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Abstract
Pantoea stewartii subsp. stewartii (Pnss) and P. stewartii subsp. indologenes (Pnsi) are closely related plant pathogens that differ
in their host specificities. Pnss is the causal agent of Stewart’s wilt of corn, whereas Pnsi causes disease on millets but not corn.
Comparative genomics is a valuable method for characterizing the differences between genomes, but there are few studies on this
important quarantine pathogen. Here, we compared publicly available genomes of seven strains of Pnss and three strains of Pnsi.
Pan- and core-genome analyses showed that strains isolated from close geographical regions are more similar in their genome
structures. Gene content and collinearity analyses further revealed numerous strain-specific genes. In particular, the Pnss type
strain DC283 contained over 1200 additional genes compared with other strains. Importantly, we also identified eleven genes that
are only present in Pnsi genomes and thus may be useful to distinguish between Pnss and Pnsi strains. Overall, this study
characterized the common and distinct genomic features of Pnss and Pnsi, which lay the foundation for future development of
molecular methods to detect the Stewart’s wilt pathogen in maize for quarantine regulations and distinguish its two subspecies.
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Introduction

The bacterial pathogen Pantoea stewartii consists of two
closely related subgroups, namely Pantoea stewartii subsp.

stewartii (Pnss) and P. stewartii subsp. indologenes (Pnsi).
The Pnss type strain causes the Stewart’s bacterial wilt and
leaf blight of maize and sweat corn (Braun 1982), resulting in
huge economic losses (Roper 2011) and thus has been classi-
fied as an important quarantine organism in many countries
(Pataky and Ikin 2003a). On the other hand, Pnsi is avirulent
to maize and corn, but instead causes leaf spots on foxtail
millet (Setaria italica), pearl millet (Pennisetum americanum)
(Mergaert et al. 1993), and onion (Stumpf et al. 2018).
Because the two subgroups are highly similar in their pheno-
types, to date, a number of molecular detection methods have
been described, such as SNP analysis of house-keeping genes
(Gehring et al. 2014), MALDI-TOF analysis (Wensing et al.
2010), mini-primer PCR assay (Xu et al. 2010), proteomic and
genetic analysis (Wu et al. 2007), specific PCR primers from
virulence genes (Coplin et al. 2002), and enzyme-linked im-
munosorbent assay (Lamka et al. 1991). However, a sensitive
method that can robustly distinguish one subgroup from the
other is still lacking.

Numerous experiments have shown that comparative ge-
nomic analysis is really a high-throughput and valuable meth-
od to study the variations between the similar species. For
example, by using the comparative genomic analysis, the host
adapted genes and virulence variation mechanisms were
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characterized fully in another notorious bacterial wilt disease
pathogen Ralstonia solanacearum (Li et al. 2016; Peeters
et al. 2013; Prior et al. 2016).

In this study, we compared the publicly available genomes
of seven Pnss strains and three Pnsi strains. Pan- and core-
genome analyses were designed to assess the entire core-
genome characterizations of Pnss and Pnsi type strains, as
well to address the variations among these strains. The com-
parative analysis results of seven Pnss and three Pnsi type
strains with available genome sequences revealed functional
strategies of their core-genome, provided detailed genome
characterizations between the two closely related subspecies,
and served as useful clues for distinguishing Pnss from other
bacterium. It will be of significant interest to find appropriate
molecular markers for accurate detection of virulent Pnss and
avirulent Pnsi type strains, and help to explain the genome
evolution mechanisms among these P. stewartii species.

Materials and methods

Genomic comparisons

The genome sequences of seven Pnss and three Pnsi type
strains (Table 1) were downloaded from the NCBI database.
Dubious regions were manually curated in CLC genomics
workbench browser. Also, a separate de novo assembly was
generated using raw reads downloaded from NCBI. The GC
content calculation and gene annotation were performed using
CLGENOMICS (http://www.chunlab.com). The evolutionary
genealogy of genes: non-supervised orthologous groups
(EggNOG) (Powell et al. 2012) analysis was performed to
generate functional annotations for coding sequences.

Pan- and core-genome analysis

After constructing pan-genome from multiple genomes, all
CDSs were clustered into pan-genome orthologous groups
(POGs) (Vernikos et al. 2015). POG contains at least one
CDS (called singleton POGs) and highly conserved POGs
are found in all genomes, which comprises the core-genome
(cut off = 100%). Pan-genome’s gene content information is
converted into binary matrix. Presence of a gene is coded as 1
and absence as 0, respectively. Then, similarity values can be
calculated either between two genomes or between two POGs.

