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Sorghum is an economically important crop, a model system for gene discovery and a biofuel source. Sorghum
seedlings were subjected to three microbial treatments, plant growth promoting bacteria (B), arbuscular mycor-
rhizal (AM) fungi mix with two Glomus species (G. aggregatum and G. etunicatum), Funelliformis mosseae and
Rhizophagus irregularis (My), and B and My combined (My + B). Proteomic analysis was conducted followed
by integration with metabolite, plant biomass and nutrient data. Out of 366 differentially expressed proteins in
sorghum roots, 44 upregulated proteins overlapping among three treatment groups showed positive correlation
with sorghum biomass or element uptake or both. Proteins upregulated only in B group include asparagine syn-
thetasewhich showed negative correlationwith biomass and uptake of elements. Phosphoribosyl amino imidaz-
ole succinocarboxamide protein with more than 50-fold change in My and My+ B groups correlated positively
with Ca, Cu, S and sucrose levels in roots. The B group showed the highest number of upregulated proteins among
the three groups with negative correlation with sorghum biomass and element uptake. KEGG pathway analysis
identified carbonfixation as theunique pathway associatedwith commonupregulated proteinswhile biosynthe-
sis of amino acids and fatty acid degradation were associated with common downregulated proteins. Protein-
protein interaction analysis using STRING identified a major network with thirteen downregulated proteins.
These findings suggest that plant-growth-promoting-bacteria alone or in combination with mycorrhiza en-
hanced radical scavenging system and increased levels of specific proteins thereby shifting the metabolism to-
wards synthesis of carbohydrates resulting in sorghum biomass increase and uptake of nutrients.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

One of the major challenges in biology is to understand how plant
cells integrate external and internal signals during stress. Plants ex-
posed to various types of abiotic stress such as drought, extreme tem-
peratures, and nutrient deficient soil etc. are known to suppress their
natural growth. Abiotic or biotic stress factors are known induce reac-
tive oxygen species (ROS). AlthoughROS has been shown to performdi-
verse functions as signaling molecules, regulate cellular processes [4]
and contribute to intercellular communication [33], high levels of ROS
can cause cellular imbalance. Excessive ROS interfered with lipid perox-
idation [48], DNA synthesis [64] and enzymatic activities [65]. When
ROS reached high levels, cellular scavenging system was activated via
emistry and Microbial Sciences,

ika@gmail.com
either ROS scavenging enzymes such as superoxide dismutase (SOD)
[3,4], or non-enzymatic processes.

Plants grownon soil deficient in essential nutrients suffer fromphys-
iological disorders with negative effect on growth and development.
The nutrient imbalance affected synthesis of essentialmolecules leading
to disturbed biological processes [10]. The imbalanced biological system
puts plants under stress causing photosynthetic impairment and in-
crease in radical oxygen species [52]. Plants under stress save energy
by producing sugars and downregulating protein synthesis [55]. Nutri-
ent deficiency can be overcome by adding microbes such as plant
growth promoting bacteria PGPB [22] or mycorrhizal fungi [27,36].
The Pseudomonas sp. TLC 6-6.5-4 isolated from Torch LakeMI, enhanced
availability of nutrients such as phosphorous and produced indole-3-
acetic acid (IAA), a phytohormone, leading to higher maize biomass
grown in nutrient-deficient soil [38]. The increase of plant plasticity by
changing the soil rhizosphere with microbial interaction was reported
in several studies [16,23]. Field studies conducted with maize inoculat-
ed with AM fungi and PGPB not only increased plant biomass but also
showed significant increase in grain weight, iron and zinc content and
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Table 1
List of KEGG Pathways affected by common upregulated and downregulated proteins in
sorghum root.

Pathway
ID

Pathway description Count in gene
set

False discovery
rate

Upregulated proteins
10 Glycolysis/Gluconeogenesis 3 0.00035
620 Pyruvate metabolism 2 0.00622
710 Carbon fixation in photosynthetic

organisms
2 0.00563

1110 Biosynthesis of secondary
metabolites

4 0.00711

1200 Carbon metabolism 4 6.37E−05

Downregulated proteins
10 Glycolysis/Gluconeogenesis 3 0.00418
71 Fatty acid degradation 2 0.00742
620 Pyruvate metabolism 3 0.000982
1110 Biosynthesis of secondary

metabolites
10 2.12E−06

1200 Carbon metabolism 6 1.94E−06
1230 Biosynthesis of amino acids 6 2.00E−06

String web site (string-db.org/cgi/network.pl) was used to generate this data. Metabolic
pathways affected by downregulated proteins but not by upregulated proteins are
shown in italics.
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number of grains per spike [6]. However, AM fungi and PGPB showed
variable effects on the quality and quantity of grain starch and proteins.

