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Abstract

Water deficit is one of the most serious environtakfactors that affect the productivity
of crops in the worldArachis hypogae& a legume with a high nutritional value and 70%
is cultivated in semi-arid regionshis research aimed to study the effect of watéciden
peanut root exudates composition, analyzing theortapce of exudates on peanut-PGPR
interaction under restrictive water condition.

Peanut seedlings were subjected to six treatm@rasid 15 mM PEG, in combination
with non-inoculated,Bradyrhizobium sp. and Bradyrhizobium-Azospirillum brasilense
inoculated treatments. We analyzed the 7-day peawitexudate in response to a water
restrictive condition and the presence of bactenmcula. Molecular analysis was
performed by HPLC, UPLC and GC. Bacteria motilithemotaxis, bacterial adhesion to
peanut roots and peanut growth parameters wergzaoal

Restrictive water condition modified the pattern wiolecules exuded by roots,
increasing the exudation of Naringenin, oleic Fi#jcand lactic acid, and stimulation the
release of terpenes of known antioxidant and aotobial activity. The presence of
microorganisms modified the composition of root éxies. Water deficit affected the first
events of peanut-PGPR interaction and the root &egdfavored bacterial mobility, the
chemotaxis and attachment of bacteria to peants.roo

Changes in the profile of molecules exuded by roatbwed A. hypogaea-
Bradyrhizobiumand A.hypogaea—Bradyrhizobium-Azospirillumteraction thus reversing
the negative effects of restrictive water condit@mnpeanut growthlThese findings have a
future potential application to improve plant-PGRReractions under water deficit by

formulating inoculants containing key moleculesded during stress.
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1. Introduction

Arachis hypogae#s a legume with high nutritional value and is #isedh most important
source of oil and the third most important sourteegetable protein in the world (Raval et
al., 2018). In Argentina, about 85% of peanut patidun takes place in Cérdoba province
and the peanut obtained is of a very high qualmy almost all the production is exported
to European Union, Indonesia, Canada, among o{ligisA 2017). Taking into account
the agronomic importance of peanut crop, useddod f(raw, roasted or boiled, cooking
oil), animal feed (pressings, seeds, green mataral straw) and industrial raw material, it
is important to develop strategies that increasepitoduction. But peanut production
process, from planting to storage, is affected iffgr@nt types of biotic and abiotic agent.
An increase in the periods of water deficit is estpd in many regions of the world (Dai et
al., 2011), including the province of Cordoba, theus area of this study. Inoculation with
plant promoting bacteria (PGPB) is a widespreadtm® since it help to maintain adequate
nutrition of plants and reduce the negative effeftabiotic stress (Sandhya et al., 2009;
Glick 2010).Thus, the knowledge of the impacts of water stmsplants, including root
exudation, rhizospheric microorganism and theienattions, is consequently vitédr
agricultural development.

Root exudates (RE) encompass a wide array of claémonstituents including primary
and secondary metabolites, ions, mucilage, amiisasugars, nucleotides, organic acids,
fatty acids, phenolic compounds as flavonoids, &wl other miscellaneous chemicals
(Bais et al., 2006). These exudates are known itd Bunetwork of interactions with plant
roots and their surrounding rhizospheric microbdesugh various physical, chemical, or

biological interactions (Haichar et al., 201%he quantity of RE depends mainly on plant
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species, age, cultivar type, plant root metabotiobaites, root system architecture, and
environmental conditions that come across durirentplgrowth (Haichar et al., 2008;
Compant et al.,, 2010). Flavonoids, organic acidsugars in RE play specific roles as
carbon sources and molecular signals in plant—merateractions (Kloss et al., 1984).
Flavonoids are a large subgroup of secondary mktedocategorized as phenolic
compounds and their functions include auxin trarspegulation, modulation of reactive
oxygen species, protection against UV light anditiseiction of severahod genes in the
Rhizobiumspp. to produce nod factors (Fox et al., 2011; lesfaet al., 2011; Falcone
Ferreyra et al., 2012). Organic acids presenténRE are involved in metabolic processes
including the assimilation of carbon and nitrogéme regulation of cytosolic pH and
osmotic potential, the balancing of charges dugrgess cation uptake. These compounds
can also stimulate microbial activity in the rhipbsre, which is likely to influence the
availability of other minerals and nutrients (Rygtral., 2001).

Root exudates modulate positive plant-microbe @ugons and thereby regulate the
plant growth, development, and yieltachis hypogaed.. cultivar Granoleico (Criadero
El Carmen) is widely used in Argentina, since ggants a high yield of grain per hectare.
Howeverthere are few reports on the molecular compositibpeanut root exudate, the
profile of flavonoids exuded byrachis hypogaeav. Tegua has been described in the
literature (Taurian et al., 2008). A better undamsling of root exudation should contribute
to improve the crop adaptation to stressful envirents, such as water deficit, and to more
sustainable and profitable farming.

The symbiosis between rhizobia and its legume plasits is an important example for
plant growth-promoting rhizobacteria (PGPR). Badatef the genu®radyrhizobiumare

able to establish a symbiotic relationship with méaArachis hypogadaand metabolize

4
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root exudates and in turn provide nitrogen to tlaatpfor amino acid synthesis (Nievas et
al., 2012). The infection occurs when rhizobia clise colonize the subepidermal root
tissue (the root cortex) by crack entry at therfdteoot base in an intercellular manner,
without the formation of infection thread (Sprerti0Z). The ability to fix nitrogen also
occurs in free-living bacteria likAzospirillum This genus is able to colonize hundreds of
plant species and improve their growth, developmantl productivity by several
mechanisms such as indol acetic acid (IAA) productiand improve general plant
performance under normal and/or stressing growtiditions (Bashan & de-Bashan, 2010).
Previous results of our working group show that ghreple inoculation with SEMIA6144
reversed the negative effects of a RWC on peamutplof 30 days of growth, with better
results compared to double inoculation (Cesarilgt2919). However, it is unknown
whether this response is conditioned by a modibcain the early events of the plant-
microorganisms interaction, given by signal molesul

Effective colonization of the root system by PGP&ehds on molecular signals and
early events such as bacterial motility, chemotaxid the attachment of soil bacteria to
plant root cells. All this is crucial for the exexe of afore mentioned beneficial effects.
Thus, the aim of this study was to evaluate wheghesstrictive water condition impact on
the root exudation pattern éfrachis hypogaea&v. Granoleico and the early step required

in plant-microbe witlBradyrhizobiumSEMIA6144 andAzospirillum brasilenséz39.

