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Abstract

Multi-strain inoculants have increased potential to accomplish a diversity of plant needs, mainly
attributed to its multi-functionality. This work evaluated the ability of a mixture of three bacteria to
colonize and induce a beneficial response on the pasture crop annual ryegrass. Pseudomonas G1Dc10
and Paenibacillus G3Ac9 were previously isolated from annual ryegrass and were selected for their
ability to perform multiple functions related to plant growth promotion. Sphingomonas azotifigens
DSMZ 185307 was included due to nitrogen fixing ability. The effects of the bacterial mixture were
assessed in gnotobiotic plant inoculation assays and compared with single and dual inoculation
treatments. Triple inoculation with 3x108 bacteria significantly increased plant dry weight and leaf
pigments, indicating improved photosynthetic performance. Plant lipid biosynthesis was enhanced by
65 %, mainly due to the rise of linolenic acid, an omega-3 fatty acid with high dietary value.
Electrolyte leakage, an indicator of plant membrane stability under stress, was decreased pointing to a
beneficial effect by inoculation. Plants physiological condition was more favoured by triple
inoculation than by single, although benefits on biomass were only evident relative to non-inoculated
plants. The colonization behaviour and coexistence in plant tissues were assessed using FISH and
GFP-labelling, combined with confocal microscopy and a cultivation-based approach for
guantification. The three strains occupied the same sites, localizing preferentially along root hairs and
in stem epidermis. Endophytic colonization was observed as bacteria entered root and stem inner
tissues. This study reveals the potential of this mixture of strains for biofertilization, contributing to

improve crop productivity and nutritional value.
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1. Introduction

Healthy plants are naturally associated with a remarkable diversity of microbes, known as the plant
microbiota (Bulgarelli et al., 2012; Knief et al., 2012; Lundberg et al., 2012). Chemical compounds
exuded by the roots function as carbon and energy sources for microbes colonizing the surface of the
roots or the rhizospheric soil (Bowen and Rovira, 1999; Dakora and Phillips, 2002; Nguyen, 2003).
Root exudates include a variety of molecules, such as sugars, polysaccharides, organic acids, inorganic
ions, amino acids, vitamins, flavonoids, phytosiderophores, peptides, proteins and fatty acids. It is
estimated that rhizodeposits account for approximately 11% of net photosynthetically fixed carbon and
10-16% of total plant nitrogen, even though these values can vary greatly depending on plant species
and age (Jones et al., 2009). Compounds released by plant roots may also trigger a migratory response
in some of the microbes present in the rhizosphere (Kamilova et al., 2006; van Oberbeek and van
Elsas, 1995), which enter plant tissues and spread further to the aerial parts of the host plant, adopting
an endophytic lifestyle (Raaijmakers et al., 1995). Endophytic colonization may have advantages over
root-surface associations, since microbes can establish in a sheltered environment (Reinhold-Hurek
and Hurek, 2011; Ryan et al., 2008).

Some plant-associated microbes have been recognized to exert beneficial effects on their hosts by
playing important roles in key processes related to nutrient availability and cycling, plant health and
growth, enhanced stress tolerance, disease resistance or biological control of plant pathogens (Berg,
2009; Morrissey et al., 2004; Pérez-Montafio et al., 2014). These microbes are known as the functional
group of plant growth promoters (PGP). The enhancement of plant nutrition can be achieved by
associative nitrogen fixation, the solubilisation of soil-immobilized mineral phosphates (Castagno et
al., 2011; Richardson et al., 2009), or through the production of phytohormones that change the root
morphology and increase the uptake of water and nutrients from the soil (Bulgarelli et al., 2013;
Dobbelaere et al., 2003; Sharma et al., 2013).

The exploitation of PGP to enhance plant productivity in agricultural systems has been acquiring
increasing interest (Schlaeppi and Bulgarelli, 2015). Over the past century, crop yields were greatly

increased in order to supply the needs of the growing human population. Such productivity increases



have been related with the massive application of chemical fertilizers and pesticides, creating health
and environmental problems including soil degradation, contamination of groundwater supplies and
loss of biodiversity (Aktar et al., 2009; Tandon, 1996). Also, the production of agrochemicals is
energetically expensive and dependent on fossil fuels that are non-renewable resources, which make it
no longer sustainable. An increasing number of farmers are choosing biofertilizers (Chatzipavlidis et
al., 2013) since they are gentler on the soil and can help reduce the negative impact of global warming.
Biofertilizers can make available a wide range of nutrients to plants, particularly micronutrients, and
contribute to increase soil organic matter, in addition to being effective in small amounts and able to
self-multiply (Berg, 2009; Chatzipavlidis et al., 2013). Some disadvantages are related to technical
problems in mass production and upscaling, storage time (because they contain living
microorganisms) and loss of efficiency due to high soil temperatures, moisture scarcity, excessive
acidity or alkalinity and low nutrient levels (Berg, 2009; Chatzipavlidis et al., 2013). Even though,
biofertilizers are promising when considering the rising cost and declining availability of fossil fuels
worldwide, as well as the pollution problems induced by agriculture. Taking this into account, studies
on plant-associated bacteria with competence to function as biofertilizers are of major importance.

