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Summary

Fluorescent Pseudomonas spp. are widely studied
for their beneficial activities to plants. To explore the
genetic diversity of Pseudomonas spp. in tropical
regions, we collected 76 isolates from a Brazilian
soil. Genomes were sequenced and compared to
known strains, mostly collected from temperate
regions. Phylogenetic analyses classified the isolates
in the P. fluorescens (57) and P. putida (19) groups.
Among the isolates in the P. fluorescens group, most
(37) were classified in the P. koreensis subgroup and
two in the P. jessenii subgroup. The remaining 18 iso-
lates fell into two phylogenetic subclades distinct
from currently recognized P. fluorescens subgroups,
and probably represent new subgroups. Consistent
with their phylogenetic distance from described sub-
groups, the genome sequences of strains in these
subclades are asyntenous to the genome sequences
of members of their neighbour subgroups. The tropi-
cal isolates have several functional genes also
present in known fluorescent Pseudomonas spp.
strains. However, members of the new subclades
share exclusive genes not detected in other sub-
groups, pointing to the potential for novel functions.
Additionally, we identified 12 potential new species
among the 76 isolates from the tropical soil. The
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unexplored diversity found in the tropical soil is pos-
sibly related to biogeographical patterns.

Introduction

The bacterial genus Pseudomonas contains multiple spe-
cies of bacteria (Palleroni, 1992; Silby et al., 2011; Loper
et al., 2012). These species are genetically, ecologically
and functionally diverse and can be found in many terres-
trial and aquatic habitats (Spiers et al, 2000).
Pseudomonas species can be soil saprophytes; degrade
pollutants; be mutualists or pathogens associated to
plants, insects, animals and humans; and produce several
compounds of industrial interest (Silby et al., 2011; Loper
et al., 2012). Currently, the Pseudomonas species are
classified in 10 groups, P fluorescens, P. aeruginosa,
P putida, P syringae, P.anguilliseptica, P oryzihabitans,
P stutzeri, P oleovorans, P. straminae and P pertucino-
gena (Gomila et al., 2015; Garrido-Sanz et al., 2016). The
P, fluorescens group is one of the most diverse and is fur-
ther subclassified into ten subgroups (Gomila et al., 2015;
Garrido-Sanz et al., 2016). As a consequence of its high
diversity, the classification of species of Pseudomonas is
challenging and is constantly being amended as new spe-
cies are described and new methods are developed.

In agricultural systems, there is particular interest in fluo-
rescent Pseudomonas spp. that live in the soil/plant
environments because of their potential to improve plant
productivity. Strains of fluorescent Pseudomonas charac-
terized as plant growth promoting rhizobacteria (PGPR)
are most commonly within the P, putida and P, fluorescens
groups (Silby et al., 2011). PGPR strains produce iron-
chelating siderophores (Trapet et al, 2016), synthesize
phytohormones (Patten and Glick, 2002), solubilize phos-
phorus (de Werra et al, 2009), protect against abiotic
stresses (Cho et al., 2015) or control against insects or
microbial pathogens (Hofte and Altier, 2010; Loper et al.,
2012; Hol et al., 2013).

The tropics occupy approximately one-third of Earth’s
land surface. The climate, vegetation, geomorphology, lithol-
ogy and consequently the soils within these regions vary
more than those of temperate and arctic regions (Kalpage,
1974). Such variation provides expanded habitats and
niches highly contributing to the evolution and diversification
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of organisms. Therefore, tropical ecosystems are major res-
ervoirs of biological diversity on our planet. The diversity of
macroscopic species decreases from the tropics to the
poles but the existence of a latitudinal gradient in microbial
diversity is controversial. A latitudinal gradient has been
described for Streptomyces (Andam et al., 2016) and geo-
graphical distance was shown to be the main factor for the
structuring of soil fungal communities (Gumiere et al.,
2016). On the other hand, edaphic variables were sug-
gested to be the main factors controlling biogeography of
soil bacterial communities (Fierer and Jackson, 2006). Fluo-
rescent Pseudomonas spp. seem to have some degree of
endemicity, that is, specificity of some species/strains to dif-
ferent geographical locations, and were suggested to be
unequally distributed around the planet following biogeo-
graphical patterns (Cho and Tiedje, 2000).

Understanding the diversity of microorganisms in the
tropics is key to resolving these fundamental concepts of
global biogeography. Although Pseudomonas spp. are
important in agricultural systems, knowledge of these bac-
teria in tropical regions has lagged behind those from
temperate regions. The few reported examples of tropical
strains include the PGPR strain P, fluorescens Ps0086, iso-
lated from banana roots in Colombia (Gamez et al., 2016);
the biocontrol and PGPR strain P, fluorescens UM270 iso-
lated from the rhizosphere of wild Medicago sp. in Mexico
(Hernandez-Salmerodn et al., 2016); strains P fluorescens
BRIP34879 and P, fluorescens SRM1 obtained from cereal
crops and spoiled raw milk, respectively, in Queensland,
Australia, (Gardiner et al., 2013; Lo et al., 2015); and strain
P, fluorescens RP47, isolated from the maize rhizosphere
in Brazil (Araujo et al., 1994).