2. Material and M ethods

2.1. Plant material and bacterial strains



121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

Arachis hypogaed.. (peanut) cv. Granoleico (provided by El Carnem\, General
Cabrera, Cordoba, Argentina) seeds were surfacéizgd as described by Vinceet al
(1970) and germinated at 28 °C in sterile water-agaetri dishes.

The bacterial strains used in this work wé&eadyrhizobium sp strain SEMIA6144
(MIRCEN/FEPAGRO, Brazil) anédzospirillum brasilensetrain Az39 (Rodriguez Céaceres
1982).Bradyrhizobiumsp. SEMIA6144 (SEMIA6144 in the rest of the tewgs grown in
B-medium (Van Brussel et al., 1977; Medeot et 2010). Azospirillum brasilens¢Az39
in the rest of the text) was grown in NFb (D6beeei& Day, 1976). Both cultures were
incubated at 28 °C with shaking at 150 rpm (Alliédher Scientific) until the stationary
phasg24 h for Az39 and 110 h for SEMIA614#)r use in subsequent test® simulate a
growth restrictive water condition (RWC), the baigemedia were supplemented with 15
mM of non-permeating solute polyethylene glycol GREaverage MW 5489 Da, Sigma
Chemical Co., St. Louis, MO, USA) (Dardanelli et &008; Cesari et al., 2016; Cesari et

al., 2018).

2.2.A. hypogaea root exudate collection and experimatgsign

To collect the peanut RE, each germinated seed agaptically transferred to a
hydroponic system consisting of a glass tube comgi30 ml of Hoagland (pH 6.5)
nutrient solution (Hoagland & Arnon, 1938). Themawere incubated aseptically for 7
days in a growth chamber subjected to a photopesiod6 hours of light at 24 ° C
alternating with 8 h of darkness at 20 °C, presaythe roots of light (Dardanelli et al.,
2008b).Polyethylene glycol (PEG; MW 6000) was used foruicitbn of restrictive water

condition.
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The experiment had a factorial structure with a pletely randomized 2X3 design:

1. Availability of water with two (2) levels: a. Merestrictive water conditions
(NRWC): Hoagland solution (-0.07 MPa); b. Restxetiwater conditions (RWC):
Hoagland solutions supplemented with PEG6000, 15 (rtM28MPa). 2. Inoculation with
three (3) levels: a. Plants un-inoculated; b. Singioculation: 1ml (19 cells) of
BradyrhizobiumSEMIA6144 (SEMIAG6144 in the rest of the text) pebé; c. Double
inoculation: 1ml (18 cells) of SEMIA6144and 1ml (facells) of Azospirillum brasilense
Az39 (Az39 in the rest of the text) per tube.

On the seventh day, plants were removed from thestuTo check sterilization, a
sample of exudate (1Q@L) was inoculated in TY medium and growth was asseésafter
overnight incubation at 28 °C. Sterile samples wept at 4°C. Exudates were collected
and centrifuged at 10,000 rpm for 20 min to remoxat debris and microorganisms, and
150 ml of exudate were concentrated by lyophil@atand stored at —20°C. Exudates

concentrated by lyophilization, were dissolved it&v and analyzed by chromatography.

2.3. Molecular characterization of the peanut RE

All peanut RE samples collected were analyzed taragtterize the presence of
molecules of interest.

Flavonoids, auxins and tryptophan: high performance liquid chromatography coupled
to a mass detector (HPLC-MS) was used. The lyg@dlimaterial was dissolved in 1 ml of
deionized water and 2(l aliquots were injected in an electrospray HPLEctbspray

ionization tandem. Chromatographic separation watompmed using a Perkin Elmer 200
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Series HPLC system (Wellesley, U.S.A.) couplednidAgplied Biosystems QTRAP LC /
MS / MS (Foster City, USA). The reverse phase OB%8 column with a particle size of 5
mm was used (Teknokroma, Barcelona, Spain). Thev flate was 0.3 ml.mih
Commercial controls were used to identify the wvasidlavonoids. The separation and
detection procedures are described by Dardanedli,gf2009).

Fatty acids (AG): lipids were extracted as described by Bligh anel)y1959) and
dried under nitrogen. Generation of methyl estériatty acids (FAMEs) was performed
with boron trifluoride in methanol gBMeOH), as indicated by Morrison and Smith,
(1964). For the identification of AG, the obtainredMEs were dried under nitrogen stream
and resuspended in hexane for analysis by Gas Gtognaphy (GC, Hewlett Packard
5890 Series Il) equipped with a highly polar (HB 88lumn. Also, the molecules found
were confirmed by GC-MS analysis. The following GS conditions were used: injector
temperature, 240 °C; column temperature, 180 °Gntaiaed for 30 min; increase of 5
°C.min* to 240 °C, maintained for 10 min. Run time: 46 miiS: full SCAN, 40-500.
Injection volume: 1 pl. Split: 1:10.