The aim of the current study was to evaluate the effect of different
microbial inoculations on sorghum root protein expression and their as-
sociation with other physiological responses such as biomass and ele-
ment uptake in nutrient-poor soil. Sorghum seedlings were grown in
nutrient-deficient, sandy soil collected fromTorch Lake,MI in the green-
house in the presence of plant growth promoting bacteria (PGPB) alone,
arbuscular mycorrhiza alone, PGPB with arbuscular mycorrhiza com-
bined, and dead inoculum (control group). Analysis of sorghum root
proteins showed that all of the three microbial treatments caused up-
regulation of proteins such as superoxide dismutase (SOD) involved in
scavenging of reactive oxygen species (ROS). The PGPB group showed
the highest number of upregulated proteins followed by My + B and
My groups. Several upregulated proteins associated with higher levels
of specific metabolites were related to carbohydrate biosynthesis.

2. Materials and methods

2.1. Plant material and analysis

Plant material and analyses were carried out as described in [12].
Three regimes were applied to sorghum BTx623 seedlings grown in
stamp sand soil collected from Michigan Upper Peninsula (47.187518
latitude, 88.403788 longitude). The 48 h old seedlings sown in stamp
sand were subjected to three treatments: mycorrhiza mix alone (My),
mycorrhiza mix + plant growth promoting bacteria Pseudomonas sp.
TLC 6-6.5-4 (My + B) and Pseudomonas sp. TLC 6-6.5-4 alone (B). The
PGPB strain was isolated from Torch Lake and used in a previous study
with maize and sorghum [11,12,38]. Each of My or My + B group
contained 9 g of inoculum (~1320 propagules) of mycorrhiza
suspended in 0.85% sodium chloride. The mycorrhiza mix had two Glo-
mus species (aggregatum and etunicatum), Funelliformis mosseae and
Rhizophagus irregularis (Valentine Country Inc., ND, USA). Each of B or
My + B group contained 10−8 cfu of Pseudomonas sp. TLC 6-6.5-4. The
control group C was subjected to the same amount of dead inoculum
as My + B group. All the plants were grown in the green house with
controlled temperature (28 °C) and humidity 65%). Three months'
later, sorghum roots were harvested for protein analysis. Biomass and
elements analysis data was used from the previous study [11] to per-
form correlation analysis with protein expression data.

2.2. Protein profiling

Frozen roots, three samples for each group (−80 °C)weremanually
homogenizedwith liquid nitrogen and stored at−80 °C. Protein extrac-
tion was modified from Fukao et al. [18] method. Four hundred milli-
grams of each sample was used with 700 μl of protein extraction
buffer (50 mM HEPES-KOH, pH 7.5, 5 mM EDTA, 400 mM sucrose,
0.1% Triton X-100 and protease inhibitor cocktail). Samples were soni-
cated in a cold bath for 45 min with vortexing every 10 min, followed
by centrifugation at 4 °C for 30 min at 13,000g. To the supernatant,
500 μl of ice cold TCA/acetone (acetone 10%)was added, followed by in-
cubation for 45 min at −20 °C and centrifugation. The pellet was dis-
solved in 50 μl of 0.5 M triethylammonium bicarbonate (TEAB) with
0.2% SDS and stored at −80 °C. The extracted protein samples were
sent to Keck FoundationBiotechnology Resource Laboratory at Yale Uni-
versity, for LC-MS/MS analysis. Protein samples (three samples for each
group) were digested with trypsin and then analyzed using LC-MS/MS
on Waters/Micromass AB QSTAR Elite (Waters nanoACQUITY ultra
high pressure liquid chromatographs UPLC) for peptide separation. De-
tection and quantification of all peptide ionswas followedby expression
analysis and identification of proteins. Default normalization from
Progenesis QI was utilized to obtain the quantitation value across the
runs (http://www.nonlinear.com/progenesis/qi/v2.0/faq/how-
normalisation-works.aspx). Protein abundances were calculated from
these peptide abundances according to Progenesis QI (http://www.
nonlinear.com/progenesis/qi-for-proteomics/v2.0/faq/how-are-
protein-abundances-calculated.aspx). The function of each protein was
identified usingUniProt (http://www.uniprot.org/). Analysis of proteins
among groups was performed using a web based tool, InteractiVenn
[29]. Protein levels of 1.2 fold in B, My, and My + B groups in compari-
son to control were considered as significant. Positive and negative cor-
relation was considered to be significant at ≥0.56.

