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Summary	  

Marine	  plankton	  ecosystems	  comprise	  a	  range	  of	  highly	  diverse	  microbes	  that	  are	  crucial	  for	  
the	  regulation	  of	  Earth’s	  biogeochemical	  cycles	  and	  climate	  (Arrigo,	  2005;	  Falkowski	  et	  al.,	  
2004).	   Yet	   their	   organization,	   evolution	   and	   dynamics	   remain	   poorly	   understood.	   In	   this	  
Deliverable,	   methods	   have	   been	   developed	   to	   systematically	   describe	   the	   relationships	  
between	  viral,	  prokaryotic	  and	  protist	  diversity	  patterns	  taken	  from	  data	  sets	  derived	  from	  
sediments	   and	   a	   range	   of	   different	   pelagic	   environments.	   Metagenomes	   and	  
metatranscriptomes	  have	  allowed	  to	  investigate	  the	  phylogenetic	  variation	  among	  samples	  
using	  marker	  gene-‐based	  approaches.	  Such	  methodologies	  have	  been	  complemented	  with	  
phylogenetic	   information	   arising	   from	   comparing	   community	   composition	   based	   on	   key	  
nuclear,	   chloroplastic,	   and	   mitochondrial	   genes	   at	   both	   the	   DNA	   and	   RNA	   levels	   from	  
various	   organismal	   groups	   that	   cover	   the	   entire	   community.	   Where	   available,	   flow	  
cytometry	  data	  have	  also	  been	  used	  to	  interpret	  the	  values	  of	  DNA	  and	  RNA	  markers	  from	  
protists.	  Subsequently,	  the	  intrinsic	  complexity,	  structure,	  and	  dynamical	  properties	  of	  each	  
community	  have	  been	  assessed	  using	  network	  statistics	  and	  stochastic	  modelling	  based	  on	  
the	  presence,	  amount,	  and	  nature	  of	  biodiversity	  markers.	  

Altogether,	  this	  first-‐order	  analysis	  of	  marine	  microbial	  community	  structure	  and	  dynamics	  
serves	   as	   a	   reference	   framework	   to	   interpret	   the	  metagenomics	   and	  metatranscriptomics	  
data	   analysed	   in	   the	   Micro	   B3	   project,	   and	   will	   orient	   the	   choice	   of	   high-‐throughput	  
technologies	   to	   further	   explore	   highly-‐complex	   marine	   eukaryotic	   metagenomes	   and	  
metatranscriptomes.	  

	  

1.	  Community	  diversity	  analysis	  

Viruses,	   bacteria,	   archaea,	   protists	   and	   planktonic	   metazoans	   form	   the	   bulk	   of	   biomass	  
throughout	   the	   oceans	   and	   drive	   the	   global	   biogeochemical	   cycles	   that	   fuel	   planet	   Earth	  
(Arrigo,	   2005;	   Falkowski	   et	   al.,	   2008;	   Karl,	   2007).	   For	   instance,	   in	   carbon	   cycling	   marine	  
microbes	  produce	  nearly	  as	  much	  oxygen	  through	  photosynthesis	  as	  land	  plants	  (Field	  et	  al.,	  
1998).	   However,	   this	   system	   includes	   not	   only	   photosynthetic	   bacteria,	   but	   also	  
heterotrophic	  and	  mixotrophic	  microbes,	  as	  well	  as	  their	  associated	  viruses.	  Photosynthetic	  
protists	   and	   their	   grazers	   are	   key	   elements	   of	   this	   system,	   and	   ocean	   viruses	   modulate	  
photosynthesis	   through	   mortality	   of	   photosynthetic	   cells	   as	   well	   as	   by	   encoding	   core	  
photosynthesis	  genes	  that	  are	  expressed	  during	  infection	  (Lindell	  et	  al.,	  2005;	  Sharon	  et	  al.,	  
2007;	   Sullivan	   et	   al.,	   2006).	   Thus,	   both	   groups	   directly	   impact	   global	   photosynthesis	   and	  
carbon	  recycling.	  Therefore,	  only	  an	  ecosystem-‐wide	  approach,	  from	  viruses	  to	  fish	  larvae,	  
will	  enable	  us	   to	  start	  disentangling	  the	   functioning	  of	   the	  Earth	  system.	  This	   ranges	   from	  
mapping	   organismal	   diversity	   across	   scales	   spanning	  multiple	   orders	   of	  magnitude	   in	   size	  
and	  abundance	  to	  generating	  empirical	  datasets	  that	   inform	  conceptual	  models	  about	  the	  
complex	   interplay	   between	   organisms	   driving	   fluxes	   of	   energy,	   biogeochemical	   and	  
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molecular	   ‘currencies’	   in	   ocean	   ecosystems	   (e.g.,	   see	   Nature	   Insight	   in	   Microbial	  
Oceanography	  (Nature	  (2009)	  459:	  179-‐212)).	  

