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Abstract: Plant growth-promoting bacteria can improve host plant traits including nutrient uptake
and metabolism and tolerance to biotic and abiotic stresses. Understanding the molecular basis of
plant–bacteria interactions using dual RNA-seq analyses provides key knowledge of both host and
bacteria simultaneously, leading to future enhancements of beneficial interactions. In this study,
dual RNA-seq analyses were performed to provide insights into the early-stage interactions between
barley seedlings and three novel bacterial strains (two Paenibacillus sp. strains and one Erwinia
gerundensis strain) isolated from the perennial ryegrass seed microbiome. Differentially expressed
bacterial and barley genes/transcripts involved in plant–bacteria interactions were identified, with
varying species- and strain-specific responses. Overall, transcriptome profiles suggested that all
three strains improved stress response, signal transduction, and nutrient uptake and metabolism
of barley seedlings. Results also suggested potential improvements in seedling root growth via
repressing ethylene biosynthesis in roots. Bacterial secondary metabolite gene clusters producing
compounds that are potentially associated with interactions with the barley endophytic microbiome
and associated with stress tolerance of plants under nutrient limiting conditions were also identified.
The results of this study provided the molecular basis of plant growth-promoting activities of three
novel bacterial strains in barley, laid a solid foundation for the future development of these three
bacterial strains as biofertilisers, and identified key differences between bacterial strains of the same
species in their responses to plants.
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1. Introduction

Plants and bacteria can establish mutualistic beneficial interactions or undesirable
pathogenic interactions [1], leading to great impacts on the performance of agriculturally
important crops and pastures. Plant growth-promoting (PGP) bacteria possess genes con-
ferring beneficial traits to their host plants, and can act as biofertilisers and bioprotectants,
leading to significant increases in yield and improved tolerance to both biotic and abiotic
stresses in plants [2,3]. Paenibacillus polymyxa strains have long been described as PGP
bacteria that can improve the nutrient uptake and metabolism of plants via biological
nitrogen fixation and phytohormone production, and protect plants from phytopathogens
via synthesising bioactive secondary metabolites [4–6]. Erwinia gerundensis is a newly
identified species that was isolated from pome fruit trees and is associated with multiple
plant hosts across different continents [7]. Understanding the interactions between plants
and bacteria, especially PGP bacteria, has the potential to improve the overall performance
of agricultural plants.

The beneficial interactions between legumes and rhizobia have been extensively
studied, revealing the molecular basis and regulatory pathways of each stage of their
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interaction [8,9]. However, such knowledge remains to be discovered for many other PGP
bacteria and non-leguminous plants. An ideal method to study the molecular basis of
plant–bacteria interactions is dual RNA-seq analysis, which can provide transcriptome
profiles of both host plants and bacteria simultaneously [10]. While dual RNA-seq analysis
has been widely used to reveal the interactions between plants and phytopathogens [11–13],
its application in studying the interactions between plants and PGP bacteria is limited.
Camilios-Neto et al. [14] reported the first case of using dual RNA-seq analyses to demon-
strate the interactions between wheat and a PGP bacterium Azospirillum brasilense, revealing
improvements in plant nutrient acquisition and metabolism. Recent work by Liu et al. [15]
demonstrated that interactions between P. polymyxa YC0136 and tobacco plants enhanced
phytohormone transduction and systemic resistance against pathogens in the plant, as well
as stimulated auxin biosynthesis in the bacterial strain. Such promising results suggest
that dual RNA-seq analyses should be used to deepen our understandings of interactions
between more plant species, especially agricultural crops, and other novel PGP bacteria
including Paenibacillus spp. and E. gerundensis.

In this study, we utilised two novel Paenibacillus sp. strains (S02 and S25) and one
novel E. gerundensis strain (AR) isolated from the perennial ryegrass (Lolium perenne L. cv.
Alto) microbiome [16,17]. Preliminary characterisation showed that the two Paenibacillus
sp. strains were genetically closely related to P. polymyxa and had strong bioprotection
and biological nitrogen fixation activities in vitro [17], and the E. gerundensis strain was
able to grow in low nitrogen conditions in vitro and enhance plant root development [18],
making them ideal candidates for further characterisation. An early-stage plant–bacteria
interaction assay was conducted using barley seedlings and the three strains. Barley
seedlings and bacterial strains were co-incubated for six hours and harvested for RNA
extraction. Dual RNA-seq analyses were then performed to identify differentially expressed
genes/transcripts associated with the early-stage plant–bacteria interaction and to provide
insights into the molecular basis of the interaction, with focuses on (1) initial contact
between the bacteria and plant, (2) bacterial plant growth-promoting genes, plant nutrient
uptake and metabolism, and (3) bacterial secondary metabolites.

2. Results
2.1. Transcriptome Sequencing—An Overview

An early-stage plant–bacteria interaction assay was conducted using barley seedlings
and the three strains (S02 and S25: Paenibacillus sp.; AR: E. gerundensis). Seedlings and
bacterial strains were co-incubated in Nutrient Broth (NB; all three strains) or Burk’s
N-free medium (S02 only). Plant root tissues and the bacterial culture were separated
after six hours of co-incubation and harvested for RNA extraction. A transcriptome se-
quencing experiment was designed to explore genes/transcripts that were associated with
the interaction. A 150 bp paired-end library prepared from cDNA from samples used
in the assay generated an average of 61.7 million clean reads per bacterial sample and
132.4 million clean reads per plant sample (Supplementary Table S1). Transcript quantifi-
cation showed that 80–90% and 85–90% of reads from bacterial and plant samples were
mapped to the corresponding transcriptome reference, including the transcriptome gener-
ated from Prokka [19] annotation for bacterial samples and a barley reference transcriptome
BaRTv1.0 [20] for plant samples, respectively. Biological variability was checked by com-
paring the normalised counts of mapped reads within the biological replicates generated
by differential gene expression (DGE) analyses using Pearson correlation coefficients. All
biological replicates had a correlation coefficient of 0.92–0.99, except the root samples of
barley co-incubated with Paenibacillus sp. strain S02 in Burk’s N-free medium (correlation
coefficient: 0.84–0.98), suggesting high data reproducibility of this study and the robust
nature of the methodology.
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2.2. Transcriptome Analyses—An Overview

DGE analyses clearly demonstrated changes in transcriptome profiles caused by plant–
bacteria interactions. For bacterial samples, the biological replicates of all three strains
formed distinctive clusters along the PC1 axis based on the presence/absence of barley
seedlings (Figure 1). For plant samples, four distinctive clusters containing the biological
replicates of each treatment (the presence/absence of bacteria in different media) were
identified (Figure 2). Seedlings co-incubated with strain AR (E. gerundensis) were separated
from seedlings co-incubated with strain S02 and S25 (Paenibacillus sp.) along the PC1
axis. Moreover, seedlings co-incubated with strain S02 in Burk’s N-free medium were
separated from other seedlings co-incubated with bacterial strains in NB along the PC2
axis. These results suggested that the transcriptome profiles of seedlings were affected by
both the bacterial species/strain they were co-incubated with and the medium used in
the assay. Moreover, when comparing seedlings co-incubated with bacterial strains in NB,
seedlings co-incubated with strain AR or S25 formed distinct clusters that were separated
from the control seedlings along all three axes (PC1–PC3, Figure 3). Conversely, seedlings
co-incubated with strain S02 formed a cluster with the control seedlings along axes PC1 and
PC2, only separating along the PC3 axis (Figure 3, right) which accounted for 4.29% of the
total variances. These results suggested seedlings co-incubated with strain S02 produced
transcriptome profiles similar to the control seedlings, unlike strain AR and strain S25
which have triggered more obvious changes in transcriptome profiles of barley seedlings.
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cates based on gene expression levels of (a) strain AR (E. gerundensis) in Nutrient Broth, (b) S25 
(Paenibacillus sp.) in Nutrient Broth, (c) S02 (Paenibacillus sp.) in Nutrient Broth, and (d) S02 (Paeni-
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formed along the PC1 axis, demonstrating the changes in transcriptome profiles caused by the 
plant–bacteria interactions. 

Figure 1. Principal component analysis (PCA) plots representing the clustering of biological replicates
based on gene expression levels of (a) strain AR (E. gerundensis) in Nutrient Broth, (b) S25 (Paenibacillus
sp.) in Nutrient Broth, (c) S02 (Paenibacillus sp.) in Nutrient Broth, and (d) S02 (Paenibacillus sp.) in
Burk’s N-free medium. Percentage variance explained by each axis is given in brackets. Distinctive
clusters that represented the presence (Barley+)/absence (Barley−) of seedlings formed along the PC1
axis, demonstrating the changes in transcriptome profiles caused by the plant–bacteria interactions.
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scriptome profiles of bacteria when barley seedlings were present and absent. When NB 
was used, strain AR (E. gerundensis) had 4009 genes that passed the abundance filter, 1380 

Figure 2. Principal component analysis (PCA) plot representing the clustering of biological replicates
based on gene expression levels of barley seedling roots. Percentage variance explained by each axis
is given in brackets. Seedlings co-incubated with strain AR (E. gerundensis) are separated from the
seedlings co-incubated with strain S02 and S25 (Paenibacillus sp.) along the PC1 axis, suggesting the
effects of two different bacterial species. Seedlings co-incubated with strain S02 in Burk’s N-free
medium are separated from the seedlings co-incubated with bacterial strains in Nutrient Broth along
the PC2 axis, suggesting the effects of two different media. Seedlings co-incubated with strains
S02 and S25 in Nutrient Broth are also separated, suggesting the effects of different strains of the
same species.

Plants 2021, 10, x FOR PEER REVIEW 4 of 20 
 

 

 
Figure 2. Principal component analysis (PCA) plot representing the clustering of biological repli-
cates based on gene expression levels of barley seedling roots. Percentage variance explained by 
each axis is given in brackets. Seedlings co-incubated with strain AR (E. gerundensis) are separated 
from the seedlings co-incubated with strain S02 and S25 (Paenibacillus sp.) along the PC1 axis, sug-
gesting the effects of two different bacterial species. Seedlings co-incubated with strain S02 in Burk’s 
N-free medium are separated from the seedlings co-incubated with bacterial strains in Nutrient 
Broth along the PC2 axis, suggesting the effects of two different media. Seedlings co-incubated with 
strains S02 and S25 in Nutrient Broth are also separated, suggesting the effects of different strains 
of the same species. 

 
Figure 3. Principal component analysis (PCA) plots representing the clustering of biological repli-
cates based on gene expression levels of barley seedling roots when using Nutrient Broth. Percent-
age variance explained by each axis is given in brackets. Seedlings co-incubated with strain AR (E. 
gerundensis) or S25 (Paenibacillus sp.) are separated from the control seedlings along all three axes 
(PC1–PC3). However, seedlings co-incubated with strain S02 (Paenibacillus sp.) are separated from 
the control seedlings only along the PC3 axis, which accounts for 4.29% of the total variances, sug-
gesting strains AR and S25 triggered more obvious changes in transcriptome profiles of barley seed-
lings when compared with strain S02. 

