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ABSTRACT

Background: There has been limited exploration of copLAB genotypes and
associated copper resistance phenotypes in Xanthomonas spp. in the southern
Caribbean region. An earlier study highlighted a variant copLAB gene cluster found
in one Trinidadian Xanthomonas campestris pv. campestris (Xcc) strain (BrAl), with
<90% similarity to previously reported Xanthomonas copLAB genes. With only one
report describing this copper resistance genotype, the current study investigated the
distribution of the BrA1 variant copLAB gene cluster and previously reported forms
of copper resistance genes in local Xanthomonas spp.

Methods: Xanthomonas spp. were isolated from black-rot infected lesions on leaf
tissue from crucifer crops at intensively farmed sites with high agrochemical usage in
Trinidad. The identity of morphologically identified isolates were confirmed using a
paired primer PCR based screen and 16s rRNA partial gene sequencing. MGY agar
amended with CuSO,.5H,0 up to 2.4 mM was used to establish MIC’s for confirmed
isolates and group strains as sensitive, tolerant, or resistant to copper. Separate
primer pairs targeting the BrA1l variant copLAB genes and those predicted to target
multiple homologs found in Xanthomonas and Stenotrophomonas spp. were used to
screen copper resistant isolates. Select amplicons were sanger sequenced and
evolutionary relationships inferred from global reference sequences using a ML
approach.

Results: Only four copper sensitive/tolerant Xanthomonas sp. strains were isolated,
with 35 others classed as copper-resistant from a total population of 45 isolates. PCR
detection of copLAB genes revealed two PCR negative copper-resistant resistant
strains. Variant copLAB genes were only found in Xcc from the original source
location of the BrA1 strain, Aranguez. Other copper-resistant strains contained other
copLAB homologs that clustered into three distinct clades. These groups were more
similar to genes from X. perforans plasmids and Stenotrophomonas spp.
chromosomal homologs than reference Xcc sequences. This study highlights the
localisation of the BrA1 variant copLAB genes to one agricultural community and the
presence of three distinct copLAB gene groupings in Xcc and related Xanthomonas
spp. with defined CuSO,.5H,0 MIC. Further characterisation of these gene groups
and copper resistance gene exchange dynamics on and within leaf tissue between Xcc
and other Xanthomonas species are needed as similar gene clusters showed variable
copper sensitivity profiles. This work will serve as a baseline for copper resistance
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gene characterisation in Trinidad and the wider Caribbean region and can be used to
boost already lacking resistant phytopathogen management in the region.

Subjects Agricultural Science, Microbiology
Keywords Xanthomonas campestris pv. campestris, Xanthomonas sp., Copper resistance, copLAB,
cop lab gene diversity

INTRODUCTION

Copper salts have been commonly used in chemical-based management schemes for
bacterial and fungal diseases in agriculture for more than a century (Ayres, 2004;
Lamichhane et al., 2018). Their consistent use was quickly followed by reports of reducing
disease management efficacies from as early as the 1980s. This was shortly followed by the
discovery of copper-resistant phytopathogens (Adaskaveg ¢» Hine, 1985; Cooksey, 1987;
Sundin & Bender, 1993; Goto et al., 1994). Among these were Xanthomonas spp. (Xsp) that
form a major group of bacterial phytopathogens that affect multiple vegetable crops
worldwide and are now known to have a high occurrence of copper resistance
(Lamichhane et al., 2018). Xanthomonas campestris pv. campestris (Xcc), the causal agent
of black-rot in crucifers (Vicente ¢~ Holub, 2013), is of particular concern due to the lack of
up-to-date studies concerning this species in the Caribbean region. This pathogen causes
significant yield loss in cruciferous vegetables in Trinidad and the southern Caribbean.
Disease management in this country still depends heavily on chemical usage with little or
no rotation of diverse chemicals. Continued application of chemical formulations with
copper salts has been met with reduced disease management outcomes in Trinidad.
Furthermore, the mono-cropping of solanaceous and cruciferous crops has exacerbated
chemical exposure and pathogen enrichment in these farming districts (Ali, Ramsubhag ¢
Jayaraman, 2021). These agricultural practices are not unique to Trinidad and have
contributed to the dire consequence of the global occurrence of copper-resistant
Xanthomonas spp. across six continents (Lamichhane et al., 2018).

Copper resistance phenotypes in Xanthomonas spp. are attributed to the presence of a
plasmid-borne cop operon and survival at >0.8 mM CuSO,.5H,0 (Marin et al., 2019).
These plasmid-borne operons and homologs have been well described in numerous
publications since the 1990s (Lim ¢ Cooksey, 1993; Voloudakis, Bender ¢» Cooksey, 1993;
Behlau et al., 2011). Several studies have shown the presence of homologs of these cop
genes and their extensive horizontal transfer among bacterial phytopathogens (Behlau
et al., 2012, 2013). Copper-resistant Xanthomonas spp. and closely related
Stenotrophomonas spp., are known to share ~90% nucleotide similarity among the copLAB
genes implying horizontal transfer within these genera (Teixeira et al., 2008; Behlau et al.,
2012). While cop operon gene content is not consistent in all plasmids, the copLAB genes
are common and account for the major copper resistance phenotype (Behlau et al., 2011).
The copL gene functions as a transcriptional activator of downstream cop gene expression
in the presence of elevated intracellular copper ions (Pontel ¢ Soncini, 2009; De Freitas
et al., 2019). The copA gene encodes a multicopper oxidase and copB is predicted to bind
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Cu ions but may be involved in removal from the periplasm (Teixeira et al., 2008; Behlau
et al., 2013). While the relationship between diverse copLAB genes and copper resistance
levels is yet to be fully explained, understanding the changes in copLAB gene diversity
within Xanthomonas spp. and related species in relation to disease management practices
are of paramount importance.

In Trinidad, copper-resistant Xcc was first reported by Lugo et al. (2013), who noted a
positive correlation between resistant isolates and monoculture of cruciferous vegetables at
agricultural sites. One of the copper-resistant Xcc isolates (BrA1) from the farming district
of Aranguez contained a plasmid-borne copLAB gene cluster with very low nucleotide
homology to published Xcc copLAB genes (Behlau et al., 2017). The report by Behlau et al.
(2017) also highlighted the inability of current PCR amplification and nucleic acid
hybridization-based diagnostic strategies to detect this “variant” form of copper resistance.
The prevalence of the BrA1l variant copLAB gene cluster in Xcc populations on the island
has not been established, nor are there detailed reports on the diversity of copper resistance
genes among strains of this pathogen as a whole. The genomes of some local copper
resistance Xcc and other Xsp were reported in Ramnarine, Jayaraman ¢» Ramsubhag (2022),
which revealed copper responsive elements further characterised in ongoing works (SDB.
Ramnarine Jr, J. Jayaraman, A. Ramsubhag, 2023, unpublished data). The current study
aimed at determining the presence of the BrA1l variant copLAB genes identified from local
draft genomes and, attempt to capture other forms using primers designed against Xsp and
Stenotrophomonas spp. homologs. Xcc and other Xsp were obtained from black-rot infected
leaf tissue sampled at crucifer farms in four farming districts in Trinidad, inclusive of
Aranguez where Xcc BrAl was first isolated. Crop cultivation at these locations has been
almost consistent for >30 years. PCR-based detection and sequence analysis coupled with
evolutionary analysis was employed to determine the copLAB genetic diversity in these
bacterial isolates. The copLAB genes characterized by Behlau et al. (2017) are distinguished
in this study with the label “Variant” and are compared to previously reported genes
contained in the NCBI database from Stenotrophomonas spp. and Xanthomonas spp.

