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Abstract

The Goss’s bacterial wilt pathogen, Clavibacter nebraskensis, of corn is a candidate A1
quarantine organism; and its recent re-emergence and spread in the USA and Canada is a
potential biothreat to the crop. We developed and tested an amplicon-based Nanopore
detection system for C. nebraskensis (Cn), targeting a purine permease gene. The sensitiv-
ity (1 pg) of this system in mock bacterial communities (MBCs) spiked with serially diluted
DNA of C. nebraskensis NCPPB 2581 is comparable to that of real-time PCR. Average
Nanopore reads increased exponentially from 125 (1pg) to about 6000 reads (1000 pg) after
a 3-hr run-time, with 99.0% of the reads accurately assigned to C. nebraskensis. Three run-
times were used to process control MBCs, Cn-spiked MBCs, diseased and healthy leaf
samples. The mean Nanopore reads doubled as the run-time is increased from 3 to 6 hrs
while from 6 to 12 hrs, a 20% increment was recorded in all treatments. Cn-spiked MBCs
and diseased corn leaf samples averaged read counts of 5,100, 11,000 and 14,000 for the
respective run-times, with 99.8% of the reads taxonomically identified as C. nebraskensis.
The control MBCs and healthy leaf samples had 47 and 14 Nanopore reads, respectively.
16S rRNA bacteriomic profiles showed that Sphingomonas (22.7%) and Clavibacter
(21.2%) were dominant in diseased samples while Pseudomonas had only 3.5% relative
abundance. In non-symptomatic leaf samples, however, Pseudomonas (20.0%) was domi-
nant with Clavibacter at 0.08% relative abundance. This discrepancy in Pseudomonas
abundance in the samples was corroborated by gPCR using EvaGreen chemistry. Our work
outlines a new useful tool for diagnosis of the Goss’s bacterial wilt disease; and provides the
first insight on Pseudomonas community dynamics in necrotic leaf lesions.
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Introduction

The emergence or re-emergence and rapid spread of bacterial plant diseases are a global bio-
threat to crop biosecurity. Increased prevalence and rapid spread of phytobacterial diseases are
facilitated by environmental changes, increased international trade and immigration as well as
the emergence of new virulence traits [1, 2]. The Gram-positive bacterial genus Clavibacter
(family Microbacteriaceae) comprises of six core species [3], all of which are important phyto-
pathogens on specific agricultural crops [4, 5]. Four of these species are classified as quarantine
organisms due to the high economic threat they pose [6, 7]. Clavibacter nebraskensis [3] (for-
merly C. michiganensis subsp. nebraskensis) is the causal agent of the Goss’s bacterial wilt and
blight disease of corn/maize (Zea mays L.). The first report of the disease was in south-central
Nebraska (U.S.A) and neighboring states in 1969 [8] but in recent years it has re-emerged and
spread within the USA as well as Canada [5, 9, 10]. In 2015, Singh et al. [11], reported the first
account of the Goss’s wilt disease caused by C. nebraskensis in Louisiana. As this pathogen has
the potential to invade seeds with no characteristic symptoms on seeds, as well as the ability to
cause latent infections [12], Paul and Smith [13] proposed C. nebraskensis as a candidate Al
quarantine organism. This could have potential regulatory challenges for export countries.
Rapid detection and accurate identification of the causal agents are key to developing reliable
management strategies to mitigate crop yield losses and provide acceptable regulatory export/
import assurance of minimal risk for spread of the disease to regions with no recent reports.

Compared to morphological and serological methods, DNA-based techniques provide a
rapid and more reliable detection and identification of C. nebraskensis (Cn) on corn. Several
conventional PCR assays have been reported. An assay based on specific random fragment
length polymorphism patterns was reported by Waleron et al. [14]. Also, McNally et al. [15]
reported a PCR-mediated detection assay using primers derived from a predicted gene; Feng
etal. [16] developed a nested-PCR based on 16S-23S intergenic transcribed spacers (ITS);
while Baek et al. [17] developed specific primers that yielded 500-564 bp fragments. These
techniques require post-PCR handling to visualize the results and as such are prone to errors
[5]. Also, a couple of real-time PCR-based methods have been developed for the detection of
Cn [5, 18, 19]. Even though, real-time PCR-based systems provide a better alternative to con-
ventional PCR assays, there are some inherent limitations e.g. the number of fluorescent dyes
which can limit the number of target pathogens identified simultaneously.

Rapid advances in new next-generation DNA sequencing platforms is facilitating the iden-
tification of microbial species [2, 5, 20]. One of the most predominant systems is the MinION
Nanopore sequencing platform (Oxford Nanopore Technologies (ONT)). Nanopore sequenc-
ing enables direct sequencing of native DNA by measuring voltage changes when a single
DNA molecule passes through a protein Nanopore embedded in a membrane on a flowcell
[21]. The decoding of the resulting signal determines the specific nucleic acid DNA sequence
[21]; https://nanoporetech.com/applications/dna-nanopore-sequencing). The relatively low
cost, portability and real-time data analysis of the Nanopore sequencing platform are attractive
advantages while low read accuracy (90%) is its current main drawback [22]. Given its trans-
portability, the MinION platform is becoming a useful tool for on-site sample sequencing for
rapid microbial identification in diverse environments, e.g. microbial paleo mats in the Ant-
arctic [23]; bacterial identification in clinical samples within 6 h [24], or field detection of cas-
sava mosaic virus in Africa in less than 4 h [25]. Of all the studies that used the Nanopore
technology for microbial identification, the majority have been in medical clinical samples [26,
27]. The use of this new technology to detect plant pathogens is still very limited. In addition
to the virus testing by Boykin et al. [25], Chalupowicz et al. [28] demonstrated the detection of
several phytobacterial pathogens using Nanopore technology while Hu et al. [2] applied the

PLOS ONE | https://doi.org/10.1371/journal.pone.0245333  January 22, 2021 2/22


https://nanoporetech.com/applications/dna-nanopore-sequencing
https://doi.org/10.1371/journal.pone.0245333

PLOS ONE

Nanopore-based detection of C. nebraskensis

technique to the diagnosis of fungal wheat diseases caused by Zymoseptoria tritici, Puccinia
striiformis f. sp. tritici and Pyrenophora tritici repentis in a nursery.

This article describes a Nanopore-based detection system for the Goss’s bacterial wilt and
leaf blight pathogen, C. nebraskensis, by targeting a purine permease gene. The assay allowed
for the detection of the pathogen in (1) a mock bacterial community (MBC) that included all
known corn bacterial pathogens as well as other Clavibacter species to test its reliability; (2)
serially diluted Cn DNA to determine the sensitivity/detection limit; and (3) Cn naturally-
infected corn leaves versus healthy leaves. In addition, Nanopore runs of 3, 6, and 12 h were
evaluated to determine the best run time. Also, bacteriomic analysis targeting the 16S rRNA
gene was conducted to determine bacterial community profiles in diseased versus healthy leaf
samples. Nanopore-based bacteriomic analysis revealed a significantly low Pseudomonas com-
munity in infected corn leaves that showed a high Clavibacter community as indicated by
Nanopore reads. The decrease in Pseudomonas community population was confirmed by
qPCR using Pseudomonas-specific primers targeting the 16S rRNA genes [29].

Materials and methods
Bacterial strains, plant material and DNA extraction

Twenty-eight bacterial strains, used as mock community, consist of other Clavibacter species/
subspecies; seven corn bacterial pathogens (Pseudomonas syringae pv. syringae, Xanthomonas
vasicola pv. holcicola, Pantoea stewartii; Enterobacter cloacae pv. dissolvens, Pectobacterium
carotovorum pv. carotovorum, Dickeya zeae and Panotea ananatis); known endophytes/sapro-
phytes, mainly of the Pseudomonas fluorescens/ Pseudomonas putida subgroups, Pantoea
vagans and Pantoea agglomerans. In addition, four Streptomyces spp. (S. scabies, S. bottropensis,
S. luridiscabiei and S. tubercidicus) were used to represent distant bacterial species. With the
exception of Pectobacteriun spp. and Streptomyces spp., all strains were cultured in Luria-Ber-
tani (tryptone at 10 g/L, yeast extract at 5 g/L and NaCl at 10 g/L) or nutrient broth media as
previously described [5]. Strains of Pectobacteriun spp. and Streptomyces spp. were cultured as
previously described [30]. Bacterial stock cultures were maintained on the same medium
amended with 25% glycerol (v/v). Genomic DNA was extracted from each strain using the
Wizard SV Genomic DNA purification system (Promega Corp., Canada). DNA concentration
was determined using the Qubit 4 fluorometer (ThermoFisher Scientific, Canada) and purified
DNA was stored at -20°C.

In the 2015 and 2016 corn growing seasons, 25 diseased and healthy corn leaves were col-
lected in Manitoba and shipped to the Ottawa Bacteriology lab and processed as indicated pre-
viously [5]. Total DNA was extracted from punched leaf discs (4 discs/leaf sample) for 16 leaf
samples consisting of 8 Cn-symptomatic and 8 healthy samples previously indicated to be Cn-
positive and Cn-negative using a multiplex TagMan real-time PCR [5]. Total DNA was
extracted from these 16 samples with Ultraclean Soil DNA isolation kits (Mo Bio Laboratories)
as indicated by the manufacturer. DNA quality and concentration were determined using aga-
rose (1%) electrophoresis and Qubit 4 fluorometer (ThermoFisher). Also, the total DNA was
evaluated for potential PCR inhibition using the IC-65for/IC-65rev primer pair with the hex-
labelled probe (IC-88pb) as previously described [30]. The total DNA of 4 leaf samples were
pooled to constitute two diseased and two healthy samples processed by PCR and Nanopore
sequencing.

Gene selection and primer design for nanopore detection of Cn

The genomes of five core Clavibacter species (C. michiganensis, C. sepedonicus, C. insidiosus, C.
tessellarius and C. nebraskensis) were annotated on RAST [31] and comparative genomics
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analysis (sequence comparison tool) was performed as described previously [4] to identify
unique genomic regions for primer design. A purine permease gene fragment was identified as
a candidate for Nanopore-based detection of Cn. The gene is located within the 258009-
258981 region of the genome (HE614873) of C. nebraskensis NCPPB 2581". The locus tag for
this fragment is CMN_00274. Primers were designed and tested for specificity, as reported pre-
viously [5, 32]. The primers were checked for melting temperature (Tm), dimer or hairpin for-
mation using an oligonucleotide properties calculator [33]. The Nanopore-specific nucleotide
sequences were fused to the 5’-end of the designed purine permease primers as recommended
by Oxford Nanopore Technologies. Primers were synthesized by Integrated DNA Technolo-
gies (Canada).

