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Pseudomonas stutzeri is a species complex with extremely broad phenotypic and
genotypic diversity. However, very little is known about its diversity, taxonomy and
phylogeny at the genomic scale. To address these issues, we systematically and
comprehensively defined the taxonomy and nomenclature for this species complex and
explored its genetic diversity using hundreds of sequenced genomes. By combining
average nucleotide identity (ANI) evaluation and phylogenetic inference approaches, we
identified 123 P stutzeri complex genomes covering at least six well-defined species
among all sequenced Pseudomonas genomes; of these, 25 genomes represented
novel members of this species complex. ANI values of >~95% and digital DNA-DNA
hybridization (dDDH) values of >~60% in combination with phylogenomic analysis
consistently and robustly supported the division of these strains into 27 genomovars
(most likely species to some extent), comprising 16 known and 11 unknown
genomovars. We revealed that 12 strains had mistaken taxonomic assignments, while
16 strains without species names can be assigned to the species level within the species
complex. We observed an open pan-genome of the P stutzeri complex comprising
13,261 gene families, among which approximately 45% gene families do not match any
sequence present in the COG database, and a large proportion of accessory genes.
The genome contents experienced extensive genetic gain and loss events, which may
be one of the major mechanisms driving diversification within this species complex.
Surprisingly, we found that the ectoine biosynthesis gene cluster (ect) was present in
all genomes of P, stutzeri species complex strains but distributed at very low frequency
(43 out of 9548) in other Pseudomonas genomes, suggesting a possible origin of the
ancestors of P, stutzeri species complex in high-osmolarity environments. Collectively,
our study highlights the potential of using whole-genome sequences to re-evaluate the
current definition of the P, stutzeri complex, shedding new light on its genomic diversity
and evolutionary history.

Keywords: genome comparison, taxonomy and nomenclature, phylogeny, genetic diversity, pan-genome,
Psuedomonas stutzeri complex
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INTRODUCTION

Pseudomonas stutzeri is a species complex comprising five
defined species, P. stutzeri (sensu stricto) (s.s.), P. xanthomarina
(Romanenko et al., 2005), P. balearica (Bennasar et al., 1996),
P. luteola and P. chloritidismutans (Wolterink et al., 2002),
according to the National Center for Biotechnology Information
(NCBI) Taxonomy Database. Strains belonging to P. stutzeri
complex display extremely broad phenotypic diversity and
consequently colonize a large range of ecological niches (Lalucat
et al.,, 2006). Although rarely causing infections, over the past
two decades, P. stutzeri complex members have been increasingly
recognized as a cause of infection in humans (Scotta et al., 2012;
Hequette-Ruz et al., 2018; Halabi et al., 2019). The P. stutzeri
complex has received particular attention because of specific
physiological properties, such as denitrification (Pena et al.,
2012), nitrogen fixation (Lalucat et al., 2006; Yan et al., 2008;
Busquets et al., 2013; Paerl et al., 2018), degradation of aromatic
compounds (Brunet-Galmes et al., 2012; Busquets et al., 2013;
Gomila et al., 2015a; Hirose et al., 2015; Brown et al., 2017),
and metal resistance and potential application in bioremediation
(Li et al., 2012; Chakraborty et al., 2017; Zheng et al., 2018;
Harada et al., 2019). It was shown that one third of P. stutzeri
complex members are naturally transformable (Sikorski et al.,
2002b; Busquets et al., 2012; Smith et al., 2014), which may be one
of the major driving forces causing its high level of intraspecific
heterogeneity. Diversity within the species is not limited to
physiological traits but is also clearly reflected at the genetic level.
To date, the P. stutzeri complex has been divided into at least 21
defined genomovars (Scotta et al., 2013), a provisional taxonomic
status for genotypically similar strains within a bacterial species.
However, there is lack of defined phenotypic properties for
discriminating among different genomovars (Lalucat et al., 2006).
Despite focus on its genetic heterogeneity and taxonomy, most
investigations of P. stutzeri have been performed on the basis of
DNA-DNA hybridization (DDH), 16S rRNA gene similarity, and
sequencing of several housekeeping genes (multilocus sequence
analysis, MLSA) (Guasp et al., 2000; Scotta et al., 2013; Zhang
et al, 2014). With advances in high-throughput sequencing
technology, numerous genomes representing this group of strains
have been determined. However, a comprehensive, genome-
wide analysis of this species complex related to its diversity and
taxonomy is lacking.

The DDH, 16S rRNA gene analysis and MLSA are the most
frequently used approaches for assigning isolates to species
within the P. stutzeri complex. All genomovars of the species
complex described so far have been described using these
approaches (Rossello et al., 1991; Sikorski et al., 2005; Gomila
et al., 2015b). However, each of these techniques has some basic
limitations. DDH is the gold standard for prokaryotic species
circumscriptions, and construction of the existing prokaryotic
classification system was based on the fact that DDH can
reveal coherent genomic groups (genospecies) of strains generally
sharing DDH values with > 70% similarity (Colston et al., 2014).
However, laboratory-based DDH measurements are complex and
time-consuming. Therefore, the difficulty of obtaining DDH
values for a large number of genomes is a major drawback in the

bioinformatics era. Similarly, the low variability and conservative
nature of 16S rRNA genes gives rise to insufficient resolution
for inferring clear taxonomic relationships (Rossi-Tamisier et al.,
2015), while putative bias in the selection of genes is a major
drawback for MLSA.

Genome sequencing has become a routine practice in
microbiology research due to advances in high-throughput
sequencing technology and declining costs of sequencing. At
the time of writing, there are more than 250,000 prokaryotic
genomes that have been released in the NCBI genome database.
As a result, new tools are being developed to assess taxonomic
relationships and discover novel taxa, primarily digital DNA-
DNA hybridization (dDDH) (Chain et al., 2009; Meier-Kolthoff
et al, 2013) and average nucleotide identity (ANI) (Richter
and Rossello-Mora, 2009). Taxonomists already believe that the
reference standard for determining taxonomy will be full genome
sequences. Digital DNA-DNA hybridization produces values that
compare closely with experimentally derived DDH values (Auch
et al., 2010; Meier-Kolthoff et al., 2013). Average nucleotide
identity between two genomes has been proposed as a promising
standard for defining prokaryotic species and is receiving wide
acceptance (Federhen et al,, 2016; Ciufo et al., 2018). The most
recent proposal recommends using an ANI threshold of 94~96%
(Konstantinidis and Tiedje, 2005; Jain et al., 2018), along with
support from tetranucleotide frequency correlation coefficient
(TETRA) values > 0.99 (Richter and Rossello-Mora, 2009).

An increasing number of P. stutzeri complex genomes
have been obtained from a variety of ecosystems (listed
in Supplementary Table 1), providing researchers with an
opportunity to extensively analyze genetic diversity, assess
taxonomic relationships, discover novel taxa and identify genetic
determinants associated with specific physiological properties. In
this study, by coupling a large complete genome collection with
powerful bioinformatics analyses, we documented taxonomic
and phylogenetic relationships in this species complex and
elaborated on its diversity at the genomic level. Finally, we
surveyed the distribution of the ectoine biosynthesis gene cluster
(ect) in all Pseudomonas genomes to inquire into a possible
origin of the ancestors of the P. stutzeri complex in high-
osmolarity habitats. Our results underlined the misidentifications
for P. stutzeri complex in taxonomy and nomenclature, and
revealed that a substantial proportion of pan-genome has
undergone gene loss and gain, essentially shaping the genetic
diversity of the P. stutzeri complex.

MATERIALS AND METHODS

Genomic Sequences of Pseudomonas

stutzeri Species Complex

Pseudomonas stutzeri has a complex taxonomy encompassing
several species. To define P. stutzeri complex genomes, a
combination of ANI and MLSA approaches were used to sieve
P. stutzeri complex genomes from all sequenced Pseudomonas
genomes. All available 9,548 Pseudomonas genomes (as of
6 February 2020) were retrieved from the NCBI genome
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database' using Aspera.’ First, 9,548 Pseudomonas genomes
were queried against 105 genomes of the P. stutzeri group
(Supplementary Table 2) in NCBI for ANI calculation using
fastANI version 1.3 (Jain et al, 2018). Then, genomes
having > 80% identity by ANI to reference genomes were
retained for curated ANIm calculation using Jspecies version
1.2.1 (Richter and Rossello-Mora, 2009) with default parameters.
ANI values were transformed into a “100%-ANI" distance matrix
and clustered using MEGAX version 10.0.4 (Kumar et al,
2018) with the neighbor-joining (NJ) algorithm. Simultaneously,
three housekeeping genes (16S rRNA, gyrB and rpoD partial
gene sequences) were extracted from the Pseudomonas genomes
having > 80% identity by ANI to reference genomes. Besides,
these three genes of 53 well-characterized P. stutzeri complex
strains were downloaded from NCBI nucleotide database
according to a previous study (Scotta et al, 2013). A NJ
phylogenetic tree based on the concatenated analysis of the
three genes was generated utilizing MEGAX. Finally, only
genomes located in the same branch with the well-characterized
(or defined) P. stutzeri complex strains in both ANI and
MLSA analyses were considered to be members of the
P. stutzeri complex.

Digital DNA-DNA Hybridization

Estimation of dDDH was performed using the Genome-to-
Genome Distance Calculator (GGDC) (Chain et al., 2009; Meier-
Kolthoff et al., 2013). Accession numbers of P. stutzeri complex
genomes were submitted to the GGDC 2.0 Web server,” where
dDDH calculations were performed. Results of GGDC were used
for analysis according to formula 2, which calculates dDDH
estimates independent of genome length and is recommended by
the authors of GGDC for use with draft genomes (Chain et al.,
2009; Meier-Kolthoff et al., 2013).