METHODS

Agricultural sites involved in the study with varying intensities of
cultivation

Leaf samples of cabbage and cauliflower showing symptoms of black-rot infection were
collected from two fields at each location indicated in Fig. 1. The farming districts of
Maloney and Aranguez have >30-year history of agricultural land use, whereas Navet and,
Bon Air have a shorter history (<15 years). Each agricultural district has been associated
with crucifer cultivation, with a greater incidence of monoculture in the Navet district.

Sample collection and bacterial isolation

Leaf samples were stored at 4 °C, and bacteria were isolated within 24 h according to Lugo
et al. (2013). Isolates similar to or with matching morphologies to Xanthomonas (yellow,
convex shaped colonies) were selected after 48 h incubation on nutrient agar (NA). These
isolates were labelled as the lesion-associated population. Further investigation into the
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Figure 1 Agricultural districts sampled in Trinidad, Trinidad and Tobago, W.I. Made with Vemaps.
com. © 2023 Vemaps. Full-size Kl DOTI: 10.7717/peerj.15657/fig-1

distribution of copper-resistant bacteria in the Aranguez district was carried out in 2017 to
determine the distribution of variant BrA1 copLAB genes between bacteria at an active and
abandoned crucifer field. Phylloplane-associated and soil-borne bacteria were isolated
from plant material and soil respectively from an active cauliflower field and abandoned
plot approximately 300 m away. Isolates were obtained by plating dilution washes on NA.
Morphologically unique colonies were selected after 48 h and labelled as the environmental
reference population. In total 45 lesion-associated, and 199 environmental population
isolates were retained and stored at —80 °C in 25% glycerol/Nutrient Broth.

Taxonomic assignment of bacterial isolates in the lesion-associated
and environmental reference population

Lesion-associated isolates displaying similar morphologies to Xanthomonas were
identified as XCC using primers (XCF-CGATTCGGCCATGAATGACT, XCR-
CTGTTGATGGTGGTCTGCAA) targeting a highly conserved region of the Xcc hrpF
gene (Park et al., 2004) or as a member of the Xanthomonas genus (Xsp) using primers
targeting the hrpB6 gene (RST2-AGGCCCTGGAAGGTGCCCTGGA, RST3-
ATCGCACTGCGTACCGCGCGCGA) (Leite et al., 1994), or using RT 16 F/R primers
targeting the gumL gene (Pandey et al., 2016). Isolates with expected amplicons for XCF/R
and RT 16 F/R primers were labelled as Xcc while those with RST2/3 and or RT 16 F/R
bands were labelled as Xsp. Strains without amplification with any primer were not used in
further analysis. Classification using this scheme was corroborated using partial 16s rRNA
sequencing (Macrogen, Korea), which was also applied to environmental isolates.
Sequences with QV >16 were selected and aligned using BLAST (BLASTN, https://blast.
ncbi.nlm.nih.gov/) against the NCBI 16s rRNA database. Only copper-resistant
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environmental isolates were identified using 16s rRNA sequencing. While species-level
identification was obtained for most isolates (Coverage >90% and %ID >98%), only
identified genera were considered for consistency across the environmental dataset. WGS
characterised local Xcc and Xanthomonas melonis (Xmel) isolates (Ramnarine, Jayaraman
¢ Ramsubhag, 2022) were included as controls. Partial 16s rRNA Sanger-generated
sequences can be accessed at https://doi.org/10.5281/zenodo.6795859.

Copper sensitivity profiling

Copper sensitivity screening was carried out according to Ramnarine, Jayaraman ¢
Ramsubhag (2022) using CuSO4.5H,0 concentrations ranging from 0-2.4 mM amended
into Mannitol Glutamate Yeast Agar. Briefly, the copper sensitivity of isolates was
categorized based on the MIC of CuSO,4.5H,0 of isolates after 48 h incubation on
amended media at 28 °C. Copper-sensitive isolates only grew in <0.6 mM CuSO,.5H,0,
copper tolerant strains survived concentrations between 0.6-0.8 mM while copper
resistant isolates survived >0.8 mM. Amended media was prepared using a filter sterilized
CuS0,.5H,0 stock solution both prepared fresh on the day of use. A total of 48 h cultures
of bacterial isolates were suspended in sterile water and 5 uL spot plate onto solid amended
agar in triplicate.

copLAB gene detection in lesion-associated and environmental
isolates

Primers were designed for the BrA1 variant copLAB gene sequences (Behlau et al., 2017)
using reference homologs (similarity >= 60%) from the Xanthomonas and
Stenotrophomonas genera available from GenBank. These were aligned using ClustalW in
BioEdit v7.0.5.3 (Hall, 1999). Variant-specific primers targeting unaligned regions unique
to the BrAl variants were manually designed and screened for specificity using
PrimerBlast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Those predicted to
amplify variant genes unambiguously were further screened using gDNA of Xcc strain
BrAl, and the amplicons were Sanger sequenced (Macrogen, Seoul, Korea) before
cross-referencing to the draft BrAl genome contig containing the variant genes (GCA_
002806765.1). Primers targeting aligned regions from reference homologs (similarity >=
60%) from the Xanthomonas and Stenotrophomonas genera available from GenBank were
designed to target previously reported sequences. Primer pairs were screened for specificity
using PrimerBlast (https://www.ncbinlm.nih.gov/tools/primer-blast/). These primers
were in-silico verified to amplify those from plasmids, characterised genes from copper
resistant Xsp and those from Stenotrophomonas chromosomes with identical synteny to
copLABMGEF copper resistant operons. All primers were synthesized at IDT, sequences and
amplicon length are listed in Table 1.

Total genomic DNA was isolated from all lesion-associated and copper-resistant
environmental isolates according to Wilson (2001) and quality was assessed using standard
gel electrophoresis methods (1% agarose). PCR amplification using designed primers
(Table 1) and molecular reagents from Bioland Scientific were carried out in 25 pL
reactions as outlined in Ramnarine, Jayaraman & Ramsubhag (2022).
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Table 1 Primers designed for PCR amplification of previously reported copLAB genes.

Primers Primer Sequence (5'-3’) Amplicon size (bp) Target
SMXCOPLF GGTGGTCGGATCAGATGAGG 405 Xanthomonad copL
SMXCOPLR GCCCGTGTCAGCCTC

XEGVCOPAF GTGCAAATGGATGGGATG 514 Xanthomonad copA
XEGVCOPAR GGATCATGGGTCGATGGAT

XCCCOPBGF GACCACAGTCAGATGGGACAC 744 Xanthomonad copB
XCCCOPBGR GGTACGAAGGCCGATGACCA

copLSREF2 TGGCATCCCATCCTCTTTCG 311 BrAl copL
copLSRR2 ACAGGAATAGACGCACAGGC

copASRF9 TGTCCTTAGTGGGACCGAGT 306 BrAl copA
copASRR9 CCTTGCTGAACCGTAAAGCG

copBSRF2 TACCGACCTCAACCGTCTCT 533 BrAl copB
copBSRR2 GAACCAAGTGCGTAGACCGA

copLAB gene sequencing and evolutionary analysis of variants
Amplicons generated from primers targeting both variant and previously reported genes
were gel purified using the Wizard® SV Gel and PCR Clean-Up System (Promega,
Madison, WI, USA) and, sequenced on an ABI3730XL platform (Macrogen, Seoul, Korea).
An overall QV score threshold of <16 was set for sequence rejection and end trimming.
Pairwise blast using the BLASTN and TBLASTN (https://blast.ncbi.nlm.nih.gov/)
algorithms were used to verify the homology with annotated copLAB reference sequences
against the entire NCBI GenBank database. Final curated sequences, GenBank references,
and full gene sequences from the Xcc BrAl and other local Xsp genomes (Table S1) were
submitted to ngphylogeny (https://ngphylogeny.fr/) for evolutionary analysis. Using this
server, multiple alignment and curation were carried out using MAFFT (Katoh ¢ Standley,
2013) and BMGE (Criscuolo & Gribaldo, 2010) respectively. Alignments were then
submitted to FastTree (Price, Dehal ¢» Arkin, 2010) for maximum likelihood phylogenetic
reconstruction with 1,000 bootstrap branch support (Felsenstein, 1985). The bootstrap
consensus tree for each dataset was visualized and edited in TreeGraph 2 (Stover e Miiller,
2010). Alignments of copLAB sequences were also analysed in MEGA 11 (https://www.
megasoftware.net/) to identify variable sites. Sanger-generated sequences for amplified
copLAB genes can be accessed at https://doi.org/10.5281/zenodo.6795859.

