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Xanthomonas campestris pv. campestris is a causative agent of black rot disease of
cruciferous crops. A whole-genome sequence of any race of X. campestris pv. campestris has
not been reported from India. The isolate Xcc-C7, race 4, of X. campestris pv. campestris was
isolated from cabbage (Brassica oleracea var. capitata) from Bengaluru, in the southern parts
of India. Whole-genome sequence data were generated by the next-generation sequencing-
based single-molecule real-time sequencing (SMRT) techniques. This study will improve our
knowledge of genomic diversity in X. campestris pv. campestris and pave the way for research
on host–pathogen interactions (crucifer crops–X. campestris pv. campestris) to develop resis-
tance in cultivated Brassicaceae crops.

X. campestris pv. campestris (Pammel) Dowson is a Gram-negative, rod-shaped patho-
genic bacterium that causes black rot disease in many cruciferous crops, worldwide. It is a vas-
cular disease developing ‘V’-shaped yellow lesions accompanied by blackened veins at margin
of the leaf (Fig. 1A). It is genetically diversified by the specific host range of crucifer crops,
including B. oleracea vegetables (cole crops such as cabbage, cauliflower, brussels sprout,
broccoli, knoll khol, and kale), oilseed crops, ornamentals, and weeds (Singh et al. 2016;
Vicente et al. 2001).

The annual worldwide spread of black rot disease limits the yield of cole crops under favor-
able conditions (Singh and Dhar 2011; Singh et al. 2014). The diversity within X. campestris pv.
campestris is reported by several researchers (Jensen et al. 2010; Singh and Dhar 2011; Singh
et al. 2016). In fact, the pathovar is subdivided into nine races based on host–pathogen interac-
tions (Vicente et al. 2001). According to Singh et al. (2016), only races 1, 4, and 6 of X. cam-
pestris pv. campestris of crucifer crops have been identified in India, with races 1 and 4
occurring predominately worldwide. Races 2, 3, and 5 seem to be rare (Griffiths et al. 2009;
Singh et al. 2016; Vicente et al. 2002), although, race 6 was identified fromB. rapa (Vicente et al.
2006) and B. oleracea var. capitata (Singh et al. 2016). The whole-genome sequences of three
X. campestris pv. campestris strains have been reported—namely, B100, United Kingdom
(race 1, AM920689), B. oleracea (Vorh€olter et al. 2008); ATCC33913, United Kingdom (race 3,
AE008922), B. oleracea var. gemmifera (da Silva et al. 2002); and 8004, China (race 9,
CP000050), B. oleracea var. botrytis (Qian et al. 2005). Furthermore, Bolot et al. (2015)
reported the whole-genome sequence of X. campestris pv. campestris race 4 (CM002673)
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isolated from cauliflower (B. oleracea var. botrytis), Chile. In this study, the isolate Xcc-C7 of
X. campestris pv. campestris was isolated from black-rot-infected leaves of cabbage
(B. oleracea var. capitata). Total genomic DNA was extracted (Qiagen, Germany) and
completely sequenced using the PacBio sequel system having a sequencing depth is 117.46×
through the PacBio SMRT sequencing technique (Pacific Biosciences Inc., Menlo Park, CA,
U.S.A.). In total, 11,433 polymerase reads (N50) were obtained encompassing 601,528,411 bp
of the whole-genome sequence of Indian isolate Xcc-C7, race 4. The de novo assembly was
performed using Flye assembler (Kolmogorov et al. 2019) and assembly statistics were calcu-
lated using QUAST (Gurevich et al. 2013). Assembly was further passed through BUSCO
(Sim~ao et al. 2015). The quality assessment of generated de novo assembly was performed
using CheckM (Parks et al. 2015) in order to check completeness and contamination in
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Fig. 1. A, Symptoms of typical black rot V-shaped lesion on a cabbage leaf; B, phylogenetic relationship between five strains of Xanthomo-
nas campestris pv. campestris; C, single-nucleotide polymorphisms (SNPs) of five strains of X. campestris pv. campestris (genes having
abundance of SNPs are shown in parenthesis); and D, insertions and deletions (INDELs) among the five different strains of X. campestris
pv. campestris (genes having abundance of INDELs are shown in parenthesis).
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assembly by comparing with marker lineage ofGammaproteobacteria along with 67 genomes,
481 markers, and 276 marker sets. Glimmer, version 3 (Delcher et al. 1999) was used to pre-
dict the total protein-coding genes (CDS). The complete genome assembly was composed of
5,121,051 bp and has a total GC content of 64.98%. Of 4,493 total genes, 4,347 CDS and
4,217 genes with assigned function were predicted in Xcc-C7. The profiles of 146 RNA-
encoding genes were identified, including 6 ribosomal RNA-encoding genes, 54 transfer RNA-
encoding genes, and 86 noncoding RNAs. This whole-genome sequence data has been
deposited in the NCBI GenBank database (CP077958).

