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Pseudomonas species have developed the capability to converge into the same host.

Here, we newly provide the complete genome sequence of two Pseudomonas avel-

lanae strains obtained by a combination of long Oxford Nanopore Technologies reads
Funding information

Ministero dell’lstruzione, dell’'Universita
e della Ricerca, Grant/Award Number: with all the genomes of Pseudomonas strains known to infect Corylus avellana available

Law232/2016; Universita degli Studi
della Tuscia

(ONT) and short Illumina reads. These have been included in a comparative analysis

on the NCBI database, and the genomes of Pseudomonas avellanae strains infecting
other host plants, like Prunus, Actinidia and from the river epilithon. The Pseudomonas
strains clustered according to their taxonomy, host and geographic origins. The iden-
tification of specific traits related to each population cluster could give us insights
regarding the host-pathogen interaction and the host range specificity. Indeed, the
Pseudomonas avellanae strains infecting hazelnut have a peculiar set of three type Il
secretion effectors, while the Pseudomonas avellanae infecting Prunus and Actinidia
are carrying the genomic WHOP island, necessary for woody-host infection. The sy-
ringae cluster, instead, contains more phytotoxins, the ice nucleation cluster, but less
effectors. Thus, here, we confirmed that the convergence into the same host was

possible due to different unrelated mechanisms of infection.
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1 | INTRODUCTION largest world hazelnut producer, with an overall yield of 140,563t

recorded in 2020 (ISTAT, 2021). Among other pathogens, hazel-
Corylus avellana (hazelnut) is an important shrub species of the nut is threatened by a group of bacteria, all belonging to the genus
Betulaceae family. By covering a surface of 89,913 ha spread among Pseudomonas, i.e., Pseudomonas avellanae (Pav), Pseudomonas
Campania, Latium, Sicily and Piedmont regions, Italy is the second syringae pv. avellanae (Psav), Pseudomonas syringae pv. coryli
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(Psco) and Pseudomonas syringae pv. syringae (Pss) (Marcelletti &
Scortichini, 2015), which may cause severe damage to the plants
that lead to production drops and thus, important economic losses.

The disease related to these pathogens is known as bacterial can-
ker of hazelnut, which was reported for the first timein Greecein 1976
and associated at the time to a new Pseudomonas pathovar named
Pseudomonas syringae pv. avellanae (Psallidas & Panagopoulos, 1979,
Psallidas 1993). The syndrome is associated with the development
of cankers on the stems, the discolouration of twigs and stems, with
progressive tip branches dieback which eventually would spread to
the rest of the plant (Psallidas & Panagopoulos, 1979, Psallidas, 1984).
The mechanism of infection requires leaf scars through which the
pathogen enters the tree during the fall season and systemically
colonizes the plant (Scortichini & Lazzari, 1996). The occurrence of
the same bacterium, associated with the bacterial canker and named
as ‘Moria del nocciolo’, was lately reported in 1994 in Central Italy
(Scortichini & Tropiano, 1994), while a less virulent situation was re-
ported in Northwest Italy (Piedmont region) and in Campania and
Sardinia regions as well (Scortichini & Morone 1997).

However, significant differences between the causal agent of the
canker of hazelnut and the Pseudomonas syringae group were ob-
served, leading to the reclassification of Pseudomonas syringae pv.
avellanae that was elevated to new species and named Pseudomonas
avellanae (Janse et al., 1996). Further studies proved that the strains
from Northern Greece were closely related to those isolated in
Central Italy but also distinguishable from them by repetitive PCR
(Scortichini et al., 1998). When compared to the strains isolated
from Northern Italy, a higher heterogeneity was observed, suggest-
ing the presence of two distinct clusters of bacteria infecting ha-
zelnut in Italy. The first cluster resulted to be more virulent, it was
potentially restricted to hazelnut and was related to Pseudomonas
avellanae (Scortichini et al. 2002). The second cluster was detected
in Piedmont, Campania, Latium, Sicily and Sardinia inducing mild
symptoms on plants and classified as Pseudomonas syringae pv. coryli
(Scortichini et al. 2002, 2005). Nonetheless, further taxonomic stud-
ies allowed us to distinguish the third cluster of aggressive strains
isolated only in Italy that was classified as Pseudomonas syringae pv.
avellanae (Scortichini et al., 2013). A fourth cluster constituted by
Pseudomonas syringae pv. syringae strains was isolated in Campania,
Latium, Piedmont, Sardinia and Sicily regions and, together with
Pseudomonas syringae pv. coryli, is able to induce only mild symptoms,
limited to twig dieback (Scortichini et al., 2002; Loreti et al., 2009).

Hence, these four groups of pseudomonads have been charac-
terized and distinguished by several molecular methods like rep-PCR,
MLST analysis and 165-23S rRNA genotyping and no recombination
events between them were found (Marcelletti & Scortichini, 2015).
Despite the peculiar traits identified either in Pseudomonas avella-
nae, belonging to genomospecies 8, or within the pathovar syringae,
coryli and avellanae strains, all from genomospecies 1, they con-
verged onto hazelnut as host (Marcelletti & Scortichini, 2015).

