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The molecular bases for the symbiosis of the amphibian skin microbiome with its host are poorly understood. Here, we used the
odor-producer Pseudomonas sp. MPFS and the treefrog Boana prasina as a model to explore bacterial genome determinants and
the resulting mechanisms facilitating symbiosis. Pseudomonas sp. MPFS and its closest relatives, within a new clade of the P.
fluoresens Group, have large genomes and were isolated from fishes and plants, suggesting environmental plasticity. We annotated
16 biosynthetic gene clusters from the complete genome sequence of this strain, including those encoding the synthesis of
compounds with known antifungal activity and of odorous methoxypyrazines that likely mediate sexual interactions in Boana
prasina. Comparative genomics of Pseudomonas also revealed that Pseudomonas sp. MPFS and its closest relatives have acquired
specific resistance mechanisms against host antimicrobial peptides (AMPs), specifically two extra copies of a multidrug efflux pump
and the same two-component regulatory systems known to trigger adaptive resistance to AMPs in P. aeruginosa. Subsequent
molecular modeling indicated that these regulatory systems interact with an AMP identified in Boana prasina through the highly
acidic surfaces of the proteins comprising their sensory domains. In agreement with a symbiotic relationship and a highly selective
antibacterial function, this AMP did not inhibit the growth of Pseudomonas sp. MPFS but inhibited the growth of another
Pseudomonas species and Escherichia coli in laboratory tests. This study provides deeper insights into the molecular interaction of

the bacteria-amphibian symbiosis and highlights the role of specific adaptive resistance toward AMPs of the hosts.
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INTRODUCTION
The animal skin represents the interface between the external
environment and the body [1]. It is a unique ecosystem
characterized by the chemical and physical properties of the
epidermis, which is colonized by a community of bacteria, fungi,
and viruses, the so-called skin microbiome [2]. The skin of
amphibians, in particular, offers favorable conditions for the
growth of microorganisms because of its moisture, stable pH, and
neutral sugar content [3]. Recent studies have revealed that this
ecosystem harbors a diverse and dynamic group of microbes
whose composition depends on host phylogeny [4, 5], environ-
mental variables [5, 6], and the presence of pathogens [5].
However, the specific mechanisms underlying this interaction,
particularly the synthesis and role of microbial metabolites and
the reciprocal effects of the host immune system, are still largely
unexplored.

Bacteria from the genus Pseudomonas occur ubiquitously on
the skin of amphibians and constitute major components of the
microbiome with essential functions [4, 6-9]. For example, some

Pseudomonas isolates inhibit the fungal pathogen Batrachochy-
trium dendrobatidis [7], whereas others can produce secondary
metabolites exploited by the host. Among them are those
producing odorous methoxypyrazines potentially involved in
sexual interactions of the treefrog Boana prasina [9], or the highly
toxic tetrodotoxin that may mediate defense against predators in
the newt Taricha granulosa [10]. However, the genetic basis for the
biosynthesis of these compounds and their distribution among
the different members of the genus Pseudomonas is still unknown.

On the host side, the amphibian skin produces various
antimicrobial peptides (AMPs) [11], which are key components
of the innate immune system. While most studies have assessed
the broad-spectrum antimicrobial effects of AMPs [11, 12], recent
work points toward selective inhibitory effects on the growth of
specific microbial taxa [8, 13]. In this sense, AMPs are known to
control host-symbiont interaction in other organisms, including
plants [14] and insects [15], and they have presumably evolved in
metazoan hosts to regulate the resident beneficial microbes rather
than to control invasive pathogens [16, 17].

"Departamento de Ciéncias Biomoleculares, Faculdade de Ciéncias Farmacéuticas de Ribeirao Preto, Universidade de Sao Paulo, 14040-903 Ribeirao Preto, SP, Brazil. 2Laboratorio
de Genética Evolutiva, Instituto de Biologia Subtropical (CONICET - UNaM), Facultad de Ciencias Exactas, Universidad Nacional de Misiones, N3300 Posadas, Argentina. >Leibniz
Institute DSMZ-German Collection of Microorganisms and Cell Cultures, 38124 Braunschweig, Germany. “Departamento de Biodiversidade e Centro de Aquicultura, Instituto de
Biociéncias, Universidade Estadual Paulista, 13506-900 Rio Claro, SP, Brazil. *Departamento de Analises Clinicas, Toxicolégicas e Bromatoldgicas, Faculdade de Ciéncias
Farmacéuticas de Ribeirdo Preto, Universidade de Sdo Paulo, 14040-903 Ribeirdo Preto, SP, Brazil. SIPEEC-CONICET, Instituto Patagénico para el Estudio de los Ecosistemas
Continentales, Consejo Nacional de Investigaciones Cientificas y Técnicas, U9120ACD Puerto Madryn, Argentina. ’Mikrobiologie, Technische Universitit Braunschweig, 38106
Braunschweig, Germany. ®email: andresbrunetti@gmail.com; npelopes@fcfrp.usp.br; joerg.overmann@dsmz.de

Received: 18 January 2021 Revised: 15 September 2021 Accepted: 16 September 2021
Published online: 2 October 2021

