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Delftia sp. strain JD2 is a plant-growth-promoting bacte-
rium that enhances legume nodulation and growth, acting
as nodule-assisting bacterium during the co-inoculation of
plants with rhizobial strains. In this work, we evaluate how
the co-inoculation of alfalfa with Sinorhizobium meliloti
U143 and JD2 increases plant yield under greenhouse con-
ditions and we analyze the pattern of secreted bioactive
compounds which may be involved in the microbe-plant
communication. The chemical composition of extracellular
cultures (EC) produced in hydroponic conditions (collected
4,7, and 14 days after bacterial treatment) were character-
ized using different chromatographic and elucidation tech-
niques. In addition, we assessed the effect that plant irriga-
tion with cell-free EC, produced during co-inoculation
experiments, would have on plant yield. Results showed in-
creased alfalfa shoot and root matter, suggesting that
U143-JD2 co-inoculation might be a beneficial agricultural
practice. The pattern of secreted secondary metabolites
among treatments showed important differences. Qualita-
tive and quantitative changes in phenolic compounds (in-
cluding flavonoids), organic acids, and volatile compounds
were detected during the early microbe-plant interaction,
suggesting that the production of some molecules positively
affects the microbe-plant association. Finally, the irrigation
of co-inoculated plants with cell-free EC under greenhouse
conditions increased plant yield over agronomic expecta-
tions. This effect might be attributed to the bioactive secon-
dary metabolites incorporated during the irrigation.

Leguminous plants are economic important crops. They are
source of proteins (high protein content of some grains) and
other nutrients, and are used as pastures. Pastures such as
alfalfa and clover play an important role in dairy and meat pro-
duction, being sources of protein, fiber, and energy (Phan Tran
and Nguyen 2009). Thus, the ability of many legumes to form
associations with plant-growth-promoting bacteria (PGPB) that
increase plant yield is of high ecological and economic interest.
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The comparison between chemical and biological fertilization
supports the idea that the uses of PGPB in commercial
formulations represent an economic, sustainable, and environ-
mentally friendly alternative to maintain nutritional needs of
an agroecosystem (Morel et al. 2012).

The biological nitrogen (N) fixation process in leguminous
plants plays a very important role in terms of plant production
in agriculture. Rhizobia are bacteria that fix atmospheric N
when associate with leguminous plants. The N fixation is pre-
ceded by root morphological changes that include the root-
nodule formation (where rhizobia are transformed into bacter-
oids and fix N as the result of the nitrogenase activity) (Morel
and Castro-Sowinski 2013). Thus, rhizobia promote growth by
increasing the N supply to the legume host plant. In addition,
the enhanced nodulation by the combined inoculation with rhi-
zobia and other PGPB has been reported for several legumes.
This phenomenon may be mainly due to changes in root-exuded
molecules such as flavonoids that increase the transcription of
rhizobial nodulation genes (Dardanelli et al. 2008, 2012; Morel
and Castro-Sowinski 2013; Narula et al. 2009; Volpin et al.
1996). However, other molecular factors in addition to flavo-
noids—for example, phytohormones, volatile organic com-
pounds (VOC), quorum-sensing signaling molecules, extracel-
lular polysaccharides, and proteins—have been involved in the
establishment of the mutualistic interaction between legume
and rhizobia (Morel and Castro-Sowinski 2013).

Microbial secreted hormones (auxins and cytokinins) influ-
ence plant cell division and differentiation, affecting root and
shoot architecture and functioning. VOC may have antibiotic
functions, induce different phytohormonal signaling networks,
and activate immune systemic resistance and cytokinin-de-
pendent pathways for plant growth promotion. The best-known
roles attributed to plant flavonoids are in chemoattraction of
rhizobia to the legume root and as a primary molecular signal
for rhizobial nod-gene induction, followed by nodulation fac-
tor production. Extracellular polysaccharides have roles as
protection against stress, attachment to surfaces, plant invasion,
and inhibition of plant defense in plant-microbe interactions.
For better information on molecular signaling in microbe-plant
interaction, see Morel and Castro-Sowinski (2013).

Bacteria of the genus Delftia are Betaproteobacteria (family
Comamonadaceae), recognized by their ability to promote
plant growth (diazotrophic and biocontrol agents against various



plant pathogens) (Morel and Castro-Sowinski 2013). They fix
atmospheric N, produce auxin indole-3-acetic acid (IAA) and
siderophores, promote alfalfa and clover growth under N-rich
conditions in gnotobiotic experiments, and assist as a “helper”
bacterium during rhizobia-legume interaction, inducing early
nodulation and increasing the number of nodules per plant
(Han et al. 2005; Morel et al. 2011; Ubalde et al. 2012). These
microorganisms might be used in cooperative association with
rhizobia and exploited for developing new sustainable, envi-
ronmentally friendly agrotechnological practices.

The general aim of this work was to contribute to the under-
standing of the communication network established between
alfalfa plants and the bacterial consortium Sinorhizobium meli-
loti U143 and Delftia sp. strain JD2. We seek to answer the fol-
lowing questions. Does Delftia sp. strain JD2 associate with
alfalfa roots and does co-inoculation with S. meliloti U143 have
an effect on plants in the greenhouse? Does co-inoculation
change the profile of extracellular components found in the
growth media? Are these extracellular components the cause of
the observed plant growth promotion? This work shows the
importance and the potential of these compounds derived from
legumes and rhizobacteria in biotechnology.