On the other side, some Pseudomonas avellanae strains, previ-
ously identified as Pseudomonas syringae pv. morsprunorum race 2,
have been isolated from Prunus avium as well (Hulin et al., 2018,
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2020). This apparent contradiction could be explained by the ob-
servation that the host-range determinants of Pseudomonas selec-
tivity are mainly linked to virulence-related factors like the type Ill
secretion system and their relative secreted effectors, phytotoxins,
WHOP (Woody hosts and Pseudomonas) and woody associated en-
zymes, as reported in a recent study by Dillon et al. (2021).

This work aims to further clarify the differences between the
four Pseudomonas clusters that have converged into Corylus avel-
lana and highlight their peculiarities by performing a comparative
genomic analysis among all the available genome sequences of
Pseudomonas avellanae, Pseudomonas syringae pv. coryli, syringae and
avellanae strains isolated from Greece and ltaly. Furthermore, two
additional Pseudomonas avellanae strains, NCPPB 4222 from Italy
and NCPPB 3491 from Greece, have also been sequenced using
both Illumina and Nanopore sequencing technologies and included
in the analysis. Plus, to give a broader picture of the host-specificity
and geographic distribution, the genomes of Pseudomonas avellanae
strains isolated in the United Kingdom and New Zealand from Prunus
avium, of a Japanese strain isolated from Actinidia chinensis, previ-
ously known as Pseudomonas syringae pv. actinidiae, and of a strain
isolated from river epilithon (a rock-attached biofilms composed of
algae, diatoms, rotifers, bacteria and nematodes) in Palisade, USA
(Morris et al., 2007), were included in the analysis as well.

2 | MATERIALS AND METHODS
2.1 | DNAsolation and genome sequencing

Two Pseudomonas avellanae strains from in-house collection have
been selected for genome sequencing and downstream analysis:
the Italian NCPPB 4222 and the Greek NCPPB 3491. An aliquot
of the stock stored at -80°C was revitalized and grown on King's
B (KB) medium (King et al., 1954) at 27°C. High molecular weight
(HMW) DNA was extracted following the protocol of Mayjonade
et al. (2016), with few modifications. Briefly, a suspension of liquid
culture with an OD above 3 was precipitated by centrifugation at
12,0009 for 1 min and the pellet was resuspended in 600pl of lysis
buffer (1% PVP 40, 1% sodium metabisulfite, 0.5 M sodium chloride,
100mM Tris 1 M pH 8, 50mM EDTA 0.5 M, 1.25% SDS 20%) and
4 ul of RNAse A (100mg/ml QIAGEN). The solution was incubated at
50°C for 30 min, and then, 600 ul of lysis buffer was added. After 20
more min at 50°C, 400pl of potassium acetate 5 M were added to
the solution and incubated on ice for 1 min. To get phase separation,
the solution was centrifuged for 20min at 50004, the upper phase
was transferred into a new tube and 500l of cold isopropanol was
added. After 5 min on ice, the DNA was precipitated at 10,000g for
10 min. The isopropanol was removed, and the pellet was washed
twice with 70% ethanol. Lastly, the DNA was resuspended in a 50 pl
elution buffer. The DNA was quantified through Invitrogen Qubit
fluorimeter (Thermo Fisher Scientific) and its purity was evaluated
ina 0.5% agarose gel electrophoresis run and with Thermo Scientific
Multiskan GO (Thermo Fischer Scientific).
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Finally, 500ng of both Pseudomonas avellanae strains were se-
quenced with the lllumina NovaSeq 6000 S2 using paired-end se-
quencing at Novogene (Cambridge, United Kingdom). Three microgram
of DNA, instead, were sequenced onto MinlON Mk1C device (ONT)
using two Flongle flow cell R9.4.1 (ONT), after End Repair and dA tail-
ing using NEBNext Ultra Il End Repair/dA Tailing Module (New England
BioLabs) and library preparation using the SQK-LSK109 kit (ONT).

2.2 | Genome assembly and annotation

The quality of the paired-end Illumina reads was evaluated using
FastQC (Andrews, 2010). Guppy v4.3.4 (ONT) within MinKNOW v.
21.02.2 (ONT) installed on the MK1C device, was used for the base
calling of the long ONT reads, while MinKNOW itself provided the
report with the summary run and sequencing stats. Both Illumina
and ONT reads were used as input data for the de novo hybrid as-
sembly performed with Unicyler v0.4.9b using default parameters
(Wick et al., 2017). The assembly performance was evaluated using
QUAST 5.0 (Gurevich et al. 2013), and a graphical representation
of the assembled genomes and related plasmids was obtained using
CGview (Petkau et al., 2010). Genome annotation was done using
Prokka v1.14.5 (Seemann, 2014).

2.3 | Phylogenetic and comparative
genomics analysis

For phylogenetic and comparative genomics analysis, the complete
or draft genomes of 15 strains of Pseudomonas avellanae and six
Pseudomonas syringae strains known to infect hazelnut were down-
loaded from NCBI genomes and listed in Table 1.

