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Transcriptome analysis to understand the effects of the toxoflavin 
and tropolone produced by phytopathogenic Burkholderia on 
Escherichia coli§

The phytopathogenic Burkholderia species B. glumae and 
B. plantarii are the causal agents of bacterial wilt, grain rot, 
and seedling blight, which threaten the rice industry globally. 
Toxoflavin and tropolone are produced by these phytopatho-
gens and are considered the most hostile biohazards with a 
broad spectrum of target organisms. However, despite their 
nonspecific toxicity, the effects of toxoflavin and tropolone 
on bacteria remain unknown. RNA-seq based transcriptome 
analysis was employed to determine the genome-wide expre-
ssion patterns under phytotoxin treatment. Expression of 2327 
and 830 genes was differentially changed by toxoflavin and 
tropolone, respectively. Enriched biological pathways reflected 
the down-regulation of oxidative phosphorylation and ribo-
some function, beginning with the inhibition of membrane 
biosynthesis and nitrogen metabolism under oxidative stress 
or iron starvation. Conversely, several systems such as bac-
terial chemotaxis, flagellar assembly, biofilm formation, and 
sulfur/taurine transporters were highly expressed as counter-
measures against the phytotoxins. In addition, our findings 
revealed that three hub genes commonly induced by both phy-
totoxins function as the siderophore enterobactin, an iron- 
chelator. Our study provides new insights into the effects of 
phytotoxins on bacteria for better understanding of the in-
teractions between phytopathogens and other microorganisms. 
These data will also be applied as a valuable source in subse-
quent applications against phytotoxins, the major virulence 
factor.

Keywords: transcriptome, toxoflavin, tropolone, phytopa-
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Introduction

Burkholderia species comprise a vast group of Gram-neg-
ative bacteria that occupy a wide range of ecological niches 
(Coenye and Vandamme, 2003). Although some species are 
free-living in soil or freshwater as environmental bacteria, 
most species are associated with various hosts including hu-
mans, animals, and plants (Coenye and Vandamme, 2003; 
Eberl and Vandamme, 2016). Details of their interactions 
with hosts are usually not known, but advance in the study 
of phytopathogens have revealed that interactions between 
Burkholderia species and their plant hosts are harmful and 
cause severe plant diseases (Solis et al., 2006; Kim et al., 2007; 
Lee et al., 2016). Two important phytopathogenic Burkhol-
deria species, B. glumae and B. gladioli, cause bacterial wilt 
and grain rot in many field crops, and threaten the global rice 
industry (Ura et al., 2006; Chun et al., 2009; Nandakumar 
et al., 2009; Ham et al., 2011). They are often isolated from 
the same infected plants or seeds (Ura et al., 2006). In addi-
tion, B. plantarii is the causal agent of rice seedling blight, 
which shows typical symptoms, including chlorosis, stunt-
ing, and root growth inhibition (Azegami et al., 1987; Solis 
et al., 2006). Because these phytopathogens thrive under high 
temperature and humidity, the effects of climate change, such 
as prolonged high nighttime temperatures and frequent rain-
fall, have accelerated outbreaks of plant diseases caused by 
Burkholderia species (Ham et al., 2011; Wang et al., 2016).
  The phytopathogenic Burkholderia species commonly em-
ploy plant-toxic secondary metabolites, phytotoxins, which 
contribute to their overall pathogenicity as the most critical 
virulence factor (Latuasan and Berends, 1961; Ferreira et al., 
2010). Phytotoxins are small molecules, including alkaloids, 
terpenes, and especially phenolics and serve as poisonous 
mediators, which interfere with or sometimes kill the plant 
cells with the development of symptoms (Durbin, 1991; Ho-
genhout et al., 2009). The modes of action of phytotoxins 
against plant hosts have been intensively studied and well 
characterized. Among phytotoxins, toxoflavin and tropolone 
are considered to be the most hostile biohazards for plant 
pathology. In the stationary phase, B. glumae and B. gladioli 
have a yellow colouring phenotype derived from toxoflavin 
(1,6-dimethylpyrimido[5,4-e]-1,2,4-triazine-5,7[1H,6H]- 
dione) (Jeong et al., 2003; Lee et al., 2016). As a very effec-
tive electron carrier between NADH and oxygen, toxoflavin 
generates reactive oxygen species (ROS) in the presence of 
oxygen and light (Latuasan and Berends, 1961; Jeong et al., 
2003). Effects mediated by toxoflavin cause chlorotic damage 
to rice panicles and inhibit the development of both leaves 
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and roots of plant hosts (Suzuki et al., 1998; Yoneyama et 
al., 1998). On the other hand, tropolone (2-Hydroxy-2,4,6- 
cycloheptatrien-1-one) is mainly produced by B. plantarii 
(Miwa et al., 2016). Toxicity of tropolone has been attributed 
to its ability to function as a potent cationic metal-chelator, 
which contributes to its virulence and the symptoms re-
lated to seedling blight (Azegami et al., 1988). When tropo-
lone accumulates in the surrounding environment, it can 
also trigger the production of extracellular polysaccharides, 
another virulence factor, by B. plantarii (Wang et al., 2013). 
Accordingly, the presence of toxoflavin and tropolone is 
strongly associated with yield losses in a wide spectrum of 
field crops (Bentley, 2008; Choi et al., 2013). Moreover, since 
the treatment with these phytotoxins themselves leads to se-
rious plant diseases, their mechanisms of action are of grow-
ing interest.
  Despite this interest, few studies have been conducted on 
the interactions between phytotoxins and microorganisms. 
Toxoflavin and tropolone are host-nonspecific phytotoxins 
that affect the diverse bacteria and fungi in the environment, 
as well as plant hosts. Many studies have revealed that the 
plant microbiome plays major roles in plant growth, devel-
opment, stress resistance through alteration of nutrients in 
plant cells and exchange of chemical signals (Lareen et al., 
2016; Antoniou et al., 2017; Qiao et al., 2017). Therefore, 
research into the effects of phytotoxins on bacteria will be a 
valuable source of information on what has been called the 
plant’s second genome. Until now, there are some reports 
that treatment of toxoflavin and tropolone inhibits the growth 
of bacteria (Latuasan and Berends, 1961; Trust, 1975). In 
1975, it was demonstrated that 0.5−2.5 μg/ml concentra-
tions of toxoflavin directly inhibited the growth of genera 
Escherichia, Shigella, Micrococcus, and Bacillus (Latuasan 
and Berends, 1961). Tropolone was also shown to be strong 
antibacterial activity for a wide range of gram-negative and 
gram-positive bacterial species (Trust, 1975). However, the 
detailed mechanism of toxoflavin and tropolone phytotoxins 
to inhibit bacterial growth is still unknown. The molecular 
network by two phytotoxins in bacteria could be applied as 
a reference guide for future research.
  In the present study, we investigated the effects of toxoflavin 
and tropolone from phytopathogenic Burkholderia species 
on bacteria using transcriptome analysis. Our study aimed 
to characterize the features of genes differentially expressed 
during treatment with the phytotoxins compared with the 
methanol control. To this end, we constructed RNA-seq li-
braries of Escherichia coli K-12 MG1655, as a model bacte-
rium, under each minimal inhibitory concentration (MIC) 
of toxoflavin and tropolone. The COG protein families and 
KEGG pathway database were used to understand biological 
systems of the expressed genes. We also focused on deter-
mining the hub genes that are induced in both phytotoxin 
stress conditions, using network analysis with the STRING 
database. Our work will provide new insights into the effects 
of phytotoxins on bacteria and improve our understanding 
of the interactions between phytopathogenic bacteria and 
other microorganisms.