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-021-01121-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-021-01121-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-021-01121-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-021-01121-7&domain=pdf
http://orcid.org/0000-0001-7974-6099
http://orcid.org/0000-0001-7974-6099
http://orcid.org/0000-0001-7974-6099
http://orcid.org/0000-0001-7974-6099
http://orcid.org/0000-0001-7974-6099
http://orcid.org/0000-0002-8420-8161
http://orcid.org/0000-0002-8420-8161
http://orcid.org/0000-0002-8420-8161
http://orcid.org/0000-0002-8420-8161
http://orcid.org/0000-0002-8420-8161
http://orcid.org/0000-0002-7863-4965
http://orcid.org/0000-0002-7863-4965
http://orcid.org/0000-0002-7863-4965
http://orcid.org/0000-0002-7863-4965
http://orcid.org/0000-0002-7863-4965
http://orcid.org/0000-0002-7389-3095
http://orcid.org/0000-0002-7389-3095
http://orcid.org/0000-0002-7389-3095
http://orcid.org/0000-0002-7389-3095
http://orcid.org/0000-0002-7389-3095
http://orcid.org/0000-0002-8159-3658
http://orcid.org/0000-0002-8159-3658
http://orcid.org/0000-0002-8159-3658
http://orcid.org/0000-0002-8159-3658
http://orcid.org/0000-0002-8159-3658
http://orcid.org/0000-0003-3909-7201
http://orcid.org/0000-0003-3909-7201
http://orcid.org/0000-0003-3909-7201
http://orcid.org/0000-0003-3909-7201
http://orcid.org/0000-0003-3909-7201
https://doi.org/10.1038/s41396-021-01121-7
mailto:andresbrunetti@gmail.com
mailto:npelopes@fcfrp.usp.br
mailto:joerg.overmann@dsmz.de
www.nature.com/ismej

The mechanisms by which bacteria can withstand AMPs are
little understood, but they include different strategies like removal
by efflux pumps, degradation by membrane proteases, and
alteration of membrane charge [18]. Another essential process
regulating resistance is the sensing of host AMPs, which often
occurs through signal transduction involving two-component
regulatory systems (TCSs) [19] where the extracellular loop of the
histidine kinase sensor senses external molecules [19, 20]. More
than tens of TCSs with sensing domains that share little sequence
similarity are found in different bacteria species and confer
different ligand specificities [21]. Specifically, in Pseudomonas
aeruginosa, one of the most studied pseudomonads, pathogeni-
city and resistance have been associated with sensing and
exporting various antimicrobial substances by at least five TCSs
and by efflux pumps of the resistance nodulation family [22-25].

In the present study, the symbiosis between a
methoxypyrazine-producing Pseudomonas sp. (hereafter Pseudo-
monas sp. MPFS) and the Brazilian treefrog Boana prasina was
analyzed by a combination of different omics technologies [26],
inhibitory assays, and molecular modeling. These analyses aimed
to identify the origin of the relevant bacterial metabolites that
may be beneficial to the host and the bacterial resistance
mechanisms against the host’s immune system, which would
provide further insights into the selective action of AMPs in the
interaction. In addition, these results contribute to our under-
standing of the principles underlying the symbiosis between
amphibians and their skin microbiome.

MATERIALS AND METHODS

Genome sequencing and annotation of Pseudomonas sp.
MPFS

Pseudomonas sp. strain MPFS was isolated from the skin of the South
American treefrog Boana prasina as part of a larger cultivation study
(originally isolated as Pseudomonas haplotype 11) [9]. This lineage was
selected because it was identified as the biological source of the odorous
methoxypyrazines potentially acting as sex pheromones in its frog's host
[9]. In addition, it was consistently found in specimens from different
populations of the frog host, suggesting a tight symbiotic relationship [9].
The complete genome sequence was determined by a combination of
single-molecule real-time (PacBio RSII; Pacific Biosciences, Menlo Park, CA)
and MiSeq sequencing (lllumina, San Diego, CA, USA) and was assembled
with the “RS_HGAP_Assembly.3” protocol included in SMRT Portal
version 2.3.0.

Automated genome annotation was done using Prokka [27] and the
National Center for Biotechnology Information (NCBI) Prokaryotic Genome
Annotation Pipeline [28]. EQgNOG 4.5 was used to retrieve clusters of
orthologous groups of proteins (COGs) functional categories [29].
Biosynthesis gene clusters (BGCs) potentially involved in the production
of novel secondary metabolites were predicted using antiSMASH (vbeta5;
https://antismash.secondarymetabolites.org) [30]. The whole-genome pro-
ject was deposited at NCBI GenBank (BioProject IDPRINA684134, Acc.
No. CP066123). For additional details of DNA extraction, genome
sequencing, and assembly, see Supplementary Methods.

Phylogenetic analysis

To explore the evolutionary context of genes potentially involved in
symbiosis, we first assessed the phylogenetic position of Pseudomonas sp.
MPFS among the known clades of Pseudomonas spp. recognized
previously [31]. One hundred and sixty Pseudomonas species, including
most of the type strains of the 13 Pseudomonas groups and the
10 subgroups from the Pseudomonas fluorescens Group, were selected
from Hesse et al. [31], and their genomes were downloaded from GenBank
(NCBI). Cellvibrio japonicus was used as the outgroup. Information on the
strains included in the analysis and NCBI accession numbers are listed in
Supplementary Table S1. A matrix of 243 protein-coding genes (76,157
amino acid sites) of single-copy housekeeping genes present in at least
90% of Pseudomonas genomes was constructed using ProteinOrtho v4.26,
which predicted orthologous proteins from the complete genomes [32]
employing default parameters (Supplementary Methods). A maximum
likelihood phylogenomic tree was inferred with RAXML (v8.2.12) [33] using
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100 replicates and the BLOSUM®62 substitution matrix; 500 nonparametric
bootstraps were used to estimate node support. The Interactive Tree Of
Life (iTOL) web portal [34] was used to visualize the phylogenetic tree and
gene annotations.

