
Ramnarine Jr. et al. BMC Microbiology           (2024) 24:81  
https://doi.org/10.1186/s12866-024-03206-7

RESEARCH Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

BMC Microbiology

Early transcriptional changes of heavy 
metal resistance and multiple efflux genes 
in Xanthomonas campestris pv. campestris 
under copper and heavy metal ion stress
Stephen D. B. Ramnarine Jr.1  , Omar Ali1  , Jayaraj Jayaraman1   and Adesh Ramsubhag1*   

Abstract 

Background Copper-induced gene expression in Xanthomonas campestris pv. campestris (Xcc) is typically evalu-
ated using targeted approaches involving qPCR. The global response to copper stress in Xcc and resistance to metal 
induced damage is not well understood. However, homologs of heavy metal efflux genes from the related Steno-
trophomonas genus are found in Xanthomonas which suggests that metal related efflux may also be present.

Methods and Results Gene expression in Xcc strain BrA1 exposed to 0.8 mM  CuSO4.5H2O for 15 minutes was cap-
tured using RNA-seq analysis. Changes in expression was noted for genes related to general stress responses and oxi-
doreductases, biofilm formation, protein folding chaperones, heat-shock proteins, membrane lipid profile, multiple 
drug and efflux (MDR) transporters, and DNA repair were documented. At this timepoint only the cohL (copper 
homeostasis/tolerance) gene was upregulated as well as a chromosomal czcCBA efflux operon. An additional screen 
up to 4 hrs using qPCR was conducted using a wider range of heavy metals. Target genes included a cop-containing 
heavy metal resistance island and putative metal efflux genes. Several efflux pumps, including a copper resist-
ance associated homolog from S. maltophilia, were upregulated under toxic copper stress. However, these pumps 
were also upregulated in response to other toxic heavy metals. Additionally, the temporal expression of the coh 
and cop operons was also observed, demonstrating co-expression of tolerance responses and later activation of part 
of the cop operon.

Conclusions Overall, initial transcriptional responses focused on combating oxidative stress, mitigating protein 
damage and potentially increasing resistance to heavy metals and other biocides. A putative copper responsive 
efflux gene and others which might play a role in broader heavy metal resistance were also identified. Furthermore, 
the expression patterns of the cop operon in conjunction with other copper responsive genes allowed for a better 
understanding of the fate of copper ions in Xanthomonas. This work provides useful evidence for further evaluating 
MDR and other efflux pumps in metal-specific homeostasis and tolerance phenotypes in the Xanthomonas genus. 
Furthermore, non-canonical copper tolerance and resistance efflux pumps were potentially identified. These findings 
have implications for interpreting MIC differences among strains with homologous copLAB resistance genes, under-
standing survival under copper stress, and resistance in disease management.
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Introduction
Copper resistance in Xanthomonas campestris pv. 
campestris (Xcc) is strongly attributed to plasmid-
borne copLAB genes. A shift to a more copper toler-
ant/resistant Xanthomonas population associated with 
agricultural fields in Trinidad and, genome-phenotype 
characteristics of multi-resistance have been docu-
mented in local strains (Ramnarine et al, Unpublished). 
While chromosomal cohLAB genes are implicated in 
copper homeostasis/tolerance responses [1, 2], their 
function appears to be homologous to copLAB resist-
ance genes and differ in regulation only [3]. Questions 
still remain on how Xanthomonas can deal with metal 
ion-induced stress and copper translocation out of the 
cytoplasm in the initial phases of exposure. Localiza-
tion of excess metal ions in the periplasmic space via 
cytoplasmic efflux represents one major response to 
toxic metal stress [4], where mitigation strategies are 
typically concentrated [5]. These responses are facili-
tated by efflux pumps of the RND, CDF and P-Type 
ATPase families [6] usually targeting specific metal 
ions. However, except for one Xanthomonas strain [7], 
no efflux system specifically associated with basal cop-
per tolerance responses has been characterised.

Often, as a part of the first line of active defence 
mechanisms, multidrug efflux (MDR) pumps confer 
broad resistance to antibiotics and other xenobiotics 
[8]. Some of these efflux pump categories include SMR 
(small multidrug resistance), ABC (ATP-Binding cas-
sette), MFS (Multi-Facilitator Superfamily) and, the 
RND (Resistance-Nodulation-Cell division superfam-
ily). These protein families are involved in import and 
export functions for a broad range of substrates includ-
ing heavy metals [9, 10] such as the metal-specific 
czcCBA genes responsible for Co, Zn and Cd export 
of the RND superfamily. Extensive characterisation 
of homologous protein families in the closely related 
Stenotrophomonas genus provides multiple MDR and 
putative metal efflux gene targets in Xanthomonas spp. 
Furthermore, a link to enhanced MDR (multi-drug 
resistance) efflux pump activity in response to heavy 
metal exposure in Pseudomonas sp. highlights the coor-
dinated and broad response of bacterial cells to single 
stress factors [11, 12]. Anthropogenic activities such as 
the use of heavy metal-containing agrochemicals and 
industrial pollution serve to enrich and further adapt 
these mechanisms towards specialized responses [13, 
14]. However, there is a dearth of evidence on other 

potential efflux mechanisms in response to copper 
stress in Xanthomonas spp.

Our previous study on resistome characterisation of 
local Xanthomonas strains demonstrated varying MIC’s 
to high concentrations of heavy metals and antibiotics 
in conjunction with the presence of a heavy metal resist-
ance island and efflux pump homologs (Ramnarine et al, 
Unpublished). These findings informed the current study 
which sought to reveal the early molecular responses to 
copper stress in a local Trinidadian Xcc strain (BrA1) 
isolated by Lugo et al. (2013) [15]. To this end RNA-seq 
was employed to identify putative targets for enrich-
ment studies. Particular focus was made to the heavy 
metal resistance island, the coh operon and the gene 
neighbourhood surrounding these loci. Furthermore, the 
expression of efflux pumps at the initial stage was also 
documented. These targets were then chosen for fur-
ther evaluation in another local Xcc strain (Cf4B1) using 
qPCR at later timepoints of exposure and using different 
heavy metals to measure their sustained co-expression 
under differnet stress conditions.

A hybrid transcript analysis pipeline involving both 
reference mapping and Trinity De-novo-based assembly 
revealed numerous responses priming cells for oxidative 
damage control. Furthermore, the expression profiles of 
qPCR targets provided insights into the co-expression 
and temporal response of the copLABMGF operon and, 
downstream heavy metal resistance and efflux pump 
genes. Some efflux pump targets were only expressed at 
higher heavy metal concentrations, suggesting potentially 
new targets for copper and other heavy metal resistance 
evaluation in Xanthomonas. The findings of this study 
reveal the broader initial molecular response mecha-
nisms to copper resistance, heavy metal stress and the 
potential priming of bacterial cells for broader resistance 
capabilities through broad-spectrum MDR pump activity.

Methods
Xcc strain BrA1 culture conditions for RNA‑seq
Xcc strain BrA1 previously isolated [15] was sub-cultured 
onto mannitol-glutamate-yeast (MGY) broth amended 
with 0.08 mM  CuSO4.5H2O (induction medium) [1] 
to induce copper-associated gene expression over 24h. 
Induced cultures were multiplied in 100ml of induction 
medium over 24h to an  OD600 of 0.6. Ten ml aliquots 
were pelleted and resuspended in MGY broth amended 
with a sub-lethal but still toxic level of  CuSO4.5H2O 
(0.8 mM) to induce copper stress in bacterial cells. A 
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15-minute exposure period was chosen to capture early 
gene expression changes. After incubation at 35°C for 
this time point, cells were pelleted and immediately fro-
zen in liquid nitrogen. Unamended MGY broth was used 
as a control. Total RNA was extracted using TRIzol (Inv-
itrogen) according to the manufacturer’s protocols. The 
RNA samples were assessed using a NanoDrop 2000 and 
1% Agarose gel [16] and stored at -80°C for eventual Illu-
mina sequencing.

Illumina sequencing of Xcc BrA1 RNA and data analysis
DNase treatment, RNA quality assessment, library con-
struction and QC, and Illumina sequencing were carried 
out at Novogene Corporation INC (USA). RNA samples 
with RIN value ≥ 6 (Agilent 2100 Bioanalyzer) were car-
ried forward for rRNA depletion (Ribo-Zero TM Mag-
netic kit) and Library preparation (NEBNext® Ultra™ II 
Directional RNA Kit), and quality assessment and nor-
malization via qPCR. Illumina sequencing (HiSeq 2500) 
followed (150bp PE, 250-350bp insert size) and fastq 
were files obtained from the sequencing centre. Raw 
reads were uploaded to the NCBI SRA under Bioproject: 
PRJNA756283. FastQC, Read mapping, transcript assem-
bly and counts, and annotation were done using a hybrid 
approach on the public domain Galaxy server [17], 
OMICSbox v1.4.12 [18] and command-line tools. Initial 
QC of reads was carried out using FastQC v0.72 [19] and 
trimmed using Trimmomatic v0.38 [20] in PE mode to 
retain read pair association and Phred score >30.