We use Jaccard coefficient (J A;Bð Þ ¼ A∩Bj j
A∪Bj j ; A: Genes in

genome A; B: Genes in genome B) to calculate similarities
which is widely used for presence/absence type data. In this
study, two different calculations are provided: (1) complete
calculation: analysis based on all POGs; (2) differential calcu-
lation: analysis based on POGs excluding those present in all
genomes (core-genome) and singletons (present in single ge-
nome). Gene content (presence/absence) data together with
clustering can be used to generate heat maps through
UPGMA clustering (Comandatore et al. 2013), which is used
to analyze the gene presence and absence matrix of all CDSs.
The above analyses were performed using EzBioCloud’s
Comparative Genomics Database. The pan/core genome
curves were then calculated from POGs (Zakham et al. 2012).

Collinearity analysis

Pairwise whole-genome alignments among these strains were
constructed and visualized using Mauve progressive align-
ment Mauve software (Darling et al. 2004). Prior to the
Mauve analysis, we use the MUMmer (Kurtz et al. 2004)
software to rearrange the contigs of draft genomes referencing

Table 1 General characterization of Pantoea stewartii strains

Subgroup Strain Genome size (bp) GC% Contigs tRNA rRNA ORFs Country

Pnss DC283 5,314,090 53.78 Complete 72 21 4883 America

A206 4,654,611 53.80 19 78 22 4301 Canada

S301 4,486,406 53.93 27 76 14 4128 Canada

RSA36 4,790,394 53.73 76 64 11 4426 India

NS381 4,693,001 53.85 51 69 5 4319 India

RSA30 4,760,375 53.68 84 65 5 4393 India

RSA13 4,766,500 53.67 48 67 6 4408 India

Pnsi LMG2632 4,681,235 53.70 35 64 9 4474 South Africa

M073a 4,817,607 53.92 39 68 5 4465 Malaysia

M009 4,821,705 53.90 56 70 5 4476 Malaysia
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to the complete genome sequences of strain DC283, and the
figure was generated by the Mauve rearrangement viewer.
OrthoMCL (Chen et al. 2006) cluster analyses were per-
formed to identify the set of genes unique to strain DC283
with following parameters: p value cut-off = 1 × 10−5, identity
cut-off = 100%, percent match cut-off = 100%.

Results

General genomic features of P. stewartii strains

In this study, we examined genomes of the ten P. stewartii
strains currently available in the NCBI database (Table 1),
including seven Pnss strains (A206, DC283, NS381,
RSA13, RSA30, RSA36, S301) and three Pnsi strains
(M073a, LMG2632, M009). The genome of the Pnss type
strain DC283 is the only complete one, consisting of one
chromosome and eleven plasmids, whereas all the other nine
genomes are in the draft status and are comprised of from 19 to
84 contigs. The strain DC283 has a total genome size of 5.3
Mbp and 4883 protein-coding genes, the vast majority of
which is attributed to the chromosome (4.5 Mbp); the eleven
plasmids vary greatly in their sizes (4.3–304.6 Kbp) and num-
bers of genes (5–302). In comparison, the other nine genomes
have highly similar G + C content as DC283 (53.67–53.93%),
but are smaller in size (4.4–4.8 Mbp) and contain fewer
protein-coding genes (4128-4476), probably because their as-
semblies are still incomplete. Interestingly, among the nine
incomplete genomes, both the largest two (M009 and
M073a) and the smallest one (LMG2632) belong to the Pnsi
subgroup.

Pan- and core-genome analysis

To better understand the genomic characteristics of the ten
Pnss and Pnsi strains, we conducted pan- and core-genome
analyses which are commonly used approaches to identify
conserved and divergent components of bacterial genomes.
In result, 44,831 coding sequences (CDSs) in the ten ge-
nomes were clustered into 6796 pan-genome orthologous
group (POGs), of which 3346 POGs are present in all ten
species (referred to as core-POGs hereafter) (Fig. 1). We
then performed functional annotation of the core-POGs,
which were successfully classified into 19 eggNOG func-
tional categories; 22 POGs (0.66%) were involved in two or
more eggNOG groups, whereas 69 POGs (2.05%) were
failed to be classified into any group (Table 2). Except for
the core gene group predicted to function unknown (863,
25.62%), the largest functional group was carbohydrate

transport and metabolism which contained 313 genes
(9.29%), followed by amino acid transport and metabolism
(288 genes, 8.55%), transcription (246 genes, 7.30%), inor-
ganic ion transport and metabolism (223 genes, 6.62%), cell
wall/membrane/envelope biogenesis (200 genes, 5.94%),
translation, ribosomal structure and biogenesis (171 genes,
2.11%), energy production and conversion (165 genes,
4.90%), replication, recombination and repair (133 genes,
3.95%), signal transduction mechanisms (131 genes,
3.89%), coenzyme transport and metabolism (110 genes,
3.27%), as well as posttranslational modification and pro-
tein turnover chaperones (109 genes, 3.24%), and so on.