Materials and Methods

Bacterial strain, culture conditions, and chemicals
In this study, E. coli K-12 MG1655 was used and stored at 
-80°C in 30% glycerol for a long-term preservation. To iso-
late a single colony of this bacterium, the stock was streaked 
onto Luria Bertani (LB; Difco) media supplemented with 
15 g/L Bacto agar (Difco) and then incubated overnight 37°C. 
A single colony on the LB agar plate was aerobically cultured 
in LB liquid at 37°C with constant shaking. Toxoflavin and 
tropolone were purchased from Sigma-Aldrich as synthetic 
chemicals with ≥ 98% purity. These phytotoxins were dis-
solved in methanol as a solvent.

Minimal inhibitory concentration (MIC) test
A MIC test was carried out by using a standard micro-dilu-
tion method (Yang et al., 2014). Different concentrations of 
toxoflavin and tropolone at final concentrations of 1, 10, 
and 100 μM were added to a 1:100 dilution of overnight cul-
tures of E. coli K-12 MG1655, followed by incubation at 
37°C for 10 h. To determine MIC, bacterial growth was in-
dexed by measuring the optical density (at λ = 600 nm) at 2 h 
intervals using a UV-1800 spectrophotometer (Shimadzu). 
The overnight cultures of E. coli K-12 MG1655 were sub-
cultured in fresh LB liquid until the OD600 value reached 
0.5. 100 μl of cultures diluted 1 × 10-5 with distilled water was 
spread onto LB agar plates containing toxoflavin and tro-
polone at the MIC. After incubation at 37°C for 12 h, bac-
terial colony formation was observed by the photography. 
LB medium and methanol were carried out in parallel and 
all tests were conducted as three independent replicates.

RNA extraction and sequencing
The overnight primary cultures were diluted 1:100 to initiate 
the experimental cultures. When cultures reached exponen-
tial phase corresponding to OD600 = 0.5, two cultures were 
mixed with toxoflavin or tropolone to yield final concen-
trations of 10 μM and 100 μM, respectively. The volume of 
methanol corresponding to each of the phytotoxin con-
ditions was added to the cultures as control samples. After 
2 h of phytotoxin exposure, each culture was harvested by 
centrifugation at 12,000 × g for 1 min at 4°C. Three biolo-
gical replicates were prepared for samples of RNA-seq.
  Total RNA was extracted from the harvested bacterial pel-
lets using an RNeasy Midi kit (Qiagen). Residual genomic 
DNA contamination was removed with an RNase-Free DNase 
kit (Qiagen). rRNA depletion was then performed with a 
MICROBExpressTM bacterial mRNA enrichment kit (Ambion) 
following the manufacturer’s instructions. The concentra-
tions and 260/280 ratios of enriched mRNAs were determined 
using a NanoDrop 2000 (Thermo scientific). Subsequently, 
RNA-seq libraries were prepared using an Illumina TruSeqTM 
RNA sample prep kit (Illumina) with a standard low-through-
put protocol. Paired end sequencing using an Illumina HiSeq-
2000 platform was conducted at the national instrumentation 
center for environmental management (Nicem).
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(A) (B) (C)

Fig. 1. Growth pattern of E. coli K-12 MG1655 in treatment of toxoflavin and tropolone. (A) Growth curves of bacteria exposed to the following concen-
trations of toxoflavin: 1 μM, 10 μM, and 100 μM. (B) Growth curves of bacteria exposed to the following concentrations of tropolone: 1 μM, 10 μM, and 
100 μM. Bacterial growth was monitored by measuring the absorbance 600 nm at intervals of 2 h. The LB medium and methanol solvent were used in 
parallel. All growth curves with the standard deviation resulted from three replicates for each treatment. (C) Colony formation of bacteria on LB plates 
with phytotoxins. After the culture was streaked with E. coli K-12 MG1655, the plates were incubated for 12 h at 37°C.

RNA-seq analysis
The FASTX-Toolkit filtered out low-quality reads by a Phred 
score (50% of sequence ≥28 quality score) (http://hannonlab. 
cshl.edu/fastx_toolkit/). An in-house python script was used 
to synchronize the forward and reverse directions of filtered 
reads. Paired reads were aligned to a reference genome (NCBI 
accession no. GCF_000005845.2) of E. coli K-12 MG1655 
using the BWA-MEM module (Li and Durbin, 2009). SAM-
tools converted the mapping results derived from the BWA 
to binary format BAM files, and then sorted them by chro-
mosomal coordinates (Li et al., 2009). The number of map-
ping reads that aligned to all CDSs in E. coli K-12 MG1655 
were tabulated using the FeatureCounts tool in the Subread 
package (Liao et al., 2014).