2.3. Analysis of biological pathways and protein-protein interactions

Common upregulated and downregulated proteins were analyzed
using STRING ([58]; strings-db.org/cgi/network.pl) to identify protein-
protein interactions and proteins that are part of KEGG pathways. The
initial cut-off false discovery rate used for identifying upregulated and
downregulated proteins association with KEGG pathway was 0.05.
Only proteins that matched Sorghum bicolor proteins were identified
and used for protein-protein interaction analysis. A false discovery
rate cut-off of 0.01 was used in the final output analysis to report
KEGG pathways associated with these proteins in Table 1. Each node
in a network represents an identified protein with three-dimension
structure and each network edge represents an interaction.

3. Results

3.1. Different patterns shown by upregulated proteins in treatment groups

Proteomic analysis identified 787 proteins in sorghum roots. Among
these proteins, 421 were annotated as putative uncharacterized Sor-
ghum bicolor proteins and 255 plant-characterized proteins including
40 redundant plant-related proteins (Fig. 1). In addition, 57 fungus re-
lated proteins were identified with 12 of them annotated as putative
uncharacterized (Fig. S1). The total number of bacterial related proteins
was 54 (Fig. S2). Out of these, significant upregulation of 96 proteins in B
group, 86 proteins in My + B group and 72 proteins in My group in
comparison with control group was observed. The upregulation of 44
proteins was common among the three groups with 14 and 15 proteins
common between B andMy+ B, and between My andMy+ B groups,
respectively (Fig. S3).

Twenty nine proteins (13.5% of total upregulated proteins) were up-
regulated exclusively in B, 13 (6%) in My + B and (1.4%) in My group.
Functional classification showed that the highest number of proteins
were related to oxidoreductase activity which reached 19%, followed
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Fig. 1.Heat map showing top 50 significant plant proteins identified in sorghum roots subjected to different treatments (B, My, My+ B) and control (C). Heat map was generated using
hierarchical clustering with hclust function in the STAT package. The similarity was measured using Euclidean distance and Ward's linkage clustering algorithms. The names of
differentially expressed proteins are shown on the X-axis on the right. The red color in the heat map indicates upregulation of proteins and green indicates their downregulation.

245F. Dhawi et al. / Biochimica et Biophysica Acta 1865 (2017) 243–251
by amino acids biosynthesis (9.3%) (Fig. 2). In comparison, My group
had the same total number of proteins with My + B group related to
functions such as carbohydrate synthesis and a lower number of pro-
teins involved in amino-acid biosynthesis. Some other proteins had
minor or no differences among the three groups (B, My and My + B)
such as proteins related to energy production, transferase, metabolism
of nitrogen and cell cycle regulation.

Analysis of proteins upregulated in all three treatments identified
5.3, 4 and 2.4 fold average upregulation inMy, My+B and B groups, re-
spectively. Some proteins such as mitogen activated protein kinase
(N11 fold), putative IQ calmodulin-binding domain-containing family
protein (N5 fold) are upregulated in all treatment groups. The upregu-
lated proteins showed similar tendency for the two groups, My and
My + B. For instance, phosphoribosyl aminoimidazole-
succinocarboxamide synthase (PAICS) showed highest upregulation
(N50 fold) in My and My + B groups while it was upregulated only 2
fold in B group. Similarly, dihydrolipoyl dehydrogenase (N9 fold) and
proliferating cell nuclear antigen (PCNA; N5 fold) were highly upregu-
lated in My and My + B groups compared to B group where only 2
fold upregulation was observed. Cysteine synthase with 2, 5 and 7 fold
levels in B, My + B and My groups, respectively, and nucleolar protein
58 (NP58) with 2, 3, and 6 fold in B, My+ B andMy groups, respective-
ly, in comparison to control showed a similar trend (Fig. 3).