Global-‐scale	   studies	   of	   morphological,	   genetic	   and	   functional	   biodiversity	   of	   plankton	  
organisms	  in	  relation	  to	  the	  changing	  physico-‐chemical	  parameters	  of	  the	  oceans	  (Bowler	  et	  
al.,	  2009;	  Fuhrman,	  2009;	  Irigoien	  et	  al.,	  2004;	  Rohwer	  and	  Thurber,	  2009)	  are	  required	  to	  
understand	   and	   manage	   sustainably	   our	   fragile	   oceans.	   Specifically,	   such	   datasets	   will	  
improve	  our	  understanding	  of	  evolution,	  principles	  governing	  marine	  ecology,	  prediction	  of	  
fish	   stock	   distribution,	   ecosystem	   services	   monitoring,	   and	   prediction	   of	   global	   climate	  
variations	   (see	   Science	   Special	   Section	   on	   Changing	   Oceans	   (Science	   (2010)	   328:	   1497-‐
1528)).	  Planktonic	  organisms	  are	  also	  an	  enormous	  but	  largely	  untapped	  source	  (Bowler	  et	  
al.,	  2009;	  Sarmento	  et	  al.,	  2010)	  of	  bio-‐active	  compounds	  for	  the	  pharmaceutical,	  food,	  and	  
cosmetics	  industries,	  as	  well	  as	  metabolic	  pathways	  which	  may	  provision	  our	  future	  energy	  
needs	  (Arnaud-‐Haond	  et	  al.,	  2011).	  	  

A	   wide	   range	   of	   resources	   have	   been	   used	   by	   the	   Micro	   B3	   partners	   contributing	   to	  
Deliverable	   6.8	   to	   perform	   in-‐depth	   analyses	   of	   plankton	   community	   composition,	   as	  
summarized	  below.	  	  

	  

2.	  Generating	  a	  pipeline	  for	  community	  diversity	  analysis	  

2.1	  Resources	  utilized	  
A	   range	   of	   datasets	   that	   can	   be	   used	   to	   address	   plankton	   community	   structure	   are	   now	  
available,	  and	  include	  data	  from	  the	  Global	  Ocean	  Sampling	  (GOS)	  expedition	  (Rusch	  et	  al.,	  
2007),	   the	   Earth	   Microbiome	   (Gilbert	   et	   al.,	   2010)	   project,	   the	   Tara	   Oceans	   expedition	  
(Karsenti	   et	   al.,	   2011),	   the	   Malaspina	   expedition,	   as	   well	   as	   the	   Census	   of	   Marine	   Life	  
(notably	   ICOMM;	   International	   Census	   of	  Marine	  Microbes),	   long-‐term	   observation	   sites,	  
and	  arrays	  of	  remote	  sensors	  on	  floats	  that	  provide	  physical,	  chemical	  and	  biological	  data.	  

	  

2.2	  Methodologies	  
2.2.1	  Sampling	  methodologies	  

An	   ideal	   dataset	   for	   analysing	   microbial	   community	   diversity	   should	   be	   derived	   from	   a	  
representative	  sampling	  of	  the	  entire	  community.	  This	  is	  a	  major	  challenge	  given	  that	  these	  
organisms	   cover	   several	   orders	   of	   magnitude	   in	   size	   and	   are	   present	   in	   vastly	   differing	  
amounts	   in	   seawater,	   and	   the	   only	   attempt	   so	   far	   to	   systematically	   sample	   complete	  
microbial	   ecosystems	   (from	   the	   smallest	   viruses	   to	   the	   largest	   protists)	   during	   one	   entire	  
expedition	  has	  been	  performed	  by	  the	  Tara	  Oceans	  consortium,	  in	  particular	  the	  CNRS	  and	  
CSIC	   partners	   of	  Micro	   B3	   (Partners	   6	   and	   7,	   respectively).	   An	   overview	   of	   the	   sampling	  
methodologies	   has	  been	   reported	  previously	   (Karsenti	  et	   al.,	   2011)	   and	   full	   details	   of	   the	  
protocols	  have	  recently	  been	  submitted	  for	  publication	  by	  CNRS-‐Roscoff	  (Not	  et	  al.).	  Briefly,	  
the	   protocols	   are	   based	   on	   the	   collection	   of	   different	   volumes	   of	   seawater	   using	   Niskin	  



Marine	  Microbial	  Biodiversity,	  Bioinformatics	  and	  Biotechnology	   	  
D6.8:	  Description	  of	  community	  structure	  and	  composition	  in	  its	  environmental	  context,	  14	  Jan.2014	  

4	  
	  

bottles,	  peristaltic	  pumping,	  or	  net	  tows,	  followed	  by	  the	  size	  fractionation	  of	  organisms	  to	  
preferentially	  recover	  viruses,	  giruses,	  prokaryotes,	  pico-‐,	  nano-‐	  and	  micro-‐plankton.	  