For a phylogenetic MLST analysis, the sequences of seven house-
keeping genes (gapA, gltA, gyrB, rpoD, acnB, pfkb and pgi) were re-
trieved from each strain under comparison, concatenated and aligned
using Muscle (Edgar, 2004). The alignment was used as input to build
an ML tree with RAXML-HPC, using the GTRCATI algorithm as a sub-
stitution model and 1000 bootstraps (Stamatakis, 2014). The tree
was then visualized with FigTree v1.4.4, and the picture was adjusted
with Inkscape. For an unbiased comparison, all the genomes listed
in Table 1 were annotated with Prokka v1.14.5 (Seemann, 2014) and
reordered with MAUVE (Darling et al., 2004) towards Pseudomonas
avellanae BPIC 631, Pseudomonas syringae pv. avellanae ISPAve013 and
Pseudomonas syringae pv. coryli strain NCPPB 4273 and Pseudomonas
syringae pv. syringae CRAFRU12 as reference genomes, respectively.
The reordered genomes were then aligned by progressive MAUVE algo-
rithm with default parameters (Darling et al., 2004).

2.4 | Pangenome analysis

Roary v1.7.7 (Page et al., 2015) and Anvi'o v.7 (Eren et al., 2015)
were used for a separated pangenome analysis. Roary provided the

core genome alignment that was used to construct an ML phylo-
genetic tree with RAXML-HPC, the GTRCATI algorithm as substitu-
tion model and 1000 bootstraps (Stamatakis 2014). Instead, within
Anvi'o all the genomes were also annotated, besides Prokka, using
NCBI's Clusters of Orthologous Groups (COG) database (Tatusov
et al., 2000), Pfam (El-Gebali et al., 2019). The pangenome was cre-
ated using NCBI blastp for amino acid sequence similarity search,
the default minbit euristic set to 0.5 and the MCL inflation parameter
set to 10. Average Nucleotide Identity (ANI) was evaluated within
Anvi'o using ANIm and the functional enrichment analysis function
was used to identify gene clusters peculiar to either defined clusters,
such as the phylogenetic groups or the host origin.

2.5 | Identification of virulence-related genes

To identify the presence of virulence-related features, such as Type Il,
11, IV and VI secretion systems, type |l secretion effectors, phytohor-
mones, ice nucleation factors and toxins, the sequences of the features
were blasted using NCBI blastn (e-value 1e-5) towards the genomes
under exam. Each feature was considered present if it showed a mini-
mum 70% of identifying and at least 80% of query coverage and the
results were used to create a presence/absence binary matrix that was
imported into the R environment v3.4.4, where the pheatmap package
v1.0.12 (Kolde, 2019) was used to plot the heatmap.

The sequences of the type lll secretion effectors were retrieved
from Dillon et al. (2019), while the secretion systems, virulence-
related features, phytohormones, toxins and WHOP genes were
obtained from Rodriguez-Palenzuela et al. (2010), Caballo-Ponce
et al. (2017) and from the annotated genome of Pseudomonas avel-

lanae R2leaf strain.

3 | RESULTS

3.1 | Hybrid de novo assembly and genomes
annotation

High molecular weight DNA was extracted from the Italian strain
Pseudomonas avellanae NCPPB 4222 and from the Greek strain
NCPPB 3491 following the protocol described in Section 2.1 and
sequenced using both Oxford Nanopore Technologies (ONT) and
lllumina methods. A total of 37k ONT reads (N50 of 17.15k) and
13.7 M lllumina reads were obtained from NCPPB 4222, while 194 k
reads (N50 of 20.39k) and 15.7 M Illumina reads were obtained by
NCPPP 3491. The reads combined in a hybrid de novo assembly al-
lowed us to obtain the complete circular genomes and related plas-
mids for both strains. The NCPPB 4222 strain resulted in a genome
of 6,062,886bp with a GC content of 58.59% and 2 additional plas-
mids of 110,191 bp and 50,625bp, respectively. The Greek strain
was arranged in one single circular chromosome of 6,217,249 bp
(GC content 58.31%) and 3 plasmids of 105,919 bp, 87,243bp and
71,760bp, respectively (Figure 1).
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TABLE 1 List of the Pseudomonas strains used in the comparative genomics and phylogenetic analysis

Species Pathovar Strain name
Pseudomonas avellanae - CC1416
Pseudomonas avellanae = MAFF 212061
Pseudomonas avellanae - R2leaf
Pseudomonas avellanae = R25255
Pseudomonas avellanae - R29095
Pseudomonas avellanae = R2sc214
Pseudomonas avellanae - R25260
Pseudomonas avellanae = ICMP 3690
Pseudomonas avellanae - BPIC 631
Pseudomonas avellanae = JCM 11937
Pseudomonas avellanae - ICMP 9749
Pseudomonas avellanae NCPPB 3491
Pseudomonas avellanae - PaVvt10
Pseudomonas avellanae = CRAFRUed2
Pseudomonas avellanae - CRAFRUee3
Pseudomonas avellanae = CRAFRUec1
Pseudomonas avellanae NCPPB 4222
Pseudomonas syringae avellanae ISPaVe013
Pseudomonas syringae avellanae ISPaVe037
Pseudomonas syringae coryli NCPPB 4273
Pseudomonas syringae coryli ICMP 17001
Pseudomonas syringae syringae CRAFRU11
Pseudomonas syringae syringae CRAFRU12

The annotation performed with Prokka identified 5473 CDS
on NCPPB 4222 chromosome, with 63 tRNAs, 16 rRNAs and 1
tmRNA. 118 and 66 CDS were found in the two plasmids, respec-
tively. Instead, 5642 CDS were found on the NCPPB 3491 chro-
mosome, with 59 tRNAs, 16 rRNAs and 1 tmRNA. 114, 98 and 88
CDS were annotated on the plasmids. The genome of the NCPPB
4222 strain and related plasmids has been deposited under the
accession numbers CP091147-CP091149, while NCPPB 3491
and its three plasmids can be found under accession numbers
CP091143-CP091146.

