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Abstract: The potential of plant growth promoting (PGP) bacteria in improving the performance of 14 

plants in suboptimal environments is increasingly acknowledged, but little information is available 15 

on the mechanisms underlying this interaction, particularly when plants are subjected to a combi- 16 

nation of stresses. In this study, we investigated the effects of the inoculation with the PGP bacteria 17 

Azospirillum brasilense on the metabolism of the model cereal Brachypodium distachyon grown at low 18 

temperatures and supplied with insufficient phosphorus. Investigating polar metabolite and lipid 19 

fluctuations during early plant development, we found that the bacteria initially elicited a defense 20 

response in Brachypodium roots, while at later stages Azospirillum reduced the stress caused by 21 

phosphorus deficiency and improved root development of inoculated plants, particularly by stim- 22 

ulating the growth of branch roots. We propose that the interaction of the plant with Azospirillum 23 

was influenced by its nutritional status: bacteria were sensed as pathogens while plants were still 24 

phosphorus sufficient, but the interaction became increasingly beneficial for the plants as their phos- 25 

phorus levels decreased. Our results provide new insights on the dynamics of the cereal-PGP bac- 26 

teria interaction, and contribute to our understanding of the role of beneficial microorganisms in 27 

the growth of cereal crops in suboptimal environments. 28 

Keywords: Plant growth promoting (PGP) bacteria; cereals; metabolomics; lipidomics; root metab- 29 
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 31 

1. Introduction 32 

Low temperature and P deficiency are two of the most common abiotic stresses for 33 

crops, and their combination can be particularly detrimental during the early stages of the 34 

development of winter cereals in P-poor regions of the world [1].  35 

Low temperature affects virtually all metabolic processes of plants by changing the 36 

enzyme kinetics of biochemical reactions, inhibiting photosynthesis, damaging intra- and 37 

intercellular structures, decreasing water and nutrient uptake capacity, and causing oxi- 38 

dative stress [2,3]. Plants use P in most of their metabolic reactions, and phosphate defi- 39 

ciency activates various metabolic rearrangements, which increase external inorganic P 40 

(Pi) uptake and optimize internal Pi use efficiency [4]. In the case of extended P depriva- 41 

tion, plants often start recycling P from P-containing biomolecules such as RNA, phos- 42 

pholipids and small phosphorylated metabolites, and the metabolic pathways these com- 43 

pounds are involved in are severely impacted by prolonged P deficiency [5]. 44 

Low temperatures can affect plant metabolic responses to low P availability and vice 45 

versa. By decreasing plant growth rate, low temperature might indirectly affect plant P 46 
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requirements; furthermore, these stresses have an opposite effect on root development – 47 

which is generally stimulated by P deficiency and hindered by low temperatures [6]. Low 48 

temperature hampers photosynthesis by inhibiting sucrose synthesis, and this causes an 49 

accumulation of phosphorylated intermediates and an imbalance in the ATP/ADP ratio 50 

[7]. As mentioned before, these compounds are also affected by low P availability, as they 51 

decrease in P deficient plants. Arabidopsis thaliana mutants with reduced shoot Pi adapt to 52 

low temperature better than mutants with increased shoot Pi, but this might be reversed 53 

in highly P deficient plants, as these plants might not be able to readjust their metabolism 54 

to face low temperature [8]. When comparing the metabolic response of maize leaves to 55 

low temperatures and P limitation, Schlüter et al. [9] reported that plants subjected to low 56 

temperatures increased their carbohydrate and phosphorylated metabolite levels, while 57 

the opposite was observed in P deficient plants. 58 

Plant growth promoting (PGP) bacteria can improve plant adaptation to abiotic 59 

stresses by affecting their metabolism, particularly by producing PGP compounds, im- 60 

proving nutrient uptake and interfering with plant stress signaling pathways [10-12]. The 61 

metabolic response of cereal roots to inoculation with PGP bacteria has been increasingly 62 

investigated in recent years [13-17], and few of those studies have analyzed the role of 63 

PGP bacteria in shaping the root metabolome of cereals facing stress [18,19]. Gagné-Bour- 64 

que et al. [18] studied the impact of PGP bacteria at various stages of the interaction with 65 

timothy grass (Phleum pratense) subjected to drought. Their results are of particular inter- 66 

est as inoculation affected plant phenotype and metabolome differently through the ex- 67 

periment, showing the plasticity of the plant-bacteria interaction in different conditions. 68 

There is instead a lack of time-resolved studies on the effects of the interaction with PGP 69 

bacteria on the metabolome of cereal roots subjected to low P and cold temperatures, ap- 70 

plied separately or simultaneously.  71 

This study is part of a project that investigated the effect of the interaction with the 72 

PGP bacteria Azospirillum brasilense (Azospirillum) on the development of the model ce- 73 

real Brachypodium distachyon (Brachypodium) subjected to suboptimal temperature and 74 

low P availability. In our previous phenotypic analysis, we compared the development of 75 

plants grown at suboptimal temperatures and various P levels and inoculated or not with 76 

Azospirillum. At the lowest P availability, bacteria increased shoot biomass in the early 77 

stages of the interaction, while the shoot nutrient concentration was not affected. Addi- 78 

tionally, inoculated plants featured an increase of their branch root length in the second 79 

half of the experiment, concurrently with plant P deficiency. We hypothesized that the 80 

inoculation improved plant resistance to P deficiency stress by optimizing their root ar- 81 

chitecture for the exploration of the substrate [1]. Thus the current study focuses on inves- 82 

tigating the metabolism of the previously phenotyped Brachypodium roots, with plants 83 

grown in the conditions where Azospirillum had a positive effect on their development 84 

[1]. We resolved the changes occurring in the root polar metabolites and lipids at various 85 

stages of the interaction with Azospirillum, and linked them to the plant nutritional status 86 

and phenotype. The levels of phosphorylated compounds decreased throughout the ex- 87 

periment, causing relevant rearrangements in plant metabolism. Inoculated plants syn- 88 

thesized defense-related compounds during the early stage of the interaction, while at 89 

later stages inoculation decreased abiotic stress. We propose that the plant P deficiency 90 

shaped the interplay with the bacteria, which in turn affected the plant response to the 91 

abiotic stresses they were subjected to.  92 

2. Results 93 

Brachypodium distachyon Bd21-3 (Brachypodium) [20] with or without Azospirillum 94 

brasilense Sp245 (Azospirillum) [21] inoculation were grown in a hydroponic system for 95 

21 d at suboptimal temperatures (20/10 °C day/night), and throughout the experiment 96 

plants were supplied with a low P (7 µM KH2PO4) nutrient solution. At 7, 14 and 21 days 97 

after the inoculation (DAI), roots were harvested and polar metabolites and lipids were 98 

extracted and analysed via untargeted GC-MS or LC-MS. The root metabolic profiles were 99 



 

 

compared between inoculated and non-inoculated plants at each time point, and between 100 

different time points of the same treatment.  101 

The analysis of the plant phenotype at various time points in the interaction with 102 

Azospirillum has been reported by Schillaci et al. [1].  103 

2.1. Polar metabolites 104 

2.1.1. Root polar metabolites 105 

A total of 92 polar metabolites were detected in the roots of Brachypodium, mainly 106 

belonging to the classes of sugars (25), amino acids/amines (30) and organic acids (32) 107 

(Table S1). β-gentibiose, cystine, maltotriose, melibiose and myo-inositol-2-phosphate 108 

were present only at 7 DAI. 109 

 2.1.2. P containing compounds 110 

Five P containing compounds were detected in the root samples: glycerol-3-phos- 111 

phate (G3P), inositol-1-phosphate, mannose-6-phosphate, myo-inositol-2-phosphate and 112 

phosphoric acid. The levels of all these compounds decreased between 7 and 21 DAI, with 113 

a similar magnitude in both treatments (Figure 1). The only compound significantly af- 114 

fected by the inoculation was G3P, which was more abundant (fold change (FC) = 1.53) in 115 

Azospirillum-inoculated plants at 7 DAI (Figure 1a).  116 

2.1.3. Comparison between polar metabolites of inoculated and non-inoculated plants 117 

The response of polar compounds detected in Brachypodium roots was assessed us- 118 

ing relative quantification and compared between inoculated and non-inoculated samples 119 

at each time point. Hierarchical clustering paired with a heatmap of metabolite abun- 120 

dances and principal component analysis (PCA) allowed the behavior of root metabolic 121 

profiles to be visualized throughout the experiment. 122 

Figure 1. Relative response of P containing compounds in roots of plants with or without Azospirillum inoculation and harvested 

after 7, 14 and 21 DAI. Means ± standard error are presented. n = 6 for all samples except for non-inoculated at 21 DAI (n = 8). 

