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ABSTRACT Members of the genus Pseudovibrio have been isolated worldwide from
a great variety of marine sources as both free-living and host-associated bacteria. So
far, the available data depict a group of alphaproteobacteria characterized by a ver-
satile metabolism, which allows them to use a variety of substrates to meet their
carbon, nitrogen, sulfur, and phosphorous requirements. Additionally, Pseudovibrio-
related bacteria have been shown to proliferate under extreme oligotrophic condi-
tions, tolerate high heavy-metal concentrations, and metabolize potentially toxic
compounds. Considering this versatility, it is not surprising that they have been de-
tected from temperate to tropical regions and are often the most abundant isolates
obtained from marine invertebrates. Such an association is particularly recurrent with
marine sponges and corals, animals that play a key role in benthic marine systems. The
data so far available indicate that these bacteria are mainly beneficial to the host, and
besides being involved in major nutrient cycles, they could provide the host with
both vitamins/cofactors and protection from potential pathogens via the synthesis
of antimicrobial secondary metabolites. In fact, the biosynthetic abilities of Pseu-
dovibrio spp. have been emerging in recent years, and both genomic and analytic
studies have underlined how these organisms promise novel natural products of
biotechnological value.
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he genus Pseudovibrio belongs to the class Alphaproteobacteria, as a member of the

family Rhodobacteraceae that includes the highly diverse and environmentally
abundant bacteria of the Roseobacter clade. This genus was established 14 years ago
with the description of the first species Pseudovibrio denitrificans. The type strain DN34
was isolated from a seawater sample collected in the coastal region of Taiwan. DN34
was described as a Gram-negative motile rod-shaped bacterium capable of growing
anaerobically by performing either denitrification or fermentation (1). A few years later,
strain WSF2T was isolated from surface seawater off the coastline of Japan, and it was

described as belonging to the new species Pseudovibrio japonicus (2). To date, these
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marine invertebrates and to their ability to inhibit various medically relevant microbial
pathogens, in the last decade, increasing interest has mounted around this genus.
However, information on the distribution and physiology of these bacteria is frag-
mented, as systematic efforts to better understand their biology have been missing so
far. Moreover, several findings date back to earlier years when the genus was not yet
established, keeping some important features of these bacteria undisclosed. The aim of
this review is to provide an overview of the distribution, abundance, and metabolic
characteristics of bacteria belonging to the Pseudovibrio genus. Attention will be given
to their biosynthetic abilities, which have led to the discovery of new natural products
of medical and biotechnological value. The intention is to stimulate research on this
genus, as it might be an ideal candidate for both the understanding of some of the
mechanisms defining the marine invertebrate holobionts and the discovery of novel
bioactive compounds.

The holobiont is the unit formed by the host and its associated microbes (7). Both
sponges and corals, the two most common hosts of Pseudovibrio spp., harbor a big
diversity of microorganisms and play pivotal roles in the ecology of the seas. Reef-
forming corals are crucial for the formation of the physical substrates where coral reefs
develop and are important primary producers thanks to their association with photo-
synthetic microorganisms (8). Coral reefs are fundamental ecosystems for marine life, as
their primary production has been estimated to support ~25% of all marine species (8).
Both corals and sponges play essential roles in the biogeochemistry of coral reefs (8, 9).
In benthic environments, sponges can occupy >80% of available surfaces, representing
the major organisms in term of biomass (7). Found from temperate to polar regions and
from shallow to deep waters, sponges are important in maintaining ocean health, as
they function as natural “bioreactors” affecting a variety of biogeochemical cycles (9,
10). They link the benthic and pelagic zones by pumping through their bodies thou-
sands of liters of seawater per day, respiring organic matter, and facilitating the
recirculation of nutrients. Sponge-associated microorganisms can represent more than
a third of the animal body weight, and within them, bacteria can reach the considerable
cell density of 10° cells/cm? of tissue, which is around three orders of magnitude higher
than what is observed in surface seawaters (7).

The pivotal role that both sponges and corals play in maintaining ocean health
underlines the importance of understanding their holobiont in order to protect the
biodiversity and the function of these key ecological players. Several researchers have
pointed out that in the near future, the primary emerging frontiers for the marine
host-microbiome research will be the understanding of the physiological role fulfilled
by bacterial symbionts, the mechanisms used by these bacteria to interact with their
hosts, the extent of the coevolution within the holobiont, and the influences of
microbiomes on host development and adaptation to a changing environment (7, 11).
Therefore, combined efforts embracing both the study of the biology of single asso-
ciated bacterial groups and the study of the holobiont ecology will be needed. The
present review has to be considered an integral component of this framework, as it
aims to provide insights into the biology of a bacterial genus recurrently identified
within the microbiomes of marine invertebrates.