3.2 | Phylogenetic relationship among
pseudomonads

The phylogenetic relationships among the Pseudomonas avellanae
and Pseudomonas syringae strains compared in this study (Table 1)
were evaluated based on the alignment of both the core genome
identified by Roary (Figure 2) and of seven housekeeping genes
(Figure S1). The results are consistent between the two different
analyses, showing Pseudomonas avellanae clearly separated from
P. syringae species and pathovars. Four distinct sub-clusters are
evident: (i) the Group |, including the P. avellanae strains from Italy
and Greece, perfectly divided into two subgroups; (ii) the Group

Host

Epilithon
Actinidia chinensis
Prunus avium
Prunus avium
Prunus avium
Prunus avium
Prunus avium

Prunus avium

Geographic origin
Montana (USA)
Japan

United Kingdom
United Kingdom
United Kingdom
United Kingdom
United Kingdom

New Zealand

IRy LEYM

Accession number

GCA_000452845.2
GCA_002261495.1
GCA_002905795.2
GCA_002905695.1
GCA_002917235.1
GCA_002905955.1
GCA_002905775.1
GCA_002699825.1

Corylus avellana Greece GCA_000302915.1
Corylus avellana Greece GCA_014646595.1
Corylus avellana Greece GCA_003702325.1
Corylus avellana Greece CP091143-CP091146
Corylus avellana Italy GCA_000935825.1
Corylus avellana Italy GCA_000978625.2
Corylus avellana Italy GCA_000978635.2
Corylus avellana Italy GCA_000441975.1
Corylus avellana Italy CP091147-CP091149
Corylus avellana Italy GCA_000302795.1
Corylus avellana Italy GCA_000302815.1
Corylus avellana Italy GCA_000972175.1
Corylus avellana Italy GCA_001400235.1
Corylus avellana Italy GCA_000972155.1
Corylus avellana Italy GCA_000972195.1

I, including the strains deriving from the United Kingdom and the
ICMP 3690 from New Zealand, all isolated from Prunus avium, to-
gether with the Japanese MAFF 212061 isolated from kiwifruit; (iii)
the American CC1416 strain that clustered on its own as Group llI;
(iv) Group 1V, including all the strains belonging to Pseudomonas sy-
ringae pathovars. The phylogenetic groups identified in this analysis
were further used as cluster categories in the pangenome analysis

described below.

3.3 | Pangenome analysis

The pangenome analysis performed with Anvi'o identified a total of
127,767 genes arranged in 10,923 gene clusters (Figure 3). Among
those, 3944 gene clusters are shared between all the Pseudomonas
strains and define the ‘core’ genome, with 2746 of them present
in one copy per genome (SCG, Single Core Genome). Besides the
3809 accessory gene clusters, the number of singletons, meaning
those gene clusters present only in one strain and thus represent-
ing the strain peculiarity, resulted to be 3170 in total. Among those,
Pseudomonas avellanae strain MAFF 212061, together with BPIC
631, are the ones with the highest number of singletons (938 and
584 gene clusters, respectively), followed by Pseudomonas avella-
nae CC1416 strain with 260 singletons. The two strains sequenced
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FIGURE 1 Graphical circular maps of the two de novo assembled genomes visualized through CG view. From outside to the centre: ring

1 and ring 2 show the protein-coding sequence (CDS) identified by Prokka in both forward and reverse strand, with the tRNA represented in
red (tRNA); ring 3 shows the GC content percentage and ring 4 the GC skew. (a) Graphical representation of the Italian Pav NCPPB 4222 and
its two plasmids. (b) Graphical representation of the Greek Pav NCPPB 3491 and its three plasmids

by us, NCPPB 4222 and NCPPB 3491, instead, showed 7 and 13
singletons, respectively. Among the 3170 singletons gene clusters,
2177 could not be assigned to any COG or Pfam category and were
annotated by Prokka as a hypothetical protein. Instead, the remain-
ing singletons are spread among different COG categories (Figure 3).
Interestingly, MAFF 212061 showed several singletons related to

intracellular trafficking and secretion (U), defence mechanisms (V)
and mobilome (X): the type VI protein secretion system component
Hcp (secreted cytotoxin) and VasF, the multidrug efflux pump subu-
nit AcrB, the VirB3, VirB8, VirB9 and TrbL components of the Type
IV secretory pathway, the GspD/PulD secretin protein of the type
Il secretory pathway, streptomycin 6-kinase, Virulence-associated
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FIGURE 2 Phylogenetic analysis among the Pseudomonas strains under study based on the alignment of the core genome identified by
Roary. The four different phylogenetic groups, belonging to either genomospecies 8 or genomospecis 1, are shown with different colours:
Group | (in yellow) includes the Pav strains from Greece and Italy isolated from Corylus avellana; group Il (in green) includes the Pav strains
from the United Kingdom, New Zealand and Japan isolated from Prunus avium and Actinidia chinensis; group Il is only represented by Pav

