeing of 1.41 and 2.32-fold in
presence ofP. putida KT2440 andNovosphingobiunsp. HR1a, respectively. This
difference was not significative between unstressedl salt-stressed plants inoculated
with P. putidaKT2440.

Phytohormone concentration

Levels of the phytohormones ABA, SA and IAA weréeafed by both, the salt stress
treatment and the inoculation with PGPRs (Fig..3&er 30 days of salt stress, the non-
inoculated plants treated with 90 mM NacCl exhibiédncrease in the leaf concentration
of ABA of 1.65-fold related to non-stressed pla@sntrarily, in plants inoculated with

P. putidaKT2440 the concentration of this phytohormone veaiced a 48.18%, while

leaves of plants inoculated witlovosphingobiunsp. HR1a did not show statistically
significant differences with those subjected tat satess (Fig. 3.8A). However, the
inoculation of plants withNovosphingobiunsp. HR1a induced an increase in ABA
concentration in roots in presence of salt streg, levels 2.29 times higher than non-
stressed plants inoculated with this strain, beig the only case that exhibited an

increment in the levels of this phytohormone intso@-ig. 3.8B).

The endogenous content of leaf SA followed a simplattern than that of ABA. In
absence of inoculum, salt stress induced a 2.2lliiarease of SA leaf concentration in
comparison with non-stressed plants. However, fierdnces were observed in presence
of any of the bacterial strains (Fig. 3.8C). Howe\®A content decreased a 67.70% in
roots of salt-stressed plants inoculated MAthputidaKT2440 in comparison with non-
stressed inoculated plants (Fig. 3.8D). Meanwdilggrences in the content of IAA were
only recorded in leaves of plants inoculated Wthvosphingobiump. HR1a and treated
with 90 mM NacCl, with a IAA content 2.76 times hghthan the observed in leaves of
non-stressed plants inoculated with this bactstialin (Figs. 3.8E and 3.8F).
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Figure 3.8 Phytohormone contents in leaves and roots of lsuithjected to the different treatments. ABA (A-B)\
(C-D) and IAA (E-F) contents in leaves (A, C anddfd roots (B, D and F) of non-inoculated plants plaohts
inoculated withP. putidaKT2440 andNovosphingobiumsp. HR1a in control conditions (white bars) andr@a NacCl
treatments (grey bars). Values indicate the meémreé replicates + standard error. Different tettefer to statistically

significant differences at P0.05
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Chlorophyll fluorescence parameters

Salt treatment and bacteria inoculation induceahgba in the psiand in the FFm ratio

of treated plants (Fig. 3.9). Salt stress cleatiuced psiin non-inoculated plants, with

a reduction of 36.40 and 55.49% in comparison tutrod plants after 20 and 30 days
respectively. In plants inoculated wikh putidaKT2440, this reduction was similar to
that observed in non-inoculated plants, with a dittion of ps) values of 23.84 and
52.10% related to control after 20 and 30 daysxpkement. In plants inoculated with
Novosphingobiursp. HR1a, ps) behavior was slightly different. Whereas afterd2gs

of salt stress the reduction obs; was of 32.20% respect to control, similar to those
observed in non-inoculated plants, after 30 daysatifstress this reduction was not as

marked as in non-inoculated plants, being onlyhef39.07% (Fig. 3.9A).

In line with the psi, R/Fm ratio also decreased with the application of siéss from
20 days of stress until the end of the experimexiyjbiting a reduction of 28.13 and
44.34% in non-inoculated plants at 20 and 30 dagpectively. However, in plants
inoculated with both bacterial strains/fm ratio was maintained during the first 20 days
of stress, and did not decrease until 30 days #fierstress onset, wher/f ratio
diminished until values 52.93 and 38.31% in sa#issted plants inoculated wigh putida
KT2440 andNovosphingobiunsp. HR1a respectively in comparison with non-sees

inoculated plants (Fig. 3.9B).
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Figure 3.9Chlorophyll fluorescence parameters in plants subgkto the different treatments. Quantum efficjef#)
and maximum efficiency of PSIl photochemistry (B)rafh-inoculated plants and plants inoculated Withputida
KT2440 andNovosphingobiunsp. HR1a in control conditions and 90 mM treatmeifitsr 10 (white bars), 20 (light
grey bars) and 30 days (dark grey bars). Valugsatel the mean + standard error. One asterisksrédestatistically
significant differences among control and saltssteel plants at P 0.05, while two asterisks refer to statistically

significant differences among non-inoculated amatinated plants at P0.05

120



Chapter 3

Gas exchange parameters

Gas exchange parameters, including E afdvgre measured in leaves along all the
experiment after salt stress application, but fieinces were observed until 20 days of
stress (Fig. 3.10). Salt stress induced a declirte lmetween 52 and 68% after 20 days
and between 82 and 84% after 30 days. Moreoveraheence of salt stress,
Novosphingobiungp. HR1a also induced a diminution of 35.52% ia garameter after
20 days of stress in comparison with the valuegmesl in non-inoculated plants (Fig.
3.10A).

