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ABSTRACT

Background: Pseudomonas syringae is a phytopathogen that is known to cause diseases in monocots and dicots worldwide.
The strains of this pathogen are known for their host-specific interactions on different plant species.
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Department of Botany, University of Science and Technology, Meghalaya, India; “Department of Botany, Gauhati University, Guwahati,
Assam, India.

Objective: The present study focuses on a comparative analysis of the genomic architecture of strains of Pseudomonas syrin-
gae belonging to pathovars actinidiae and syringae.

Methods: Complete genome sequences of nine strains of P. syringae were used for comparative analysis using computational
tools. Sequence similarity and conservation in gene order was observed in the strains considered in this study. The analysis
includes parameters like calculation of genomic subsets, synteny plots, conservation in gene order and phylogenetic analysis.

Results: The observations helped to understand the genetic differences between taxonomically related pathogenic strains
that have varying host responses. By implementing various bioinformatics tools and techniques, the differences in the genomic
structure were evident, based on overall genome statistics, gene orthologs, paralogs, as well as the degree of rearrangement in
the gene order. It was observed that strains belonging to the same pathovar share a great amount of genomic similarity within
themselves, as compared to strains of different pathovars.

Conclusion: The differences in the pathogenic habits and host specificity of the strains belonging to different pathovars, is
evident from the basic differences in their genetic structure. The pathogenicity related genes such as Hrp, also show significant
variation among their orthologues in both the pathovars. The extent of co-relation between host specificity and genomic organi-
sation can be estimated from the results obtained in this study.
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INTRODUCTION lence factors called type III secretion system (T3SS) effector
proteins. Effector molecules are used by both prokaryotes
and eukaryotes to transport proteins, DNA and chemical
molecules (e.g. toxins) across cell walls and membranes into
host tissues.” Gram-negative bacteria have six major secre-
tion systems, the most extensively studied of which is the
Type III secretion system (T3SS). T3SS is central to the
pathogenesis of many pathogens in infection of economi-
cally and ornamentally important crops. In P. syringae, hrp/
hrc genes encode the Hrp (type I1I secretion) system, while
avirulence (avr) and Hrp dependent outer protein (hop)

Pseudomonas syringae is a gram-negative rod-shaped gam-
ma-proteobacterium with phytopathogenic habits but can oc-
cur also as a saprotroph when conditions are not favourable
for the development of disease.! It causes bacterial canker
and leaf spot disease in more than 180 plant species includ-
ing kiwifruit, beet, tomato, wheat, barley, pea etc. and is an
oxidase and arginine dihydrolase-negative fluorescent bacte-
ria.?* The species is found worldwide geographically, but the
wet and cool temperature is mostly favourable for this bacte-

rium. P. syringae can infect plants through natural openings,
such as stomata in leaves, and lenticels in woody tissues.*

Due to the presence of flagella and pilli, they can enter the
plant through wounds and then infiltrate using some viru-

genes encode effector proteins.® The type III secretion sys-
tem (T3SS) is required for the pathogenesis of P. syringae
and forms a specialized delivery system functioning in the
translocation of effector proteins directly into the cytoplasm
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of plant cells.” This suppresses the defence system of the
plant and establish infections that result in plant cell death
and release of nutrients for the invading pathogen.

The bacterium can change its pattern of expression of genes
when comes in contact with the host and starts expressing
virulence-related genes. It can produce highly viscous com-
pounds like polysaccharides which create a protective en-
vironment for it to grow in.® The species P. syringae is best
known for its ice nucleation activity.” The bacterium occurs
in non-agricultural habitats like flooded areas, snow, alpine
streams and lakes, and is responsible for frost damages in
plants.!® Some strains of these bacteria have ice-making
proteins on their surface which help in the formation of ice
crystals. The ice crystals grow and create more wounds to
the injured plant surface through which the bacterium can
further infiltrate the plant tissues.