RESULTS

Does Delftia sp. strain JD2 associate with alfalfa roots
and does co-inoculation with S. meliloti U143 have
an effect on plants in the greenhouse?

The ability of Delftia sp. strain JD2 to improve biomass pro-
duction and to colonize the root, during inoculation and co-
inoculation experiments, was assessed as described below in
the sections “Plant assay” and “Visualization of JD2 infec-
tion”, respectively. Results are shown in Table 1 and Figure 1.

Co-inoculation increased shoot and root matter (measured as
dry weight) up to 13 and 34%, respectively, over U143-inocu-
lated plants. Single JD2 inoculation did not increase shoot
yield but increased root yield by 12% compared with a single
inoculation with U143, suggesting that JD2 affects alfalfa root
development (Table 1).

Epifluorescence microscopy experiments showed the coloni-
zation of alfalfa roots by JD2 (Fig. 1). At 4 days after inocula-
tion, JD2 cells were found in the emergent lateral roots of
alfalfa, and 3 days after bacterial cells were observed following
the longitudinal root cell wall (including root nodules surface).

Does co-inoculation change the profile
of extracellular components found in the growth media?

Secreted molecules during the microbe-plant interaction
were analyzed using different chromatographic procedures, in
a temporal fashion, as indicated below (section “Chemical
identification and quantification of molecules”). Cell-free extra-
cellular cultures (EC) were prepared as described in the section
“Hydroponic experiments and collection of EC”. During this
study, we did not discriminate between plant roots or bacterial
secreted molecules.

Results of liquid-chromatography mass spectrometry (LC-
MS) and gas-chromatography mass spectrometry (GC-MS)
analysis are shown in Tables 2 to 5. A general overview of re-
sults suggests the relationship between plant age and exudates
composition, shown by a different molecular composition over
time.

Apigenin, chrysin, and genistein were the main flavonoids
exuded by alfalfa under uninoculated conditions, with maxi-
mum values of flavonoid exudation in 4-day-old seedling.
Their concentrations were dramatically reduced 7 days after
inoculation, suggesting that flavonoids might be degraded or
used by the plant or microbes (Table 2).

The analysis also showed that most tested flavonoids were
present at higher concentrations at the early stage (4 days com-
pared with 7 and 15 days after inoculation) of the microbe-
plant interaction, mainly during co-inoculation experiments.
On average, three-, two-, three-, and threefold inductions in
apigenin, chrysin, genistein, and naringin production, respec-
tively, were detected in co-inoculation experiments compared
with U143 single inoculation. Morin was not detected, and the
plant flavanone naringenin content diminished 190-fold in
exudates obtained in co-inoculation experiments.

Luteolin was detected at unexpectedly low concentration in
all conditions. Luteolin secretion by alfalfa was low (compared
with others flavonoids) but 7- and 146-fold induction were
found during JD2-inoculation and co-inoculation experiments
(4-day-old seedlings), respectively. Later, luteolin concentra-
tion significantly decreased but always showed higher (60 to
120 times) concentration in co-inoculated EC compared with
U143-inoculated EC (Table 2).

The time course secretion of IAA and the amino acid trypto-
phan (Trp) (biosynthetic precursor of IAA) is shown in Table
2. The phytohormone IAA was not found in uninoculated hy-
droponic experiments but was found in inoculated treatments,
when Trp was not detected. Trp was detected during the early
stage (4 days after inoculation) of the microbe-plant interac-
tion, and probably was totally consumed 3 days after, during
IAA biosynthesis. The concentration of IAA was higher in co-
inoculated hydroponic experiments than in single-inoculation
(JD2 or U143) experiments.

GC-based metabolite profiling was used to analyze the time
course secretion of low-molecular-weight (LMW) compounds.
Only chromatographic peaks with a signal/noise ratio of three
or higher were considered and their chemical nature was iden-
tified. Many metabolites, including fatty acids (FA), amino
acids, organic acids, and carbohydrates, were detected (Tables
3t05).

Slight differences were found in the pattern of LMW secreted
molecules at the early stage of the interaction. Compounds
present at 4 days are the terpene limonene, a VOC plant de-
rived with antioxidant activity that might be secreted during
the inoculation with U143, and many organic acids commonly
found in EC.

Over time (7 and 15 days after inoculation), when the con-
centration of flavonoids declined, EC showed a very diverse
profile of LMW molecules among treatments (Tables 4 and 5).
Many organic acids (derived from FA oxidation and lignin
degradation) were detected, including dicarboxylic acids (suc-
cinic, pyruvic, adipic, and malic), monocarboxylic acids (ace-
tic and lactic, butyric, and hydroxybutyric), and benzenic acids
(cinnamic and benzoic). A wide spectrum of FA was detected
but no clear trend was identified. The monosaccharide and FA
composition of EC collected 4 days after inoculation was also

Table 1. Effect of Delftia sp. strain JD2 on alfalfa growth under green-
house conditions