DISTRIBUTION OF BACTERIA BELONGING TO THE PSEUDOVIBRIO GENUS

Besides being found recurrently associated with various marine invertebrates, Pseu-
dovibrio strains have been also detected in marine and estuarine sediments, seawater,
oil samples, wastewater treatment systems, and wetland mesocosms (Fig. 1 and 2) (1,
2, 12-18). An overview of the sources where Pseudovibrio strains have been detected is
shown in Fig. 2. Remarkably, these bacteria have been described to be associated with
Rhodophyta and Embryophyta algae (19, 20) and with nine animal phyla, including
more than 15 different sponge genera. In fact, in more than half of the 134 studies here
considered, Pseudovibrio spp. were described as being associated with sponges (phy-
lum Porifera) (Fig. 2). The phyla Cnidaria, with corals and jellyfish (21-24), and Chordata,
with tunicates (25), represent additional recurrent sources of detection (Fig. 2). The
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FIG 1 Schematic representation depicting the marine sources and their respective geographic locations in which Pseudovibrio strains have been identified. The
positions of the symbols do not necessarily respect the precise geographic coordinates of the collection sites. Symbols are courtesy of the Integration and
Application Network, University of Maryland Center for Environmental Science (ian.umces.edu/symbols/). Striped areas indicate the approximate locations of

coral reefs, added following the data reported by the National Oceanic and Atmospheric Administration (NOAA).

remaining six animal phyla are Annelida, such as fire worms (26); Bryozoa (27); Echi-
noderma, such as sea cucumbers (28); Arthropoda, such as crabs and shrimp (29, 30);
and Platyhelminthes and Mollusca, such as flatworms and clams (5, 6, 31). Geograph-
ically, these bacteria have a wide distribution ranging from temperate to polar regions,
with the majority of the strains obtained from Ireland, Brazil, and Southeast Asia
(Fig. 1).

To date, the data about the abundance of these bacteria in the host microbiomes
are contradictory. In general, Pseudovibrio strains are either the most abundant or
among the most abundant isolates obtained from a great variety of sponges (22, 23).
However, some studies have shown that although Pseudovibrio spp. were recurrently

Frequencies of detection of Pseudovibrio in different
environmental sources
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FIG 2 Overview of the most common sources of detection of Pseudovibrio-like bacteria. One hundred
thirty-four studies that employed either cultivation-dependent or -independent methods were reviewed.
The category “Others” includes jellyfishes, Bryozoa, shrimp, crabs, clams, sea cucumbers, polychaetes,
biofilms, oil wells, and wetlands.
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FIG 3 Abundances of Pseudovibrio-related sequences in all available 16S rRNA amplicon data sets from
the Sequence Read Archive (SRA; as of 31 December 2017), interrogated using the Integrated Microbial
Next Generation Sequencing (IMNGS) web platform (44). Only samples retrieved from natural bacterial
communities in which Pseudovibrio-related sequences reached an abundance of =0.5% are shown. The
SRA accession numbers of the data sets are as follows: 1, SRR1392309; 2, SRR1393908; 3, SRR651959; 4,
SRR768455; 5, SRR2154157; 6, SRR2154188; 7, SRR1992874; 8, SRR1992887; 9, SRR1992892; 10,
SRR1992897; 11, SRR1992900; 12, SRR1992926; 13, SRR1992927; 14, SRR2134226; 15, SRR2134228; 16,
SRR2134230; 17, SRR2167813; 18, SRR2167815; 19, SRR2167816; and 20, SRR2167822. Symbols are
courtesy of the Integration and Application Network, University of Maryland Center for Environmental
Science (ian.umces.edu/symbols/).

isolated from various marine sponges, they were never detected in sequencing data
obtained from the host’s bacterial communities (32, 33). In contrast, additional culture-
independent approaches found Pseudovibrio-like bacteria within the host’s micro-
biomes in various abundances (34-37). Interestingly, in the demosponge Aplysilla rosea,
pyrosequencing detected Pseudovibrio as the dominant genus among the host-
associated microbes, representing 8% of the total bacterial community (38). Fluores-
cence in situ hybridization (FISH) data confirmed the presence of Pseudovibrio cells
within the demosponges Spongia officinalis, Rhopaloeides odorabile, and Mycale laxis-
sima larvae (39-41). Moreover, studies conducted on the sponge R. odorabile revealed
a permanent association in space and time between Pseudovibrio and the host, and the
inability to detect these strains in the seawater surrounding the animals suggested that
such bacteria might have been a sponge-specific lineage (41).

In order to gain an overview of the environmental distribution and abundance of
Pseudovibrio spp., here, all available 16S rRNA amplicon data sets from the Sequence
Read Archive (SRA; as of 31 December 2017) were interrogated for the presence of
sequences assigned to this genus. Forty-nine publicly available Pseudovibrio genome
assemblies were annotated as previously described, and 16S rRNA genes were collected
and clustered using VSEARCH version 1.1.1 with a 99% identity threshold (42, 43). The
14 representative sequences (centroids) were then submitted to the Integrated Micro-
bial Next Generation Sequencing platform (IMNGS), using a genus threshold of 95%
(44). IMNGS systematically screens the SRA for prokaryotic 16S rRNA gene amplicon
data sets, processes them, and builds sample-specific sequence databases. After retain-
ing only sequences classified as belonging to the Pseudovibrio genus, 498 data sets
containing Pseudovibrio-related sequences were obtained, which were reduced to 318
data sets after removing singletons. Pseudovibrio spp. reached an abundance of =0.1%
in 48 samples, mainly derived from marine corals, sponges, and ascidians (see Table S1
in the supplemental material). Astonishingly, in four samples, the abundances of
Pseudovibrio spp. ranged from 43 to 89% (Table S1). However, according to the SRA
descriptions, these data sets did not derive from environmental samples but from
enrichment cultures obtained from Mediterranean sponges. Considering only the data
obtained from natural bacterial communities, Fig. 3 reports an overview of the data sets
where the relative abundance of Pseudovibrio spp. was =0.5%. Remarkably, Pseu-
dovibrio was a dominant genus in the coral Stylophora pistillata, reaching an impressive
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abundance of 44% (SRA accession number SRR1992887) (Fig. 3). The above-mentioned
data indicate that the Pseudovibrio genus harbors broad-host-range bacteria, which
reach various abundances in the natural bacterial community of marine invertebrates,
especially sponges and corals, and in some cases, they represent significant fractions of
the host’s microbiomes (Fig. 3) (38). Sponge microbiomes are astonishingly diverse,
covering more than 50 microbial phyla and thousands of operational taxonomic units
(7, 45). On average, the relative abundance of the whole Alphaproteobacteria class
varies between 1 and 10% (45). Considering such diversity, finding Pseudovibrio-related
sequences within these microbiomes is noteworthy. Likely, the discrepancy between
the cultivation-dependent and -independent data derives from the high metabolic
versatility, fast growth, and antagonist features of Pseudovibrio strains, which allow
them to outcompete other cells during cultivation.