Determination of Core- and

Pan-Genomes

All  predicted protein-coding sequences (CDSs) were
extracted from each of 123 genomes separately using
extract_protein_dir.p]* and subjected to identification of
homologous clusters using OrthoFinder version 2.3.12
(Emms and Kelly, 2019) with default parameters. This
tool is fast, accurate and scalable to numerous genomes
compared with OrthoMCL. Results for orthogroups and
unassigned genes (strain-specific genes) from OrthoFinder were
combined, and the combined data format was modified using
format_modification.pl.” These data were subsequently used
to estimate the core- and pan-genomes for a given number
of sequentially added genomes via the PGAP tool v1.2.1
(Zhao et al., 2012). Sample size was set to 20,000 according

Uhttps://www.ncbi.nlm.nih.gov/genome/browse/
Zhttps://www.ibm.com/aspera/connect/

*http://ggdc.dsmz.de/ggdc.php

4https:/ /github.com/Xiangyang1984/P._stutzeri_Complex_Manuscript/blob/
main/extract_protein_dir.pl

5https:/ /github.com/Xiangyang1984/P._stutzeri_Complex_Manuscript/blob/
main/format_modification.pl

to recommendations for this software. The core genome was
defined as homologous genes shared by all genomes analyzed.
The pan-genome was defined as the non-redundant set of all
genes found in all genomes analyzed.

In addition, the percentage of homologs shared between pairs
of genomes was used to reflect the genetic diversity in their gene
content. This was defined as the number of shared homologs
divided by the average number of genes in the non-redundant
set of all CDSs between two genomes. The number of shared
homologs for any pair of genomes and the number of genes
in the non-redundant set of all CDSs for each genome were
obtained from the results files “Comparative Genomics Statistics
Directory” generated by Orthofinder. In total, 15,129 pairwise
values were calculated for 123 genomes.

Phylogenetic Tree Inference

Core genes were obtained using OrthoFinder. Single-copy core
genes, which are shared by all genomes and present as only a
single copy in each genome, were used to infer phylogenetic
relationships among 123 P. stutzeri complex strains plus
four outgroup strains (Pseudomonas aeruginosa DSM 500717,
P. azotifigens DSM 175567, P. mendocina NCTC10897" and
P. putida FF4). All nucleotide alignments of core genes were
generated using Muscle version 3.8.31 (Edgar, 2004), and core
gene sequences were concatenated into a string of nucleotides for
each genome using Concat_Seq.pl.® The concatenated alignment
data were used to infer phylogenies using MEGAX version 10.0.4
with the NJ algorithm, and RAxML version 8.2.11 (Stamatakis,
2014) with the maximum-likelihood (ML) algorithm under the
general time-reversible (GTR) + category (CAT) model. To
estimate tree reliability, a bootstrap method computing 1,000
bootstrap repetitions was used for both the NJ and ML trees.
In addition, GGDC distance (intergenomic distance) matrices
were used to construct a tree using FastME version 2.1.5 (Lefort
etal., 2015). Statistical comparisons of tree topologies were made
using the Kendall-Colijn metric implemented through the R
package treespace (Jombart et al., 2017). For all pairwise tree
comparisons, trees were rooted to four outgroup strains, and a
lambda value of 0 (to give weight to tree topology rather than
branch lengths) was used along with 100,000 random trees as
a background distribution. A z-test was performed comparing
the distance observed between the query and the reference to
the distances observed between the query and the trees from
the background distribution. A threshold of P < 0.05 was used
to determine that the query tree is more closely related to the
reference tree topology than would be expected by chance. All
trees were visualized using ITOL (Letunic and Bork, 2019).

Dynamics of Gene Content Analysis

Gain and loss of gene families at each ancestral node were
modeled using Count v10.04 (Csuros, 2010) using the Pan-
genome matrix of 123 genomes and a modified core-gene based
ML tree as input files. This tree was generated by removing the
outgroup strains of the core-gene based ML tree using iTOL. All

6https:/ /github.com/Xiangyang1984/P._stutzeri_Complex_Manuscript/blob/
main/Concat_Seq.pl
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of the model parameters were first optimized by maximizing the
likelihood of the data using a gain-loss-duplication model with
a Poisson distribution for gene family size at the root. Gamma-
distributed rate variation across gene families was assumed, with
the shape parameter discretized in four classes; a fixed gain/loss
ratio across lineages was also assumed. Rate parameters were
optimized after 100 rounds of parameter optimization. Profiles of
posterior probabilities of events for each branch of the tree were
then estimated. To obtain patterns of gain/loss, these probabilities
were transformed into “likely events” using a threshold of 0.5
posterior probability (Brito et al., 2018).

Functional Analysis

We extracted the amino acid sequences of the unique genes
and the first genes for each set of homologs in the pan-
genome. To characterize the functional classification of pan-
genome, these sequences were queried against the Clusters
of Orthologous Groups of proteins (COGs, v2021) database
(Galperin et al., 2021) using blastP (Boratyn et al., 2013) with
E-value of 1le-5 (Zhong et al., 2021). COG_annotation.pl” was
used to perform the blast analysis and classified the function
of the genes according to COG classifications. If a gene was
assigned to more than one COG category, each COG category
was calculated separately.

Origin of the Cloud Genome

The cloud genome was defined as homologous protein clusters
shared by only one or two genomes. To identify potential donor
species of the cloud genome, all cloud genes were queried against
the NCBI nr database using a blastp search with an E-value of le-
5. The blastp hits excluded sequences belonging to the 123 strains
analyzed in this study.

Detection of Ectoine Biosynthesis Gene
Cluster in Pseudomonas spp.

Ectoine biosynthesis is the common mechanism for balancing
osmotic pressure for some bacteria. Biosynthesis of ectoine is
catalyzed by ectABC, which encode N-y-acetyltransferase, 1-
2,4-diaminobutyric acid transaminase and ectoine synthase,
respectively. Some strains hydroxylate ectoine to 5-
hydroxyectoine in a stereospecific fashion using the ectoine
hydroxylase EctD. ask_ect is a gene encoding aspartokinase
that is involved in biosynthesis of the precursor for ectoine
biosynthesis, aspartyl-beta-phosphate, and enhances the
biosynthesis of ectoine and hydroxyectoine (Stoveken et al.,
2011). Several P. stutzeri complex genomes were reported to
harbor complete ectoine biosynthesis gene cluster, comprising
five genes (ectABCD-ask) (Stoveken et al., 2011; Li et al., 2012).
Numerous P. stutzeri complex strains isolated from marine
environments (Supplementary Table 1) inspired us to survey
whether harboring ectABCD-ask is a common phenomenon in
genomes of this species complex strains for surviving in salty
environments (Sikorski et al., 2002a; Pena et al., 2012; Paerl
et al., 2018; Zheng et al., 2018). Interested_gene_generation.pl

7https:/ /github.com/Xiangyang1984/P._stutzeri_Complex_Manuscript/blob/
main/COG_annotation.pl

in the Gcluster tool (Li et al., 2020) was employed to detect
the distribution of the ect cluster among 9,548 Pseudomonas
genomes as an initial screen. This script performs a local blastp
analysis in which all protein sequences of Pseudomonas spp.
are queried against the amino acid sequence of the ectoine
synthase EctC of P. stutzeri A1501. In blastp analysis, subjects
meeting the custom cut-off (E-value < le-5; Identity > 50%;
Coverage > 70%) were accepted as positive hits. All candidate
genomes harboring ectC were visualized using Gcluster.pl (Li
et al., 2020) one time and checked manually for the presence of
the ectABCD-ask gene cluster.

RESULTS AND DISCUSSION

Definition of Pseudomonas stutzeri

Complex Genomes

It is well accepted that some genomes are misidentified or could
be named more specifically in the NCBI database (Federhen et al.,
2016; Ciufo et al., 2018). For this reason, we used two prevalent
approaches, ANI analysis and phylogenetic tree reconstruction
based on housekeeping genes, to identify P. stutzeri complex
genomes among 9,548 Pseudomonas genomes. ANI analysis
indicated that 368 of the 9,548 Pseudomonas genomes shared
more than 80% identity by ANI with 105 genomes of P. stutzeri
complex strains in GenBank. Cluster analysis using the “100%-
ANT” distance matrix placed 133 strains in the P. stutzeri complex
branch (Supplementary Figure 1). However, P. stutzeri NP_8HO
was excluded in the P. stutzeri complex branch. The phylogenetic
tree based on the concatenated analysis of the three genes
(16S rRNA, ropD and gyrB) is partially incongruent with that
of the cluster analysis. The disaccord is that ten strains (six
P. luteola strains, P. lutea LMG 21974, P. zeshuii KACC 15471,
and Pseudomonas sp. strains HPB0071 and LTJR-52) were not
affiliated with the P. stutzeri complex branch (Supplementary
Figure 2). Meanwhile, P. [uteola strains had an average GC%
of 55.02%, significantly lower than that of P. stutzeri complex
(P < 0.01, see below), supporting that P. luteola did not belong
to the P. stutzeri complex. Thus, above results demonstrated
that 123 genomes should be assigned to the P. stutzeri complex,
and they are listed in Supplementary Table 1. Seven genomes
(six P. luteola strains and P. stutzeri NP_8HO) did not belong
to the P. stutzeri complex. P. stutzeri complex strains had been
isolated from different sources, e.g., soil, saline and clinically
relevant environments. Overall, the genome size of members of
the P. stutzeri complex ranged from 3.674 to 5.319 Mb, with
an average value of 4.566 Mb, and their GC contents ranged
from 59.6 to 65.18%, with an average value of 63.12%. Strains of
this species complex have an average of 4,129 CDSs (excluding
pseudo-CDSs) (Supplementary Table 1).

