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Abstract Black rot, a disease of significance affecting vegetable Brassica crops, is primarily
caused by the bacterium Xanthomonas campestris pv. campestris (Xec). When the dis—
ease spreads extensively in the field, it can lead to substantial yield losses, particularly un-
der favorable environmental conditions. Controlling the spread of this disease is challeng-
ing, and the primary approach involves utilizing resistant cultivars or disease—free seeds.
Among the various methods available for identifying different Xccraces, Polymerase Chain
Reaction (PCR)-based molecular markers have proven to be highly reliable. To date, the
PCR method has successfully identified Xecraces 1 to 7. In this study, molecular markers
were developed for races 4 and 9 through the sequencing and alignment of the whole ge—
nome sequences of Xcc races, closely related Xanthomonas campestris (Xc) pathovars,
and two Xanthomonas species. These designed markers were subsequently validated by
PCR with bacterial genomic DNA samples from Xccraces and 7 other bacteria. The results

indicated successful amplification only for race 4 and race 9, yielding amplicon sizes of
1080 bp and 830 bp, respectively, while the other strains failed to amplify. Furthermore,
the amplicons from races 4 and 9 were cloned and sequenced, confirming that both races
exhibited matching sequences after alignment. Consequently, the molecular marker
method offers a rapid and efficient means of differentiating between Xcc races 4 and 9
within a few hours, presenting itself as a viable alternative to conventional methods that
rely on the use of differential cultivars of Brassicaceae for identifying Xcc races.
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Introduction

Xanthomonas campestris pathovar campestris (Xcc) is a small, aerobic, rod-shaped, and Gram-negative bacterium,
which causes the black rot disease in cabbage and other Brassica vegetables. It is considered the most serious
disease that infects almost all the important cruciferous crops such as cabbage, cauliflower, broccoli, brussels
sprouts, kohlrabi, and kale as well as the model plant Arabidopsis (An ShiQi et al. 2011; Soengas et al. 2007;
Vicente et al. 2001). Xcc enters the plants through the hydathodes and wounded leaves and develops V-shaped
yellow lesions with necrotic and blackening veins at the leaf margins (Cook et al. 1952; Williams 1981). In
Korea, Xcc is one of the most damaging diseases in cabbage-growing fields (Kim 1986).

Conventional approaches for identifying the causal agent of plant diseases have traditionally involved the
utilization of visual symptom assessment, microscopy techniques, and culturing methods (Ward et al. 2004).

Nevertheless, reliance on these straightforward, cost-effective, and time-consuming methods can sometimes lead
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to erroneous conclusions, particularly when there are striking similarities between disease symptoms and the
morphological characteristics of pathogens. This inherent limitation highlights the heavy dependence of these
methods on prior knowledge and experimental expertise (Nezhad 2014). Up to now, Xcc races have been classified
into eleven races based on race determination using the differential cultivars method (Cruz et al. 2017; Fargier
et al. 2007; Kamoun et al. 1992; Vicente et al. 2001). Among eleven races, races 1 and 4 are predominant in
Brassica oleracea whereas race 6 is predominant in Brassica rapa (Lema et al. 2012; Vicente et al. 2013). Although
race 9 of Xanthomonas is not predominant in every part of the world, the recent development in the seed
trade between the countries poses a potential threat of spreading the race to other countries. Therefore, it is
important to detect the presence of these races. However, the identification of Xcc races based on differential
cultivars is time-consuming and labor-intensive. Furthermore, the process of culturing pathogens for identification
purposes is time-consuming and, in some cases, not feasible due to the inability to culture certain pathogens
(Cardenas et al. 2008; Rinke et al. 2013).

The rapid advancements in molecular biotechnology have carried out the way for the application of rapid
and dependable detection methods, including PCR (Ward et al. 2004). The development of race-specific molecular
markers with PCR-based techniques is very effective, quick, and simple. Molecular identification of pathogens
through PCR saves time (within a few hours) and is less laborious for detecting plant pathogenic bacterial
races (Song et al. 2014). The emergence of Next-Generation Sequencing (NGS), has introduced a pioneering
approach to diagnostics, and methods for detecting and identifying phytopathogens (Chalupowicz et al. 2019).
These advancements have paved the way for DNA-based NGS, which encompasses many steps including variant/mu-
tation annotation and interpretation (Qin 2019). Various variations, including single nucleotide polymorphisms
(SNPs), insertions and deletions (INDELs), and structural variations can be discovered using the population
genomics datasets based on NGS (Potgieter et al. 2020). These variations can be exploited to design molecular
markers and can be used for plant pathogen diagnosis (Afrin et al. 2020; Rubel et al. 2019a). Many researchers
have used PCR-based molecular markers to identify bacterial and fungal pathogens. Two (Sequence Characterized
Amplified Region) SCAR markers were developed to detect the fungus Fusarium oxysporum f. sp. melonis race
2, caused vascular wilt of cucurbits (Luongo et al. 2012). The new Xanthomonas oryzae pv. oryzae K3a in rice
plants was identified using a race-specific marker-based PCR technique (Song et al. 2014). Race 3 of Pseudomonas
syringae pv. phaseolicola in halo blight of common bean was identified by PCR-based molecular markers (Schaad

et al. 1995). This study aimed to develop a specific molecular marker for the identification of Xcc races 4 and 9.

Materials and Methods

Bacterial strains and culture conditions

The 16 bacterial strains were used in this study, including nine Xcc races (races 1-9); three Xc pathovars:
X. campestris pv. incanae (Xci), X. campestris pv. raphani (Xcr), and X. campestris pv. zinniae (Xcz); two Xanthomonas

species: X. axonopodis pv. dieffenbachiae (Xad), and X. campestris pv. vesicatoria (Xcv) and two other plant pathogenic
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bacteria: Pseudomonas syringae pv. maculicola (Psm), and Erwinia carotovora subsp. carotovora (Ecc) (Table 1).