Sample and read quality metrics are given in Sup-
plemental Table  1. Reference-based read mapping and 
counts were obtained using HISAT2 v2.1.0 [21], feature-
Counts v2.0.1 [22], the RefSeq genome and, manually 
formatted GTF file of Xcc ATCC 33913 (NC_003902.1). 
Read pair association of unmapped reads were main-
tained using Trimmomatic and assembled using the 
Trinity v2.10.0 [23] de-novo based approach with Super-
Transcripts construction enabled. Predicted ORFs and 
CDS were determined using TransDecoder v5.5.0 [24] 
and counts (CPM) were obtained using the included 
RSEM [25] package, in OmicsBox. Differential gene 
expression between copper stress and control contrasts 
was calculated using edgeR v3.24.1 [26] with trimmed 
mean of means (TMM) normalization and counts per 
million (CPM) filter of 1 in at least 1 sample. Signifi-
cant differentially expressed genes (DEG’s) were filtered 
using an FDR and adjusted p-value cut-off of <0.05. 
From this list, up and downregulated genes were distin-
guished using a logFC ≥1 and ≤-1 respectively. Signifi-
cant DEG’s with a logFC <1 or >-1 were labelled as low 
expressed genes. All significant DEG’s were annotated 
using blastx and blastp against a manually curated Uni-
protKB database of Xcc proteins. For Trinity de novo 

supertranscripts, predicted longest ORF’s were validated 
using the blast2GO suite of OmicsBox.

Gene ontology and pathway analysis
Insights into affected bacterial pathways were obtained 
using the Kyoto Encyclopedia of Genes and Genomes 
KEGG Pathway Mapper [27, 28]. Gene ontology (GO) 
and KEGG enrichment analysis were determined using 
hypergeometric distribution followed by FDR correc-
tion (0.05) via ShinyGo v0.61 [29] and annotations from 
String-db v10 [30]. Xcc BrA1 genome multi-fasta and 
annotation files reported by Ramnarine et al. (2022) [31] 
are provided via  the zenodo repository [32] for cross-
referencing, along with the Trinity assembled supertran-
scripts of filtered DEG’s.

qPCR validation of differentially expressed genes from Xcc 
BrA1 RNA‑seq data
Xcc BrA1 was cultured, and total RNA was extracted as 
outlined previously. qPCR primers were designed using 
PrimerBlast [33] from the gene targets (see Supplemen-
tal Table 2). The 5X All-In-One RT MasterMix (Bioland 
Scientific) was used to carry out cDNA synthesis from 
500 ng of total RNA according to kit protocols. Each 20 
uL qPCR reaction (Syber Green) reaction (2x qPCR Mix, 
Bioland Scientific) was carried out in triplicate (qTOWER 
3 G). The following cycling conditions were used: 95°C 
for 5 minutes and 35 cycles (95°C for 30 s, 60°C for 30s). 
Initially, the 16s rRNA, gyrB and lrp genes were assessed 
as suitable internal references using synthesized RNA-seq 
data and qPCR assessment. However, only the lrp gene 
was found to be suitable and was used as the normaliza-
tion gene in further calculations. Ct values were obtained 
and analysed using a relative quantification approach via 
the Livak method [34]. Additionally, qPCR specificity was 
assessed using agarose gel electrophoresis.

Xcc strain Cf4B1 culture conditions for qPCR co‑expression 
study
Xcc Cf4B1 (NZ_JAFFQM000000000.1) was chosen from 
a collection of copper resistant local Xanthomonas iso-
lates  [31]. This strain represents another local isolate 
containing the Xcc BrA1 cop variant gene cluster [35] 
from a more recent isolation. To assess gene expres-
sion of copLABMGF and other target genes, Xcc Cf4B1 
was revived over 48hrs on nutrient agar (NA) from 
glycerol stocks. Heavy metal salts were obtained from 
Sigma-Aldrich and used to make sterile 50mM stock 
solutions in DI water. Aliquots at the required concen-
tration were made and added MGY broth before auto-
claving. A 24hr active subculture was induced with 0.08 
mM  CuSO4.5H2O as outlined above. Two  CuSO4.5H2O 
concentrations were chosen to assess expression after 
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induction and are defined as the tolerant (0.8mM) and 
resistant (1.2mM) levels. Induced cultures were resus-
pended in 1.5 mL MGY broth amended at both levels 
of  CuSO4.5H2O to a bacterial OD600 of 0.6. These were 
incubated as separate cultures per timepoint of 15 min-
utes, 1 and, 4 hr @ 35 0C. Cells were then pelleted and 
immediately frozen in liquid nitrogen. Cells were treated 
in a similar manner to study the response of several efflux 
pump targets to toxic heavy metal exposure. Un-induced 
24hr cultures were exposed to MGY amended with the 
following for 1 hr: 1mM  ZnSO4, 1mM  CuSO4.5H2O, 
10mM  Na2HAsO4.7H2O (As(v)), 1mM  CdSO4, and 1mM 
 CoCl2.6H2O. These toxic concentration limits were cho-
sen as resistance stress levels based on a study by Roma-
niuk et  al. (2018) [36]. Cells treated with unamended 
MGY broth were used as a calibrator sample in down-
stream analysis. Treatments were carried out in triplicate 
(biological) from separate culture vessels. Total RNA was 
extracted using TRIzol (Invitrogen) and samples were 
assessed as outlined above.

Xcc Cf4B1 qPCR gene expression in response to heavy 
metal stress
The 5X All-In-One RT MasterMix (Bioland Scientific) 
was used to carry out cDNA synthesis and qPCR as out-
lined above. Cycling conditions consisted of 95 0C for 
5 minutes and 35 cycles (95 0C for 30 s, 60 0C for 30s). 
qPCR specificity was assessed using agarose gel elec-
trophoresis in addition to melting curve analysis. Prim-
ers were designed using PrimerBlast [33] for the genes 
listed in Supplemental Table  3. The lrp gene was used 
as the internal reference. Obtained Ct values were ana-
lysed using a relative quantification approach via the 
Livak method [34]. Normalized gene expression values 
were transformed to Log2FC, with up and downregula-
tion denoted using a Log2FC limit of 1. Low expression 
of genes was noted where Log2FC >-1 or <1. ANOVA 
was carried out on normalized data using IBM SPSS ver-
sion 23 to evaluate significant differences in gene expres-
sion per gene within at each timepoint. Datasets for the 
copper and heavy metal exposure screens are given in 
Supplemental Tables 4 (raw Ct) and 5 (Log2FC) and, Sup-
plemental Tables 6 (raw Ct) and 7 (Log2FC) respectively.

Gene cluster organization and annotation
Genomic features of Xcc Cf4B1, including efflux pump 
genes, heavy metal resistance genes, mobile elements 
and plasmid derived contigs, were identified and ana-
lysed in a previous study [31]. Gene clusters contain-
ing target genes, primarily MDR efflux clusters, were 
further assessed using Uniprot [37], InterProScan [38], 
blastn and blastp [39] and MetalPDB [40]. This allowed 
proper classification of ambiguously annotated genes to 

the nearest Xcc RefSeq genome ATCC 33913 homologs, 
highlight conserved domains and determine if specific 
metal substrate binding sites were present in any pre-
dicted protein sequence. The organization of gene clus-
ters were visualized using Gene Graphics [41].

Results
Transcript assembly metrics
Read counts, quality metrics and mapping rates are 
listed in Supplemental Table  1. The average mapping 
rate (HISAT2) against the reference genome for control 
and treated samples were 92% and 88% respectively. The 
Trinity De-novo approach gave 115,923 transcripts (aver-
age length = 317bp). However, a low mapping rate to 
transcripts (38-23%) resulted in 92,601 transcripts after 
filtering. Further filtering removed spurious transcripts 
that did not map to the BrA1 genome. Duplicate, sig-
nificant DEG’s/ transcripts (EdgeR) from both reference-
based, and de-novo approaches were removed if present 
and both datasets combined. A total of 2293 differentially 
expressed genes were identified and categorised based on 
logFC as upregulated (≥ 1), downregulated (≤ -1) or low 
expression (0.9 to -0.9) genes. Of these, 638 were upregu-
lated (37 de-novo transcripts), 337 downregulated (21 
de-novo transcripts) and, 1318 showed low expression (8 
de-novo transcripts) (Supplemental Tables 8 - 10).

Early transcriptomic response of Xcc BrA1 to copper stress
Figure 1. displays the top 20 up and downregulated genes, 
with a range in calculated logFC of 4.1 to 7 and -1.9 to 
-4.4, respectively. Upregulated genes were involved in 
histidine biosynthesis; phenylalanine, tryptophan and, 
tyrosine metabolism; oxidative stress response (katG, 
ahpF, oxyR, peroxiredoxin), iron transport and, tran-
scriptional regulation (sigma factors). Other upregu-
lated genes outside this range were the sX9 sRNA, 
cation transport (chromosomal czcCBA, mntH, cutA), 
sod superoxide dismutase, a gsp, EPS biosynthesis, tonB 
like protein, XCC_RS10740 orf112 phage related pro-
tein and IS1404 transposase and other mobile element 
proteins (Supplemental Tables  8 and 11). Downregu-
lated genes in Fig. 1 were mainly involved with bacterial 
chemotaxis and regulatory genes in the two-component 
system, with other genes of interest involved in secre-
tion, virulence pathways and avr response (Supplemen-
tal Table  9). Of note, uncharacterised proteins with no 
known function were differentially expressed (130 upreg-
ulated (logFC 1 to 5.7) and 40 downregulated (logFC -1 
to -3.2). Additionally, other sX9 sRNA (Rfam: RF02228) 
genes, XCC2066 Phage-related protein, cohL (low +ve 
logFC) were upregulated while IS1477 transposase, intS 
phage-related integrase and ihfAB integrase host factor 
genes were downregulated. While counts were detected 
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for copLAB genes and others in the same gene neigh-
bourhood (contig), these genes were not significantly 
differentially expressed and did not pass the minimum 

CPM filter. Interestingly, genes directly flanking the cop-
per homeostasis cohLAB operon were upregulated (PLP 
dependant cystathionine beta-synthase, oligopeptidase 

Fig. 1 Top 30 significant DEG’s (logFC ≥1- ≤ -1) after 15 minutes of exposure to 0.8mM  CuSo4.5H2O.
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A and gloI) including elements of an upstream ABC-type 
exporter cluster, while the fabAB genes were downregu-
lated and other genes in this locus showed low expression 
(Supplemental Table 10).