Statistical inference

Statistical analysis was carried out on lesion associated and environmental isolate
datasets using RStudio (2023.03.0+386; R Studio Team, 2023) and R version 4.2.3
(R Core Team, 2023). Statistical tests included Anova, TukeyHSD post-hoc test and
Pearson’s Chi-squared Test from the R stats package (v4.2.3).
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RESULTS

copLAB gene prevalence in copper-resistant lesion-associated
Xanthomonas spp

The 45 lesion-associated isolates were distributed by agricultural district as follows:
Aranguez = 12, Maloney = 5, Navet = 24, Bon Air = 4. These are represented in Table 2
which includes species-level identification, copper sensitivity profiles and max
CuSO4.5H,0 MIC. Most isolates from this population were copper resistant (78%) but
only 31% were Xcc. There were <7% tolerant and only one sensitive isolate obtained but
profiles of five isolates could not be determined. Most (80%) of the copper-resistant isolates
grew in the presence of 2.4 mM CuSO,.5H,0 with the lowest MIC for this category being
1.2 mM. Among the Xanthomonas species there were significant differences in
CuS0,.5H,0 MIC means (P = 0.0176) but only between Xsp and Xcc (P = 0.0134).
However, no significant difference was observed between MIC’s, cop genotype and sample
location.

Figure 2 only represents copper resistant isolates (35) which survived four CuSO,.5H,0
concentrations represented in Table 2, 1.2 mM (2), 1.6 mM (4), 2 mM (1) and 2.4 mM
(28). Only isolates from Aranguez (11) contained all three variant BrAl copLAB genes
(Variant, Fig. 2). Previously reported copLAB genes (Traditional, Fig. 2) were found in Xsp,
Xmel and Xcc strains from Maloney, Bon Air and Navet. The BrA1 Variant copLAB
primers were able to amplify individual copLAB genes in WGS characterised local Xcc.
Primers targeting Xanthomonad copLAB genes amplified those in characterised Xmel
strains described in Ramnarine, Jayaraman & Ramsubhag (2022). No significant difference
in MIC’s were observed between variant and previously reported cop genotypes. However,
there was a significant difference in cop genotypes (P = <2e-16) by location, specifically
when comparing Aranguez to the other three districts.

Two Xcc and one Xsp from Navet and, two Xsp from Maloney were characterised as
copper resistant, but PCR amplification was not able to detect any copLAB gene. Only one
sensitive (Xcc CaNP1C) and three tolerant (Xcc Ar1PC2 and CNP4A and Xmel CaNP1D)
strains were isolated and were all copLAB PCR negative. All 45 isolates and associated
isolation location and PCR prevalence data are given in Table S2. In brief, most of the 45
Xanthomonas isolates were copper resistant (80%) up to 2.4 mM CuSO,.5H,0. From these
isolates, only Xcc strains from the Aranguez district contained the BrAl variant copLAB
gene cluster. Previously reported copLAB genes were also identified in copper resistant
isolates from other agricultural districts using the primers designed in this study. However,
four copper resistant strains, including Xcc, were PCR negative for copLAB genes.
Significant differences in CuSO,.5H,0 MIC were observed between Xcc and Xsp strains
and with the BrA1 variant cop genotype in Aranguez compared to the other districts.

BrA1 variant copLAB gene prevalence among copper resistant
environmental phylloplane and soil associated bacteria from the
Aranguez district

Differences in the proportions of isolates characterised as copper sensitive, tolerant and
resistant in the environmental population are summarised in Fig. 3. Full isolate profiles are
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Table 2 Local Xanthomonas copper sensitivity profiles, PCR-based identification, and cop genotype.

Isolate Location Species cop genotype CuS0,4.5H,0 MIC (ppm) CuS0,4.5H,0 MIC (mM) Cu Sensitivity
ARIPC2 Aranguez Xce Undetected 200 0.8 T
Cf4B Variant - - -
Ar1BCA2 400 1.6 R
BrAl 300 1.2
Ca3B 600 2.4
Cfl1A 600 24
Cf3A1 600 2.4
Cf3C 600 24
Cf4B1 600 2.4
Cf5A2 600 24
Cf5B 600 2.4
Cf6A1 600 24
FRL2D3 Bon Air Xcc Traditional - - -
FRL2G4 - -
FRLIC1 Xsp 400 1.6 R
FRL2G5 600 24
DMCE Maloney Xmel Traditional - - -
DMCA 600 24 R
DMCX 600 2.4
DMCK* Undetected 600 24
CCB4 Xsp Traditional - - -
CaNP6B Navet Xecc Traditional 500 2 R
CNP1E 300 1.2
CNP2A* Undetected 400 1.6
CNP3C* 400 1.6
CaNP1C 100 0.4 N
CNP4A 200 0.8 T
CaNP6A Xmel Traditional 600 24
CaNP5B 600 2.4
CaNP1D Undetected 200 0.8 T
CaNP3B Xsp Traditional 600 2.4 R
PNP25 600 2.4
PNP26 600 2.4
PNP34 600 2.4
PNP39 600 24
PNP44 600 2.4
PNP49 600 2.4
PNP54 600 2.4
PNP58 600 24
PNP62 600 2.4
PNP63 600 24
PNP64 600 2.4
PNP72 600 24
PNS3* Undetected 600 24

Note:

* Copper-resistant isolate with no detected copLAB genes for primers used.

Xmel, Xanthomonas melonis. cop genotype—Traditional, similarity to previously reported copLAB sequences; Undetected, PCR negative result; Variant, BrA1l variant
copLAB genes. CuSO,.5H,0 MIC—represented as ppm and mM, max concentration as determined using media screens. Cu Sensitivity—R, Resistant; T, Tolerant; S,
Sensitive.
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14 Traditional Undetected m Variant

No. of isolates

0
‘ Xce ‘ Xsp ‘ Xmel ‘ Xce Xmel Xsp

Aranguez Bon Air Maloney Navet

Figure 2 copLAB gene prevalence in local copper resistant Xanthomonas. Traditional refers to pre-
viously reported copLAB genes. Only copper-resistant isolates (35) are represented in this figure. WGS
characterised Xcc and Xmel strains are also represented here. Copper resistant sample sizes: Ara-
nguez = 10, Maloney = 3, Navet = 20, Bon Air = 2. Full-size k&) DOT: 10.7717/peerj.15657/fig-2

given in Table S3. Greater proportions of resistant isolates were obtained from the
phylloplane and soil of the cultivated field, with the highest proportions from the latter
environment (57%) (Fig. 3B). While copper-resistant isolates were found in all
environments and higher proportions were observed among soil isolates (Fig. 3B). Copper
tolerant and sensitive isolate proportions were higher from the phylloplane and soil of the
abandoned plot respectively (20% vs. 48% and 20% vs. 49%). Overall, of the 199 isolates
screened, 78 were copper sensitive, 46 tolerant and 75 were resistant. Pearson’s
Chi-squared test showed a significant association between copper sensitivity and, the
sampling environment and location (P = 0.0006). Using Pearson residuals, a positive
correlation was observed between copper tolerant bacterial strains and the phylloplane
environment of the abandoned field. This was also seen with copper resistant strains and
the soil environment of the cultivated field. In summary, there were statistically significant
differences in copper sensitive isolates from the phylloplane and soil of a cultivated and
abandoned field. From this there were greater positive correlations with copper resistant
isolates and the cultivated field.