The genome-based platform Type Strain Genome Server (TYGS) [35] was
used to find additional close relatives of Pseudomonas sp. MFPS and to
determine the species and subspecies boundaries of this strain. Aside from
the eight closest type strains identified by TYGS, two additional yet
unnamed strains (Pseudomonas sp. CMR5c and Pseudomonas sp. CMR12a)
were included in the analyses based on exploratory BLAST analysis.
Intergenomic distances and a balanced minimum evolution tree with
branch support were estimated using the Genome BLAST Distance
Phylogeny and FASTME 2.1.4, respectively. Finally, all-against-all pairwise
average nucleotide identity (ANI) values were calculated using FastANI [36]
for this subset, using a species cutoff of 95%.

Biosynthetic gene clusters, two-component regulatory
systems, and efflux pumps

To understand the distribution and evolutionary context of BGCs identified
in Pseudomonas sp. MPFS, the occurrence of these clusters, and the total
number of BGCs were compared with those identified in the closely related
strains from a matrix of orthologous proteins constructed with Protei-
nOrtho v4.26 employing the default parameters. Previous studies have
shown that at least five TCSs (PhoPQ, ColRS, PmrAB, ParRS, and CprRS) are
involved in the resistance of P. aeruginosa PAO1 against AMPs like cyclic
polymyxin, but also against linear peptides [23, 24]. Therefore, the matrix
of orthologous proteins was also used to assess the presence/absence of
protein orthologues of these five TCSs in the genus Pseudomonas. TCSs
were considered orthologous when both the sensor histidine kinase and
the response regulator were orthologous or when at least one member of
the pair was retrieved as orthologous, and its pair shared the same
neighboring genes of the orthologous system. The phylogeny of TCSs was
analyzed based on the presence/absence matrices for each of these five
TCSs in all Pseudomonas genomes and visualized using the iTOL web portal
[34]. The ancestral state of the TCSs in pseudomonads was reconstructed
in TNT [37], considering binary characters (presence/absence) and using
the maximum parsimony criterion. Similarly, the phylogeny of the four
multidrug efflux pumps MexAB-OprM, MexXY-OprM, MexCD-OprJ, and
MexEF-OprN of the resistance nodulation division family, known to export
a variety of antimicrobial substances in P. aeruginosa [22], was determined
based on the presence/absence matrices.

Identification of AMPs in the skin of Boana prasina and in
silico characterization

One male and one female specimen of the treefrog Boana prasina (Anura:
Hylidae) were collected from Séo Francisco Xavier, Sdo Paulo, Brazil (22°
55'19"S, 45°53'14"W), and the total RNA was extracted from their dorsal
skin (Supplementary Material). The cDNA libraries were prepared using
TruSeq RNA Sample Prep Kit v2 (lllumina) and sequenced in a HiSeq2000
(2% 100 PE; lllumina, San Diego, CA, USA; Supplementary Material).

Sequences from both individuals were de novo assembled with Trinity
v2.11 using default parameters [38] creating a transcript consensus. For a
preliminary assessment of potential protein-coding regions, the contigs
were translated with ORFpredictor v3.0 [39]. Finally, the relative gene
expression was quantified using the consensus skin transcriptome of the
male and female B. prasina employing Kallisto [40]. The raw transcriptomic
dataset was deposited at the NCBI Sequence Read Archive (BioProject ID
number PRINA675859).

Prepropeptide sequences of AMPs in the transcriptome of B. prasina
were identified based on the conserved six-amino acid motif “VSLSIC" of
signal peptides previously described in other species from the genus
Boana [41, 42]. Prepropeptides were further examined concerning their
tripartite structure, comprising a signal peptide, a spacer region rich in
acidic residues, and the mature peptide sequence [42]. Mature peptides
were compared in silico to AMPs from public databases (Supplementary
Material).

Effect of antimicrobial peptides on bacterial growth

Two novel mature peptides identified in the transcriptome of B. prasina,
named here raniseptin-Prs and prasin a-Prs, were chosen to assess whether
these peptides can inhibit the growth of Pseudomonas sp. MPFS
(Supplementary Material). The synthetically synthesized mature peptides
raniseptin-Prs and prasin a-Prs and the synthetic cleaved (at the Gly™-Lys""’
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Fig. 1 Circular plot of the 7.1 Mbp Pseudomonas sp. MPFS
chromosome and COG functional categories. The eight circles
from the outermost to the innermost depict either the location of
different genes or general genome features: circles 1 and 2 (orange)
predicted coding sequences on the positive and negative strands,
respectively; circles 3 (green) and 4 (blue), tRNA and rRNA genes,
respectively; circle 5, biosynthetic clusters (BGCs) with high
similarities (=75%) to BGCs with known function, and a nonriboso-
mal peptide synthetase putatively involved in the synthesis of
methoxypyrazines (p. MOPs cluster, orange); circle 6, the five two-
component system genes (TCSs, red) and eight multidrug efflux
pumps (MEPs, cyan) known to mediate adaptive resistance against
antimicrobial peptides (AMPs) in Pseudomonas aeruginosa, and; circle
7 and 8, %G+C and GC skew, respectively.

site) peptide of the raniseptin-Prs following previous studies [42, 43] were
purchased from Dg-Peptide Co. (Hang Zhou City, China).

Experimental assays were conducted with Pseudomonas sp. MPFS, P.
aeruginosa PAO1, P. brassicacearum DSM 13227, and Escherichia coli DSM
498. E. coli has been previously tested using skin peptides from different
amphibian species [11, 41, 42]. Pseudomonas aeruginosa and P. brassica-
cearum served to test whether the CprRS system that is present in P.
aeruginosa and Pseudomonas sp. MPFS, but absent in P. brassicacearum,
can mediate bacterial resistance against AMPs. All tests were performed in
triplicate and according to the Clinical and Laboratory Standards Institute
(2012). Growth curves were constructed for each treatment based on their
data distribution using the locally weighted regression “loess” in R. A
standard procedure was used to determine differences between treat-
ments. Briefly, the maximum growth rate and its 95% confidence interval
were calculated from the log-linear part of growth curves from each AMP
concentration and the control treatment without AMPs. When the
confidence intervals for an AMP treatment and control did not overlap,
they were judged to be significantly different.