DEGs analysis
For the statistical analysis, the counting reads of each CDS 
were used as an input data. Differential expression analysis 
was performed using an EdgeR package in the R statistical 
environment, which employs a negative binomial distribu-
tion method (Robinson and Smyth, 2008; Robinson et al., 
2010). For EdgeR analysis, a trimmed mean of the M-values 
(where M = log2-fold change) method and a quantile-ad-
justed conditional maximum likelihood method were used 
to calculate the normalization factor and expression differ-
ences for estimating dispersions, respectively (Robinson 
and Smyth, 2008; Robinson et al., 2010). P-values were ad-
justed for multiple testing with the Benjamini-Hochberg 
procedure as a false discovery rate (FDR) value (Benjamini 
and Hochberg, 1995). Afterwards, we explored the effects of 
phytotoxins on gene expression compared to the methanol 
controls. Significant difference in expressions were deter-
mined using two criteria: |log2-fold change| ≥ 1 and FDR 
< 0.05. These analyses were performed independently in tox-
oflavin and tropolone using the same control data.

COG analysis for common DEGs
The lists of DEGs derived from the toxoflavin and tropolone 
conditions were compared to identify core groups commonly 
affected by both phytotoxins. COG functional categories for 
common DEGs were downloaded from the NCBI COG da-
tabase (Galperin et al., 2015). The DIAMOND tool was ap-
plied to align the amino acid sequences against the COG da-
tabase with following parameters: e-value = 1 × 10-5; iden-
tity = 30%; coverage = 30% (Buchfink et al., 2015). The des-
cription of best hit (with lowest statistical e-value) was as-
signed as the annotation of common DEGs. The COG IDs 
of all annotations were then classified based on their COG 
categories.

KEGG pathway enrichment analysis
Pathway information from the KEGG database (https://www. 
genome.jp/kegg/) was used to investigate the response of bio-
logical systems to the phytotoxins. To accomplish this, we 
downloaded a molecular interaction/reaction network for E. 
coli K-12 MG1655 listed in KEGG database, and each path-
way was matched to DEGs via an in-house python script. 
Significant enrichment was identified using a hypergeometric 
test with the phyper function contained in the R statistical 
environment (Qureshi and Sacan, 2013). The hypergeometric 
test considered the following statistics: the number of all 
genes involved in KEGG systems; the percentage of the KEGG 
systems covered by specific pathway; expected number of 
DEGs in the specific pathway. We selected the pathways with 
a p-value < 0.05 as significant enriched. A molecular network 
map within the pathways was constructed by Cytoscape tool 
(https://cytoscape.org/).

Interaction network from STRING
Interaction network of co-up-regulated DEGs from each 
group comparison (toxoflavin vs. control and tropolone vs. 
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Table 1. Overview of RNA-seq data
Sample Read type Length GC (%) Phred score Total reads

Control_1 Paired end 126 52 36 29,101,600
Control_2 Paired end 126 52 36 62,764,318
Control_3 Paired end 126 52 36 46,639,630

Toxoflavin_1 Paired end 126 53 36 21,950,224
Toxoflavin_2 Paired end 126 53 36 24,176,494
Toxoflavin_3 Paired end 126 53 36 37,771,312
Tropolone_1 Paired end 126 53 36 30,921,910
Tropolone_2 Paired end 126 52 36 25,733,234
Tropolone_3 Paired end 126 52 36 13,575,232

control) was analyzed by the STRING database, which is a 
database for searching for known and predicted interactions 
(Szklarczyk et al., 2017). The interactions are established based 
on published literature describing experimentally studied 
interactions, as well as those from genome analysis. These 
sources include neighborhood, gene fusion, co-occurrence, 
co-expression, experiments, databases, and text-mining. To 
minimize false positives as well as false negatives, some in-
teractions considered low-confidence (less than 0.4 score) 
were eliminated in this study. Within network, highly inter-
connected genes with other co-up-regulated DEGs were con-
sidered as the hub genes.

Nucleotide sequence accession number
All raw data have been submitted to the NCBI GEO data-
base under accession number GSE133348.

Results and Discussion

Antibacterial activity of toxoflavin and tropolone against E. 
coli K-12 MG1655
E. coli is one of the most widely studied model organisms, 
which has been intensively investigated for over 60 years. 
Laboratory strains derived from wild-type E. coli have been 
used as versatile tools of molecular biology, due to its fast 
growth, relative cheap culture media, and industrial scala-
bility (Blount, 2015; Fathima and Rao, 2018). Since the whole- 
genome sequencing of E. coli K-12 MG1655 (Blattner et al., 
1997), global studies have been dedicated to generating ex-
tensive knowledge on its transcriptome, proteome, and me-
tabolome (Champion et al., 2003; Franchini and Egli, 2006; 
McCloskey et al., 2014; Fathima and Rao, 2018). Thereby this 
strain has the most comprehensive and functional sets of re-
sources on various public databases (McIntosh et al., 2012; 
Keseler et al., 2013; Zhou et al., 2013; Hu et al., 2014). There-
fore, we selected E. coli K-12 MG1655 as a bacterial standard 
model against phytotoxins.
  To investigate the MIC with toxoflavin and tropolone, we 
monitored the bacterial growth curve in E. coli K-12 MG-
1655. As shown in Fig. 1A and B, these phytoxins inhibited 
bacterial growth in a concentration-dependent manner. At 
the concentration of 10 μM (MIC), toxoflavin completely 
suppressed the growth of E. coli, whereas tropolone had a 
MIC = 100 μM. The addition of only methanol did not af-
fect the growth pattern as did the result in LB medium. In 

addition, numerous E. coli colonies were observed on the 
LB and methanol plates in the bacterial colony formation 
assay (Fig. 1C). Our results indicated that two phytotoxins 
have antibacterial activity against E. coli and the treatment 
with toxoflavin reduced bacterial growth more severely than 
that of tropolone. The MIC of toxoflavin and tropolone were 
selected to treat E. coli K-12 MG1655 for the following 
transcriptome analysis with RNA-seq.