This study is focused mainly on the comparative genomics of
the two most common pathovars of P.syringae, viz. P. syrin-
gae pv. Actinidiae and P. syringae pv. syringae. Pathovaracti-
nidiaeis the causal agent of bacterial canker in kiwifruit!! and
causes leaf spots, dieback, and canker that sometimes lead to
plant death in vines."? P. syringae pv. syringae is a common
pathogen of several crop plants, which invades parenchyma-
tous tissues causing leaf spots and stem cankers.'* It mainly
attacks Syringa, Prunus and Phaseolus species with some re-
ports of infection also in case of beans, millet, mango etc.!*!3
The pathovar is known for the production of syringomycin,
a peptide-containing phytotoxin that is not host-specific but
biocidal to a wide spectrum of organisms.'¢ In this study we
have tried to create a projection towards the comparative
analysis of genomic features of the two pathovars, using both
analytical and visualization tools for representation.

MATERIALS AND METHODS

Pathogenic strains belonging to two different
pathovars

The strains which have been considered in this study be-
long to two different pathovars of Pseudomonas syringae
(syringae and actinidiae) (Table 1). All genomes included,
have been collected from NCBI Database (https://ncbi.nlm.
nih.gov), and only the ones with complete sequences have
been selected (including chromosome and megaplasmids).
This is because the inclusion of scaffold and contigs might
lead to undiscovered anomalies due to the omission of some
genomic characteristics.

The MAFF212063 strain, belonging to the pathovar actini-
diae has been used as the reference strain in this compara-
tive genomics study, due to its widespread popularity and
availability of complete molecular details of its genome.
The 6.69347 megabases (Mb) genome of MAFF212063 is

divided into 3 replicons: a 6.56 Mb chromosome and two
plasmids of about 0.07 Mb. The MAFF212063 strain has a
chromosome of 6,556,999 bp and two plasmids of 68,316
bp (pMAFF212063-A) and 68,156 bp (pMAFF212063-B).
The MAFF212063 is copper resistant variety, with cop-
per resistance genes present on plasmid pMAFF212063-A.
It carries a copper resistance encoding operon withCopA,
CopB, CopC, CopD, and the regulatory CopRS pair.'"The
genome also contains many proteins which are associated
with pathogenicity. Basic genomic features of the reference
strain, as collected from the NCBI database, have been in-
cluded in Table 2.

Sequence-based comparative analyses

Sequence comparisons can be done by using different se-
quence alignment programs. Multiple sequence alignment
programs (e.g. ClustalW, Muscle) can find similarities be-
tween several sequences using more complex algorithms.'®
EDGAR (Efficient Database framework for comparative
Genome Analyses using BLAST score Ratios) is an online
tool that supports the functional analysis based on the com-
parison of the closely related genome. Algorithms for se-
quence alignment analyses (Muscle) have been assimilated
into it in a user-friendly manner." The strains used for our
study were integrated into a single project in the EDGAR
web-server using the help of the server administrators. The
whole-genome sequences of the selected strains were then
used for various sequence-based analytical programs like
calculation of genomic subsets, genesets in the form of Venn
diagrams, synteny plots, and genome browser for detecting
the presence/absence and order of orthologous genes among
the compared strains.

The genomic subsets calculation includes the core genome,
pan-genome and the singleton genes calculation, with the
reference genome as the starting base. The pan-genome is
the entire gene set of all the strains of a species. It includes
the genes present in the complete family of selected strains.
The core genome represents the common set of genes pre-
sent in all the strains. Whereas a singleton can be defined as
a gene-specific to only a single strain, i.e, exhibiting no hits
in any other genome but it’s own. Venn diagrams allow an
easy inspection of the size of the core genome and the num-
ber of genes in each of the dispensable subset of the genome.
A synteny plot shows the conservation of gene order
among compared genomes as it describes the co-lo-
calization of genes on a stretch of DNA. We designed
separate synteny plots for each strain against the ref-
erence to gain an insight into the possible evolution-
ary events like genome rearrangements and inversion
in the gene order. Stop positions of two orthologous
genes of two bacterial strains are used as coordinates
and plotted to a diagram with the sequence length of
the compared strains serving as x and y-axis.
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Phylogenetic analysis

Multiple sequence alignments for all the genome sequences
were carried out using MEGA7 software.”® The sequences
were aligned using the MUSCLE algorithm and a phyloge-
netic tree was generated using the neighbour-joining method,
based on the Jones-Taylor-Thorton (JTT) model and boot-
strap of 1000 replicates. The tree was squared to scale, with
the number of substitutions per site represented by branch
lengths.