All the bacterial isolates were grown on King's B medium (KB) for 48 hours at 30C (King et al. 1954).

Table 1. List of bacterial strains used in this study.

SL. Bacterial Strains Races Host Country Collection Year References
1 X Camiﬁgﬁ}ﬁ;{ fﬁml) estris 1 B. oleracea Us 2017
2 X Cam(pé;tg;/—g\g“gczr)np estris 2 B. oleracea var. botrytis Us 2017
3 X Camiﬁgﬁ}ﬁgéfg)ml) estris 3 B. oleracea var. gemmifera UK 2017
4 X cam{)éﬁ;tsv-;i\;.7gczgnp estris 4 B. oleracea var. capitata UK 2017 Vice(l;g:me)t al.
5 X Camlzﬁig;f_) ;/égcoa)mp estris 5 B. oleracea var. capitata Australia 2017
6 X Camlzﬁig;f_) \6/.1801(l)mp estris 6 B. rapa Portugal 2017
7 X camgig@_g‘isgir)np estris 7 B. oleracea var. capitata UK 2017
3 X camp(el\s/ltg’é _gz.s'cggmpestris 3 B rapa Spain 2017 Ler(nze:) 1ezt) al.
9 X camfgsé’;;é’_vl'ljg)mpem s 9 - UK 2022 NCPPB
10 X canzf;itlrésl_g/hi)n canae - Matthiola incana UK 2017 Vicente et al.
11 X car’zﬁﬁ_ggbs};ap hani 2 B. rapa var. perviridis UK 2017 (200)
12 X Carggfggﬁ; 6z)inniae Zinnia elegans So(ustllllwlgggea 2017
13 X axonop((;giscl:évl.7g;?‘{enbachiae Anthurium andreanum So(u;ilngtr)lr)ea 2017 KACC
14 X Caml()legzgcli\{'l ;);;icatoria - - South Korea 2017
15 P;le;i(;:zgz ail?&ﬁfggﬁ; - B. oleracea var. capitata New Zealand 2016 .
16 Eg;:};:f;()i?‘gggglgzgg ’ - B. oleracea var. capitata New Zealand 2016
Note: NCPPB-The National Collection of Plant Pathogenic Bacteria, KACC- Korean Agriculture Culture Collection, Jeollabuk-do, Korea;

Extraction of bacterial genomic DNA

ICMP-International Collection of Microorganisms from Plants, Auckland, New Zealand; HRI-W-Horticulture Research International,
Wellesbourne, UK

The bacterial DNA was extracted from 16 bacterial strains using the QIAamp DNA Mini Kit (Qiagen, Valencia,

CA), according to the manufacturer’s instructions. The concentration and quality of all the DNA after extraction

were measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, USA).

Then, the DNA was stored at -20C for further experiments.
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Whole genome re—sequencing and alignment of Xcc races

The whole genome sequences of Xcc races: race 1 (B100 and CFBP1869), race 3 (ATCC33913), race 4 (CFBP5817),
race 9 (str.8004), and Xci (CFBP1606R), Xcr (str.756C) and Xcv (str.85-10) were taken from the National Center
for Biotechnology Information (NCBI) database (www.ncbi.nlm.nih.gov). The genomes of races 2, 5, 6, 7, and
8 were sequenced and aligned with the available genome sequences mentioned above using the Integrative Genomics

Viewer (IGV) (https://software.broadinstitute.org/software/igv/) to identify the variant regions.

Primer designing and PCR conditions

The flanking DNA sequences near the variant regions were used to design primers using Primer3 (https://primer
3.ut.ee/), thereafter twenty primer pairs were designed (Supplementary Table S1). PCR was performed with a
10 pL reaction mixture containing 1 gL (30 ng xL"') of DNA, 0.5 uL of each 10 pmol forward and reverse
primers, 5 pL of 2X Prime Taq Premix (GenetBio, Daejeon, Korea) and 3 uL of sterile distilled water. The
PCR conditions for race 4 and race 9-specific markers were adjusted with denaturation at 94C for 2 minutes
followed by 30 cycles (94T for 20 seconds, 70C for 30 seconds, and 72C for 20 seconds) and terminated by
a final elongation at 72T for 2 minutes, 25C overnight (Supplementary Table S1). The PCR products were
analyzed with gel electrophoresis using 1.5% agarose at 100 V for 30 minutes and visualized with a gel documentation
system under UV light (320 nm). The size of PCR products was determined using HiQ 100 bp DNA ladder.
Additionally, reported primers for specific amplification of Xcc races 1-7 (Supplementary Table S1) were used

for the validation using Xcc race 9 DNA.

Evaluation of the sensitivity and specificity of primers

To evaluate the sensitivity and specificity of 'XccR9-2F2-2R1' primer, 30 ng xL"' DNA of races 4 and 9 was
taken and serially diluted up to 10* dilution (30 ng xL", 3 ng xL', 0.3 ng xL', 0.03 ng L', 0.003 ng xL").
Thereafter, 1 4L of DNA from each dilution was used for PCR amplification using the PCR conditions described

above.