The early response of Xcc metabolic pathways and systems 
to copper stress
Insights into affected pathways relating to all signifi-
cant DEG’s and enriched gene ontologies were obtained 
from the KEGG Pathway Mapper and are presented 
in Supplemental Figure  1, Fig.  2 and Supplemen-
tal Tables  13-15. Enriched biological processes (BP’s) 
linked to upregulated genes fell into the categories of 
small-molecule metabolic and biosynthetic, oxidation-
reduction, histidine metabolism and biosynthesis and, 
others. Enriched downregulated genes covered protein 
metabolism, nucleobase-containing compound metabo-
lism, macromolecule and aromatic metabolism. Enrich-
ment of molecular functions (MFs) mainly focused on 

cation/metal ion binding, oxidoreductase activity, cofac-
tor binding, antioxidant binding and transferase activity. 
Downregulated genes were mainly linked to structural 
molecule activity, ribosome structure and binding, het-
erocyclic compound binding and, anion and ATP bind-
ing. These enriched BP’s and MF’s fell into the following 
KEGG pathways; Two-component systems, sulphur 
metabolism, protein export and bacterial secretion, oxi-
dative phosphorylation, DNA repair and replication, fatty 
acid metabolism and biosynthesis, glutathione metabo-
lism, amino acid biosynthesis and metabolism and bacte-
rial chemotaxis, among others (see Fig. 2).

The KEGG BRITE hierarchical classification sys-
tem further explored enriched KEGG pathways (Sup-
plemental Table  12). Forty BRITE modules comprising 
all significant DEG’s were obtained but the following 
were focused on Enzymes (xcc01000), Transporters 
(xcc02000), Bacterial motility proteins (xcc02035), Secre-
tion system (xcc02044), Transcription factors (xcc03000), 

Fig. 2 Enriched KEGG pathways of DEG’s. Enrichment of genes were calculated using the ShinyGo tool. The reference list refers to the total number 
of genes in KEGG pathway for the reference strain XCC ATCC 33913
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Chaperones and folding catalysts (xcc03110), Two-com-
ponent system (xcc02022), Lipid biosynthesis proteins 
(xcc01004), Lipopolysaccharide biosynthesis proteins 
(xcc01005), Prokaryotic defence system (xcc02048), 
DNA repair and recombination proteins (xcc03400), and 
DNA replication proteins (xcc03032) and, Transcrip-
tion machinery (xcc03021). The broad enzyme module 
encompassed DEG’s classified as oxidoreductases act-
ing on many groups and ions, peroxidases, transferases, 
hydrolases and translocases, ligases. The second broad 
grouping consisted of upregulated bacterial transporter 
genes functioning as ATP efflux pumps, transporters of: 
sulphate-thiosulphate, osmoprotectants, phospholip-
ids, LPS and H+; ions channels for K+, glutathione, Mg, 
cobalt, zinc, phosphate, iron; as well as multi-resistance 
efflux pumps eg RND, emrA and mex genes.

The motility proteins che, mcp, mot and tsr were down-
regulated, except cheB, cheY and tsr XCC0324. Flagellar 
assembly proteins were mostly upregulated, except for 
fliC, while pilus assembly, fimbrial and twitching pro-
teins (pil genes) were downregulated. General secretion 
system genes (xps and xcs) of the T2SS were upregulated 

especially xcsM and N. Low expression was observed 
with two hrp genes of the T3SS. One T4SS gene virD4 
was downregulated along with all sec system genes. 
Conversely, tatA and C of the TAT system showed low 
expression. Transcription regulators in the following 
families were upregulated; AraC, LysR and MarR. Others 
in the LacI, DtxR and PadR families showed the oppo-
site trend. Genes in the GntR, TetR/AcrR, Lrp, LuxR, 
Fur, XRE, FrmR, and ParB families were expressed at low 
levels.

Of the chaperons and folding catalysts, genes encod-
ing heat-shock proteins were upregulated including clpA, 
hslU, hspA and hslR, while chaperones such as mucD and 
atpB were downregulated. Protein disulphide thioredox-
ins (trx genes) and glutaredoxins (e.g., grxD) were upreg-
ulated. Two-component sensory (TCS) regulators related 
to redox response and an unclassified TCS gene were 
upregulated, but downregulation in 2 chemosensory 
genes (pilG and H) was  seen. Low expression, however, 
was observed with TCS genes linked to TCA trans-
port, carbon metabolism and regulation of lipid fluidity. 
Conversely, high expression was seen with phosphate 

Fig. 3 Modelled early responses to copper stress in Xcc BrA1 challenged by a 15-minute exposure to 0.8mM  CuSO4.5H2O. OM – Outer membrane, 
IM – Inner membrane. Predicted functions are inferred as initial responses to copper stress. Image generated using Biorender.com
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Fig. 4 qPCR gene targets and respective gene cluster organization in Xcc Cf4B1. Primer target names are given at the top of each gene cluster 
diagram from A-L, and targeted genes for each respective primer are given in red text. Gene colours are default outputs and represent different CDS
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starvation response and genes responsible for oxyanion 
binding.

Most genes in the fatty acid biosynthesis pathway 
were downregulated (fab genes and acyltransferases). 
Two 3-oxyacyl-ACP reductase genes and roughly half 
of the LPS biosynthesis genes were upregulated. Genes 
involved in direct and base excision repair, AP nucle-
ases in single-stranded breaks, the NHEJ DNA repair 
complex, translesion DNA synthesis, were upregu-
lated. DNA polymerase I, polymerase III holoenzyme, 
ligase I, those in the recFOR pathway among others 

were downregulated. Furthermore, transcription ter-
minators, elongation factors and core subunits of RNA 
polymerase were downregulated. Many sigma factors 
were upregulated (ECF sigma factor, RNA polymer-
ase sigma factor 32 and 54). A summary of the early 
response of Xcc BrA1 to copper stress is illustrated in 
Fig. 3.

qPCR validation of RNA‑seq results using a subset of DEG’s
The randomly chosen genes for qPCR validation 
of the RNAseq data were: STAS, katG, gyrB, xcsM, 

Fig. 5 Upregulation of copper resistance (cop), homeostasis (coh) and other plasmid-borne heavy metal resistance genes in response to 0.8 mM (A) 
and 1.2 mM (B)  CuSO4.5H2O stress levels. The dotted lines represent a Log2FC >=1 and <=-1 cut off used to denote a 2X change in gene expression. 
Asterixis (*) above bars for the 1 and 4 H timepoint represent a significant difference in Log2FC compared to the previous timepoint. Error bars 
represent standard deviation
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Fig. 6 Upregulated expression profiles of efflux pumps in response to 0.8 mM (A) and 1.2 mM (B)  CuSO4.5H2O stress levels. The dotted lines 
represent a Log2FC >=1 and <=-1 cut off used to denote a 2X change in gene expression. Asterixis (*) above bars for the 1 and 4 H timepoint 
represent a significant difference in Log2FC compared to the previous timepoint. Error bars represent standard deviation
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AvrXccC1, mcp1, hrpX, EngXca, FusD, oxyR, mdtA, 
cohB, cohA, cusA, plasmid borne czcB and the chro-
mosomal czcB. The qPCR Log2FC values obtained 
showed similar trends with RNAseq values with an  R2 
correlation of 0.589 obtained (Supplemental Figure 2). 
qPCR values for genes targets and related RNAseq 
Log2FC values are given in Supplemental Table 2.

Target genes and their organization in the draft Xcc Cf4B1 
genome
Target genes outlined in Supplemental Table  3 and 
their corresponding gene cluster in Xcc Cf4B1 (NZ_
JAFFQM000000000.1) are visualized in Fig.  4. Genes 
were annotated using RASTtk and Uniprot to assign 
the nearest best homolog protein and corresponding 
gene in the Xcc RefSeq genome (ATCC 33913). The czc 
cluster containing the czcB target is predicted to occur 
on a chromosomal contig (NZ_ JAFFQM010000094.1). 
This resolved contig containing this cluster was only 
14.7 kb long with a single IS3 family transposase on 
one end and matched with >90% identity to complete 
Xcc chromosomes. MDR efflux clusters from the RND 
(4A, 4B, 4G, 4H [czcB and cusA], 4I [ABC_29]) and 
czcB (chromosomal), MFS (4E and 4J) and ABC (4C, 

4D, 4F, 4K, 4L) superfamilies are represented in Fig. 4. 
Also depicted are the copLABMGF and ars operons 
(4H). Details on the MDR efflux gene clusters’ (4A-
4L) annotated functions, efflux pump superfamily and 
predicted metal-binding sites are given in Supplemen-
tal Table 16. Complete (100%) coverage with 97-100% 
sequence ID across multiple NCBI Xcc genomes were 
noted for all gene clusters, except 1H, and with Uni-
prot entries matching genome annotations.