Summary of RNA-seq data sets
To gain insight into the genome-wide transcriptional patterns 
in the presence of the phytotoxins, we conducted RNA-seq 
analysis for E. coli K-12 MG1655. RNAs were isolated from 
bacteria harvested at the exponential phase (OD600 = 0.5) 
with toxoflavin (a final concentration of 10 μM) or tropolone 
(100 μM) (Supplementary data Table S1). After sequencing 
the transcriptome on Illumina HiSeq2000 platform, nine li-
braries including the phytotoxins and the methanol control 
yielded a total of 13,575,232 to 62,764,318 reads of 126 bp 
in length (Table 1). The total length of the reads was about 
36.9 Gbp, representing a more than 7900-fold coverage of 
the E. coli K-12 MG1655 genome. The Phred scores of the 
raw reads in each library showed their high quality with an 
average value of 36 (Supplementary data Fig. S1). The value 
defined as ‘-10 × log(probability)’ is a critical component for 
predicting the probability of base-call errors (Ewing and 
Green, 1998; Richardson et al., 2007); e.g. a Phred score of 
30 value corresponds to one error in every 1000 base-calls, 
or 99.9% accuracy. To profile the gene expression, filtered 
reads from the nine libraries were aligned onto the reference 
genome of E. coli K-12 MG1655. The 4.64 Mbp single ge-
nomic replicon carries a total of 4566 genes, of which 4242 
are CDSs, which have a 50.8% G+C content (Riley et al., 
2006). The BWA tool produced good mapping results, rang-
ing from 90.0% (12,218,654 reads) to 97.7% (28,442,271 reads) 
(Supplementary data Table S2). Indeed, when the sequenc-
ing depth in E. coli reaches around 13 million reads, most 
genes with an RPKM (reads per kilobase of a gene per mil-
lion reads) value of 1 or more are detected (Mortazavi et al., 
2008; Haas et al., 2012). Additional depth beyond this point 
did not contribute much in increasing the percentage of 
genes detected by RNA-seq (Haas et al., 2012). Thus, consi-
dering the high Phred score and mapping results, our RNA- 
seq datasets had the sufficient accuracy and coverage for 
downstream analyses of the transcriptome.
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(A)

(B)

(C)

Fig. 2. Overview of the DEGs induced by phototoxins. (A) Volcano plot 
of DEGs between toxoflavin and control. (B) Volcano plot of DEGs be-
tween tropolone and control. The differential expression analysis was per-
formed by the EdgeR statistical package. In plots, circle points indicate 
each gene of E. coli K-12 MG1655. Two criteria of |fold change| ≥ 2 and 
false discovery rate (FDR) < 0.05 were highlighted in blue and green lines, 
respectively. The red points mean significantly up-regulated or down- 
regulated DEGs. (C) Distribution of DEGs. The bar graphs indicate dis-
tribution of DEGs under each phytotoxin condition. The red and blue 
colored bars are numbers of up-regulated and down-regulated DEGs, re-
spectively.

Comparative gene expression analysis under phytotoxin con-
ditions
Nine RNA-seq libraries were visualized in two dimensions 
using multidimensional scaling of EdgeR (Robinson et al., 
2010), which revealed that each dataset (the phytotoxins toxo-
flavin and tropolone and the controls) was distinctively la-
beled (Supplementary data Fig. S2). The total number of 
DEGs induced by the phytotoxins is listed in Supplementary 
data Table S3. Comparison of toxoflavin to control conditions 
identified 2327 differentially expressed genes (DEGs) (Fig. 
2A). Of these DEGs, 1088 genes were significantly up-regu-
lated and 1239 genes were significantly down-regulated (Fig. 
2C). In contrast, there were only 830 DEGs in the tropolone 
treatment with 413 up-regulated DEGs and 417 down-regu-
lated DEGs (Fig. 2B and C). In general, many DEGs have been 
detected through transcriptome analysis in studies on bac-
terial interactions with harsh conditions such as in vivo en-
vironment, nutrient starvation, and abiotic stress (Jacobs et 
al., 2012; Kim et al., 2014; Liu et al., 2014, 2017; Choi et al., 
2016). In rice-pathogenic B. glumae BGR1, the in vivo en-
vironment with its diverse stresses causes overwhelming ef-
fects (> 2000 DEGs) on genome-wide transcription involved 
in a variety of metabolic and signaling pathways (Kim et al., 
2014). The distribution of DEGs suggested that the anti-
biotic activity of toxoflavin has greater effects on the physi-
ology of bacteria than that of tropolone. These results were 
consistent with the bacterial growth curves when exposed 
to the phytotoxins (Fig. 1).
  To better understand the global bacterial responses to phy-
totoxins, we performed a comparative analysis between the 
DEGs in the toxoflavin and tropolone conditions (Fig. 3). 
Common DEGs were classified through homology with pro-
tein functions determined from the COG database. COG 
analysis assigned 312 co-down-regulated DEGs to 22 func-
tional categories, most of which belonged to the following 
terms: energy production and conversion (C, 16.4%), trans-
lation, ribosomal structure and biogenesis (J, 14.2%), and 
amino acid transport and metabolism (E, 10.9%) (Fig. 3A). 
Given that the biosynthesis of cellular energy and functional 
proteins is an absolute requirement for living organisms, 
toxoflavin and tropolone would have severely inhibited bac-
terial growth by directly or indirectly targeting genes asso-
ciated with these biosynthetic systems. Membrane biogenesis 
also appears to be a particularly effective target for toxins. 
Our COG analysis showed 24 co-down-regulated DEGs as-
sociated with cell wall/membrane/envelope biogenesis (M, 
7.3%) (Fig. 3A). Several phytotoxins can damage the cellular 
membrane in plants (Heiser et al., 1998; Möbius and Hert-
weck, 2009). They not only cause major damage to mem-
brane lipids through ROS, but also hamper membrane bio-
synthesis resulting in a perturbed membrane ordering and 
increased membrane permeability (Heiser et al., 1998; Fry 
and Loria, 2002; Williams et al., 2007). Bischoff et al. (2009) 
revealed that treatment with phytotoxin thaxtomin A alters 
the transcriptional expression of genes involved in primary 
and secondary cellulose synthesis and pectin metabolism, 
which affects the deposition or composition of plant cell 
walls. Although the composition and biosynthesis of the 
membrane differs from plant cell walls, the toxicity of toxo-
flavin and tropolone would have caused critical damage to 
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Table 2. Enriched pathways of down-regulated DEGs induced by toxo-
flavin
KEGG ID Pathway Count p-valuea

