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Abstract  
  
Biological  nitrogen  (N)2  fixation  is  of  paramount  importance  for  marine  N  
cycling  and  for  life  in  the  oceans  in  general.  It  represents  the  sole  mechanism  
by  which  microorganisms  can  channel  inert  atmospheric  N2  gas  into  biomass  
and  hence  it  may  fuel  a  significant  fraction  of  primary  production  in  certain  
aquatic  environments.  The  capability  of  fixing  N2  is  restricted  to  the  
prokaryotes,  but  its  genetic  potential  is  distributed  between  a  diverse  
assortment  of  organisms  (diazotrophs)  within  the  bacterial  and  archeal  
domains.  Traditionally,  the  colonial  cyanobacterium  Trichodesmium,  various  
cyanobacterial  endosymbionts  of  diatoms,  and  recently  also  unicellular  
cyanobacteria,  have  been  considered  the  dominant  marine  diazotrophs.  
However,  phylogenetic  analyses  of  the  functional  genes  involved  in  N2  
fixation  seem  to  suggest  that  heterotrophic  N2-‐‑fixing  organisms  are  present  
and  active  in  various  marine  systems  as  well.  Their  role  and  ecological  
significance  is,  however  currently  unknown.    
  
By  combining  in  situ  analyses  of  the  distribution  and  activity  of  diazotrophs  
in  various  marine  environments  with  culture-‐‑based  examinations  of  the  
potential  of  N2  fixation  and  its  regulation  in  representative  heterotrophic  
isolates,  this  thesis  aims  at  addressing  these  unknowns.    
  
It  was  found  that  heterotrophic  diazotrophs  were  present  and  active  in  
environments  previously  not  associated  with  N2  fixation  e.g.  suboxic  basins  of  
the  Baltic  Sea  and  estuarine  surface  waters.  In  these  environments  they  
contributed  with  significant  amounts  fixed  N2,  suggesting  that  a  reevaluation  
of  the  significance  of  N  fixation  in  suboxic  waters  and  estuarine  coastal  waters  
is  warranted.  It  was  also  documented  that  heterotrophic  diazotrophs  could  be  
enriched  in  culture  based  on  their  ability  to  utilize  N2  as  the  sole  N  source  and  
that  a  subset  of  these  could  be  subsequently  isolated  for  further  genomic  and  
ecophysiological  analyses.  Such  analyses  showed  that  regulation  of  N2  
fixation  in  heterotrophs  are  not  straightforward  and  in  many  cases  it  is  
counterintuitive.  Furthermore,  they  showed  that  individual  heterotrophic  
strains  have  the  potential  to  fix  significant  amounts  of  N2  at  cell  densities  
equivalent  to  densities  observed  in  the  environment  from  which  they  were  
isolated.  
  
Hence,  N2  fixation  by  heterotrophic  bacteria  are  likely  important  in  some  
marine  environments.  However,  the  scale  and  spatial  extent  of  the  
heterotrophic  N2  fixation  domain  remain  to  be  determined.  
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Resumé  
  
Biologisk  kvælstof  (N)2-‐‑fiksering  er  af  altafgørende  betydning  for  den  marine  
N  cyklus  og  for  livet  i  havet  i  almindelighed.  N2-‐‑fiksering  repræsenterer  den  
eneste  mekanisme,  hvormed  mikroorganismer  kan  kanalisere  inaktivt,  
atmosfærisk  N2-‐‑gas  over  i  biomasse  og  dermed  kan  N2-‐‑fiksering  opretholde  
en  signifikant  andel  af  primærproduktionen  i  visse  akvatiske  miljøer.  Evnen  
til  at  fiksere  N2  er  begrænset  til  prokaryoter,  men  det  genetiske  potentiale  er  
til  stede  i  en  divers  samling  af  organismer  (diazotrofer)  hjemmehørende  hos  
bakterier  og  archaea.  Traditionelt  set  har  den  koloniale  cyanobacterium  
Trichodesmium,  cyanobakterielle  endosymbionter  hos  kiselalger,  og  nyligt  
også  encellede  cyanobakterier  været  anset  som  de  dominerende  marine  
diazotrofe  organismer.  Fylogenetiske  analyser  af  funktionelle  gener  
involveret  i  N2  fiksering  tyder  dog  på,  at  heterotrofe  N2-‐‑fikserende  
organismer  er  til  stede  og  aktive  i  forskellige  marine  systemer.  Deres  rolle  og  
økologiske  betydning  er  dog  endnu  ukendt.  
  
Ved  at  kombinere  in  situ  analyser  af  diazotrofers  udbredelse  og  aktivitet  i  
forskellige  marine  miljøer  med  vækstkultur-‐‑baserede  undersøgelser  af  N2  
fikseringspotentialet  og  dets  regulering  i  repræsentative  heterotrofe  isolater,  
forsøges  det  i  denne  afhandling  at  belyse  disse  spørgsmål.  
  
Det  viste  sig  at  heterotrofe  diazotrofer  var  til  stede  og  aktive  i  marine  miljøer  
som  ikke  har  været  associeret  med  N2  fiksering  tidligere,  f.eks.  iltfattige  
bassiner  i  Østersøen  samt  i  brakvandsmiljøer.  I  disse  miljøer  bidrog  disse  
organismer  med  en  betydelig  mængde  fikseret  N,  hvilket  tyder  på,  at  en  
revurdering  af  betydningen  af  N2-‐‑fiksering  i  iltfattige,  marine  miljøer  og  i  
brakvands-‐‑  og  kystsystemer  er  berettiget.  Det  blev  også  dokumenteret,  at  
heterotrofe  diazotrofer  kunne  beriges  i  vækstkulturer  på  basis  af  deres  evne  
til  at  udnytte  N2  som  den  eneste  N-‐‑kilde,  og  nogle  af  disse  diazotrofer  kunne  
ydermere  isoleres  med  det  formål  at  indgå  i  efterfølgende  genetiske  og  øko-‐‑
fysiologiske  analyser.  Sådanne  analyser  viste,  at  reguleringen  af  N2-‐‑fiksering  i  
heterotrofe  diazotrofer  ikke  er  umiddelbart  gennemskuelig  og  i  mange  
tilfælde  fornuftstridig.  De  viste  endvidere,  at  de  enkelte  heterotrofe  stammer  
har  potentiale  til  at  fiksere  betydelige  mængder  af  N2  ved  celleantal  svarende  
til  dem,  der  normalt  observers  i  det  miljø,  hvorfra  stammerne  blev  isoleret.  
  
Heterotrofe  bakteriers  N2-‐‑fiksering  er  dermed  med  al  sandsynlighed  vigtig  i  
nogle  marine  miljøer,  men  omfanget  og  udstrækningen  af  det  heterotrofe  N2-‐‑
fikseringsdomæne  er  imidlertid  endnu  ukendt.  
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Preface  
  
The  work  presented  in  this  thesis  concludes  three  years  of  research  performed  
in  the  laboratory  of  Associate  Professor  Lasse  Riemann  at  the  University  of  
Copenhagen’s  Marine  Biological  Section  in  Helsingør,  Denmark.    
With  the  presented  work  I  have  tried  to  bring  about  new  insights  into  the  role  
of  heterotrophic  N2  fixing  bacteria  in  marine  and  estuarine  environments  and  
though  there  have  been  bumps  and  setbacks  along  the  way,  I  personally  think  
that  the  overall  outcome  is  quite  successful.  Upon  the  initiation  of  the  project  
a  host  of  diffuse  ideas  and  concepts  were  brought  into  play  including  the  
design  and  application  of  synthetic  biosensors  for  visualization  and  
quantification  of  nifH  gene  expression  associated  with  particles  and  
zooplankton,  genome  sequencing  of  single  cells  of  uncultivable  diazotrophs  
using  FISH  probes  in  combination  with  fluorescence  activated  cell  sorting  as  
well  as  metatranscriptomic  analysis  of  bacterioplankton  from  various  
environments.  As  time  went  by,  however,  a  subset  of  defined  projects  
emerged.  These  were  based  on  classical  microbiological  techniques  as  well  as  
state-‐‑of-‐‑the  art  molecular  methods.  In  general  two  overall  approaches  were  
applied:  One  approach  was  based  on  in  situ  investigations  of  N2  fixation,  
among  other  things,  using  15N  incorporation  techniques  in  conjunction  with  
high-‐‑throughput  DNA  and  cDNA  sequencing  whereas  the  other  approach  
were  based  on  manipulative  studies  of  cultivated  representative  species  of  
heterotrophic  diazotrophs;  representatives  that  first  had  to  be  cultivated  and  
isolated.    
In  defining  and  carrying  out  these  projects  I  had  significant  assistance  from  a  
broad  assortment  of  people,  for  which  I  owe  them  my  gratitude.  First  and  
foremost  I  owe  thanks  to  my  supervisor  Lasse  Riemann  who  always  took  time  
to  answer  questions  and  provide  inputs,  and  who  almost  always  has  a  
reference  ready  to  back  up  a  point  when  needed.  I  owe  thanks  to  the  people  
of  the  group:  Sachia,  Claudia,  Ina,  Julie,  Daniel,  Elisabeth,  Jeppe,  Deniz  and  
Jeanett  as  well  as  the  group’s  visitors  Pia  Moisander,  Adam  Martiny  and  
Jennifer  Martiny  who  spend  time  with  us  and  shared  their  thoughts  about  
biology  and  science  as  such.  In  particular,  I  wish  to  thank  Sachia  who  is  
always  cheerful  and  kind,  Ina  and  Claudia  for  sharing  their  insights  and  their  
practical  experience  with  aquatic  microbial  ecology  and  Julie,  my  officemate,  
with  whom  I  have  spend  many  hours  during  the  past  three  years.  To  Deniz  
for  proofreading  the  thesis,  to  Jeanett  for  her  eagerness  to  help  and  her  ability  
to  cope  with  all  of  my  poorly  organized  samples  and  my  elaborate,  
bewildering  number  systems.  Also,  I  wish  to  thank  the  extended  Lasse  
Riemann-‐‑group  in  Kalmar,  especially  Hanna  for  helping  me  out  in  the  
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beginning  and  for  handing  me  the  “N2  fixation  torch”  when  she  finished  her  
PhD  on  the  subject.  Furthermore,  I  would  like  to  thank  all  the  people  at  the  
Marine  Biological  Section  in  Helsingør,  including  Michael  Kühl  and  Lars  
Rickelt  for  help  with  the  optodes,  Erik  Trampe  for  help  with  microscopy  
pictures,  Egil  down  in  the  workshop  for  building  my  custom  made  
equipment,  Jens  Larsen  for  getting  the  old  GC  fired  up,  an  uphill  battle  
indeed.  Also  I  owe  my  gratitude  to  Lars  Hestbjerg  Hansen,  Karin  Vestberg  
and  Zhoufei  Xu  from  the  Section  for  Microbiology  for  help  with  sequencing  
and  genome  assembly,  the  boatmen  from  Naturstyrelsen  for  providing  us  
with  our  monthly  water  samples  throughout  2012,  and  our  collaborators  at  
the  Department  of  Bioscience,  Aarhus  University,  Roskilde.  I  would  also  like  
to  express  my  appreciation  towards  Anfinn  Joensen  and  Jonas  Stenløkke  
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Background  and  aim  
  
For  billions  of  years  marine  microbes  have  controlled  the  biogeochemical  
cycling  of  biologically  important  elements  in  the  world’s  oceans.  Nitrogen  (N)  
cycling  is  in  particular  controlled  through  biological  processes  rather  than  the  
long-‐‑term  geospherical  cycling,  which  exhibits  turnover  times  exceeding  
those  of  other  biogenic  gasses  like  oxygen  (O2)  and  carbondioxide  (CO2)  by  
three  to  five  orders  of  magnitude  (Berner,  2006;  Canfield  et  al.,  2010).  It  is  
through  complex  series  of  coupled  processes  and  feedback  loops  that  
microbes  facilitate  the  assimilation  and  transformation  of  reactive  N  species,  
in  many  cases  driving  the  anabolic  as  well  as  the  catabolic  metabolisms  in  
marine  microorganisms  and  subsequently  the  entire  food  web.    
Nitrogen  species  exist  in  several  stable  oxidation  states  in  the  oceans.  This  is  
one  of  the  main  reasons  why  the  marine  nitrogen  cycle  plays  a  central  role  in  
energy  metabolism  in  addition  to  its  role  in  biomass  production,  and  it  is  one  
of  the  principal  reasons  behind  the  inherent  complexity  of  the  N  cycle.  The  
most  reduced  form  of  N  in  the  ocean,  ammonium  (NH4+),  is  readily  
assimilated  by  phytoplankton  and  bacteria.  This  process  does  not  involve  a  
change  in  redox  state,  and  hence  does  not  require  much  energy  (Zehr  &  
Ward,  2002).  Other  sources  of  dissolved  inorganic  N  (DIN)  are  nitrate  (NO3-‐‑)  
and  nitrite  (NO2-‐‑)  and  in  addition  to  NH4+,  these  compounds  serve  as  the  main  
sources  of  N.  Yet,  the  assimilation  of  NO3-‐‑  requires  the  mobilization  of  eight  
electrons  (Gruber,  2008)  and  hence  demands  more  energy  compared  to  NH4+  
assimilation.  The  majority  of  the  N  that  is  assimilated  from  DIN  into  
particulate  organic  matter  (POM)  in  the  euphotic  zone  is  remineralized  and  
usually  quickly  recycled  here,  but  a  fraction  of  the  organic  matter  is  
transported  to  the  deeper  aphotic  waters  where  subsequent  remineralization  
takes  place  through  ammonification  and  nitrification  pathways.  Therefore,  
concentrations  of  DIN  increase  with  depth  in  the  oceans.  The  fate  of  the  pool  
of  DIN  in  aphotic  waters  is  multifaceted  since  physical  forcing,  as  well  as  
biological  forces  (Villareal  et  al.,  1999),  in  large  part  reintroduce  the  DIN  to  the  
euphotic  zone  creating  a  biogeochemical  loop  (Gruber,  2008),  but  microbes  
may  also  use  constituents  of  the  N-‐‑pool  as  terminal  electron  acceptors  (NO3-‐‑,  
denitrification),  or  as  a  source  of  chemo-‐‑autotrophic  energy  (NH4+,  anaerobic  
ammonium  oxidation,  annamox).  The  latter  processes  exclusively  take  place  
under  the  suboxic  conditions  that  occur  in  different  parts  of  the  marine  
environment  including  several  larger  areas  of  the  water  column  known  as  
oxygen  minimum  zones    (OMZs;  Codispoti  et  al.,  2001)  and  in  suboxic  
sediments  and  local  transient  suboxic  fjords  and  basins  (Richards,  1965)  as  for  
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instance  in  the  Baltic  Sea  (Rönner  &  Sörensson,  1985;  Voss  et  al.,  2011,  
Dalsgaard  et  al.,  2013),  Mariager  Fjord,  Denmark  (Fenchel  et  al.,  1995)  and  
Bunnefjord,  Norway  (Kristiansen  &  Schaanning,  2002).  Both  processes  
produce  N2  gas  as  an  end  product  and  hence  act  as  the  major  controllers  of  
the  marine  N  inventory,  representing  a  loss  of  N  from  the  system.  
Counterbalancing  these  losses  are  the  inputs  of  non-‐‑recycled  nitrogen.  
Allochtonous  N  derived  from  land  may  dominate  the  pool  of  non-‐‑recycled  N  
that  is  introduced  into  marine  systems  in  coastal  regions  and  estuaries  
whereas  atmospheric  deposition  of  N  may  account  for  up  to  one  third  of  the  
non-‐‑recycled  N  that  is  introduced  into  the  oceans  on  a  global  scale  (Duce  et  
al.,  2008).  The  remaining  part  of  the  new  N  that  enters  the  ocean,  
approximately  120  -‐‑  180  Tg  N  y-‐‑1  (Codispoti  et  al.,  2001;  Gruber,  2004;  
Großkopf  et  al.,  2012),  comes  from  assimilation  of  atmospheric  N2  gas  through  
N2  fixation.  Thus,  N2  fixation  is  the  primary  source  of  new  N  in  the  closed  
oceanic  system,  controlling  the  N  inventory  of  the  ocean  in  conjunction  with  
the  processes  removing  fixed  N  i.e.,  denitrification  and  annamox,  and  it  is  in  
many  cases  fueling  primary  production  (Karl  et  al.,  2002).  For  a  simplistic  
overview  of  the  marine  N  cycle  including  the  processes  described  above,  see  
Figure  1.    
Dinitrogen  from  the  atmosphere  dissolves  readily  in  seawater  and  represents  
the  largest  pool  of  N  in  the  water  column  (94%,  Gruber,  2008).  Therefore,  it  
acts  as  a  potential  N  source  for  organisms  capable  of  reducing  N2  to  NH4+  by  
N2  fixation.  It  is,  however,  only  a  relatively  limited  group  of,  exclusively  
prokaryotic,  organisms  that  are  capable  of  utilizing  this  source  of  N  since  the  
process  requires  large  amounts  of  adenosine  triphosphate  (ATP)  and  
reducing  agents  in  order  to  break  the  triple  bond  of  N2,  while  at  the  same  time  
being  sensitive  towards  oxygen  and  its  highly  reactive  derivatives.  In  the  
open  oceans  this  process  has,  historically,  been  thought  to  be  carried  out  
almost  exclusively  by  two  types  of  cyanobacteria,  namely  members  of  the  
genus  Trichodesmium,  which  is  a  filamentous,  non-‐‑heterocystous  
cyanobacterium  of  the  order  Oscillatoriales  that  forms  large  blooms  in  
tropical  and  subtropical  regions  of  the  oligotrophic  oceans  (Carpenter,  1983;  
Capone  et  al.,  1997),  and  members  of  the  heterocystous  genus  Richelia  living  as  
endosymbionts  of  diatoms  (Villareal  et  al.,  1989;  Carpenter  et  al.,  1999).  
However,  with  the  application  of  phylogenetic  analyses  of  functional  genes  
involved  in  N2  fixation,  primarily  the  nitrogenase  reductase  gene  (nifH),  a  
broader  portfolio  of  potential  diazotrophic  organisms  has  been  discovered  in  
marine  systems  including  a  diverse  array  of  phototrophic,  photoheterotrophic  
and  strictly  heterotrophic  bacterioplankton  (Zehr  et  al.  1998,  Zehr  et  al.,  2001).  
Interestingly,  the  non-‐‑cyanobacterial  diazotrophic  bacteria  seem  ubiquitous  in    
a  diverse  assortment  of  marine  environments  (Farnelid  &  Riemann,  2008;  
Riemann  et  al.,  2010  and  references  herein)  and  are  often  dominating  datasets  
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of  nifH  amplicon  sequences  from  these  environments  (Farnelid  et  al.,  2011).  
Due  to  our  lack  of  knowledge  on  both  the  cell-‐‑specific  N2  fixation  rates  in  
marine  heterotrophic  N2  fixers  and  on  mechanisms  regulating  this  fixation,  
the  role  and  ecological  importance  of  these  organisms  in  the  marine  N  cycle  is  
unclear  at  this  point.    

  

  

Figure  1  |  Simplistic  overview  of  the  marine  N  cycle.  Processes  adding  N    
(N2  fixation)  and  removing  N  (dentrificaiton  and  annamox)  controls  the    
inventory  of  reactive  N  in  the  water  column.  The  dashed  line  indicates  a    
shift  between  oxic  and  anoxic  conditions.  

The  principal  aim  of  this  project  was  to  investigate  the  role  and  ecology  of  
planktonic,  heterotrophic,  N2  fixing  bacteria  in  marine  and  estuarine  systems.  
Specifically,  the  aims  were  to  investigate  the  composition  of  diazotrophic  
communities  in  various  environments  and  to  couple  the  presence  of  
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heterotrophic  diazotrophs  with  measures  of  their  gene  expression  and  
quantitative  N2  fixation  data.  Furthermore,  this  project  aimed  at  obtaining  
relevant  representative  isolates  of  heterotrophic  N2  fixing  bacteria  in  order  to  
obtain  cell-‐‑specific  N2  fixation  rates  as  well  as  to  investigate  mechanisms  
regulating  N2  fixation  in  marine  heterotrophic  diazotrophs.  
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Introduction  
  
Nitrogen  is  a  fundamental  component  in  the  chemistry  of  all  organisms  living  
on  Earth.  It  is  one  of  the  primary  constituents  making  up  various  intra-‐‑  and  
extracellular  macromolecules  including  DNA,  RNA,  proteins  and  cell  wall  
material.  In  nucleic  acids  each  individual  purine  nucleobase  is  comprised  of  
five  N  atoms  and  the  pyrimidines  each  contains  two  (thymine  and  uracil)  or  
three  (cytosine).  Hence,  a  single  5  Mbp  chromosome  with  an  equal  
distribution  of  nucleobases  would  comprise  approximately  2  ×  107  N  atoms.  
Similarly,  an  average  E.  coli  cell  contains  95  fg  RNA  (average  masses  of  total  
RNA  in  cells  growing  at  specific  growth  rates  from  0.42  h-‐‑1  –  1.73  h-‐‑1,  Cox,  
2004),  corresponding  to  approximately  6  ×  108  N  atoms  assuming  equal  
distribution  of  nucleobases  and  an  average  molecular  weight  of  ribonuclotide  
monophosphates  of  339.5  g  mol-‐‑1.  The  fraction  of  cellular  N  that  is  bound  in  
the  cell  wall  constituents  N-‐‑Acetylmuramic  acid  and  N-‐‑Acetylglucosamine  
differs  between  Gram-‐‑positive  bacteria,  exhibiting  an  increased  mass  of  
peptidoglycan  in  the  cell  wall,  and  Gram-‐‑negatives  (Seltmann  &  Holst,  2002),  
but  in  general  10  –  30  %  of  the  total  cellular  N  may  be  bound  in  cell  wall  
material  depending  on  growth  phase  (Shockman,  1959).  In  addition,  all  amino  
acids  comprising  the  proteins  within,  and  in  association  with  the  bacterial  cell  
contain  N,  probably  representing  the  bulk  of  cellular  N.  Taken  together,  the  
total  amount  of  N  in  an  E.  coli  cell  is  in  the  range  of  24  –  100  fg  (Fukuda  et  al.,  
1998).    
Individual  bacterial  cells  in  marine  bacterioplankton  represent  considerably  
less  biomass  than  an  E.  coli  cell  and  the  mass  of  total  N  is  probably  no  more  
than  2  –  6  fg  N  cell-‐‑1  (Fagerbakke  et  al.,  1996;  Fukuda  et  al.,  1998).  However,  N  
is  clearly  no  less  important  in  aquatic  bacterioplankton  than  in  E.  coli,  which  is  
reflected  by  the  similar  distribution  between  elements  in  these  cells  
(Chrzanowski  et  al.,  1996;  Fukuda  et  al.,  1998)  and  in  fact,  this  distribution  
seem  almost  universal  for  marine  planktonic  organisms.  Redfield  et  al.,  1934  
was  the  first  to  describe  this  collective  distribution  of  carbon  (C),  N  and  
phosphorus  (P)  in  marine  plankton,  and  hence  it  is  known  as  the  Redfield  
ratio.  In  marine  phyto-‐‑  and  bacterioplankton  the  ratio  between  C,  N  and  P  is  
106:16:1,  which  is  also  reflected  in  the  elemental  composition  of  the  ocean  
interior.  Despite  the  fact  that  some  diatoms  may  exhibit  N:P  ratios  lower  than  
the  Redfield  ratio  (Quigg  et  al.,  2003),  and  that  some  cyanobacteria  like  
Prochlorococcus  and  Synechococcus  exhibit  significantly  higher  N:P  ratios  than  
proposed  by  Redfield  (Bertilsson  et  al.,  2003;  Martiny  et  al.,  2013),  the  Redfield  
ratio  seems  to  give  a  good  overall  indication  of  the  elemental  ratios  of    C,  N,  
and  P  in  planktonic  biomass  and,  hence,  deviations  from  the  Redfield  ratios  of  
dissolved  inorganic  nutrients  can  be  suggestive  of  whether  N  or  P  is  limiting  
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in  a  given  system,  and  if  conditions  should  favor  N2  fixation.  According  to  the  
principle  of  the  nitrogen  homeostat,  P  should  ultimately  be  the  nutrient  
limiting  primary  production  since  diazotrophic  organisms  should  alleviate  N  
limitation  when  Redfield  ratios  drop  below  16:1  (Redfield,  1958)  suggesting  
that,  in  the  view  of  the  geochemist,  P  is  controlling  primary  production  in  the  
oceans.  Nonetheless,  when  examining  nutrient  limitation  in  marine  
environments,  including  coastal  regions  and  oceanic  systems,  at  any  given  
point  in  time,  N  is  in  most  cases  the  limiting  nutrient  (Vitousek  &  Howarth,  
1991;  Karl  et  al.,  2002),  which  in  the  view  of  the  biologist  suggests  that  N  is  the  
principal  element  controlling  marine  primary  production  (Tyrell,  1999).  
Compared  to  freshwater  systems,  where  N2  fixation  may  account  for  more  
than  80  %  of  the  N  input  (Granhall  &  Lundgren,  1971;  Horne  &  Galat,  1985),  
marine  diazotrophs  seem  less  efficient  in  compensating  for  N  deficits  and  
bringing  N:P  ratios  up  to  Redfieldian  ratios  and  hence  N  limitation  is  more  
common  in  these  environments  (Howarth,  1988a).    
  