Among 123 genomes, we identified 25 novel members of
the P. stutzeri complex (Supplementary Table 1), accounting
for more than 20% of the total number of P. stutzeri complex
genomes. This result provides evidence of mistakes in the
taxonomy and nomenclature of the P. stutzeri complex when
data were submitted to the NCBI genome database. The novel
P. stutzeri complex genomes encompassed all sequenced strains
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FIGURE 1 | Comparison of similarities and diversities for 123 P, stutzeri group genomes. (A) Correlation between ANI and dDDH. Each data point represents the
dDDH value between two strains against their corresponding ANIm value. The two approaches revealed a significant correlation, with an r2 of 0.986. (B) Correlation
between conserved genes and evolutionary distance for bacterial species. Each data point represents the percentage of homologous genes between two strains
plotted against their evolutionary distance, measured as dDDH between the strains. Red points denote pairs of strains that belong to the same genomovar, and blue
points denote pairs of strains belonging to different genomovars, according to the species definition standard in this study. Although there is significant correlation,
with an r2 of 0.738, the pairwise percentage similarities of homologs are discordant with the genome phylogeny.

of four species [Pseudomonas kunmingensis (Xie et al., 2014),
P. saudiphocaensis (Azhar et al., 2017), P. songnenensis (Zhang
et al., 2015b) and P. zhaodongensis (Zhang et al., 2015a)] and
16 Pseudomonas strains without species assignment. The reason
for a large proportion of P. stutzeri complex genomes being
deposited at NCBI with incorrect taxonomy and nomenclature
most likely stems from their extreme genetic diversity and a
high similarity among their 16S rRNA gene sequences. Our
results also suggest that it is hard to determine the taxonomy
and nomenclature for certain novel P. stutzeri complex strains,
which show distant relationships with known P. stutzeri complex
genomes. The results presented here suggest that FastANI in
combination with phylogenetic analysis is a promising approach
for correcting and updating the nomenclature to curtail the
promulgation of inaccurate information. FastANI is a fast
method for calculating ANI for large numbers of genomes (Jain
et al., 2018). We set an ANI value of 80% as the threshold for
filtering, which may have caused us to miss some P. stutzeri
complex strains if genomes of novel genomovars are not included
in the reference genomes. However, it will not happen as ANI
values between genomes of different genomovars were greater
than 80% (Supplementary Table 3).

Genome Similarity and Phylogenetic

Relationships

We evaluated the pairwise percentage similarities of 123 genomes
using two different bioinformatics approaches, dDDH and ANI.
Use of these two approaches has been proposed to overcome the
challenges of conventional laboratory-based DDH for evaluating
the overall similarity of bacterial genomes (Colston et al., 2014).
dDDH and ANI use different algorithms for the calculations

(Colston et al., 2014); however, the results obtained here were
highly concordant with each other (Figure 1A), and detailed
data are shown in Supplementary Table 3. The r? value
was 0.986 for the entire data set, demonstrating that results
from the two approaches show good congruence and either
method can be used for determining overall genome similarities.
Usually, two genomes belonging to the same species would
have an ANI cutoff of 94-96% (Konstantinidis and Tiedje,
2005; Richter and Rossello-Mora, 2009), which corresponds
to the 70% DDH and 70% dDDH. However, for pairs of a
few genomes in this study (mainly belonging to gv 7 and gv
18, see below), we found ANI values of around 95% (with
TETRA values > 0.99) corresponded to approximately 60%
dDDH, noticeably lower than the expected dDDH values. For
instance, P. stutzeri DCP-Psl and Pseudomonas sp. JL972 have
an ANI value of 94.89% and dDDH value of 59.9% [95%
confidence interval (CI), 57.1-62.7%] (Supplementary Table 3).
This result indicated that ANI values were positively correlated
with dDDH values, yet an ANI cut-off of around 95% did
not correspond to an absolute dDDH value. A previous study
reported that the value of 70% DDH could not be used as
absolute boundary, but still a gap between 60 and 70% similarity
seemed to embrace clear-cut clusters of organisms; given the
large extent of diversity among prokaryotes, the circumscription
of each genospecies would, in addition, be dependent on
each group being studied (Richter and Rossello-Mora, 2009).
Correspondingly, NCBI maintains ANI species cutoff values
on a species-specific basis, which span much more (or much
less than) the default rule of thumb 96% ANI (Federhen
et al,, 2016). In addition, the phylogenetic tree based on MLSA
analysis confirmed that these genomes belonged to the same
genomovar since they clustered with the well-characterized
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strains of P. stutzeri complex gv 7 or gv 18 (Supplementary
Figure 2). Altogether, for P. stutzeri complex, at the ~ 95% ANI
value (Jain et al., 2018) and ~ 60% dDDH values cutoff, 123
genomes in our study could be assigned into 27 genomovars
(referred to as gv). For each genomovar containing at least three
genomes, the range of ANI and dDDH is listed in Table 1.

Based on reference strains of defined genomovars, 82.93%
genomes (102 out of 123) belonged to 14 known genomovars.
gv 1 was the largest group, comprising 47 genomes, followed by
gv 3 (13 genomes), gv 7 (8 genomes), gv 8 (7 genomes), gv 5 (7
genomes), gv 6 (4 genomes), gv 2 (3 genomes), gv 14 (3 genomes),
gv 15 (3 genomes), gv4 (2 genomes) and gv 17 (2 genomes); gv 9,
gv 16, and gv 19 contained only one strain, respectively (Lalucat
et al., 2006). In addition, according to results of MLSA and ANI
analysis (Supplementary Figure 2 and Supplementary Table 3),
five genomes were most likely assigned to gv 12 and gv 18. For
example, four strains (P. stutzeri 273, Pseudomonas sp. 10B238,
Pseudomonas sp. Choline-3u-10 and P. zhaodongensis SST2) were
grouped with representative strain P. stutzeri MT-1 of gv 18;
they should be members of gv 18. The remaining 11 branches
each represented an unknown or novel genomovar (Figure 2).
Taken together, these results highlight the extremely high level of
genetic heterogeneity within the P. stutzeri complex. It speculates
that the study of more genomes will uncover more genomovars
(Scotta et al., 2013).

To infer the phylogenetic relationship for P. stutzeri complex
strains, we built both ML (Figure 2) and NJ (Supplementary
Figure 3) phylogenetic trees based on concatenated single-copy
core genes, using four closely related strains as an outgroup.
These two trees showed accordance with each other in strain
grouping (P < 0.05) by Kendall-Colijn test with » = 0
implemented in R package Treespace (Jombart et al., 2017).
Their topology was also similar with that of the phylogenetic
tree reconstructed using the GGDC distance matrix (Kendall-
Colijn test, P < 0.05) (Supplementary Figure 4). Overall,
P. stutzeri complex strains could be divided into two major
clades (Figure 2). Clade I comprised 96 genomes covering 15
genomovars. Most of the known genomovars were located in this

clade, e.g., gv 1 and gv 5. These two genomovars were most closely
related to each other. Interestingly, blastp analysis using the nifH
gene (encoding nitrogenase Fe protein) as a query indicated
that all 16 strains possessed the potential ability to fix nitrogen.
These strains all belonged to Clade I, mainly belonging to gv1
(Supplementary Table 4). Clade II had 27 genomes covering
12 genomovars; more than half of the unknown genomovars
belonged to this clade. In good accordance with the results of ANIT
and dDDH, the phylogenetic tree based on core genes divided
all genomes of the P. stutzeri complex into 27 branches (marked
with different colors in Figure 2), and members of the same
genomovar clustered together on the same branch (Figure 2).
Hence, we conclude that the core-gene-based tree reflected the
actual affiliations among strains of the P. stutzeri complex. Our
results also robustly support that 25 newly identified genomes
belong to P. stutzeri complex, since these strains were mixed
well with known P. stutzeri complex strains in the tree, with
most of them located in known genomovars (Figure 2 and
Supplementary Figure 2), e.g., P. kunmingensis strains. By
contrast, in previous studies, phylogenetic analyses of the 16S
rRNA gene and four housekeeping genes (ITS1, gyrB, rpoB and
rpoD) distinctly placed P. stutzeri complex and P. balearica on
different phylogenetic branches (Bennasar et al., 1996; Garcia-
Valdés et al., 2010). It can be concluded that the phylogenetic
tree based on the whole-genome sequences gives much better
resolution than a phylogeny based on several housekeeping genes.

Taxonomic Assignments of

Pseudomonas stutzeri Complex Strains
In this study, a combination of three different approaches
(dDDH, ANIm and core-gene-based phylogenomic tree) allowed
us to obtain a high-resolution phylogeny of P. stutzeri complex
strains. We revealed that 28 strains are inconsistently named
among 98 publicly available and 25 newly identified P. stutzeri
complex genomes analyzed in this study.

Our deep bioinformatics analysis allowed us to accurately
assign some strains with uncertain species identification to the

TABLE 1 | The range of ANl and dDDH values within each genomovar.

Genomovar* ANIm dDDH
Minimum value (%) Maximum value (%) Minimum value (%) Maximum value (%)

gv 1 97.31 99.96 73.4 100
gv2 97.67 97.74 77.9 78.9
gv3 96.51 99.92 69.6 98.8
gvb 96.54 98.38 68.6 86.1
gv6 98.45 98.62 84.6 87.6
v7 94.89 98.51 59.9 87.6
gv8 96.91 98.95 72.4 91.5
gv 14 96.65 98.68 70.7 88.6
gv 15 97.25 97.47 75.5 77.5
gv 18 95.57 99.56 62.7 97.7
un 1 98.22 98.35 83.5 85

*Each genomovar containing at least three genomes is involved in statistical analysis.
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FIGURE 2 | Phylogenetic tree based on the maximum-likelihood method implemented in RAXML. The phylogenetic tree was reconstructed using 524 single-copy
orthologous genes shared by 123 P, stutzeri strains and four outgroup strains (P aeruginosa DSM 500717, P azotifigens DSM 17556, P mendocina NCTC10897"

b stutzeri DW.2" -k
— P.songnenensis L103
P songnenensis NEAU-ST5-5"

and P, putida FF4). This tree was re-rooted with four outgroup strains using iTOL. 27 groups are marked with different colors and numbers. Type strains and the
reference strains of each genomovar are marked with bold italic font. Asterisks denote 25 newly identified members of P, stutzeri; blue asterisks represent newly
identified genomovars of R stutzeri, and red asterisks and hollow circles denote strains with mistakes in nomenclature. Scale bar corresponds to 0.1 estimated

nucleotide substitutions per site.

species level. In total, there were 16 strains without species
names, distributed in nine genomovars, including eight known
genomovars. P. stutzeri CCUG 16156 is the first sequenced
representative of gv 2 and a model organism for denitrification
studies (Pena et al., 2012). Pseudomonas sp. TTU2014-105ASC
and strain CCUG 16156 had an ANIm value of 97.7% and
a dDDH value of 77.9%, demonstrating that strain TTU2014-
105ASC should belong to gv 2. The core-gene phylogeny placed
Pseudomonas sp. R2A2 and Pseudomonas sp. THAF7b within
gv 5 group. ANI values between these two strains and the gv

5 strain P. stutzeri DNSP21 were > 96.5%, while the dDDH
values were > 68.8%. Taken together, the data strongly support
assigning strains R2A2 and THAF7b to gv 5. Three strains
(Pseudomonas sp. HMP271, JL972 and Choll) had ANI values
of > 95.9% and dDDH values of > 65.8% to strain DSM 50238,
the reference strain of gv 7. Four strains, Pseudomonas sp. GL14,
§199, TTU2014-096BSC and TTU2014-066ASC clustered with
P. stutzeri DSM 10701, which is the reference strain of gv 8
and considered as a model organism for natural transformation.
These strains shared ANIm and dDDH values with DSM 10701
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of > 97.6% and > 78.7%, respectively. Pseudomonas sp. 9Ag
belongs to gv 15, since it had an ANI value of 97.3% and a dDDH
value of 75.9% to P. stutzeri 4C29, the reference strain of gv 15.
Pseudomonas sp. BAY1663 was assigned to gv 17, as it had an
ANIm value of 98.04% and a dDDH value of 82.2% with the gv 17
strain P. stutzeri 24a75 (Lalucat et al., 2006). According to MSLA,
ANI and dDDH analyses, Pseudomonas sp. 10B238 and Choline-
3u-10 belonged to gv 18, and Pseudomonas sp. IC_126 affiliated
to gv 12. Pseudomonas sp. SCT and P. stutzeri RCH2 grouped
together in unknown genomovar un 2.