In addition, g exhibited a similar tendency than the observdsl iMost of the differences
observed in gwere showed in response to salt stress, with eedse between 58 and
74% depending on the inoculum, and after 20 dagmgomore evident after 30 days,
with values among 85 and 88%. E was also influenlbgdthe inoculation with

Novosphingobiungp. HR1a in absence of salt stress, exhibitingaehse of 47.93 and
50.94% in comparison to control plants after 20 a@dlays from the beginning of salt

stress treatments respectively (Fig. 3.10B).

Discussion

The results presented in this work reveal that batiterial straing?. putidakT2440 and
Novosphingobiunsp. HR1a mitigate the negative effect of saltssti@ alemow plants,
confirming thatNovosphingobiunsp. HR1a has a role as a PGPR. However, although

both strains have a positive effect in plant talerato this stress, there are common and
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different responses depending on the inoculatembbaicterium.

The application of salt stress to non-inoculateahtd, had a negative effect on plant
growth, inducing leaf damage and abscission, &ld proline accumulation, while gas
exchange and chlorophyll fluorescence parametengdsed, being in concordance with
other previous reports (Hussain et al., 2012; Lépkment et al., 2008). Moreover, salt
stress induced the accumulation of ABA and SA avés, which is widely reported in
several species aArabidopsis thaliana(Prerostova et al., 2017f;ucumis sativus
(cucumber) (Chojak-Kaiewska et al., 2017) or the citrus rootstock Qarrtitrange
(Gémez-Cadenas et al., 1998).
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Figure 3.10Gas exchange parameters in plants subjected tiffeeent treatments. Transpiration (A) and stahat
conductance (B) of non-inoculated plants and pliawisulated withP. putidaKT2440 andNovosphingobiurep. HR1a

in control conditions and 90 mM treatments after(dMite bars), 20 (light grey bars) and 30 daysKagey bars).
Values indicate the mean * standard error. Oneigistefers to statistically significant differerecemong control and
salt stressed plants at F0.05, while two asterisks refer to statisticalignificant differences among non-inoculated

and inoculated plants at P0.05
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Among the palliative effects ¢f. putidaKT2440 andNovosphingobiumnsp. HR1a, both
bacterial species reduced stress-induced prolioenaglation in roots. This amino acid
Is generally accumulated in plant tissues undessstisituations such as drought and
salinity, being an osmoprotectant that avoids pikttydration and turgor loss. Although
the reduction of proline concentration in salt-ssexd plants inoculated with both bacteria
could suppose that plants are suffering salt sines$ower measure, it has been proposed
that the accumulation of proline is not a universaponse associated to stress tolerance
(Arbona et al., 2017). However, proline contentuattbn was not the only difference
observed in salt stressed inoculated plants, wdilt exhibited maintenance of SA and
ABA levels, or a decrease on ABA concentratiorhi@ tase oP. putidakT2440, while
non-inoculated plants showed an increase on tha fainount of these phytohormones
in response to salt stress. This reduction of AB®M &A concentration would further
support the lower impact of salt stress in ino@daplants. It has been described
previously that the ACC-deaminase activity produdsd PGPRs inhibits ethylene
biosynthesis in plants (Dimkpa et al., 2009). Cgusatly, since ethylene has a crosstalk
with ABA, this chain would lead to a reduction oBA levels (Arc et al., 2013). This
lower increase in ABA has been also reported ih a&adl osmotic stressed cucumber
plants inoculated with the PGPRBurkholderia sp., Acinetobacter sp., and
Promicromonosporap. (Kang et al., 2014). In addition to the lowecwamulation of
ABA and SA in leaves from salt stressed inoculgtieahts, those plants inoculated with
Novosphingobiunsp. HR1a and subjected to salt stress exhibiteth@ease of IAA
levels. The increase of the concentration of thigtghormone could be due to the

presence of the PGPR, since some rhizobacteriyding Novosphingobiungenus,
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produce IAA (Krishnan et al., 2017). In any ca®eA has been reported as a salt stress
reliever in species as maize (Kaya et al., 201Bis hcrease of IAA could promote root
development, developing lateral roots and facifitatoot exploration of new soils with
lower contents or toxic elements or higher quaegitf water (Bao et al., 2014).