The	   Tara	   Oceans	   datasets	   are	   therefore	   particularly	   precious	   for	   analysis	   of	   the	   entire	  
plankton	   community,	   which	   is	   not	   always	   the	   case	   for	   other	   datasets,	   which	   typically	  
prioritize	   the	   collection	   of	   one	   particular	   component	   of	   the	   ecosystem,	   e.g.,	   prokaryotes.	  
For	  each	  analysis	  it	  is	  therefore	  important	  to	  recognize	  the	  limitations	  of	  what	  insights	  can	  
be	  obtained	  as	  a	  consequence	  of	  the	  sampling	  protocols	  performed.	  

The	   analyses	   that	   have	   been	   performed	   have	   been	   instrumental	   in	   establishing	   an	  
appropriate	   sampling	  methodology	   that	   can	   be	   implemented	   for	   Ocean	   Sampling	   Day	   in	  
Work	  Package	  2	  to	  recover	  entire	  microbial	  communities.	  

	  

2.2.2	  Analysis	  methodologies	  

The	  very	  broad	  skills	  available	  within	  the	  different	  WP6	  partner	  laboratories	  has	  permitted	  
the	  exploration	  of	  a	  wide	  array	  of	  statistical	  methodologies	  to	  assess	  community	  structure,	  
which	  includes	  analyses	  of	  diversity,	  richness,	  stability,	  endemism,	  rank	  abundance,	  and	  co-‐
occurrence,	  amongst	  others.	  

	  

2.3	  Results	  
In	  the	  following	  sections	  a	  brief	  summary	  has	  been	  provided	  about	  the	  work	  that	  has	  been	  
performed	  with	  specific	  organismal	  groups,	  viruses,	  prokaryotes,	  and	  protists.	  An	  example	  
of	   cross-‐kingdom	   data	   analysis	   has	   subsequently	   been	   presented	   based	   on	   the	   Agulhas	  
retroflection	  region	  below	  South	  Africa.	  

	  

2.3.1	  Viruses	  

A	   study	   coordinated	   by	   Genoscope	   (Partner	   17)	   was	   undertaken	   to	   describe	   end-‐to-‐end	  
genomics	   of	   Mediterranean	   plankton	   communities	   collected	   during	   the	   Tara	   Oceans	  
expedition.	  The	  analysis	  combines	  metagenomes,	  metatranscriptomes	  and	  metabarcodes	  to	  
compare	   three	   Mediterranean	   stations	   in	   terms	   of	   environmental	   biogeochemical	  
parameters,	   global	   genetics	   (eukaryotes,	   prokaryotes	   and	   viruses)	   and	   functional	   content.	  
The	  CNRS-‐IGS	  laboratory	  (Partner	  6)	  contributed	  to	  this	  study	  by	  analyzing	  viral	  distributions	  
in	  the	  29	  metagenome	  samples	  of	  this	  dataset,	  focusing	  on	  comparisons	  of	  the	  5	  different	  
size	  fractions	  studied.	  	  

As	  observed	  previously	   (Angly	  et	  al.,	  2006),	  phages	  were	  highly	  abundant	   in	  samples	  from	  
smaller	   size	   fractions	   (e.g.	   <5µm),	   representing	   more	   than	   3%	   of	   the	   overall	   mapped	  
metagenomic	   reads.	   However,	   we	   were	   also	   able	   to	   observe	   viral	   sequences	   in	   samples	  
from	   larger	   fractions	   (representing	   around	   0.2%	   of	   the	  mapped	   reads),	   even	   though	   the	  
larger	  pore	  sizes	  of	  these	  fractions	  (e.g.	  >5µm)	  are	  not	  expected	  to	  retain	  such	  viruses.	  	  

Taxonomic	   annotation	   of	   these	   sequences	   revealed	   a	   higher	   heterogeneity	   in	   viral	  
taxonomy	   in	   the	   large	   fractions	   than	   in	   the	   smaller	   fractions.	  A	   similar	  heterogeneity	  was	  
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also	  observed	  for	  the	  distribution	  of	  host	  types	  in	  the	  larger	  size	  fractions.	  For	  instance,	   in	  
larger	   fraction	   sizes,	   samples	   from	   station	   30	   displayed	   a	   high	   proportion	   of	   eukaryotic	  
viruses,	  but	  very	  few	  bacteriophages.	  Interestingly,	  in	  the	  samples	  where	  we	  observed	  low	  
relative	  abundance	  of	  bacteriophages,	  we	  also	  noticed	  low	  relative	  abundance	  of	  bacteria.	  