The comparative analysis of genomic features of Indian race 4 with genomes of four other
strains (namely, X. campestris pv. campestris B100, 8004, CFBP5817, and ATCC33913) eluci-
dates that the Indian race 4 is closely related to the Chilean strain CFBP5817 (Fig. 1C). The
genome size, pseudogenes, and RNA-encoding genes of Indian race 4 (approximately 5.1
Mb,130, and 146, respectively) were found comparable with Chilean strain CFBP5817, race 4
(approximately 4.9 Mb, 137, and 147, respectively) (Table 1). Furthermore, 19 genes of Xcc-
C7—namely, pilC (XC_1057), iroN (XC_0123), nagA (XC_0754), rmlA (XC_3612), hrcJ
(XC_3009), hrcV (XC_3013), hrpG (XC_3077), clp (XC_0486), rpfG (XC_2335), leuC
(XC_0833), leuA (XC_0837), argC (XC_1875), hisF (XC_2375), aroA (XC_2643), purC
(XC_0467), fadB (XC_3420), uptB (XC_3641), icd (XC_3854), and ppsA (XC_1952)—were
found in common with genes of strain 8004, which were validated genes of pathogenicity. These
genes could be the putative candidate genes that may play a role in adaptation of X. campestris
pv. campestris to cabbage as a host, along with other genes. The phylogenetic tree of whole-
genome assemblies of the five strains showed that Xcc-C7 is closely related to CFBP5817, as
compared with B100, ATCC33913, and 8004, suggesting that both strains CFBP5817 and Xcc-
C7 belong to X. campestris pv. campestris race 4 (Fig. 1B). In total, 4,966 single-nucleotide poly-
morphisms (SNPs) and 209 insertions and deletions (INDELs) were extracted from Xcc-C7, race
4 with respect to other strains used in present study. The Venn diagram shows overlapping
SNPs and INDELs among these strains (Fig. 1C and D). The quality assessment of generated
de novo assembly using CheckM showed the completeness assembly as 99.64%, confirming it
to be a good-quality assembly and 0.06% contamination. There were missing markers, single-
copy markers, and different grades of marker heterogeneity. Only one marker was missing, while
the remaining 480markers were the single-copy markers in our Xcc-C7 genome assembly.

Data availability. The assembled complete genome sequence of the Xcc-C7 isolate of
X. campestris pv. campestris has been deposited in the GenBank database under accession
number CP077958. The accession number of the BioProject is PRJNA736230 and the Bio-
Sample is SAMN19613641.

Table 1. Comparative statistics of genomic assembly of Xanthomonas campestris pv. campestris Indian strain Xcc-C7, race 4 with assemblies
of other strains reported from other countries

X. campestris pv. campestris strains

Features Xcc-C7 B100 ATCC33913 8004 CFBP5817

Country India United Kingdom United Kingdom China Chile
Race Race 4 Race 1 Race 3 Race 9 Race 4
Accession number CP077958 AM920689 AE008922 CP000050 CM002673
Length (bp) 5,121,051 5,079,002 5,076,188 5,148,708 4,918,955
G + C content (%) 64.98 65.00 63.7 64.94 65.03
Total genes 4,493 4,448 4,430 4,462 4,347
Total protein-coding genes 4,347 4,299 4,277 4,309 4,200
Genes encoding proteins with known function 4,217 4,180 4,163 4,190 4,063
Genes encoding hypothetical proteins

(i.e., pseudogenes)
130 119 114 119 137

Total RNA-encoding genes 146 149 153 153 147
Ribosomal RNA-encoding genes 6 6 6 6 3
Transfer RNA-encoding genes 54 54 54 54 52
Noncoding RNA-encoding genes 86 89 93 93 92
Plasmids 0 0 0 0 0
Single-nucleotide polymorphisms (SNPs) 4,966 906 1,555 1,141 1,411
Genes having an abundance of SNPs 321 88 136 104 93
Insertions and deletions (INDELs) 209 32 71 52 56
Genes having abundance of INDELs 25 4 14 5 5
Reference Present study Vorh€olter et al. 2008 da Silva et al. 2002 Qian et al. 2005 Bolot et al. 2015
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