Initial and late‑stage expression of heavy metal resistance 
genes and putative metal responsive MDR efflux pumps 
in response to toxic levels of heavy metal
Elevated expression at 0.8 mM and 1.2 mM  CuSO4.5H2O 
concentrations at the initial (1 hr) and late-stage (4 hr) 
response was assessed in addition to a 15-minute timepoint 
meant to capture extreme expression responses. Gene 
expression at these timepoints for both concentrations and 
stress levels are given in are represented in Figs.  5 and 6, 
and values are given in Supplemental Table  4. Chromo-
somal homeostasis cohA and cohB were first upregulated at 
both stress levels at the initial stage with lowered expres-
sion/downregulation at the later stage. While this was more 
pronounced at 1.2 mM  CuSO4.5H2O, cohA maintained 

Fig. 7 Effect of toxic heavy metal exposure on efflux pump gene expression at the initial stage. Error bars represent standard deviation
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upregulation as a late-stage response. Interestingly cohL 
was highly upregulated at 15 min but downregulated 
after at 0.8 mM. This trend was mostly seen at the higher 
stress level, but expression was maintained up to the late 
stage albeit < Log2FC of 1. Notably cohA and B were not 
expressed at the 15-minute time point in either treatment. 
Contrastingly, copL was upregulated only at the late stage 
for both concentrations and the copA and B genes were 
expressed at the initial stage at 1.2 mM only. Notably, copA 
was strongly downregulated at 4 hr. Further along in the 
operon, copM was upregulated at the initial stage for both 
stress levels but showed low expression only at 1.2 mM at 
the late stage. The copG gene showed similar expression 
patterns as copM at 0.8mM but showed greater upregula-
tion at the initial stage at 1.2 mM. The copF gene showed 
similar expression patterns to copL. Interestingly the cusA 
homeostasis gene was upregulated only at the late stage 
at 0.8mM. Genes of the heavy metal resistance operons 
downstream of copLABMGF were also expressed under 
copper stress. The czcB gene was upregulated at both stress 
levels at the initial stage but expression extended into the 
late stage only at the 1.2 mM. The arsR gene was signifi-
cantly upregulated in both treatments at the initial stage 
with greater expression at higher stress levels.

The chromosomal czcB gene and MDR efflux pumps were 
assessed for expression under both copper stress treatments 
(Fig.  6) concurrently with those gene targets represented 
in Fig. 5. At the 15 min timepoint at 0.8 mM  CuSO4.5H2O, 
only czcBchr, mdtA_14, mexE and RNDsmeC_2F were 
upregulated. At 1.2 mM for this timepoint, only czcBchr and 
RNDsmeC_2F were upregulated. At 0.8 mM the ABC_10, 
ABC_29, EmrB_12, FusdL_35, MDR_48, MdtA_14, 
RNDim_44, RNDsmeC_2F, smrA_2 and yadH_6 genes were 
upregulated at the initial phase but only ABC_29, EmrB_12, 
FusdL_35, MDR_48, MdtA_14 and RNDsmeC_2F showed 
expression into the late stage. Generally, for the 1.2 mM 
stress level the same expression patterns with greater upreg-
ulation of these genes was observed at both stages. There 
were some exceptions including FusdL_35 and smrA_2 
(lower expression) and, the czcBchr gene which was now 
upregulated at the 1.2 mM stress level. Notably the highest 
expression was observed at the 15 min timepoint with czcB-
chr at 0.8 mM. The efflux pumps with the highest upregula-
tion were generally seen at the initial stage, with RNDim_44, 
RNDsmeC_2F and yadH_6 at 0.8 mM and czcBchr, 
FusdL_35 and yadH_6 at 1.2 mM. Interestingly, the highest 
upregulation at the late stage for 0.8 mM was observed with 
genes EmrB_12 and MdtA_14 while this was seen with the 
MdtA_14 and RNDsmeC_2F genes at 1.2 mM.

Efflux pump gene expression was further assessed 
under stress from different heavy metals at toxic con-
centrations (Fig.  7) to possibly ascertain whether the 
observed expression profiles seen previously were specific 

to  CuSO4.5H2O. Of note, gene expression represented in 
Fig. 7 is from a separate subculture of the same strain that 
was not induced with 0.08 mM  CuSO4.5H2O (Supplemen-
tal Table 5). All genes except FusdL_35, and MdtA_14 and 
mexE, were upregulated after exposure to different heavy 
metals at the initial stage. Notably, while RNDim_44 was 
also upregulated after 1 mM  CuSO4.5H2O exposure, the 
smrA_2 gene showed the highest upregulation. This gene 
was also upregulated when exposed to  CoCl2.6H2O and 
 CdSO4. Other genes upregulated by  CoCl2.6H2O were 
ABC_29, EmrB_12, mexE, RNDim_44 and RNDSmeC_2. 
Those upregulated by  CdSO4 were RNDim_44 and RNDs-
meC_2. The EmrB_12, MdtA_14 and RNDsmeC_2 genes 
were upregulated  Na2HAsO4.7H2O and the ABC_29, 
EmrB_12 and RNDim_44 genes were upregulated by 
 ZnSO4. The highest upregulation by each heavy metal is 
as follows;  ZnSO4 = RNDim_44,  CuSO4.5H2O = smrA_2, 
 Na2HAsO4.7H2O = RNDsmeC_2,  CdSO4 = smrA_2, and 
 CoCl2.6H2O = ABC_29.

Discussion
Early transcriptomic response of Xcc BrA1 under copper 
stress
An exploratory study into early transcriptomic changes 
in Xcc to copper stress was carried out using a 15-minute 
exposure period. While broad responses to metal and oxi-
dative stress are documented bacteria and studies often 
target specific genes, the early molecular cascade linked to 
copper stress response in Xanthomonas is not well char-
acterised. A sub-toxic copper concentration for resistant 
Xanthomonas [42] was chosen to trigger homeostasis and 
tolerance responses. Overall, pathways involved in differ-
ential uptake and use of carbohydrates, chemosensory and 
motility, broad oxidative stress response through enzy-
matic activity, iron scavenging, biofilm formation, specific 
DNA repair mechanisms, mobile elements, protein fold-
ing and repair, metal efflux (not copper-specific), copper 
homeostasis (not cohAB) and expression of genes flank-
ing the cohLAB operon were affected. A summary of these 
responses is modelled in the cell diagram in Fig. 3.

Early molecular responses do not appear to focus on 
copper homeostasis cohAB genes, however other metal 
binding and efflux genes (czcCBA, mntH, cutA) were 
upregulated at this early time point. Firstly, upregula-
tion of the chromosomal czcCBA genes represents an 
intriguing response as plasmid homologs to this operon 
provide resistance to Co, Zn and Cd via efflux to the 
extracellular space [43]. The current study thus provides 
a putative association of this chromosomal cluster to a 
general heavy metal stress response which may be linked 
to oxidative stress, but further characterisation is needed. 
Other genes like cutA are involved in proper protein fold-
ing under metal stress in conjunction with dsb genes, 
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both of which showed low expression [5]. Increased man-
ganese uptake by mntH as opposed to efflux possibly by 
downregulation of mnt genes demonstrates a prepared 
state for metabolizing oxidative stress products in the cell 
[44]. Notably, no genes localized to the plasmid-borne 
putative composite Tn heavy metal resistance island were 
upregulated at this timepoint. Additionally, the broad 
oxidative stress response genes (katG, ahpF, oxyR) and 
numerous other oxidoreductases imply a greater meta-
bolic shift towards mitigating oxidative damage first 
before efflux and other copper ion-specific mechanisms 
come into play.

Modification of the transcription factor (TF) reper-
toire shifted to those involved in heavy metal binding 
and responses to diverse environmental signals, setting 
the stage for a broad approach to the effects of toxic cop-
per levels. Most were linked to general stress responses, 
pathogenesis, oxidative stress response and multi-drug 
resistance (MDR) etc in other bacteria [45]. The differen-
tially expressed TCS (Two-component system) genes also 
reflect this fact, but no specific systems related to heavy 
metals were observed. Furthermore, ECF sigma factors 
like rpoH and rpoN are involved in heat shock protein 
expression and biofilm formation respectively [46, 47]. 
Generally, these factors are linked to broad responses 
including those relating to toxic environmental metal 
ions or iron depletion (fecI) [48]. Additionally, the down-
regulation of factors involved in translation elongation 
and affecting arrest of the RNA polymerase complex (nus 
and gre genes) further iterates the variable early effect on 
transcription [49, 50].

In conjunction with TFs, modulation of chemosensory 
genes, some linked to the flagellar motor system, involved 
in complex signal cascades responding to multiple ligands 
were also observed. This gene expression flux is most 
likely linked to secondary messenger profile changes and 
not necessarily only motility [51]. However, changes to 
flagellar motor function and biofilm due to differential 
expression of cheY homologs and other che genes are still 
inferred [52]. An apparent selection for TAT secretion 
over the Sec system was observed, but a specific result of 
this cannot be inferred as the TAT secreted proteins can 
show some degree of species-specific diversity in Xan-
thomonas. Additionally, upregulation of xcs T2SS genes 
further indicates the priming of cells’ ability to translo-
cate proteins to the periplasmic space [53]. Interestingly, 
upregulation of a metalloprotein (oligopeptidase A) gene 
directly flanking the cohLAB operon is assumed to play 
a role in signal peptide degradation [54]. However, these 
proteins are highly conserved and associated with diverse 
physiological responses in bacteria [55]. Initial assem-
bly of vir conjugation machinery is implied by low +ve 
expression while downregulation of the secretion-related 

gene virD4 suggests a terminal movement of DNA/DNA-
protein complexes to the periplasmic space which needs 
further investigation.