Weight (mg/plant)”
Treatment SDW RDW
Nonfertilized and uninoculated 120 8b 270+50¢
Inoculation with JD2 130+6b 300 £ 60 bc
Inoculation with U143 150+ 2 cb 270+20c¢
Co-inoculation with JD2 and U143 170+ 26 ¢ 360 + 50 ab
N fertilized 280+30a 450 £ 60 a

* SDW = shoot dry weight and RDW = root dry weight. Results (mean *
standard deviation) expressed as milligrams of dry matter per plant are
from one of three independent experiments with a similar trend. Dif-
ferent letters indicate significant difference among treatments (P <
0.05).
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analyzed by GC-flame ionization detector (FID). N-fertilized
and JD2- and Ul43-inoculated EC showed a similar relative
sugar composition (25% ribose, 25% celobiose+galactose, and
50% glucose). Interestingly, 100% glucose was detected in co-
inoculated EC. GC-FID analysis confirmed the profile of FA
detected by GC-MS, except that the lignoceric acid was de-
tected in co-inoculated EC.

Are these extracellular components the cause
of the observed plant growth promotion?

Most of the molecules that are already known to be involved
in the microbe-plant interaction were detected during the early
stage of the interaction; thus, we decided to study how plants

respond when they are irrigated with cell-free EC, collected 4
days after co-inoculation, under greenhouse conditions, as de-
scribed in “Plant assay”.

The statistical analysis did not show differences in the val-
ues of shoot dry weight (SDW) and root dry weight (RDW)
among EC-irrigated plants, regardless of treatment. However,
significant differences were detected between EC-irrigated and
water-irrigated treatments (Table 6). Results showed that SDW
and RDW statistically increased in plants subjected to single
(JD2 or U143) or double inoculation (co-inoculation with JD2
and U143) when irrigated with EC but did not in N-fertilized
control plants (Table 6), suggesting that the cocktail of mole-
cules in EC might assist in the microbe-plant communication

Fig. 1. Root colonization by Delftia sp. strain JD2. A, Transmitted light and B, fluorescence microscopy of alfalfa roots row 1, 4 days after inoculation with
JD2 (growing root tips are shown emerging from the principal root base); row 2, 4 days after co-inoculation (growing root tips are shown emerging from the
principal root base); and row 3, 7 days after co-inoculation (root nodule) Bar = 77.06 um. Fluorescence was not detected in control roots (noninoculated

plants) or on nodules of plants inoculated with U143.
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during the microbe-plant interaction, and not through a direct
effect on the plant.

In general, the addition of EC increased plant growth but the
major effect was observed in RDW, with increments of 19 and
44% in co-inoculated and U143-inoculated plants, respectively
(Table 6). Although TAA was not detected in EC collected 4
days after co-inoculation, the Trp (already detected in these
EC) might be a source of precursors for the bacterial produc-
tion of TAA that might account for the root growth promotion
in greenhouse experiments.

DISCUSSION

Previous results showed that nodulation significantly im-
proved (early nodulation and more nodules per root) when
alfalfa plants were co-inoculated with S. meliloti U143 and
Delftia sp. strain JD2 compared with single inoculation in gno-
tobiotic conditions (Morel et al. 2011). In this work, we
assessed the co-inoculation of alfalfa under greenhouse condi-
tions. Results showed an increase of 13 and 33% in shoot and
root weight, respectively, when alfalfa plants were co-inocu-
lated compared with single rhizobial inoculation. On average,
an increase of 4 to 5% in crop yield has an important impact in

agricultural production. The data obtained in greenhouse ex-
periments show that co-inoculation increased alfalfa yield,
overcoming the agronomic expectations.

Results from many studies concerning the effect of co-inoc-
ulation on legume growth were summarized by Morel and
associates (2012). The best-known genera identified as “help-
ers” of the rhizobia-legume symbiotic process are Azospirillum
(Cassan et al. 2009; Itzigsohn et al. 1993), Bacillus (Bullied et
al. 2002; Mishra et al. 2009), and Pseudomonas (Egamberdieva
et al. 2010; Fox et al. 2011), among others. Our data support
the idea that Delftia sp. strain JD2 is a helper bacterium that
assists during the alfalfa-sinorhizobia interaction, improving
alfalfa yield under greenhouse conditions. Thus, we propose
that Delftia may be included in the list of bacteria potentially
useful in industrial formulations.

Secretome analysis.

Understanding the role that the molecules (commonly found
in EC) have during the plant-microbe interaction might help to
design new strategies to improve agronomical practices. Our
hypothesis of work implied that the presence of the plant root
is required for bacteria to secrete molecules involved in the
microbe-plant interaction, and all of our experiments included

Table 2. Chemical composition of root exudates: flavonoids (uM), indole-3-acetic acid (IAA; nM), and tryptophan (Trp; pM)*

