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BACTERIAS NODULARES DE HEDYSARUM CORONARIUM INCREMENTAN LA
EFICIENCIA SIMBIOTICA DE LEGUMINOSAS PERENNES EN EL SECANO
MEDITERRANEO CHILENO

ROOT NODULE BACTERIA FROM HEDYSARUM CORONARIUM INCREASE
SYMBIOTIC EFFICIENCY OF PERENNIAL LEGUMES IN CHILEAN
MEDITERRANEAN DRYLAND

RESUMEN

Alfalfa (Medicago sativa) y sulla (Hedysarum coronarium) se introdujeron en el
secano chileno para aumentar la disponibilidad de forraje y hacer frente a la sequia.
Su desempefio simbidtico en asociacion con rizobios ha sido inestable en campo y la
ocupacién de nodulos por parte de los inoculantes ha sido deficiente. Este estudio
tuvo como objetivo evaluar la eficiencia simbiética de rizobios, aislados de nédulos
de sulla cultivada en secano, en co-inoculacion con los simbiontes Rhizobium sullae
y Ensifer meliloti. La diversidad de las cepas se evalué mediante secuenciacion de
16S rRNA. La capacidad de inducir nédulos radiculares fue evaluada en sulla. Las
cepas, aparentemente incapaces de inducir la nodulacién, fueron caracterizadas y
co-inoculadas con el simbionte especifico de alfalfa y sulla para evaluar su efecto en
la nodulacién y el crecimiento de las plantas. La mayoria de las cepas se
identificaron como Rhizobium sullae, y algunas como Mesorhizobium spp vy
Rhizobium spp. Las cepas Mesorhizobium T3 y Rhizobium T5 produjeron acido
indolacético, aumentaron la eficiencia simbidtica y el crecimiento de las raices de
ambas leguminosas al co-inocularlas con sus rizobios especificos. Las bacterias
nodulares de sulla en el secano mediterraneo chileno se identificaron como
Rhizobium sullae, Mesorhizobium spp. y Rhizobium spp. Las cepas de los dos
altimos géneros pudieron aumentar la tasa de nodulacion y el desarrollo de la raiz en

alfalfa y sulla.
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SUMMARY

Lucerne (Medicago sativa) and sulla (Hedysarum coronarium) were introduced in
Chilean Mediterranean dryland to increase forage availability and to cope with
drought. Their symbiotic performance in association with rhizobia has been unstable
in field and nodule occupancy by the rhizobial inoculants has been deficient. This
study aimed to test the symbiotic efficiency of root nodule bacteria isolated from sulla
in Chilean drylands, on their own and in co-inoculation with Rhizobium sullae and
Ensifer meliloti, Hedysarum coronarium and Medicago sativa specific symbionts. The
diversity of the strains obtained from the field was assessed through RAPD-PCR
fingerprinting and 16S rRNA sequencing. Field strains ability to induce nodulation was
assessed in sulla. Strains, apparently unable to nodulate sulla, were characterized in
vitro and were assessed for their effect in nodulation and plant growth in Lucerne and
sulla in co-inoculation with their specific symbiont. Most strains were identified as
Rhizobium sullae, and some as Mesorhizobium spp and Rhizobium spp. The strains
Mesorhizobium T3 and Rhizobium T5, produced indole acetic acid and increased
sulla and lucerne symbiotic efficiency and root growth in co-inoculation with specific
rhizobia. Conclusions: Root nodule bacteria from sulla in Chilean Mediterranean
drylands were identified as Rhizobium sullae, Mesorhizobium spp. and Rhizobium
spp. Strains of the last two genera were able to increase nodulation rate and root

development in lucerne and sulla plants.



CAPITULO 1

INTRODUCCION GENERAL

El fitomicrobioma se define como todos los microorganismos que se asocian a una
planta colonizando tanto la rizésfera como la filésfera (Quiza et al. 2015). Estos
microorganismos incluyen taxones procariontes y eucariontes, y pueden colonizar la
superficie (especies epifitas) o partes internas del hospedero (Quiza et al. 2015;
Ibafez et al. 2017). Los microorganismos procariontes que pueden detectarse dentro
de los tejidos de plantas aparentemente sanas se consideran endofitos (Schulz y
Boyle 2006).

Los rizobios pertenecen al grupo alfa-proteobacteria y prosperan en diversos
entornos, ya sea en el suelo como bacterias de vida libore o como simbiontes dentro
de nddulos radiculares de leguminosas, donde fijan nitrégeno atmosférico (Masson-
Boivin y Sachs 2018). La simbiosis leguminosa-rizobio evolucion6 hace
aproximadamente 58 millones de afios y acontece en el 88% de las especies
leguminosas (Sprent 2007; Sachs et al. 2011). Esta interacciébn comienza en el suelo,
donde las plantas y los rizobios intercambian moléculas de sefial difusibles,
esencialmente flavonoides liberados por la leguminosa y factores Nod secretados por
la bacteria (Ferguson et al. 2010). Una vez que se logra el reconocimiento mutuo, se
produce una infeccion y la planta desarrolla nédulos, que son los nuevos érganos
radiculares que albergan a las bacterias (Gourion et al. 2015). Estos nddulos
proporcionan el ambiente ideal para que los rizobios fijen nitrogeno para la planta
hospedera a cambio de carbohidratos (Ferguson et al. 2019). La relacion simbiética
entre las plantas y los rizobios es delicada y puede romperse si uno de los
simbiontes esta siendo dafiado por el otro (Aguilar et al. 2018). Es ampliamente
aceptado que los ndédulos constituyen un nicho especial para la fijacion de nitrégeno,
y que esta colonizado principalmente por rizobios (Xiao et al. 2017). Sin embargo,
éstos a menudo pueden estar ocupados por un microbioma bacteriano
filogenéticamente diverso (Lu et al. 2017). Estas bacterias endofiticas residen
intercelularmente o intracelularmente dentro de los tejidos del huésped y, en general,

poseen ventajas en comparacién con sus contrapartes de vida libre ya que estan
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protegidas del estrés ambiental y de la competencia microbiana (Sturz et al. 2000).
Las bacterias dentro de los nddulos de la raiz, ademas de los rizobios, recientemente
han sido descritas como endofitos no rizobiales (ENR) (De Meyer et al. 2015),
endofitos de nédulos (Velasquez et al. 2013) o bacterias asociadas a nodulos (BAN)
(Rajendran et al. al. 2012). En este escrito, se usara la abreviatura BAN, ya que
posee un alcance mas amplio que las otras dos designaciones (Martinez-Hidalgo e
Hirsch 2017). En general, los miembros de las BAN son endofitos bacterianos no
rizobianos y no nodulantes de géneros como Azospirillum, Pantoea, Klebsiella,
Pseudomonas, Bacillus, Paenibacillus, Streptomyces (Ibafiez et al. 2009; De Meyer
et al. 2015; Lai et al. 2015; Subramanian et al. 2015; Cassan y Diaz-Zorita 2016;
Sreevidya et al. 2016), entre otros. Sin embargo, las BAN también pueden ser
rizobios que no son capaces de inducir nodulacién en la leguminosa de la que fueron
aislados, tal como informaron Tariq et al. (2014) para cepas de Ochrobactrum
aisladas de Pisum sativum y Chen et al. (2014) para cepas de Burkholderia aisladas
de Arachys duranensis. Ademas, Hakim et al. (2018) estudiaron la distribucion
relativa de rizobios endofiticos en los nédulos de raiz de Vigna radiata, una
leguminosa promiscua, e informaron que los nédulos contenian rizobios del género
Bradyrhizobium, Ensifer, Mesorhizobium y Rhizobium, donde sélo los géneros
Bradyrhizobium y Ensifer poseian genes fijadores de nitrégeno, lo que sugiere que
las bacterias Mesorhizobium y Rhizobium eran BAN.