DGE analyses successfully identified genes that were differentially expressed caused 
by plant–bacteria interactions (Table 1). For bacteria, the DGE analyses compared tran-
scriptome profiles of bacteria when barley seedlings were present and absent. When NB 
was used, strain AR (E. gerundensis) had 4009 genes that passed the abundance filter, 1380 

Figure 3. Principal component analysis (PCA) plots representing the clustering of biological replicates
based on gene expression levels of barley seedling roots when using Nutrient Broth. Percentage vari-
ance explained by each axis is given in brackets. Seedlings co-incubated with strain AR (E. gerundensis)
or S25 (Paenibacillus sp.) are separated from the control seedlings along all three axes (PC1–PC3).
However, seedlings co-incubated with strain S02 (Paenibacillus sp.) are separated from the control
seedlings only along the PC3 axis, which accounts for 4.29% of the total variances, suggesting strains
AR and S25 triggered more obvious changes in transcriptome profiles of barley seedlings when
compared with strain S02.

DGE analyses successfully identified genes that were differentially expressed caused
by plant–bacteria interactions (Table 1). For bacteria, the DGE analyses compared transcrip-
tome profiles of bacteria when barley seedlings were present and absent. When NB was



Plants 2021, 10, 1802 5 of 20

used, strain AR (E. gerundensis) had 4009 genes that passed the abundance filter, 1380 of
which were differentially expressed when seedlings were present. For Paenibacillus sp.
strains S25 and S02, 5013 and 5266 genes passed the abundance filter, respectively, and 2945
and 2890 genes were differentially expressed when seedlings were present, respectively.
Moreover, strain S02 cultured in Burk’s N-free medium had 5032 genes that passed the
abundance filter and 2524 genes that were differentially expressed when seedlings were
present. Interestingly, strain-specific responses were identified from the two Paenibacillus
sp. strains in NB (Figure 4) even though the two strains are genetically highly similar
(average nucleotide identity = 97.78%) and share 4332 conserved genes [17]. Amongst 4332
conserved genes, there were 997 genes that were only differentially expressed by strain
S02 and 1104 genes that were only differentially expressed by strain S25. There were also
1317 genes that were differentially expressed by both strains, including 228 genes that were
induced in strain S02 but repressed in strain S25 and another 228 genes that were repressed
in strain S02 but induced in strain S25. There were also 490 genes that were upregulated in
both strains and 371 genes that were downregulated in both strains, and 914 genes that
were not differentially expressed by either strain.

Table 1. Bacterial and plant genes that passed the abundance filter and were differentially expressed
identified by DGE analyses.

Sample Treatment Medium No. of Genes Passed
the Abundance Filter

No. of Differentially
Expressed Genes

Ba
ct

er
ia

AR

Barley seedling Nutrient Broth

4009 1380

S25 5013 2945

S02
5266 2890

Burk’s N-free 5032 2524

Pl
an

t

Barley seedling

AR

Nutrient Broth

37,073 13,948

S25 35,365 13,648

S02
34,798 9129

Burk’s N-free 31,502 10,806

AR: Novel E. gerundensis strain; S02/S25: Novel Paenibacillus sp. strains.
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Figure 4. Regulated expressions of 4332 conserved genes of the two Paenibacillus sp. strains (S02
and S25) when co-incubated with barley seedlings in Nutrient Broth. Number of genes and the
corresponding percentage of total conserved genes are shown for each category. Despite being
genetically closely related (average nucleotide identity = 97.78%), the two strains showed strain-
specific responses when interacting with barley seedlings.

For barley, the DGE analyses compared transcriptome profiles of seedlings with and
without the inoculated bacterial strains. Barley seedlings co-incubated with strains AR,
S25 and S02 in NB had 37,073, 35,365 and 34,798 genes that passed the abundance filter
respectively, and 13,948, 13,648 and 9129 genes that were differentially expressed when bac-
terial strains were present. When Burk’s N-free medium was used, seedlings co-incubated
with strain S02 had 31,502 genes that passed the abundance filter and 10,806 genes that
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were differentially expressed when the strain was present. Overall, 22,015 barley genes
were differentially expressed during the plant–bacteria interaction assay using NB, in-
cluding 3862 genes that were shared by interactions with all three strains, and 5117, 4020
and 2030 genes that were unique to interactions with strain AR, S25 and S02, respec-
tively (Figure 5). GO enrichment analysis using 3862 differentially expressed barley genes
shared by all three strains identified an overrepresented (p < 0.05) GO category associ-
ated with sequence-specific DNA binding (GO:0043565), suggesting the transcriptional
regulation of plant–bacteria interactions. There were no overrepresented GO categories
associated with disease responses and plant defence mechanisms detected using those
barley genes. GO enrichment analysis of the 8,067 differentially expressed barley genes
that were only associated with the two Paenibacillus sp. strains (S02 and S25) revealed
overrepresented (p < 0.05) GO categories associated with nitrogen metabolism, including
nitrogen compound transport (GO:0015112) and organonitrogen compound metabolic
process (GO:1901564). Moreover, compared with seedlings inoculated with Paenibacillus
sp. strain S02, seedlings inoculated with Paenibacillus sp. strain S25 shared more dif-
ferentially expressed genes with seedlings inoculated with E. gerundensis strain AR. GO
enrichment analysis of the 7611 genes shared by seedlings inoculated with strain S25 and
AR revealed overrepresented (p < 0.05) GO categories associated with stress responses
(GO:0006950, 0006979).
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Figure 5. A Venn diagram that shows the number of barley genes that were differentially expressed
in roots during the plant–bacteria interaction assay for all three strains in Nutrient Broth. A total
of 22,015 genes were differentially expressed. AR: Novel E. gerundensis strain; S02/S25: Novel
Paenibacillus sp. strains.

2.3. Transcriptome Analyses—Functional Genes Associated with Plant—Bacteria Interaction

The DGE analyses clearly demonstrated that the transcriptome profiles of bacterial
strains and roots of barley seedlings were shaped by the interactions between them, caus-
ing significant changes in expression levels of some genes. Specific genes that may be
involved in plant–bacteria interaction are described and discussed below. Gene expression
levels (or transcripts expression levels for plant data) when bacteria/plants were present
were represented as approximate fold-changes in relation to the expression levels when
bacteria/plants were absent unless otherwise specified.

2.3.1. Bacterial Initial Contact with Plants

Bacterial genes that are involved in the initial contact with plants (chemotaxis and
biofilm formation) were differentially expressed by all three strains (AR, S02 and S25) in
NB (Supplementary Table S2). The expressions of methyl-accepting chemotaxis proteins,
which are the predominant chemoreceptors that sense the presence of signal molecules



Plants 2021, 10, 1802 7 of 20

and nutrients produced by plants as root exudates [21], were downregulated (up to a
3-fold decrease) in strain AR but were upregulated (up to a 3.9-fold increase) in strain
S02 and S25. In addition, functional annotation also identified other chemotaxis proteins
that were downregulated in strain AR and S25 but were upregulated in strain S02. The
flagellar motor switch proteins, which are utilised by bacteria to move towards favourable
environments [22], were highly expressed by strain AR and S25 (up to a 5.01-fold increase)
but not by strain S02. Moreover, transporter proteins for sugars, which are the major content
of root exudates [23], were upregulated in all three strains (up to a 2.17-fold increase).

Biofilm formation was described as an adaptive strategy used by bacteria to enable
successful host colonisation [24]. In this study, the Paenibacillus sp. strain S02 even formed
visible biofilms on the root surface within three hours of co-incubation with barley seedlings
(Figure 6). DGE analyses showed that genes that are involved in biofilm formation, includ-
ing the biosynthesis of exopolysaccharide, glycogen and cellulose, were highly expressed
by strain AR and S25 (up to a 17.61-fold increase) but not by strain S02 (Supplementary
Table S3). However, comparisons of the control (i.e., when the barley seedlings were absent)
of the two Paenibacillus sp. strains (S02 and S25) suggested that those genes were actively
expressed by strain S02 with up to a 39.39-fold increase (Supplementary Table S4).
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2.3.2. Plant Growth-Promoting Genes

The two Paenibacillus sp. strains used in this study (S02 and S25) were characterised by
our laboratory, revealing the presence of a comprehensive set of plant growth-promoting
genes including biological nitrogen fixation, inorganic and organic phosphate solubilisa-
tion and transportation, as well as phytohormone (indole-3-acetic acid) production and
transportation [17]. DGE analyses showed that most of these genes were either not dif-
ferentially expressed or downregulated in expression levels when barley seedlings were
present (Supplementary Table S5). However, the expression of one of the auxin efflux
carriers genes was upregulated with a 2.34- and 986.13-fold increase for strain S02 and S25,
respectively. Furthermore, it is known that biological nitrogen fixation of P. polymyxa strains
requires low environmental nitrogen content [25], therefore a plant–bacteria interaction
assay using Burk’s N-free medium was conducted for Paenibacillus sp. strain S02. It was
shown that strain S02 carries a highly active nitrogen fixation (nif ) operon when growing
in Burk’s N-free medium [17]. DGE analyses showed that the expression levels of the nif
operon were upregulated with up to an 11.12-fold increase when barley seedlings were
present (Supplementary Table S6). Moreover, the transporting and binding proteins of
molybdenum, which is an essential part of the nitrogenase [26], were also highly expressed
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(up to a 7.22-fold increase, Supplementary Table S6), suggesting that they were co-induced
with the nif operon under low N conditions.

Compared to the two Paenibacillus sp. strains (S02 and S25), the E. gerundensis strain
AR carries a reduced set of plant growth-promoting genes (phosphate transporters and
auxin efflux carriers). However, similar to the two Paenibacillus sp. strains, these genes
were either not differentially expressed or downregulated in expression levels when barley
seedlings were present (Supplementary Table S7).

2.3.3. Secondary Metabolite Biosynthesis Gene Clusters

Previous analyses conducted by our laboratory suggested that the three strains used
in this study (AR, S02 and S25) possess multiple secondary metabolite biosynthesis gene
clusters [17,18], and DGE analyses showed that their expression levels were regulated by
plant–bacteria interactions. For the two Paenibacillus sp. strains (Supplementary Table S8),
the expression levels of the core biosynthetic genes of secondary metabolite gene clusters
encoding known antimicrobial compounds polymyxin (C15) [27] and tridecaptin (C10) [28]
were upregulated in strain S02 but were downregulated in strain S25. The expression level
of the core biosynthetic genes of another antimicrobial compound paenilan (C7) [29] was
not changed in strain S02 but was increased by 2.73-fold in strain S25. Both strains carry
an antifungal compound fusaricidin cluster (C1) [30] whose core biosynthetic gene was
downregulated in expression. Strain S25 also carries a unique lanthipeptide cluster with the
core biosynthetic genes being downregulated. As for the secondary metabolite gene clusters
that encode novel products, whilst the expression levels of the core biosynthetic genes were
either not changed or downregulated, the expression levels of the core biosynthetic genes
encoding a novel non-ribosomal peptide (C11) were increased by up to 2.53-fold in strain
S02 and up to 13.60-fold in strain S25. The expression levels of a siderophore cluster (C2)
were also upregulated in both Paenibacillus sp. strains.

Interestingly, the core biosynthetic genes of most of the secondary metabolite gene clus-
ters were highly expressed by strain S02 in Burk’s N-free medium when barley seedlings
were present, including all clusters encoding known antimicrobial compounds with up
to a 12.29-fold increase and clusters encoding novel compounds with up to a 269.16-fold
increase (Supplementary Table S9).

