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Pseudoalteromonas  is  a  symbiont  of  marine  invertebrates  that
 exhibits  broad  patterns  of  phylosymbiosis 
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Abstract  
Despite  growing  insights  into  the  composition  of  marine  invertebrate  microbiomes,  our  understanding  of  their  ecological  and  evolutionary

 patterns  remains  poor,  owing  to  limited  sampling  depth and  low-resolution  datasets.  Previous  studies  have  provided  conflicting  results

 that  both  confirm  and  deny  the  existence  of  phylosymbiosis  between  marine  invertebrates  and  marine  bacteria.  Here,  we  investigated

 potential  animal–microbe  symbioses  in  Pseudoalteromonas,  a bacterial  genus  consistently  identified  as  a  core  microbiome  taxon in  diverse

 invertebrates.  Using  a  pangenomic  analysis  of  236  free-living  and  invertebrate-associated  bacterial  strains  (including  two  new  nematode-

 associated  isolates  generated  in  this  study),  we  confirm  that  Pseudoalteromonas  is  a  symbiont  with  substantial  evidence  of  phylosymbiosis

 across  at  least  three  marine  invertebrate  phyla  (e.g.  Nematoda,  Mollusca,  and  Cnidaria).  Patterns  of  symbiosis  were  consistent  irrespective

 of  geography  (including  in  Antarctica),  with  fluorescence  in  situ  hybridization images  from  nematodes indicating  that  bacterial  symbionts

 form  biofilms  in  the  mouth  and  esophagus  and  are  sometimes  present  in  female  nematode  ovaries  exhibiting  stunted  development.  The

 evolutionary  history  of  Pseudoalteromonas  is marked  by  substantial  host-switching  and  lifestyle  transitions,  and  host-associated genomes

 suggest  that  these  bacteria  are  facultative  symbionts  involved  in  nutritional  symbioses.  In  marine  environments,  we  hypothesize  that

 horizontally  acquired  symbionts  may  have  co-evolved  with  invertebrates,  using  host  mucus  as  a  physical  niche  and  food  source,  while

 providing  their  animal  hosts  with  vitamin  B,  amino  acids,  and  bioavailable  carbon  compounds  in  return.
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Introduction

The  host-associated  microbiome  has  emerged  as  a  key  component  that

 underpins  the  ecology  and  evolution  of  diverse  eukaryote  taxa,  from

 large  vertebrates  down  to  microscopic  ants  [ 1].  In  marine  ecosystems,

 bacterial  symbioses  have  enabled  animal  hosts  such  as  mollusks,

 sponges,  corals,  crustaceans,  and  annelid  worms  to  colonize  extreme

 deep-sea  habitats  such  as  hydrothermal  vents  and  methane  seeps,

 and  achieve  success  in  oligotrophic  tropical  ecosystems,  such  as  coral

 reefs  and  seagrass  meadows  [ 2,  3].  In  the  surface  ocean,  microbial

 symbioses  have  been  identified  as  an  important  driver  of  biological

 diversification  and  speciation  in  diverse  plankton  taxa  [ 4],  suggesting

 that  the  microbiome  can  facilitate  host  adaptation  to  changing  envi-

 ronmental  conditions  and  competition  over  evolutionary  time.  How-

 ever,  our  knowledge  of  marine  symbioses  is  likely  quite  incomplete—

 the  majority  of  studies  are  restricted  to  larger  taxa  in  a  handful  of

 marine  environments,  and  the  broader  importance  of  symbionts  is
 

only  recently  coming  to  light  with  large-scale  analyses  from  global

 efforts  such  as  Tara  Oceans  [ 4].  In  particular,  we  have  yet  to  explore

 symbiosis  in  the  majority  of  marine  invertebrate  species,  and  host-

 microbe  evolutionary  relationships  are  largely  unknown  in  smaller-

 sized  meiofaunal  animals  with  a  body  size  <1  mm  (e.g.  nematodes,

 tardigrades,  kinorhynchs  [ 5,  6]).
 

Phylosymbiosis  is  commonly  defined  as  “microbial  community

 relationships  that  recapitulate  the  phylogeny  of  their  host”  [ 1],  but

 this  strict  definition  is  often  expanded  to  include  cophylogenetic

 signals  (where  related  hosts  interact  with  closely  related  bacterial

 taxa,  often  producing  complex  cophylogenetic  topologies).  Here,  we

 use  the  term  “cophylogenetic  signal”  to  refer  to  broad  topological

 patterns  that  are  shared  between  host  and  microbial  phylogenies

 and  use  this  phrase  as  an  interchangeable  synonym  for  “phy-

 losymbiosis.”  Cophylogenetic  signals  can  be  produced  by  various
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evolutionary  patterns  (as  previously  defined  [ 7]),  including  host–

 symbiont  codiversfication  (where  two  or  more  interacting  species

 undergo  reciprocal  natural  selection),  trait-matching  (where  hosts

 interact  more  frequently  with  bacterial  taxa  that  contain  a  specific

 trait  of  function),  or  vicariance  (when  the  host  and  bacteria  interact

 as  long  as  they  occupy  the  same  biogeographic  area).  Compared  to

 the  well-defined  evolutionary  constraints  and  genome  reductions

 of  vertically  transmitted  symbionts,  assessing  phylosymbiosis  in

 marine  invertebrates  is  particularly  challenging  owing  to  the  more

 “diffusible”  nature  of  marine  environments  compared  to  terrestrial

 habitats  (e.g.  the  faster  dilution  and  transport  of  bacterial  cells  and

 metabolites  in  water  [ 8– 10]),  the  likely  co-occurrence  of specialist

 symbiont  taxa  alongside  more  generalist  invertebrate  microbiome

 assemblages  [ 8,  9],  and  the  presumed  horizontal transmission  of  many

 putative  marine  symbionts  [ 10].  These  factors  complicate  efforts  to

 identify  clear  genomic  signatures  of  marine  symbiosis and  distinguish

 host-associated  bacteria  from  free-living  species  [ 11– 13].  In  addition,

 marine  invertebrate  host  species  can  flexibly  acquire  locally  adapted

 symbiont  strains  [ 14,  15]  or  consistently  associate  with  the  same

 symbiont  lineage  on  a  global  scale  [ 16],  indicating  that  geographic

 and  evolutionary  patterns  of  symbiosis  are  highly  variable  and  must

 be  examined  at  the  species  level  for  both  the  host  and  microbe.
 

Does  phylosymbiosis  exist  in  marine  invertebrate  microbiomes?

 While  there  have  been  growing  insights into  the  composition  of

 marine  invertebrate  microbiomes  using  16S  ribosomal  RNA  (rRNA)

 marker  gene  surveys [ 17– 19],  our  understanding  of  the  broader  evo-

 lutionary  and  ecological  patterns  that  govern  marine  microbiome

 assembly  remains  poor.  The  largest  study  carried  out  to  date  found

 no  evidence  of  cophylogenetic  signal  across  ∼1000  marine  inverte-

 brate  microbiomes  spanning  21  animal  phyla,  despite  invertebrate

 microbiomes  clustering  separately  overall  from  environmental  micro-

 bial  assemblages  [ 20].  In  contrast,  more  targeted  studies  have  found

 compelling  evidence  of  phylosymbiosis  in  diverse  animal  taxa  such

 as  sponges  [ 9,  21],  corals  [ 9,  21,  22],  nemertean  worms  [ 18],  and

 brachyuran  crabs  [ 23],  even  when  using  data  from  a  single  marker

 gene.  These  conflicting  patterns  suggest  that  16S  rRNA  gene  surveys

 are  inadequate  for  evaluating  cophylogenetic  signal  in  marine  envi-

 ronments,  owing  to  the  low  resolution  of  marker  gene  datasets  and

 an  unfavorable  signal-to-noise  ratio  (rRNA  datasets  also  capture  sig-

 nals  from  extracellular  DNA,  gut  contents,  and  transient  microbiome

 taxa  alongside  any  putative  symbiont  taxa  [ 24,  25]).  Taken  together,

 the  above  issues  highlight  that  evaluating  phylosymbiosis  in  marine

 invertebrates  remains  a  major  challenge.  There  is  a  critical  need  for

 targeted  genome-scale  studies to  investigate  phylosymbiosis  in  marine

 invertebrates,  incorporating  expanded  sampling  of  animal  hosts  as

 well  as  phylogenomic  analyses  of  suspected  bacterial/archaeal  sym-

 biont  lineages.
 

Bacterial  groups  previously  identified  as  “core  microbiome  taxa”

 in  16S  rRNA  metabarcoding  studies  represent  an  ideal  starting  point

 for  deeper  investigations of  phylosymbiosis  in  marine  invertebrates

 [ 9].  In  the  present  study,  we  combine  new  cultured  isolates  and

 pangenomic  analyses  to  investigate  Pseudoalteromonas  as  a  ubiq-

 uitous  bacterial  genus  that  may  represent  a  common  symbiont  of

 marine  invertebrates,  with  high  potential  for  host–microbe  coevolu-

 tion.  Pseudoalteromonas  is  consistently  recovered  as  an  abundant  (and

 often,  statistically  significant)  taxon  in  diverse  invertebrate  micro-

 biomes,  including  marine  nematodes  [ 26,  27],  gelatinous  zooplankton

 [ 19,  28,  29],  corals  [ 30,  31],  sponges  [ 32],  shrimp  [ 33],  mollusks  [ 34],

 and  even  some  protists,  including  bloom-forming  dinoflagellates  [ 35].

 Pseudoalteromonas  bacteria  are  ubiquitous across  marine  ecosystems,
 

comprising  free-living  and  particle-associated  taxa  (isolated  from  sur-

 face  ocean  waters  down  to  deep-sea  sediments;  [ 36,  37])  as  well

 as  host-associated  species,  with  the  first  cultured  isolate  originally

 obtained  from  a  marine  alga  in  1957  [ 38].  Subsequent  host-associated

 isolates  have  been  acquired  from  pelagic  and  benthic  marine  inverte-

 brates,  including  both  sessile  and  mobile  species  [ 39]  as  well  as  bony

 fish  [ 40].  Similar  to  other  well-characterized  symbionts  [ 41],  Pseudoal-

 teromonas  species  are  characterized  by  a  high  degree  of  bioactivity,

 producing  a  variety  of  secondary  metabolites  and  antibiotics  that

 inhibit  the  growth  of  other  bacterial  taxa  [ 39,  42].  Pseudoalteromonas

 are  often  found  as  mucus-associated  taxa  in  corals  [ 8,  9]  and  have  even

 been  observed  as  the  sole  bacteria  able  to  colonize  marine  nematode

 mucus  tracts  (suggesting  exploitation  of  mucus  as  a  unique  physical

 niche  [ 27]).  Pseudoalteromonas  is  also  known  to  influence  the  devel-

 opment  and  fitness  of  several  marine  invertebrate  species:  stimulat-

 ing  immune  response,  enhancing  resistance  to  pathogenic  infections,

 increasing  the  digestive  enzyme  activity  of  Apostichopus  japonicus  sea

 cucumber  hosts  [ 43],  and  containing  genomic  pathways  that  induce

 larval  settlement  and  metamorphosis  of  several  marine  invertebrate

 species  including  the  upside-down  jellyfish  Cassiopea  xamachana  [ 29],

 the  tubeworm  Hydroides  elegans  [ 44,  45],  and  the  mussel  Mytilus  corus-

 cus  [ 46].  Furthermore,  several  Pseudoalteromonas  species  are  known

 pathogens  of  corals  and  sponges  [ 47– 49],  suggesting  that  this  host–

 bacterial  relationship  is  not  exclusively  beneficial.  Over  evolutionary

 timescales,  Pseudoalteromonas  bacteria  may  have  established  species-

 specific  relationships  with  diverse  marine  invertebrates,  deploying

 robust  metabolic  toolkits  to  establish  a  host-associated  niche  and  pro-

 viding  distinct  benefits  to  (or  sometimes  negatively  exploiting)  their

 marine  invertebrate  hosts. 