Condiciones ambientales, como el estrés por sequia (Staudinger et al. 2016) o
temperaturas extremas (Ryalls et al. 2013), cada una sola 0 en combinacion, podrian
afectar el desarrollo de nddulos, el crecimiento de leguminosas y finalmente la
biomasa total de la planta (Jian et al. 2019). Una alternativa diferente al uso de la
inoculacion tradicional de rizobios utilizando una sola cepa bacteriana, para mejorar
el crecimiento de las leguminosas en entornos adversos, ha sido el uso de la co-
inoculacion entre rizobios y otras bacterias con caracteristicas que promueven el
crecimiento de las plantas (Chiboub et al. 2018; Armendariz et al. 2019; Ju et al.
2019) o el uso de la inoculacién triple, incluyendo dos bacterias y micorriza (Abd-Alla
et al. 2019). Algunas BAN pueden ayudar a los rizobios a extender su rango de
hospedadores (Liu et al. 2010), mejorar la nodulacion y la fijacion de N2 en simbiosis

con leguminosas (Peix et al. 2015). Se ha demostrado que la co-inoculacion de
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rizobios junto con los miembros de BAN puede mejorar el crecimiento, la longitud de
la raiz, el numero de nodulos y el peso seco de las leguminosas (Bai et al. 2002;
Ibafiez et al. 2009; Mishra et al. 2009; Rajendran et al. 2012) aunque la co-
inoculacion también puede aumentar la tolerancia de las plantas al estrés por sequia
(Silva et al. 2019). En contraste con estos efectos positivos, algunas BAN pueden
reducir la aptitud nodulante del rizobio a través de la exclusion competitiva en la
rizosfera (Gano-cohen et al. 2016), mientras que otros pueden estar presentes como
organismos oportunistas en el habitat rico en nitrdgeno provisto por el nédulo (Hoque
et al. 2011).

Sulla, Hedysarum coronarium, y alfalfa, Medicago sativa, son importantes
leguminosas forrajeras en la cuenca del Mediterraneo (Annicchiarico et al. 2014;
Benabderrahim et al. 2015). En Chile, estas especies han surgido, en los ultimos
afios, como alternativas forrajeras para los productores de ganado en el secano
Mediterraneo chileno (Ovalle et al. 2015; del Pozo et al. 2017). Los suelos de la
mayoria de los sistemas agricolas de secano estan degradados debido a la erosion,
el agotamiento de nutrientes y la baja capacidad de infiltracion y retencion de agua,
lo que en consecuencia conduce a una baja productividad y sostenibilidad (Martinez
et al. 2011). La produccion ganadera en esta area se basa en pasturas anuales y
esta fuertemente limitada por la falta de forraje disponible desde el verano hasta el
otofio, debido a la falta de lluvia, la Unica fuente de agua durante estos meses (del
Pozo et al. 2017). Sulla y alfalfa, a diferencia de las pasturas anuales, tienen raices
pivotantes y mas profundas que les permiten tolerar las condiciones de sequia de
esta area agricola (Douglas 1984; Zhang et al. 2018), lo que podria resultar en la
produccion de forraje verde en los meses de escasez.

Sulla y alfalfa pueden establecer relaciones simbiodticas con rizobios del
género Rhizobium y Ensifer, respectivamente. Sulla se asocia a Rhizobium sullae
(Squartini et al. 2002) mientras que el simbionte especifico de alfalfa es Ensifer
meliloti (De Lajudie et al. 1994). La relacion entre el sulla y su rizobio es altamente
especifica (Casella et al. 1984; Glatzle et al. 1986), la leguminosa tiende a ser un
nodulador ‘timido’ y las plantulas jovenes desarrollan rapidamente sintomas de
deficiencia de nitrégeno cuando la nodulacion es inadecuada (Drew et al. 2012) por

lo que es esencial inocular a sulla cuando la especie se cultiva fuera de su habitat
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natural (Sulas et al.2017) ya que la leguminosa rara vez nodula con rizobios del suelo
(Drew et al. 2012).

Ovalle y col. (2015) introdujeron y estudiaron el establecimiento y la
productividad de Hedysarum coronarium, Medicago sativa y otras leguminosas
perennes para proporcionar nuevas opciones para la produccion ganadera en las
regiones de secano del centro-sur de Chile. Los autores establecieron sulla en
Cauquenes y la inocularon con la cepa Rhizobium sullae WSM1592 (Yates et al.
2015). Sin embargo, la persistencia de sulla y la produccion de biomasa fueron bajas,
aparentemente porque el inoculante especifico no persistié ya que en gran parte de
las plantas no se encontraron nodulos en sus raices. Las escasas plantas
supervivientes de sulla y que mostraron mayor vigor (verdor y altura de la planta) se
encontraban noduladas pero con bacterias distintas al inoculante original (Ovalle et
al. 2015).

HIPOTESIS
Las plantas de Hedysarum coronarium poseen bacterias nodulares que ayudan a los
rizobios a inducir nodulacion y a las leguminosas a aumentar el rendimiento

simbidtico y el crecimiento aéreo y radicular.

OBJETIVO GENERAL
Evaluar el efecto de bacterias endofitas de nddulos de Hedysarum coronarium, al
usarlos en co-inoculacién con Rhizobium sullae en Hedysarum coronarium y con

Ensifer meliloti en Medicago sativa.

OBJETIVOS ESPECIFICOS
e Evaluar la efectividad simbidtica de las cepas bacterianas colectadas a partir
de nédulos Hedysarum coronarium cultivada en el secano interior de Chile, en

su hospedero original.
e Evaluar el efecto promotor de crecimiento vegetal de bacterias nodulares

aisladas desde H. coronarium, en Medicago sativa y en su hospedero original.



e Evaluar el efecto en la nodulacion de bacterias nodulares aisladas desde H.
coronarium, en Medicago sativa y en su hospedero original al co-inocular con

los rizobios especificos.
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Abstract

Aims: Lucerne (Medicago sativa) and sulla (Hedysarum coronarium) were introduced in
Chilean Mediterranean dryland to increase forage availability and to cope with drought. Their
symbiotic performance in association with rhizobia has been unstable in field and nodule
occupancy by the rhizobial inoculants has been deficient. This study aimed to test the
symbiotic efficiency of rhizobia isolated from sulla nodules in Chilean drylands, in co-

inoculation with Rhizobium sullae and Ensifer meliloti symbionts.

Methods: The diversity of the strains was assessed through 16S rRNA sequencing. Strains
symbiotic effectiveness was assessed in sulla. Strains, apparently unable to induce nodulation,
were characterized and were co-inoculated with the specific symbiont in lucerne and sulla to

assess their effect in nodulation and plant growth.

Results: Most strains were identified as Rhizobium sullae, and some as Mesorhizobium spp.
and Rhizobium spp. The strains Mesorhizobium T3 and Rhizobium T5, produced indole acetic
acid and increased sulla and lucerne symbiotic efficiency and root growth in co-inoculation

with specific rhizobia.

Conclusions: Root nodule bacteria from sulla in Chilean Mediterranean drylands were
identified as Rhizobium sullae, Mesorhizobium spp. and Rhizobium spp. Strains of the last two

genera were able to increase nodulation rate and root development in lucerne and sulla plants.
Abbreviations:

WSM Western Soil Microbiology
CFU Colony-forming unit

DAI Days After Inoculation
IAA Indole-3-actic acid

OD  Optical Density
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Introduction

The phytobiome has been described as plants, their environment, and the organisms that
interact with them, which together influence plant health and productivity (Leach et al. 2017).
The phytomicrobiome is a subset of the phytobiome, which is defined as all the
microorganisms that colonize everything connected to the plant body, i.e., the rhizosphere and
the phyllosphere, and includes all the directly associated endophytes and epiphytes (Quiza et
al. 2015). Microorganisms interacting with plants include prokaryotic and eukaryotic taxa and
can colonize the surface or internal parts of the host (Ibafiez et al. 2017). Those prokaryotic
microorganisms that can be detected within the tissues of apparently healthy plant hosts are
considered as endophytic bacteria (Schulz and Boyle 2006).