Upregulated heat shock proteins have the potential to 
diversify the intracellular response and have been docu-
mented in toxic metal stress responses in other organ-
isms [56]. The differential expression of clp and hsl genes, 
involved in proteolysis maintenance, suggests a greater 
response towards protein unfolding and chaperon activity 
in response to heavy metal-induced damage and misfold-
ing [57]. Pathways dealing with proper disulphide bond 
formation and elimination of erroneous occurrences (grx 
- glutaredoxins and cut/dsb genes) further supports this 
fact [5, 58]. Unregulated copper can also affect mem-
brane components causing lipid profile changes under 
metal stress, possibly reflecting a shift towards more 
metal-protected forms [5]. Changes to outer membrane 
components via the Lipid A pathway in Xcc BrA1 sup-
port this. Furthermore, type II fatty acid synthesis was 
overall downregulated, including the fabAB cluster in the 
cohLAB locus. However, fabG, coding for a key enzyme 
that produces 3‐Hydroxyacyl‐ACP, was the only upregu-
lated gene. This possibly reflects a shift towards DSF 
biosynthesis [59] in conjunction with membrane modifi-
cation, which is further supported by the upregulation of 
tesA. This trend of changes to phospholipid metabolism 
linked to increased 3-Hydroxyacyl-ACP biosynthesis has 
been previously suggested as a metal stress response [60].

The initial flux of components between the cell and 
environment and the cytosol-periplasmic space is 
achieved through numerous transporters. The following 
processes were affected at the early timepoint: biofilm 
formation (bapA) [61], sulphate uptake and utilization 
(cysU, nrtCD) [62], xanthan biosynthesis, glutathione 
metabolism (gst) [63], enterobactin induced iron uptake 
(befA) [64], and metal, broad substrate efflux and MDR 
(yadH, emrA, mexF) [6, 65, 66]. These changes would 
prepare cells for oxidative stress, possibly xenobiotic 
resistance, redox homeostasis via cysteine/sulphated 
compound metabolism and possible efflux of copper or 
other metal ions via czc elements.

Copper‑induced gene expression of a plasmid‑borne 
heavy metal resistance gene island in Xcc Cf4B1
In Xanthomonas spp., copper resistance is function-
ally encoded by the cop operon and the coh operon is 
assumed assist with copper tolerance and homeostasis 
[1]. In line with assumptions from that study, the coh 
operon was expressed prior to the plasmid borne cop 
operon. However, the former maintained expression up 
to 4 hrs in one case at the higher copper stress level. De 
Freitas et  al. (2019) [3] showed that the cohL and copL 
genes are constitutively expressed at low levels. In the 
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current study, the results suggests that the coh operon 
responds first to low levels of copper ions. When cop-
per ion concentration increases to the resistant level, 
the cop operon is activated but the coh operon maintains 
expression. Co-expression up to 1 hr was observed but 
synergistic effects of both operons cannot be analysed 
from the approach used in this study. Furthermore, while 
protein levels were not measured, the downregulation 
of some genes in these operons (coh/copA) for instance 
does not automatically indicate a drop-in activity of their 
gene products. As copper binding and detoxification pro-
teins, a maximal effect could have been achieved, early, 
after stress exposure and thus expression tapered off by 4 
hrs [2, 67]. The expression patterns and predicted protein 
structures of coh and cop genes further suggests similar 
modes of action for gene products which are expressed at 
different times. Furthermore, predicted proteins for both 
coh/copLAB operons contain homologous domains indi-
cating secretion from the cytosol or association with the 
outer-membrane. As such both are predicted to function 
in similar cellular niches. Thus, we propose that these 
two operons enable a stronger initial response sustained 
up to 4 hrs due to their apparent duplicity, but this must 
be confirmed.

A distinction in plasmid-borne cop operon activ-
ity and further added advantage of this gene cluster can 
be observed with the expression pattern and predicted 
function of the copMGF gene products. Increased resist-
ance and survival under toxic copper stress are afforded 
by copM with uncharacterised effects caused by copG 
and copF [1]. The copM gene contains a cytochrome c 
domain, is required for full copper resistance [1] and may 
bind copper ions [68]. Recently, a copG homolog in Pseu-
domonas was characterised as a copper-binding oxidore-
ductase possibly involved in cycling copA dependant Cu 
(II) to Cu (I) for cusCBA efflux under anaerobic condi-
tions [69]. As both copM and copG appear to be involved 
in binding copper reduced by copA, their late-stage 
downregulation might reflect a plateau in actively bind-
ing proteins which caused negative feedback on expres-
sion, similar to copA. The copF gene is predicted to be a 
P1B-Type ATPase and presumably moves copper ions 
from the cytosolic to the periplasmic space. As this gene 
was expressed only at the later stage in both copper stress 
levels, it can be assumed to serve as a secondary response 
to move toxic copper ions from the cytosol. Similarly, the 
expression pattern of cusA under both copper stress lev-
els represents a later stage response. This gene functions 
under anaerobic conditions [70] which can compensate 
for the loss of copLAB function in oxygen-depleted states 
[71] which can occur under prolonged copper stress 
levels. This gene cluster provides an alternative route of 
Cu (I) ion removal from the cytoplasm and periplasmic 

space. These responses may occur due to diminishing or 
overwhelmed early molecular responses to copper stress 
and is noted to also occur at the lower stress level where 
other resistance genes were not expressed. The predicted 
model of copLABMGF activity in conjunction with other 
copper responsive elements such at the cus operon is 
given in greater detail in Supplemental Figure 3.

Within the heavy metal resistance gene cluster, only 
the ars operon contained its respective regulatory gene. 
It was assumed that the czc and cus operons were either 
under the transcriptional regulation of the cop operon’s 
copL or regulated by other means. Genes from these 
operons also showed upregulation at the resistant con-
centration. This implies that these heavy metal resistance 
genes may be part of a regulon within the local plasmid 
under the regulatory action of the copL gene. This gene 
expression pattern implies an increase in tolerance for 
multiple heavy metals (Co, Zn and Cd) upon exposure 
to copper, however, this may only occur when cells are 
induced at a very low and sub-toxic concentration. Func-
tional validation of chromosomal czc operons in Xan-
thomonas is lacking. These genes may respond differently 
to resistance-associated czc homologs and are possibly 
part of a homeostasis mechanism [72]. Furthermore, in 
the case of the ars operon, upregulation by other heavy 
metals has been demonstrated in Cupriavidus [73]. Inci-
dentally, a study on Agrobacterium arsenic resistance 
showed that arsR expression affected many global gene 
responses in that organism [74]. This may have impli-
cations in Xanthomonas as ars gene homologs are pre-
sent in the local genome and might be part of the broad 
responses documented in the RNA-seq data. Induction 
via exposure to low concentrations of  CuSO4.5H2O plays 
a key role in heavy metal resistance gene expression as 
they were not expressed in the second screen without 
induction. Induction might be a powerful driving factor 
in the survival of Xcc in fields where anecdotal reports 
from farmers indicate that the black-rot disease resurges 
after copper treatment. Xanthomonas spp. has the capac-
ity to form dormant cells in the field under copper stress, 
where the reducing levels of copper agrochemicals after 
applications might allow for induction when senescent 
cells activate under alleviating stress conditions [75].

Heavy metal induced MDR efflux pump expression 
in Xanthomonas campestris pv. campestris
Upregulation of 11 efflux pump gene clusters and a chro-
mosomal czc operon were noted under toxic copper 
stress when strains were induced with a subtoxic level 
of  CuSO4.5H2O. To determine if these genes responded 
to copper and other heavy metals without induction, 
expression was reassessed without this pre-treatment. 
Only 8 target genes were significantly expressed after 
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exposure to various toxic heavy metal concentrations, 
but 3 showed low expression and the czc operon was not 
expressed. Efflux pumps consist of a large proportion of 
bacterial core genomes and are often functionally related, 
displaying high homology across bacterial genera. These 
pumps are thought to be ancestral features of bacterial 
genomes with recent evolution improving efficiencies 
towards substrates or narrowing specificities e.g., within 
the RND superfamily [14]. Their broad substrate activ-
ity and temporal expression suggest that bacteria employ 
these broad-acting systems in a specific manner as part 
of a global response to stress conditions, further high-
lighting their need for study in resistance phenotyping. 
While few clusters in the MDR family are responsible for 
heavy metal resistance, MDR efflux pumps usually allow 
for the removal of a broad variety of substrates from the 
cell cytoplasm [6, 76]. Interestingly, increased resist-
ance to antibiotics in bacterial pathogens under heavy 
metal stress linked to metal-responsive efflux pump gene 
expression has been documented [11, 12].

Of the 11 MDR pump clusters targeted in this study, 
4 are of the RND superfamily with one additional czc-
CBA chromosomal cluster was also within this family. 
Tripartite RND efflux proteins are prominent systems in 
Gram-negative bacteria and are involved in the efflux of 
many substrates including heavy metals (HME-RNDs) 
[4]. These proteins consist of the RND protein local-
ized to the cellular membrane, and the MFP and OMF 
which forms the channel connecting the system to the 
outer membrane environment and thus provides out-
ward movement from both the cytoplasm and periplasm. 
Two well-studied systems are the czcCBA efflux cluster 
involved in resistance to Co, Cd and Zn and the cusCBA 
cluster involved in resistance to Cu and Ag [4, 77]. The 
RND clusters in this study were homologs of mexEF, 
mexAB and mdtABC gene clusters which have not been 
directly associated with heavy metal efflux, however 
mexAB does contain czcAB like domains [6]. Further-
more, the yadGH, macAB and mdlB ABC and emrAB 
MFS pumps are also not associated with heavy metal 
efflux.

Despite this, all efflux pumps, except those targeted 
by ABC_10 and mexE primers, and the czcB gene, were 
upregulated at 0.8 mM  CuSO4.5H2O and, all except 
the mexE target were upregulated at higher concentra-
tions when cells were induced. The strong response 
of the chromosomal czcB gene to high  CuSO4.5H2O 
stress levels up to the late stage is notable and this gene 
cluster represents an interesting target for future cop-
per resistance phenotyping. MDR efflux gene expres-
sion is severely contrasted with the second evaluation 
using multiple heavy metals without pre-induction. The 

predicted metal bindings sites suggests that these targets 
are upregulated to increase stress response, and antibi-
otic and biocide resistance which has been noted in other 
bacteria on exposure to Zn concentrations [11].