The 75 copper-resistant isolates from the environmental population were screened for
the variant copLAB genes and identified using 16s rRNA gene sequencing (Table 3).
Interestingly, no copper-resistant Xsp were identified within this sub-group of
environmental isolates. Notable is the higher diversity in soil and phylloplane from the
cultivated field and the presence of Stenotrophomonas spp. isolates (Table 3) in all
locations except the phylloplane of the abandoned field. More isolates from this genus were
obtained from the cultivated field which also had a greater number of Pseudomonas spp.,
Achromobacter spp. and unidentified isolates. However, no copper-resistant isolate in the
environmental population contained the BrA1 variant copLAB gene.

Evolutionary analysis of copLAB genotypes
Sequences from local X. sp. isolates were similar (>96%) to previously reported cop
sequences from Xanthomonas plasmids or Stenotrophomonas spp. chromosomes.
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Cultivated field (79) Abandoned field (31)

A 43 39
48
CuSO,.5H,0
sensitivity
Sensitive
Tolerant
Cultivated field (42) Abandoned field (47) B Resistant
B
49

Figure 3 Proportional differences in copper sensitivity of phylloplane (A) and soil (B) environmental
bacterial isolates from a cultivated and an abandoned field in the Aranguez agricultural district.
Proportions are given as percentages of total isolates per field per environmental sample. The number
of isolates is given in parentheses above each pie chart.  Full-size K&l DOI: 10.7717/peerj.15657/fig-3

Furthermore, these sequences were not clustered with coh chromosomal homologs further
establishing confidence in their designation as cop sequences. In line with established
similarity patterns in global strains, copA (Fig. 4B) and copB (Fig. 4C) genes from local
isolates appear to be more closely related than copL (Fig. 4A). In each phylogeny, three
distinct groupings of PCR amplified copLAB genes from local isolates were observed.
Group 1 and 3 copL sequences, were most distantly placed when compared to all other
sequences. Both groups consisted of genes ~93.5% similar to each other. Isolates in these
groups were all from Navet. Group 1 strains had a CuSO,.5H,0 MIC of 400 ppm with
Group 3 being 600 ppm. Notably, these identical Group 1 sequences were obtained from
two Xanthomonas species (Xcc and Xsp). When compared to X. euvesicatoria pLMG930.1,
four variable sites in Group 1 copL sequences from both Xcc and Xsp were identified.
Group 3 sequences were identical for the aligned region but did not cluster with a
previously reported sequence. However, when compared to Group 1, there were 22
variable sites in the aligned sequences in Group 3. Interestingly, in the BrA1 variant Group
2, four variable sites were detected when compared to the BrA1l draft genome copL
sequence. However, these variations were only present in Xcc Ca3B and C{f6A1. Overall,
the copL sequences in all three groups contained 147 variable sites.
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Table 3 Copper-resistant bacterial isolate counts from an environmental population originating in
the Aranguez agricultural district.

Phylloplane Soil

Genus Abandoned plot Cultivated field Abandoned plot Cultivated field

Achromobacter 0
Acinetobacter 0
Bacillus 3
Enterobacter 0
Klebsiella 0
Pseudomonas 0
Serratia 0
Shigella 0

1

0

Sphingomonas

w o O = v o O W bk O
N O O O kW NN O o o
o S N = I =T Y

Stenotrophomonas

Note:
Bacterial counts for each identified genus from a sub-group of the environmental isolate population is shown is this table.

The copA sequences formed two distinct groups, with Group 1 consisting of the BrA1l
variant genes. While Group 2 comprised Xsp and Xcc isolates from Navet, isolates in both
groups had a CuSO,.5H,0 MIC of 600 ppm. The Xcc CaNP6B sequence in this group
almost entirely (99%) aligned with 99.8% similarity to multiple copA homologs in
Stenotrophomonas spp. and Xanthomonas spp. plasmids. The Xsp sequences in Group 2
were identical to a partial copA CDS from X. perforans (MK616431) while local Xcc variant
sequences clustered with the BrA1l variant and a Stenotrophomonas sp. copA gene. These
variant sequences in Group 1 did not show the same trend as copL (Fig. 4A Group 2) as all
sequences were identical. Furthermore, when compared to other sequences in Group 2,
Xcc CaNP6B shared 15 variable sites with the Xsp sequences in this group (which were all
identical). Overall, both groups shared 153 variable sites.

Previously reported copB sequences clustered into two closely related groups, 2 and 3
(Fig. 4C). Group 2 contained a single sequence from Xcc CaNP6B which was similar to
sequences from the local Xmel CaNP6A genome but identical to multiple
Stenotrophomonas spp. homologs (Similar to Fig. 4B, Group 2). Notably, the copL and
copA genes from this Xcc strain did not show this clustering pattern. Group 3 sequences
clustered with the well-referenced copL sequence from X. euvesicatoria citrumelonis
(HM579937) showing 99.5% similarity at 99% coverage. Isolates from all groups had a
CuS0O,.5H,0 MIC of 600 ppm. In Group 1, the BrA1l variant sequences were all identical
(as seen in Fig. 4B Group 1). Despite their separate group designation, the closely placed
Xcc sequence and Xsp sequences in Groups 2 and 3 (Fig. 4C) were compared. Xcc CaNP6B
copB shared 46 variable sites with Group 3 sequences. Within Group 3, however, two
groupings based on four variable sites were observed. These consisted of PNP25 and
PNP34 and, PNP54 and PNP62. Overall, the sequences from all three groups shared 210
variable sites. As noted with the previous Xcc BrAl study, variant sequences from local
strains clustered separately from others. These variant sequences also clustered with and

Ramnarine et al. (2023), PeerdJ, DOI 10.7717/peerj.15657 11/19


http://www.ncbi.nlm.nih.gov/nuccore/MK616431
http://www.ncbi.nlm.nih.gov/nuccore/HM579937
http://dx.doi.org/10.7717/peerj.15657
https://peerj.com/

Peer/

A

100]

copL

Xce FRL2D3 copl.
Xsp FRL1C1 copL.
Xcc CNP2C coplL

1- Navet Xcc and
Bon Air Xsp 400ppm

Xcc CaNP6B copL.
NC_010943.1 Sm K279a copL
NZ_CP018464.1 Xeu pLMG930.1 copL.

E'j NZ_JAFFQMO000000000.1 Xcc Cf4B1 copL

NZ_CMO007620.1 Xcitcit pLM199.1 copL
———————————————NZ_OEQG01000009.1 Xaf LMG19146 copL
99.1 [NZ_JAFFQIO00000000.1 Xmel CaNP6A cohL
4[NZ7MDEHUUUOUUOO.1 Xmel CFBP4644 cohL
004 CP002914.1 Xacitru F1 cohL
4&5003923.1 Xac 306 cohL
954[NZ_CP025750.1 Xcc 3811 cohl
85/NC_007086.1 Xcc 8004 cohL

NC_010688.1 Xcc B100 cohL
NZ_LMTU00000000.1 Xcc BrA1 cohL
NZ_JAFFQMO000000000.1 Xcc Cf4B1 cohlL.
HM362782.1 Xcitcit Ad4 copL

HM579937.1 Xeucitru 1381
HM636054.1 Sm FBO3P copl.
NZ_LDVT00000000.1 Sm C11 copL.
706|NZ_JAFFQI000000000.1 Xmel CaNP6A copL
NZ_CP018472.1 Xp pLH3.1 copL

Xcc Ca3B copl

Xce Cf1A copL.