Co-‐occurence	   of	   viruses	   with	   their	   hosts	   could	   be	   illustrated	   by	   the	   case	   of	   a	  
Bacillariodnaviridae,	  a	  Chaetoceros	  diatom	  infecting	  virus	  (Nagasaki,	  2008).	  Sequences	  from	  
Bacillariodnaviridae	  were	  uniquely	  found	  in	  the	  sample	  coming	  from	  station	  23,	  DCM	  depth,	  
fraction	   20-‐180µm	   (2.4kb	  mapped),	   while	   their	   diatom	   host	   sequences	   were	   detected	   in	  
exactly	   the	   same	   location,	   in	   the	   two	   fractions	   consistent	  with	   its	   cell	   size	   (5-‐20	   and	   20-‐
180µm).	   This	   suggested	   we	   might	   have	   sampled	   an	   infected	   host	   cell	   in	   the	   larger	   size	  
fractions.	  We	  hypothesize	  that	  most	  viral	  sequences	  captured	  in	  the	  larger	  size	  fractions	  (>	  
5µm)	  might	  have	  originated	  from	  viruses	  replicating	  in	  their	  host	  cells.	  Such	  occasional	  co-‐
detection	  might	  explain	  the	  observed	  viral	  type	  heterogeneity	  in	  large	  fractions,	  whilst	  the	  
more	  homogeneous	  viral	  type	  distribution	  could	  be	  explained	  by	  the	  detection	  of	  free	  viral	  
particles	  which	  could	  be	  less	  coupled	  to	  their	  host	  activity.	  

	  

2.3.2	  Prokaryotes	  

In	   direct	   interaction	   with	   Work	   Package	   5,	   the	   MBA	   team	   (Partner	   9)	   have	   looked	   at	  
bacterial	   OTU	   assignments	   using	   various	   pipelines.	   A	   range	   of	   different	   bioinformatics	  
protocols	  are	  available	  and	  are	  used	  by	  researchers	  to	  cluster,	  classify,	  and	  assign	  16S	  rRNA	  
short	   read	   amplicon	   sequences	   with	   taxonomic	   information.	   Increasing	   numbers	   of	  
environmental	  samples	  around	  the	  globe	  are	  being	  sequenced	  using	  amplicon	  sequencing	  in	  
attempt	   to	  characterise	  and	  compare	  microbial	   community	  diversity.	  The	  MBA	  team	  have	  
specifically	   considered	   the	   impact	   of	   different	   bioinformatics	   tools	   and	   databases	  
(specifically	   the	   latest	   release	   of	   the	   Greengenes	   and	   Silva	   databases)	   using	   an	   Illumina	  
HiSeq	  16S	  rRNA	  amplicon	  dataset	  from	  an	  Indian	  Ocean	  marine	  sample	  totalling	  more	  than	  
7	  million	  reads.	  The	  triplicate	  independent	  PCR	  experimental	  design	  of	  this	  dataset	  together	  
with	   the	   high	   depth	   of	   sequencing	   allows	   the	   implications	   of	   bioinformatics	   protocols	   on	  
rarefaction	  sampling	  requirements	  and	  taxonomic	  assignments	   to	  be	  assessed	  at	  different	  
levels.	  

On	  the	  other	  hand,	  CSIC	  (Partner	  7)	  has	  validated	  the	  use	  of	  miTags	  (metagenomic	  reads	  of	  
the	  16S	  rDNA	  fragments	  from	  Illumina	  metagenomes)	  as	  an	  alternative	  approach	  to	  explore	  
microbial	  diversity	  and	  community	  structure	  at	  a	  global	  scale	  using	  Tara	  Oceans	  datasets.	  A	  
first	  paper	  validating	  this	  approach	  in	  comparison	  with	  amplicon	  Tags	  (454	  pyrosequencing;	  
454Tags)	   and	   metagenomes	   performed	   by	   454	   pyrosequencing	   (m454Tags)	   has	   recently	  
been	  published	  (Logares	  et	  al.,	  2013).	  