In addition, our results revealed mistakes in the nomenclature
of 12 strains, especially seven P. xanthomarina strains, which
were assigned into three different genomovars. Group un 5
represented the actual P. xanthomarina species, as the type
strain P. xanthomarina DSM 182317 was located on this branch.
P. xanthomarina UASWS0955 and P. stutzeri DSM 10701
had an ANIm value of 97.2% and a dDDH value of 74.7%.
Therefore, P. xanthomarina UASWS0955 should be re-assigned
as P. stutzeri UASWS0955. Four P. xanthomarina strains, S11,
PX_371, PX_177 and PX_067, belong to gv 3, as they had
minimum ANIm of 96.8% and dDDH of 71.1% with P. stutzeri
CCUG 29243, the reference strain of gv 3. Surprisingly, a number
of taxonomic controversies existed within the gv 3 group. This
group contained two newly described species, P. kunmingensis
[type strain P. kunmingensis DSM 259747 (Xie et al.,, 2014)]
and P. chloritidismutans [type strain P. chloritidismutans AW-1T
(Wolterink et al., 2002)]; however, the ANI and dDDH for any
pair of genomes in this group exceeded the specified threshold
for species delineation. This result was in accordance with
previous reports for P. chloritidismutans (Wolterink et al., 2002;

Cladera et al., 2006; Scotta et al., 2013; Mehboob et al., 2016).
Pseudomonas chloritidismutans has been identified as a novel
species because strain AW-1 can dissimilate perchlorate or
chlorate, which was not found in P. stutzeri DSM 50227, the
reference strain of gv 3. However, this unique feature is most
likely a result of lateral gene transfer in the environment;
additionally, dissimilation of perchlorate or chlorate is also found
in strains belonging to gv 1, gv 3 and gv 5 (Cladera et al,
2006). One crucial reason for describing P. kunmingensis as
a novel species was that P. kunmingensis DSM 259747 has a
DDH value of 38.92% (& 3.44%, standard deviation of three
replicates) with P. stutzeri ATCC 17588 (= CGMCC 1.18037),
the reference strain of gv 1 (Xie et al., 2014). In fact, both
P. kunmingensis DSM 259747 and BUM14 have dDDH values
of > 70% and ANI values of > 95% with the strains of the
gv 3 branch. Therefore, we suggest that a mistake occurred in
the nomenclature for P. chloritidismutans and P. kunmingensis,
and representatives of these two taxa should belong to the
same species. Each pair of genomes among P. stutzeri DW2-
1, P. songnenensis L103 and P. songnenensis NEAU-ST5-5" had
an ANIm value > 98% and dDDH > 83%. Hence, P. stutzeri
DW2-1 should be renamed P. songnenensis DW2-1. In the gv
6 group, P. stutzeri YC-YH1 and three P. balearica strains
(LS401, st101 and DSM_6083T) grouped together, supporting
assignment of P. stutzeri YC-YHI1 to P. balearica. Our results
showed that P. zhaodongensis SST2 and P. zhaodongensis
NEAU-ST5-21T belong to different genomovar branches, as the
shared ANI and dDDH values between them greatly below the
species cutoff value. This demonstrated mistaken taxonomic
nomenclature for P. zhaodongensis SST2. Our results could
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FIGURE 3 | Homologous gene cluster based pan-genome. (A) Composition of the P stutzeri pan-genome. (B) Relative frequency of softcore, shell and cloud
pan-genes for individual genomes; on the X-axis, each vertical bar represented one genome. (C) Simulations of the increase of pan-genome size and decrease of
core-genome size. Genomes were sampled as 20,000 random combinations of each given number of genomes. Solid black lines indicate pan- and core-genome
curves fitted using points from all random combinations according to the models implemented in PGAP software.
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assign some groups to valid species. For example, un 11
contained two strains, the type strain P. saudiphocaensis 20_BNT
and P. saudiphocaensis PS_399, suggesting that un 11 should
represent P. saudiphocaensis.

Collectively, our results conclude that either of the ANI
and dDDH indexes enables robust determination of genomic
taxonomy for prokaryotic species. However, ANI is much
appropriate for re-evaluating the taxonomy of P. stutzeri
complex, since this species complex has ANI genomovar cut-
off for set at approximately 95%, but dDDH genomovar cutoff
value greatly below 70% (Meier-Kolthoff et al., 2013; Colston
et al, 2014). Furthermore, dDDH can only be calculated
through a Web-based interface that requires manually uploading
genome sequences, while ANI can be easily analyzed through
many standalone tools, such as Jspecies (Richter and Rossello-
Mora, 2009), OrthoANI (Lee et al, 2016) and OrthoANIu
(Yoon et al, 2017). In addition, NCBI developed a protocol
for using ANI genome neighboring statistics in conjunction
with reference genomes from type and proxytype to improve
taxonomic assignments (Federhen et al., 2016; Ciufo et al., 2018).
Consequently, we recommend ANI as it is more time-effective
when it comes to large comparisons (Richter and Rossello-Mora,
2009; Colston et al., 2014).

Pan- and Core-Genome Within
Pseudomonas stutzeri Complex

Genomes

Based on protein sequence similarity analysis using OrthoFinder,
the 123 P. stutzeri complex genomes possessed a pan-genome
size of 13,261 homologous protein clusters. We categorized
clusters in the pan-genome according to their frequency of
presence (Koonin and Wolf, 2008): 1,104 strict core gene clusters
shared by all genomes, 2,476 softcore gene clusters shared
by more than 95% genomes (118-123 genomes), 5,663 shell
gene clusters shared by 2-95% genomes (3-117 genomes), and
5,122 cloud gene clusters present in only one or two genomes
(Figure 3A). This classification system can overcome some of
the technical uncertainty, particularly for the softcore, where
strict core genes could be placed if they were missed from
draft genomes (Gordon et al, 2017). The strict core genes
and softcore genes constituted only 8.33% and 18.67% of the
pan-genome, respectively. These analyses may lead to better
understanding of the minimal set of genes for P. stutzeri complex.
The relatively small size of the core genome reflects the high
genetic diversity of P. stutzeri complex. Of the pan-genome
clusters, 81.3% belonged to accessory genes (shell and cloud),
which may be vital for this species in occupying diverse habitats
and ecological niches. The high fraction of shell genome (42.7%
overall) is key for understanding genome dynamics of P. stutzeri
complex because it reflects how genes present at intermediate
frequencies drive adaptation of species. Furthermore, a previous
study showed that proportion of shell genes is independent of
genome size (Gautreau et al., 2020). Relative proportions of the
three gene categories per genome were relatively constant within
P. stutzeri complex. On average, each individual genome was
composed of 62.80% =+ 3.32% (mean and standard deviation)

softcore pan-genes, 35.83 & 3.01% shell genes and 1.37 £ 1.20%
cloud genes (Figure 3B). Several genomes had more than
twice (and even four times, e.g., P. stufzeri strain BISMNI1
and P. stutzeri 19) the average proportion of cloud genes.
It appeared to be partly explained by a large genome size
for these genomes, driven by large gene gain and small gene
loss events. For example, of 123 genomes, P. stutzeri strain
B1SMN1 has the largest genome size, encompassing many more

s . BAY1663

p. Choll
i DSM 50238
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TTU2014-066ASC

FIGURE 4 | P, stutzeri genome dynamics. Estimated events of genome
content evolution were mapped onto the ML phylogenic tree, which was
generated by removing the four outgroup strains (P aeruginosa DSM 500717,
P, azotifigens DSM 17556", P mendocina NCTC10897" and P, putida FF4) of
Figure 2 using iTOL. Numbers on branches indicate numbers of genes
gained (red) and lost (blue). The tree scale is in the units of the number of
nucleotide substitutions per site.
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genes, and recently experienced 859 gene gain and 77 gene loss
events (see below).

Modeling of pan-genome size by iterative random sampling
of genomes showed that members of P. stutzeri displayed
an open pan-genome. The gene accumulation curve for an
increasing number of genomes fitted the power law, y =
ax%31% 4 b (95% confidence interval for a = 2630.59 + 1.21,
and b = 1166.33 + 5.14, R-square of curves fitting = 0.9998)
(Figure 3C). Approximately 31 to 644 new genes would
be added to each new genome, resulting in an open pan-
genome whose size shows a tendency to increase with the
addition of new genomes. An open pan-genome is likely
to be typical in species that colonize multiple environments
and have multiple ways of exchanging genetic material. It
is largely responsible for the ability of P. stutzeri complex
to adapt to different ecological niches. The gene occurrence
plot showed a closed core-genome with a finite number of
core genes for P. stutzeri complex, which fitted well with the
exponential law, y = ae~*%* + b (95% confidence interval for
a=1980.84 £ 7.00, and b = 1147.46 £ 2.31, R-square of curves
fitting = 0.9582) (Figure 3C).