The E. gerundensis strain AR carries a carotenoid biosynthesis cluster that was upregu-
lated when barley seedlings were present (up to a 2.37-fold increase in expression levels).
The expression levels of the core biosynthetic genes of the remaining six secondary metabo-
lite gene clusters were either not changed or downregulated (Supplementary Table S10).

2.3.4. Defence and Stress Response Mechanisms Utilised by Barley Seedlings

DGE analyses revealed differentially expressed barley transcripts associated with
plant defence and stress response mechanisms. The expressions of defence-related proteins,
including disease resistance proteins and heat shock proteins [31], were regulated by
all three strains, however, the Paenibacillus sp. strain S02 induced less of those proteins
that were differentially expressed when compared to the other Paenibacillus sp. strain
S25 and the E. gerundensis strain AR (Supplementary Table S11). Moreover, transcripts
encoding the R-gene-coded resistance protein leucine-rich repeat receptor kinase [32]
were only upregulated by strain AR (a 1.75-fold increase, Supplementary Table S12).
Similarly, whilst transcripts encoding inhibitors of bacterial degradative enzymes such
as the polygalacturonase [33] and xylanase [34] were differentially expressed with all
three strains, only strain AR upregulated the expression levels (Supplementary Table S12).
Furthermore, strain AR also induced the increased expressions of more transcripts encoding
endoglucanases, which are released by plants to degrade the cell wall of pathogens [35],
when compared with strains S02 and S25 (Supplementary Table S13).

The expressions of stress response-related proteins were also regulated by all three
strains (Supplementary Table S12). The E. gerundensis strain AR induced the increased
expressions of more transcripts encoding caffeoyl CoA O-methyltransferase, a key en-
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zyme involved in the biosynthesis of lignin that supports the mechanical strength of plant
cells [36] when compared to the two Paenibacillus sp. strains (S02 and S25). The same
trend was also observed for the stress response proteins glutamate decarboxylase [37] and
ubiquitin-activating enzyme E1 [38] when using NB as the medium. However, strain S02
induced more differentially expressed transcripts encoding glutamate decarboxylase when
using Burk’s N-free medium. Furthermore, only strain AR induced differentially expres-
sions of transcripts encoding ascorbate peroxidase, an enzyme that scavenges reactive
oxygen species (ROS) released by plants under environmental stress [39].

2.3.5. Differentially Expressed Barley Transcripts Associated with Signal Transduction and
Ethylene Biosynthesis

DGE analyses revealed differentially expressed barley transcripts associated with plant
signal transduction (Supplementary Table S14). The expression of transcripts encoding
GTP binding proteins and ADP-ribosylation factors, which are involved in plant cellular
processes by controlling and relaying signals [40,41], were upregulated by all three strains,
especially the E. gerundensis strain AR.

DGE analyses also revealed differentially expressed barley transcripts associated with
ethylene biosynthesis (Supplementary Table S14). To synthesise the phytohormone ethylene,
plants first use ACC synthase to convert S-adenosyl-L-methionine into 1-aminocyclopropane-
1-carboxylic acid, which is then converted into ethylene by ACC oxidase [42]. The expressions
of transcripts encoding ACC oxidase were greatly suppressed by all three strains (up to a
314.69-fold decrease).

2.3.6. Differentially Expressed Barley Transcripts Associated with Nutrient Uptake
and Metabolism

DGE analyses revealed differentially expressed barley transcripts associated with
nutrient uptake and metabolism. Expressions of transcripts encoding high-affinity trans-
porters associated with nitrate, iron, potassium, sulphate and inorganic phosphate were
regulated (Supplementary Table S15). All three strains greatly repressed the expression
of transcripts encoding high-affinity sulfate transporters (up to a 493.77-fold decrease). A
similar repression of expression was also identified from transcripts encoding high-affinity
nitrate transporters (up to a 478.53-fold decrease), however, strain AR still induced the
expression of three transcripts encoding the protein (a 128.40-fold increase). Expressions of
transcripts encoding high-affinity potassium transporters were induced by both strain AR
and S25 (up to a 37.21-fold increase) but were repressed by strain S02 (a 1.72-fold decrease).
Moreover, only strains AR and S02 upregulated the expression of transcripts encoding
high-affinity iron transporters, and only the two Paenibacillus sp. strains downregulated
the expression of transcripts encoding high-affinity inorganic phosphate transporters.

Expressions of transcripts associated with nitrogen transport and metabolism were
also regulated (Supplementary Table S16). Compared to the two Paenibacillus sp. strains
S02 and S25, the E. gerundensis strain AR caused differential expressions of more transcripts
encoding ammonium transporters, including one with a 160.67-fold increase and another
with a 457.99-fold decrease. Expressions of transcripts encoding glutamine synthetase,
which is the principal enzyme involved in nitrogen assimilation [43], and transcripts encod-
ing aspartate aminotransferase, which plays an important role in nitrogen metabolism [44],
were upregulated by all three strains. Interestingly, only strain AR greatly induced the
expression of transcripts encoding anthocyanidin-O-glucosyltransferase involved in antho-
cyanin biosynthesis (up to a 1063.42-fold increase), which was reported to be induced by
low nitrogen stress [45].

Expressions of transcripts associated with carbohydrate metabolism were also regu-
lated (Supplementary Table S16). The E. gerundensis strain AR greatly induced the expres-
sion of transcripts encoding UDP-glucose pyrophosphorylase (up to a 753.55-fold increase),
which is involved in the biosynthesis of sucrose and the plant cell wall [46]. All three strains
also induced the expression of transcripts encoding sucrose synthase (up to a 30.36-fold
increase), which is the key enzyme of cellulose synthesis [47].
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3. Discussion
3.1. Dual RNA-seq Analyses of Bacterial Strains and Barley Seedling Roots

This is the first study that utilised dual RNA-seq analyses to investigate the early-stage
interactions between barley and E. gerundensis and P. polymyxa strains. E. gerundensis is a
newly identified species [7] and there has been no research focusing on the transcriptome of
the bacterial strain or the inoculated plants as yet. There are a few published studies of the
transcriptome or proteome of plants inoculated with P. polymyxa strains [48–50], but only
Liu et al. [15] reported changes in the bacterial transcriptome associated with plant–bacteria
interactions. By sequencing the transcriptome of both the host barley seedlings and the
inoculated bacterial strains, this study was able to identify over 20,000 barley genes and
over 2800 bacterial genes that were differentially expressed caused by the plant–bacteria
interaction. It provided a comprehensive transcriptome profile of both the bacteria and
the plants that could be examined to understand the molecular basis of plant–bacteria
interactions, especially between PGP bacteria and agriculturally important crops and
pastures. Future dual RNA-seq studies are required to deepen our understanding of such
interactions and to potentially contribute to the development of bacterial biofertilisers and
improved breeds of plants.

The quantification of expressed genes/transcripts of RNA-seq analysis relies on high-
quality transcriptome references. While acquiring high-quality bacterial transcriptome
references has become easier due to recent advances in sequencing technologies [51,52],
the availability of high-quality plant transcriptome references is still limited [53]. One
of the limitations of the first dual RNA-seq research between plant and PGP bacteria
was the lack of a high-quality wheat transcriptome reference [14]. In this study, a high-
quality barley transcriptome reference described by Rapazote-Flores et al. [20] was used,
leading to improved mapping rates in transcripts quantification (~90%) when compared
to the previous transcriptome reference (high-confidence gene set only: ~55%; high- and
low-confidence gene sets combined: ~75–80%) described by Mascher et al. [54]. Further
research is required to release and improve the reference transcriptomes/genomes of all
agriculturally important crops and pastures that underpin RNA-seq analysis studies.

3.2. Initial Contact Between Bacteria and Plants—Chemotaxis, Biofilm Formation and Plants’
Defence and Stress Response

Plants produce root exudates containing rich nutrients, which were reported as a key
determinant of the composition of the rhizosphere microbiome [55,56]. Bacteria sense the
presence of root exudates via chemoreceptors and move towards plants via chemotaxis [57,58],
thus creating initial contact between the microbes and plants. In this study, the two
Paenibacillus sp. strains (S02 and S25) showed higher activities in expressing chemotaxis
proteins than the E. gerundensis strain (AR) induced by barley seedlings. However, barley
seedlings induced active expression of sugar transporters of all three strains and the motor
switch proteins of strain AR and S25. While P. polymyxa strains are known to colonise the
rhizosphere and root tissues [59], E. gerundensis was initially described as a cosmopolitan
epiphyte of various plants [7]. Hence, it is possible that the E. gerundensis strain AR is less
capable of sensing root exudates when compared to the two Paenibacillus sp. strains S02
and S25 but is still able to move towards and utilise root exudates.

Biofilm formation was described to be important for successful interactions between
plants and PGP bacteria [60]. P. polymyxa strains are known to form biofilms on plant roots
within two hours under gnotobiotic systems and after seven days under soil systems [61],
but such information is still missing for E. gerundensis strains. In this study, the Paenibacillus
sp. strain S02 actively expressed genes associated with biofilm formation even when barley
seedlings were absent and formed visible biofilms on the root surface in just three hours
when barley seedlings were present. The rapid formation of biofilms could also saturate
the capacity of the root surface for future colonisation, which could possibly explain the
absence of increased expressions of motor switch proteins induced by barley seedlings.
For the other Paenibacillus sp. strain (S25) and the E. gerundensis strain (AR), although no
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visible biofilm formation was observed, the induced expression of corresponding genes by
barley seedlings suggested that the biofilm formation was still ongoing when materials
were harvested. Further experiments are required to confirm the presence of such biofilms
formed by those two strains using microscopic techniques.

Upon successful colonisation on the root surface, some bacteria are capable of entering
plant internal tissues via naturally occurring cracks such as root tips or via active production
of plant cell wall degrading enzymes [62,63], thus creating stress conditions to plants.
A previous research has shown that P. polymyxa strains invade plant roots [61]. The
E. gerundensis strain AR was isolated from seedlings grown from surface-sterilised seeds of
perennial ryegrass [16], suggesting its ability to enter plant tissues. In this study, strain S02
was more active in biofilm formation and root colonisation but induced the expressions of
less resistance proteins and stress proteins in barley seedlings when compared to strains
S25 and AR, which was consistent with the GO enrichment analysis. Such results suggested
that strain S02 is more adaptive to barley, leading to enhanced interactions with hosts and
alleviated stresses in hosts. Conversely, inoculating strain AR induced the expressions of
more resistance proteins and stress proteins in barley seedlings when compared to strain S02
and S25. Moreover, it also induced the expressions of inhibitors of plant cell wall degrading
enzymes (such as xylanase), as well as the enzyme supporting the strength of plane cell
wall (caffeoyl CoA O-methyltransferase). Such results suggested that the E. gerundensis
strain AR created more intense stress conditions in barley seedlings when compared to
the two Paenibacillus sp. strains S02 and S25. Furthermore, strain AR also triggered the
expressions of plant defence and stress response genes such as endoglucanase [64] and
ascorbate peroxidase [65], suggesting this strain could improve the plant responses to
fungal phytopathogens and excessive oxidative stress.