From	  the	  Malaspina	  circumnavigation,	  CSIC	  has	  used	  another	  approach	  to	  analyze	  microbial	  
diversity	  and	  biogeography	  of	  prokaryotic	  communities	  at	  global	   scale	   in	   the	  dark	  oceans,	  
specifically	   in	   bathypelagic	   ocean	   waters	   (Salazar	   et	   al.,	   unpublished).	   In	   this	   study,	   they	  
have	  used	  and	  compared	  amplicon	  tags	  from	  Illumina	  (16S	  iTags)	  with	  ARISA	  profiles	  based	  
on	  ITS	  length	  variation	  to	  compare	  the	  structure	  of	  deep	  ocean	  prokaryotic	  communities.	  	  A	  
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good	  correlation	  was	  found	  between	  the	  prokaryotic	  community	  structure	  based	  on	  Bray-‐
Curtis	   distance	  matrix	   using	   the	   length	   of	   the	   ITS	   from	  ARISA	  profiles	   compared	  with	   the	  
iTags,	   and	   the	   results	   uncovered	   not	   only	   a	   significant	   fraction	   of	   novelty	   within	   the	  
prokaryotes	   but	   also	   described	   the	   biogeographical	   patterns	   and	   barriers	   as	   well	   as	   the	  
processes	  involved	  in	  shaping	  prokaryotic	  communities	  in	  this	  underexplored	  realm	  (Figure	  
1).	  

	  

	  
Figure	  1.	  NMDS	  plot	  showing	  how	  
prokaryotic	  communities	  from	  particle	  
attached	  fractions	  are	  clustered	  based	  on	  
specific	  ocean	  basins.	  

	  

	  

	  

	  

	  

	  

	  

	  

At	  the	  Blanes	  Bay	  Observatory,	  the	  CSIC	  team	  has	  assessed	  DGGE	  fingerprinting	  and	  CARD-‐
FISH	   quantifications	   during	   two	   years	   (Diez-‐Vives	   et	   al.,	   2013)	   to	   assess	   changes	   in	  
prokaryotic	  diversity.	  The	  results	  show	  that	  at	  a	  temporal	  scale,	  the	  relative	  abundance	  of	  
Bacteroidetes	  exhibits	  a	  marked	  seasonality,	  being	  higher	  in	  spring	  and	  decreasing	  in	  winter	  
(Figure	  2).	  

Figure	  2.	  Percentage	  of	  Bacteroidetes	  in	  CARD-‐FISH	  
counts:	  A)	  over	  two	  consecutive	  years	  in	  the	  temporal	  
study,	  represented	  as	  circles	  and	  squares	  and	  B)	  in	  the	  
spatial	  study	  as	  circle	  areas	  for	  each	  sample	  point.	  The	  
groups	  defined	  by	  the	  DGGE	  clustering	  analyses	  
(SuF/WSp	  or	  Shallow/Deep)	  are	  also	  represented	  as	  
different	  grey	  tones.	  Since	  transitional	  months	  (May	  
and	  Dec)	  fell	  into	  different	  clusters	  in	  the	  2	  years	  
analyzed,	  these	  are	  coloured	  in	  white.	  Samples	  under	  
200	  m	  (not	  included	  in	  the	  DGGE	  analysis)	  are	  also	  in	  
white	  (from	  Díez-‐Vives	  et	  al.,	  2013).	  	  
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Finally,	   because	  most	  microbal	   diversity	   studies	   encountered	   in	  WP6	   are	   spatially	   explicit	  
(i.e.,	  geolocalized),	   the	  AWI	  team	  (Partner	  5)	  has	  examined	  the	  typical	   issues	  found	  at	  the	  
technical	   (sequencing	   depth,	   presence	   of	   rare	   taxa)	   and	   sampling	   (number	   of	   samples)	  
levels	  when	  describing	  diversity	  patterns	  of	  bacteria	  in	  marine	  environments.	  The	  taxa-‐area	  
relationship	  (TAR)	  and	  the	  distance-‐decay	  relationship	  (DDR)	  both	  describe	  spatial	  turnover	  
of	   taxa,	  and	  are	  central	  patterns	  of	  biodiversity.	  Using	   the	   ICoMM	  database,	   consisting	  of	  
one	   of	   the	  most	   comprehensive	   sets	   of	   16S	   rRNA	   gene	   sequences	   available	   to	   date,	   and	  
gathering	   hundreds	   of	   samples	   collected	   across	   the	   globe,	   they	   have	   compared	   TAR	   and	  
DDR	  of	  bacterial	  communities	  across	  different	  marine	  realms	  and	  ecosystems	  at	  the	  global	  
scale.	  They	  found	  that	  slope	  coefficients	  of	  bacterial	  TARs	  and	  DDR	  are	  mostly	  affected	  by	  
removing	   rare	   taxa	   and	   by	   the	   number	   of	   sampling	   sites	   considered	   in	   the	   calculations.	  
Furthermore,	   TAR	   and	   DDR	   slope	   coefficients	   were	   found	   to	   be	   overestimated	   at	  
sequencing	  depth	  <	  4,000	  sequences	  per	  sample.	  They	  also	  found	  marine	  bacterial	  TAR	  and	  
DDR	   to	   be	   steeper	   in	   ecosystems	   associated	   with	   high	   environmental	   heterogeneity	   or	  
spatial	   isolation,	  namely	  marine	  sediments	  and	  coastal	  environments	  compared	  to	  pelagic	  
ecosystems	  (Figure	  3).	  Overall,	   this	  study	  provides	  methodological	  and	  conceptual	   insights	  
to	   biodiversity	   surveys	   that	   increasingly	   make	   use	   of	   high-‐throughput	   sequencing	  
technologies.	   This	   study	   has	   recently	   been	   accepted	   for	   publication	   in	  Molecular	   Ecology	  
(Zinger	  et	  al.,	  2014).	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