Organic acids: were identified using the method described by Gaayt, (2003) with
modifications, using ultra-liquid chromatographyupted to a mass detector (UPLC-MS),
WATERS model ACQUITY H CLASS (Center of scientifinstrumentation of the
University of Granada , Spain). For the identifisatcommercial withesses were used. As
mobile phase the methanol, buffer 0, and HPLC-grade acetonitrile (HiPerSolv) from
Merck (Darmstadt, Germany) were used. In orderdjpst the pH of the mobile phase
H.PGs, HoSO, and analytical grade NaOH were used. All agueoligisns were prepared

with Milli-Q water and vacuum stripped and filteraging 0.2um membrane filters.
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Terpenes. lyophilized material was diluted in 1 ml of metlo&ndistilled water: formic
acid (85: 14: 1, v/viv) and 2 ml dichloromethanotldeft overnight at 4° C. The samples
were eluted in micro-columns oasis and C18. A {ibaliquot was placed in inserts with
1ng of 1-nhexadecane as an internal standard, ahdvre injected into GC-EIMS. The
oven temperature program was: initial temperatti¢sa C.mirt", followed by an increase
from 2° C min to 130° C, then from 130° C to 250a(Ca rate of 20° C.mihand held for
10 min at 250° C. Terpenes were identified by camspa with commercial controls.
Separation and detection procedures are descrip&hllomonet al. (2013) and Gilet al.

(2012).

2.4.Bacteria motility assays

Cells of SEMIA6144 and Az39 were grownder NRWC, RWC (15 mM of PEG). B
of a bacterial suspension (OD: 1) of each strais waculated in the middle of a petri
plate, with 20 ml of 0.5% water-agar for swarmirggays. For swimming assays, petri
plates with 20 ml of 0.3% water-agar were inoculatgth the strains by puncturing in the
center. Motility diameter was measured 7 days #ffierinoculation.

The effect of RE on motility diameter was evaluabgdadding 8ul of 10x concentrated

exudates to culture medium (Vicario et al., 2015).

2.5.Chemotaxis

A capillary assay was performed with slight modifion to Yuan et al., (2015) using a

multichannel pipette. Peanut root exudates colleate’ days were previously examined by

9
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TSA medium, to verify that they were free of midadbcontamination. Then the selected
exudates were filtered with sterilizing filters (Raius Minisart® Filter Sterilization 0.1-
0.2um). One hundredL of RE from NRWC (RE-NRWC) and RE from RWC (RE-RWC
were pipetted and sterile water, Hoagland and Hoagivith 15 mM of PEG served as the
control. The set-up was placed by just touchingtithe into a 96-well plate containing 200
uL of SEMIA6144 and Az39 exponential phase cultweah OD of 0.4 in physiological
solution (18 CFU.mI%). After 30 min of incubation, under sterile comalits in a laminar
flow, the number of bacteria attracted to test tahs was counting by the microdroplet

technigue (Somasegaran and Hoben, 1994).

2.6.Bacterial adhesion assay

Stationary cultures of SEMIA6144 and Az39 were dérged at 10009 for 5 min. The
pellets were washed three times with 25 mMiIR®buffer (pH 7.5) and suspended in the
same solution to an OD 0.4 to give a bacterial entration of 1.1 CFU.mI* for both
strains. To study the effects of root exudates dheeence, bacterial cultures were
centrifuged and diluted in RE (from plants growrdenNRWC and RWC) to an OD of
0.4. Five lateral roots of 2 cm (0.1 gr) of 7-ddgl peanut plants growing under NRWC
and RWC treatment were immersed in 1 ml of badtsuspension for 2 h, with agitation at
room temperature. Then, roots were washed 10 timghosphate buffer to remove free
and weakly attached bacteria. For the quantificatibthe number of bacteria adhered, the

roots were crushed with 500 of POsNa buffer. The counting was carried out by the

10
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microdroplet technique (Somasegaran and Hoben,)19%k assay was performed in

triplicate for each condition and the results wexpressed as CFU.ngRDW).

2.7.Plant growth parameters and lipid peroxidation

Shoot length (SL) and root length (RL) were deteate and shoot and root dry weights
(SDW and RDW) were measured after 24 h of dryinB04C until constant weight

Lipid peroxidation was measured by the level ofondialdehyde (MDA), a product of
lipid peroxidation, using a reaction with thiobadsic acid (TBA) as described by Hodges
et al (1999). Fresh samples (100 mg) were ground inxaund of 1 ml trichloroacetic acid
(TCA) (20% w/v) and 0.2 ml of 4% (w/v) butylatedhackytoluene in ethanol, at 4 °C. After
centrifugation (10,000 x g for 15 min), 0.25 micaiots of the supernatant were mixed with
0.75 ml of 0.5% (w/v) thiobarbituric acid in 20% AGnd the mixture was incubated at 94
°C for 30 min. The reaction was stopped by coolingn ice bath for 15 min. Reaction
tubes were centrifuged at 10,000 x g for 15 min smplernatants were used to determine

the absorbance at 532 nm. The value for non-spedifsorption at 600 nm was subtracted.

2.8.Plant experiment design and statistical analysis

Plant experiment had a factorial structure witlotalty randomized design with two (2)
factors: 1. Availability of water with two (2) lele NRWC and RWC. 2. Inoculation with
three (3) levels: Plants not inoculated; plantcutated with SEMIA6144, plants doubly

inoculated with SEMIA6144 and with Az39; with thre) repetitions for each

11
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combination of treatment levels, totaling 30 plafiise analysis of variance (ANOVA) and
the means compared to Fisher's minimal differease(LSD) were performed on the data
of the treatments and their interactiops<Q.05). The software program used was Infostat
1.0 (Di Renzo et al., 2016).