Rhizobia belong to the alpha-proteobacteria and thrive in diverse environments, either as free-
living bacteria in soil or as symbionts within the root nodules of legumes, where they fix
atmospheric nitrogen (Masson-Boivin and Sachs 2018). The legume-rhizobia symbiosis
evolved approximately 58 million years ago and occurs in 88% of all legume species (Sprent
2007; Sachs et al. 2011). This interaction begins in the soil, where plants and rhizobia
exchange diffusible signal molecules, essentially flavonoids released by the legume and Nod
factors secreted by the bacteria (Ferguson et al. 2010). Once reciprocal recognition is
achieved, an infection occurs and the plant develops nodules, which are new root organs that
house the bacteria (Gourion et al. 2015). These nodules provide the ideal environment for
biological nitrogen fixation, which the rhizobia perform for their host plant in exchange for
carbohydrates (Ferguson et al. 2019). The symbiotic relationship between plants and rhizobia
is delicate and can be broken if one of the symbionts is impaired by the other (Aguilar et al.
2018). It is widely accepted that legume root nodules constitute a special niche for nitrogen
fixation, mainly colonized by rhizobia (Xiao et al. 2017). Nevertheless, nodules are often
occupied by a phylogenetically diverse bacterial microbiome (Lu et al. 2017). These
endophytic bacteria reside intercellular or intracellularly within host tissues and are, in
general, more advantageous as compared to free-living counterparts by being protected from
environmental stresses and microbial competitions (Sturz et al. 2000). Bacteria inside root
nodules, other than rhizobia, are recently known as non-rhizobial endophytes (NRE) (De
Meyer et al. 2015), nodule endophytes (Velasquez et al. 2013), or nodule-associated bacteria
(NAB) (Rajendran et al. 2012). In this paper, the abbreviation NAB will be used, since it is
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broader in scope than the other two designations (Martinez-Hidalgo and Hirsch 2017).
Generally, NAB members are non-rhizobia and non-nodulating bacterial endophytes from
genera including Azospirillum, Pantoea, Klebsiella, Pseudomonas, Bacillus, Paenibacillus,
Streptomyces (Ibafiez et al. 2009; De Meyer et al. 2015; Lai et al. 2015; Subramanian et al.
2015; Cassén and Diaz-Zorita 2016; Sreevidya et al. 2016), between others. However, NAB
can also be rhizobia that cannot induce nodulation in the legume host from which they were
isolated, as reported Tariq et al. (2014) for Ochrobactrum strains isolated from Pisum sativum
and Chen et al. (2014) for Burkholderia strains isolated from Arachys duranensis. Also,
Hakim et al. (2018) studied the relative distribution of endophytic rhizobia in root nodules of
Vigna radiata, a promiscuous legume host, and reported that nodules contained rhizobia from
Bradyrhizobium, Ensifer, Mesorhizobium and Rhizobium genus, where only Bradyrhizobium
and Ensifer rhizobia possessed nitrogen fixing genes, suggesting that Mesorhizobium and

Rhizobium bacteria were NAB.

Many environmental conditions, such as drought stress (Staudinger et al. 2016) or extreme
temperature (Ryalls et al. 2013), each one alone or in combination, could affect nodule
development, legume growth and finally total plant biomass (Jian et al. 2019). A different
alternative to the use of the traditional rhizobia single inoculation, for enhancing legume
growth in adverse environments, has been the use of co-inoculation between rhizobia and
other bacteria that exerts plant growth promoting traits (Chiboub et al. 2018; Armendariz et al.
2019; Ju et al. 2019) or the use of triple inoculation, including two bacteria and mycorrhiza
(Abd-Alla et al. 2019). Some NAB can help rhizobia to extend their host range (Liu et al.
2010), and improve nodulation and N2 fixation in symbiosis with legumes (Peix et al. 2015). It
has been shown that rhizobia co-inoculation along with NAB members can enhance growth,
root length, nodule number and shoot dry weight in legumes (Bai et al. 2002; Ibafiez et al.
2009; Mishra et al. 2009; Rajendran et al. 2012) but co-inoculation can also increase plant
tolerance to drought stress (Silva et al. 2019). Nevertheless, in contrast to these positive
effects, some NAB may be able to reduce the fitness of nodulating rhizobia via competitive
exclusion in the rhizosphere (Gano-cohen et al. 2016), while others can serve as opportunistic

organisms in the nitrogen-rich habitat (Hoque et al. 2011).

15



Hedysarum coronarium and Medicago sativa, known as sulla and lucerne respectively, are
important forage legumes in the Mediterranean basin (Annicchiarico et al. 2014,
Benabderrahim et al. 2015) which make the perfect species to provide forage alternatives to
livestock producers in the Chilean Mediterranean dryland (Ovalle et al. 2015; del Pozo et al.
2017). The soils of most dryland farming systems are highly degraded because of erosion,
nutrient depletion and low water infiltration and holding capacity, which consequently lead to
low productivity and sustainability (Martinez et al. 2011). Livestock production in this area is
based on annual pastures and is heavily constrained by the lack of available forage from
summer to autumn (del Pozo et al. 2017) due to the lack of rain, the only source of water
during these months. Sulla and lucerne, unlike annual pastures, have pivoting and deepening
roots that allow them to tolerate the drought conditions of this agricultural area (Douglas 1984;

Zhang et al. 2018), which could result in forage production during lack of green fodder.

Sulla and lucerne can both establish symbiotic relationships with rhizobia from the genus
Rhizobium and Ensifer respectively. Sulla associates to Rhizobium sullae (Squartini et al.
2002) while lucerne specific symbiont is Ensifer meliloti (De Lajudie et al. 1994). The
relationship between sulla and its rhizobia is highly specific (Casella et al. 1984; Glatzle et al.
1986), the legume tends to be a ‘shy’ nodulator and young seedlings quickly develop nitrogen
deficiency symptoms when nodulation is inadequate (Drew et al., 2012) so it is essential to
inoculate sulla when the species is cultivated outside its natural habitat (Sulas et al. 2017)

since the legume rarely nodulates with background soil rhizobia (Drew et al. 2012).

Ovalle et al. (2015) introduced and studied the establishment and productivity of Hedysarum
coronarium, Medicago sativa, and other perennial legumes to provide new options for
livestock production to the dryland regions of central-southern Chile. The authors established
sulla in Cauquenes and the legume was inoculated with Rhizobium sullae strain WSM1592
(ates et al. 2015). However, sulla persistence and biomass production was low, apparently
because the specific inoculant did not persist since the surviving plants were nodulated with
different bacteria to the inoculant. From the same experiment established by Ovalle et al.
(2015), some surviving sulla plants showed greater vigor (greenness and plant height) and
when examining their roots, they were profusely nodulated. We hypothesize that Hedysarum

coronarium plants possess NAB that helped the rhizobia and the legume to increase symbiotic
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performance and tolerate the drought stress induced by Chilean Mediterranean dryland. The
aim of this study was to evaluate the beneficial or detrimental effect of these endophytes in co-
inoculation with Rhizobium sullae WSM1592 on Hedysarum coronarium and with Ensifer

meliloti on Medicago sativa.
Materials and methods
Nodule collection and bacteria isolation

Surviving plants of H. coronarium from field experiments in Chilean dryland (Ovalle et al.
2015) were collected from two field sites at INIA Cauquenes Experimental Station. Complete
plants (n=31) were excavated and the roots were kept in plastic bag in a cooler (10°C) until

used in laboratory.

In the laboratory, nodules were removed from the root systems and were surface sterilized by
immersion in 70% (v/v) ethanol for 30 s, followed by immersion in 30 % (v/v) sodium
hypochlorite for 90 s and six washes in sterile deionized water (modified from Hungria et al.
2016). Surface sterilized nodules were crushed and nodule contents streaked on yeast mannitol
agar (YMA) plates. After incubation at 28 °C for 3 to 15 days, depending on the rate of growth
of the strain, the bacteria were re-streaked from individual colonies onto fresh YMA plates.