Flavone Flavanone Flavone Flavonol
Treatment, DAI Apigenin Chrysin  Genistein Naringenin  Naringin  Luteolin Morin IAA Trp
Uninoculated control
4 3.464 a 4327 a 3.400 a 0.087 a 0.098 a 0.586 a ND ND ND
7 0.007 b 0.300 b 0.005 b 0.162 a ND 0.013 bc ND ND ND
15 0.017b 0.576 ¢ 0.035b 0.810b 0.041 a 0.014 be ND ND 0.06 a
Inoculated with U143
4 6.715¢ 9.903 d 6.340 ¢ 11271 ¢ 0.105 a 0.021 be ND 40a 0.20 a
7 0.152b 0.036 ¢ 0.117b 0.492d 0.036 a 0.004 bc ND 2.4b ND
15 1.662 b 1.688 f 0.336d 2.665 e 0.039 a 0.001 b ND ND 0.18 a
Inoculated with JD2
4 0.276 b 4318 a 0.730 e 2.253 f 0.089 a 0.149 bed ND ND 0.16 a
7 0.026 b ND 0.030 b 0.007 a ND ND ND 39a ND
15 0.140b ND 0.084 bd 0.577 g ND 0.035 bed ND ND 0.01 a
Co- inoculated with JD2 and U143
4 18.030d 19.393 ¢ 17419 f 0.060 a 0.324b 3.073 e ND ND 0.15a
7 0.965 b 8.780 h 0.956 a 0.909 b 0.018 a 0.260 d ND 47 ¢ ND
15 0.001 b 1.178 i 0.012b 0.373d 0.040 a 0.126 be ND ND 0.02 a

* Alfalfa plants grown in hydroponic systems were inoculated with Delftia sp. strain JD2 or S. meliloti U143. Composition was analyzed 4, 7, and 15 days
after inoculation. DAI = days after inoculation and ND = not detected. Results are from one of three independent experiments with similar trends. Different
letters indicate a significant difference among treatments in each column (P < 0.05).

Table 3. Chemical composition of root exudates (4 days after bacterial treatment): low molecular weight (trimethylsylil derivatives)”

Chemical family All treatments Inoculation with U143 Inoculation with JD2 Co-inoculation

Fatty acids Propanoic acid (C3:0) Nonanoic acid (C9:0) Nonanoic acid (C9:0)
Myristic acid (C14:0) Oleic acid (C18:1 cis-A9)
Palmitic acid (C16:0)
Stearic acid (C18:0)

Terpenes Limonene Limonene

Butanediol
Cinnamic acid
Isopropylmalic acid
Monopalmitin
Adipic acid

Lactic acid

Acetic acid
Unidentified amides
Urea

Volatile organic compounds
Phenolic compounds
Organic acid and derivatives

Amides, amines and other N-compounds

Carbohydrates and Polyols

Caproic amide

Benzoic acid

Malonic acid Hydroxybutyric acid

Caproic amide

Arabinose
Inositol

* Compounds included in the column named “All treatments” were detected in all treatments, including nonbacterized controls. Compounds exclusively
found in a specific treatment were indicated in the corresponding column. In all cases of compounds reported, differences between theoretical and
experimental calculated linear retention index values were smaller than 10 units, confirming mass spectrometry identification. Results are from one of three

independent experiments.
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Table 4. Chemical composition of root exudates (7 days after bacterial treatment): low molecular weight (trimethylsylil derivatives)”

Chemical family All treatments Inoculation with U143 Inoculation with JD2 Co-inoculation

Fatty acids Palmitic acid (C16:0) Nonanoic acid (C9:0) Nonanoic acid (C9:0) Nonanoic acid (C9:0)
Stearic acid (C18:0) Lauric acid (C12:0) Capric acid(C10:0)
Oleic acid (C18:1 cis-A9)
Lauric acid (C12:0)
. .. Myristic acid (C14:0)
Carboxylic acid and derivatives Monopalmitin Succinic acid Lactic acid Lactic acid
Acetic acid Piruvic acid
Adipic acid

Amides, amines, amino acids, and
other N-compounds Succinic acid imide Urea 2-Aminoethanol
Urea
Serine
Homoserine
Carbohydrates and Polyols Glycerol Inositol Inositol Galactose
Glucose
Sucrose

* Compounds included in the column named “All treatments” were detected in all treatments, including nonbacterized controls. Compounds exclusively
found in a specific treatment were indicated in the corresponding column. In all cases of compounds reported, differences between theoretical and
experimental calculated linear retention index values were smaller than 10 units, confirming mass spectrometry identification. Results are from one of three
independent experiments.

Table 5. Chemical composition of root exudates (15 days after bacterial treatment): low molecular weight (trimethylsylil derivatives)”

Chemical family All treatments Inoculation with U143 Inoculation with JD2 Co-inoculation

Fatty acids Nonanoic acid (C9:0) Mpyristic acid (C14:0) Lauric acid (C12:0) Butyric acid (C4:0)
Palmitic acid (C16:0) Pentadecanoic acid (C15:0) Oleic acid (C18:1 cis-A9) Caproic acid (C6:0)
Stearic acid (C18:0) ... Capric acid (C10:0)
Lauric acid (C12:0)
Myristic acid (C14:0)
Oleic acid (C18:1 cis-A9)
Volatile organic compounds Propanediol Methyl benzoate
Carboxylic acid and derivatives Monopalmitin Lactic acid Lactic acid Glicolic acid
Adipic acid Succinic acid Acetic acid
Adipic acid
Azelaic acid
Benzoic acid
Amino acids, amines, and other N-compounds ... Carbonyl diamide Urea
Serine Serine
Homoserine Threonine
Homoserine
Carbohydrates and Sugar alcohol Ribose Mannose Arabinose Xilulose
Glucose Mannose Gulonic acid lactone
Galactose Ribonic acid Glycerol
myo-Inositol .. Xylose Xylitol
. Fructose e
Sucrose
Lactose
Maltose
Erythritol
Xylitol
Arabitol
Glycerol
Pyridine derivatives Nicotinic acid

* Compounds included in the column named “All treatments” were detected in all treatments, including nonbacterized controls. Compounds exclusively
found in a specific treatment were indicated in the corresponding column. In all cases of compounds reported, differences between theoretical and
experimental calculated linear retention index values were smaller than 10 units, confirming mass spectrometry identification. Results are from one of three
independent experiments.