PCR amplification and Nanopore library construction and sequencing

Primer sets 16S27F/16SR1495 (5’ ~-AGAGTTTGATCMTGGCTCAG-3’ / 5’ - TACGGYTAC
CTTGTTACGACTT-3") [34] and Cn_pPer11F/Cn_pPer986R (5’ ~CCTCGACCACCGCC
GCGA-3’ / 5’ -CGGCTCCTGCCCCTCGGG-3") fused to Nanopore-specific oligonucleo-
tides were used for 16S rRNA and purine permease amplifications, respectively. PCR amplifica-
tions of all replicates of the mock bacterial communities (Cn-spiked or not) and corn leaf samples
(diseased and healthy) were performed using HotStar Taq Plus DNA polymerase kit (Qiagen,
Canada) and barcoded using the SQK-PBK004 PCR Rapid Barcoding kit (ONT) targeting 16S
rRNA and purine permease genes where required. Briefly, a PCR reaction (total volume of 60 pl)
consisted of 6 ul QIAGen HotStar 10x Buffer, 12 pl 5x Q-sol, 0.75 pl of 2.5 mM dNTPs, 0.6 ul 20
nM of each primer, 1.8 ul of LWB Barcodes (ONT), 0.6 ul of Taq polymerase plus (5U/pl; Qiagen),
6 ul DNA template (5 ng/ul), and 21.65 pl of PCR H,O. PCR parameters performed in a TProfe-
sional thermocycler (Biometra, Germany) were an initial denaturation at 95°C, 5 min; followed
by 40 cyles of 95°C, 30 sec, 65°C, 30 sec, 72°C, 60 sec; and a final extension at 72°C, 5 min. For
quality control, 3 pl of the PCR amplicons were verified by agarose (1.3%) gel electrophoresis. The
remaining 57 ul of PCR products were purified by Amicon Ultra-0.5 Centrifugal Filters (Milli-
pore, Canada). The DNA concentration of the purified PCR products were quantified by Qubit
High Sensitivity DNA assay (ThermoFisher, Canada) as recommended by the manufacturer.

Sequencing reactions were performed on pooled samples using MinION flowcells, FLO-
MIN106D (R9.4.1; ONT) connected to a MinION device (MIN20562; ONT). The device was
operated by the MinKNOW software (version 1.5.2 and version 1.6.11). Prior to application of
the samples, the flowcells were primed with 800 pl of priming solution (30 pl Flushing Tether
Solution mixed with 1000 pl of Flushing Buffer; ONT). The pooled amplicon libraries were
mixed with 2 pl of PCR H,0, 1 pl of Rapid 1D sequencing adapters (RAP; ONT), mixed gently
and spun down, and incubated for 5 min at room temperature. Eleven microliters of the bar-
coded amplicons were added to the loading mix consisting of 34 ul of sequencing buffer
(SQB), 25.5 pl of loading beads (LB KIT 1D) and 4.5 pl of PCR H,O to a total final volume of
75 pl. The mix was then loaded on the Flowcell via the SpotON port. The manufacturer’s rec-
ommended Flowcell protocol was executed through the MinKNOW and run for 12, 6, or 3 hrs
depending on the treatment.

Nanopore sequencing analysis

The raw reads (fast5 files) generated for all the five Nanopore runs were processed using Alba-
core 2.0.2 software (Oxford Nanopore Technologies) for basecalling. All the fastq files of a
Nanopore run were merged into a single fastq file. Barcode de-multiplexing, adapter trimming
and quality filtering (QC score > 8) of the merged fastq were done using Porechop (https://
github.com/rrwick/Porechop) with the option to discard reads with internal adapters. Seqkit
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Fig 1. Clavibacter nebraskensis Nanopore-based sequencing and detection workflow in mock bacterial communities (MBC)
and corn leaf samples from diseased fields, with typical Goss’s wilt symptoms, targeting the purine permease gene. Barcodes
1&2 (MBC3): mock bacterial community spiked with DNA of C. nebraskensis; barcodes 3 &4 (MBC4): mock bacterial
community without spiked DNA of C. nebraskensis; barcodes 5&6: diseased leaf samples; and barcodes 7&8: healthy leaf samples.
Detailed processing protocol is given in ‘Material and Methods’ section. High quality reads were taxonomically classified using
BLASTn [40] on a custom genome reference database. Image of MinION was downloaded from https://www.mongodb.com/
blog/post/oxford-nanopore-technologies-powers-real-time-genetic-analysis-using-docker-mongodb-and-aws.

https://doi.org/10.1371/journal.pone.0245333.g001

[35] was used to convert the de-multiplexed fastq file into fasta format and to discard reads
<1000 nt (1,000-1,500 nt) for 16S rRNA and <300 nt for purine permease fragments. The 16S
rRNA derived Nanopore reads were taxonomically analyzed using the Metagenome@KIN
software (World Fusion, Tokyo, Japan) with the following parameters: percent identity > 80%
and e-value > 1.0 x 107>, Only taxa identified in both replicates of each treatment were used
for downstream analyses. Also, Nanopore reads targeting the purine permease gene fragment
for specific detection of Cn in serial dilutions, diseased and healthy corn leaf samples, or mock
bacterial communities (with or without Cn) were processed. The taxonomic classification was
done using a customized local database of all NCBI publicly available genomes of Clavibacter
and representatives of known bacterial pathogens and saprophytes with a cut-off percent iden-
tity of 85%. Nanopore raw sequence raw data are deposited at NCBI Sequence Read Archive
(SRA) with accession numbers SRR13149677-SRR13149678 and SRR13150203-SRR13150212.
Fig 1 summarizes the detection protocol targeting the purine permease gene.

MiSeq library preparation, sequencing and analysis

To assess Pseudomonas community compositions in the diseased and healthy corn leaf sam-
ples, primers were designed and PCR performed targeting a 430-nt variable region of rpoD
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gene, the RNA polymerase sigma 70 factor. The rpoD gene has been reported as a reliable spe-
cies-level taxonomic marker for the genus Pseudomonas in previous studies [36, 37].

Library preparation and MiSeq sequencing of rpoD gene fragment were performed by the
Molecular Technologies Laboratory, Ottawa Research and Development Center (MTL-ORDC,
Ottawa, ON, Canada). Briefly, fusion primer cocktails targeting the rpoD gene were designed
with 0-3 “N” bases in between the Illumina overhang adapter sequence and the gene-specific
sequence. This staggering is used to increase base diversity. The pooled total DNA of diseased
and healthy leaf samples were PCR-amplified using the fusion primer cocktails, purified with
AMPure beads (Beckman Coulter Life Sciences, USA) and normalized using SequalPrep plates
(Life Technologies, Canada). A second round PCR was performed to add the Nextera XT
indexes (Illumina, Canada), sequencing primer and barcodes. Library sizes were estimated
using the Agilent TapeStation D1000 (Agilent Technologies, Germany) assay. Concentrations
were calculated using Qubit High Sensitivity DNA assay and KAPA Library Quantification
qPCR as recommended by the manufacturer. An equimolar pool was made and loaded on the
Mumina MiSeq instrument with 25% PhiX Control Library. The barcoded PCR products were
pooled and sequenced with Illumina (Illumina Inc., San Diego, CA, USA) Miseq Nano (500v2,
500 Mb sequencing capacity) at MTL-ORDC (Ottawa, ON, Canada). Illumina MiSeq sequenc-
ing raw data are deposited at NCBI Sequence Read Archive (SRA) with accession numbers
SRR11799801 and SRR11799802.

FastQC [38] was used to assess the quality of the demultiplexed paired-end (forward and
reverse) sequence reads. Poor quality (phred < 20) sequence reads were discarded. The merge
script (join_paired_ends.py) in QIIME 1 [39] was implemented to join the paired reads. The
obtained reads were screened for a minimum cut-off sequence length of 400 nt using Seqkit
software. The quality-filtered reads (> = 400nt) were searched to a custom rpoD database of
over 200 type strains of Pseudomonas species based on the following filters: > = 95% match to
a database entry and a minimum e-value of 1e'* using the exclude_seqs_by_blast.py com-
mand in QIIME. This process binned the sequence reads into matching (known species) and
non-matching (potential new genotypes) folders. Matching reads of 178439 and 117398 were
obtained for diseased and healthy corn leaf samples respectively. The filtered sequence reads
were BLASTn [40] searched to the above mentioned custom database and classified to the cor-
responding Pseudomonas species at 95% similarity and minimum e-value of 1e'°. The non-
matching sequence reads were assigned to the closest valid Pseudomonas species using a lower
similarity cut-off threshold of 85% and are referred to as operational taxonomic units (OTUs).

EvaGreen real-time PCR quantification

Quantitative real-time PCR was used to validate/verify the discrepancies in the relative abun-
dance of Pseudomonas community in diseased and healthy leaf samples. EvaGreen™ chemis-
try was used to quantitate the Pseudomonas and Sphingomonas communities in total DNA
isolated from the leaf samples as previously described [41]. A Pseudomonas-specific primer set,
F311Ps/R1459Ps (5’ ~-CTGGTCTGAGAGGATGATCAGT-3’ / 5’ -AATCACTCCGTGG-
TAACCGT-3") targeting the 16S rRNA gene [29] and a Sphingomonas-specific primer set,
Sphingo-180F/Spingo-420R (5’ ~GCGTAACGCGTGGGAATCTG-3" /5’ ~-TTACAACCC~-
TAAGGCCTTC-3"), were used. The specificities of the primer sets were confirmed by conven-
tional PCR amplifications, using 7 bacterial genera consisting of 27 strains including
Pseudomonas and Sphingomnas strains. Real-time PCR was conducted in 10-pl reaction vol-
ume containing 5 ul of Sso Fast EvaGreen Supermix (Bio-RAD), 0.1 pl of each primer (20 pM)
and 1 pl of DNA solution or cell dilution in 1x phosphate buffer solution (PBS; pH = 6.5).
Real-time PCR was performed in Chromo4 thermal cycling system (M] Research, Bio-Rad
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Laboratories) with optimized amplification conditions for Pseudomonas or Sphingomonas,
respectively, consisting of an initial denaturation at 95 °C, 5 or 3 min followed by 40 cycles of
95 °C, 30 or 5 sec, 68 “C or 63°C, 30 sec or 10 sec and 72 °C or 74 °C, 60 °C or 15 sec. Standard
curves were generated for accurate quantification as previously described [30, 41] using serial
cell dilutions of Pseudomonas canadensis 2-92" and Sphingomonas sp. 23L3C as the reference
strains. Triplicates of standards and samples were subjected simultaneously to real-time PCR
amplifications with a negative control and blank. Analysis of variance (ANOVA) was per-
formed using the aov command in R-statistics (60).