The inoculation with both rhizobacteria maintaireetiigher k/Fn ratio in salt-stressed
plants, whereallovosphingobiunsp. HR1a also induced a maintenance of higheftdeve
of psi in salt-stressed plants. Moreover, salt stressezhtpl inoculated with
Novosphingobiunsp. HR1a also maintained higher levels e after 30 days of stress
in comparison with non-inoculated plants. Thesemphyll fluorescence parameters

generally decrease with plant stress, as well &ragbhyll and carotenoid contents
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(Lopez-Climent et al., 2008). However, other wohks/e revealed that PGPRs allow
plants to avoid these decreases and maintaininge tiparameters in abiotic stress
conditions. For example, i©cimum basilicumL. (basil) plants inoculated with
Pseudomonadesp. subjected to water stress exhibited higharesabf the #Fn ratio
(Heidari and Golpayegani, 2012) than non-inoculateder-stressed plants. Moreover,
PGPRs fronBacillus megateriunandEnterobactersp. species have been also reported
as inducers of chlorophylls accumulation Abelmoschus esculentlis (okra) plants
subjected to salt stress (Habib et al., 2016).&lth most studies regarding the effect of
PGPRs on photosystem Il are focused in herbaceops,Rincén et al. (2008) working
with tree species a$linus halepensisand Quercus cocciferainoculated with
Pseudomonas fluorescereported similar results under water stress coordit

Regarding on gas exchange parameters, there is sont@versy about the effect of
PGPRs over E ands.gWhereas some reports reveal a positive relatmoang PGPR
inoculation and E andsgates in crops agigna radiata(mung bean) plants inoculated
with Enterobacter cloacaandBacillus drentensiand subjected to salt stress (Mahmood
et al., 2016) oiTriticum durum(wheat) plants treated with PGPRs (Zhu et al. 4201
other works indicate that E and stomatal apertueseweduced in presence of PGPRs,
improving water use efficiency and consequently rioeprg plant tolerance to stress
conditions, as occurs in PGPRs inoculaled maygmaize) plants subjected to drought
(Yasmin et al.,, 2013) orA. thaliana plants inoculated withPhyllobacterium
brassicacearunand subjected to water stress (Bresson et al3)20he results obtained
in this work showed that E andwere only influenced by PGPRs colonization in alese

of salt stress, exhibiting a decreasedimgnoculated non-stressed plants independently
of the used strain, and a decrease of E in plastsulated withNovosphingobiunsp.

HR1a, suggesting that the inoculation with both R&Hnproves water use efficiency.

In addition to the physiological parameters meagutke results showed in the first
experiment also exhibited a decrease in chloriges iwoncentration in roots of plants
inoculated withP. putidaKT2440 subjected to salt stress. The accumulatfdhis ion
has been previously reported as the critical corapbaf salt stress in citrus plants, being
its content an important measure to quantify sedtss damage in this crop (Moya et al.,
2003). By this, the avoidance of the absorptiorthag toxic ion, with the consequent
lower endogenous concentration has been reportad @slicator of salt stress tolerance
in citrus plants (Hussain et al., 2012).
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Previous studies with these rhizobacterial straignge reported that Novosphingobium
sp. HR1a is more tolerant to high concentrationSa€| than P. putida KT2440, which
can be due to the adaption of this strain to sails high salinity as coastal areas (Vives-
Peris et al. 2018). The higher tolerance of Novoggdbium sp. HR1a to high salinity
could be crucial in the capability of this PGPRalteviate salt stress, explaining the
higher beneficial effects exerted by this strairsalt-stressed citrus plants. Moreover, the
mechanisms of both PGPR strains to trigger plamtefits could be different, and
consequently, affect plant growth distinctly (Vegtral., 2016).

In conclusion, the results presented in this weklerl that both PGPRs specigésputida
KT2440 andNovosphingobiumap. HR1a have a positive role in the growth anayamiion

of salt stress in citrus plants, decreasing theagmce of symptoms caused by this stress.
In addition, the positive effect under salt stresaditions is more effective in plants
inoculated witiNovosphingobiurap. HR1a, what leads this strain to be a bettetidate

to mitigate the deleterious effect of this abiosicess condition. Consequently, both
rhizobacterial strains could be used in bioferilian and bioaugmentation programs in

order to promote plant growth and prevent the dawagised by salt stress.
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General discussion