Table 6. Effect of cell-free extracellular culture (EC) in alfalfa yield*

SDW (mg/plant) RDW (mg/plant)
Treatment +EC -EC +EC -EC
Nonfertilized and uninoculated 223+25b 120+ 8d 315+ 40 dbc 270 £ 50 dbc
Inoculation with JD2 225+21b 127+60d 318 £ 40 dbc 296 £ 58 dbc
Inoculation with U143 220+ 16 b 149 £ 21 cd 475+ 38 a 267+ 10b
Co-inoculation with JD2 and U143 207+ 17 eb 170+ 30 ed 442+25a 360+50d
N fertilized 262+ 14 a 281+26a 448 +59 a 421+41a

* Cell-free EC were prepared and used once as watering solution in greenhouse experiments. Four conditions were evaluated: alfalfa plants inoculated with
JD2 or U143, co-inoculated with JD2 and U143, and N fertilized. SDW = shoot dry weight and RDW = root dry weight; +EC = irrigation with cell-free EC
and —EC = control plants irrigated with water. Results (mean * standard deviation), expressed as milligrams of dry matter per plant, are from one of three
independent experiments with similar trend each. Different letters indicate significant differences among treatments (P < 0.05).
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the plant root. However, it is important to indicate the possibil-
ity that at least some of the growth stimulation molecules may
result from the interaction between both bacteria (U143 and
JD2), even in the absence of plant root.

The chemical analysis of EC showed that most tested flavo-
noids were present at higher concentrations 4 days after bacte-
rial treatment rather than at 7 and 15 days after inoculation
(when nodulation was already established). In addition, the con-
centration of flavonoids was higher in co-inoculated experi-
ments than in uninoculated control plants and in single-inocu-
lated treatments. These results might suggest that the plant had
recognized both microorganisms (U143 and JD2) as beneficial
partners, as also suggested by Juge and associates (2012) when
working with Bradyrhizobium and Azospirillum in association
with soybean.

The concentration of luteolin was unexpectedly low (com-
pared with others flavonoids) but this result might be attributed
to our experimental design. The time-zero of hydroponic experi-
ments were defined when 5-day-old seedlings were transferred
to a fresh mineral medium before inoculation. Luteolin is
mainly found in seed extracts (but not in alfalfa roots) (Hartwig
et al. 1990; Zhang et al. 2007) and it was probably present in the
solution discarded previous to inoculation. The plant flavone
luteolin is the main S. meliloti nodulation gene inducer (Peters
and Long 1988) and acts as a chemoattractant molecule
(Caetano-Anollés et al. 1988). Thus, the increment in luteolin
level (observed in JD2-inoculated and co-inoculated EC) sug-
gests that JD2 cells have the ability to modify the secretion of
alfalfa nod-gene-inducing flavonoids such as luteolin, among
others. Interestingly, a reduction in naringenin level was ob-
served in co-inoculated treatments. Naringenin has antagonistic
activity toward the expression of sinorhizobial nodulation genes
(Peters et al. 1986) and abolishes chemotaxis to Iluteolin
(Caetano-Anollés et al. 1988). Thus, the reduction of naringenin
level might reinforce the positive effect of luteolin during the
microbe-plant interaction.

Most legumes release root-diffusible attractant signal mole-
cules such as flavonoids, which trigger rhizobial production
of nodulation factors (NF). NF are among the most important
molecules in the microbe-plant dialog, mediating rhizobia
recognition by the plant root and nodule organogenesis (Morel
and Castro-Sowinski 2013). Although we did not determine
the presence of NF, the increased concentration of some
plant flavonoids (especially luteolin) in EC, may suggest that
the production and secretion of NF was also increased, as
reported by Volpin et al. (1996). In summary, our results sug-
gest that, during co-inoculation, the balance of flavonoids
(kind and quantity; either nodulation gene activators or re-
pressors) may play a role on the nodulation control and
chemotaxis.

An inverse correlation between Trp and IAA levels was de-
tected (Table 2), suggesting that the plant-excreted Trp (by
roots to rhizosphere) was probably used for the synthesis of
IAA. Results showed the secretion of IAA when plants were
inoculated and co-inoculated with JD2, matching with the mo-
ment in which no Trp was detected and the concentration of
flavonoids drastically decreased. Thus, the IAA was probably
detected and used as a signal during plant cell growth. The
results suggest a time course of molecular events during the
microbe-plant interaction. During early stages (4 days after
inoculation), flavonoids were the main molecular marker that
signaled for the NF biosynthesis and, later (7 days), the secre-
tion of the phytohormone IAA was the dominant signal lead-
ing for root proliferation. The phenotype associated with the
proliferation of alfalfa roots due to the bacterial secretion of
the auxin IAA during co-inoculation experiments was summa-
rized by Morel and Castro-Sowinski (2013).