BACTERIA BELONGING TO THE PSEUDOVIBRIO GENUS ARE METABOLICALLY
VERSATILE AND ABLE TO GROW UNDER VARIOUS NUTRIENT REGIMES

To date, 49 genomes belonging to 44 different strains of Pseudovibrio are publicly
available (Table S2A). The most comprehensive comparative genomic analyses per-
formed on subsets of these genomes revealed a high metabolic versatility shared
among various Pseudovibrio strains (46, 47). So far, the biggest direct body of evidence
concerning the physiology of these bacteria comes from the work of Bondarev and
colleagues (48) and from the type strain descriptions. Additionally, various environ-
mental studies indirectly supported some of these findings. These microbes are de-
scribed as mesophilic, strictly marine (therefore requiring NaCl for growth), and oxidase
and catalase positive. The main feature shared among the described strains is their
involvement in the nitrogen cycle, as the ability to perform a complete denitrification
has been recurrently observed (Table 1). Interestingly, assimilatory nitrate reduction,
which allows bacteria to use nitrate as the sole nitrogen source, has been so far
demonstrated only for P. axinellae strain AD2T (Table 1) (46). Considering that this
bacterium was isolated from the same sponge and location as many other Pseudovibrio
spp., it is likely that a certain degree of metabolic differentiation allows multiple strains
to occupy different niches and therefore coexist within the host’s microbiome.

The presence of Pseudovibrio-like bacteria in denitrifying consortia was shown via
cultivation-independent methods in both engineered and natural systems (13, 17). A
recent metagenomic study that followed the dynamic of denitrifying communities in a
chemostat inoculated with coastal sediments showed that Pseudovibrio-like bacteria
were among the dominant microbes involved in the nitrogen cycle (13). The analysis of
the genomic bins assigned to Pseudovibrio revealed the unusual presence of both NirS-
and NirK-encoding genes. These are structural dissimilar nitrite reductases that seldom
cooccur in the same organism. It has been suggested that bacteria encoding these
enzymes respond differently to environmental conditions and occupy different niches,
a scenario hypothesized also for denitrifying bacteria within sponge microbiomes (7,
49). Therefore, finding both genes within the same genus is noteworthy, as it suggests
a high degree of specialization of Pseudovibrio subpopulations, which can allow their
coexistence during the denitrifying process (13).

The array of organic compounds used as energy and carbon sources by Pseudovibrio
spp. is large, including several sugars, amino acids, and short-chain fatty acids, with
differences observed among the type strains (1, 3-6, 48). In recent years, additional
unexpected physiological traits have been described, with some features being of
potential biotechnological interest. For example, a cultivation-independent study de-
tected Pseudovibrio to be among the most abundant groups in marine and estuarine
sediments contaminated with organochlorine pesticides and triazole herbicides (12).
Similarly, the presence of Pseudovibrio spp. was detected in the cavity fluid of sponges
exposed to hexabromobenzene (50). Consistent with these results, a Pseudovibrio strain
isolated from the marine demosponge Hymeniacidon perlevis showed a remarkable
capacity to use as sole carbon source the organic pollutant lindane (hexachlorocyclo-
hexane; Table 1). This is an organochlorine pesticide of great environmental concern
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TABLE 1 Overview of the metabolic features and bioactive compounds described in the Pseudovibrio genus

Metabolic feature or bioactive

natural product (major activity/ies)® Organism Strain(s)® Isolation source(s) Reference(s)
Metabolic feature
Aerobic respiration All described species e.g., FO-BEG1, JE062, AD2T, Seawater, tunicates, flatworms, 1-6, 48
DN34T, WSF2T, F423T, sponges, corals
UST20140214-015BT,
UST20140214-0527
Fermentation All described species FO-BEG1, JE062, AD2T, Seawater, tunicates, flatworms, 1-6, 48
DN34T, WSF2T, F423T, sponges, corals
UST20140214-015BT,
UST20140214-0527
Complete denitrification All described species FO-BEGT1, JE062, AD2T, Seawater, tunicates, flatworms, 1-6, 48
DN34T, WSF2T, F423T, sponges, corals
UST20140214-015BT,
UST20140214-0527
Assimilatory nitrate reduction P. axinellae AD2T Sponges 46
Aromatic hydrocarbon degradation Pseudovibrio spp. FO-BEGT, JE062, SB2 Corals, sponges 48, 52
Halogenated hydrocarbon P. ascidiaceicola Li-8 Sponges 51
degradation
DMSP degradation Pseudovibrio spp. FO-BEGT1, JE062, P12 Corals, sponges 48, 57-59
Heavy-metal tolerance Pseudovibrio spp. 2011SOCNI53, Sponges 39, 65
2011SOCPBH3,
2011SOCCUA9, OTUs:
TSASRA067, TSASRA005
Oxidation of reduced inorganic P. denitrificans FO-BEG1, JE062 Corals, sponges 48
sulfur compounds
Phosphonates and phosphoesters P. denitrificans FO-BEG1, JEO62 Corals, sponges 48
utilization
Bioactive natural products
TDA (antibacterial, anticancer) Pseudovibrio spp. D323, FO-BEGT, JE062, W64, Algae, corals, sponges 19, 48, 59,
W69, W74, W89, P12 60, 87
Heptyl prodigiosin (antibacterial, P. denitrificans Z143-1 Tunicates 83
antiviral, antimalarial, anticancer)
Bromotyrosine-derived alkaloids P. denitrificans Ab134 Sponges 90
(antibacterial, antiviral,
anticancer)
MTN (anticancer) Pseudovibrio sp. D1 Sponges 89
di(1H-indol-3-yl)methane-derived P. denitrificans UST4-50 Tunicates 25
molecules (antifouling)
Tetra(indol-3-yl)ethanone and P. denitrificans BBCC725 Seawater 86