Cloning and sequencing of races 4 and 9

The PCR amplicons of Xcc races 4 and 9 using the 'XccR9-2F2-2R1' primer were further cloned and sequenced.
The visible bands were excised from the agarose gels (0.8%) and the amplicons were purified in mini-columns
using the Wizard SV gel and PCR cleanup system (Promega, Madison, WI, USA). The amplicons were cloned
into E. coli (DH5¢) using the TOPcloner blunt kit (Enzynomics, Daejeon, Korea) following the manufacturer’s
instructions. Thereafter, the single colonies grown overnight on solid Luria Bertani (LB) media containing ampicillin
(1 mg mL"') were picked. Subsequently, these selected colonies were cultured in liquid LB media to isolate
plasmid DNA. The plasmid DNA isolations were purified with QIAprep Spin Miniprep Kit (50). The alignment

of cloned sequences was performed with Multiple Sequence Alignment by ClustalW online (https://www.geno

The Korean Society of Breeding Science



|dentification of Xanthomonas campestris pv. campestris races 4 and 9 by Molecular Marker-Based Approach 161

me.jp/tools-bin/clustalw). Additionally, the cloned and sequenced amplicons were subjected to ORF prediction
using NCBI tool ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder/). The predicted ORF sequences were
searched for protein homology in the NCBI database using the Blastp tool (https://blast.ncbi.nlm.nih.gov/
Blast.cgi?PAGE=Proteins).

Bio—PCR assay

The susceptible cabbage lines were artificially inoculated with strains of Xcc races 1 to 9. Three plants for
each race were inoculated at 35 days after sowing, and the three youngest leaves were inoculated using the
clipping method followed by dipping into a bacterial suspension (10%-10° CFU/mL) of Xcc races (Vicente et
al. 2001). After 2 weeks, when the symptoms appeared on the leaves, three infected leaves were collected for
bio-PCR assay. Afterward, the leaves with black rot symptoms were cut about 1 cm, sliced into small pieces,
and soaked in 2 mL of sterile water for 1 hour at room temperature. Following this, 1 mL of bacterial ooze
was transferred into a 1.5 mL microcentrifuge tube and incubated at 65C for 10 min. Eventually, 5 uL of

the exudates were used for the bio-PCR assessment with the PCR condition stated above.

Results

|dentification of variant regions and primer designing

The comparison of whole genome sequences, including Xcc races (1-9), two Xc pathovars (Xci and Xcr), and
one other Xanthomonas species (Xcv), and the alignment of these available complete genome sequences allowed
us to identify the variant regions (Fig. 1). Variant regions specific to Xcc race 4 and race 9 were identified
using the Integrative Genomics Viewer (IGV) tool. Flanking genomic sequences of these variants were then
utilized to initially design twenty pairs of primers to detect the Xcc races 4 and 9 (Supplementary Table S1).
Out of these 20 pairs of primers, only one primer pair namely 'XccR9-2F2-2R1' (forward primer sequence-
CGAACAGCAAAGGCAGATACAG:; reverse primer sequence - CATGCGCATAGCGGCCCGCCTTG) able to differ-
entiate Xcc races 4 and 9 from Xcc races 1-8, Xc pathovars, Xanthomonas species and other plant pathogenic
bacteria. None of the markers developed for Xcc race 1-7 gave a specific reported amplicon with Xcc race 9
DNA (Figs. 2b-2h).
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Fig. 1. a) Alignment of the whole genome sequences of Xcc races (1-9), two other Xc. pathovars

(incanae and raphani), and another Xanthomonas species (X. campestris pv. vesicatoria); b)

Line diagram representation of PCR amplification pattern with XccR9-2F2-2R1 primer; Dashed

lines represent deletion region; Solid black bar represents similar genomic regions; Green
arrow and blue arrows represent forward and reverse primers, respectively.

Detection of Xccraces 4 and 9 using 'XccR9-2F2-2R1" primer

In this study, we developed a marker for early and quick detection of Xcc race 4 and race 9. The designed

primers were validated with bacterial DNA of Xcc races, Xc pathovars, Xanthomonas species, and other plant

pathogenic bacteria by PCR amplifications (Table 1). Among twenty designed primers, only one primer pair

"XccR9-2F2-2R1" was able to differentiate the Xcc race 9 with an amplicon size of 830 bp (Fig. 2i and Supplementary

Fig. S1). Interestingly this primer gave an amplicon size of 1080 bp with Xcc race 4 DNA whereas all the other

Xcc races (races 1, 2, 3, 5, 6, 7, and 8), Xc pathovars (Xci, Xcr, and Xcz), Xanthomonas species (Xad and Xcv),

and other plant pathogenic bacteria (Psm and Ecc) used in this study were unamplified (Fig. 2i). Despite this,
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the primer pair XccR9-2F2-2R1' amplified an amplicon in Xcc race 4 and race 9, but it was able to differentiate
between both races (Fig. 2i). Therefore, the primer pair "XccR9-2F2-2R1' can be used as a diagnostic molecular

marker for detecting both races 4 and 9.

)

b) 50 1089 bp
Xee race 1 specific

1) . 929 bp

Xec race 2 specific

)

€)

g

h)