  
Nitrogen  fixation  
  
Diazotrophs  possess  the  ability  to  circumvent  N  limitation  by  utilizing  the  
almost  infinite  pool  of  dissolved  atmospheric  N2  that  is  present  in  the  water  
column.  Several  restrictions  are,  however,  imposed  on  diazotrophic  
organisms  by  properties  of  the  nitrogenase  enzyme  complex  and  by  N2  
fixation  stoichiometry.  To  understand  the  potential  significance  and  
limitations  of  N2  fixation  in  the  marine  N  cycle,  and  implicitly  to  understand  
why  marine  and  estuarine  diazotrophs  do  not  bring  N:P  ratios  up  to  
Redfieldian  ratios  as  efficiently  as  their  freshwater  counterparts,  it  is  valuable  
to  understand  the  underlying  mechanisms  of  biological  N2  fixation.  
Nitrogen  fixation  by  diazotrophic  bacteria  is  the  biological  reduction  of  N2  to  
NH4+.  It  is  catalyzed  by  the  nitrogenase  enzyme  complex,  which  is  composed  
of  two  component  multi-‐‑subunit  metalloproteins.  These  two  component  
metalloproteins  are  referred  to  as  the  molybdenum-‐‑iron  (MoFe)  protein,  also  
known  as  component  I,  or  the  dinitrogenase,  and  the  nitrogenase  iron  (Fe)  
protein,  which  is  also  referred  to  as  component  II  or  the  nitrogenase  reductase  
(Seefeldt  et  al.,  2009).  Different  nitrogenases  are  known,  containing  different  
metal  atoms  at  the  putative  active  site,  yet  the  molybdenum  dependent  
nitrogenase  enzyme  is  the  most  abundant  and  well-‐‑studied  form.    
The  MoFe  protein  comprises  four  subunits  arranged  as  a  α2β2-‐‑
heterotretramer.  Two  metalloclusters  are  situated  at  each  αβ-‐‑subunit,  one  
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being  the  P  cluster,  consisting  of  8  Fe  atoms  and  7  S  atoms  ([8Fe-‐‑7S]).  The  P  
cluster  is  likely  responsible  for  the  facilitation  of  the  transfer  of  electrons  to  
the  enzyme’s  active  site  (Peters  et  al.,  1995).  The  other  metallocluster  of  the  αβ-‐‑
subunits  are  known  as  the  FeMo  cofactor.  This  cofactor  is  composed  of  a  
metal-‐‑sulfur  framework,  and  through  knock-‐‑out  library  analysis,  it  has  been  
shown  that  bacterial  strains  deficient  in  FeMo  cofactor  biosynthesis  are  
incapable  of  reducing  any  of  the  substrates  usually  reduced  by  the  enzyme  
complex  (Christiansen  et  al.,  1998),  suggesting  that  the  FeMo  cofocator  is  the  
active  reduction  site  of  dinitrogen.    
The  Fe  protein  is  a  homodimer  with  subunits  connected  through  a  single  iron-‐‑
sulfur  cluster  ([4Fe-‐‑4S],  Georgiadus  et  al.,  1992).  Both  subunits  have  a  site  for  
MgATP  attachment  and  only  when  both  these  sites  are  occupied  will  the  Fe  
protein  associate  with  the  MoFe  protein  and  a  single  electron  will  be  
transferred  from  the  Fe  protein  to  the  MoFe  active  site,  through  the  P  cluster  
of  the  MoFe  protein.  The  electron  is  transferred  upon  ATP  hydrolysis  
(Hagemann  et  al.,  1978).  Following  the  electron  transfer,  the  Fe  protein  
dissociates,  and  through  two  subsequent  steps,  the  Fe  protein  is  regenerated  
for  further  electron  transfer.  This  transfer  event  transpires  in  total  8  times  for  
the  reduction  of  one  molecule  of  dinitrogen,  meaning  that  16  ATP  molecules  
will  be  hydrolyzed  in  the  process.  Equation  1  describes  the  stoichiometry  of  
the  N2  fixation  reaction  and  it  is  evident  that  it  requires  both  high  amounts  of  
reducing  power  and  substantial  amounts  of  ATP,  thus  being  a  very  expensive  
process  in  terms  of  cellular  energy  and  reducing  agents.      
  
  
N! + 8  H ! + 8! !    +   !MgATP   → 2NH! +    H! +   !MgADP +     !P!           

Eq.  1  

!   ≥ 16   
  
  
This  pronounced  energy  demand  explains  some  of  the  restrictions  imposed  
on  marine  diazotrophs.  In  the  euphotic  zone,  heterotrophic  diazotrophs  are  
particularly  susceptible  to  energy  limitation,  as  they  are  incapable  of  utilizing  
the  photonic  energy  harvested  by  their  cyanobacterial  equivalents.  Rather,  
they  rely  on  the  supply  of  energy  from  decomposition  of  organic  matter,  
which  may  be  insufficiently  available  in  order  to  alleviate  N  limitation  
through  N2  fixation  in  some  areas  of  the  oligotrophic  oceans.  In  contrast,  the  
much  larger  aphotic  zone  represents  a  habitat  where  cyanobacterial  
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diazotrophs  are  absent  and  non-‐‑cyanobacterial  diazotrophs  may  fix  N2    
(Metha  et  al.,  2003;  Hewson  et  al.,  2007;  Rahav  et  al.,  2013).    
Another  constraint  that  diazotrophs  may  encounter  in  relation  to  N2  fixation  
is  the  inhibitory  effects  of  O2.  Oxygen  is  characterized  by  having  highly  
reactive  redox  properties,  which  is  why  it  is  a  suitable  terminal  electron  
accepter  in  aerobic  respiration.  To  organisms  not  adapted  to  an  oxygenated  
environment,  i.e.  obligate  anaerobic  microorganisms;  these  properties  make  
O2  extremely  toxic.  Reactive  oxygen  radicals  such  as  hydrogen  peroxide  
(H2O2),  superoxide  anions  (•O2-‐‑)  and  hydroxyl  radicals  (•OH-‐‑)  form  
spontaneously  from  O2  in  biological  systems  (Gallon,  1992).  Despite  causing  
general  damage  to  DNA  and  proteins  in  the  cell,  reactive  oxygen  radicals  
interfere  with  enzymatic  proteins  that  rely  on  redox  reactions,  like  the  
reduction  of  N2  by  the  nitrogenase  enzyme  complex.  In  addition  to  this  
interference,  reactive  oxygen  radicals  exert  a  detrimental  effect  on  the  
component  proteins  of  the  nitrogenase  itself  (Mortenson  et  al.,  1976);  most  
likely  through  interactions  with  a  region  of  the  Fe  protein  not  related  to  the  
metal-‐‑sulfur  framework  and  through  active  degradation  of  the  
metalloclusters  of  both  the  Fe-‐‑  and  MoFe  proteins.  Consequently,  the  in  vitro  
half-‐‑lives  of  the  two  component  metalloproteins  are  45  s  and  10  min  at  
ambient  O2  concentrations,  respectively  (Gallon,  1992).    
Comparing  approximately  500  N2  fixation  rates  obtained  from  the  Pacific  and  
Atlantic  oceans,  Lou  et  al.  (2014)  reported  that  subsurface  O2  concentrations  
were  one  of  the  best  predictors  of  the  spatial  variations  observed  in  N2  
fixation  rates  and  O2  is  hence  likely  a  major  controller  of  marine  N2  fixation.  
Other  factors  may  be  major  controllers  of  N2  fixation  as  well,  including  
sulphate  (SO42−;  molybdenum-‐‑sulphate  antagonism;  Marino  et  al.,  2002;  
Marino  et  al.,  2003),  Fe  availability  (Raven,  1988;  Karl  et  al.,  2002),  and  
obviously  concentrations  of  DIN.  Temperature  is  also  a  predictor  of  global  N2  
fixation  (Lou  et  al.,  2014)  with  major  cyanobacterial  diazotrophs  such  as  
Trichodesmium  and  the  UCYN-‐‑A  and  B  thriving  at  tropical  and  subtropical  
latitudes.  However,  the  negative  correlation  between  temperature  and  the  
concentration  of  reactive  N  in  the  world’s  oceans  is  in  part  a  possible  
explanation  for  this  observation  in  addition  to  the  effects  of  temperature  itself,  
as  significant  N2  fixation  is  known  to  take  place  in  cold  environments  such  as  
Antarctic  soils  (Davey  &  Marchant,  1983)  and  in  arctic  coastal  waters  (Blais  et  
al.,  2012).  
Considering  the  high  energy  demands  of  the  N2  fixation  process  it  is  evident  
that  diazotrophic  organisms  have  stringent  means  of  controlling  the  
expression  of  N2  fixation  in  relation  to  environmental  parameters.  Despite  a  
huge  diversity  in  the  means  by  which  this  regulation  can  be  accomplished,  it    
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seems  that  most  diazotrophs  regulate  N2  fixation  at  the  level  of  transcription  
(Dixon  &  Kahn,  2004).  Post-‐‑transcriptional  and  post-‐‑translational  regulation  is  
also  common,  but  the  means  by  which  these  control  mechanisms  act  is  very  
diverse  and  largely  unexplored  in  marine  bacteria.  Transcription  of  the  
structural  genes  in  the  N  fixation  regulon  is  controlled  in  response  to  the  
redox  state  of  the  cell  through  the  NifL  protein,  which  acts  as  an  antagonist  
for  the  NifA  enhancer-‐‑binding  protein.  This  means  that  the  transcription  level  
is  reduced  in  response  to  high  O2  concentrations.  In  aerobic  and  facultative  
anaerobic  diazotrophs  the  suppression  of  N2  fixation  in  response  to  O2  
concentrations  cannot  be  complete  since  these  organisms  need  sufficient  ATP  
to  drive  N2  fixation  ATP  comes  from  oxidative  phosphorylation.  Thus,  the  
relationship  between  O2  levels  and  N2-‐‑fixation  is  not  of  an  entirely  negative  
nature  and  diazotrophic  organisms  need  to  seek  a  compromise  where  the  
energy  demands  of  the  N2  reduction  reaction  can  be  met.  This  compromise  
has  been  described  for  several  heterotrophic  diazotrophs  derived  from  soil  
and  is  visualized  as  a  bell-‐‑shaped  relationship  between  the  N2  fixation  rate  
and  the  O2  concentration  with  small  amounts  of  O2  stimulating  N2  fixation  
(Marchal  &  Vanderlayden,  2000).  Recently,  a  similar  relationship  was  
reported  for  two  marine  heterotrophic  organisms  isolated  from  the  Baltic  Sea  
(Boström  et  al.,  2007a).  The  isolates  were  grown  in  semi-‐‑solid  diazotroph  
medium  with  a  vertical  O2  gradient  where  they  were  found  to  grow  at  
microoxic  conditions  when  reactive  N  was  absent.  How  the  relationship  
between  O2  and  N2  fixation  is  reflected  in  the  distribution  and  activity  of  
heterotrophic  diazotrophs  is  not  known,  but  it  has  been  speculated  that  
particle-‐‑associated  microzones  exhibiting  low  O2  concentration  (Paerl,  1985;  
Paerl  &  Prufert,  1987)  and  suboxic  waters  (Fernandez  et  al.,  2011;  Jayakumar  et  
al.,  2012)  might  be  hotspots  for  heterotrophic  N2  fixation.  
Regulation  in  relation  to  the  N  state  of  the  cell  is  similarly  complex.  It  is  
usually  tightly  coupled  with  the  Ntr  and  Gln  systems,  which  controls  gene  
expression  in  response  to  the  intracellular  N  levels  (Dixon  &  Kahn,  2004).  
Nonetheless,  despite  the  energy  costs  associated  with  N2  fixation,  it  seems  
that  a  negative,  linear  relationship  between  the  concentration  of  reactive  N  
and  N2  fixation  is  not  always  observed  in  marine  diazotrophs  (Knapp,  2012).  
The  fact  that  eight  electrons  are  mobilized  in  order  to  assimilate  one  N  atom  
from  NO3−  (Gruber,  2008)  and  16  are  mobilized  to  reduce  N2  to  NH4+  (eight  
per  N  atom)  illustrates  that  NO3−  assimilation  and  N2  fixation  acquires  the  
same  amount  of  reducing  power.  In  addition,  the  thermodynamic  investment  
to  reduce  NO3−  to  NH4+  is  higher  than  that  of  N2  reduction,  which  may  explain  
why  diazotrophs  do  not  always  switch  to  NO3−  assimilation  when  this  
compound  is  available  (Karl,  2002).  Yet,  it  does  not  explain  why  some  bacteria  
seem  to  fix  N2  in  the  presence  of  >100  µμM  NH4+  (Haines  et  al.,  1981;  Welsh  et  
al.,  1996;  Knapp,  2002).  
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Thus  N2  fixation  is  an  energetically  costly  process  influenced  by  an  array  of  
environmental  parameters.  Its  regulation  is  stringent,  yet  intricate,  making  it  
difficult  to  predict  its  extent  and  limitations  in  the  marine  environment.  
  
  
Global  distribution  and  activity  of  marine  diazotrophs  
  
Nitrogen  fixation  in  the  pelagic  marine  environment  has  historically  been  
synonymous  with  cyanobacteria  living  in  tropical  and  subtropical  areas  of  the  
oligotrophic  oceans.  Members  of  the  filamentous  Trichodesmium  genus  
(Carpenter,  1983;  Capone  et  al.,  1997)  and  the  heterocystous  Richelia  genus  
living  in  symbiosis  with  eukaryotic  algae  (Villareal  et  al.,  1989;  Carpenter  et  
al.,  1999)  have  in  particular  been  regarded  as  the  main  diazotrophs  of  the  
oceans.  However,  with  the  introduction  of  molecular  biology  methodology  in  
microbial  ecology,  a  more  nuanced  picture  has  emerged.  
The  nifH  gene  is  part  of  the  structural  operon  of  the  N2  fixation  regulon,  
encoding  the  two  identical  nitrogenase  reductase  subunits.  Parts  of  the  gene  
are  sufficiently  conserved  for  them  to  act  as  universal  priming  sites  for  PCR  
amplification,  when  applying  adequately  degenerate  primer  pairs  (Zehr  &  
McReynolds,  1989;  Kirshtein  et  al.,  1991).  Several  primer  pairs  have  been  
developed,  but  they  all  amplify  approximately  the  same  360  nt  fragment.  
Comparative  phylogenetic  analyses  of  these  amplicons  and  16S  rDNA  gene  
amplicons  showed  that  nifH  and  16S  phylogeny  are  largely  congruent,  
warranting  the  use  of  nifH  as  a  phylogenetic  marker  for  the  functional  group  
of  N2-‐‑fixing  organisms  (Zehr  et  al.,  2003).  A  publicly  available  collection  of  
nifH  genes  has  existed  for  a  few  decades  and  continues  to  expand,  becoming  
one  of  the  biggest  non-‐‑16S  rDNA  sequence  databases  used  in  phylogenetic  
studies  of  uncultivated  bacteria  (Zehr  et  al.,  2003;  Zehr  &  Paerl,  2008).  
When  aligned  and  compared  nifH  genes  seem  to  be  arranged  into  four  
different  clusters  commonly  referred  to  as  the  canonical  nifH  Clusters  I-‐‑IV  
(Chien  &  Zinder,  1996).  Cluster  I  seems  to  comprise  the  standard  
molybdenum  nitrogenase  reductase  genes  from  the  Cyanobacteria  and  the  
Proteobacteria.  In  addition,  it  contains  the  alternative  vanadium  nitrogenase-‐‑
associated  vnfH  genes  affiliated  with  the  Proteobacteria.  Cluster  II  contains  
mostly  archaeal  nitrogenase  reductase  genes  and  alternative  iron-‐‑only  
nitrogenases,  whereas  the  deeply  branching  Cluster  III  mainly  represents  nifH  
genes  affiliated  with  anaerobic  bacteria  like  the  obligate  anaerobic  part  of  the  
Firmicutes,  the  sulfate  reducing  δ-‐‑Proteobacteria  and  the  Chlorobi.  Finally,    
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Cluster  IV  comprises  non-‐‑functional  homologues  of  nifH  genes  affiliated  with  
the  Archaea  and  related  chlorophylide  reductase-‐‑encoding  genes  (Zehr  et  al.,  
2003).  Thus,  the  diazotrophic  trait  is  dispersed  between  a  diverse  collection  of  
prokaryotes,  without  being  conserved  within  specific  lineages.  
The  composition  of  nifH  genes  in  natural  microbial  communities  is  affected  by  
the  environment  in  which  these  communities  are  found.  In  brackish  waters  
like  the  Neuse  River  estuary,  Chesapeake  Bay  and  the  Baltic  Sea,  diverse  
assemblages  of  diazotrophs  are  observed  (Affourtit  et  al.,  2001;  Jenkins  et  al.,  
2004;  Short  et  al.,  2004;  Moisander  et  al.,  2007;  Farnelid  et  al.,  2009).  The  nifH  
sequences  found  in  these  environments  are  mainly  affiliated  with  the  
proteobacterial  part  of  nifH  Cluster  I  and  the  anaerobic  Cluster  III  
diazotrophs.  These  diverse  assemblages  are,  however,  not  believed  to  express  
the  nifH  genes  in  these  estuaries  (Short  and  Zehr,  2007)  and  are  generally  
believed  to  be  present  in  these  environments  due  to  other  functional  traits  
than  N2  fixation  (Zehr  and  Paerl,  2008).  In  general,  N2  fixation  is  believed  to  be  
absent  in  estuarine  waters  exhibiting  salinities  in  the  meso-‐‑polyhaline  range  
due  to  the  absence  of  active  diazotrophs  (Marino  et  al.,  2002;  Howarth  and  
Marino,  2006;  Conley  et  al.,  2009).  In  the  low-‐‑salinity  Baltic  Sea,  which  is  one  
of  the  largest  estuaries  on  the  planet,  significant  N2  fixation  does  occur  in  
summer,  where  freshwater  species  of  heterocystous  cyanobacteria  bloom  
(Stahl  et  al.,  2003)  in  response  to  low  N:P  ratios  (Granelí  et  al.,  1990),  but  recent  
data  have  shown  that  nifH  sequences  recovered  form  Baltic  Sea  surface  water  
are  dominated  by  non-‐‑cyanobacterial  sequences  (Farnelid  et  al.,  2009).  Similar  
to  estuarine  systems,  N2  fixation  is  believed  to  be  insignificant  in  productive  
coastal  waters  where  allochtonous  N  loadings  from  land  should  select  against  
N2  fixation.  Nonetheless,  substantial  N2  fixation  rates  have  been  observed  in  
coastal  waters  of  the  North  Atlantic,  where  diverse  assortments  of  Cluster  I  
and  III  sequences  were  also  recovered  (Mulholland  et  al.,  2012).  
In  the  open  oligotrophic  oceans  the  diazotrophic  community  composition  is  
generally  less  diverse  than  in  estuaries  (Zehr  et  al.,  2003).  Most  nifH  gene  
sequences  are  affiliated  with  the  cyanobacterial  part  and  the  γ-‐‑proteobacterial  
part  of  Cluster  I  in  these  environments  (Langlois  et  al.,  2005;  Church  et  al.,  
2005a;  Church  et  al.,  2005b  Turk  et  al.,  2011),  but  Cluster  III  sequences  are  
observed  as  well  (Langlois  et  al.,  2005;  Bombar  et  al.,  2013).  Interestingly,  in  
contrast  to  the  oligotrophic  North  Pacific  Ocean  and  the  North  Atlantic  
Ocean,  the  South  Pacfic  Ocean  seems  to  accommodate  primarily  
heterotrophic  diazotrophs  (Halm  et  al.,  2012)  with  nifH  genes  affiliated  with  
photoautotrophic  cyanobacteria  being  rare.  In  general,  the  diazotrophic  
community  present  here  is  different  from  other  oligotrophic  open  ocean  
habitats  (Turk-‐‑Kubo  et  al.,  2014).    
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In  the  upwelling  zones  of  the  South  Pacific  Ocean  where  remineralization  of  
phytoplankton  biomass  reduces  the  O2  concentrations,  creating  oxygen  
minimum  zones  (OMZs),  the  diazotrophic  communities  have  been  shown  to  
comprise  diverse  non-‐‑cyanobacterial  clades  affiliated  with  Cluster  I  and  III  
(Fernandez  et  al.,  2011;  Bonnet  et  al.,  2013).  These  organisms  seem  to  account  
for  90  %  of  areal  N  fixation  in  these  waters  (Bonnet  et  al.,  2013).  Diazotrophic  
communities  exhibiting  a  similar  composition  have  been  reported  from  other  
OMZs  as  well  (Hamersley  et  al.,  2011;  Jayakumar  et  al.,  2012),  suggesting  that  
these  aphotic  regions  could  be  potential  hotspots  for  heterotrophic  N2  
fixation.  Aerated  aphotic  waters  have  also  been  shown  to  accommodate,  
exclusively  non-‐‑cyanobacterial,  diazotrophic  communities  (Metha  et  al.,  2003;  
Hewson  et  al.,  2007;  Rahav  et  al.,  2013),  and  hence  the  potential  biome  of  
marine  N2  fixation  seems  to  increase  beyond  the  euphotic  zone.    
Not  only  are  nifH  sequences  affiliated  with  heterotrophic  diazotrophs  
recovered  from  diverse  marine  and  estuarine  environments,  they  actually  
seem  to  dominate  nifH  sequence  data  sets  in  many  cases  (Riemann  et  al.,  2010;  
Farnelid  et  al.,  2011).  The  mean  percentage  of  non-‐‑cyanobacterial  nifH  
sequences  in  clone  library  data  from  marine  environments  has  been  shown  to  
be  around  80  %  (Farnelid  &  Riemann,  2008).  The  presence  and  dominance  of  
heterotroph-‐‑associated  sequences  does  not  necessarily  imply  that  these  
organisms  are  also  actively  fixing  N2,  yet  the  nifH  gene  does  not  appear  to  
accumulate  non-‐‑sense  mutations  as  would  be  expected  for  unused  genes  
(Berg  &  Kurland,  2002)  and  in  addition,  nifH  gene  transcripts  are  frequently  
recovered  from  marine  environments  (Falcón  et  al.,  2004;  Church  et  al.,  2005b;  
Man-‐‑Aharonovich  et  al.,  2007;  Zehr  et  al.,  2007;  Farnelid  et  al.,  2011;  Turk  et  al.,  
2011),  suggesting  that  these  organisms  do  in  fact  fix  N2  here.    
In  summary,  heterotrophic  diazotrophs  seem  to  be  an  integral  part  of  
bacterioplankton  communities  in  almost  all  marine  and  estuarine  
environements  (Figure  2)  and  they  are,  at  least  occasionally,  actively  fixing  N2.  
To  what  extent  this  N2  fixation  is  ecologically  significant  is,  however,  
currently  unknown.    
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Figure  2  |  Prevalence  of  putative  heterotrophic  diazotrophs  in  nifH  gene  and  nifH  
transcript  data  sets  from  marine  environments.  Each  dot  represents  a  dataset  where  at  least  
10  %  of  sequences  were  derived  from  assumed  heterotrophic  organisms.  The  place  of  the  
dot  is  approximate.  Data  is  compiled  from  the  following  articles:    Affourtit  et  al.,  2001;  
Jenkins  et  al.,  2004;  Short  et  al.,  2004;  Bird  et  al.,  2005;  Church  et  al.,  2005;  Man-‐‑
Aharonovich  et  al.,  2007;    Moisander  et  al.,  2008;    Farnelid  et  al.,  2009;  Rees  et  al.,  2009;  
Farnelid  et  al.,  2011;  Fernandez  et  al.,  2011;  Hamersley  et  al.,  2011;  Turk  et  al.,  2011;    Blais  et  
al.,  2012;    Diez  et  al.,  2012;  Halm  et  al.,  2012;  Jayakumar  et  al.,  2012;  Mulholland  et  al.,  2012;  
Bombar  et  al.,  2013;  Bonnet  et  al.,  2013;  Turk-‐‑Kubo  et  al.,  2014.  
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Results  and  discussion  
  