A recent survey of annual ryegrass-associated bacteria in Portuguese soils resulted in the report of
novel strains that were able to increase the biomass of annual-ryegrass plants in gnotobiotic conditions
(Castanheira et al., 2014). The aim of the present work was to evaluate the effects of a mixture of such
bacteria on the growth and physiological status of inoculated plants. The selected strains were the
phosphate solubilizer and siderophore producer Pseudomonas sp. G1Dc10 (class
Gammaproteobacteria), and the cellulose/pectin hydrolizer Paenibacillus sp. G3Ac9 (class Bacilli)
(Castanheira et al., 2014). Sphingomonas azotifigens DSMZ 18530" (class Alphaproteobacteria) was
also included in the study due to its nitrogen fixing activity and the ability to stimulate the growth of
annual ryegrass when nitrogen is absent in the cultivation medium (our unpublished results). For
comparison purposes, single and dual inoculations were also investigated. The colonization patterns
and the ability of the bacteria to coexist in plant tissues were addressed using fluorescence in situ
hybridization (FISH) and GFP-labelling combined with confocal laser scanning microscopy, as well as

a cultivation-based approach for quantification purposes.



2. Materials and methods

2.1. Preparation of bacterial suspensions and plant inoculation assays

Bacterial suspensions for plant inoculation were prepared by growing Pseudomonas sp. G1Dc10,
Paenibacillus sp. G3Ac9 and S. azotifigens DSMZ 185307 in tryptone-yeast (TY) medium (Beringer,
1974) for 16 hours at 30 °C with vigorous shaking. The cultures were centrifuged at 10,000xg for 10
minutes. Cells were washed with 0.85 % NaCl and suspended in the same solution. Cell density was
evaluated by OD measurement at 600 nm and normalized as appropriate. The resulting cell
suspensions were either used directly for single inoculation (treatments 1-3, 108 cells of a single strain
per plant), or combined to yield the inoculation mixtures for dual (treatments 4-6, 0.5x108 cells of
each strain to a total number of 108 bacteria per plant) and triple inoculations (treatment 7, 0.33x10°®
cells of each strain to a total number of 102 bacteria per plant; and treatment 8, 108 cells of each strain
to a total number of 3x108 bacteria per plant). Information regarding strains and inoculation treatments
used in this study is summarized in Table 1.

Inoculation of annual ryegrass was performed as described by Castanheira et al. (2014). Briefly,
surface sterilized and pre-germinated annual ryegrass seeds were sowed in flasks containing 50 ml of
modified Evans medium (Evans, 1970) supplemented with 8 % agar (one seedling per flask), using the
procedures described by Vincent (1970). The nitrogen source was included in the medium as
potassium nitrate at 50 mg I* N. Four-day-old seedlings were inoculated by pouring 0.5 ml of bacterial
suspension onto the base of the coleoptile. Plants were grown in a controlled-environment chamber
with a 16 h light/8 h dark cycle at 23 °C (day)/18 °C (night), 800 pmol m s light intensity, and 80 %
relative humidity. Plants were harvested at four or seven weeks after inoculation, and respectively
assayed for plant growth (dry biomass) or physiological parameters. In seven week assays the plants
were watered twice (30 and 45 days after inoculation) with 2 ml 0.25% Evans medium. Non-inoculated

plants were used as negative controls. The number of plants per treatment varied between 7 and 9



(treatments 1 to 6) or 14 and 24 (treatments 7 and 8). Some variability in plants size was observed
between assays due to the use of different seed lots. In different assays, the average dry weights of
non-inoculated plants ranged between 23.4 + 2.3 mg and 34.7 £ 1.6 mg in the shoots, and 6.9 + 1.5 mg

and 13.7 £ 0.7 mg in the roots.

2.2. Evaluation of plant growth and physiological parameters

For evaluation of dry biomass, plants were sectioned into root and shoot portions and dried until
constant weight. Total leaf chlorophylls and carotenoids were extracted and quantified as described by
Scotti-Campos et al. (2015). Electrolyte leakage was evaluated in leaves according to previous
procedures (Scotti-Campos et al., 2014). Total lipid extraction from leaves and fatty acids analysis was
performed as described by Scotti-Campos et al. (2014). The value of total fatty acids (TFA)
corresponds to the sum of individual fatty acids. The unsaturation degree of TFA was obtained
through the double bond index (DBI), calculated according to the formula: DBI = [(% monoenes + 2 x
% dienes + 3 x % trienes) / % saturated fatty acids] (Mazliak, 1983). All data were analyzed by one-
way analysis of variance (ANOVA) with STATISTICA 8, using the Tukey’s honestly significance

difference (HSD) test at P < 0.05.

2.3. Enumeration of plant-colonizing bacteria

Four week grown plants inoculated with a mixture of the three strains (treatment 8, total number of
3x108 bacteria per plant) and incubated in gnotobiotic conditions as described above, were used for
enumeration of viable bacteria present in the rhizoplane and within surface disinfected plant tissues
(roots, stems and leaves), using the dilution-plating method as described by Castanheira et al. (2016).
Ten-fold dilutions of each sample were plated on TY agar and incubated for three-four days at 30 °C.
Quantification was achieved by counting the colony forming units (CFU) of each strain (differentiated

by the colony morphology) and the bacterial numbers were related to the fresh weight of the



corresponding plant fraction. Between three and four replicate samples (collected from different

plants) were analysed for each fraction. Statistical analysis was performed as described above.