related molecules (anticancer)

aThe major bioactivities of the compounds isolated from Pseudovibrio cultures are reported, and they refer to the general class of compounds to which the
characterized metabolites belong. TDA, tropodithietic acid; MTN, 2-methylthio-1,4-naphthoquinone.

bStrain FO-BEG1 was isolated from a Beggiatoa sp. enrichment culture, which originally derived from a black band-diseased scleractinian coral (48). For clarity, this
strain will be considered to be of coral origin.

because of its toxicity, persistence, and tendency to bioaccumulate in the ecosystems
(51). Information on the pathways used to metabolize this compound is not yet
available for Pseudovibrio. However, in several strains of different phylogenetic lineages,
genes encoding dehalogenases, which are enzymes involved in the cleavage of the
C-halogen bond, are present (e.g., P. denitrificans, NCBI accession no. WP_041768374, in
strain FO-BEG1; P. ascidiaceicola, NCBI accession no. KZL18572, in strain WM33; P.
axinellae, NCBI accession no. WP_068002989, in strain AD2"; and Pseudovibrio sp., NCBI
accession no. WP_093179375 in strain Tun.PSC04-5.14).

Underlining the metabolic versatility of these bacteria, Bondarev et al. showed that
strains FO-BEG1 and JE062, both related to P. denitrificans, were able to aerobically use
4-hydroxybenzoate as the only source of carbon and energy (Table 1) (48). These data
are consistent with an early study showing the ability of the sponge surface-associated
bacterium SB2, which we now know is related to P. denitrificans, to use the dihydroxy-
lated aromatic compound protocatechuate as the sole source of energy and carbon
(Table 1) (52). Evidence suggests that sponges might produce hydroxylated and
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dihydroxylated aromatic compounds, which could represent ideal growth substrates
for Pseudovibrio species (52). Besides aromatic compounds, these microbes are likely
able to metabolize various other hydrocarbons. In fact, Pseudovibrio-related strains
were identified in an oil sample from a Brazilian onshore basin and were enriched in
media containing hexadecane and other hydrocarbon mixes (15, 26, 53). Moreover,
polychaete-associated Pseudovibrio spp. produced biosurfactant and were able to grow
in media containing oil mixtures, showing an emulsifying capacity (26, 54). Consistent
with these ecological and physiological data, the genomes of many strains of different
phylogenetic lineages encode enzymes belonging to the alkane/xylene monooxygen-
ase family (IPR0O33885; e.g., P. denitrificans, NCBI accession no. AEV37994.1, in strain
FO-BEG1; P. ascidiaceicola, NCBI accession no. SFK72151.1, in strain DSM 16392T; and P.
axinellae, NCBI accession no. WP_068000935, in strain AD2T), which includes enzymes
involved in the oxidation and degradation of various hydrocarbons. A better charac-
terization of these pathways and of the degradation efficiency of such compounds, and
their halogenated derivative, will help to understand whether these physiological
features of Pseudovibrio can be of interest for bioremediation processes.

Additional substrates can be used as sources of energy and carbon by Pseudovibrio
species. Bondarev et al. (48) found sox genes in the genomes of both strain FO-BEG1 and
JE062. Such findings not only suggest that these strains are able to use inorganic sources
as alternative electron donors but also that they are involved in the marine sulfur cycle. The
sox genes encode proteins for the oxidation of reduced inorganic sulfur compounds, and
physiological experiments showed that both strains could, in fact, oxidize thiosulfate
directly to sulfate, boosting aerobic growth (48). The involvement of Pseudovibrio spp. in the
marine sulfur cycle is strengthened by their ability to degrade the organic sulfur compound
dimethylsulfoniopropionate (DMSP). DMSP is synthesized in great quantity by algae and
phytoplankton, with phytoplankton producing more than a billion tons of DMSP a year.
This makes DMSP the most abundant reduced sulfur compound in the sea and thus a key
molecule in the marine sulfur cycle (55). This compound is found also in corals and coral
mucus, where it can reach a concentration orders of magnitude higher than in the
surrounding water, indicating the pivotal role of coral reefs in the oceanic DMSP cycle (56).
DMSP has been shown to be used by multiple Pseudovibrio strains as a source of energy
and carbon (Table 1) (48, 57), and recently, the ability to both assimilate it with other
sulfur-containing metabolites produced by the zooxantella Symbiodinium, and use it as
sulfur source were shown as well (58, 59).