T 8 % 10 11 12 13 14

i) 5 1080 tp

830 bp
Xec race 9 specific

Fig. 2. Agarose gel electrophoresis of PCR products of Xcc race 4 and race 9 DNA using race
a 9-specific primer, and Xcc race specific primer and specific primer sets of Xcc races 1-7 reported
by previous studies. a) Xcc specific (Xcc-53, 930-bp); b) Xcc race 1-specific (Xcc-47R1, 1089-bp);
¢) Xcc race 2-specific (Xcc-R2-89-2, 929-bp); d) Xcc race 3-specific (XccR3-49, 867-bp); e) Xcc race
4-specific (Xcc2-46R4, 578-bp); f) Xcc race 5-specific (XccR5-89.2, 1515-bp); g) Xcc race 6-specific
(XccR6-60, 693-bp); h) Xcc race 7-specific (Race 7-1F-1R, 600-bp); i) Xcc race 9-specific
(XccR9-2F2-2R1, 830-bp) amplified from genomic DNA of Xcc races, Xc. pathovars and other plant
pathogenic bacteria. Lane M: DNA ladder-100 bp; Lanes 1-9: Xcc races (1-9); Lane 10: X. campestris
pv. incanae (WHRI-6377); Lane 11: X. campestris pv. raphani (WHRI-8305); Lane 12: X. campestris
pv. zinniae (KACC17126); Lane 13: X. axonopodis pv. dieffenbachiae (KACC17821); Lane 14: X.
campestris pv. vesicatoria (KACC11153); Lane 15: Pseudomonas syringae pv. maculicola (ICMP13051);
Lane 16: Erwinia carotovora subsp. carotovora (ICMP12464).

Marker sensitivity

We further conducted tests to evaluate the efficiency and sensitivity of the newly developed marker
'XccR9-2F2-2R1'. Remarkably, this marker successfully detected DNA from Xcc race 4 and race 9 even at a
very low concentration of 0.003 ng pL'(Fig. 3).
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1080 bp
~

Fig. 3. Efficient detection of different rates of DNA concentrations by PCR amplification using XccR9-2F2-2R1
primer. a) Detection of genomic DNA of race 4; b) Detection of genomic DNA of race 9.
Lane M: DNA ladder (100-bp); Lane 1: 30 ng xL"; Lane 2: 3 ng xL"; Lane 3: 0.3 ng uL;
Lane 4: 0.03 ng pL; Lane 5: 0.003 ng pL™

Cloning and sequencing

Cloning and sequencing of the PCR amplicons produced by the 'XccR9-2F2-2R1' primer in races 4 and 9
DNA revealed a 190 bp deletion in race 9 when compared to race 4. Therefore, this marker can be used proficiently
to differentiate race 4 and race 9 with amplicon sizes of 830 bp and 1080 bp, respectively (Supplementary Figs.
S2a, S2b).

The cloned and sequenced amplicons were subjected to Open Reading Frame (ORF) prediction using NCBI
tool ORF Finder. The number of ORFs found in race 9 and race 4 cloned fragments was six and nine, respectively.
The largest ORF found was 843 nucleotides and 630 nucleotides in length and encoded for 280 amino acids
and 206 amino acids in race 4 and race 9, respectively (Supplementary Figs. S2c, S2d). This protein has significant
homology with the protein-encoding IS5 transposase family, but the protein sequence of the race 9 amplicon

has a 71 bp deletion when compared to the protein sequence of the race 4 amplicon (Fig. S2d).

Bio—PCR assessment

A bio-PCR assay was conducted to validate the competency of the developed markers in detecting the presence
of Xcc races 4 and 9 from infected leaves. Cabbage leaves were artificially infected with various strains of Xcc
races (1-9) strain. None of the samples infected with Xcc races 1, 2, 3, 5, 6, 7, and 8 showed amplification,
whereas races 4 and 9 yielded amplicon sizes of 1080 bp and 830 bp, respectively. Therefore, the results demonstrated
amplification with a base-pare size equivalent to positive control DNA (gDNA of Xcc race 4 and race 9) (Fig.
4). This finding affirmed the potential of the novel developed marker that can directly detect the bacterial ooze
from soaking leaves of cabbage without the genomic DNA extraction of bacteria within a few hours with an

accurate and reliable identification.
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TSRO s O 0] 12513004 15 16 17 18 19 20 21 22 23 24 25 26 27 +vel+ve2 —ve

Fig. 4. Bio-PCR assessment using race 9-specific primer (XccR9-2F2-2R1) to detect 27 samples from infected cabbage

leaves after inoculation with strains of Xcc races 1-9. Lane M: DNA ladder (100-bp); Lane 1-3: race 1; Lane 4-6:

race 2; Lane 7-9: race 3; Lane 10-12: race 4; Lane 13-15: race 5; Lane 16-18: race 6; Lane 19-21: race 7; Lane 22-24:

race 8; Lane 25-27: race 9; +vel: positive control of gDNA of race 4, +ve2: positive control of gDNA of race 9;
-ve: negative control of distilled water.

Discussion

The establishment of races and differentiation of plant pathogens is associated with the presence of Avr genes
in pathogens and its interaction with the corresponding R gene in the plant system, which became the basis
of race differentiation using the differential cultivars. However, the system of race differentiation using differential
cultivars requires rigorous efforts in growing plants, microbial culturing, optimization of culturing conditions,
and skilled personnel. On the other hand, the use of molecular diagnostics of plant pathogens is less tedious.
Identifying the race of a plant pathogen is an important criterion for the management of the disease. There
have been various reports on the molecular diagnosis of plant-pathogenic bacteria and fungi (Hariharan et al.
2021; Tewari et al. 2019). The utilization of race-specific molecular markers in this study facilitated rapid, reliable,
and precise identification of Xcc race 4 and race 9. The availability of genomic sequences for Xcc races (races
1- 9) and other Xc¢ pathovars (Xci, Xcr, and Xcv) simplified the identification of highly variable genomic regions
and the development of specific markers for race 4 and race 9 (Fig. 1). Alignment of genome sequences provides
useful data about the variants. However, these variants need to be analyzed and interpreted with the help of
certain tools. IGV is one of the tools for the visualization and interpretation of variants (Robinson et al. 2017).
This study also used the IGV software for variant calling to design the specific primers. The previously developed
marker by Rubel et al. (2017) specifically detected Xcc race 4 (Fig. 2e, Supplementary Table S1), whereas our
marker provides the advantage of simultaneous detection of Xcc races 4 and 9. The race-specific markers developed
in this study provided rapid and effective tools, requiring minimal labor and offering high reliability, for specifically
detecting and differentiating races 4 and 9 from other Xcc races. In contrast, the cultivar-based race determination
method requires extensive fieldwork and additional labor. Our 'XccR9-2F2-2R1' primer displayed the ability to
identify Xcc races 4 and 9 through PCR amplification even at very low concentrations of genomic DNA of
races 4 and 9, highlighting the high efficiency and sensitivity of the marker quality (Fig. 3).