Each isolate was cryopreserved in 20% glycerol in ultra-freezer at -80°C (Oskouei et al. 2010).
Molecular fingerprinting

To prepare the template for PCR reactions, loopfuls of bacteria from pure culture in YMA
plates were transferred to Eppendorf tubes with 1 ml of sterile saline solution (0.89% wi/v
NaCl). The Eppendorf tubes were centrifuged at 8000 rpm for 8 min, followed by the removal
of the supernatant. The bacterial pellet was resuspended in 500 pl of saline solution and
centrifuged to remove the supernatant (modified from Gerding et al., 2017). This was
performed twice to wash the cells. Cell template was finally standardized to an optical density
(OD) of 6.0 and 1.5 at 600 nm wavelength (Gerding et al. 2017).

The genetic diversity of the isolates was assessed at the strain level by molecular
fingerprinting using the primers RPO1 (5" AATTTTCAAGCGTCGTGCCA 3') (Richardson et
al. 1995). The PCR reaction mix for RPO1 contained 1.0 ul of cell template (ODgoonm 6.0), 0.5
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pl of Tag DNA polymerase (Invitrogen), 0.5 ul of RPO1 primer (100 nM; Integrated DNA
Technologies), 1.2 ul of 50 mM MgCl> (Invitrogen), 2.0 ul 10X PCR Rxn Buffer (Invitrogen),
0.4 pl of 10 mM dNTP and 14.4 pl of UltraPure grade water Hyclone® (Thermo Scientific) to
total 20 pl (modified from Richardson et al. (1995)). PCR was conducted on an iCycler
(BIORAD) and the cycling conditions were a cell lysis step of 5 min at 95 °C, followed by 5
cycles at 94 °C for 30 s; 50 °C for 10 s and 72 °C for 90 s; and then 35 cycles at 94 °C for 30
s, 55 °C for 25 s and 72 °C for 90 s and a final extension at 72 °C for 5 min. The PCR
products were electrophoresed in 2 % (w/v) agarose gels (Thermo Fisher Scientific) pre-
stained with 10,000X in water Gel Red™ Nucleic Acid Stain (Biotium). Generuler 100 bp
DNA Ladder (Thermo Fisher Scientific) was used as a marker. Electrophoresis was carried out
in tanks buffered with 1XTAE (40 mM Tris-Acetate, 1 mM EDTA, pH 8.0) at 100 V for 3.5 h.
Bands were visualized in a UV transilluminator. To determine genetically distinct strains, a
matrix indicating presence or absence of bands was prepared, which was used to construct a
cladogram based on the genetic distance between isolates using the NEIGHBOR application
of the Phylips program and then the MEGA 7.0 software (Kumar et al. 2016) to visualize the

cladogram.
Sequencing of the 16S rRNA gene

To investigate phylogenetic relationships among the strains, the gene encoding 16S rRNA was
amplified by PCR using universal primers for bacteria 27F (5'-AGAGTTTGATCCTG
GCTCAG-3") and 1492R (5'-GGCTACCTTGTTACGACTT- 3') (Ritchie et al. 1997). The
PCR reaction mixture comprised 2 pl of cell suspension, 0.2 ul of Tag DNA polymerase
(Invitrogen Life Technologies), 2.5 pl of forward and reverse primers, 1.5 pl of 50 mM MgCl»
(Invitrogen), 5 ul 10X PCR Rxn Buffer (Invitrogen), 1 ul of 10 mM dNTPs and 35.3 pl of
Ultra Pure grade water Hyclone® (Thermo Scientific) to total 50 pl for a single reaction. The
cycling parameters were: 5 min at 95 °C followed by 30 cycles of 94 °C for 30 s, 55 °C for 30
s and 72 °C for 90 s and a final hold at 72 °C for 7 min. The PCR products were analyzed in
1.2 % (p/v) agarose gel electrophoresis stained with GelRed Nucleic Acid Gel StainTM
(Biotium, Hayward, CA). Purified amplicons were sequenced by Macrogen Inc. (Seoul,

Korea), and used for phylogenetic analysis.

Phylogenetic analysis
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The chromatograms for partial 16S rRNA sequences, were analyzed and edited with Geneious
software (Biomatters Ltd, NZ). Sequence alignments and phylogenetic analyses were
conducted in MEGA7 (Kumar et al. 2016). The alignments were made by ClustalX and were
edited manually. The phylogenetic tree was inferred by the Neighbor-Joining method (Saitou
and Nei 1987) with a bootstrap analysis with 1000 replicates was performed to assess the
support of the clusters (Mwenda et al. 2018). The genetic distances were computed using the
Maximum Composite Likelihood method. The BLAST search tool from the National Centre
for Biotechnological Information (NCBI) was used to find species closely related to strains
isolated and to download type strain’s genetic sequences to be included in the phylogenetic

trees.
Authentication experiment

An experiment using a closed vial system was set up to confirm the ability of the different root
nodule strains to nodulate Hedysarum coronarium (Gerding et al. 2017). Seeds were surface
sterilized by immersion in 70 % (v/v) ethanol for 1 min, followed by one soak in 3 % (v/v)
sodium hypochlorite for 3 min and six washes in sterile deionized water, and the sterilized
seeds were placed on 1.5 % (wi/v) water agar plates and incubated for 72 h at 25°C in the dark.
Once the radicle had emerged the seeds were transferred to hermetic plastic vials. Four
seedlings were grown in 700 ml plastic vials, containing 350 ml of sterilized substrate
consisting of equal parts of sand and pearlite. After planting the seedlings, 20 ml of sterile
nutrient solution devoid of nitrogen was added to each vial. The nutrient solution contained
12.3 g L' MgS04.7H20; 6.8 g L' KH2PO4; 17.5g L ! K;SO4; 25 g L' Fe EDTA; 1.2 g L™!
CaSO4; 0.464 mg L' H3BOs; 0.018 mg L' Na;M004.2H,0; 0.539 mg L™ ZnS04.7H20;
0.042 mg L' MnS04,4H20; 0.141 mg L-; CoSO4.7H20 and 0.125 mg L™ CuSO4 (CRS Plant
Growth Nutrient Solution, Yates et al. 2016).

After the emergence, sulla seedlings were inoculated with 1 ml of each genetically different
strain (T1, T2, T3, T4 and T5) in yeast mannitol broth liquid medium adjusted to an ODesoonm
of 1, Two control treatments were included: nitrogen fertilized with 7.5 ml of 10 g L™ KNO3
uninoculated (N*) and uninoculated devoid of nitrogen (N°). Five plant replicates per treatment
were grown in a temperature controlled phytotron at 25 £ 2 °C, under axenic conditions for 17
weeks. At harvest, plants were carefully removed from the vials, and washed in tap water.
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Number of nodules, nodule score and nodule effectivity were measured. The nodule score was
assessed using a modified version of Howieson and Ewing (1989) in Table 1, in which the
total plant score is based upon the sum of each individual nodules scores which are themselves
the product of their size and position. The variable nodule effectivity was determined
dissecting each nodule to see its internal coloration (white, pink or red); if the coloration was
red or pink the nodule was effective and if it was white, the nodule was considered ineffective.
Two nodules were sampled from each plant and the re-isolated bacteria were fingerprinted
with the primer RPO1 to confirm their identity (Gerding et al. 2017).

Compatibility between strains

The strains Mesorhizobium T3 and Rhizobium T5 (strains that showed an increase in
nodulation in sulla roots), were tested for compatibility with Rhizobium sullae WSM1592 T1,
Ensifer meliloti WSM2141, rhizobia strain used in Australia, and E. meliloti AG118 strain
obtained from the Chilean Patagonia that showed the best symbiotic efficiency (Galaz 2019).
To assess the compatibility, all the strains were standardized at ODgoonm of 1. One hundred pl
of T3 and T5 were distributed superficially in YMA plates using a glass rod and immediately
after the absorption, 3 drops of 10 pul of T1, WSM2141 and AG118 were deposited above to
see if as the bacteria grew, a halo of inhibition was formed by any of them. Four replicates of
each bacteria were included in the analysis.