Asterisks in the graphs indicate a fold change (FC)<-1.5 or >1.5 and probability of significant difference between relative response of 

Azospirillum-inoculated and non-inoculated plants based on Student’s t-test p<0.05 (see also Table 1). 



 

 

Polar metabolite patterns firstly clustered based on time point, while the bacterial 123 

inoculation was a weaker discriminant (Figure 2, Figure S1). Based on the levels of de- 124 

tected metabolites, samples from different treatments were often more similar than sam- 125 

ples belonging to the same treatment. The clearest separation was observed at 14 DAI, 126 

when samples from the two treatments clustered separately (Figure 2). 127 

While most metabolites did not show significant fold changes between the two treat- 128 

ments at any time point, the response of a small group of metabolites varied dynamically 129 

throughout the time series (FC < -1.5 or FC > 1.5, p<0.05, Table S1, Figure S2). A total of 18 130 

compounds were significantly increased or decreased when the two treatments were com- 131 

pared at each time point. These included aminocaproic acid, campesterol, β-cyano-ala- 132 

Figure 2. Hierarchical clustering coupled with heatmap of the polar metabolite profiles of Azospirillum-inoculated (B) and non-

inoculated roots (C) of Brachypodium harvested at 7, 14 and 21 DAI. The lettering at the bottom of the heatmap indicates the repli-

cates: for each replicate, blue and red colors indicate the lower or higher abundance of specific metabolites respectively compared 

to the other replicates, with darker colors indicating more pronounced differences. 



 

 

nine, diethylene glycol, G3P, hexacosanol, malic acid, α-ketoglutaric acid (α-KG), panto- 133 

thenic acid, pentonic acid, 1,4-lactone, putrescine, pyroglutamic acid, quinic acid, ribonic 134 

acid, serotonin, sinapic acid, trehalose and xylose. 135 

At 7 DAI, the compounds that increased in inoculated plants compared to non-inoc- 136 

ulated were hexacosanol (FC= 2.36), campesterol (FC = 1.94), trehalose (FC = 1.58) and G3P 137 

(FC = 1.53). The only compound that decreased was aminocaproic acid (FC = -1.92) (Table 138 

S1, Figure S2a). 139 

The highest number of changed polar metabolites was observed in root samples har- 140 

vested 14 DAI. At this time point, four metabolites increased in inoculated samples com- 141 

pared to controls: trehalose (FC = 2.16), quinic acid (FC = 2.12), α-KG (FC = 1.99) and malic 142 

acid (FC = 1.76). Seven metabolites were reduced: pentonic acid, 1,4-lactone (FC = -2.98), 143 

aminocaproic acid (FC = -2.63), sinapic acid (FC = -2.54), β-cyano-alanine (FC = -1.95), pan- 144 

tothenic acid (FC = -1.87), putrescine (FC= - 1.55) and diethylene glycol (FC = -1.50) (Table 145 

S1, Figure S2b). 146 
At 21 DAI, the polar metabolites with higher abundance due to inoculation were 147 

ribonic acid (FC = 5.43), xylose (FC = 1.8), pyroglutamic acid (FC = 1.75) and serotonin 148 
(FC = 1.50). Pentonic acid, 1,4-lactone (FC = -1.73) was the only compound with reduced 149 
abundance (Table S1, Figure S2c).  150 

Apart from pentonic acid, 1,4-lactone, trehalose and aminocaproic acid, no com- 151 

pounds were significantly affected at more than one time point.  152 

2.2. Lipids 153 

2.2.1. Root lipids 154 

A total of 6294 features were detected in Brachypodium root extracts, and of those 155 

257 were annotated as lipids. Identified species belonged to glycerolipids (GL, 178), glyc- 156 

erophospholipids (GP, 62) and sphingolipids (SP, 17). GLs were divided into acyl diacyl- 157 

glyceryl glucuronides (ADGGA, 14), diacylglycerols (DG, 27), digalactosyldiacylglycerols 158 

(DGDG, 20), diacylglyceryl glucuronides (DGGA, 11), monogalactosyldiacylglycerols 159 

(MGDG, 7) and triacylglycerols (TG, 99). GPs were divided into lysophophatidylcholines 160 

(LPC, 8), phophatidylcholines (PC, 27), phosphatidylethanolamines (PE, 16), phosphati- 161 

dylglycerols (PG, 6) and phosphatidylinositols (PI, 5). SPs were divided into ceramide al- 162 

pha-hydroxy fatty acid-phytospingosines (Cer-AP, 9), hexosylceramides (HexCer, 2), hex- 163 

osylceramide alpha-hydroxy fatty acid-phytospingosines (HexCer-AP, 4) and ceramide 164 

phosphoinositols (Pi-Cer, 2). For the complete description of detected features, see Table 165 

S2a. 166 

2.2.2 Root glycerophospholipids and galactolipids 167 

The comparison of specific lipid classes at different time points showed converse 168 

trends between GPs (PCs and PEs) and galactolipids (MGDGs and DGDGs) in both treat- 169 

ments (Table S2b). Of the 27 detected PCs, 13 decreased and 5 increased in inoculated 170 

plants between 7 and 21 DAI. A similar result was observed in non-inoculated plants, 171 

where 15 PCs decreased and 5 PCs increased during the same time window. The 16 de- 172 

tected PEs show a similar behavior, with 7 decreased and 2 increased lipid species in in- 173 

oculated plants, and 7 decreased and 1 increased lipid in non-inoculated plants. Between 174 

7 and 21 DAI, all 20 detected DGDGs increased in both treatments, while out of the 7 175 

detected MGDGs, 5 and 4 increased in inoculated and non-inoculated plants, respectively. 176 

None of the detected galactolipids decreased during the experiment, in either of the treat- 177 

ments. 178 

2.2.3. Comparison between lipids of inoculated and non-inoculated plants 179 

Lipid and unidentified feature profiles of inoculated and non-inoculated plants were 180 

compared at 7, 14 and 21 DAI. The hierarchical clustering and PCA plot of lipid species 181 

and unidentified features detected at different time points show that features separated 182 

based on time of harvest. Lipid species did not separate based on the bacterial treatment 183 

(Figure 3, Figure S3), while a more pronounced clustering was observed in unidentified 184 

features, particularly at 7 and 21 DAI (Figure S4). 185 



 

 

The analysis of lipid species in the two treatments at different time points shows a 186 

limited effect of the inoculation on individual features. DGDG 36:1, LPC 14:0 and PE 33:2 187 

were less abundant in inoculated plants at 7 DAI; PC 30:1 was more abundant in inocu- 188 

lated plants at 14 DAI. No lipid species differed significantly at 21 DAI (Figure S5). 189 

To further investigate the effects of bacterial inoculation on the Brachypodium root 190 

lipidome, K-means clustering analysis was performed separately on the lipids identified 191 

in inoculated and non-inoculated samples, which were grouped based on their levels at 7, 192 

14 and 21 DAI (Figure 4). Seven lipid clusters were fitted and grouped between the two 193 

treatments based on their metabolite composition. The degree of similarity between the 194 

clusters in each pair was generally good, varying between 48.7 and 75.5% for six out of 195 

Figure 3. Hierarchical clustering coupled with heatmap of the lipid profiles of Azospirillum-inoculated (B) and non-inoculated roots 

(C) of Brachypodium harvested at 7, 14 and 21 DAI. The lettering at the bottom of the heatmap indicates the replicates: for each 

replicate, blue and red colors indicate the lower or higher abundance of specific lipids compared to the other replicates, with darker 

colors indicating more pronounced differences.  