Moreover, PCR-based molecular marker techniques have been successfully employed for the detection of bacterial

and fungal pathogens. Xanthomonas pathovars were detected in Brassica seeds and plants, and X. campestris
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was specifically distinguished from other Xanthomonas using PCR (Berg et al. 2005). In Korea, Rubel et al.
(2017) developed specific markers using SCAR for the detection of Xcc races 1 and 4. Wang et al. (2010), in
China, reported highly reliable PCR-based SCAR markers for detecting wheat stripe rust races CYR32 and CYR33
caused by Puccinia striiformis f. sp. tritici. Pasquali et al. (2007), successfully employed an inter-retrotransposon
sequence-characterized amplified region (IR-SCAR) marker to identify race 1 of F. oxysporum f. sp. lactucae
in lettuce.

PCR-based methods have also proven effective in identifying other pathogens, including race 3 of Pseudomonas
syringae pv. phaseolicola in halo blight of common bean (Schaad et al. 1995), Xcc in black rot disease (Singh
et al. 2014), Xoo in rice bacterial blight (Song et al. 2014), and Colletotrichum spp. causing anthracnose disease
in sweet persimmon (Iee et al. 2002). Therefore, this PCR-based molecular marker holds promise for the rapid
identification of Xcc race 4 and race 9 in cabbage fields affected by black rot disease caused by Xcc worldwide.

Insertion sequences (IS) and transposons play a significant role in bacterial pathogenicity and evolution, including
Xanthomonas, by facilitating genome rearrangement (Ferreira et al. 2015). In the case of Xanthomonas, it has
been reported that IS elements might potentially introduce inversions and rearrangements, thereby contributing
to race diversity (Ochiai et al. 2005). In this study, we conducted sequence analysis of the amplicons from
race 4 and race 9 using the 'XccR9-2F2-2R1' marker, which indicated the presence of transposases belonging
to the IS5 family. However, the presence of a complete gene in race 4 likely aided its adaptation through genome
rearrangement, and further studies are required to confirm the role of this gene.

In conclusion, this study developed a molecular marker-based PCR amplification for the specific identification
of races 4 and 9 through the realignment of whole genome sequences of Xcc races (1-9), two Xanthomonas
species (Xci and Xcr), and one other Xc pathovar (Xcv). The newly developed marker (XccR9-2F2-2R1) illustrated
a quick and reliable detection of race 4 and race 9 among various bacterial strains such as Xcc races, Xanthomonas
species, and other plant pathogenic bacteria. Therefore, to our knowledge, this novel marker proved as a useful
and rapid diagnostic tool for accurate and reliable detection of Xcc races 4 and 9. Additionally, this marker
can be used as an alternative method compared to a traditional one using differential cultivars of Brassicas

for race identification, which is time-consuming and labor-intensive.
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Supplementary
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Fig. S1. PCR products on agarose gel using 20 primer pairs to differentiate races 4 and 9
to test among Xcc races and other bacterial strains.
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a) Cloned and reference sequences of Xcc races 9 and 4

>Xcc race 9 (830 bp)

CGAACAGCAAAGGCAGATACAGCAAGAGCAGAGCCARCCACACCCTGCARGGGCCTTGACCTGARACTTGCAGTTCGACTTAGTCG

CCCCTGARRRACCCCCAATCACCCARCGCCCGCAAGGCCTTGATGTCTGCAGTGGCGTGCCAGARCTACCAGTTTTCGCTACGCTG
C

AAGGCTGGTTTCTGGCAATTTCCACTCATGCATACACGCCGTCCTGCTGCCGAGCACATGCCTGCCGAGGAGTTGTTTCGTTCG

'4

CCTGGAGRACCAGATCGATCTGCGGCATCCGCTGGCGCAGCTGAGCCAACGGATGCCGTGGACGGCGTTGGAGCAAGCACTTTCAT

CGCGCTTGCCGGCCACCCAGGCTGETGGCEETCGGCCGGCATTGCCGGTGCCGCTGATCGCCGGTTTGCTCTACCTCAARACACGCT
TACGACCTGTCCGATGAGGCGGTGTGCGAGCGTTGGCTGGAARATCCGTATTGGCAGTTTTTCACTGGCGAGGTCGTGTTCCAGALC
GCGCTTGCCGTGCGATGCCAGCTCGCTGACGCGCTGGCGTCAGCGGCTTGACGAAGCGGGEGATGGARGAGTTGCTGGCACACACCA

TCAACGCTGCACATGCCATGCAGGCGGTGGACGCACGCGAGTTGTCGCGGGTGATCGTGGACACCACGGTGCAGGARAAGGCGATT
ATAGTCGGTTGCTGGAGGTGGCACGCAAGRAAACTGGTGCTGCTGGCCAAGCGTTACGGCATCGGGTTGCGGCA
GAGCTACGCACGGCAAGGTCCGGCCCTGAGCCGCAAGGCGGGCCGCTATGCGCATG