On exposure to toxic metals without preinduction, only 
5 of the 11 efflux pumps were upregulated with 3 of these 
affected by multiple heavy metals. The absence of prein-
duction allowed the elucidation of more direct responses 
as opposed to co-selection mechanisms, although this 
possibility cannot be ruled out. Greater weight was 
placed on pumps that responded to metals aside from 
Zn, as this ion was seen in other studies to upregulate 
other MDR pumps that were not related to metal efflux. 
Based on this criterion, only the ABC_29, RNDsmeC_2 
and smrA_2 targets appear to be more directly associated 
with metal stress response. Notably only the smrA_2 tar-
get responded significantly to copper stress. The ABC_29 
gene cluster was identified as a macAB homolog linked 
to macrolide antibiotic efflux [78] and the RNDsmeC_2 
cluster was identified as a mexAB-tolC cluster with 
homology to metal binding czcAB genes. This cluster 
was initially identified as a low homology hit to the sme-
DEF gene cluster from S. maltophilia. A smrA homolog 
from an environmental X. spp. was shown to contribute 
to copper tolerance and was initially used to identify the 
SmrA_2 target [7]. This gene has been characterised as an 
mdlB homolog that contains a downstream cation/proton 
antiporter and a blaAmpC gene homolog. The function 
of mdlB on its own it not well understood [10] although 
the mdlAB cluster and homologs are involved in drug 
efflux jointly [79]. In the local strain genomic context, 
it appears that mdlB may be involved with drug efflux 
activity especially due to its association with a blaAMPC 
homolog. It has been shown that heavy metals can induce 
broad global stress responses in bacteria [12, 74]. How-
ever, the linking of an sme homolog in Xanthomonas spp. 
to both copper and antibiotic resistance [7] gives sup-
port for considering these MDR targets as part of the 
global response to heavy metals in Xanthomonas. Thus, 
these 3 efflux gene clusters represent important targets 
for further metal resistance investigation based on their 
response to toxic Cu, Co, Cd and As(V) exposure.

Conclusion
Broad initial responses to copper stress were numerous 
and focused on changes in membrane lipid components, 
general stress responses and redox state homeostasis, 
protein folding catalysts and maintenance of disulphide 
bond formation, biofilm biogenesis, efflux pathways with 
diverse targets and DNA repair among others. Overall, 
the early responses to copper stress appear to focus on 
mitigating protein and downstream oxidative damage 
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while priming cells for increased resistance to other met-
als and xenobiotics. Notably, only the cohL gene but not 
the cop operon was expressed at 15 minutes.

The sustained expression of cohLAB with later expres-
sion of copLAB genes under higher copper stress levels 
were seen. Furthermore, the later expression of the cop-
MGF, cusA and possibly a chromosomal czcB genes pro-
vide putative evidence of copper ion efflux out of the 
cytoplasm as both a tolerance and resistance response. 
Further adding to the layers of resistance co-selection, 
many RND, ABC and MFS pumps linked to antibiotic 
efflux were also upregulated at increasing copper stress 
levels.

This study provides putative evidence of initial 
molecular responses to copper stress Xcc strain thus 
providing a baseline for further targeted studies that 
aim to explore specific homeostasis mechanisms in this 
species. The findings also highlight the broad resist-
ance efflux mechanisms upregulated in a short space of 
time under copper/oxidative stress. The implication of 
which, seem profound in light of multi-resistant organ-
isms and their impact on disease management and even 
human health. The findings outlined in this study was 
used to form a more targeted approach investigating 
the response of the heavy metal resistance island, chro-
mosomal tolerance elements, MDR efflux pumps and 
to search for homologs of an acquired efflux systems. 
From this study, at least one putative copper respon-
sive chromosomal gene cluster and several heavy metal 
efflux genes previously unlinked to these phenotypes 
were identified.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12866- 024- 03206-7.

Additional file 1: Supplemental Figure 1. Enriched KEGG biological 
processes (A) and molecular functions (B) of significant DEGs. The refer-
ence list refers to the total number of genes in each metabolic grouping 
from the Xcc ATCC 33913 reference strain. Supplemental Figure 2. Cor-
relation plot of RNAseq and qPCR Log2FC values of 17 genes selected for 
validation.Supplemental Figure 3. A predicted model of the functional 
organisation of copper tolerance and resistance genes in local Xan-
thomonas isolates with elevated copper ion levels.The image was created 
using BioRender.com. The exact difference between coh and cop gene 
function is not known but may be regulated by different intracellular Cu 
ion thresholds. This figure summarises the complex interplay of copper 
plasmid-borne copper resistance and tolerance elements and the Cut 
family of proteins. copA_H refers to the cueR paired copA P-type ATPase, 
the CopF protein may serve a similar role. All copLABMGF localisations 
and functions are based on literature experimental evidence and, protein 
structural and domain characteristics determined from In-silico analysis of 
cop and coh genes in local Xanthomonas isolates characterised in Ramnar-
ine, Jayaraj and Ramsubhag (2022).

Additional file 2: Supplemental Table 1. Read quality and mapping stat-
ictics of Illumina reads from copper stress and control treatments involv-
ing Xcc BrA1. Supplemental Table 2. qPCR primers and target genes for 
validation of Transcriptomic results. Supplemental Table 3. qPCR primer 

gene targets. Targets were identified in Xcc BrA1 from genomes char-
acterised in Ramnarine, Jayaraman and Ramsubhag (2022). Ramnarine, 
Stephen D. B., Jr., Jayaraj Jayaraman, and Adesh Ramsubhag. 2022. "Com-
parative genomics of the black rot pathogen Xanthomonas campestris 
pv. campestris and non-pathogenic co-inhabitant Xanthomonas melonis 
from Trinidad reveal unique pathogenicity determinants and secretion 
system profiles." PeerJ 9 (e12632). Supplemental Table 4. Ct values for 
qPCR experiments on CuSo4.5H2O exposed cells at 15 (C15), 60 (C60) 
and 240 (C240) mins. Concentrations are given as 0p - 0ppm/0mM, 200p 
- 200ppm/0.8mM and 300p - 300ppm/ 1.2mM. Supplemental Table 5. 
Average log2FC values of gene targets under tolerant and resistant 
copper stress at 15 min, 1 hr and 4hr exposure time points. Supple‑
mental Table 6. Ct values from qPCR experiments where by cells were 
exposed to different heavy metal concentrations for 1 hr. Supplemental 
Table 7. Average Log2FC values for MDR efflux pumps and other targets 
under heavy metal stress at the 1hr exposure. Supplemental Table 8. 
Upregulated genes (logFC ≥ 1). Supplemental Table 9. Downregulated 
genes (logFC ≤ 1). Supplemental Table 10. Low expression genes (logFC 
< 1 or > -1). Supplemental Table 11. Differentially expressed mobile ele-
ments, IS and Tn elements at the initial timepoint sampled. Refer to linked 
multifasta and annotation files to correlate with GeneID. Supplemental 
Table 12. KEGG BRITE categories summarizing significantly enriched 
DEGs (up, downregulated and low expression). Supplemental Table 13. 
Enriched KEGG Pathways (ShinyGO). Supplemental Table 14. Enriched 
Biological Processes (BP) GO terms (ShinyGO). Supplemental Table 15. 
Enriched Molecular Function (MF) GO terms (ShinyGO). Supplemental 
Table 16. Gene cluster classification, predicted function and probable 
metal-binding sites.

Acknowledgements
Not applicable

Authors’ contributions
SDBJrR – Conceptualization and Investigation, Formal Analysis, Data Curation, 
Visualisation, Writing- Preparation of Original Manuscript and, Review and 
Editing, Project Administration, Funding Acquisition. OA - Formal Analysis, 
Validation, Writing- Review and Editing. JJ - Supervision, Writing – Review and 
Editing, Project Administration, Validation, Funding Acquisition. AR - Supervi-
sion, Writing – Review and Editing, Project Administration, Validation, Funding 
Acquisition.

Funding
This work was supported by the Campus Research and Publication Fund 
(CRP.5.APR17.45) of The University of the West Indies, St. Augustine, Trinidad 
awarded to SDBJrR.

Availability of data and materials
All data is discussed in the manuscript, linked or presented in the Supplemen-
tal Tables and Figures files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Life Sciences, Faculty of Science and Technology, The 
University of The West Indies, St. Augustine campus, St. Augustine, Trinidad 
and Tobago, W. I. 

https://doi.org/10.1186/s12866-024-03206-7
https://doi.org/10.1186/s12866-024-03206-7


Page 17 of 18Ramnarine Jr. et al. BMC Microbiology           (2024) 24:81  

Received: 10 January 2023   Accepted: 28 January 2024

References
 1. Behlau F, Canteros BI, Minsavage GV, Jones JB, Graham JH. Molecular 

characterization of copper resistance genes from Xanthomonas citri 
subsp. citri and Xanthomonas alfalfae subsp. citrumelonis. Appl Environ 
Microbiol. 2011;77:4089–96.

 2. Hsiao YMM, Liu YFF, Lee PYY, Hsu PCC, Tseng SYY, Pan YCC. Functional Char-
acterization of copA Gene Encoding Multicopper Oxidase in Xanthomonas 
campestris pv. campestris. J Agric Food Chem. 2011;59:9290–302.