IAA production capacity

To quantify IAA, a calibration curve was made with IAA concentration between 0 and 50 pg
ml~!. An aliquot of 0.6 ml of each dilution was mixed with 0.4 ml of reagent Salkowski (98 ml
perchloric acid 35%, 2 ml 0.5 M FeCl3) (Sarwar and Kremer 1995). After 30 min of
incubation at ambient temperature the absorbance was measured at a wavelength of 530 nm in
a spectrophotometer. Data of absorbance and IAA concentration was fitted to a linear
regression (R = 0.99; P < 0.001) to obtain a calibration curve. To evaluate IAA production by
each isolate, two loopfuls of cells were inoculated in 5 ml of standard nutrient broth and
incubated at 24 £ 2°C in an orbital shaker at 160 rpm for 85 hours. One ml of the bacterial
suspension was placed in Eppendorf tubes, and centrifuged at 5000 rpm for 3 min. A sample
of 0.6 ml of the supernatant was mixed with 0.4 ml of reagent Salkowski and analyzed with a
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spectrophotometer to determine IAA concentration as described above (Sepulveda-Caamafio
et al. 2018). After the determination, the OD of the strains was measured to standardize at the

same optical density and to determine the amount of IAA of each rhizobia treatment.

Assessing the timing of nodule initiation and development on H. coronarium and Medicago

sativa

The experiment was designed as the authentication essay with modifications. Surface
sterilized germinated seeds of sulla and lucerne (Q31) were sowed in the hermetic vials and
immediately inoculated with 1 ml of bacterial suspension in 1% w v* sucrose. All the rhizobia
strains tested were compatible so the treatments used for sulla were: R. sullae WSM1592
alone, R. sullae WSM1592 + Mesorhizobium T3 and R. sullae WSM1592+ Rhizobium T5, and
for lucerne: E. meliloti WSM2141 alone, E. meliloti WSM2141 + Mesorhizobium T3, E.
meliloti WSM2141 + Rhizobium T5, E. meliloti AG118 alone, E. meliloti AG118 +
Mesorhizobium T3 and E. meliloti AG118 + Rhizobium T5. The bacteria were standardized to
an ODegoonm Of 1 for each strain alone and 0.5 of each strain in co-inoculation (Fox et al. 2011).
Forty-eight hermetic vials were included per experimental, since the evaluations on time were
destructive. Sulla and lucerne plants were harvested 5, 7, 10, 14, 17, 21 and 26 DAI for nodule

initials counting, and measurement of root depth and aerial height.

Plants were grown in a phytotron with 170.0 umol s for a maximum of 26 DAI and fertilized
with a 20 ml of a nutrient solution devoid of nitrogen (refer to authentication experiment) at
the moment of sowing. For nodule initials counting, roots were cleared in 10% w v KOH at
room temperature for 2 h, rinsed with water, then acidified in 0.25 M HCI for 5 min, stained in
0.1% (w/v) Brilliant green for 30 min and de-stained in water overnight (Fox et al. 2011).
Nodule initials were distinguished from lateral root initials and were counted under a

dissecting microscope at x 20 magnification (Cheng et al. 2002; Fox et al. 2011).

Symbiotic effectiveness of isolated strains in co-inoculation with R. sullae and Ensifer

meliloti.

Germinated seeds of sulla and lucerne were sowed in 500 ml plastic pots. Immediately after
sowing, plantlets were inoculated with 1 ml of bacteria suspended in 1% w v! sucrose which

was standardized to an ODeoonm Of 1 and applied to the root area. The bacterial treatments were
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the same as used in the Nodule initiation and development experiment and two non-inoculated

controls were also included (N- and N+) which were supplied weekly with a nutrient solution
devoid of nitrogen and with 5 ml of 0.1 g L KNOs solution, respectively (refer to
authentication experiment). All plants were watered three times a week with 20 ml of DI

water.

After 42 DAI shoots and roots of harvested plants were separated at the hypocotyl. Root and
aerial height was measured, nodules were counted and individual nodules were scored using
Table 1. The shoots and roots were then dried for 2 d at 60°C prior to weighing to assess dry
matter production. The root area was determined using the ImageJ software. The roots were
scanned, the images were converted to binary images, to associate the number of black pixels

to a specific length, using ImageJ, to finally determine total root area.
Data analysis

Nodule initial counts were plotted on time, and the area under the nodulation progress curve
(AUNPC) was calculated for each inoculation treatment (Sepulveda-Caamarfio et al. 2018).
Number of nodules, nodule scoring, nodule effectivity, shoot height, dry matter, nitrogen
effectivity, root depth, root area data and the AUNPC were subjected to an analysis of
variance (ANOVA) which was carried out with the statistics software INFOSTAT version
2008 (Di Rienzo et al. 2008). The mean separation test used was the Fisher’s least significant
difference (LSD) test with o =0.05. Variables that did not meet some of the ANOVA
assumptions were transformed to square root, and those that could not be adjusted despite
having transformed them, were analyzed with non-parametric analysis, as in the case of

nodule effectivity and root depth.
Results
Bacteria isolation and phylogeny based on 16S rRNA

Twenty nodules were collected from the first site and 51 from the second site resulting in 64
isolates. After analysis of the RPO1-PCR fingerprinting patterns, only 5 distinct strains were
identified as T1, T2, T3, T4 and T5.

22



A 690 to 1020 bp internal fragment of the 16S rRNA gene was successfully amplified for the
5 strains. The analysis of the 16S rRNA gene sequences (Fig. 1) allowed grouping 3 strains
within the genus Mesorhizobium and 2 strains within the genus Rhizobium, supported with 95
and 99% bootstrap value respectively. Within the Mesorhizobium genus clade, 2 subclades
were formed, both with 100% bootstrap value. The first subclade (A) included T3, T4, M.
ciceri, M. loti, M. ginshengii, M. shangrilense, M. australicum and M. cantuariense. In the
second subclade (B) strain T2, and the type strains M. opportunistum, M. jarvisii, M.
erdmanii, M. huakuii, M. amorphae y M. waimense were grouped. Within the Rhizobium
genus clade 2 subclades were formed with 100% and 99% bootstrap value for clade C and D
respectively (Fig. 1). T1 was grouped in clade C, which includes Rhizobium sullae strain
WSM1592, and the type strain Rhizobium sullae 1S123. Finally, T5 was grouped in clade D
together with R. esperanzae, R. etli, R. acidisoli, R. aegyptiacum, R. lentis, R. binae, R.

bangladeshense y R. anhuiense.
Authentication of strains as root nodule bacteria

The pH of the starter fertilizer was 5.5 and the number of nodules per plant varied from 0 to
33. Nitrogenized (N+) and not nitrogenized (N-) treatments were included in all the statistical
analyses because the plants of these controls formed nodules in their root systems. Due to
nodulation in the uninoculated controls, the whole experiment was replicated twice, obtaining

the same results.

In terms of nodule numbers, it was possible to observe significant differences between the
treatments (P= 0.0101). Rhizobium (T5) and Mesorhizobium (T3) were the only treatments
that differed from uninoculated controls (Fig. 2). Regarding nodule effectivity (P=0.01), only
Rhizobium (T5) was able to reach higher values compared to uninoculated controls (Fig. 2).
For the variable nodule scoring (Table 2), all the strains showed the greatest significant
difference (P=0.0280) but in this case, Mesorhizobium (T3) and Rhizobium (T5) stood out
compared with N+ and N- treatments.

Since controls had nodules, to confirm the ability of the strains to nodulate sulla,
approximately 3 to 8 nodules were selected per treatment, bacteria were isolated and RPO1
RAPD-PCR was performed to confirm the strains identity. All the isolates obtained from
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nodules from every inoculation treatment corresponded to the strain Rhizobium sullae
WSM1592 (T1) through RPO1-PCR fingerprinting, even for isolates from treatments T2, T3,
T4 and T5, suggesting that this strain is established as a seed endophyte in H. coronarium.
Although apparently, strains T2, T3, T4 and T5 did not induce nodulation in H. coronarium,
inoculation with Rhizobium sp. (T5) and Mesorhizobium (T3) had a positive effect in nodule
effectivity, nodule score and number of nodules per plant (Table 2 and Fig. 2), stimulating
sulla nodulation in 73% and 48% respectively in comparison with Rhizobium sullae
WSM1592 (T1) by itself. Therefore, further experiments were planned to assess the plant
growth promoting abilities and their nodule promoting abilities in co-inoculation rhizobia.