Estimation of diversity and phylogenetic analysis

Bacterial diversity was assessed using the Shannon’s (H) and Simpson’s (D) diversity indices,
respectively, as implemented using the ‘vegan’ package [42] in R-statistics [43] and Biodiver-
sity calculator (https://www.alyoung.com/labs/biodiversity_calculator.html). Also, the bacte-
rial or Pseudomonas communities recovered from diseased and healthy leaf samples were
statistically compared using analysis of similarity (ANOSIM) [44] as implemented in mothur
[45]. ANOSIM will generate a test statistic, R, used to assess the congruence among individuals
grouped according to their respective populations. For phylogenetic analyses, the DNA
sequences were aligned using MUSCLE [46] and Neighbor-Joining method [47] was used to
infer the trees in MEGA?7 [48] with 1000 bootstrap replicates [49]. The evolutionary distances
were computed using Jukes-Cantor method [50] in the units of number of base substitutions
per site.

Results

Specificity of the purine permease DNA fragment and oligonucleotide
primers

The comparative analysis of the Clavibacter genome nucleotide sequences identified purine
permease to be unique to C. nebraskensis and C. michiganensis subsp. californiensis. None of
the other Clavibacter species or subspecies have this gene. The presence of this DNA fragment
in only Cn and Cmc was confirmed by an extensive BLASTn analysis of publicly available
entries of all the four key NCBI databases (nt, refseq_genomes, wgs and ref_prok_rep_gen-
omes). BLAST results based on the nt database retrieved four Cn genomes (strains: NCPPB
25817, 61-1, 7580 and HF4) at a 100% similarity followed by 4 strains of Curtobacterium spe-
cies with percent sequence homologies of 86.98-88.28. Also, Microbacterium pygmaeum strain
DSM 23142T exhibited a percent sequence homology of 80.12%. With the refseq_genomes
and wgs databases, the BLAST hits comprised 3 Cn genomes (strains 2581T or CFBP 7577,
DOAB 395 and DOAB 397) at 100% homologies, two genomes of C. michiganensis strains
CFBP 8017 (98.01%) and AY1B2 (97.53%) and Cmc strain CFBP 8216 (97.94%). Alignment of
the purine permease nucleotide sequences of all the strains revealed a 19 or 177 single nucleo-
tide polymorphisms (SNPs) between Cn 2581" and Cmc CFBP 8216T or M. pygmaeum DSM
23142" respectively (S1 Fig). The primer set Cn_pPer11F/ Cn_pPer986R was designed to
encapsulate these SNPs for specific detection of Cn especially with a cytosine to adenine poly-
morphism at position 4 from the 3’-end of primer Cn_pPer11F (S1 Fig). The specificity of this
primer set was confirmed using Primer-BLAST with the expected in silico amplicon size of 973
bp on all Cn genomes. The reliability of the primer set was validated using conventional PCR
amplifications, which showed 973-bp amplicons only with Cn. No PCR products were ampli-
fied with 24 other bacterial DNA including all other Clavibacter species as well as 14 known
bacterial pathogens of corn and saprophytes.
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Nanopore sensitivity and Cn-detection at different run times

The detection limit of the Nanopore-based system was performed on serial dilutions (1, 10,
100 and 1,000 pg/pl) of genomic DNA of C. nebraskensis NCPPB 2581" spiked in a mock bac-
terial community of 28 bacterial strains including all Clavibacter species and known bacterial
pathogens and saprophytes of corn. Fig 2 shows the mean Nanopore reads after a 3-hr run for
the four DNA concentrations evaluated. The mean Nanopore reads increased exponentially
from 125 reads (1 pg) to about 6,000 reads (1,000 pg) after a 3-hr run time. The exponential
increment is represented by the equation y = 100.1e'>**** with a correlation coefficient of

p =0.960 (r* = 0.923; Fig 2). Over 99.0% of the reads of each DNA concentration were accu-
rately assigned to C. nebraskensis. A few reads, averaging 1 (1-100 pg/ pl) to 15 (1,000 pg/pl)
were attributed to other bacteria including Clavibacter. No Nanopore reads were obtained in
MBC containing all the other bacterial DNA extracts without the presence of Cn.

Three Nanopore run times were used to process control MBC, Cn-spiked MBC, diseased
and healthy leaf samples (Fig 3). The mean Nanopore reads recorded doubled as the run-time
increased from 3 to 6 hrs for all the treatments (Fig 3). Increasing the run time from 6 to 12
hrs increased the read counts by only about 20% in all the treatments (Fig 3). The control
MBC and healthy corn leaf samples exhibited the lowest number of Nanopore reads, averaging
47 and 14 reads respectively (Fig 3). Cn-spiked MBC and diseased corn leaf samples had high
Nanopore read counts with means, across three run times, of 5100, 5000 and 11000 respec-
tively (Fig 3). Over 99.8% of the mean sequence reads recorded for the Cn-spiked MBC and
diseased corn leaves were taxonomically assigned to C. nebraskensis and the rest (0.2%)
belonged to other bacteria. Also, 12, 26 and 38 Nanopore reads from healthy corn leaf samples
could be taxonomically affiliated to C. nebraskensis.

Nanopore-based bacterial profiles in diseased and healthy corn leaves

The 16S rRNA sequences were quality checked and length (1000 bp) filtered to obtain a total
0f 101,879 and 125,683 reads for diseased and healthy samples respectively. A total of 64,712
(80%) and 108,124 (86.7%) of these reads were classified to the family and genus levels. About
20% and 13.9% of the total number of reads could not be taxonomically classified for diseased
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Fig 2. Mean number of MinION Nanopore reads of Clavibacter nebraskensis (Cn) DNA spiked, in duplicates, in
mock bacterial community of 28 known pathogens and saprophytes of corn after a 3h-run-time MinION
Nanopore sequencing. Majority (99.8%) of the Nanopore reads, targeting the purine permease genes, were accurately
identified as Cn by a BLAST [2].

https://doi.org/10.1371/journal.pone.0245333.g002
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Fig 3. Nanopore-based detection of Clavibacter nebraskensis in spiked mock bacterial communities (MBC),
naturally infected and healthy leaf samples after 3, 6 or 12 hrs of run-time targeting the purine permease gene
fragment. The control MBC (not spiked with C. nebraskensis) or healthy leaf samples had very low number of
Nanopore reads.

https://doi.org/10.1371/journal.pone.0245333.g003

and healthy corn leaf samples respectively due to poor quality and/or the presence of
chimeras.

Nanopore reads from healthy samples were taxonomically classified into 14 bacterial phyla,
22 classes, 64 orders, 137 families and 526 genera. Similar taxonomic counts were recorded for
diseased samples. The Proteobacteria phylum was the most abundant in both the healthy
(80.8%) and diseased (55.0%) leaf samples. The class of Alphaprotebacteria dominated in the
diseased leaf samples (30%) while the Gamma-proteobacteria were most prominent in healthy
samples (55.1%). Fig 4A shows the relative abundance of the most prominent families in the
diseased and healthy leaf samples. Sphingomonadaceae (33.7%), Enterobacteriaceae (27.0%)
and Microbacteriaceae (23.0%) were the most prominent families in the necrotic tissues (Fig
4A). Pseudomonadaceae (60%), Sphingomonadaceae (18.7%) and Oxalobacteraceae (8.0%)
were the dominant families in healthy leaves (Fig 4A). At the genus-level, Sphingomonas
(22.7%), Clavibacter (21.2%) and Pantoea (14.1%) were the most prominent genera while
reads taxonomically assigned to the genus Pseudomonas made-up only 4.5% (Fig 4B) in dis-
eased leaves. The genus Pseudomonas (20.0%) was dominant in healthy leaf tissues followed by
Sphingomonas (13.0%) while the genus Clavibacter had only 0.08% relative abundance (Fig
4B).

Bacterial diversity estimates in healthy and diseased leaf samples based on 16S rRNA
showed a total of 377 and 216 genera (richness S), respectively (S1 Table). The Shannon’s
diversity index was slightly higher in healthy leaf samples (H = 3.08) compared to diseased
leaves (H = 2.80). A similar trend was observed with Simpson’s indices (D) of 0.91 and 0.87 for
healthy and diseased leaf samples, respectively. Species evenness as expressed by Pielous’s
index was identical at 0.52, suggesting that evenness is far from complete in both the healthy
and diseased leaf samples. Also, the bacterial community structures were not statistically
different.
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Fig 4. Relative abundance of dominating (>>500 Nanopore reads) bacterial families (a) and genera (b) in naturally infected by
Clavibacter nebraskensis or healthy leaf samples. Note the presence of the genus Clavibacter mainly in Cn-infected leaves while
the genus Pseudomonas was highly abundant in healthy corn leaf samples.

https://doi.org/10.1371/journal.pone.0245333.9004

Real-time quantification of Pseudomonas and Sphinogomonas in leaf

samples

EvaGreen real-time PCR was performed on serial cell dilutions of Pseudomonas canadensis 2-
92" to generate an optimized standard curve (Fig 5). The threshold cycles (Cr) increased with
each cell dilution (Fig 5A) as the target cell concentration decreased, demonstrating the valid-
ity of the assay and showing that quantification of target DNA is possible. An increment in Cr
value of about 3-4 cycles was recorded as the cell concentration was decreased by 10-fold for
each increment (Fig 5A). A linear negative regression, with a coefficient of determination of r*
=0.99, was computed between the threshold cycle (Cr) and colony forming units (Fig 5A).
Healthy leaf samples exhibited a statistically lower mean Cr value = 24.00+0.25 (p = 0.0015**)
while diseased samples had a mean Cr value of 26.57+0.53. Fig 5A shows the position on the
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Fig 5. Quantification of Pseudomonas populations (a) and melt curve (b) in Clavibacter nebraskensis-field-infected corn
leaves (green) and healthy leaf samples (red) using EvaGreen qPCR chemistry. Pseudomonas canadensis 2-92" was used

as reference to generate the standard curve as previously reported [59]. Note that the number of colony forming units
present in a sample is inversely proportionate to threshold cycle.