Most studies in microbial biogeography have used
molecular biomarkers, which are unable to accurately ana-
lyse the intraspecies diversity. The goal of this study was
to expand knowledge on the diversity of fluorescent Pseu-
domonas spp. in a tropical soil using phylogenetic and
genomic approaches. We discovered that tropical soils
harbour novel members of the P fluorescens group that
fall outside of previously defined subgroups and with gene
inventories that are distinct from known strains in this
group of bacteria. The genomic approach allowed the
intraspecies comparison of fluorescent Pseudomonas
spp., and the high degree of phylogenetic and species nov-
elty in the tropical soil argue for an unequal distribution of
soil fluorescent Pseudomonas throughout the world and
support the possibility of endemism.

Results and discussion

Soil characterization and selection of
fluorescent colonies

The soil samples used in this study were previously
assessed in a microbiome analysis comparing rhizosphere

and bulk soil habitats, showing that bacterial community
structure and physiological profiles are different between
sugarcane rhizosphere and bulk soil (Lopes et al., 2016).
Based on these differences, we targeted both habitats for
sampling and used an equitable number of isolates from
each, aiming to access as much genetic diversity as
possible.

Soil texture was dominated by clay (45%), followed by
sand (29%) and silt (26%) fractions. Soil samples had low
average content of organic matter (2.7%) and low pH (5.0),
typical of tropical soils. March, when samples were col-
lected, has average temperature of 23°C and
approximately 135 mm of precipitation (https:/pt.climate-
data.org/location/748/, 07/19/2017). Fluorescent Pseudo-
monas spp. isolation resulted in an average of 1.9 x 10*
CFU g soil ™" for bulk soil samples and 3.1 x 10* CFU
g soil " for rhizosphere samples. Approximately 5% of the
colonies in each plate showed fluorescence when exposed
to UV light. These colonies were purified and stored. A
total of 76 isolates — 40 from bulk soil and 36 from rhizo-
sphere — were further characterized in this study.

Genome sequencing and assembly

A total of 560 million reads were generated from the multi-
plexed 76 libraries. The reads were processed, and
independently de novo assembled for each genome sam-
ple. The genome assemblies had an average of 43 contigs
(from 15 to 94 contigs) (Supporting Information Table S2).
The total within-assembly sizes for each genome were
comparable to sizes of finished genome sequences of
related Pseudomonas spp. (Supporting Information Table
S2). We thus, estimate the average coverage was approxi-
mately 70X for each sequenced isolate. The assemblies
were annotated and yielded an average of 5559 coding
sequences (CDSs) per genome sequence, consistent with
the expected density of most bacterial genomes.

Most of the tropical isolates are members of the
P. fluorescens and P. putida groups

To determine the identity and phylogeny of the isolates, a
phylogenetic tree based on sequences of seven house-
keeping genes was constructed (Loper et al, 2012).
Seventy-four of the 76 isolates clustered with strains that
belong to one of two recognized groups of Pseudomonas,
P, fluorescens and P. putida (Fig. 1). The 55 isolates that
clustered to the P, fluorescens group formed 18 nodes. The
19 isolates that clustered to P putida group formed nine
nodes. None of the included reference strains were posi-
tioned in the 27 nodes formed by the isolates collected and
analysed in this study. However, the reference strains P, flu-
orescens Pf0—1 (Compeau et al., 1988) and Pseudomonas
sp. MS586 (unpublished) were closely related to the
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Fig. 1. Maximum likelihood phylogenetic tree of Pseudomonas spp. inferred by multilocus sequence analysis.

Translated sequences for dnak, guaA, mutlL, ppsA, pyrC, recA and rpoB from 76 sequenced isolates and reference strains downloaded from
NCBI were identified, aligned, concatenated and used to generate a phylogenetic tree. The light blue region indicates the P. fluorescens group,
while the light red region indicates the P putida group. The dark grey region comprises the isolates B6 and R26 that were not classified in the
known subgroups in this tree (Other). Labels in black are the reference strains, blue and red labels are the ones isolated in this study. Branch
lengths are supported by bootstrap values (numbers below each clade). [Colour figure can be viewed at wileyonlinelibrary.com]

isolates in the P fluorescens group, while Pseudomonas
sp. FG1182 (unpublished), P putida HB3267 (Molina et al.,
2014) and P putida W619 (Taghavi et al., 2009) were
closely related to isolates in the P, putida group (Fig. 1).

The remaining two isolates (B6 and R26), although
belonging to Pseudomonas, did not associate to either
of the aforementioned groups, or any other established
group of Pseudomonas (Fig. 1). Although Fig. 1 high-
lights the P, fluorescens and P. putida groups, strains of
all other Pseudomonas groups were analysed in the
MLSA, and these two isolates did not cluster to any of
those groups. The two formed their own node, which
shared a common ancestor to the P. putida group based
on this phylogenetic tree (Fig. 1).