The bacteria data were subjected to analysis oawvee (ANOVA) with multiple
comparison variables by Fisher's least significalifference (LSD) test. Differences
between means were considered to be significapk &.05. The software program used

was Infostat 1.0 (Di Renzo et al., 2016).

3. Results

3.1.A. hypogaea RE profile change in response to RWiOianbacteria presence

Flavonoids, IAA and Trp identified in peanut RE afewn in Table 1. The interaction
between inoculation treatments and water conditiwas p<0.05.Under NRWC, Rutin,
Naringin and Naringenin were the main flavonoidssented in REs of non-inoculated
plants. Flavone family was found in lower concentration pamed to the rest of the
families. In the RE of plants inoculated with SEMI®4, Luteolin and Naringenin
increased by 66% and 23% respectively in relatmrihe non-inoculated plants, while
Chrysin and Genistein were not detectkd.contrast to these results, in RE of double
inoculated plants, Chrysin and Genistein levelsdased 5.8 and 2.4 times compared to the
values found in the non-inoculated plants, whilgcgbylated flavonoids such as Naringin

and Rutin decreased (7.5% and 75.8% respectivEaI¢ 1).

12
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The RE profile changed in response to RWC. Undisrdbndition an inhibition of the
flavone was observed. Respect to flavonove famiringenin (flavonoid precursor) was
2.8 times higher than the value found under NRW@&. LEuteolin, the increase was 150%
respect to the NRWC. After single or double inotiala Flavone was not detected in the
RE. Interestingly, in plants inoculated with SEMIAB! an increase of Luteolin (52%) and
of glycosylated flavonoids such as Naringin andilR{$5% and 30% respectively) were
observed respect to non-inoculated plants under RWC

IAA and Trp were also found in RE under NRWC (Tab)elnterestingly, we detected
that in the RE of double-inoculated plants, AIA amp exudation increased 13 times and
2.3 times respectively in relation to the RE of smooculated plants. Under RWC a
reduction by 30% in the levels of AIA in the RE walgserved. Single inoculated plants
released Trp by 2.7 times more than the non-indedlglants. Double inoculated plants
released 4.8 times more Trp and 10.5 times more #hb% no inoculated plants under
RWC.

Under NRWC the main fatty acid (FAs) detected in Wé&re saturated long chain FA
such as 16:0 and 18:0 and lesser amounts of uasadufA and FA short chain (Table 2).

In the RE of plants inoculated with SEMIA6144, 121@:0 and 16:1 were not detected.
Interestingly, an increase of 476% in the amourfEAfL8:1 was observed, compared to the
RE of non-inoculated plants. Similar, in the REdofuble inoculated plants, the increase of
18:1 was 355% compared to non-inoculated.

Under RWC, 18:A9 FA was 2 times the concentration value observe®E under
NRWC (Table 2)and this value increases in the presence of migamisms, being 4 times

higher compared to non-inoculated plants.
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Under NRWC malic, citric, succinic, lactic and aceicids were detected in the peanut
RE. The presence of SEMIA6144 increased the exudatf lactic and acetic acid being
3.8 and 1.2 times higher than the values detectethe RE of non-inoculated plants.
Double inoculation increased the exudation of &a€fi16%), malic (550%) and citric acid
(220%) (Table 2).

Under RWC the amount of the organic acids deteictdle RE were increased except
for malic and acetic acid (Table d)he presence of microorganisms caused a reduction i
the levels of organic acids exuded by the plantepkfor lactic acid which increased 209%
in the RE of simple inoculated plants, and acatid aich increased 620% in RE of doubly
inoculated plants (Table 2).

Under NRWC, peanuts RE four types of non-volatégpénes, ocimene, carene,
menthatriene and farnesene. A RWC increased thdatioa of terpenes, the value of
carene and menthatriene found was twice higher thanfound under NRWC. Also the
RWC induced the exudation of terpinolene, hymaciesl@erodiol and farnesathich had

not been detected in the NRWC (data not shown).

3.2.Bacteria motility depends on the growth conditiansl RE presence

The effect of previous bacterial growth under RW(d #he effect of the addition of RE
to the medium on the swarming (Fig. 1a) and swingnmiotility (Fig. 1b) was studied.

Figure 1.a shows the swarming motility (swa) disanetf SEMIA6144 and Az39. Both
microorganisms grown under NRWC had a diameter.dfdn. Regarding SEMIA6144,

the presence of RE increased the swa by 17% asaselinder RWC increased 8.6%

14
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respect to NRWC. The combined effect of the RWC+B&lted in an increase of 31.5%
with respect to the control (NRWC).

About Az39, the presence of RE in the motility agreased the swa motility by 57%
compared to the NRWC. The previous growth of Az3tdar RWC as well as the
simultaneous effect of RWC+RE did not affect thesignificantly (Fig. 1a).

Figure 1.b shows the swimming (swi) motility diaerebf SEMIA6144 and Az39.
Regarding SEMIA6144, the presence of RE in the lihofplate as well as the previous
growth of the bacterium under RWC increased by B4fb 63% respectively with respect
to NRWC. The combined effect of the RWC+RE resulieca 109% increase over the
NREWC (Fig. 1b). Az39 has swi motility 5.6 timesegter than that of SEMIA6144. The
presence of RE in the motility agar caused an aszen swi by 8% compared to NRWC.
The greatest effect on the motility diameter waseobed when the bacteria previously
grown under RWC and RE were added on the motiljgraln this case, the increase was
16.5% with respect to the NRWC (Fig. 1b).