In addition to the above-mentioned features, recent genomic, proteomic, and
physiological data showed the involvement of Pseudovibrio spp. in the marine phos-
phorus cycle. Genes encoding proteins involved in the metabolism of phosphoesters,
molecules containing C-O-P bonds, phosphonates, molecules containing the stable C-P
bond, and phosphate are recurrent in the Pseudovibrio genomes and are highly
expressed under phosphate limitation (46, 48, 60). Additionally, physiological data
showed that Pseudovibrio spp. can use phosphonates as the sole phosphorus source
(Table 1) (48). Accessing the dissolved organic phosphorus pool, which is considered
one of the biggest phosphorous reservoirs in the ocean (61), would allow Pseudovibrio
spp. to survive under phosphate-limiting conditions, which are common in many
marine environments. Interestingly, phosphonates can be produced by both phyto-
plankton and benthic marine invertebrates (61, 62), from which associated Pseudovibrio
spp. might recover such compounds.

The metabolic versatility of Pseudovibrio spp. is not only explained by the diversity
of substrates used to meet their growth needs, but also by their ability to proliferate
under suboptimal growth conditions. In fact, strain FO-BEG1 was able to proliferate in
ultraoligotrophic artificial seawater, having a dissolved organic carbon concentration
almost an order of magnitude lower than that of natural oligotrophic seawater (63).
Ultrahigh-resolution mass spectrometry suggested that bacterial proliferation was likely
supported by the consumption of a variety of substrates having chemical features
consistent with condensed hydrocarbons, aromatic compounds, aliphatic amines/
amides, proteins, and amino sugars/carbohydrates. Most likely, this capability is asso-
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ciated with the high number of encoded ATP-independent periplasmic (TRAP) trans-
porters and ATP-binding cassette (ABC) transporters (46, 48), which allow cells to take
up limiting substrates with high affinity. Additionally, strain FO-BEG1 was able to
proliferate under unbalanced growth conditions, characterized by a limited amount of
phosphorous. Overexpression of genes involved in recovering phosphorous from
organic molecules, synthesis of phosphorous-free membrane lipids, and degradation of
previously accumulated polyphosphate were all physiological strategies adopted by
strain FO-BEG1 to grow under such nutrient restrictions (60). These data indicate that
Pseudovibrio strains are well equipped to survive in environments characterized by
fluctuating nutrient regimes, such as surface seawater, where, in fact, they have often
been detected (1, 2, 14) (Fig. 1 and 2).

Another interesting physiological feature of these microbes is their tolerance to
toxic concentrations of heavy metals (Table 1). Among the isolates from the dem-
osponge S. officinalis, three Pseudovibrio spp. were the most resistant strains to copper,
lead, and nickel, tolerating a metal concentration up to 25 mM (39). This value is
remarkable, as in Escherichia coli, the MIC for copper and nickel is T mM, and the MIC
for lead is 5 mM (64). Another recent study revealed tolerance to 5 mM arsenic (As) in
Pseudovibrio isolates associated with the sponge Theonella swinhoei (65). Arsenic is a highly
toxic element, which for this reason has no function as trace metal. In nature, arsenic is
mainly found as arsenate, which due to its chemical similarity to phosphate is taken up
by bacteria via the phosphate transport systems (64). The tolerance to arsenate is
consistent with the presence in several Pseudovibrio genomes of genes encoding the
detoxifying enzyme arsenate reductases (e.g., P. denitrificans, NCBI accession no.
WP_014286665, in strain FO-BEG1; P. ascidiaceicola, NCBI accession no. WP_063312480,
in strain AD26; and Pseudovibrio sp., NCBI accession no. WP_093187096, in strain
Tun.PSCO04-5.14). Such tolerances are ideal adaptations for sponge-associated bacteria,
since the filtration activity of these animals can lead them to accumulate elements in
concentrations potentially toxic for many microorganisms.

The metabolism of metals in Pseudovibrio spp. appears to be intriguing and for
certain aspects puzzling. In fact, strain FO-BEG1 drastically influenced the concentra-
tions of cobalt and iron in phosphate-limited media (66). Under such conditions, this
strain dissolved the precipitated iron by secreting so-far-uncharacterized chelators.
Moreover, phosphate limitation likely induced a significant increase in the cellular
uptake of cobalt and iron, a phenomenon not observed in strains belonging to the
closely related Roseobacter clade cultivated under the same conditions (66).

Overall, these data underline the metabolic versatility of the Pseudovibrio genus. The
ability to live under nutrient restrictions, the high number of encoded high-affinity
transporters, and the plethora of substrates used to meet their nutritional demand
make these bacteria well adapted to proliferate as free-living organisms in surface
seawater and in other environments characterized by fluctuating nutrient regimes.
Moreover, their ability to use host metabolites allows them to take advantage of the
host-associated lifestyle. The main hosts of Pseudovibrio spp., corals and sponges, are
highly abundant in coral reefs (Fig. 1), which are typically confined to oligotrophic
waters. The productivity of such ecosystems is mostly dependent on the cycling of
nutrients performed by the bacterial communities associated with the dominant inver-
tebrates (7-9). Therefore, the metabolic versatility of this genus, together with the high
abundance it can reach in some hosts, underlines its ecological implication in several
biogeochemical cycles in these environments, including the carbon, nitrogen, and both
the organic and inorganic phosphorus and sulfur cycles.