 

 

the seven paired clusters (for the complete cluster composition and the similarity scores 196 

of each cluster pair, see Table S2c). The clusters of inoculated and non-inoculated samples 197 

differed particularly in the third and fourth pairs. In the third pair (Figure 4c), DGs and 198 

GPs identified in non-inoculated samples were generally stable between 7 and 14 DAI, 199 

and decreased at 21 DAI, while those from inoculated samples increased between 7 and 200 

14 DAI and decreased again between 14 and 21 DAI. In the fourth pair (Figure 4d), TGs 201 

from non-inoculated samples decreased between 7 and 14 DAI and were generally stable 202 

Figure 4. Profile of lipid species identified in Azospirillum-inoculated and non-inoculated samples harvested at 7, 14, and 21 DAI 

using K-means clustering. Clusters formed in the two treatments were matched based on their lipid species composition At each 

time point, biological replicates are displayed as lines of dots, where each dot represents a lipid species. The main lipid classes of 

each cluster couple are also displayed. Shade of the fitting line represents the standard deviation within metabolite groups. 

ADGGA: acyl diacylglyceryl glucuronide, Cer-AP: ceramide alpha-hydroxy fatty acid-phytospingosine, DG: diacylglycerol, 

DGDG: digalactosyldiacylglycerol, DGGA: diacylglyceryl glucuronide, GP: glycerophospholipids, HexCer-AP: hexosylceramide 

alpha-hydroxy fatty acid-phytospingosine, TG: triacylglycerol. 



 

 

between 14 and 21 DAI, while features from inoculated samples were stable between 7 203 

and 14 DAI and increased between 14 and 21 DAI. 204 

3. Discussion 205 

The comparison of polar metabolites and lipids extracted from the roots of Azospi- 206 

rillum-inoculated and non-inoculated roots of Brachypodium at 7, 14 and 21 DAI revealed 207 

that the time of the harvest was a strong discriminant between samples, while the bacterial 208 

treatment affected specific sections of root metabolism at different time points. 209 

3.1 Polar metabolites 210 

3.1.1. Plants consumed phosphorylated compounds to face the increasing P deficiency 211 

All detected P containing compounds decreased in both treatments through the ex- 212 

periment (Figure 1) as might be expected given the progressive decrease of shoot P con- 213 

centration in those same plants [1]. The reduction in phosphoric acid indicates that the 214 

inorganic P reserves in the vacuole were declining (Figure 1e), a process associated with 215 

the reduction in phosphorylated metabolites as internal P recycling from senescing tissues 216 

occurred [22]. Plants progressively switched to metabolic pathways that require little or 217 

no phosphorylated compounds, allowing P to be remobilized for essential metabolism [5]. 218 

The large reduction in all detected P containing compounds suggests that not only were 219 

the shoots of both treatments increasingly P deficient [1] but this was also the case in the 220 

roots. As previously reported, despite a similar metabolic response indicating P deficiency 221 

the growth of shoots and roots was stronger in plants inoculated with Azospirillum.  222 

3.1.2. Azospirillum elicited different responses in plants at different stages 223 

The profile of polar metabolites extracted from Brachypodium roots with and with- 224 

out Azospirillum inoculation changed through time, suggesting that bacterial interactions 225 

dynamically and specifically altered plant metabolism at low temperature and P condi- 226 

tions. The time point at which inoculation induced the largest number of metabolite 227 

changes was 14 DAI. Eleven metabolites had significant changes, of which 4 were in- 228 

creased and 7 were decreased by inoculation. Changes in polar metabolites were more 229 

limited at 7 and 21 DAI, with four compounds increased and one decreased in inoculated 230 

plants at both time points (Table S1, Figure S2).  231 

The metabolic pathways associated with significant changes in this study are shown 232 

in Figure 5. Compounds significantly affected by the inoculation are scattered across pri- 233 

mary metabolism rather than belonging to specific pathways, with the partial exception 234 

of sugar metabolism (trehalose, xylose) and the citric acid cycle (malic acid, α-ketoglutaric 235 

acid(α-KG)). It was not possible to map hexacosanol, diethylene glycol, pentonic acid, 1,4- 236 

lactone and ribonic acid onto Figure 5, because a pathway for those compounds has not 237 

been characterized in plants yet. Further information on affected compounds in relation 238 

to stresses and/or interaction with PGP bacteria can be found in Table A1. 239 

Dynamic metabolite fluctuations in association with bacterial inoculation are evident 240 

by mapping affected compounds at different time points (Figure 5). This reveals metabo- 241 

lites which were most significantly changed in response to growing conditions (time, in- 242 

oculation). 243 

We cannot exclude that compounds increased in inoculated plant roots were pro- 244 

duced by the bacteria or by both bacteria and the plant but, due to the great disproportion 245 

between host plant and bacterial biomass, it is unlikely that bacterial metabolites had a 246 

significant impact on the observed results. 247 

It is noteworthy that all compounds whose levels were increased in inoculated plants 248 

at 7 DAI - hexacosanol, campesterol, trehalose and G3P – can be involved in plant re- 249 

sponse to biotic stresses and this suggests that the plant was initially producing antimi- 250 

crobial compounds to limit bacterial colonization of the roots. Hexacosanol stimulates 251 

wax barriers formation, and can also be one component of the wax layer suberin, a struc- 252 

ture involved in plant response against biotic and abiotic stresses [23,24]. Campesterol is 253 

a precursor for the synthesis of brassinosteroids, a class of hormones involved in plant 254 

responses to environmental stresses, both biotic and abiotic [25-27]. Brusamarello-Santos 255 



 

 

et al. [14] report that trehalose levels increased in maize inoculated with Azospirillum bra- 256 

silense or Herbaspirillum seropedicae, and the authors hypothesize a role of this compound 257 

Figure 5. Mapping of the polar metabolites affected by inoculation with Azospirillum at 7, 14 or 21 DAI in relation to primary 

metabolism pathways. In the central diagram, detected compounds appear in bold font, and a dotted line connecting two compounds 

indicates that further intermediates are present. In the surrounding plots, asterisks in the graphs indicate a FC<-1.5 or >1.5 and 

probability of significant difference between mean of Azospirillum-inoculated and non-inoculated plants based on Student’s t-test 

p<0.05. 



 

 

in the regulation of the plant - bacteria interaction, possibly in defense related mecha- 258 

nisms. G3P plays an essential role as a signaling molecule in plant systemic acquired re- 259 

sistance, a defensive mechanism against a broad variety of pathogens which is activated 260 

during early infection stages, preventing pathogen propagation in distal tissues [28,29]. 261 

This type of defense response is not unusual; PGP bacteria can be sensed as pathogens 262 

during early stages of the interaction, as both beneficial and detrimental microorganisms 263 

can trigger the plant immune system [17]. Once different recognition mechanisms of plant 264 

and microorganisms are established, the plant response to the PGP bacteria changes as 265 

was seen at 14 and 21 DAI. 266 

Brassinosteroids, the phytohormones synthesized from campesterol, are normally in- 267 

volved in cell elongation [30], and specific concentrations can stimulate branch root for- 268 

mation [31]. The untargeted analysis we performed only allowed us to compare the levels 269 

of detected compounds and did not provide information on their absolute quantity, but it 270 

is possible that the higher campesterol levels in inoculated Brachypodium at 7 DAI (Figure 271 

5, Table S1) caused the earlier development of branch roots observed in those plants [1]. 272 

As branch roots are of great importance for plants growing in a P poor environment [32] 273 

this could have produced a significant advantage for Azospirillum-treated plants.  274 

Trehalose and sucrose are sugars separated by two enzymatic reactions only (Figure 275 