Modeling of TCSs structures and AMP docking

To examine the specificity of peptide recognition, we used de novo protein
modeling of sensory domains of the sensor histidine kinases PhoQ, ColS,
PmrB, ParS, and CprS from P. aeruginosa PAO1 [23-25] and Pseudomonas
sp. MPFS, and raniseptin-Prs as the peptide model. These yielded three-
dimensional structures of the sensory domain and enabled in silico
docking experiments of the sensor histidine kinases-peptide complexes.
The molecular models of these complexes were constructed with
HADDOCK2.4 [44] by docking the raniseptin-Prs as an extended a-helical
peptide amidated at the C-terminal end to the B-sheet enriched portion of
the predicted sensory domain of sensor histidine kinases. Because the
opposite region of the sensory domain, which comprised the main
N-terminal a-helix, was expected to participate in dimer formation [45], it
was blocked from participating in the molecular interaction. The biological
relevance of the generated models was refined by employing geometric
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and energetic selection criteria. Scores for the binding of raniseptin-Prs to
the sensory domains of sensor histidine kinases were determined in
arbitrary energy units (a.e.u.). Details on model construction, validation,
and selection criteria can be found in the Supplementary Material.

RESULTS AND DISCUSSION

Genome sequence of Pseudomonas sp. MPFS

Pseudomonas sp. MPFS is the first Pseudomonas strain with a high-
quality, closed genome from an amphibian skin microbiome. The
genome of this strain comprises one large, circular chromosome
(7,092,618 bp; Fig. 1) and represents one of the largest sequenced
genomes within the genus Pseudomonas (mean, 5.6 + 1.1 Mbp;
Supplementary Table S1). The GC content is 63.1 mol%, and
extrachromosomal elements are lacking. Annotation with Prokka
predicted five copies of the ribosomal RNA operon, 80 tRNA
genes, and 6384 protein-coding sequences (Fig. 1).

This complete genome sequence of Pseudomonas sp. MPFS
offers a novel basis for studying biotic interactions between
bacteria and amphibians because Pseudomonas strains are
common members of the skin microbial community of this group
of vertebrates [4, 6, 46]. The only two other bacterial species
isolated from the amphibian skin are the thermophilic pathogen
Mycobacterium xenopi (strains DSM 43995" and CCUG 29060) and
an isolate of the genus Pigmentiphaga [47]. According to the
BacDive database [48], only M. xenopi is available up to this point.

Phylogenomic affiliation of Pseudomonas sp. MPFS and
distribution of symbiosis amongst pseudomonads

The phylogenomic tree based on 243 orthologous protein
sequences of housekeeping genes revealed that Pseudomonas
sp. MPFS is the sister clade of the P. protegens Subgroup closely
related to the P. chlororaphis Subgroup (Fig. 2). This phylogenomic
analysis also confirmed the monophyly of the previously
recognized 13 Pseudomonas groups and 10 subgroups of the P.
fluorescens Group [31] at high bootstrap support (95%). A further
taxonomic delineation with the TYGS [35] showed that two
genomes absent in the protein phylogenetic analysis (i.e., “P.
aestus” CMAA1215, whose name is not validly published under
Bacteriological Code, and P. piscis MC042) were also closely related
to Pseudomonas sp. MPFS.

Subsequent digital DNA-DNA hybridization with strains from
the P. protegens and P. chlororaphis subgroups produced
unexpectedly low values (<32% and <28%, respectively; Supple-
mentary Table S2), indicating that strain MPFS constitutes a
separate, previously unrecognized species. Based on the phylo-
genomic tree obtained with TYGS (Fig. 3A) and on the dDDH
values and intergenomic distances (Supplementary Table S2), we
designated the new P. piscis Subgroup within the P. fluorescens
Group. This subgroup, in turn, comprises two distinct species
clusters, the first consisting of P. piscis, “P. aestus” and
Pseudomonas sp. CMR5c¢ and the second consisting of Pseudomo-
nas sp. MPFS and Pseudomonas sp. CMR12a (Fig. 3A). These
species clusters were also independently confirmed by ANI values
(Supplementary Table S3).

Representatives of these three groups form symbiotic associa-
tions with different crop plants, colonizing roots, and leaves
[49, 50], and isolates were also obtained from crustaceans, soil
arthropods, intestines, and head ulcers from fish, and now also
from amphibians (Fig. 3B and Supplementary Table S4). Several
members are free-living in habitats like river clay, mangrove
sediments, the cocoyam rhizosphere, and, in the case of
Pseudomonas sp. MPFS, in permanent ponds. Recently, it was
shown that the root-colonizing and plant-beneficial P. protegens
CHAO could also have a commensalistic relationship with insect
vectors, indicating that it can switch between hosts using insects
for dispersal [50, 51]. Thus, it appears that during evolution,
members of the P. piscis, P. protegens, and P. chlororaphis
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subgroups developed the capacity to occupy diverse ecological
niches, including plants and animals. Pseudomonas sp. MPFS and
other Pseudomonas spp. of the amphibians skin microbiome thus
may undergo a distinct life cycle that awaits future detailed
analysis. The larger average genome size of the three
subgroups (mean range 6.9-7.1 Mb) compared to genomes of
all the remaining clades of Pseudomonas (<6.5 Mb; Fig. 3B) and the
evolutionary analysis of genes potentially involved in the
interaction with animals host as described in the subsequent
sections yielded further insights into the ecological versatility of
bacteria from the three clades.
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Potential roles of genes and biosynthetic gene clusters in the
symbiosis