We characterized the functions of pan-genome genes using
COG functional categories (Galperin et al., 2019). The core pan-
proteomes (strict core and softcore) carried a large proportion
of genes involved in J (Translation, ribosomal structure and
biogenesis), E (Amino acid transport and metabolism), and M
(Cell wall/membrane/envelope biogenesis) (Fisher’s exact test,
p < 0.001, Supplementary Figure 5). The accessory pan-
proteomes (shell and cloud) had more than twice the number
of genes associated with categories X (Mobilome: prophages,
transposons) and V (Defense mechanisms) compared with their
respective core pan-proteomes (Fisher’s exact test, p < 0.001).
These two functional categories reflect the dynamics of P. stutzeri
complex genomes (Richter and Rossello-Mora, 2009; Galperin
et al., 2019). Functional analysis of the pan-genome showed
that approximately 45% of pan-genome genes (5907/13261)
do not match any sequence present in the COG database for
P. stutzeri complex. These poorly characterized genes mainly
belonged to the cloud genes (3719 out of 5122) and shell genes
(1974 out of 5663). The proportion of poorly characterized
genes is larger than that in P. aeruginosa (Freschi et al,
2019).These results highlighted that our knowledge of the

functions of P. stutzeri complex genes is still far from being
complete, and more investigations need to be performed for this
species complex.

Size Variation of Gene Families
We used Count software with a birth-death likelihood model to
delineate the dynamics of genome content across the genealogy
of P. stutzeri complex. Results revealed substantial gene gain and
loss events occurred in P. stutzeri complex genomes (Figure 4).
Most of the gene gain events occurred in genes belonging to
accessory clusters (shell and cloud genes). In contrast, nearly
all gene loss events occurred in genes belonging to shell and
softcore categories (Supplementary Table 5). This demonstrates
that shell genes are the result of complex histories characterized
by frequent events of gain and losses (Brito et al., 2018).
Compared with internal phylogenetic nodes, most gene gain
and loss events occurred at terminal nodes. This result is fully
compatible with previous findings indicating that genes are
gained and lost at higher rates on the tips of phylogenetic
trees (Hao and Golding, 2006). Overall, gain of gene families
dominates the evolution of P. stutzeri complex, occurring at
more than three times the rate of loss. This suggested that gene
gains contribute more in driving the divergence of gene content
and pan-genome expansion. High rates of gene gain appear to
coincide with the ability for natural transformation in many
P. stutzeri complex strains. Nine strains had suffered from gene
gain/loss events affecting more than 16% gene content: P. stutzeri
BISMNI, P. stutzeri 19, P. stutzeri KOS6, P. chloritidismutans
AW-1, P. xanthomarina PX_177, Pseudomonas sp. BAY1663,
P. stutzeri YC-YHI, P. stutzeri TS44 and P. stutzeri PM101005.
Bacterial genomes can be highly variable, with loss and gain
of genes greatly affecting the evolution of bacterial populations.
A previous study using mathematical modeling showed that
extensive gene gain and loss within the accessory genome pushes
prokaryotes beyond the homologous recombination barrier and
accelerates genome sequence divergence, resulting in speciation
(Iranzo et al., 2019). We conclude that gene gain and loss is the
central factor driving the genetic diversity of P. stutzeri complex
and the subsequent adaptation of this species complex to diverse
ecological niches (Rodriguez-Valera et al., 2016).

When tracing the origin of cloud genes, Blastp analysis
querying the NCBI non-redundant database identified best hits

TABLE 2 | Taxonomic characterization of best blastp hits for cloud genes.

Taxonomic status Number

Archaea 1
Eukaryota 7
Viruses 11
Unclassification 42
Bacteria other phyla 88

Proteobacteria 4,076

y-proteobacteria 3,666

Pseudomonadales 3,215

Pseudomonadaceae 3,166

Pseudomonas 3,095
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FIGURE 5 | Visualization and mapping of the ectoine biosynthesis gene cluster (ectABCD-ask) and its flanking genomic elements (20 genes) to Figure 2 in 123
P, stutzeri complex genomes. Gcluster was used to visualize and map the ect cluster to the phylogeny shown in Figure 2, displayed in a rectangular shape. Gcluster
was run using three inputs, including (1) a directory containing the 123 genomes in GenBank format, (2) a list of genes of interest, in which each row contains a locus
tag of the ectC gene from each of the 123 genomes, and (3) a tree file of Figure 2 in Newick format. Then, the generated SVG map was edited by Adobe lllustrator
to delete strains name, remove outgroup branches and add the genomovar information. At the top, these contexts are compared with P aeruginosa DSM 500717,
which has no ect cluster but similar organization of flanking genes in its genomes. Genomic contexts have been reorientated around ectC, and parts of flanking
genes were found to be missing from certain draft genomes. ectABCD-ask is marked by a black rectangular dashed box. Homologous gene clusters are filled in
different colors; unique genes, pseudo genes and RNA genes are in white, with black, deep-gray and red borders, respectively.

for 4225 out of 5122 genes (Table 2). The taxonomy of the best  Pseudomonas. These results showed that most genes acquired
hits indicated that 96.47% of cloud genes had a close homolog were obtained from closely related species through horizontal
within the phylum Proteobacteria, 73.25% within the genus gene transfer (HGT). We also identified 88 genes obtained
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from distant taxa. These genes have closest homologs in other
phyla, mainly Firmicutes (18 genes) and Bacteroidetes/Chlorobi
group (10 genes) (Table 2). These genes were most likely
obtained through HGT, allowing their hosts to exploit new
habitats (Moulana et al., 2020). In addition, we found no
significant blastp hits for 897 genes in the NCBI non-redundant
database, representing 17.51% of the cloud genome. This result
is compatible with the observation that a large proportion of
cloud genes could not be assigned to any known COG functional
category. No significant blastp hits for many cloud genes could be
explained that as with the large amount of genomic data available
today, many genes are uncharacterized.

Genotypic Diversity Within Pseudomonas

stutzeri Complex Genomes

We used the fraction of homologs shared between pairs of
genomes to reflect genetic diversity. As shown in Figure 1B.
We found that the fraction of homologs correlates (Spearman’s
p = 0.77, P = 2.2e-16) with the evolutionary distance measured
by ANI (Konstantinidis and Tiedje, 2005), which is consistent
with results reported previously based on other bacterial groups
(Konstantinidis et al.,, 2006, 2009; Jain et al., 2018). To a
large extent, the genotypic similarity between two genomes
may be predicted from their evolutionary distance. However,
a larger correlation between percentage of homologs and ANI
was observed for pairs of genomes from different genomovars
(Spearman’s p = 0.63, P = 2.2e-16) than those within the same
genomovar (Spearman’s p = 0.22, P = 1.858e-15). Meanwhile,
overall, pairs of genomes within the same genomovar had
significantly higher fractions of homologs than those within
different genomovars (P < 0.01). Correspondingly, strains
within the same and different genomovars differed in 0.04-
19.22% and 6.42-34.17% of their total genes, respectively,
revealing extensive genetic diversity within P. stutzeri complex.
The fraction of homologs between and within genomovars
partially overlapped. For inter-genomovar genomes, some pairs
of genomes with less than 95% identity by ANI showed relatively
large percentages of homologs, e.g., > 90%. This may be
due to close affiliations among these strains, as most of these
genomes clustered together in Clade II and had short branch
lengths compared with other genomes. Some pairs of genomes
within the same genomovar had a relatively low percentage
of homologs, mainly due to the high frequency of gene gain
and loss events occurring in these genomes, such as P. stutzeri
BISMN1 and P. stutzeri 19 in gvl, and P. chloritidismutans
AW-1 and P. xanthomarina PX_177 in gv3. For instance,
P. stutzeri BISMNI obtained 859 genes and lost 77 genes,
accounting for 17.25% and 1.55% of its total predicted protein-
coding genes, respectively (Figure 4). Extensive gene gain and
loss events occurring in P. stutzeri complex genomes produced
inconsistencies in the relationship between the fraction of
homologs and evolutionary relatedness.

We speculate that the high genetic diversity reflects the many
and different ecological niches potentially occupied by members
of P. stutzeri complex, and that the genomic groups that have
been described so far are evolving in a speciation process that may
give rise to 27 novel species from a genomic point of view.

Distribution of the Ectoine Biosynthesis
Gene Cluster in Pseudomonas stutzeri

Complex

Blastp analysis showed that out of 9,548 Pseudomonas genomes,
553 genomes carried ectC genes. However, most of these genomes
contained an orphan ectC, and only 165 genomes possessed the
entire ectoine biosynthesis gene cluster, accounting for 1.73%
of the total Pseudomonas genomes used in this study (data not
shown). It was noted that ectA or ask_ect gene was missing from
some genomes out of 165 genomes. A surprising finding was that
all 123 P. stutzeri genomes contained the ectoine biosynthesis
gene cluster, except for six genomes lacking the ectA gene,
possibly resulting from microevolution as these genomes were
located in the same branch (Figure 5). This result indicated ect
cluster was mainly distributed in P. stutzeri complex, compared
with other Pseudomonas species. According with above result,
many P. stutzeri complex strains can grow in high concentrations
of NaCl, such as 7.02% (w/v) NaCl for P. stutzeri TS44
(Lietal., 2012), 8% (w/v) NaCl for P. xanthomarina (Romanenko
etal., 2005), and 8.5% (w/v) NaCl for P. balearica (Bennasar et al.,
1996). The ect genes and their flanking genes displayed high levels
of similarity and conserved synteny among P. stutzeri complex
strains. In addition, we observed good coherence between the
phylogeny and organization of ect genes and corresponding
flanking genes (Figure 5). Compared with P. aeruginosa DSM
500717, ect cluster seems to be obtained by insertion at the site
near to zwf gene, encoding glucose-6-phosphate dehydrogenase
(Ma et al,, 1998). We suspect that obtaining the ect cluster was
an early evolutionary adaptation for the ancestor of P. stutzeri
complex, after it split from other members of the Pseudomonas
genus. Taken together, our results provided strong evidences
that the ancestor of P. stutzeri complex originated from a high-
salt habitat.