https://doi.org/10.1371/journal.pone.0245333.g005

standard curve of the recorded Cr values for healthy (green circles) and diseased (red circles)
leaf samples. This corresponds to a significant (p = 0.001**) higher number of cells, 1.14 x 10”
CFU/m], in healthy leaf samples, indicating a 4.54 times higher number of Pseudomonas cells
compared to diseased leaf samples (2.51 x 10° CFU/ml). Only one amplicon of the expected
size was recorded using agarose gel electrophoresis, confirming the specificity of the primer
set. A melt curve analysis confirmed the dissociation characteristics of the double-stranded
amplicon obtained at the expected melting temperature of about 86.5°C (Fig 5B).
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For EvaGreen quantification of the cells of Sphingomonas in the samples, Sphingomonas sp.
strain 23L3C was used as reference. A standard curve of serial cell dilutions gave a linear nega-
tive correlation between the Cr values and the log number of Sphingomonas cells with a coeffi-
cient of determination (r*) of 0.99 (S2A Fig). Healthy leaf samples exhibited a statistically
(p = 0.013*) higher mean Cr value = 25.51+0.35 (green circles) while diseased samples had a
mean Cr value of 23.94+0.12 (red circles), suggesting a statistically (p = 0.05) higher number
of Sphingomonas cells in the latter. This corresponds to 1.27 x 10° CFU/ml (p = 0.011*) in
healthy leaf samples compared to diseased samples (2.87 x 10° CFU/ml; S2A Fig). A melt curve
analysis confirmed the dissociation characteristics of double-stranded amplicon obtained at
the expected melting temperature of about 86.5°C (S2B Fig).

Pseudomonas species profile based on rpoD Miseq Illumina reads

A total of 410,966 and 294,986 pair-end reads were obtained from the diseased and healthy leaf
samples, respectively. About 95% of the raw MiSeq reads were successfully joined by the two
ends for each of the samples. After quality check and fragment length (400-440 bp) filtering,
91.3% or 86% of the fastjoined reads were taxonomically assigned to validly described Pseudo-
monas species. A total of 1,615 or 3245 reads from diseased or healthy leaf samples respectively,
represented potential novel genotypes. Pseudomonas species richness (S) in healthy and dis-
eased leaf samples based on rpoD gene fragment was 30 or 22 for healthy or diseased leaf sam-
ples, respectively. Shannon’s (H = 2.32 or 1.890) and Simpson’s (D = 0.88 or 0.80) diversity
indices were similar in both samples.

Based on a cut-off value of 95% sequence homology, reads derived from diseased and
healthy samples could be validly assigned to 12 known Pseudomonas species (Fig 6A). Pseudo-
monas coleopterorum, Pseudomonas. syringae pv. syringae, Pseudomonas congelans, and Pseu-
domonas rhizosphaerae were dominant (> = 7%) in diseased and healthy leaf samples. P.
coleopterorum showed the highest relative abundance of 58.9% and 31.2% in the diseased and
healthy leaf samples respectively; and constitutes the only taxon in which the former had a rel-
ative abundance higher than the latter samples (Fig 6A). Pseudomonas graminis had a 14-fold
higher relative abundance in healthy (14.6%) than in diseased (0.99%) leaf samples (Fig 6A).
Each of the samples had 5 Pseudomonas species not present in the other samples. Of these
unique species, only Pseudomonas poae had a relative abundance >1.0% in the diseased leaf
samples while Pseudomonas ovata and Pseudomonas simiae were identified only in healthy leaf
samples with relative abundance of 1.05% and 1.3%, respectively (Fig 6A). Fig 6B shows the
phylogenetic association of the representative nucleotide sequences of the reads with their tax-
onomically assigned known Pseudomonas species.

Also, based on homology cut-off of <95%, potential novel genotypes were assigned to 21
OTUs and taxonomically affiliated to the closest type strains of Pseudomonas species (Fig 7A).
Eighteen of the 21 OTUs were identified in the healthy samples with 11 unique to this sample
type (Fig 7A). The diseased leaf samples had 10 OTUs with only 3 unique to this sample type.
OTUL, the closest type strain being P. graminis, was dominant in the healthy leaf samples had
5.5-fold relative abundance over diseased leaf samples (Fig 7A). OTU3 (closest to P. syringae
pv. syringae) and OTU4 (P. coleopterorum as the closest type strain) were more abundant
(about 3.5-fold) in diseased leaves than in healthy samples (Fig 7A). The proportions of OTUS5,
P. congelans as the closest know species, were similar in both samples. OTU2, the second most
abundant OTU in healthy leaf samples (23.3%) and affiliated to the type strain of P. migulae,
was absent in diseased corn leaves (Fig 7A). Phylogenetic analysis of representative nucleotide
sequences confirmed the uniqueness of these genotypes as the representative rpoD sequences
clustered distantly and uniquely within the genus Pseudomonas (Fig 7B).

PLOS ONE | https://doi.org/10.1371/journal.pone.0245333  January 22, 2021 12/22


https://doi.org/10.1371/journal.pone.0245333

PLOS ONE

Nanopore-based detection of C. nebraskensis

Pseudomonas
species
P. coleopterorum Esc2Am
P. syringae pv. syringae NCPPB 281
P. congelans LMG 21466T

P. rhizosphaerae LMG 21640T
P. poae LMG 21465T |s
P. graminis LMG 21661 T [
P. trivialis LMG 21464T|
P. lutea LMG 21974T
P. cerasi 10_58T
P. tremae LMG 22121T
P. extremaustralis DSM 17835T
P. abietaniphila ATCC 7006897T)
P. simiae CCUG 50988T [*
P. punonensis LMTO03
P.ovataFSIT [*
P. moraviensis DSM 16007T

m healthy m Cn-infected
P. kribbensis 46-2T

0 10 20 30 40 50 60 70

Relative abundance (%)

92 [ h14350-2990
421614-26152

Pseudomonas graminis LMG 21661T (FN554469)
h10567-8038

ila ATCC 700689T (FN554447)

[Pseudamonm lutea LMG 21974T (FN554480)
100L 414418-21793

d25761-16834

75 h27397-11670
= 1001y

P LMG 21640T (FN554510)

|-d(vl?(‘)—l 1832

d11637-26952
ﬁE{ h21316-5082
99 \Pseudomonas coleopterorum Esc2Am (KMS88187)

-Pseudomonas tremae LMG 22121T (FN554463 )
65 [d21667-4094

o1

h23347-8437
99

-Pseudomonas congelans LMG 21466T (FN554460)
64~ Pseudomonas cerasi 10_58 (HG000020)
53 87 Fn28597-10642

d21003-26721
d14301-9336

Pseudomonas syringae pv. syringae NCPPB 281T (LN849873)
h8026-5673

68 h5562-19925
56"_L h4954-12056
100

is DSM 16007T (FN554490)
Pseudomonas kribbensis 46 2 (KR709086)

1001 h14380-2305

Pseudomonas simiae CCUG S0988T (FN554513)

is DSM 17835T (HE800495)
d27599-12315

Pseudomonas trivialis LMG 21464T (FN554515)
d4898-23940

-Pseudomonas poae LMG 21465T (FN554504)

I:h7222'106(v6

100 pycudomonas ovata Fs1 (MH684588)

LMG 21629T (FN554449)
Pseudomonas straminea |AM 1598T (AB039600)
h19685-9303

Pseudomonas punonensis LMTO3T (JX435103)

putida IFO14164T (D86020)

stutzeri CCUG 11256T (AJ631316)

LMG 7040T (FN554494)
DSM 50071T (CP012001)

subsp. [ub RSIT (EF667505)

PLOS ONE | https://doi.org/10.1371/journal.pone.0245333  January 22, 2021

13/22


https://doi.org/10.1371/journal.pone.0245333

PLOS ONE

Nanopore-based detection of C. nebraskensis

Fig 6. (a) Taxonomic assignment of 400-nt rpoD gene sequences derived from diseased and healthy corn leaf samples
to validly published Pseudomonas species based on BLASTn analysis. rpoD gene sequences were obtained using MiSeq
technology (Illumina, Inc, Canada); and (b) Neighbor-joining phylogenetic tree showing rpoD reads from healthy (h)
and diseased (d) samples, in red clustering with validly published type strains of Pseudomonas species. The
evolutionary distances were computed using the Jukes-Cantor method [30] and are in the units of the number of base
substitutions per site. The optimal tree with the sum of branch length = 2.05757992 is shown. Bootstrap (1000
replicates) values >50% are shown next to the branches [16]. Evolutionary analyses were conducted in MEGA?7 [33].

https://doi.org/10.1371/journal.pone.0245333.g006

Discussion

This study developed and validated the first MinION Nanopore-based workflow for accurate
and reliable detection of C. nebraskensis, the Goss’ bacterial wilt and blight pathogen of corn.
In addition, bacteriomic profile analysis using MinlON Nanopore 16S rRNA reads revealed a
significantly low relative abundance of Pseudomonas (4.5%) in diseased leaf samples compared
to a 20.0% in healthy leaves. We employed EvaGreen real-time PCR to investigate this discrep-
ancy as well as using MiSeq sequencing targeting rpoD gene to profile Pseudomonas species
present in diseased and healthy corn leaf samples.