3.2. Proteins upregulated with microbial treatments correlated with bio-
mass and element uptake in sorghum root

All three treatments resulted in highly significant increase in shoot
and root biomass [12]. However, PGPB treated plants (B group) showed
the best response with reference to increase in both shoot and root bio-
mass. Most of the upregulated proteins common among the three
groups (My, B and My + B) were found to be correlated with biomass
and or element uptake. Thirty-seven proteins showed positive correla-
tion with biomass and or uptake of elements and six proteins showed
negative correlation (Table S1). Correlation analysis identified four pro-
teins, putative heat shock protein 2, superoxide dismutase, mitogen-ac-
tivated protein kinase and fructokinase to be positively correlated with
shoot and root biomass. In addition, three proteins, glyceraldehyde-3-
phosphate dehydrogenase, 14-3-3-like protein (GF14-C) and triose
phosphate isomerase, correlated negatively with shoot and root bio-
mass. Asparagine synthetase (glutamine-hydrolyzing), which was
unique to B group showed a negative correlationwith biomass increase.



Fig. 2. Functional classification of proteins in B, My and My+ B groups. The figure was generated using Tableau software (http://www.tableau.com). The functions of the proteins were
assigned using Uniprot (www.uniprot.org). Total number of proteins belonging to each functional group are shown on X-axis.

Fig. 3.Quantitative analysis showing fold change of 44 proteins upregulated in all three groups (B,My andMy+B) in comparison to the control group. Fold changes of specific proteins are
shown on X-axis and names of proteins are shown on Y-axis. The figure was generated as described in Fig. 2.
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All the ten elements (P, K, Ca, Mg, Mn, Zn, Fe, Al, Cu and S) in shoot
and root showed positive correlation with superoxide dismutase and
negatively with two proteins, glyceraldehyde-3-phosphate dehydroge-
nase 1 and asparagine synthetase (glutamine-hydrolyzing). The same
ten elements in shoot (P, K, Ca, Mg, Mn, Zn, Fe, Al, Cu and S) correlated
positively with upregulation of superoxide dismutase (SOD) in all three
groups. Some elements, Ca and root P and K correlated positively with
upregulation of proliferating cell nuclear antigen (PCNA). Correlation
analysis identified fructokinase to be correlated positively with primary
nutrients, P and K in root and shoot and six proteins that are negatively
correlatedwith four of them (fructokinase-2, 14-3-3-like protein [GF14-
C], glyceraldehyde-3-phosphate dehydrogenase 1 and triosephosphate
isomerase) common between groups and two of them, putative BRE1
E3 ubiquitin ligase and asparagine synthetase (glutamine-hydrolyzing)
upregulated in B group.

Upregulated proteins that correlated positively with primary nutri-
ents (P, K) in root were 31. Among these proteins, 29 were common
in three groups and monodehydroascorbate reductase (MDHAR) was
found only in B and solanesyl diphosphate synthase 1 was found only
in My group. The macro elements, Ca and Mg in shoot, and Ca and S in
root correlated negatively with three proteins, fructokinase, putative ri-
bosomal protein L3 and malic enzyme. Triosephosphate isomerase cor-
related negatively with sorghum biomass, macroelements (Ca, Mg and
S), primary elements (P and K), microelements (Mn and Fe), and
heavy metals (Cu and Al) in shoot and root. Triosephosphate isomerase
correlated negativelywith twometabolites (mucic acid and ferulic acid)
known to correlate positivelywith element uptake. Ca in shoot and root
correlated positively with 31 proteinswith one of them,MDHAR upreg-
ulated in B group only. The same element (Ca) in shoot and root corre-
lated negatively with 18 proteinswith 6 of themupregulated in B group
while three were upregulated inMy+ B group. Additionally, P and K in
root correlated positively with 31 proteins with solanesyl diphosphate
synthase 1 upregulated in My group only and MDHAR upregulated in
B group only. Heavymetals (Zn, Cu and Al) in shoots and roots correlat-
ed positively with two proteins, bifunctional methylthioribulose-1-
phosphate dehydratase/enolase-phosphatase E1 and phosphoglycerate
kinase and correlated negatively with three proteins, elongation factor
1α, V-type proton ATPase and cytochrome P450. Moreover, copper in
shoot and root correlated positively with 33 proteins and negatively
with 35 proteins (data not shown) whereas, aluminum in shoots and
roots correlated positively with three proteins (bifunctional
methylthioribulose-1-phosphate dehydratase/enolase-phosphatase
E1, 26S protease regulatory subunit 8 homolog A and phosphoglycerate
kinase) and negatively with seven proteins (elongation factor 1α, V-
type proton ATPase, cytochrome P450, glutamate dehydrogenase, pyru-
vate dehydrogenase E1 component subunit α, carboxypeptidase and
glyceraldehyde-3-phosphate dehydrogenase). Nucleolar protein, NP58
correlated positively with uptake of microelements (Mn and Fe) and
heavy metals (Cu and Al) in shoot and root. MDHAR upregulated in B
group only, correlated positively with shoot Ca and root Ca, P and K
and two proteins, glutamate dehydrogenase and asparagine synthetase
correlated negatively with biomass and uptake of elements. In addition
to the above proteins, ROS scavenging enzyme, SOD and a peroxidase
are upregulated in all three treatments