eco00190 Oxidative phosphorylation 38 7.2E-12
eco03010 Ribosome 52 1.8E-07
eco01110 Biosynthesis of secondary metabolites 148 2.7E-05
eco00250 Alanine, aspartate and glutamate metabolism 23 0.0002
eco01501 beta-Lactam resistance 14 0.0002
eco01100 Metabolic pathways 370 0.0003
eco01130 Biosynthesis of antibiotics 102 0.0007
eco00061 Fatty acid biosynthesis 11 0.0008
eco01230 Biosynthesis of amino acids 60 0.0020
eco00540 Lipopolysaccharide biosynthesis 23 0.0025
eco00340 Histidine metabolism 7 0.0063
eco00620 Pyruvate metabolism 28 0.0200
eco00020 Citrate cycle (TCA cycle) 16 0.0208
eco01120 Microbial metabolism in diverse environments 116 0.0262
eco00430 Taurine and hypotaurine metabolism 5 0.0332
eco01502 Vancomycin resistance 6 0.0394

a The statistical significance calculated by hypergeometric test.

(A)

(B)

Fig. 3. The identification of common DEGs in phytotoxins. Venn diagrams that show the common DEGs between toxoflavin and tropolone conditions: 
co-up-regulated DEGs (A) and co-down-regulated DEGs (B). The top 10 COG functional categories of common DEGs are illustrated. The length of the 
bars represents the number of genes in each COG. The percent assigned to each COG refers to the coverage of the total number in the common DEGs ac-
counted for in the model. Some common DEGs have multiple COG category assignments.

the bacterial membrane. Since the multilayer membrane pro-
tects itself from various biotic and abiotic stresses, exact bio-
genesis of membrane is crucial for the survival of bacteria 
(Ruiz et al., 2006; Delcour, 2009). Defects in membrane func-
tionality can cause bacteria to be outcompeted by the sur-
rounding microorganisms, as well as attenuating of the ability 
to infect the host (Kuehn and Kesty, 2005; Ieva, 2017).
  A total of 213 co-up-regulated DEGs were found in both 
toxoflavin and tropolone conditions (Fig. 3B). Bacteria would 
need countermeasure strategies against the stress conditions 
caused by phytotoxins. Within the COG-assigned categories, 
the largest number of co-up-regulated DEGs were involved 
in the transcription (K, 12.6%), consisting of diverse tran-
scriptional regulators (Fig. 3B). In response to environmental 
cues, including biotic/abiotic stresses, bacteria detect signals 
from membrane-bound sensor proteins and activate the tran-
scriptional regulator, which initiates the corresponding cel-
lular responses (Parkinson and Kofoid, 1992; Hoch, 2000; 
Krämer, 2010). According to the current view, we observed 
a high incidence (10 DEGs, 5.1%) of co-up-regulation for 
functions involved in signal transduction mechanisms (T) 
(Fig. 3B). Although the COG database with broad functional 
categories could not provide details of each biological sys-
tem, inorganic ion transport and metabolism (P, 11.1%), 
where the second largest number of co-up-regulated DEGs 
were distributed, is expected to be one of the essential cel-
lular responses to phytotoxins (Fig. 3B). We suggest that, like 
plant ion transporters, bacterial ion transporters have enor-
mous potential to affect stress tolerance to phytotoxins (Blum-
wald, 2000; Maathuis, 2007; Brini and Masmoudi, 2012).

Biological systems down-regulated by toxoflavin and tropo-
lone
To investigate which biological systems were differentially 
regulated by toxoflavin and tropolone, we found the KEGG 
pathways for the DEGs for each phytotoxin. Of the 2327 
DEGs derived from the toxoflavin condition, 868 DEGs were 
matched to 116 pathways. In the tropolone condition, 314 
of the 830 DEGs were matched to 92 pathways. Enrichment 
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Table 3. Enriched pathways of down-regulated DEGs induced by tropo-
lone 
KEGG ID Pathway Count p-valuea

eco03010 Ribosome 34 7.8E-13
eco00190 Oxidative phosphorylation 23 3.1E-11
eco00910 Nitrogen metabolism 11 4.0E-05
eco00250 Alanine, aspartate, and glutamate metabolism 12 0.0003
eco01501 β-Lactam resistance 8 0.0004
eco00633 Nitrotoluene degradation 4 0.0055
eco02020 Two-component system 27 0.0242

a The statistical significance calculated by hypergeometric test.