ASSOCIATION WITH EUKARYOTES AND MECHANISMS USED TO INTERACT WITH
THE HOSTS AND THEIR MICROBIOMES

The interaction between Pseudovibrio spp. and their hosts is likely beneficial, or at
least neutral, as these bacteria are commonly associated with healthy animals. Only
recently, Pseudovibrio strains were isolated from bleached scleractinian corals (67), and
it was shown that their abundance increased in corals kept in aquaria and affected by
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brown jelly syndrome (68). However, from such studies, a relationship of causality
between the presence of Pseudovibrio spp. and diseases cannot be inferred. It is
important to consider that the quantity and quality of coral mucus change between
healthy and diseased or stressed individuals (57, 69). For example, temperature-stressed
corals produce a mucus much richer in DMSP (57), a substrate used by Pseudovibrio-
related bacteria as energy, carbon, and sulfur sources. Therefore, the association
between diseased corals and Pseudovibrio spp. can also be interpreted as an opportu-
nistic strategy, as the metabolic versatility of these bacteria would allow them to take
advantage of a changed bacterial community by occupying newly available niches.

In contrast, in the sponge Callyspongia, during the study of the microbiome com-
position throughout the development of the sponge necrosis syndrome, pyrosequenc-
ing revealed that a ribotype affiliated with Pseudovibrio was dominant in healthy
tissues, reduced in abundance in moderately healthy tissues, and absent in the dis-
eased parts of the sponge (70). Similarly, pyrosequencing detected Pseudovibrio spp. in
two coral species irrespective of animal age and health status (24, 71). Interestingly,
several Pseudovibrio isolates strongly inhibited potential sponge pathogens of the
genus Bacillus and the coral pathogens Vibrio coralliilyticus and Vibrio owensii (59, 72,
73). These data suggest that Pseudovibrio spp. are not only present in healthy animals,
but they are also able to protect the host from potential pathogens via shaping the
composition of the host microbiome. Considering the metabolic versatility of Pseu-
dovibrio spp., it is possible that these bacteria are simply commensalistic symbionts of
marine invertebrates. However, the facts that Pseudovibrio spp. inhibit coral and sponge
pathogens, that they have never been associated with diseased sponges, and that they
decrease in abundance in diseased tissues suggests that, as hypothesized by Webster
and Hill, Pseudovibrio-like bacteria do not harm their hosts and might even be beneficial
to their survival and health (41).

Another two open questions are the location of Pseudovibrio strains within their
hosts and their transmission mode through host generations. The majority of bacteria
associated with sponges reside in an extracellular matrix known as mesohyl, which
forms most of the sponge body, even though intracellular bacteria have been described
(7). Similarly, in two different sponge species, Pseudovibrio cells were detected via FISH
in the mesohyl of the animals (39, 41). However, in the sponge R. odorabile, experiments
directed to separate sponge components from bacteria failed, as Pseudovibrio spp.
were always found in fractions containing sponge material. This led to the hypoth-
esis that these strains can reside inside or tightly attached to sponge cells (41). The
transmission mode of sponge symbionts is still unclear, and the same is true for
Pseudovibrio species. Enticknap and colleagues (40) showed that Pseudovibrio-like
bacteria were particularly enriched in the larvae of the sponge M. laxissima,
suggesting a direct transmission from the parental line to the progeny (vertical
transmission) of these microbes within their hosts (40). This sponge species is
viviparous; thus, it cannot be excluded that Pseudovibrio-like bacteria were acquired
from the environment (horizontal transmission). In fact, as pointed out by Enticknap
et al,, considering the impressive filtration rates of sponges, even bacteria present
in the seawater at very low abundances could be acquired by the adults and in turn
colonize the larvae early in their development (40). An examination of gametes and
larvae at different developmental stages would be needed to elucidate the modal-
ity of transmission.

One puzzling and fascinating thematic in sponge microbiology is the ability of these
animals to discriminate food from symbionts. Feeding experiments performed with the
sponge Aplysina aerophoba revealed that food bacteria were taken up to a higher rate than
sponge-associated strains (74). In that study, the authors also analyzed the uptake of strain
SB89, which was detected to be specifically associated with sponges and which we today
know is affiliated with Pseudovibrio species. This strain was retained by the sponge at a rate
similar to the rates at which the other food bacteria were retained, leading to the
speculation that SB89 might be able to resist phagocytosis and subsequently establish itself
within the host (74). Recent data suggest that symbionts may adopt specific mechanisms
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to manipulate host behavior and avoid digestion (7). In line with this view, all Pseudovibrio
genomes analyzed so far encode a great diversity of systems potentially used to interact
with the sponge cells, evade defense systems and digestion, and colonize both the host
cells and the extracellular space (46-48, 75). From these genomic analyses, three types of
systems detected in the majority of Pseudovibrio genomes stood out for their role in the
interaction with the hosts: type Ill and type VI secretion systems (T3SS and T6SS, respec-
tively), toxin-like proteins, and proteins containing eukaryotic-like domains (ELD). T3SS and
T6SS are syringe-like structures assembled across the bacterial membranes, and via inject-
ing specific proteins (effectors) into target cells, they induce modifications in either pro-
karyote or eukaryote behaviors (76). Their effectors have been described in many patho-
genic bacteria to interfere with both eukaryotic cellular phagocytosis and immune
response, allowing bacteria to evade the defense mechanisms of the host and in turn
colonize its cells and tissues (76). The majority of Pseudovibrio genomes encode a large
diversity of effector proteins that can potentially target both the host and its microbiome,
allowing them to elude the host defenses and outcompete neighboring bacterial cells (46).
Similarly, toxin-like proteins have been described to be involved in adhesion and penetra-
tion into host cells and fulfill an antagonist role against both prokaryotes and eukaryotes.
For example, Rhs- and Rtx-containing proteins together with serralysin peptidases have
been shown to be used by symbionts to protect aphids from pathogens, to suppress in vitro
phagocytosis, and to allow bacteria to adhere to and cleave extracellular matrix compo-
nents (77, 78). All these types of toxins are encoded in Pseudovibrio genomes, and
proteomic data indicate that some of them are actively synthesized during growth (46, 60).
Finally, it has been shown that symbiont proteins containing ELD are enriched in sponge
microbiomes and can protect bacteria from phagocytosis (7). Consistent with these data, in
all Pseudovibrio genomes, multiple proteins containing ELD are encoded (e.g., P. denitrifi-
cans, NCBI accession numbers WP_014285680, AEV37624, and WP_014283455, in strain
FO-BEG1; P. ascidiaceicola, NCBI accession numbers KZL16458, KZL16380, and
KZL03167, in strain AD26) (47). These data indicate that Pseudovibrio has a big arsenal
to successfully interact and colonize its hosts and outcompete bacterial competitors
within the host’s microbiome.