Tropical soils harbour isolates belonging to new
subclades of P. fluorescens group

To test for subgroup associations, we constructed a sec-
ond phylogenetic tree using just four housekeeping genes
(16S rRNA, rpoB, rpoD and gyrB), which allowed for inclu-
sion of a greater diversity and quantity of type strains and
for comparison with previous studies that focused on P, flu-
orescens subgrouping classification (Gomila et al., 2015;

Garrido-Sanz et al., 2016). This tree was consistent with
the previously described tree in assigning 55 isolates to
the P fluorescens group and 19 isolates to the P putida
group, and placing isolates B6 and R26 in a separate sub-
clade (Fig. 2). Of the 55 isolates in the P fluorescens
group, 37 associated to the P koreensis subgroup. Isolates
R37 and B28 were classified in the P jessenii subgroup
(Fig. 2). Those from the tropical soil that associated to the
P, putida group were intermingled with reference strains,
but represent new haplotypes. This second phylogenetic
tree agreed with the previous one in suggesting that the
newly sequenced isolates are new haplotypes. The num-
ber of haplotypes was slightly higher using this approach,
increasing to 10 and 24 in the P, putida and P, fluorescens
group respectively (Fig. 2).

One subclade (X) containing 16 isolates within the P, flu-
orescens group did not cluster to any previously
recognized subgroup. The separation of subclade X from
its closest subgroup, P. koreensis, is well-supported (boot-
strap value = 100). These results suggest that some of the
isolates collected from the tropical soil are distinct from
strains available in the databases, which were mostly iden-
tified from temperate regions. Additionally, B6 and R26 did
not associate to any currently recognized subgroup.

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 62—-74
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Fig. 2. Maximum likelihood phylogenetic tree inferred by multilocus sequence analysis.

Translated sequences of housekeeping genes gyrB, rpoD, rpoB and 16S rRNA from 76 sequenced isolates; all reference strains classified in
the P, putida and P, fluorescens groups downloaded from NCBI; and informative Pseudomonas type strains of the P. putida group and all P
fluorescens subgroups were aligned, concatenated and used to generate a phylogenetic tree. Colours refer to the Pseudomonas groups and
P, fluorescens subgroups. The subclades representing potential new subgroups are coloured in lighter (X) and darker (Y) grey. Labels in black
are the reference and type strains, while labels in white are the isolates of this study. Branch lengths are supported by bootstrap values
(numbers below each clade). [Colour figure can be viewed at wileyonlinelibrary.com]

However, unlike the previous analysis, these two isolates
associated with the P, fluorescens group, and compose a
distinct subclade (Y) located between the P, protegens and
P, chlororaphis subgroups (Fig. 2). These distinct sub-
clades may represent new subgroups of P, fluorescens.

In order to assess the possibility that known strains not
included in the phylogenies fit within the new subclades, a
BLASTn approach was used. The genes rpoD, rpoB and
gyrB from isolates representing the new subgroups were
used as queries. There were no hits with higher identity
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Fig. 3. Heatmap of all possible pairwise comparisons of average nucleotide identity (ANI).

Segments from the genome sequences from 76 tropical soil isolates and the nearest phylogenetically related reference strains were compared
in all possible pairwise combinations and the ANI values were computed. The values are shown as a heatmap; the darker the colours, the
higher the ANI percentages. The clusters of the new subclades are highlighted. [Colour figure can be viewed at wileyonlinelibrary.com]

and similarity than the strains already included in our phy-
logenetic trees. Thus, we concluded that there are no
other strains available in the databases that fit in the new
subclades detected in this study.

ANI supports the phylogenetic classification and the
distinction of new subclades

A whole-genome based approach was used to support
conclusions derived from phylogenetic analyses. ANI was
calculated for all possible pairwise comparisons between
the genome sequences of the 76 isolates and those from
their most phylogenetically related reference strains,
revealed by MLSA (Fig. 3). Type strains were not included
in ANI analysis, since other studies observed a high corre-
lation between MLSA and ANI (Gomila et al., 2015), and
type strains were less related to our isolates than reference
strains. The pattern based on ANI clustering supported the
conclusions drawn from the analyses of phylogenetic trees

based on only seven or four marker genes (Figs 1-3). Use
of ANI clustered isolates into groups that mirrored the
clades defined from analyses of phylogenetic trees. More
importantly, use of ANI confirmed the distinction of the new
subclades X and Y to the recognized subgroups. Inter-
group comparisons between members of the new
subclades and previously defined subgroups had ANI val-
ues of less than 85%. Analysis using NMDS of the ANI
values was consistent in supporting subgroup assignments
and the separate clustering of the subclades X and Y
(Supporting Information Figure S1).

ANI was also used to infer the number of possible new
species found in our study. ANI values of 94%—96% corre-
spond to 70% similarity in DNA-DNA hybridization and this
threshold can be used to operationally classify bacteria
into species (Konstantinidis and Tiedje, 2005; Kampfer,
2012; Oren and Garrity, 2014). Using a 95% ANI cutoff to
define species, we identified 18 species among our 76 iso-
lates, 13 classified in the P fluorescens group and five in
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Table 1. Number of homologous genes (gene clusters) among genome sequences analysed.