Fig. 4. Schematic hypothetical model of 
phytotoxin-induced bacterial death. (A) 
Oxidative stress induced by toxoflavin phy-
totoxin. Bacterial membrane composed of 
lipids is damaged by toxoflavin with oxida-
tive stress, which induces lipid peroxida-
tion. The lipid peroxidation leads to a loss 
of function of membrane-bound proteins 
for oxidative phosphorylation. Toxoflavin 
introduced into the bacterial cell targets en-
zyme proteins associated with diverse meta-
bolism. Disability of oxidative phosphory-
lation and TCA cycle results in inhibition 
of the synthesis of ATP, a cellular energy 
source. Finally, an energy breakdown influ-
ences on ribosome organization for func-
tional protein biosynthesis underlying a cru-
cial cause of bacterial death. (B) Iron starva-
tion induced by tropolone phytotoxin. Bac-
teria are exposed to an iron-starved stress 
in the presence of tropolone, a highly active
iron-chelator. In nitrogen metabolism, ni-
trate reductase and transporter that use iron
ions as the cofactor are inhibited. The prob-
lem of nitrogen source synthesis has a neg-
ative effect on diverse physiological systems.
The nitrogen reductase inhibited by a loss 
of iron ions does not terminate oxidative 
phosphorylation in electron transport chains.
Similar to the effects in toxoflavin, disability
of these systems suppresses the ribosome 
function.

analysis was subsequently conducted to identify the signifi-
cantly induced pathways with p-value <0.05. The largest 
number of down-regulated DEGs common to both toxoflavin 
and tropolone, were enriched in oxidative phosphorylation 
(eco00190) and ribosome (eco03010) (Tables 2 and 3), which 
coincided with the results of COG analysis (Fig. 3). Toxoflavin 
significantly inhibited the expression of 52 genes (an aver-
age log2-fold change = −4.24) related to large and small sub-
units of ribosome, especially the 30S ribosomal subunit pro-
tein S10 (b3321), which showed a 115-fold decrease compared 
to the control (Supplementary data Table S4). The core oxi-
dative phosphorylation modules of NADH dehydrogenase, 
succinate dehydrogenase, cytochrome c oxidase, the F-type 
ATPase and cytochrome bd complex were down-regulated 
by toxoflavin between −2.50 and −27.28-fold (Supplementary 
data Table S4).
  However, the enriched pathways other than oxidative phos-

phorylation and the ribosome had different specificities for 
each phytotoxin. Comparing toxoflavin and control, showed 
that down-regulated DEGs were significantly enriched in fatty 
acid biosynthesis (eco00061, 11 DEGs), lipopolysaccharide 
biosynthesis (eco00540, 23 DEGs), citrate cycle (TCA cycle) 
(eco00020, 16 DEGs) and many metabolism systems (63 
DEGs) such as eco00250 (for alanine, aspartate and gluta-
mate), eco00340 (histidine), eco00620 (pyruvate), and eco-
00430 (taurine and hypotaurine) (Table 2). Surprisingly, we 
found that these down-regulated pathways were placed in a 
damage reaction cascade mediated by toxoflavin (Fig. 4A). 
The ROS generated by toxoflavin induce the production of 
superoxides (O2

−) and hydrogen peroxide (H2O2) (Latuasan 
and Berends, 1961; Ham et al., 2011). Because of the high 
reactivity from free radicals, these ROS damage three ma-
jor classes of biological molecules including nucleic acids, 
proteins, and lipids (Dröge, 2002; Phaniendra et al., 2015; 
Jung et al., 2018). In in situ environment with many com-
petitors, the bacterial membrane will be the front line con-
fronted with the reactivity and toxicity of ROS. We have al-
ready identified the co-down-regulated DEGs in cell wall/ 
membrane/envelope biogenesis via COG analysis (Fig. 3), 
where the down-regulation of fatty acid biosynthesis and 
lipopolysaccharide biosynthesis was considered as a major 
cause (Table 2). Toxoflavin can directly attack polyunsatu-
rated fatty acids in bacterial membrane to induce lipid per-
oxidation (Ham et al., 2011; Kashef and Hamblin, 2017). It 
was reported that the lipid peroxidation alters the compo-
sition and integrity of membrane, which lead to a loss of func-
tion of membrane-bound proteins, e.g. the oxidative phos-
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(A) (B)

(C) (D)

Fig. 5. KEGG pathway analysis of up-regulated DEGs. (A) Enriched pathways under toxoflavin condition. (B) Enriched pathways under tropolone condition. 
Enrichment analysis was performed by hypergeometric test with a significant criterion, p-value < 0.05. For each KEGG pathway, the bar shows the num-
ber of enriched genes. (C) Bacterial chemotaxis and flagellar assembly highly induced by toxoflavin phytotoxin. (D) Sulfur metabolism highly induced by 
tropolone phytotoxin. Molecular network of representative enriched pathways was constructed by the Cytoscape tool. There are two node types: rectangle 
type, protein; circle type, biological chemical. Color variation from white to red represent log2 (Phytotoxin/Control) values from a minimum of 0 to a 
maximum of 4. In color variation, the 0 point indicates the same expression level between phytotoxin and control conditions.

phorylation of electron transport chain (Farr and Kogoma, 
1991). Furthermore, following lipid peroxidation, increased 
membrane permeability would accelerate the influx of toxo-
flavin phytotoxin. The toxoflavin within bacterial cells tar-
gets enzyme proteins associated with a variety of metabolic 
processes, disrupting the TCA cycle (Table 2). Consequently, 
an energy breakdown in oxidative phosphorylation and the 
TCA cycle would contribute to the loss of ribosome organ-
ization for functional protein biosynthesis underlying a 
crucial cause of bacterial death (Table 2). Recently, Willi et 
al. (2018) demonstrated that the damaged 23S rRNA by ROS 
in vivo critically inhibits the ribosome function during pro-
tein biosynthesis.
  On the other hand, the following five systems were down- 
regulated in the tropolone condition: nitrogen metabolism 
(eco00910), 11 DEGs; alanine, aspartate and glutamate me-
tabolism (eco00250), 12 DEGs; beta-lactam resistance (eco-
01501), 8 DEGs; nitrotoluene degradation (eco00633), 4 DEGs; 
two-component system (eco02020), 27 DEGs (Table 3). If 
toxoflavin causes a damage reaction cascade from membrane 
damage to bacterial death by energy breakdown (Fig. 4A), 
treatment with tropolone was responsible for a decrease in 

bacterial growth by inducing starvation stress (Fig. 4B). Tro-
polone functions as a highly active iron-chelator, like as a side-
rophore molecule, for its broad-spectrum antimicrobial acti-
vity against bacteria and fungi (Wakimoto et al., 1986; Aze-
gami et al., 1988). Bacteria will experience iron starvation 
in the presence of tropolone secreted by B. plantarii. We no-
ticed that most down-regulated DEGs in nitrogen metabo-
lism are intensively distributed on the reductases (e.g. b1224, 
log2-fold change = −4.32; b1225, −3.17; b1227, −1.81; b1465, 
−1.70; b1467, −1.77; b1468, −1.76; b2203, −1.12; b2206, −1.78) 
and transporter (e.g. b1223, log2-fold change = −1.83; b1469, 
−1.24) for nitrate (Table 3 and Supplementary data Table S4). 
It has been reported that iron sulfur compounds serve as 
essential cofactors in the reductase from nitrate (NO3