3.3. Interactions between Bacteria and Plants—Plant Growth-Promoting Genes, Plant Nutrient
Uptake and Metabolism, Signal Transduction and Ethylene Biosynthesis

Bacterial plant growth-promoting genes are a key contributor to the beneficial
plant–bacteria interactions. In this study, the expression of biological nitrogen fixation
genes (the nif operon) of Paenibacillus sp. strain S02 was greatly enhanced by barley
seedlings under low nitrogen conditions (Burk’s N-free medium), making the strain a
promising candidate to be developed as a biofertiliser. Interestingly, the presence of barley
seedlings did not enhance the expressions of other plant growth-promoting genes of the
three strains. This could be explained by the relatively short period of time of plant–bacteria
interactions (six hours). Further research is required to track the expression of those genes
in long-term interactions between plants and the three strains.

The beneficial plant–bacteria interactions can greatly improve the nutrient uptake
and metabolism of plants [66]. Expressions of barley transcripts encoding high-affinity
transporters, which are utilised by plants under low environmental nutrient concentra-
tions [67,68], were downregulated by all three strains for sulphate and nitrate. The Paeni-
bacillus sp. strain S02 also repressed the expression of high-affinity potassium transporters.
Such results may indicate increased concentrations of these nutrients in the medium re-
leased by the action of the bacteria. Transcripts of barley genes associated with nitrogen
metabolism and carbohydrate metabolism were observed to be increased when the bacterial
strains were present, indicating increased core metabolic activity in the plant. Overall, these
results indicated the improved nutrient availability and metabolism in barley seedlings
when the three strains were present. Counterintuitively, whilst the nutrient availability
was improved, expressions of most of the nutrient transporters in barley seedlings were
not induced by the three strains. For instance, expressions of most ammonium transporters
were repressed when the two diazotrophic Paenibacillus sp. strains (S02 and S05) were
present. However, such downregulations were reasonable since excess ammonium can be
cytotoxic [43,69,70]. Species-specific responses were also observed in this study. The two
Paenibacillus sp. strains (S02 and S25) downregulated the expression of barley high-affinity
inorganic phosphate transporters, indicating the improved bioavailability of phosphate to
seedlings. Such improvement could be explained by the plant growth-promoting genes
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associated with phosphate solubilisation and transportation carried by the two strains.
Besides, the E. gerundensis strain AR induced the expression of barley anthocyanidin-
O-glucosyltransferase. Anthocyanidins are flavonoid pigments that are associated with
plants growing under nitrogen-deficient environments [71–73]. The induced expressions
of the anthocyanidin biosynthesis gene and the GO enrichment analysis of differentially
expressed barley genes triggered by the two Paenibacillus sp. strains suggested that the E.
gerundensis strain AR is less capable of improving nitrogen bioavailability and metabolism
in barley seedlings when compared to the Paenibacillus sp. strains S02 and S25.

In addition to nutrient uptake and metabolism, inoculating the three strains promoted
the expressions of plant signal transduction proteins including GTP binding proteins and
ADP-ribosylation factors. These proteins were reported to be related to plants’ responses
to abiotic and biotic stresses [40,74]. Thus, the induced expressions of these proteins may
increase the resilience of inoculated seedlings to stresses. Furthermore, all three strains
repressed the ethylene biosynthesis protein ACC oxidase in barley seedlings. Ethylene sup-
presses root cell elongation and lateral root development [75,76]. Camilios-Neto et al. [14]
inoculated wheat with Azospirillum brasilense and identified a 3.1-fold decrease in expres-
sions of ACC oxidase and up to 30% increases in root mass in three days. Preliminary
glasshouse experiment results have shown that the root length of five-day-old barley
seedlings inoculated with the E. gerundensis strain AR was 21.8% longer when compared to
the uninoculated control [18]. Hence, we proposed that the root growth-promoting activity
exhibited by strain AR is analogous, and the two Paenibacillus sp. strains (S02 and S25) are
also capable of promoting the root growth of barley based on the transcriptome data. Fu-
ture research (e.g., in planta inoculation) is required to validate such root growth-promoting
activities of all three strains on more crops such as wheat.

3.4. Bacterial Secondary Metabolite

Bacteria produce a wide range of secondary metabolites that have important bio-
logical and ecological functions [77,78]. This study demonstrated that the expressions
of some bacterial secondary metabolites are potentially associated with plant–bacteria
interactions. The E. gerundensis strain AR has a carotenoid biosynthesis cluster, and the
expressions of the core biosynthetic gene of the cluster were induced 2.37-fold by barley
seedlings. Carotenoids play an important role in both pigmentation and cell signalling [79].
Bible et al. [80] reported that a PGP bacterium strain, Pantoea sp. YR343, became defective
in biofilm formation and root colonisation when its carotenoid biosynthesis was impaired.
Given the close phylogenetic relationships between Erwinia spp. and Pantoea spp. [81], we
proposed a hypothesis that carotenoid biosynthesis is also necessary for root colonisation by
strain AR. Further targeted research, e.g., creating mutants of the carotenoid biosynthesis
cluster, is required to corroborate this hypothesis.

P. polymyxa strains are known to produce a diverse range of secondary metabolites,
including ones associated with bioprotection and others associated with novel functions [4,5].
The two Paenibacillus sp. strains used in this study (S02 and S25) carry multiple secondary
metabolite gene clusters encoding known antimicrobial compounds, whose expressions
were induced by barley seedlings despite some strain-specific variations. Such increased
expression could be associated with the endophytic bacteria of barley seedlings. Although
the barley seeds used in this study were surface-sterilised, only epiphytic bacteria would be
killed. Barley is known to host a complex endophytic bacterial community [82]. Moreover,
the presence of unmapped reads in the bacterial transcriptome sequencing samples also
suggested the presence of other bacterial strains. Hence, we postulated that the induced
expressions of those antimicrobial secondary metabolites of the two Paenibacillus sp. strains
were caused by the interactions between these inoculated strains and the endophytic
bacterial strains in barley seedlings. To validate this hypothesis, sterile seedlings that are
free of both epiphytic and endophytic microbes must be used to repeat the experiment.

Interestingly, the expression of secondary metabolites encoding novel compounds was
either not changed or downregulated by barley seedlings when NB was used but was highly
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increased by barley seedlings when Burk’s N-free medium was used. Compared with
NB, Burk’s N-free medium contains fewer nutrients and represents a stress environment
to barley seedlings. It was previously suggested that secondary metabolites produced
by PGP bacteria can enhance the tolerance to abiotic and biotic stress of plants [83,84].
Therefore, we submitted that these novel secondary metabolites are associated with the
stress tolerance response of plants. It is notable that given the complexity of biosynthesis
of secondary metabolites, this study focused on the expression levels of core biosynthetic
genes of secondary metabolite gene clusters to represent the expression of those metabolites.
Future research is required to prove this hypothesis, including purifying, quantifying and
characterising the novel compounds with mass spectrometry, in conjunction with in planta
glasshouse experiments.

3.5. Specific Responses Associated with Bacterial Strains and Bacteria/Plant Species, and Their
Implications for Enhanced Plant—Bacteria Interactions

Plants recruit and interact with beneficial bacteria by using complex signalling and
comprehensive genetic and metabolic controls [3]. As discussed above, all three strains
used in this study were isolated from the same host plant species (L. perenne) but the two
Paenibacillus sp. strains exhibited strain-specific behaviours when interacting with barley
and caused varied beneficial responses. There were also clear differences between E. gerun-
densis and these strains. Such strain- and species-specific responses of barley transcriptome
included different genes associated with stress responses, nutrient uptake and metabolism
and phytohormone biosynthesis. Furthermore, strain- and species-specific responses were
also proven since different bacterial strains triggered the expression of different transcripts
(isoforms) of genes in barley (e.g., ammonium transporter, Supplementary Table S16).
Whilst such varying responses are anticipated in bacterial strains belonging to different
species, it is interesting to observe such varying responses from genetically closely related
strains (e.g., Paenibacillus sp. strain S02 and S25). Since other Australian E. gerundensis
strains are available [7,16], further experiments should be conducted to characterise the
interactions between those strains and barley seedlings to identify potential strain-specific
responses within this species, comparing responses to our E. gerundensis strain AR.

Liu et al. [15] recently reported the first dual RNA-seq analysis of interactions between
P. polymyxa YC0136 and tobacco (Nicotiana tabacum L.). P. polymyxa YC0136 is closely related
to the two Paenibacillus sp. strains used in this study, with an average nucleotide identity of
97.81% and 99.29% when compared to strain S02 and S25, respectively [17]. The results
from that study are largely consistent with those presented here. Differences in the results
presented include fewer differentially expressed bacterial genes (187 vs. 1380 and 2945 in
this study) and upregulated expression of the bacterial pst genes associated with phosphate
transportation. These differences are likely associated with different methodologies used
by the two studies, including differing ages of plants and length of co-incubation time.
Another reason for the lower number of differentially expressed bacterial genes may be
the host plant used. P. polymyxa YC0136 was isolated from the tobacco rhizosphere [85],
whereas the bacteria described in this study were isolated from perennial ryegrass and
tested on a different species, namely barley. Thus P. polymyxa YC0136 may be more adapted
to the host tested. It remains unclear if this strain would interact with other plant species
in a similar pattern when compared to its interactions with the original host plant species.
Similarly, will the three strains used in this study interact with their original host (perennial
ryegrass) in a similar pattern when compared to their interactions with barley? Will they
exhibit a universal pattern of interactions with plants or a host-specific pattern? Further
research is required to answer these questions by repeating the experiment using other
P. polymyxa strains on a wider range of host plant species.

Whilst barley seedlings used in this study were only inoculated with a single bacterial
strain, it was demonstrated that co-inoculation of multiple bacterial strains in plants may
have synergistic effects [86–88]. The microbiome of perennial ryegrass was profiled recently
by our laboratory, revealing a complex community of microbes [16]. Given the fact that
strain-specific responses were observed in this study, a key question that should orient
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future studies is how these microbes interact with plants collectively as a community. As
the three strains used in this study (S02, S25 and AR) have shown that each has its own
role in promoting the growth of barley seedlings, we postulated that a consortium of S02,
S25 and AR would be of maximum benefit to the growth of barley seedlings. To affirm this,
dual RNA-seq analyses would need to be performed with barley seedlings in the presence
of all three strains, with associated differential time points to tease out the interactions as
time progresses. Such knowledge is required to characterise these plant-associated bacteria,
understand various strain-specific and host-specific responses, and eventually enhance the
beneficial interactions to increase the productivity of plants.

4. Conclusions

Dual RNA-seq analyses of barley roots co-incubated with the three novel PGP bacte-
rial strains (S02. S25 and AR) revealed remarkable beneficial plant–bacteria interactions.
Overall, inoculating PGP bacteria induced gene expression associated with improved stress
responses, signal transduction and nutrient uptake and metabolism of barley seedlings.
Additionally, expression of barley genes associated with ethylene biosynthesis was greatly
suppressed by the three strains, leading to potential improvements in root growth. Expres-
sion of bacterial secondary metabolite gene clusters producing both known antimicrobial
and novel compounds was also regulated by the plant–bacteria interaction, which are
likely correlated with plant stress tolerance. Varying transcriptomic responses of barley
seedlings were observed when inoculating strains of different species as well as closely
related strains of a species.

This study contributes to our understanding of the molecular basis of interactions
between barley and the three novel PGP bacterial strains. The comprehensive transcriptome
profiles of both barley seedlings and PGP bacterial strains revealed by this study, especially
the species-/strain-specific variations, and the intriguing, regulated expression of genes
with unknown functions, warrant further investigation of plant–bacteria interactions using
dual RNA-seq analyses. Finally, the beneficial plant–bacteria interactions demonstrated
by this study attest to the future use of applied PGP bacteria as substitutes for synthetic
chemicals to increase agriculture sustainability.