All isolates + 18

All isolates (76) references (94)

Isolates in the
P, putida group (19)

Isolates in the
P, fluorescens group (57)

Shared gene clusters 2839 2064
Accessory gene clusters 12299 21497
Total gene clusters 15138 23561

3580 3816
7640 4313
11220 8127

the P, putida group. In the P, fluorescens group, eight iso-
lates are potentially the same species as the reference
strain Pseudomonas sp. DR 5-09 (unpublished); four iso-
lates are the same species as the reference strain P,
fluorescens SF4c (Ly et al., 2015); and three isolates are
the same species as the reference strain Pseudomonas
sp. MS586 (unpublished). The other 42 isolates in this
group comprised 10 individual clusters showing < 95%
ANI to any phylogenetically related reference strain and
thus are potential new species (Fig. 3).

In the P, putida group, eight isolates are potentially the
same species as the reference strain Pseudomonas sp.
FGI182 (unpublished); one isolate is the same species as
the reference strain P, putida HB3267 (Molina et al., 2014);
and one isolate is the same species as the reference strain
P, putida KG-4 (Dawar and Aggarwal, 2015). The remain-
ing nine isolates formed two clusters with < 95% ANI to
any strain used in this analysis; these isolates could also
represent new species. Therefore, using the 95% ANI
cutoff, we identified ten putative new species in the
P, fluorescens group and two putative new species in the
P, putida group (Fig. 3). However, to get the accurate num-
ber of new species, we need to follow the taxonomy
protocol, meaning that other analyses are required and will
be performed in the future.

Specific gene clusters and genome organization of
isolates in the new subclades

With the 76 isolates clustered into groups, subgroups and
potential new species, we next turned our attention to iden-
tifying discriminating functions that could be used to
distinguish strains belonging to the new subclades from
those in the known subgroups of P, fluorescens group. The
Get Homologues software was used to identify ortholo-
gous clusters. From this, a total of 15 138 gene clusters
were found, of which 2839 clusters were present and had
an orthologue in each of the 76 genome sequences (Table
1). The remaining 12 299 were polymorphic as presence/
absence. Inclusion of 18 reference genome sequences
reduced the number of conserved clusters to 2064 and sig-
nificantly increased the total number of clusters to 23 561
(Table 1).

When analysing each Pseudomonas group separately,
we observed 3580/3816 shared gene clusters (core
genome) and 11 220/8127 total gene clusters

(pangenome) for the P, fluorescens and P. putida groups
respectively (Table 1). Analysis of the core and pan
genome of 93 strains encompassing all the P, fluorescens
subgroups revealed a lower core genome (1334) and
larger pangenome (30 848) than we observed in the tropi-
cal isolates, which was expected since a higher number of
genome sequences and phylogenetic diversity was consid-
ered in that study (Garrido-Sanz et al., 2016). Similarly, it
was detected a lower core genome (3386) and larger pan-
genome (10 297) size in an analysis of nine P putida
genome sequences representing a high species diversity
of this group (Udaondo et al., 2016). Despite our study
considered a higher number of genome sequences (19)
classified in the P putida group, they seem to represent
only five species. Therefore, we also covered a lower phy-
logenetic diversity in this group (Udaondo et al, 2016).
These results show that the tropical soil isolates analysed
in our study represent a subset of the genetic diversity in
the P, fluorescens and P, putida groups. Nevertheless, the
phylogenetic and ANI results suggested a high degree of
novelty in the tropical isolates, which can potentially repre-
sent an increase in the pangenome size of these
Pseudomonas groups.

To determine whether the isolates in the new sub-
clades of P fluorescens group have distinguishing
functions, we focused on clusters that are present in all
members of the new subclades and absent in all other
subgroups. For the subclade X (related to P. koreensis),
105 gene clusters were exclusive to its members. The
105 gene loci are unlinked and distributed throughout
each genome, arguing against their acquisition through
a limited number of horizontal gene transfer (HGT)
events. Sixty-one of the 105 genes were annotated as
‘hypothetical proteins’. The small number of genes with
annotated functions makes it difficult to test for enriched
functions that may distinguish subclade X from species
of established subgroups. Results from synteny
analyses of representative genome sequences also sup-
ported that strains in the subclade X are distinct from
strains in the P. koreensis subgroup, which is consistent
with our phylogenetic and ANI analyses (Fig. 4A). The
genome sequence of Brazilian isolate B34 is repre-
sented by 15 contigs, and they are co-linear to the
genome sequence of strain PfO—1. In contrast, the
genome sequence of isolate R21, which was assigned
to subclade X and is represented by 57 contigs, is
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Fig. 4. Multiple genome alignments. Selected genome sequences were aligned, using Mauve.

Different colours correspond to genome regions with high percentage alignment. Lines indicate rearranged regions and show their new
position in the compared genomes. Origin of replication is in the extreme left of each genome sequence, based on the reference genome
sequences used to reorder the contigs of the other genomes analysed, that is A) P. fluorescens Pf0—1 for the comparison between the P
koreensis subgroup with the new subclade X; and B) P. protegens Pf-5 for the comparison between the P protegens subgroup and the new

subclade Y. [Colour figure can be viewed at wileyonlinelibrary.com]

slightly different from the B34 or Pf0—1 genomes in orga-
nization and has an inversion event that includes the
region of termination. Additionally, Mauve alignment of
genome sequences from all isolates that belong to sub-
clade X reveal them to be largely syntenic (Supporting
Information Figure S2A).