2.3.3	  Protists	  

In	   order	   to	   obtain	   an	   overall	   estimation	   of	   protist	   diversity	   within	   marine	   microbial	  
communities,	  the	  CNRS-‐Roscoff	  team	  (Partner	  6)	  has	  developed	  amplicon	  sequencing	  based	  
on	  the	  hypervariable	  V4	  and	  V9	  sequences	  of	  18S	  rRNA.	  The	  V9	  sequence	  was	  found	  to	  be	  
particularly	  amenable	  to	  current	   Illumina	  Hi-‐Seq	  sequencing	  technologies	  and	  so	  has	  been	  
employed	   to	   assess	   eukaryotic	   diversity	   in	   samples	   collected	   during	   the	   Tara	   Oceans	  
expedition.	  The	  approach	  has	  been	  used	  by	  Genoscope	  (Partner	  17)	  to	  sequence	  more	  than	  
230	   samples	   from	   46	   sampling	   stations,	   generating	   close	   to	   500	   million	   sequences	   from	  
which	   2.3	   million	   unique	   ribotypes	   have	   been	   obtained.	   The	   sequences	   have	   been	  

Figure	  3.	  Variation	  of	  the	  TAR	  
and	  DDR	  slope	  coefficients	  (z	  
and	  β	  	  respectively)	  according	  
to	  realms	  and	  ecosystem	  types.	  
Values	  per	  ecosystem	  type	  were	  
standardized	  by	  randomly	  
resampling	  40	  samples	  and	  
5,000	  sequences	  per	  sample	  
1,000	  times.	  Upper/lower	  case	  
letters	  indicate	  significant	  
differences	  (Mann-‐Whitney	  
test,	  Holm-‐corrected,	  P<0.05)	  
between	  realms	  or	  ecosystem	  
types	  (from	  Zinger	  et	  al.,	  2014).	  
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taxonomically	  assigned	  using	  the	  PR2	  18S	  reference	  database	  for	  eukaryotes	  (Guillou	  et	  al.,	  
2012).	   As	   expected,	   the	   opisthokonts	   (including	   metazoans	   and	   fungi)	   are	   the	   most	  
abundant,	   whereas	   the	   most	   highly	   represented	   protists	   are	   from	   the	   Alveolata	   (e.g.,	  
dinoflagellates),	   Rhizaria	   (eg,	   radiolarians	   and	   foraminifera),	   and	   Stramenopiles	   (e.g.,	  
diatoms)	  (Figure	  4).	  

One	  way	  to	   identify	  only	   the	  active	   fraction	  of	   the	  community	   is	   to	  compare	   the	  diversity	  
obtained	  using	  rDNA	  with	  the	  diversity	  represented	  by	  reverse	  transcribed	  rRNA,	  based	  on	  
the	  assumption	  that	  cell	  activity	  is	  proportional	  to	  the	  concentration	  of	  rRNA	  within	  the	  cell.	  
Very	   few	  studies	  have	  explored	   the	   rDNA	  versus	   rRNA	  diversity	  and	  abundance	   in	  marine	  
microbial	   eukaryotic	   communities.	   CNRS-‐Roscoff	   explored	   this	   issue	   using	   approximately	  
100	  samples	  from	  the	  BioMarks	  programme	  derived	  from	  European	  coasts	  from	  Norway	  to	  
the	   Black	   Sea,	   including	   3	   organismal	   size	   fractions	   and	   3	   depths	   (2	   water	   column	   and	  
sediment).	   Specific	   patterns	   obtained	  with	   both	   templates	   highlighted	   the	   importance	   of	  
using	   the	   rRNA	   approach	   to	   complement	   the	   use	   of	   the	   rDNA	   barcode	   for	   a	   complete	  
description	  of	  the	  actual	  metabolically	  active	  eukaryotic	  microbial	  diversity.	  