In  situ  N2  fixation  and  nitrogenase  reductase  gene  composition    
  
To  examine  the  importance  of  heterotrophic  diazotrophs  in  different  
environments  we  examined  the  composition  of  diazotrophic  communities  in  
habitats  where  we  believed  these  organisms  potentially  could  be  important.  
Given  the  facts  that  the  nitrogenase  enzyme  complex  is  extremely  O2-‐‑sensitive  
and  that  diverse  assemblages  of  diazotrophic  organisms  have  recently  been  
associated  with  N2  fixation  in  different  OMZs  (Fernandez  et  al.,  2011;  
Hamersley  et  al.,  2011),  we  chose  to  investigate  N2  fixation  in  vertical  profiles  
of  two  anoxic  basins  in  the  Baltic  Sea  (Paper  1).  In  addition  to  this  potentially  
important  biome  we  investigated  the  meso-‐‑polyhaline  surface  waters  of  two  
contrasting  temperate  estuaries  through  a  one-‐‑year  period  (Paper  2).  These  
environments  are  generally  characterized  by  being  occasionally  N−limited,  
replete  in  organic  matter,  and  they  usually  harbor  diverse,  though  presumed  
inactive,  diazotrophic  communities  (Zehr  &  Paerl,  2008).    
In  both  studies,  the  diazotrophic  community  compositions  were  analyzed  
using  high-‐‑throughput  DNA  and  cDNA  sequencing  approaches,  producing  
approximately  300,000  (Paper  1)  and  450,000  (Paper  2)  nifH  amplicon  
sequencing  reads.  The  analyzed  nifH  gene  sequences  were  distributed  
between  varieties  of  nifH  clades  mainly  affiliated  with  Cluster  I  and  III.  In  
vertical  profiles  of  the  Baltic  Sea,  sampling  depth  significantly  influenced  the  
diazotrophic  community  composition  and  nifH  diversity  would  increase  with  
increasing  depths  in  general.  In  correspondence  with  nifH  sequencing  data  
from  other  suboxic  marine  environments,  the  diazotrophs  present  and  active  
in  the  suboxic  waters  were  mainly  affiliated  with  the  α-‐‑,  β-‐‑,  γ-‐‑  and  δ-‐‑
Proteobacteia  of  Cluster  I  and  the  sulfate  reducing  Desulfovibrio  genus  from  
Cluster  III  (Fernandez  et  al.,  2011;  Hamersley  et  al.,  2011;  Jayakumar  et  al.,  
2012;  Bonnet  et  al.,  2013).  The  fraction  of  the  community  that  actively  
expressed  the  nifH  gene  had  the  highest  relative  abundance  at  the  chemocline,  
suggesting  that  this  specific  environment  may  offer  suited  conditions  for  
heterotrophic  N2  fixation.    
In  the  meso-‐‑polyhaline  surface  waters  of  the  two  estuaries  Roskilde  Fjord  and  
the  Great  Belt  strait,  O2  concentrations  are  presumably  high,  and  
concentrations  of  reactive  N  are  very  high  in  parts  of  the  year  (Paper  2),  hence  
the  environmental  conditions  does  not  seem  optimal  for  N2  fixation  in  these  
environments  at  first  sight.  Phytoplankton  blooms  in  spring  does,  however,  
deplete  the  surface  waters  of  reactive  N  whilst  at  the  same  time  bringing  the  
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Redfield  ratio  down  below  16,  which  should  favor  N2  fixation  (Boynton  et  al.,  
1982;  Howarth,  1988b).  In  addition,  these  blooms  represent  significant  
amounts  of  substrate  for  heterotrophic  bacteria.  Heterotrophic  nifH  gene  
transcripts  are,  as  mentioned,  readily  recovered  from  aerated  surface  waters  
(Farnelid  &  Riemann,  2008),  indicating  that  marine  heterotrophic  diazotrophs  
have  physiologically  inherent  measures  of  circumventing  O2  stress  as  is  for  
instance  observed  in  the  diazotrophic  soil  bacterium  Azotobacter  vinelandii  
(Poole  &  Hill,  1997;  Paper  4;  paper  5),  or  alternatively,  suboxic  microzones  
exist  in  aerated  surface  waters.  Suspended  particulate  material  i.e.  degrading  
phytoplankton  material  has  been  suggested  to  harbor  such  zones  (Paerl,  1985;  
Paerl  &  Prufert,  1987;  Ploug  et  al.,  1997),  and  hence  the  conditions  supporting  
heterotrophic  N2  fixation  could  occur  during  spring  and  summer  in  estuarine  
pelagic  systems.  Consistent  with  this  idea,  we  found  diverse  diazotrophic  
communities  in  surface  waters  of  both  Roskilde  Fjord  and  the  Great  Belt  
(Paper  2).  Collectively,  the  communities  seemed  somewhat  similar  to  the  
community  of  the  Baltic  Sea  (Farnelid  et  al.,  2009;  Paper  1),  with  heterotrophic  
bacteria  affiliated  with  Clusters  I  and  III  dominating  the  data  sets.  The  two  
estuarine  surface  communities  proved,  however,  to  be  significantly  different  
from  each  other.  The  shallow  Roskilde  Fjord  was  in  large  part  influenced  by  
the  sediment  community,  whereas  the  Great  Belt  community  was  likely  
influenced  by  Baltic  Sea  surface  waters  during  northward  currents  and  by  
Atlantic  waters  during  southward  currents.    
As  in  Paper  1,  parts  of  the  diazotrophic  communities  in  Roskilde  Fjord  and  
the  Great  Belt  strait  were  also  found  to  actively  express  the  nifH  gene.  Yet,  
both  in  the  suboxic  waters  of  the  Baltic  Sea  (Paper  1)  and  in  the  mesohaline  
surface  waters  (Paper  2),  these  parts  represented  limited  subsets  of  the  
present  diazotrophic  communities,  which  is  consistent  with  observations  
from  other  marine  systems  (Man-‐‑Aharonovich  et  al.,  2007;  Short  &  Zehr  et  al.,  
2007).  It  implies  that  conditions  favoring  N2  fixation  wis  likely  transient,  only  
occurring  at  distinct  points  in  time  and  possibly  involving  distinct  subsets  of  
the  community  at  these  different  time  points.  Such  ephemerality  could  be  
mistaken  for  a  general  inactivity  of  the  community,  as  it  has  been  described  
for  the  diverse  diazotrophic  communities  observed  in  temperate  estuarine  
waters  earlier  (Short  &  Zehr,  2007;  Zehr  &  Paerl,  2008),  and  it  illustrates  the  
need  to  apply  sufficient  sampling  resolution  and  sequencing  depth  to  explain  
the  complexity  of  these  systems.  
N-‐‑incorporation  assays  were  included  in  both  studies  to  connect  the  activity  
of  the  diazotrophic  communities  with  a  quantitative  measure  of  N2  fixation.  
In  the  Baltic  Sea  it  was  not  possible  to  couple  the  increased  transcriptional  
activity  at  the  chemocline  with  measures  of  15N-‐‑incorporation  due  to  technical  
difficulties,  but  it  was  possible  to  compare  N2  fixation  rates  in  surface  waters  
15
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(5  m)  with  rates  from  anoxic  waters  (200  m,  Paper  1).  N2  fixation  rates  were  
highest  in  surface  waters  where  it  was  likely  associated  with  heterocystous  
cyanobacteria,  which  are  known  to  bloom  in  surface  waters  of  the  Baltic  Sea  
in  summer  (Stahl  et  al.,  2003;  Boström  et  al.,  2007b).  At  200  m,  in  NH4+  replete  
water  (≈  20  µμmol  L-‐‑1),  N2  fixation  was  lower,  but  detectable  (0.44  nmol  L-‐‑1  d-‐‑1).  
The  rate  observed  here,  was  quite  similar  to  rates  reported  from  similar  
anoxic  environments  in  the  North  and  South  Pacific  Oceans  (Fernandez  et  al.,  
2011;  Hamersley  et  al.,  2011)  and  it  was  accompanied  by  significant  numbers  
of  nifH  mRNA  transcripts  relating  to  an  anaerobic  Cluster  III  diazotroph  
similar  to  a  phylotype  recovered  from  anoxic  waters  in  the  Black  Sea  (100  %  
amino  acid  similarity).  This  and  other,  similar  Cluster  III  clades  were  
quantified  in  consecutive  years  and  in  suboxic  waters  of  both  the  anoxic  
basins  examined  in  Paper  1.  Collectively,  these  data  suggests  that  N2  fixation  
is  likely  an  integrated  part  of  N  cycling  in  anoxic  basins,  challenging  our  
current  perception  of  N2  fixation  being  tightly  controlled  by  the  presence  of  
reactive  N.  
In  surface  waters  of  Roskilde  Fjord  and  the  Great  Belt  strait,  N2  fixation  did  
prove  to  occur  at  rates  similar  to  those  observed  in  the  Baltic  Sea  surface  
waters  in  summer  (Wasmund  et  al.,  2005),  reaching  a  maximum  value  of  83  
nmol  L-‐‑1  d-‐‑1  in  the  Great  Belt.  In  Roskilde  Fjord,  N2  fixation  peaked  just  after  
the  spring  bloom  and  was  positively  correlated  with  DOC  concentrations,  
bacterial  abundance  and  bacterial  production.  N2  fixation  was  not  dependent  
on  light,  suggesting  that  heterotrophic  organisms  were  responsible  for  the  
observed  fixation.  Defining  a  core  nifH  expressing  microbiome  and  analyzing  
its  temporal  nifH  gene  expression  pattern  confirmed  that  heterotrophic  and  
photoheterotrophic  organisms  were  expressing  nifH  genes  at  this  time  point.  
In  the  Great  Belt,  a  peak  was  observed  in  spring  exhibiting  the  same  
properties  as  the  spring  peak  in  Roskilde  Fjord.  A  second  peak  was  observed  
in  summer,  which  was  associated  with  a  nifH  expressing  microbiome  
dominated  by  similar  organisms,  but  also  heterocystous  cyanobacteria.  This  
fixation  peak  was  light  dependent  and  confined  to  the  larger  size  fraction  (>  
10  µμm).  Hence,  N2  fixation  was  tightly  connected  with  the  environmental  
conditions  prevailing  at  a  given  time  point  and,  in  general,  N2  fixation  
exhibited  a  pattern  dominated  by  few  and  large  peaks,  supporting  the  
hypothesis  that  the  optimal  conditions  for  N2  fixation  are  likely  transient  in  
these  dynamic  environments.  
Rough  estimates  of  the  N  input  by  N2  fixation  in  the  environments  analyzed  
in  Paper  1  and  Paper  2  suggested  that  heterotrophic  N2  fixation  in  suboxic  
waters  of  the  Baltic  Sea  represents  an  amount  equivalent  to  6  %  of  the  input  
by  N2  fixation  in  surface  waters.  In  the  two  contrasting  estuarine  systems  
Roskilde  fjord  and  the  Great  Belt,  N2  fixation  was  estimated  to  contribute  with  
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an  amount  equivalent  to  5  %  and  54  %  of  the  land  runoff  discharges,  
respectively.  Hence,  heterotrophic  N2  fixation  seems  to  be  of  potential  
ecological  significance  in  these  environments,  and  likely  in  other  similar  
environments  as  well.  
In  summary,  the  results  of  these  in  situ  studies  showed  that  diverse  
assortments  of  heterotrophic  diazotrophs  are  present  and  active  in  suboxic  
waters  of  the  Baltic  Sea  (Paper  1)  and  in  meso-‐‑polyhaline  estuarine  surface  
waters  (Paper  2).  Their  distribution  and  activity  seems  to  be  dependent  on  the  
occurrence  of  transient  environmental  conditions  and  when  these  conditions  
are  right,  significant  amounts  of  N2  are  fixed.  
Despite  of  the  strengths  of  coupling  high-‐‑throughput  DNA  and  cDNA  
sequencing  with  qPCR  methodology  and  15N2  tracer  experiments,  in  situ  
studies  like  this  fail  to  connect  N2  fixation  rates  to  specific  cells,  which  is  a  
prerequisite  for  determining  the  N2  fixation  potential  for  specific  bacterial  
species  and,  hence,  different  culture-‐‑based  approaches  may  be  a  fruitful  
complementation  to  in  situ  analyses.  
  
  
Cultivation  and  culture-‐‑based  analyses  of  heterotrophic  N2  fixation  
  
Heterotrophic  N2  fixing  bacteria  are  undoubtedly  present  in  a  host  of  marine  
environments  including  most  epipelagic  oceanic  waters  (Farnelid  et  al.,  2011),  
deeper  oceanic  waters  (Hewson  et  al.,  2007;  Rahav  et  al.,  2013)  estuarine  
surface  waters  (Paper  1;  Paper  2;  Affourtit  et  al.,  2001;  Jenkins  et  al.,  2004;  
Farnelid  et  al.,  2009),  sediments,  as  well  as  in  the  aphotic  water  column  of  
anoxic  basins  (Paper  1;  Hamersley  et  al.,  2011)  and  OMZs  (Fernandez  et  al.,  
2011;  Jayakumar  et  al.,  2012).  Furthermore  their  activity  has,  as  described  
above,  been  demonstrated  using  the  nifH  gene  transcript  as  a  proxy  for  
nitrogenase  activity  in  many  of  these  environments  (Church  et  al.,  2005b;  
Man-‐‑Aharonovich  et  al.,  2007;  Short  &  Zehr  et  al.,  2007;  Farnelid  et  al.,  2011;  
Turk  et  al.,  2011)  and  this  has  been  coupled  to  actual  quantitative  measures  of  
N2  fixation  (Paper  1;  Paper  2).  Nonetheless,  actual  measures  of  cell-‐‑specific  N2  
fixation  rates  are  currently  unavailable  making  estimates  of  the  contribution  
of  heterotrophic  organisms  to  N2  fixation  difficult.    
Such  estimates  have,  however,  recently  been  reported  using  cell-‐‑specific  rates  
obtained  from  a  soil-‐‑derived  Pseudomonas  stutzeri  strain  (Turk-‐‑Kubo  et  al.,  
2014).  Whether  inferences  based  on  such  rates  are  accurate  or  not  is  unknown.  
Nevertheless,  this  problem  highlights  the  need  for  eco-‐‑physiological  analyses  
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of  marine  heterotrophic  diazotrophs.  A  prerequisite  for  conducting  such  
analyses  is  that  representative  species  are  available  as  cultivable  isolates.    
Attempts  to  isolate  heterotrophic  diazotrophs  from  marine  environments  
have  generally  been  few  (Maruyama  et  al.,  1970;  Guerinot  and  Colwell,  1985;  
Shieh  et  al.,  1989;  Loveless  et  al.,  1999;  Betancourt  et  al.,  2008)  and  early  
isolation  efforts  have  been  found  to  be  erroneous  due  to  the  inability  of  the  
isolates  to  reduce  acetylene  to  ethylene  in  the  acetylene  reduction  assay  
(ARA).  Rather,  these  isolates  were  selected  for  during  these  isolation  efforts  
due  to  their  ability  to  grow  on  trace  amounts  of  reactive  N  (N  scavenging  
bacteria;  Jones  &  Rhodes-‐‑Roberts,  1980;  Postgate,  1988).  Therefore,  one  of  the  
objectives  of  this  project  was  to  obtain  new  isolates  for  eco-‐‑physiological  and  
genomic  characterization.    
We  set  out  at  two  different  occasions  to  obtain  heterotrophic,  N2  fixing  
organisms  from  the  Baltic  Sea  using  a  liquid  enrichment  culture-‐‑based  
approach  originally  applied  by  Widdel  &  Bak  (1992),  targeting  anaerobic  
marine  bacteria.  The  version  we  applied  to  enrich  the  diazotrophic  
community  was  made  without  the  addition  of  reactive  N  (Paper  3;  Paper  4).  
Farnelid  et  al.  (2009)  reported  that  nifH  genes  affiliated  with  heterotrophic  
diazotrophs  were  present  in  surface  waters  of  the  central  Baltic  Sea,  and  hence  
the  initial  isolation  attempt  targeted  the  diazotrophic  organisms  in  the  
euphotic  zone  of  the  Landsort  Deep  in  the  central  Baltic  Sea  (Paper  3).  The  
nifH  diversity  proved,  as  reported  in  Paper  1,  to  be  low  in  the  surface  water  
and  even  though  sequences  related  to  the  N2-‐‑fixing  cyanobacterium  Nodularia  
were  recovered,  most  of  the  sequences  were,  as  suspected,  affiliated  with  the  
non-‐‑cyanobacterial  part  of  the  canonical  nifH  Cluster  I  and  with  nifH  Cluster  
III  sequences.  To  accommodate  the  requirements  of  as  wide  a  range  of  
diazotrophic  groups  as  possible,  six  different  carbon  substrates  were  added  to  
the  base  medium,  and  different  O2  and  light  regimes  were  applied.  128  
isolates  were  obtained,  64  of  which  produced  an  amplicon  in  the  nested  nifH  
PCR  (Zehr  &  McReynolds,  1989).  These  64  isolates  were  affiliated  with  a  host  
of  different  α-‐‑  and  γ-‐‑proteobacteria,  but  only  isolates  relating  to  Pseudomonas  
and  Rhodopseudomonas  proved  to  reduce  acetylene  to  ethylene  in  ARAs,  
supporting  that  strict  measures  of  verification  are  needed  when  isolating  
diazotrophs  from  the  environment  (Jones  &  Rhodes-‐‑Roberts,  1980;  Postgate,  
1988;  Boström  et  al.,  2007a).  These  two  groups  proved  to  be  an  integral  part  of  
the  bacterioplankton  community  in  Baltic  Sea  surface  water  throughout  the  
year  with  abundances  in  the  range  of  103  –  104  nifH  genes  L-‐‑1,  which  suggested  
that  a  representative  fraction  of  diazotrophic  community  was  cultivable  using  
the  applied  approach.  Interestingly,  these  two  groups  of  organisms  were  
found  to  be  abundant  in  the  actively  nifH  transcribing  community  of  Roskilde  
Fjord  (Pseudomonas  and  Rhodopseudomonas)  and  Great  Belt  (Pseudomonas;  
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Paper  2)  and  intriguingly,  Pseudomonas  stutzeri-‐‑like  diazotrophs  may  in  fact  be  
cosmopolitan  N2  fixers  (see  Turk-‐‑Kubo  et  al.,  2014).  
The  second  isolation  attempt  targeted  the  more  diverse  diazotrophic  
community  in  the  suboxic  waters  of  the  Baltic  Sea  (Paper  4).  Analysis  of  nifH  
gene  composition  and  abundance  in  these  liquid  cultures  supported  the  
notion  that  a  considerable  fraction  of  the  community  was  cultivable,  but  as  for  
previous  attempts  to  isolate  representatives  from  the  Baltic  Sea  (Boström  et  al.,  
2007;  Paper  3)  only  a  limited  subset  of  verified  isolates  was  recovered.  These  
were  all  related  to  Pseudomonas  stutzeri.  In  accordance  with  Paper  1,  these  
diazotrophs  were  most  abundant  around  the  chemocline,  but  interestingly,  
their  abundance  in  different  size  fractions  seemed  to  reflect  the  O2  
concentrations  in  the  water  column  with  a  higher  abundance  in  the  larger  size  
fraction  in  more  oxygenated  water  (Paper  4).  This  seems  to  further  support  
the  notion  that  diazotrophs  could  inhabit  suboxic  microzones  on  particles  in  
aerated  water  (Paerl,  1985;  Riemann  et  al.,  2010).    
A  subset  of  three  heterotrophic  diazotrophs,  representing  three  different  
genera  were  available  when  combining  isolates  previously  recovered  from  the  
Baltic  Sea  (Boström  et  al.,  2007a)  with  the  isolates  obtained  in  Paper  3  and  
Paper  4.  These  proved  to  represent  the  α-‐‑  and  γ-‐‑proteobacterial  parts  of  nifH  
Cluster  I  as  well  as  Custer  II  (Figure  3;  Paper  5),  and  they  were  related  to  nifH  
sequences  recovered  from  a  multitude  of  marine  environments,  implying  that  
these  isolates  are  likely  ecologically  relevant  representatives  of  marine  
diazotrophs.  Genome  sequencing  revealed  that  they  were  all  versatile  
organisms  with  elaborate  genomic  sub-‐‑systems  relating  to  carbon  and  energy  
metabolism,  and  they  all  harbored  the  full  genomic  regions  associated  with  
N2  fixation.    
Eco-‐‑physiological  analyses  of  these  three  representatives  showed  that  O2  
concentrations  in  the  range  of  5  to  38  µμmol  L-‐‑1  stimulated  N2  fixation  in  all  
three  heterotrophs  (Paper  5).  One  isolate,  P.  stutzeri  BAL361,  was  more  
tolerant,  fixing  N2  at  up  to  165  µμmol  L-‐‑1.  This  co-‐‑occurred  with  self-‐‑
aggregation,  suggesting  that  these  isolates  could  regulate  cellular  O2  
concentrations  through  exo-‐‑polymer  excretion  (likely  alginate;  Mulder,  1975;  
Madi  et  al.,  1988;  Paper  4;  Paper  5),  and  hence  fix  N2  in  aerated  water,  which  
was  consisted  with  their  in  situ  distribution  pattern  (Paper  4).  Reactive  N  
generally  depressed  N2  fixation  in  the  isolates,  whereas  C  stimulated  it.  
Calculations  of  cell-‐‑specific  rates  suggested  that  in  situ  abundances  of  104  –  106  
bacteria  L-‐‑1  would  likely  be  sufficient  for  these  bacteria  to  account  for  in  situ  
N2  fixation  rates  of  1  pM  h-‐‑1  under  condtions  favoring  N2  fixation.  These  
abundances  are  consistently  observed  for  heterotrophic  diazotrophs  in  the  
Baltic  Sea  (Paper  1;  Paper  3;  Paper  4),  supporting  that  they  are  likely  
contributing  with  significant  inputs  here.  
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Figure  3  |  Un-‐‑rooted  neighbor-‐‑joining  tree  based  on  amino  acid  sequences  showing  the  
affiliations  of  the  obtained  isolates.    The  isolates  represented  the  α-‐‑  and  γ-‐‑proteobacterial  
parts  of  nifH  Clusters  I  as  well  as  Cluster  II.    

  
Surprisingly,  Rhosopseudomonas  palustris  BAL398  up-‐‑regulated  N2  fixation  in  
response  NH4+,  suggesting  that  it  used  N2  fixation  for  something  else  than  N  
acquisition  (i.e.  an  electron  sink  mechanism;  McKinlay  and  Harwood,  2010;  
Paper  5).  Only  around  103  cells  L-‐‑1  were  required  to  account  for  a  N2  fixation  
rate  1  pM  h-‐‑1  under  these  conditions,  which  could  be  found  in  association  
with  POM  or  copepods  (Ploug  et  al.,  1997;  Proctor,  1998),  or  in  suboxic  marine  
environments  (Paper  1).  These  findings  emphasize  that  mechanisms  
controlling  N2  fixaiton  in  heterotrophic  diazotrophs  are  complex  and  
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sometimes  counterintuitive,  making  it  hard  to  predict  the  scale  and  
implications  of  heterotrophic  N2  fixation  in  the  environment.    
  
  
Implications  of  heterotrophic  N2  fixation  
  
The  marine  N  budget  is  currently  in  a  deficit,  with  N  sinks  such  as  
denitrification  and  annamox  exporting  more  N  to  the  atmosphere  in  the  form  
of  N2  gas  than  is  imported  through  N2  fixation.  One  likely  explanation  is  
underestimation  of  global  marine  N2  fixation  (Mahaffey  et  al.,  2005;  Codispoti  
et  al.,  2007).  Underestimations  due  to  methodological  issues  have  been  
proposed  (Mohr  et  al.,  2010)  and  correcting  for  these  could  double  the  
estimated  N2  fixation  input,  depending  on  the  diazotrophic  community  at  
hand  (Grosskopf  et  al.,  2012).  Heterotrophic  N2  fixation  could  be  another  
overlooked  component.    
The  work  conducted  in  relation  to  the  production  of  this  thesis  suggests  that  
an  expansion  of  the  recognized  diazotrophic  biome  is  warranted,  both  in  
terms  of  depth  and  latitude.  Significant  N2  fixation  takes  place  in  the  dark,  
suboxic  waters  of  the  Baltic  Sea  (Paper  1)  and  likely  also  in  other  similar  
systems  (Fernandez  et  al.,  2011;  Hamersley  et  al.,  2011;  Jayakumar  et  al.,  2012;  
Bonnet  et  al.,  2013).  Furthermore,  the  aphotic  waters  make  up  around  95  %  of  
the  water  column,  implying  that  the  potential  biome  of  heterotrophic  
diazotrophs  greatly  exceeds  that  of  their  phototrophic  counterparts.  The  
water  column  is  usually  well  aerated  at  depths,  but  despite  the  fact  that  O2  
generally  inhibits  nitrogenase  activity  at  ambient  concentrations  (Marchal  &  
vanderleyden,  2000;  Paper  5),  N2  fixation  does  take  place  here  (Rahav  et  al.,  
2013)  as  well  in  aerated  surface  waters;  even  in  the  absence  of  
photoautotrophic  cyanobacteria  exhibiting  complex  compartmentalization  
and  large  cell  sizes  adapted  to  co-‐‑occurring  O2  production  and  N2  fixation    
(Halm  et  al.,  2012;  Paper  2).  Hence,  the  relationship  between  N2  fixation  and  
O2  concentrations  is  not  straightforward  (Marchal  &  Vanderleyden,  2000;  
Paper  4;  Paper  5).    
The  productive  marine  environments  associated  with  land,  like  estuarine  and  
coastal  systems  is  also  likely  areas  that  should  be  considered  when  re-‐‑
evaluating  the  importance  of  various  marine  systems  in  relation  to  N2  
fixation,  since  volumetric  N2  fixation  rates  can  become  very  high  in  these  
systems  (Mulholland  et  al.,  2012;  Paper  2);  even  when  only  heterotrophic  and  
photoheterotrophic  diazotrophs  are  active  (Paper  2).  We  find  significant  gene  
expression  at  very  low  temperatures  (2.5°  C)  in  these  productive  regions,  
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supporting  hat  the  N2-‐‑fixing  domain  could  be  expanded  to  colder  regions  as  
well  (Diez  et  al.,  2010;  Blais  et  al.,  2012).  
Arguments  against  heterotrophic  N2  fixation  as  a  significant  phenomenon  in  
marine  environments  usually  revolves  around  the  perception  that  it  does  not  
make  sense  to  fix  N2  in  aerated  or  N-‐‑replete  waters.  Our  results  seem  to  
suggest  that  some  bacteria  use  N2  fixation  for  something  else  than  N  
acquisition  (Paper  5).  When  colonizing  degrading  decomposing  POM,  some  
photoheterotrophic  diazotrophs  could  use  the  nitrogenase  enzyme  complex  
as  an  electron  sink,  thereby  keeping  a  steady  redox  balance  in  the  cell  
(McKinlay  and  Harwood,  2010;  Paper  5).  Regardless  of  the  motive,  this  sort  of  
cryptic  N2-‐‑fixation  brings  in  new  N  in  addition  to  the  N2  that  is  fixed  for  N  
assimilation  in  marine  environments,  and  may  in  part  explain  the  apparent  
insensitivity  towards  reactive  N  that  is  sometimes  reported  from  both  
diazotrophic  culture-‐‑based  work  (Paper  5),  but  also  environmental  samples  
(Paper  1;  reviewed  in  Knapp,  2012).  
Taken  together,  it  seems  that  heterotrophic  diazotrophs  contribute  to  N  
inputs  through  N2  fixation  in  a  multitude  of  environments.  Some  of  these  are  
currently  considered  devoid  of  N2  fixation  (i.e.  estuaries;  Marino  et  al.,  2002;  
Howarth  and  Marino,  2006;  Conley  et  al.,  2009),  mainly  due  to  lack  of  
sampling  resolution  or  lack  of  appreciation  of  the  diazotrophic  diversity  
present.  Hence,  a  reevaluation  of  the  significance  of  heterotrophic  biomes  as  
sources  of  fixed  N  seems  timely  and  relevant.  
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Conclusions  and  future  perspectives  
  
The  fixation  of  atmospheric  N2  is  of  paramount  importance  for  ecosystem  
functioning  in  a  multitude  of  aquatic  environments.  In  marine  systems,  N2  
fixation  is  usually  associated  with  a  few  genera  of  cyanobacteria.  The  genetic  
potential  for  N2  fixation  is,  however,  observed  in  a  broad  selection  of  different  
microorganisms.  The  nitrogenase  reductase-‐‑encoding  genes  (nifH)  associated  
with  non-‐‑cyanobacterial  diazotrophs  are  in  fact  often  dominating  in  nifH  gene  
sequence  data  sets,  yet  their  role  is  unknown  and  believed  to  be  
inconsequential.    
This  thesis  presents  novel  findings  regarding  the  distribution,  activity  and  
eco-‐‑physiology  of  some  of  these  organisms.  The  data  shows  that  
heterotrophic  diazotrophs  are  present  and  active  in  environments  previously  
believed  to  be  insignificant  with  regards  to  N2  fixation,  including  anoxic  N-‐‑
replete  waters  and  meso-‐‑polyhaline  estuarine  surface  waters.  Their  activity  is  
accompanied  by  significant  volumetric  rates  of  N2  fixation  and  basin-‐‑scale  
integration  of  this  fixation  suggests  that  a  reevaluation  of  the  contribution  of  
N  by  N2  fixation  to  these  systems  is  relevant.  The  data  also  shows  that  a  
representative  fraction  of  the  heterotrophic  diazotrophs  present  in  the  Baltic  
Sea  is  cultivable,  yet  the  diversity  present  in  the  water  column  and  in  liquid  
enrichment  cultures  is  not  easily  reflected  in  plate-‐‑isolation  efforts.  
Nonetheless,  the  isolates  obtained  here  seem  to  represent  groups  of  
ecologically  relevant  diazotrophs.  The  N2  fixation  potential  of  individual  
heterotrophic  strains  tested  here  suggests  that  they  could  contribute  with  
measurable  rates  at  even  relatively  low  cell  densities  and  that  regulation  in  
relation  to  environmental  stimuli  differs  among  isolates  and  is  by  no  means  
straightforward  and  intuitive.  Hence,  more  elaborate  analyses  of  are  needed  
to  elucidate  the  role  of  heterotrophic  diazotrophs.    
Direct  measures  of  cell-‐‑specific  N2  fixation  rates  coupled  to  bacterial  
phylogeny  in  specific  environmental  samples,  as  is  offered  by  nanoscale  
secondary  ion  mass  spectrometry  (NanoSIMS)  in  combination  with  
fluorescence  in  situ  hybridization  (FISH),  could  be  a  promising  endeavor  for  
obtaining  concluding  evidence  for  significant  heterotrophic  N2  fixation  in  
marine  environments.  This  would  eliminate  end-‐‑point  PCR  problems  and  the  
uncertainties  of  converting  nitrogenase  activity  data  in  cultures  to  N2  fixation  
rates  in  the  environment.  Clearly,  more  data  is  needed  on  the  regulation  of  N2  
fixation  as  well,  as  some  bacteria  likely  use  the  N2  fixation  reaction  for  
something  more  than  N  acquisition.  Here,  it  could  be  interesting  to  
investigate  the  fate  of  all  this  fixed  N2.  It  could  be  that  cryptic  N2  fixation  
represents  significant  leaching  of  reactive  N  into  the  proximate  environments,  
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since  it  is  not  fixed  for  assimilation  purposes.  What  this  potential  leaching  
means  for  microscale  ecology  could  be  very  interesting  to  investigate.  
Furthermore,  it  seems  that  it  is  appropriate  to  reevaluate  the  extent  of  the  
marine  N2  fixation  domain.  Focused  efforts  to  measure  pelagic  N2  fixation  in  
temperate  to  arctic  coastal  waters  and  estuaries  should  be  conducted,  as  it  is  
likely  that  these  productive  and  occasionally  N-‐‑limited  environments  could  
contribute  with  significant  N2  fixation.  Lastly,  it  is  important  to  evaluate  the  
role  of  N2  fixation  as  such  in  relation  to  a  warming  world.  As  temperatures  
rise,  stratification  and  respiration  rates  may  increase  in  the  oceans.  This  could  
potentially  result  in  an  expansion  of  OMZs  and  an  increased  loss  of  N  to  the  
atmosphere.  How  the  bacterioplankton  will  respond  to  an  increase  in  loss  of  
reactive  N,  we  can  only  guess,  but  it  will  likely  have  a  profound  effect  on  the  
functionality  of  the  present  communities.    
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Active nitrogen-fixing heterotrophic bacteria at and
below the chemocline of the central Baltic Sea
Hanna Farnelid1, Mikkel Bentzon-Tilia2, Anders F Andersson3, Stefan Bertilsson4,
Günter Jost5, Matthias Labrenz5, Klaus Jürgens5 and Lasse Riemann1,2
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The Baltic Sea receives large nitrogen inputs by diazotrophic (N2-fixing) heterocystous cyanobacteria but the significance of heterotrophic N2 fixation has not been studied. Here, the diversity,
abundance and transcription of the nifH fragment of the nitrogenase enzyme in two basins of the
Baltic Sea proper was examined. N2 fixation was measured at the surface (5 m) and in anoxic water
(200 m). Vertical sampling profiles of 410 and o10 lm size fractions were collected in 2007, 2008
and 2011 at the Gotland Deep and in 2011 in the Bornholm Basin. Both of these stations are
characterized by permanently anoxic bottom water. The 454-pyrosequencing nifH analysis revealed
a diverse assemblage of nifH genes related to alpha-, beta- and gammaproteobacteria (nifH cluster I)
and anaerobic bacteria (nifH cluster III) at and below the chemocline. Abundances of genes and
transcripts of seven diazotrophic phylotypes were investigated using quantitative polymerase chain
reaction revealing abundances of heterotrophic nifH phylotypes of up to 2.1  107 nifH copies l  1.
Abundant nifH transcripts (up to 3.2  104 transcripts l  1) within nifH cluster III and co-occurring N2
fixation (0.44±0.26 nmol l  1 day  1) in deep water suggests that heterotrophic diazotrophs are fixing
N2 in anoxic ammonium-rich waters. Our results reveal that N2 fixation in the Baltic Sea is not limited
to illuminated N-deplete surface waters and suggest that N2 fixation could also be of importance in
other suboxic regions of the world’s oceans.
The ISME Journal (2013) 7, 1413–1423; doi:10.1038/ismej.2013.26; published online 28 February 2013
Subject Category: microbial ecology and functional diversity of natural habitats
Keywords: Baltic Sea; chemocline; nifH; nitrogen fixation; oxic-anoxic interface; pyrosequencing