Similarly, 527 gene clusters were exclusively identified in
the subclade Y (neighbour to P, protegens). Of these, 315
were annotated as ‘hypothetical proteins’. As observed for
the subclade X, these exclusive gene clusters are dis-
persed throughout the genome, which argues against their
acquisition through a few HGT events. Genome organiza-
tion is also quite divergent compared to strains in the P
protegens subgroup (Fig. 4B). As was the case above, the
two strains of the subclade Y are co-linear (Supporting
Information Figure S2A and B). Therefore, our results sup-
port the conclusion that some of the tropical isolates may
represent new subgroups of the P, fluorescens group.

Genetic content of the isolates covers several known
functions performed by fluorescent Pseudomonas spp.

Several functions, such as antibiotic production, protein
secretion systems and mechanisms, for interacting with
plants have been identified as important for the plant-
associated lifestyles of fluorescent Pseudomonas spp.
(Rezzonico et al., 2005; Kidarsa et al., 2013). We therefore
mined the 76 genome sequences to determine whether
isolates inhabiting tropical soils could potentially have simi-
lar functions and exhibit similar lifestyles as their
temperate counterparts (Supporting Information Table S3).
Two sets of genes were found in all 57 genome sequences
of the isolates in the P, fluorescens group (100%). One set
is associated with pyoverdine biosynthesis and the other is
associated with Gamma-aminobutyric acid (GABA) catab-
olism. Almost all the other function-encoding genes
analysed were found in most, but not all of the genome
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sequences of the P fluorescens group. Of the functions
that were examined, only ACC deaminase was not found
in any of the 57 isolates in this group (0%).

Pyoverdine biosynthesis genes are perhaps the most
outstanding of the analysed functions (Supporting Informa-
tion Table S3). Pyoverdines are a class of structurally
related siderophores that are produced by fluorescent
Pseudomonas spp., function in iron chelation and uptake,
and are characterized by their green fluorescence (Visca
et al., 2007). It is assumed that pyoverdine is a public good
and that Pseudomonas spp. populations have a balance
between pyoverdine producers and pyoverdine defective
genotypes (Lujan et al., 2015). In alkaline temperate soils,
pyoverdine depletes the amount of iron available to patho-
gens and helps control their populations in the rhizosphere
(Visca et al., 2007). However, the tropical soil used in this
study is an acidic (pH = 5.0) Oxisol, which is characterized
by a high availability of iron due to its chemical characteris-
tics (Brady and Weil, 2002). In principle, the increased iron
availability should reduce the beneficial effect of pyover-
dine production for plant protection. Nonetheless,
pyoverdine may also be involved in biofilm formation and
could be advantageous for survival of bacteria in such soils
with lower levels of organic matter (Ross, 1993; Visca
et al., 2007; Guimaraes et al., 2013). We therefore specu-
late that the tropical isolates could synthesize pyoverdine
for this latter benefit.

GABA is a non-protein amino acid that functions in
stress tolerance of plants as well as in plant-microbe com-
munication (Dagorn et al., 2013). The presence of GABA
caused increase accumulation of LPS and affected biofilm
maturation in P fluorescens (Dagorn et al., 2013) and
could also be related to this process in tropical soils.

Other sets of genes found in > 70% of the genome
sequences of the P fluorescens group were ones related
to bacteriocins (S-type + cytotoxic domain proteins and
carocin-like); the exoprotease AprA; type Il secretion sys-
tems (T2SS Hxc and T2SS Hxc-2) and type VI secretion
systems (T6SS HSI-Il); chitinase; and hydrogen cyanide
(HCN) biosynthesis (Supporting Information Table S3). In
general, these genes function in intermicrobial competition.
The extracellular protease AprA is related to both control
of protist grazing and entomopathogenic activity (Jousset
et al., 2006; Chen et al., 2014). Bacteriocins play a role in
P, fluorescens competitiveness with other bacteria (Bruce
et al,, 2017), and the T6SS delivers toxic effector proteins
into competing bacteria, providing a benefit to the producer
strain in complex bacterial communities (Ho et al., 2014).
Chitinase degrades chitin, which is present in arthropods
and fungal cell walls, and could be related to antifungal
activity (Manikandan and Raguchander, 2015). Finally,
HCN has both antimicrobial and insecticidal activity (Flury
etal., 2017).

Strains B6 and R26, assigned to the new subclade Y,
have genes for the biosynthesis of the antibiotics hydrogen
cyanide, pyoluteorin, 2,4-diacetylphloroglucinol (DAPG),
pyrrolnitrin and rhizoxin (Supporting Information Table S3).
The closest subgroup of this subclade is P protegens
(Garrido-Sanz et al. 2016), which has strains that also con-
tain genes for the biosynthesis of these antibiotics (Loper
et al., 2012).Thus, although the strains in subclade Y and
in P protegens subgroup are phylogenetically different,
they share common features for interacting in the microbial
community. All the screened functional genes that were
found in the genome sequences of tropical strains
assigned to the P koreensis subgroup were also found in
the genome sequences of strains in subclade X (Support-
ing Information Table S3). Both results indicate that genes
related to biotic interactions are shared by strains in the
new subclades and in their most-closely related sub-
groups, despite the phylogenetic distinctions revealed by
MLSA and the presence of gene clusters exclusive to
subclades X and Y. These results suggest a considerable
degree of functional redundancy between isolates
inhabiting tropical soils and previously characterized
P, fluorescens strains primarily from temperate regions.