CC1416 isolated from the river epilithon; group IV includes the Pseudomonas syringae strains isolated in Italy from hazelnut as well

protein VagC, EscV protein of the Type Il secretion system, trans-
posase and phage-related proteins (Table S1). The American CC1416
strain, instead, besides several singletons clusters associated with
the general functional prediction only category R, showed an enrich-
ment in the transcriptional regulator and DNA-binding protein from
the COG category K. The majority of the BPIC 631 singletons could
not be assigned to any functional annotation, besides 12 singletons
associated to mobilome (COG X), signal transduction mechanisms
(T), permease component (E), endonuclease (V), possible tellurite re-
sistance (S), transport and transcriptional regulator (R, K, L).

These strains' peculiarities could explain the Average Nucleotide
Identity (ANI) between the strains, as shown in the heatmap in
Figure 3, where CC1416, MAFF 212061 and BPIC 631 are the most
dissimilar. Overall, the colour gradient of the ANIm heatmap is in
line with the phylogenetic trees in Figure 2 and Figure S1, where the
Pseudomonas avellanae and the Pseudomonas syringae strains form two

different main clades, with the subclades among the avellanae strains.

3.4 | Enrichment analysis of Pan groups

In order to find out the features in common within the phylogenetic
clusters and the differences between the clusters, an enrichment
analysis using Anvi'o anvi-compute-functional enrichment function
was performed, with COG functions, Pfam and Prokka annotation
(Table S2). The pan groups defined for the analysis were as follows:

(i) the phylogenetic Groups I, Il, Ill and 1V; (ii) the host origin; (iii)
the geographic origin; (iv) the Pseudomonas species. We considered
a Pan group enriched for a gene cluster if it was only present in all
the isolates present in that group, showing the highest enrichment
score and a p_value <.05. It is worth mentioning that the Group |
of the Pseudomonas avellanae strains from Italy and Greece resulted
to be enriched, among the others, in gene clusters associated with
the HicA and HicB antitoxins, the effector protein HopAB2 and the
protein VirC1. Interestingly, Group Il with the Pseudomonas avellanae
strains from the United Kingdom, New Zealand and Japan is enriched
in the component involved in the anthranilate catabolism and thus
associated with the WHOP region necessary for the woody-host in-
fection (Caballo-Ponce et al., 2017). Note that the enrichment was
not run for group Il since it is represented only by one component
(Shaiber et al. 2020). Group IV including the Pseudomonas syringae
strains showed gene clusters belonging to several COG categories,
for example, methyltransferase, DNA-binding regulator, protease
and aldolase. When running the analysis based on the host range, the
Corylus avellana group resulted enriched only in a potassium binding
protein Kpb, while the Prunus avium group was enriched in the regu-
latory protein AsnC, pentapeptide repeat protein MfpA, L-ectoine
synthase, a phosphodiesterase PdeB, methionine aminopeptidase 1,
ADP-ribosylarginine hydrolase Tril, Environmental sensor c-di-GMP
phosphodiesterase, contains periplasmic CSS-motif sensor and cy-
toplasmic EAL domain (Table S2). For the same reason as the phy-
logenetic Group lll, the group from Actinidia chinensis could not be
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evaluated. From a geographic point of view, the enrichment was only
significant when more groups were combined, such as the United
Kingdom, New Zealand and Japan, for example, and the results cor-
roborated the ones from the analysis based on the phylogenetic
groups. Instead, the Pseudomonas avellanae group was particularly
enriched, among the others, in COG clusters related to coenzyme
transport and metabolism (H), inorganic ion transport (P), secondary
metabolite (Q). The COG enriched categories for Pseudomonas sy-
ringae were variegated as well, with deaminase from COG category
E, to secreted trypsin-like serine protease from COG category O, to

more general proteins related to COG category R.
3.5 | Type lll secretion effectors
Pathogenic bacteria are known to release effector proteins into the

host cell to suppress or escape the host immunity, through the differ-
ent secretion systems. In particular, the type Il secretion effectors

have been deeply studied and characterized by Dillon et al. (2019).
We selected and blasted the ones that belong to one of the species/
pathovar under study (i.e., Pseudomonas avellanae, Pseudomonas sy-
ringae pv. avellanae, Pseudomonas syringae pv. coryli or Pseudomonas
syringae pv. syringae). The results were recorded as a binary matrix of
presence/absence and shown in Figure 4, with a dendrogram cluster-
ing comparable to the previous phylogenetic trees. The analysis re-
vealed that six effectors are in common among all the strains (AvrE1,
HopAA1, HopAH1, HopAl1, HopB2 and HopM), while others were
presentin one or less than four isolates and for this reason not shown
in Figure 4. Among those, AvrB2 was only found in MAFF 212061,
R2leaf and R2sc214, HopBA1 was present only in CRAFRU11,
CRAFRU12 and ISPAve013. CC1416 was unique for HopB1 and
HopBO1, while CRAFRU11 was unique for HopAX1. HopBP1 was
found only in Pav CC1416, MAFF 212061 and CRAFRU11, underlin-
ing again that Pss CRAFRU11 is slightly different than CRAFRU12 as
reported in Figure S1 and Figure 2. Lastly, HopZ1 was only in R2leaf
and R2sc214. Interestingly, HopF3, HopAB2 and HopZ4 are peculiar
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to the Pseudomonas avellanae Group |, with the ltalian and Greek
strains. On the contrary, the same Group | lacks HopAG1 (present in
all the others, exception made for Pav ICMP 3690), HopBF1 (present
only in the pathovar avellanae, syringae and in Pav R2leaf), HopBN1
(randomly distributed between pathovar coryli, Prunus isolates and
Pav MAFF 212061) and Hopl1 (present in all the others isolates).
Furthermore, HopE1 is peculiar to the Pseudomonas avellanae strains
isolated from Prunus avium, while no specific effector was detected