Production of Indole acetic acid by nodular endophytes and rhizobia

All the strains were able to produce IAA (Table 3). NAB strains isolated from Hedysarum
coronarium nodules produced between 2.24 to 12.62 ug IAA ml, where Mesorhizobium T3
outstood as the largest producer. Whereas, Rhizobium sullae WSM1592 was the lowest 1AA
producer with 1.40 ug ml?, followed by Ensifer meliloti WSM2141 with 3.60 pug ml™?, and the
largest producer was Ensifer meliloti AG118, a naturalised rhizobia isolated from Chilean
Patagonia with 17.45 ug IAA ml? (Table 3).

The strain that produced the highest amount of 1AA in medium without the addition of
tryptophan was Ensifer meliloti AG118, followed by Mesorhizobium T3 and the strains that
produced the lowest amount of IAA were Rhizobium sullae WSM1592, Ensifer meliloti
WSM2141 and Rhizobium T5, without statistical differences between them (Table 3).

Assessing the timing of nodule initiation and nodule development on H. coronarium and

Medicago sativa

In general terms there were no significant effects of co-inoculation in the timing of nodulation
in Hedysarum coronarium (Fig. 3, Table 4) or in Medicago sativa (Fig. 4, Table 4). Only at
day 10 after inoculation, the treatment R. sullae WSM1592 + Mesorhizobium T3 induced a
higher number of nodule initials in H. coronarium in comparison to the other two treatments,

however, this rise was not significantly different (P=0.0692) (Fig. 3).
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In terms of root depth, sulla plants showed higher values 14 days after inoculation (P <0.01)
with the R. sullae WSM1592 + Mesorhizobium sp. T3 treatment (Fig. 5) in comparison with
R. sullae WSM1592 alone. For lucerne, it was also possible to observe differences using the
Chilean native rhizobia and the Australian strain WSM2141 in co-inoculation with the nodular
endophytes. The greatest depth in co-inoculation with respect to rhizobia alone was only
achieved with E. meliloti AG118 + Rhizobium sp. T5 (P <0.01) 5 days after inoculation and
for E. meliloti WSM2141 + Mesorhizobium sp. T3 (P <0.01) 10 days after inoculation (Fig. 6).

Symbiotic effectiveness of isolated strains in co-inoculation with R. sullae and Ensifer meliloti

For sulla, there were significant differences in shoot height (P=0.0494), shoot dry matter
(P=0.0282), nitrogen efficiency (P=0.0225) and root area (P=0.0067), but there were no
differences in number of nodules, nodule scoring, nodule effectivity and root depth (P>0.05).
The N+ treatment, Rhizobium sullae WSM1592 alone and in co-inoculation with
Mesorhizobium T3 and Rhizobium T5 all induced greater height in plants and greater dry
weight compared with the N- control (Table 5). Root area in H. coronarium varied from 0.83
cm? to 7.40 cm?, where the N+ control outstood with highest area, followed by R. sullae
WSM1592 + Mesorhizobium T3, that was also significantly different from the N- control
(Table 5).

Results in lucerne showed significant differences in nodulation, shoot height, shoot dry matter,
nitrogen efficiency, root depth and root area, and non-significant differences in nodule scoring
and nodule effectivity (Table 5). Ensifer meliloti WSM2141 and AG118 induced the same
amount of nodules in lucerne roots (Table 5). The rhizobial treatment that induced the higher
number of nodules in lucerne roots was E. meliloti WSM2141 + Rhizobium T5, treatment
significantly different to E. meliloti AG118 + Mesorhizobium T3 and E. meliloti WSM2141+
Mesorhizobium T3 (Table 5). All E. meliloti strains, either alone or in co-inoculation with
Mesorhizobium T3 and Rhizobium T5, reached the same height as the N* control, and all were
statistically differentiated from the N control (Table 5). The highest shoot dry matter was
reached by the N+ control. E. meliloti AG118 alone or in co-inoculation, and E. meliloti
WSM2141 + Rhizobium T5 did not statistically differentiate from the control with N,
however, E. meliloti WSM2141 alone or in co-inoculation with Mesorhizobium T3 could not

reach the highest dry weight values, in spite of their statistical differences from the control
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without N (Table 5). Lucerne N- and inoculated with E. meliloti AG118 reached the highest
values in root depth and were different from E. meliloti WSM2141, N+ and E. meliloti AG118
+ Mesorhizobium T3 (Table 5). The root area trait in lucerne plants varied from 3.56 cm? to
6.33 cm?, where also N+ control outstood with highest area and was followed by all E. meliloti
AG118 treatments alone or in co-inoculation. All E. meliloti WSM2141 treatments alone or in
co-inoculation were not significantly different from the N- control (Table 5).

Regarding the nitrogen fixation effectiveness in sulla (Fig. 7), only co-inoculations were able
to induce values significantly higher than the N- control. R. sullae WSM1592 alone only
reached 60% of efficiency + dry weight, being classified as a partially effective strain; R.
sullae WSM1592 with Rhizobium T5 reached around 70% and coinoculated with
Mesorhizobium T3 it reached around 85%. Although both coinoculations differed significantly
from the N- control, the first was classified as partially effective, and the second as an
effective strain (Fig. 7). In the case of Lucerne, no significant differences were found between
treatments in terms of percentage of mean shoot dry weight. In terms of nitrogen efficiency in
lucerne, all rhizobia treatments differed from the control without N, however, E. meliloti
WSM2141 alone and E. meliloti WSM2141 + Mesorhizobium T3 were classified as partially
effective strains because they did not reach 75% efficiency (Fig. 7).

Discussion

Sulla (Hedysarum coronarium) and lucerne (Medicago sativa) have emerged as forage
alternatives for Mediterranean drylands in central Chile. However, particularly in the case of
sulla, their symbiotic relationship with rhizobia has not been as efficient as expected (Ovalle et
al. 2015). From established sulla plants, root nodule bacteria other than the inoculant were
isolated. Some of these strains were identified as Mesorhizobium spp, and were clustered close
to strains associated with Amorpha fruticosa legumes, species of the Astralagus genus, with
the Sophora genus, Biserrula pelecinus, Lotus corniculatus and Cicer arietinum. Strains of the
Rhizobium genus in clade C (Fig 1) correspond to the symbionts reported for Hedysarum
coronarium. Rhizobium sullae IS 123 is a type strain which was described by Squartini et al.
(2002) and was isolated from nodules of Hedysarum coronarium in southern Spain. The strain
WSM1592 was isolated in 1995 from H. coronarium sampled in Italy and is the current
Australian commercial inoculant due its high effectivity in fixing atmospheric nitrogen (Yates
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et al. 2015). The phylogenetic analysis of a study conducted by Yates et al. (2015) revealed
that the strain WSM1592 is the most genetically related to the type strain IS 123. Rhizobium
strains located in clade D are associated with pulses such as Vicia faba, Lens culinaris,
Phaseolus vulgaris and the forage legume, Trifolium alexandrinum. Of all these legumes
mentioned above, B. pelecinus and L. corniculatus were evaluated by Ovalle et al. (2004,
2015) in the same experimental station and inoculated with the rhizobial inoculants described
above, which could explain the presence of these rhizobia strains in the soil. The rhizobial
strains associated to pulses and T. alexandrinum are strains that are commonly found in

Chileans soils due their extensive cultivation in the rainfed area.