When compared with other Pseudomonas species, 168 genes
were exclusively found in Pseudomonas sp. MPFS, from which
only 32 were assigned to COG functional categories that
correspond mainly to amino acids, lipids, and secondary
metabolite transport and metabolism (Table 1 and Supplemen-
tary Tables S5 and S6). When the comparison also includes
members of the P. piscis, P. protegens, and P. chlororaphis
subgroups, we found that they share unique proteins
involved in cell wall/membrane/envelope biogenesis (five
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Fig. 2 Phylogenetic relationships of Pseudomonas obtained with maximum likelihood based on protein sequence alignments of
orthologous genes from 141 type strains (type), 17 non-type strains, and the yet undescribed Pseudomonas sp. MPFS from this study
(arrowhead, red, bold). Cellvibrio japonicus was included as an outgroup. Nodes without numbers indicate bootstrap values higher than 95%.
Branch colors depict Pseudomonas spp. groups (G.) and P. fluorescens subgroups (S.), and portions of the tree highlighted in gray depict groups
or subgroups that differ from previous genome-based phylogenies. Columns on the right indicate the presence/absence of genes encoding
for multidrug efflux pumps (MEPs) and two-component sensory systems (TCSs) known to participate in adaptive resistance in P. aeruginosa.
Arrows and names in bold font indicate the strains selected for inhibition experiments.
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Fig. 3 Phylogenomic tree showing the position of Pseudomonas sp. MPFS in the most closely related clades and overview of ecological
niches used by different clades of Pseudomonas. A Based on the tree inferred with FastME 2.1.4 using the TYGS platform and on the genome
BLAST distance phylogeny method (GBDP), we defined P. piscis Subgroup (S.) as a new clade within the P. fluorescens Group. Branch lengths are
scaled in terms of GBDP distance formula d5, and the numbers on branches are GBDP pseudo-bootstrap support values from 100 replications.
Different square colors on the right panel depict whether the strains belong to a given species and subspecies cluster, whereas the color
intensity of the G+C content depicts their relative values. B A simplified list depicting known biological sources from where different strains
(str.) from the Pseudomonas groups and Pseudomonas fluorescens subgroups included in this study were identified. Red rectangles on symbols
depict pathogenic interactions. GS genome size, fl free-living strains, sy str symbiotic strains.

genes) and defense mechanisms (two genes; Table 1 and
Supplementary Table S6) that do not occur in other pseudo-
monads. Genes in these categories include multidrug efflux
pumps that may have a role in the colonization of their animal
and plant hosts.

The ISME Journal (2022) 16:788 - 800

Of the total of 16 putative BGCs identified in Pseudomonas sp.
MPFS (Figs. 1 and 4 and Supplementary Table S7), only three have
high sequence similarities (=87%) with clusters of known function
available in the MiBIG database (Supplementary Table S7). These
BGCs are involved in the production of Coronatine (NRPS-like),
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Table 1.
other Pseudomonas spp.

COG category®

Definition (name)
Chromatin structure and dynamics
Energy production and conversion 2
Cell cycle control, cell division, chromosome partitioning
Amino acid transport and metabolism
Nucleotide transport and metabolism
Carbohydrate transport and metabolism
Coenzyme transport and metabolism
Lipid transport and metabolism
Translation, ribosomal structure, and biogenesis
Transcription
Replication, recombination, and repair
Cell wall/membrane/envelope biogenesis

Heat-labile enterotoxin alpha chain A

RHS repeat

Carbohydrate-selective porin, OprB family (oprB)

- = N W N = O = = =

multidrug efflux pump (mexE)
RND efflux system
Fimbrial chaperone protein (IpfB)
Inorganic ion transport and metabolism
Secondary metabolites biosynthesis, transport, and catabolism
Signal transduction mechanisms
Intracellular trafficking, secretion, and vesicular transport
Defense mechanisms
Multidrug resistance protein, MATE family (norM-2)
AAA domain, putative AbiEii toxin (nodl)
ABC transporter transmembrane region (mdIB)

- = N = DN O =

Multidrug efflux pump (mexF)

Protein with predicted function® 32
136
168

Hypothetical protein/unknown function
Total

Clade
MPFS

Specific genes classified according to COG categories present in Pseudomonas sp. MPFS and in closely related clades with no ortholog in the

MPFS CMR12a P. piscis P. piscis P. chl. P. prot.

1

1 1
6 22 12
29 23 54
35 45 66

MPFS Pseudomonas sp. MPFS, CMR12a Pseudomonas sp. CMR12a, P. chl. P. chlororaphis, P. prot. P. protegens.
®Genes within the categories in bold are displayed because of their potential relevance in resistance mechanisms against the host’s antimicrobial substances.
PBecause one gene can be classified in more than one COG category, the number of genes with predicted function is smaller than the sum of the genes in

each COG category.

Pyocyanin (phenazine), and Sessilin A or Tolaasin I/F (cyclic
depsipeptides members of the Tolaasin Group [52]; Figs. 1 and 4).
One BGC encodes a two-module, five-domain nonribosomal
peptide synthetase (Fig. 4A) whose product resembles the
aminoaldehyde intermediate of pyrazinones [53] and an S-
adenosyl-L-methionine-dependent methyltransferase that can
methylate a pyrazinone intermediate during biosynthesis of
methoxypyrazines. Predictions on this cluster also indicate an
unknown substrate specificity of the adenylation domain A;, and a
relaxed substrate specificity for aliphatic amino acids like alanine,
valine, leucine, and isoleucine for the adenylation domain A,. This
seeming lack of specificity likely explains the diversity of
methoxypyrazines identified previously in the volatile profile of
Pseudomonas sp. MPFS (Supplementary Fig. S1) [9, 541.