5. Materials and Methods
5.1. Assay Design

An assay was designed to examine the transcriptional response in early-stage plant–
bacteria interactions. Barley (Hordeum vulgare cv. Hindmarsh) seeds and three bacterial
strains isolated from the perennial ryegrass (L. perenne L. cv. Alto) microbiome were used
in this study [16,17], including two novel Paenibacillus sp. strains (S02 and S25) and one
novel E. gerundensis strain (AR). Two media were utilised as the substrates for the assay: a
standard medium (Nutrient Broth) and a nitrogen-free medium (Burk’s).

Barley seeds were surface-sterilised (80% ethanol for three minutes, followed by
3 × sterile dH2O washes, each one minute) and germinated under sterile conditions (on
moistened sterile filter paper in a sealed Petri dish). Bacterial strains were cultured in
Nutrient Broth (NB, BD Bioscience) overnight (OD600 = 1.0) and cultures were diluted using
fresh NB to OD600 = 0.7 (final volume = 50 mL). Seedlings (five days old) had their roots
submerged in the bacterial culture and were incubated at 26 °C for six hours with shaking
(100 rpm). Moreover, preliminary characterisations showed that Paenibacillus sp. strain
S02 is able to actively fix atmospheric nitrogen when growing in Burk’s N-free medium
(MgSO4, 0.2 g/L; K2HPO4, 0.8 g/L; KH2PO4, 0.2 g/L; CaSO4, 0.13 g/L; FeCl3, 0.00145 g/L;
Na2MoO4, 0.000253 g/L; sucrose, 20 g/L). Hence one extra assay was prepared for strain
S02 as described above using Burk’s N-free medium to replace NB. For the blank control
(seedlings), seedlings had their roots submerged in sterile media (either NB or Burk’s N-free
medium). For the blank control (bacteria), bacteria were cultured without the presence
of a seedling. Three samples were prepared as biological replicates for each treatment
and control. Plant root tissues were separated from the bacterial culture after six hours
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of co-incubation. Bacterial cultures were centrifuged to collect pellets. Plant roots and
bacterial pellets were used for RNA extraction.

5.2. Transcriptome Sequencing

Total RNA was extracted using a TRIzol™ Plus RNA Purification Kit (12183555,
Thermo Fisher Scientific, Waltham, MA, USA). On-column treatments were conducted
using a PureLink™ DNase Kit (12185010, Thermo Fisher Scientific) to ensure the complete
removal of genomic DNA. RNA samples were assessed for quality (RIN, the RNA integrity
number ≥ 7) on an Agilent 2200 TapeStation (Agilent Technologies, Santa Clara, CA, USA).
For bacterial RNA samples, ribosomal RNA (rRNA) was depleted using a NEBNext® rRNA
Depletion Kit (E7860L, NEB, Ipswich, MA, USA). For plant RNA samples, messenger RNA
(mRNA) was enriched using a NEBNext® Poly(A) mRNA Magnetic Isolation Module
(E7490L, NEB). Directional RNA-seq libraries were prepared using a NEBNext® Ultra™ II
Directional RNA Library Prep Kit (E7765, NEB) and sequenced on an Illumina NovaSeq
6000 platform.

5.3. Transcriptome Analyses

RNA-seq data (raw reads) were assessed for quality and filtered to remove any
adapter and index sequence using fastp [89] with the following parameters: -w 8 -3 -
5 –detect_adapter_for_pe. Salmon [90] was used to quantify transcripts using the filtered
RNA-seq reads with the following parameters: -l A –validateMappings –numBootstraps 1000
–seqBias. Complete circular genome sequences were generated and annotated for all three
bacterial strains using the methods described in Li et al. [91] (Table 2), which were then
used as references for transcript quantification. For the plant samples, a published high-
quality barley reference transcript dataset (BaRTv1.0) was used, containing 60,444 genes
with 177,240 transcripts [20]. A total of 1000 rounds of bootstraps were performed during
transcript quantification to minimise the impact of technical variations. Differential gene
expression (DGE) analyses were conducted using an R package sleuth [92]. Likelihood ratio
tests were conducted to detect the presence of any significant difference (q-value < 0.05)
in abundances of each transcript between treatments, and Wald tests were conducted to
determine an approximation of the fold-change in abundances of each transcript between
treatments. Transcripts that were of ultra-low abundance (defined by having less than
20 mapped reads or were only present in less than three samples) were removed prior to
DGE analyses. The differentially expressed transcripts were defined to be significant at
q-value < 0.05 and absolute fold-change ≥ 1.5. Gene Ontology (GO) enrichment analyses
were conducted using g:Profiler [93]. Venn diagrams were generated using BioVenn [94].

Table 2. General genomic characteristics of the three bacterial strains used in the assay.

Strain ID Genome Size (bp) No. of Genes

S02 (Paenibacillus sp.) 6,060,529 5436
S25 (Paenibacillus sp.) 5,958,851 5306

AR (Erwinia gerundensis) 4,437,426 4091

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10091802/s1, Table S1. Yield (number of clean reads) generated by transcriptome
sequencing. Table S2. Differentially expressed genes associated with chemotaxis of the three strains
when barley seedlings were present. Table S3. Differentially expressed genes associated with biofilm
formation of the three strains when barley seedlings were present. Table S4. Differentially expressed
genes associated with biofilm formation of Paenibacillus sp. S02 compared to Paenibacillus sp. S25
when barley seedlings were absent. Table S5. Differentially expressed genes associated with plant
growth promotion of strain S02 and S25 when barley seedlings were present. Table S6. Differentially
expressed genes associated with biological nitrogen fixation of strain S02 when barley seedlings
were present (in Burk’s N-free medium). Table S7. Differentially expressed genes associated with
plant growth promotion of strain AR when barley seedlings were present. Table S8. Differentially
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expressed core biosynthetic genes of secondary metabolite gene clusters of strain S02 and S25 when
barley seedlings were present. Table S9. Differentially expressed core biosynthetic genes of secondary
metabolite gene clusters of strain S02 when barley seedlings were present (in Burk’s N-free medium).
Table S10. Differentially expressed core biosynthetic genes of secondary metabolite gene clusters
of strain AR when barley seedlings were present. Table S11. Differentially expressed transcripts
encoding disease resistance proteins and heat shock proteins in barley seedlings when the three
bacterial strains were present. Table S12. Differentially expressed transcripts associated with defence
and stress responses in barley seedlings when the three bacterial strains were present. Table S13.
Differentially expressed transcripts encoding endoglucanase in barley seedlings when the three
bacterial strains were present. Table S14. Differentially expressed transcripts associated with signal
transduction and ethylene biosynthesis in barley seedlings when the three bacterial strains were
present. Table S15. Differentially expressed transcripts encoding high-affinity transporters in barley
seedlings when the three bacterial strains were present. Table S16. Differentially expressed transcripts
associated with nutrient uptake and metabolism in barley seedlings when the three bacterial strains
were present. Table S17. Transcript quantification (raw reads count) results for bacterial samples
used in the plant–bacteria interaction assay. Table S18. Transcript quantification (raw reads count)
results for plant samples used in the plant–bacteria interaction assay

Author Contributions: T.S. conceptualised the study. T.L., T.S., and R.M. designed the experiment.
T.L. and J.K. contributed to the laboratory work. T.L. prepared the manuscript. R.M., T.S., and G.S.
reviewed and edited the manuscript. T.S. and R.M. supervised the study. G.S. contributed to the
funding acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Agriculture Victoria, Dairy Australia and Gardiner Foundation.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Annotated genome sequences of strains used in this study were de-
posited in the NCBI GenBank with the accession number PRJNA720480 (AR) and PRJNA720481 (S02
and S25). The results of transcript quantification (raw reads count) were provided as supplementary
datasets (Supplementary Tables S17 and S18).

Acknowledgments: Tongda Li received the La Trobe University Full-Fee Research Scholarship, the
La Trobe University Postgraduate Research Scholarship and the DairyBio Scholarship. The authors
wish to thank Desmond Auer for editing the manuscript.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Soto, M.J.; Nogales, J.; Pérez-Mendoza, D.; Gallegos, M.-T.; Olivares, J.; Sanjuán, J. Pathogenic and mutualistic plant-bacteria

interactions: Ever increasing similarities. Cent. Eur. J. Biol. 2011, 6, 911–917. [CrossRef]
2. Compant, S.; Clément, C.; Sessitsch, A. Plant growth-promoting bacteria in the rhizo- and endosphere of plants: Their role,

colonization, mechanisms involved and prospects for utilization. Soil Biol. Biochem. 2010, 42, 669–678. [CrossRef]
3. Carvalho, T.; Ballesteros, H.; Thiebaut, F.; Ferreira, P.; Hemerly, A. Nice to meet you: Genetic, epigenetic and metabolic controls of

plant perception of beneficial associative and endophytic diazotrophic bacteria in non-leguminous plants. Plant Mol. Biol. 2016,
90, 561–574. [CrossRef]

4. Xie, J.; Shi, H.; Du, Z.; Wang, T.; Liu, X.; Chen, S. Comparative genomic and functional analysis reveal conservation of plant
growth promoting traits in Paenibacillus polymyxa and its closely related species. Sci. Rep. 2016, 6, 21329. [CrossRef]

5. Wang, B.; Cheng, H.; Qian, W.; Zhao, W.; Liang, C.; Liu, C.; Cui, G.; Liu, H.; Zhang, L. Comparative genome analysis and mining
of secondary metabolites of Paenibacillus polymyxa. Genes Genet. Syst. 2020, 95, 141–150. [CrossRef]

6. Son, S.H.; Khan, Z.; Kim, S.G.; Kim, Y.H. Plant growth-promoting rhizobacteria, Paenibacillus polymyxa and Paenibacillus
lentimorbus suppress disease complex caused by root-knot nematode and fusarium wilt fungus. J. Appl. Microbiol. 2009, 107,
524–532. [CrossRef]

7. Rezzonico, F.; Smits, T.H.M.; Born, Y.; Blom, J.; Frey, J.E.; Goesmann, A.; Cleenwerck, I.; de Vos, P.; Bonaterra, A.; Duffy, B.; et al.
Erwinia gerundensis sp. nov., a cosmopolitan epiphyte originally isolated from pome fruit trees. Int. J. Syst. Evol. Microbiol. 2016,
66, 1583–1592. [CrossRef]

8. Udvardi, M.; Poole, P.S. Transport and metabolism in legume-rhizobia symbioses. Annu. Rev. Plant Biol. 2013, 64, 781–805.
[CrossRef]

http://doi.org/10.2478/s11535-011-0069-x
http://doi.org/10.1016/j.soilbio.2009.11.024
http://doi.org/10.1007/s11103-016-0435-1
http://doi.org/10.1038/srep21329
http://doi.org/10.1266/ggs.19-00053
http://doi.org/10.1111/j.1365-2672.2009.04238.x
http://doi.org/10.1099/ijsem.0.000920
http://doi.org/10.1146/annurev-arplant-050312-120235


Plants 2021, 10, 1802 17 of 20

9. Liu, A.; Contador, C.A.; Fan, K.; Lam, H.-M. Interaction and regulation of carbon, nitrogen, and phosphorus metabolisms in root
nodules of legumes. Front. Plant Sci. 2018, 9, 1860. [CrossRef]