>Xcc race 4 (1080 bp)
CGAACAGCAAAGGCAGAITACAGC]—"J—';GAGCAGF—«;GCC,

AATCGTGGC TACGTTATTTAGTCGCCCCTGARA
ARCCCCCAATCAC ACGCCCGCAAGGCCTTGATGTCTGCAGCGGCGTGCCAGARACTACCAGTTTTCGCTACGCTGAAGGCTGGT

TTCTGGCAATTTCCACTCATGCATACACGCCGTCCTGCTGCCGAGCACATGCCTGCCGAGGAGTTGTITCGTTICGCGCCTGGAGA

b=l

CCAGATCGATCTGCGGCATCCGCTGGCGCAGCTGAGCCAACGGATGCCGTGGACGGCGTTGGAGCAAGCACTTTCATCGCGCTTGC

CGGCCACCCAGGCTGGETGGLGGETCGGCCGGCATTGCCGGETGCGGCTGATCGCCGGTTTGCTCTACCTCAAACACGCCTACGACCTG

G

TCCGATGAGGCGGTGTGCGAGCGTTGGCTGGAAAATCCGTATTGGCAGTTTTTCACTGGCGAGGTCGTGTTCCAGACGCGCTTGCT

]

GTGCGATGCCAGCTCGCTGACGCGCTGGCGTCAGCGGCTTGACGAAGCGGGGATGGAAGAGTTGCTGGCACACACCATCARACGCTG
CACATGCCATGCAGGCGGTGGACGCACGCGAGTTGTCGCGGGTGATCGTGGACACCACGGTGCAGGAAAAGGCGATTGCCTATCCG
ACCGATAGTCGGTTGCTGGAGGTGGCACGCAAGAAACTGGTGCTGCTGGCCAAGCGTTACGGCATCGGGTTGCGGCAGAGCTACGC
ACGGCAAGGTCCGGCCCTGAGCCGCAAGGCGGGCCGCTATGCGCATG

Letters in red - forward primer
Letters in green - reverse primer in reverse complimentary
Letters highlighted in blue - deletion part in race 9

b) Alignment of Xcc races 9 specific DNA ﬁ'aglm:nts with reference race 4

RACE 9

RACE 4

RACE 9 CTGARACTTGCAG T TOGAC T m mm mm —m o m o oo o e

RACE 4 CTGARACTTGCAGTTCGACTTACATGCCCCCTGCGTCCTACGCCTTCGATGGAGCAGACG
Kok ok ok ok ok ok ko ok ko ke k ok ko ke ke ok

RBACE O e

RACE 4 GATGCCTATCAGATCACTGTCTGACAGTGGTTTGGTCTCACCCGCARCGGATGTARTGCG

Fig. S2. Sequences analysis of Race9-2F2-2R1 fragment specific to Xcc race 9 with reference race 4; a) Cloned and reference
sequences of race 9 and race 4; b) Alignments of race 9 specific DNA fragments with reference race 4; ¢) ORF prediction of
race 4 and race 9 used primer 'Race9-2F2-2R1; d) Alignment of ORFs from Xcc races 9 and 4 specific amplicons. Letters in
red represent the forward primer; letters in green represent the reverse primer (reverse complement);
" - " represents the deleted region; ' * ' means similar sequences.
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RACE 9 = mm e e
RACE 4 GGTGTAGCCACCATGGTTCACGAAGCAATGTTTCGAGATTGCTGCACGTTGGCTGCATGC
RACE 9 = mm e e
RACE 4 CAATCTCGCCAGCTGAARAGCAAGGCAGTCTTGARAAATCGTGGGCAACGGTCAAGCCGATG
RACE 9
RACE 4 CCCACARAGGC (
RS S S EEEEEEEEEEEEEEEEEEEEEE RS
RACE 9 ARACGCCCGCAAGGCCTTGATGTCTGCAGTGGCGTGCCAGAACTACCAGTTTTCGCTACGC
RACE 4 ARCGCCCGCAAGGCCTTGATGTCTGCAGCGGCGTGCCAGAACTACCAGTTTTCGCTACGC
*******T*TTTTT**************'*T-r'r'x'x***TT**********TTT*TTT*TT
RACE 9 TGAAGGCTGGTTTCTGGCAATTTCCACTCATGCATACACGCCEG
RACE 4 TGAAGGCTGGTTTCTGGCAATTTCCACTCATGCATACACGCCGTCCTGCTGCCGAGCACA
R S R SRR RE R E R EEEERE R RS R R EEEEEEEEEEEREEEEEEEEEEEEEEERE R
RACE 9
RACE 4
RACE 9 TGGCGC ACGGATGC S TTGGAGCAAGCACTTTCATCGCGCT
RACE 4 TGGCGC SCCAACGGATGC s TTGGAGCAAGCACTTTCATCGCGC
E e e Jo e o e de d de d e o e e e o i o e o e e e e
RACE 9 TGCCGGCCACCCAGGCTGETGGECGGTCGECCGGCATTGCCGGETGCGGCTGATCGCCGGTT
RACE 4 TGCCGGCCACCCAGGLTGETGGELGETCGGCCGECATTGCCEGETECGECTGATCGCCGEETT
R S RS R R R R R R R R Rk R R R R R R R
RACE 9 TGCTCTACCTCARAACACGCCTACGACCTGTCCGATGAGGCGETGTGCGAGCGTTGGCTGG
RACE 4 TGCTCTACCTCARRCACGCCTACGACCTGTCCGATGAGGCGGTGTGCGAGCGTTGGCTGG
R S R SRR RE R E R EEEERE R RS R R EEEEEEEEEEEREEEEEEEEEEEEEEERE R
RACE 9 ARRAATCCGTATTGGCAGTTTTTCACTGGCGAGGTCGTGTTCCAGACGCGCTTGCCGTGCG
RACE 4 ARAATCCGTATTGGCAGTTTTTCACTGGCGAGGTCGTGTTCCAGACGCGCTTGCZCGTGCG
e S S S SRR EEEEEEE R EE e Rl EE R e R RS R
RACE 9 ATGCCAGCTCGCTGACGCGCTGGCGTCAGCGGCTTGACGAAGCGGGGATGGAAGAGTTGC

