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Abstract
Plant Growth-Promoting Rhizobacteria (PGPR) enhances host plant growth and tolerance to biotic and abiotic
stresses. Despite increased knowledge of their functional activities, reports of their impact on host metabolism and
signalling networks are rare. In this study, small organic substances were analysed in the ascending xylem sap of maize
plantlets that were inoculated with the PGPR Azospirillum lipoferum. In this feasibility study, xylem sap collection using
a Scholander chamber was combined with metabolome analysis by Gas Chromatography-Mass Spectrometry (GC-MS)
based profiling. Two genotypes of maize were investigated. Cultivar Seiddi displayed A. lipoferum-mediated increases
in lateral root growth and enhanced photosynthetic potential unlike non-responsive cultivar FuturiXX. A total of 119 small
organic substances were annotated in maize xylem sap. The content of 17 substances, including primary metabolites,
such as sucrose, maltose, glucose, TCA cycle intermediates, amino acids, GABA and shikimate pathway metabolites,
decreased in both cultivars after A. lipoferum inoculation and may thus reflect general effects of the maize-A. lipoferum
interaction. The content of 28 additional substances, namely glucose, lactic acid, acidic intermediates of the pentose
phosphate and ascorbate/aldarate pathways and defense-related hydroxycinnamic acids, specifically changed in the
xylem sap of the A. lipoferum-phytostimulated cultivar Seiddi, therefore, suggesting that phytostimulation of maize
by A. lipoferum may involve xylem-transported metabolic signalling. Glucose or other metabolites that are retrograde
transported through the xylem to the shoot by transpirational pull may act as feedback signals of the root status.
Such signals may stimulate leaves to enhance photosynthesis-mediated C-assimilation that is needed to sustain A.
lipoferum-triggered root growth. The untargeted metabolome analysis of the xylem, i.e., the xylenome, indicates that
the differential interactions of the two maize cultivars Seiddi and FuturiXX with Azospirillum lipoferum could represent a
feasible system for the study of the role of xylem transported signals in plant/ PGPR interactions.

Keywords: Azospirillum; Glucose signalling; Metabolite profiling;
PGPR; Photosynthesis; Root-to-shoot communication; Xylem sap
Introduction
Inoculation of crop seeds with symbiotic bacteria has recently
become a promising source of technologies to sustain plant productivity
under reduced mineral nutrition and enhanced climatic havoc [1].
Among the many Plant Growth-Promoting Rhizobacteria (PGPR),
some engage in a mutualistic relationship whereby the interaction is
intimate, mostly obligate, and leads to the development of specialized
plant structures such as nodules [2]. Though very efficient for nitrogen
fixation, these interactions are a rarity in the plant kingdom as they
concern few plant families like the Fabaceae, Casuarinaceae and
Betulaceae, and few bacterial genera such as Frankia, Rhizobium,
and related genera [2]. In most other cases, symbiotic plant-bacteria
associations are merely cooperative. They are called associative
symbioses, involve less obligate and specific relationships and concern
diverse genera mostly from the Firmicute and Proteobacteria [3].
They rarely live as endophytes in the root cortex but colonize discrete
spots on the surface of plant roots where they efficiently compete
with other rhizosphere-associated microorganisms for the abundant
and energy-rich exudates that ooze from plant roots [3]. Associative
symbiotic bacteria promote better plant growth and health through
direct and indirect mechanisms [4]. Among them, members of the
genus Azospirillum have attracted particular attention for fieldapplications as growth-stimulators because of their innocuousness
towards humans, and the environment, and because of their capacity
to stimulate the growth of cereal crops [5]. A meta-analysis of field
inoculation experiments of wheat conducted between 1981 and 2008
notably revealed their capacity to enhance grain and forage yields by
14 and 27%, respectively, (n=91 field trials) in the absence of nitrogen
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fertilization [6]. Yield enhancements were lowered in the presence of
mineral fertilization and were not further boosted by co-inoculation
with the nitrogen-fixing PGPR genus Azotobacter [6]. Though most
Azospirillum isolates are equipped with a functional dinitrogen-fixing
nifH gene, its contribution to host plant growth has been the subject
of debate and is thought to be, at best, minor [7]. It is accepted that
Azospirillum stimulates plant growth by secreting auxin type plant
hormones and, in a few cases cytokinins, and gibberellins, to alter root
system architecture and physiology and as a consequence, plant ability
to access soil water and minerals [4,7].
Increased nutrient sourcing and root function will positively
feedback to increase growth of above ground parts. So far, indirect
lines of evidence suggest that PGPR may affect aerial plant parts
also independently of nutritional effects. The biocontrol agent
Bacillus improved photochemical conversion in Solanum tuberosum
and tolerance to salt, drought or heavy metals stresses [8]. PGPR
produced cytokinins were found to increase host plant leaf cytokinin
concentration in parallel to growth increases of this organ. Root
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inoculation with P. fluorescens was shown to Induce Systemic
Resistance (ISR) in Arabidopsis thaliana and boosted tolerance to both
root and leaf pathogens including P. syringae [9]. Accordingly, several
plant defence hormones, such as nitric oxide and Abscisic Acid (ABA)
which concentrations are modulated by several PGPR in plant roots,
are also known to regulate plant defence gene expression both locally
and at a distance (systemically) via their ability to activate plant ISR
[10]. Nevertheless, studies showing direct modulation of root to shoot
signalling molecules by PGPR in host plants are still missing.
In most known cases, roots communicate with shoots via soluble
mineral and small organic substances carried by the up-moving xylem
sap [11,12]. Nevertheless, upward transport in phloem vessels has
recently been observed for larger organic substances such as mRNAs
and proteins [13]. Research in xylem sap mediated transport has been
slow because of the difficulty to obtain xylem sap samples devoid of
phloem, or other cellular contaminants. Contamination is typically
unavoidable unless sap movement is forced either by pressurizing the
root surface or by depressurizing the collect site on the shoot [14].
In addition, the speed of xylem sap outflow was found to affect its
constitution [15]. These shortcomings can be avoided by applying to
the roots a pressure equal to the water potential of a growing leaf in
a Scholander pressure chamber in order to force xylem sap to flow at
physiological speed [16]. In most xylem sap metabolite studies, only
targeted metabolites were analysed such as ions and hormones [17-20],
phenylpropanoids or amino acids, sugars and organic acids [21,22].
So far, only one study has employed global metabolomic analyses to
characterize the impact of iron deficiency on xylem sap metabolite
profile [23] so that, to date, xylem sap metabolite content still remains
insufficiently characterized.
In this study, we used up-to-date metabolomic tools to conduct
an analysis of xylem sap metabolites during plant-PGPR interactions
using the commercial PGPR strain A. lipoferum CRT1 and maize
as a plant model system [24]. Two genotypes of maize that exhibit
differential growth responses to A. lipoferum CRT1 were chosen to
highlight single metabolite, or differential patterns of metabolites that
are either associated with A. lipoferum colonization of maize roots or
with growth-promotion and associated shoot physiological changes.