In  this  study,  we  carry  out  a  pangenomic  analysis of  236  free-

 living  and  invertebrate-associated  Pseudoalteromonas  bacterial  strains

 (including  two  nematode-associated  isolates generated  as  part  of  this

 study  from  oncholaimid  worms  sampled  from  Tybee  Island,  GA,  USA).

 We  used  genome-scale  data  to  broadly  assess  patterns  of  phylosymbio-

 sis  across  diverse  marine  invertebrate  phyla,  using  two  independent

 statistical  metrics  to  evaluate  host–microbe  cophylogenetic  signals

 (generalized  Robinson–Foulds  (RF)  and  Procrustean  approach  to  test

 for  congruence).  Additionally,  we  utilized  metagenome  read-mapping

 approaches  to  detect  Pseudoalteromonas  signals  in  single-nematode

 microbiome  datasets  spanning  three  ocean  basins  (Pacific,  Atlantic,

 and  Southern  Ocean),  coupled  with  fluorescence  in  situ  hybridization

 (FISH)  approaches  in  live  nematodes  using  genus-specific  probes  with

 high  bacterial  specificity.  Our  goal  was  to  move  beyond  common

 16S  rRNA  gene  metabarcoding  approaches  to  assess  whether  genome

 data  and  integrative  methods  can  be  used  to  uncover  new  marine

 invertebrate  symbioses  in  frequently  reported  core  microbiome  taxa.
 

Materials  and  methods

Unless  otherwise  specified,  all  bioinformatics  tools  and  computational

 algorithms  were  run  using  default  parameters.  All  scripts  utilized

 during  this  study  have  been  made  available  on  GitHub:  https://github.

com/BikLab/Pseudoalteromonas.
 

Isolation  and  sequencing  of nematode-associated
 Pseudoalter  omonas

To  isolate  and  culture  nematode-associated  bacteria,  marine  nema-

 todes  from  the  family  Oncholaimidae  were  isolated  from  sediment
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samples  collected  from  Tybee  Island,  GA,  UGA  in  2020  [ 50].  Follow-

 ing  methods  previously  described  [ 51],  marine  nematodes  were  iso-

 lated  using  the  decantation–flotation  method  [ 52],  and  sediment  was

 washed  over  45  μ  m  sieves  using  artificial  seawater  (Instant  Ocean

 Spectrum  Brands,  Inc.,  USA)  prepared  with  Milli-Q  ultrapure  water.

 Nematodes  were  individually picked  under  a  dissection  microscope

 (Olympus  SZX16,  Olympus  Corporation,  Tokyo,  Japan)  and  transferred

 to  sterile  artificial  seawater  on  a  temporary  slide  mount.  Nematodes

 were  then  taxonomically  identified  under  an  Olympus  BX63  com-

 pound  microscope  to  the  genus  level  following  the  World  Register

 of  Marine  Species  (WoRMS)  database  [ 53]  using  specialized  morpho-

 logical  keys  for  marine  nematodes  [ 54– 57],  placed  in  a  microcen-

 trifuge  tube  with  sterile  artificial  seawater  (Instant  Ocean  Spectrum

 Brands,  Inc.,  USA),  and  immediately  shipped  live  on  ice  to  the  Univer-

 sity  of  Southern  California,  where  the  sample  underwent  dilution-to-

 extinction  isolation  and  were  later  genome-sequenced,  as  previously

 described  [ 50].
 

Isolation  of  marine  nematodes  for  single-worm
 metagenomics

To  identify  whether  Pseudoalteromonas  constitutes  part  of  the  core

 nematode  microbiome,  marine  nematodes  were  isolated  from

 diverse  habitats  and  locations  to  undergo  short-read  metagenomic

 sequencing.  Nematodes  from  Bodega  Bay,  CA,  and  the  continental

 shelf  of  Antarctica  were  either  bulk  frozen  or  stored  in  DESS  [dimethyl

 sulfoxide  (DMSO),  ethylenediaminetetraacetic  acid  (EDTA),  and

 saturated  sodium  chloride  (NaCl)  solution],  respectively.  Nematodes

 collected  from  Tybee  Island,  GA,  were  morphologically  identified  and

 processed  when  the  worms  were  still alive  (in  parallel  to  the  culturing

 experiment  described  above). All  nematodes  were  isolated  from

 sediments  using  a  decantation–flotation  method  [ 52].  Samples  were

 washed  over  a  45  μ  m  sieve  using  artificial  seawater  (Instant  Ocean

 Spectrum  Brands,  Inc.,  USA)  prepared  with  Milli-Q  ultrapure  water.

 Nematodes  were  individually picked  under  a  dissection  microscope

 and  transferred  to  sterile  artificial  seawater  on  a  temporary  slide

 mount.  Individual  worms  were  then  taxonomically  identified  to  the

 family  or  genus  level  following  the  WoRMS  database  [ 53]  using

 specialized  morphological  keys  for  marine  nematodes  [ 54– 57]  as

 described  above.  Nematodes  were  quickly  rinsed  in  molecular-grade

 water  following  methods  previously  described  to  remove  transient

 environmental  microbes  [ 58]  before  being  stored  in  microcentrifuge

 tubes  with  either  20  μ  l  of  water  or  10  μ  l  REPLI-g  Single  Cell  Cryo-

 protect  Reagent  (QIAGEN).  One  nematode  specimen  was  placed

 in  each  tube  to  characterize  the  microbiome  associated  with  each

 worm.  Lab  workspaces  and  equipment  were  sterilized  with  70%

 ethanol  before  and  between  samples.  Nematodes  from  Antarctica

 were  frozen  in  DESS  [ 59]  and  transferred  to  10  μ  l  REPLI-g  Single

 Cell  Cryo-protect  Reagent  (QIAGEN)  prior  to  DNA  extraction  and

 amplification.
 

Worms  initially  placed  in  20  μ  l  of  molecular-grade  water  under-

 went  DNA  extraction  using  the  E.Z.N.A  MicroElute  Genomic  DNA  Kit

 following  the  manufacturer’s  protocol.  Worms  in  10  μ  l  REPLI-g  Single

 Cell  Cryo-protect  Reagent  (QIAGEN)  underwent  DNA  lysis  and  multiple

 displacement  amplification  (MDA)  using  the  REPLI-g  Advanced  DNA

 Single  Cell  Kit  (QIAGEN)  with  a  modified  protocol  to  accommodate

 storage  of  the  worms  (which  were  stored  in  10  μ  l  of  REPLI-g  Single  Cell

 Cryo-protect  Reagent  compared  to  the  manufacturer’s  recommended

 4  μ  l)  and  to  target  the  lysis  of  bacterial  cells.  A  total  of  6  μ  l  of

 Buffer  D2,  containing  0.5  μ  l  of  1  M  dithiothreitol (DTT)  and  5.5  μ  l  of
 

reconstituted  direct  lysis  buffer  (DLB),  was  added  to  the  nematodes

 stored  in  10  μ  l  REPLI-g  Single  Cell  Cryo-Protect  Reagent  (QIAGEN)  to

 lyse  the  nematode-associated  bacterial  cells.  Tubes  were  vortexed  and

 centrifuged  to  briefly  mix  the  samples.  The  reaction  mixture  was  incu-

 bated  in  a  Thermomixer  heated  shaker  block  (Eppendorf,  Hamburg,

 Germany)  at  65  ◦  C  for  10  min.  A  total  of  6  μ  l  of  Stop  Solution  was  added

 to  each  tube.  Amplification  reactions  were  50  μ  l  total  reaction,  contain-

 ing  9  μ  l  of  water,  29  μ  l  of  REPLI-g  advanced  sc  Reaction  Buffer,  2  μ  l  of

 REPLI-g  DNA  polymerase,  and  10  μ  l  of  denatured  DNA.  The  samples

 were  incubated  in  a  T1000  Thermocycler  (Bio-Rad)  at  30  ◦  C  for  2  h  with

 a  lid  temperature  of  70  ◦  C,  followed  by  65  ◦  C  for  2  min  to  inactivate

 the  amplification  reaction.  Samples  that  underwent  successful  ampli-

 fication  or  had  high  DNA  biomass  during  the  initial  lysis  step  were

 sent  for  library  preparation  and  sequencing  using  the  NovaSeq  6000

 System  (Illumina)  at  the  Department  of  Energy  Joint  Genome  Institute

 or  the  NextSeq  2000  System  (Illumina)  at  the  Georgia  Genomics  and

 Bioinformatics  Core  at  the  University  of  Georgia.  A  subset  of  nematode

 genera,  representing  four  distinct  families,  was  included  in  this  study

 ( Table  S2).
 

Assembling  the  Pseudoalter  omonas  pangenome

A  total of  236  Pseudoalteromonas  genomes,  including  all  234

 high-quality  genomes  available  in  RefSeq  (completeness  >95%;

 contamination  <5%)  as  of  August  2024  and  two  nematode-associated

 genomes  generated  as  part  of  this  study,  were  used  to  assemble  the

 Pseudoalteromonas  pangenome  (  Table  S1).  The  collection  consisted

 of  91  genomes  from  bacteria  isolated  from  seawater  (“free-living”

 isolates)  and  145  genomes  isolated  from  marine  invertebrates  (“host-

 associated”  isolates).  We  performed  gene-calling  and  annotation  using

 PROKKA  v1.14.5  [ 60]  with  UniProt  [ 61]  as  a  protein  reference  database.