On the other hand, we characterize the size of lmabils. The growth under RWC did
not modify the length of SEMIA6144 vegetative cellhile Az39 cell length increased
from 1.6 to 2.15um (data not shown). Both microorganisms showedyaifstant increase
in cell length of Swa cells with respect to the etagive cells, from 145m to 1.8um for
SEMIAG6144, and from 1.am to 2.3um for Az39. The differentiation of vegetative cell
swi cell was also highlighted by an increase frospm to 2.5um for SEMIA6144 and

from 1.6pum to 2.4um for Az39.

3.3.Bacteria chemotaxis is favored by RE from peanatvgrunder RWC
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Figure 2 show the chemotactic response of SEMIAGddd Az39 towards the peanut
RE of plants growing under NRWC and RWC. SEMIA6lgresented chemotactic
response to the Hoagland solution, 30% higher deter. Our results confirm the absence
of a chemotactic effect of the PEG molecule, sihgechemotactic response was the same
for both Hoagland and Hoagland with the additiort5fmM PEG. When chemotaxis was
evaluated against RE, it was observed that SEMIA&hbwed a high chemotaxis towards
RE from plants of RWC, being 27% higher than chemistagainst RE of plants grown in
NRWC.

Regarding Az39, the number of cells observed inegrpental chemotaxis was 1.°10
CFU.mI"* for water and the solutions of Hoagland tes@ichilar to SEMIA6144, when
chemotaxis was evaluated against peanut RE, Az@®eshhigher chemotaxis to RE from
plants grown under RWC (25% higher than RE-NRW@m@ared with SEMIA6144he
chemotactic response of Az39 to RE was greatengb@i3% higher for RE-NRWC and

5.3% higher for RE-RWC.

3.4.The adhesion of rhizobacteria to the roots of Aadgaea is promoted by RE-RWC

Figure 3 shows the CFU.MdRD (dry root) of SEMIA6144 (a) and Az39 (b) adtbte
the 7 days- lateral roots of peanut from NRWC ald®R

Statistical analysis of the data indicated intecactoetween the NRWC and RWC
factors, which would indicate that the adhesiorthef rhizobacteria to the peanut roots
depends on the previous condition of plant groviAlgure 3.a shows the adhesion of

SEMIA6144 to peanut roots. Regarding the plantsvgrander NRWC 6.8.70CFU.mg"
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RD was the number of cells adhered when the adhéegi was performed in buffer (pH
7). In order to know if the molecules present ie feanut root exudate grown under
NRWC and RWC can modify the adhesion, the adhesistihwas performed replacing the
buffer by RE (pH 5). In the presence of RE-NRWGQ ttumber of cells adhered to root
was similar to that obtained in the presence ofdoufnterestingly, in the presence of RE-
RWC, adhesion was 23% higher than in RE-NRWC. Rbggrthe plants cultivated under
RWC 2.4. 186 CFU.mg"' RD was the number of cells adhered when the aoihésit was
performed in buffer. In the presence of RE-NRW, tlnmber of cells adhered to the root
was similar to that obtained in the presence ofdoufnterestingly, under the presence of
RE-RWC, adhesion was 12.5% higher than in RE-NRWC.

Figure 3.b. shows the adhesion values of Az39 mperoots. Regarding the plants
grown under NRWC, when the adhesion test was paddrin buffer, the adhesion was
3.10° CFU.mg" RD. Surprisingly, when the adhesion was evaluitéte presence of RE-
NRWC, the number of cells adhered to the root vaS% less than the adhesion in buffer.
Similar to that observed with SEMIA6144, in the ggece of RE-RWC the adhesion was
38 % higher than in RE-NRWC.

Regarding the plants cultivated under RWC 2.2@6U.mg' RD was the number of
cells adhered when the adhesion test was perfoimduliffer. In the presence of RE-
NRWC the number of cells adhered to the root w&% 8%s than the adhesion in buffer.
Interestingly, under the presence of RE-RWC adimesias 44% higher than in RE-

NRWC.
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3.5. SEMIA6144 and Az39 improves peanut growth under RWC

After the statistical analysis we determined thHt gnowth variables studied had
significant interaction<0.05) between the factors. In an early event @efito 7 days, the
growth of un-inoculated. hypogaealants were negatively affected by RWC (-0.28 MPa)
as demonstrated by a reduction of the relative tiraate (RGR) of 44% with respect to
growth under NRWC (-0.07 MPa) (Table 3). Shoot terdecreased by 32%, while the RL
decreased by 12% under RWC with respect to NRWGh Baot and shoot dry biomass
was reduced by 43% compared to the control (Table 3

Under NRWC, the greatest effect of inoculation vadiserved at the level of root
growth, which increased 8% with single inoculatidSEMIA6144) while double
inoculation (SEMIA6144 + Az39) increased 46% congplailo non-inoculated plants.

Under RWC, both single and double inoculation naitigg the negative effects during the
first 7 days ofA. hypogaearowth. The RGR of the plants inoculated with SEE144
increased by 25%, while with double inoculation therease was 50% respect to non-
inoculated plants. SEMIA6144 inoculation favoredat@reater extent the aerial growth,
being the SDW 41% higher than that in the non-itettedl plants. The double inoculation
favored mainly root growth, being RDW 93% highearthn non-inoculated plants.

The lipid peroxidation, estimated as the MDA contémcreased in leaves and roots of
peanut plants exposed to a RWC, reaching 3.2 &weleand 2.5 for root respect to NRWC
(Table 3). Double inoculation increased MDA leveisNRWC, while under RWC the
presence of rizobacteria reduced the MDA leveleaves by 14% for simple inoculation

and 7% for double inoculation.
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4. Discussion

The aim of this study was to evaluate whether &icéige water condition impact on the
root exudation pattern oArachis hypogaeacv. Granoleic and on the very early step
required in plant-microbe interaction wiBradyrhizobiumSEMIA6144 andAzospirillum
brasilenceAz39.