Many organic acids, including FA, and carbohydrates were
detected by GC-MS in all treatments. Oxalic, malic, fumaric,
succinic, acetic, lactic, pyruvic, malonic, and glutaric are the
most common organic acids that have been identified in EC of
different plant species (Bertin et al. 2003; Dakora and Phillips
2002; Jones 1998; Neumann 2007; Sandnes et al. 2005;
Shukla et al. 2011). They act as nutrient source, improve plant
availability of some nutrients, and reduce pH, aiding in the
solubilization of cations (Bertin et al. 2003; Dakora and Phillips
2002; Khorassani et al. 2011; Sandnes et al. 2005). The release
of large amounts of organic acids to the rhizosphere was also
expected because they induce the growth of preexisting rhizo-
bacteria and act as chemoattractants for microbes toward the
roots. We also detected nicotinic, adipic, benzoic, lignoceric,
and cinnamic acids, all recognized as lignin derivatives usually
found in EC (Shukla et al. 2011). In general, the plant cell wall
increases the content of lignin as a response to pathogens
(Jayamohan and Kumudini 2011). Thus, if U143 and JD2 are
not recognized as pathogens, the secretion of lignin derivatives
in co-inoculated EC may reflect an increased plant cell wall
flexibility that helps root colonization by rhizobia.

Many FA commonly found in EC were detected: palmitic
(16:0), oleic (18:1), and stearic (18:0), among others (Badri and
Vivanco 2009; Dutta et al. 2013). Although no clear trend in FA
profile was detected among EC, unsaturated and short-chain-
length FA were mainly found in co-inoculated EC. These FA are
involved in membrane fluidity and may reflect changes in the
plant cell membrane fluidity necessary for bacterial root coloni-
zation, as suggested by Brechenmacher and associates (2010)
when working on the Bradyrhizobium colonization of soybean.
In addition, the long-chain-length lignoceric acid was detected
by GC-FID in co-inoculated EC during an early stage of infec-
tion. Although the function of lignoceric acid in the microbe-
plant interaction is unknown, the accumulation of lignoceric
acid was detected in soybean roots after 48 h of inoculation with
Bradyrhizobium japonicum (Brechenmacher et al. 2010), and it
was involved in the interaction between maize and the consor-
tium formed by arbuscular mycorrhizal fungi and helper bacteria
(Azotobacter, Azospirillum, Rhizobium, or Pseudomonas spp.)
(Rajesh Kannan et al. 2011). Curiously, the exogenous applica-
tion of very long fatty acids, such as lignoceric acid (C24:0),
was directly involved in polar auxin transport and distribution in
lateral roots, as shown in Arabidopsis (Roudier et al. 2010).

Among detected plant-growth-promoting VOC, butanediol
was found in all treatments. Butanediol is responsible for the
activation of the cytokinin-dependent and ethylene-dependent
signaling pathways that induce systemic resistance (Ping and
Boland 2004). The VOC limonene (monoterpene with antioxi-
dant activity) was detected only in co-inoculated and U143-
inoculated EC, collected 4 days after inoculation. The increase
of limonene content in soybean seed inoculated with Bradyrhi-
zobium spp. was previously reported (Silva et al. 2013). Limo-
nene prevents dehydration, induces defenses against predators
(secreted as alarm or trail pheromones), inhibits growth of
some potential pathogenic microbes (Bennett et al. 2012; Duetz
et al. 2003), and may be used as a carbon source by some micro-
organisms (Duetz et al. 2003).

The detection of sugars and polyols was only relevant dur-
ing the later stage of infection (15 days after inoculation).
Polyols are involved in drought saline stress tolerance through
the stabilization of membranes and proteins in alfalfa and soy-
bean (Brechenmacher et al. 2010).

Plant growth promeotion.

Legume roots exude flavonoids that induce the expression of
the rhizobial nod genes which, in turn, control the synthesis of
NF, which are bacteria-to-plant signal molecules (Macchiavelli
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and Brelles-Marifio 2004). In our study, we investigated whether
the complex cocktail of molecules present in EC has an effect
per se on plant growth.

A general overview of Table 6 shows that the irrigation of
alfalfa plants (inoculated and co-inoculated) with EC under
greenhouse conditions increases shoot yield and root system.
Thus, results support the idea that rhizospheric exudates might
have an important role in the establishment of the plant-bacte-
ria interaction, enhancing the performance of rhizobial strains
during co-inoculation of alfalfa. This effect might be due to the
production of active metabolites that assist during the microbe-
plant interaction.

The addition of bacterial metabolites in the performance of
the microbe-plant interaction has been studied before. Marks
and associates (2013) showed that the addition of Bradyrhizo-
bium spp. metabolites produced during bacterial growth in lig-
uid medium enhances the performance of soybean (4.8% grain
yield). Even the simple addition of submicromolar concentra-
tion of NF to hydroponically growing seedling of Medicago
truncatula, under rhizobial inoculation, increased the number
of nodules per plant (Macchiavelli and Brelles-Marifio 2004).
In soybean, Molla and associates (2001) found root growth
stimulation by the addition of a cell-free supernatant of Azo-
spirillum brasilense Sp7 or IAA in the greenhouse. To the best
of our knowledge, this is the first report about the beneficial
effect of combining co-inoculation and treatment with EC
(plant and bacteria metabolites) on plant growth and yield.