The Oxford MinION sequencer is a pocket-sized device that allows for real time long read
and rapid sequencing of nucleic acids [21, 51, 52]. Its application in the medical field e.g. clini-
cal diagnosis of infectious diseases is increasing [24, 27, 53-55]. Nanopore sequencer has been
used to accurately identify bacterial and viral pathogens in clinical samples [24, 56, 57]. The
advantages of the MinION Nanopore technologies include comparatively low pricing, its por-
tability, and great potential for real-time analysis of data [2, 21, 55] as well as low laboratory
space requirement. Despite its use, the current drawbacks of the technology include a compar-
atively low per read accuracy of about 90%[22]. Despite a high number of reported applica-
tions of the MinION nanopore in human clinical diagnosis, only few reports [2, 25, 28] exist
for its use in diagnosing plant diseases. Chalupowicz et al. [28] demonstrated the detection of
several phytobacterial pathogens and Hu et al. [2] diagnosed wheat fungal diseases on artifi-
cially inoculated plants and nurseries, respectively. Boykin et al. [25] and Faino et al. (unpub-
lished) are the few reported studies that used naturally infected plants for detection/diagnosis
of the cassava virus and Xylella fastidiosis, respectively, using MinlON Nanopore sequencer.
No reports have been published on the use of the Nanopore technology for diagnosis of the
Goss’s bacterial wilt pathogen (C. nebraskensis) of corn.

We report an amplicon Nanopore-based detection system for C. nebraskensis, an A2 quar-
antine bacterial pathogen based on the categorization of European and Mediterranean Plant
Protection Organization. The system, at a 3-hr run time and targeting the purine permease
gene, reliably detected Cn DNA in spiked mock bacterial community at 1-pg sensitivity levels
which is comparable with real-time PCR assays [5, 30, 58]. The results presented here also
show that the number of Nanopore reads increased with increasing sequencing run-time, sug-
gesting that DNA amounts less than 1 pg might be detected by doubling the run-time from 3
hr to 6 hr and as such providing an added advantage over real-time PCR assays. This system
also successfully detected the presence of C. nebraskensis in naturally-infected corn leaf sam-
ples collected in 2015 and 2016. Positive detections (>5000 reads) of Cn were achieved at 3-hr,
6-hr or 12-hr Nanopore run-time in all samples that were previously determined to be positive
using TagMan real-time PCR [5]. This corroboration of real-time PCR results is a direct vali-
dation of the reliability of the Nanopore-based system. The samples that tested negative using
real-time PCR [5] generated a negligible number of reads (<20) which could be a result of
error in de-multiplexing or a few cells on the leaf surfaces under field condition. This, also,
suggests that the process from DNA extraction to PCR amplification produced high-quality
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Fig 7. (a) Relative abundance of operational taxonomical units (OTUs) considered as novel genotypes based on
nucleotide homology cut-off identity <95% (86.4-94.6%) in healthy and diseased (Cn-infected) leaf samples and the
corresponding closest validly described type strain of Pseudomonas species; and (b) phylogenetic tree of potential novel
Pseudomonas genotypes based on a 400-nucleotide rpoD gene fragment. OTU codes (red) starting with the letter ‘d’
were from diseased sample while codes with ‘h’ are from healthy leaf samples. Note: OTUs clustering uniquely from
validly published type strains. OTUs from the diseased and healthy showing high nucleotide similarities clustered
together.

https://doi.org/10.1371/journal.pone.0245333.g007

DNA with minimum PCR inhibitors as confirmed using lambda-based DNA TagMan real-
time assay as previously reported [30].

16 rRNA Nanopore sequencing and analysis were also performed to profile the bacterial
communities of the diseased compared to healthy leaf tissues. The following bacterial families
Sphingomonadaceae, Enterobacteriaceace, Microbacteriaceae, Pseudomonadaceae and Oxalo-
bacteriaceae, were dominant in diseased and healthy leaf tissues. At the genus-level, however,
Clavibacter was only profiled in diseased leaf tissues; and based on the Nanopore system devel-
oped here and the TagMan real-time PCR [5], this could be attributed to the presence of C.
nebraskensis. Also, the genera Pantoea and Erwinia, known to encompass corn pathogens,
were more prominent in diseased leaf samples, suggesting potential co-infection/co-existence.
The nature of this relationship is still to be elucidated. It is, however, possible that in commen-
sal co-habitation the presence of one pathogen might create favourable micro-conditions for
the establishment of another pathogen. For all the genera profiled, the diseased leaf samples
had comparable relative abundance to healthy leaf tissues with the exception of the genera Cla-
vibacter and Pseudomonas. The proportion of reads classified to the genus Pseudomonas is
about 4.4x in healthy than diseased leaf samples. The only significant change between the bac-
terial profiles of healthy and diseased samples is the colonization of the leaves by C. nebrasken-
sis and as such it could be suggested that this caused a decreased in Pseudomonas community
size. The significantly low relative abundance of Pseudomonas in diseased samples was corrob-
orated by qPCR using EvaGreen chemistry. This is an interesting phenomenon that needs fur-
ther investigation to understand the mechanism(s) involved in this interaction. C. nebraskensis
is not known to produce wide-spectrum antimicrobial compounds that are effective against
known Pseudomonas species. Like most bacteria, C. nebraskensis produces bacteriocins that
are effective against closely related species such as C. michiganensis [59]. In the contrary, pseu-
domonads are known producers of potent antimicrobial compounds. For example, 2,4-diace-
tylphloroglucinol-producing Pseudomonas species inhibit the growth of Clavibacter
michiganensis subsp. michiganensis [60]. It was, thus, worthwhile to look at the Pseudomonas
community in diseased and healthy leaves for potential explanation(s). There was no differ-
ence with regards to the number of identified core known Pseudomonas species as indicated
by the Shannon’s and Simpson’s diversity indices (data not shown). However, the proportion
of rpoD MiSeq reads classified as P. graminis LMG 21661" is 14 times higher in healthy than in
diseased leaf samples. This is also true with respect to potential novel genotypes in which the
proportion of rpoD MiSeq reads associated with OTU1 (closest known species being P. grami-
nis) in healthy leaves is 44.7% compared to 8.2% in diseased samples. In addition, OTU2 (clos-
est known species, Pseudomonas migulae), the second most abundant OTU in healthy leaves
was not recorded in diseased leaf samples. We also showed that most of the plant pathogenic
Pseudomonas species, e.g. P. syringae, P. poae, P. tremae, P. lutea and P. trivialis, were domi-
nant in diseased samples while non phytopathogenic species (P. ovata, P. rhizosphaerae, P.
simiae, P. kribbensis, P. moraviensis and P. punonensis) were dominant in healthy leaves. We
hypothesize a potential Pseudomonas-Pseudomonas interaction within the necrotic lesions
which provide a moist and nutrient-limiting environment. The ability for pathogens to survive
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in competitive conditions for nutrients, e.g. diseased lesion tissues, is an important ecological
fitness factor. The production of antimicrobial compounds is one of the strategies as this
affects population dynamics [61-63]. It is possible that the production of bacteriocins (protein-
aceous substances synthesized ribosomally, and usually targeting closely-related species) could
be one of the possible explanations for the low Pseudomonas counts in diseased samples since
the micro-niche of the necrotic lesions favors nutrient competition. Pseudomonas syringae pv.
syringae is known for its production of potent bacteriocins against some strains or species
groups of P. fluorescens, P. putida, P. aeruginosa and even other P. syringae [61, 64, 65]. The
production of the bacteriocins by P. syringae pv. syringae and/or other plant pathogenic and
saprophytic Pseudomonas species in the nutrient-limited lesion niche in diseased leaves might
have resulted to an overall reduction in population. It is worthwhile noting that the population
of P. syringae pv. syringae did not significantly change between the samples, thus, supporting
the above hypothesis. Also, P. coleopterorum, a cellulase-producing bacterium [66], was the
dominant species in diseased leaves in about 2:1 ratio compared to healthy leaf samples. Its rel-
atively high proportion in leaves colonized by Cn (diseased samples) is not surprising given
that the dead cells that constitute the lesions provide plant residues required by cellulose-
degrading microbes such as P. coleopterorum. Its high activity might be detrimental to other
Pseudomonas species. Antimicrobial molecules produced by members of a given community
play a significant role in microbiome structuring, however, it is still unclear how communities
are shaped by specific factors [67, 68].

In conclusion, the developed Nanopore-based detection system provides a rapid way for
diagnosis of the disease at the same sensitivity level of 1 pg as reported by real-time PCR [5,
58]. Its relatively low cost, portability and real-time data analysis are attractive advantages over
the real-time PCR technology. The potential for automation of the data analysis and decision-
making for the presence or absence of pathogens based on cut-off read counts could revolu-
tionize plant disease monitoring and surveillance as well as minimizing human errors. The
reliability was evaluated on naturally-infected corn leaves collected in 2015 and 2016 that were
confirmed to be positive or negative using TagMan real-time PCR [5]. This suggests that the
system is robust and could be used for forensic investigations dealing with aged residues. Also,
Nanopore-based bacteriomic profile analysis revealed statistically similar bacterial communi-
ties in diseased and healthy leaf samples. However, significantly low relative abundance of
Nanopore reads taxonomically assigned to the genus Pseudomonas in diseased compared to
healthy leaf samples is reported. This is corroborated by qQPCR EvaGreen chemistry. The
Nanopore-based system developed here could be a useful tool for diagnosis of the Goss’s bacte-
rial wilt and blight disease (GBWD) by direct processing of corn leaves. Finally, this study pro-
vides the first insight on Pseudomonas population dynamics in necrotic leaf lesions of GBWD.

Supporting information

S1 Fig. Alignment of partial purine permease nucleotide sequences showing mismatches
and primer positions sequences: 1, Clavibacter nebraskensis NCPPB 2581; 2, Clavibacter
nebraskensis 61-1; 3, Clavibacter nebraskensis 7580; 4, Clavibacter nebraskensis HF4; 5,
Clavibacter nebraskensis DOAB 395; 6, Clavibacter nebraskensis DOAB 397; 7, Clavibacter
michiganensis CFBP 8017; 8, Clavibacter michiganensis subsp. californiensis CFBP 8216; 9,
Clavibacter michiganensis AY1B2; and 10, Microbacterium pygmaeum DSM 23142,

(PDF)

$2 Fig. Quantification of Sphingomonas populations (a) and melt curve (b) in diseased corn
leaves (D_dI/dT; red) and healthy leaf samples (H_dI/dT; green) using EvaGreen qPCR chem-
istry. Sphingomonas sp. 23-L3C was used as reference to generate the standard curve as
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inversely proportionate to threshold cycle.
(PDF)

S1 Table. Bacterial (16S rRNA) and Pseudomonas (rpoD) species diversity indices.
(PDF)

Acknowledgments

We are grateful to the staff of Ottawa RDC Molecular Technologies Laboratory for the techni-
cal assistance with the Illumina MiSeq sequencing, and all the summer students who worked
on these projects. The authors are grateful to Franck Stefani for valuable review comments on
the draft manuscript.