After the chemical analysis of the RE, we detedtesl presence of three flavonoids
families, flavonol (Rutin), flavonone (Luteolin, Nagenin and Naringin) anth lower
concentration the flavone (Apigenin, Chrysin, Gaaig. Unlike our results, Taurian et al,
(2008) showed a high concentration of the flavosdiaidzein, Genistein and Chrysin in
the RE ofA. hypogaed.. cv. TeguaThese data taken together show that the variety of
metabolites presents in the RE is dependent oncthivar. Our work is the first
demostrating that a restrictive water condition gant growth modified the profile of
flavonoids present in the RE of peanut. RWC cawsedduction in the exudation of the
flavones, and the presence of bacterial inoculuidsndt reverse this effect. Under this
growth condition, SEMIA6144 inoculation induced &atin exudation while the amount of
Naringenin decreased. Luteolin is the main nodoitagiene induced by rhizobia and acts as
a chemoattractant (Peters et al., 1986). Some @autiave reported that Naringenin has
antagonistic activity toward the expression of Hatlan genes and abolishes chemotaxis of
Luteolin (Peters et al., 1986; Caetano-Anolléslgt1®88). Thus, our results suggest that
the reduction of Naringenin level might reinforée fpositive effect of Luteolin during the
rizobio-plant interaction as demonstrated by Mol al, (2015). Although the
Bradyrhizobium-Arachis hypogaesymbiosis occurs through “crack entry”, Boogerd an

Rossum, (1997) showed that nod factors inducedhéylant flavonoids play an important
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role in the establishment of the symbiosis. Intiémgsy, in our work we observe that the
double inoculation had an opposite effect on thedakon of some flavonoids with respect
to single inoculation, the concentration of Lutadatiecreased while Naringenin increased.
This change in the root exudates composition coulodify the early capacity of
SEMIAG6144 to interact with peanut roots in co-prese of Az39 and thus explain why
double inoculation does not effectively reverse ribgative effects of water deficit on 30-
day-old plants (Cesari et al., 2019).

In our work, the main FA detected in tAe hypogaedRE were palmitic (16: 0), stearic
(18: 0) and oleic FA (18:49) among others. Similar to our results, otherfi@nst report
that peanut roots released a higher proportior6dd, 118:0 and 18:| and a lower proportion
of 18:2 and 18:3 FA (Thompson and Hale, 1983; ltwle 2012). In our study, the simple
and double inoculation oA. hypogaeamodified the exudation profile of FA, finding an
important increase in the concentration of the colEA. This FA is involved in the
regulation of the membrane fluidity, and the eleatof oleic FA may simply be a
reflection of an up-regulation of metabolic pathwayecessary for the synthesis of new
membranes required during the infection procespoitant for colonization of roots by
microorganisms, and the invasion of cortical cealisring the “crack entry” process
(Brechenmacher et al., 2010; Mufioz et al., 2014yeHwhen peanut grew under RWC, we
observed a significant increase in oleic FA in Rieand that increase was even greater
when the plant was inoculategimilar to our results, Svenningsson et al, (198€)prted
that Brassica napuexposed to water deficit (-0.4MPa) induced by #&delition of PEG,
increase the release of 18:1 FA. Increases offfeenight have been caused by increased
synthesis, liberation from triglycerides or phosgids, or both (Thompson and Hale,

1983).
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Organic acids found in peanut RE grown under NRW&ewmalic, succinic, acetic,
citric and lactic acid, while under RWC the exudatof lactic, citric and succinic acid had
a significant increaseCitric, malic and acetic acids have been reportednaportant
constituents of the exudates of other legumé.wgsnus albusand are considered to be
related to phosphorus absorption (Neumann and RdmBRO07; Kamh et al., 1999).
Similar to our results, Song et al, (2012) showedrarease in the exudation of malonic,
lactic, acetic and succinic organic acids by cawts grown under water deficit induced by
PEG. Also, an increase in lactic acid exudation lbeen reported iQuercus ilexand in
Zea Maygground under water deficit (Song et al., 2012;galo-Garriga et al., 2018). Xia
and Roberts, (1994) reported that plants escap@xieeffects of accumulated ethanol and
lactic acid that can accumulate under abiotic stresnditions, by secreting these
metabolites from their roots. Interestingly, théues of the lactic acid found in peanut RE
were high when the plants were inoculated with SE6144, both under NRWC and
RWC, in comparison with the non-inoculated plaBsechenmacher et al, (2010) showed
that lactic acid accumulated specifically in roairh, after inoculation witlB. japonicum
In double-inoculated plants, an increment in thetia@cid exudation was observed, mainly
under RWC. Acetic acid has been reported as acieifimobiliser of phosphorus and iron
in soils for pigeonpea, rice, soybean and sorghammgng others (Strom et al., 1994). High
levels of acetic acid have been found in root etegxlaof wheat and other
monocotyledonous species grown in hydroponic cedtdout there are no reports in peanut
RE (Rovira, 1969; Kloss et al., 1984; Kraffczykagt 1984).

Although antimicrobial compounds such as terpenoids/e been reported in
Arabidopsis soybean, corn and alfalfa RE (Bais et al., 2@0D06; Gargallo-Garriga et al.,

2018), our work is the first to describe the pregeof non-volatile terpenes in peanut RE.
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RWC caused an increase in the exudation of terpenasly monoterpenes with known
antioxidant activity and sesquiterpene oxygenafegties, such as farnesol and nerodiol,
both with known antimicrobial properties.