 PIRATE  v1.0.5  [ 62]  was  used  to  identify  orthologous  genes  and

 assemble  the  pangenome  using the  default  percent  identity  thresholds

 recommended  by  the  developers. A  custom  RScript  (available  on

 GitHub)  was  used  to  group  orthologous gene  families into  core  (genes

 present  in  >95%  of  the  genomes),  accessory  (genes  present  in  <95%

 and  found  in  more  than  one  genome),  and  unique  genes  (genes

 present  in  only  one  genome).  Pearson’s  chi-square  statistical  test

 was  used  to  test  if  there  was  a  relationship  between  the  frequency

 of  genes  (core,  accessory,  and  unique)  and  lifestyle.  To  determine

 whether  Pseudoalteromonas  exhibited  an  open  or  closed  pangenome,

 we  calculated  gene  accumulation  curves  of  the  gene  families  using

 a  custom  RScript  (also  available  on  GitHub  at  the  repository  linked

 above).  The  pangenome  was  designated  as  “open”  if  new  gene  families

 were  identified  as  new  genomes  were  added  (i.e.  the  accumulation

 curve  did  not  reach  an  asymptote).  The  pangenome  was  classified  as

 “closed”  if  no  new  gene  families  were  found  (i.e.  the  accumulation

 curve  reached  an  asymptote).
 

Inferring  the  Pseudoalter  omonas  phylogenomic  tree
 and  population  structure

To  infer  a  pangenome-based  phylogeny  of  Pseudoalteromonas,  PIRATE

 v1.0.5  [ 62]  was  used  to  identify  and  individually align  the  1689  core

 genes  using  MAFFT  v7.5.20  [ 63]  and  subsequently  concatenate  them

 into  a  nucleotide  core  alignment.  The  core  alignment  was  used  to

 infer  a  maximum-likelihood  phylogenetic  tree  with  RAxML  v8.2.12

 [ 64]  using  the  General  Time-Reversible  (GTR)  model  with  GAMMA

 (+�  )distributed  rates  across  sites  and  10  000  bootstraps.  The  dRep

 v3.4.2  [ 65],  with  the  fastANI  algorithm  [ 66],  was  used  to  compare
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genomic  relatedness  and  cluster  genomes  with  95%  similarity  into

 phylogenetic  groups.
 

To  identify  whether  the  accessory  genes  were  shared  between

 phylogroups  or  lifestyles, a  genome–genome  network  was  con-

 structed.  The  PIRATE  presence/absence  matrix  was  processed  using

 the  GraPPLE  toolkit  [ 67]  to  explore  the  accessory  pangenome.  The

 presence/absence  matrix  was  filtered  to  include  only  the  accessory

 genes  present  in  >5%  of  the  bacterial  genomes.  Core  and  unique

 gene  families  were  excluded  from  this  analysis.  The  presence/absence

 matrix  was  converted  into  a  binary  format  using  the  GraPPLE  script

 “gene_matrix_to_binary.py.”  The  GraPPLE  script  “pw_similarity.py”

 was  run  to  calculate  pairwise  similarities  between  genomes  to  create  a

 genome-genome  network  and  compare  genomic  similarities between

 lifestyle  (host-associated  vs.  free-living)  and  phylogroups.  Finally,  the

 genome-genome  network  graphs  were  visualized using  the  Graphia

 v4.2  platform  [ 68].
 

Evaluating  phylosymbiosis  among  Pseudoalter  omonas
 spp.  and  marine  invertebrate  hosts

Following  the  methods  used  in  previous  studies  of  bacterial–animal

 phylosymbiosis  [ 69],  midrooted  phylogenetic  trees  were  inferred

 using  the  core  alignments  for  Mollusca-,  Cnidaria-,  and  Porifera-

 associated  Pseudoalteromonas.  This  analysis  was  restricted  to  these

 phyla  due  to  insufficient  genomic  representatives  across  other

 invertebrate  phyla.  The  alignments  were  used  to  infer  a  maximum-

 likelihood  phylogenetic  tree  with  RAxML  v8.2.12  [ 64]  using  the

 GTR  model  with  GAMMA-distributed  rates  across  sites  and  10  000

 bootstraps.  The  host  phylogenies  (i.e.  Mollusca,  Cnidaria,  and  Porifera)

 were  inferred  using  the  TimeTree  Database  v5  [ 70].
 

A  cophylogenetic  signal  was  defined  as  a  nonrandom  association

 between  the  host  and  symbiont  phylogenies  [ 7,  71].  One  specific

 scenario,  phylogenetic  congruence,  was  assessed  as  a  distinct  example

 of  a  cophylogenetic  signal  characterized  by  shared  patterns  of

 codiversification  between  the  host  and  its  symbiont  [ 7,  71].  The

 cophylogenetic  signal  was  tested  using  two  methods:  (i)  PACo  (a

 Procrustean  Approach  to  test  for  congruence  of  two  phylogenetic  trees

 [ 72])  using  the  paco  R  package  and  (ii)  using  the  Generalized  RF  metric

 [ 73]  implemented  in  the  TreeDist  R  package  [ 74].  The  PACo  analysis

 uses  a  patristic  (tip-to-tip  branch  lengths)  distance  matrix,  which  is

 not  impacted  by  rooting  methods  [ 75],  to  compare  two  phylogenetic

 trees.  In  contrast,  the  generalized  RF  metric  compares  the  number  of

 splits  that  co-occur  between  two  unrooted  phylogenetic  trees  [ 74].  The

 cophylogenetic  signal  was  determined  if  the  PACo  analysis,  with  1000

 random  permutations  between  the  host  and  symbiont  phylogenetic

 trees,  was  significant  (P-value  <.05).  Evidence  of  cophylogenetic  signal

 was  determined  using  the  generalized  RF  metric  and  PACo  Coefficient

 of  Determination  (R  2  ).  R  2  was  calculated  from  the  Procrustes  squared

 sums  (R  2  =  1  − m  2  ).  A  high  R  2  (1)  indicates  perfect  phylogenetic

 congruence.  Following  the  recommendations  of  Perez-Lamarque  and

 Morlon  [ 71],  phylogenetic  congruence  was  determined  if  the  PACo

 analysis  was  significant  with  an  R  2  >  0.25  and  the  generalized  RF

 metric  was  used  to  identify  if  evidence  of  the  phylogenetic  congru-

 ence  was  weak  (generalized  RF  =  0.25–0.75)  or  strong  (generalized

 RF  <  0.25).
 

To  further  visualize  phylogenetic  and  geographic  patterns  seen

 in  nematode-associated  Pseudoalteromonas  strains,  we  used  a

 read-mapping  approach  whereby  single-worm  metagenomes  (e.g.

 low-complexity  metagenomes  containing  only  a  single  host  genome
 

and  its  associated  microbiome  community)  were  mapped  to  the

 Pseudoalteromonas  pangenome.  The  quality  of  the  sequences  was

 visualized  using  FastQC  [ 76]  and  summarized  using  MultiQC  [ 77].

 Sequences  were  quality  trimmed  and  underwent  adaptor  removal

 using  Trimmomatic  [ 78]  with  a  sliding  window  (4:15)  and  a

 minimum  length  of  36  bp.  Kraken2  [ 79],  was  used  to  identify  and

 extract  bacterial  reads  from  the  nematode/microbiome  metage-

 nomic  dataset.  The  quality-controlled  sequences  were  mapped  to

 Pseudoalteromonas  genomes  using  the  Read  Recruitment  Analysis

 Pipeline  (RRAP)  [ 80]. RRAP  normalizes  the  number  of  mapped

 reads  by  sequencing  depth  and  genome  size  by  using  the  RPKM

 (reads  per  kilobase  [of  the  genome]  per  million  [bases  of  recruited

 sequences])  method.  Samples  with  total  RPKM  <1  were  removed,

 and  a  minimum  RPKM  threshold  of  0.1  was  implemented  to  account

 for  false  positives.  The  results  were  visualized  as  a  heatmap  and

 phylogenetic  framework  using  the  ggtree  [ 81]  package  in  R.  The

 PACo  analysis  was  used  to  test  for  cophylogenetic  signals  between

 the  nematode  phylogeny  and  the  hierarchical  clustering  of  the

 read  mapping  dissimilarity matrix  using  the  Bray–Curtis  distance

 matrix. 

Identifying  metabolic  pathways  and  secondary
 metabolites  across  the  pangenome

METABOLIC-G  v4.0  [ 82]  was  run  with  the  full  KOfam  database  [ 83]

 to  predict  the  metabolic  and  biogeochemical  traits  of  each  bacterial

 genome  included  in  this  study.  A  multiSMASH  (  https://github.com/

zreitz/multismash)  snakemake  pipeline  was  used  to  summarize  the

 secondary  metabolite  biosynthesis  gene  clusters  predicted  by  the

 antiSMASH  software  [ 84].  The  presence/absence  of  the  METABOLIC

 and  antiSMASH  results  were  imported  into  R  for  downstream

 data  analysis. METABOLIC  and  antiSMASH  results  were  visualized

 in  a  phylogenetic  framework  using  the  ggtree  package  [ 81]  in  R.

 The  Scoary2  software  [ 85]  was  used  to  conduct  a  pangenomic

 genome-wide  association  study  (GWAS)  to  identify  genes  (using  the

 pangenomic  presence/absence  table from  PIRATE)  and  functions

 (using  the  METABOLIC  and  antiSMASH  results)  that  co-occur  with  the

 bacterial  lifestyles  (i.e.  host-associated  or  free-living)  and  phylogroups.

 Scoary2  determines  significant  trait-associated  genes  using  a  Fisher’s

 test  (P-value  <.05)  with  a  Bonferroni  adjustment  using  a  family-

 wise  error  rate  (FWER)  cutoff  of  0.99  to  reduce  the  false-positive

 discovery  rate.  Hypothetical  proteins  predicted  by  Prokka  were

 annotated  by  Gaia,  an  artificial  intelligence  (AI)  tool  developed  by

 Tatta  Bio,  that  integrates  several  genomic  and  structural  features

 to  predict  functions  of  hypothetical  proteins  (  https://gaia.tatta.bio/)

 [ 86].
 