Co-inoculation between Rhizobium sullae WSM1592 and the nodule associated rhizobia was
completely accidental. The objective of the authentication test was to verify that the bacteria
isolated from sulla nodules, effectively formed nodules and were able to fix atmospheric
nitrogen with the original host. However, all the nodules that had reddish and pink coloration
contained the Rhizobium sullae WSM1592 symbiont. One possible explanation for this is the
possibility that the seeds contained endophytic Rhizobium sullae. This is supported by the fact
that plants were inoculated and grew in hermetic and sterile vials, with sterilized substrate; and
the experiment was replicated twice showing the same results. Diverse authors have reported
endophytic bacteria in legume seeds (Oehrle et al. 2000; Lopez-L6pez et al. 2010; Mora et al.
2014; Aguilar et al. 2016, 2018; Alibrandi et al. 2018) but recently, it was demonstrated that
nitrogen-fixing rhizobia is also found within legume seeds as endophytes (Mora et al. 2014).
Aguilar et al. (2016) also observed nodule formation in uninoculated plants and they attributed
it to seeds as a source of the bacteria. Additionally, plants collected from the second site had
not been deliberately sown in that area, but emerged from the seeds that were in the soil from
previous seasons experiments. In spite of this, it was possible to isolate Rhizobium sullae

WSM1592 from nodules collected in this site, reinforcing the idea of endophytic rhizobia.

From these last results, however, we cannot assure that R. sullae WSM1592 is the only
bacteria fixing nitrogen inside the nodule, due to the type of isolation that was performed.
Identification of bacteria in nodules has traditionally relied on their cultivability when streaked
on YMA plates (Lu et al. 2017). Nevertheless, such results do not provide direct information

on the relative distribution of particular bacterial genera within the nodules (Xiao et al. 2017,
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Hakim et al. 2019), because the method is significantly influenced by bacterial growth
characteristics and/or incubation conditions (Hakim et al. 2019). For example, it is expected to
see growth from nodule squashes begin with two to four days for classic fast growers, such as
Rhizobium and Ensifer genus, while colony growth is seen from three to seven days for

Mesorhizobium genus (Gao et al. 2004; Hungria et al. 2016).

What could be observed in the authentication experiment is that strains Mesorhizobium T3 and
Rhizobium T5, isolated from sulla nodules, apparently promoted colonization by Rhizobium
sullae WSM1592, an effect that was verified when performing the in vivo experiment in both

sulla and lucerne.

The two experiments performed with sulla in vivo indicate that co-inoculation of Rhizobium
sullae WSM1592, a highly specific symbiont of Hedysarum coronarium, together with the
strains isolated from their nodules do not exert a negative effect on any of the measured
variables, on the contrary, they promote symbiotic performance and root development. The
advantages of co-inoculation versus using simple inoculation are reflected in: greater early
root depth and nodule formation, greater nitrogen efficiency and root area 6 weeks post-
inoculation and greater number of nodules and nodule scoring at the end of the experiment
using the R. sullae WSM1592 + Mesorhizobium T3 combination for all cases. Inoculation
with R. sullae WSM1592 + Rhizobium T5 is also beneficial versus single inoculation in terms
of greater nitrogen efficiency 6 weeks post-inoculation, greater number of nodules and nodule
scoring after 17 of growth. The results in lucerne confirm that co-inoculation of Ensifer
meliloti with strains isolated from sulla nodules can also induce benefits on this species versus
single inoculation, but this behavior depends on the Ensifer meliloti and the endophyte strain
combination. During the first 10 days after inoculation, E. meliloti AG118 with Rhizobium T5
induced greater root length than with single inoculation, while for E. meliloti WSM2141 the
same effect can be observed in co-inoculation with Mesorhizobium T3. Also lucerne plants
inoculated with E. meliloti WSM2141 and Rhizobium T5 had significantly more nodules than
plants co-inoculated with Mesorhizobium T3. An interesting observation is that E. meliloti
AG118, alone and independent of the co-inoculant, can achieve the greatest values in all the
variables measured (Table 5). Finally, the results reflect that, in lucerne, the E. meliloti

WSM2141 + Mesorhizobium T3 combination is not harmful to the plant, however, it fails to
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achieve maximum symbiotic benefits in association with the plant compared to other
treatments such as E. meliloti WSM2141 + Rhizobium T5. On the other hand, single E.
meliloti AG118 inoculation manages to match the symbiotic performance of E. meliloti
WSM2141 + Rhizobium T5, with the advantage that this strain induces greater root depth and

root area.

NAB members can provide beneficial services to their host plants in co-inoculation with
rhizobia, improving the symbiotic performance through increase in nodulation, nitrogen
fixation and leghemoglobin content (Mishra et al. 2009; Khalifa and Almalki 2015;
Subramanian et al. 2015; Egamberdieva et al. 2017), also are capable of promoting the legume
yield (Saidi et al. 2013; Martinez-Hidalgo et al. 2015; Le et al. 2016; Egamberdieva et al.
2017) and root development (Khalifa and Almalki 2015). This is consistent with our results,
which showed improvements in both symbiosis and root development in sulla and lucerne
using NAB and rhizobia. The production of the auxin IAA has been reported for rhizobia of
genera Rhizobium (Bhattacharjee et al. 2012; Garcia-Fraile et al. 2012; Flores-Félix et al.
2013), Ensifer (Bianco and Defez 2010) and Mesorhizobium (Wdowiak-Wrobel and Matek
2016), reports that are coincident with our results since the WSM1592, WSM2141, AG118,
T3 and T5 strains used in the in vivo essays, in both sulla and lucerne, belong to the
Rhizobium, Ensifer and Mesorhizobium genus. All the benefits observed in terms of symbiosis
and root depth in sulla when inoculated with R. sullae WSM1592 + Mesorhizobium T3 and in
lucerne inoculated with E. meliloti AG118 alone can be explained by the high production of
IAA by Mesorhizobium T3 and E. meliloti AG118. IAA is involved in the increase in the
number of nodules (Boiero et al. 2007; Ali et al. 2008) and also enhances development of
longer roots with an increased number of root hairs and lateral roots (Wdowiak-Wrébel and
Matek 2016; Sindhu et al. 2019). An interesting case occurs with E. meliloti AG118 +
Mesorhizobium T3 which, despite the negative induction of nodules, it was still classified as
an effective treatment. This could be explained by the high amounts of IAA that both strains
produce, amount that probably increased the activity of the nitrogenase enzyme in each
nodule, enzyme which transforms atmospheric nitrogen into ammonia that plants can then use
for growth (Smith 2002). Defez et al. (2019) reported that higher values of IAA produced by a
genetically modified E. meliloti strain (56 uM IAA) increases the expression of nitrogen

fixation genes and the activity of the nitrogenase enzyme compared to a poor IAA producing
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E. meliloti strain (0.60 uM). Ali et al. (2008) also reported that application of IAA improved
growth, leghemoglobin content and nitrogenase activity in mung bean plants. In addition, IAA
has proven to be an important hormone to increase salinity resistance (Bianco and Defez 2009)

and drought response in plants (Defez et al. 2017).

The greater induction of nodules and nitrogen fixation with the combination E. meliloti
WSM2141 + Rhizobium T5 in lucerne is not explained by IAA production of WSM2141 or
T5. Rhizobium T5 could have induced greater nodulation for other reasons, it could produce
ACC deaminase that also improves nodulation (Shahzad et al. 2010; Zahir et al. 2011) or
maybe another hormone such as cytokinins, which along with IAA, generate nodule primordia
in response to rhizobia (Boivin et al. 2016).