5) and can accumulate in plants subjected to cold stress [33]. Compared to sucrose, treha- 276 

lose biosynthesis requires much smaller amounts of carbon, and allows the uridine di- 277 

phosphate glucose and glycerol-6-phosphate pools to be conserved [34]. In stressed 278 

plants, the metabolism of sucrose and trehalose is typically related [33], but in our study 279 

the two compounds had analogous trends only in non-inoculated plants, with a decrease 280 

during the second week of the experiment and an increase during the third. In contrast, 281 

the trehalose content was relatively stable in inoculated plants (Figure 5), while the su- 282 

crose content followed the same trend as in non-inoculated plants (Figure S6). This sug- 283 

gests that the bacteria caused a shift in sugar metabolism of inoculated plants, redirecting 284 

it towards less P-consuming pathways. Finally, genes involved in trehalose biosynthesis 285 

differed in the roots of two rice cultivars subjected to various stresses, including P defi- 286 

ciency [35]. Plants with higher expression of such genes had shorter primary root and 287 

better developed shoots when subjected to P deprivation, which is consistent with the 288 

phenotype of Brachypodium plants inoculated with Azospirillum [1]. We hypothesize a 289 

role for trehalose in shaping the development in cereals facing P deficiency, in particular 290 

preventing the redirection of resources from the shoot to the root growth, which is a com- 291 

mon response of plants to this stress [36]. 292 

Compared to samples harvested at 7 DAI, those from 14 DAI show a higher number 293 

of affected metabolites (Figure 5, Table S1). The characteristics of most compounds whose 294 

levels were changed at 14 DAI – quinic acid [37], α-KG [38], malic acid [5,39,40], β-cyano- 295 

alanine [41,42] and sinapic acid [43] - suggest inoculation with Azospirillum provided 296 

protection against both nutrient deficiency and low temperature stress (see also Table A1). 297 

This hypothesis is supported by the reduction in compounds with antimicrobial activity 298 

compared 7 DAI in inoculated plants, as only sinapic acid is reported to be involved in 299 

plant defense mechanisms against pathogens [44].  300 

Since plants undergoing P deficiency exudate organic acids to increase substrate P 301 

availability [39], they need to use amino acids as alternative carbon sources for various 302 

metabolic processes. One of the by-products of amino acid degradation is NH4+, which 303 

can reach toxic concentrations in the plant. To reduce NH4+ levels, plants can use amina- 304 

tion of the organic acid α-KG to synthesize specific amino acids and amines (asparagine, 305 

glutamine, putrescine). This leads to reduced abundance of α-KG in plants facing severe 306 

P starvation [5] as was seen in non-inoculated plants between 7 and 14 DAI in our study 307 

(Figure 5). In inoculated plants the abundance of α-KG increased at 14 DAI. As the pro- 308 

duction of this organic acid does not seem to be part of the A. brasilense strategy to increase 309 

P availability [45], this result suggests that the bacterial interaction with Brachypodium 310 

preserved the plant TCA cycle, preventing the use of α-KG in reducing ammonium levels 311 

at this stage. This hypothesis is also supported by the fact that at 14 DAI, inoculated plants 312 



 

 

had lower levels of putrescine (Table S1, Figure 5), one of the compounds used by plants 313 

to incorporate NH4+.  314 

The higher levels of β-cyano-alanine in non-inoculated Brachypodium roots suggests 315 

that they were facing higher levels of stress compared to inoculated plants. β-cyano-ala- 316 

nine is a product of the degradation of cyanide which, in turn, is the biproduct of the 317 

conversion of 1-amino-cyclopropane-1-carboxylic acid (ACC) to ethylene, a hormone 318 

whose synthesis is enhanced in plants facing stress [42]. Thus, stressed plants can often 319 

produce high levels of cyanide, which needs to be quickly metabolized as it inhibits elec- 320 

tron transport and metalloenzymes [46]. The main pathway for this process is the β-cyano- 321 

alanine synthase pathway, which incorporates the cyanide into a cysteine molecule form- 322 

ing β-cyano-alanine, subsequently converted into asparagine, aspartate and ammonia, 323 

and these compounds can be used for plant primary metabolism [47]. In this study, inoc- 324 

ulated Brachypodium plants had significantly lower β-cyano-alanine content at 14 DAI 325 

(Table S1, Figure 5), which suggests a lower production of ethylene at this specific time 326 

point and hence lower stress levels. Non-inoculated plants had higher levels of asparagine 327 

(FC = 2.63) compared to the inoculated ones. Unfortunately, asparagine quantification is 328 

often problematic using GC-MS and LC-MS is preferred [48]. The detected levels in our 329 

samples varied substantially within each treatment resulting in asparagine FC at 14 DAI 330 

being not statistically significant (p-value = 0.68, see Table S1). However, this result at least 331 

partially supports the hypothesis of cyanide detoxification occurring in non-inoculated 332 

plants, as asparagine is one of the products of the β-cyano-alanine synthase pathway (Fig- 333 

ure 5).  334 

A smaller number of metabolites differed significantly different between the two 335 

treatments at 21 DAI, and the identity of most compounds changed compared to the pre- 336 

vious time point (Table S1, Figure 5). This suggests a change in the plants strategy to face 337 

the increasing P deficiency in their tissues. As at 14 DAI, some affected compounds – ri- 338 

bonic acid [49], serotonin [50]- may play a role in plant adaptation to suboptimal condi- 339 

tions, rather than limiting bacterial growth as observed at 7 DAI. 340 

Ribonic acid levels were generally steady through time in non-inoculated plants, 341 

while there was a great increase in inoculated plants between 14 and 21 DAI (Figure 5). In 342 

a recent study, the foliar application of γ-aminobutyric acid (GABA) increased the leaf 343 

concentration of ribonic acid in the leaves of the grass Agrostis stolonifera subjected to 344 

drought and improved their adaptation to this stress [51]. Azospirillum has been reported 345 

to increase the GABA concentration in the tissues of inoculated sorghum plants [52], and 346 

similar results were found in our study, where the levels of GABA increased in inoculated 347 

plants between 14 and 21 DAI (Figure S7). This suggests a connection between ribonic 348 

acid and GABA in Brachypodium’s responses to abiotic stresses.  349 

Serotonin, also known as 5-hydroxytryptamine, is an indoleamine mainly synthe- 350 

sized in plant roots [53] and various studies suggest that serotonin can play a primary role 351 

in plant resistance against biotic [54] and abiotic [50] stresses. Most importantly, serotonin 352 

can shape root architecture of plants, modulating the development of different root types. 353 

Arabidopsis primary and lateral root growth is inhibited by high exogenous levels of ser- 354 

otonin, which affects cell division and elongation, particularly of the stem cell niche. Con- 355 

versely, lower serotonin levels, while not affecting primary root, increased root branching 356 

by stimulating the maturation of lateral root primordia [55,56]. The difference in serotonin 357 

levels of the two treatments at 21 DAI (Table S1, Figure 5) could suggest a role of serotonin 358 

in shaping the root architecture of Brachypodium, which differed in inoculated plants 359 

particularly in the last week of the experiment [1]. Our study did not differentiate between 360 

the metabolomes of primary and branch roots, and future studies should determine 361 

whether serotonin concentrations differ between inoculated root types, possibly inhibit- 362 

ing primary root growth while at the same time stimulating branch roots. 363 

3.2. Lipids 364 

Untargeted analysis of lipid compounds extracted from Azospirillum-inoculated and 365 

non-inoculated Brachypodium roots at various time points of their growth provided three 366 

major insights. First, lipids changed in roots grown under both conditions similarly 367 



 

 

through time, thus indicating a developmental effect on root lipid composition. Secondly, 368 

both treatments reacted in a similar way to the increasing P deficiency, with a strong in- 369 

crease in galactolipids and a strong decrease in GP levels. Finally, the bacterial treatment 370 

did not significantly affect the root lipid profile, at any of the time points; however, spe- 371 

cific lipid classes behaved differently through time in the two treatments. 372 

3.2.1. P deficiency strongly remodeled root lipid profiles of both treatments 373 

The levels of both GPs and galactolipids fluctuated similarly in both treatments, with 374 

most GPs decreasing and most galactolipids increasing between 7 and 21 DAI (Table S2b). 375 

As mentioned previously, plants subjected to P deficiency can react by recycling internal 376 

P for essential metabolic processes. GPs are second only to RNA as the most abundant 377 

phosphorylated compounds in plants, and their replacement with non-phosphorous li- 378 

pids in plasma membranes, mitochondrial membranes and tonoplasts is an established 379 

strategy in roots of various cereal crops to deal with P deficiency [57].  380 

In particular, GPs can be converted to MGDGs and DGDGs, and the latter can then 381 

form a bilayer with similar characteristics to the GP bilayer in cell membranes [58,59]. 382 