Introduction
Biological N2 fixation is the main source of fixed
nitrogen (N) in the oceans and a key process in
regulating primary productivity and thereby carbon
fluxes (Gruber, 2005). N2 fixation is carried out by a
limited, but diverse, group of bacteria and Methanotrophic Archaea, known as diazotrophs (Zehr et al.,
2003b). The Baltic Sea is among the world’s largest
brackish seas and regularly experiences extensive
blooms of diazotrophic heterocystous cyanobacteria
(Stal et al., 2003) providing N-input almost as large as
the riverine load (Larsson et al., 2001). Cyanobacterial N2 fixation is also significant in open oceans
(Goebel et al., 2007), but molecular techniques
Correspondence: L Riemann, Marine Biological Section, University of Copenhagen, Strandpromenaden 5, Helsingør, DK-3000,
Denmark.
E-mail: lriemann@bio.ku.dk
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targeting the nifH gene of the nitrogenase enzyme
have revealed that heterotrophic diazotrophs are also
present and nifH transcribed in diverse marine and
estuarine environments (reviewed in Riemann et al.,
2010). However, their significance to N2 fixation and
the factors controlling their activity and distribution
patterns are not yet understood. A better understanding of their ecology is therefore essential for
resolving the role of this functional group in oceanic
and coastal nutrient cycling.
Nitrogenase activity is thought to be tightly
regulated by ammonium (NH4þ ) availability
(Kanemoto and Ludden, 1984; Klugkist and
Haaker, 1984) and is inactivated and destroyed by
oxygen (O2; Dixon and Kahn, 2004). Consequently,
heterotrophic diazotrophs likely require suboxic
conditions for active N2 fixation. In the oxygenated
water column, such loci may be associated with live
or dead particulate matter (reviewed in Riemann
et al., 2010). Alternatively, these organisms may
exploit low O2 biomes, such as pelagic transition
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zones between oxic and anoxic layers and oceanic
oxygen minimum zones (OMZs). Such areas, representing zones with large N-losses through anammox
and heterotrophic denitrification (Lam and Kuypers,
2011), can be possible sites for heterotrophic N2
fixation (Zehr et al., 2006; Riemann et al., 2010).
Concordantly, N2 fixation rates and diverse putative
heterotrophic diazotrophs were recently reported
from hypoxic waters in the eastern tropical South
Pacific (Fernandez et al., 2011) and the Southern
Californian Bight (Hamersley et al., 2011). Similarly,
nifH genes and transcripts related to heterotrophs
were reported from the Arabian Sea OMZ
(Jayakumar et al., 2012). Interestingly, a recent study
documented the co-occurrence of N2 fixation and
denitrification in a meromictic lake (Halm et al.,
2009). Combined, these findings suggest that two
central N transformation processes, thus far thought
to be segregated, can co-occur in OMZs, challenging
the conventional view of N cycling in the oceans
and unveiling the intriguing possibility of NH4þ -rich
suboxic and anoxic waters as environments for
heterotrophic N2 fixation. However, knowledge on
N2 fixation in suboxic waters is limited (Ulloa et al.,
2012) and molecular data and N2 fixation rates in
truly anoxic marine systems is lacking.
The Baltic Sea proper is characterized by a
permanent halocline, which prevents vertical mixing. Organic matter mineralization causes O2 deficiency (o2 ml l  1) in deep waters, covering an area
of 12 000–70 000 km2 (Conley et al., 2002). At and
below the chemocline, hydrogen sulfide (H2S)
and NH4þ accumulates and the potential for denitrification and anammox has been demonstrated
(Hietanen et al., 2012). The aim of this study was to
explore the chemocline and anoxic waters as
potential loci for heterotrophic N2 fixation. The

454-pyrosequencing provided high resolution data
on the distribution of nifH phylotypes and through
quantitative polymerase chain reaction (QPCR) and
reverse transcription QPCR (RT-QPCR), we determined the abundance and expression of seven
prominent nifH gene clusters. The analysis of five
sampling profiles, four from the Gotland Deep and
one from the Bornholm Basin, from three sampling
years, revealed a large diversity of heterotrophic
diazotrophs at and below the chemocline. We also
report transcription of nifH and N2 fixation rates in
anoxic NH4þ -rich water and thereby extend the
currently known regime of marine N2 fixation.

Materials and methods
Environmental sampling

Samples were collected at the Gotland Deep (240 m
total depth, 57120.09’N, 20103.09’E) in the summers
of 2007 (9 July, morning), 2008 (15 August, noon)
and 2011 (14 and 18 July, morning). Samples were
collected between 5 and 233 m using 5 l Free-Flow
bottles (Hydrobios) attached to a PVC-coated
stainless steel rosette equipped with sensors for O2
(Sea-Bird SBE 43), conductivity, temperature and
depth (Seabird Inc., Bellevue, WA, USA), with high
depth resolution around the chemocline (129–132 m
in 2007, 121–127 m in 2008 and 110–121 m in 2011,
Figure 1). In 2011 (13 July), samples were collected at
10 m intervals from the Bornholm Basin (89 m total
depth, 55115.05’N, 15159.06’E). For each sample,
1–3.8 l were filtered onto a 10 mm polycarbonate filter
(47 mm, GE Water & Process Technologies, Trevose,
PA, USA) and 0.6–2 l of the filtrate was filtered onto a
0.2 mm (47 mm) Supor filter (PALL Corporation, Port
Washington, NY, USA). After filtration, RNA filters

Figure 1 Environmental data from the sampled depth profiles at the Gotland Deep (a) and the Bornholm Basin (b) in the Baltic Sea
proper. Depths of sampling for nutrients and nucleic acids are indicated by gray horizontal lines. Concentrations of inorganic nutrients
are in mmol l  1, temperature in 1C and O2 in ml l  1.
The ISME Journal
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Table 1 Summary of samples obtained and analyzed by 454-pyrosequencing and/or QPCR
Gotland Deep
Depth (m)

5
11
41
101
129
132
181
233

Bornholm Basin
2007
9 July
I
A, B, I
A, B, C,
I
A, B, C,
A, B, C,
I
A, B, C,

Depth (m)

I
I
I

5
15
50
100
121
127
135

2008
15 August
I
A,
I
A,
A,
A,
A,

I
I
I
I
I

Depth (m)

5
75
110
121
200

2011
14 July
I,
I,
I,
I,
I,

II
II
II
II
II

Depth (m)

5
75
110
119
200

2011
18 July
I,
I,
I,
I,
I,

II
II
II
II
II

Depth (m)

38
48
58
68
78
88

2011
13 July
I,
I,
I,
I,
I,
I,

II
II
II
II
II
II

I

Abbreviations: cDNA, complementary DNA; QPCR, quantitative polymerase chain reaction.
454-Pyrosequencing DNA o10 mm (A), 454-pyrosequencing DNA 410 mm (B), 454-pyrosequencing cDNA o10 mm (C), QPCR DNA o10 mm and
DNA 410 mm (I), QPCR cDNA o10 mm and cDNA 410 mm (II).

were soaked in RNAlater (Ambion, Carlsbad, CA,
USA). Filters were placed in 0.5 ml RNAlater or 1 ml
Tris-EDTA (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) for
RNA and DNA filters, respectively, and the cryotubes
were frozen in liquid N or at  20 1C (2011). A
summary of nucleic acid samples and analytical
methods is provided in Table 1. Samples for bacterial
enumeration were fixed with glutaraldehyde (1% final
concentration) and counted using flow cytometry
(Troussellier et al., 1999). Chemical profiles of H2S,
NH4þ (not analyzed in 2007), phosphate (PO34  ), nitrite
(NO3 ) and nitrate (NO2 ) were determined for the
Gotland Deep and PO34  and NO2 for the Bornholm
Basin (Grasshoff et al., 1983).
N2 fixation rates

On the 14 July 2011, rates of N2 fixation were
calculated using 15N2-incorporation (Montoya et al.,
1996) in samples from the oxygenated surface and
anoxic waters at the Gotland Deep. Water was
transferred directly from the Free-Flow bottle into
triplicate 1.2 l acid-washed polycarbonate bottles
pre-flushed with argon. The bottles were filled from
the bottom up using silicone tubing. 1.0 ml of 15N2
tracer gas (98%, Campro Scientific, Berlin, Germany) was added through a gas-tight septum. The
bottles were inverted 50 times and incubated for
24 h in an on-deck container with running surface
seawater covered with fabric reducing the light to
13% of the surface light intensity (5 m samples) or at
8 1C in the dark (200 m samples). Post-incubation
size-fractionation was performed to quantify freeliving N2 fixation: 600 ml of water was filtered
through a 10 mm polycarbonate filter (GE Water &
Process Technologies) and thereafter through a precombusted (450 1C for 8 h) GF/F filter (0.7 mm,
Whatman, GE Healthcare, Little Chalfont, UK). The
remaining 600 ml were filtered through a GF/F filter.
The background d15N levels, two time-zero controls,
and un-amended controls were included for each
depth. Filters were stored at  20 1C, dried at 60 1C
for 24 h, and analyzed on an isotope ratio mass

spectrometer (PDZ Europa, Northwich, UK) at the
Laboratory of Applied Physical Chemistry, Gent,
Belgium. In these analyses, particulate N concentrations were 433 mg N l  1 and did not limit detection.
No significant differences were observed between
background d15N levels and the time zero and unamended controls.
Nucleic acids extractions and complementary DNA
(cDNA) synthesis

Community DNA was extracted using an enzyme/
phenol-chloroform protocol (Riemann et al., 2008).
Community RNA was extracted using the RNeasy
mini kit (Qiagen, Hilden, Germany; Boström et al.,
2007b). For each sampling year and filter type, blank
filters were included as negative controls. DNA and
RNA concentrations were measured using NanoDrop 2000 (Thermo Scientific, Waltham, MA, USA).
First-strand cDNA synthesis was done using the
nifH3 primer (Zehr and McReynolds, 1989) and the
TaqMan reverse transcription kit (Applied Biosystems, Foster City, CA, USA) including a negative
control with only RT-PCR grade water (Ambion) and
a second set of reactions without reverse transcriptase. The DNA and cDNA was stored at  20 1C.
PCR amplification and 454-pyrosequencing

A total of 16 DNA and 4 cDNA samples were
amplified with nifH3 and nifH4 primers (Zehr and
Turner, 2001) followed by 30 cycles with custom
bar-coded nifH1 and nifH2 primers (Supplementary
Table S1) using Pure Taq Ready-To-Go PCR Beads
(GE Healthcare). As the cDNA samples from 41, 132
and 233 m yielded faint PCR products they were first
amplified with nifH1 and nifH2 primers (Zehr and
McReynolds, 1989) followed by 10 PCR cycles with
barcoded primers (Farnelid et al., 2011). Nontranscribed RNA samples were included as control
for incomplete DNA digestion. The PCR products
were gel purified (Gel extraction kit, Qiagen) and
quantified (NanoDrop 2000). For PCR samples from
The ISME Journal
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negative extraction and RT-PCR grade water controls, although no bands were visible, a slice of the
expected product size (402 bp) was excised, purified, and cloned (TOPO TA, Invitrogen, Carlsbad,
CA, USA). No clones were obtained. The PCR
products were mixed in equal amounts and
sequenced using a GS FLX pyrosequencing system
(Roche, Basel, Switzerland). Sequences are deposited in the National Center for Biotechnology Information Sequence Read Archive under
accession number SRA058502.
Sequence quality controls and analysis

The data set was filtered to only include sequences
with correct tag and primer sequences. These were
then trimmed, sequences were clipped at 219 bp,
translated into amino acids (73 aa), and sequences
having in-frame stop codon(s) were removed.
Unique reads were aligned as previously described
(Farnelid et al., 2011). Reads were screened to
check for homology to all reported nifH contaminant
sequences, but no identical reads were found.
To study the phylogeny of the dominant clusters,
the reads were clustered at 96% similarity using
CD-hit (Li and Godzik, 2006) and clusters containing
o100 sequences were removed. The remaining 222
clusters and related sequences in the database
were aligned in MEGA (Tamura et al., 2007) and
a phylogenetic tree was created (p-distance). To
allow for cross-sample comparisons, a random
re-sampling to identical sequencing depth (5000
sequences) was done using an in-house developed
Perl script. The SChao1 richness estimator (Chao,
1984) and the Shannon diversity index (Shannon,
1948) were calculated and rarefaction curves
were generated using Analytical Rarefaction
1.3 (http://www.uga.edu/strata/software/index.html).
Bray–Curtis distances between samples were calculated from the abundances of the nifH clusters using
the R package Vegan (http://www.r-project.org/).
Principal coordinates analysis and hierarchical clustering based on these pairwise distances were
performed with the R packages Made4 and Cluster,
respectively.

through BLAST searches against the NCBI database.
A QPCR standard for the EVHVF target was obtained
from an available clone (EU916338, Farnelid et al.,
2009). For the other targets, the 219 bp long
sequences were synthesized and cloned into
pUC19 vectors (Epoch Life Science, Missouri City,
TX, USA). Plasmids were extracted (EZNA Plasmid
Mini Kit, Omega bio-tek, Norcross, GA, USA),
linearized using HindIII (10 U ml  1, Roche), purified
(EZNA gel extraction kit, Omega bio-tek) and
quantified (NanoDrop 2000). The specificities of
the primer and probe sets were evaluated for each
target with 105 copies of the non-target standards.
Unspecific amplification was very low (o34 copies
of 105 detected). To examine potential PCR inhibition in the samples, 5, 2 or 0.5 ng of mixed DNA
from each profile and size fraction was run in QPCR
with 104 copies of standard. There was no inhibition
in any of the samples at 2 ng per reaction.
The QPCR and RT-QPCR reactions were run on a
StepOnePlus Real-Time PCR System (Applied Biosystems). Each reaction (25 ml) consisted of TaqMan
Universal PCR Master Mix (Applied Biosystems),
900 nM of each primer (HPLC purified, SigmaAldrich, St Louis, MO, USA), 250 mM probe
(Applied Biosystems), RT-PCR grade water and
1–2 ml standard or sample (DNA 2 ng, cDNA
1.2 ng). The thermal cycling conditions were 2 min
at 50 1C, 10 min at 95 1C followed by 40 cycles of
15 s at 95 1C and 1 min at 60 1C. All DNA samples,
standard dilutions (106–101 copies), and no-template controls (RT-PCR grade water) were run in
triplicate and cDNA samples were run in duplicate.
No-template controls were undetectable. The efficiency of the primer/probe sets was 80–103%
(Supplementary Table S3). In some samples, at least
one of the replicates did not produce an amplification signal above the lowest point on the standard
curve (10 nifH copies); in these, targets were
considered detectable but not quantifiable. To
calculate the percentage of heterotrophic nifH
phylotypes, the abundances of the quantified nifH
clusters were summed and related to the bacterial
abundance in the sample, assuming one nifH copy
per genome and one genome per bacterium
(Langlois et al., 2008).

Quantitative PCR and RT-QPCR

Eight of the identified nifH clusters were targeted by
QPCR. For seven of the clusters, primers and probes
were designed using the software Primer Express 3.0
(Applied Biosystems). The primer/probe set for the
ALHOU cluster was designed to also amplify the
B24DA cluster (Supplementary Table S2) and is
referred to as ALHOU hereafter. For the Nodularialike nifH cluster (CM8AH), the forward primer and
probe developed by Boström et al. (2007b) and a
reverse primer within the 219 bp 454-read was used
(Supplementary Table S2). Primers and probes had
mismatches with all non-target sequences (Supplementary Table S2), and the specificity was verified
The ISME Journal

Results and Discussion
Environmental data

The Gotland Deep station is characterized by a
stable halocline (60–80 m) dividing the water column into an upper oxygenated layer and an underlying suboxic and anoxic layer. In 2007, the
chemocline was at 127–130 m (Figure 1a). In 2008,
the halocline was deeper (90–100 m), possibly due
to a recent mixing event, and the chemocline was at
121–127 m. In 2011, the halocline and the
chemocline were located around 65–75 m and 120–
125 m, respectively (Figure 1a). At 200 m, NH4þ
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concentrations were high (19.7 and 19.4 mM;
Figure 1a). Coinciding with the disappearance of
O2, peaks in NO3 concentration were observed in
2008 (2.57 mM, 100 m) and in 2011 (7.25 mM, 110 m
and 5.82 mM, 109 m). At the Bornholm Basin, O2 was
below detection at 75 m (Figure 1b). For all sampling
profiles, the bacterial abundance was highest at the
surface (2.6  106  4.2  106 ml  1) and lowest at the
halocline (1.3  105  3.8  105 ml  1; Supplementary
Figure S1). No peaks were observed directly at the
chemocline, as previously reported (Höfle and
Brettar, 1995). Instead the abundance increased with
depth or remained stable below the chemocline.
Diversity and composition of nifH DNA and cDNA
libraries

Pyrosequencing of nifH genes PCR amplified from
the Gotland Deep in 2007 and 2008 (Table 1)
produced a total of 311 857 sequences encoding
28 812 unique proteins (Supplementary Figure S2).
The number of high-quality sequences varied from
5814 to 40 670 per sample. Rarefaction analysis at
96% similarity clustering indicated that the 5000 resampled sequences were a good representation of
the total diversity (Lundin et al., 2012; Supplementary Figure S3). The cDNA samples featured the
least number of clusters (Supplementary Figure
S4D) suggesting that only a limited number of nifH
gene clusters were actively transcribed. Similar
differences between DNA and RNA libraries were
previously reported (for example, Man-Aharonovich
et al., 2007). We speculate that the discrepancy is
caused by temporal changes in environmental
conditions with resulting transient niches for activity of specific N2-fixers. However, it should also be
noted that the current sampling and extraction
protocol may lead to biases in gene expression
(Feike et al., 2012) and thereby underestimation of
the occurrence of transcripts.
The nifH gene and transcript libraries showed that
the diazotrophic community consisted mainly of
alpha-, beta- and gammaproteobacteria belonging to
the canonical nifH cluster I and diverse anaerobes
within nifH cluster III (Chien and Zinder, 1996),
including, for example, Desulfovibrio spp. and
archaeal methanogens (Figure 2). Previous studies
have reported diverse non-cyanobacterial nifH phylotypes within these clusters in both surface
(Man-Aharonovich et al., 2007; Farnelid et al., 2011;
Mulholland et al., 2012) and deep waters (Hamersley
et al., 2011; Jayakumar et al., 2012). Among the nifH
sequences within cluster III in this study (Figure 2),
none were identical to previously reported clones
from the surface of the Baltic Sea proper (Farnelid
et al., 2009). Interestingly, cluster III phylotypes were
not enriched in the 410 mm size fraction relative to
the o10 mm size fraction (Supplementary Figure S2B).
Hence, in contrast with previous suggestions (for
example, Braun et al., 1999; Man-Aharonovich et al.,
2007) particles did not appear to provide an advantageous environment for these bacteria.

The occurrence of alternative nitrogenases (cluster
II) in the nifH libraries was surprisingly low (208
sequences) considering their prevalence among clones
(Farnelid et al., 2009) or isolates from the Baltic Sea
(Boström et al., 2007a). Although libraries consisted
mostly of non-cyanobacterial sequences, nifH reads
affiliated with Nodularia, known to dominate cyanobacterial blooms (Stal et al., 2003; Boström et al.,
2007b), were common in surface samples in 2007.
Pseudanabaena-like nifH gene sequences were highly
represented in oxic samples both sampling years
(Figure 2 and Supplementary Figure S2). For the
non-cyanobacterial clusters, the highest relative abundance generally occurred at or below the chemocline
and interestingly, among the ones detected in cDNA,
all feature the highest relative abundance at the
chemocline (Figure 2). Thus, the chemocline provides
environmental conditions that promote growth of
diverse assemblages of putative heterotrophic diazotrophs that actively express nitrogenase.
The principal coordinates analysis showed that
the composition of putative diazotrophs in the oxic
samples was distinct from those at the chemocline
and anoxic waters. In contrast, the latter two groups
were intermingled (Figure 3 and Supplementary
Figure S5). The oxic samples displayed large
variation in composition, partly related to the size
fraction analyzed (with the exception of 2007, 41 m,
o10 mm; Figure 3). Generally, the nifH diversity
increased with depth and the gradual decrease in O2
(Supplementary Figures S3 and S4). The Chao
richness estimators and Shannon diversity indexes,
respectively, were similar in 2007 and 2008,
decreasing abruptly around the chemocline in
o10 mm samples (Supplementary Figures S4A, B).
Our observations of increased nifH diversity with
depth suggest that suboxic water contains numerous
ecological niches for putative heterotrophic diazotrophs. In addition, most of the identified clusters
were found during both years (2007 and 2008;
Figure 2), suggesting that they are a stable component of the Baltic Sea bacterial community.
Distribution and abundances of nifH phylotypes and
transcripts

One drawback of the nested PCR approach is
the high susceptibility to contamination through
handling or presence of nifH genes in PCR reagents
(Zehr et al., 2003a; Goto et al., 2005). To circumvent
this potential risk, nifH phylotypes may be quantified using QPCR (Hewson et al., 2007). We specifically designed primers and probes for the EVHVF
cluster (100% aa similarity to Burkholderia vietnamiensis; AM110708; Figure 2) known to affiliate
with reported contaminants (Farnelid et al., 2009).
The distribution of EVHVF was patchy among
samples and sampling years with generally low
abundance (Figure 4 and Supplementary Table S3)
suggesting that its presence was not due to contamination of extraction or PCR reagents. Nevertheless,
The ISME Journal
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Figure 2 Neighbor-joining phylogenetic tree of 96% aa similarity clustered nifH sequences with affiliating canonical nifH clusters
(Chien and Zinder, 1996) indicated by colored branches. The highest relative abundance was calculated by normalizing the number of
sequences in each cluster and is shown as being in the oxic (red), at the chemocline (purple) or in anoxic waters (black), derived from the
O2 concentrations in Figure 1, for each type of sample; 2007 cDNA o10 mm (A), 2007 DNA 410 mm (B), 2008 DNA o10 mm (C) and 2007
DNA o10 mm (D). White indicates that no sequences within the cluster were detected. Accession numbers for reference sequences are
indicated in squared brackets and clusters targeted by QPCR in this study are marked in bold. Bootstrap values (1000 replicates) 450%
are indicated with size proportional gray circles. For clarity, only clusters with 4100 sequences are included in the tree. The EVHVF,
CM8AH and Pseudanabaena-like clusters were collapsed, respectively, and the numbers of subclusters are indicated in parentheses. The
full branching of the subclusters is shown in Supplementary Figure S2A.

the high relative abundance of EVHVF in three of
the cDNA libraries (Supplementary Figure S2A)
does not mirror the abundance suggested by QPCR.
Similarly, the AT2LU cluster (99% aa similarity to
AY223933; Zehr et al., 2003b) could not be quantified in any of the samples although it was present in
the 129 m cDNA library (2731 sequences; Figure 2
and Supplementary Figure S2B). Hence, in concordance with recent findings (Turk et al., 2011), some
nifH phylotypes may be preferentially amplified. In
addition, the coverage of degenerate nifH primers
differs between phylogenetic groups (Gaby and
Buckley, 2012). Therefore, the relative proportions
of clusters in sequence libraries should be interpreted with caution.
Of the clusters quantified, only nifH from
the cyanobacterium Nodularia sp. (CM8AH)
was present in surface samples. Abundances
were up to 1.9  106 copies l  1 and transcripts up
The ISME Journal

to 2.1  105 copies l  1 (Figure 4 and Supplementary
Table S3), which is comparable to a previous
report from the Baltic Sea proper (Boström et al.,
2007b). N2 fixation by Nodularia sp. is likely
limited to illuminated waters and, therefore,
nifH gene copies from these cyanobacteria at and
below the chemocline (Figure 4 and Supplementary
Table S3) is probably derived from settling
senescing cells.
Two gammaproteobacteria-like nifH clusters,
EQF91 and ALHOU, were targeted by QPCR
(Figure 2 and Supplementary Table S2). EQF91
was most closely related to clones from hypoxic
water in the Southern Californian Bight (97% aa
similarity; HQ660860; Hamersley et al., 2011)
suggesting that these phylotypes may be characteristic for suboxic regions. Accordingly, EQF91 was
never detected above 100 m at the Gotland Deep or
above 68 m at the Bornholm Basin, but was

Heterotrophic N2 fixation in the Baltic Sea
H Farnelid et al
1419

Figure 3 Principal coordinates analysis (PCoA) plot based on the
Bray–Curtis distances calculated between samples. The samples
are indicated as being in the oxic (squares), at the chemocline
(circles) or in anoxic waters (stars), derived from the O2
concentrations in Figure 1. Symbols for samples from 2007 and
2008 are black and gray, respectively. Open symbols show
samples from the 410 mm size fraction.