Visualizing  Pseudoalter  omonas  bacteria  in  nematodes
 using  fluorescence  in  situ  hybridization

Oncholaimidae  nematodes  collected  from  the  Florida  Keys  and  Tybee

 Island,  GA,  were  processed  using  a  modified  protocol  previously  used

 for  FISH  of  nematode-associated  bacteria  [ 26].  Nematodes  belonging

 to  the  family  Oncholaimidae  were  fixed  for  2  h  in  3%  formaldehyde

 with  sterile  artificial  seawater  (Instant  Ocean  Spectrum  Brands,  Inc.,

 USA),  followed  by  three  rinses  in  a  1:1  solution  of  Phosphate-Buffered

 Saline  (PBS):sterile  seawater.  The  samples  were  stored  in  1:1  storage

 buffer  (100%  ethanol:2×  PBS)  and  kept  frozen  at  − 20  ◦  C  until  they

 were  used. Nematodes  were  rinsed  in  30%  formamide  buffer  and 
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hybridized  in  150  μ  l  hybridization  buffer  [0.9  M  NaCl,  0.02  M  Tris-

 HCl  (pH  8.0),  0.01%  SDS,  2  ml  blocking  reagent  [5%  bovine  serum

 albumin  (BSA  in  0.5%  PBS-Tween  0.5%)  and  95%  7.4  pH  PBS],  and  30%

 formamide]  at  46  ◦  C  for  3  h  with  15  μ  l  (8  μ  M)  of  each  probe:  a  combi-

 nation  of  universal  bacterial  probes  that  has  been  shown  to  increase

 coverage  of  bacterial  phyla  (EUB338I:  5  ′  -GCTGCCTCCCGTAGGAGT-3  ′  ;
 CY-3;  [ 87];  EUB338II:  5  ′  -GCAGCCACCCGTAGGTGT-3 ′  ;  CY-3;  [ 87,  88]),

 Pseudoalteromonas-specific  probe  (5  ′  -TTGACCCAGGTGGCTGCC-3  ′  ;  CY-

 5;  [ 89]),  and  nonsense  probe  (5  ′  -ACTCCTACGGGAGGCAGC-3 ′  ;  FAM;

 [ 90]).  The  Pseudoalteromonas  probes  were  tested  in  silico  using  the

 SILVA  TestProbe  Software  and  were  found  to  have  a  100%  specificity

 and  87.5%  coverage  to  the  Pseudoalteromonas  sequences  in  the  SILVA

 v132  16S  rRNA  database.  The  nematodes  were  rinsed  three  times

 in  washing  buffer  [0.046  M  NaCl,  0.02  M  Tris-HCl  (pH  80),  0.005  M

 Ethylenediaminetetraacetic  acid  (EDTA),  0.01%  SDS]  for  30  min  at  46  ◦  C
 for  a  total  of  1.5  h.  The  hybridized  specimens  were  mounted  on  a

 slide  in  SlowFade  Gold  Antifade  reagent  (Invitrogen)  containing  4  ′  ,6-

 diamidino-2-phenylindole  (DAPI)  and  observed  using  the  Zeiss  LSM

 880  Confocal  Microscope  system.  The  Zen  2.3  imaging  software  was

 used  for  image  acquisition  and  processing.  Images  were  acquired  as

 single-plane  confocal  images  using  a  40×  oil-immersion  objective.  The

 whole-nematode  image  was  generated  as  tiled  acquisitions  using  iden-

 tical  imaging  parameters.  All  images  were  subsequently  processed

 using  FIJI  (ImageJ).
 

Results

Expanded  pangenomic view  of  the  ubiquitous
 bacterial  genus  Pseudoalter  omonas

To  characterize  the  genomic  repertoire  and  functional  diversity  of

 the  genus  Pseudoalteromonas,  we  constructed  a  pangenome  using  234

 publicly  available  genomes  and  two  nematode-associated  Pseudoal-

 teromonas  undina  strains  isolated  as  part  of  this  study  (  Table  S1),  the

 latter  of  which  we  obtained  by  adapting  high-throughput  culturing

 approaches  originally  developed  for  studies  of  pelagic  marine  bacteria

 [ 50,  91].  Pseudoalteromonas  has  been  the  target  of  several  comparative

 pangenomic  studies [ 42,  92,  93];  however,  to  the  best  of  our  knowl-

 edge,  this  is  the  largest  pangenomic  study  Pseudoalteromonas  that  aims

 to  identify  whether  cophylogeny  exists  between  Pseudoalteromonas

 and  marine  invertebrates.  Our  final  pangenome  consisted  of  91

 free-living  and  145  host-associated  Pseudoalteromonas  isolated  from

 various  marine  environments. The  host-associated  strains  were

 previously  isolated  from  nine  marine  invertebrate  Phyla  (Arthropoda,

 Annelida,  Chordata,  Cnidaria,  Ctenophora,  Echinodermata,  Nematoda,

 Mollusca,  and  Porifera;  Fig.  1A).  The  most  common  hosts  were

 Cnidaria  (78  isolates),  followed  by  Mollusca  (19  isolates),  and  Porifera

 (18  isolates).  The  phylum  Annelida  (1  isolate),  Nematoda  (2  isolates,

 both  obtained  in  this  study),  and  Chordata  (3  isolates)  were  the  least

 common  animal  hosts  in  our  dataset. 

Figure  1  Pseudoalter  omonas  has an  open  pangenome  that  is  driven  by  the  accumulation  of  unique  genes.  (A)  The  phylogenetic  tree  of  marine
 invertebrates  was  adapted  from  a  previous  study  [ 20]. The  Blue  PhyloPics  (e.g.  Nematoda)  indicate  host-associated  Pseudoalter  omonas  that  were
 isolated  from  this  study,  and  gold  PhyloPics  (e.g.  Annelida,  Arthropoda,  Chordata,  Cnidaria,  Ctenophora,  Echinodermata,  Mollusca,  and  Porifera)
 indicate  the  publicly  available  host-associated  Pseudoalter  omonas  genomes  included  in  this  study.  Parenthetical  numbers  represent  the  number  strains
 isolated  from  each  phylum.  (B)  The  number  of  core  genes  (brown;  95%  of  genomes),  accessory  genes  (gold;  present  <95%  of  genomes),  and  unique
 genes  (green)  found  in  all  Pseudoalter  omonas,  host-associated,  and  free-living  pangenomes.  (C)  Accumulation  curves  of  the  three  pangenomes  indicate
 that  Pseudoalter  omonas  has  a  large  pangenome;  however,  (D)  accumulation  curves  of  the  accessory  genes  reach  an  asymptote,  indicating  that  the
 pangenome  openness  is  being  driven  by  unique  genes.  
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The  size  and  distribution of  the  Pseudoalteromonas  pangenome  was

 calculated  using  three  parallel  approaches:  1)  the  entire  genus,  2)  free-

 living  genomes  only,  and  3)  host-associated  genomes  only.  Following

 a  standard  approach  used  to  characterize  bacterial  pangenomes  [ 94],

 gene  families  were  divided  into  three  groups  according  to  the  fre-

 quency  at  which  they  appear  in  the  pangenome  (  Fig.  1B):  core  genes

 (present  in  >95%  of  the  genomes),  accessory  genes  (present  in  <95%

 of  the  genomes  but  not  unique  to  a  single  genome),  or  unique  genes

 (found  only  in  one  genome).  Our  results  showed  that  the  Pseudoal-

 teromonas  pangenome  could  be  classified  as  an  open  pangenome,

 characterized  by  a  small  set  of  core  genes  (3.71%;  1689  genes)  and  a

 large  number  of  accessory  (59.01%;  26  853)  and  unique  genes  (37.28%;

 16  962).  When  partitioned  by  lifestyle (  Fig.  1B),  the  host-associated

 pangenome  contained  5042  more  accessory  genes  (20970)  compared

 to  the  free-living  pangenome  (15  928;  P-value  <2.2e-16).  Accumula-

 tion  curves  of  the  entire  pangenome,  which  include  the  core,  acces-

 sory,  and  unique  gene  families, did  not  asymptote,  indicating  that

 Pseudoalteromonas  has  an  open  pangenome  and  that  our  expanded

 pangenomic  analysis  does  not  yet  capture  the  true  biological  diversity

 of  this  genus  (  Fig.  1C).  However,  accumulation  curves  of  the  acces-

 sory  gene  families  for  the  free-living,  host-associated,  and  genus-

 level  pangenomes  reached  an  asymptote  (  Fig.  1D),  indicating  that  the

 openness  of  the  pangenome  was  being  driven  mainly  through  the

 accumulation  of  unique  genes.  Our  expanded  pangenome  analysis

 is  consistent  with  previous  findings  that  identified  a  high  genomic

 heterogeneity  within  this  bacterial  genus,  even  for  closely  related

 Pseudoalteromonas  strains  [ 42].  These  results  indicate  that  Pseudoal-

 teromonas  lineages  maintain  a  high  degree  of genomic  flexibility,

 which  may  facilitate  rapid  exploitation  of  diverse  ecological  niches  in

 the  marine  environment. 

Pseudoalteromonas  exhibits  distinct  phylogroups  and
 frequent  lifestyle transitions

To  unravel  the  evolutionary  dynamics  and  population  structure  of

 free-living  and  host-associated  Pseudoalteromonas,  core  genes  (1689)

 were  used  to  construct  a  midrooted  maximum  likelihood  phylogenetic

 tree  and  genomes  were  delineated  into  phylogroups  using  average

 nucleotide  identity  (ANI).  We  identified  57  distinct  phylogroups,

 substantially  increasing  the  known  diversity of  Pseudoalteromonas

 beyond  the  34  species  currently  described  in  the  literature  (  Fig.  2A

and  Fig.  S1).  Across  the  phylogenetic  tree,  phylogroup  membership

 and  clade  branching  patterns  indicated  frequent  transitions  between

 free-living  and  host-associated  lifestyles  as  well  as  substantial  host-

 switching  between  invertebrate  taxa  (  Fig.  2A),  indicative  of  a  flexible

 genomic  repertoire  in  Pseudoalteromonas  that  facilitates  association

 with  diverse  hosts  and  habitats.  These  evolutionary  patterns  suggest

 a  “nomadic”  lifestyle  seen  in  other  bacterial  groups  (where  bacteria

 maintain  a  “universal”  set  of  genes  that  allow  them  to  thrive  in  a

 variety  of  environments  [ 95]),  and  phylogenetic  patterns  indicate

 an  absence  of  clade-specific  environmental adaptation.  Of  the  57

 phylogroups,  34.48%  (20  phylogroups)  comprised  a  mixture  of  host-

 associated  and  free-living  isolates.  The  majority  of  the  phylogroups

 (65.52%)  were  lifestyle-specific,  containing  only  free-living  or

 only  host-associated  taxa.  Of  the  lifestyle-specific  phylogroups,  25

 comprised  only  host-associated  genomes,  versus  fewer  than  12

 phylogroups  with  entirely  free-living  strains.  However,  the  majority

 of  these  lifestyle-specific  phylogroups  (31)  contained  less  than  three

 genomic  representatives,  suggesting  poor  taxon  sampling  and  the
 

need  for  additional  sampling  efforts  to  confirm  the  veracity  of  these

 patterns.  Overall,  the  Pseudoalteromonas  phylogeny  was  divided

 into  three  major  clades:  a  group  of  closely  related  bacteria  with

 shorter  branch  lengths  and  two  smaller  clades  with  longer  branches

 and  greater  evolutionary divergence  (  Fig.  2A).  The  structure  and

 topologies  of  these  three  major  clades  reflect  previously  described

 phylogenetic  patterns  for  pigmented  and  non-pigmented  clades  of

 Pseudoalteromonas  species  [ 42].
 