RACE 4 ATGCCAGCTCGCTGACGCGCTGGCGTCAGCGGCTTGACGAAGCGGGGATGGAAGAGTTGC

e S S S SRR EEEEEEE R EE e Rl EE R e R RS R

RACE 9 TGGCACACACCATCAACGCTGCACATGCCATGCAGGCGGTGGACGCACGCGAGTTGTCGC
RACE 4 TGGCACACACCATCAACGCTGCACATGCCATGCAGGCGGETGEGACGCACGCGAGTTGTCGC
s e e etk e ok S o e ok ok e ok ok o ok o ok e ok otk okt o e s o sk ok ok ok o ok ok o ok ok T ok e ok o e o o o ok o ok

RACE 9 GGGTGATCGTGGACACCACGETGCAGGAAMAGGCGATTGCCTATCCGACCGATAGTCGGET
RACE 4 GGGTGATCGTGGACACCACGGTGCAGGAARAGGCGATTGCCTATCCGACCGATAGTCGGT
e e e e e e e e e e e ok ke sk ok ke sk ok ok ok ok ke ok ke ok ok e ok s ok ok i ok ok ok ok ok ok ok ok ok ok ke ke e ke e e e e ek ok

RACE 9 CGCAAGAARACTGGTGCTGCTGGCCAAGCGTTACGGCATCGGGTTGC
RACE 4 TGCTGGAGGTGGCACGCAAGARARACTGGTGCTGCTGGCCAAGCGTTACGGCATCGGGETTGC
dhkhhdkhkdhhhhdhhkhhhhdkhhhhkhkhdddhhrdhdhdhhhk ko h bk hhhkhdhhhddddhd ki

RACE 9
RACE 4

CGGCRAAGG

CACGGCAAGG

R R R R

Fig. S2. Continued.
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c¢) ORF prediction of race 4 and race 9 amplicons used primer Race 9-2F2-2R1’
> Race 9 used primer race 9 'Race 9-2F2-2R1'

Open Reading Frame Viewer

Sequence
ORFs found: 6 Genetic code: 1 Start codon: 'ATG' only
5 21| Fnd: vi@al @Qm T R Tools - | Tacks - & P -
b s po o o | w0 |eo jeo (GEEWlee |0 [0 pse [0 |30 |a |30 [s 80420 |ase_e60 |40 600 |seo |se0|seo |se pea 620 [sa) |esaese o0 [iza |rag |75e_[7ee |sea s
(U) ORFfinder &.18.156332671 W o [TE
oRF1
ORFS ORF2 S S S
ORFE
oRFE
3 |20 |s0 |p8 |80 @0 [126 |40 160 |16 280|220 [248  [268_ |28 |386 320|340  [366 [38B_ |400 (426|440 [460 480 (586 [s20 |s40 (566 [Se@  [60a (620|640 (66 (596 [7ee [rza |74e  |7ee  [vee_ [ses  83d
1: 1..830 (830 nt) " ¥ Tracks shown: 2/15

MRIAARLAAQGRTLPCVALPQPDAVTLGQQHQFLACHLQQPTIGRIGNRLFLHRGVHDHPRQLACVHRLHGMCSVDG

VCQQLFHPRFVKPL TPARQRAGIARQARLEHDLASEKLPIRIFQPTLAHRLIGQVVGVFEVEQTGDQPHRQCRPTATSLG
GRQAR

Protein - Partial IS5 transposase

>Race 4 used primer race 9 Race 9-2F2-2R1’
Open Reading Frame Viewer

Sequence
ORFs found: 3 Genetic code: 1 Start codon: "ATG' only

5 21+ Fnd: Ve al @ ®m T R Toos- | Tracks- & 9 -
b s %8 0 ZEI o i | oo a0 400 ) 00 sse 00 s o0 rse |so0 sso 560 5o 1K | 1es
(U) ORFfinder 4.18.154528385 W (TR

oRF3 oRF
Y] ORFS orFs  orF I
ORF! I T I B ORFE
I S S O%F7
58 109 158 200 |2s0 300 |3s0 400 |48 580 558 1688 lese |7e8 [7se |g60 Jese |88 [sse ik | 1eeq
1: 111K (1,080 nt) " ¥ Tracks shown: 2/16

MPISPAESKAVLKIVGNGQADAHKAPQELRYLVAPEKPPITQRPQGLDVCSGVPELPVFATLKAGFWQFPLMHTRRPAA
EHMPAEELFRSRLENQIDLRHPLAQLSQRMPWTALEQALSSRLPATQAGGGRPALPVRLIAGLLYLKHAYDLSDEAVCE

RWLENPYWQFFTGEVVFQTRLPCDASSLTRWRQRLDEAGMEELLAHTINAAHAMQAVDARELSRVIVDTTVQEKAIA
YPTDSRLLEVARKKLVLLAKRYGIGLRQSYARQGPALSRKAGRYAH