consistently present at and below the chemocline,
with abundances up to 5.2  105 copies l  1 (Figures
4 and 5 and Supplementary Table S3). On the 18
July 2011 at 119 m, EQF91 transcripts were detected
but below the limit of quantification (Figure 4). The
ALHOU cluster was related to Pseudomonas stutzeri
(96% aa similarity) and a prevalent cluster from the
South Pacific OMZ (93% aa similarity; HM801245;
Fernandez et al., 2011). The abundance of ALHOU
reached up to 3.0  106 copies l  1. The cluster was
consistently present in suboxic/anoxic waters in all
sampling profiles but transcription was only
detected at 88 m in the Bornholm Basin (Figures 4
and 5 and Supplementary Table S3). However, as
transcripts within the ALHOU and B24DA clusters
were present in both the 129 and 132 m cDNA
libraries (Supplementary Figure S2), constraints on
the amount of template cDNA or disturbances
during sampling (see Feike et al., 2012) may explain
why transcripts were not more frequently detected
or quantified.
Three clusters within nifH cluster III were
targeted by QPCR (Figure 2). The D0CY3 cluster
was 99% similar (aa) to sequences from North
American coastal waters (Mulholland et al., 2012)
while the ECI27 cluster was 100% similar (aa) to
nifH clones (JN638704) from an unpublished study
of the redoxcline of the Black Sea. Very high
abundances of the D0CY3 (up to 3.3  106 copies l  1)
and ECI27 (up to 2.2  107 copies l  1) clusters were
observed at and below the chemocline (Figure 4 and
Supplementary Table S3). These abundances are
among the highest reported (but see Halm et al.,
2012; Mulholland et al., 2012) and magnitudes
higher than previous reports on cluster III phylotypes in the Pacific and Atlantic oceans (Church

et al., 2005; Langlois et al., 2008). The activity of
anaerobic N2-fixers is largely unknown but interestingly, transcripts of a cluster III phylotype were
recently quantified to 1.9  103 copies l  1 at 200 m in
the South Pacific Gyre (Halm et al., 2012). In our
study, transcripts of D0CY3 (3.2  104 and 6.5 
103 copies l  1) at the two consecutive samplings for
200 m Gotland Deep samples (Figure 4 and
Supplementary Table S3) and the co-occurrence of
genes and transcripts also at the Bornholm Basin
(88 m, Figure 5) further highlights the potential
significance of cluster III phylotypes as N2-fixers in
suboxic/anoxic waters. In summary, the QPCR
results show that abundances of several heterotrophic phylotypes increased dramatically at and
below the chemocline. nifH transcripts of both
Proteobacteria and cluster III were also detected
indicating that bacteria within these groups are
active in N2 fixation (Figures 4 and 5 and
Supplementary Table S3).
N fixation

Rates of N2 fixation were measured in surface (5 m)
and deep waters (200 m) of the Gotland Deep on 14
July 2011 using the traditional 15N2-incorporation
method; an approach yielding conservative estimates of N2 fixation (Mohr et al., 2010). The mean rate
of N2 fixation in surface water was 7.6±1.76 nmol l  1
day  1 of which 2.0±0.74 nmol l  1 day  1 was in the
o10 mm size fraction. As some Nodularia cells may
occur solitary or in short series (Lehtimäki et al.,
2000) and Pseudanabaena may pass a 10 mm filter
(Stal et al., 2003; Farnelid et al., 2009), N2 fixation in
the o10 mm size fraction is not evidence for
heterotrophic N2 fixation. In the anoxic sample,
the mean rate was 0.44±0.26 nmol l  1 day  1 of
which 0.24±0.26 nmol l  1 day  1 was in the
o10 mm size fraction. These rates are comparable
to those of hypoxic waters in the Southern Californian
Bight
(average
0.07 nmol l  1 day  1;
Hamersley et al., 2011) and the Peruvian OMZ (average 1.27 nmol l  1 day  1; Fernandez et al., 2011). In
the same water sample, transcription of the D0CY3
cluster was 3.2  104 copies l  1 (Figure 4a) strongly
suggesting that these anaerobic bacteria were largely
responsible for the N2 fixation at 200 m.
In anoxic water, N2 fixation took place at a NH4þ
concentration of 19.7 mM (Figure 1). Similarly, N2
fixation has been measured off Peru and in a meromictic lake at measurable NH4þ levels (Halm et al.,
2009; Fernandez et al., 2011). In the laboratory, NH4þ
downregulates or shuts down nitrogenase expression (for example, Kanemoto and Ludden, 1984;
Klugkist and Haaker, 1984). However, the high NH4þ
concentration at 200 m did not reduce the abundance or inhibit transcription of ECI27 and D0CY3
(Figure 4a). Similarly, N2 fixation and/or transcripts
(notably within nifH cluster III) were reported from
NH4þ -rich microbial mats (Steppe and Paerl, 2002;
Omoregie et al., 2004), representing a natural
The ISME Journal
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Figure 4 Abundances of specific nifH gene clusters in the free-living (o10 mm) fractions (a) and the particle-associated (410 mm)
fractions (b) determined by QPCR at the Gotland Deep. Cluster AT2LU is not shown as it was never quantifiable. Detection of transcripts
is indicated with a star and when quantified, the number of transcripts l  1 is indicated next to the horizontal bars. Sample depth (m) is
indicated in each panel. Based on data shown in Figure 1, the profiles are divided into the oxic, the chemocline or the anoxic depth
strata. Note the different scales on the X axis for a and b.

microscale analog of hypoxic waters columns (Zehr
et al., 2006). Sustained N2 fixation following NH4þ
amendment has also been observed in a salt marsh
(Hanson, 1977) and a gammaproteobacterial culture
(Boström et al., 2007a). Thus, despite the high
energy demand of N2 fixation compared with NH4þ
uptake, availability of NH4þ does not always preclude N2 fixation (reviewed in Knapp, 2012). An
intriguing explanation could be that some nitrogenases, because of their early origin before the
The ISME Journal

oxygenation of the atmosphere when high ambient
levels of NH4þ prevailed (Raymond et al., 2004),
may not be tightly regulated by NH4þ
(Zehr et al., 2006). Nonetheless, the maintenance
of N2 fixation rates and transcripts in NH4þ -replete
waters highlights the incomplete understanding of
the biology of these organisms, and underlines the
need for surveys of diazotrophic activities in marine
environments hitherto believed to be void of
diazotrophy.
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Figure 5 Abundances of specific nifH gene clusters in the freeliving (o10 mm) fractions (a) and the particle-associated (410 mm)
fractions (b) determined by QPCR at the Bornholm Basin. Cluster
AT2LU is not shown as it was never quantifiable. Detection of
transcripts is indicated with a star and when quantified, the
number of transcripts l  1 is indicated next to the horizontal bars.
Sample depth (m) is indicated to the left. Note the different scales
on the X axis for a and b.

proper (Larsson et al., 2001), if assuming that our
rate measured at 200 m is representative. Although
this rough and speculative calculation merely
illustrates the large potential of heterotrophic diazotrophs, determining their exact contribution to N
input is difficult because of their generally low
concentration, the very low transcript copy numbers, and accordingly, rather low rates of N2 fixation.
Still, heterotrophic N2-fixers accounted for up to
2.1% of the total bacteria at the chemocline
(Supplementary Figure S1). In comparison, biogeochemically significant anammox bacteria ranged
from 2.2% to 3.1% of the bacterial community in
the Peruvian OMZ (Hamersley et al., 2007). Hence,
future N2 fixation measurements with extensive
spatio-temporal resolution including also the deeper
suboxic and anoxic zones of the Baltic Sea, could
potentially reveal integrated rates of high N budgetary significance.
Heterotrophic diazotrophs are almost ubiquitous
in marine surface waters (Riemann et al., 2010;
Farnelid et al., 2011) and occur in OMZs (Fernandez
et al., 2011; Hamersley et al., 2011; Jayakumar et al.,
2012) around the globe. Combined with the present
extension of their niches to NH4þ -rich sulfidicanoxic waters of one of the largest brackish waters
on earth, the prevailing perception of vertical and
geographical boundaries for marine N2 fixation has
been dramatically challenged; thus, we foresee a
future broadening of the marine N2 fixation regime
with potentially large consequences for N biogeochemistry estimates.

Implications of heterotrophic N2 fixation in suboxic
waters
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Figure S1. Bacterial abundance and % non-cyanobacterial nifH of total bacteria, assuming one
nifH gene per genome. Error bars are based on duplicate measurements and are only available
for 2007 and the surface sample in 2011 (14 July).

1

2

Figure S2. Neighbour-joining phylogenetic tree of 96% amino acid similarity clustered nifH
sequences and a heatmap illustrating the relative number of specific nifH clusters for each
sample with the median value of the dataset indicated in dark blue and the highest value in
red. White indicates that there are no sequences from the cluster present in that sample or that
it is a reference sequence. The number of sequences in each cluster from each sample is
indicated in the heatmap. Bootstrap values (1000 replicates) >50% are indicated with grey
circles with sizes proportional to the bootstrap values. For clarity only clusters with >100
sequences are included in the tree. The canonical nifH Clusters I and III (Chien & Zinder,
1996) are shown in A and B, respectively.

3

Figure S3. Rarefaction curves of sub-sampled datasets (5000 random nifH sequences per
sample) clustered based on 96% similarity cut-offs. (A) 2007 DNA <10 µm, (B) 2008 DNA
<10 µm, (C) 2007 DNA >10 µm and (D) 2007 cDNA <10 µm.

4

Figure S4. Number of unique sequences/number of clusters, S Chao1 (Chao, 1984) and Shannon
diversity (Shannon, 1948) indices at 96% amino acid similarity levels for sub-sampled
samples (5000 sequences each), (A) 2007 DNA <10 µm, (B) 2008 DNA <10 µm, (C) 2007
DNA >10 µm and (D) 2007 cDNA <10 µm.

5

Figure S5. Hierarchical clustering based on the Bray-Curtis pairwise distances between
samples. The depth for each sample is indicated. Symbols indicate if samples were classified
as being in the oxic (squares), at the chemocline (circles) or in anoxic waters (stars), derived
from the O 2 concentrations in Figure 1. Symbols for samples from 2007 and 2008 are black
and grey, respectively. Open symbols show samples from the >10 µm size fraction.

6

Table S1. Primers used for 454 pyrosequencing in this study including nifH1 and nifH2 (bold;
Zehr & McReynolds, 1989), adaptor and sample-specific tags (underlined).
Name
A_1_nifH1
A_2_nifH1
A_3_nifH1
A_4_nifH1
A_5_nifH1
A_6_nifH1
A_7_nifH1
A_8_nifH1
A_9_nifH1
A_10_nifH1
B-nifH2

Sequence
GCCTCCCTCGCGCCATCAGACAGTTGYGAYCCNAARGCNGA
GCCTCCCTCGCGCCATCAGACTGATGYGAYCCNAARGCNGA
GCCTCCCTCGCGCCATCAGACGAGTGYGAYCCNAARGCNGA
GCCTCCCTCGCGCCATCAGAGTGTTGYGAYCCNAARGCNGA
GCCTCCCTCGCGCCATCAGAGCAGTGYGAYCCNAARGCNGA
GCCTCCCTCGCGCCATCAGTATATTGYGAYCCNAARGCNGA
GCCTCCCTCGCGCCATCAGTGTAGTGYGAYCCNAARGCNGA
GCCTCCCTCGCGCCATCAGCATACTGYGAYCCNAARGCNGA
GCCTCCCTCGCGCCATCAGGATGTTGYGAYCCNAARGCNGA
GCCTCCCTCGCGCCATCAGGTAGATGYGAYCCNAARGCNGA
GCCTTGCCAGCCCGCTCAGADNGCCATCATYTCNCC

7

Table S2. Custom made QPCR primers and mismatches against the consensus sequences of
the other clusters. Note that the same primer/probe set was used to target both the ALHOU
and the B24DA cluster.
Target

Primer/Probe sequences

AT2LU

Forward
Reverse
Probe

CGGGAAGAAGGCGAAGATG
TGTTGCCGTAACCCGGTTT
CGTTTTGGAAGACATCAT

Length (bp) Number of mismatches (bp)
AT2LU
ECI27
D0CY3
19
2
3
19
8
7
18
8
6

ECI27

Forward
Reverse
Probe

TGATACCCTGCGCGAAGAG
CACCAGGTGCCGCCATAG
TTGAACTCGACGACATCCGCAAGGA

19
18
25

6
7
12

D0CY3

Forward
Reverse
Probe

TGAGGGAAGAAGGCGAAGAC
CGGGCCACCTGATTCAAC
TCGAACTCGACGACATCAGAAAAGCAGC

20
18
28

2
5
10

5
3
6

EVHVF

Forward
Reverse
Probe

GCCCAGGACACCATCCTGT
TTCAAGGAAGTTGATCGAGGTGAT
ATGAAGATCGGCTACAAGGACATCCGTTG

19
24
29

8
19
20

7
21
21

8
21
21

ALHOU

Forward
Reverse
Probe

TGGARATGGCYGCTGAA
CGACCCGCRCAACCAAC
AATGTGTTGAATCMGGTGGYCCTGAGC

17
17
27

9
11
22

10
10
19

10
9
21

B24DA

Forward
Reverse
Probe

TGGARATGGCYGCTGAA
CGACCCGCRCAACCAAC
AATGTGTTGAATCMGGTGGYCCTGAGC

17
17
27

9
11
22

10
10
20

EQF91

Forward
Reverse
Probe

TCTACTCGCCTGATCTTACATTCAA
GGCTTCAGCCGCCATTT
AATGCAAAACACCATTATG

25
17
19

12
11
9

CM8AH

Forward

CGAAGAAGTAATGCTGACCGG (Boström et al. 2004)

21

Reverse
Probe

TCTTCTAAGAAGTTGATGGCGGT (Boström et al. 2004)
ACCCGGTGTAGGTTGTGCTGGTCG

23
24

6
4
10

EVHVF
10
12
11

ALHOU
10
13
11

B24DA
10
13
10

EQF91
10
11
12

CM8AH
10
13
10

13
13
16

12
12
19

12
14
19

11
12
19

14
14
19

13
16
21

13
15
20

13
17
20

13
17
21

12
15
19

8
4
15

5
3
18

8
5
23

9
4
19

3
3
6

2
2
4

5
2
8

10
9
21

5
3
8

1
1
5

4
2
6

14
10
12

12
10
12

7
4
8

11
2
7

10
1
6

15

18

16

6

7

7

6

16
14

16
14

17
14

5
7

5
6

5
4

3
5

10
6
7

8

Table S3. Mean nifH gene copies L-1 seawater and transcript abundances in parenthesis (only
for 2011) for investigated phylotypes. nd, not detected; d, detected not quantifiable; na, not
analyzed. The range of efficiencies for each primer probe set is indicated.
Mean nifH gene copies L -1 seawater

Efficiency (%)

D0CY3

ECI27

AT2LU

EQF91

EVHVF

ALHOU

CM8AH

80-87

90-97

94-101

87-103

92-102

89-94

89-96

Sampling

Dept
h (m)

>10
µm

<10
µm

>10
µm

<10
µm

>10
µm

<10
µm

>10
um

<10
µm

>10
um

<10
µm

>10
µm

<10
µm

2007

5

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

11

nd

nd

nd

41

nd

d

nd

5.3 x
102
9.2 x
102
1.8 x
104
9.4 x
102
8.2 x
103

1.6 x
104
9.4 x
105
9.6 x
105
2.9 x
105
7.2 x
105

8.4 x
102
1.8 x
104
9.2 x
102
5.2 x
103

1.9 x
104
2.8 x
104
2.2 x
107
1.2 x
107
2.3 x
106
1.0 x
107

5

nd

nd

nd

15

d

nd

nd

101
129
132
181
233
2008

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

d

nd

d

nd

nd

nd

nd

1.7 x
104

nd

nd

nd

9.2 x
10

8.4 x
10

d

nd

nd

nd

nd

d

nd

nd

d

d

nd

nd

1.9 x
103

d

nd

nd

nd

nd

nd

nd

nd

100

2.0 x
104

8.2 x
104
9.6 x
104
4.3 x
105
2.7 x
105

1.4 x
104

3.6 x
104
7.9 x
105
2.3 x
106
3.3 x
106

127
135

nd
4.3 x
102
4.5 x
103

5

nd
(nd)

75

nd
(nd)

110

121

2011
(18 July)

nd

50

121

2011
(14 July)

nd

nd

6.5 x
103
(d)
1.3 x
104
(d)

nd
(nd)
3.7 x
103
(nd)
1.3 x
104
(nd)
7.4 x
105
(nd)
6.6 x
105
(3.2
x
104 )

nd
1.6 x
102
5.6 x
103

nd

nd

nd

nd

nd

nd

d

nd

6.0 x
103

nd

d

d

d

d

9.2 x
103

6.5 x
103

7.2 x
103

nd

d

nd

nd

d

nd

1.5 x
104

d

d

9.1 x
103

8.8 x
104
4.3 x
105
3.0 x
106
1.7 x
106

nd

nd

nd

nd

nd

nd

nd
nd

nd
nd

d

nd

nd

nd

d

nd

nd

d

d

nd

d

2.1 x
104
d
(nd)
4.4 x
103
(nd)

nd
(nd)

nd
(na)

nd
(na)

nd
(nd)

nd
(nd)

nd
(na)

nd
(na)

nd
(nd)

nd
(nd)

nd
(nd)

nd
(nd)

nd
(na)

nd
(na)

nd
(nd)

nd
(nd)

nd
(na)

d
(na)

nd
(nd)

nd
(nd)

nd
(nd)

nd
(na)

nd
(na)

nd
(na)

nd
(na)

3.5 x
103
(nd)
2.0 x
104
(nd)

4.0 x
103
(nd)
2.4 x
105
(nd)

3.0 x
103
(nd)
2.7 x
103
(nd)
d
(4.8
x
104)

d
(nd)

nd
(na)

nd
(na)

4.8 x
104
(nd)

nd
(na)

d
(na)

d
3.2 x
104

nd
(nd)

3.6 x
103
(nd)
1.2 x
103
(nd)

nd

d

1.1 x
106
(1.5
x
105 )

4.5 x
103
(nd)

5.3 x
103
(nd)
1.3 x
106
(nd)

4.3 x
102
(nd)

1.2 x
106
(d)

nd
(na)

nd
(na)

d
(nd)

d
(nd)

nd
(na)

nd
(na)

nd
(nd)

6.2 x
105
(nd)

nd
(nd)

3.0 x
105
9.9 x
104
4.6 x
105

nd

d

nd

nd

nd

1.3 x
105
4.7 x
104
6.5 x
104
3.0 x
104

nd

d

nd

nd

nd

nd
1.9 x
106
1.2 x
105
1.4 x
103
2.5 x
102
2.7 x
104
5.7 x
102

3.6 x
103
1.1 x
104

7.5 x
104

d

<10
µm

6.1 x
103
5.2 x
105
3.8 x
105
1.5 x
105
5.2 x
105

nd

2.2 x
104

5.0 x
102
2.4 x
103
1.8 x
104
8.5 x
103

5.6 x
103
1.8 x
106
1.4 x
106
8.9 x
105
6.6 x
105

>10
µm

200

nd
(nd)

5

nd
(nd)

nd
(nd)

nd
(nd)

nd
(nd)

nd
(na)

nd
(na)

nd
(nd)

nd
(nd)

nd
(na)

nd
(na)

nd
(nd)

nd
(nd)

75

1.5 x
103

nd
(nd)

nd
(nd)

nd
(nd)

nd
(na)

nd
(na)

nd
(nd)

nd
(nd)

nd
(na)

nd
(na)

2.6 x
102

nd
(nd)

2.9 x
104
(2.1
x
105)
3.0 x
102

nd
(nd)
nd
(nd)
6.3 x
104
(nd)

1.1 x
105
(d)
nd
(nd)

9

(nd)
110

119

2011
(Bornhol
m Basin)

8.7 x
104
(nd)
2.2 x
104
(nd)

200

d
(nd)

38

1.6 x
104
(nd)

48

d
(nd)

(nd)
nd
(nd)
4.5 x
105
(d)
2.4 x
105
(6.5
x
103 )
d
(nd)

7.4 x
104
(nd)
7.3 x
103
(nd)

6.4 x
104
(nd)
2.9 x
104
(nd)

nd
(nd)

nd
(nd)

nd
(nd)

8.3 x
104
(d)

6.0 x
103
(nd)

d
(nd)

nd
(na)

nd
(nd)

nd
(nd)

5.2 x
104
(d)

nd
(nd)

nd
(na)

d
(na)

nd
(nd)

nd
(nd)

nd
(nd)

nd
(nd)

d
(nd)

d
(na)

7.3 x
104
(na)

nd
(nd)

1.4 x
104
(nd)

nd
(d)

nd
(nd)

nd
(nd)

d
(nd)

nd
(na)

nd
(na)

nd
(na)

nd
(nd)

4.3 x
104
(nd)

d
(na)

nd
(na)

nd
(nd)

nd
(na)

nd
(na)

d
(nd)

nd
(nd)

nd
(na)

nd
(na)

3.6 x
105
(nd)

nd
(na)

nd
(na)

4.1 x
103
(nd)

2.7 x
104
(d)

nd
(na)

d
(na)

nd
(nd)

4.6 x
105
(nd)

nd
(na)

nd
(na)

d
(nd)

d
(nd)

nd
(na)

nd
(nd)

nd
(nd)

nd
(na)

nd
(na)

nd
(nd)

nd
(nd)

nd
(nd)

nd
(nd)

nd
(na)

nd
(na)

nd
(nd)

nd
(nd)

nd
(nd)

nd
(na)

nd
(na)

nd
(nd)

nd
(nd)

nd
(na)

1.9 x
104
(nd)
4.5 x
104
(nd)

1.5 x
104
(nd)
1.8 x
104
(nd)
3.3 x
106
(nd)

78

6.5 x
105
(nd)

2.3 x
106
(nd)

nd
(nd)

nd
(nd)

nd
(na)

d
(na)

1.6 x
104
(nd)

5.4 x
104
(nd)

d
(na)

88

1.1 x
105
(nd)

6.5 x
105
(d)

nd
(nd)

nd
(nd)

nd
(na)

nd
(na)

5.5 x
103
(nd)

4.9 x
104
(nd)

d
(na)

58

68

(nd)

1.4 x
104
(nd)
9.3 x
103
(nd)

nd
(nd)

nd
(d)

nd
(nd)

4.5 x
104
(nd)

d
(nd)

nd
(nd)

d
(na)

1.2 x
106
(nd)

1.3 x
106
(nd)

d
(na)

1.0 x
105
(nd)

3.0 x
106
(d)

d
(1.9
x
104)
4.0 x
103
(3.0
x
104)

nd
(nd)

nd
(nd)
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Significant pelagic N2 fixation by heterotrophic bacteria,
photoheterotrophs, and heterocystous cyanobacteria in
two temperate estuaries
Mikkel Bentzon-Tilia1, Sachia J. Traving1, Mustafa Mantikci2, Helle KnudsenLeerbeck2, Jørgen L. S. Hansen2, Stiig Markager2 and Lasse Riemann1
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Nitrogen (N) fixation is fueling planktonic production in a multitude of aquatic environments. In meso- and
polyhaline estuaries, however, the contribution of N by pelagic N2 fixation is believed to be insignificant due
to the high input of N from land and the presumed absence of active N2-fixing organisms. Here we report
N2 fixation rates, nifH gene composition, and nifH gene transcript abundance for key diazotrophic groups
over one year in two contrasting, temperate, estuarine systems Roskilde Fjord and the Great Belt strait.
Annual pelagic N2 fixation rates averaged 17 and 61 mmol N m-2 y-1 at the two sites, respectively. In
Roskilde Fjord, N2 fixation was mainly accompanied by transcripts related to heterotrophic (e.g.
Pseudomonas sp.) and photoheterotrophic bacteria (e.g. unicellular diazotrophic cyanobacteria group A).
In the Great Belt, the first of two N2 fixation peaks coincided with a similar nifH expressing community as
in Roskilde Fjord, whereas the second peak was synchronous with increased nifH expression by an array of
diazotrophs, including heterotrophic organisms as well as the heterocystous cyanobacterium Anabaena.
Thus, we show for the first time that significant planktonic N2 fixation takes place in mesohaline, temperate
estuaries and that the importance of heterotrophic, photoheterotrophic, and photosynthetic diazotrophs is
clearly variable in space and time.
Submitted to the ISME Journal on March 11th 2014
Subject category: Microbial ecology and functional diversity of natural habitats
Keywords: Diazotrophs/Estuary/Illumina/N2 fixation/nifH

Introduction
Assimilation of reactive N compounds and subsequent
sedimentation of organic matter in aquatic environments may
lead to N limitation of primary production (Howarth, 1988a).
Fixation of atmospheric N2 accounts for more than 80% of the N
input in some of these environments, thereby sustaining a
significant fraction of the new production (Granhall and
Lundgren, 1971; Horne and Galat, 1985) . However, other N
limited aquatic systems do not display significant N2 fixation
rates (Howarth et al., 1988b). In temperate estuaries, N is often
limiting in summer due to the assimilation of reactive nitrogen
by phytoplankton. As a consequence, the N:P ratio is below the
Redfield ratio favoring N2 fixation (Boynton et al., 1982;
Howarth, 1988b).