10. Wolf, T.; Kämmer, P.; Brunke, S.; Linde, J. Two’s company: Studying interspecies relationships with dual RNA-seq. Curr. Opin.
Microbiol. 2018, 42, 7–12. [CrossRef]

11. Westermann, A.J.; Gorski, S.A.; Vogel, J. Dual RNA-seq of pathogen and host. Nat. Rev. Microbiol. 2012, 10, 618–630. [CrossRef]
[PubMed]

12. Hayden, K.J.; Garbelotto, M.; Knaus, B.J.; Cronn, R.C.; Rai, H.; Wright, J.W. Dual RNA-seq of the plant pathogen Phytophthora
ramorum and its tanoak host. Tree Genet. Genom. 2014, 10, 489–502. [CrossRef]

13. Liao, Z.-X.; Ni, Z.; Wei, X.-L.; Chen, L.; Li, J.-Y.; Yu, Y.-H.; Jiang, W.; Jiang, B.-L.; He, Y.-Q.; Huang, S. Dual RNA-seq of Xanthomonas
oryzae pv. oryzicola infecting rice reveals novel insights into bacterial-plant interaction. PLoS ONE 2019, 14, e0215039. [CrossRef]

14. Camilios-Neto, D.; Bonato, P.; Wassem, R.; Tadra-Sfeir, M.Z.; Brusamarello-Santos, L.C.C.; Valdameri, G.; Donatti, L.; Faoro, H.;
Weiss, V.A.; Chubatsu, L.S.; et al. Dual RNA-seq transcriptional analysis of wheat roots colonized by Azospirillum brasilense
reveals up-regulation of nutrient acquisition and cell cycle genes. BMC Genomics 2014, 15, 378. [CrossRef] [PubMed]

15. Liu, H.; Wang, J.; Sun, H.; Han, X.; Peng, Y.; Liu, J.; Liu, K.; Ding, Y.; Wang, C.; Du, B. Transcriptome profiles reveal the
growth-promoting mechanisms of Paenibacillus polymyxa YC0136 on tobacco (Nicotiana tabacum L.). Front. Microbiol. 2020, 11, 2384.
[CrossRef] [PubMed]

16. Tannenbaum, I.; Kaur, J.; Mann, R.; Sawbridge, T.; Rodoni, B.; Spangenberg, G. Profiling the Lolium perenne microbiome: From
seed to seed. Phytobiomes J. 2020, 4, 281–289. [CrossRef]

17. Li, T.; Mann, R.; Kaur, J.; Spangenberg, G.; Sawbridge, T. Transcriptomics differentiate two novel bioactive strains of Paenibacillus
sp. isolated from the perennial ryegrass seed microbiome. Sci. Rep. 2021, 11, 15545. [CrossRef]

18. Li, T.; Tannenbaum, I.; Kaur, J.; Krill, C.; Sawbridge, T.; Mann, R.; Spangenberg, G. Novel Erwinia strains and related methods.
WO Patent WO/2021/011998, 28 January 2021.

19. Seemann, T. Prokka: Rapid prokaryotic genome annotation. Bioinformatics 2014, 30, 2068–2069. [CrossRef]
20. Rapazote-Flores, P.; Bayer, M.; Milne, L.; Mayer, C.D.; Fuller, J.; Guo, W.; Hedley, P.E.; Morris, J.; Halpin, C.; Kam, J.; et al.

BaRTv1.0: An improved barley reference transcript dataset to determine accurate changes in the barley transcriptome using
RNA-seq. BMC Genom. 2019, 20, 968. [CrossRef]

21. Salah Ud-Din, A.I.M.; Roujeinikova, A. Methyl-accepting chemotaxis proteins: A core sensing element in prokaryotes and archaea.
Cell. Mol. Life Sci. 2017, 74, 3293–3303. [CrossRef]

22. Minamino, T.; Kinoshita, M.; Namba, K. Directional switching mechanism of the bacterial flagellar motor. Comput. Struct.
Biotechnol. J. 2019, 17, 1075–1081. [CrossRef] [PubMed]

23. Chaparro, J.M.; Badri, D.V.; Bakker, M.G.; Sugiyama, A.; Manter, D.K.; Vivanco, J.M. Root exudation of phytochemicals in
Arabidopsis follows specific patterns that are developmentally programmed and correlate with soil microbial functions. PLoS ONE
2013, 8, e55731. [CrossRef]

24. Castiblanco, L.F.; Sundin, G.W. New insights on molecular regulation of biofilm formation in plant-associated bacteria. J. Integr.
Plant Biol. 2016, 58, 362–372. [CrossRef] [PubMed]

25. Wang, L.; Zhang, L.; Liu, Z.; Zhao, D.; Liu, X.; Zhang, B.; Xie, J.; Hong, Y.; Li, P.; Chen, S.; et al. A minimal nitrogen fixation gene
cluster from Paenibacillus sp. WLY78 enables expression of active nitrogenase in Escherichia coli. PLOS Genet. 2013, 9, e1003865.
[CrossRef]

26. Hernandez, J.A.; George, S.J.; Rubio, L.M. Molybdenum trafficking for nitrogen fixation. Biochemistry 2009, 48, 9711–9721.
[CrossRef] [PubMed]

27. Choi, S.K.; Park, S.Y.; Kim, R.; Kim, S.B.; Lee, C.H.; Kim, J.F.; Park, S.H. Identification of a polymyxin synthetase gene cluster of
Paenibacillus polymyxa and heterologous expression of the gene in Bacillus subtilis. J. Bacteriol. 2009, 191, 3350–3358. [CrossRef]
[PubMed]

28. Lohans, C.T.; van Belkum, M.J.; Cochrane, S.A.; Huang, Z.; Sit, C.S.; McMullen, L.M.; Vederas, J.C. Biochemical, structural, and
genetic characterization of tridecaptin A1, an antagonist of Campylobacter jejuni. ChemBioChem 2014, 15, 243–249. [CrossRef]

29. Park, J.E.; Kim, H.R.; Park, S.Y.; Choi, S.K.; Park, S.H. Identification of the biosynthesis gene cluster for the novel lantibiotic
paenilan from Paenibacillus polymyxa E681 and characterization of its product. J. Appl. Microbiol. 2017, 123, 1133–1147. [CrossRef]

30. Li, J.; Jensen, S.E. Nonribosomal biosynthesis of fusaricidins by Paenibacillus polymyxa PKB1 involves direct activation of a
D-amino acid. Chem. Biol. 2008, 15, 118–127. [CrossRef]

31. Park, C.-J.; Seo, Y.-S. Heat shock proteins: A review of the molecular chaperones for plant immunity. Plant Pathol. J. 2015, 31,
323–333. [CrossRef]

32. Kourelis, J.; van der Hoorn, R.A.L. Defended to the nines: 25 years of resistance gene cloning identifies nine mechanisms for R
protein function. Plant Cell 2018, 30, 285–299. [CrossRef]

33. Bashi, Z.D.; Rimmer, S.R.; Khachatourians, G.G.; Hegedus, D.D. Brassica napus polygalacturonase inhibitor proteins inhibit
Sclerotinia sclerotiorum polygalacturonase enzymatic and necrotizing activities and delay symptoms in transgenic plants. Can. J.
Microbiol. 2012, 59, 79–86. [CrossRef]

34. Moscetti, I.; Tundo, S.; Janni, M.; Sella, L.; Gazzetti, K.; Tauzin, A.; Giardina, T.; Masci, S.; Favaron, F.; D’Ovidio, R. Constitutive
expression of the xylanase inhibitor TAXI-III delays Fusarium head blight symptoms in durum wheat transgenic plants. Mol.
Plant-Microbe Interact. 2013, 26, 1464–1472. [CrossRef] [PubMed]

http://doi.org/10.3389/fpls.2018.01860
http://doi.org/10.1016/j.mib.2017.09.001
http://doi.org/10.1038/nrmicro2852
http://www.ncbi.nlm.nih.gov/pubmed/22890146
http://doi.org/10.1007/s11295-014-0698-0
http://doi.org/10.1371/journal.pone.0215039
http://doi.org/10.1186/1471-2164-15-378
http://www.ncbi.nlm.nih.gov/pubmed/24886190
http://doi.org/10.3389/fmicb.2020.584174
http://www.ncbi.nlm.nih.gov/pubmed/33101258
http://doi.org/10.1094/PBIOMES-03-20-0026-R
http://doi.org/10.1038/s41598-021-94820-2
http://doi.org/10.1093/bioinformatics/btu153
http://doi.org/10.1186/s12864-019-6243-7
http://doi.org/10.1007/s00018-017-2514-0
http://doi.org/10.1016/j.csbj.2019.07.020
http://www.ncbi.nlm.nih.gov/pubmed/31452860
http://doi.org/10.1371/annotation/51142aed-2d94-4195-8a8a-9cb24b3c733b
http://doi.org/10.1111/jipb.12428
http://www.ncbi.nlm.nih.gov/pubmed/26377849
http://doi.org/10.1371/annotation/1e9bcb70-265a-4383-abf4-3466d144d56e
http://doi.org/10.1021/bi901217p
http://www.ncbi.nlm.nih.gov/pubmed/19772354
http://doi.org/10.1128/JB.01728-08
http://www.ncbi.nlm.nih.gov/pubmed/19304848
http://doi.org/10.1002/cbic.201300595
http://doi.org/10.1111/jam.13580
http://doi.org/10.1016/j.chembiol.2007.12.014
http://doi.org/10.5423/PPJ.RW.08.2015.0150
http://doi.org/10.1105/tpc.17.00579
http://doi.org/10.1139/cjm-2012-0352
http://doi.org/10.1094/MPMI-04-13-0121-R
http://www.ncbi.nlm.nih.gov/pubmed/23945000


Plants 2021, 10, 1802 18 of 20

35. Rose, J.K.C.; Ham, K.-S.; Darvill, A.G.; Albersheim, P. Molecular cloning and characterization of glucanase inhibitor proteins:
Coevolution of a counterdefense mechanism by plant pathogens. Plant Cell 2002, 14, 1329–1345. [CrossRef] [PubMed]

36. Li, X.; Chen, W.; Zhao, Y.; Xiang, Y.; Jiang, H.; Zhu, S.; Cheng, B. Downregulation of caffeoyl-CoA O-methyltransferase (CCoAOMT)
by RNA interference leads to reduced lignin production in maize straw. Genet. Mol. Biol. 2013, 36, 540–546. [CrossRef] [PubMed]

37. Mei, X.; Chen, Y.; Zhang, L.; Fu, X.; Wei, Q.; Grierson, D.; Zhou, Y.; Huang, Y.; Dong, F.; Yang, Z. Dual mechanisms regulating
glutamate decarboxylases and accumulation of gamma-aminobutyric acid in tea (Camellia sinensis) leaves exposed to multiple
stresses. Sci. Rep. 2016, 6, 23685. [CrossRef]

38. Stone, S.L. The role of ubiquitin and the 26S proteasome in plant abiotic stress signalling. Front. Plant Sci. 2014, 5, 135. [CrossRef]
[PubMed]