Author Contributions

Conceptualization: James T. Tambong.

Data curation: Renlin Xu, Julie Chapados, James T. Tambong.
Formal analysis: James T. Tambong.

Funding acquisition: James T. Tambong.

Investigation: Fouad Daayf, James T. Tambong.

Methodology: Renlin Xu, Lorne Adam, Julie Chapados, Atta Soliman, Fouad Daayf, James T.
Tambong.

Project administration: James T. Tambong.

Resources: Renlin Xu, Lorne Adam, Atta Soliman, Fouad Daayf, James T. Tambong.
Software: James T. Tambong.

Supervision: James T. Tambong.

Validation: Lorne Adam, Atta Soliman, James T. Tambong.

Visualization: James T. Tambong.

Writing - original draft: James T. Tambong.

Writing - review & editing: Fouad Daayf, James T. Tambong.

References

1. Fisher MC, Henk DA, Briggs CJ, Brownstein JS, Madoff LC, McCraw SL, et al. Emerging fungal threats
to animal, plant and ecosystem health. Nature. 2012; 484(7393):186—94. Epub 2012/04/14. https://doi.
org/10.1038/nature 10947 PMID: 22498624; PubMed Central PMCID: PMC3821985.

2. HuY, Green GS, Milgate AW, Stone EA, Rathjen JP, BS. Pathogen detection and microbiome analysis
of infected wheat using a portable DNA sequencer. Phytobiomes. 2019; 3(2):92—101. https://doi.org/10.
1094/PBIOMES-01-19-0004-R

3. LiX, TambongJ, Yuan KX, Chen W, Xu H, Levesque CA, et al. Re-classification of Clavibacter michiga-
nensis subspecies on the basis of whole-genome and multi-locus sequence analyses. Int J Syst Evol
Microbiol. 2018; 68(1):234—40. Epub 2017/11/22. https://doi.org/10.1099/ijlsem.0.002492 PMID:
29160202; PubMed Central PMCID: PMC5882085.

4. Tambong JT. Comparative genomics of Clavibacter michiganensis subspecies, pathogens of important
agricultural crops. PLoS One. 2017; 12(3):e0172295. Epub 2017/03/21. https://doi.org/10.1371/journal.
pone.0172295 PMID: 28319117; PubMed Central PMCID: PMC5358740.

PLOS ONE | https://doi.org/10.1371/journal.pone.0245333  January 22, 2021 18/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245333.s003
https://doi.org/10.1038/nature10947
https://doi.org/10.1038/nature10947
http://www.ncbi.nlm.nih.gov/pubmed/22498624
https://doi.org/10.1094/PBIOMES-01-19-0004-R
https://doi.org/10.1094/PBIOMES-01-19-0004-R
https://doi.org/10.1099/ijsem.0.002492
http://www.ncbi.nlm.nih.gov/pubmed/29160202
https://doi.org/10.1371/journal.pone.0172295
https://doi.org/10.1371/journal.pone.0172295
http://www.ncbi.nlm.nih.gov/pubmed/28319117
https://doi.org/10.1371/journal.pone.0245333

PLOS ONE

Nanopore-based detection of C. nebraskensis

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Tambong JT, Xu R, Daayf F, Briere S, Bilodeau GJ, Tropiano R, et al. Genome Analysis and Develop-
ment of a Multiplex TagMan Real-Time PCR for Specific Identification and Detection of Clavibacter
michiganensis subsp. nebraskensis. Phytopathol. 2016; 106(12):1473-85. Epub 2016/07/28. https://
doi.org/10.1094/PHYTO-05-16-0188-R PMID: 27452898.

Jacques MA, Durand K, Orgeur G, Balidas S, Fricot C, Bonneau S, et al. Phylogenetic analysis and
polyphasic characterization of Clavibacter michiganensis strains isolated from tomato seeds reveal that
nonpathogenic strains are distinct from C. michiganensis subsp. michiganensis. Appl Environ Microbiol.
2012; 78(23):8388—402. Epub 2012/09/25. https://doi.org/10.1128/AEM.02158-12 PMID: 23001675;
PubMed Central PMCID: PMC3497371.

Osdaghi E, Rahimi T, Taghavi SM, Ansari M, Zarei S, Portier P, et al. Comparative genomics and phylo-
genetic analyses suggest several novel species within the genus Clavibacter, including nonpathogenic
tomato-associated strains. Appl Environ Microbiol. 2020; 86(6). Epub 2020/01/12. https://doi.org/10.
1128/AEM.02873-19 PMID: 31924620; PubMed Central PMCID: PMC7054091.

Vidaver A. K., Gross D. C., Wysong D. S., Doupnik B. L. J. Diversity of Corynebacterium nebraskense
strains causing Goss’s bacterial wilt and blight of corn. Plant Disease. 1981; 65(6):480-3. https://doi.
org/10.1094/PD-65-480

Agarkova IV, Lambrecht PA, Vidaver AK. Genetic diversity and population structure of Clavibacter
michiganensis subsp. nebraskensis. Can J Microbiol. 2011; 57(5):366—74. Epub 2011/04/23. https://
doi.org/10.1139/w11-016 PMID: 21510777.

Ruhl G, Wise K, Creswell T, Leonberger A, Speers C. First report of Goss’s bacterial wilt and leaf blight
on corn caused by Clavibacter michiganensis subsp. nebraskensis in Indiana. Plant Dis. 2009; 93
(8):841. Epub 2009/08/01. https://doi.org/10.1094/PDIS-93-8-0841B PMID: 30764345.

Singh R., Hollier C, Burks T, Frazier R. First report of Goss’s wilt of corn caused by Clavibacter michiga-
nensis subsp. nebraskensis in Louisiana. Plant Dis. 2015; 99(9):1268.

Davis M. J, Gillaspie A. G., Jr., Vidaver A, Harris RW. Clavibacter. a new genus containing some phyto-
pathogenic coryneform bacteria, including Clavibacter xyli subsp. xyli sp. nov., subsp. nov. and Clavi-
bacter xyli subsp. cynodontis subsp. nov., pathogens that cause ratoon stunting disease of sugarcane
and bermudagrass stunting disease. Inter. J Syst. Bacteriol. 1984; 34(2):107—17. https://doi.org/10.
1099/00207713-34-2-107.

Paul V. H., SI M. Bacterial pathogens of gramineae: Systematic review and assessment of quarantine
status for EPPO region. OEPP/EPPQ Bulletin. 1989;(19):33—42.

Waleron M., Waleron K., Kamasa J., Przewodowski W., Polymorphism E. L. analysis of housekeeping
genes for identification and differentiation of Clavibacter michiganensis subspecies. European Journal
of Plant Pathology. 2011; 131(12):341-54. https://doi.org/10.1007/s10658-011-9812-4

McNally RR, Ishimaru CA, Malvick DK. PCR-mediated detection and quantification of the Goss’s wilt
pathogen Clavibacter michiganensis subsp. nebraskensis Via a Novel Gene Target. Phytopathol. 2016;
106(12):1465—-72. Epub 2016/07/22. https://doi.org/10.1094/PHYTO-05-16-0190-R PMID: 27442535.

FengL.-P., YuD.-D., Wang Y.-P., Wu C.-P., Wu X.-H., J.-X. Z, et al. Nested-PCR detection of Clavibac-
ter michiganensis subsp. nebraskensis. Chinese Journal of Food Safety and Quality. 2014; 25:3933-8.

Baek KY, Lee HH, Son GJ, Lee PA, Roy N, Seo YS, et al. Specific and sensitive primers developed by
comparative genomics to detect bacterial pathogens in grains. Plant Pathol J. 2018; 34(2):104—12.
Epub 2018/04/10. https://doi.org/10.5423/PPJ.OA.11.2017.0250 PMID: 29628816; PubMed Central
PMCID: PMC5880354.

Bach HJ, Jessen |, Schloter M, Munch JC. A TagMan-PCR protocol for quantification and differentiation
of the phytopathogenic Clavibacter michiganensis subspecies. J Microbiol Methods. 2003; 52(1):85—
91. Epub 2002/10/29. https://doi.org/10.1016/s0167-7012(02)00152-5 PMID: 12401230.

Yasuhara-Bell J, de Silva A, Heuchelin SA, Chaky JL, Alvarez AM. Detection of Goss’s wilt pathogen
Clavibacter michiganensis subsp. nebraskensis in maize by loop-mediated amplification. Phytopathol.
2016; 106(3):226—35. Epub 2015/11/26. https://doi.org/10.1094/PHYTO-10-15-0249-R PMID:
26595113.

Benitez-Paez A, Sanz Y. Multi-locus and long amplicon sequencing approach to study microbial diver-
sity at species level using the MinlON portable nanopore sequencer. Gigascience. 2017; 6(7):1-12.
Epub 2017/06/13. https://doi.org/10.1093/gigascience/gix043 PMID: 28605506; PubMed Central
PMCID: PMC5534310.

Jain M, Olsen HE, Paten B, Akeson M. The Oxford Nanopore MinlON: delivery of nanopore sequencing
to the genomics community. Genome Biol. 2016; 17(1):239. Epub 2016/11/27. https://doi.org/10.1186/
5$13059-016-1103-0 PMID: 27887629; PubMed Central PMCID: PMC5124260.

Leggett RM, Clark MD. A world of opportunities with nanopore sequencing. J Exp Bot. 2017; 68
(20):5419-29. Epub 2017/10/11. https://doi.org/10.1093/jxb/erx289 PMID: 28992056.