These results suggest that metabolites from the Pseudomonas
sp. MPFS might significantly affect different aspects of the biology
of its frog host. For instance, the broad antifungal spectrum of
Pyocyanin and the Tolaasin depsipeptides (Fig. 4B and Supple-
mentary Table S8) make them good candidates for a protective

SPRINGER NATURE

function against the amphibian fungal pathogen B. dendrobatidis.
This function would not be restricted to this specific strain and
might imply functional redundancy in the bacterial skin commu-
nity. For instance, the different strains within the P. piscis
Subgroup carry between three to five BGCs with antifungal
activity, including 2,4-diacetylphloroglucinol that effectively inhi-
bits B. dendrobatidis (Fig. 4B and Supplementary Table S8) [55]. In
addition, and as shown previously [9], methoxypyrazines could
mediate sexual interactions of its host.

Resistance to AMPs in Pseudomonas sp. MPFS

The analyses of the distribution of Mex efflux pumps revealed that
the four pumps described in P. aeruginosa (i.e., MexAB-OprM,
MexXY-OprM, MexCD-OprJ, and MexEF-OprN) are widespread in
Pseudomonas (Fig. 2). Because these pumps are known to mediate
intrinsic resistance of this species to several antibiotics [22], this
distribution pattern may reflect a highly conserved mechanism to
deal with such substances. However, we found two extra copies of
the MexEF pumps and two efflux pumps of the ABC and MATE

The ISME Journal (2022) 16:788 - 800
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Fig. 4 Biosynthetic gene clusters (BGCs) from Pseudomonas sp. MPFS and from strains within the P. piscis, P. protegens, and
P. chlororaphis subgroups with reliable secondary metabolite assignment (sequence similarity 275% with clusters of known function).
A Three BGC types, phenazine (top), nonribosomal peptide synthetase (NRPS) (second from the top), and NRPS-like (third from the top), have
high sequence similarities to clusters occurring in other Pseudomonas strains (denoted on the right of the panel). In addition, a dimodular

NRPS putatively involved in the synthesis of methoxypyrazines was

identified (bottom). B Total number of BGCs and presence/absence of

BGCs with reliable secondary metabolite assignment. Information on the presence/absence of antifungal activity for these compounds was

obtained from the literature as detailed in Supplementary Table S8.

families among the specific genes of P. piscis, P. chlororaphis, and
P. protegens subgroups with no orthologs in other Pseudomonas
spp. (Table 1).

The analyses of the distribution of the five TCSs conferring
resistance to P. aeruginosa (i.e., PhoPQ, ColRS, PmrAB, ParRS, and
CprRS) [23, 24] to the cationic AMP polymyxin, but also to other
cationic AMPs, revealed distinct patterns and evolutionary
histories in Pseudomonas. The PhoPQ, ColRS, and PmrAB systems
are widespread in the genus (Fig. 2). The phylogenetic reconstruc-
tion shows that the presence of PhoPQ and ColRS is an ancestral
state of Pseudomonas (Supplementary Figs. S2 and S3), whereas
PmrAB has a more complex evolutionary pattern with several
independent acquisitions and losses (Supplementary Fig. S4). In
contrast, the presence/absence patterns of the ParRS and CprRS
systems show that both are derived characters in Pseudomonas
(Fig. 2 and Supplementary Figs. S5 and S6). Our analyses indicate
that both evolved independently within subclades of the P.
fluorescens Group and in very few strains outside this group (CprRS

The ISME Journal (2022) 16:788 - 800

in the groups of P. pertucinogena and P. syringae, and P.
aeruginosa; ParRS in P. putida Group and P. aeruginosa) (Fig. 2
and Supplementary Figs. S5 and S6).

In the last decade, AMPs have been increasingly recognized as
key agents of symbiotic interactions between bacteria and
different hosts, ranging from deep-branching metazoans to
insects and plants [14-16]. In this context, it is significant that
the AMP Tachyplesin | elicits the overexpression of MexE in
P. aeruginosa [25]. This evidence, along with our results on the
distribution pattern of Mex efflux pumps, suggests that they are
conserved detoxification mechanisms in Pseudomonas, also
participating in more specialized roles like resistance to AMPs
from the host. It is also significant that ParRS or CprRS occur in
Pseudomonas clades like the P. syringae Group and the
P. fluorescens Subgroup, given that many representatives form
close associations with plants and animals (Fig. 3B). Furthermore,
the occurrence of the five two-component systems in all strains
from the P. chlororaphis, P. protegens, and P. piscis subgroups, as
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Table 2. Mature peptides identified in the skin transcriptome of Boana prasina.

Name Mature peptide Length MwW Net charge GRAVY pH AMP Prob.
raniseptin-Prs GIMDTLKKIGKKVGKVALDVAKNYLNQEK 29 3202.85 +4 —0.448 0.469 0.8595
hylin-Prsl FIGALIPALAGVIGGLIRKG 20 1936.41 +2 1.490 0.488 0.9370
hylin-Prs2 FLGALIPAAMGLISHLVNKG 20 2022.48 +1 1.215 0.390 0.8920
hylin-Prs3 FLGALIPATAGATISGLINRG 20 1924.32 +1 1.370 0.455 0.8715
prasin a-Prs GFWHNLKNIFIETGKGIKRVWKNFFEFTGS 28 3325.87 +4 -0.364 0.556 0.9935
prasin b-Prs GALERVKKYMFPIRYG 16 1928.33 +3 -0.394 0.278 0.4835
prasin c-Prs GIMDTLKKIRKRNRGMKNLMKREESWIL 28 3446.20 +6 -0.986 0.399 0.6445
prasin d-Prs SIYKLGGSCLDVPHIGRICG 20 2088.47 +1 0.455 0.201 0.6965
prasin e-Prs ELMERGMPWPPPFLPE 16 1926.28 =2 -0.631 0.296 0.0705

Amino acid length, theoretical molecular weight (MW), total net charge, grand average of hydropathicity (GRAVY), hydrophobic moment (uH), and probability
of being AMPs estimated with Random Forest algorithm (AMP Prob.) were determined in silico. Peptides in bold were selected for bacterial growth

experiments.

well as P. aeruginosa (Fig. 2 and Supplementary Figs. S2-S6)
suggests the existence of a highly diversified sensing mechanism
for AMPs. Though experimental evidence needs to be gathered,
this diversification likely reflects the capability of these species to
shift between different animal and plant hosts [51].