The ability of fluorescent Pseudomonas spp. to produce
chemicals for competing in the soil/plant environments is
widely known, and several of these functions can help
plants to defend against pathogens and/or pests (Chen
et al,, 2014; Manikandan and Raguchander, 2015; Flury
et al., 2017). It is noteworthy that the rhizosphere isolates
of the P putida group have some degree of phylogenetic
relatedness to P. putida W619 (Figs 1 and 2), which is a
strain isolated from tissues of the plant Populus tricho-
carpa x deltoides cv. ‘Hoogvorst, and showed plant growth
promotion activity (Taghavi et al., 2009). A close relative of
the isolates classified in the P jessenii subgroup (R37,
B28) is the reference strain Pseudomonas sp. UW4 (Figs
1 and 2), which was isolated from the rhizosphere of com-
mon reeds and promotes plant growth (Duan et al., 2013).
The strains isolated from tropical soils in this study have
not yet been tested for their effects on plant growth or
health, but the close relationship of some of these tropical
isolates to well-characterized PGPRs suggests that they
have potential to be beneficial to plants.

New diversity found may be related to
geographical distribution

The results of this study showed that the Pseudomonas
genus is a plentiful source of new strains and species,
reflecting its tremendous diversity (Spiers et al., 2000).
Fluorescent Pseudomonas spp. are commonly isolated
from agroecosystems and are well-known for their activi-
ties in plant growth promotion and biocontrol (Hofte and
Altier, 2010). Even so, our study pointed to the presence of
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several new haplotypes and 12 possible new species from
the 18 (66.7%) identified among our 76 isolates using a
95% ANI cutoff; and also found distinct subclades indicat-
ing the possibility of two new subgroups of P, fluorescens.
Thus, based on phylogenetic analyses and operational cri-
teria based on ANI, the 76 isolates that we collected from
tropical soils represent a substantial new diversity.

Despite the attention given to Pseudomonas in the past
and the ease with which species in this genus are cultured,
we isolated several new haplotypes and possible new spe-
cies. We speculate that this reflects our focus on a
relatively unexplored habitat and geographical location.
Currently, there are 104 genome sequences of strains
named as P, fluorescens in the NCBI Genome database.
Only eight — P, fluorescens Pt14 (Rani et al., 2017), P, fluo-
rescens BRIP34879 (Gardiner et al., 2013), P, fluorescens
SRM1 (Lo et al., 2015), P, fluorescens EGD-AQ6 (unpub-
lished), P fluorescens S12 (unpublished), P fluorescens
UM270 (Hernandez-Salmerdn et al., 2016), P, fluorescens
et76 (Aarab et al.,, 2016) and P, fluorescens Ps006 (Gamez
et al., 2016) — were submitted by institutions from tropical
countries (https://www.ncbi.nim.nih.gov/genome/genomes/
150, searched in 02/10/2017). Even considering that the
taxonomic classification of these strains may be ambigu-
ous, these data nonetheless exemplify how the diversity of
fluorescent Pseudomonas spp. is less explored in tropical
than temperate regions. Thus, the lack of available data
and studies from tropical countries can explain why we
found several possible new species of fluorescent Pseudo-
monas in this study.

Microbial biogeography has shown that soil microbial
communities change across the world and neutral or selec-
tive factors, including pH, carbon sources, plant species,
moisture and temperature, can influence their composition
and structure (Fierer and Jackson, 2006; Fierer et al.,
2012). In addition to shaping communities, geographic dis-
tance also influences the evolution and diversification of
microbial species, since both genetic drift and natural
selection take place independently for populations facing
geographical separation (Hanson et al., 2012). Thus,
another recurring issue in microbial biogeography is the
existence of endemism. Cho and Tiedje (2000) suggested
the possibility of endemism of soil fluorescent Pseudomo-
nas spp., arguing against the omnipresent distribution of
these species in the world. Our results strengthen this idea
by finding several putative new species not described in
any other place. The existence of novel species and sub-
clades in the tropical soil analysed could represent a case
of endemism, until proven otherwise. Even considering the
high dispersion and migration potential of prokaryotes —
amplified by human interference — the Earth might be big
enough to prevent exogenous bacteria from rapidly con-
quering new ecosystems; while environmental filtering can
limit the easy establishment of new isolates elsewhere. In

addition, as environment differs with distance, it is possible
to suggest a rapid and distinct bacterial evolution in popu-
lations inhabiting very distant regions (Hanson et al,
2012). Hence, the biogeographical patterns added to the
lack of available genome sequences and strains from tropi-
cal soils possibly resulted in our findings, a description of
not only new haplotypes and possible species, but also
putative new P, fluorescens subgroups.

The similarities found in gene content indicate that the
biogeographical effects may have affected the genome
arrangement and phylogenetic diversification of tropical
soil isolates, but not their functionality, at least with respect
to activities associated with plant interaction of P fluores-
cens. Notwithstanding, the set of specific gene clusters
found in the new subclades suggests that its members
may perform some different activities compared to strains
in the neighbouring subgroups (P koreensis and P. prote-
gens). Biochemical and phenotypic analyses are required
to assess this issue more deeply.