 3. De Freitas EC, Ucci AP, Teixeira EC, Pedroso GA, Hilario E, Bertolazzi Zocca 
VF, et al. The copper-inducible copAB operon in Xanthomonas citri subsp. 
citri is regulated at transcriptional and translational levels. Microbiology 
(United Kingdom). 2019;165:355–65.

 4. Valencia EY, Braz VS, Guzzo C, Marques M V. Two RND proteins involved in 
heavy metal efflux in Caulobacter crescentus belong to separate clusters 
within proteobacteria. 2013.

 5. Giachino A, Waldron KJ. Copper tolerance in bacteria requires the activa-
tion of multiple accessory pathways. Mol Microbiol. 2020;114:377–90.

 6. Nies DH. Efflux-mediated heavy metal resistance in prokaryotes. FEMS 
Microbiol Rev. 2003;27:313–39.

 7. Ryan RP, Ryan DJ, Sun YC, Li FM, Wang Y, Dowling DN. An acquired efflux 
system is responsible for copper resistance in Xanthomonas strain IG-8 
isolated from China. FEMS Microbiol Lett. 2007;268:40–6.

 8. Delmar JA, Su CC, Yu EW. Heavy metal transport by the CusCFBA efflux 
system. Protein Sci. 2015;24:1720–36.

 9. Martinez JL, Sánchez MB, Martínez-Solano L, Hernandez A, Garmendia 
L, Fajardo A, et al. Functional role of bacterial multidrug efflux pumps in 
microbial natural ecosystems. FEMS Microbiol Rev. 2009;33:430–49.

 10. Feng Z, Liu D, Liu Z, Liang Y, Wang Y, Liu Q, et al. Cloning and functional 
characterization of putative Escherichia coli ABC multidrug efflux trans-
porter ydda. J Microbiol Biotechnol. 2020;30:982–95.

 11. Perron K, Caille O, Rossier C, Van Delden C, Dumas JL, Köhler T. CzcR-CzcS, 
a Two-component System Involved in Heavy Metal and Carbapenem 
Resistance in Pseudomonas aeruginosa. J Biol Chem. 2004;279:8761–8.

 12. Xu Y, Tan L, Li Q, Zheng X, Liu W. Sublethal concentrations of heavy metals 
Cu2+ and Zn2+ can induce the emergence of bacterial multidrug resist-
ance. Environ Technol Innov. 2022;27:2–8.

 13. Teelucksingh T, Thompson LK, Cox G. The evolutionary conservation of 
Escherichia coli drug efflux pumps supports physiological functions. J 
Bacteriol. 2020;202:1–13.

 14. Zwama M, Nishino K. Ever-adapting RND efflux pumps in gram-neg-
ative multidrug-resistant pathogens: a race against time. Antibiotics. 
2021;10:1–3.

 15. Lugo AJ, Elibox W, Jones JB, Ramsubhag A. Copper resistance in Xan-
thomonas campestris pv. campestris affecting crucifers in Trinidad. Eur J 
Plant Pathol. 2013;136:61–70.

 16. Aranda PS, Lajoie DM, Jorcyk CL. Bleach gel: a simple agarose gel for 
analyzing RNA quality. Electrophoresis. 2012;33:366–9.

 17. Afgan E, Nekrutenko A, Grüning BA, Blankenberg D, Goecks J, Schatz MC, 
et al. The Galaxy platform for accessible, reproducible and collaborative 
biomedical analyses: 2022 update. Nucleic Acids Res. 2022;50:W345-51.

 18. BioBam Bioinformatics. OmicsBox – Bioinformatics Made Easy. 2019. 
https:// www. biobam. com/ omics box/. Accessed 14 Jan 2023.

 19. Andrews S. FastQC: A Quality Control Tool for High Throughput Sequence 
Data. 2010. https:// www. bioin forma tics. babra ham. ac. uk/ proje cts/ fastqc/. 
Accessed 14 Jan 2023.

 20. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illu-
mina sequence data. Bioinformatics. 2014;30:2114–20.

 21. Kim D, Langmead B, Salzberg SL. HISAT: A fast spliced aligner with low 
memory requirements. Nat Methods. 2015;12:357–60.

 22. Liao Y, Smyth GK, Shi W. FeatureCounts: An efficient general purpose 
program for assigning sequence reads to genomic features. Bioinformat-
ics. 2014;30:923–30.

 23. Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit I, et al. 
Full-length transcriptome assembly from RNA-Seq data without a refer-
ence genome. Nat Biotechnol. 2011;29:644–52.

 24. Haas BJ, Papanicolaou A, Yassour M, Grabherr M, Blood PD. De novo 
transcript sequence reconstruction from RNA-Seq: reference generation 
and analysis with Trinity. Nat Protoc. 2013;19:31–9.

 25. Li B, Dewey CN. RSEM: Accurate transcript quantification from RNA-
Seq data with or without a reference genome. BMC Bioinformatics. 
2011;12:1–16.

 26. Robinson MD, McCarthy DJ, Smyth GK. edgeR: A Bioconductor package 
for differential expression analysis of digital gene expression data. Bioin-
formatics. 2009;26:139–40.

 27. Kanehisa M. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic 
Acids Res. 2000;28:27–30.

 28. Kanehisa M, Sato Y. KEGG Mapper for inferring cellular functions from 
protein sequences. Protein Sci. 2020;29:28–35.

 29. Ge SX, Jung D, Jung D, Yao R. ShinyGO: A graphical gene-set enrichment 
tool for animals and plants. Bioinformatics. 2020;36:2628–9.

 30. Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The 
STRING database in 2021: Customizable protein-protein networks, and 
functional characterization of user-uploaded gene/measurement sets. 
Nucleic Acids Res. 2021;49:D605-12.

 31. Ramnarine SDBJ, Jayaraman J, Ramsubhag A. Comparative genomics 
of the black rot pathogen Xanthomonas campestris pv. campestris and 
non-pathogenic co-inhabitant Xanthomonas melonis from Trinidad reveal 
unique pathogenicity determinants and secretion system profiles. PeerJ. 
2022;9:4–7.

 32. Ramnarine SDBJ. Xcc BrA1 re-sequenced genome contigs, annotation file 
and Trinitiy De-nove assembled DEG’s. 2022. https:// zenodo. org/ recor ds/ 
67959 61. Accessed 14 Jan 2023.

 33. Ye J, Coulouris G, Zaretskaya I, Cutcutache I, Rozen S, Madden TL. Primer-
BLAST: a tool to design target-specific primers for polymerase chain 
reaction. BMC Bioinformatics. 2012;13:134.

 34. Livak KJ, Schmittgen TD. Analysis of relative gene expression data 
using real-time quantitative PCR and the 2-ΔΔCT method. Methods. 
2001;25:402–8.

 35. Behlau F, Gochez AM, Lugo AJ, Elibox W, Minsavage GV, Potnis N, et al. 
Characterization of a unique copper resistance gene cluster in Xan-
thomonas campestris pv. campestris isolated in Trinidad West Indies. Eur J 
Plant Pathol. 2017;147:671–81.

 36. Romaniuk K, Ciok A, Decewicz P, Uhrynowski W, Budzik K, Nieckarz 
M, et al. Insight into heavy metal resistome of soil psychrotolerant 
bacteria originating from King George Island (Antarctica). Polar Biol. 
2018;41:1319–33.

 37. Bateman A, Martin M-J, Orchard S, Magrane M, Ahmad S, Alpi E, et al. 
UniProt: the Universal Protein Knowledgebase in 2023. Nucleic Acids Res. 
2023;51:D523-31.

 38. Jones P, Binns D, Chang H-Y, Fraser M, Li W, McAnulla C, et al. InterPro-
Scan 5: genome-scale protein function classification. Bioinformatics. 
2014;30:1236–40.

 39. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment 
search tool. J Mol Biol. 1990;215:403–10.

 40. Putignano V, Rosato A, Banci L, Andreini C. MetalPDB in 2018: a database 
of metal sites in biological macromolecular structures. Nucleic Acids Res. 
2018;46:D459-64.

 41. Harrison KJ, De Crécy-Lagard V, Zallot R. Gene Graphics: a genomic 
neighborhood data visualization web application. Bioinformatics. 
2018;34:1406–8.

 42. Marin TGS, Galvanin AL, Lanza FE, Behlau F. Description of copper tolerant 
Xanthomonas citri subsp. citri and genotypic comparison with sensitive 
and resistant strains. Plant Pathol. 2019;68:1088–98.

 43. Nongkhlaw M, Joshi SR. Molecular insight into the expression of metal 
transporter genes in Chryseobacterium sp. PMSZPI isolated from uranium 
deposit. PLoS One. 2019;14:e0216995.

 44. Si M, Zhao C, Burkinshaw B, Zhang B, Wei D, Wang Y, et al. Manganese 
scavenging and oxidative stress response mediated by type VI secre-
tion system in Burkholderia thailandensis. Proc Natl Acad Sci U S A. 
2017;114:E2233-42.

 45. Pletzer D, Schweizer G, Weingart H. AraC/XylS family stress response 
regulators Rob, SoxS, PliA, and OpiA in the fire blight pathogen Erwinia 
amylovora. J Bacteriol. 2014;196:3098–110.

 46. Li J, Wang N. Genome-wide mutagenesis of Xanthomonas axonopodis pv. 
citri reveals novel genetic determinants and regulation mechanisms of 
biofilm formation. PLoS One. 2011;6:1–14.

https://www.biobam.com/omicsbox/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://zenodo.org/records/6795961
https://zenodo.org/records/6795961


Page 18 of 18Ramnarine Jr. et al. BMC Microbiology           (2024) 24:81 

 47. Roncarati D, Scarlato V. Regulation of heat-shock genes in bacteria: 
from signal sensing to gene expression output. FEMS Microbiol Rev. 
2017;41:549–74.