Nonetheless, planktonic N2 fixation in temperate estuaries seems
very low and is believed to be absent in estuaries exhibiting
salinities >10 (Marino et al., 2002; Howarth and Marino, 2006;
Conley et al., 2009). As an exception, the low-salinity (2 – 8)
estuary of the Baltic Sea accommodates extensive summer
blooms of heterocystous cyanobacteria (Stal et al., 2003). Yet,
the high sulfate concentrations that accompany more saline
water may inhibit growth and N2 fixation by heterocystous
cyanobacteria entering meso – polyhaline estuaries (Marino et
al., 2002; 2003). The diazotrophic cyanobacteria currently
believed to dominate oceanic N2 fixation, i.e. members of the
Trichodesmium genus, various cyanobacterial endosymbionts of
diatoms, and unicellular diazotrophic cyanobacteria group A
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(UCYN-A) and B (Crocosphaera watsonii), have been found
almost exclusively in tropical and subtropical waters, with
growth and N2 fixation optima at temperatures >24° C
(Breitbarth et al., 2007; Church et al., 2008; Webb et al., 2009;
Moisander et al., 2010). The UCYN-A group has, however,
been observed in nifH cDNA clone libraries from waters as cold
as 12° C (Short and Zehr, 2007) and it has been associated with
N2 fixation in temperate coastal waters (Rees et al., 2009;
Mulholland et al., 2012). Yet, neither freshwater cyanobacterial
diazotrophs nor oceanic cyanobacterial diazotrophs are thought
to fix significant amounts of N in temperate estuaries.
New data on nitrogenase reductase (nifH) gene composition
continues to expand the potential biome of marine N2 fixation
both in terms of latitude and depth (Mehta et al., 2003; Farnelid
et al., 2011; Fernandez et al., 2011; Hamersley et al., 2011) and
diverse putative heterotrophic diazotrophs have been reported
from temperate estuaries (e.g., Affourtit et al., 2001; Jenkins et
al., 2004; Farnelid et al., 2009), yet these organisms may thrive
due to other traits than diazotrophy (Short and Zehr, 2007).
They do, however, seem to fix N in the mesohaline deep waters
of the Baltic Sea (Farnelid et al., 2013) and in estuarine
sediments (Fulweiler et al., 2013), suggesting that they could
potentially be important diazotrophs in estuarine pelagic waters
as well.
In this study, we investigated the temporal dynamics of N2
fixation in surface waters of two contrasting, temperate
estuarine systems over 12 months. We determined the
composition of present and active diazotrophs by Illumina
amplicon sequencing of nifH genes and their RNA transcripts.
Finally, we compared N2 fixation to a suite of environmental
parameters and to the temporal dynamics of nifH transcription
by key groups of diazotrophs as analyzed by ReverseTranscription quantitative PCR (RT-qPCR).
Materials and methods
Sampling and environmental parameters
The two contrasting estuaries Roskilde Fjord (RF) and the Great
Belt (GB) were sampled monthly throughout 2012. RF is a
shallow (3 m mean depth), semi-enclosed and nutrient rich
estuary of 122 km2, which receives high nutrient loads from its 1
127 km2 drainage area (Flindt et al., 1997). The GB is part of
the 37 333 km2 Kattegat and Belt Sea area (17 m mean depth),
and is the main connection between the Baltic Sea and the North
Sea and is therefore almost permanently stratified (Jørgensen et
al. 2013). In GB, strong currents occur, changing between
inflow of saline water from the north and inflow of less saline
Baltic Sea water from the south.
Using 5 L free-flow bottles, surface water (1 m) was collected
monthly from the stations in RF (55°42.00’N, 12°04.46’E, 4.8
m depth) and GB (55°30.27’N, 10°51.43’E, 35 m depth, Figure
1) in collaboration with the Danish Marine Monitoring Program.
In January, RF was inaccessible due to ice coverage and water
was collected from a pier 1 km southeast of the station. Once on
shore, aliquots for bacterial enumeration were fixed, bacterial
production incubation initiated, and water for DNA and RNA
extractions were filtered and preserved. The remaining analyses
were conducted within 1 – 3 h of sampling.
Nutrient concentrations were analyzed using a San++
Continuous Flow Analyzer (Skalar, Breda, Netherlands) as
previously described (Grasshoff, 1976). Detection limits were
0.3, 0.04, and 0.1 µmol N L-1 for NH4+, NO2-, and NO3-,
respectively. Chlorophyll a (Chl a) was measured
fluorometrically (Holm-Hansen et al., 1965) and DOC was

measured using a TOC-Vcph analyzer (Shimadzu, Japan)
according to Cauwet (1999). Bacterial production was estimated
by 3H-thymidine incorporation (20 nmol L-1 final concentration,
PerkinElmer, MA, USA; Fuhrman and Azam, 1982) using
microcentrifugation (Smith and Azam, 1992). Bacterial
abundance was determined from samples fixed with
glutaraldehyde (1% final concentration) using a FACSCanto™
II flowcytometer (BD Biosciences, NJ, USA) according to
Gasol and Del Giorgio (2000).
N2 fixation rate measurements
N2 fixation was measured by 15N-incorporation (Montoya et al.,
1996) on all sampling dates except for May where 15N2 gas was
commercially unavailable. Enriched artificial seawater was used
as a source of 15N rather than injecting 15N2 tracer gas directly
into the samples as this may underestimate N2 fixation (Mohr et
al., 2010). The artificial seawater was prepared as previously
described (Boström et al., 2007a). Following autoclaving, the
hot artificial seawater was distributed into 50 mL borosilicate
serum vials, which were sealed with butyl rubber stoppers and
crimp sealed. 1 mL 15N2 tracer gas (Campro Scientific, ≥98%)
was introduced into each vial using a gas-tight syringe and
incubated horizontally for 24 h, at 150 rpm rotation. Seawater
was transferred into 1.2 L polycarbonate bottles; filling the
bottles ¾ of the way up before adding 50 mL 15N2 enriched
artificial seawater. Bottles were then filled with seawater until
the formation of a meniscus and capped. Six replicate bottles
were incubated for 24 h at in situ temperature ± 1.5° C; three
replicates under in situ light conditions (Table S1) and three
replicates in darkness. Following incubation, 600 mL from each
replicate was filtered onto pre-combusted (450° C, 8 h) GF/F
filters (Whatman, GE Healthcare, Little Chalfont, UK) and the
remaining 600 ml from each replicate was filtered through a 10
µm polycarbonate filter (GE Water & Process Technologies,
Trevose, PA, USA) and onto pre-combusted GF/F filters for
differentiation of N2 fixation rates in the respective size
fractions. Six controls were done at each sampling time point:
Two background δ15N controls, two un-amended controls
filtered at the end of incubation, and two amended controls
filtered immediately after tracer addition. Filters were stored at 20° C and dried at 60° C prior to analysis at the Laboratory of
Applied Physical Chemistry, Gent, Belgium on an isotope ratio
mass spectrometer (PDZ Europa, Northwich, UK).
Extraction of nucleic acids and synthesis of cDNA
Water for DNA extraction was separated into size fractions. 2 L
of seawater were filtered onto a 10 µm polycarbonate filter (GE
Water & Process Technologies) and 1 L of the filtrate was
filtered onto a 0.22 µm Supor membrane filter (PALL
Corporation, Port Washington, NY, USA). The filters were
stored at -20° C in 2 mL cryotubes containing 1 mL sucrose
lysis buffer (400 mM NaCl, 750 mM sucrose, 20 mM EDTA, 50
mM Tris-HCL, pH 8). DNA was extracted using a
phenol/chloroform-based protocol (Boström et al., 2004) and
quantified (PicoGreen, Invitrogen).
Water samples for RNA extraction were fixed immediately after
sampling using stop solution (5% water-saturated phenol in
absolute ethanol, Feike et al., 2012). Size fractionation was done
as described for DNA samples and filters were stored at -80° C
in 2 mL cryotubes containing 0.5 mL RNAlater® (Ambion,
Carlsbad, CA, USA). RNA was extracted (RNeasy kit; Qiagen,
Hilden, Germany) using a slightly modified protocol (Boström
et al., 2007b) and quantified (NanoDrop 2000, Thermo
Scientific, Waltham, MA, USA). cDNA was synthesized using
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TaqMan reverse transcription reagents (Applied Biosystems,
Foster City, CA, USA) and the nifH3 reverse primer (Zehr and
Mcreynolds, 1989). Reverse transcriptase-free control reactions
were included for verification of complete DNA digestion
during RNA extraction. Nested nifH PCR reactions with these
were always negative.
nifH amplicon sequencing and sequence analysis
nifH amplicons were obtained from 56 samples, 28 from each
station representing DNA and cDNA from the two size fractions
in each of the seven months: February, March, April, June, July,
August, and October. 10 ng of DNA or cDNA corresponding to
4 ng RNA was added to Pure Taq Ready-To-Go PCR Beads
(GE Healthcare) along with the nifH3 and nifH4 primers in a
nested PCR approach (Zehr and Turner, 2001). Illumina indices
(Table S2) were added to amplicons in the second PCR round,
which were done in triplicates for each sample. The triplicate
PCR products were pooled, purified (AmPure, Agencourt
Bioscience Corporation, MA, USA), quantified (PicoGreen),
and 30 ng from each sample were pooled and subjected to
paired-end Illumina sequencing (MiSeq, Berlin Center for
Genomics in Biodiversity Research, Germany).
Sequence reads were de-multiplexed using CASAVA 1.8.2,
assembled in Mothur 1.32.0 (Schloss et al., 2009), trimmed to
216 nucleotides, and screened for ambiguous base calls. Poorly
assembled sequences and sequences exhibiting poor alignment
to the nifH database on fungenes (http://fungene.cme.msu.edu/)
were excluded. Chimeras were removed using UCHIME
through Mothur. The sequences were clustered at 97%
nucleotide similarity and representative sequences from the 84
most abundant operational taxonomic units (OTUs) and their
closest cultivated representatives were aligned in MEGA 5.05
(Tamura et al., 2011).
Inverse Simpson indices were used as a measure of alphadiversity and subsampling down to 482 sequences per sample
were chosen to accommodate the sample with the lowest
number of sequences.

Yue & Clayton measures of dissimilarity between samples and
non-metrical multidimensional scaling (NMDS) coordinates
were calculated in Mothur based on 1 200 sequences from each
sample and plotted using KiNG through the make_3d_plots.py
script in Qiime (Caporaso et al., 2010).The significance of the
divergence between samples explained by size fraction,
sampling station, N2 fixation rates, or sample type (DNA or
cDNA) were done using analysis of molecular variance
(AMOVA). OTUs occurring in more than one cDNA sample
from time points exhibiting high N2 fixation rates (>10 nmol N
L-1 d-1) were identified for each station using the Venn function
in Mothur. Log10+1-transformed abundances of these OTUs
were used to produce a heatmap using the CIMminer resource
(http://discover.nci.nih.gov/cimminer/).
Sequences were uploaded to the Sequencing Read Archive
database on NCBI (Accession number SRP038933).
Quantification of nifH gene expression
Five abundant OTUs (OTU0001, OTU0002, OTU0005,
OTU0009, and OTU0014) were selected for quantification in
RNA samples using reverse transcriptase-quantitative PCR (RTqPCR). Primers and TaqMan probes were designed using
Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/, Table 1).
Specificities of the assays were verified using Primer-BLAST
and by PCR tests against the four non-target standards, a
Rhodopseudomonas nifH template (Farnelid et al., 2014), and a
Clostridium-like Cluster III template (Bentzon-Tilia et al.,
2014).The qPCR standards were synthesized and cloned into the
pUC57 vector at GenScript (Piscataway, NJ, USA) and
linearized by HindIII digestion. Reaction mixtures, thermal
cycling settings, standard preparations and inhibition tests were
done as previously described (Farnelid et al., 2013),
supplementing the reaction mixtures with 1 mM MgCl2 and 0.2
vol/w % BSA. cDNA from the two size fractions were pooled
according to the concentrations of RNA observed in the two size
fractions in situ, and cDNA corresponding to 4 ng RNA was
added to each reaction. The obtained transcript abundances were
corrected for the PCR efficiency (Table 1).

Table 1 Primers and probes designed in this study for Reverse-Transcription quantitative PCR. E: PCR efficiency
Target
Forward primer (5’-3’)
Reverse primer (5’-3’)
Probe (5’-3’)
OTU0001

R2

E (%)

CAAGGCCCAGAACACCATCA

TTCGAGGAAGTTG
ATCGCGG

AAATGGCGGCGGAGGC
CG

0.932-0.989

97-104

AGCTGCAGAAAGAGGAACTGT

GGCTCAGGACCAC
CAGATTC

TCCTGGTTACAACAACG
TTTTATGTG

0.968-0.971

90-93

TCCAAGGCTCAAACAACCGT

CAACCTACACCGG
GTTCTGG

CCGCGACGTTAAATGCG
TGGAATC

0.926-0.935

95-106

ACCATTATGGAGATGGCCGC

GCCAATTTGCAGC
ACGTCTT

TCGGCTCGGTCGAGGAC
CTCGA

0.971-0.972

92-100

GATGCTTGGTGGATTGGCAC

ACAGAGTTCCGCT
AAAGCCC

TGCGAGAAGAAGGCGA
GGACGTCGAG

0.949-0.995

92-93

(Pseudomonas)
OTU0002
(UCYN-A)
OTU0005
(Anabaena)
OTU0009
(Klebsiella)
OTU0014
(Bradyrhizobium)
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Results
Environmental parameters
In RF, salinity and water temperature ranged from 12 to 15 and
from -0.6 to 20° C, respectively. In GB, salinities ranged from
11 to 24 with reduced values of 11 in February, 13 – 17 in June
– August, and 15 in October, suggesting extensive Baltic Sea
water outflow in these periods. Water temperatures ranged from
0.4 to 17° C in GB. In winter, the concentration of inorganic N
was almost 10-fold higher in RF than in GB with combined
NO2- and NO3- concentrations reaching values of 45.9 µmol N
L-1 and 5.55 µmol N L-1, respectively (Figure 2a, b). NH4+ levels
were 0.47 – 7.2 µmol N L-1 and 0.34 – 1.9 µmol N L-1 at the two
sites over the year (Figure 2a, b). Spring blooms appeared
during February and March with Chl a concentrations reaching
7.2 µg L-1 in RF and 4.7 µg L-1 in GB (Figure 2c, d). Blooms
lead to depletion of inorganic N, which increased again from
September. PO43- concentrations displayed the same overall
patterns as for inorganic N (Figure 2a, b). The molecular N:P
ratios exceeded the Redfield ratio in winter in RF, but decreased
to <1 after the spring bloom with dissolved inorganic nitrogen
(DIN) concentrations <1 µmol L-1 in April, June and July . In
GB, a N:P ratio of 25 was observed in June, but ratios were
otherwise in the range of 2 – 10 and DIN concentrations were
<1 µmol L-1 most of the year, collectively suggesting that N
availability limits primary production in summer at both sites.

The level of DOC was higher in RF (478 – 626 µmol L-1) than
in GB (175 – 410 µmol L-1, Figure 2a, b). In RF, bacterial
production increased from February to April and from May to
June where it peaked at 18 µg C L-1 d-1 (Figure 2c).
In GB, peaks were observed in March (14 µg C L-1 d-1) and in
August (16 µg C L-1 d-1; Figure 2d). Bacterial abundances were
highest in summer with RF exhibiting abundances about 10-fold
higher than GB (Figure 2c, d).
N2 fixation
In RF, N2 fixation increased from the beginning of March with a
pronounced N2 fixation peak in April at 47 nmol N L-1 d-1
(Figure 3a) coincided with the demise of the spring bloom and a
100-fold drop in inorganic N. Following the peak, N2 fixation
stayed at 6.0 – 10 nmol N L-1 d-1 in June – August before
decreasing in fall to 1.1 – 2.0 nmol N L-1 d-1 and being
undetectable throughout the remainder of the year. N2 fixation
rates in bottles incubated in darkness exhibited the same pattern
as those exposed to a diurnal light cycle, but rates were lower.
At the onset of the N2 fixation peak in late March, 76% of the
fixed N was assimilated in the <10 µm size fraction. This
changed to 46% in April and 61% in July and August. The
annual areal input of fixed N at this shallow (4.8 m) station was
17 mmol N m-2 y-1. In GB, N2 fixation in light was detectable
from February to September with distinct peaks in March and.

Figure 2 Seasonal changes in environmental data collected in Roskilde Fjord (RF, left panels) and the Great Belt (GB, right panels). Concentrations
of inorganic nutrients and dissolved organic carbon (DOC) for RF (a) and GB (b). Panels (c) and (d) show concentrations of Chl a, bacterial
production and bacterial abundance in RF and in GB, respectively. Note the difference in bacterial abundance units between stations. Error bars
represent standard deviations.
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Figure 3 N2 fixation measured throughout the year in Roskilde Fjord (a)
and the Great Belt (b). Total N2 fixation in diurnal light cycle treatments
is depicted as open circles, whereas closed circles represent the
equivalent fixation in bottles incubated in complete darkness. N2 fixation
data from the two different size fractions (>10 µm or <10 µm) are
depicted as bars where available. Error bars indicate standard deviations.

July where N2 fixation rates reached 63 and 83 nmol N L-1 d-1,
respectively (Figure 3b). In the parallel dark incubations, a peak
was also observed in March, but like for RF, the rates were
lower than in the diurnal light cycle incubations. No peak was
observed in the parallel dark incubations from July. The
proportion of N fixed in the smaller size fraction was higher
during the N2 fixation peak in March (33%) than in July (8%).
The upper mixed layer was 13 m deep and the integrated areal
input of fixed N in this layer was 61 mmol N m-2 y-1.
A negative correlation was observed between N2 fixation and
NH4+ concentrations in RF (P=0.009, n=11, Table S3), but not
in GB. Here, N2 fixation was significantly negatively correlated
with combined NO2- and NO3- (P=0.017, n=11, Table S3). In
RF, significant positive correlations were found between N2
fixation and DOC (P=0.005, n=11), bacterial production
(P=0.015, n=11), and bacterial abundance (P=0.021, n=11;
Table S3). N2 fixation was not correlated with temperature or
Chl a at either of the sampling sites.
Composition of the diazotrophic communities and transcript
abundances
A total of 455 596 nifH sequences were obtained after initial
quality check and assembly. Further evaluation of assembly
quality and the occurrence of chimeric sequences reduced the
number of sequences to a total of 287 494. Clustering the
sequences at 97% similarity yielded 11 534 OTUs after
elimination of singletons. The acquired sequences covered 87 –
99% of the nifH gene diversity in the samples. The 84 most
abundant OTUs (≥250 sequences each) accounted for >80% of

all sequences and were exclusively affiliated with nifH Clusters
I and III (Figure 4). The most abundant OTU, OTU0001, was
related to the gammaproteobacterium Pseudomonas stutzeri
(Cluster I) and accounted for 22% of all sequences. It was not
recovered from all time points, but was present in both size
fractions at both stations in DNA and RNA samples.
The relative abundance of OTU0001 was highest in RNA
samples (Figure 4). Eighteen OTUs were affiliated with the
Geobacter/Pelobacter sub-group of Cluster I. These OTUs were
recovered from both sampling sites, yet they all had highest
relative abundances in DNA and were almost exclusively
detected here. In total, 30 Cluster III OTUs were detected at
both stations. The majority of these exhibited a higher relative
abundance in RF and most were exclusively recovered from this
station. They showed higher relative abundance in DNA
compared to RNA with OTU0014, OTU0090 and OTU0139
being the only three of the 30 Cluster III OTUs exhibiting
relative abundances of ≥8% in RNA (Figure 4). Seven OTUs
were affiliated with Cluster I cyanobacteria (Figure 4). Most of
these were related to the UCYN-A (16% of all sequences) and
recovered from both stations, yet, exhibiting a higher relative
abundance in GB (23%) compared to RF (5%). Similarly, the
genus Anabaena showed a higher relative abundance in GB
(8%) than in RF (1%). The fact that a large fraction of the
diazotrophic community did not express the nifH gene at the
seven selected time points was mirrored in the alpha-diversity
(Inverse Simpson). In DNA from RF, values ranged from 5.6 to
68 compared to 1.0 to 3.9 for RNA (Figure S1). In GB, nifH
diversity was higher in the RNA and lower in the DNA
compared to RF.
The AMOVA analysis showed a large discrepancy between the
diazotrophic community present and the fraction of the
community expressing nifH (P<0.001, n=52, Figure 5a) and
different community compositions at the two sites (P=0.004,
n=52, Figure 5b). To identify differences in the active
diazotrophic communities, a core nifH expressing microbiome
(CExM) was defined for each station (i.e. OTUs recovered in
more than one of the four samples per station exhibiting N2
fixation >10 nmol N L-1 d-1; Figure S2). In RF, the
Pseudomonas-like OTU0001 dominated the CexM at most time
points (Figure 6a). Most OTUs from the CexM were related to
Pseudomonas-like gammaproteobacteria, yet their relative
expression level seemed reduced during summer. To gain a
quantitative measure of the nifH transcription of OTU0001, it
was quantified by RT-qPCR (Table 1). Indeed, it was detectable
in RNA at 7 of 10 dates from February to November (Figure 7)
and transcripts were quantifiable in March (1.5 × 103 L-1) and
April (2.1 × 104 L-1), coinciding with the N2 fixation peak
(Figure 7a). Two OTUs similar to the UCYN-A group
(OTU0002 and OTU0151) were also identified as belonging to
the CexM and displayed roughly the same pattern as the
Pseudomonas-like OTUs (Figure 6a). RT-qPCR quantification
of the most abundant of these (OTU0002) showed highest
activity in spring as well, with transcript abundances of 1.1 ×
103 – 1.6 × 104 L-1 (Figure 7a). In July and August, the relative
abundance of OTUs related to other proteobacteria increased in
cDNA (Figure 6a). RT-qPCR data showed that transcripts of the
Klebsiella-like OTU, OTU0009, was undetectable at all but one
sampling date in July where it accounted for 2.3 × 103
transcripts L-1.
In GB, a more complex CexM was present, representing 27
OTUs (Figures 6b, S2b). During the peak in N2 fixation in July
the relative proportion of nifH transcripts of the OTUs
belonging to the CexM increased.
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Figure 4 Neighbor-joining tree of representative sequences from the 84 most abundant OTUs (each representing ≥ 250 sequences) resulting from the
97% nucleotide sequence similarity clustering. Each of the OTUs are designated a number chosen by Mothur. Bootstrap values ≥ 50% are represented
by size-proportional grey circles in the tree. The heatmap indicates the relative abundance of sequences associated with a given OTU in each of the
following types of samples: Great Belt (GB), RNA, <10 µm (A), GB, RNA, >10 µm (B), GB, DNA, <10 µm (C), GB, DNA, >10 µm (D), Roskilde
Fjord (RF), RNA, <10 µm (E), RF, RNA, >10 µm (F), RF, DNA, <10 µm (G), RF, DNA, >10 µm (H). The affiliations of the OTUs with the
canonical nifH Clusters (Chien and Zinder, 1996) is indicated by roman numerals.

These OTUs were related to the cyanobacteria UCYN-A and
Anabaena, but also to several non-cyanobacterial genera. Four
of the five OTUs that were included in the RT-qPCR assay were
detectable in July including OTUs related to Pseudomonas,
UCYN-A, Anabaena, and Bradyrhizobium. UCYN-A and
Anabaena-like OTUs were, however, the only two quantifiable
OTUs with 1.6 × 103 and 3.4 × 104 transcripts L-1, respectively

(Figure 7b). Many of the same OTUs were detected during the
N2 fixation peak in early spring, but a distinct change in the
relative abundances of OTUs in the CexM was not observed at
this time point. The most active OTUs up to, and during the
spring peak, seemed to be the ones related to Pseudomonas,
UCYN-A, Bradyrhizobium, Vibrio, and Desulfovibrio (Figure
6b). In the RT-qPCR assay, OTUs related to Pseudomonas and
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Figure 5 3-Dimensional nonmetric multidimensional scaling (NMDS) plots depicting the dissimilarity in nifH sequence composition between
samples based on the Yue & Clayton distances calculated in Mothur. In (a) DNA samples are colored red and RNA samples blue. In (b) samples are
colored according to sampling station, Roskilde Fjord: Red, Great Belt: Blue. Pale colored dots should be interpreted as being further away from the
viewer than clear colored dots.

UCYN-A were detected during spring but below the level of
quantification (Figure 7b).
Discussion
N2 fixation in meso – polyhaline estuarine waters is believed to
be negligible due to the high land runoff discharges of N and the
presumed absence or inactivity of diazotrophic bacteria (Marino
et al., 2002; Howarth and Marino, 2006; Conley et al., 2009). In
contrast, we report substantial N2 fixation in surface waters of
two contrasting temperate estuaries. In fact the measured rates
are among the highest reported for pelagic systems, reaching 83
nmol N2 L-1 d-1 in GB. This is higher than e.g., measurements
from oceanic Trichodesmium blooms (Capone et al., 1997) and
from productive coastal waters (Mulholland et al., 2012), but are
more similar to those measured in the Baltic Sea (Wasmund et
al., 2005). Moreover, our molecular analyses revealed that the
relative importance of the organisms responsible for the N2
fixation, heterotrophic, photoheterotrophic, and heterocystous
cyanobacteria, differed in space and time. This implies that
heterocystous cyanobacteria are not always a prerequisite for
pelagic N2 fixation in temperate estuaries as previously assumed
(Howarth et al., 1988b) and that significant N2 fixation takes
place in these environments.
In both estuaries, the N2 fixation was accompanied by diverse
diazotrophic bacteria, mainly related to (photo)heterotrophic
bacteria, including the supposedly tropical to subtropical group
of unicellular cyanobacteria, UCYN-A (Mazard et al., 2004;
Moisander et al., 2010). Interestingly, nifH transcripts related to
this group have been reported from Chesapeake Bay at water
temperatures as low as 12° C (Short and Zehr, 2007), yet, here
we measured nifH transcript abundances of >104 L-1 in RF in
February at only 2.5° C. Hence, our observations suggest that
the geographic range of N2 fixation by UCYN-A extends to
temperate regions, even in winter time. The different physical
properties of the two systems were reflected in community
composition, with RF exhibiting a more diverse collection of

diazotrophs. The Cluster III diazotrophs, putative anaerobes,
were particularly prevalent in the shallow, more heterotrophic
RF, whereas almost all the cyanobacterial OTUs showed highest
relative abundance in GB. Hence, we speculate that the surface
community of RF was influenced by re-suspended sediment
bacteria whereas the GB community was influenced by the
changing currents (see below).
Our data suggest that the genetic potential to fix N2 was, in
many cases, not mirrored in the diversity of the genes
transcribed; especially in the shallow RF in late fall and winter
where the water column is well-mixed. Likewise for the
temperate Chesapeake Bay, clone libraries indicated that only
few phylotypes expressed nifH, and it was suggested that the
distribution of indigenous diazotrophs is not always due to the
selective advantage of diazotrophy per se (Zehr and Paerl,
2008). Yet, by applying high temporal sampling resolution and
sequencing depth we show that a significant fraction of the
diverse heterotrophic diazotrophs present in such estuarine
systems indeed occasionally expresses nifH.
In RF, the core nifH expressing microbiome (CexM) consisted
exclusively of heterotrophic and photoheterotrophic diazotrophs.
Their importance for N2 fixation was substantiated by the fact
that significant N2 fixation was measured in dark incubations
and in the <10 µm size fraction. N2 fixation was stimulated by
light, but as photoheterotrophic groups like UCYN-A and
Rhodopseudomonas-like organisms did express nifH at this site,
light would indeed be expected to stimulate N2 fixation. Due to
co-variation of environmental parameters over a season,
correlation analyses should be interpreted with caution.
Nevertheless, we see the positive correlations of N2 fixation
with DOC, bacterial abundance, and bacterial production as
further support for the conclusion that heterotrophic organisms
were the principal N2-fixing organisms in RF. In GB, the March
peak in N2 fixation was accompanied by a CexM relatively
similar to the one in RF, yet it was more diverse and qPCR of
transcripts of the five predominant OTUs were below the level
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Figure 6. The relative abundances of OTUs identified to be part of the core nifH expressing microbiome over time in Roskilde Fjord (a) and in the
Great Belt (b). The OTU-names are given to the left of the heatmap and the closest cultivated relative is indicated to the right of the heatmap. For
reference, the volumetric N2 fixation rates showed in Figure 3 are given above the heatmaps. These rates are split into size fractions where available.
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Figure 7. Results from the Reverse-Transcription quantitative PCR (RTqPCR) assay performed on RNA samples taken from February to
November in Roskilde Fjord (a) and from March to November in the
Great Belt (b). The quantification limit (QL) is defined as the number of
transcripts needed in situ to match the lowest standard; i.e. 10 target
transcripts in 4 ng of RNA. QL was calculated for all samples and is
depicted as a solid black line. OTUs that were detectable, but not
quantifiable are depicted as bars without error bars at the QL line. Error
bars indicate standard deviations.