Conclusions

The tropical soil analysed in our study harbours new haplo-
types and 12 possible new species of the P fluorescens
and P, putida groups. Two subclades of isolates have phy-
logenetic and genomic distinctions compared to the known
subgroups of P fluorescens, and therefore can possibly
represent new subgroups. Biogeography may explain our
finding of many putative new species and subclades, since
most studies and available data on fluorescent Pseudomo-
nas spp. are from temperate regions. Although
phylogenetically distinct, strains isolated from the tropical
soil share genes key to plant-microbe and other biotic
interactions with fluorescent Pseudomonas spp. isolated
from temperate environments. Nevertheless, hundreds of
gene clusters were found exclusively in the tropical isolates
assigned to subclades X and Y, relative to the most closely
related strains of P, fluorescens previously described. This
study demonstrates that the tremendous diversity of Pseu-
domonas spp. is not yet fully known and that tropical soils
provide an untapped source of microbial diversity.

Experimental procedures

Soil sampling and isolation of fluorescent
Pseudomonas spp.

Isolates were obtained in March 2014 from a soil (Oxisol) in
Piracicaba-SP, Brazil, managed for the past 10 years using
green-harvest system for sugarcane cultivation. Samples
were collected from six different points of the field and from
two soil compartments: bulk soil, the root-free soil located
between the crop rows and at a depth of 0—10 cm; and rhizo-
sphere, collected by removing the plants from soil and
scraping the 1-2 mm of soil adhering to the roots. A total of 12
samples (6 from bulk soil and 6 from rhizosphere) were
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obtained. All bulk soil or rhizosphere samples were homoge-
nized, making two composite samples. Soil samples were
serially diluted and aliquots were plated on the selective media
Pseudomonas Agar Base (Oxoid, Basingstoke, Hampshire,
UK) supplemented with the antibiotics cetrimide, fucidin and
cephalosporin (10, 10 and 50 mg L™ respectively). Plates
were incubated at 28°C and colonies of Pseudomonas were
periodically visualized under UV light over the span of two
days. A total of 76 single fluorescent colonies were isolated
and stored in a 35% glycerol solution at —80°C.

DNA isolation and genome sequencing

Genomic DNA from the 76 isolates was extracted using the
Wizard Kit (Promega, Madison, Wisconsin, USA) after growing
cultures overnight with the same (broth) medium and condi-
tions described above. Nextera libraries were constructed and
sequenced by the Center for Genome Research and Biocom-
puting (CGRB) at Oregon State University. The 76 barcoded
libraries were sequenced using the 150mer paired end
sequencing kit, in a single lane on an lllumina HiSeq 3000.

Genome assemblies and annotations

FastQC (Andrews, 2010) was used to assess the quality of the
sequencing reads and the Cutadapt 1.9.1 software (Martin,
2011) was used to trim off adapter sequences. Paired-end
sequencing reads were de novo assembled, using SPAdes
3.7.0 (Bankevich et al., 2012), with a phred-offset of 33 and mul-
tiple kmers (21, 33, 55, 77, 99). Small contigs (< 500 bp) and
palindromic sequences were removed from the assemblies. The
scaffold genomes were annotated using the Prokka software
(Seeman, 2014), which also generated the .gbk files. This
Whole Genome Shotgun project (BioProject PRJNA383709)
has been deposited at DDBJ/ENA/GenBank databases under
the accession numbers NEHD0O0000000-NEKA0O0000000. The
versions described here are NEHD01000000-NEKAQ01000000.
The accession numbers of all 76 isolates are available in the
Supporting Information Table S1.

Phylogenetic and genomic analyses

Using sequences of the housekeeping genes dnaE, guaA,
mutL, ppsA, pyrC, recA and rpoB of P aeruginosa PAO1 as
queries and autoMLSA v. 1.0 (Davis et al., 2016), homologous
sequences from only Pseudomonas genome sequences hav-
ing all seven housekeeping genes were retrieved from the
Genome database of NCBI (Loper et al., 2012). We refer to
these strains with available genome sequences in the NCBI
Genome database — but not necessarily type strain of a spe-
cies — as reference strains. Sequences of the housekeeping
genes were also extracted from the genome assemblies of
each isolate sequenced herein. The gene sequences corre-
sponding to each genome were aligned (MAFFT v. 7.271, L-
insi-i algorithm), concatenated and RAxML v. 8.2.8 was used
to generate a maximum likelihood multilocus sequence analy-
sis (MLSA) phylogenetic tree with bootstrap support (1000
bootstrap replicates) (Katoh and Standley, 2013; Stamatakis,
2014). The ltoL platform was used to visualize results and

produce the phylogenetic trees (Letunic and Bork, 2016).
Analysis was performed on 06/2016.

A second MLSA tree, based on the analysis of four house-
keeping genes (16S rRNA, rpoB, rpoD and gyrB), was
constructed to infer subgroup classifications. All strains with
sequences available in the NCBI Genome database and clas-
sified in the P fluorescens or P putida groups (reference
strains), as well as several type strains of all P. fluorescens
subgroups and the P, putida group, were included in this anal-
ysis. Analysis was performed on 03/2017.