Materials and Methods
Bacterial culture
Inoculation assays were carried out using the PGPR strain Azospirillum
lipoferum CRT1 (Fages and Mulard) according to a previously published
protocol with the following modifications [25,26]. A total of 15 µL of
bacterial glycerol stock solution was spread on a solid medium (5.75 g
Nutrient Agar and 2 g NaCl, in 250 ml) and left to grow for 4 d at 28°C. A
single colony was selected and subjected to pre-culture and culture at 28°C
under mild agitation (200 rpm) in Nitrogen-free broth supplemented
with 1/40 (v/v) LB medium and 0.5% biotin (50 mg in 50 mL NaOH
0.1N) [27,28]. After a first centrifugation (10 min, 3800 rpm) bacterial
cells were washed with sterile UP water, centrifuged again and resuspended in 20 mL sterile UP water. The adequacy of the bacterial
suspension was first evaluated by PCR with the A. lipoferum CRT1specific primers F1676-Q1 (5’-ATCCCGGTGGACAAAGTGGA-3’)
and 1837-Q2 (5’-GGTGCTGAAGGTGGAGAACTG-3’) [29]. Then,
the proper mobility and the absence of contaminants were checked
with light microscopy. The bacterial suspension was diluted to a
concentration of 1.107 cells/mL with sterile UP water and immediately
used to inoculate maize seeds.

Metabolomics (Los Angel), an open access journal
ISSN: 2153-0769

Seed inoculation
Seeds of the maize (Zea mays subsp. mays L.) genotypes FuturiXX
(RAGT) and Seiddi (Caussade-Semences) that had similar mass
(between 0.3609 and 0.3780 g) and shape were selected in order to
reduce growth heterogeneity. Bacterial inoculation was performed at
room temperature by depositing a 50 µL drop of the diluted bacterial
suspension on each side of the maize seed. Mock-inoculated, control,
seeds were treated similarly except that the bacterial suspension was
replaced by UP water. This operation was repeated three times at 1 h
intervals. During this process, seeds were stored in the dark and laid
flat on a filter paper dampened with UP sterile water and enclosed in a
plastic petri dish. They were then left undisturbed at room temperature
in such a setup for an additional 9 h before sowing.

Maize cultivation
Top soil (5-30 cm below the surface) from a commercial maize
luvisol field was sampled at Sérézin de la Tour (Isère, France) in early
spring 2015 and sieved (<4 mm) upon harvest. It had a clay-loam
texture devoid of limestone and consisted of 26.9% sand, 38.3% loam
and 34.7% clay with 324.9 g of water per kg of soil at field water holding
capacity. Organic matter content was 54.3 g/kg and Cation Exchange
Capacity (CEC) was 228 meq/Kg. pH (water) was equal to 7.05 and
pH (KCl) was 6.28. Sieved soil was introduced into pots (160 mm high
and 60 mm diameter) at a density of 1.2 g.cm-3 at soil water holding
capacity. Soil water content was adjusted to its field water holding
capacity (32.49% humidity) and immediately used for plant cultivation.
Inoculated and control seeds were sown about 0.5 cm below the
soil surface and placed in a growth chamber at constant air humidity
(60% RH), lightning (16/8 h light/dark cycle and 815 µmol.m-2 photon
density) and temperature (24°C). Soil water content was adjusted
daily for each individual pot to maintain them at field water holding
capacity. The entire experiment was repeated 4 times successively to
generate 4 independent biological replicates.