Plant roots initiate interaction with soil microbds/ producing signals that are
recognized by microbes inducing motility, chemosaand root colonization (Bais et al.,
2006). Both rhizobacteria used in this study aréifap SEMIA6144 and Az39 showed
swarming and swimming motility. Here we show tha previous growth of bacteria with
PEG simulating RWC favored both types of motilithis could be related to changes in
the composition of the cytoplasmic membrane of dx@twhen they grow under a water
deficit, demonstrated by the increase of 51% and 21% of ghtadislylcholine in the
membrane of Az39 and SEMIA6144 respectively (Cestal., 2016; Cesari et al., 2018).
The relationship between bacterial motility and ggtwatidylcholine levels have been
previously demonstrated by our working group, smgwihat a SEMIA6144 mutant in
phosphatidylcholine biosynthesis presented redmeetlity (Medeot et al., 2010). In our
work, the addition of peanuts RE in the culture med favored the motility of both
microorganisms. In addition, some authors have shihat some chemoattractants such as
malic acid and aromatic compounds increase swidspéevariousAzospirillum strains
(Zhulin and Armitage, 1993; Lopez de Victoria et 4994; Borisov et al., 2009).We also
demonstrate that SEMIA6144 and Az39 presented giymshemotactic response towards
peanut RE. Interestingly for both bacteria the obkaxis was greater when RE-RWC were
used,suggesting that this could be related with theemwles exuded by the root under
RWC, as Luteolin, Naringenin, citric, succinic alattic acid, and oleic FA. Also, we
observed that the chemotaxis towards RE is gréatekz39 than for SEMIA6144. Barak

et al, (1983) demoted that brasilenseshow positive chemotaxis towards the organic acids
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malate, citrate and succinate, compounds that wectel in high concentration in the
peanut RE-RWC. Two types of chemotactic response baen reported for Rhizobia: a
general non-inducible chemotactic response andeaifgp inducible response to plant
phenolic compounds (Dowling & Broughton 1986). lur avork, we observed an increase
in the chemotaxis of SEMIA6144 towards RE-RWhich could be related to high
concentrations of Luteolin present in this exudate.

In this work, we show that the PGPR adhesion tadbés depended on the plant growth
condition and varies in response to the root exudamposition. The previous plant
growth condition was determinant in the adhesiotihéoroots, finding a greater adhesion to
the roots that previously grew under RWC. Undes tbondition the roots have more
radical hairs (Cesari et al., 2019) and, therefgreater adhesion surfaces. Similar to our
results, Albareda et al, (2006) reported a greatember of A. brasilenseSp7 and
Rhizobium etliadhered to roots oP. vulgaris under salt stressThe adhesion of
SEMIA6144 and Az39 to roots grown under NRWC and RWcreased when RE-RWC
was present with respect to RE-NRWC.

RWC show a negative effect on growth parameterh®f7-day peanut plants, mainly
with a significant reduction in the RGR and a daseein the shoot biomass. Simple and
double inoculation reversed the effect of RWC oa RGR of peanut. Inoculation with
SEMIAG6144 favored the shoot biomass, while inocafawvith SEMIA6144-Az39 favored
mainly the root biomass.

Oxidative stress is a collateral effect of watefiaikewhich led us to determined malonic
dialdehyde (MDA) used as a marker for lipid peratidn. Similar to that reported by
Celikol et al, (2010), we observed a 2.5-fold irms® in MDA levels in leaves of peanut

plants exposed to a RWC with respect to NRWC. &stmgly, we observed that simple
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and double inoculation increased MDA levels in NRW@ile under RWC the presence of
rhizobacteria reduced the MDA level in the leaves.

Taking into account the results obtained in thiglgt we demonstrate for the first time
that a RWC affects the profile of molecules exuldgd\. hypogaealuring its first days of
growth, increasing the exudation of precursor ftaids (Naringenin), oleic FA and
organic acids principally citric and lactic acichdastimulation in the exudation of terpenes
of known antioxidant and antimicrobial activity. @Hirst events during the interaction
between peanut-SEMIA6144-Az39 were also affectetheyRWC.In addition our results
indicate that the molecules exuded by the rootpeznut growing under RWC exert a
chemoattractant effect and favor the adhesion@btrcterial to the roots. These results not
only deepened our understanding of the PGPR-rdetaiction, but also provided useful
information to improve the mobility, chemotaxis ahe future colonization of the roots by

the PGPR.
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757  Tablesand Figures
758
759  Tablel. Chemical composition of root exudates of seven déyplants: flavonoidsug.L

760 %), indole-3-acetic acid and tryptophan (Lg.L

Flavone Flavonone Flavonol
Treatment IAA Trp
Apigenin  Chrysin  Genistein L uteolin Naringenin  Naringin Rutin

NRWC
Ul 04a 0.6a 04a 09a 1.3a 2a 24c 26b 172a
SEMIA6144 0.4 a ND ND 4.3Db 1.2a 4b 1.1b 1.8a95h
SEMIA6144+ ND 35b 09b 15a 16b 18a 0.6 a 34.2c 390c
Az39

RWC
Ul 0.3 ND 0.2 2.3b 3.7b 1.7 a 14 a 1.8a 156a
SEMIA6144 ND ND ND 35¢c 0.7 a 21b 2b 16a 422b
SEMIA6144+ ND ND ND la 0.85a 2.05b ND 19b 755¢c
Az39
761

762  Data represent mean values of three replicatesvaibbles had significant interaction
763  (P<0.05) between the factoiie analysis of variance (ANOVA) and the means caneqb
764  to Fisher's minimal difference test (LSD) were parfed on the single effect of treatments
765  of their interactions (p <0.05). Different lettarglicate a significant difference between
766  the treatments in each column for each growth d¢mmdi(NRWC and RWC),
767  <0.05).ND: not detected. Ul: Uninoculated plants.