To  assess  whether  the  distribution  of  accessory  gene  families  corre-

 sponded  to  lifestyle  (host-associated  vs.  free-living)  or  evolutionary

 history  (phylogroups),  we  conducted  a  genome-genome  network

 analysis  using  accessory  genes  found  in  at  least  5%  of  the  genomes

 ( Fig.  2B  and  C).  The  isolates  were  not  grouped  by  lifestyle but  were

 instead  structured  by  closely  related  phylogroups  (  Fig.  2B  and  C).

 The  genome  size  (Wilcoxon  P-value  =  .87)  and  number  of  genes

 (Wilcoxon  P-value  =  .67)  between  host-associated  and  free-living

 genomes  were  not  significantly  different  (  Fig.  3A  and  B).  However,

 the  host-associated  genomes  exhibited significantly  higher  coding

 density  (Wilcoxon  P-value  <.01)  and  a  nucleotide  bias  (higher  GC

 content;  Wilcoxon  P-value  <.01)  compared  to  the  free-living  genomes

 ( Fig.  3C  and  D).  Such  evolutionary  “jumps”  in  GC  content—including

 both  increases  and  decreases  in  GC  content—have  been  increasingly

 documented  in  bacterial  lineages  with  host-associated  lifestyles  [ 96],

 although  the  mechanisms  explaining  such  GC  jumps  are  not  well

 understood. 

Evidence  of  phylosymbiosis  across  diverse  marine
 invertebrates

To  test  for  phylosymbiosis  between  marine  invertebrates  and  Pseu-

 doalteromonas,  we  constructed  seven  host  and  bacterial  phylogenetic

 trees:  one  tree  spanning  all  hosts  in  the  Kingdom  Animalia  (to  eval-

 uate  broad  patterns  of  phylosymbiosis,  analogous  to  the  approach

 implemented  in  previous  studies  [ 20]),  four  phylum-specific  trees

 for  invertebrate  groups  representing  the  most  well-sampled  animal

 phyla  in  our  dataset  (Mollusca,  Cnidaria,  Porifera,  and  Nematoda),

 and  trees  for  Class  Bivalvia  (Mollusca)  and  Family  Faviidae  (Cnidaria)

 representing  the  two  host  phylogenies  with  the  most  extensive  taxon

 sampling  at  lower  taxonomic  levels.
 

Using  genome-scale  data,  we  found  consistent  evidence  of  cophylo-

 genetic  signals  but  not  phylogenetic  congruence  at  most  of  the  taxo-

 nomic  levels  examined  (  Fig.  4,  Fig.  S2,  and  Table  1),  despite  Pseudoal-

 teromonas  genomes  being  collected  across  different  temporal  and  spa-

 tial  scales.  At  the  level  of  Kingdom  Animalia,  we  found  evidence  of  low

 cophylogenetic  signal  (PACo  P-value  <.001;  PACo  R  2  =  0.07),  but  not

 of  phylogenetic  congruence  (generalized  RF  =  0.78;  Fig.  S2).  This  low

 (but  statistically  significant)  cophylogenetic  signal  across  all  animal

 phyla  is  likely  due  to  substantial  host  switching  by  Pseudoalteromonas

 lineages  among  phylogenetic  groups  as  phylogenetic  congruences  and

 cophylogenetic  signals  reflect  two  different  evolutionary processes

 ( Fig.  S2;  [ 7]).  Phylogenetic  congruence  measures  whether  the  host’s

 evolutionary  history  is  dependent  on  the  symbiont  (or  vice  versa);

 however,  cophylogenetic  signals  can  emerge  if  the  host  (or  symbiont)

 evolutionary  history  is  shaped  by  conserved  traits  or  biogeography

 [ 71].  Statistical  support  for  phylosymbiosis  becomes  stronger  when

 animal  hosts  are  evaluated  at  the  phylum,  class,  and  family  lev-

 els.  We  found  evidence  of  cophylogeny  (PACo  P-value  =  .012;  PACo

 R 2  =  0.60)  and  weak  phylogenetic  congruence  (generalized  RF  =  0.60)

 between  Pseudoalteromonas  and  Mollusca  (  Fig.  3A  and  Table  1).  In
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Figure  2  The  accessory  pangenome  of  Pseudoalter  omonas  clusters  according  to  phylogroups,  rather  than  bacterial  lifestyle.  (A)  A  midpoint-rooted
 maximum-likelihood  phylogenetic  tree  constructed  using  the  1689  core  genes  and  10  000  bootstraps.  Tip  color  indicates  whether  the  bacterial  isolate
 is  free-living  (blue)  or  host-associated  (red).  The  shapes  indicate  if  the  genome  is  pigmented  (x)  or  nonpigmented  (circles),  according  to  a  previous
 pangenomic  study  [ 42].  The  color  of  the  lines  differentiates  the  different  phylogroups.  (B)  Genome  − genome  network  analysis  using  most  of  the
 accessory  genome  (removing  accessory  genes  present  in  <5%  of  the  genomes).  The  nodes  represent  individual  genomes,  and  edges  connect  genomes
 that  contain  similar  accessory  genes.  Red  and  blue  circles  indicate  host-associated  and  free-living  genomes,  respectively.  (C)  The  genome–genome
 network  analysis  with  samples  labeled  according  to  phylogroup.  The  colors  represent  phylogroups  but  are  independent  of  (A). 

Mollusca,  two  bacterial  lineages  belonging  to  phylogroup  PG15  inter-

 acted  with  two  cephalopod  hosts,  whereas  PG30  showed  evidence  of

 host  switching  from  Crassostrea  (true  oysters)  to  Haliotis  (abalone  sea

 snails).  Within  Class  Bivalvia  (Mollusca),  we  recovered  high  cophy-

 logenetic  signal  (PACo  P-value  =  .025;  PACo  R  2  =  0.41)  and  weak  phy-

 logenetic  congruence  (generalized  RF  =  0.75)  with  Pseudoalteromonas

 ( Fig.  3B  and  Table  1),  where  five  Pseudoalteromonas  lineages  (span-

 ning  three  phylogroups)  interacted  with  Crassostrea  and  exhibited

 host  switching  with  two  other  bivalve  groups,  Mytilidae  (mussels)

 and  Ostrea  spp.  (edible  oysters).  There  was  low  cophylogenetic  sig-

 nal  (PACo  P-value  =  .011;  PACo  R  2  =  0.11)  but  no  phylogenetic  con-

 gruence  (generalized  RF  =  0.85)  between  Pseudoalteromonas  and  the

 phylum  Cnidaria  (  Fig.  3C  and  Table  1),  but  high  cophylogenetic  signal

 (PACo  P-value  =  .025;  PACo  R  2  =  0.41)  and  weak  phylogenetic  congru-

 ence  (generalized  RF  =  0.73)  for  stony  corals  within  Family  Faviidae

 ( Fig.  3D  and  Table  1).  Within  the  Faviidae,  three  Pseudoalteromonas

 lineages  (PG15,  PG9,  and  PG50)  interacted  closely  with  Diploria  spp.

 (grooved  brain  corals),  and  five  Pseudoalteromonas  lineages  (PG16,
 

PG24,  PG26,  PG29,  PG30)  interacted  with  Colpophyllia  spp.  (boulder

 brain  corals).  Additionally,  the  two  Pseudoalteromonas  lineages  associ-

 ated  with  Pseudodiploria  spp.  stony  corals  demonstrated  host  switch-

 ing.  Similar  to  other  invertebrate  phyla,  we  saw  evidence  of  high

 cophylogenetic  signal  (PACo  P-value  <.001;  PACo  R  2  =  0.20)  between

 Pseudoalteromonas  and  the  phylum  Nematoda  (  Fig.  5  and  Table  1)

 when  assessing  host/bacterial  phylogenetic  trees.  Only  one  analysis

 showed  no  evidence  of  cophylogenetic  signal  or  phylogenetic  con-

 gruence:  that  between  Pseudoalteromonas  and  the  phylum  Porifera

 (generalized  RF  =  0.94;  PACo  P-value  =  .470;  PACo  R  2  =  0.14;  Table  1).

 Evidence  of  phylosymbiosis  became  stronger  (higher  cophylogenetic

 signal  and  the  emergence  of  statistically  significant  phylogenetic  con-

 gruence)  when  lower-level  taxonomic  groups  were  assessed  (Class

 Bivalvia  and  Family  Faviidae).  However,  analysis  at  lower  taxonomic

 levels  only  included  four-member  host  trees,  indicating  that  higher

 taxon  sampling  is  needed  to  confirm  phylosymbiosis  (although  four-

 member  trees  have  previously  been  sufficient  to  assess  clade-specific

 phylosymbiosis  [ 97]).  A  high  cophylogenetic  signal  was  also  obtained
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Figure  3  Host-associated  lineages  exhibit  significantly  higher  coding  density  and  GC  content  compared  to  free-living  strains.  Differences  between  four
 different  genomic  characteristics,  including  (A)  genome  size  (bp),  (B)  total  number  of  genes,  (C)  coding  density,  and  (D)  GC  content  (%)  between  host-
 associated  and  free-living  Pseudoalter  omonas  genomes.  Differences  in  coding  density  and  GC  content  were  significant  based  on  Wilcoxon  signed-rank
 tests.  

at  the  phylum  level  (in  Mollusca  and  Nematoda)  when  taxon  sampling

 was  deep  enough  for  statistical  support  to  emerge.  These  data  sug-

 gest  that  bacterial  genome  data,  in  addition  to  extensive  host  taxon

 sampling,  are  imperative  for  detecting  signals  of  phylosymbiosis  in

 marine  invertebrates.  The  frequent  lifestyle  transitions  of  Pseudoal-

 teromonas  lineages  and  apparent  host  switching  seen  across  marine

 invertebrates  can  further  obscure  signals  of  phylosymbiosis  at  the

 kingdom/phylum  level,  particularly  in  previous  studies  that  utilize

 only  low-resolution  16S  rRNA  data  [ 20].
 

To  further  assess  phylosymbiosis  between  Pseudoalteromonas  and

 representatives  from  the  phylum  Nematoda,  we  obtained  nematode-

 associated  microbiomes  via  single-worm  sequencing  from  eight

 marine  nematode  genera  (representing  two  orders  and  four  families).