Photosynthesis
measurements

efficiency

and

chlorophyll

content

After 11 d of culture, chlorophyll fluorescence of the second leaf
(most recent mature leaf) was measured about one third down from
the leaf tip with a portable photosynthesis yield analyzer (Mini-PAMII, Walz, Germany) equipped with the clip holder 2035-B. For this,
maize plantlets were first adapted to darkness for 30 min. Then the
maximal Fluorescence (Fm) was measured at 20 kHz with a 1 s pulse
of 6000 µmol photon.m-2s-1 of ‘white light’. F0 was measured in parallel
with a pulse of dark red light that activated PSII reaction centres only
via the excitation of PSI. The maximum quantum efficiency of PSII
primary photochemical conversion (Fv/Fm with Fv =Fm-F0) was
finally calculated. Chlorophyll content was estimated in parallel on
the same leaf with a handheld Chlorophyll meter (Konica Minolta
SPAD-502 Plus). Values are expressed in single-photon avalanche
diode units (SPAD units).

Xylem sap sampling
After 12 d of culture, the xylem sap of a single maize plantlet was
sampled for each condition [15]. Briefly, the water potential of the third
(growing) leaf was measured with a Scholander pressure chamber (M3000
model adapted with a linear slit, Soil Moisture Equipment Corp., Goleta,
CA, USA). Each plantlet stem was then topped through the coleoptile,
about 3 cm above the mesocotyl (i.e., above the starting point of nodal
roots). Stump cuts were immediately washed with distilled water and
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blotted dry with an absorbent Whatman paper twice to remove cell debris
and potential phloem sap contaminants. Stumps were then introduced in
the pressure cylinder of the Scholander pressure chamber adapted with a
round slit. A pressure corresponding to the measured leaf water potential
was applied to the root system during 30 min and xylem sap was harvested
with a 100 µL glass syringe. Right after harvest, xylem sap was frozen in
liquid nitrogen to inactivate enzymatic reactions and kept at -80°C until
metabolite analyses were performed.

All statistical analyses were carried out with the open source
software R with the RV Aidememoire, mixOmics and ade4 packages
(downloaded on March 2016) [36]. Non-parametric two-by-two
Wilcoxon mean comparison tests were conducted to judge significances
of mean differences in metabolite content between inoculated and
mock-inoculated conditions for each cultivar. Significant threshold
was fixed at 0.05, but substances with a significant level above 0.1 were
also recorded and quoted as tendency of difference.

Shoot and root systems morphology analyses

Results

When xylem sap sampling was over, stumps were unpotted and
non-adherent soil gently removed from roots with finger taps and
running water. Root morphological parameters were recorded with
a scanner (Expression 1680, Epson) controlled by the WinRhizo
software (Regent Instruments Inc., Québec, Canada). Recorded
parameters included total cumulative root length (cm), average root
diameter (mm), number of root tips, crossings and total root surface
(cm2). Roots and shoots were then dried (24 h, 110°C) and weighted.

Morphological and physiological modifications of maize root
and shoot by A. lipoferum CRT1

Metabolite-profiling analysis
Seventy µL of frozen sap was thawed on ice, swiftly mixed with 10
μL of ribitol (1 mg/mL in methanol) and filtered through centrifugal
filter units (Amicon Ultra-0.5mL 10K) to eliminate large molecular
weight substances that may interfere with later silylation reactions and
to remove residual enzymes that may change sap composition. Filtrates
were frozen and dried in a Speed Vacuum concentrator. Ribitol was
selected as an internal standard for this study according to [30,31]. Dried
sap samples were mixed with 40 μL of methoxyamine hydrochlorid (40
mg Ml-1 in pyridine) and incubated for 1.5 h at 30°C. Then, 70 μL of
BSTFA (N,O-Bis(trimethylsilyl)trifluoroacetamide) and 10 µL of an
C10, C12, C15, C18, C19, C22, C28, C32, and C36 n-alkane mixture was added for
retention index calibration [32]. The mixture was subsequently incubated
for additional 30 min at 37°C to complete the reaction. Sample aliquots of 1
μL were injected in splitless mode using an Agilent 6890 injector system set
to 250°C. Initial oven temperature was maintained at 70°C for 1 min, then
raised to 350°C at 9°C s-1 and kept at 350°C for 5 min. All samples were run
on a gas chromatography-electron impact ionization-time of flight/mass
spectrometry (GC–EI–TOF/MS) instrument with an Agilent 6890N gas
chromatograph and a LECO Pegasus III TOF mass spectrometer using the
manufacturer’s ChromaTOF software for acquisition and baseline correction
(versions 2.32; LECO, St. Joseph, MI, USA). Data processing and peak identity
annotation was manually performed using the TagFinder visualisation tool
for mass spectral matching of time groups and clusters [33]. Mass spectral
features were matched to the mass spectra and retention time indices of
authenticated reference metabolites from the Golm Metabolome Database,
http://gmd.mpimp-golm.mpg.de/ [34]. Criteria for manually supervised
metabolite annotation were the presence of at least 3 specific mass fragments
per compound and a retention index deviation <1.0% [35].