CONCLUSION

Deep bioinformatics is a powerful tool for clarifying the
taxonomic status and nomenclature of P. stutzeri complex. We
revealed that a large proportion of P. stutzeri complex genomes
(33 out of 123 genomes) are currently misidentified, including 25
genomes submitted as other Pseudomonas in the NCBI genome
database that actually belong to P. stutzeri complex strains, and
that 8 out of 98 genomes have the incorrect species name. All
123 sequenced genomes could be ascribed to 27 genomovars, and
their affiliations were clearly delineated using a whole-genome-
based phylogenetic tree. We observed an open pan-genome and
a large proportion of accessory genes for individual genomes of
this species. Taken together, our results verify that P. stutzeri
complex manifested extreme genetic diversity at the genome
scale. In accordance with the ability for natural transformation
of a substantial number of P. stutzeri complex strains, many
gene gain and loss events have occurred at the terminal nodes,
with a high ratio of gene gain relative to gene loss; this was
likely a crucial factor leading to genetic diversity of P. stutzeri
complex genomes. Gain and loss events greatly influence the
coherence between the percentage of homologs between a pair of

Frontiers in Microbiology | www.frontiersin.org

January 2022 | Volume 12 | Article 755874


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Lietal

Pseudomonas stutzeri Complex: Taxonomy and Diversity

genomes and their evolutionary distance. We also revealed that
all P. stutzeri complex genomes harbor an ectoine gene cluster,
possibly supporting a high-salt origin for this species.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found in the article/
Supplementary Material.

AUTHOR CONTRIBUTIONS

XL conceived and designed the study and performed the
bioinformatic analyses. XL, ZY, WL, and GZ analyzed all the
data. XL, ZW, and HY wrote the original draft of the manuscript.
XL and ZY supervised the bioinformatic analysis work and
reviewed and edited the manuscript. All authors approved the
final manuscript.

REFERENCES

Auch, A. F., Von Jan, M., Klenk, H. P., and Goker, M. (2010). Digital DNA-DNA
hybridization for microbial species delineation by means of genome-to-genome
sequence comparison. Stand. Genomic Sci. 2, 117-134. doi: 10.4056/sigs.53
1120

Azhar, E. L, Papadioti, A., Bibi, F., Ashshi, A. M., Raoult, D., and Angelakis, E.
(2017). ’Pseudomonas saudiphocaensis’ sp. nov., a new bacterial species isolated
from currency notes collected during the Hajj pilgrimage in 2012 at Makkah,
Saudi Arabia. New Microbes New Infect. 15, 131-133. doi: 10.1016/j.nmni.2016.
12.004

Bennasar, A., Rossello-Mora, R., Lalucat, J., and Moore, E. R. (1996). 16S rRNA
gene sequence analysis relative to genomovars of Pseudomonas stutzeri and
proposal of Pseudomonas balearica sp. nov. Int. J. Syst. Bacteriol. 46, 200-205.
doi: 10.1099/00207713-46- 1-200

Boratyn, G. M., Camacho, C., Cooper, P. S., Coulouris, G., Fong, A., Ma, N, et al.
(2013). BLAST: a more efficient report with usability improvements. Nucleic
Acids Res. 41, W29-W33. doi: 10.1093/nar/gkt282

Brito, P. H., Chevreux, B., Serra, C. R., Schyns, G., Henriques, A. O., and Pereira-
Leal, J. B. (2018). Genetic competence drives genome diversity in Bacillus
subtilis. Genome Biol. Evol. 10, 108-124. doi: 10.1093/gbe/evx270

Brown, L. M., Gunasekera, T. S., and Ruiz, O. N. (2017). Draft genome sequence
of Pseudomonas stutzeri Strain 19, an isolate capable of efficient degradation of
aromatic hydrocarbons. Genome Announc. 5:¢1373-17. doi: 10.1128/genomeA.
01373-17

Brunet-Galmes, I., Busquets, A., Pena, A., Gomila, M., Nogales, B., Garcia-Valdes,
E., et al. (2012). Complete genome sequence of the naphthalene-degrading
bacterium Pseudomonas stutzeri AN10 (CCUG 29243). J. Bacteriol. 194, 6642~
6643. doi: 10.1128/]B.01753-12

Busquets, A., Pena, A., Gomila, M., Bosch, R., Nogales, B., Garcia-Valdes, E., et al.
(2012). Genome sequence of Pseudomonas stutzeri strain JM300 (DSM 10701),
a soil isolate and model organism for natural transformation. J. Bacteriol. 194,
5477-5478. doi: 10.1128/JB.01257-12

Busquets, A., Pena, A., Gomila, M., Mayol, J., Bosch, R., Nogales, B., et al. (2013).
Draft genome sequence of Pseudomonas stutzeri strain BISMN1, a nitrogen-
fixing and naphthalene-degrading strain isolated from wastewater. Genome
Announc. 1:¢584-13. doi: 10.1128/genomeA.00584-13

Chain, P. S., Grafham, D. V., Fulton, R. S., Fitzgerald, M. G., Hostetler, J.,
Muzny, D, et al. (2009). Genomics. genome project standards in a new era of
sequencing. Science 326, 236-237. doi: 10.1126/science.1180614

FUNDING

This work was supported by grants from the Doctoral Research
Foundation of Kaili University (BS201412), the National
Natural Science Foundation of China (Nos. 21507012 and
21966015), the Science and Technology Foundation of Guizhou
Province [No. (2019)1287], the Natural Science Foundation
of Guizhou Provincial Department of Education of China
[QIH KY (2020)043], the Joint foundation of GuiZhou
Province Science and Technology Commission of China [No.
LH(2017)7176], and the Guizhou Provincial Key Laboratory
project program of Department of Guizhou Provincial Education
[QJH KY(2017)011].

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2021.755874/full#supplementary- material

Chakraborty, R., Woo, H., Dehal, P., Walker, R., Zemla, M., Auer, M., et al. (2017).
Complete genome sequence of Pseudomonas stutzeri strain RCH2 isolated from
a Hexavalent Chromium [Cr(VI)] contaminated site. Stand. Genomic Sci. 12:23.

Ciufo, S., Kannan, S., Sharma, S., Badretdin, A., Clark, K., Turner, S., et al.
(2018). Using average nucleotide identity to improve taxonomic assignments
in prokaryotic genomes at the NCBI. Int. J. Syst. Evol. Microbiol. 68, 2386-2392.
doi: 10.1099/ijsem.0.002809

Cladera, A. M., Garcia-Valdes, E., and Lalucat, J. (2006). Genotype versus
phenotype in the circumscription of bacterial species: the case of Pseudomonas
stutzeri and Pseudomonas chloritidismutans. Arch. Microbiol. 184, 353-361.
doi: 10.1007/s00203-005-0052-x

Colston, S. M., Fullmer, M. S., Beka, L., Lamy, B., Gogarten, J. P., and Graf, J.
(2014). Bioinformatic genome comparisons for taxonomic and phylogenetic
assignments using aeromonas as a test case. Mbio 5:€02136. doi: 10.1128/mBio.
02136-14

Csuros, M. (2010). Count: evolutionary analysis of phylogenetic profiles with
parsimony and likelihood. Bioinformatics 26, 1910-1912. doi: 10.1093/
bioinformatics/btq315

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 32, 1792-1797. doi: 10.1093/nar/gkh340

Emms, D. M., and Kelly, S. (2019). OrthoFinder: phylogenetic orthology inference
for comparative genomics. Genome Biol. 20:238. doi: 10.1186/s13059-019-
1832-y

Federhen, S., Rossello-Mora, R., Klenk, H. P., Tindall, B. J., Konstantinidis, K. T.,
Whitman, W. B,, et al. (2016). Meeting report: GenBank microbial genomic
taxonomy workshop (12-13 May, 2015). Stand. Genomic Sci. 11:15.

Freschi, L., Vincent, A. T., Jeukens, J., Emond-Rheault, J. G., Kukavica-Ibrulj,
L, Dupont, M. ], et al. (2019). The Pseudomonas aeruginosa pan-genome
provides new insights on its population structure, horizontal gene transfer, and
pathogenicity. Genome Biol. Evol. 11, 109-120. doi: 10.1093/gbe/evy259

Galperin, M. Y., Kristensen, D. M., Makarova, K. S., Wolf, Y. I, and Koonin,
E. V. (2019). Microbial genome analysis: the COG approach. Briefings Bioinf.
20, 1063-1070. doi: 10.1093/bib/bbx117

Galperin, M. Y., Wolf, Y. I, Makarova, K. S., Vera Alvarez, R., Landsman, D., and
Koonin, E. V. (2021). COG database update: focus on microbial diversity, model
organisms, and widespread pathogens. Nucleic Acids Res. 49, D274-D281. doi:
10.1093/nar/gkaal018

Garcia-Valdés, E., Mulet, M., and Lalucat, J. (2010). “Insights into the life styles
of Pseudomonas stutzeri,” in Pseudomonas, eds J. L. Ramos and A. Filloux
(New York, NY: Springer Press), 177-198.