768

769  Table 2. Chemical composition of root exudates from seveysddd plants grown under
770  NRWC and RWC, uninoculated or inoculated wiBh sp SEMIA6144 yA. brasilense
771 Az39. Fatty acid (%), Organic acidd.L™).

772
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773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

NRWC RWC
Chemical Family
ul SEMIA6144  SEMIAG614 ul SEMIA6144  SEMIA6144
4 +Az39 + Az39
Lauric acid (12:0) 2.1 ND ND ND ND ND
Fatty Myristic acid (14:0) 7.8a ND 9.1b 79a ND 10.2c
Acid Palmitic acid (16:0) 40 b 37a 35.3 ba 374c 35b la2
Palmitoleic acid 22a ND 7.7b ND ND 85b
(16:1A9)
Stearic acid (18:0) 42 ¢ 325b 295a 36.2¢c p4.5 13.5a
Oleic acid (18:19) 51a 24.3c 18.1b 98a 40 b 41 b
Malic acid 0.21a 0.38b 117 c 0.19b 0.11a @08
Organic Citric acid 0.05a 0.09b 0.11b 0.29 b 0.21a @19
Acid Succinic acid 0.20a 0.21a 0.20 a 0.39c 0.30b 48.0
Lactic acid 0.06 a 0.23b 0.43 c 0.31b 0.65c 0.18 a
Acetic acid 0.18 a 0.22b 0.25b 0.05a 0.05a .31

Data represent mean values of three replicatesvaiables had significant interaction

(P<0.05) between the factofithe analysis of variance (ANOVA) and the means caneg

to Fisher's minimal difference test (LSD) were parfed on the single effect of treatments

of their interactions (p <0.05).

Different lettdralicate a significant difference between

the treatments in each column for each growth d¢mmdi(NRWC and RWC),

<0.05).ND: not detected. Ul: Uninoculated plants.

Table 3. Effect of RWC and inoculation witB. sp SEMIA6144A. brasilenseAz39 on

growth parameters of seven days Alchypogaeglants.
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788

789

790

791

792

793

794

795

796

797

798

799

800

801

Treatments RGR SL SDw RL RDW SMDA RMDA

(9.9.day) (cm) (mg) (cm) (mg) (nmol.g?)  (nmol.gY)

Ul 3.6 11+2 ab 137+20a 11.5+2b 74+16a 13 a 2a
NRWC SEMIA6144 34 10+1 a 135#21a 11.742b 80%19b 21b 3a

SEMIA6144 4.2 11+15b 147+18b 8.9%la 108+2 ¢ 24 c 4b

+ Az39

Ul 2 75+2a 78+21a 10.1+x2.a 43+l15a 42 b 5a
RWC SEMIA6144 2.5 8.8+1b 110+15c¢ 11.5+1l.a 67+15b a36 5a

SEMIA6144 3 8.742a 103#11lb 11.1+2a 83+16b 39c 17b

+ Az39

Data represent mean values of three replicatesvaibbles had significant interaction
(P<0.05) between the factofihe analysis of variance (ANOVA) and the means caneg

to Fisher's minimal difference test (LSD) were parfed on the single effect of treatments
of their interactions (p <0.05). Significant difégrces [§<0.05) between values within a
column, for independents treatments NRWC and RW€irdicted by different letters.
NRWC: non-restrictive water condition; RWC: redtie water condition. Ul:
Uninoculated plants. RGR: root growth relative (day'), SL: shoot length (cm), SDW:
shoot dry weighi{mg.plant'), RL: root length (cm), RDW: root dry weigking.plant’).

shoot and root MDA (nmold).

Figure 1. Swarming (a) and Swimming (b) motility diametefghizobacteria grown under

NRWC and RWC with or without RE in 0.3% (a) or 0.§% water-agar medium. The

values shown are mean = SD of three independert pgiriplicate experiments. Differing
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803

804

805

806

807

808

809

810

811

letters above the bars indicate statistically digant (ANOVA, Fisher’'s LSD test, P <

0.05) differences between means.

Figure 2. Effect of root exudates from peanut plants growvder NRWC and RWC, on
chemotaxis f@B. sp SEMIA6144 and\. brasilenseAz39.The values shown are mean = SD
of three independent pairs of triplicate experimebiffering letters above the bars indicate

statistically significant (ANOVA, Fisher’'s LSD ted® < 0.05) differences between means.

Figure 3. Adhesion ofB. sp SEMIA6144 (a) and. brasilenseAz39 (b) to lateral roots of

7-days old peanut plants grown under NRWC and RWC.

36



Motility diameter (cm)

1,8 1

1,6 1

1,4

1,2 H

1,0

0,8

0,6

0,4 1

0,2 1

0,0

[_INRWC
I NRWC+RE
[ rRWC

I RWC+RE

SEMIA6144

Az39



Motility diameter (cm)

C_INRWC
CINRWCH+RE
[ rRWC

I RWC+RE

Y

SEMIA6144

Az39



Log CFU.mL"

99 I water

[ Hoagland

[ Hoagland-PEG15mM
8 RE-NRWC

RE-RWC

A\

B

o

SEMIAG6144

Az39




o

8- a
8_
1 Buffer (—_1Buffer
| ZARENRAC | 2 RENRVC
3 RERAC B2 RE-RWC
7 7]
o B B
e x [
O 64 - B-
5
z 5
(g) T
S, =
9 51
4T 43;
0 0




Highlights

» Peanut increased the exudation of naringenin, oleic fatty acid, citric and lactic
acid under water deficit.

* Water deficit affected the first events of peanut-PGPR interaction

* Theroot exudates obtained from peanut under water deficit favored bacterial
mobility, chemotaxis and adhesion to peanut roots.

» Simple and double inoculation reversed the negative effect of water deficit on

the early growth of peanut.
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