Citrus is one of the most extended fruit crops dkerworld with more than 120 million
of tonnes produced in the campaign 2013/2014. Spdire sixth-largest citrus producer
country in the world, and the largest producerittis for fresh consumption, with more
than 3.5 million of tonnes exported in the camp&@t3/2014 (FAO, 2016). In nature,
citrus plants must constantly cope with a varidtyloiotic stress conditions that often
lead to poor tree growth and reductions in fruélgiand quality. In the last years, as a
consequence of the global warming, responsiblehefdimate change, the negative
effects of stresses, such as drought or high testyrey, on crop production is increasing.
This situation makes necessary the developmenewf sirategies for improving plant
tolerance to these environmental adverse condi{idasdalinas et al., 2017b). By this,
the effects of a wide variety of abiotic stressdibans on plant performance has been
previously studied, in citrus plants affected byirsty (L6pez-Climent et al., 2008;
Montoliu et al., 2009), flooding (Arbona and Gomeaedenas, 2008; Arbona et al., 2008,
2009), and drought, applied individually or simakausly with heat stress (Zandalinas
et al., 2016, 2017a, c). These abiotic stress tiondi are responsible of several
alterations, including modifications in the primaand secondary metabolisms, leaf
turgor loss, changes in gas exchange parametetdaophyll degradation, which can
derive in plant survival or death depending on gbeerity of the stress and the plant
genotype sensitivity (Arbona et al., 2017). Amohgse changes, in other species it has
been described that plants are able to alter,ibajbhantity and quality, the production of
root exudates released to the rhizosphere thrdwgjhroots. These exudates can modify
soil properties such as pH or electric conductj\ity well as the growth and population
of other living organisms present in the rhizosphercluding other plants of the same or
different species, bacteria, fungi..., as occurth wirachis hypogaedpeanut) plants,
which exudates promote the growth Fdisariym oxysporunand F. solani (Li et al.,

2013). This fact can contribute to a better essablient of beneficial microorganisms,
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including AMF and PGPR, as the metabolites reledasdtie rhizosphere by the plant

including amino acids and sugars, are metabolizethése microorganisms which can
protect plant against these adverse environmeritizhtions (Lareen et al., 2016).
However, although root exudates composition andtfans in the rhizosphere have been
widely studied in some herbaceous plant8rabidopsis thaliangStrehmel et al., 2014),
rice (Suzuki et al., 2009; Tawaraya et al., 20bB)soybean (Tawaraya et al., 2014b),
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there is not much information in woody plants ahd information in this topic is
practically void in citrus. In this work, the imgance of root exudates in plant mediation
with PGPRs under abiotic stress conditions, and th@se microorganisms can alleviate

the adverse effects of abiotic stress conditiorsshie®n studied.

Initially, the effect of salt and heat stress oa tbot exudation pattern was tested in two
citrus rootstocks, Carrizo citrange a@dmacrophyllaChapter 1). Secondly, the role of
root exudates from plants of both genotypes sudijetd salt or heat stresses in the
rhizosphere was addressed by determining theiretrgragrowth of two different PGPRs
speciesP. putidaKT2440 andNovosphingobiursp. HR1a. The ability of these bacteria
to detect proline and salicylates present in raotates was investigated by evaluating
the induction oPpua andPpanapromoters, respectively (Chapter 2). Finally, tbeeptial
contribution of both bacterial strains to the alien of plant damage provoked by salt
stress was explored €. macrophyllaplants inoculated with both PGPRs species
(Chapter 3).

In the Chapter 1 of this doctoral thesis projdu, ¢ffect of high salinity and heat stress,
on Carrizo citrange ard. macrophyllehas been studied. In order to achieve the proposed
objectives, it was developed anvitro tissue culture system that allows root exudates
obtaining. This methodology has been validatedfeistudy of citrus responses to abiotic
stress conditions, with similar results to thos¢aoted in plants cultured under field
conditions (Montoliu et al., 2009). Moreover, somerks recommend the use of this
methodology for the study of root exudates duehw gterility of the culture and the
stability of root exudates composition (Kuijkenatt, 2015; Vranova et al., 2013). The
data obtained from the analyses of stress relat@npgeters, including chloride
accumulation and phytohormone concentrations aoefir that Carrizo citrange is salt
sensitive but heat tolerant, whergas macrophyllais salt tolerant but heat sensitive.
Although the different tolerance of both rootstotiksalt stress had been widely studied
(Lopez-Climent et al., 2008; Montoliu et al., 200 rez-Tornero et al., 2009), there is
almost no information about their behaviour undeathstress conditions. The few
existing studies compare the heat tolerance ofiftaditrange and Cleopatra mandarin
(Zandalinas et al., 2016, 2017a, c). Thereby, itfierdnt tolerance of the genotypes used
in this work to salinity and high temperatures nsatteés combination an interesting tool
to decipher how plant sensitivity or tolerance eifferoot exudates composition under
both stress conditions. The absence of MDA accutouladetected in stressed plants
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reveals that there is not damage in cell membrpoiesing out that the methodology used
is adequate, revealing that the metabolites hage beeased to the rhizosphere from the

roots through a root exudation process.