Transcriptomic identification and analysis of cationic AMPs
from the amphibian host

Based on the conserved sequence motif VSLSIC of the N-terminal
signal peptide and the distinct regions of the AMP precursors
(signal peptide, acidic region, and mature peptide), we identified
nine prepropeptides from the skin consensus transcripts of Boana
prasina (Table 2 and Supplementary Table S9). Blast analysis using
the AMP database identified all as novel peptides. Following the
proposed nomenclature [56], and based on the sequence
similarity, four peptides were assigned to the already described
peptide families raniseptin and hylin (Table 2 and Supplementary
Fig. S7), and the others were named prasin with the suffix “a”"-"e
Four isoforms were recognized in six of the nine peptides,
differing mainly at the nucleotide sequence downstream of the
signal peptide region and at the signal peptide region itself
(Supplementary Table S10). Based on the relative quantification of
the individual reads, we estimate that peptides raniseptin-Prs and
hylin-Prs have high expression levels and are among the 50 and
450 highest expressed proteins in females and males, respectively
(Supplementary Table S11).

In silico characterization of mature peptide sequences revealed
that all, except prasin e-Prs, have a cationic character with net
charges ranging from +1 to +6. We also found that five of these
cationic peptides contain a-helices with an amphipathic character
and a high probability of representing AMPs (Table 2 and
Supplementary Fig. S8). Given the proposed action mechanisms
of membrane-active AMPs [57, 58], this net positive charge may
favor the initial electrostatic attraction of the peptides to
negatively charged bacterial membranes, while the amphipathic
a-helix conformation may promote the integration of peptides
into the microbial membrane, disrupting its physical integrity and
ultimately killing the cell. Accordingly, wheel projection diagrams
show distinct hydrophobic and hydrophilic faces on opposite
sides of a peptide (Supplementary Fig. S9).

Because cationic AMPs of the raniseptin and hylin peptide
families display broad-spectrum antimicrobial activity against
Gram-negative and Gram-positive bacteria, including E. coli, S.
aureus, E. faecalis, B. subtilis, and P. aeruginosa [42, 59], we were
interested in understanding their effect on different Pseudomonas
strains as one of the main representatives of the skin bacterial
community of amphibians [4, 7-9]. Thus, we chose raniseptin-Prs
and the highly cationic prasin a-Prs from B. prasina to test their

"
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activity against Pseudomonas sp. MPFS, P. aeruginosa PAO, and P.
brassicacearum DSM, using E. coli as control.

Effect of skin defense peptides on the growth of bacterial
isolates

Full-length synthetic peptides raniseptin-Prs and prasin a-Prs
(Fig. 5A and Supplementary Fig. S10), as well as cleaved
peptides raniseptin-Prs (1-14) and raniseptin-Prs (15-29) (Fig. 5B
and Supplementary Fig. S11), did not inhibit the growth of
Pseudomonas sp. MPFS and P. aeruginosa PAO1, even at the
moderate to high concentrations tested (~120 uM). In contrast,
all full-length peptides inhibited the growth of P. brassicacearum
and E. coli at concentrations equal to or higher than 100 pg/ml
(~30 uM; Fig. 5A and Supplementary Fig. S10). However, when
we tested cleaved peptides, no inhibition was observed in E. coli
(Fig. 5B and Supplementary Fig. S11). The effect of cleaved
raniseptin-Prs (1-14) and raniseptin (15-29) was variable in P.
brassicacearum. Cleaved raniseptin-Prs (1-14) inhibited growth
at concentrations higher than 100 pg/ml during the first 12 h of
the experiment (Fig. 5A), whereas no inhibition of raniseptin-Prs
(15-29) was detected at any concentration tested (Supplemen-
tary Fig. S11).

These results demonstrate that the symbiotic Pseudomonas
sp. MPFS would tolerate the high concentrations of raniseptin-
Prs, and prasin a-Prs found on the skin environment of B.
prasina. They also showed that peptide cleavage generates a
drastic decrease in its antimicrobial activity, which agrees with
previous biological assays of raniseptins [42]. Interestingly, our
model predictions show that raniseptin-Prs may adopt either a
single a-helix or a two a-helix motif joined by a random coil
(Supplementary Fig. S12). This coil matches the Gly"-Lys""' of
the peptide. This motif is a cleavage site recognized for
endopeptidases that can be either produced by microorganisms
[57] or by the amphibians themselves [60]. Previous studies
showed that skin peptides from amphibians could have a
selective antibacterial function or even favor the growth of their
natural microbiota [8, 13]. We showed here that the selective
effect of AMPs is a mechanism that likely contributes to the
establishment of specific bacteria in the amphibian skin
microbiome, including the symbiont Pseudomonas sp. MPFS
and that peptide cleavage mechanisms can lower the strength
of this selectiveness.