2.4. GFP-labelling

S. azotifigens DSMZ 18530" mutants expressing the gfp gene were constructed by transposon
mutagenesis. The suicide plasmid pFAJ1819 (Xi et al., 1999), which carries a mini-Tn5 derivative
containing a bifunctional gfp-gusA cassette (mTn5gusA-pgfp21), was mobilized into the recipient
strain S. azotifigens DSMZ 18530 by triparental mating, using E. coli S17 (Apyr) as donor strain and
E. coli HB101 (pRK2013) as conjugation helper (Soto et al., 2000). S. azotifigens transconjugants
were selected based on E. coli inability to use sucrose for growth and using kanamycin resistance
encoded by Tn5. Colonies expressing the gfp gene on minimal medium containing 10% sucrose and
50 pg It kanamycin were detected under UV light. One strain exhibiting strong fluorescence (S.
azotifigens-GFP) was selected for plant inoculation experiments. The stability of the gfp marker was
evaluated fluorimetrically (Chovanec et al., 2008), by subculturing on TY medium in the absence of
kanamycin. After 48 generations, the intensity of GFP fluorescence remained unchanged (data not

shown). The growth curve of the gfp-transformed strain was identical to the parental strain.

2.5. Fluorescence in situ hybridization (FISH)

2.5.1. Plant tissue fixation and cryosectioning

Plants from treatment 8 were harvested four weeks after inoculation, and roots, stems and leaves
were detached and rinsed with phosphate buffer saline (PBS). Plant tissues were cut into small pieces
(approximately 1cm length) and fixed with 4 % paraformaldehyde using vacuum infiltration for one
hour, followed by overnight fixation at 4 °C. Samples were washed three times with PBS at 4 °C and
infiltrated with 30 % sucrose in PBS at 4 °C. Tissues were stored at -20 °C in 50 % ethanol as
described by Amann (1995). Samples tissues for cryosectioning were embedded in the tissue-freezing

medium O.C.T.™ (Tissue-Tek®; Sakura Finetek, Torrance, CA, USA) in cryomolds (7x7x5 mm,



VWR International) and stored at -20 °C. Transversal sections of roots, stems and leaves (12 pm
average thickness) were obtained with a cryostat CM 30505 (Leica, Wetzlar, Germany) at -20 °C and
collected onto diagnostic slides with 6 mm wells and adhesion microscope slides (Superfrost® plus,
VWR International). Tissue sections showing better cell integrity and anatomy were selected for FISH
assays. Samples were collected from approximately 15 plants. Between three and four replicate

samples were analysed for each fraction.

2.5.2. FISH procedures

Plant tissues were assayed for the presence of bacterial cells using FISH as detailed by Amann
(1995), using fluorescently labeled oligonucleotide probes and respective oligonucleotide competitors
(Eurofins MWG Operon, Germany) (Supplementary Table S1).
A general probe (EUBmix, a combination of EUB338, 338l and 338I1) was used to target all bacteria.
Specific probes for Gammaproteobacteria (Gam42a) and Alphaproteobacteria (ALF969) were used to
target Pseudomonas sp. strain G1Dc10 and Sphingomonas azotifigens DSMZ 185307, respectively.
Paenibacillus sp. G3Ac9 was detected by exclusion, since it hybridizes with EUBmix, but not with the
specific probes Gam42a and ALF969. Probe hybridization was firstly validated by performing FISH in
individual suspensions of each bacterium, as well as in mixed cell suspensions.
FISH was carried out in transverse sections of roots, stems and leaves, and in entire root fragments.
Hybridization was conducted for 1-2 hours on the slides after dehydration in an ethanol series (50, 80
and 98 %). Dako® pen (Glostrup, Denmark) was used to create a hydrophobic barrier when
performing FISH on the superfrost slides. Washing of the probes was performed as detailed by Amann
(1995) by rinsing the samples with pre-warmed washing buffer (at 48 °C) and immersing the slides in
this washing solution for 10 minutes. Slides were air-flow dried and mounted using the anti-fading
medium Vectashield® (Vector Laboratories Inc., Burlingame, CA, USA), covered with 5x2.4 cm

coverslip (0.1 mm thickness) and sealed with nail polish.

2.5.3. Confocal laser-scanning microscopy

Hybridized samples were observed with a Zeiss LSM 510 Meta confocal laser-scanning



microscope (CLSM) (Zeiss, Oberkochen, Germany) equipped with two helium neon lasers for
excitation of fluorophores Cy3 and Cy5 at wavelengths of 543 nm and 633 nm, respectively, and an
argon laser for excitation of FITC and GFP at 488 nm. Bacterial cells were localized with a
63x/1.4NA oil immersion objective. Spectral detection was adjusted for the emission of the Cy3, Cy5
and FITC fluorophores, and GFP. Images were acquired using the standard software package provided

by Zeiss. The software Zeiss LSM Image Browser version 4.2 was used for image processing.

3. Results

3.1. Influence of inoculation on the growth of annual ryegrass

The effects of inoculation with strains Pseudomonas sp. G1Dc10, Paenibacillus sp. G3Ac9 and S.
azotifigens DSMZ 18530 on the growth of annual ryegrass were assessed in gnotobiotic plant
inoculation assays using a defined cultivation medium. The results obtained with different
combinations of these strains (single, dual and triple inoculations, treatments 1 to 8) are presented in
Table 2 and Fig. 1.