Multivariate statistical analyses
Detector responses, i.e., baseline corrected peak height of arbitrary
units, were normalized by the response of the internal standard. For
each compound, normalized responses were expressed as present of the
maximum value obtained in the data set that consisted of 4 independent
biological replicates of 4 experimental conditions, namely 2 maize
cultivars either inoculated or mock-inoculated. For each biological
replicate, metabolite percentages were divided by the mean value of the
4 (mock-inoculated and inoculated) plantlets of the replicate. This later
step suppressed variability among biological replicates. Then, statistics
were done on the normalized data to compare the 4 treatment groups
using the 4 biological replicates.
Metabolomics (Los Angel), an open access journal
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Inoculation of the maize cultivar Seiddi with A. lipoferum CRT1
had a strong effect on its root system architecture. The treatment
almost doubled the root biomass of 12 d old plantlets (Figure 1A)
caused mainly by an increase of the cumulative length of all roots
(Figure 1B) with mean total root lengths of 213.7 ± 5.5 cm and 280.5
± 14.0 cm (p-value=0.0294, Wilcoxon test) for mock-inoculated and
inoculated plants, respectively. This increase in cumulative root length
was linked to a greater number of secondary roots on the radicle and
lateral seminal roots, resulting in a higher number of root tips and, thus,
generated an increase of total root surface. In contrast, inoculation of
the maize cultivar FuturiXX had no impact on root biomass (Figure
1A) and root system architecture (Figure 1B).
Despite similar root biomass, mock-inoculated 12 d old plantlets
of Seiddi and FuturiXX differed in shoot biomass (Figures 1A and 1C).
This difference did not stem from differences in leaf length but from
increased width of Seiddi leaves (data not shown). Mean photosynthetic
efficiency of the youngest mature leaf, i.e., the second leaf from stem
base, of the maize cultivar FuturiXX was also 35% higher than the one
of Seiddi under mock-inoculated conditions (Figure 1D). Inoculation
of both cultivars with A. lipoferum CRT1 did not affect shoot biomass
(Figure 1C) but enhanced the photosynthetic efficiency of the maize
cultivar Seiddi by ca. 30% while leaving this parameter unaffected
in the other cultivar, FuturiXX (Figure 1D). Chlorophyll content of
plant leaves an indicator of nutritional status, and more specifically of
nitrogen content, was estimated photometrically and yielded values
that were similar for all 4 treatment groups with 29.40 ± 4.17 SPAD
units and 35.31 ± 1.97 SPAD units for mock-inoculated FuturiXX and
Seiddi, respectively, and 35.54 ± 5.46 SPAD units and 37.98 ± 4.61
SPAD units for inoculated FuturiXX and Seiddi [37].

Impact of A. lipoferum CRT1 on maize leaf water potential
and stem xylem sap flow
Because xylem sap flow speed at the wound harvest site is known to
affect metabolite content in the collected fluid leaf water potential that
drives xylem sap upward and xylem sap harvest speed were monitored
in all sampled plants [15]. As shown on Figure 2A, the water potential
of the growing, and largest leaf, namely the third leaf from the stem
base, was similar in all sampled plants regardless of their genotype
and inoculation status. A mean water potential of 1.2 ± 0.02 bars was
calculated (n=16). Similarly, no significant difference in xylem sap
harvested volumes was observed after 30 min of sap harvest among the
plants we sampled, regardless of the genotype of inoculation treatment
(Figure 2B), with a mean harvest volume of 2.95 ± 0.08 µL.min-1. All in
all, these results demonstrate that any observed difference in metabolite
contents in the harvested saps will reflect physiological differences and
not sampling-related differences depending on harvest conditions.
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Figure 1: PGPR-induced physiological changes in maize. Root biomass (A), cumulative total root length (B), shoot biomass (C) and photosynthesis efficiency of
the last mature leaf (D) were measured on two maize genotypes, FuturiXX and Seiddi, which were mock-inoculated (NI-white bars) or inoculated (I-black bars) with
Azospirillum lipoferum CRT1. Results are expressed as mean ± SE (n=4 biological replicates). Statistical tests (Kruskall-Wallis non-parametric ANOVA and two-bytwo Wilcoxon tests) were conducted to determine significant differences (p-value <0.05) among the 4 treatment levels and are indicated with the letters a, b and c.