In addition, we also performed pan-genome analyses sep-
arately for the five strains (DC283, M073a, LMG2632, S301
andNS381) from different continents and the other five strains
(M009, NS381, RSA13, RSA30 and RSA36) from Asia.
Results showed that 3363 core-POGs (cut off = 100%) were
found among the five strains from different continents
(Fig. 2a), accounting for 51.82% of their pan-genome (6490
genes), and nearly equal to the number of core-POGs (3346)
shared by all the ten strains. Among the five strains fromAsia,
3850 core-POGs were found (Fig. 2b), accounting for 75.85%
of their pan-genome (5076 genes).

The four India strains (RSA13, RSA30, RSA36 and
NS381) of Pnss group were selected to compare the core-
gene families within the same subgroup. Results showed that
3979 core-gene families were found, accounting for 84.30%
of their pan-genome (4720 genes) (Fig. 2c); among the three
strains of Pnsi group, 3961 core-gene families were found
(Fig. 2d), accounting for 82.32% of their pan-genome (4812
genes). Thus, besides the 3346 core genes present in all ten
genomes, there were 633 additional genes shared by the four
India Pnss strains and 615 additional genes common to the
three Pnsi strains, respectively, accounting for 15.9% and
15.5% of their core-genomes.

Gene presence and absence analysis

Gene content (presence/absence) data together with cluster-
ing were used to generate heat map by clustering the ge-
nome sequences. Substantial gene deletions and insertions
were found among the ten P. stewartii strains (Fig. 3). The
two strains (A206, S301) from Canada with the similar gene
distribution, the four strains from India belong to one group,
while the strain NS381 with more variants than the other
three strains (RSA13, 30, 36); the three Pnsi type strains
(LMG2632, M073a, M009) formed a single clade and were
more divergent from the Pnss type strains, but distinct gene
rearrangements were also found between the South Africa
strain (LMG2632) and the two Malaysia strains (M073a,
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M009). Notably, there were ~1200 extra genes in Pnss type
strain DC283 (Fig. 3). Taking a thorough analysis of these
additional genes, results demonstrated that there were 645
genes of unknown function existed, among of which, at
least 270 genes were from plasmid, 127 genes were

transposon elements, 34 genes involved in virulence, and
29 genes involved in protein transport were also found
(Supplemental information Table 1, SI Table 1).

Interestingly, we also found eleven genes that are only
present in the three Pnsi type strains (Table 3). These genes

Table 2 Functional categories
based on eggNOG in core-POGs Description Number of POGs (%)

Function unknown 863 25.62

Carbohydrate transport and metabolism 313 9.29

Amino acid transport and metabolism 288 8.55

Transcription 246 7.30

Inorganic ion transport and metabolism 223 6.62

Cell wall/ membrane/ envelope biogenesis 200 5.94

Translation, ribosomal structure and biogenesis 171 2.11

Energy production and conversion 165 4.90

Replication, recombination and repair 133 3.95

Signal transduction mechanisms 131 3.89

Coenzyme transport and metabolism 110 3.27

Posttranslational modification, protein turnover, chaperones 109 3.24

Nucleotide transport and metabolism 80 2.38

Lipid transport and metabolism 75 2.23

Intracellular trafficking, secretion, and vesicular transport 46 1.37

Defense mechanisms 38 1.13

Cell motility 38 1.13

Secondary metabolites biosynthesis, transport and catabolism 36 1.07

Cell cycle control, cell division, chromosome partitioning 34 1.01

Not in eggNOG 69 2.05

3368 100

Fig. 1 Core- and pan-genome
curve of ten P. stewartii strains
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are highly conserved at sequence level among Pnsi strains,
but no homologous sequences were found in the Pnss
strains even at a relatively low cut off value (50%). Five of
the eleven Pnsi specific genes encode for hypothetical pro-
teins, while the other six genes encode for acetyltransferase,
type III effector, multidrug MFS transporter, glutamine
ABC transporter permease, glutamine ABC transporter
substrate-binding protein, and DNA-binding protein, re-
spectively. All of these eleven genes were highly sequence
conserved among the Pnsi type strains (coverage 100%,
identity 100%).

Collinearity analyses

To evaluate the genome variation of these P. stewartii strains,
the complete genome sequence of strain DC283 was aligned
with the other four strains (A206, LMG2632, M073a,
RSA13). Results showed that numerous gene deletion, inser-
tion, and inversions distributed across the genome between
strain DC283 and the other four strains (SI Fig. 1).
Furthermore, contigs homologous to the plasmids of DC283
were found in the strains M073a and RSA13 (SI Fig. 1A, B),
but not in the strains A206 and LMG2632 (SI Fig. 1C, D).