When oat plants were supplied with varying P levels for 30 days, low P caused an increase 383 

in the DGDG/PC ratio in plant roots through time, while this ratio remained stable in 384 

plants supplied with optimal P levels [57]. As our study did not include a P-sufficient 385 

treatment, we cannot exclude that the decrease of GPs and concurrent increase of galacto- 386 

lipids in both the treatments through time was caused by the aging of the plant. Never- 387 

theless these trends, together with the decreased shoot P concentration [1] and the reduc- 388 

tion in P-containing polar compounds (Figure 1) observed in both treatments, are further 389 

indications of the increasing P deficiency that plants were facing. 390 

3.2.2 Azospirillum inoculation had a limited effect on Brachypodium’s root lipids 391 

The comparison of K-means clusters of identified features through time revealed that 392 

when treated as a single class of mean responses the GP, DG and TG lipid classes behaved 393 

differently in the two treatments through time (Figure 4). 394 

Conversely, the comparison of root lipid profiles and of the abundances of single 395 

lipid species between the two treatments revealed a weak effect of the bacterial inocula- 396 

tion. No separation between the Azospirillum-inoculated and non-inoculated samples 397 

was observed at any time point (Figure 3) and lipids significantly affected by the inocula- 398 

tion during the experiment were limited: three lipid species were less abundant in inocu- 399 

lated plants at 7 DAI and one was more abundant in inoculated plants at 14 DAI (Figure 400 

S5). Inoculation effects were more profound on unidentified features, which displayed a 401 

clearer clustering at different time points (Figure S4). 402 

Very few studies have so far focused on the effect of beneficial bacteria on the root 403 

lipid composition of plants, either grown in optimal conditions or facing stresses. Due to 404 

the importance of GPs in cell membranes, most studies focus on the effects of bacterial 405 

inoculation on this lipid class. The K-means clustering suggests that, through time, GPs, 406 

might have behaved differently in the two treatments (Figure 4c). As DGs can be a product 407 

of GP hydrolysis, the fact that their levels changed similarly through time is noteworthy, 408 

but further studies on the importance of this lipid class in interactions between plants and 409 

PGP bacteria are required.  410 

Zhang et al. [60] report that in the interaction between soybean and rhizobia, TG syn- 411 

thesis was decreased in nodules compared to roots. Conversely, the halophyte Bassia in- 412 

dica grown under salt stress showed improved growth and increased TG content in shoots 413 

when inoculated with the PGP bacteria Bacillus subtilis [61]. Calderon-Vazquez et al. [62] 414 

hypothesize that TG degradation could be part of the maize response to P deficiency, to 415 

provide acyl groups for the synthesis of glycolipids (e.g. galactolipids) as GPs substitutes. 416 

Overall, the available studies on the link between plant TGs, PGP bacteria and P deficiency 417 

are still scarce and results are inconsistent, but the different behavior of this class of lipids 418 

between inoculated and non-inoculated plants in our study (Figure 4d) suggests that they 419 

may be involved in plant response to inoculation and could have been involved in plant 420 

adaptation to low P. 421 



 

 

Although in the earlier stages of the experiment (7 DAI) a number of defense-related 422 

polar metabolites were affected, the same was not observed for the identified lipid species, 423 

despite membrane lipids being pivotal in plant interactions with microorganisms [63]. In 424 

general, the limited effect of inoculation on Brachypodium root lipid profile could have 425 

different explanations. Most of the cited studies on plant-microbes interactions showed 426 

lipid rearrangements in the first stages of the interaction (12-48 h) [64,65]. It is possible 427 

that, while the immune response involving polar metabolites continued at least until 7 428 

DAI, the lipid response happened mainly in the first hours/days of the interaction. Since 429 

many of the membrane lipids involved in plant response to biotic interactions are GPs, it 430 

is also possible that Brachypodium response to Azospirillum was heavily affected by the 431 

increasing P deficiency they suffered through the experiment, and this would also explain 432 

why the number of lipids significantly affected by the inoculation gradually decreased 433 

during the experiment. The third possible explanation is that some affected lipids lie 434 

among the features that were not identified as lipids using the currently available librar- 435 

ies, as reliable and comprehensive databases for the identification of detected lipid species 436 

are still under construction [66]. Finally, the fact that the levels of identified lipid species 437 

did not vary between the two treatments does not necessarily mean that plants were not 438 

synthetizing more or less of certain lipid species and those changes were hidden by the 439 

bacterial production or consumption of those same compounds. Transcriptomic analysis 440 

of inoculated and non-inoculated plant roots could help clarify this hypothesis, by linking 441 

the abundance detected metabolites with the expression of the genes involved in their 442 

synthesis and/or degradation. 443 

Differences between inoculated and non-inoculated plants were observed in the fluc- 444 

tuations of specific lipid classes by K-means cluster analysis. Compared to other unsuper- 445 

vised methods for the graphical representations of high-dimensional data such as PCA 446 

and hierarchical clustering, K-means clustering can be more effective in identifying subtle 447 

changes in metabolite abundance [67], and allowed the effect of inoculation on DGs, GPs 448 

and TGs to be detected but this will need to be further investigated in future studies. 449 

4. Materials and Methods 450 

4.1 Plant growth conditions 451 

The experimental setup and conditions for plant inoculation and growth are de- 452 

scribed in detail in Schillaci et al. [1]. Briefly, 48 h old Brachypodium distachyon Bd21-3 seed- 453 

lings were inoculated by submerging them in a bacterial solution of Azospirillum brasilense 454 

Sp245, while sterile PBS was used as mock-inoculum for non-inoculated seedlings. Plants 455 

were then grown for 21 d in the GrowScreen-PaGe platform [68], a hydroponic system 456 

where they were supplied weekly with a modified Hoagland solution containing ex- 457 

tremely low (7 µM KH2PO4) P levels. For the whole experiment, plants were grown at 458 

20/10 °C day/night temperature. Plants were harvested at three time points: at 7 DAI (84 459 

inoculated and 87 non-inoculated); at 14 DAI (24 inoculated and 36 non-inoculated) and 460 

at 21 DAI (25 inoculated and 34 non-inoculated). In order to minimize variations caused 461 

by circadian changes in the plant metabolism [69], all tissue harvesting was done at the 462 

same time of the day. 463 

Roots were separated from shoots using a scalpel and immediately snap-frozen in 464 

liquid nitrogen. Frozen root tissues were ground to a fine powder using a Retsch Mixer 465 

Mill MM400 (Retsch GmbH, Haan, DE) and plants from the same treatment and time 466 

point were pooled into samples with approximately the same number of individuals and 467 

fresh weight, measured using a digital scale with a 0.1 mg resolution (Mettler Toledo, 468 

Columbus, USA). Six pools were formed for each treatment x time point, except for non- 469 

inoculated plants at 21 DAI which had eight groups. Samples were kept frozen during the 470 

grinding and pooling steps, to maintain quenched metabolism and thus prevent degrada- 471 

tion of metabolites. 472 

4.2 Polar metabolites extraction from roots 473 

For polar metabolites analysis, a variation of the method described in Cheong et al. 474 

[70] was used. 250 µL 100% LC-MS grade MeOH (Roth, Karlsruhe, DE), containing 4% 475 



 

 

13C6 sorbitol/valine (Sigma-Aldrich, Castle Hill, AU) was added to approximately 25 mg 476 

of frozen root tissue from each pooled group. Tubes were shaken at 800 rpm for 15 min at 477 

30 °C, centrifuged at 15700 g for 15 min at room temperature and the supernatant col- 478 

lected. The pellet was re-extracted with 250 µL of Milli-Q H2O as above and the superna- 479 

tants combined. In case of cloudy supernatant or precipitate observed during supernatant 480 

transfer, the pooled supernatant was centrifuged at 15700 g for 10 min at room tempera- 481 

ture before transferring as much supernatant as possible to a new tube. From each sample, 482 