All treatments induced significant dry weight increases when compared to non-inoculated controls.
Treatment 5 (dual inoculation with equal amounts of Pseudomonas sp. G1Dc10 and S. azotifigens
DSMZ 18530, to a total number of 108 bacteria per plant) promoted the highest increase in shoots
(53.8%). The highest effect in roots was recorded in plants from treatment 2 (single inoculation with
Paenibacillus sp. G3Ac9, 108 cells per plant), presenting 100 % dry weight increase. The smallest
effects were observed in treatment 8 (triple inoculation, total number of 3x108 bacteria per plant), with
19 % and 37 % increases in shoot and root dry weights, respectively, relative to non-inoculated plants
(Fig. 1). However, the differences between inoculated treatments were not statistically significant,

except for shoots in treatments 5 and 8.

3.2. Effects of inoculation on plant physiological parameters



Plant physiological parameters, namely leaf pigments, fatty acids content and electrolyte leakage,
were evaluated in annual ryegrass plants from treatments 1 to 3 (single inoculations) and 8 (triple
inoculation with a total number of 3x108 bacteria per plant), as well as in non-inoculated controls
(Table 3).

Single inoculation with either Pseudomonas sp. G1Dc10 (treatment 1) or S. azotifigens DSMZ 18530
(treatment 3) stimulated the leaf chlorophyll and carotenoid contents, and resulted in smaller
conductivity values in the electrolyte leakage test. The same parameters were negatively affected by
single inoculation with Paenibacillus sp. G3Ac9 (treatment 2), which caused the lowest pigments
content and the highest electrolyte leakage value. However, the combination of this strain with
Pseudomonas sp. G1Dc10 and S. azotifigens DSMZ 18530 (treatment 8) produced the highest
increases in the contents of chlorophylls a+b (69 %) and carotenoids (48 %), and the lowest value in
electrolyte leakage, corresponding to a 45 % decrease relative to the control.

The total fatty acids (TFA) content was significantly increased in all inoculation treatments, relative to
non-inoculated controls (Table 3). The highest TFA value (40.1 mg g dry weight) was found in triple
inoculation (treatment 8), corresponding to a 65 % increase relative to control. Such increase was
mainly due to higher amounts of the three major fatty acids, C16:0 (palmitic acid), C18:2 (linoleic
acid) and C18:3 (linolenic acid), which were respectively increased by 76 %, 55 % and 66 %.
Significant increases were also observed in C16:1 (hexadecenoic acid) and C18:1 (oleic acid).
Distinct proportions of individual fatty acids were obtained in the single inoculation treatments. For
example, the amounts of C18:1 and C18:2 in treatment 2 (Paenibacillus sp. G3Ac9) were significantly
higher than in treatments 1 (Pseudomonas sp. G1Dc10) and 3 (S. azotifigens DSMZ 18530), but
similar to treatment 8 (triple inoculation). On the other hand, all single inoculation treatments
originated similar contents of C16:0 (around 4.7 mg g* dry weight), yet significantly lower than the
obtained upon triple inoculation (6.5 mg g* dry weight). Significant increases relative to non-
inoculated control were observed in the amounts of polyunsaturated C18:3 in single inoculation
treatments, similarly to what was observed in the triple inoculation assay. Despite the higher
percentages of C18:3, the double bond index (DBI) remained unchanged in all inoculation treatments,

mainly due to the concomitant increase of saturated C16:0.
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3.3. Re-isolation of bacteria from inoculated plants

The dilution-plating method was used for quantification of bacteria colonizing annual ryegrass
plants four weeks after inoculation with a mixture containing equal amounts of the three bacterial
strains (treatment 8) and incubation in gnotobiotic conditions. Bacteria were recovered from the
rhizoplane and surface disinfected roots, stems and leaves, indicating both external and internal
colonization (Table 4). In most cases, CFU counts revealed identical population densities of the three
strains. Statistical differences were only found between Pseudomonas sp. G1Dc10 and Paenibacillus
sp. G3Ac9 in the rhizoplane. The highest colonization density was observed in the rhizoplane
(approximately 9 logio CFU g root fresh weight) and the lowest was found in the leaves
(approximately 4 logio CFU g leaf fresh weight). Overall, bacterial colonization was more abundant

in the roots external environment (rhizoplane) than in plant tissues.

3.4. In situ detection of bacteria in annual ryegrass plants

Plants inoculated with a mixture containing equal amounts of the three strains (treatment 8) were
used for in situ detection of colonizing bacteria. FISH was carried out using three oligonucleotide
probes: a Cy3 (red) fluorescently labelled GAM42a to detect Pseudomonas sp., a FITC (green)
fluorescently labelled ALF969 to detect Sphingomonas sp., and a Cy5 (blue) fluorescently labelled
EUBmMIXx that targets all members of Bacteria, thus enabling the detection of Paenibacillus sp. by
exclusion. The combination of these FISH probes in the co-localization images obtained by CLSM
should result in the visualization of Pseudomonas sp. as magenta, Paenibacillus sp. as blue and
Sphingomonas sp. as cyan.

Preliminary FISH/CLSM assays in plant tissues confirmed that Pseudomonas sp. G1Dc10 and
Paenibacillus sp. G3Ac9 were visualized as expected. However, S. azotifigens was often visualized in
either green or cyan, meaning that the hybridization signals of the probes in planta were weak and/or
unsuccessful. The same occurred in culture, although better hybridization signals were obtained in this

11



case. To overcome this problem, a modified strain expressing the green fluorescent protein (S.
azotifigens-GFP) was used in the mixed inoculum. Similar colonization patterns were observed by
CLSM in the parental and GFP-labelled S. azotifigens strains (data not shown). When FISH was
performed in the GFP-labelled strain with the application of the probes ALF969-FITC (green) and
EUBmMIx-Cy5 (blue), the outcome was a reinforcement of the signal and improved visualization of S.
azotifigens cells.