	  

	  
A	   crucial	   issue	   with	   all	   DNA-‐based	   studies	   of	   diversity	   is	   to	   be	   able	   to	   relate	   sequence	  
diversity	  and	  abundance	  with	  individuals.	  While	  this	  is	  still	  an	  unresolved	  issue	  for	  many	  of	  
the	  smaller	  organisms	  that	  cannot	  be	  observed	  microscopically,	  the	  larger-‐sized	  diatoms	  can	  
be	   assessed	  using	  both	  methods.	  Using	   samples	   from	  Tara	  Oceans,	   CNRS-‐ENS	   (Partner	   6)	  
and	   SZN	   (Partner	   8)	   have	   compared	   microscope-‐based	   diatom	   counts	   with	   diatom	  
abundance	  data	  based	  on	  V9	  tags	  at	  a	  range	  of	  sampling	  sites	  and	  the	  results	  generally	  show	  
a	  relatively	  good	  correspondence	  (e.g.,	  Figure	  5).	  This	  result	  is	  an	  important	  validation	  of	  the	  
V9	  metabarcoding	   approach,	   which	   should	   permit	   detailed	   studies	   of	   diatom	   abundance	  
and	  diversity	  worldwide	  for	  the	  first	  time.	  

	  

	   	  

2,306,025 unique barcodes 

Alveolata 

Opisthokonta 
Rhizaria 

Excavata 
Stramenopila 

Figure	  4.	  Taxonomic	  assign-‐
ments	  of	  barcodes	  obtained	  
from	  46	  Tara	  Oceans	  
sampling	  sites	  distributed	  
worldwide,	  indicating	  alpha-‐
diversities	  of	  different	  
eukaryote	  groups.	  
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Figure	  5.	  Correspondence	  of	  diatom	  
abundance	  determined	  by	  V9	  ribotype	  
counts	  (left)	  and	  light	  microscopy	  
observations	  (right)	  at	  three	  Tara	  
Oceans	  sampling	  sites.	  Each	  colour	  in	  
the	  pie	  chart	  indicates	  a	  different	  
diatom	  genus.	  

	  

	  

	  

	  

	  

CNRS-‐Roscoff	   has	   used	   the	   same	  BioMarks	   and	  Tara	  Oceans	  datasets	   of	   18S	   ribotypes	   to	  
examine	   the	   green	   plastid	   lineage	   (Chlorophyta),	   which	   has	   been	   relatively	   understudied	  
until	   now	   within	   marine	   phytoplankton.	   Their	   studies	   have	   allowed	   for	   the	   first	   time	   to	  
assess	   the	   importance	   of	   the	   different	   groups	   of	   green	   algae	   in	   different	   environments	  
across	   various	   size	   fractions.	   In	   coastal	  waters	  Mamiellophyceae	   appear	   largely	   dominant	  
(50%	  of	  V4	  metabarcodes),	  especially	  within	  the	  pico-‐plankton.	   In	  contrast,	   in	  open	  ocean	  
waters,	  prasinophyte	  clade	  VII,	  which	  has	  been	  very	  little	  studied,	  represents	  almost	  half	  of	  
the	  sequences.	   	  A	  deeper	  analysis	  of	  prasinophyte	  clade	  VII	  (Lopes,	  unpublished)	  based	  on	  
environmental	  sequences	  and	  cultured	  strains	  demonstrate	  that	  this	  group	  is	  formed	  of	  two	  
major	  sub-‐clades	   (A	  and	  B)	  each	  containing	  different	  ecotypes,	   in	  particular	   linked	  to	   light	  
levels	  (surface	  vs.	  DCM	  ecotypes),	  some	  of	  which	  are	  not	  yet	  available	  in	  culture.	  

	  

2.3.4	  Cross-‐kingdom	  analyses	  

A	  major	   objective	   of	   this	   Deliverable	   is	   to	   describe	   community	   structure	   across	   different	  
kingdoms,	  and	   in	  an	  environmental	  context.	  At	   the	  current	   time,	   the	  Tara	  Oceans	  dataset	  
provides	  the	  best	  opportunity	  to	  do	  this,	  and	  an	  example	   is	  shown	  here	  from	  the	  Agulhas	  
retroflection	   region	   off	   South	   Africa.	   This	   region	   is	   an	   important	   chokepoint	   for	   ocean	  
circulation	  between	  the	  Indian	  and	  Atlantic	  Oceans,	  and	  so	  it	  is	  of	  interest	  to	  examine	  how	  
plankton	  communities	  change	  in	  this	  region	  of	  the	  global	  ocean.	  