39. Pandey, S.; Fartyal, D.; Agarwal, A.; Shukla, T.; James, D.; Kaul, T.; Negi, Y.K.; Arora, S.; Reddy, M.K. Abiotic stress tolerance in
plants: Myriad roles of ascorbate peroxidase. Front. Plant Sci. 2017, 8, 581. [CrossRef] [PubMed]

40. Ku, Y.-S.; Sintaha, M.; Cheung, M.-Y.; Lam, H.-M. Plant hormone signalling crosstalks between biotic and abiotic stress responses.
Int. J. Mol. Sci. 2018, 19, 3206. [CrossRef]

41. Reyes, F.C.; Buono, R.; Otegui, M.S. Plant endosomal trafficking pathways. Curr. Opin. Plant Biol. 2011, 14, 666–673. [CrossRef]
42. Houben, M.; Van de Poel, B. 1-aminocyclopropane-1-carboxylic acid oxidase (ACO): The enzyme that makes the plant hormone

ethylene. Front. Plant Sci. 2019, 10, 695. [CrossRef]
43. Howitt, S.M.; Udvardi, M.K. Structure, function and regulation of ammonium transporters in plants. Biochim. Biophys. Acta 2000,

1465, 152–170. [CrossRef]
44. Zhou, Y.; Cai, H.; Xiao, J.; Li, X.; Zhang, Q.; Lian, X. Over-expression of aspartate aminotransferase genes in rice resulted in altered

nitrogen metabolism and increased amino acid content in seeds. Theor. Appl. Genet. 2009, 118, 1381–1390. [CrossRef] [PubMed]
45. Liang, J.; He, J. Protective role of anthocyanins in plants under low nitrogen stress. Biochem. Biophys. Res. Commun. 2018, 498,

946–953. [CrossRef]
46. Kleczkowski, L.A.; Kunz, S.; Wilczynska, M. Mechanisms of UDP-glucose synthesis in plants. Crit. Rev. Plant Sci. 2010, 29,

191–203. [CrossRef]
47. Fujii, S.; Hayashi, T.; Mizuno, K. Sucrose synthase is an integral component of the cellulose synthesis machinery. Plant Cell Physiol.

2010, 51, 294–301. [CrossRef] [PubMed]
48. Yuan, J.; Yang, F.; Wang, L.; Ma, J.; Li, J.; Pu, X.; Raza, W.; Huang, Q.; Shen, Q. PGPR strain Paenibacillus polymyxa SQR-21

potentially benefits watermelon growth by re-shaping root protein expression. AMB Express. 2017, 7, 104. [CrossRef]
49. Zhou, C.; Guo, J.; Zhu, L.; Xiao, X.; Xie, Y.; Zhu, J.; Ma, Z.; Wang, J. Paenibacillus polymyxa BFKC01 enhances plant iron absorption

via improved root systems and activated iron acquisition mechanisms. Plant Physiol. Biochem. 2016, 105, 162–173. [CrossRef]
50. Kwon, Y.S.; Lee, D.Y.; Rakwal, R.; Baek, S.-B.; Lee, J.H.; Kwak, Y.-S.; Seo, J.-S.; Chung, W.S.; Bae, D.-W.; Kim, S.G. Proteomic

analyses of the interaction between the plant-growth promoting rhizobacterium Paenibacillus polymyxa E681 and Arabidopsis
thaliana. Proteomics 2016, 16, 122–135. [CrossRef]

51. Metzker, M.L. Sequencing technologies—The next generation. Nat. Rev. Genet. 2010, 11, 31–46. [CrossRef]
52. Koren, S.; Walenz, B.P.; Berlin, K.; Miller, J.R.; Bergman, N.H.; Phillippy, A.M. Canu: Scalable and accurate long-read assembly via

adaptive k-mer weighting and repeat separation. Genome Res. 2017, 27, 722–736. [CrossRef]
53. Brown, J.W.S.; Calixto, C.P.G.; Zhang, R. High-quality reference transcript datasets hold the key to transcript-specific RNA-

sequencing analysis in plants. New Phytol. 2017, 213, 525–530. [CrossRef]
54. Mascher, M.; Gundlach, H.; Himmelbach, A.; Beier, S.; Twardziok, S.O.; Wicker, T.; Radchuk, V.; Dockter, C.; Hedley, P.E.; Russell,

J.; et al. A chromosome conformation capture ordered sequence of the barley genome. Nature 2017, 544, 427–433. [CrossRef]
55. Bais, H.P.; Weir, T.L.; Perry, L.G.; Gilroy, S.; Vivanco, J.M. The role of root exudates in rhizosphere interactions with plants and

other organisms. Annu. Rev. Plant Biol. 2006, 57, 233–266. [CrossRef]
56. Shi, S.; Richardson, A.E.; O’Callaghan, M.; DeAngelis, K.M.; Jones, E.E.; Stewart, A.; Firestone, M.K.; Condron, L.M. Effects of

selected root exudate components on soil bacterial communities. FEMS Microbiol. Ecol. 2011, 77, 600–610. [CrossRef]
57. O’Neal, L.; Vo, L.; Alexandre, G. Specific root exudate compounds sensed by dedicated chemoreceptors shape Azospirillum

brasilense chemotaxis in the rhizosphere. Appl. Environ. Microbiol. 2020, 86, e01026-20. [CrossRef]
58. Feng, H.; Zhang, N.; Du, W.; Zhang, H.; Liu, Y.; Fu, R.; Shao, J.; Zhang, G.; Shen, Q.; Zhang, R. Identification of chemotaxis

compounds in root exudates and their sensing chemoreceptors in plant-growth-promoting rhizobacteria Bacillus amyloliquefaciens
SQR9. Mol. Plant-Microbe Interact. 2018, 31, 995–1005. [CrossRef] [PubMed]

59. Cherchali, A.; Boukhelata, N.; Kaci, Y.; Abrous-Belbachir, O.; Djebbar, R. Isolation and identification of a phosphate-solubilizing
Paenibacillus polymyxa strain GOL 0202 from durum wheat (Triticum durum Desf.) rhizosphere and its effect on some seedlings
morphophysiological parameters. Biocatal. Agric. Biotechnol. 2019, 19, 101087. [CrossRef]

60. Seneviratne, G.; Weerasekara, M.L.M.A.W.; Seneviratne, K.A.C.N.; Zavahir, J.S.; Kecskés, M.L.; Kennedy, I.R. Importance of
biofilm formation in plant growth promoting rhizobacterial action. In Plant Growth and Health Promoting Bacteria; Maheshwari,
D.K., Ed.; Springer: Berlin/Heidelberg, Germany, 2011; pp. 81–95.

61. Timmusk, S.; Grantcharova, N.; Wagner, E.G.H. Paenibacillus polymyxa invades plant roots and forms biofilms. Appl. Environ.
Microbiol. 2005, 71, 7292–7300. [CrossRef]

62. Hardoim, P.R.; van Overbeek, L.S.; van Elsas, J.D. Properties of bacterial endophytes and their proposed role in plant growth.
Trends Microbiol. 2008, 16, 463–471. [CrossRef] [PubMed]

http://doi.org/10.1105/tpc.002253
http://www.ncbi.nlm.nih.gov/pubmed/12084830
http://doi.org/10.1590/S1415-47572013005000039
http://www.ncbi.nlm.nih.gov/pubmed/24385858
http://doi.org/10.1038/srep23685
http://doi.org/10.3389/fpls.2014.00135
http://www.ncbi.nlm.nih.gov/pubmed/24795732
http://doi.org/10.3389/fpls.2017.00581
http://www.ncbi.nlm.nih.gov/pubmed/28473838
http://doi.org/10.3390/ijms19103206
http://doi.org/10.1016/j.pbi.2011.07.009
http://doi.org/10.3389/fpls.2019.00695
http://doi.org/10.1016/S0005-2736(00)00136-X
http://doi.org/10.1007/s00122-009-0988-3
http://www.ncbi.nlm.nih.gov/pubmed/19259642
http://doi.org/10.1016/j.bbrc.2018.03.087
http://doi.org/10.1080/07352689.2010.483578
http://doi.org/10.1093/pcp/pcp190
http://www.ncbi.nlm.nih.gov/pubmed/20056592
http://doi.org/10.1186/s13568-017-0403-4
http://doi.org/10.1016/j.plaphy.2016.04.025
http://doi.org/10.1002/pmic.201500196
http://doi.org/10.1038/nrg2626
http://doi.org/10.1101/gr.215087.116
http://doi.org/10.1111/nph.14208
http://doi.org/10.1038/nature22043
http://doi.org/10.1146/annurev.arplant.57.032905.105159
http://doi.org/10.1111/j.1574-6941.2011.01150.x
http://doi.org/10.1128/AEM.01026-20
http://doi.org/10.1094/MPMI-01-18-0003-R
http://www.ncbi.nlm.nih.gov/pubmed/29714096
http://doi.org/10.1016/j.bcab.2019.101087
http://doi.org/10.1128/AEM.71.11.7292-7300.2005
http://doi.org/10.1016/j.tim.2008.07.008
http://www.ncbi.nlm.nih.gov/pubmed/18789693


Plants 2021, 10, 1802 19 of 20

63. Monteiro, R.A.; Balsanelli, E.; Wassem, R.; Marin, A.M.; Brusamarello-Santos, L.C.; Schmidt, M.A.; Tadra-Sfeir, M.Z.; Pankievicz,
V.C.; Cruz, L.M.; Chubatsu, L.S.; et al. Herbaspirillum-plant interactions: Microscopical, histological and molecular aspects. Plant
Soil 2012, 356, 175–196. [CrossRef]

64. Ferreira, R.B.; Monteiro, S.; Freitas, R.; Santos, C.N.; Chen, Z.; Batista, L.M.; Duarte, J.; Borges, A.; Teixeira, A.R. The role of plant
defence proteins in fungal pathogenesis. Mol. Plant Pathol. 2007, 8, 677–700. [CrossRef] [PubMed]

65. Anjum, N.A.; Sharma, P.; Gill, S.S.; Hasanuzzaman, M.; Khan, E.A.; Kachhap, K.; Mohamed, A.A.; Thangavel, P.; Devi, G.D.;
Vasudhevan, P.; et al. Catalase and ascorbate peroxidase—Representative H2O2-detoxifying heme enzymes in plants. Environ.
Sci. Pollut. Res. Int. 2016, 23, 19002–19029. [CrossRef] [PubMed]

66. Pii, Y.; Mimmo, T.; Tomasi, N.; Terzano, R.; Cesco, S.; Crecchio, C. Microbial interactions in the rhizosphere: Beneficial influences
of plant growth-promoting rhizobacteria on nutrient acquisition process. A review. Biol. Fertil. Soils 2015, 51, 403–415. [CrossRef]

67. Rodríguez-Navarro, A.; Rubio, F. High-affinity potassium and sodium transport systems in plants. J. Exp. Bot. 2006, 57, 1149–1160.
[CrossRef]

68. Sun, J.; Bankston, J.R.; Payandeh, J.; Hinds, T.R.; Zagotta, W.N.; Zheng, N. Crystal structure of the plant dual-affinity nitrate
transporter NRT1.1. Nature 2014, 507, 73–77. [CrossRef] [PubMed]

69. Courty, P.E.; Smith, P.; Koegel, S.; Redecker, D.; Wipf, D. Inorganic nitrogen uptake and transport in beneficial plant root-microbe
interactions. Crit. Rev. Plant Sci. 2015, 34, 4–16. [CrossRef]