The combined FISH/CLSM analysis enabled the visualization and localization of the three inoculated
strains in different parts of annual ryegrass plants (Fig. 2). As a general trend, the three strains were
consistently identified colonizing the same sites. Although the FISH approach used in this work could
not be used for quantification purposes, no predominance of any of the strains was detected. The
results generally confirmed the dilution-plating counts (Table 4), suggesting similar colonization
densities for the three strains. Clusters of bacteria were observed on the surface of the roots,
particularly along root hairs (Fig. 2 B-C). Many bacterial cells were visualized near the root tips and
surrounding root cap cells (not shown), probably taking advantage of increased amounts of root
exudates in this region. The three strains were also observed in the cortical parenchyma and
endodermis of the roots (Fig. 2 A). Bacteria were abundant in the epidermis of stems (Fig. 2 D) and
some cells were visualized in the stem cortex (not shown). Fewer bacteria were found in leaves,

mostly located in the sheaths of the leaves (not shown).

4. Discussion

Multi-strain inoculants are perceived as the current frontier in plant biofertilization (Bashan et al.,
2014), mainly because of their potential for higher resilience and enlarged scope of action. However,
improvements on the plant performance will depend on the interaction and compatibility between the
inoculant strains, as well as their interaction with the host plant. This study aimed to evaluate the
ability of a mixture of three strains of the genera Pseudomonas, Paenibacillus and Sphingomonas, to
colonize and to stimulate the growth of the pasture crop annual ryegrass. The three genera are

12



commonly associated with plants and harbour a diversity of plant growth promoting species (Buddrus-
Schiemann et al., 2010; Gamalero et al., 2004; Zamioudis et al., 2013; Kim et al., 1998; Ulrich et al.,
2008). Besides acting as plant growth stimulators, the strains used in this study combine several other
features related to the promotion of plant growth, e.g. phosphate solubilisation, siderophore
production, cellulose/pectin hydrolysis and nitrogen fixation, which may be advantageous for use in
different field situations.

Our previous work had shown that the total dry weight of annual ryegrass plants was enhanced by
more than 50% upon single inoculation with Pseudomonas sp. G1Dc10 and Paenibacillus sp. G3Ac9,
probably due to the production of bacterial phytohormones (Castanheira et al., 2014). Here we
evaluated the effects on the shoot and root fractions after inoculation with different combinations of
those two strains and S. azotifigens DSMZ 18530. Triple inoculation with 3x10® bacteria per plant
(high-density triple inoculation, treatment 8) significantly increased the growth of annual ryegrass,
showing the highest effect in the roots. However, such increases were smaller than the observed in
single, dual and triple inoculation treatments containing one-third of the total number of bacteria (108
bacteria per plant). Although the differences between treatments had no statistical significance, the
observed tendency suggested a saturation effect by the high-density triple inoculum. However, this
possibility was not confirmed by physiological evaluations, which revealed a physiological
improvement (i.e. lipid synthesis, chlorophyll and carotenoid contents, electrolyte leakage) in plants
inoculated with the high-density triple inoculum, relative to either non-inoculated controls or single
inoculation treatments. The most relevant result was the 65 % increase in the total fatty acids content,
suggesting a dynamic metabolic response and stimulation of membrane biosynthesis (Campos et al.,
2003; Partelli et al., 2011). Lipids have higher energy content when compared with carbohydrates and
proteins, reinforcing the importance of using lipid-enriched forage grasses for ruminant nutrition
(Hegarty et al., 2013). Enhanced lipid synthesis was also observed in single inoculation treatments
relative to non-inoculated plants, but at a lower extent. The increase in the total fatty acids content was
a consequence of alterations in the lipids profile, mainly reflecting the preferential synthesis of
saturated palmitic acid (C16:0) and highly unsaturated linoleic (C18:2) and linolenic (C18:3) acids.
The increase of unsaturated membrane lipids can be an important asset for livestock nutrition.

13



Linolenic and linoleic acids belong to a group of essential fatty acids (respectively omega-3 and
omega-6) that cannot be synthesized by humans but must be mandatorily present in their diet. Such
obligatory dietary requirement for fatty acids of plant origin may be attained through plants or through
organisms which are plant consumers. In mammals these fatty acids are precursors for important
regulatory molecules, which help prevent a number of diseases and physiological dysfunctions
(Leshem, 1992). It was demonstrated that an increased supply of omega-3 fatty acids in the diet of
ruminants can result in increased accumulation of these compounds in animal products, improving
their quality and nutraceutical value (Scollan et al. 2001). Therefore, inoculation of annual ryegrass
with the three-strain mixture proposed in this work may improve the nutritional value of this pasture
crop. The results obtained in this study with the high-density triple inoculum suggest a putative
synergistic effect by the three-strains in stimulating lipid biosynthesis and favouring the plants
contents of unsaturated fatty acids. It remains unclear whether reducing cell density in the triple
inoculum could provide more and/or stronger beneficial effects on plants lipid composition.
Clarification of this issue would be important to evaluate a possible saturation effect by the high-
density inoculum.