for the Pseudomonas syringae strains.

3.6 | T3SS secretion systems TPAI and RPAI

In Pseudomonas, the ability to infect the host plant and induce a
hypersensitive response is guided by the type Ill secretion system
(T3SS), generally having a tripartite mosaic structure composed,
with the hrp/hrc cluster flanked by an Exchangeable Effector Locus
(EEL) and a Conserved Effector Locus (CEL) (Alfano et al., 2000).
More recently, five different versions of this T3SS have been identi-
fied among different pseudomonads. The canonical tripartite TPAI
is present in Pseudomonas syringae strains of phylogroup 1, 2, 3, 4,
5, 6 and 10, together with an additional genomic island Rhizobium
(RPAI) system present in some P. syringae of phylogroups 2 and 3.
Phylogroups 7 and 11 are carrying the Single Pathogenicity Island
(SPAI), while the fluorescence (FPAI) system and corrugata (CPAI) is-
land are present only in Pseudomonas fluorescence species complex
and Pseudomonas corrugata, respectively (Dillon et al., 2021). The
presence of the tripartite mosaic structure codifying for the type
11l secretion system was confirmed in all the 23 strains under study,
together with an additional genomic island of 20Kb identified as the
Rhizobium (RPAI) system (Dillon et al., 2021). This region was only of
10Kb in Pav MAFF 212061 and totally absent in Pav CC1416 and Pss
CRAFRU11 (Figure 5). The phylogenetic tree based on the alignment
of the RPAI region between the 21 remaining strains follows once
more the clustering obtained in the previous phylogenetic trees
(Figure S2).

3.7 | Other virulence-related genes

Besides the abovementioned effectors, Pseudomonas uses other spe-
cific tools to promote host infection and colonization. Among those,
a genomic region defined as WHOP (Woody-host Pseudomonas
spp.) is particularly present in Pseudomonas species infecting
woody plants (Rodriguez-Palenzuela et al., 2010, Caballo-Ponce
et al., 2017). Surprisingly, only the P. avellanae strains from Group
I, isolated from Prunus or Actinidia, showed the complete WHOP
region, while this was not present in the strains isolated from hazel-
nut, either P avellanae or P. syringae. Regarding the gene cluster re-
lated to cellulase utilization, all the wss genes, except wssC and wssE
were present in all the strains. For the degradation of woody tissues,
only hopAy1 gene was present in the Pseudomonas avellanae strains
and in the Pseudomonas syringae pv. coryli (Figure 6). Among the dif-
ferent phytotoxins, the mgoA, mgoB, mgoC and mgoD genes of the
mangotoxin operon Mgo occurred in all the strains, while only the
Pseudomonas syringae strains showed the entire mangotoxin operon
Mbo as well. All the strains contain the gene clusters to produce tab-
toxin, while no phaseolotoxin, syringopeptin nor coronatine genes
were detected (Figure 7). Only two Pseudomonas syringae pv. syrin-
gae contain the syringomycin gene cluster, as previously found by
Marcelletti and Scortichini (2015). No Pseudomonas syringae strains
contain avrD1, while this feature was detected in all the strains be-
longing to Group |, as well as is Pav MAFF 212061 (from Actinidia)
and Pav R25255 (from Prunus). All the P. avellanae strains contain
the indoleacetic acid-lysine gene (iaal) but not the indoleacetic
acid phytohormone genes (iaaM and iaaH). Among the ice nuclea-
tion factors, only the inaA gene was present in all the strains, while
only the Pseudomonas syringae pathovars contained the entire ice
nucleation cluster. No ethylene-forming enzyme (efe gene), isopen-
tenyl transferase (ptz) and isopentyl-diphosphate delta-isomerase
(idi gene), both essential for tumorigenesis (Anorga et al., 2020) were
detected. All the strains are carrying the HLE for the homoserine
lactone. Interestingly, the complete copper resistance gene cluster
(copABCD) and related regulatory elements (copSR) are present only
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FIGURE 5 Schematic representation of the type Ill secretion system. (a) The tripartite mosaic structure composed of the variable
EEL locus, the hrp/hrc gene cluster and the conserved locus. (b) Additional genomic island carrying the type Ill secretion system as well.

Different colours represent different gene categories

in Pss CRAFRU12. Instead, the levansucrase sucrose gene was pre-

sent in all the strains (Figure 7).