Visualization of LCBs

MAUVE (Multiple Alignment of Conserved Genom-
ic Sequence with Rearrangements) is genome com-
parison software that aligns the conserved genomic
sequence by identifying the Locally Collinear Blocks
(LCBs). Each LCB is a homologous region of se-
quence shared by two or more genomes and does not
contain any rearrangements within itself.>! The genome
sequences of the selected strains were aligned by
‘Progressive MAUVE’, to generate the comparative
profiles for order of arrangement of the LCBs. Two
separate alignment sets were created for strains be-
longing to actinidiae and syringae pathovars; each set
against the reference strain MAFF212063.

RESULTS

Calculation of genomic subsets

The number of genes in the core and pan-genome for all the
strains together was 3,777 and 8535 respectively. Additional-
ly, the number of genes in the core genome and pan-genome
was calculated in two sets each i.e., actinidiae strains + ref-
erence and syringae strains + reference. The core genome for
actinidiae strains consists of 4566 CDS (coding sequences),
whereas the core genome for syringae strains along with the
reference shows 3916 CDS. This indicates the presence of
a much greater number of common genes amongst the acti-
nidiae strains. Similarly, the pan-genome for the actinidiae
group consists of 6942 CDS, while that of the syringae + ref-
erence group consists of 7468 CDS. Pan-genome represents
the sum-total of core genes, singletons (genes present in only
one strain of analysed set) and dispensable (genes present in
more than one strain but not a part of core genome). In other
words, the pan-genome represents the total set of conserved,
dispersed and unique genes. The fraction of singletons were
found to be higher when four strains of pathovar syringae
were analysed along with the reference strain, than that when
strains of pathovar actinidiae were analysed (Figure 1). This
indicates that on the gene level, a significantly greater de-
gree of commonness is exhibited by the strains of actnidiae
strains together with reference, as compared to syringae
strains with the reference genome.

Core and pan-genome sizes are calculated by start-
ing with one genome and then iteratively adding other
genomes- one at a time- to the comparison in a user-
defined order. Hence, in this manner, core genome
size gradually keeps on reducing as the number of
genes found to be conserved in sequentially added ge-
nomes keeps on decreasing. On the other hand, as the
total number of encountered genes keeps on amassing
with the addition of new strains, the pan-genome size
keeps on increasing. The core and pan-genome develop-
ment plots signify this trend (Figure 2). The corresponding
increase and decrease of core and pan-genome sizes by grad-
ual addition of particular strains in the analysis have been
revealed in Table 3.

Visualization of overlapping gene sets within
the compared groups

Venn diagrams are visual representation tools. They demon-
strate the number of genes for the possible combinations of
a selection of genomes. In any subset of the dispensable ge-
nome, they make a simple visual inspection of the core ge-
nome size and the gene numbers. The Venn diagrams were
created in two sets, first is the actinidiae strains with the ref-
erence MAFF212063, and the second is for syringae strains
with reference MAFF212063 (Figure 3). Each region signifies
the number of common genes between the strains that overlap
that region. The resultant Venn diagram also indicated more
number of common genes when the reference was compared
with actinidiae strains, than with the syringae strains.

Generating synteny plots for analysis of con-
servation in gene order

The synteny plots for each of the strains were developed
against the MAFF212063 as the reference strain. The plots
show the position of each CDS of the chromosome speci-
fied (with its genome on the Y-axis in terms of percentage
of size), against the position of its homologue in the second
chromosome (reference strain) given on the X-axis (Figure
4). It can be seen that B301D, B728a and Pss9097 strains
show large scale inversion in their gene order. This proves to
be an important distinctive feature on gene-level for strains
belonging to a different pathovar than that of the reference
genome. However, HS191 as an exception, despite being a
syringae strain, shows a significant amount of conservation
in its gene order with reference strain belonging to pv. acti-
nidiae. Moreover, actinidae strains NZ-47, ICMP 18708 and
ICMP 18884 when plotted against the reference genome, can
be said to mainly exhibit large scale rearrangements in their
gene order.

Phylogenetic Analysis
To define the homology between the analysed strains, a
rooted phylogenetic tree was constructed after aligning the
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sequences using MUSCLE algorithm. The resulting tree pro-
duced well-resolved phylogeny with two separate clusters
(Figure 5). The strains belonging to two different pathovars
viz. actinidiae and syringe formed two separate well defined
phylogenetic groups, with varying branch lengths based on
the degree of evolutionary substitutions. HS191 however
formed a separate branch from the rest of the strains of pv.
syringae and was the closest syringae strain to the reference
genome MAFF212063, in terms of parental node and branch
length.