Besides increasing total fatty acids, the high-density triple inoculum also increased leaf chlorophyll
and carotenoid contents, indicating an improvement of the photosynthetic apparatus and anti-oxidative
capacity (Scotti-Campos et al., 2015). Additionally, membrane permeability was reduced relative to
control, as inferred from lower electrolyte leakage values; this parameter has been commonly used as
an indicator of membrane stability in a wide range of plant species under different stress conditions
(Campos et al., 2003; Scotti-Campos et al., 2013; Scotti-Campos et al., 2014; Scotti-Campos et al.,
2015). The pigments content and electrolyte leakage were also improved by single inoculation with
Pseudomonas sp. G1Dc10 or S. azotifigens DSMZ 18530, but not with Paenibacillus sp. G3Ac9,
indicating a negative impact by this strain in the plant photosynthetic apparatus and membrane
stability. There is no obvious explanation for this result, especially in view of the increases in plants
biomass provided by this strain. Paenibacillus sp. G3Ac9 is an active producer of polysaccharide
degrading enzymes, such as cellulases and pectinases (Castanheira et al., 2014), and the possibility
that such hydrolytic activities could affect plant physiological parameters should not be ruled out.

14



Further work will be required to evaluate the effects of strain Paenibacillus sp. G3Ac9 on plants
exposed to different environments and stress situations. Interestingly, the combination of this strain
with Pseudomonas sp. G1Dc10 and S. azotifigens DSMZ 18530 in the triple inoculation treatment
eliminated the negative effects on the pigments content and electrolyte leakage. Single inoculation
with Paenibacillus sp. G3Ac9 provided the highest increases in monounsaturated oleic acid and
polyunsaturated linoleic acid, probably contributing to the corresponding increases in the triple
inoculation treatment. This effect, together with the large increase in plants biomass, justified the
inclusion of Paenibacillus sp. G3Ac9 in the inoculation mixture. The genus Paenibacillus is referred
in the literature as harbouring several strains that are plant-growth promoters and prominent members
of the endophytic population in healthy tissues of medicinal plants, functioning as prolific producers
of bioactive compounds, such as polymyxin and fusaricidin antibiotics, or hydrolytic enzymes that
may facilitate the colonization process of inner plant tissues (Reinhold-Hurek et al., 1993; Choi et al.,
2009; Li and Jensen, 2008; Ulrich et al., 2008). The ability to hydrolyse cellulose may also represent
an advantage for the biocontrol of soil-borne phytopathogens containing cellulose in the cell wall
composition, such as the oomycete Phytophthora cinnamomi.

The colonization of annual ryegrass by the high-density triple inoculum was evaluated using GFP-
labelling and FISH/CLSM, combined with the conventional dilution-plating technique for
quantification purposes. The results firmly established that the three strains are rhizospheric, since
they colonize the surface of the roots, and endophytic, as they also enter plant tissues. It has been
recognized that rhizosphere and/or rhizoplane colonization is the first step of plant colonization and is
essential for the success of inoculation (Andreote et al., 2009). On the other hand, it is commonly
accepted that the endosphere provides a protected environment for those bacteria that colonize and
establish in planta, increasing their chances of survival (Ryan et al., 2008). The strains used in this
study colonize both the rhizosphere and the endosphere of annual ryegrass, and such versatility
regarding plant colonization may represent an asset for their use as field inoculants.

FISH/CLSM visualizations made four weeks after inoculation showed that the three bacterial strains
were predominantly located around root cap cells and surrounding root hairs, as well as in stem
epidermis. In addition, bacteria were found up to cortical cell layers, but not in the vascular system.
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This may indicate that the spreading of bacteria inside annual ryegrass plants did not involve their
transport through the xylem vessels, contrarily to what was suggested for other host/endophyte
systems (Compant et al., 2005; Hurek et al., 1994; James et al., 2002). Migration along intercellular
spaces (Compant et al., 2010) would therefore be the most plausible route for the distribution of
bacteria within annual ryegrass plants.

In this study, we observed that bacterial cells in annual ryegrass leaves were mostly located in the
sheaths. Interestingly, the quantification of bacteria re-isolated from inoculated plants showed stronger
colonization of the stems as compared with the root interior and leaves. Many reports describe the
presence of endophytic bacteria in various plant compartments, but their distribution is often uneven
(Compant et al., 2010). Most plants have higher numbers of endophytes in roots than in above ground
tissues (Rosenblueth and Martinez-Romero, 2006). Studies involving the inoculation of tomato and
grapevine with endophytic plant growth promoting bacteria showed greater accumulation of
endophytes in the leaves than in stems (Compant et al., 2005; Yan et al., 2003). The occurrence of
higher numbers of endophytes in certain plant tissues may be related to increased availability of
nutrients or activating compounds (Afzal et al., 2011). More studies would be needed to confirm if this
is the case of stems in annual ryegrass.

All strains used in this study showed identical colonization behaviour on annual ryegrass, and similar
results were described for the plant growth promoting strain Burkholderia graminis G2Bd5 on the
same host (Castanheira et al., 2016), suggesting that there is a common pattern for annual ryegrass
colonization by different bacteria. This seems to reinforce the idea that the host plant plays an active
role in controlling the colonization process (Rosenblueth and Martinez-Romero, 2006). Further studies
on the interaction of these strains with other host plants could help clarify this issue. The observation
of the three strains coexisting in the various plant compartments indicates that there is no antagonism
between them.