−) via 
nitrite (NO2

−) to ammonium (NH4
+) (Morozkina and Zvy-

agilskaya, 2007; Allen et al., 2008; Jing et al., 2019). Several 
studies have demonstrated that these genes are down-regu-
lated at the expression levels by iron-limited conditions (Tim-
mermans et al., 1994; Allen et al., 2008). Our results also sup-
port the importance of interactions between nitrogen me-
tabolism and iron nutrients. Since nitrogen sources are re-
quired for all the key constituents of the cell, including amino 
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Fig. 6. Interaction network of co-up-regulated DEGs in phytotoxin conditions. Interactions among co-up-regulated DEGs induced by both toxoflavin and 
tropolone were constructed from the STRING database. The Cytoscape visualized expanded view of the network, where nodes represent co-up-regulated 
DEGs and edges the known or predicted interactions with a high-confidence > 0.4 score. The size of the nodes reflects the number of interactions with 
other genes, i.e. the smallest node has only one gene interaction. As hub genes, co-up-regulated DEGs with more than nine interactions are selected and 
highlighted in red circle.

acids, pyrimidines and purines, NAD, and amino sugar in 
gram-negative bacteria (Reitzer, 1987, 2003), nitrogen me-
tabolism has a huge impact on diverse physiological systems. 
Therefore, considering that membrane-bound nitrogen re-
ductases plays an important role in terminating respiratory 
electron transport chains (Simon et al., 2003), the disruption 
of the nitrogen metabolism could well explain the down- 
regulation of ribosome (34 DEGs) and oxidative phosphor-
ylation (23 DEGs) induced by tropolone (Table 3 and Fig. 
4B).

Biological systems up-regulated by toxoflavin and tropo-
lone
KEGG pathways enriched in up-regulated DEGs are shown 
in Fig. 5A and B. Bacteria seemed to select countermeasure 

strategies to evade and protect against ROS damage by tox-
oflavin (Fig. 5A). Bacterial chemotaxis (eco02030), which was 
enriched with seven DEGs, allows bacteria to move away from 
toxic substances, including toxoflavin (Fig. 5C) (Benov and 
Fridovich, 1996). Four genes: b1421 (2.77-fold increase), 
b1885 (2.35), b1886 (3.57), and b4355 (4.24) were highly up- 
regulated in methyl-accepting chemotaxis proteins (MCPs) 
for the recognition of repellents (Fig. 5C and Supplementary 
data Table S4). Above all, we have confirmed that up-regu-
lated DEGs induced by toxoflavin include the flagellar as-
sembly system (eco02040) in an almost perfect manner (16 
of total 37 genes, 43.2%) to generate the driving force (Fig. 
5C). Studies on genera Pseudomonas and Salmonella showed 
that swarming and swimming motility have a significant ef-
fect on resistance to antimicrobial compounds (Gooderham 
and Hancock, 2009; Ugurlu et al., 2016; Amina and Ahmed, 
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Table 4. Function and expression of hub genes of co-up-regulated DEGs

Gene Function Interactionsa Log2 (Phytotoxin/Control)
Toxoflavin Tropolone

b0585 Enterochelin esterase 10 3.10 3.03
b4511 Enterobactin biosynthesis protein YbdZ 9 1.48 2.64
b1495 Putative TonB-dependent receptor 9 1.22 2.02
b1705 PF10636 family protein YdiE 9 2.30 1.60
b2673 Glutaredoxin-like protein 9 4.81 4.43

a The number of interactions with other genes.

2017). In addition to the evasion derived from the flagellar 
structure, biofilm formation (eco02026) was highly enriched 
with 17 up-regulated DEGs (Fig. 5A). As a consequence of 
chemical interactions, biofilm formation enhances the ability 
of the microbial communities to adapt to adverse conditions 
(Vasudevan, 2014). The extra polymeric matrices that make 
up biofilm would prevent the penetration of toxoflavin phy-
totoxin into bacterial cells. The significant enrichment (nine 
up-regulated DEGs) in only the type II bacterial secretion 
system (eco03070), which is known to secrete extracellular 
matrix proteins in E. coli (Baldi et al., 2012), will also be im-
portant evidence of the essentiality of the biofilm forma-
tion against toxoflavin (Supplementary data Table S4). It was 
interesting that the flagellar structure and biofilm formation 
were highly induced in phytopathogenic B. glumae, when a 
quorum-sensing system activated the production of toxo-
flavin (Kim et al., 2004, 2007, 2013). We hypothesized that 
other bacteria could mimic these evasion and protection 
mechanisms induced by toxoflavin of B. glumae.
  There were a few significantly enriched systems from the 
up-regulated DEGs of tropolone condition, and the number 
of DEGs within each system was not enough (Fig. 5B). How-
ever, we observed that ten up-regulated DEGs in sulfur me-
tabolism (eco00920) are concentrated in some functional 
modules, and not randomly distributed (Fig. 5D). Among 
these, six up-regulated DEGs in particular were involved in 
transporters for extracellular sulfate/taurine/alkanesulfonate 
as follows: b0365 for taurine ABC transporter periplasmic 
binding protein, 3.42-fold increase; b0366 for taurine ABC 
transporter ATP binding subunit, 3.53; b0367 for taurine 
ABC transporter membrane subunit, 2.00; b0936 for aliphatic 
sulfonate ABC transporter periplasmic binding protein, 2.71; 
b2422 for sulfate/thiosulfate ABC transporter ATP binding 
subunit, 2.84; b3917 for sulfate/thiosulfate ABC transporter 
periplasmic binding protein Sbp, 8.73 (Supplementary data 
Table S4). In 2013, transcriptome analysis during iron star-
vation revealed high induction of genes related to the sul-
fate and taurine ABC-type transport systems in P. aeruginosa 
(van Delden et al., 2013). Although a general overlap be-
tween iron starvation and sulfur sources is unclear, we pro-
pose two possibilities. The first is the uptake of taurine to 
supply iron. It was reported that taurine forms complexes 
with free metal ions such as iron or copper, and could work 
as a chelator (Trachtman et al., 1992; Devi et al., 2009). If 
complexes between taurine and iron are formed in the sur-
rounding environment, bacteria will be able to obtain addi-
tional iron sources through their introduction. The second 
is that this is a programmed mechanism in response to in-
creased demand for the cofactor. As already mentioned, the 