Frontiers in Microbiology | www.frontiersin.org

January 2022 | Volume 12 | Article 755874


https://www.frontiersin.org/articles/10.3389/fmicb.2021.755874/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.755874/full#supplementary-material
https://doi.org/10.4056/sigs.531120
https://doi.org/10.4056/sigs.531120
https://doi.org/10.1016/j.nmni.2016.12.004
https://doi.org/10.1016/j.nmni.2016.12.004
https://doi.org/10.1099/00207713-46-1-200
https://doi.org/10.1093/nar/gkt282
https://doi.org/10.1093/gbe/evx270
https://doi.org/10.1128/genomeA.01373-17
https://doi.org/10.1128/genomeA.01373-17
https://doi.org/10.1128/JB.01753-12
https://doi.org/10.1128/JB.01257-12
https://doi.org/10.1128/genomeA.00584-13
https://doi.org/10.1126/science.1180614
https://doi.org/10.1099/ijsem.0.002809
https://doi.org/10.1007/s00203-005-0052-x
https://doi.org/10.1128/mBio.02136-14
https://doi.org/10.1128/mBio.02136-14
https://doi.org/10.1093/bioinformatics/btq315
https://doi.org/10.1093/bioinformatics/btq315
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1093/gbe/evy259
https://doi.org/10.1093/bib/bbx117
https://doi.org/10.1093/nar/gkaa1018
https://doi.org/10.1093/nar/gkaa1018
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Lietal

Pseudomonas stutzeri Complex: Taxonomy and Diversity

Gautreau, G., Bazin, A., Gachet, M., Planel, R., Burlot, L., Dubois, M., et al. (2020).
PPanGGOLIN: depicting microbial diversity via a partitioned pangenome
graph. PLoS Comput. Biol. 16:¢1007732. doi: 10.1371/journal.pcbi.100
7732

Gomila, M., Busquets, A., Garcia-Valdes, E., Michael, E., Cahan, R., Nitzan, Y.,
et al. (2015a). Draft genome sequence of the toluene-degrading Pseudomonas
stutzeri strain ST-9. Genome Announc. 3:€567-15. doi: 10.1128/genomeA.00
567-15

Gomila, M., Pena, A., Mulet, M., Lalucat, J., and Garcia-Valdes, E. (2015b).
Phylogenomics and systematics in Pseudomonas. Front. Microbiol. 6:214. doi:
10.3389/fmicb.2015.00214

Gordon, S. P., Contreras-Moreira, B., Woods, D. P., Des Marais, D. L., Burgess, D.,
Shu, S., et al. (2017). Extensive gene content variation in the Brachypodium
distachyon pan-genome correlates with population structure. Nat. Commun.
8:2184. doi: 10.1038/541467-017-02292-8

Guasp, C., Moore, E. R,, Lalucat, J., and Bennasar, A. (2000). Utility of internally
transcribed 16S-23S rDNA spacer regions for the definition of Pseudomonas
stutzeri genomovars and other Pseudomonas species. Int. J. Syst. Evol. Microbiol.
50, 1629-1639. doi: 10.1099/00207713-50-4-1629

Halabi, Z., Mocadie, M., El Zein, S., and Kanj, S. S. (2019). Pseudomonas stutzeri
prosthetic valve endocarditis: a case report and review of the literature. J. Infect.
Public Health 12, 434-437. doi: 10.1016/j.jiph.2018.07.004

Hao, W., and Golding, G. B. (2006). The fate of laterally transferred genes: life in
the fast lane to adaptation or death. Genome Res. 16, 636-643. doi: 10.1101/gr.
4746406

Harada, M., Tto, K., Nakajima, N., Yamamura, S., Tomita, M., Suzuki, H,
et al. (2019). Genomic analysis of pseudomonas sp. strain SCT, an iodate-
reducing bacterium isolated from marine sediment, reveals a possible use for
bioremediation. G3 9, 1321-1329. doi: 10.1534/g3.118.200978

Hequette-Ruz, R., Charpentier, A., Delabriere, I., Loiez, C., Guery, B., Puisieux, F.,
et al. (2018). Native aortic valve endocarditis due to Pseudomonas stutzeri in a
91-year-old woman. Med. Maladies Infect. 48, 492-494. doi: 10.1016/j.medmal.
2018.04.399

Hirose, J., Yamazoe, A., Hosoyama, A., Kimura, N., Suenaga, H., Watanabe, T,
etal. (2015). Draft genome sequence of the polychlorinated biphenyl-degrading
bacterium Pseudomonas stutzeri KF716 (NBRC 110668). Genome Announc.
3:¢01215-15. doi: 10.1128/genomeA.01215-15

Iranzo, J., Wolf, Y. L, Koonin, E. V., and Sela, I. (2019). Gene gain and loss
push prokaryotes beyond the homologous recombination barrier and accelerate
genome sequence divergence. Nat. Commun. 10:5376.

Jain, C., Rodriguez, R. L., Phillippy, A. M., Konstantinidis, K. T., and Aluru, S.
(2018). High throughput ANT analysis of 90K prokaryotic genomes reveals clear
species boundaries. Nat. Commun. 9:5114.

Jombart, T., Kendall, M., Almagro-Garcia, J., and Colijn, C. (2017). treespace:
statistical exploration of landscapes of phylogenetic trees. Mol. Ecol. Resour. 17,
1385-1392. doi: 10.1111/1755-0998.12676

Konstantinidis, K. T., and Tiedje, J. M. (2005). Genomic insights that advance the
species definition for prokaryotes. Proc. Natl. Acad. Sci. U.S.A. 102, 2567-2572.
doi: 10.1073/pnas.0409727102

Konstantinidis, K. T., Ramette, A., and Tiedje, . M. (2006). The bacterial species
definition in the genomic era. Philos. Trans. R. Soc. Lond. Ser. B. 361, 1929-1940.
doi: 10.1098/rstb.2006.1920

Konstantinidis, K. T., Serres, M. H., Romine, M. F., Rodrigues, J. L., Auchtung, J.,
Mccue, L. A, et al. (2009). Comparative systems biology across an evolutionary
gradient within the Shewanella genus. Proc. Natl. Acad. Sci. U. S. A. 106,
15909-15914. doi: 10.1073/pnas.0902000106

Koonin, E. V., and Wolf, Y. I. (2008). Genomics of bacteria and archaea: the
emerging dynamic view of the prokaryotic world. Nucleic Acids Res. 36, 6688
6719. doi: 10.1093/nar/gkn668

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X:
molecular evolutionary genetics analysis across computing platforms. Mol. Biol.
Evol. 35, 1547-1549. doi: 10.1093/molbev/msy096

Lalucat, J., Bennasar, A., Bosch, R., Garcia-Valdes, E., and Palleroni, N. J. (2006).
Biology of Pseudomonas stutzeri. Microbiol. Mol. Biol. Rev. 70, 510-547.

Lee, I, Kim, Y. O,, Park, S. C,, and Chun, J. (2016). OrthoANI: an improved
algorithm and software for calculating average nucleotide identity. Int. J. Syst.
Evol. Microbiol. 66, 1100-1103. doi: 10.1099/ijsem.0.000760

Lefort, V., Desper, R., and Gascuel, O. (2015). FastME 2.0: a comprehensive,
accurate, and fast distance-based phylogeny inference program. Mol. Biol. Evol.
32, 2798-2800. doi: 10.1093/molbev/msv150

Letunic, L, and Bork, P. (2019). Interactive Tree Of Life (iTOL) v4: recent updates
and new developments. Nucleic Acids Res. 47, W256-W259. doi: 10.1093/nar/
gkz239

Li, X., Chen, F., and Chen, Y. (2020). Gcluster: a simple-to-use tool for visualizing
and comparing genome contexts for numerous genomes. Bioinformatics 36,
3871-3873.

Li, X, Gong, J., Hu, Y, Cai, L, Johnstone, L., Grass, G., et al. (2012).
Genome sequence of the moderately halotolerant, arsenite-oxidizing bacterium
Pseudomonas stutzeri TS44. J. Bacteriol. 194, 4473-4474. doi: 10.1128/JB.009
07-12

Ma, J. F., Hager, P. W., Howell, M. L., Phibbs, P. V., and Hassett, D. J. (1998).
Cloning and characterization of the Pseudomonas aeruginosa zwf gene encoding
glucose-6-phosphate dehydrogenase, an enzyme important in resistance to
methyl viologen (paraquat). J. Bacteriol. 180, 1741-1749. doi: 10.1128/]B.180.
7.1741-1749.1998

Mehboob, F., Oosterkamp, M. J., Koehorst, J. J., Farrakh, S., Veuskens, T.,
Plugge, C. M., et al. (2016). Genome and proteome analysis of Pseudomonas
chloritidismutans AW-1(T) that grows on n-decane with chlorate or oxygen as
electron acceptor. Environ. Microbiol. 18, 3247-3257. doi: 10.1111/1462-2920.
12880

Meier-Kolthoff, J. P., Auch, A. F., Klenk, H. P., and Goker, M. (2013). Genome
sequence-based species delimitation with confidence intervals and improved
distance functions. BMC Bioinform. 14:60. doi: 10.1186/1471-2105-14-60

Moulana, A., Anderson, R. E., Fortunato, C. S., and Huber, J. A. (2020). Selection is
a significant driver of gene gain and loss in the pangenome of the bacterial genus
sulfurovum in geographically distinct deep-sea hydrothermal vents. mSystems
5:673-19. doi: 10.1128/mSystems.00673-19

Paerl, R. W., Hansen, T. N. G., Henriksen, N. N. S. E,, Olesen, A. K., and Riemann,
L. (2018). N-fixation and related O-2 constraints on model marine diazotroph
Pseudomonas stutzeri BAL361. Aquat. Microb. Ecol. 81, 125-136.

Pena, A., Busquets, A., Gomila, M., Bosch, R., Nogales, B., Garcia-Valdes, E., et al.
(2012). Draft genome of Pseudomonas stutzeri strain ZoBell (CCUG 16156), a
marine isolate and model organism for denitrification studies. J. Bacteriol. 194,
1277-1278. doi: 10.1128/JB.06648- 11

Richter, M., and Rossello-Mora, R. (2009). Shifting the genomic gold standard
for the prokaryotic species definition. Proc. Natl. Acad. Sci. U. S. A. 106,
19126-19131. doi: 10.1073/pnas.0906412106

Rodriguez-Valera, F., Martin-Cuadrado, A. B., and Lopez-Perez, M. (2016).
Flexible genomic islands as drivers of genome evolution. Curr. Opin. Microbiol.
31, 154-160. doi: 10.1016/j.mib.2016.03.014

Romanenko, L. A., Uchino, M., Falsen, E., Lysenko, A. M., Zhukova, N. V.,
and Mikhailov, V. V. (2005). Pseudomonas xanthomarina sp. nov., a novel
bacterium isolated from marine ascidian. J. Gen. Appl. Microbiol. 51, 65-71.
doi: 10.2323/jgam.51.65

Rossello, R., Garciavaldes, E., Lalucat, J., and Ursing, J. (1991). Genotypic and
phenotypic diversity of Pseudomonas Stutzeri. Syst. Appl. Microbiol. 14, 150—
157. doi: 10.1016/s0723-2020(11)80294-8

Rossi-Tamisier, M., Benamar, S., Raoult, D., and Fournier, P. E. (2015). Cautionary
tale of using 16S rRNA gene sequence similarity values in identification of
human-associated bacterial species. Int. J. Syst. Evol. Microbiol. 65, 1929-1934.
doi: 10.1099/ijs5.0.000161