 Samples  were  collected  from  four  distinct  environments  (the  Antarctic

 continental  shelf,  intertidal  sites  on  the  Georgia  coast,  subtidal  coral

 sands  in  the  Florida  Keys,  and  seagrass  habitats  in  Bodega  Bay,

 CQ  Table  S2),  and  bacterial  abundances  were  quantified  as  Reads

 Per  Kilobase  per  Million  mapped  reads  (RPKM).  Single-nematode

 read-mapping  indicated  that  the  same  Pseudoalteromonas  strains

 were  consistently  associated  with  nematode  hosts  irrespective  of

 geography:  Antarctic  nematode  microbiomes  contained  the  same

 Pseudoalteromonas  lineages  as  nematode  specimens  obtained  from

 the  Georgia,  California,  and  Florida  coastlines  (  Fig.  5  Clades  A–F).  We
 

often  detected  five  or  more  distinct  Pseudoalteromonas  lineages  asso-

 ciated  with  individual  marine  nematodes  (spanning  both pigmented

 and  non-pigmented  bacterial  clades;  Fig.  5  Clades  A–E),  suggesting

 the  existence  of  complex  symbioses  involving  multiple  congeneric

 bacterial  species.  Pseudoalteromonas  read-mapping  signals were

 strongest  within  the  nematode  Family  Oncholaimidae  (Mean  RPKM

 per  sample:  6.44)  and  Sphaerolaimidae  (Mean  RPKM  per  sample:

 3.44)  consistent  but  weaker  in  Family  Leptosomatidae  (Mean  RPKM

 per  sample:  2.09),  and  sporadic  or  absent  in  Thoracostomopsidae

 (Mean  RPKM  per  sample:  1.18);  Fig.  5  Clades  B–F),  further  suggesting

 that  associations  with  Pseudoalteromonas  may  impact  the  ecology  and

 life  history  of  a  specific  subset  of  marine  nematode  taxa,  and  these

 bacteria  may  have  co-evolved  with  specific  evolutionary lineages  of

 nematodes  (e.g.  Family  Oncholaimidae).  Of  the  Pseudoalteromonas

 lineages  detected  with  read-mapping  in  oncholaimid  nematode

 specimens,  three  were  previously  characterized  as  free-living

 Pseudoalteromonas  strains,  whereas  four  were  previously isolated

 from  invertebrate  hosts  (three  from  Arthropoda  and  one  from

 Cnidaria;  Fig.  5  Clades  A–F),  indicating  that  our  overall  knowledge

 of  Pseudoalteromonas  habitats  and  host  associations  is  incomplete.

 In  addition,  metagenomic  reads  from  one  oncholaimid  nematode

 genus  (Metoncholaimus  sp.)  mapped  to  all  the  strains  in  several

 Pseudoalteromonas  phylogroups  (PG45,  PG43,  PG34,  PG35,  and  PG36),
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Figure  4  Evidence  of  cophylogeny  and  phylogenetic  congruence  between  Pseudoalter  omonas  and  marine  invertebrate  taxa.  Phylogenetic  trees  used
 to  test  for  cophylogeny  among  (A)  Mollusca,  (B)  Bivalvia  (Mollusca),  (C)  Cnidaria,  and  (D)  Faviidae  (Cnidaria).  Cophylogeny  signal  was  tested  using  PACo,
 and  phylogenetic  congruence  was  tested  using  the  generalized  Robinson–Foulds  metric  ( Table  1).  

Table  1  Statistical  support  for  phylosymbiosis  in  marine  invertebrates,  indicated  by  cophylogenetic  signals  and  phylogenetic  congruence  of
 Pseudoalter  omonas.  Results  from  the  PACo  analysis  and  the  generalized  Robinson–Foulds (RF)  metric  indicate  whether  there  is  a  cophylogenetic  signal
 (PACo  P-value  <.05)  and  evidence  of  phylogenetic  congruence  across  marine  invertebrate  phyla.  A  generalized  RF  of  0  indicates  perfect  congruence
 between  host-associated  and  bacterial  phylogenies.
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Figure  5  Read-mapping  approaches  recover  consistent  signals  from  Pseudoalter  omonas  symbionts  irrespective  of  geographic  region.  Heatmap  depicts
 metagenome  reads  from  single-worm  sequencing  that  map  to  Pseudoalter  omonas  genomes.  The  Pseudoalter  omonas  bacterial  phylogeny  is  displayed
 horizontally  across  the  top,  with  branch  coloring  indicating  phylogroup  membership  and  circles  indicating  lineages  with  host-associated  (red)  or
 free-living  (blue)  lifestyles.  Black  stars  indicate  the  two  isolates  obtained  as  part  of  this  study.  Nematode  metagenomes  are  labeled  on  the  left-hand
 side,  arranged  by  taxonomic  hierarchy  (text  on  the  right  indicates  family).  Marine  nematode  samples  are  identified  down  to  family  or  genus  of  each
 individually  sequenced  worm,  and  the  color  indicates  the  geographic  location  where  each  specimen  was  obtained:  Antarctica  (blue),  Bodega  Bay,  CA
 (green),  Tybee  Island,  GA  (brown).  Gray  cells  indicate  samples  that  did  not  read  map  to  the  corresponding  Pseudoalter  omonas  genome  (RPKM  <  0.1). 

which  include  free-living  and  host-associated  strains  previously

 isolated  from  various  invertebrate  taxa  (Arthropoda,  Chordata,

 Cnidaria,  Echinodermata,  Mollusca,  and  Porifera),  including  the

 two  new  nematode-associated  Pseudoalteromonas  isolates  obtained

 in  this  study  (  Fig.  5  Clades  G  and  H).  A  single  sample  from  the

 Family  Sphaerolaimidae  (Sphaerolaimus.2)  mapped  to some  of  the

 same  phylogroups  recovered  in  the  Metoncholaimus  sp.  nematode

 (PG43,  PG35,  PG36),  including  the  two  nematode-associated  strains

 obtained  in  the  present  study  (  Fig.  5).  These  patterns  suggest  that

 marine  nematodes  may  associate  with  a  phylogenetically  diverse

 set  of  Pseudoalteromonas  lineages  spanning  many  phylogroups

 (as  seen  for  most  marine  nematodes  in  Family  Oncholaimidae

 and  Leptosomatidae)  or  alternatively  harbor  many  closely  related

 Pseudoalteromonas  lineages  restricted  to  a  small  number  of  bacterial

 phylogroups  (as  seen  in  the  oncholaimid  genus  Metoncholaimus).

 Patterns  of  nematode-associated  Pseudoalteromonas  were  consistent

 within  family-level  clades  and  maintained  across  vast  geographic

 distances,  suggesting  that  these  symbionts  may  have  ancient

 evolutionary  origins.
 

Functional  pathways  suggest  nutritional  symbioses  in
 host-associated  lineages

We  used  a  panGWAS  [ 85]  approach  to  identify  genes  and  functions

 that  were  more  common  in  host-associated  genomes.  Due  to  substan-

 tial  differences  in  evolutionary  rates  between  the  two  major  Pseudoal-

 teromonas  clades  (pigmented  and  nonpigmented  clades),  we  analyzed

 these  major  clades  separately  to  identify  genes  that  may  underpin

 host-associated  lifestyles,  as  recommended  by  a  prior  pangenomic

 study  [ 42].  Lifestyle  transitions  toward  symbiosis  appear  to  emphasize
 

genes  and  pathways  related  to  the  breakdown  of  organic  compounds

 (peptides,  cellulose,  chitin,  and  other  carbohydrates),  production  and

 transport  of  antimicrobial  and  antitoxin  compounds,  biofilm  forma-

 tion,  production  of  essential  vitamins,  and  enhanced  transport  of

 vitamin  B12. 

Of  the  26  869  pigmented  accessory  genes,  only  6  were  more

 abundant  in  the  host-associated  pigmented  strains  (three  of  which

 were  hypothetical  proteins;  Fig.  S3  and  Table  S3).  The  three

 annotated  genes  included  an  inner  membrane  transport  protein

 YhdP  (panGWAS  odds  ratio  =  8.75;  P-value  <.001)  that  maintains  outer

 membrane  permeability,  an  acetoin  utilization protein  (panGWAS

 odds  ratio  =  22.15;  P-value  <.0001),  and  an  helix-turn-helix  (HTH)-

 type  transcriptional  regulator  DmlR  (panGWAS  odds  ratio  =  8.09;  P-

 value  =  .001)  that  regulates  aerobic  growth  on  D-malate  (  Table  S3).  The

 three  AI-annotated  hypothetical  proteins  (see  Materials  and  Methods)

 were  predicted  to  be  a  periplasmic  substrate-binding  protein  (panG-

 WAS  odds  ratio  =  12.00;  P-value  =  .0001),  a  complex  carbohydrate

 transporter  (panGWAS  odds  ratio  =  8.70;  P-value  =  .0001),  and  a

 gene  involved  in  bacteriocin  (antimicrobial  peptide)  production  or

 immunity  (panGWAS  odds  ratio  =  8.413;  P-value  =  .0001).
 

In  the  nonpigmented  genomes,  111  genes  were  more  abundant

 in  the  host-associated  strains,  with  70  classified  as  hypothetical

 proteins  (  Table  S3).  The  annotated  genes  included  three  additional

 HTH-type  transcriptional  regulators  (panGWAS  odds  ratio  >  3.7;  P-

 value  <.001),  the  complete  pathway  for  three  hydrogen  cyanide

 synthase  subunits  (panGWAS  odds  ratio  >  5.03;  P-value  =  .0001),  four

 vitamin  B12  transporters  (panGWAS  odds  ratio  =  4.31–5.67;  P-value

 <.0001),  and  multidrug  transporters  (panGWAS  odds  ratio  =  6.67;

 P-value  <.000).  Additionally,  two  glycoside  hydrolases,  a  chitinase

 (panGWAS  odds  ratio  =  5.58;  P-value  <.0001)  and  a  chitodextrinase
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(panGWAS  odds  ratio  =  4.32;  P-value  <.0001),  were  also  more  common

 in  the  nonpigmented  host-associated  genomes.  Of  the  70  hypothetical

 proteins,  five  were  predicted  to  play  a  role  in  toxin/antimicrobial

 systems  (panGWAS  odds  ratio  =  4.32;  P-value  <.0001),  and  three  genes

 were  predicted  to  play  a  role  in  antibiotic  resistance  (panGWAS

 odds  ratio  =  5.27–5.57;  P-value  <.0001).  Additionally,  two  genes  were

 predicted  to  be  involved  in  amino  acid  transport  (panGWAS  odds

 ratio  =  4.89–5.56;  P-value  <.0002)  and  two  were  predicted  by  AI  gene

 annotators  to  contribute  to  biofilm  formation  or  cellular  adhesions

 (panGWAS  odds  ratio  =  5.15–6.21;  P-value  <.0001).  A  single  gene  was

 predicted  to  play  a  role  in  phospholipid  biosynthesis  (panGWAS  odds

 ratio  =  6.04;  P-value  =  .0002).  Genes  involved  in  specialized  nutrient

 and  amino  acid  transport  systems,  fatty  acid  and  lipid  biosynthesis,

 and  membrane-associated  proteins  are  typically  more  common  in

 bacteria  that  have  a  symbiotic  lifestyle  [ 98].  Gene  pathways  also

 suggest  that  host-associated  Pseudoalteromonas  lineages  may  be

 able  to  utilize  alternative  carbon  sources,  such  as  malate,  under

 aerobic  conditions  [ 99,  100].  Additionally,  antimicrobial  compounds

 and  toxin/antitoxin  systems  are  common  in  marine  invertebrate

 microbiomes  and  may  help  host  organisms  resist  pathogenic

 infections  [ 101,  102].
 