Analyses of root exudates composition determined ¢itrus roots exude proline, the
phytohormones ABA, SA, JA, IAA and cinnamic acidttee rhizosphere, being this
process influenced by the genotype and stress twomsli By this, root exudation of
proline, SA and cinnamic acid is promoted by bdtiess conditions, being exuded in
higher concentrations in the tolerant genotypeaicheadverse condition. In addition, JA
and IAA also increased their concentration in @aidates from plants subjected to both
stresses, while ABA increased its content in exesldtom salt stressed plants but
decreased its level in heat stressed plants, imdiepely of the genotype tolerance to each
stress condition, although the differences in thiedation of these phytohormones was
not as marked as the observed in proline, SA amdaanic acid. Previous works have
described that some of these exuded compounds peothe growth of beneficial
microorganisms, as occurs with proline (Verslued &marma, 2010; Vilchez et al.,
2000b) or SA and cinnamic acid (Segura et al., d8ing sources of nutrients as C and
N. However, these compounds could also promote gitoavth of other harmful
microorganisms which can colonize plants,L&égeria monocytogene@Beumer et al.,
1994)Fusarium oxysporuror F. solani(Li et al., 2013).

Moreover, since differences in proline concentraiovere observed in root exudates
before than in plant tissues, the analysis of tbetemt in this amino acid in the
rhizosphere can be postulated as an early and estnudtive stress marker, what would
help to take actions before arriving to a more se\stressful situation which could

irreversibly damage plants.

Although proline and phytohormones exudation bysd@ve been previously described
in herbaceous plants as rice (Tawaraya et al., 2@8nmon bean (Tawaraya et al.,
2014a), or soybean (Tawaraya et al., 2014b), tiereintial exudation depending on the
plant tolerance to a particular stress conditios een practically unexplored. The only
report in this topic refers to the role of SA insBlubilization in plants of sugar beet
subjected to nutrient starvation conditions (Kheaas et al., 2011) or the root exudation
of proline in excised root cultures of almond tsedjected to salt stress (Marin et al.,
2010).
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In view of the different root exudation pattern dagding on genotype, and stress applied
described in the first chapter of this report, difect of citrus root exudates over the
growth of two different rhizobacteria,Pseudomonas putidaKT2440 and
Novosphingobiunsp. HR1a was tested in Chapter 2 (Franklin etl8B81; Segura et al.,
2017). In this work, the bacterial growth was meaduby following two different
approaches, including the optical density and thelrer of CFU. The detection of proline
and salicylates present in root exudates by bacterms evaluated through the
determination of the activity d¥uta andPpanapromoters in the strair®. putidaKT2442
andNovosphingobiumsp. HR1a respectively (Segura et al., 2017; Vilatted., 2000a).
The promotor of this gene has been previously diddb a reporter gene (in this case,
lacZ from Escherichia coli, which products a detectable producgg@lactosidase in this
case), that can be quantified by different techesqgHarms et al., 2006). Several
constructions are available to quantify a varietychemical compounds using this
methodology, which can determine the bioavailabtit the presence of some chemical
compounds, including proline with. putidaKT2442 (pMIS5)(Vilchez et al., 2000a),
polycyclic aromatic hydrocarbons wittlovosphingobiunsp. HR1a (pPAH)Segura et
al., 2017), or heavy metal ions as’P4nd Cd* with E. coli DH5 with plasmids pHK194
and pHK200 respectively (Kim et al., 2015).

The results obtained in this chapter showed thaisroot exudates promote the growth
of both bacterial species allowing their growth anculture media containing plant
exudates as the sole source of N. Bacterial graxahhigher when root exudates proceed
from salt or heat stressed plants. Moreover, vath exudates obtained from salt stressed
plants, the bacterial promotion of both PGPRs wighdr in those cultures grown in
presence of root exudates from the salt toleramtistockC. macrophylla while under
heat stress conditions similar growth induction vedserved inP. putida KT2440
regardless plant genotype source of exudates. vty of Novosphingobiumsp. HR1a
was also higher in presence ©f macrophyllaroot exudates. These differences in the
bacterial growth in presence of root exudates ctndddue not only to the analysed
metabolites, but also to other ones as sugars,oibeaompounds or other amino acids
released to the rhizosphere in the exudation pso(@ardanelli et al., 2012; Li et al.,
2013). Moreover, the modulation of root exudatemposition could be higher in plants
subjected to salt stress than in plants stressbdjhytemperatures, since salt stress affects

directly roots and in presence of heat stress es@its as a pad.
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The study of -galactosidase activity in both constructions conéid thatP. putida
KT2442 is capable to detect proline from citrustrexudates anblovosphingobiunsp.
HR1la is able to detect salicylates from root exesladnd could use these compounds as
nutrient sources. Moreover, since the differentelevof proline and salicylic acid
measured in the Chapter 1 are correlated withdbelts obtained from-galactosidase
activity analyses, it can be concluded that botttdyaal constructions can be used as
biodetectors for these metabolites in root exudamgpposing a cheaper and
environmentally friendly alternative to other matltogies as chromatography or
colorimetry which require higher quantities of smhs and expensive equipment,
although this methodology is not as sensitive atedtien by chromatographical
technigues (Harms et al., 2006). In concordanck thig results obtained in this chapter,
some works have reported the beneficial role of eawdates in the colonization and
growth of beneficial microorganisms, as occurs withanic acids exuded by banana
the colonization and growth of the PGBRcillus amyloliquefaciensJN-6 (Yuan et al.,
2015) or root exudates from tomato, which stimdatee hyphal growth of the AMF
Glomus intradicegSun et al., 2012).