In conclusion, gnotobiotic inoculation of the pasture crop annual ryegrass with a mixture of three plant
growth promoting bacteria significantly increased plant growth and physiological status, enhancing
leaf photosynthetic pigments, lipid biosynthesis and the content in linolenic acid, an omega-3 fatty
acid with high dietary value. Overall, biomass evaluations suggested an inverse trend between plants
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dry weight and the inoculum size/number of strains. Nevertheless, triple inoculation revealed
advantages over one-strain inocula in terms of plants physiological condition. Due to the taxonomic
and functional diversity of these strains, their combined use in a triple inoculation mixture may
represent a valuable asset for plant inoculation in a diversity of field conditions, providing a more
versatile inoculum. Additionally, their competence for plant colonization and absence of antagonistic
effects reinforce the use of these strains in a mixture. Annual ryegrass is a fodder crop that is often
used in mixed legume-grass pastures in Mediterranean ecosystems. In such systems, inoculation of
annual ryegrass with the bacterial mixture proposed in this study could also benefit the legumes
present in the pasture, for instance by increasing phosphorus bioavailability or providing protection
against soil-borne phytopathogens. However, eventual interferences on the establishment of other
beneficial plant microbe associations (e.g. nitrogen-fixing symbiosis between legumes and rhizobia,
and mycorrhizae) would have to be addressed. Undoubtedly, these are important issues deserving
additional investigation. Knowledge on the capacity of these strains to thrive and interact with the soil

and plant natural microbiomes will be essential to determine their full potential for biofertilization.
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Figure captions

Fig. 1. Annual ryegrass plants grown in Evans medium for 4 weeks in a controlled environment
growth chamber. (A) Non-inoculated (control); (B) Inoculated with a bacterial mixture (treatment 8)

containing equal amounts of Pseudomonas sp. G1Dc10, Paenibacillus sp. G3Ac9 and Sphingomonas

azotifigens DSMZ 18530" (total number of 3x108 bacteria per plant).
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Fig. 2. Confocal laser scanning microscopic images of fluorescence in situ hybridization (FISH) of
annual ryegrass plants inoculated with a mixed inoculum containing Pseudomonas sp. G1Dc10,
Paenibacillus sp. G3Ac9 and GFP-labelled Sphingomonas azotifigens DSMZ 18530T. FISH analysis
was performed to visualize each bacterium: GAM42a(Cy3)+EUBmMix(Cy5)-targeted Pseudomonas
(+) appeared magenta, ALF969(FITC)+EUBmMIx(Cy5)-targeted S. azotifigens-GFP (>) appeared
cyan/green, and EUBmIix(Cyb5)-targeted Paenibacillus (=) appeared blue. Micrographs of root
transverse sections (A-B) and entire root fragment (C), showing the presence of the three bacteria in
the root cortical parenchyma and endodermis (A), and in root hairs (B-C). Cross section of a stem (D)

showing endophytic colonization by inoculated bacteria.
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Tables

Table 1 Bacterial strains and plant inoculation treatments used in this study.

Bacteria

Code Isolation source Reference
Pseudomonas sp. G1Dc10 Ps Stems of annual ryegrass Castanheira et al. (2014)
Paenibacillus sp. G3Ac9 Pa Rhizosphere of annual ryegrass | Castanheira et al. (2014)
Sphingomonas azotifigens Sp Roots of rice Oyaizu-Masuchi and Komagata
DSMZ 18530 (1988); Xie and Yokota (2006)
Inocula

Type Composition @ Size (total number of cells per plant)
Treatment 1 Single Ps 108
Treatment 2 Single Pa 108
Treatment 3 Single Sp 108
Treatment 4 Dual Ps + Pa 108
Treatment 5 Dual Ps + Sp 108
Treatment 6 Dual Sp + Pa 108
Treatment 7 Triple Ps + Pa + Sp 108
Treatment 8 Triple Ps+Pa+ Sp 3x108

@ Multiple inocula (treatments 4-8) contained equal amounts of each strain.
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Table 2 Influence of inoculation with different combinations of strains Pseudomonas sp. G1Dc10,

Paenibacillus sp. G3Ac9 and Sphingomonas azotifigens DSMZ 18530 on the growth of annual

ryegrass after incubation for 4 weeks in gnotobiotic conditions.

Inoculation treatments @

Dry weight relative to non-inoculated controls (%)

+SE%e

Shoot

Root

Single inoculation ®

Treatment 1 (Ps)

140.6 + 10.1 *AB

188.9+21.1 %A

Treatment 2 (Pa)

140.1+4.3 %48

200.4 £ 17.8 *A

Treatment 3 (Sp)

128.9+ 13.3 *AB

140.2 +16.6 ¥~

Dual inoculation ®

Treatment 4 (Ps + Pa)

137.8 £ 14.0 * A8

155.2 £ 21.7 *A

Treatment 5 (Ps + Sp)

153.8 £ 8.2 *A

168.1+6.9 *A

Treatment 6 (Sp + Pa)

140.4 £ 10.7 * A8

166.7 + 16.7 * A

Triple inoculation ©

Treatment 7 (Ps + Pa + Sp, 108 cells per plant)

126.1 £ 5.4 * A8

143.9+7.9 *A

Treatment 8 (Ps + Pa + Sp, 3x108 cells per plant)