Xce Cf6A1 copL
Xce BrA1 copl

95l xce Cf4B1 copl.

2-
XooBeAl
o4 Variant

NZ_LMTU00000000.1 Xcc BrA1 copL | 600 ppm
NZ_CP021768.1 S. sp. WZN-1 copL
NC_003902.1 Xcc ATCC 33913 cohL
4rs ['NZ_CMO007619.1 Xacitcit LM199 cohl
ool [ NZ_CP018467.1 Xeu LMG930 cohL
NZ_CP018475.1 Xp LH3 cohL.

Xsp PNP34 copL
6| Xsp PNP54 copL
Xsp PNP62 copl

group 3 - Navet
Xsp 600ppm

Xsp PNP25 copL

[F——
00°07°0%

C

988

8.8|

copB

NZ_LMTUO00000000.1 Xcc BrA1 copB
Xcc Ca3B copB

1xcc Cf4B1 copB

Xcc CHA copB %t;lpl-Ampu
100 Xcc Cf6A1 copB
Xcc BrA1 copB BrA1 Variant 600ppm

NZ_CP021768.1 S. sp. WZN-1 copB
405HMB36054.1 Sm FBO3P copB
sa.5| NZ_LDVT00000000.1 Sm C11 copB

a4.0| HM362782.1 Xcitcit Ad4 copB

NZ_JAFFQI000000000.1 Xmel CaNP6A copB

98{1NZ_CP018472.1 Xp pLH3.1 copB

Xce CaNP6B copB

Xsp PNP54 copB

Xsp PNP34 copB

HMS579937.1 Xeucitru 1381

Xsp PNP25 copB

Xsp PNP62 copB
NZ_JAFFQI000000000.1 Xmel CaNP6A cohB
NZ_MDEH00000000.1 Xmel CFBP4644 cohB

CP002914.1 Xacitru F1 cohB

AE008923.1 Xac 306 cohB

group 3 - Navet
Xsp 600ppm

100

NZ_CM007620.1 Xcitcit pLM199.1 copB
NZ_OEQG01000009.1 Xaf LMG19146 copB
59| NC_010943.1 Sm K279a copB

NZ_CP018464.1 Xeu pLMG930.1 copB
NC_003902.1 Xcc ATCC 33913 cohB
NZ_CMO007619.1 Xcitcit LM199 cohB
1bo|NZ_CP018467.1 Xeu LMG930 cohB
NZ_CP018475.1 Xp LH3 cohB

009

NZ_CP025750.1 Xcc 3811 cohB
NC_007086.1 Xcc 8004 cohB
NC_010688.1 Xcc B100 cohB
NZ_LMTUO00000000.1 Xcc BrA1 cohB

NZ_JAFFQMO000000000.1 Xcc Cf4B1 cohB

[
0001

a5,

100

copA

CP002914.1 Xacitru F1 cohA

AE008923.1 Xac 306 cohA
NZ_MDEH00000000.1 Xmel CFBP4644 cohA
NZ_JAFFQK000000000.1 Xmel DMCX cohA
NZ_JAFFQI000000000.1 Xmel CaNP6A cohA

NZ_CP021768.1 S. sp. WZN-1 copA
Xcc CadB copA

Xcc CHA copA
group 1 - Aranguez
*2—iXco CI6AT copA Xoc BrAl varisnt
#|Xcc Cf4B1 copA [

NZ_LMTU00000000.1 Xcc BrA1 copA
Xcc BrA1 copA

HMS579937.1 Xeucitru 1381 copA

HM362782.1 Xcitcit Ad4 copA
segg NZ_LDVT00000000.1 Sm C11 copA

HM636054.1 Sm FBO3P copA
2| NZ_JAFFQI000000000.1 Xmel CaNPSA copA
s84/NZ_JAFFQK000000000.1 Xmel DMCX copA

NZ_CP018472.1 Xp pLH3.1 copA

NC_003902.1 Xcc ATCC 33913 cohA
o0 [~ NZ_CMO07619.1 Xaitcit LM199 cohA

4o NZ_CP018467.1 Xeu LMG930 cohA
NZ_CP018475.1 Xp LH3 cohA

11|NZ_LMTUO00000000.1 Xcc BrA1 cohA
NZ_JAFFQMO000000000.1 Xcc Cf4B1 cohA

——NZ_CM007620.1 Xcitcit pLM199.1 copA
47|NZ_CP018464.1 Xeu pLMG930.1 copA
NC_010943.1 Sm K279a copA
Xsp PNP25 copA

%12xsp PNP34 copA
*IXsp PNP62 copA group 2
IXsp PNP54 copA - Navet
NZ_OEQG01000009.1 Xaf LMG19146 copA| i:fx“

Xce CaNPBB copA 600ppm

95

NZ_CP025750.1 Xcc 3811 cohA
NC_007086.1 Xcc 8004 cohA
NC_010688.1 Xcc B100 cohA

005

Figure 4 Phylogenetic reconstruction of amplified partial copL (A), copA (B) and copB (C) sequences from local copper-resistant Xanthomonas
isolates. Sequences from PCR amplifications are highlighted in blue, those from local isolate draft genomes are given in purple, and other sequences
originate from GenBank reference genomes of Xanthomonas spp., Stenotrophomonas spp. and Xanthomonas plasmids. Chromosomal copLAB

homologs (coh) are highlighted in orange boxes while the BrA1l variant cop genes are in blue boxes.
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were identical to cop homologs from Stenotrophomonas sp. WZN-1 (CP021768.1). Variant
copLAB sequences are represented in Fig. 4A (Group 2) and Figs. 4B and 4C (Group 1),
respectively in blue boxes.

DISCUSSION

This study demonstrated that 70% of Xcc strains and 78% of the overall Xanthomonas
population had copper resistance up to a high MIC of 600 ppm. Drastically, only one Xcc
strain was copper sensitive. Furthermore, three cop genotypes were identified and
associated with different copper resistant MIC. One previous study established copper
sensitivity profiles of Xcc strains isolated between 1999 and 2003 (Lugo et al., 2013).
Copper sensitive and resistant (59% of isolates) strains were obtained in that study. This
trend indicates that copper resistance and tolerance levels in Xcc have increased since
2003, in line with expectations given that no drastic change in copper-based chemical
usage guidelines have taken place since. In Trinidad, the agricultural use of chemicals is not
strictly regulated beyond the point of sale. Application rates and concentration depend
heavily on the discretion of farmers at the field level. In one case, the indiscriminate and
monotonous use of copper-based fungicides was previously reported at most of the
farming sites in Trinidad (Ali, Ramsubhag & Jayaraman, 2021). Lugo et al. (2013) noted
the correlation of higher proportions of copper resistant Xcc with long-term use of copper
sprays in Trinidad. With some overlap in sample locations, this study further evaluated
Xanthomonas isolates from Aranguez, Maloney, Navet and Bon Air to determine copLAB
genotypes. Copper resistance has been linked to plasmid-borne copLAB genes in
Xanthomonas spp. in numerous studies (Pontel ¢ Soncini, 2009; Behlau et al., 2013;
Bondarczuk ¢ Piotrowska-Seget, 2013). Thus, all copper resistant Xanthomonas isolates in
this study were expected to contain plasmid-borne copLAB homologs.