Figure 2: Third leaf water potential (A) and sap harvest volume rate (B) were measured on two 12 d old maize genotypes, FuturiXX and Seiddi, which were mockinoculated (NI-white bars) or inoculated (I-black bars) with Azospirillum lipoferum CRT1. Data represent means ± SE, n=4 biological replicates. Non-parametric
Kruskall-Wallis ANOVA did not reveal any significant difference among treatments (p>0.05).
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Maize xylem sap metabolite content changes upon inoculation
with A. lipoferum CRT1
A total of 119 metabolites were detected among all maize xylem
sap samples, including 24 linked to amino acid metabolism, 22 sugars
or other carbohydrates, 6 belonging to the ascorbate or aldarate
metabolism, 8 TCA cycle components, 2 urea cycle metabolites,
6 polyols, 7 phenolic compounds and 2 purine or pyrimidine
metabolites (Table 1; Table S1, supplemental section). Only a subset
of 104 metabolites was detected in FuturiXX, whereas all were found
in Seiddi. Similarly, mock-inoculated and inoculated plantlets yielded
similar sets of metabolites so that potential differences among the
four treatment groups were quantitative rather than qualitative. These
differences could be separated into 4 responses classes according to
metabolite response patterns across all sampled xylem conditions.
The first response class contained 28 substances that specifically
displayed a tendency of difference at p<0.1, and for 15 substances
significant at p<0.05, content decreases in Seiddi xylem sap upon
inoculation with A. lipoferum CRT1 (Table 1A). This group comprised
carbohydrates such as glucose and its dimers sophorose and gentobiose,
acids of the pentose phosphate pathway, TCA cycle or ascorbate/
aldarate metabolism, phenylpropanoids, and cadaverine. These are
linked to the root growth and leaf photosynthesis-enhancing activity of
the PGPR A. lipoferum CRT1.
Two other response classes grouped 28 metabolites that displayed
a tendency of difference at p<0.1), and for 18 of them significant
(p<0.05), content changes that were unrelated to root growth and
photosynthetic enhancement. The largest contained substances which
content changes were significant in both cultivars xylem sap, and
therefore represented a general response of maize to A. lipoferum
CRT1 (Table 1B). This group included carbohydrates such as sucrose,
maltose, fructose and mannose, the glycolytic intermediate pyruvic
acid, TCA cycle intermediates, alanine and acidic amino acids and
some of their metabolites, shikimate pathway metabolites, myoinositol, GABA and triethanolamine. Few metabolites were found that
were decreased solely in the PGPR-irresponsive cultivar FuturiXX
(only 3 if significance level was lowered to p<0.05 (Table 1C).
Finally, 63 annotated substances displayed no significant
(p>0.1) change upon inoculation with A. lipoferum CRT1 (Table
S1, supplemental section) in the xylem sap of either cultivar. These
included most of the detected polyols, benzoic acid derivatives, amino
acid, amino acid-related metabolites, nucleotide bases and nucleotide
base-related metabolites.

Discussion
Azospirillum lipoferum CRT1 phytostimulatory activity on
maize
The PGPR genus Azospirillum contains more than fifteen species
that modify root system architecture, stimulate shoot growth and
enhance host tolerance to abiotic stresses [7]. The strain of A. lipoferum
that was used in this study stimulates lateral root emergence and growth
under greenhouse and European field conditions where grain and
forage yields are raised [38,39]. The present study further reveals that
lateral root growth stimulation is visible as early as 12 d after sowing.
It occurred in the absence of visible shoot growth enhancement in
agreement with earlier hypotheses that A. lipoferum stimulates shoot
growth as a secondary consequence of improved nutrition caused,
in part, by a more developed root system [7,4]. In the present study,
Metabolomics (Los Angel), an open access journal
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the plants were likely at an early developmental stage and which root
growth was already induced but the secondary impact on shoot growth
was not yet apparent. Preceding differential growth, A. lipoferum
already induced physiological changes in shoots as evidenced by
enhanced photosynthetic efficiency of the youngest mature leaf.
Enhancement of leaf photosynthetic activity has been observed
in numerous plant-PGPR experimental systems. For example,
photosynthetic efficiency and chlorophyll content were enhanced
in Arabidopsis plants inoculated with Bacillus subtilis GB03 [40].
However, most studies were conducted under drought conditions
where maximum quantum efficiency (Fv/Fm) is strongly impaired
and where PGPR help plants cope with their stress [3,4,41]. PGPRinduced improvements of photosystem efficiency may therefore reflect
a lowering of the plant stress level. Alternatively, PGPR-mediated
improvement of plant nutrition will positively impact photosynthesis
by allowing leaves to produce greater amounts of photosynthetic
pigments as observed in wheat plantlets inoculated with A. brasilense
and correct impairments of photochemical conversion due to potential
nutrient deficiencies [42,43]. In this study, the photosynthetic
efficiency of mature maize leaves was enhanced by A. lipoferum CRT1
in the absence of any obvious abiotic stress or nutrient impairment.
Indeed, soil water was not a limiting factor because it was kept at field
holding capacity. Minerals may also not have been limiting because
xylem sap phosphate levels and mature leaf chlorophyll contents, an
indicator of leaf nitrogen content, were found to be unaffected by
PGPR inoculation. In the control, PGPR-irresponsive maize cultivar,
photosynthetic efficiency was also at a value that is indicative of
optimum growth conditions for maize [37,44]. In conclusion, A.
lipoferum CRT1-mediated enhancement of photosynthetic efficiency
preceded growth enhancement and likely occurred independently of
improved mineral nutrition or stress alleviation.