iron-chelating function of tropolone disabled nitrogen me-
tabolism by cofactor deficiency (Fig. 5B). Because of cofactor 
form of iron sulfur compounds, bacteria may have misrecog-
nized the lack of sulfur as well as iron, and subsequently in-
duced their uptake systems.

Integrative network to identify hub genes under phytotoxin 
conditions
In order to clarify high confidence hub genes, we entered 
the co-up-regulated DEGs from both toxoflavin and tropo-
lone conditions (Fig. 6) into the STRING database (Szklar-
czyk et al., 2017). As highly interconnected hub genes play 
important roles in biological systems (Liu et al., 2016), genes 
were ranked by the degree of interactions among co-up-re-
gulated DEGs. Finally, we identified five genes with more 
than nine interactions as hub genes (Fig. 6). The following 
five hub genes showed significant high expression in both 
two phytotoxins: b0585 for enterobactin esterase, 3.10 and 
3.03 log2-fold change in toxoflavin and tropolone, respec-
tively; b4511 for enterobactin biosynthesis protein YbdZ, 
1.48 and 2.64; b1495 for putative TonB-dependent receptor, 
1.22 and 2.02; b1705 for PF10636 family protein YdiE, 2.30 
and 1.60; b2673 for glutaredoxin-like protein, 4.81 and 4.43 
(Table 4). We noted that most hubs are closely involved in 
stress conditions derived from the two phytotoxins. To ob-
tain sufficient iron, siderophore enterobactin production is 
the most efficient iron scavenging mechanism in members 
of the Enterobacteriaceae family (Raymond et al., 2003). In 
addition to b4511 that directly produces enterobactin, b1495 
(tonB gene) recognizes and imports enterobactin from out-
side the cells, and b0585 is responsible for removing iron 
ions from enterobactin for metabolic utilization (Langman 
et al., 1972; Raymond et al., 2003; Miethke and Marahiel, 
2007). In other words, these hubs represent a major counter-
measure for overcoming iron starvation by tropolone. On the 
other hand, enterobactin can be considered a crucial mech-
anism for dealing seby toxoflavin. To date, many studies have 
been reported that siderophore synthesis in microorganisms 
is controlled by oxidative stress in addition to iron availability 
(Cornish and Page, 1998; Tindale et al., 2000; Lee et al., 2011). 
E. coli produces higher amounts of enterobactin in culture 
conditions with increased oxidative stress for colony devel-
opment (Peralta et al., 2016). Interestingly, Adler et al. (Per-
alta et al., 2016) demonstrated that after the release of iron 
ions, the linearized enterobactin molecule has three catechol 
moieties with the potential to stabilize ROS. In addition to 
enterobactin-related genes, b1705 (PF10636 family protein 
YdiE) and b2673 (glutaredoxin-like protein) genes can also 
play an important role in the utilization of iron ions. As a 
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homologue of YdiE, the HemP protein of B. multivorans 
activates expression of a set of genes related to uptake of 
iron source hemin (McHugh et al., 2003; Sato et al., 2017). 
It was reported that the production of glutaredoxin, which 
delivers iron ions to enzymes on demand, is highly elevated 
upon iron starvation in E. coli (Fernandes et al., 2005; Rouhier 
et al., 2008). Thus, the hub genes obtained from network 
analysis indicated that they are located at a key intersection 
in the oxidative stress and iron starvation caused by toxo-
flavin and tropolone. Furthermore, the fact that these hubs 
are commonly induced by representative phytotoxins from 
Burkholderia species will be valuable information for sub-
sequent applications for the detection and defense against 
these major virulence factor.

Conclusion

In summary, we present, for the first time, an extensive an-
alysis of the transcriptome of E. coli K-12 MG1655 in re-
sponse to toxoflavin and tropolone exposure. Our data de-
scribed the details of the bacterial responses under stress 
conditions caused by the two phytotoxins that had only been 
known in the literature. As the ROS due to toxoflavin were 
added to the bacteria, down-regulated DEGs showed the 
damage reaction cascade: ROS damage  bacterial mem-
brane  diverse metabolism  oxidative phosphorylation 
or TCA cycle  energy breakdown  ribosome organiza-
tion. Under iron starvation by tropolone, the disability of 
nitrogen metabolism using iron ions as cofactor would also 
have a critical effect on the inhibition of bacterial growth. 
On the other hand, under these harsh conditions, bacteria 
included countermeasure strategies against phytotoxins based 
on up-regulated DEGs. The up-regulated DEGs induced by 
toxoflavin exhibited flagellar structure and biofilms forma-
tion for evasion and protection, while tropolone increased 
the expression of genes associated with sulfate/taurine/al-
kanesulfonate transporters in sulfur metabolism. In addi-
tion, we have noted that some hub genes induced by both 
toxoflavin and tropolone focus on the enterobactin sidero-
phore, which can function in both iron acquisition and re-
ducing oxidative stress. The proposed models and interest-
ing genes may facilitate future studies of physiological mech-
anisms underlying phytotoxin stresses in bacteria.
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