50 µl aliquots of the supernatant were transferred into glass insert (Agilent, Santa Clara, 483 

US) and dried under vacuum at 30 °C for 90 min.  484 

4.3. Lipid extraction from roots 485 

Lipids were extracted using a single step extraction protocol [71] as described by Ke- 486 

helpannala et al. [72]. Briefly, 10 mg of frozen root tissue from each pooled group was 487 

homogenized with 400 µL of isopropyl alcohol (Roth, Karlsruhe, DE) containing 25 µM 488 

deuterated cholesterol (internal standard, Sigma-Aldrich, Munich, DE) and 0.01% bu- 489 

tylated hydroxytoluene (BHT, Sigma-Aldrich, Munich, DE). The tubes were then shaken 490 

at 1400 rpm for 15 min at 75 °C. Once cooled to room temperature, 1.2 mL of a mixture of 491 

chloroform : MeOH : water (30 : 41.5 : 3.5, v : v : v) mixture were added to each sample (all 492 

reagents were LC-MS grade and purchased from Roth, Karlsruhe, DE). The tubes were 493 

then shaken at 300 rpm for 24 h at 25 °C and centrifuged at 15700 g for 15 min at room 494 

temperature. The supernatant was then dried down with a N2 gas stream for approxi- 495 

mately 50 min. 496 

4.4. GC-MS analysis of polar metabolites 497 

Polar metabolite extracts were derivatised as described by Dias et al. [48], and 1 µL 498 

of sample was injected onto the GC column using a hot needle technique. Each sample 499 

was injected pure (splitless) and 1:30 diluted (split), in order to detect both lowly and 500 

highly abundant metabolites within the dynamic range of the instrument. 501 

The GC-MS system used for the analysis was composed of Gerstel 2.5.2 autosampler, 502 

a 7890A Agilent gas chromatograph and a 5975C Agilent quadrupole mass spectrometer 503 

(Agilent, Santa Clara, US).  504 

Gas chromatography was performed following the method described by Hillyer et 505 

al. [73], with the only differences that samples were run through a 30 m Agilent J & W VF- 506 

5MS column with 0.25 µm film thickness and 0.25 mm internal diameter with a 10 m In- 507 

tegra guard column.  508 

The chromatograms and mass spectra obtained from the split and splitless injections 509 

were analysed using the Agilent MassHunter Qualitative Analysis software (v B.07.00) 510 

and the AMDIS software (v 2.73) for identification of the compounds, and the Agilent 511 

MassHunter Quantitative Analysis software (v B.08.00) for their quantification. The com- 512 

mercial mass spectra library NIST (http://www.nist.gov) and the in-house Metabolomics 513 

Australia mass spectral library were used as references for the compound identification. 514 

During the compound identification step, chromatograms with high peak intensity anal- 515 

ysis for each treatment/time point set of samples were selected to build the list of detected 516 

compounds in the samples. 517 

The resulting data were normalised to the 13C6 sorbitol/valine internal standard value, 518 

and to the exact weight of tissue used for metabolite extraction. When integrating the data 519 

from compounds detected in both the splitless and the split samples run, data from the 520 

splitless run were preferred, unless the chromatogram showed poor quality due to the 521 

overloading of the column or the overlap of different compounds.  522 

4.5. LC-MS analysis of lipids 523 

Dried lipid extracts were resuspended in 200 µL of a butanol : MeOH (1:1, v/v) mix- 524 

ture containing 10 mM ammonium formate. Eight pooled biological quality control 525 

(PBQCs) samples were prepared by pooling 10 µL from each resuspended sample, and 526 

aliquoting this sample into eight vials.  527 

Untargeted analysis of samples extracted from Brachypodium roots was then per- 528 

formed using the liquid chromatographic conditions derived from those described by Ke- 529 

helpannala et al [72], but using an injection volume of 10 µl. Lipids were analyzed using 530 



 

 

a Sciex Triple TOFTM 6600 QqTOF mass spectrometer equipped with a Turbo VTM dual- 531 

ion source [electro-spray ionization (ESI) and atmospheric pressure chemical ionization 532 

(APCI)] and an automated calibrant delivery system (CDS) using Information Dependent 533 

Acquisition method (IDA) in positive ion mode. The parameters were set as follows: MS1 534 

mass range, 80-1500 m/z; MS2 mass range, 80-1000 m/z; time of flight (ToF) MS accumu- 535 

lation time, 250 ms; TOF MS/MS accumulation time, 40 ms; collision energy, +40 V; cycle 536 

time, 3579 ms. The following ESI parameters were used: source temperature, 450 °C; cur- 537 

tain gas, 45 psi; Gas 1, 45 psi; Gas 2, 45 psi; declustering potential, +150 V; Ion spray voltage 538 

floating, 4500 V. The instrument was calibrated automatically with the CDS delivering 539 

APCI calibration solution every five samples. A total of 46 samples (38 biological samples 540 

+ 8 PBQCs) were analysed.  541 

Three root PBQC extract samples were further analysed using a different IDA 542 

method and a Sequential Window Acquisition of All Theoretical Fragment-ion Spectra 543 

(SWATH) method, both in positive ion mode. For the SWATH analysis, the HPLC settings 544 

were the same as previously described, except that 15 µL of sample was injected in the 545 

column. The same mass spectrometer employed previously was set as described by Ke- 546 

helpannala et al. [74]. 547 

For the new IDA method, the following MS settings were used: MS1 and MS2 mass 548 

range of 100-1700 Da, TOF MS accumulation time of 200 ms, TOF MS/MS accumulation 549 

time of 25 ms, collision energy of +45 V and period cycle time of 2750 ms. ESI parameters 550 

were: source temperature, 250 °C; curtain gas, 30 psi; Gas 1, 25 psi; Gas 2, 25 psi; declus- 551 

tering potential, +80 V; Ion spray voltage floating, 5000 V. 552 

The features obtained from the IDA and SWATH analyses of the PBQC samples were 553 

annotated using the internal lipid library of MS-DIAL v4.12 [75] and the features were 554 

processed using the following settings: MS1 tolerance, 0.01 Da; MS2 tolerance, 0.025 Da; 555 

minimum peak height, 1000 amplitude; mass slice width, 0.1 Da; sigma window value, 556 

0.5 and amplitude of MS/MS abundance cutoff, 0. The retention time of lipids in the MS- 557 

DIAL lipid library was not used as a parameter to identify lipids. The lipids were anno- 558 

tated using the following parameters: MS1 accurate mass tolerance, 0.01 Da; MS2 accurate 559 

mass tolerance, 0.05 Da; identification score cut off, 80% and adduct ion settings, [M+H]+, 560 

[M+NH4]+, [M+Na]+, [M+CH3OH+H]+, [M+K]+, [M+ACN+H]+, [M+H∙H2O]+, 561 

[M+2H∙H2O]+, [M+2Na∙H]+, [M+IsoProp+H]+, [M+CAN+Na]+, [M+2K∙H]+, [M+DMSO]+. 562 

The peaks were aligned using a retention time tolerance of 0.05 min and MS1 tolerance of 563 

0.015 Da. Then, a list of annotated lipids with their respective retention times was com- 564 

piled. 565 

The compiled list of lipids was used to annotate the mass spectrometric features ex- 566 

tracted from the IDA of the root samples. The same settings described previously were 567 

used, except for the alignment parameter settings, where a retention time tolerance of 1 568 

min and MS1 tolerance of 0.02 Da were used. 569 

MS-DIAL output data consisting of peak areas of annotated lipids and unidentified 570 

features was preprocessed prior to comparing them among the different treatments and 571 

time points. Peak area of all detected features were normalized to the fresh weight of each 572 

sample, and features with coefficient of variation 𝐶𝑉 =
SD(PBQCs)

mean(PBQCs)
 above 20% were dis- 573 

carded, to ensure the reproducibility of the results [76]. 574 

4.6. Statistical analyses and data visualization  575 

The abundances of polar metabolites and lipids were compared using the web-based 576 

tool Metaboanalyst 4.0 (https://www.metaboanalyst.ca/). Lipid data were normalized by 577 

median, and both polar metabolite and lipid data were log transformed and auto scaled. 578 