We  next  used  METABOLIC  [ 82]  and  antiSMASH  [ 84]  to  predict

 metabolic  pathways,  biogeochemical  functions,  and  secondary

 metabolites  across  the  Pseudoalteromonas  genomes  in  our  dataset,

 to  identify  functions  and  genes  that  may  facilitate  host–microbe

 interactions  (  Fig.  6  and  Table  S4).  Several  functions  that  facilitate

 bacteria  − eukaryote  interactions  were  commonly  found  across  the

 entire  pangenome  [ 103– 105].  For  example,  all  the  Pseudoalteromonas

 genomes  in  our  dataset  are  predicted  to  synthesize  vitamins  B1

 (thiamin)  and  B2  (riboflavin).  Most  lineages,  with  the  exception

 of  two  genomes,  are  predicted  to  synthesize  vitamin  B7  (biotin),

 and  approximately  60%  of  the  genus  can  synthesize vitamin  B12

 (cobalamin).  Additionally,  about  70%  of  Pseudoalteromonas  taxa  (165

 genomes)  are  predicted  to  contain  a  type  VI  secretion  system,  which  is

 typically  found  in  ∼52%  of  Gammaproteobacteria  but  is  absent  in  the

 majority  of  bacterial  phyla  [ 106].  Nearly  half  (∼48%)  were  predicted

 to  perform  sulfur  oxidation  via  sulfur  dioxygenases,  an  essential  step

 in  sulfide  detoxification.  Some  functions  were  conserved  across  the

 pangenome,  including  arsenate  reduction,  acetogenesis,  and  type  II

 secretion  (  Fig.  6).
 

Only  one  endopeptidase  (C56)  was  more  common  in  host-associated

 genomes  within  the  pigmented  clade  (panGWAS  odds  ratio  =  9.80;

 P-value  =  .002).  In  the  nonpigmented  clade,  three  functions  were

 more  abundant  in  the  host-associated  genomes:  cellulose  degradation

 (panGWAS  odds  ratio  =  7.23;  P-value  <.001),  chitin  degradation

 (panGWAS  odds  ratio  =  7.23;  P-value  <.001),  and  ethanol  fermentation

 (panGWAS  odds  ratio  =  3.30;  P-value  =  .003;  Table  S4).  Three  peptidases

 (S09B,  S01A,  and  C56;  panGWAS  odds  ratio  =  3.30–5.60;  P-value  <.01)

 and  two  CAZymes,  GH18  (a  chitinase)  and  GH20  (hexosaminidase),

 were  also  more  common  in  the  host-associated  genomes  (panGWAS

 odds  ratio  =  3.92;  P-value  <.001;  Table  S4).  Taken  together,  our  analysis

 of  functional  pathways  suggests  that  the  bacterial  genus  Pseudoal-

 teromonas  may  be  evolutionarily primed  for  symbiosis,  as  most

 lineages  within  this  genus  inherently  possess  genomic  machinery  that

 would  provide  nutritional  benefits  for  animal  hosts  (e.g.  the  nearly

 universal  ability  to  produce  vitamins  B1,  B2,  B7,  and  the  majority

 of  the  genus  maintaining  an  additional  pathway  for  vitamin  B12).

 Despite  only  being  found  in  50%  of  Gammaproteobacteria,  Type  II

 Secretion,  which  allows  for  nutrient  absorption  from  the  environment
 

and  promotes  symbiosis  in  nonpathogenic  bacteria  [ 107– 109],  was

 universal  across  the  pangenome.
 

Localization  of  Pseudoalter  omonas  near  mucus  glands
 in  nematodes

We  further investigated  the  physical  location  of  host-associated  Pseu-

 doalteromonas  bacteria  using  FISH  to  visualize  symbionts  within  the

 body  of  oncholaimid  marine  nematodes.  Using  nematode  specimens

 collected  from  different  seasons  and  years  spanning  two  habitats

 (temperate  muddy  sediments  in  Tybee  Island,  GA,  and  coarse  tropical

 sands  in  the  Florida  Keys),  we  used  specific  probes  to  detect  Pseudoal-

 teromonas  [ 110].  Our  FISH  results  are  consistent  with  previous  SEM

 observations  of  “rod-shaped”  bacteria  in  the  mouth  of  oncholaimid

 nematodes  isolated  from  deep-sea  hydrothermal  vents  [ 111],  which

 is  the  expected  phenotype  of  Pseudoalteromonas  bacterial  cells.  We

 observed  Pseudoalteromonas  bacteria  in  the  nematode  mouth,  form-

 ing  biofilms  on  the  teeth  and  walls  of  the  buccal  cavity  (  Fig.  7  and

 Fig.  S4),  and  as  biofilms  lining  the  sides  of  the  esophagus  down  to  the

 esophageal  bulb  (  Fig.  7),  which  was  consistent  with  biofilm  functional

 pathway  prediction  from  genome  analysis  (described  above).  Past  the

 esophageal  bulb,  host  cells  were  stained  blue  by  DAPI,  but  there  were

 no  positive  results  for  Pseudoalteromonas  within  the  nematode  gut  or

 intestinal  tract  (  Fig.  7)  This  suggests  that  marine  nematodes  do  not

 digest  these  symbionts  as  a  food  source.  In  a  subset  of  specimens,  addi-

 tionally  found  Pseudoalteromonas  and  other  bacterial  cells  colocalized

 within  the  underdeveloped  posterior  ovaries.  In  these  nematodes

 bacteria  were  not  present  in  the  fully  developed  anterior  ovaries,

 suggesting  that  Pseudoalteromonas  may  also  be  a  vertically  transmitted

 pathogen  that  infects  the  reproductive  organs  of  marine  nematodes

 ( Fig.  7D  − G  and  Fig.  S4),  as  has  been  suggested  for  other  endosymbiont

 lineages  that  are  found  localized  within  marine  nematode  ovaries

 [ 112].
 

Discussion

Our  data  broadly  support  the  existence  of  phylosymbiosis  in  marine

 invertebrate  microbiomes,  as  evidenced  through  pangenomic  anal-

 yses,  host/bacterial  phylogenetic  topologies,  the  geographic  consis-

 tency  of  symbiosis  patterns  (e.g.  inclusive of  Antarctic  invertebrates),

 and  FISH  imaging,  which  confirms  the  formation  of  host-associated

 biofilms  and  identifies  a  physical  niche  for  Pseudoalteromonas  sym-

 bionts.  Our  pangenomic  study  challenges  the  prior  claims  that  marine

 invertebrates  lack  cophylogenetic  signals  [ 20],  emphasizing  the  inad-

 equacy  of  low-resolution  16S  rRNA  marker  gene  surveys  for  robustly

 assessing  marine  phylosymbiosis,  and  demonstrating  the  need  for

 focused  studies  and  phylogenomic  analyses  to  evaluate  evolutionary

 patterns.  In  our  study  of  Pseudoalteromonas,  phylogenetic  compar-

 isons  of  host/symbiont  tree  topologies  exhibited  patterns  consistent

 with  predictions  for  complex  symbioses  involving  multiple  hosts  and

 bacterial  lineages  [ 7].  By  using  genome-scale  data  from  a  single  bac-

 terial  genus,  we  found  substantial  evidence  of  cophylogenetic  signals

 between  Pseudoalteromonas  and  marine  invertebrates  at  the  kingdom

 (Animalia),  phylum  (Nematoda,  Mollusca,  and  Cnidaria),  and  family

 levels  (Bivalvia  and  Faviidae)  but  weak  or  no  evidence  of  phylo-

 genetic  congruence.  Phylogenetic  congruence  is  the  most  stringent

 method  to  assess  cophylogeny,  but  such  strict  patterns  are  more  likely

 to  emerge  in  metazoan  systems  with  vertically  acquired  symbionts,

 such  as  terrestrial  insects  [ 7,  71].  In  marine  environments,  horizontal
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Figure  6  Host-associated  Pseudoalter  omonas  lineages  are  enriched  for  genes  and  pathways  related  to  B  vitamin  production,  antimicrobial/antitoxin
 compounds,  breakdown  of  organic  molecules,  and  host–bacterial  interactions.  (A)  Midpoint-rooted  maximum-likelihood  phylogenetic  tree  of  the
 Pseudoalter  omonas  pangenome.  The  tips  indicated  whether  the  isolate  was  a  free-living  (blue  circle)  or  host-associated  (red  circle)  strain,  and  the
 branch  color  indicates  the  phylogroup.  (B)  A  summary  of  the  metabolic  and  biogeochemical  traits,  and  (C)  the  heatmap  of  the  abundance  of  CAZymes
 predicted  by  METABOLIC  [ 82]. Orange  stars  indicate  functions  that  are  enriched  in  host-associated  pigmented  genomes.  Colors  from  phylogroups  are
 the  same  as  Fig.  2A. 
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Figure  7  Pseudoalter  omonas  symbionts  inhabit  a  physical  niche  in  the  esophagus  and  ovaries  of  oncholaimid  nematodes.  (A)  Bacterial  biofilms  within
 whole  worms  were  visualized  using  FISH  and  found  to  occur  in  the  esophagus  near  mucus  excretions  from  the  pharyngeal  saliva  glands,  as  well  as
 within  the  underdeveloped  ovaries  of  an  adult  female  Oncholaimidae  (genus:  Adoncholaimus)  nematodes.  Pseudoalter  omonas  (in  yellow)  was  found  in
 (B)  the  esophagus  of  the  marine  nematode  and  (C)  did  not  extend  past  the  esophageal  bulb  (EB).  Additionally,  Pseudoalter  omonas  and  other  bacteria
 (in  red)  were  found  in  (E,  G)  the  underdeveloped  posterior  ovary  (PO)  of  the  female  worm.  (D,  F)  The  uninfected  anterior  ovary  was  fully  developed.  In
 panels  (B–G),  the  A  and  P  indicate  the  anterior  and  posterior  regions,  respectively.  

transmission  is  the  predominant  method  of  symbiont  acquisition  [ 10,

 14,  113,  114],  which  often  results  in  phylogenetic  incongruence  despite

 other  scenarios  that  can  lead  to  cophylogenetic  signals,  such  as  trait-

 matching  and  vicariance  events  [ 7,  71].  Trait-based  cophylogenetic  sig-

 nals,  when  the  host  interacts  with  bacterial  groups  that  have  a  specific

 genomic  trait,  often  cause  phylogenetic  incongruence,  particularly

 in  cases  of  bacterial  groups  that  undergo  substantial  host  switching

 [ 7,  115].  Our  phylogenomic  and  pangenomic  evidence  indicates  that

 Pseudoalteromonas  has  an  open  pangenome  that  is  associated  with

 bacteria  with  a  facultative  symbiotic  lifestyle  and  large  effective  pop-

 ulation  size  [ 116],  which  can  further  obscure  cophylogenetic  signals.