The software autoANI v. 1.0 was used to calculate all possi-
ble pairwise average nucleotide identity values (ANI; Davis
et al., 2016). Each genome sequence was chunked into 1020
nt fragments and used as queries in all possible reciprocal
pairwise BLAST searches. BLAST hits above the default 30%
identity and 70% coverage were averaged to calculate the
pairwise ANI values. The R-based software program ggplot2
was used to generate a heatmap of the ANI matrix (Wickham,
2009). The Past software (Hammer et al., 2001) was used to
normalize the ANI data and a non-metric multidimensional
scaling (NMDS) was performed using the Bray-Curtis index.

The orthoMCL algorithm in the Get Homologues software
(Contreras-Moreira and Vinuesa, 2013) was used to identify
clusters of homologue genes from the coding sequences
(CDSs). The CDSs from 18 reference strains: P fluorescens
Pf0—1 (Compeau et al, 1988), Pseudomonas sp. MS586
(unpublished), P aeruginosa DK2 (Yang et al., 2011), P alkyl-
phenolia KL28 (Mulet et al., 2015), P chlororaphis PCL1606
(Pliego et al., 2012), P, fluorescens FW300-N2E3 (unpublished),
P, fluorescens NCIMB 11 764 (Vilo et al., 2012), P mandelii JR-
1 (Jang et al, 2012), R monteili SB 3078 (Dueholm et al.,
2014), P mosselii SJ10 (Park et al., 2014), P protegens Pf-5
(Paulsen et al., 2005), P, putida H8234 (Molina et al., 2013), P
putida HB3267 (Molina et al., 2014), P, putida S12 (Tao et al.,
2012), P, putida W619 (Taghavi et al., 2009), Pseudomonas sp.
FGI182 (unpublished), Pseudomonas sp. UW4 (Duan et al.,
2013) and P, syringae CC1557 (Hockett et al., 2014) — repre-
senting phylogenetically related and distant strains — were used
for comparisons. Mauve 2.4.0 software, using the progressive-
Mauve algorithm, was used to align multiple genome
sequences for synteny analyses (Darling et al., 2010).

A database of translated sequences that exemplify key
functions of fluorescent Pseudomonas spp. was developed
and used as queries in BLAST searches (tBLASTn) against
the genome assemblies of the 76 isolates from Brazilian soil.
The amino acid sequences were extracted from the .faa files
corresponding to: P, fluorescens Q8r1-96 (ACC deaminase;
T3SS-1; T3SS-2; T6SS HSI-I) (Loper et al., 2012), P, fluores-
cens PfO—1 (AprA; chitinase; GABA catabolism; T2SS Hxc;
T6SS HSI-Il; T6SS HSI-lI; Teed; Tecb; carocin-like; S-type-
+ cytotoxic domain proteins; prototypic S-type) (Compeau
et al., 1988), P, protegens Pf-5 (DAPG; HCN; pyoluteorin; pyr-
rolnitrin; rhizoxin) (Paulsen et al., 2005), P chlororaphis O-6
(IAA biosynthesis) (Loper et al., 2012), P, fluorescens SBW25
(T2SS Hxc-2) (Rainey and Bailey, 1996) and P fluorescens
Q2-87 (T3SS-3) (Loper et al., 2012).
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Fig. S1. Non-metric Multidimensional Scaling (NMDS) using
the Bray-Curtis similarity index for ordination of samples
(isolates and references) according to the ANI values. Black
dots are the reference strains; blue dots are isolates in the
P. koreensis subgroup; purple dots are isolates in the P, jes-
senii subgroup; red dots are isolates in the P. putida group;
and grey dots are isolates in the new subclades X and Y.
Fig. S2. Synteny analyses performed by multiple genome
alignments using the mauve software. Different colours in
the genome sequences correspond to genome regions with
high percentage alignment. Lines indicate rearranged
regions and show their position in the compared genomes.
The origin of replication is approximately in the middle of
each genome sequence, based on the reference genome
sequences used to reorder the contigs of the other assem-
blies analysed, that is, A) isolate R12 (~2962 Mbp) for the
comparison inside the subclade X; and B) isolate R26
(~3148 Mbp) for the comparison inside the subclade Y.
Table S1. Accession numbers of the 76 genome sequences
available in the Genbank/DDBJ/ENA databases.

Table S2. Main quality parameters of genome assemblies
output.

Table S3. BLAST searches for the set of genes related to
important functions performed by known P fluorescens
strains. Functions were considered present in a genome
only if the complete set of genes were found with high simi-
larity and identity hits in the tBLASTn. Abbreviations:
DAPG, 2,4-diacetylphloroglucinol;  GABA, Gamma-
aminobutyric acid; IAA, indole acetic acid (iaaMH); Tcc4
and Tcch, toxin complex clusters; AprA, exoprotease;
T2SS, type 2 secretion system; T3SS, type 3 secretion sys-
tem; T6SS, type VI secretion system. Toxin complex clus-
ters and secretion systems are designated according to
Loper and colleagues (2012).
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