Once the beneficial effect of root exudates fromnusi plants over PGPRRB. putida
KT2440 andNovosphingobiunsp. HR1a was proved (Chapter 2), in Chapter 3 the
possible role of both bacterial strains in the gaition of the salt stress induced damages
in C. macrophyllavas evaluated. There are a few works studyingniceobiota present

in citrus rhizosphere, including the charactermatf bacterial populations in citrus roots
(Trivedi et al., 2011), the beneficial effect of PBs when plants grow in optimal
conditions (Chiquito-Contreras et al., 2012) oréffect of mycorrhizae in the mitigation
of damages caused by phytophthora (Watanarojanagtah, 2011), drought (Wu and
Zou, 2009) and high (Navarro et al., 2014; Satalet2016; Zhang et al., 2017) or low
temperatures (Wu and Zou, 2010).

Despite the fact that the palliative effect of PGEB#&IId be more important than the
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alleviation produced by AMF under abiotic stressditions (Lowe et al., 2012, Younesi
and Moradi, 2014) up to date there is a lack dafrimfation in citrus.

The results obtained in the Chapter 3 showed th®R&3°. putida KT2440 and
Novosphingobiump. HR1a trigger different mechanisms of tolerangdants subjected
to high salinity, but some differences were obsergtepending on the bacterial strain
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inoculated to plant roots. In general terms, thecutation with both bacterial strains
reduced proline content in roots of stressed plants ABA and SA concentration in
leaves. This decrease in ABA concentration coulddlated to the ACC-deaminase
activity produced by PGPRs, which inhibits ethylayathesis and consequently, could
lead to a reduction of ABA concentration due todhesstalk between ABA and ethylene
(Arc et al., 2013; Dimkpa et al., 2009). Both baietiestrains inhibited the reduction of
chlorophyll fluorescence related parameters prodibgesalt stress, which usually occurs
in presence of this abiotic stress condition (Légément et al., 2008). Moreover, apart
from salt stress, the inoculation with both baetlespecies produced a decrease in gas
exchange related parameters, E andAgthough there is some controversy about the
induction or inhibition of these parameters by PGPRith works defending both
opinions (Bresson et al., 2013; Mahmood et al. 620it seems that their reduction can
lead to a better water use efficiency and inhitater loss due to some environmental
conditions such as drought, osmotic stress oisgaés (Kudoyarova et al., 2015; Leach
et al., 2017). Among the beneficial roles of PGRRsalt stress conditions, it has also
been previously described that some PGPRs spesiPseudomonadesp. maintain
higher levels of chlorophyll fluorescence paraneeters; and k/Fn ratio, which favors
plant survival to salt stress, which generally icekia decrease on the levels of these
parameters (Heidari and Golpayegani, 2012; Lop@ndtit et al., 2008), which is in
concordance with the data presented in this chagiace both strains inhibit the

reduction of the #Fn ratio produced by salt after 30 days stress.

Apart from the common benefits that both bactesiedins bring to alemow plant growth
and tolerance, other changes in some parametéfsAaaccumulation in leaves or the
maintenance of ps) levels after 30 days of stress were observedlirsgsassed plants
inoculated withNovosphingobiunsp. HR1a. This fact would indicate that this strigi
more efficient in plant stress alleviation thanputidaKT2440, which could be due to
the higher tolerance thatovosphingobiunsp. HR1a has to high salinity conditions, as

described in Chapter 2.

All the results obtained in this doctoral thesisjpct, lead to elucidate that citrus root
exudates play a key role in the growth and estamiet of bacterial communities in the
rhizosphere, modulating a mutualistic relationskipch can be modified depending on
the plant genotype or plant growing conditions.tBig, under stress conditions, plants
would release to the rhizosphere larger quantdfesompounds which can be used as
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nutrients by PGPRs, improving their growth and eguently increasing their own
chances to survive to environmental stress comditiBlowever, these nutrients present
in citrus root exudates could also be used as ssuaf C and N by other soil
microorganisms, which could lead to a higher susloiipy to the attack of pathogens
(Pandey et al., 2017).