3.3. Upregulated proteins associated with metabolites, biomass and ele-
ment uptake

Only metabolites that showed a positive correlation with biomass
and element uptake were used in correlation analysis with upregulated
proteins among the three groups. Fructokinase correlated positively
with metabolites, stearic acid, sorbitol and sebacic acid which in turn
showed positive correlation with biomass and element uptake (Table
S1). The same metabolites correlated negatively with glyceraldehyde-
3-phosphate dehydrogenase. PAICS correlated positively with root Ca,
S, Cu and sucrose, while negatively with proline, methionine and lysine
in our study. Upregulation of putative ribosomal protein L3 (RPL3) and
malic enzyme correlated positively withmacroelements (Ca, Mg and S)
and P and K in root. On the other hand, twometabolites, mucic acid and
ferulic acidwhich correlated positivelywith uptake of nine elements (P,
K, Ca,Mg,Mn, Zn, Fe, Al, Cu and S) showed positive correlationwith five
proteins (histone H2B, cysteine synthase, superoxide dismutase, aqua-
porin TIP2-1 and 26S protease regulatory subunit 8 homolog A). These
two metabolites correlated negatively with seven proteins, glyceralde-
hyde-3-phosphate dehydrogenase 1, triosephosphate isomerase,
fructokinase-2, 14-3-3-like protein (GF14-C), glyceraldehyde-3, phos-
phate dehydrogenase 3, cytosolic with two of them, heat shock cognate
70 kDa protein3 and sensor protein LytS upregulated exclusively in
My + B group.

3.4. Downregulated proteins and their correlation with biomass and ele-
ment uptake

The total downregulated proteins were 226 in B group, 222 in My
group and 206 inMy+B group. Among these proteins, 9 proteins over-
lapped only between My and My + B groups, 28 proteins between B
and My + B groups and 35 proteins between My and B groups (Fig.
S4). A total of 153 proteins common among the three groups (B, My
andMy+B)were downregulated. Average downregulation of proteins
was highest in My group (4.5 fold) followed by My + B (2.6 fold) and
My (1.5 fold) groups. This pattern was similar to that observed for up-
regulated proteins.

Malate dehydrogenase 2 showed 30, 7 and 3 fold downregulation in
My, My+B and B groups, respectively followed by aquaporin PIP (Plas-
ma membrane intrinsic protein) 1-1 which was downregulated 27, 5,
and 2 fold inMy,My+B and B groups, respectively (Fig. S5). Aquaporin
PIP1 downregulation showed negative correlationwith biomass, uptake
of elements and several metabolites (Table S1). Citrate synthase which
was the most downregulated (4 fold) protein in B group was 24 and 4
fold downregulated in My and My + B groups, respectively, correlated
negatively with root uptake for P, Ca, S and Cu. In contrast, hexoki-
nase-5 which showed 18, 4, and 3 fold downregulation in My, My + B
and B groups, respectively, correlated positively with the uptake of the
same elements in sorghum root. Regulatory protein, RecX involved in
recombination (36 fold), ATP-dependent Clp protease (12 fold) and
Dof21, a transcription factor (8 fold) were highly downregulated in
My + B group. In contrast, the first two proteins were downregulated
about 4 fold whereas Dof21 showed 12 fold downregulation in My
group and relatively less downregulation in B group.