PLOS ONE | https://doi.org/10.1371/journal.pone.0245333  January 22, 2021 19/22


https://doi.org/10.1094/PHYTO-05-16-0188-R
https://doi.org/10.1094/PHYTO-05-16-0188-R
http://www.ncbi.nlm.nih.gov/pubmed/27452898
https://doi.org/10.1128/AEM.02158-12
http://www.ncbi.nlm.nih.gov/pubmed/23001675
https://doi.org/10.1128/AEM.02873-19
https://doi.org/10.1128/AEM.02873-19
http://www.ncbi.nlm.nih.gov/pubmed/31924620
https://doi.org/10.1094/PD-65-480
https://doi.org/10.1094/PD-65-480
https://doi.org/10.1139/w11-016
https://doi.org/10.1139/w11-016
http://www.ncbi.nlm.nih.gov/pubmed/21510777
https://doi.org/10.1094/PDIS-93-8-0841B
http://www.ncbi.nlm.nih.gov/pubmed/30764345
https://doi.org/10.1099/00207713-34-2-107
https://doi.org/10.1099/00207713-34-2-107
https://doi.org/10.1007/s10658-011-9812-4
https://doi.org/10.1094/PHYTO-05-16-0190-R
http://www.ncbi.nlm.nih.gov/pubmed/27442535
https://doi.org/10.5423/PPJ.OA.11.2017.0250
http://www.ncbi.nlm.nih.gov/pubmed/29628816
https://doi.org/10.1016/s0167-7012%2802%2900152-5
http://www.ncbi.nlm.nih.gov/pubmed/12401230
https://doi.org/10.1094/PHYTO-10-15-0249-R
http://www.ncbi.nlm.nih.gov/pubmed/26595113
https://doi.org/10.1093/gigascience/gix043
http://www.ncbi.nlm.nih.gov/pubmed/28605506
https://doi.org/10.1186/s13059-016-1103-0
https://doi.org/10.1186/s13059-016-1103-0
http://www.ncbi.nlm.nih.gov/pubmed/27887629
https://doi.org/10.1093/jxb/erx289
http://www.ncbi.nlm.nih.gov/pubmed/28992056
https://doi.org/10.1371/journal.pone.0245333

PLOS ONE

Nanopore-based detection of C. nebraskensis

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Johnson SS, Zaikova E, Goerlitz DS, Bai Y, Tighe SW. Real-time DNA sequencing in the Antarctic dry
valleys using the Oxford Nanopore Sequencer. J Biomol Tech. 2017; 28(1):2—7. Epub 2017/03/25.
https://doi.org/10.7171/jbt.17-2801-009 PMID: 28337073; PubMed Central PMCID: PMC5362188.

Charalampous T, Kay GL, Richardson H, Aydin A, Baldan R, Jeanes C, et al. Nanopore metagenomics
enables rapid clinical diagnosis of bacterial lower respiratory infection. Nat Biotechnol. 2019; 37
(7):783-92. Epub 2019/06/27. https://doi.org/10.1038/s41587-019-0156-5 PMID: 31235920.

Boykin L., Ghalab A., De Marchi B. R., Savill A., Wainaina J. M., Kinene T., et al. Real time portable
genome sequencing for global food security. F1000Research. 2018; 7:1101. https://doi.org/10.12688/
f1000research.15507.1.

Schmidt K, Mwaigwisya S, Crossman LC, Doumith M, Munroe D, Pires C, et al. Identification of bacterial
pathogens and antimicrobial resistance directly from clinical urines by nanopore-based metagenomic
sequencing. J Antimicrob Chemother. 2017; 72(1):104—14. Epub 2016/09/27. https://doi.org/10.1093/
jac/dkw397 PMID: 27667325.

Mitsuhashi S, Kryukov K, Nakagawa S, Takeuchi JS, Shiraishi Y, Asano K, et al. A portable system for
rapid bacterial composition analysis using a nanopore-based sequencer and laptop computer. Sci Rep.
2017; 7(1):5657. Epub 2017/07/20. https://doi.org/10.1038/s41598-017-05772-5 PMID: 28720805;
PubMed Central PMCID: PMC5516037.

Chalupowicz L., Dombrovsky A., Gaba V., Luria N., Reuven M., Beerman A., et al. Diagnosis of plant
diseases using the Nanopore sequencing platform. Plant Pathol. 2019; 68(2):229-38. https://doi.org/
10.1111/ppa.12957.

Milling A, Smalla K, Maidl FX, Schloter M, Munch JC. Effects of transgenic potatoes with an altered
starch composition on the diversity of soil and rhizosphere bacteria and fungi. Plant Soil 2004; 266:23—
39.

Tambong JT, Mwange KN, Bergeron M, Ding T, Mandy F, Reid LM, et al. Rapid detection and identifica-
tion of the bacterium Pantoea stewartiiin maize by TagMan real-time PCR assay targeting the cpsD
gene. J Appl Microbiol. 2008; 104(5):1525-37. Epub 2008/01/09. https://doi.org/10.1111/j.1365-2672.
2007.03674.x PMID: 18179542.

Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA, et al. The RAST Server: rapid annota-
tions using subsystems technology. BMC Genomics. 2008; 9:75. Epub 2008/02/12. https://doi.org/10.
1186/1471-2164-9-75 PMID: 18261238; PubMed Central PMCID: PMC2265698.

Xu R., Tambong JT. A TagMan real-time PCR assay targeting the cytochrome o ubiquinol oxidase sub-
unit Il gene for detection of several pathovars of Pseudomonas syringae. Can. J Plant Pathol. 2011; 33
(3):318-31. https://doi.org/10.1080/07060661.2011.600335

Kibbe WA. OligoCalc: an online oligonucleotide properties calculator. Nucleic Acids Res. 2007; 35(Web
Server issue):W43-6. Epub 2007/04/25. https://doi.org/10.1093/nar/gkm234 PMID: 17452344;
PubMed Central PMCID: PMC1933198.

Lane DJ. 16S/23S rRNA sequencing. In: Stackebrandt E, Goodfellow M, editors. Nucleic acid tech-
niques in bacterial systematics. New York, N.Y.: John Wiley & Sons, Inc; 1991. p. 115-76.

ShenW, Le S, Li Y, Hu F. SeqKit: A Cross-Platform and Ultrafast Toolkit for FASTA/Q File Manipula-
tion. PLoS One. 2016; 11(10):e0163962. Epub 2016/10/06. https://doi.org/10.1371/journal.pone.
0163962 PMID: 27706213; PubMed Central PMCID: PMC5051824.

Mulet M, Lalucat J, Garcia-Valdes E. DNA sequence-based analysis of the Pseudomonas species.
Environ Microbiol. 2010; 12(6):1513-30. Epub 2010/03/03. https://doi.org/10.1111/j.1462-2920.2010.
02181.x PMID: 20192968.

Gomila M, Pena A, Mulet M, Lalucat J, Garcia-Valdes E. Phylogenomics and systematics in Pseudomo-
nas. Front Microbiol. 2015; 6:214. Epub 2015/06/16. https://doi.org/10.3389/fmicb.2015.00214 PMID:
26074881; PubMed Central PMCID: PMC4447124.

Andrews S. FastQC: a quality control tool for high throughput sequence data. Available online at: http://
www.bioinformatics.babraham.ac.uk/projects/fastqc. 2010.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows
analysis of high-throughput community sequencing data. Nat Methods. 2010; 7(5):335-6. Epub 2010/
04/13. https://doi.org/10.1038/nmeth.f.303 PMID: 20383131; PubMed Central PMCID: PMC3156573.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. J Mol Biol.
1990; 215(3):403—-10. Epub 1990/10/05. https://doi.org/10.1016/S0022-2836(05)80360-2 PMID:
2231712.

Tambong JT, Xu R, Bromfield ESP. Intercistronic heterogeneity of the 16S-23S rRNA spacer region
among Pseudomonas strains isolated from subterranean seeds of hog peanut (Amphicarpa bracteata).
Microbiology. 2009; 155(Pt 8):2630—40. Epub 2009/05/02. https://doi.org/10.1099/mic.0.028274-0
PMID: 19406893.

PLOS ONE | https://doi.org/10.1371/journal.pone.0245333  January 22, 2021 20/22


https://doi.org/10.7171/jbt.17-2801-009
http://www.ncbi.nlm.nih.gov/pubmed/28337073
https://doi.org/10.1038/s41587-019-0156-5
http://www.ncbi.nlm.nih.gov/pubmed/31235920
https://doi.org/10.12688/f1000research.15507.1
https://doi.org/10.12688/f1000research.15507.1
https://doi.org/10.1093/jac/dkw397
https://doi.org/10.1093/jac/dkw397
http://www.ncbi.nlm.nih.gov/pubmed/27667325
https://doi.org/10.1038/s41598-017-05772-5
http://www.ncbi.nlm.nih.gov/pubmed/28720805
https://doi.org/10.1111/ppa.12957
https://doi.org/10.1111/ppa.12957
https://doi.org/10.1111/j.1365-2672.2007.03674.x
https://doi.org/10.1111/j.1365-2672.2007.03674.x
http://www.ncbi.nlm.nih.gov/pubmed/18179542
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1186/1471-2164-9-75
http://www.ncbi.nlm.nih.gov/pubmed/18261238
https://doi.org/10.1080/07060661.2011.600335
https://doi.org/10.1093/nar/gkm234
http://www.ncbi.nlm.nih.gov/pubmed/17452344
https://doi.org/10.1371/journal.pone.0163962
https://doi.org/10.1371/journal.pone.0163962
http://www.ncbi.nlm.nih.gov/pubmed/27706213
https://doi.org/10.1111/j.1462-2920.2010.02181.x
https://doi.org/10.1111/j.1462-2920.2010.02181.x
http://www.ncbi.nlm.nih.gov/pubmed/20192968
https://doi.org/10.3389/fmicb.2015.00214
http://www.ncbi.nlm.nih.gov/pubmed/26074881
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
https://doi.org/10.1016/S0022-2836%2805%2980360-2
http://www.ncbi.nlm.nih.gov/pubmed/2231712
https://doi.org/10.1099/mic.0.028274-0
http://www.ncbi.nlm.nih.gov/pubmed/19406893
https://doi.org/10.1371/journal.pone.0245333

PLOS ONE

Nanopore-based detection of C. nebraskensis

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, et al. ‘vegan’: Community Ecol-
ogy Package. R package version 2.5-6. https://CRANR-projectorg/package = vegan. 2019.

Team RC. R: A language and environment for statistical computing. URL http://www.R-project.org/:
Vienna, Austria; 2013.

Clake KR. Non-parametric multivariate analysis of changes in community structures. Aust. J Ecol.
1993; 18:11743.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. Introducing mothur: open-
source, platform-independent, community-supported software for describing and comparing microbial
communities. Appl Environ Microbiol. 2009; 75(23):7537—41. Epub 2009/10/06. https://doi.org/10.1128/
AEM.01541-09 PubMed Central PMCID: PMC2786419. PMID: 19801464

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
Acids Res. 2004; 32(5):1792—7. Epub 2004/03/23. https://doi.org/10.1093/nar/gkh340 PMID:
15034147; PubMed Central PMCID: PMC390337.