Sequencing partial copLAB genes of the BrA1l variant and previously reported forms in
local Xanthomonas strains illustrated separate groupings in the deduced phylogenies.
The BrA1l variant genes from local Xcc strains clustered separately from other previously
reported sequences except for one Stenotrophomonas chromosomal homolog (CP021768.
1). Apart from the latter observation in this study, this clustering pattern was noted by
Behlau et al. (2017). Overall, the closest related reference clades to local sequences
originated from Xanthomonas spp. plasmids and Stenotrophomonas spp. chromosomes,
but notably, did not include Xcc. These Xcc reference sequences were most distantly placed
in all phylogenies. This possibly indicates an origin of copLAB genotypes from other Xsp
and Stenotrophomonas sp. within the local Xcc ecosphere. Horizontal transfer and the
homology of copLAB genes between Xanthomonas spp. and Stenotrophomonas spp. have
been documented in other studies (Behlau et al., 2013; Lai et al., 2021). Notably, diverse
copLAB genotypes within Xcc species are not well-reported and often rely on
homology-based searches in reference to established forms from other species.

Interestingly, all copper resistant Xcc from Aranguez contained the BrA1l variant. This
genotype appears to be strongly associated only with this species and only at this location.
Of note is the 100% identity to a global Stenotrophomonas sp. chromosomal operon but the
absence of this variant in any copper resistant Stenotrophomonas strains from
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environmental isolations. Also remarkable is the apparent lack of drift into other
agricultural districts. However, this will need to be reassessed with a newer and more
extensive sampling population. The gene neighbourhood of the BrA1l variant copLAB
operon and the identical reference both contain mobile elements (SDB. Ramnarine Jr, J.
Jayaraman, A. Ramsubhag, 2023, unpublished data), and its localization on a plasmid
further adds evidence of interaction with another bacterial species and mobile elements.
That is, the movement of this variant into Xcc appears to be indirect.

Two major groups of copA and B sequences were observed in local Xanthomonas and
Xcc strains. With copL sequences, three groups were observed. Furthermore, there are also
at least two unique copLAB clusters within local copper resistant Xcc. Two strains from
Navet did not produce amplicons and thus potentially contain a novel variant. Another
strain from Navet contained diverse copL and A genes with partial operon homology to
more than one reference sequence. The latter case implies some measure of recombination
which was not fully assessed due to the length of sequences obtained. Studies have noted
that environmental exposure to copper chemicals can impact bacterial diversity and the
persistence of copper resistance genes in strains (Araiijo et al., 2012). One study noted that
the continuous selection pressure of copper ions was linked to the presence of cop genes in
environmental Xanthomonas sp. (Roach et al., 2020). Copper resistance is a complex trait
in different bacterial strains and the persistence of resistance genes can be attributed to
horizontal transfer of plasmid-borne copper resistance elements (Altimira et al., 2012) or
enrichment of existing stress response factors within strains (Teelucksingh, Thompson ¢
Cox, 2020).

While it is largely unknown what advantages these variant genes may have in the local
Xanthomonas population, it can be presumed that the persistence of certain copLAB
genotypes provides advantages over others within this species. This was observed as most
genotype groups survived CuSO4.5H,0 MIC up to 600 ppm except for one group of Xcc
and Xsp which survived up to 400 ppm. The impact of cop genotype on these MIC values
can also be investigated via variable sites in the copA and B genes. The copL gene is not
predicted to be protein coding and its exact function in regulation is largely unknown but
copA and B are copper binding proteins. The amplified sequences used in this study
covered copper binding motifs from both genes (SDB. Ramnarine Jr, J. Jayaraman, A.
Ramsubhag, 2023, unpublished data). It is thus assumed that these variable sites may play a
role in MIC differences due to changes in copper binding capacity. One study evaluated
mutations in the copA gene binding motifs and demonstrated that nucleotide changes
affected overall Xcc strain MIC against copper (Hsiao et al., 2011). In the wider
environment, consistent application of copper appears to enrich for copper tolerant and
resistant bacteria in the soil. Interestingly, the persistence of resistant and tolerant
environmental bacteria was even noted in soil and plant material from an abandoned
agricultural field. Not only are there cop genotypes in Xanthomonas strains allowing for
survival up to 600 ppm CuSO,.5H,0, after agricultural activity has stopped resistant
strains persist in the environment. While older studies noted that fields without a
consistent use of copper-based chemicals contained copper susceptible Xanthomonas
(Adaskaveg ¢» Hine, 1985; Lugo et al., 2013), this relationship appears to not revert once
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agricultural activity has ceased. Thus, for environments like those sampled in districts like
Aranguez, the resistance phenotype is maintained in abandoned fields. Unfortunately, this
adds to the complex nature of copper resistance in bacterial populations under the
influence of human activity. The persistence of copper resistance further impacts disease
and resistance management, proper agrochemical consumption in a largely unregulated
space and, future agricultural land use.

Anecdotal data from local farmers indicates that black-rot in cabbage usually begins late
in the cropping stage and the progression slows with copper sprays but eventually
overwhelms the plant despite continuous applications. Understanding the different cop
genotypes present in local Xanthomonas strains is an essential first step in resistance
management as at least one group has been associated with a lower CuSO,.5H,0 MIC in
this study. Furthermore, the potential for novel cop genotypes exists at least in one
agricultural district. The occurrence of novel variants within specific agricultural areas in
Trinidad and the barriers which prevent their spread to other areas and related genera
needs to be explored further. This is especially important in the Aranguez and Navet
districts in the face of changing land use and far-reaching impacts of climate change.

CONCLUSION

This is the first study to report on the distribution of Xanthomonas spp. copLAB genes both
in Xcc and Xsp. isolates from agrochemical contaminated sites in Trinidad. The variant
copLAB genes first identified in a single local Xcc strain from Aranguez (Behlau et al.,
2017) were seen to only occur in Xcc and only those from that same farming district.
Two Xcc strains from another district did not yield amplicons for primers designed to
target multiple cop homologs from Xsp plasmids and Stenotrophomonas sp chromosomes
and another contained genes more similar to other local Xsp genotypes and worldwide
plasmid sequences. Phylogenetic clustering for each individual copLAB gene indicated at
least three potential gene clusters where one is unique in its gene complement homology.
The closely related Xsp also serves as a benchmark for local copper resistant copLAB gene
diversity necessary in future studies on the impact of disease management on resistance,
shifts in Xanthomonas populations and changes in copLAB gene dynamics. Furthermore,
all identified cop genotypes were associated with a max CuSO,.5H,0 MIC. This updated
evaluation on copper sensitivity of Xcc and Xsp from leaf lesions indicated an increase in
copper resistant and tolerant strains in agricultural fields from 2003-2017.
Lesion-associated strains were seen to survive CuSO4.5H,O concentrations up to 2.4 mM.
The increase is not surprising given unchanged and non-standardized copper-based
chemical usage in Trinidad. More concerning is the persistence of copper-resistant
environmental bacteria observed in abandoned field soil, pointing to populations enriched
for resistance after chemical applications have ceased. This study serves as an important
record of changing copper sensitivities, not only among Xcc but also with lesion-associated
Xsp. Furthermore, it is the first attempt at characterising copper resistance copLAB
genotypes among these isolates and has demonstrated the tight association of a variant
cluster to its original isolate’s location. Furthermore, despite 100% identity to a gene cluster
in a global Stenotrophomonas sp strain, this cluster was not found in local isolates of this
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genus. Additionally, the potential for more diverse copLAB genotypes is possible in at least
two Xcc strains. The clustering of local and worldwide copLAB sequences and, the lack of
the variant cluster in the related Stenotrophomonas genus further highlights the complex
dynamics behind the origin of Xcc copLAB genotypes.

