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Abstract 
Poor soil is one of the agricultural world’s principal challenges, inciting the 
use of chemical fertilizer’s to improve overall soil quality. However, the use of 
chemical fertilizer has significant and cascading environmental consequences. 
Therefore, the use of beneficial microbes’ inoculation in treating poor soil is a 
considerably ecofriendly sustainable solution. In the current study, we sup-
plemented nutrient-deprived soil with plant growth promoting bacteria 
(PGPB), Pseudomonas fluorescens. The bacterial inoculations of Pseudomo-
nas fluorescens were added to the poor soil following two days post-sowing of 
Zea mays var. amylacea and Pennisetum americanum p. seedlings. Metabolite 
analyses were conducted two months after treatment for both shoots and 
roots using nuclear magnetic resonance method (NMR). The data indicated 
significant changes in 19 metabolites relative to control in both plants shoot 
and roots. Among these metabolites, 7 were upregulated in roots of Zea mays 
var. amylacea, and 9 metabolites were upregulated in roots of Pennisetum 
americanum p. The PGPB enhanced sugars (fructose, glucose, sucrose) and 
amino acids (glutamate, alanine and succinate) in roots, while down regulat-
ing in shoots of Pennisetum americanum p. The Pseudomonas fluorescens 
induced, predominantly, Aminoacyl-tRNA related metabolite, and Alanine, 
aspartate and glutamate metabolite biosynthesis in Zea mays var. amylacea), 
whereas PGPB induced metabolites in Pennisetum americanum p., dominated 
by up regulated carbohydrate related (starch and sucrose) metabolites. The 
difference in some metabolic response between the two plants indicated that 
PGPB influence has a species-specific manner. 
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1. Introduction 

Industrialization and the associated consequences of global warming have in-
fluenced many aspects of our lives, including agricultural practices and plant 
production. Soil infertility is one of the most significant outcomes of global 
warming, due to the increased use of chemical fertilizations which are costly and 
harmful to environmental systems. To overcome the environmentally imbalanced 
systems resulting from chemical fertilizations, the use of microorganisms as bio-
fertilizers have been explored intensively. There were many studies reporting 
microorganisms’ ability to increase overall soil quality, including soil fertility [1] 
[2] and associated plant productivity, disease resistance and stress adaptation [3] 
[4] [5]. Plant Growth Promoting Bacteria (PGPB) have been found to increase 
protein expression [6], metabolites and subsequent root growth in several plants 
[1] [2] [7] resistance to biotic and abiotic stress [8], enriching poor nutrient soil 
[7]. The PGPB such as Bacillus altitudinis and Pseudomonas putida UW4 in-
crease plant growth and subsequent biomass via producing Indole Acetic Acid 
(IAA) in the rhizosphere area [9] [10]. In addition, Bacillus altitudinis WR10 has 
been reported to increase Triticum aestivum L. iron tolerance [9]. Similarly, 
Pseudomonas sp. increased plant copper tolerance [11]. 

The aim of this study was to evaluate metabolic response in both shoot and 
roots of two plants: Zea mays var. amylacea and Pennisetum americanum, 
planted in poor soil (nutrient-deprived soil) when inoculated with PGPB (Pseu-
domonas fluorescens). Two months after inoculation, Nuclear magnetic reson-
ance (NMR) analyses identified metabolites in both shoot and roots in both 
plants. The metabolic analyses indicated that PGPB induced amino acid and 
sugar development in root systems for both plants. The metabolic induction was 
associated with Aminoacyl-tRNA biosynthesis in Zea mays var. amylacea and 
carbohydrate pathways in Pennisetum americanum p. 

2. Material and Methods 
2.1. Plant Material 

In the current study, we examined root and shoot metabolites in two types of 
plants, Zea mays var. amylacea and Pennisetum americanum p. Two-day seedl-
ing were planted in poor soil supplemented with PGPB, Pseudomonas fluores-
cens. The poor soil has a low water holding capacity and is poor in lime (CaO), 
and nutrient such as magnesium (Mg), nitrogen (Na), phosphate (PO3-4), and 
potassium (K). The control group (C group) contained 120 ml of 0.85% sodium 
chloride (NaCl). Plant growth promoting bacteria (B group)was inoculated with 
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120 ml of Pseudomonas fluorescens suspended in 0.85% NaCl (120 ml/10−8), 
according to a method described by Dhawi et al., [1]. Plants were watered each 
day in a green house at 28˚C, 60% humidity and 14 hours of day light for two 
months. 

2.2. Metabolite Extraction 

Two months after inoculation, the experiment was terminated and shoots and 
roots were frozen in liquid nitrogen at −80˚C freezer to prepare for analyses. 
Metabolites extraction was modified from the Fiehn [12] method, utilizing six 
replicates per group. Plants samples stored in −80˚C were used to extract meta-
bolites. Sample was grinded with liquid nitrogen then 0.1 g transferred to 2 ml 
Eppendorf tube. In cold bath, 1 ml of extraction solution (chloroform: methanol: 
H2O (1:2.5:1) was added to each tube. The samples were vortexed followed by 
addition of 60 ul (2 mg/ml) Ribitol (Adonitol). The samples tubes then sonicated 
in ice bath for 30 min. Then centrifuged 30 min. The supernatant transferred 
from each tube to a fresh vial. Samples were stored at −80˚C upon use for NMR. 