of quantification. OTUs related to UCYN-A and Pseudomonas
were, however, detectable by qPCR at the time of the spring
peak in N2 fixation and it is likely that these
(photo)heterotrophic organisms played an important role at this
time where currents moved polyhaline water (>18) in from the
north. In contrast, during the summer N2 fixation peak, N2
fixation was mainly associated with the >10 µm size fraction
and a very low rate of N2 fixation in dark incubations, as would
be expected for heterocystous cyanobacteria (Fay, 1976).
Indeed, the nifH gene expression of Anabaena peaked at this
time. It is conceivable that the Anabaena-like OTUs in the Belt
Sea area are advected from the Baltic Sea, since the summer N2
fixation peak coincided with a period of reduced salinity (13 –
17) presumably driven by a northerly current of Baltic Sea
water. The salinity in GB should, however, swiftly constrain the
activity of Anabaena (Marino et al., 2002; Moisander et al.,
2002). Hence, the observation of nifH gene expressing
Anabaena in the Belt Sea area is surprising. Taken together, we
conclude that heterotrophic and photoheterotrophic diazotrophs
were responsible for N2 fixation in both estuaries following the
spring bloom, while the heterocystous Anabaena was
responsible for the pronounced peak in N2 fixation during
summer in the GB.
Our study reports for the first time significant measured rates of
pelagic N2 fixation in Danish coastal waters, even in two
contrasting systems. Assuming that the sampled station is
representative for the whole RF estuary, the annual N2 fixation
input amounts to about 18 tons. In comparison, the combined
Roskilde Fjord/Isefjord system received 688 tons of N from land
in 2011 (Pedersen et al., 2013). If RF receives half of this N
load, pelagic N2 fixation corresponds to 5% of the N from land.
It is worth noting though that part of the input from land will be
bound as refractory dissolved organic nitrogen (Jørgensen et al.
2013), and that the biological impact of N from N2 fixation may
be relatively larger. It is more complicated to calculate the
contribution from N2 fixation in GB due to the dynamic nature
of this system. Nonetheless, the GB station is part of the 37 333
km2 Belt Sea and Kattegat area, which receives 63 000 tons

N y-1 from land (Jørgensen et al., 2013), equal to 121 mmol N
m-2 y-1. In comparison, the mean rate of N2 fixation measured in
this study was 61 mmol N m-2 y-1, corresponding to 34 000 tons
N y-1 for the Belt Sea and Kattegat area. Hence, it seems that in
GB, pelagic N2 fixation could represent a substantial input.
However, the rates are probably much lower in the northern and
more saline Kattegat and since the N fixation is mainly
restricted to two days any extrapolation is very uncertain.
Nevertheless, it is roughly consistent with the annual input from
N2 fixation of 11 000 tons N suggested from a recent modeling
study (Jørgensen et al. 2014).
The present study highlights the need for more N2 fixation
measurements to get confident measures of the contribution of
pelagic N2 fixation to the systemic N budgets in the estuaries
examined here. Taken together with the recent reports of
significant N2 fixation in estuarine sediments ( Fulweiler et al.,
2013; Brown and Jenkins, 2014), the basin-scale implications of
estuarine N2 fixation are likely considerable, suggesting that a
reevaluation of the significance of N2 fixation in temperate
estuaries and coastal waters is warranted. Moreover, the N2
fixation by heterotrophic, photoheterotrophic, and heterocystous
bacteria documented here highlights the importance of
integrating all these three fundamentally different groups in
future surveys of estuarine diazotrophy.
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Supplementary material

Table S1. Incubation conditions for 15N2 incorporation assays in the set of samples subjected
to a diurnal light cycle.
Sampling
station
RF
GB
RF
GB
GB
RF
GB
RF
RF
GB
GB
RF
RF
GB
RF
GB
RF
GB
RF
GB
RF
GB

5

Sampling
date
2012-01-30
2012-02-13
2012-02-29
2012-03-05
2012-03-19
2012-03-28
2012-04-11
2012-04-18
2012-06-13
2012-06-18
2012-07-02
2012-07-05
2012-08-16
2012-08-28
2012-09-13
2012-09-25
2012-10-17
2012-10-22
2012-11-07
2012-11-13
2012-12-03
2012-12-13

In situ water temperature
(° C)1
- 0.6
0.4
2.5
2.6
4.1
8.4
5.4
7.5
16
15
15
20
20
17
16
13
9
12
5.9
8.8
3.1
3.9

Light cycle (light:dark,
hours)
8:16
9:15
11:13
11:13
12:12
13:11
14:10
14:10
18:6
18:6
17:7
17:7
15:9
14:10
13:11
12:12
10:14
10:14
9:15
9:15
7:17
7:17

1

The incubation temperature was controlled by incubating bottles in a cooling room and was
equal to the in situ temperature ± 1.5° C.

1

Table S2. Indexed sample-specific primers used for paired end Illumina sequencing. Index sequences are shown in bold. Sample names consist
of sampling date, sampling site (RF or GB), type of nucleic acid (DNA or cDNA), and size fraction (>10 µm or <10 µm).
Sample
120229_RF_DNA_>10

nifH1 primer
name
nifH1-1

120229_RF_DNA_<10_>2

Sequence
NNNNTAGATCGCTGYGAYCCNAARGCNGA

nifH2 primer
name
nifH2-1

Sequence
NNNNTCGCCTTAANDGCCATCATYTCNCC

nifH1-1

NNNNTAGATCGCTGYGAYCCNAARGCNGA

nifH2-2

NNNNCTAGTACGANDGCCATCATYTCNCC

120328_RF_DNA_>10

nifH1-1

NNNNTAGATCGCTGYGAYCCNAARGCNGA

nifH2-3

NNNNTTCTGCCTANDGCCATCATYTCNCC

120328_RF_DNA_<10_>2

nifH1-1

NNNNTAGATCGCTGYGAYCCNAARGCNGA

nifH2-4

NNNNGCTCAGGAANDGCCATCATYTCNCC

120418_RF_DNA_>10

nifH1-1

NNNNTAGATCGCTGYGAYCCNAARGCNGA

nifH2-5

NNNNAGGAGTCCANDGCCATCATYTCNCC

120418_RF_DNA_<10_>2

nifH1-1

NNNNTAGATCGCTGYGAYCCNAARGCNGA

nifH2-6

NNNNCATGCCTAANDGCCATCATYTCNCC

120613_RF_DNA_>10

nifH1-1

NNNNTAGATCGCTGYGAYCCNAARGCNGA

nifH2-7

NNNNCCTCTCTGANDGCCATCATYTCNCC

120613_RF_DNA_<10_>2

nifH1-1

NNNNTAGATCGCTGYGAYCCNAARGCNGA

nifH2-8

NNNNAGCGTAGCANDGCCATCATYTCNCC

120705_RF_DNA_>10

nifH1-1

NNNNTAGATCGCTGYGAYCCNAARGCNGA

nifH2-9

NNNNCAGCCTCGANDGCCATCATYTCNCC

120705_RF_DNA_<10_>2

nifH1-1

NNNNTAGATCGCTGYGAYCCNAARGCNGA

nifH2-10

NNNNCGAGTAATANDGCCATCATYTCNCC

120816_RF_DNA_>10

nifH1-1

NNNNTAGATCGCTGYGAYCCNAARGCNGA

nifH2-11

NNNNTCTCCGGAANDGCCATCATYTCNCC

120816_RF_DNA_<10_>2

nifH1-1

NNNNTAGATCGCTGYGAYCCNAARGCNGA

nifH2-12

NNNNAATGAGCGANDGCCATCATYTCNCC

121017_RF_DNA_>10

nifH1-1

NNNNTAGATCGCTGYGAYCCNAARGCNGA

nifH2-13

NNNNGGAATCTCANDGCCATCATYTCNCC

121017_RF_DNA_<10_>2

nifH1-1

NNNNTAGATCGCTGYGAYCCNAARGCNGA

nifH2-14

NNNNTTCTGAATANDGCCATCATYTCNCC

120213_GB_DNA_>10

nifH1-2

NNNNTATCCTCTTGYGAYCCNAARGCNGA

nifH2-1

NNNNTCGCCTTAANDGCCATCATYTCNCC

120213_GB_DNA_<10_>2

nifH1-2

NNNNTATCCTCTTGYGAYCCNAARGCNGA

nifH2-2

NNNNCTAGTACGANDGCCATCATYTCNCC

120319_GB_DNA_>10

nifH1-2

NNNNTATCCTCTTGYGAYCCNAARGCNGA

nifH2-3

NNNNTTCTGCCTANDGCCATCATYTCNCC

120319_GB_DNA_<10_>2

nifH1-2

NNNNTATCCTCTTGYGAYCCNAARGCNGA

nifH2-4

NNNNGCTCAGGAANDGCCATCATYTCNCC

120411_GB_DNA_>10

nifH1-2

NNNNTATCCTCTTGYGAYCCNAARGCNGA

nifH2-5

NNNNAGGAGTCCANDGCCATCATYTCNCC

120411_GB_DNA_<10_>2

nifH1-2

NNNNTATCCTCTTGYGAYCCNAARGCNGA

nifH2-6

NNNNCATGCCTAANDGCCATCATYTCNCC

120618_GB_DNA_>10

nifH1-2

NNNNTATCCTCTTGYGAYCCNAARGCNGA

nifH2-7

NNNNCCTCTCTGANDGCCATCATYTCNCC

120618_GB_DNA_<10_>2

nifH1-2

NNNNTATCCTCTTGYGAYCCNAARGCNGA

nifH2-8

NNNNAGCGTAGCANDGCCATCATYTCNCC

120702_GB_DNA_>10

nifH1-2

NNNNTATCCTCTTGYGAYCCNAARGCNGA

nifH2-9

NNNNCAGCCTCGANDGCCATCATYTCNCC

120702_GB_DNA_<10_>2

nifH1-2

NNNNTATCCTCTTGYGAYCCNAARGCNGA

nifH2-10

NNNNCGAGTAATANDGCCATCATYTCNCC

120828_GB_DNA_>10

nifH1-2

NNNNTATCCTCTTGYGAYCCNAARGCNGA

nifH2-11

NNNNTCTCCGGAANDGCCATCATYTCNCC

2

120828_GB_DNA_<10_>2
121022_GB_DNA_>10

nifH1-2
nifH1-2

NNNNTATCCTCTTGYGAYCCNAARGCNGA
NNNNTATCCTCTTGYGAYCCNAARGCNGA

nifH2-12
nifH2-13

NNNNAATGAGCGANDGCCATCATYTCNCC
NNNNGGAATCTCANDGCCATCATYTCNCC

121022_GB_DNA_<10_>2
120229_RF_cDNA_>10

nifH1-2
nifH1-3

NNNNTATCCTCTTGYGAYCCNAARGCNGA
NNNNAGAGTAGATGYGAYCCNAARGCNGA

nifH2-14
nifH2-1

NNNNTTCTGAATANDGCCATCATYTCNCC
NNNNTCGCCTTAANDGCCATCATYTCNCC

120229_RF_cDNA_<10_>2

nifH1-3

NNNNAGAGTAGATGYGAYCCNAARGCNGA

nifH2-2

NNNNCTAGTACGANDGCCATCATYTCNCC

120328_RF_cDNA_>10

nifH1-3

NNNNAGAGTAGATGYGAYCCNAARGCNGA

nifH2-3

NNNNTTCTGCCTANDGCCATCATYTCNCC

120328_RF_cDNA_<10_>2

nifH1-3

NNNNAGAGTAGATGYGAYCCNAARGCNGA

nifH2-4

NNNNGCTCAGGAANDGCCATCATYTCNCC

120418_RF_cDNA_>10

nifH1-3

NNNNAGAGTAGATGYGAYCCNAARGCNGA

nifH2-5

NNNNAGGAGTCCANDGCCATCATYTCNCC

120418_RF_cDNA_<10_>2

nifH1-3

NNNNAGAGTAGATGYGAYCCNAARGCNGA

nifH2-6

NNNNCATGCCTAANDGCCATCATYTCNCC

120613_RF_cDNA_>10

nifH1-3

NNNNAGAGTAGATGYGAYCCNAARGCNGA

nifH2-7

NNNNCCTCTCTGANDGCCATCATYTCNCC

120613_RF_cDNA_<10_>2

nifH1-3

NNNNAGAGTAGATGYGAYCCNAARGCNGA

nifH2-8

NNNNAGCGTAGCANDGCCATCATYTCNCC

120705_RF_cDNA_>10

nifH1-3

NNNNAGAGTAGATGYGAYCCNAARGCNGA

nifH2-9

NNNNCAGCCTCGANDGCCATCATYTCNCC

120705_RF_cDNA_<10_>2

nifH1-3

NNNNAGAGTAGATGYGAYCCNAARGCNGA

nifH2-10

NNNNCGAGTAATANDGCCATCATYTCNCC

120816_RF_cDNA_>10

nifH1-3

NNNNAGAGTAGATGYGAYCCNAARGCNGA

nifH2-11

NNNNTCTCCGGAANDGCCATCATYTCNCC

120816_RF_cDNA_<10_>2

nifH1-3

NNNNAGAGTAGATGYGAYCCNAARGCNGA

nifH2-12

NNNNAATGAGCGANDGCCATCATYTCNCC

121017_RF_cDNA_>10

nifH1-3

NNNNAGAGTAGATGYGAYCCNAARGCNGA

nifH2-13

NNNNGGAATCTCANDGCCATCATYTCNCC

121017_RF_cDNA_<10_>2

nifH1-3

NNNNAGAGTAGATGYGAYCCNAARGCNGA

nifH2-14

NNNNTTCTGAATANDGCCATCATYTCNCC

120213_GB_cDNA_>10

nifH1-4

NNNNGTAAGGAGTGYGAYCCNAARGCNGA

nifH2-1

NNNNTCGCCTTAANDGCCATCATYTCNCC

120213_GB_cDNA_<10_>2

nifH1-4

NNNNGTAAGGAGTGYGAYCCNAARGCNGA

nifH2-2

NNNNCTAGTACGANDGCCATCATYTCNCC

120319_GB_cDNA_>10

nifH1-4

NNNNGTAAGGAGTGYGAYCCNAARGCNGA

nifH2-3

NNNNTTCTGCCTANDGCCATCATYTCNCC

120319_GB_cDNA_<10_>2

nifH1-4

NNNNGTAAGGAGTGYGAYCCNAARGCNGA

nifH2-4

NNNNGCTCAGGAANDGCCATCATYTCNCC

120411_GB_cDNA_>10

nifH1-4

NNNNGTAAGGAGTGYGAYCCNAARGCNGA

nifH2-5

NNNNAGGAGTCCANDGCCATCATYTCNCC

120411_GB_cDNA_<10_>2

nifH1-4

NNNNGTAAGGAGTGYGAYCCNAARGCNGA

nifH2-6

NNNNCATGCCTAANDGCCATCATYTCNCC

120618_GB_cDNA_>10

nifH1-4

NNNNGTAAGGAGTGYGAYCCNAARGCNGA

nifH2-7

NNNNCCTCTCTGANDGCCATCATYTCNCC

120618_GB_cDNA_<10_>2

nifH1-4

NNNNGTAAGGAGTGYGAYCCNAARGCNGA

nifH2-8

NNNNAGCGTAGCANDGCCATCATYTCNCC

120702_GB_cDNA_>10

nifH1-4

NNNNGTAAGGAGTGYGAYCCNAARGCNGA

nifH2-9

NNNNCAGCCTCGANDGCCATCATYTCNCC

120702_GB_cDNA_<10_>2

nifH1-4

NNNNGTAAGGAGTGYGAYCCNAARGCNGA

nifH2-10

NNNNCGAGTAATANDGCCATCATYTCNCC

120828_GB_cDNA_>10

nifH1-4

NNNNGTAAGGAGTGYGAYCCNAARGCNGA

nifH2-11

NNNNTCTCCGGAANDGCCATCATYTCNCC

120828_GB_cDNA_<10_>2
121022_GB_cDNA_>10
121022_GB_cDNA_<10_>2

nifH1-4
nifH1-4
nifH1-4

NNNNGTAAGGAGTGYGAYCCNAARGCNGA
NNNNGTAAGGAGTGYGAYCCNAARGCNGA
NNNNGTAAGGAGTGYGAYCCNAARGCNGA

nifH2-12
nifH2-13
nifH2-14

NNNNAATGAGCGANDGCCATCATYTCNCC
NNNNGGAATCTCANDGCCATCATYTCNCC
NNNNTTCTGAATANDGCCATCATYTCNCC
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Table S3 Spearman rank order correlation of the N2 fixation rates measured at the two sampling
sites with environmental parameters obtained from the same time points. RF: Roskilde Fjord; GB:
Great Belt; DOC: Dissolved organic carbon; NOx: Combined NO2- and NO3-.

N2 fixation, RF

Temperatu
re
NS

NS
N2 fixation,
GB
NS: not significant at α=0.05

NOx

NH4+

Chl a

DOC

NS

-0.73

NS

-0.69

NS

NS

0.62

Bacterial
production
0.76

Bacterial
abundance
0.70

NS

NS

NS

4

Figure S1 Inverse Simpson index values for the DNA and RNA samples collected in Roskilde
Fjord (a) and the Great Belt (b). Index values were calculated in Mothur using samples sub-sampled
to 482 sequences per sample. At this level of subsampling, diversity coverage was in the range of
38 – 73%.

5

Figure S2 Venn diagrams depicting the number of shared OTUs in RNA samples taken at the time
points exhibiting N2 fixation rates >10 nmol N L-1 d-1 in Roskilde Fjord (a) and the Great Belt (b).
OTUs recovered in more than one of the four samples from each station were included in the core
diazotrophic biome for that station. RR5: RNA in the >10 µm size fraction from the RF station on
March 28th; RR6: RNA in the <10 µm size fraction from the RF station on March 28th; RR7: RNA
in the >10 µm size fraction from the RF station on April 18th; RR8: RNA in the <10 µm size
fraction from the RF station on April 18th; SR5: RNA in the >10 µm size fraction from the GB
station on March 19th; SR6: RNA in the <10 µm size fraction from the GB station on March 19th;
SR13: RNA in the >10 µm size fraction from the GB station on July 2nd; SR14: RNA in the <10 µm
size fraction from the GB station on July 2nd.
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Summary
The wide distribution of diverse nitrogenase (nifH)
genes affiliated with those of heterotrophic bacteria in
marine and estuarine waters indicates ubiquity and an
ecologically relevant role for heterotrophic N2-fixers
(diazotrophs) in aquatic nitrogen (N) cycling. However,
the lack of cultivated representatives currently precludes an evaluation of their N2-fixing capacity. In this
study, microoxic or anoxic N-free media were inoculated with estuarine Baltic Sea surface water to select
for N2-fixers. After visible growth and isolation of
single colonies on oxic plates or in anoxic agar tubes,
nifH gene amplicons were obtained from 64 strains
and nitrogenase activity, applying the acetylene
reduction assay, was confirmed for 40 strains. Two
strains, one Gammaproteobacterium affiliated with
Pseudomonas and one Alphaproteobacterium affiliated with Rhodopseudomonas were shown to
represent established members of the indigenous
diazotrophic community in the Baltic Sea, with abundances of up to 7.9 × 104 and 4.7 × 104 nifH copies l−1
respectively. This study reports media for successful
isolation of heterotrophic diazotrophs. The applied
methodology and the obtained strains will facilitate
future identification of factors controlling heterotrophic diazotrophic activity in aquatic environments,
which is a prerequisite for understanding and evaluating their ecology and contribution to N cycling at local
and regional scales.
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Introduction
Nitrogen (N) fixation by diazotrophic bacterioplankton provides significant input of N to the oceans and is thereby a
key process regulating primary productivity. Using molecular techniques targeting the nifH gene, encoding a subunit
of the nitrogenase enzyme, heterotrophic diazotrophs
have been shown to be diverse and widely distributed in
marine and estuarine environments (reviewed in Riemann
et al., 2010; Farnelid et al., 2011). Although the presence
of nifH sequences does not provide information on whether
the bacteria are capable of diazotrophy, these functional
genes would accumulate non-sense mutations if not used
(Berg and Kurland, 2002). Hence, it can be expected that
they are at least occasionally expressed. Indeed, nifH
transcripts of marine heterotrophic diazotrophs have been
widely reported (Bird et al., 2005; Church et al., 2005b;
Man-Aharonovich et al., 2007). However, large discrepancies between nifH genes present and expressed in areas
where productivity does not appear N limited (e.g. Chesapeake Bay; Jenkins et al., 2004; Moisander et al., 2007;
Short and Zehr, 2007) suggest that these micro-organisms
may not be selected based on their function as diazotrophs
(Zehr et al., 2003b; Zehr and Paerl, 2008). This is also
supported by the lack of coupling between environmental
variables and dynamics in nifH gene composition (Farnelid
et al., 2009). Consequently, it is unclear to what extent the
diverse nifH genes detected in aquatic environments represent functional diazotrophic bacteria.
Nitrogen fixation is thought to be tightly regulated by the
presence of dissolved inorganic N, precluding the energetically expensive process of N2 fixation, and oxygen (O2),
which rapidly inactivates the nitrogenase enzyme.
However, the many scattered reports of nifH expression of
heterotrophic bacteria in surface waters (e.g. Zehr and
Turner, 2001; Bird et al., 2005; Man-Aharonovich et al.,
2007; Fong et al., 2008), and N2 fixation measurements in
surface waters with low concentrations of cyanobacteria
(Halm et al., 2012; Mulholland et al., 2012), indicate that
some heterotrophic diazotrophs do fix N in oxic marine
waters. In addition, recent studies have coupled the presence and/or expression of nifH of heterotrophic
diazotrophs with N2 fixation in hypoxic waters replete in
reduced N (Fernandez et al., 2011; Hamersley et al., 2011;
Farnelid et al., 2013). Hence, it can be concluded that
heterotrophic diazotrophs do fix N in some marine waters.
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Fig. 1. Environmental data from the Landsort Deep station BY31
during 2003, 2004 and 2009 measured as part of the Swedish
Marine monitoring programme. Data were extracted from
http://www.smhi.se. Grey lines indicate sampling for DNA.
Chlorophyll a (Chl a) values were integrated (0–20 m), all other
data are from 20 m. Cultivations were done from the 2009 sampling
(grey line), only.

However, the spatio-temporal distribution and rates of N2
fixation for these bacteria are unknown. Likewise, factors
constraining N2 fixation at the cellular level, exemplified by
the counter-intuitive nifH expression and N2 fixation in oxic
environments and waters replete in inorganic N (Knapp,
2012), are not understood. Currently, the lack of knowledge
on the activity and regulation of heterotrophic diazotrophs
prevents an evaluation of their importance for N cycling at
local and global scales.
Cultivation would allow for targeted experimental analyses of factors determining N2 fixation; however, this has
only to a limited extent been pursued for marine
heterotrophic diazotrophs, and with variable success (e.g.
Maruyama et al., 1970; Kawai and Sugahara, 1971;
Guerinot and Colwell, 1985; Boström et al., 2007). Therefore, we sought to isolate heterotrophic diazotrophs from
the central Baltic Sea. This area is well suited for this work
because: (i) in summer, plankton productivity in the central
Baltic Sea is N limited (Granéli et al., 1990), (ii) diverse
heterotrophic putative diazotrophs are present in surface
water (Farnelid et al., 2009) and (iii) relevant specimens of
bacterioplankton are cultivable in dilution cultures
(Riemann et al., 2008). With this work, we hoped to find
media suitable for growth of indigenous diazotrophs

and demonstrate that Baltic N2-fixing heterotrophic
bacterioplankton specimens can be cultivated and in some
cases isolated. This would provide evidence that the
diverse pool of nifH genes at least to some extent represents bacteria with a capacity for N2 fixation. As an additional motivation, successful cultivation would include
identification of media appropriate for cultivation of aquatic
heterotrophic diazotrophs, and allow for future analyses of
rates and regulation of N2 fixation in these bacteria.
Surface water samples (3 m and 20 m) from the
Landsort Deep, central Baltic Sea, were collected in March
2009, prior to the spring bloom, when nitrate (NO3−)-rich
conditions prevailed. To select for diverse heterotrophic
diazotrophs, inoculations were performed in carbonatebuffered, anoxic N-free medium supplemented with
glucose, lactate, or fumarate as potentially fermentable
substrates. A mix of carbon sources or thiosulphate as
electron donor was combined with light as energy source.
The same medium with acetate as non-fermentable
carbon source was incubated at 0%, 0.5% and 2% v/v O2 in
the gas phase. Direct isolations were attempted in agar
dilutions supplemented with malate, succinate or acetate.
Heterotrophic diazotrophs grew in enrichment cultures and
were subsequently isolated. To examine the in situ prevalence and dynamics of two diazotrophic strains, one
Alphaproteobacterium and one Gammaproteobacterium,
in relation to environmental conditions, nifH abundances
were determined using quantitative polymerase chain
reaction (qPCR).
Results
The environmental data from the Landsort Deep station
over a season are shown in Fig. 1 (detailed in Riemann
et al., 2008). The day of sampling for cultivation, 25 March
2009, was prior to the phytoplankton spring bloom
(Fig. 1). At this time, ammonium (NH4+) concentrations
were low (0.04 μM and 0.07 μM), and NO3- concentrations
were high (3.5 μM and 3.67 μM) at the sampling depths of
3 m and 20 m respectively. Phosphate concentrations
were 0.56 μM and 0.61 μM. Both sampling depths were
fully oxygenated (> 10 ml l−1) and the phytoplankton
biomass and temperature were low (∼1 μg of Chlorophyll
a l−1 and ∼2°C). After the spring bloom, concentrations of
inorganic N remained low during summer but increased
again in autumn (Fig. 1).
The presence and diversity of putative N2-fixers at each
sampling depth (3 m and 20 m) was investigated using
nifH clone libraries. These indicated that the diversity of
diazotrophs was low. At 97% amino-acid clustering, the
coverage of the clone library from the 3 m sample was
89% (18 sequences total) and the 20 m sample 100% (33
sequences total; Good, 1953). The 3 m sample library
consisted of two phylotypes (one sequence each) cluster-

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology
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Fig. 2. Neighbour-joining phylogenetic tree of deduced amino-acid nifH sequences retrieved in this study and reference sequences with NCBI
accession numbers. The nifH Cluster affiliation as designated by Chien and Zinder (1996) is shown to the right. Sequences from strains are
labelled BAL. Clones from in situ samples are labelled 3 m and 20 m, and clones from enrichment cultures labelled E1-E4 and DNA or cDNA.
For clones from the same sample, sequences were clustered at 97% amino-acid similarity using CD-hit (Li and Godzik, 2006) and the
numbers of sequences within the clusters are indicated in parentheses. Bootstrap values (1000 replicates) > 50% are shown with size
proportional grey ovals.

ing with Desulfovibrio (> 87% aa similarity) and 16
sequences with 100% aa similarity to Burkholderia
vietnamiensis (AM110718). The 20 m sample library contained 13 sequences in two clusters related to the
heterocystous Cyanobacterium Nodularia sp. and 20
sequences clustering with Gammaproteobacteria (Fig. 2).
For each inoculum sample (3 m and 20 m), growth of
diazotrophs was selected for in liquid N-free medium with
six different substrates (I: 20 mM of glucose, II: 50 mM of
fumarate, III: 50 mM of lactate, IV: 3 mM of thiosulphate
and light, V: 1 mM of glucose, 5 mM of acetate, 5 mM of
fumarate and light, and VI: 20 mM of acetate) and in agar
tubes of three different substrates (20 mM of malate,
20 mM of succinate or 20 mM of acetate). Controls supplemented with NH4+ (9 μM, final concentration) were also
inoculated to determine the cultivability in the medium
(536 inoculations in total; Table 1).