 48. Moraleda-Muñoz A, Marcos-Torres FJ, Pérez J, Muñoz-Dorado J. Metal-
responsive RNA polymerase extracytoplasmic function (ECF) sigma 
factors. Mol Microbiol. 2019;112:385–98.

 49. Toulmé F, Mosrin-Huaman C, Sparkowski J, Das A, Leng M, Rachid 
Rahmouni A. GreA and GreB proteins revive backtracked RNA polymer-
ase in vivo by promoting transcript trimming. EMBO J. 2000;19:6853–9.

 50. Li K, Jiang T, Yu B, Wang L, Gao C, Ma C, et al. Escherichia coli transcrip-
tion termination factor NusA: Heat-induced oligomerization and 
chaperone activity. Sci Rep. 2013;3:1–8.

 51. Matilla MA, Krell T. The effect of bacterial chemotaxis on host infection 
and pathogenicity. FEMS Microbiol Rev. 2018;42:40–67.

 52. Kumar Verma R, Samal B, Chatterjee S. Xanthomonas oryzae pv. oryzae 
chemotaxis components and chemoreceptor Mcp2 are involved in the 
sensing of constituents of xylem sap and contribute to the regulation 
of virulence-associated functions and entry into rice. Mol Plant Pathol. 
2018;19:2397–415.

 53. Alvarez-Martinez CE, Sgro GG, Araujo GG, Paiva MRN, Matsuyama BY, 
Guzzo CR, et al. Secrete or perish: the role of secretion systems in 
Xanthomonas biology. Comput Struct Biotechnol J. 2021;19:279–302.

 54. Conlin CA, Miller G. Dipeptidyl Carboxypeptidase and Oligopeptidase 
A from Escherichia coli and Salmonella typhimurium. In: Methods in 
Enzymology. 1995.

 55. Kaushik S, Sowdhamini R. Distribution, classification, domain architec-
tures and evolution of prolyl oligopeptidases in prokaryotic lineages. 
BMC Genomics. 2014;15:985.

 56. Mahmood K, Jadoon S, Mahmood Q, Irshad M, Hussain J. Synergistic 
effects of toxic elements on heat shock proteins. Biomed Res Int. 
2014;2014:1–12.

 57. Lo H-H, Chang H-C, Liao C-T, Hsiao Y-M. Expression and function of 
clpS and clpA in Xanthomonas campestris pv. campestris. Antonie Van 
Leeuwenhoek. 2022;115:589–607.

 58. Romsang A, Leesukon P, Duangnkern J, Vattanaviboon P, Mongkolsuk 
S. Mutation of the gene encoding monothiol glutaredoxin (GrxD) in 
Pseudomonas aeruginosa increases its susceptibility to polymyxins. Int J 
Antimicrob Agents. 2015;45:314–8.

 59. Yu Y, Ma J, Guo Q, Ma J, Wang H. A novel 3-oxoacyl-ACP reduc-
tase (FabG3) is involved in the xanthomonadin biosynthesis 
of Xanthomonas campestris pv. campestris. Mol Plant Pathol. 
2019;20:1696–709.

 60. Aktas M, Narberhaus F. Unconventional membrane lipid biosynthesis in 
Xanthomonas campestris. Environ Microbiol. 2015;17:3116–24.

 61. Tambong JT, Xu R, Gerdis S, Daniels GC, Chabot D, Hubbard K, et al. 
Molecular Analysis of Bacterial Isolates From Necrotic Wheat Leaf 
Lesions Caused by Xanthomonas translucens, and Description of 
Three Putative Novel Species, Sphingomonas albertensis sp. nov., 
Pseudomonas triticumensis sp. nov. and Pseudomonas foliumensis. Front 
Microbiol. 2021;12:1–22.

 62. Turnbull AL, Surette MG. Cysteine biosynthesis, oxidative stress 
and antibiotic resistance in Salmonella typhimurium. Res Microbiol. 
2010;161:643–50.

 63. Allocati N, Federici L, Masulli M, Di Ilio C. Glutathione transferases in 
bacteria. FEBS J. 2009;276:58–75.

 64. Anderson MT, Armstrong SK. The Bordetella Bfe system: Growth and 
transcriptional response to siderophores, catechols, and neuroendo-
crine catecholamines. J Bacteriol. 2006;188:5731–40.

 65. Moussatova A, Kandt C, O’Mara ML, Tieleman DP. ATP-binding cassette 
transporters in Escherichia coli. Biochim Biophys Acta Biomembr. 
2008;1778:1757–71.

 66. Huang YW, Hu RM, Yang TC. Role of the pcm-tolCsm operon in the 
multidrug resistance of Stenotrophomonas maltophilia. J Antimicrob 
Chemother. 2013;68:1987–93.

 67. Voloudakis AE, Reignier TM, Cooksey DA. Regulation of resistance to 
copper in Xanthomonas axonopodis pv. vesicatoria. Appl Environ Micro-
biol. 2005;71:782–9.

 68. Zhao S, Wang X, Niu G, Dong W, Wang J, Fang Y, et al. Structural basis 
for copper/silver binding by the Synechocystis metallochaperone 
CopM. Acta Crystallogr D Struct Biol. 2016;72:997–1005.

 69. Hausrath AC, Ramirez NA, Ly AT, McEvoy MM. The bacterial copper 
resistance protein CopG contains a cysteine-bridged tetranuclear copper 
cluster. J Biol Chem. 2020;295:11364–76.

 70. Hernández-Montes G, Argüello JM, Valderrama B. Evolution and diversity 
of periplasmic proteins involved in copper homeostasis in gamma pro-
teobacteria. BMC Microbiol. 2012;12:1–13.

 71. Bondarczuk K, Piotrowska-Seget Z. Molecular basis of active copper 
resistance mechanisms in Gram-negative bacteria. Cell Biol Toxicol. 
2013;29:397–405.

 72. Xiong J, Li D, Li H, He M, Miller SJ, Yu L, et al. Genome analysis and char-
acterization of zinc efflux systems of a highly zinc-resistant bacterium, 
Comamonas testosteroni S44. Res Microbiol. 2011;162:671–9.

 73. Zhang YB, Monchy S, Greenberg B, Mergeay M, Gang O, Taghavi S, et al. 
ArsR arsenic-resistance regulatory protein from Cupriavidus metallidurans 
CH34. Antonie van Leeuwenhoek, Int J Gen MolMicrobiol. 2009;96 2 
SPEC. ISS.:161–70.

 74. Rawle R, Saley TC, Kang YS, Wang Q, Walk S, Bothner B, et al. Introducing 
the ArsR-Regulated Arsenic Stimulon. Front Microbiol. 2021;12. https:// 
doi. org/ 10. 3389/ fmicb. 2021. 630562

 75. Martins PMM, Wood TK, De Souza AA. microorganisms Persister Cells 
Form in the Plant Pathogen Xanthomonas citri subsp. citri under Different 
Stress Conditions. 2021. https:// doi. org/ 10. 3390/ micro organ isms.

 76. Amaral L, Martins A, Spengler G, Molnar J. Efflux pumps of Gram-negative 
bacteria: What they do, how they do it, with what and how to deal with 
them. Front Pharmacol. 2014;4:1–7.

 77. Chacón KN, Mealman TD, McEvoy MM, Blackburn NJ. Tracking metal ions 
through a Cu/Ag efflux pump assigns the functional roles of the periplas-
mic proteins. Proc Natl Acad Sci U S A. 2014;111:15373–8.

 78. Feng JX, Song ZZ, Duan CJ, Zhao S, Wu YQ, Wang C, et al. The xrvA gene 
of Xanthomonas oryzae pv. oryzae, encoding an H-NS-like protein, regu-
lates virulence in rice. Microbiology (NY). 2009;155:3033–44.

 79. Matsuo T, Chen J, Minato Y, Ogawa W, Mizushima T, Kuroda T, et al. 
SmdAB, a heterodimeric ABC-type multidrug efflux pump, in Serratia 
marcescens. J Bacteriol. 2008;190:648–54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3389/fmicb.2021.630562
https://doi.org/10.3389/fmicb.2021.630562
https://doi.org/10.3390/microorganisms

	Early transcriptional changes of heavy metal resistance and multiple efflux genes in Xanthomonas campestris pv. campestris under copper and heavy metal ion stress
	Abstract 
	Background 
	Methods and Results 
	Conclusions 

	Introduction
	Methods
	Xcc strain BrA1 culture conditions for RNA-seq
	Illumina sequencing of Xcc BrA1 RNA and data analysis
	Gene ontology and pathway analysis
	qPCR validation of differentially expressed genes from Xcc BrA1 RNA-seq data
	Xcc strain Cf4B1 culture conditions for qPCR co-expression study
	Xcc Cf4B1 qPCR gene expression in response to heavy metal stress
	Gene cluster organization and annotation

	Results
	Transcript assembly metrics
	Early transcriptomic response of Xcc BrA1 to copper stress
	The early response of Xcc metabolic pathways and systems to copper stress
	qPCR validation of RNA-seq results using a subset of DEG’s
	Target genes and their organization in the draft Xcc Cf4B1 genome
	Initial and late-stage expression of heavy metal resistance genes and putative metal responsive MDR efflux pumps in response to toxic levels of heavy metal

	Discussion
	Early transcriptomic response of Xcc BrA1 under copper stress
	Copper-induced gene expression of a plasmid-borne heavy metal resistance gene island in Xcc Cf4B1
	Heavy metal induced MDR efflux pump expression in Xanthomonas campestris pv. campestris

	Conclusion
	Acknowledgements
	References