4 | DISCUSSION

Hazelnutis an economically important crop for the Italian market, and
during the last decades, it has been threatened by several diseases,
either of bacterial or fungal origin (Marcelletti & Scortichini, 2019;
Turco et al., 2021). Among those, the bacterial canker of hazelnut
has been associated with Pseudomonas avellanae (belonging to
genomospecies 8), which is able to migrate systemically within the
plant and quickly infect the plants within the same hazelnut orchard
(Scortichini and Lazzari, 1996; Scortichini et al., 2000). Together with
Pseudomonas syringae pv. avellanae, Pseudomonas avellanae results to

be the most aggressive for their aptitude to induce twig wilting, die-
back, trunk canker and plant death (Marcelletti & Scortichini, 2019).
Two additional Pseudomonas syringae pathovars, coryli and syrin-
gae, have been isolated from European hazelnut as well (Scortichini
et al., 2002; Loreti et al., 2009).

In the present study, we performed a comparative genomic anal-
ysis among Pseudomonas strains that converged on the same host,
Corylus avellana, to assess how they are different from each other
and from other Pseudomonas avellanae strains infecting different
hosts. In literature, there are several examples of Pseudomonas be-
longing to different genomospecies that converged into the same
host and that have been analysed through comparative genomics.
Already in 2015, Marcelletti and Scortichini performed a compar-
ative genomic analysis of Pseudomonas strains that converged into
Corylus avellana, in particular Pseudomonas avellanae strains BPIC
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631, CRAFRUec1, CRAFRUed2, CRAFRUee3 (from genomospecies
8), Pseudomonas syringae pv. avellanae CRAPAV013 and CRAPAV037
(same as ISPAve013 and ISPAve037), Pseudomonas syringae pv. coryli
NCPPB 4273, Pseudomonas syringae pv. syringae strains CRAFRU11
and CRAFRU12 (all from genomospecies 1). Their findings showed
that all the strains contain the same genomic island of 20kb car-
rying the hrp/hrc type lll secretion system gene cluster, with an
overall higher number of effectors in Pseudomonas avellanae, while
the P. syringae strains carried the complete antimetabolite man-
gotoxin and ice nucleation activity gene clusters (Marcelletti &
2015). Another study, by Hulin et al. (2018), demon-

strated how Pseudomonas syringae pv. morsprunorum races 1 and

Scortichini,

2, Pseudomonas syringae pv. syringae and Pseudomonas syringae pv.
avii converged into Prunus avium and that this host-range pathoge-
nicity was defined by six virulence features: hopBF, hopAB, hopH,
hopAR, avrPto and hopBB. In particular, the acquisition of hopAR1
and hopBB1 effectors through phage and the horizontal trans-
fer was depicted as fundamental for cherry pathogenicity (Hulin
et al., 2018). In their analysis, Pseudomonas syringae pv. syringae was
the species with less effectors but a higher number of phytotoxins.
Later, the taxonomic classification of the strains previously defined
as Pseudomonas syringae pv. morsprunorum race 2 has been changed
to Pseudomonas avellanae species and thus belonging to genomospe-
cies 8 as well (Hulin et al., 2020). In 2019, Marcelletti and Scortichini
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proved once more that Prunus can be infected by different strains of
Pseudomonas using different mechanisms of infection and, since no
clear effector pattern distribution could be retrieved, the virulence
features could be discerned only at the nucleotide sequence level
due to point mutations (Marcelletti & Scortichini, 2019).

Hence, Pseudomonas avellanae resulted to have the ability to in-
fect different hosts. Interestingly, pathogenicity tests performed with
two strains of Pseudomonas avellanae (Pav BPIC 631 and Pav PaVt10)
isolated from hazelnut, did not induce any symptoms when tested on
cherry fruits (Prunus avium) and peach leaves (Prunus persica), whilst
Pseudomonas syringae pv. avellanae induced necrotic lesions (Ruinelli
et al,, 2019). Thus, based on the evidence that at least four differ-
ent Pseudomonas species can infect Corylus avellana and since one
of them, Pseudomonas avellanae, has been isolated from other plant
species (Prunus and Actinidia), as well as from particular natural en-
vironments (epilithon), we wanted to further investigate the genetic
features related to host-range specificity among these strains.

Hence, in the current work, the complete genome sequence of
two additional Pseudomonas avellanae strains, NCPPB 4222 strain iso-
lated from hazelnut in Italy and NCPPB 3491 isolated from hazelnut
in Greece, was obtained and included in the analysis. By using a com-
bination of Illumina short reads and Oxford Nanopore Technologies
(ONT) long reads in a hybrid assembly, it was possible to retrieve the
complete bacterial chromosome with the additional plasmids (two for
NCPPB 4222 and three for NCPPB 3491, respectively). Indeed, the
hybrid assembly combines the advantages of both sequencing tech-
nologies, with the ONT long reads able to cover difficult regions like
the ones full of tandem repeats or transposase (Goodwin et al. 2016;
van Dijk et al., 2018; Turco et al., 2022), while the depth coverage of
the Illumina reads allow a solid base calling with higher Phred score
(Chen et al., 2020). Having high-quality complete genomes when per-
forming comparative genomics is fundamental for a solid identification
of all the features under comparison. In fact, in draft genomes with
high contigs number, the total annotated features are underestimated
due to contigs interruption and thus, fragmented genes (Smits, 2019).