Metabolite analyses and identification were conducted in the Minnesota Nuc-
lear Magnetic Resonance Center MNMR (Minneapolis, MN). Samples were 
transferred into 1.7-mm NMR tubes and stored in the cooled SampleJet auto 
sampler at ~6˚C while awaiting acquisition. Each was heated to 25˚C imme-
diately prior to acquisition. The NMR spectra were acquired using a gra-
dient-enhanced 1D NOESY-pre-saturation pulsesequence (noesygppr1d) for 
water suppression on a Bruker Avance III 700-MHz spectrometer with a TCI 
1.7-mm cryoprobe. Acquisition parameters were as follows: 2 s pre-saturation of 
the water signal during the pre-scan delay, 4.1 ms mixing time, 2.3 s acquisition 
time, 20 ppm sweep width, 8 dummy scans and 128 transients. 1 H 90˚ pulse 
width and transmitter offset were optimized for each sample. All spectra were 
zero-filled to 128 k data points, Fourier transformed with 1 Hz line broadening 
applied, and manually phased using Topspin software. Baseline correction and 
chemical shift referencing to the Trimethylsilylpropanoic acid (TSP) peak at 0 
ppm were performed using the Processor module in Chenomx NMR Suite 8.0. 
The analysis identified 19 compounds (Acetate, Alanine, Choline, Citrate, For-
mate, Fructose, Gallate, Gluconate, Glucose, Glutamate, Glutamine, Isoleucine, 
Malate, Succinate, Sucrose, Threonine, Tyrosine, Valine and trans-Aconitate) 
quantified relative to the 0.15 mM TSP. Theconcentration was reported by the 
requester using the Profiler module in Chenomx NMR Suite 8.1 with theChe-
nomx 700-MHz compound Library. 

3. Statistical Analyses 

The metabolite data were normalized and subjected to multivariate analyses with 
Partial Least Squares-Discriminant Analysis (PLS-DA) using Metabo Analyst 
[13]. The PLS-DA analyses identified metabolite variation relative to the control. 
Metabolites that expressed significant differences relative to control were sub-
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jected to an integrating enrichment analyses and pathway topology using KEGG 
database (http://www.genome.jp/kegg/pathway.html) to determine their rolein 
plant development [13]. 

4. Results and Discussion 
Metabolite responses to various conditions are the markers of a biological sys-
tem’s ability to cope with different effectors. The identification of metabolites 
enhances our insight of biological system interactions with environment; thus, 
they can be utilized to gain improved plant development results using metabolic 
engineering. Metabolite analyses identified 19 compounds that were affected 
relative to the control (Acetate, Alanine, Choline, Citrate, Formate, Fructose, 
Gallate, Gluconate, Glucose, Glutamate, Glutamine, Isoleucine, Malate, Succi-
nate, Sucrose, Threonine, Tyrosine, Valine and Trans-Aconitate) in both plants 
(Zea mays var. amylacea and Pennisetum americanum p.) shoots and roots 
(Figure 1 and Figure 2(a), Figure 2(b)). Shoot B group in Zea mays var. amy-
lacea indicated upregulation in five metabolites (Alanine, Glutamate, Valine, 
Isoleucine and sucrose) (Figure 1(a)). Whereas, shoot B group in Pennisetum 
americanum p. indicated up regulation in seven metabolites (Sucrose, Glucose, 
Fructose, Gallate, Threonine, Tyrosine and trans-Aconitate) (Figure 2(a)). 

Root B group in Zea mays var. amylacea indicated up regulation in 9 metabo-
lites (Alanine, Choline, Fructose, Gallate, Glutamate, Glutamine, Succinate, Su-
crose and Threonine).Conversely, Root B group in Pennisetum americanum p. 
indicated up regulation in 12 metabolites (Alanine, Choline, Citrate, Fructose, 
Gallate, Glucose, Glutamate, Isoleucine, Malate, Threonine, Tyrosine and Valine) 
(Figure 1(b) and Figure 2(b)). There was no overlap or interaction between 
metabolite response in control and B group in either plants (Zea mays var. 
amylacea and Pennisetum americanum p.) (Figure 1 and Figure 2(c), Figure 
2(d)).  