The benefits Pseudovibrio spp. receive from these associations can be easily envi-
sioned, as they will be exposed to a continuous flux of seawater and nutrients and be
able to feed on host metabolites. On the other hand, the benefits the hosts might
receive from this association need to be better framed. As will be described below,
many Pseudovibrio isolates have strong antimicrobial properties against a great variety
Gram-positive and -negative bacteria. The production of antimicrobial compounds
greatly improves the antagonistic ability of Pseudovibrio spp., representing a compet-
itive advantage within densely populated communities as those within sponges and
corals. On the other hand, the hosts will greatly benefit from such productions, as they
will be protected from potential pathogens. The host would also benefit from other
biosynthetic abilities of Pseudovibrio spp., as Bondarev et al. showed that strains
FO-BEGT and JE062 encode many vitamin biosynthetic pathways, which allowed them
to proliferation in vitamin-free media (48). This leads to the speculation that these
strains might provide the hosts with an external supply of those vitamins. Considering
these features and the metabolic versatility underlined above, it is likely that more than
one type of interaction exists between Pseudovibrio spp. and their hosts. These might
range from a permanent symbiosis characterized by vertical transmission to a faculta-
tive interaction that relies on the horizontal acquisition of these strains by the hosts.
Moreover, the data available so far indicate that such association is neutral or beneficial
for the hosts, as to date, there is no direct evidence indicating that these bacteria have
a pathogenic lifestyle.

PSEUDOVIBRIO SPP. ARE A PROMISING SOURCE OF NOVEL BIOACTIVE
COMPOUNDS

One of the most appealing features of bacteria belonging to the Pseudovibrio genus
is their antagonistic properties against a wide variety of microorganisms, including E.
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coli, Bacillus subtilis, Kluyveromyces marxianus, Salmonella enterica serotype Typhimu-
rium, methicillin-resistant Staphylococcus aureus (MRSA), and Clostridium difficile (22, 23,
79). These properties have been described for Pseudovibrio strains isolated around the
world, from different types of sponges, and from different marine invertebrates (19, 72,
80-83). Additional bioactivities have been assigned to these bacteria in the last number
of years. For example, crude extracts obtained from cultures of strains SB1 and SB2,
isolated from the sponge Suberites domuncula, showed antibacterial, angiogenic, he-
molytic, and cytotoxic activities against eukaryotic cell lines (84). Also, isolates from the
sponge Aplysina gerardogreeni showed antifouling activity against both bacteria and
microalgae (85). Accordingly, eight compounds isolated from an ascidian-associated
Pseudovibrio sp. inhibited larval settlement of the barnacle Balanus amphitrite. These
molecules showed antifouling performances comparable to those of a commercial
biocide but maintained a lower degree of toxicity (25).

So far, the recurrent bioactivity is unmatched by the number of characterized
compounds (Table 1). The above-mentioned antifouling molecules derived from di(1H-
indol-3-yl)methane (25) and their discovery in Pseudovibrio spp. were noteworthy, as
they have never, to our knowledge, been detected in an alphaproteobacterium before.
Recently, five additional indole alkaloids were isolated from the seawater strain P.
denitrificans BBCC725 (86). Among these, the novel molecule tetra(indol-3-yl)ethanone
was described, and it showed high cytotoxicity against mouse fibroblasts and a human
adenocarcinoma cell line (86). The antibacterial activity associated with Pseudovibrio
strains has often been ascribed to the sulfur-containing metabolite tropodithietic acid
(TDA; Table 1) (19, 87). This is a tropolone derivate, which is produced by several
bacteria, including members of the Roseobacter clade. There is a strong interest in this
compound, because to date, only a few TDA-resistant strains have been found, and it
also showed strong anticancer properties (88). Another sulfur-containing secondary
metabolite, 2-methylthio-1,4-naphthoquinone (MTN), was isolated from the sponge
strain D1 (89). MTN is medically interesting because it caused strong inhibition of both
angiogenesis and vertebrate tumor cell proliferation (89).

One of the first compounds isolated from a strain affiliated with P. denitrificans was
the red pigment heptyl prodigiosin (Table 1), which showed anti-S. aureus activity (83).
Prodigiosin-related compounds are of great interest because they have antibacterial,
antifungal, anticancer, antimalarial, and antiviral properties. This discovery was notable
because these molecules have never been described in the class Alphaproteobacteria.
Surely, one of the most striking findings was the recent identification of multiple
bromotyrosine-derived alkaloids in a culture of strain P. denitrificans Ab134, originally
isolated from the demosponge Arenosclera brasiliensis (Table 1). These types of com-
pounds showed antibacterial, antiviral, and anticancer properties and were previously
isolated only from sponges of the order Verongida and used as phylogenetic markers
(90). This discovery is remarkable for two reasons; first, it proved that some of the
compounds long considered to be markers for Verongida sponges are instead of
bacterial origin; second, it proved for the first time, to our knowledge, that bacteria can
produce such a class of compounds, underlining the unrecognized biosynthetic capa-
bilities of Pseudovibrio species. This is particularly relevant because novel antimicrobials
are needed more than ever, as the frequency of antimicrobial resistance is steadily
increasing and the emergence of “superbugs” resistant to last-resort antibiotics is
becoming recurrent.