Besides these two newly sequenced complete genomes, all the
other fifteen Pseudomonas avellanae strains available on the NCBI
database were downloaded and included in the analysis, together
with two Pseudomonas syringae pv. avellanae, two Pseudomonas sy-
ringae pv. coryli and two Pseudomonas syringae pv. syringae. To re-
duce the bias due to the genome quality and completeness, all the
genomes were reordered and annotated using Mauve and Prokka.

The phylogenetic analysis based either on the seven housekeep-
ing genes or the core genome, as well as the Average Nucleotide
Identity (ANI) showed a clear distinction between the Pseudomonas
avellanae clade and the Pseudomonas syringae, in line with pre-
vious works (Hulin et al., 2018; Marcelletti & Scortichini, 2019).
Furthermore, within the Pseudomonas avellanae clade, it is possible
to identify three subgroups referable to the geographic origin and/
or the source of isolation. The Italian and Greek strains isolated from
hazelnut clustered together, with the British strains from Prunus
and the Japanese strain from kiwifruit in a separated clade. Not
surprisingly, the strain isolated from the river epilithon was clearly

divergent from all the others. This first analysis showed that already
at the nucleotide level, the Pseudomonas avellanae appeared to be
different. We then moved to the pangenome analysis and virulence
features comparison to appreciate possible differences at the func-
tional level. As expected, all the Pseudomonas shared a relevant core
genome with conserved features, but also accessory genes and sin-
gletons were identified delineating strains diversity. The most diver-
gent strains, MAFF 212061 and CC1416, consistently showed the
highest number of singletons.

The enrichment analysis performed within Anvi'o allowed us
to identify the features distinctive for a particular strain selection.
Interestingly, the Group | of Pseudomonas avellanae strains from Italy
and Greece resulted to be enriched in a feature similar to VirC1 of
Agrobacterium tumefaciencs, known to be involved in tumour forma-
tion (Toro et al., 1989). They are also enriched in the toxin/antitoxin
HicAB system, quite spread among Prokaryotes and involved in
programmed cell death, stress response, biofilm formation and vir-
ulence (Sberro et al., 2013). The type Il secretion system effector
E3 ubiquitin-protein ligase HopAB2 may also provide host-species-
specificity since its complete sequence is not present in any other
Groups. On the contrary, the Group Il of Pseudomonas avellanae
from Prunus and Actinidia contains the complete WHOP region,
known to be necessary for woody-host infection (Caballo-Ponce
et al., 2017). As found by Hulin et al. (2018), six effectors (AvrE1,
HopAA1, HopAH1, HopAl1, HopB2 and HopM) are present in all
the strains, while the syringae group appears to have less effectors
than avellanae group. It is noteworthy that HopF3, HopZ4 and a full
copy of HopAB2 are characteristic of Pseudomonas avellanae Group
I and may have contributed to the hazelnut-specificity of this spe-
cies. On the contrary, HopE1 may be specific for Prunus infection.
Besides the canonical tripartite pathogenicity island (TPAI), all the
strains except for Pav CC1416 and Psav CRAFRU11 contain an ad-
ditional genomic island Rhizobium (RPAI) system, as previously de-
scribed by Dillon et al. (2021) for other Pseudomonas. This island
of about 20Kb is most likely the same identified by Marcelletti and
Scortichini (2015) in the nine pseudomonads infecting European
hazelnut trees. As proved here, this genomic region may not be in-
volved in host-specificity since it is present in all the strains. On the
contrary, phytotoxins may play a pivotal role in the evolution of host
specificity, since they particularly counteract the immunity response
(Dillon et al., 2021). The phytotoxins are more specific for the syrin-
gae group, which all contain the complete Mbo and Mgo operons for
the mangotoxin production, necessary for mango necrosis, as well as
a complete ice nucleation cluster (Marcelletti & Scortichini, 2015).
Tablatoxin, instead was present in all the strains.

Pathogenicity is a complex mechanism where many actors are
involved, and their synergistic effects may be more relevant than
the simple presence or absence of a particular effector. For exam-
ple, the phytotoxins present in the syringae group do not necessar-
ily imply heavier symptomatology, while the phytotoxin deficient
Pseudomonas avellanae have always been reported as virulent.

Hazelnut, despite its acknowledged resilience to adverse environ-
mental conditions, must face the aggression of a plethora of biotic
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entities. Either insects, fungi and bacteria can lead to heavy produc-
tion losses or even to the death of plants. In such a sense, the concur-
rence of different pathogenic pseudomonads on the same host plant
is of particular significance. According to the variability of cultivation
conditions, in which the climate change plays a key role, one or more
of them are prone to overcome plant defences inciting new and unex-
pected outbreaks, as already experienced in the recent past.
Therefore, it is of vital importance to deepen as much as pos-
sible the knowledge of the genetic traits of these pathogens dis-
covering their specific virulence factors, infection mechanisms or
host-specificity features, and finding any potential weaknesses to
be used against them for both prevention measures and new control

strategies.
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