70. Tegeder, M.; Masclaux-Daubresse, C. Source and sink mechanisms of nitrogen transport and use. New Phytol. 2018, 217, 35–53.
[CrossRef]

71. Quan, X.; Zeng, J.; Ye, L.; Chen, G.; Han, Z.; Shah, J.M.; Zhang, G. Transcriptome profiling analysis for two Tibetan wild barley
genotypes in responses to low nitrogen. BMC Plant Bio. 2016, 16, 30. [CrossRef]

72. Diaz, C.; Saliba-Colombani, V.; Loudet, O.; Belluomo, P.; Moreau, L.; Daniel-Vedele, F.; Morot-Gaudry, J.-F.; Masclaux-Daubresse, C.
Leaf yellowing and anthocyanin accumulation are two genetically independent strategies in response to nitrogen limitation in
Arabidopsis thaliana. Plant Cell Physiol. 2006, 47, 74–83. [CrossRef]

73. Soubeyrand, E.; Basteau, C.; Hilbert, G.; van Leeuwen, C.; Delrot, S.; Gomès, E. Nitrogen supply affects anthocyanin biosynthetic
and regulatory genes in grapevine cv. Cabernet-Sauvignon berries. Phytochemistry 2014, 103, 38–49. [CrossRef]

74. Joshi, R.; Ramanarao, M.V.; Lee, S.; Kato, N.; Baisakh, N. Ectopic expression of ADP ribosylation factor 1 (SaARF1) from smooth
cordgrass (Spartina alterniflora Loisel) confers drought and salt tolerance in transgenic rice and Arabidopsis. Plant Cell Tissue Organ
Cult. 2014, 117, 17–30. [CrossRef]

75. Lewis, D.R.; Negi, S.; Sukumar, P.; Muday, G.K. Ethylene inhibits lateral root development, increases IAA transport and expression
of PIN3 and PIN7 auxin efflux carriers. Development 2011, 138, 3485–3495. [CrossRef] [PubMed]

76. Swarup, R.; Perry, P.; Hagenbeek, D.; Van Der Straeten, D.; Beemster, G.T.S.; Sandberg, G.; Bhalerao, R.; Ljung, K.; Bennett, M.J.
Ethylene upregulates auxin biosynthesis in Arabidopsis seedlings to enhance inhibition of root cell elongation. Plant Cell 2007, 19,
2186–2196. [CrossRef] [PubMed]

77. Blin, K.; Shaw, S.; Steinke, K.; Villebro, R.; Ziemert, N.; Lee, S.Y.; Medema, M.H.; Weber, T. antiSMASH 5.0: Updates to the
secondary metabolite genome mining pipeline. Nucleic Acids Res. 2019, 47, W81–W87. [CrossRef]

78. Tyc, O.; Song, C.; Dickschat, J.S.; Vos, M.; Garbeva, P. The ecological role of volatile and soluble secondary metabolites produced
by soil bacteria. Trends Microbiol. 2017, 25, 280–292. [CrossRef]

79. Sui, X.; Kiser, P.D.; Lintig, J.v.; Palczewski, K. Structural basis of carotenoid cleavage: From bacteria to mammals. Arch. Biochem.
Biophys. 2013, 539, 203–213. [CrossRef]

80. Bible, A.N.; Fletcher, S.J.; Pelletier, D.A.; Schadt, C.W.; Jawdy, S.S.; Weston, D.J.; Engle, N.L.; Tschaplinski, T.; Masyuko, R.;
Polisetti, S.; et al. A carotenoid-deficient mutant in Pantoea sp. YR343, a bacteria isolated from the rhizosphere of Populus deltoides,
is defective in root colonization. Front. Microbiol. 2016, 7, 491. [CrossRef] [PubMed]

81. Zhang, Y.; Qiu, S. Examining phylogenetic relationships of Erwinia and Pantoea species using whole genome sequence data.
Antonie Van Leeuwenhoek 2015, 108, 1037–1046. [CrossRef]

82. Bulgarelli, D.; Garrido-Oter, R.; Munch, P.C.; Weiman, A.; Droge, J.; Pan, Y.; McHardy, A.C.; Schulze-Lefert, P. Structure and
function of the bacterial root microbiota in wild and domesticated barley. Cell Host Microbe 2015, 17, 392–403. [CrossRef]

83. Bacon, C.W.; Palencia, E.R.; Hinton, D.M. Abiotic and biotic plant stress-tolerant and beneficial secondary metabolites produced
by endophytic Bacillus species. In Plant Microbes Symbiosis: Applied Facets; Arora, N.K., Ed.; Springer: New Delhi, India, 2015;
pp. 163–177.

84. Mishra, J.; Fatima, T.; Arora, N.K. Role of secondary metabolites from plant growth-promoting rhizobacteria in combating salinity
stress. In Plant Microbiome: Stress Response; Egamberdieva, D., Ahmad, P., Eds.; Springer: Singapore, 2018; pp. 127–163.

85. Liu, H.; Liu, K.; Li, Y.; Wang, C.; Hou, Q.; Xu, W.; Fan, L.; Zhao, J.; Gou, J.; Du, B.; et al. Complete genome sequence of
Paenibacillus polymyxa YC0136, a plant growth–promoting rhizobacterium isolated from tobacco rhizosphere. Genome Announc.
2017, 5, e01635-16. [CrossRef] [PubMed]

86. Korir, H.; Mungai, N.W.; Thuita, M.; Hamba, Y.; Masso, C. Co-inoculation effect of rhizobia and plant growth promoting
rhizobacteria on common bean growth in a low phosphorus soil. Front. Plant Sci. 2017, 8, 141. [CrossRef]

87. Yu, X.; Liu, X.; Zhu, T.-H.; Liu, G.-H.; Mao, C. Co-inoculation with phosphate-solubilzing and nitrogen-fixing bacteria on
solubilization of rock phosphate and their effect on growth promotion and nutrient uptake by walnut. Eur. J. Soil Biol. 2012, 50,
112–117. [CrossRef]

http://doi.org/10.1007/s11104-012-1125-7
http://doi.org/10.1111/j.1364-3703.2007.00419.x
http://www.ncbi.nlm.nih.gov/pubmed/20507530
http://doi.org/10.1007/s11356-016-7309-6
http://www.ncbi.nlm.nih.gov/pubmed/27549233
http://doi.org/10.1007/s00374-015-0996-1
http://doi.org/10.1093/jxb/erj068
http://doi.org/10.1038/nature13074
http://www.ncbi.nlm.nih.gov/pubmed/24572362
http://doi.org/10.1080/07352689.2014.897897
http://doi.org/10.1111/nph.14876
http://doi.org/10.1186/s12870-016-0721-8
http://doi.org/10.1093/pcp/pci225
http://doi.org/10.1016/j.phytochem.2014.03.024
http://doi.org/10.1007/s11240-013-0416-x
http://doi.org/10.1242/dev.065102
http://www.ncbi.nlm.nih.gov/pubmed/21771812
http://doi.org/10.1105/tpc.107.052100
http://www.ncbi.nlm.nih.gov/pubmed/17630275
http://doi.org/10.1093/nar/gkz310
http://doi.org/10.1016/j.tim.2016.12.002
http://doi.org/10.1016/j.abb.2013.06.012
http://doi.org/10.3389/fmicb.2016.00491
http://www.ncbi.nlm.nih.gov/pubmed/27148182
http://doi.org/10.1007/s10482-015-0556-6
http://doi.org/10.1016/j.chom.2015.01.011
http://doi.org/10.1128/genomeA.01635-16
http://www.ncbi.nlm.nih.gov/pubmed/28183774
http://doi.org/10.3389/fpls.2017.00141
http://doi.org/10.1016/j.ejsobi.2012.01.004


Plants 2021, 10, 1802 20 of 20

88. Razzaghi Komaresofla, B.; Alikhani, H.A.; Etesami, H.; Khoshkholgh-Sima, N.A. Improved growth and salinity tolerance of
the halophyte Salicornia sp. by co–inoculation with endophytic and rhizosphere bacteria. Appl. Soil Ecol. 2019, 138, 160–170.
[CrossRef]

89. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. [CrossRef]
[PubMed]

90. Patro, R.; Duggal, G.; Love, M.I.; Irizarry, R.A.; Kingsford, C. Salmon provides fast and bias-aware quantification of transcript
expression. Nat. Methods 2017, 14, 417–419. [CrossRef]

91. Li, T.; Mann, R.; Sawbridge, T.; Kaur, J.; Auer, D.; Spangenberg, G. Novel Xanthomonas species from the perennial ryegrass seed
microbiome—Assessing the bioprotection activity of non-pathogenic relatives of pathogens. Front. Microbiol. 2020, 11, 1991.
[CrossRef] [PubMed]

92. Pimentel, H.; Bray, N.L.; Puente, S.; Melsted, P.; Pachter, L. Differential analysis of RNA-seq incorporating quantification
uncertainty. Nat. Methods 2017, 14, 687–690. [CrossRef]

93. Raudvere, U.; Kolberg, L.; Kuzmin, I.; Arak, T.; Adler, P.; Peterson, H.; Vilo, J. g:Profiler: A web server for functional enrichment
analysis and conversions of gene lists (2019 update). Nucleic Acids Res. 2019, 47, W191–W198. [CrossRef]

94. Hulsen, T.; de Vlieg, J.; Alkema, W. BioVenn—A web application for the comparison and visualization of biological lists using
area-proportional Venn diagrams. BMC Genom. 2008, 9, 488. [CrossRef]

http://doi.org/10.1016/j.apsoil.2019.02.022
http://doi.org/10.1093/bioinformatics/bty560
http://www.ncbi.nlm.nih.gov/pubmed/30423086
http://doi.org/10.1038/nmeth.4197
http://doi.org/10.3389/fmicb.2020.01991
http://www.ncbi.nlm.nih.gov/pubmed/32983016
http://doi.org/10.1038/nmeth.4324
http://doi.org/10.1093/nar/gkz369
http://doi.org/10.1186/1471-2164-9-488

	Introduction 
	Results 
	Transcriptome Sequencing—An Overview 
	Transcriptome Analyses—An Overview 
	Transcriptome Analyses—Functional Genes Associated with Plant—Bacteria Interaction 
	Bacterial Initial Contact with Plants 
	Plant Growth-Promoting Genes 
	Secondary Metabolite Biosynthesis Gene Clusters 
	Defence and Stress Response Mechanisms Utilised by Barley Seedlings 
	Differentially Expressed Barley Transcripts Associated with Signal Transduction and Ethylene Biosynthesis 
	Differentially Expressed Barley Transcripts Associated with Nutrient Uptake and Metabolism 


	Discussion 
	Dual RNA-seq Analyses of Bacterial Strains and Barley Seedling Roots 
	Initial Contact Between Bacteria and Plants—Chemotaxis, Biofilm Formation and Plants’ Defence and Stress Response 
	Interactions between Bacteria and Plants—Plant Growth-Promoting Genes, Plant Nutrient Uptake and Metabolism, Signal Transduction and Ethylene Biosynthesis 
	Bacterial Secondary Metabolite 
	Specific Responses Associated with Bacterial Strains and Bacteria/Plant Species, and Their Implications for Enhanced Plant—Bacteria Interactions 

	Conclusions 
	Materials and Methods 
	Assay Design 
	Transcriptome Sequencing 
	Transcriptome Analyses 

	References