Sequence alignment of genomes against the
reference strain for visualization of relative
gene order

The MAUVE software was used for the visualization and
alignment of the LCBs (representation conserved stretch of
genes) of the different strains. The analysis was carried out
in two separate sets for pv. actinidae and pv. syringae, with
reference strain taken as the first sequence in both the cases
(Figure 6). The results showed similar trends with that of syn-
teny plot analysis. The actinidiae strains NZ-47, ICMP 9853,
ICMP 18884 and ICMP 18708 show rearrangements in their
gene order, whereas the syringae strains Pss9097, B301D
and B728a show large scale inversion. HS191 despite being
a syringae pathovar shows some amount of conservation in
its gene order with the reference. The progressive MAUVE
alignment also helps to visualize the difference in the size of
genomes for actinidiae and syringae strains.

DISCUSSION

Comparative genomics is an exciting field of biological re-
search in which researchers use a variety of tools including
computational analyses, to compare the complete genome
sequences of different species.”> Whole-genome sequence
alignments have become more important day by day because
the comparison between different genomes often leads to
rapid identification of distinct mechanisms underlying path-
ogenicity.”® Through this type of study, scientists can devise
new strategies to plan for the development of resistant crop
varieties and biocontrol techniques. In this present study, we
have tried to expound the basic genomic differences between
strains of P. syringae belonging to two different pathovars,
which exhibit different habits of pathogenicity and ensuing
symptoms in the infected plants.

The first conspicuous genomic difference between the two
pathovars lies in the size of the genomes of included strains.
The genome sizes for pv. syringae strains are around 6
megabases, whereas, the sizes of actinidiae strains are great-
er than 6.5 megabases. The genomic architecture and gene
order also correspondingly show greater similarity within the
same pathovar, than with strains of another pathovar. The

core and pan development plots generated more than 95%
upper and lower confidence limits, thus ensuring that con-
sistent and reliable genomic data has been used for carry-
ing out the sequence-based analyses. The number of unique
genes in the reference genome is found to be 1086 when
pooled with the syringae strains, and is nearly half the value
at 538 genes when compared with the rest of the actinidiae
strains. The strain MAFF212063 belongs to biovar-5 of P
syringae. It is popularly known as ‘kiwifruit canker patho-
gen’ based on its host and pathogenicity patterns. In 2017,
the first complete sequence of this copper resistant biovar-5
strain was published.!”

The synteny plots however did not give a comprehensive de-
marcation between the two distinct pathovars. Even though
the gene order for B301D, B728a and Pss9097 showed in-
version in respect to the genome of reference strain, but
HS190 contrastingly showed significant conservation in its
gene order. In other words, the position of the orthologous
genes was conserved to a great extent in HS191 strain (pv.
syringae) and MAFF212063 strain (pv. actinidiae). Moreo-
ver, actinidiae strains ICMP9853, ICMP18707, ICMP1884
and NZ-47 showed rearrangements in their gene order con-
cerning the pathogen. This can be considered as an unex-
pected observation, given that these strains are much closer
to the reference, in terms of their phylogeny. Furthermore,
the orthologous genes involved in the Type-III secretion sys-
tem such as the Hrp genes often showed differences in their
gene lengths in the strains of two pathovars. For instance, the
length of the YopN family T3SS gatekeeper subunit is 1,107
bp in actinidiae strains whereas it is 1,182 bp in pv. Syrin-
gae strains. Similarly, the lengths of HrpQ and HrpZ1 genes
were 993 bp and 1,104 bp in actinidiae strains, but 975 bp
and 1,032 bp in syringae strains, respectively. However, the
lengths of some genes like HrpB and HrpE were conserved
in all the strains (375 and 582 bp respectively).