Molecular modeling of TCS and their docking with AMPs

Based on our results and previous studies [24, 61], we inferred that
the sensory domains of the sensor histidine kinases of the
different TCSs of Pseudomonas sp. MPFS may differ in their affinity
to cationic AMPs, and that CprRS is necessary for the symbiont to
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Fig. 5 Bacterial growth curves of three Pseudomonas strains and Escherichia coli exposed to different concentrations of the cationic
antimicrobial peptide raniseptin-Prs from Boana prasina. A full length peptide, and B N-cleaved peptide at the Gly'*-Lys'” position. Shaded

areas in each curve represent 95% confidence intervals.

overcome the AMPs from its amphibian host. To test these
inferences, we modeled the structure of TCSs from Pseudomonas
sp. MPFS and P. aeruginosa PAO1, and their interaction with
raniseptin-Prs (Fig. 6 and Supplementary Figs. S13-S18). The
predicted structures are similar for all five sensory histidine
kinases: PhoQ, ColS, PmrB, ParS, and CprS, from both strains
(Supplementary Figs. S13 and S14). Furthermore, all models
exhibited good quality after energy minimization (Supplementary
Table $12) and a similar folding. Basically, one or two helixes were
positioned next to the transmembrane regions flanking the N- and
C-terminal regions and four to five stranded antiparallel B-sheets
in the central portion of the sequences (Fig. 6A and Supplemen-
tary Figs. S15 and S16). This three-dimensional structure is a
common extracytoplasmic motif of signaling proteins known as
PER-ARNT-SIM-like domains (Supplementary Fig. S17 and Supple-
mentary Table S13) [62-64]. These domains can sense both
small molecules and proteins [63, 65] through the ligand-binding
pocket conformed mainly by the B-sheets rich portion of the
sensor [45, 66].

The ISME Journal (2022) 16:788 - 800

Although the exact mechanisms by which AMPs activate TCSs
are not understood, we examined our results considering the
most accepted model described in Salmonella typhimurium that
predicts that the negatively charged surface of the sensor PhoQ
in proximity to the membrane senses cationic AMPs [65]. We
observed marked differences in the negative net charges and a
different distribution of aspartate and glutamate residues in the
five sensory domains of sensor histidine kinases from both
Pseudomonas strains (Fig. 6B and Supplementary Figs. S15B and
S16B). Although the aspartate and glutamate residues occur
along all the surfaces of the sensory domains, they have a higher
density in the antiparallel B-sheet of ColS, ParS, and CprS located
near the membrane. Consistently, the electrostatic potentials
exhibit the same pattern (Fig. 6B and Supplementary Figs. S15B
and S16B), with CprS showing the highest net negative charge
imbalance.

The best scores for the binding of the sensory domains from
Pseudomonas sp. MPFS and P. aeruginosa to the frog's peptide
raniseptin-Prs were obtained for CprS and ColS from Pseudomonas
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Fig. 6 Tertiary structure model of the sensory periplasmatic domain of the sensory histidine kinases PhoQ and CprS from Pseudomonas
aeruginosa strain PAO1 (left panel) and Pseudomonas sp. MPFS (right panel), and modeled docking with the peptide raniseptin-Prs.
A Both sensory domains form a PAS-like fold. B Net charge at pH = 7.0 and electrostatic potential (+2kT/e) visualized over molecular surface.
The red to blue color gradient depicts the negative to positive potentials, respectively. The Asp and Glu residues near the expected membrane
region are depicted for all sensory domains. C Structure of complexes of raniseptin-Prs with PhoQ and CprS and respective scores, in arbitrary
energy units (a.e.u.), obtained by docking. The hydrophobic residues of raniseptin-Prs are shown as gray dots. Cytoplasmic membrane is

represented only for reference.

sp. MPFS (-43.6 and -55.0 a.e.u. respectively; Fig. 6C and
Supplementary Fig. S15C and Supplementary Table S14), and for
CprS from P. aeruginosa (-54.1 a.e.u; Fig. 6C and Supplementary
Fig. S16C and Supplementary Table S14). Lower affinity scores
(ranging from -34.8 to -10.0 a.e.u) were obtained for ColS from P.
aeruginosa and the ParS or PmrB from both strains (Supplemen-
tary Figs. S15C and S16C and Supplementary Table S14), whereas
PhoQs from both strains exhibited repulsive or zero scores (0.1 to
9.1 a.ewu,; Fig. 6C). Taken together, our results suggest that
adaptive resistance to cationic AMPs in Pseudomonas may have
different scenarios involving more than one TCSs, in which CprRS
combined with either or both ParRS and ColRS are key
participants.

SPRINGER NATURE

CONCLUSIONS

We have shown here that the Pseudomonas sp. MPFS strain
isolated from the skin of a treefrog has a large and complex
genome rich in regulatory elements, consistent with environ-
mental versatility. This strain and its close relatives possibly
evolved to occupy diverse ecological niches, including plants and
animals, indicating that bacteria from these lineages are
facultative symbionts with a horizontal transmission mode and
capable of host switching. Our results suggest a complex
frog—-bacterium interaction involving the production of secondary
metabolites by the bacterium’s BCGs that could mediate defensive
and reproductive roles in its host. In turn, the host secretes AMPs
that may regulate the microbiome by inhibiting the growth of
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some bacteria but with no effect on others. Such differential
activity of AMPs can be traced to the presence of resistance
mechanisms in the frog symbionts, specifically, evolutionarily
derived two-component systems and multidrug efflux pumps,
whose phylogenetic distribution in Pseudomonas matches that of
the clades exhibiting higher host niche plasticity. Our findings
likely go beyond this particular model and may be representative
of metabolic interactions in other amphibian-bacteria systems, as
well as molecular mechanisms involving host defense peptides in
other symbiotic systems.
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