119.1+45*8B

136.7 £+ 16.7 *A

@ Multiple inocula (treatments 4-7) contained equal amounts of each strain. Ps, Pseudomonas sp. G1Dc10; Pa, Paenibacillus

sp. G3Ac9; Sp, Sphingomonas azotifigens DSMZ 18530.
b Average values of 7-9 replicate samples + SE.
¢ Average values of 14-24 replicate samples + SE.

d Values followed by (*) were significantly different from non-inoculated controls according to Tukey’s HSD test at P < 0.05.
¢ Different capital letters (A B) express significant differences between treatments according to Tukey’s HSD test at P < 0.05.
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Table 3 Influence of inoculation with different combinations of strains Pseudomonas sp. G1Dc10, Paenibacillus sp. G3Ac9 and Sphingomonas azotifigens

DSMZ 18530 on pigments content, fatty acid composition and electrolyte leakage in leaves of annual ryegrass plants grown for 7 weeks in gnotobiotic

conditions.

Physiological parameter b ¢

Inoculation treatments 2

Non-inoculated

Single inoculation

Triple inoculation

control

Treatment 1 (Ps)

Treatment 2 (Pa)

Treatment 3 (Sp)

Treatment 8 (Ps + Pa + Sp)

Pigments ¢

Chlorophylls (a+b) (mg g* dry weight) 105+£0.3 13.9+0.2 *A 8.6+0.6 *B 14.7+£ 0.4 *A 17.7+£1.1 %A
Chlorophyll a/b 3.3+0.2 40+024 33+04A° 3.3+0.04 3.6+0.14
Carotenoids (mg g* dry weight) 25+0.1 3.4+0.1*A 20+0.08 35+0.1*A 3.7+02*A
Fatty acids (mg g* dry weight) ©

<C16:0 0.3+£0.0 04+0.0°8 04+0.08 02+00°¢ 0.8+0.0*A
C16:0 (palmitic acid) 3.7+£0.2 46+0.2*8 47+0.2%8 48+0.1%*8 6.5+0.4*A
C16:1 (hexadecenoic acid) 0.7+0.0 1.4+£01%*A 1.1+£0.1 %48 09+0.1%*8 1.1+£0.1 %48
C18:0 (stearic acid) 05+0.1 04+0.0°8 06+00A° 05+0.048 0.3+0.0°€
C18:1 (oleic acid) 06+0.1 08+0.1°8 1.1+0.0*A 06+0.0°8 1.1+£0.1 %A
C18:2 (linoleic acid) 31+£0.1 3.8+0.2*%A8 49+04%*A 33+0.1°8 48+05*A
C18:3 (linolenic acid) 15.4+0.6 21.4+0.9 *BC 18.6 0.4 *¢ 22.3+0.6 *A8 255+ 1.4 *A
Total fatty acids (TFA) 24305 32.7+1.0*8B 31.4+1.0%*8 32.6+0.7 *B 40.1+£19*A
Double Bond Index (DBI) 14.0x0.6 15.1+064 14.1+0.348 15.4+0.34 129+058
Electrolyte leakage ¢

(% of total conductivity) 5.8+0.3 44+02%*8 11.7+£0.0 *¢ 41+02*48 3.2+£0.2%A

2 Inocula contained 108 (single inoculation) or 3x108 (triple inoculation) bacteria per plant. The triple inoculum (treatment 8) contained equal amounts of each strain. Ps, Pseudomonas sp.

G1Dc10; Pa, Paenibacillus sp. G3Ac9; Sp, S. azotifigens DSMZ 18530.
bValues followed by (*) were significantly different from non-inoculated controls according to Tukey’s HSD test at P < 0.05.

¢ Different capital letters (* B) express significant differences between inoculated treatments according to Tukey’s HSD test at P < 0.05.
d Average values of 3 (single inoculation), 5 (triple inoculation) or 11(non-inoculated control) replicate samples * SE.
¢ Average values of 6 (single and triple inoculation) or 18 (non-inoculated control) replicate samples + SE.
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Table 4 Enumeration of viable bacteria recovered from the rhizoplane and surface disinfected roots,

stems and leaves of annual ryegrass plants using the dilution-plating method. Plants were inoculated

with a bacterial mixture (treatment 8) containing equal amounts of Pseudomonas sp. G1Dcl0,

Paenibacillus sp. G3Ac9 and Sphingomonas azotifigens DSMZ 18530" (total number of 3x108

bacteria per plant), and were grown for 4 weeks in gnotobiotic conditions.

Number of recovered bacteria ¢ (logio CFU g ™)

Plant fraction

Pseudomonas sp.
G1Dc10

Paenibacillus sp.
G3Ac9

Sphingomonas azotifigens
DSMZ 185307

Rhizoplane 9.38 £ 0.0523A 8.76 £0.30 2B 9.10 £ 0.04 248
Root 4.84 +0.29 ¢A 4,32 +0.45 A 471+0.22¢A
Stem 7.58 +0.20 PA 7.32+0.30PA 6.67 £ 0.43 A
Leaves 4.32+£0.48 ¢A 4.58 +£0.40 ¢A 3.94+0.17 ¢A

2 Average values of 3-4 replicate samples + SE.
b Different letters express significant differences between logio CFU counts of each strain in different parts of the plant
(lowercase letters) or between logio CFU counts of the different strains in the same part of the plant (uppercase letters),
according to Tukey’s HSD test at P < 0.05.

¢ CFU, colony forming units.
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