Maize xylem sap content
Currently, the most established role of xylem sap is the transfer of
root-absorbed water and minerals from roots to aerial parts through
what is thought to be a hollow, dead, system of xylem cells [45]. This
movement is passive and requires no energy input as it is driven by a low
water pressure gradient generated by water evaporation mostly at leaf
stomata. Nevertheless, proteomic analyses have unveiled the presence
of numerous polypeptides in xylem sap. The postulated main function
of these polypeptides is to thicken and/or remodel xylem cell walls [21].
Targeted and non-targeted metabolomic analyses have established that
xylem sap also contains a wide range of small, water soluble, organic
substances. These include many primary metabolites such as polyols
and simple sugars, amino acids and organic acids [21,22,23,26,46-50].
Xylem transported metabolites also include plant hormones [18,20]
and secondary metabolites that are part of the shikimate pathway
and respective downstream products such as phenylpropanoids and
benzoic acids [21,23]. The present analysis confirms the presence of
most of the previously seen primary, and secondary, metabolites and
expands their list in all metabolite classes with notably the organic acids
glycolate, lactate and phosphate and with various primary metabolites
biosynthetic intermediates. Careful elimination of contaminations and
modifications through the sampling process was conducted. We could
not confirm the presence of the plant hormones abscisic acid (ABA)
and zeatin in the upwards directed xylem stream but we report for
the first time the presence of γ-aminobutyric acid (GABA), a stress
response signal over long distances in plants [51,52]. Its concentration
was found to decrease in this study in agreement with the alleged
stress-alleviating properties of this group of PGPR on plants [5]. The
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Metabolic variation I vs. NI (%)

(A) Metabolic pathways

FuturiXXa

Seiddia

Sophorose

7,4 ± 14,55

-42,8 ± 4,55

Gentiobiose

1,3 ± 3,9

-37,5 ± 7,6

-12,8 ± 2,2

-45,2 ± 8,2

Sugars Metabolismb
Sugar dimers

Galactose
Tagatose
Pentose phosphate
Gluconic acid

-14 ± 9,15

-39,6 ± 5,6

Glycolic acid

-7,8 ± 9,35

-29,6 ± 4,65

Lactic acid

-28,2 ± 9,65

-48,8 ± 5,8

Glucose

-7,4 ± 10,6

-33 ± 5,75

Arabinonic acid

12,5 ± 6,05

-47,6 ± 3,3

Threonic acid

15,2 ± 19,35

-31 ± 7,55

Galactaric acid

9,7 ± 18,95

-25,3 ± 6,8

Glycolysis + neoglucogenesis

Ascorbate and Aldarate Metabolismb

TCA Cycleb
Glutaric acid, 2-oxo-

-14,5 ± 12,55

-27,6 ± 3,2

Itaconic acid

-14,7 ± 12,35

-25,6 ± 7,8

Amino Acids Metabolismb
Lysine
Cadaverine

-36,1 ± 7

-43,1 ± 5,6

Lysine

-12,3 ± 11,05

31,3 ± 10,7

-5 ± 16,15

29,8 ± 12,4

1,3 ± 12,65

35,9 ± 9,3

Cysteine, Methionine
Methionine
Arginine, Proline
Ornithine-1,5-lactam
Phenolic Compoundsb
Ferulic acid, trans-

NA

-26,6 ± 4,05

Cinnamic acid, 4-hydroxy-, trans-

-3,5 ± 9,75

-25,2 ± 5,3

Benzoic acid, 4-hydroxy-

NA

-29 ± 6,25

Purine and Pyrimidine Metabolismb
Uracil

14,7 ± 18,9

-16,4 ± 4,5

Isopentylamine

-16,9 ± 8,45

-36,3 ± 10,1

-3,1 ± 7,5

-24,8 ± 8,95

A214003

-6,1 ± 9,8

-30,2 ± 3,75

A213001

0,3 ± 9,8

-29,1 ± 3,9

A252002

-13,5 ± 8,85

-37,8 ± 3,95

Butanoic acid, 2,4-dihydroxyUnknown Compoundsb

A217004

3409,1 ± 1562,75

-24,6 ± 23,25

A170001

14,9 ± 21,7

-19,9 ± 5,7

Unknown compound-013

5,1 ± 4,4

-14,9 ± 4,1

Metabolic variation I vs. NI (%)