Conclusion.

The main achievement obtained during this study was the
contribution of the understanding of how alfalfa and the con-
sortium Sinorhizobium-Delftia exchange signaling molecules
during an effective interaction. In addition, the results support
the idea that the co-inoculation improves agronomic expecta-
tions compared with single-rhizobial inoculation. Four days
after inoculation, nod gene inducing flavonoids were the main
molecular signal detected and possibly involved in the chemi-
cal dialog; however, over time, the production of IAA became
an important chemical sign that probably was responsible for a
major root development. Other chemical signals were also de-
tected as the increase in the secretion of unsaturated and short-
chain FA and organic acids derived from lignin degradation;
all these molecules are probably involved in membrane fluidi-
zation that might prepare the root for rhizobial colonization.
The root colonization by JD2 was already shown during this
work. Finally, the addition of hydroponic cell-free EC produced
during the co-inoculation of alfalfa was enough to increase
plant growth of inoculated plants. The results suggest that the
secondary metabolites produced during the co-inoculation of
alfalfa effectively have plant-growth-promoting activity and
may be used in biotechnological formulations.

MATERIALS AND METHODS

Strains used in this study.

The bacterial strains used in the present study were Delftia
sp. strain JD2 (Morel et al. 2011) and the microsymbiont of M.
sativa, S. meliloti U143, regularly used in the commercial for-
mulation produced in Uruguay (Castro-Sowinski et al. 2002).
Cells were grown in tryptone-yeast (TY) medium (5 g of tryp-
tone, 3 g of yeast extract, and 0.09 g of anhydrous CaCl, per
liter) at 30°C and 200 rpm. Growth was monitored by measur-
ing optical density at 620 nm.

Hydroponic experiments and collection of EC.

Seed of M. sativa ‘Crioula’ (alfalfa) were surface sterilized
(15 min in 20% NaClO, rinsed with and soaked in sterilized
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water) and placed on cheesecloth-covered stainless-steel lat-
tices in glass transparent pots containing 400 ml of sterile
Howieson medium (Howieson et al. 1993). Containers were
incubated in a growth chamber (16 h of light, 8 h of darkness,
and 18 to 22°C). Five days later, plants were transferred to fresh
Howieson medium (time-zero) and inoculated with Delftia sp.
strain JD2 or S. meliloti U143 (10° or 10’7 CFU/ml of hydro-
ponic solution, respectively). Control experiments (without in-
oculation) were also done.

For the analytical evaluation of secreted molecules (plant or
bacterial origin), hydroponic EC were collected 4, 7, and 15
days after inoculation and centrifuged at 10,000 rpm for 20 min
to remove root debris and microorganisms. The supernatant
was filtered through Whatman number 1 cellulose filter paper
(Millipore) and then through 0.45-um nitrocellulose filters. Fil-
trates were concentrated by lyophilization and stored at —20°C.
The chemical identification and quantification of molecules of
filtrates were performed as described below.

The EC that were used as irrigation solutions (discussed
below) were prepared as follows: 4 days after co-inoculation,
hydrophonic EC were filtered through Whatman number 1 cel-
lulose filter paper (Millipore) and finally through 0.45-um and
0.2-um nitrocellulose filters to ensure sterilization.

Plant assays.

Greenhouse experiments were performed as follows: surface-
sterilized seed of alfalfa were transferred to 1-kg pots (12 pots
per treatment, 5 seeds per pot) filled with nonsterile soil/sand/
vermiculite (2:2:1). The experimental design was a completely
randomized block. When indicated, 100 ml of EC collected
from co-inoculated plants (containing molecules from bacte-
rial and plants origin) were used as irrigation solution in pots
before sowing. Seed were inoculated with U143 or JD2 (107 or
10° CFU per seed, respectively). Two weeks later, two plants
per pot were removed. Thinning was based on uniformity of
plant growth appearance. Plants were grown in the greenhouse
(18 to 23°C) and irrigated twice a week (to soil water capacity)
with water, 10-fold diluted Jensen medium (Vincent 1970), or
calcium hyperphosphate solution (1 g/liter), alternately. Unin-
oculated control plants supplemented with KNO; (0.05%) and
without N were also done. SDW and RDW were measured after
drying at 80°C until constant weight.

Visualization of JD2 infection.

The rhizosphere stable pMP4655 plasmid, expressing green
fluorescent protein (GFP) and conferring tetracycline (Tc) resis-
tance as described by Bloemberg and associates (2000), was
introduced into electrocompetent cells of Delftia sp. strain JD2,
obtained as described by Ferri and associates (2010). Transfor-
mation was done in a Gene Pulser-Apparatus connected to the
Pulse controller (MicroPulser; Bio-Rad). Transforming JD2 cells
were selected on TY plates containing Tc at 40 pg/ml at 30°C.