This work can entail to start further investigasan the ambit of citrus root exudates and
their involvement in the relation with PGPRs, irdihg studies with different genotypes
and other kinds of abiotic and biotic stressegh&rranalyses of primary and secondary
metabolites present in root exudates, or simultasepplications of different PGPRs
with other beneficial microorganisms as AMF. Moregwo a more realistic vision of
these interaction among citrus and beneficial nhigi@, similar assays with grafted
plants could be researched in order to determitietemportance of the scion in root
exudates production and the effect of the inoonhably PGPRs in the citrus production

of commercial plants.
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Conclusions

Based on the results obtained in the doctoral shasiject described in this Report, the

following conclusions can be drawn:

1. The studied genotypes present different senseéwitio the abiotic stresses
considered: while citrange Carrizo is sensitivedti stress and tolerant to stress
due to high temperature€itrus macrophyllais tolerant to saline stress and

sensitive to heat stress.

2. Citrus are able to exude, through their roots,ipeplas well as the phytohormones
ABA, SA, JA, IAA and cinnamic acid.

3. Root exudation pattern in citrus plants is affedgdooth, the genotype and the
abiotic stress situations, such as salinity orhigl temperatures to which the
plants are exposed. In this way, proline, SA amthamic acid are exuded in
greater quantities when the plants are subjectedtress conditions. The
concentration of these metabolites in root exudetdsgher in those obtained

from plants tolerant to a certain stress condition.

4. Citrus root exudates promote the growth of the dgnowromoting bacteria
Pseudomonas putid&T2440 and Novosphingobiumsp. HR1a, being this
induction of bacterial growth greater when rootdates are obtained from plants

grown under abiotic stress conditions.

5. Pseudomonas putidaT2440 andNovosphingobiunsp. HR1a are able to detect
the proline and salicylates exuded through thestothe expression &fua and
Ppanapromoters oPseudomonas putid@l2442 andNovosphingobiump. HR1a
is respectively correlated with the concentratioingroline, SA and cinnamic acid
present in the root exudates. In addition, bothisérare also capable of using

citrus root exudates as the sole source of N.
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6. Pseudomonas putid&T2440 andNovosphingobiunmsp. HR1a alleviate the

damage caused by salt stress, promoting resistemdahis stress inCitrus
macrophyllaplants. Both bacterial strains induce a lower andation of proline,
ABA and SA in plant tissue, as well as a decreasehiorophyll fluorescence

parameters under saline stress conditions.

Under non-stressful culture conditionBseudomonas putid&kT2440 and
Novosphingobiunsp. HR1a induce an increase in the efficiency afewuse in

Citrus macrophyllgplants due to the decrease of E and g
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Conclusiones

A partir de los resultados obtenidos en el proyeledesis doctoral que se describe en

esta Memoria, se pueden extraer las siguientesusioices:

1.

Los genotipos estudiados presentan diferentes sktesiles a los estreses
abidticos considerados: mientras citrange Carrzsensible al estrés salino y
tolerante al estrés por elevadas temperat@isjs macrophyllaes tolerante al

estrés salino y sensible al estrés por calor.

Los citricos son capaces de exudar, via radicweslina, asi como las

fitohormonas ABA, SA, JA, IAA y acido cinamico.

El patron de exudacion radicular en plantas deofirse ve afectado tanto por el
genotipo como por las situaciones de estrés abjaamo la salinidad o las altas
temperaturas a las que estan expuestas las plBata&ste modo, prolina, SA 'y
acido cinamico se exudan en mayores cantidadesdoukas plantas estan
sometidas a condiciones de estrés. La concentrat@éastos metabolitos en
exudados radiculares es mayor en los obtenidoslaigap tolerantes a una

determinada condicion de estrés.

Los exudados radiculares de citricos promuevemegirniento de las bacterias
promotoras del crecimienRBseudomonas putidél 2440 yNovosphingobiursp.

HR1a, siendo esta induccion del crecimiento bamterimayor cuando los
exudados radiculares son obtenidos a partir deégdanultivadas en condiciones

de estrés abiotico.

Pseudomonas putid€T2440 y Novosphingobiunmsp. HR1a son capaces de
detectar la prolina y los salicilatos exudadosaaés de las raices. La expresion
de los promotoresPputA y PpahA de Pseudomonas putid&kT2442 vy

Novosphingobiumsp. HRla esta respectivamente correlacionada esn |
concentraciones de prolina, SA y acido cinamiccemées en los exudados
radiculares. Ademas, ambas cepas también son capdacasar los exudados

radiculares de citricos como Unica fuente de N.
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6. Pseudomonas putid&T2440 y Novosphingobiunsp. HR1a alivian el dafo

provocado por el estrés salino, promoviendo |stescia a este estrés en plantas
deCitrus macrophyllaAmbas cepas bacterianas inducen una menor accigrula
de prolina, ABA y SA en tejido vegetal, asi comod@scenso de los parametros

de fluorescencia de clorofilas en condiciones de&gsalino.