(B) Metabolic pathways

FuturiXXa

Seiddia

Sugars Metabolismb
Starch + sucrose
Maltose

-43,7 ± 4,55

-41,3 ± 8,35

Sucrose

-11,2 ± 2,6

-10,4 ± 2,05

Mannose

-28,2 ± 8,25

-25,4 ± 4,8

Fructose

-15 ± 4,3

-25,1 ± 3,6

-43 ± 5,5

-53,2 ± 7,1

-28,9 ± 2,95

-40,5 ± 2,6

Malic acid

-56,7 ± 7,1

-30,3 ± 7,3

Succinic acid

-56,5 ± 3,1

-30,8 ± 7

Fructose + mannose

Galactose
Galactinol
Glycolysis + neoglucogenesis
Pyruvic acid
TCA Cycleb
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Amino Acids Metabolismb
Alanine, Aspartic acid, Glutamate
Butanoic acid, 4-amino-

-30 ± 6,75

-26 ± 3,95

Aspartic acid

-28,5 ± 7,7

-20 ± 2,95

Alanine

-23,1 ± 7,75

-15,8 ± 3,8

Glutamic acid

-24,5 ± 5,65

-18,3 ± 4,55

-18,4 ± 3,95

31,5 ± 6,65

Cysteine, Methionine
Serine, O-acetylAromatic amino acids
Shikimic acid
Quinic acid

-43,9 ± 5

-37,5 ± 4,4

-44,2 ± 5,15

-35,2 ± 6

-26,4 ± 4,9

-10,9 ± 4,25

-24,4 ± 1,85

-64,3 ± 4,4

Polyolsb
Inositol, myoOther Pathway Metabolitesb
Triethanolamine

Metabolic variation I vs. NI (%)

(C) Metabolic pathways

FuturiXXa

Seiddia

Aconitic acid, cis-

-34,5 ± 12,75

-18,9 ± 13,75

Fumaric acid

-40,6 ± 12,35

-17,9 ± 8,05

-20,2 ± 5,25

-1,9 ± 11,7

-8 ± 1,25

-16,6 ± 5,4

-15,1 ± 3

19,1 ± 21,2

20,5 ± 6,1

12,6 ± 13,1

TCA Cycle

b

Amino Acids Metabolismb
Alanine, Aspartic acid, Glutamate
Pyroglutamic Acid + Glutamic Acid + Glutamine
Glycine, Serine, Threonine
Glycine
Urea Cycle Metabolismb
Urea
Other Pathway Metabolitesb
Glycyl-phenylalanine
Unknown Compoundsb
similar to Ditertbutylphenol

11,4 ± 2,2

4 ± 2,35

A168011

-18 ± 8,5

22,7 ± 27,9

A237001

-20,7 ± 7,4

-22,1 ± 8,7

A167004

-16,3 ± 3,5

15,9 ± 19,15

A311002

-33,4 ± 6,8

-15 ± 14,7

Ratios of mean values of inoculated plantlets over mock-inoculated plantlets were expressed as percentage values ± relative standard error. Wilcoxon non-parametric
tests were conducted for each metabolite to compare inoculated and non-inoculated mean values in each cultivar. They are indicated as a background color (Dark grey,
p<0.05; light grey, p<0.1; and white, p>0.1). NA indicates that the metabolite was detected in less than 2 of biological replicate samples. bMetabolites were classified
according to KEGG's metabolic pathway database and grouped as (A) metabolites that with p<0.1 in Seiddi, (B) both cultivars or (C) FuturiXX. Metabolites unaffected
by A. lipoferum CRT1 inoculation are shown in Table S1 supplemental section. Yet non-identified samples are indicated by the code of the Golm Metabolome Database.

a

Table 1: Percent variation of metabolite contents in the xylem sap of FuturiXX and Seiddi maize genotypes upon A. lipoferum CRT1 inoculation.

number of detected hormones is small given the predicted importance
of xylem sap as a vehicle for root-to-shoot communication in plants,
indicating that current analyses are still biased by analytical limitations,
such as insufficient sensitivity and/or the fact that many hormones may
be transported as conjugated forms that are not yet present in databases
to allow their identification [52]. Greater effort in this area is therefore
strongly needed.
Because xylem cells are not considered as metabolically active, it is
likely to assume that controlled secretion and uptake by neighbouring
parenchyma, protoxylem and/or sugar-rich phloem cells of the root
system will enrich, or deplete, xylem sap of specific metabolites and
subsequently on the path to the shoot apex (Shi et al. [45]). Xylem sap
composition is, therefore, expected to reflect metabolite flux directions
within the root though functional analyses of organic metabolite
transporters in plant roots are so far limited.