The association of plant growth promoting bacteria was reported to enhance 
poor soil (nutrient deprived) element availability, therefore enhancing plant 
productivity [1] [2] and plant stress tolerance [1] [2] [4] [5]. In addition, plant 
stress tolerance and progress impacted by PGPB associated with metabolic and 
protein induction shift to serve plant growth and aid overall increase in biomass 
[1] [2] [6]. In our study, the PGPB induced nine metabolites in Zea mays var. 
amylacea root, five of them (Glutamine, Valine, Alanine, Threonine and Tyro-
sine) associated with Aminoacyl-tRNA biosynthesis and three of them (Alanine, 
Glutamine and Succinic acid) associated with Alanine, aspartate and glutamate 
metabolism. The Aminoacy l-tRNA biosynthesis ensure efficient protein transla-
tion [14]. While Alanine, aspartate and glutamate metabolism is essential for 
signaling and nitrogen source [15]. Similarly, the upregulated metabolites in Zea 
mays var. amylacea shoot (Valine, Alanine and Isoleucine) have similar role to 
Aminoacy l-tRNA biosynthesis, confirming the importance of PGPB in enhanc-
ing amino acidsand nitrogen availability in nutrient deprived soil [16] [17]. 
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(a)                                                           (b) 

 
(c)                                                           (d) 

Figure 1. Metabolite response to different microbial inoculations in Zea mays var. amylacea, (a) shoot metabolites (b) root meta-
bolites, both (a) and (b) represent the PLS-DA measurements. The score of variable importance in projection (VIP) on the left and 
the colored boxes on the right indicate the relative concentrations of the corresponding metabolite in each group under study. The 
metabolites interactions are relative to control (c) shoot and (d) root metabolites. Different letters represent groups as B: plant 
growth promoting bacteria and C: control group, displayed in (c) and (d). 

 
In Pennisetum americanum p., PGPB induced 12 root metabolites; four (Ala-

nine, Isoleucine, Threonine and Tyrosine) metabolites involved in Ami-
noacyl-tRNA biosynthesis, two (fructose and glucose) associated with Starch and 
sucrose, and two metabolites (Threonine and Isoleucine) associated with Valine, 
leucine and isoleucine biosynthesis. Additionally, Pennisetum americanum p. 
shoot induced metabolites (Fructose, Sucrose and Glucose) associated with 
Starch and sucrose metabolism and two metabolites (Sucrose and Glucose)  
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(a)                                                          (b) 

 
(c)                                                          (d) 

Figure 2. Metabolite response to different microbial inoculations in Pennisetum americanum, (a) shoot metabolites (b) root me-
tabolites, (a) and (b) represent the PLS-DA measurements. The score of variable importance in projection (VIP) on the left and 
the colored boxes on the right indicate the relative concentrations of the corresponding metabolite in each group under study.The 
metabolites interactions are relative to control (c) shoot and (d) root metabolites. Different letters represent groups as B: plant 
growth promoting bacteria and C: control group. 

 
associated with Galactose metabolism. The current study results differ from ear-
lier studies that indicated PGPB induced metabolites related to fatty acids, 
glyoxylate and dicarboxylate metabolism in sorghum and maize [1] [2]. 

The PGPB generated different roles in each plant species’ metabolic pathways, 
where the Starch and sucrose metabolism dominated up regulated metabolites in 
Pennisetum americanum p., and the metabolites related to Aminoacyl-tRNA 
biosynthesis were up regulated in Zea mays var. amylacea. The common me-
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tabolites between the two plants root system were five (Alanine, Choline, Fruc-
tose, Gallate and Glutamate). These metabolites have critical roles in plant 
physiology and participate in major pathways. One of the major roles of PGPB is 
to increase plant ability to tolerate stress, represented in the current study by 
poor (nutrient deprived) soil. Metabolites such as Choline are involved in Gly-
cerophospholipid metabolism and subsequently increase plants stress tolerance 
[18]. Alanine is involved in Selenoamino acid metabolism; Alanine, aspartate 
and glutamate metabolism, Aminoacyl-tRNA biosynthesis and Carbon fixation 
in photosynthesis. In addition, sugars such as Fructose are involved in Amino 
sugar and nucleotide sugar metabolism and Starch and sucrose metabolism. The 
common upregulated metabolites impacted by PGPB were involved in amino 
acid and carbohydrate synthesis, which was reflected on the two plants (Zea 
mays var. amylacea and Pennisetum americanum p.) growth and tolerance in 
poor elements soil condition. This is equivalent to an earlier study that indicated 
the ability of PGPB to increase carbohydrate metabolism and amino acid meta-
bolism and related proteins, to subsequently promote growthand increase plant 
detoxification [6] [19]. 

A total of 19 metabolites were identified as being impacted by PGPB of Pseu-
domonas fluorescens innutrient deprived soil using NMR based analyses. The 
analyses identified significant upregulation in comparison to control in both 
plants root system while shoot indicated minor changes. The 12 upregulated 
metabolites in Pennisetum americanum p. root and the 9 upregulated metabo-
lites in root of Zea mays var. amylacea serve a critical role in stress tolerance and 
carbohydrate and amino acid synthesis. The PGPB inoculation using Pseudo-
monas fluorescens indicated a positive influence on both plants (Zea mays var. 
amylacea and Pennisetum americanum p.) growth and stress resistance. Howev-
er, the difference in some metabolic response indicated that PGPB influence has 
species-specific manner. 

5. Conclusion  

Overall, this study strongly suggests that the use of PGPB Pseudomonas fluores-
cens can improve soil quality (nutrient condition) without the use of commercial 
artificial chemical fertilizers. 
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