For root colonization experiments, the hydroponic systems
were inoculated with U143 or JD2-pMP4655 cells. At 4, 7,
and 15 days after inoculation, roots were cut and profusely
washed in phosphate-buffered saline (PBS) to remove attached
particles and placed upon a cover slip in PBS. Samples were
examined using an Olympus IX81 microscope equipped with
epifluorescence detection. A dichroic filter (UMWIB3) set
tailored to the specific chromophore was used (for enhanced
GFP, 470/25-nm excitation with 510-nm long pass emission).

Chemical identification and quantification of molecules.

EC were concentrated by lyophilization, dissolved in water
and their qualitative and quantitative chemical compositions
were analyzed using different chromatography and elucidation
procedures.



The analysis of flavonoids, IAA, and Trp was done by high-
performance liquid chromatography (HPLC)-MS. Lyophilized
EC were suspended in 1 ml of deionized water and 20-pl ali-
quots were injected into an HPLC electrospray ionization tan-
dem MS (MS/MS) system. Chromatographic separation was
performed using a Perkin Elmer Series 200 HPLC system
(Wellesley, U.S.A.) coupled to an Applied Biosystems QTRAP
LC/MS/MS system (Foster City, U.S.A.) consisting of a hybrid
triple-quadrupole linear ion trap (QqQlit) mass spectrometer
equipped with an electrospray ion source. HPLC analyses
were performed on a 250-by-72.1-mm Tracer Spherisorb
ODS2 C18 reversed-phase column with a particle size of 5
mm (Teknokroma, Barcelona, Spain). The flow rate was 0.3
ml min~'. Separation and detection procedures are described
by Dardanelli and associates (2010). The following flavonoids
were used as standard for quantitative determination: the fla-
vones apigenin, chrysin, and luteolin; the isoflavone genistein;
the flavonol morin; and the flavanones naringenin (aglycone
derivative of naringin) and naringin.

The analysis of LMW compounds was done by GC-MS. Ly-
ophilized EC were suspended in 1 ml of deionized water and
proteins and polysaccharides were fractionated from LMW
secondary metabolites by precipitation with three volumes of
acetone/ethanol (1:1). The supernatant was completely dried
under vacuum and, finally, the LMW compounds were solu-
bilized in 50 pl of acetonitrile and derivatized by silylation
using 50 pl of N-methyl-N-(trimethylsilyl)trifluoroacetamide
(Sigma-Aldrich), as described by Serandour and associates
(2008). GC-MS analysis was carried out on a GCMS-QP 2010
ULTRA apparatus (Shimadzu, Tokyo), equipped with an HP-
SMS capillary column (30 m by 0.25 mm i.d. by 0.25 pm)
(Agilent J & W), with helium as gas carrier (1.7 ml min™') and
splitless mode. The oven temperature program was 80°C for 2
min, then increased to 290°C (8°C min™'), maintained for 3
min, increased to 310°C (20°C min™), and finally maintained
for 10 min. Injector, interface, and ion source temperatures
were kept in 300°C. Mass detector was set in SCAN mode (50
to 850 m/z). Determination of LMW compounds was performed
by comparison of mass spectra deposited in commercially avail-
able libraries (NIST and Wiley). To confirm the chemical iden-
tity of LMW compounds, linear retention index (LRI) (or
Kovats index) were calculated by injection of a solution on n-
alkanes (C9 to C26). In all cases of compounds reported,
differences between theoretical and experimental calculated
LRI values were smaller than 10 units, confirming MS identi-
fication.

Lipid composition was also analyzed by FA methyl esters
(FAME) analysis. Lipid extractions and sample preparation were
performed as described by Bligh and Dyer (1959) and Paulucci
and associates (2014), respectively. FAME composition was
analyzed using a Hewlett Packard 5890 Serie II gas chromato-
graph equipped with a highly nonpolar column (SGL-1) of
dimethyl polysiloxane (50 m by 0.25 mm i.d. by 0.2 um) (Sug-
elabor S.A.) and an FID. GC-FID conditions were as follows:
injector and detector temperatures of 250 and 300°C, respec-
tively, and N as carrier gas. The oven temperature was pro-
grammed at 180°C for 25 min, then increased by 3°C min™' up
to 250°C and maintained for 12 min. Peak areas of methyl
esters were used to determine relative amounts. FAMEs were
identified by comparison with commercial standards (Sigma-
Aldrich, St. Louis).

The monosaccharide composition was also analyzed by GC-
FID. Sugars were extracted in methanol (80%) at 60°C for 10
min, followed by centrifugation (20 min, 10,000 x g) and dry-
ing the supernatant under N, flux. Samples were dissolved in
dimethylformamide and incubated at 70°C for 30 min with an
equal volume of hexamethyldisilazane at room temperature for

at least 1 h. Trimethylsylil derivates were analyzed by GC-FID
(discussed above). Injector and detector temperatures were
kept in 250 and 300°C, respectively. N was employed as car-
rier gas. The oven temperature was programmed at 190°C for
4 min, followed by an increase of 15°C min™' up to 250°C, and
then kept for 32 min.

Statistics.

All experiments were performed at least three times and
data were subjected to one-way analysis of variance (ANOVA)
analysis using PAST software version 1.56, with post hoc pair-
wise comparisons based on Tukey’s honestly significant differ-
ence test when the ANOVA showed significant inequality of
means. Statistical significance was determined at P = 0.05.
Homogeneous groups were designated by superscript letters.
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