Saitou N, Nei M. The neighbor-joining method: a new method for reconstructing phylogenetic trees. Mol
Biol Evol. 1987; 4(4):406—-25. Epub 1987/07/01. https://doi.org/10.1093/oxfordjournals.molbev.
2040454 PMID: 3447015.

Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Big-
ger Datasets. Mol Biol Evol. 2016; 33(7):1870—4. Epub 2016/03/24. https://doi.org/10.1093/molbev/
msw054 PMID: 27004904.

Felsenstein J. Confidence Limits on Phylogenies: An Approach Using the Bootstrap. Evolution. 1985;
39(4):783-91. Epub 1985/07/01. https://doi.org/10.1111/j.1558-5646.1985.tb00420.x PMID:
28561359.

Jukes T. H., Cantor R. Evolution of protein molecules. In: MH N., editor. Mammalian Protein Metabo-
lism. New York: Academic Press; 1969. p. 21-132.

Simpson JT, Workman RE, Zuzarte PC, David M, Dursi LJ, Timp W. Detecting DNA cytosine methyla-
tion using nanopore sequencing. Nat Methods. 2017; 14(4):407—10. Epub 2017/02/22. https://doi.org/
10.1038/nmeth.4184 PMID: 28218898.

Tyler AD, Mataseje L, Urfano CJ, Schmidt L, Antonation KS, Mulvey MR, et al. Evaluation of Oxford
Nanopore’s MinlON sequencing device for microbial whole genome sequencing applications. Sci Rep.
2018; 8(1):10931. Epub 2018/07/22. https://doi.org/10.1038/s41598-018-29334-5 PMID: 30026559;
PubMed Central PMCID: PMC6053456.

Hoenen T, Groseth A, Rosenke K, Fischer RJ, Hoenen A, Judson SD, et al. Nanopore sequencing as a
rapidly deployable Ebola outbreak tool. Emerg Infect Dis. 2016; 22(2):331—4. Epub 2016/01/27. https://
doi.org/10.3201/eid2202.151796 PMID: 26812583; PubMed Central PMCID: PMC4734547.

Sakai J, Tarumoto N, Kodana M, Ashikawa S, Imai K, Kawamura T, et al. An identification protocol for
ESBL-producing Gram-negative bacteria bloodstream infections using a MinlON nanopore sequencer.
J Med Microbiol. 2019; 68(8):1219-26. Epub 2019/06/27. https://doi.org/10.1099/jmm.0.001024 PMID:
31237534.

Yip CC, Chan WM, Ip JD, Seng CW, Leung KH, Poon RW, et al. Nanopore sequencing reveals novel
targets for the diagnosis and surveillance of human and avian influenza A virus. J Clin Microbiol. 2x020:
Epub 2020/03/07. https://doi.org/10.1128/JCM.02127-19 PMID: 32132187.

Greninger AL, Naccache SN, Federman S, Yu G, Mbala P, Bres V, et al. Rapid metagenomic identifica-
tion of viral pathogens in clinical samples by real-time nanopore sequencing analysis. Genome Med.
2015; 7:99. Epub 2015/09/30. https://doi.org/10.1186/s13073-015-0220-9 PMID: 26416663; PubMed
Central PMCID: PMC4587849.

Quick J, Loman NJ, Duraffour S, Simpson JT, Severi E, Cowley L, et al. Real-time, portable genome
sequencing for Ebola surveillance. Nature. 2016; 530(7589):228—-32. Epub 2016/02/04. https://doi.org/
10.1038/nature 16996 PMID: 26840485; PubMed Central PMCID: PMC4817224.

Panicker G, Bej AK. Real-time PCR detection of Vibrio vulnificus in oysters: comparison of oligonucleo-
tide primers and probes targeting vvhA. Appl Environ Microbiol. 2005; 71(10):5702—-9. Epub 2005/10/
06. https://doi.org/10.1128/AEM.71.10.5702-5709.2005 PMID: 16204478; PubMed Central PMCID:
PMC1265985.

Smidt M. L., VA K. Variation among strains od Clavibacter michiganense subsp. nebraskense isolated
from a single popcorn field. Phytopathol. 1987; 77:388-92.

Paulin MM, Novinscak A, Lanteigne C, Gadkar VJ, Filion M. Interaction between 2,4-Diacetylphloroglu-
cinol- and Hydrogen Cyanide-Producing Pseudomonas brassicacearum LBUM300 and Clavibacter
michiganensis subsp. michiganensis in the Tomato Rhizosphere. Appl Environ Microbiol. 2017; 83(13).
Epub 2017/04/23. https://doi.org/10.1128/AEM.00073-17 PMID: 28432096; PubMed Central PMCID:
PMC5478997.

PLOS ONE | https://doi.org/10.1371/journal.pone.0245333  January 22, 2021 21/22


https://CRANR-projectorg/package
http://www.R-project.org/:
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
http://www.ncbi.nlm.nih.gov/pubmed/19801464
https://doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1093/oxfordjournals.molbev.a040454
http://www.ncbi.nlm.nih.gov/pubmed/3447015
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
http://www.ncbi.nlm.nih.gov/pubmed/28561359
https://doi.org/10.1038/nmeth.4184
https://doi.org/10.1038/nmeth.4184
http://www.ncbi.nlm.nih.gov/pubmed/28218898
https://doi.org/10.1038/s41598-018-29334-5
http://www.ncbi.nlm.nih.gov/pubmed/30026559
https://doi.org/10.3201/eid2202.151796
https://doi.org/10.3201/eid2202.151796
http://www.ncbi.nlm.nih.gov/pubmed/26812583
https://doi.org/10.1099/jmm.0.001024
http://www.ncbi.nlm.nih.gov/pubmed/31237534
https://doi.org/10.1128/JCM.02127-19
http://www.ncbi.nlm.nih.gov/pubmed/32132187
https://doi.org/10.1186/s13073-015-0220-9
http://www.ncbi.nlm.nih.gov/pubmed/26416663
https://doi.org/10.1038/nature16996
https://doi.org/10.1038/nature16996
http://www.ncbi.nlm.nih.gov/pubmed/26840485
https://doi.org/10.1128/AEM.71.10.5702-5709.2005
http://www.ncbi.nlm.nih.gov/pubmed/16204478
https://doi.org/10.1128/AEM.00073-17
http://www.ncbi.nlm.nih.gov/pubmed/28432096
https://doi.org/10.1371/journal.pone.0245333

PLOS ONE

Nanopore-based detection of C. nebraskensis

61.

62.

63.

64.

65.

66.

67.

68.

Ghequire MGK, Ozturk B, De Mot R. Lectin-Like Bacteriocins. Front Microbiol. 2018; 9:2706. Epub
2018/11/30. https://doi.org/10.3389/fmicb.2018.02706 PMID: 30483232; PubMed Central PMCID:
PMC6240691.

Holtsmark I, Eijsink VG, Brurberg MB. Bacteriocins from plant pathogenic bacteria. FEMS Microbiol
Lett. 2008; 280(1):1—7. Epub 2007/12/12. https://doi.org/10.1111/j.1574-6968.2007.01010.x PMID:
18070073.

Riley MA, Wertz JE. Bacteriocin diversity: ecological and evolutionary perspectives. Biochimie. 2002;
84(5-6):357—64. Epub 2002/11/09. https://doi.org/10.1016/s0300-9084(02)01421-9 PMID: 12423779.

Ghequire MG, Loris R, De Mot R. MMBL proteins: from lectin to bacteriocin. Biochem Soc Trans. 2012;
40(6):1553-9. Epub 2012/11/28. https://doi.org/10.1042/BST20120170 PMID: 23176516.

Vidaver AK, Mathys ML, Thomas ME, Schuster ML. Bacteriocins of the phytopathogens Pseudomonas
syringae, P. glycinea, and P. phaseolicola. Can J Microbiol. 1972; 18(6):705—13. Epub 1972/06/01.
https://doi.org/10.1139/m72-113 PMID: 4556096.

Menendez E, Ramirez-Bahena MH, Fabryova A, Igual JM, Benada O, Mateos PF, et al. Pseudomonas
coleopterorum sp. nov., a cellulase-producing bacterium isolated from the bark beetle Hylesinus fraxini.
Int J Syst Evol Microbiol. 2015; 65(9):2852—8. Epub 2015/05/23. https://doi.org/10.1099/ijs.0.000344
PMID: 25999590.

Coyte KZ, Schluter J, Foster KR. The ecology of the microbiome: Networks, competition, and stability.
Science. 2015; 350(6261):663—6. Epub 2015/11/07. https://doi.org/10.1126/science.aad2602 PMID:
26542567.

Koskella B, Hall LJ, Metcalf CJE. The microbiome beyond the horizon of ecological and evolutionary
theory. Nat Ecol Evol. 2017; 1(11):1606—15. Epub 2017/10/19. https://doi.org/10.1038/s41559-017-
0340-2 PMID: 29038487.

PLOS ONE | https://doi.org/10.1371/journal.pone.0245333  January 22, 2021 22/22


https://doi.org/10.3389/fmicb.2018.02706
http://www.ncbi.nlm.nih.gov/pubmed/30483232
https://doi.org/10.1111/j.1574-6968.2007.01010.x
http://www.ncbi.nlm.nih.gov/pubmed/18070073
https://doi.org/10.1016/s0300-9084%2802%2901421-9
http://www.ncbi.nlm.nih.gov/pubmed/12423779
https://doi.org/10.1042/BST20120170
http://www.ncbi.nlm.nih.gov/pubmed/23176516
https://doi.org/10.1139/m72-113
http://www.ncbi.nlm.nih.gov/pubmed/4556096
https://doi.org/10.1099/ijs.0.000344
http://www.ncbi.nlm.nih.gov/pubmed/25999590
https://doi.org/10.1126/science.aad2602
http://www.ncbi.nlm.nih.gov/pubmed/26542567
https://doi.org/10.1038/s41559-017-0340-2
https://doi.org/10.1038/s41559-017-0340-2
http://www.ncbi.nlm.nih.gov/pubmed/29038487
https://doi.org/10.1371/journal.pone.0245333