Primary metabolites as a signature of the root status
Previous studies with the same PGPR strain have revealed that it
expresses its phytostimulatory activity in a cultivar-specific manner in
Metabolomics (Los Angel), an open access journal
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maize, a property shared with other PGPR genera [26,29,53]. Through
qPCR analyses, these studies have shown that bacterial colonisation
of the root system occurs at similar level, irrespective of its growth
response. In agreement, this study further reveals that A. lipoferum
triggers metabolite content decreases as a generic response of maizeAzospirillum interaction. These were mostly simple sugars, amino acids
and intermediates of starch degradation, glycolysis and TCA cycle in
line with the loss of similar metabolites by roots as food contribution to
their PGPR partner as exudates [54]. It is therefore hypothesized that
PGPR-mediated increased organic matter exudation increases the flux
of a variety of energetic metabolites towards the outside of the root at
the expense of its xylem sap interior.
Additional metabolites displayed content decreases solely in
the phytostimulated maize genotype. These were glucose, some of
its low concentrated dimers, acidic derivatives of pentose phosphate
and ascorbate/aldarate metabolisms, cadaverin and lactic acid. Their
increased uptake from the xylem sap by neighbouring cell types may
have been caused by PGPR-induced lateral root growth to sustain the
increased metabolic needs of dividing cells with for, notably, the de
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novo synthesis of cell wall polymers like cellulose that is solely made
of glucose. Although increases in exudation and cell division will both
lead to the uptake of metabolites from xylem sap, these two processes
may not affect similar metabolite transporters therefore explaining that
they decrease the content of different sets of metabolites.
Because xylem sap moves up to the shoot, any single of its
metabolites, or any pattern of multiple primary metabolites may act
as a metabolic signature to retrograde signal the metabolic status
and needs of the roots (sink) to the aerial (source) parts of the plant.
In concordance with the current knowledge on glucose signalling
and growth inhibition, a plausible metabolic candidate signal could
be glucose [55-58]. Glucose is the end product of photosynthesis
transported via the phloem transport metabolite sucrose to the root
system and thereby the main carbon supply and starting substrate
of energy metabolism for both root and PGPR growth. However,
independently of its energetic value, glucose constitutes one of the
major cellular and long distance developmental signals that ensures
that engagement into irreversible growth is matched by adequate
supply of energy-rich C-substance and that sugar production by
photosynthesis is in phase with sugar store level targets [33]. Glucose
is indeed recognized by various plant cell membrane-bound and
cytoplasmic proteins such as Hexokinase (HXK) that modulate the
transcription of many developmental genes including some coding for
biosynthetic enzymes and signalling elements of most developmental
hormones such as auxins, cytokinins, gibberellins, abscisic acid and
brassinosteroids [57]. Nevertheless, glucose and growth hormone
signalling networks are intertwined in a way that is neither direct nor
hierarchical so that it is equally possible that Azospirillum-induced
lowered glucose levels affects hormonal signalling to stimulate
growth or that Azospirillum-produced auxins affect plant growth and
consequently glucose level in the xylem [55,58]. Additionally, glucose,
as one of the primary photosynthesis products, is known to exert
an inhibitory activity on photosystems photochemical conversion
efficiency through direct Calvin-cycle enzyme inhibition, even from
an extracellular location [59,60]. It is therefore also hypothesized that
PGPR-induced xylem sap glucose content lowering led to the observed
increased photosynthetic potential to enhance C-sequestration and
sustain increased root biomass formation. In agreement with a proposed
role of xylem sap glucose in PGPR-modulated root growth signalling
and leaf photosynthesis, glucose content, and not the one of the other
hexose isomers, fructose and mannose, nor of the sugar dimers maltose
and saccharose, was differentially lowered in the two cultivars of this
study following the Azospirillum-induced phytostimulatory response
in maize. In a separate study lower glucose content and increased
photosynthesis activity were observed in Arabidopsis leaves after root
inoculation with the PGPR Bacillus subtilis [40].

Secondary metabolite signature
Xylem sap phenolic compounds also exhibited an interesting
response signature after Azospirillum inoculation. Early biosynthetic
metabolites belonging to the shikimate pathway, namely shikimic acid
and quinic acid, decreased in content as a generic response to maizeAzospirillum interaction. Nevertheless, most downstream products of
the shikimate pathway such as aromatic amino acids, phenolic acid
and coumarin derivatives were unaffected by Azospirillum inoculation.
Only phenylpropanoids were found to specifically respond in the
phytostimulated maize cultivar. Because phenylpropanoids serve
as building blocks for the in situ synthesis of monolignols and later
deposition as lignin polymer in the sclerenchymatous xylem cell walls
(Ferrer etal. [61]), the results of this study suggest that phytostimulation
Metabolomics (Los Angel), an open access journal
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of maize by Azospirillum may modify the lignin content of the host
plant. Such hypothesis agrees with earlier IR spectrum analyses that
demonstrated modifications of the lignin over cellulose ratio in
maize cell walls after A. lipoferum inoculation [39,61]. The fact that
previous studies have shown enhancements of phenylpropanoids,
or phenylpropanoid products, in both maize and rice roots after A.
lipoferum inoculation suggests that sequestration of phenylproponoids
by roots may be the cause of the decrease of shikimic acid and quinic
acid in retrograde transported xylem sap [62,63].
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