The metabolite profiles of the two treatments at each time point were displayed using 579 

2D principal component analysis (PCA) and hierarchical cluster analysis of the root 580 

metabolome paired with a heatmap of metabolite abundances, with samples and features 581 

clustered using Euclidean distance function and Ward clustering algorithm.  582 

The log transformed and auto scaled level of the compounds detected in the two 583 

treatments was compared at each time point, and the statistical significances between the 584 

measured abundances were analyzed using the Student’s t-test (group variance assessed 585 



 

 

using the Levene’s test). Compounds with a fold change (FC) < -1.5 or > 1.5 and with raw 586 

P-value < 0.05 were considered differently abundant between inoculated and non-inocu- 587 

lated treatments.  588 

K-means clustering of the relative responses from identified lipid species through 589 

time was performed in RStudio v. 1.2.5019 [77]. A function named “KmeansPlus” was 590 

written and compiled in the publicly available R package RandoDiStats. The built function 591 

uses and depends on the R package ComplexHeatmap [78] as is detailed in the GitHub 592 

repository (https://github.com/MSeidelFed/RandodiStats_package). The function call de- 593 

faults were used. Briefly, Pearson correlation was taken as a similarity distance between 594 

lipid variables, average was taken as the cluster construction method and a clustering 595 

consensus from 1000 runs was compiled to prevent misrepresentation from an outlier run. 596 

Finally, seven partitions or clusters were formed based on the encountered patterns be- 597 

tween conditions. The R function returned in the environment a data frame containing the 598 

lipid variables that belong to each of the produced clusters, easing the interpretation of 599 

results. Additionally, in the working directory, plots dependent on ggplot2 [79] were gen- 600 

erated. The plots featured the mean intensity of lipids that belong to each cluster as solid- 601 

colored lines and the standard error as shade around the mean. 602 

5. Conclusions 603 

In summary, the comparison between the root metabolic profiles of inoculated and 604 

non-inoculated plants at different stages of their growth tells us that the interaction with 605 

Azospirillum affected Brachypodium metabolism dynamically through time, particularly 606 

with regard to polar metabolites. 607 

During the early stages of the experiment, we hypothesize that bacteria were sensed 608 

as pathogens by the host, and Brachypodium produced polar compounds with antimicro- 609 

bial properties in order to limit the bacterial colonization of roots. This trend changed at 610 

later stages of the experiment, when fewer and different defense compounds were pro- 611 

duced, and most affected compounds suggest an improved response to P deficiency by 612 

inoculated plants. This hypothesis is supported by their enhanced root development com- 613 

pared to non-inoculated plants during the second half of the experiment [1].  614 

We cannot exclude that some of the compounds detected in inoculated plants might 615 

be synthesized by Azospirillum when interacting with Brachypodium, and further re- 616 

search is required to determine with certainty which organism produced those metabo- 617 

lites. In order to resolve the mechanisms for promotion of Brachypodium plant growth by 618 

Azospirillum when plants were subjected to simultaneous abiotic stresses, our experi- 619 

mental setup was highly controlled and simplified. However this setup allowed detailed 620 

phenotypic analysis that would have been almost impossible in a soil based system. This 621 

study lays the foundation for future studies where cereals and bacteria interact in condi- 622 

tions closer to an agricultural setting, such as soil substrates characterized by fluctuating 623 

humidity and temperatures, and by the native microbiota. Further studies of the interac- 624 

tion between Brachypodium and Azospirillum in hydroponic systems will allow the ac- 625 

curate characterization of the root exudates, an essential component of plant-bacteria as- 626 

sociation [80,81]. 627 

In conclusion, we suggest that the increasing P deficiency changed the interaction 628 

between Brachypodium and Azospirillum, as the beneficial effects of bacterial inoculation 629 

were most evident at 14 and 21 DAI, and at those time points inoculated roots did not 630 

display higher content of antimicrobial compounds. Numerous studies which subjected 631 

inoculated plants to varying degree of stresses report that the beneficial effect of PGP bac- 632 

teria can increase as the growing conditions worsen, thanks to their capacity of decreasing 633 

the damage in plants [82-84]. As soil degradation and climate change are likely to aggra- 634 

vate the growing conditions of crops in many areas of the world, our study confirms that 635 

PGP bacteria can be a valuable resource to still achieve profitable and sustainable agricul- 636 

ture in the future. 637 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1,  638 



 

 

Figure S1. Principal component analysis of the polar metabolite profiles of Azospirillum-inoculated 639 
(B) and non-inoculated roots (C) of Brachypodium harvested at 7, 14 and 21 DAI. Ellipses around 640 
samples display 95% confidence areas. 641 
Figure S2. Volcano plots of significantly affected polar metabolites in the comparison between bac- 642 
teria inoculated and non-inoculated samples at 7 DAI (a), 14 DAI (b) and 21 DAI (c). Red dots rep- 643 
resent compounds with FC<-1.5 or >1.5 and probability of significant difference between mean of 644 
Azospirillum-inoculated and non-inoculated plants based on Student’s t-test p<0.05. 645 
Figure S3. Principal component analysis of the lipid profiles of Azospirillum-inoculated (B) and 646 
non-inoculated roots (C) of Brachypodium harvested at 7, 14 and 21 DAI. Ellipses around samples 647 
display 95% confidence areas. 648 
Figure S4. Hierarchical clustering coupled with heatmap of the unidentified feature profiles of 649 
Azospirillum-inoculated (B) and non-inoculated roots (C) of Brachypodium harvested at 7, 14 and 650 
21 DAI. The lettering at the bottom of the heatmap indicates the replicates: for each replicate, blue 651 
and red colors indicate the lower or higher abundance of specific lipids compared to the other rep- 652 
licates, with darker colors indicating more pronounced differences. 653 
Figure S5. Volcano plots of significantly affected lipids in the comparison between bacteria inocu- 654 
lated and non-inoculated samples at 7 DAI (a), 14 DAI (b) and 21 DAI (c). Red dots represent com- 655 
pounds with FC<-1.5 or >1.5 and probability of significant difference between mean of Azospiril- 656 
lum-inoculated and non-inoculated plants based on Student’s t-test p<0.05. 657 
Figure S6. Relative response of Sucrose in roots of plants with or without Azospirillum inoculation 658 
harvested at 7, 14 and 21 DAI. Means are presented. n = 6 for all pooled samples except for non- 659 
inoculated at 21 DAI (n = 8). 660 
Figure S7. Relative response of γ-aminobutyric acid in roots of plants with or without Azospirillum 661 
inoculation harvested at 7, 14 and 21 DAI. Means are presented. n = 6 for all pooled samples except 662 
for non-inoculated at 21 DAI (n = 8). 663 
Figure S8. Relative response of Pi-Cer in roots of plants with or without Azospirillum inoculation 664 
harvested at 7, 14 and 21 DAI. Means are presented. n = 6 for all pooled samples except for non- 665 
inoculated at 21 DAI (n = 8). 666 
Table S1. List of polar metabolites detected in Brachypodium roots harvested at 7, 14 and 21 DAI. 667 
Columns display in ascending order the class of each compound, its name, the relative response 668 
fold changes (FC) (Azospirillum inoculated/non-inoculated plants) and the related p-value for each 669 
time point. Compounds are divided into amino acids (AA), organic acids (OA) sugars (SU) or “Oth- 670 
ers” if they did not belong to any of the previous classes. Compounds with a FC < -1.5 or FC > 1.5 671 
and p<0.05 are presented in red font. 672 
. 673 
Table S2a. Features detected with LC-MS analysis of Azospirillum-inoculated (B) and non-inocu- 674 
lated (C) Brachypodium roots harvested at 7, 14 and 21 DAI. Average retention time (Rt) and mass 675 
to charge ratio (m/z) of each compound are presented. Columns D to AO report the relative level of 676 
detected features, with darker colors indicating higher abundance compared to the other replicates. 677 
ADGGA: acyl diacylglyceryl glucuronide, Cer-AP: ceramide alpha-hydroxy fatty acid-phyto- 678 
spingosine, DG: diacylglycerol, DGDG: digalactosyldiacylglycerol, DGGA: diacylglyceryl glucu- 679 
ronide, HexCer: hexosylceramide, HexCer-AP: hexosylceramide alpha-hydroxy fatty acid-phyto- 680 
spingosine, LPC: lysophophatidylcholine, MGDG: monogalactosyldiacylglycerol, PC: phophatidyl- 681 
choline, PE: phosphatidylethanolamine, PG: phosphatidylglycerol, PI: phosphatidylinositol, Pi-Cer: 682 
ceramide phosphoinositol, TG: triacylglycerol. 683 
Table S2b. List of glycerophospholipids and galactolipids detected in Brachypodium roots har- 684 
vested at 7 and 21 DAI. Columns display the relative response fold changes (FC) (21 DAI/7 DAI) 685 
and the related p-value for each treatment. Red and blue font indicate a FC<-1.5 or >1.5 respectively, 686 
and probability of significant difference between time points based on Student’s t-test p<0.05. 687 
DGDG: digalactosyldiacylglycerol, LPC: lysophosphatidylcholine, MGDG: monogalactosyldiacyl- 688 
glycerol, PC: phosphatidylcholine, PE: phosphatidylethanolamine, PG: phosphatidylglycerol, PI: 689 
phosphatidylinositol, Pi-Cer: ceramide phosphoinositol.  690 
Table S2c. Composition and similarity of the K-means clusters of lipid species extracted from 691 
Azospirillum-inoculated and non-inoculated Brachypodium roots harvested at 7, 14 and 21 DAI. 692 
ADGGA: acyl diacylglyceryl glucuronide, Cer-AP: ceramide alpha-hydroxy fatty acid-phyto- 693 
spingosine, DG: diacylglycerol, DGDG: digalactosyldiacylglycerol, DGGA: diacylglyceryl glucu- 694 
ronide, HexCer: hexosylceramide, HexCer-AP: hexosylceramide alpha-hydroxy fatty acid-phyto- 695 
spingosine, LPC: lysophophatidylcholine, MGDG: monogalactosyldiacylglycerol, PC: phophatidyl- 696 
choline, PE: phosphatidylethanolamine, PG: phosphatidylglycerol, PI: phosphatidylinositol, Pi-Cer: 697 
ceramide phosphoinositol, TG: triacylglycerol. 698 