Figure	   6	   shows	   how	   diatom	   communities	   change	   in	   this	   region,	   and	   a	   major	   shift	   is	  
apparent,	  reflected	  also	  in	  a	  significant	  loss	  of	  diversity	  in	  the	  western	  side	  of	  Cape	  Agulhas	  
with	  respect	  to	  the	  eastern	  side.	  Interestingly,	  this	  same	  pattern	  has	  been	  observed	  in	  the	  
Cyanobacterial	  communities	  (Figure	  6,	  lower	  panel;	  CNRS-‐Roscoff)	  but	  not	  for	  other	  bacteria	  
(CSIC,	  data	  not	  shown)	  nor	  for	  viruses	  (CNRS-‐IGS,	  data	  not	  shown).	  
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Additional	  examples	  of	  cross-‐kingdom	  analyses	  relate	  to	  studies	  of	  co-‐occurrence.	  CNRS-‐IGS	  
and	  VIB	   (Partner	  10)	  have	  already	  reported	  a	  previously	  unknown	  co-‐occurrence	  between	  
an	  oomycete	  and	  a	  girus	  (Hingamp	  et	  al.,	  2012).	  

Finally,	   the	   Deliverable	   also	   involved	   the	   refinement	   of	   global	   maps	   of	   marine	   microbe	  
distributions	  by	  assessing	  their	  correlations	  with	  real	  data	  from	  the	  field.	  CNRS-‐ENS	  (Partner	  
6)	   has	   produced	   a	   global	   map	   of	   phytoplankton	   diversity	   based	   on	   analysis	   of	   spectral	  
anomalies	   in	   remote	   sensing	   data	   (Figure	   7).	   The	   relationship	   between	   such	   biodiversity	  
proxy	   and	   sea	   surface	   temperature	   follows	   macroecological	   patterns	   that	   have	   been	  
observed	   previously	   in	   classical	   studies	   of	   biodiversity	   and	   that	   are	   predicted	   by	  
evolutionary	   models.	   The	   patterns	   are	   now	   being	   validated	   with	   data	   from	   the	   Atlantic	  
Meridional	  Transect	  (AMT)	  and	  from	  Tara	  Oceans.	  
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Figure	  6.	  Diatom	  and	  cyanobacterial	  
community	  changes	  around	  Cape	  
Agulhas.	  The	  top	  left	  panel	  shows	  
diatom	  community	  changes	  as	  revealed	  
by	  light	  microscopy	  counts	  (Partner	  8-‐
SZN).	  The	  top	  right	  panel	  shows	  the	  
diversity	  shifts	  based	  on	  analysis	  of	  
diatom-‐specific	  V9	  ribotypes.	  In	  
particular,	  the	  lower	  panel	  shows	  the	  
dramatic	  reduction	  in	  the	  Shannon	  
diversity	  between	  Stations	  65	  and	  66,	  
east	  and	  west	  of	  the	  Agulhas	  Cape,	  
respectively	  (Partner	  6-‐CNRS-‐ENS).	  The	  
lower	  left	  panel	  shows	  the	  changes	  in	  
Prochlorococcus	  (top	  graph)	  and	  
Synechococcus	  (bottom	  plot)	  around	  
the	  same	  region	  (Partner	  6-‐CNRS-‐
Roscoff).	  
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Figure	  7.	  Annual	  average	  of	  the	  area-‐based	  Shannon	  index	  computed	  from	  remote-‐sensing	  
observations	  that	  is	  proposed	  as	  an	  indicator	  of	  global	  planktonic	  biodiversity	  distribution	  and	  
hotspots	  (De	  Monte	  et	  al.,	  2013).	  To	  the	  right,	  the	  zonal	  mean	  of	  the	  index.	  	  

	  

2.4	  Conclusions	  
The	  breadth	  of	   the	  analyses	   reported	  here	   reveal	   the	   tremendous	  progress	   that	  has	  been	  
made	   by	   Micro	   B3	   researchers	   aiming	   towards	   a	   comprehensive	   description	   of	   marine	  
microbial	  community	  structure	  and	  composition	  in	  its	  environmental	  context,	  and	  indicates	  
that	  the	  Deliverable	  has	  been	  accomplished	  with	  success.	  

The	   sampling	   protocols	   that	   have	   allowed	   the	   achievement	   of	   Deliverable	   6.8	   have	   been	  
instrumental	   in	   establishing	   the	   appropriate	   methodologies	   for	   the	   Ocean	   Sampling	   Day	  
(Work	  Package	  2).	  	  

The	   statistical	   methods	   that	   have	   been	   employed	   to	   examine	   microbial	   community	  
structure,	  although	  not	  yet	  sufficiently	  robust	  to	  permit	  the	  development	  of	  a	  standardized	  
pipeline	  for	  such	  studies,	  nonetheless	  illustrate	  the	  enormous	  progress	  that	  has	  been	  made	  
for	  the	  achievement	  of	  this	  Deliverable.	  
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