ACKNOWLEDGEMENTS
We thank Mr Omar Ali (University of the West Indies, St. Augustine) for his critical
manuscript review and advice on statistical methods.

ADDITIONAL INFORMATION AND DECLARATIONS

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
Stephen DB Jr Ramnarine. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:
The University of the West Indies, St. Augustine, Trinidad.
Campus Research and Publication Fund: CRP.5.APR17.45.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

e Stephen DB Jr Ramnarine conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the article, funding Acquisition, and approved the final draft.

e Jayaraj Jayaraman conceived and designed the experiments, prepared figures and/or
tables, funding Acquisition, and approved the final draft.

o Adesh Ramsubhag conceived and designed the experiments, analyzed the data, prepared
figures and/or tables, and approved the final draft.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

No approval was needed to collect diseased plant specimens from farmers. These
farmers did not give consent for their names to be released in this publication

Data Availability
The following information was supplied regarding data availability:
The data is available in the Supplemental Files and Zenodo:

Ramnarine et al. (2023), PeerdJ, DOI 10.7717/peerj.15657 16/19


http://dx.doi.org/10.7717/peerj.15657#supplemental-information
http://dx.doi.org/10.7717/peerj.15657
https://peerj.com/

Peer/

Stephen DBJR Ramnarine. (2022). 16s rRNA and copLAB partial sequences of copper
resistant Xanthomonas spp. isolated from agrochemical impacted crucifer fields in
Trinidad (Version V1) [Data set]. Zenodo. https://doi.org/10.5281/zenodo.6795859.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.15657#supplemental-information.

REFERENCES

Adaskaveg JE, Hine RB. 1985. Copper tolerance and zinc sensitivity of Mexican strains of
Xanthomonas campestris pv. vesicatoria, Causal agent of bacterial spot of pepper. Plant Disease
69(11):993-996 DOI 10.1094/PD-69-993.

Ali O, Ramsubhag A, Jayaraman J. 2021. Phytoelicitor activity of Sargassum vulgare and
Acanthophora spicifera extracts and their prospects for use in vegetable crops for sustainable
crop production. Journal of Applied Phycology 33(1):639-651
DOI 10.1007/s10811-020-02309-8.

Altimira F, Yaiiez C, Bravo G, Gonzalez M, Rojas LA, Seeger M. 2012. Characterization of
copper-resistant bacteria and bacterial communities from copper-polluted agricultural soils of
central Chile. BMC Microbiology 12(1):197 DOI 10.1186/1471-2180-12-193.

Araitjo ER, Costa JR, Ferreira MASV, Quezado-Duval AM. 2012. Simultaneous detection and
identification of the Xanthomonas species complex associated with tomato bacterial spot using
species-specific primers and multiplex PCR. Journal of Applied Microbiology 113(6):1479-1490
DOI 10.1111/j.1365-2672.2012.05431 .x.

Ayres PG. 2004. Alexis millardet: France’s forgotten mycologist. Mycologist 18(1):23-26
DOI 10.1017/50269915X04001090.

Behlau F, Canteros BI, Jones JB, Graham JH. 2012. Copper resistance genes from different
xanthomonads and citrus epiphytic bacteria confer resistance to Xanthomonas citri subsp. citri.
European Journal of Plant Pathology 133(4):949-963 DOI 10.1007/s10658-012-9966-8.

Behlau F, Canteros BI, Minsavage GV, Jones JB, Graham JH. 2011. Molecular characterization of
copper resistance genes from Xanthomonas citri subsp. citri and Xanthomonas alfalfae subsp.
citrumelonis. Applied and Environmental Microbiology 77(12):4089-4096
DOI 10.1128/AEM.03043-10.

Behlau F, Gochez AM, Lugo AJ, Elibox W, Minsavage GV, Potnis N, White FF, Ebrahim M,
Jones JB, Ramsubhag A. 2017. Characterization of a unique copper resistance gene cluster in
Xanthomonas campestris pv. campestris isolated in Trinidad, West Indies. European Journal of
Plant Pathology 147(3):671-681 DOI 10.1007/s10658-016-1035-2.

Behlau F, Hong JC, Jones JB, Graham JH. 2013. Evidence for acquisition of copper resistance
genes from different sources in citrus-associated Xanthomonads. Phytopathology
103(5):409-418 DOI 10.1094/PHYTO-06-12-0134-R.

Bondarczuk K, Piotrowska-Seget Z. 2013. Molecular basis of active copper resistance mechanisms
in Gram-negative bacteria. Cell Biology and Toxicology 29(6):397-405
DOI 10.1007/s10565-013-9262-1.

Cooksey DA. 1987. Characterization of a copper resistance plasmid conserved in copper-resistant

strains of Pseudomonas syringae pv. tomato. Applied and Environmental Microbiology
53(2):454-456 DOI 10.1128/aem.53.2.454-456.1987.

Ramnarine et al. (2023), PeerdJ, DOI 10.7717/peerj.15657 17/19


https://doi.org/10.5281/zenodo.6795859
http://dx.doi.org/10.7717/peerj.15657#supplemental-information
http://dx.doi.org/10.7717/peerj.15657#supplemental-information
http://dx.doi.org/10.1094/PD-69-993
http://dx.doi.org/10.1007/s10811-020-02309-8
http://dx.doi.org/10.1186/1471-2180-12-193
http://dx.doi.org/10.1111/j.1365-2672.2012.05431.x
http://dx.doi.org/10.1017/S0269915X04001090
http://dx.doi.org/10.1007/s10658-012-9966-8
http://dx.doi.org/10.1128/AEM.03043-10
http://dx.doi.org/10.1007/s10658-016-1035-2
http://dx.doi.org/10.1094/PHYTO-06-12-0134-R
http://dx.doi.org/10.1007/s10565-013-9262-1
http://dx.doi.org/10.1128/aem.53.2.454-456.1987
http://dx.doi.org/10.7717/peerj.15657
https://peerj.com/

Peer/

Criscuolo A, Gribaldo S. 2010. BMGE (Block Mapping and Gathering with Entropy): a new
software for selection of phylogenetic informative regions from multiple sequence alignments.
BMC Evolutionary Biology 10(1):210 DOI 10.1186/1471-2148-10-210.

De Freitas EC, Ucci AP, Teixeira EC, Pedroso GA, Hilario E, Bertolazzi Zocca VF, de Paiva GB,
Ferreira H, Pedrolli DB, Bertolini MC. 2019. The copper-inducible copAB operon in
Xanthomonas citri subsp. citri is regulated at transcriptional and translational levels.
Microbiology 165(3):355-365 DOI 10.1099/mic.0.000767.

Felsenstein J. 1985. Confidence limits on phylogenies: an approach using the bootstrap. Evolution
39(4):783-791 DOI 10.2307/2408678.

Goto M, Hikota T, Nakajima M, Takikawa Y, Tsuyumu S. 1994. Occurrence and properties of
copper-resistance in plant pathogenic bacteria. Japanese Journal of Phytopathology
60(2):147-153 DOI 10.3186/jjphytopath.60.147.

Hall TA. 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis program
for Windows 95/98/NT. Nucleic Acids Symposium Series 41:95-98.

Hsiao YM, Liu YF, Lee PY, Hsu PC, Tseng SY, Pan YC. 2011. Functional characterization of
copA gene encoding multicopper oxidase in Xanthomonas campestris pv. campestris. Journal of
Agricultural and Food Chemistry 59(17):9290-9302 DOI 10.1021/j£2024006.

Katoh K, Standley DM. 2013. MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Molecular Biology and Evolution 30(4):772-780
DOI 10.1093/molbev/mst010.