Scotta, C., Gomila, M., Mulet, M., Lalucat, J., and Garcia-Valdes, E. (2013). Whole-
cell MALDI-TOF mass spectrometry and multilocus sequence analysis in the
discrimination of Pseudomonas stutzeri populations: three novel genomovars.
Microb. Ecol. 66, 522-532. doi: 10.1007/s00248-013-0246-8

Scotta, C., Mulet, M., Sanchez, D., Gomila, M., Ramirez, A., Bennasar, A.,
et al. (2012). Identification and genomovar assignation of clinical strains of
Pseudomonas stutzeri. Eur. ]. Clin. Microbiol. Infect. Dis. 31, 2133-2139. doi:
10.1007/s10096-012-1547-4

Sikorski, J., Lalucat, J., and Wackemagel, W. (2005). Genomovars 11 to 18 of
Pseudomonas stutzeri, identified among isolates from soil and marine sediment.
Int. J. Syst. Evol. Microbiol. 55, 1767-1770. doi: 10.1099/ijs.0.63535-0

Sikorski, J., Mohle, M., and Wackernagel, W. (2002a). Identification of complex
composition, strong strain diversity and directional selection in local

Frontiers in Microbiology | www.frontiersin.org

January 2022 | Volume 12 | Article 755874


https://doi.org/10.1371/journal.pcbi.1007732
https://doi.org/10.1371/journal.pcbi.1007732
https://doi.org/10.1128/genomeA.00567-15
https://doi.org/10.1128/genomeA.00567-15
https://doi.org/10.3389/fmicb.2015.00214
https://doi.org/10.3389/fmicb.2015.00214
https://doi.org/10.1038/s41467-017-02292-8
https://doi.org/10.1099/00207713-50-4-1629
https://doi.org/10.1016/j.jiph.2018.07.004
https://doi.org/10.1101/gr.4746406
https://doi.org/10.1101/gr.4746406
https://doi.org/10.1534/g3.118.200978
https://doi.org/10.1016/j.medmal.2018.04.399
https://doi.org/10.1016/j.medmal.2018.04.399
https://doi.org/10.1128/genomeA.01215-15
https://doi.org/10.1111/1755-0998.12676
https://doi.org/10.1073/pnas.0409727102
https://doi.org/10.1098/rstb.2006.1920
https://doi.org/10.1073/pnas.0902000106
https://doi.org/10.1093/nar/gkn668
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1099/ijsem.0.000760
https://doi.org/10.1093/molbev/msv150
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1128/JB.00907-12
https://doi.org/10.1128/JB.00907-12
https://doi.org/10.1128/JB.180.7.1741-1749.1998
https://doi.org/10.1128/JB.180.7.1741-1749.1998
https://doi.org/10.1111/1462-2920.12880
https://doi.org/10.1111/1462-2920.12880
https://doi.org/10.1186/1471-2105-14-60
https://doi.org/10.1128/mSystems.00673-19
https://doi.org/10.1128/JB.06648-11
https://doi.org/10.1073/pnas.0906412106
https://doi.org/10.1016/j.mib.2016.03.014
https://doi.org/10.2323/jgam.51.65
https://doi.org/10.1016/s0723-2020(11)80294-8
https://doi.org/10.1099/ijs.0.000161
https://doi.org/10.1007/s00248-013-0246-8
https://doi.org/10.1007/s10096-012-1547-4
https://doi.org/10.1007/s10096-012-1547-4
https://doi.org/10.1099/ijs.0.63535-0
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Lietal

Pseudomonas stutzeri Complex: Taxonomy and Diversity

Pseudomonas stutzeri populations from marine sediment and soils. Environ.
Microbiol. 4, 465-476. doi: 10.1046/j.1462-2920.2002.00325.x

Sikorski, J., Teschner, N., and Wackernagel, W. (2002b). Highly different levels of
natural transformation are associated with genomic subgroups within a local
population of Pseudomonas stutzeri from soil. Appl. Environ. Microbiol. 68,
865-873. doi: 10.1128/AEM.68.2.865-873.2002

Smith, B. A., Dougherty, K. M., and Baltrus, D. A. (2014). Complete genome
sequence of the highly transformable Pseudomonas stutzeri strain 28a24.
Genome Announc. 2:¢543-14. doi: 10.1128/genomeA.00543- 14

Stamatakis, A. (2014). RAXML version 8: a tool for phylogenetic analysis and
post-analysis of large phylogenies. Bioinformatics 30, 1312-1313. doi: 10.1093/
bioinformatics/btu033

Stoveken, N., Pittelkow, M., Sinner, T., Jensen, R. A., Heider, J., and Bremer,
E. (2011). A specialized aspartokinase enhances the biosynthesis of the
osmoprotectants ectoine and hydroxyectoine in Pseudomonas stutzeri A1501.
J. Bacteriol. 193, 4456-4468. doi: 10.1128/JB.00345-11

Wolterink, A., Jonker, A. B., Kengen, S. W. M., and Stams, A. J. M. (2002).
Pseudomonas chloritidismutans sp. nov., a non-denitrifying, chlorate-reducing
bacterium. Int. J. Syst. Evol. Microbiol. 52, 2183-2190. doi: 10.1099/00207713-
52-6-2183

Xie, F., Ma, H., Quan, S., Liu, D., Chen, G., Chao, Y., et al. (2014). Pseudomonas
kunmingensis sp. nov., an exopolysaccharide-producing bacterium isolated
from a phosphate mine. Int. J. Syst. Evol. Microbiol. 64, 559-564. doi: 10.1099/
ijs.0.055632-0

Yan, Y., Yang, J., Dou, Y., Chen, M., Ping, S., Peng, J., et al. (2008). Nitrogen fixation
island and rhizosphere competence traits in the genome of root-associated
Pseudomonas stutzeri A1501. Proc. Natl. Acad. Sci. U. S. A. 105, 7564-7569.
doi: 10.1073/pnas.0801093105

Yoon, S. H,, Ha, S. M., Lim, J., Kwon, S., and Chun, J. (2017). A large-scale
evaluation of algorithms to calculate average nucleotide identity. Antonie Van
Leeuwenhoek 110, 1281-1286. doi: 10.1007/s10482-017-0844-4

Zhang, F., She, Y. H., Banat, I. M., Chai, L. J., Huang, L. Q., Yi, S. J., et al.
(2014). Genomovar assignment of Pseudomonas stutzeri populations inhabiting
produced oil reservoirs. Microbiologyopen 3, 446-456. doi: 10.1002/mbo3.179

Zhang, L., Pan, Y., Wang, K., Zhang, X., Zhang, C., Zhang, S., et al. (2015a).
Pseudomonas zhaodongensis sp. nov., isolated from saline and alkaline soils.
Int. J. Syst. Evol. Microbiol. 65, 1022-1030. doi: 10.1099/ijs.0.000057

Zhang, L., Pan, Y., Wang, K., Zhang, X., Zhang, S., Fu, X,, et al. (2015b).
Pseudomonas songnenensis sp. nov., isolated from saline and alkaline soils in
Songnen Plain, China. Antonie van Leeuwenhoek 107, 711-721. doi: 10.1007/
510482-014-0365-3

Zhao, Y., Wu, J., Yang, J., Sun, S., Xiao, J., and Yu, J. (2012). PGAP: pan-genomes
analysis pipeline. Bioinformatics 28, 416-418. doi: 10.1093/bioinformatics/
btr655

Zheng, R., Wu, S,, Ma, N,, and Sun, C. (2018). Genetic and physiological
adaptations of marine bacterium Pseudomonas stutzeri 273 to mercury stress.
Front. Microbiol. 9:682. doi: 10.3389/fmicb.2018.00682

Zhong, C., Wang, L., and Ning, K. (2021). Pan-genome study of thermococcales
reveals extensive genetic diversity and genetic evidence of thermophilic
adaption. Environ. Microbiol. 23, 3599-3613. doi: 10.1111/1462-2920.
15234

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Li, Yang, Wang, Li, Zhang and Yan. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

15

January 2022 | Volume 12 | Article 755874


https://doi.org/10.1046/j.1462-2920.2002.00325.x
https://doi.org/10.1128/AEM.68.2.865-873.2002
https://doi.org/10.1128/genomeA.00543-14
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1128/JB.00345-11
https://doi.org/10.1099/00207713-52-6-2183
https://doi.org/10.1099/00207713-52-6-2183
https://doi.org/10.1099/ijs.0.055632-0
https://doi.org/10.1099/ijs.0.055632-0
https://doi.org/10.1073/pnas.0801093105
https://doi.org/10.1007/s10482-017-0844-4
https://doi.org/10.1002/mbo3.179
https://doi.org/10.1099/ijs.0.000057
https://doi.org/10.1007/s10482-014-0365-3
https://doi.org/10.1007/s10482-014-0365-3
https://doi.org/10.1093/bioinformatics/btr655
https://doi.org/10.1093/bioinformatics/btr655
https://doi.org/10.3389/fmicb.2018.00682
https://doi.org/10.1111/1462-2920.15234
https://doi.org/10.1111/1462-2920.15234
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Comparative Genomics of Pseudomonas stutzeri Complex: Taxonomic Assignments and Genetic Diversity
	Introduction
	Materials and Methods
	Genomic Sequences of Pseudomonas stutzeri Species Complex
	Digital DNA-DNA Hybridization
	Determination of Core- and Pan-Genomes
	Phylogenetic Tree Inference
	Dynamics of Gene Content Analysis
	Functional Analysis
	Origin of the Cloud Genome
	Detection of Ectoine Biosynthesis Gene Cluster in Pseudomonas spp.

	Results and Discussion
	Definition of Pseudomonas stutzeri Complex Genomes
	Genome Similarity and Phylogenetic Relationships
	Taxonomic Assignments of Pseudomonas stutzeri Complex Strains
	Pan- and Core-Genome Within Pseudomonas stutzeri Complex Genomes
	Size Variation of Gene Families
	Genotypic Diversity Within Pseudomonas stutzeri Complex Genomes
	Distribution of the Ectoine Biosynthesis Gene Cluster in Pseudomonas stutzeri Complex

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