Functional classification of proteins showed that most of the down-
regulated proteinswere related to oxidoreductase activity (16%), trans-
lation elongation (13%) and transport activities (10%) with a slight
difference among the three groups (Fig. S6). In comparison, a higher
percentage (19%) of upregulated proteins were related to oxidoreduc-
tase activity.

3.5. Biological pathways and protein-protein interactions of common up-
regulated and downregulated proteins

The commonupregulatedproteins analyzed using STRING identified
triose phosphate isomerase, malic enzyme, glucose-6-phosphate isom-
erase, dihydrolipoyl dehydrogenase and peroxidase) with significant
involvement in five plant associated KEGG pathways (Table 1). Two of
these proteins, triose phosphate isomerase and glucose-6-phosphate
isomerase showed protein-protein interactions based on STRING analy-
sis (Fig. S7). The analysis of downregulated proteins identified 12 pro-
teins, namely, aconitate hydratase, acyl-coenzyme A oxidase, aldehyde
dehydrogenase, β-hexosaminidase, chorismate synthase, citrate syn-
thase, cytochrome P450, fructose bisphosphate aldolase,methylene tet-
rahydrofolate reductase, phenylalanine ammonia lyase,
phosphoenolpyruvate carboxylase, and pyruvate kinase, which are in-
volved in six plant associated KEGG pathways (Table 1). Six



248 F. Dhawi et al. / Biochimica et Biophysica Acta 1865 (2017) 243–251
downregulated proteins, aconitate hydratase, citrate synthase, fructose
bisphosphate aldolase, pyruvate kinase, phosphoenolpyruvate carbox-
ylase, aldehyde dehydrogenase, associated with KEGG pathways
showed protein-protein interactions which supports possible function-
al relationship among them (Fig. 4). Although four pathways, glycoly-
sis/gluconeogenesis, pyruvate metabolism, carbon metabolism and
biosynthesis of secondary metabolites were associated with both up
and downregulated proteins, the specific proteins which were up or
downregulated were different. For instance, triose phosphate isomer-
ase, dihydrolipoyl dehydrogenase, and glucose-6-phosphate isomerase
were upregulated whereas pyruvate kinase, fructose bisphosphate al-
dolase, and aldehyde dehydrogenase were downregulated in glycoly-
sis/gluconeogenesis. The upregulated proteins showed unique
association with carbon fixation in photosynthetic organisms whereas
downregulated proteins showed unique associationwith fatty acid deg-
radation and biosynthesis of amino acids. The common downregulated
proteins associated with biological pathways showed a major network
with thirteen proteins. Malate dehydrogenase 2 showed the highest
number (8) of interacting proteins, namely, thioredoxin, glutathione
peroxidase, aconitate hydratase, citrate synthase, glutamate dehydro-
genase, fructose bisphosphate aldolase, pyruvate kinase, phosphoenol-
pyruvate carboxylase, ATP synthase subunit β, mitochondrial
aldehyde dehydrogenase, putative alcohol dehydrogenase, and alde-
hyde dehydrogenase (Fig. 4). A second network with five interacting
members belonged to those involved in protein synthesis. Overall, this
Fig. 4. Common downregulated sorghum root proteins associated with biological pathways s
showing interactions with other proteins in the major network are Sb01g004860: thiore
Sb04g006440: citrate synthase, Sb06g024150: glutamate dehydrogenase, Sb07g023910: m
pyruvate kinase, Sb02g021090.1: phosphoenolpyruvate carboxylase, Sb03g031470: ATP synt
dehydrogenase, and Dha1 (Sb02g025790): aldehyde dehydrogenase. The second network h
S8170F8.7: putative 60S ribosomal protein, Sb02g036420: elongation factor 1α, and Sb02g04
(Sb02g010910): cinnamic acid 4-hydroxylase and Sb01g014020: phenylalanine ammonia
Sb02g032640: NADPH cytochrome P450 reductase and Sb01g003700: methylene tetrahydrofo
analysis identified functional interactions which are biologically rele-
vant among downregulated proteins.
4. Discussion