Lai YR, Lin CH, Chang CP, Ni HF, Tsai WS, Huang CJ. 2021. Distribution of copper resistance
gene variants of Xanthomonas citri subsp. citri and Xanthomonas euvesicatoria pv. perforans.
Plant Protection Science 57(3):206-216 DOI 10.17221/160/2020-PPS.

Lamichhane JR, Osdaghi E, Behlau F, Kohl J, Jones JB, Aubertot J-N. 2018. Thirteen decades of
antimicrobial copper compounds applied in agriculture. A review. Agronomy for Sustainable
Development 38(3):121 DOI 10.1007/s13593-018-0503-9.

Leite RP, Minsavage GV, Bonas U, Stall RE. 1994. Detection and identification of
phytopathogenic Xanthomonas strains by amplification of DNA sequences related to the hrp
genes of Xanthomonas campestris pv. vesicatoria. Applied and Environmental Microbiology
60(4):1068-1077 DOI 10.1128/aem.60.4.1068-1077.1994.

Lim C-K, Cooksey DA. 1993. Characterization of chromosomal homologs of the plasmid-borne
copper resistance operon of Pseudomonas syringae. Journal of Bacteriology 175(14):4492-4498
DOI 10.1128/jb.175.14.4492-4498.1993.

Lugo AJ, Elibox W, Jones JB, Ramsubhag A. 2013. Copper resistance in Xanthomonas campestris
pv. campestris affecting crucifers in Trinidad. European Journal of Plant Pathology 136(1):61-70
DOI 10.1007/s10658-012-0138-7.

Marin TGS, Galvanin AL, Lanza FE, Behlau F. 2019. Description of copper tolerant
Xanthomonas citri subsp. citri and genotypic comparison with sensitive and resistant strains.
Plant Pathology 68(6):1088-1098 DOI 10.1111/ppa.13026.

Pandey SS, Patnana PK, Lomada SK, Tomar A, Chatterjee S. 2016. Co-regulation of iron
metabolism and virulence associated functions by iron and XibR, a novel iron binding
transcription factor, in the plant pathogen Xanthomonas. PLOS Pathogens 12(11):e1006019
DOI 10.1371/journal.ppat.1006019.

Park Y], Lee BM, Ho-Hahn J, Lee GB, Park DS. 2004. Sensitive and specific detection of
Xanthomonas campestris pv. campestris by PCR using species-specific primers based on hrpF
gene sequences. Microbiological Research 159(4):419-423 DOI 10.1016/j.micres.2004.09.002.

Ramnarine et al. (2023), PeerdJ, DOI 10.7717/peerj.15657 18/19


http://dx.doi.org/10.1186/1471-2148-10-210
http://dx.doi.org/10.1099/mic.0.000767
http://dx.doi.org/10.2307/2408678
http://dx.doi.org/10.3186/jjphytopath.60.147
http://dx.doi.org/10.1021/jf2024006
http://dx.doi.org/10.1093/molbev/mst010
http://dx.doi.org/10.17221/160/2020-PPS
http://dx.doi.org/10.1007/s13593-018-0503-9
http://dx.doi.org/10.1128/aem.60.4.1068-1077.1994
http://dx.doi.org/10.1128/jb.175.14.4492-4498.1993
http://dx.doi.org/10.1007/s10658-012-0138-7
http://dx.doi.org/10.1111/ppa.13026
http://dx.doi.org/10.1371/journal.ppat.1006019
http://dx.doi.org/10.1016/j.micres.2004.09.002
http://dx.doi.org/10.7717/peerj.15657
https://peerj.com/

Peer/

Pontel LB, Soncini FC. 2009. Alternative periplasmic copper-resistance mechanisms in Gram
negative bacteria. Molecular Microbiology 73(2):212-225
DOI 10.1111/j.1365-2958.2009.06763.x.

Price MN, Dehal PS, Arkin AP. 2010. FastTree 2—approximately maximum-likelihood trees for
large alignments. PLOS ONE 5(3):¢9490 DOI 10.1371/journal.pone.0009490.

R Core Team. 2023. R: A language and environment for statistical computing. Version 4.0.5.
Vienna: R Foundation for Statistical Computing. Available at https://www.r-project.org.

R Studio Team. 2023. RStudio: integrated development for R. Boston: RStudio, Inc. Available at
http://www.rstudio.com/.

Ramnarine SDB Jr, Jayaraman J, Ramsubhag A. 2022. 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. Peer] 9:e12632 DOI 10.7717/peerj.12632.

Roach R, Mann R, Gambley CG, Shivas RG, Chapman T, Rodoni B. 2020. Pathogenicity and
copper tolerance in Australian Xanthomonas species associated with bacterial leaf spot. Crop
Protection 127(July 2018):104923 DOI 10.1016/j.cropro.2019.104923.

Stover BC, Miiller KF. 2010. TreeGraph 2: combining and visualizing evidence from different
phylogenetic analyses. BMC Bioinformatics 11(7):275 DOI 10.1186/1471-2105-11-7.

Sundin GW, Bender CL. 1993. Ecological and genetic analysis of copper and streptomycin
resistance in Pseudomonas syringae pv. syringae. Applied and Environmental Microbiology
59(4):1018-1024 DOI 10.1128/aem.59.4.1018-1024.1993.

Teelucksingh T, Thompson LK, Cox G. 2020. The evolutionary conservation of escherichia coli
drug efflux pumps supports physiological functions. Journal of Bacteriology 202(22):e00367-20
DOI 10.1128/]B.00367-20.

Teixeira EC, Franco de Oliveira JC, Marques Novo MT, Bertolini MC. 2008. The copper
resistance operon copAB from Xanthomonas axonopodis pathovar citri: gene inactivation results
in copper sensitivity. Microbiology 154(2):402-412 DOI 10.1099/mic.0.2007/013821-0.

Vicente JG, Holub EB. 2013. Xanthomonas campestris pv. campestris (cause of black rot of
crucifers) in the genomic era is still a worldwide threat to brassica crops. Molecular Plant
Pathology 14(1):2-18 DOI 10.1111/§.1364-3703.2012.00833.x.

Voloudakis AE, Bender CL, Cooksey DA. 1993. Similarity between resistance genes from
Xanthomonas campestris and Pseudomonas syringae. Applied and Environmental Microbiology
59(5):1627-1634 DOI 10.1128/aem.59.5.1627-1634.1993.

Wilson K. 2001. Preparation of genomic DNA from bacteria. Current Protocols in Molecular
Biology 56(1):2.4.1-2.4.5 DOI 10.1002/0471142727.mb0204s56.

Ramnarine et al. (2023), PeerdJ, DOI 10.7717/peerj.15657 19/19


http://dx.doi.org/10.1111/j.1365-2958.2009.06763.x
http://dx.doi.org/10.1371/journal.pone.0009490
https://www.r-project.org
http://www.rstudio.com/
http://dx.doi.org/10.7717/peerj.12632
http://dx.doi.org/10.1016/j.cropro.2019.104923
http://dx.doi.org/10.1186/1471-2105-11-7
http://dx.doi.org/10.1128/aem.59.4.1018-1024.1993
http://dx.doi.org/10.1128/JB.00367-20
http://dx.doi.org/10.1099/mic.0.2007/013821-0
http://dx.doi.org/10.1111/j.1364-3703.2012.00833.x
http://dx.doi.org/10.1128/aem.59.5.1627-1634.1993
http://dx.doi.org/10.1002/0471142727.mb0204s56
http://dx.doi.org/10.7717/peerj.15657
https://peerj.com/

	copLAB gene prevalence and diversity among Trinidadian Xanthomonas spp. black-rot lesion isolates with variable copper resistance profiles ...
	Introduction
	Methods
	Results
	Discussion
	Conclusion
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