Protein - IS5 family transposase

d) Alignment of ORFs from Xcc races 9 and 4 specific amplicons
ORF raceb

ORF race4 MPISPAESKAVLKIVGNGQADAHKAPQELRYLVAPEKPPITOQRPQGLDVCSGVPELEPVEA
ORF race% = -——------——- MHTRERPAAEHMPAEELFRSRLENQIDLRHPLAQLSQRMPWTALEQALSS
ORF raced TLEKAGFWQFPLMHTRRPAAEHMPAEELFRSRLENQIDLEEPLAQLSQRMPWTALEQALSS

B R I I I L I

Fig. S2. Continued.
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RLPATQAGGG LIAGLLYLKHAYDLSDEAVCERWLENPYWQFFTGEVVEQTRLP
RLPATQAGGGRPALPVRLIAGLLYLKHAYDLSDEAVCERWLENPYWQFETGEVVEQTRLP

el L L i L L L e e e e

CDASSLTRWROQRLDEAGMEELLAHTINAAHAMOAVDARELSRVIVDTTVQEKAIAYPTDS
CDASSLTRWRQRLDEAGMEELLAHT INAAHAMOQAVDARELSRVIVDTTVQEKATAYPTDS

B L R R L R A

RLLEVARKKLVLLAKRYGIGLRQSYARQGPALSRKAGRYAH
RLLEVARKKLVLLAKRYGIGLROSYARQGPALSRKAGRYAH

el L o e o L L L

Fig. S2. Continued.

Table S1. List of primer pairs previously developed including 20 primer pairs that were designed to detect DNA fragments of Xcc
races 4 and 9 in this study.

Marker

Primer name

Sequences (5' -+ 3) Annealing conditions References

F- CGGTGCCAGCGACTCGCCACG

Xcc specific Xcce-53-F-R R- TCCACGGCGGCGGGCCGATCTG 70T, 20 sec, 25 cycles Rubel et al. 2019a
Xcgpiéii;i 1 Xcc-47R1-F-R E_ gig%igggg:égggf%g%%c 65C, 40 sec, 20 cycles Rubel et al. 2019b
Xcscpi"’i‘gi 2 Xcc-R2-89.2-F-R g’_ gggggz%g%&%ii%%ﬁ? S8C, 40 sec, 18 cycles  Rubel et al. 2019b
Xcscpi"’i‘gi 3 XccR3-49-F-R g’_ ?ﬁgﬁgfggggﬁf&%ﬁ%&iﬁ 63T, 40 sec, 25 cycles  Aftin et al. 2018
Xcscpi"’i‘gi 4 Xcc2-46R4-F-R g’_ ggigﬁ%%%gﬁ%gi%%iﬁi%%c 66T, 40 sec, 20 cycles  Rubel et al. 2017
Xfpi?;i > XccR5-89.2-F-R E’_ ii%*gggﬁgg%ﬁ%ccggﬁ; 63C, 40 sec, 22 cycles  Afrin et al. 2019
Xfpi?;i 6 XccR6-60-F-R E’_ Egﬁiﬁggﬁg@’égggiﬁ? 63C, 40 sec, 22 cycles  Afrin et al. 2020
Xfpi?;i 7 XccR7-1F-1R E’_ i%%ﬁ%%mgggizg% 70C, 15 sec, 30 cycles  Kim et al. 2023
i _§ SAATIOCRCACTECTER
o sarn_§ SATICTSCOTEACCOTO0e0T
o sarn_§ SATIECACTORTOCTICR
e v STIOCTeTACCTCAMCACES
Xee szlce ? . E iﬁg%ééigig%%ﬁ%ﬁz%%%ﬁ(} 70T, 30 sec, 30 cycles This work
specific Race 0.1F61rl - CAAGGCGGGCCGCTATGCGCAT
R- ATGCGCATAGCGGCCCGCCTTG
Race SAFTIR A TAGEGGECCOCCITG
Race SUFIRL {160 GCATAGCGOCC0GOCTTG
Race 0.1Foqrl - CTGAAAGGTGCACAAGGCGAT

R- ATGCGCATAGCGGCCCGCCTTG

F- CATGCATTTCGCCATCGACGTA

Race 9-1F10-1R1

R- ATGCGCATAGCGGCCCGCCTTG
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Table S1. Continued.

Marker Primer name Sequences (5' -+ 3') Annealing conditions References

F- CTGCAAAATGGGCATGAACCG
R- CATGCGCATAGCGGCCCGCCTTG

F- CGAACAGCAAAGGCAGATACAG
R- CATGCGCATAGCGGCCCGCCTTG

F- GTCCTGCTGCCGAGCACATGC
R- CATGCGCATAGCGGCCCGCCTTG

F- GTTTGCTCTACCTCAAACAC
R- CATGCGCATAGCGGCCCGCCTTG

F- CATCAACGCTGCACATGCCATG
R- CATGCGCATAGCGGCCCGCCTTG

F- CAAGGCGGGCCGCTATGCGCATG
R- CATGCGCATAGCGGCCCGCCTTG

F- GAAGTGGAATGCATCGGTAAG
R- CATGCGCATAGCGGCCCGCCTTG

F- GCTGCAGGATCTGAGCGTAGAAC
R- CATGCGCATAGCGGCCCGCCTTG

F- CTGAAAGGTGCACAAGGCGATG
R- CATGCGCATAGCGGCCCGCCTTG

F- CTACGCCTTCGATGGAGCAGACG
R- CATGCGCATAGCGGCCCGCCTTG

Race 9-2F1-2R1

Race 9-2F2-2R1

Race 9-2F3-2R1

Race 9-2F4-2R1

Race 9-2F5-2R1

Race 9-2F6-2R1

Race 9-2F7-2R1

Race 9-2F8-2R1

Race 9-2F9-2R1

Race 9-2F10-2R1
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