The big difference between the two co-inoculations in sulla is that R. sullae WSM1592 +
Mesorhizobium T3 is able to induce 13% more biomass than R. sullae WSM1592 + Rhizobium
T5, expressed in N fixation effectiveness (Fig 7). Nitrogen fixation effectiveness delta is more
pronounced when comparing R. sullae WSM1592 + Mesorhizobium T3 to R. sullae
WSM1592 alone, with an increase of 24.6%. This delta is very important, especially in
Mediterranean dryland where sulla is desired to be established, since drought stress causes
severe effects on plant growth and impairs the process of nitrogen fixation (Furlan et al. 2017).
As for the increase in root depth caused by the co-inoculation of both legumes during the first
fourteen and 42 days after inoculation, the increase is beneficial for the establishment of
forage species under rainfed conditions. In any of these perennial species, which are
characterized by deep roots, the fact that it accelerates the deepening rate means that they will
reach an underground water source in less time compared to the same legume inoculated with
single rhizobia. In addition, if this acceleration in the deepening rate is accompanied by a
greater production of secondary roots (root area), it is a perfect combination for the plant to
generate higher nodulation points and also acquire nutrients that cannot be supplied by the

rhizobial inoculant.
Conclusions

There are NAB associated Hedysarum coronarium that are rhizobia residing in Chilean soils.
Some of these NAB are benefiting H. coronarium and Medicago sativa plants by increasing
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number of nodules, nitrogen efficiency, depth and root area when used in co-inoculation with
the specific nitrogen-fixing rhizobia of each legume. These findings could be promising for
the establishment of legumes in drought stress conditions, as occurs in the Chilean dryland
soils. However, future field essays are necessary to confirm our results, especially in this

climate.
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FIGURES
Fig. 1 Phylogenetic tree of the 16S rRNA gene from 5 isolates (in bold) and type strains of

closely related species.
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Fig. 2 Number of nodules and nodule effectivity in Hedysarum coronarium plants inoculated

with different endophytic strains, 17 weeks after sowing.
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Fig. 3 Number of nodule initials induced in Hedysarum coronarium seedlings on time,

inoculated with Rhizobium sullae WSM1592 alone and in co-inoculation with nodular

endophytes.
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Fig. 4 Number of nodule initials induced on Medicago sativa seedlings on time, inoculated

with Ensifer meliloti AG118 and WSM2141 alone and in co-inoculation with nodular

endophytes.
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Fig. 5 Root depth of Hedysarum coronarium seedlings collected at 7, 10, 14, 17 and 26 days
after inoculation with Rhizobium sullae WSM1592 alone and in co-inoculation with nodular

endophytes.
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Fig. 6 Root depth of Medicago sativa seedlings collected at 7, 10, 17, 21 and 26 days after
inoculation with Ensifer meliloti AG118 and WSM2141 alone and in co-inoculation with
Hedysarum coronarium nodular endophytes.
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Fig. 7 Mean shoot dry weights of Hedysarum coronarium (left) and Medicago sativa (right)
inoculated with rhizobia alone and in co-inoculation with nodular endophytes expressed as a
percentage of N uninoculated treatment fertilized with nitrogen. N- denotes the uninoculated

treatment without nitrogen. Plants were harvested 42 days after inoculation.
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TABLES

Table 1. Nodule score system used to evaluate nodulation (adapted from Howieson and
Ewing, 1989)

Size Weighting Position of nodule Weighting

On upper tap (0-5 cm) or on lateral

Large 5-8 mm 3 o 2
roots within 1 cm of upper tap

Medium 3-4 mm 2

Small <1-2 mm 1 Nodules elsewhere on root system 1

Source: Own elaboration

Table 2 Variables measured in Hedysarum coronarium plants inoculated with different
endophytic strains, after 17 weeks of growing.

Treatment Nodule scoring Nodule effectivity (%)
N- 3.53 12.50

Tl 7.89 20.42

T2 9.26 26.95

T3 11.90* 11.19

T4 8.56 12.20

T5 12.40* 28.30*

N+ 3.66 Oc

“ Treatments significantly different to both uninoculated controls.

Source: Own elaboration
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Table 3 Indole acetic acid produced by commercial Rhizobium sullae WSM1592, Ensifer
meliloti WSM2141, Chilean native E. meliloti AG118 and Hedysarum coronarium nodular

endophytes.

Treatment IAA production DOgoonm 1 (ug ml?)
Rhizobium sullae WSM1592 1.40d
Mesorhizobium sp. (T2) 8.37c
Mesorhizobium sp. (T3) 12.62b
Mesorhizobium sp. (T4) 10.61bc

Rhizobium sp. (T5) 2.24d

Ensifer meliloti (AG118) 17.45a

Ensifer meliloti (WSM2141) 3.60d

Source: Own elaboration

Table 4 Comparison of the area under the nodulation progression curve (AUNPC) for
Hedysarum coronarium and Medicago sativa inoculated with Rhizobium sullae and Ensifer

meliloti alone and in co-inoculation with nodular endophytes.

Treatment AUNPC H. AUNPC M. sativa
coronarium

Rhizobium sullae WSM1592 alone 37.47a -

R. sullae WSM1592+ Mesorhizobium T3 62.31a -

R. sullae WSM1592 + Rhizobium T5 41.87a -
Ensifer meliloti AG118 alone - 20.22a
E. meliloti AG118 + Mesorhizobium T3 - 13.28a
E. meliloti AG118 + Rhizobium T5 - 14.88a
Ensifer meliloti WSM2141 alone - 17.67a
E. meliloti WSM2141 + Mesorhizobium T3 - 26.25a
E. meliloti WSM2141 + Rhizobium T5 - 20.51a

Source: Own elaboration
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Table 5 Variables measured in Hedysarum coronarium and Medicago sativa plants after 42

days post inoculation.

Treatment n  Number Nodule Nodule Shoot Shoot Root Root
of scoring  effectivity height dry depth  area
nodules (%) (cm) matter (cm) (cm?)

(@)

Hedysarum coronarium

N- 6 - - - 3.08b 0.0lb 12.48a 0.83c

WSM1592 6 5.33a 11.33a  80.79a 8.10a 0.06a 15.15a 3.38bc

WSM1592+T3 5 5.42a 12.22a  75.84a 7.43a 0.08a 19.66a 3.80ab

WSM1592+T5 6 4.17a 13.83a  89.29a 7.73a 0.07a 16.38a 2.37bc

N+ 4 - - - 9.04a 0.10a 18.28a 7.40a

Medicago sativa

\\ 11 - - - 6.77b  0.0lc 1857a 3.56b

AG118 10 9.39%ab 22.14a  95.84a 22.73a 0.11ab 17.41a 6.05a

AG118+T3 12 8.92b 21.17a  94.21la 20.70a 0.11ab 13.63b 5.19a

AG118+T5 12 12.67ab 23.67a  91.50a 23.83a 0.11ab 16.90ab 5.87a

WSM2141 11 11.42ab 18.60a  88.67a 21.66a 0.10b  14.66b 4.92ab

WSM2141+T3 12 8.75b 17.92a  97.22a 21.43a 0.10b  15.34ab 5.06ab

WSM2141+T5 11 13.99a 24.64a  99.48a 22.14a 0.12ab 14.85ab 4.98ab

N* 9 - - - 23.41a 0.14a 13.87b 6.33a

Source: Own elaboration
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CAPITULO 3

CONCLUSIONES GENERALES

En suelo chilenos, existen cepas bacterianas asociadas a nddulos de Hedysarum

coronarium distintas del inoculante original para esta especie.

Algunas de estas bacterias nodulares benefician a plantas de H. coronarium y
Medicago sativa al ser co-inoculadas con los rizobios especificos para ambas
leguminosas, aumentando el numero de nodulos, la eficiencia del nitrogeno, la

profundidad y el area de la raiz.

En H. coronarium, la co-inoculacién con el rizobio especifico Rhizobium sullae
WSM1592 y la bacteria nativa Mesorhizobium T3 aumenta la eficiencia de fijacion de
nitrégeno de R. sullae WSM1592 en aproximadamente 25%.

En M. sativa, Ensifer meliloti AG118 por si sola alcanza una excelente eficiencia de
fijacion de nitrogeno, mayor profundidad de raiz y también mayor area de la raiz. La
cepa Ensifer meliloti WSM2141 aumenta su efectividad simbiética en alfalfa al ser co-

inoculada con la bacteria nodular Rhizobium T5.

Por lo tanto, seria aconsejable co-inocular ambas especies de leguminosas cuando
se utiliza Rhizobium sullae WSM1592 para Hedysarum coronarium y Ensifer meliloti
WSM2141 para Medicago sativa.

Estos hallazgos podrian ser promisorios para el establecimiento de leguminosas en
condiciones de estrés, como ocurre en el secano mediterraneo chileno, sin embargo,
es necesario realizar ensayos en terreno, especialmente en este clima, para

confirmar estos resultados.
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