Fig. 2 Venn diagrams for deduced proteins of five P. stewartii strains
from different regions (a), five P. stewartii strains from Asia (b), four
Pnss strains from India (c), and three Pnsi strains (d). The overlapping
sections indicate shared numbers of deduced proteins. Values were
calculated by OrthoMCL cluster analyses with the parameters: p value

Cut-off = 1 × 10−5, identity cut-off = 100%, percent match cut-off =
100%. The overlapping sections indicate shares numbers of gene
families, the numbers in brackets mean the genes of the corresponding
gene families
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Discussion

More than 60 countries from North America, Europe and
Asia have placed strict quarantine regulations on the path-
ogens of Pnss (Pataky and Ikin 2003b), for its destructive
damage on maize. However, there still lacks an effective
and reliable approach to distinguish between Pnss and
Pnsi strains due to their highly similar phenotypes.
Therefore, it becomes increasingly important to discover
genomic characteristics that can be used to distinguish
Pnss strains from members of Pnsi or other closely related
Pantoea species, such as P. ananatis (Coplin et al. 2002;
Coutinho and Venter 2009; Wensing et al. 2010).

By analyzing the general genome features of Pnss and
Pnsi strains, we found considerable variation in their ge-
nome sizes, which might be partly attributed to the fact the
most genome are still in the draft status. Notably, the Pnss
type strain DC283 is the only complete genome and is the
largest one in size (Fig. 3); it harbors more than 1200 genes
that are not found in other, including many genes distrib-
uted on plasmids or belong to transposable elements (e.g.,
transposons, bacteriophages). Previous studies have dem-
onstrated that transposable elements can be a double-edged
sword in the evolution of plant pathogens. For instance,
different bacteriophages could either enhance or repress
the virulence of R. solanacearum species and thus affect
the outcome of pathogen-host interactions in completely
opposite ways (Addy et al. 2012a, b). In that regards, these
plasmid genes and transposable elements are likely to have
important roles during the evolution of P. stewartii, partic-
ularly in shaping the variation of virulence and host range
among strains.

Core-genome analyses have shown that strains isolated
from the same regions share more core-gene families, indicat-
ing a correlation between geographic distribution and evolu-
tionary relationship. Evidences have showed that the core-
genomes might be relatively free of combination in other bac-
terial groups (Daubin et al. 2003; Lerat et al. 2005), based our
data about 16% core genome of the P. stewartii species were
involved in their core genome combination, the similar result
was also reported in the Streptococcus species (Lefebure and
Stanhope 2007). In addition, geographic distribution for core
genome evolution may also related to their genome evolution,
for a higher number of core genome genes (3850) existed
among the five Asia strains, though they belonged to different
subgroups.

The results of our core-genome analysis have also
highlighted a number of genes required for infection in the
genomes of both Pnsi and Pnss subgroups, including 46 genes
involved in secretion, 38 genes involved in defense mecha-
nism, and 38 genes involved in motility. These infection-
related genes might have formed the molecular basis for the
role of Psni and Pnss as plant pathogens.

PCR assays targeting strain specific sequence variations
can be used to differentiate closely related strains (Fegan and
Prior 2005; Gehring and Geider 2012; Genin 2010). One ma-
jor finding of our comparative genomic study is the identifi-
cation of eleven Pnsi-specific genes which can be highly use-
ful for the characterization of these phenotypically highly sim-
ilar Pnss and Pnsi strains to decide about possible contamina-
tion of maize imports with the Stewart’s wilt pathogen.

In conclusion, ten publicly available P. stewartii genomes
were compared and their shared and unique genome charac-
teristics were analyzed. Some typical additional or unique

Fig. 3 Heat map based on gene content (presenece/absence) by complete
calculation. UPGMA clustering is carried out for both genomes and
POGs (genes). Genomes are clustered using presence/absence of genes

and genes are clustered using presence/absence of genomes. Here, the
numbers of singletons of each strain is also listed
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genes regions existed in them, especially in the strain DC283
with more than 1200 additional genes, which made it different
from other strains significantly. Moreover, we also identified
eleven genes that are only present in Pnsi genomes and thus
may be useful to distinguish between Pnss and Pnsi strains.
Overall, this study characterized the common and distinct ge-
nomic features of Pnss and Pnsi, which lay the foundation for
future development of molecular methods to detect the
Stewart’s wilt pathogen in maize for quarantine regulations
and distinguish its two subspecies.
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