Further data indirectly underlined the biosynthetic abilities of Pseudovibrio species. For
example, Riesenfeld et al. showed that the bacterial community associated with the
tunicate Synoicum adareanum, which is the source of the potent antitumoral macrolide
palmerolide A, was enriched in Microbulbifer- and Pseudovibrio-related bacteria (91). Since
it has been hypothesized that palmerolide A is of bacterial origin, it is likely that the
abundant microbes associated with the tunicate could produce such compound.
Also, the sponge-derived strain Ac17 showed strong quorum-quenching (QQ)
properties (92). QQ is an alternative therapeutic approach to fight multidrug-
resistant pathogens, as it disrupts the signal communication that coordinates
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pathogenic behaviors, thus limiting infections. Finally, a molecular study revealed
the presence of the gene phzE in strain AB108, which was closely related to P.
ascidiaceicola and isolated from Mediterranean sponges (93). This gene is involved
in the production of phenazines, a class of compounds having multiple bioactive
properties.

Supporting the widespread experimental bioactivity, recent genomic data showed
the diversity of secondary metabolite biosynthetic gene clusters (BGCs) in Pseudovibrio
genomes (42, 47, 48, 75). Among others, BGCs for terpene, polyketide synthase (PKS),
nonribosomal peptide synthetase (NRPS), bacteriocin, and homoserine lactone were
identified. Based on the data of Naughton et al. (42) and on the information found in
the Integrated Microbial Genomes portal (94), here it was calculated that in Pseu-
dovibrio spp., 3.2% * 1.3% of the whole genome and 3.2% = 1.9% of all genes are
dedicated to secondary metabolite synthesis, with some strains devoting ~5 to 6% of
their genomes to such a purpose (Table S2A). These values remain below the biosyn-
thetic ability of the most gifted actinomycetes but are comparable with those of other
relevant bioactive molecule producers, such as bacteria belonging to the Bacillaceae,
Oxalobacteraceae, and Pseudoalteromonadaceae families (Table S2B) (95-97). Interestingly,
even closely related and coisolated Pseudovibrio strains showed variation in their BGCs,
indicating both different mechanisms potentially used for the interaction with the host and
its microbiome and the diversity of natural products potentially produced (42, 47). Chemical
characterization of secondary metabolites is a slow process, but it is important to keep in
mind that often the standard procedures used for the cultivation of these strains might limit
the expression of their BGCs (98). So far, Pseudovibrio strains have been recalcitrant to
genetic manipulation. However, application of the “One strain many compounds”
(OSMAC) principle, which is based on the use of multiple growth conditions to induce
various secondary metabolite production, could lead to the activation of such BGCs
(99). In fact, the proliferation of Pseudovibrio spp. under unbalanced growth conditions
has already revealed the impact that nutrient limitations have on antibiotic production
and the overall pattern of secreted metabolites (60, 66, 100).

CONCLUDING REMARKS

The picture depicted above indicates that the Pseudovibrio genus harbors bacteria
well adapted to a free-living and a host-associated lifestyle. The metabolic versatility
and the predisposition for cultivation, the encoded mechanisms potentially used to
interact with the hosts and its microbiome, and the worldwide distribution and
recurrent association with marine invertebrates are all aspects suggesting that these
strains are ideal candidates to deepen our understating of the mechanisms underpin-
ning the interactions within the marine invertebrate holobionts. Overall, the available
data support the view of these bacteria as beneficial sponge symbionts, which repre-
sent important players in shaping the structure of their host’s microbiomes. Pure
cultures of such bacteria open the door for the experimental elucidation of those
systems that sponges or corals and bacteria use to sense each other. This would help
understand the molecular and regulatory processes that the hosts use to discriminate
beneficial symbionts from pathogens/food and that the bacteria use to interact with
the hosts. Bioactive secondary metabolites are surely one of the mechanisms used by
Pseudovibrio spp. to interact with their hosts and their microbiomes, potentially de-
fending the hosts from pathogens. Such features are also extremely appealing from a
biotechnological point of view, as Pseudovibrio spp. might produce novel bioactive
molecules of medical relevance. The recurrent inhibitory properties showed by these
bacteria, together with the biosynthetic capabilities observed at the genomic level, call
for a systematic effort directed to elucidate this unexploited biosynthetic potential.
Such studies will not only discover novel and valuable bioactive natural products but
would also provide insights into the intricate interactions characterizing the chemical
ecology of the sponge and coral holobionts.
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ADDENDUM IN PROOF

While this paper was in press, Frées et al. (Front Mar Sci, 2018, https://doi.org/10

.3389/fmars.2018.00081) described the genomic features of strain Ab134, which was
previously shown to produce bromotyrosine-derived alkaloids. The authors propose
the new species Pseudovibrio brasiliensis, and in consistency with previous genomic
analyses conducted on other strains, genes encoding T3SS, T6SS, and toxin-like proteins
were identified in the Ab134 genome.
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