 

 

Author Contributions: Conceptualization, Martino Schillaci, Borjana Arsova, Michelle Watt and 699 
Ute Roessner; Formal analysis, Martino Schillaci, Cheka Kehelpannala and Federico Martinez- 700 
Seidel; Funding acquisition, Michelle Watt and Ute Roessner; Investigation, Martino Schillaci; Meth- 701 
odology, Martino Schillaci, Cheka Kehelpannala, Federico Martinez-Seidel, Penelope Smith, Borjana 702 
Arsova and Ute Roessner; Project administration, Borjana Arsova and Ute Roessner; Software, Fed- 703 
erico Martinez-Seidel; Supervision, Penelope Smith, Borjana Arsova, Michelle Watt and Ute Roess- 704 
ner; Visualization, Martino Schillaci, Cheka Kehelpannala and Federico Martinez-Seidel; Writing – 705 
original draft, Martino Schillaci; Writing – review & editing, Martino Schillaci, Cheka Kehelpannala, 706 
Federico Martinez-Seidel, Penelope Smith, Borjana Arsova, Michelle Watt and Ute Roessner. 707 

Funding: Martino Schillaci is grateful for financial support from a University of Melbourne Re- 708 
search Scholarship provided through the Juelich Melbourne Postgraduate Academy (JUMPA). 709 
Cheka Kehelpannala is funded through a Research Training Program Scholarship provided by the 710 
Australian Commonwealth Government and the University of Melbourne. Federico Martinez- 711 
Seidel would like to acknowledge the Max-Planck Society (Max Planck Institute of Molecular Plant 712 
Physiology) and the University of Melbourne for funding his research via the Melbourne-Potsdam 713 
PhD Programme (MelPoPP). Michelle Watt holds the Adrienne Clarke Chair of Botany which is 714 
supported through the University of Melbourne Botany Foundation. Borjana Arsova acknowledges 715 
the Helmholtz Association of German Research Centres. 716 

Acknowledgments: The authors would like to acknowledge Dr. Kerstin Nagel, Anna Galinski, Car- 717 
men Müller, Jonas Lentz, Pablo Amador, Lucy Harrison, Carola Mohl and Tanja Ehrlich (IBG-2, 718 
Forschungszentrum Jülich, DE) for providing the necessary knowledge, technical help during har- 719 
vest and some of the materials in the GrowScreen-PaGe setup, Dr. Michael Rothballer (Helmholtz 720 
Zentrum München, Institute of Network Biology, Neuherberg, DE) for providing the A. brasilense 721 
Sp245 strain, Dr. Joelle Sasse and Dr. Trent Northen (Lawrence Berkeley National Laboratory, Berk- 722 
ley, USA) for providing the B. distachyon Bd21-3 seeds used in this study, Dr. Robert Walker (Uni- 723 
versity of Melbourne) for providing guidance during the Melbourne-based part of the study, and 724 
Himasha Mendis (Metabolomics Australia) for the GC-MS analysis and data processing.  725 

Conflicts of Interest: The authors declare no conflict of interest. 726 

Appendix A 727 

Table A1. Reports on compounds affected in our study, in relation to plant response to stress 728 
and/or interaction with PGP bacteria. 729 

Metabolite stress plant PGP bacteria interac-

tion 

Role(s) 

Aminocaproic acid salinity barley [85] no unknown 

Campesterol low temperature,  rice [86,87], Maize [88],  no brassinosteroids precursor 

Campesterol microbial attack rice [27], barley [25] no brassinolide precursor 

Diethylene glycol Pb toxicity Sedum alfredii [89] no unknown 

Diethylene glycol drought Nicotiana benthamiana [90] no unknown 

Glycerol-3-phosphate pathogen attack wheat [91] no systemic acquired resistance 

induction 

Hexacosanol pathogen attack Asterids [92,93] no unknown 

Hexacosanol pathogen attack A. thaliana [23] no wax barriers formation 

Malic acid P deficiency wheat [40], barley [5], maize 

[94] 

no substrate P mobilization  

Pantothenic acid  waterlogging cucumber [95] no unknown 

Pantothenic acid  drought sorghum [96] no unknown 



 

 

Pentonic acid, 1,4-lac-

tone 

low temperature  A. thaliana [97] no unknown 

Pentonic acid, 1,4-lac-

tone 

P deficiency Camelia sinensis [49] no unknown 

Putrescine P deficiency rice [98] no growth inhibition 

Pyroglutamic acid no Lolium multiflorum [99], to-

mato [100] 

Pseudomonas putida 

[99], Pseudomonas flu-

orescens [100] 

C source for PGP bacteria [99], 

bacterial chemotaxis [100] 

Pyroglutamic acid drought lettuce [101] no photosynthetic rate improve-

ment, ROS scavenging  

Ribonic acid no sugarcane [102] Herbaspirillum serope-

dicae, Gluconacetobac-

ter diazotrophicus 

unknown 

Ribonic acid P deficiency Camelia sinensis [49], oat 

[103] 

no unknown 

Serotonin nutrient deficiency rice [50] no ROS scavenging, nutrient re-

cycling 

Serotonin no barley [104] no auxin metabolism modifica-

tion 

Sinapic acid pathogen attack Aegilops variabilis [44] no unknown 

Sinapic acid no wheat [43] no Antioxidant and antimicrobial 

activity 

Trehalose no Maize [14] Herbaspirillum serope-

dicae, Azospirillum 

brasilense 

signaling during the interac-

tion with PGP bacteria  

Trehalose drought maize [105] genetically modified  

A. brasilense 

osmotic stress tolerance, root 

elongation  

Trehalose P deficiency rice [106] no root elongation 

Xylose no rice [107] Corynebacterium sp, 

Rhizobium sp 

C source for PGP bacteria 

Xylose salinity Wheat [108] no unknown 

α-ketoglutaric acid P deficiency rice [109] no unknown 
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