Growing plants inmarginal soil increases the need formolecular ad-
justment to compensate for the lack of essential nutrients. In plants, re-
active oxygen species (ROS) are necessary in low levels to provide a
balanced cellular redox for growth regulation whereas high ROS levels
cause cellular damage and death [5]. A number of proteins involved in
reducing cellular ROS levels were upregulated in maize seeds inoculat-
ed with AM fungi under field conditions [7]. SODs are metal-containing
enzymes with different types (Fe, Mn and Cu/Zn) involved in first line
defense against ROS under various abiotic stress conditions such as
water and salt stress [13,41]. Under salt stress, transgenic plum plantlet
with SOD expressed non-enzymatic antioxidants, glutathione and
ascorbate which lowered hydrogen peroxide level [13]. In our study, it
is likely that upregulation of SOD and a peroxidase is involved in scav-
enging ROS. Another protein, monodehydroascorbate reductase
(MDHAR) which was upregulated only in B group is essential for
regenerating ascorbate during ROS scavenging activity as evidenced
by transgenic Brassica rapa overexpressing MDHAR and
dehydroascorbate reductase (DHAR) increased glutathione and pheno-
lics thereby alleviating redox stress leading to cold tolerance [53].
ubjected to protein-protein interactions analysis using STRING. Downregulated proteins
doxin, Sb0010s007790: glutathione peroxidase, Sb01g047850: aconitate hydratase,
alate dehydrogenase 2, Sb03g008050: fructose bisphosphate aldolase, Sb01g005200:
hase subunit β, ALDH2a: mitochondrial aldehyde dehydrogenase, Adh1: putative alcohol
as Sb02g006810: 40S ribosomal protein S12, Sb04g028530: 40S ribosomal protein S8,
1940: elongation factor Ts. Three interactions involving only two proteins each are C4H
lyase; Sb01g033750: proteasome subunit α and Sb01g011260: proteasome subunit β;
late reductase.
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Upregulation (N10-fold) of mitogen-activated protein kinases
(MAPKs) in all treatment groups might be due to MAPKs known func-
tion in facilitating host penetration during the molecular dialogue be-
tween the host and fungi [28]. The correlation between upregulation
of MAPKs and sorghum biomass increase might be due to their involve-
ment in plant hormonal responses, cell division, differentiation and reg-
ulation of antioxidant mediated defense to various stress factors [54].
Althoughmost of ribosomal proteins are considered to be part of house-
keeping proteome involved in translation with constitutive expression,
some of them have been shown to be differentially expressed in plants
due to pathogen infection and abiotic stresses. RPL3 is known to in-
crease plant resistance to pathogenic fungi [1,2,34,63]. RPL3 was not
only involved in regulation of translation but also increased antioxidant
enzymes, SOD and APX in eggplant infected with Verticillium dahliae
[63]. It is possible that this protein has a role inmycorrhizal colonization
and uptake of macroelements and P and K in root. Another protein,
malic enzyme which is highly specific to malic acid provided resistance
to a fungal pathogen and reduced phytotoxicity of copper in triticale
plants [20,60]. Solanesyl diphosphate synthase which was upregulated
only in My group is required for ubiquinone synthesis in mitochondria
[44]. A highly upregulated protein, PCNA has a role in DNA replication
and repair [56]. Overexpression of a PCNAhomolog generatedUV-stress
tolerant tomato plants [19], which suggests a possible role for PCNA to
combat nutrient stress in sorghum.

In the current study, higher levels of some regulatory proteins corre-
lated with uptake of specific elements and the metabolites, mucic and
ferulic acids. The 26S proteasome is known to degrade proteins includ-
ing damaged proteins tagged with ubiquitin and also confers tolerance
to various stresses [37,59]. Triose phosphate isomerase levels have been
reported to increase under different stresses to prevent accumulation of
cytotoxic metabolites [35]. Triose phosphate isomerase is involved in
glycolytic pathway, pentose phosphate pathway and carbon metabo-
lism and distribution [15] and sugarmetabolism [32]. Cysteine synthase
which was upregulated in all microbial treatments is involved in fixing
inorganic sulfur and sulfate assimilation in plants [61]. Similar expres-
sion pattern was shown by nucleolar protein 58 which is a transcrip-
tional regulator involved in regulating chromatin association, cell
cycle, proliferation and development [24,40]. PAICS upregulated in all
microbial treatment groups is involved in de novo purine synthesis in
Arabidopsis [51,62] and wheat amyloplast [17] but there are no reports
on its association with amino acid synthesis.