En condiciones de cultivo no estresantBseudomonas putid&T2440 y
Novosphingobiumnsp. HR1a inducen un aumento de la eficiencia sieldel agua
en plantas d€itrus macrophylladebido al descenso de la E y deda g
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Conclusions

A partir dels resultats obtinguts en el projectaede doctoral que es descriu en aquesta

Memoria, es poden extreure les seglients conclusions

1. Els genotips estudiats presenten diferents semaibilals estressos abiotics
considerats: mentre citrange Carrizo és sensibéstaés sali i tolerant a I'estrés
per elevades temperatur€strus macrophyllaés tolerant a I'estres sali i sensible

a l'estres per calor.

2. Els citrics son capacos d’exsudar, via radiculajma, aixi com les fitohormones
ABA, SA, JA, IAA i acid cinamic.

3. El patr6é d'exsudacié radicular en plantes de sigi&k veu afectat tant pel genotip
com per les situacions d'estrés abiotic, com liaitati 0 les altes temperatures a
les que estan exposades les plantes. D'aquestaanaraina, SA i acid cinamic
s’exsuden en majors quantitats quan les plantes exitmeses a condicions
d'estrés. La concentracié d'aquests metabolitsxsudats radiculars €s major en

els obtinguts de plantes tolerants a una deterrainaddicié d'estres.

4. Els exsudats radiculars de citrics promouen ekeneént dels bacteris promotors
del creixemenPseudomonas putiddT2440 iNovosphingobiunsp. HR1a, sent
aguesta inducci6é del creixement bacteria més guan gls exsudats radiculars

soén obtinguts a partir de plantes cultivades enlictoms d'estrés abiotic.

5. Pseudomonas putid&T2440 i Novosphingobiunsp. HR1la son capacos de
detectar la prolina i els salicilats exsudats aésade les arrels. L'expressio dels
promotorsPputa i Ppana de Pseudomonas putiddT2442 iNovosphingobiunsp.
HR1a esta respectivament correlacionada amb lesntmacions de prolina, SA
i acid cinamic presents en els exsudats radicuarses, les dues soques també

son capacos d'usar els exsudats radiculars desaityim a Unica font de N.
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6.

Pseudomonas putidKT2440 i Novosphingobiunsp. HR1a alleugen el dany
provocat per l'estrés sali, promovent la resisteacaquest estrés en plantes de
Citrus macrophylla Les dues soques bacterianes indueixen una menor
acumulacio de prolina, ABA i SA en teixit vegetalxi com un descens dels

parametres de fluorescencia de clorofil-les en ook d'estrés sali.

En condicions de cultiu no estressanBseudomonas putida&kT2440 i
Novosphingobiursp. HR1a indueixen un augment de l'eficiencialdede l'aigua

en plantes d€itrus macrophyllea causa del descens de laE idealag

154









Appendix

Aurelio Gomez Cadenas, Catedratico de la Univdrdstame | de Castelldn,

HACE CONSTAR QUE:

Como coautor de las publicaciones indicadas mge,afeepto que éstas se presenten
como parte de la Tesis Doctoral de Vicente VivessRerenuncio expresamente a su
utilizaciébn como parte de otra tesis doctoral. Adsntertifico que estas publicaciones

no se han incluido previamente en ninguna otra tisttoral.

Citrus plants exude proline and phytohormones uradeotic stress conditions. Vives-
Peris, V., Gomez-Cadenas, A., Pérez-Clemente, ROM. Plant Cell Reports 36: 1971-
1984. doi: 10.1007/s00299-017-2214-0.

Y para que conste a los efectos oportunos, asito f

En Castell6n de la Plana, diciembre de 2017

Fdo. Aurelio Gmez Cadenas

157






Appendix

Rosa Maria Pérez Clemente, Profesora Titular dmiaersitat Jaume | de Castellon,

HACE CONSTAR QUE:

Como coautora de las publicaciones indicadas m&e,adicepto que éstas se presenten
como parte de la Tesis Doctoral de Vicente VivessRerenuncio expresamente a su
utilizaciébn como parte de otra tesis doctoral. Adsntertifico que estas publicaciones

no se han incluido previamente en ninguna otra tisttoral.

Citrus plants exude proline and phytohormones uradeotic stress conditions. Vives-
Peris, V., Gomez-Cadenas, A., Pérez-Clemente, ROM. Plant Cell Reports 36: 1971-
1984. doi: 10.1007/s00299-017-2214-0.

Y para que conste a los efectos oportunos, asito f

En Castell6n de la Plana, diciembre de 2017

Fdo. Rosa Maria Pérez Clemente

159


