This comparative genome analysis identified the similarities
and differences between the two most common pathovars of
P, syringae. The gene order exhibits rearrangements between
the actinidiae strains whereas the syringae strains show in-
version in their gene order except for HS191 which formed
a separate branch in the phylogenetic tree. This study helps
to predict that geographic isolation of different strains of P
syringae from each other and variation in the pathogenic
habits have most probably resulted in their genomic distinc-
tion. This further enhances the need for carrying out detailed
research on the extent of correlation existing between the
genomic organization and host specificity among the patho-
genic strains of Pseudomonas syringae. Availability of com-
plete genome sequences will further facilitate elucidating
the differences in the genetic make-up of pathogenic strains
as well as their pathogenicity and specificity towards host
plants.
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Table 1: List of pathogenic strains included in the study along with basic genomic data

Species/Pathovar/Strain RefSeq Accession No. Genome Size (Mb) GC%
P. syringae pv. actinidiaeMAFF212063 NZ_CPo24712 6.693 58.35
P. syringae pv. actinidiaeNZ-47 NZ_CPor7009 6.676 58.33
P. syringae pv. actinidiael CMP18708 NZ_CPoi2179 6.630 58.37
P. syringae pv. actinidiael CMP18884 NZ_CPong72 6.630 58.37
P. syringae pv. actinidiaelCMPg853 NZ_CPo018202 6.507 58.66
P. syringae pv. syringae B728a NC_oo7005 6.094 59.20
P. syringae pv. syringae HS191 NZ_CPoo06256 6.003 58.96
P. syringae pv. syringae B3o1D NZ_CPoos970 6.095 59.20
P. syringae pv. syringae Pss9og7 NZ_CPo26568 5.930 59.30
Table 2: Genomic Features of Reference Strain MAFF212063
TYPE RefSeq Size (Mb) GC% Gene No. Protein No.
Chromosome NZ_CPo24712.1 6.56 58.4 6,275 5,642
Plasmid 1 (pMAFF212063-A) NZ_CPo24713.1 0.07 55.7 72 70
Plasmid 2 (pMAFF212063-B) NZ_CPo24714.1 0.07 56.1 73 64

Table 3: Corresponding changes in the number of genes in core and pan-genome with successive addition of

strains in the analysis for the complete dataset

Strains/Genomes

corresponding genome

Mean of CORE genes after addition of

Mean of PAN genes after addition of
corresponding genome

NZ-47 Total number of genes in the strain Total number of genes in the strain
B3o1D 4469 6220
MAFF 212063 4162 6796
ICMP 9853 4014 7218
ICMP 18884 3933 7551
Pssgog7 3881 7833
B728a 3841 8083
ICMP 18708 3806 8315
HS1091 3777 8535

pv. syringae (+reference)

pv. actinidiae (+reference)

H Dispensables
H Singletons
ui Core

Figure 1: Genomic subset distribution for the pan genomes of
strains from both pathovars analysed with the reference strain.

( ig
i

Figure 2: Core and Pan Development plots for all the nine
strains, showing gradual decrease (core genome) and in-
crease (pan genome) in the number of genes, with successive
addition of the strains.
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pv. actinidige strains vs reference

L AL Psoudomonas syringas pv.actinidiae sirain MAFF212063 NZ GPO24712

1 ALL Pseudomonas syringae_py.actiniiao, IGMP_ 16708 NZ GPOI2179
2 ALL Pseudomonas syringae_pv_actinidise ICMP_ 18884 NZ CPO11072 2 AL Pseudomonas. syringae_pv_syringae HS191 NZ CPOO6256
3 ALL Pseudomonas syringae_pv_actinidiae ICMP 6853 N2 CPO16202 3: Pseudomonas. syringae pv_syringae B30ID_NZ CPOOS60 . . T .. DU ... B N N RN IR
4 ALL Pseudomonas syringae_pv actinidiae strain MAFFZLZ063 N2 CPO24712 4: Psoudomonas_syringae_pv_syringae 87282 NC_ 007005 | IOl | M ] I e 0 18
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Figure 3: Venn diagrams showing distribution of overlapping
genesets. (Left - actinidiae strains with reference; Right — sy-

ringae strains with reference).
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Figure 4: Synteny plots for all the strains against the reference
genome. The sequence length of the reference strain has been
plotted on the x-axis, and that of the concerned strain is on the
y-axis (expressed in terms of percentage of genome size).
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Figure 5: The evolutionary phylogenetic tree was inferred us-
ing the neighbor-joining method. The percentages of replicate
trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown next to the branch-

es.
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