14-3-3-like protein (GF 14-C) upregulated in all three treatment
groups belongs to a family of proteins involved in various biological pro-
cesses and metabolic regulation, activation of transcription factors and
enzymes of carbon and nitrogen metabolism [31,49]. Overexpression
of 14-3-3 proteins in potato altered lipid and sugar content,whereas an-
tisense lines affected nitrate reductase activity and amino acid compo-
sition [8,57]. Glutamate dehydrogenase (GDH) which was
downregulated in all three groups, showed negative correlation with
sorghum biomass and has a significant regulatory function in carbon
and nitrogenmetabolism [45,46] that control plant growth and produc-
tivity [14]. Asparagine synthetase (AS) whose downregulation in all
three treatment groups, correlated negatively with sorghum biomass,
most shoot elements and some root elements, is a primary nitrogenme-
tabolism activator and plant defense activator against pathogens [30,
50]. The common downregulated proteins among the groups showed
a unique effect on amino acid biosynthesis similar to that observed
with downregulated metabolites [12]. It is likely that amino acid syn-
thesis and nitrogen related protein upregulation with reference to all
three proteins correlated negatively with element uptake as a mecha-
nism to save energy toward biomass production in sorghum.

PIP1-1 is a member of aquaporin family of plasma membrane pro-
teins, known to regulate water uptake and CO2 diffusion [47]. Aquapo-
rins have been shown to be inhibited by heavy metals with some PIP
genes downregulated under drought stress to conserve water ([43,
66]). Downregulation of PIP1 genes in transgenic poplar had no
significant effects onmorphology, development, physiology and photo-
synthesis of poplar [47]. The 27-fold downregulation of PIP1-1 in My
group and to a lesser extent in the other two treatment groupsmight af-
fect TCA cycle inhibiting respiration. The PIP aquaporins have been re-
ported to increase under water stress accompanied with upregulation
of TCA cycle in grapevine [9]. Similar expression pattern was shown
by hexokinase-5 which is a sugar sensor that coordinates plant sugar
production, water and element uptake [25,26]. The downregulation in
our study, correlated positively with root sucrose content. However,
hexokinase-5 reductionmight be compensated by fructokinase upregu-
lation which has a similar function.

The association of four KEGG pathways, namely, glycolysis/gluco-
neogenesis, pyruvate metabolism, carbon metabolism and biosynthesis
of secondary metabolites with both up and downregulated proteins
would result either in the upregulation or downregulation of these
pathways based on the rate limiting step in the pathway or the involve-
ment of specific protein in alternate biological pathways. The identifica-
tion of unique pathways associated with carbon fixation for common
upregulated proteins and biosynthesis of amino acids and fatty acid
degradation for common downregulated proteins provides clues on
biochemical mechanisms operating in the systems in the current
study. Protein-protein interaction analysis points to possible interac-
tions among downregulated proteins.

5. Conclusion

A higher number of upregulated proteins in sorghum root were as-
sociatedwith PGPB, followed byMy+B andMy groups, supporting sig-
nificant increase in root and shoot biomass and uptake of elements in B
group comparedMy andMy+ B groups. Several commonly upregulat-
ed proteins showed positive correlation with biomass and uptake of el-
ements. The upregulation of some proteins such as heat shock protein
and mitogen-activated protein kinase correlated with biomass increase
only, while other proteins such as those involved in ROS scavenging and
DNA regulation correlated positively with element uptake only. On the
other hand,monodehydroascorbate reductase (MDHAR) induced solely
in B groupwas associatedwith an increase in primary elements in shoot
and root, while solanesyl diphosphate synthase induced solely in My
group and PAICS protein with highest upregulation in My associated
groups correlated positively with uptake of elements by roots. In con-
trast, upregulation of proteins related to synthesis of amino acids corre-
lated negatively with biomass or uptake of elements in sorghum.
Increase in glyceraldehyde 3-phosphate and sugars as well as proteins
(enzymes) associated with their metabolism in all three groups in sor-
ghum rootmight indicate an increase in photosynthetic efficiency by in-
creasing key compounds involved in carbon fixation or Calvin cycle. It is
likely that the downregulation of proteins in all three groups was com-
pensated with upregulation by other proteins with the same function.
KEGG pathway and protein-protein interaction analysis provided infor-
mation on the involvement of differentially expressed proteins in bio-
logical pathways and functional interactions. Taken together, these
findings emphasize the role of PGPB in enhancing sorghum biomass
and uptake of elements through metabolic pathways involving various
proteins.
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