 In  addition,  at  least  five  Pseudoalteromonas  lineages  appear  to  co-

 exist  in  marine  nematode  microbiomes,  consistent  with  the  emerg-

 ing  view  that  intrahost  symbiont  diversity  is  more  prevalent  than
 

previously  acknowledged  [ 117,  118].  Our  confirmation  of  cophyloge-

 netic  signal  between  marine  invertebrates  and  Pseudoalteromonas,  a

 common  “core  microbiome”  taxon,  suggests  that  host  − bacterial  codi-

 versification  in  marine  ecosystems  is  more  common  than  currently

 understood,  and  that  other  core  microbiome  taxa  contributing  to

 phylosymbiosis  signals  in  diverse  marine  invertebrates  [ 9,  18,  21,  23]

 should  be  the  target  for  deeper  analyses  that  leverage  whole  bacterial

 genomes.
 

The  host-associated  lifestyle  of  Pseudoalteromonas  is  indicative  of

 a  nutritional symbiosis,  where  bacteria  colonize  specific  physical

 niches  on  their  animal  hosts  (e.g.  forming  biofilms  in  the  nema-

 tode  mouth  and  esophagus),  outcompete  other  taxa,  and  stave  off

 pathogens  via  production  of  antimicrobial  compounds.  In  turn,  Pseu-

 doalteromonas  lineages  appear  to  provide  their  marine  invertebrate
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hosts  with  food  in  the  form  of  small  organic  molecules  (simple  car-

 bohydrates  and  protein)  as  well  as  essential  vitamin  B  compounds,

 which  animal  hosts  must  obtain  exogenously.  Pseudoalteromonas  sym-

 bionts  exhibit  strong  parallels  with  a  number  of  other  host  − symbiont

 systems  in  terrestrial  and  marine  ecosystems.  First,  the  features  of

 host-associated  Pseudoalteromonas  appear  to  mirror  those  of  another

 emerging  Gammaproteobacteria  symbionts  in  marine  invertebrates,

 Endozoicomonas.  Both  taxa  demonstrate  extracellular  aggregations  of

 symbiont  bacteria,  enrichment  of  pathways  for  cycling  and  trans-

 port  of  carbohydrates  and  protein,  enrichment  of  vitamin  B  biosyn-

 thesis,  and  larger  genomes  with a  high  degree  of genomic  plastic-

 ity  (including  a  high  number  of  mobile  genetic  elements),  which

 likely  facilitates  host  switching  and  lifestyle flexibility  in  these  bacte-

 rial  genera  [ 42,  119– 121].  Pangenomes  similar to  Pseudoalteromonas

 and  Endozoicomonas—containing  a  larger  repertoire  of  accessory  and

 unique  genes—are  associated  with  higher  rates  of  horizontal  gene

 transfer,  which  allows  bacteria  to  rapidly  gain  and  lose  genes  and

 increase  their  genetic  diversity  compared  to  closely  related  strains

 [ 122,  123],  providing  a  competitive  advantage  for  facultative  sym-

 biosis.  Multiple  Endozoicomonas  are  often  recovered  in  association

 with  a  single  coral  host,  further  suggesting  that  niche  partitioning

 among  co-occurring  symbiont  strains  may  be  typical  for  these  extra-

 cellular,  horizontally  acquired  marine  invertebrate  symbionts  [ 119,

 120].  Second,  the  enrichment  of  vitamin  B  biosynthesis  and  transport

 pathways  in  Pseudoalteromonas  is  analogous  to  terrestrial  arthropod

 symbioses,  where  bacterial  symbionts  provide  hosts  with  up  to  eight

 B  vitamin  molecules  that  supplement  the  nutritionally  poor  diet  of

 blood-  and  sap-feeding  host  species  [ 104,  124].  Bacterial  supplies  of  B

 vitamins  are  known  to  impact  fitness,  development,  and  reproduction

 in  a  range  of  invertebrate  taxa  [ 104,  125– 128].  For  nematodes  in

 particular,  bacterial  B  vitamin  production  has  been  shown  to  enhance

 predatory  behavior  known  as  “surplus  killing,”  where  nematode  hosts

 kill  an  excess  of  prey  that  they  do  not  consume  [ 129].  Thus,  genomic

 pathways  enriched  in  host-associated  Pseudoalteromonas  may  directly

 influence  host  growth,  behavior,  and  reproduction,  which,  in  turn,

 provides  a  direct  benefit  to  extracellular  symbionts  by  increasing  the

 local  availability  of  food  and  host-associated  niches.
 

We  hypothesize  that  Pseudoalteromonas  bacteria  may  be  reliant  on

 the  mucus  of  their  invertebrate  hosts,  using  mucus  as  a  source  of  nutri-

 tion  and/or  protective  agent  that  facilitates  symbiosis.  Invertebrate

 mucus  has  ancient  evolutionary  origins,  and  mucin-like  glycoproteins

 or  domains  have  been  identified  in  fungi,  parasites,  and  even  viruses

 [ 130– 133].  Animals  produce  mucus  as  a  physical  and  chemical  barrier

 that  serves  as  the  first  line  of  defense  against  pathogen  infection

 and  disturbance  [ 8,  134,  135],  and  many  marine  invertebrates  utilize

 mucus  to  facilitate  locomotion  or  adhesion,  gather  prey  and  detritus

 [ 136– 138],  or  enhance  reproduction  (e.g.  as  an  antimicrobial-infused

 surface  for  laying  eggs  [ 139]).  Furthermore,  mucus  properties  are

 species-specific  in  marine  invertebrates,  exhibiting  distinct  nutritional

 profiles  (e.g.  varying  ratios  of  carbohydrates,  proteins,  and  lipids  [ 139,

 140])  and  often  producing  a  high  number  of  bioactive  and  antimicro-

 bial  compounds  (with  the  mucus  of  polychaetes,  corals,  and  sponges

 often  targeted  for  natural  products  and  drug  discovery  research  [ 8,

 139– 142]).  In  corals,  heterotrophic  bacteria  are  known  to  quickly

 colonize  mucus  layers  and  are  capable  of  growing  on  mucus  as  their

 sole  source  of  carbon  [ 139,  143],  and  other  commensal  bacteria  such  as

 Akkermansia,  Bacteroides,  and  Vibrio  are  known  to  feed  on  or  degrade

 host  mucus  using  mucolytic  enzymes  [ 135,  144].  Experimental  work

 has  also  shown  that  the  mucus  of  oncholaimid  nematodes  promotes
 

the  exclusive  growth  of  Pseudoalteromonas  bacteria,  and  oncholaimid

 nematodes  in  particular  are  known  to  excrete  copious  amounts  of

 mucus  from  the  pharyngeal  salivary glands  where  our  FISH  images

 indicated  bacterial  biofilms  were  localized [  27,  136].  Oncholaimid

 nematodes  are  also  known  to  rapidly  pump  seawater  through  their

 intestinal  tract  [ 145]  and  can  directly  uptake  dissolved  organic  carbon

 compounds  such  as  glucose  and  acetate  through  their  intestinal  wall

 [ 146,  147],  suggesting  that  nematode  hosts  may  rapidly  ingest  and

 assimilate  bacterial  B  vitamins  and  small  organic  molecules  produced

 by  Pseudoalteromonas  symbiont  biofilms.  However,  the  localization  of

 Pseudoalteromonas  bacteria  within  stunted  female  nematode  ovaries

 also  hints  at  more  complex  host  − microbe dynamics,  and  some  strains

 may  exhibit  pathogenicity  in  nematodes  similar  to  previous  reports

 from  sponge  and  coral  hosts  [ 47– 49].
 

Physical  attachment  to  the  mucus  layer  of  invertebrate  hosts  is

 thought  to  maximize  the  activity  of  bioactive  substances  and  pro-

 vide  a  competitive  advantage  for  bacteria  (e.g.  preventing  dilution

 of  antimicrobial  compounds  into  the  surrounding  water  [ 8,  9]).  The

 localization  of  Pseudoalteromonas  in  the  nematode  mouth  and  esoph-

 agus  may  also  point  toward  multiple  successional  stages  of  bacterial

 colonization  or  species-specific  symbioses where  the  physical  host

 niche  varies  across  different  oncholaimid  nematodes;  however,  fur-

 ther  experimental  work  would  be  needed  to  confirm  these  hypotheses.

 We  hypothesize  that  invertebrate  mucus  is  the  specific  trait  driving  the

 cophylogenetic  signals  reported  in  this  study,  with  symbiosis  and  host

 switching  determined  by  the  molecular  composition  and  antimicro-

 bial  properties  of  invertebrate  host  species’  mucus.  Over  evolution-

 ary  timescales,  invertebrate  mucus  may  have  served  as  a  protected

 microhabitat  and  consistent  source  of  food,  encouraging  the  estab-

 lishment  of  symbiosis  and  codiversification  of  invertebrate  − bacterial

 partnerships  in  marine  environments  worldwide.  Taken  together,

 these  findings  rapidly  advance  our  understanding  of  the  ecology  and

 evolution  of  marine  invertebrate  microbiomes  across  the  Tree  of  Life.

 In  particular,  this  study  sheds  light  on  the  importance  of  bacterial

 symbiosis  in  even  the  smallest  animal  phyla,  small-bodied  metazoa

 such  as  nematodes  which  are  numerically  abundant  and  species-rich

 in  benthic  habitats,  from  intertidal  beach  sands  down  to  the  deepest

 ocean  trenches. 

In  conclusion,  this  study  established  that  Pseudoalteromonas  is  a

 symbiont  of  marine  invertebrates  with  broad  host  ranges  and  con-

 firms  the  existence  of  phylosymbiosis  across  three  marine  inverte-

 brate  phyla.  The  presence  of  complete  biosynthesis pathways  of  sev-

 eral  B  vitamins  and  the  ability  to  degrade  complex  carbohydrates  sug-

 gests  that  Pseudoalteromonas  may  be  a  nutritional  symbiont  of  marine

 invertebrates.  In  exchange,  nematode  hosts  may  provide  mucus  secre-

 tions  that  contain  a  variety  of  organic  molecules,  included  amino

 acids,  that  could  be  used  as  a  source  of  rich  nutrients  for  bacte-

 ria.  The  localization  of  Pseudoalteromonas  within  developmentally

 stunted  ovaries  also  suggests  that  some  symbiont  strains  could  also  be

 reproductive  manipulators  of  marine  invertebrates;  however,  future

 work  is  needed  to  confirm  these  hypotheses.
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