Most probable number (MPN) estimates of the abundance of bacteria and diazotrophs cultivable in our media
were performed on the 3 m sample as 10-fold dilution
series in triplicates (Table 1). Most probable number was
highest for the mix of glucose, acetate and fumarate; 9500
cells l−1 and 7300 cells l−1, with and without NH4+ respectively. For glucose and lactate, only growth in the
first dilution supplemented with NH4+ was observed
(MPN = 3600 cells l−1). Most probable number was zero
for fumarate and acetate.
Growth (turbidity visible by eye) was observed in 96 of
the enrichment cultures not supplemented with NH4+
(Fig. 3, Table 1), including cultures of all substrates but
not pasteurized cultures. In total, 46 of the enrichment
cultures were confirmed positive in the acetylene reduction assay (ARA). Nitrogenase activity was observed in
cultures from each of the substrates including both dark

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology
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Table 1. Summary of the cultivation set-up.
Number of
inoculations
per sample

Inoculation
volume (ml)

Type of enrichment culture (volume medium; O2 %)

10×
dilutions

2
2
2
2
3 (3 m), 1 (20 m)
1
1
1
1
1

60
60
5
5
1
1
1
1
1
1

250 ml of glass bottles (60 ml; 0%)
250 ml of glass bottles, pasteurized (60 ml; 0%)
Hungate tubes (5 ml; 0%)
Hungate tubes, pasteurized (5 ml; 0%)
Dilution series in Hungate tubes (9 ml, 0%)
Dilution series in Hungate tubes, pasteurized (9 ml; 0%)
Dilution series in serum bottles (9 ml; 0%)
Dilution series in serum bottles (9 ml; 0.5%)
Dilution series in serum bottles (9 ml; 2%)
Dilution series in agar tubes (9 ml; 0%)

–
–
–
–
8
8
8
8
8
8

Substrates
I, II, III, IV, V, VI
I
I, II, III, IV, V, VI
I
I, II, III, IV, V
I
VI
VI
VI
20 mM of malate,
20 mM of succinate,
or 20 mM of acetate

Total number
of inoculationsa
48
4
48
4
320
16
32
32
32
96

All inoculations were done for both 3 m and 20 m samples. The six substrates in anoxic medium were I: 20 mM of glucose, II: 50 mM of fumarate,
III: 50 mM of lactate, IV: 3 mM of thiosulphate, V: 1 mM of glucose + 5 mM of acetate + 5 mM of fumarate, and VI: 20 mM of acetate.
a. Including enrichment cultures with and without supplemented NH4+.

(substrates I, II, III and VI) and light (substrates IV and V)
incubations. Originating from a well-oxygenated sample,
likely facultative anaerobes had been grown. Therefore,
ARA-positive enrichments were streaked on oxic ZoBell
plates and 119 strains were obtained after a second
streaking of a single colony. Of these, nifH could be amplified from 59 strains (Table 2). An additional nine strains
were obtained from anoxic agar dilutions of which five
had a nifH product (Table 2). Sequencing of the 16S
ribosomal ribonucleic acid (rRNA) genes of strains with
nifH product showed that the majority affiliated to
Pseudomonas (98–100% similarity; 41 in total; Table 2).
The Pseudomonas-like strains were obtained from enrichments inoculated with water from both sampling depths
and from all substrates. Other strains were affiliating to
representatives of Actinobacteria, Gammaproteobacteria
and Alphaproteobacteria (Table 2). The Rhodopseudomonas-like strains (99% similarity; two in total; Table 2)
were from a thiosulphate and light enrichment culture
with water from 3 m depth. The strains obtained from
agar dilution series were related to Rhodococcus,
Sphingomonas and Roseobacter (Table 2). All strains with
nifH products were tested for N2 fixation (ARA) and for
polymerase chain reaction (PCR) amplification of alternative nitrogenase genes (vnf and anf). N2 fixation was only
detected in cultures of strains related to Pseudomonas

(38 strains) and Rhodopseudomonas (two strains;
Table 2). No products for alternative nitrogenases (i.e.
vanadium containing or iron-only in component I of the
nitrogenase enzyme) were observed for any strains.
To identify diazotrophs in enrichment cultures, which
showed nitrogenase activity but from which no nifH positive
strains were obtained, nifH gene clone libraries were
made. Deoxyribonucleic acid (DNA) and RNA [complementary DNA (cDNA)] was extracted from four ARApositive enrichments (E1-E4) and nifH genes were
amplified, cloned and sequenced. For sample E4, there
was no amplification product from cDNA visible in our gels.
nifH sequences from E1 (20 mM of acetate, 2% of O2)
clustered with the Pseudomonas-like strains and
sequences from E2, E3 and E4 (1 mM of glucose + 5 mM
of acetate + 5 mM of fumarate, 0% of O2) affiliated with
Alphaproteobacteria (Fig. 2). The sequences from E3 were
identical to the Rhodopseudomonas-like strain in this study
(BAL398; Fig. 2) while a novel alphaproteobacterial nifH
phylotype was identified in E2 and E4. Sequences clustering with Betaproteobacteria were obtained from cDNA
samples from two cultures (E1 and E3) and a negative
control PCR reaction with ultraviolet (UV)-treated water
instead of template (Fig. 2). The negative control sequence
showed < 98% nucleotide similarity to sequences from
enrichment cultures.

Fig. 3. Illustration of visible growth in enrichment cultures. Images of cultures with and without NH4+ addition (9 μM, final concentration). Glass
bottles 250 ml (A) and dilution series in serum bottles, 2% of O2 (B). Resazurin is used as an indicator; blue when fully oxidized, pink when
partially oxidized and colourless when reduced.
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Ethylene detection in the acetylene reduction assay (ARA) is marked with y and no ethylene detection with n. Substrates are given in Table 1.

y (35), n (3)
y
y
y
n
y
n
n
n
n
n
n
n
n
n
n
n
3, 20
20
3
3
3
3
20
3
20
20
20
20
20
20
3
3
20
I, II, III, IV, V, VI
VI
II, V
III
II
IV
IV, V
VI, II
IV, V
IV
III
I
V
succinate
acetate
malate, succinate
malate
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Actinobacteria
Gammaproteobacteria
Gammaproteobacteria
Actinobacteria
Gammaproteobacteria
Alphaproteobacteria
Actinobacteria
Actinobacteria
Alphaproteobacteria
Pseudomonas sp.
Pseudomonas sp.
Pseudomonas stutzeri
Pseudomonas stutzeri
Pseudomonas fluorescens
Rhodopseudomonas sp.
Ahrensia sp.
Brevundimonas sp.
Microbacterium laevaniformans
Shewanella baltica
Shewanella sp.
Actinomycete
Aeromonas salmonicida
Sphingomonas sanxanigenens
Rhodococcus boritolerans
Rhodococcus erythropolis
Roseobacter sp.
38
1
1
1
1
2
5
3
2
2
1
1
1
1
1
2
1

99–100
99
99
99
98
99
99
99
99
97–98
100
99
99
99
98
99
99

JQ995480
HE806421
AB680456
CP003677
JN030498
AM922327
EF153295
JF421243
JQ229810
JX032791
HQ634921
JQ638443
HE979861
NR043962
HM629409
JX010951
DQ270728

0%, 0.5% and 2% O2
2% O2
0% O2
0% O2
0% O2
0% O2
0% and 0.5% O2
0% O2
0% O2
0% O2
0% O2
0% O2
0% O2
Agar dilution
Agar dilution
Agar dilution
Agar dilution

Sample
depth (m)
Substrate
Cultivation method
Phylum (or subphylum)
Accession
number
Similarity
(%)
Closest cultivated relative
Number
of strains

Table 2. Acquired plate strains from which nifH genes could be amplified and the closest cultivated relatives based on 16S rRNA gene sequences.
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For eight of the diazotrophic strains the nifH gene was
cloned and partially sequenced. The nifH sequences of the
Pseudomonas-like strains (BAL354, BAL361, BAL374,
BAL376, BAL386, BAL407, BAL410) were similar (> 99%
nucleotide similarity; Fig. 2). Among the nearest cultivated
relatives were nifH genes of Agrobacterium tumefaciens
(FJ822995; 97% aa similarity), Pseudomonas stutzeri
(FR669148; 96% aa similarity), and the Baltic Sea strain
BAL281 (95% aa similarity; Boström et al., 2007; Fig. 2).
The nearest uncultivated relative was a nifH transcript
from the eastern North Atlantic (99% aa similarity;
HQ611745; Turk et al., 2011). The nifH sequence of the
Rhodopseudomonas-like strain BAL398 was 99% similar
to sequences of a Rhodopseudomonas strain (AB079625;
Cantera et al., 2004) and identical to sequences of three
nifH clones obtained from surface water at the Landsort
Deep station in April and October 2003 (EU916619;
Farnelid et al., 2009).
To study the in situ dynamics of two representative
strains, the abundances of BAL354 and BAL398 were
quantified by specific nifH gene qPCR on samples of
both sampling depths. To allow for inferences in relation
to environmental data and seasonal distribution,
samples (3 m) collected over a season in 2003–2004
were also analyzed. At the time of isolation (2009),
BAL354 nifH was quantifiable at both 3 m and 20 m
(6.2 × 103 nifH copies l−1 and 1.9 × 103 nifH copies l−1
respectively), while BAL398 was detectable but below
the limit of quantification (Fig. 4). The abundance of
BAL354 was relatively stable over the season with
highest abundance on 8 of May 2003 (7.9 × 104 nifH
copies l−1). The abundance of BAL398 was more variable but quantifiable in seven out of 16 samples (Fig. 4).
The highest abundance of BAL398 was on 8 October
2003 (4.7 × 104 nifH copies l−1).
Discussion
Despite the wide distribution and diversity of nifH genes
and transcripts related to heterotrophic bacteria (Riemann
et al., 2010), their contribution to N2 fixation in marine
surface waters is currently considered to be insignificant.
To allow for a future evaluation of their contribution to
N-input, the identification of factors driving their distribution and activity, and investigation of their metabolic features, will be essential. In this study, we demonstrated the
enrichment of a functional community of facultative
anaerobic heterotrophic diazotrophs originating from
N-containing fully oxygenated Baltic Sea surface water,
conditions generally assumed to be unfavourable for N2
fixation. The main implications of these findings are threefold: (i) the identification of media for successful cultivation and isolation of heterotrophic diazotrophs, which
may be tested in other aquatic environments, (ii) the
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and may present a gateway to an eventual understanding
of the ecology and importance of heterotrophic
diazotrophs in aquatic environments.
Growth in anoxic N-free media and screening of strains

Fig. 4. Seasonal abundance of nitrogenase (nifH) genes
representative of the Pseudomonas-like strain, BAL354 (A) and the
Rhodopseudomonas-like strain, BAL398 (B). Values are based on
triplicates. The asterisk indicates only two wells amplified, double
asterisks indicates only one well amplified and n.d. indicates no
detection. For reliable quantification, the threshold cycle value
should not differ > 0.5 between replicates. a: All replicates differed
< 0.5; b: two replicates differed > 0.5 cycles; and c: all values
differed > 0.5. The limit of quantification (10 nifH copies in 6 ng of
DNA) was calculated for all samples and is shown as a black line.
II indicates that only two wells were above the limit of quantification
and I indicates that only one well was above the limit of
quantification. Samples with more than two values above the limit
of quantification were considered quantifiable and are coloured
grey, while samples that were not quantifiable are coloured white.
For samples used in cultivation, shown to the right, depth is
indicated.

documented stable presence of functional heterotrophic
diazotrophs in estuarine surface waters indicate that the
diverse nifH genes found in this environment (Farnelid
et al., 2009) do represent organisms with a capacity for N2
fixation and (iii) the successful cultivation will allow for
future ecophysiological characterization of strains providing insights into the environmental factors that constrain
their N2 fixation. Taken together, the availability of cultivated organisms represents an essential complement to
molecular studies of indigenous diazotrophic communities

Isolation of diazotrophs from marine environments is challenged by the O2 sensitivity of N2 fixation and thus the
need for low-O2 microhabitats (Currin et al., 1990; Paerl,
1990). In addition, trace amounts of N compounds in
media, agar or from the atmosphere may sustain bacterial
growth (Hill and Postgate, 1969; Jones and RhodesRoberts, 1980; Postgate, 1988). Consequently, several
reports of microorganisms as N2-fixers based on their
ability to grow in ‘N-free’ media have been erroneous
(Martinez-Romero, 2006). Because of this risk it is not
known if estimated numbers of N2-fixing bacteria with the
MPN method (e.g. up to 103–105 cells l−1; Maruyama et al.,
1970; Kawai and Sugahara, 1971; Guerinot and Colwell,
1985) exclusively represent diazotrophs. In our study,
limited growth was observed in dilution to extinction series
starting with 1 ml inoculation volume (see Fig. 3B for
serum bottle example) and the highest MPN was
9.5 × 103 cells l−1. The limited growth likely reflects the low
diversity of diazotrophs observed in situ at the time of
sampling (Fig. 2). However, inoculations of larger sample
volumes (60 ml and/or 5 ml) resulted in growth and
detected nitrogenase activity in the N-free medium for all
tested substrates allowing for subsequent isolation
attempts. Consequently, the N-free medium salt base
combined with vitamins gave rise to diazotrophic growth
independent of whether carbon substrates for fermenters
or thiosulphate and light were used.
The use of multiple 10-fold dilution series of the enrichment cultures did not result in pure cultures. Statistically,
the highest dilution with growth is inoculated with 1–15
cells and requires twofold dilution series to raise the probability to dilute scavengers benefiting from the fixed N2.
To obtain strains, aerobic cultivation on agar plates and
anaerobic cultivation in agar dilution series were performed. Although nifH amplicons were obtained from 64 of
the resulting strains, acetylene reduction was observed
only for 40 strains (Table 2). Such discrepancies between
bacteria isolated in N-free medium and the number of
strains verified as diazotrophic through ARA and nifH
gene amplification are common (Boström et al., 2007;
Islam et al., 2010; Mirza and Rodrigues, 2012), and may
reflect that the experimental conditions do not meet the
stringent cellular requirements for active N2 fixation
(Wynn-Williams and Rhodes, 1974; Mirza and Rodrigues,
2012). Moreover, the applied nested PCR approach is
highly susceptible to reagent contamination (Zehr et al.,
2003a; Goto et al., 2005) and the degenerate primers
may produce unspecific products (Boström et al., 2007;
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Gaby and Buckley, 2012). Consequently, a nifH PCR
product does not guarantee that the strain truly has the
gene, and molecular analysis of putative diazotrophs
should therefore be accompanied by measurements of N2
fixation, before conclusions on diazotrophy can be drawn.
Identity and in situ quantification of heterotrophic
N2-fixing strains
Most of the strains that were confirmed to reduce acetylene were related to Pseudomonas (Table 2). Among
these, the 16S rRNA gene sequences varied (98–100%
similarity) and the nifH gene fragment also showed
nucleotide differences (99% similarity); however, further
experimental or genomic studies are needed to delineate
the actual geno- and phenotypic variations among these
strains. In clone libraries of the inoculum samples and
from Baltic Sea surface samples over a season (Fig. 2;
Farnelid et al., 2009) Pseudomonas-like nifH sequences
were not detected suggesting that their abundance was
low. Thus, in the enrichments and subsequent dilutions,
Pseudomonas may have outcompeted more slowgrowing diazotrophic species, as previously observed for
diazotrophic strains from soil (Mirza and Rodrigues,
2012). Highly similar nifH sequences (> 98% aa similarity)
to the Pseudomonas-like strains have been found in
marine surface waters around the globe (Church et al.,
2005a; Foster et al., 2009; Farnelid et al., 2011;
Fernandez et al., 2011) and recently highly similar nifH
transcripts (99% aa similarity) were reported from the
tropical North Atlantic (Turk et al., 2011). Moreover, identical nifH sequences (219 bp) were found in samples from
the Baltic Sea proper from two consecutive years (2007–
2008) and were most frequently detected in surface
samples where they accounted for 1–2% of the 454
pyrosequencing reads (Farnelid et al., 2013). Although
diazotrophy within the Pseudomonas genus is considered
uncommon (Lalucat et al., 2006), the finding of N2-fixing
Pseudomonas strains in seawater is not too surprising
given the wide distribution of genotypically diverse
members of Pseudomonas in natural environments
(Palleroni, 2010). The phenotypic versatility of these bacteria is also reflected in the fact that they could be isolated
from cultures of all tested substrates and O2 conditions
(Table 2).
nifH genes similar to the Rhodopseudomonas-like
strains also appear to be widely distributed in marine
surface waters; for example, in the tropical South Pacific
at 30 m and 100 m (99% aa similarity; HM801482;
Fernandez et al., 2011) and in the South China Sea (95%
aa similarity HQ586332; Zhang et al., 2011) where
diverse diazotrophic Alphaprotebacteria have been
detected (Moisander et al., 2008). Rhodopseudomonas
strains are considered metabolically versatile and the
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nitrogenase enzyme is widely distributed among such
anoxygenic phototrophs (Oelze and Klein, 1996). They
may also encode alternative nitrogenases (Oda et al.,
2005), which could be advantageous under lowmolybdenum conditions. However, these were not found
among our strains. In this study, the Rhodopseudomonas
strains and Rhodopseudomonas-like nifH clones were
from thiosulphate enrichments incubated in light (Fig. 2;
Table 2) indicating photoautotrophic growth in the presence of vitamins (Huang et al., 2010). Interestingly,
Rhodopseudomonas capsulata can grow with N2 as the
only N source, not only in the absence of O2 but also at
suboxic concentrations in the light (Meyer et al., 1978).
Thus, it may be speculated that Rhodopseudomonas can
fix N2 in Baltic Sea surface waters photoheterotrophically.
Unlike the clone libraries, qPCR using specific nifH
primers showed that the Pseudomonas (BAL354) and the
Rhodopseudomonas-like (BAL398) strains were present
in situ throughout the year. Interestingly, the availability of
inorganic N did not seem to affect the nifH abundances
(Figs. 1 and 4) suggesting that these bacteria may be
selected for by other functional traits than diazotrophy.
However, the multiple reports of substantial N2 fixation at
in situ levels of inorganic N higher than 1 μM (reviewed in
Knapp, 2012) indicate that N2 fixation is not as tightly
regulated by the availability of inorganic N as previously
thought. The abundances of the BAL354 and BAL398
strains (in the order of 104 nifH copies l−1) are similar to
what was reported for a gammaproteobacterial and an
alphaproteobacterial phylotype in the South China Sea
(Moisander et al., 2008). Interestingly, the abundances of
BAL398 were negatively related with temperature with
consistently low abundances when the temperature was
> 12°C (Fig. 1) and the highest abundance when the temperature was < 6°C. In addition, identical nifH clones were
detected in samples from April and October but were
absent in summer 2003 (Farnelid et al., 2009).
Molecular techniques have identified nifH genes from
diverse heterotrophic bacteria in aquatic environments
around the globe. However, to which extent these putative
diazotrophs actually fix N2 or how they sustain this costly
process in the generally oxic and oligotrophic water
column is unknown. In the present study, we showed that
an artificial salt-based medium buffered with the natural
carbonate system and supplemented with different
carbon sources or thiosulphate could be used to cultivate
and isolate heterotrophic diazotrophs from the Baltic Sea.
It was then documented by specific qPCR that these were
indeed representatives of the indigenous diazotrophic
community and that a functional diazotrophic community
was present in oxygenated N-replete surface water.
Whereas the obtained strains provide a platform for
further analyses of their N2 fixation potential and factors
regulating this activity, the successful cultivation of Baltic
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Sea diazotrophs per se brings hope for similar acquisition
of diazotrophic strains from other aquatic environments
using the presented techniques.

Experimental procedures
Medium preparation
Anoxic N-free artificial seawater medium without organic
carbon was prepared using anoxic cultivation techniques
(Widdel and Bak, 1992). The medium was adjusted to a
salinity of 7% as present at the sample site. For 1 l of MilliQ
water: 4.59 g of NaCl, 1.91 g of MgCl2 × 6 H2O, 87 mg of
MgSO4 × 7 H2O, 33 mg of NaHCO3, 256 mg of CaCl × 2 H2O,
115 mg of KCl and 16 mg of KBr was added. After autoclaving
and cooling under an N2-CO2 atmosphere (90:10, v/v) the
following sterile components were added: 10 ml of KH2PO4
(50 g l−1), 2 ml of trace-element solution (1 l: 2.1 g of
FeSO4 × 7 H2O, 5.2 g of Na2- ethylenediaminetetraacetic
acid (EDTA), 30 mg of H3BO3, 100 mg of MnCl2 × 4 H2O,
190 mg of CoCl2 × 6 H2O, 24 mg of NiCl2 × 6 H2O, 10 mg
of CuCl2 × H2O, 144 mg of ZnSO4 × 7 H2O, 500 mg of
Na2MoO4 × 2 H2O, 500 mg of VOSO4 × H2O, pH 6.0), 1 ml
Se-W-solution (1 l: 100 mg of NaOH, 9 mg of Na2SeO3 ×
5 H2O, 9 mg of Na2WoO4 × 2 H2O), 1 ml of each vitamin solution; 7-vitamin, vitamin-B12 (Widdel and Bak, 1992), riboflavin and thiamine (Winkelmann and Harder, 2009), 1 ml
resazurin-solution (1 g l−1) and 30 ml of NaHCO3 (1 M, CO2equilibrated). The pH was adjusted to 7.2–7.3. The medium
was aliquoted into sterile Hungate tubes, glass bottles and
serum bottles according to the experimental setup (Table 1).
The headspace was exchanged with N2-CO2 (90:10, v/v) and
the bottles were sealed with butyl rubber stoppers. Carbon
substrates (Table 1) were added as sterile liquids using a
needle (0.4 mm i.d.). Sterile air was amended to the 156 ml of
serum bottles to 0.5% or 2% v/v O2 in the headspace. For
agar dilutions, anoxic medium with 20 mM of succinate,
acetate or malate (final concentration in agar dilution) was
prepared in sterile sealed 50 ml of glass bottles for subsequent distribution in tubes onboard (described below). Agar
(Becton Dickinson & Company) was washed three times in
water to remove soluble substances, and a 3% agar solution
was autoclaved and aliquoted (3 ml) into sealed sterile glass
tubes (Widdel and Bak, 1992).

Sample collection and cultivation
Samples for cultivation were obtained in acid-rinsed
polycarbonate bottles from 3 m and 20 m depths on 35 March
2009 at the Landsort deep station (BY31; 58°35.90′N,
18°14.21′E; depth 459 m) in the Baltic Sea proper onboard
the ship Fyrbyggaren. For DNA collection, 500 ml of water
from each depth was filtered onto a 0.2 μm (47 mm) of Supor
filter (PALL Corporation). The filters were frozen immediately
in dry ice and stored at −20°C until extraction. For cultivation,
the samples were inoculated according to the experimental
setup (Table 1). Prior to transfers in dilution series, needles
and syringes were flushed with N2 gas. To investigate growth
from bacterial spores, a series of inoculations with glucose
were pasteurized (Tables 1; and 60°C, 4 h). To estimate the

in situ abundance of bacteria and diazotrophs cultivable in
our medium, triplicate dilution series in Hungate tubes were
made for the 3 m sample to allow for MPN calculations
(Oblinger and Koburger, 1975). For the agar dilution series,
tubes with agar solution were autoclaved onboard, cooled to
∼40°C and mixed with preheated anoxic medium. One millilitre of sample was inoculated in the first tube and a drop was
transferred to the next tube in the dilution series. The
headspace of the tubes was exchanged with N2 gas. The
tubes were closed with butyl rubber stoppers and incubated
upside down. For all inoculations, corresponding cultures
supplemented with 9 μM of NH4Cl were included. Cultures
with substrates IV (3 mM of thiosulphate) and V (1 mM of
glucose, 5 mM of acetate, 5 mM of fumarate) were incubated
in continuous light to allow for phototrophic growth. The
remaining cultures, with substrates for fermenters, were incubated in the dark at room temperature.
The enrichments were monitored for 6 months. Turbid cultures were transferred to fresh medium (1 ml of culture to
9 ml of medium in Hungate tubes) in 10 × dilution series of
5–10 tubes per sample, 3–4 times. N2 fixation was measured
in the most diluted sample where growth was observed using
the ARA (described below). Strains were obtained by spreading 50–100 μl of ARA-positive cultures on ZoBell agar plates
(ZoBell, 1963) based on Baltic seawater (salinity ∼7). Strains
were also obtained from triplicate anoxic agar-dilution series
(Widdel and Bak, 1992). A colony was picked from the original agar tube, suspended in 500 μl of anoxic medium, and
inoculated in agar dilutions as described above. All strains
were obtained after three times grown to individual colonies.
Nitrogenase activity was measured using the ARA (described
below).

ARA
N2 fixation by enrichment cultures and strains was examined
using the traditional acetylene reduction technique (Stewart
et al., 1967), but with a long incubation time to account for
potentially low rates in the enrichments or cultures (Mirza and
Rodrigues, 2012). One millilitre of culture was inoculated in
9 ml of anoxic N-free medium in 156 ml rubber-sealed glass
serum bottles, with a N2-CO2 (90:10, v/v) headspace. Acetylene gas (10% of headspace) was injected, the gas pressure
was equilibrated and bottles were incubated for 5–7 days.
Ethylene production was measured using a gaschromatograph (Autosystem 9000, Perkin Elmer) equipped
with a flame ionization detector and a Porpack N glass
column (Supelco) using He as carrier gas. Controls with only
medium, medium and acetylene gas, and medium and inoculated culture without acetylene gas were run in parallel to
each enrichment or strain for the full incubation time. No
ethylene was ever detectable in the negative controls, thus,
the detection of an ethylene peak for cultures or enrichments
was interpreted as nitrogenase activity.

Identification of strains and diazotrophs in
enrichment cultures
Deoxyribonucleic acid from all 128 strains were extracted
using the E.Z.N.A. Tissue DNA kit (Omega bio-tek). The nifH
gene was amplified using degenerate primers (Zehr and
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Table 3. Custom-made primer and probe sets.
Strain ID (Accession number)

Forward sequence (5′–3′)

Reverse sequence (5′–3′)

Probe sequence (5′–3′)

BAL398 (KC140360)
BAL354 (KC140353)

TGATCCTCAACACCAAAATGCA
TGAGGACGATCTGGACTTCGT

CCTTGTAGCCGACCTTCATCAC
TGGGCATGGCGAAACC

CCTCGCCGCTGAAGCCGGA
ACGTGCTCGGTGACG

McReynolds, 1989) according to Zehr and Turner (2001) with
Pure Taq Ready-To-Go PCR Beads (GE Healthcare). For the
64 strains with nifH products, the 16S rRNA gene was amplified using 27F and 1492R primers and sequenced
(Macrogen, Amsterdam, Netherlands). The occurrence of
alternative nitrogenases was investigated using D6f and K1r
(vnf ) and D7f and K2r (anf ) primers as described in Loveless
and Bishop (1999). The nifH gene was cloned and
sequenced (described below) for eight strains, which showed
both nifH gene amplification and nitrogenase activity.
nifH clone libraries (54 sequences in total) from DNA and
cDNA were made from ARA positive enrichment cultures E1
(20 mM of acetate, 2% of O2) E2, E3 and E4 (1 mM of
glucose + 5 mM of acetate + 5 mM of fumarate, 0% of O2).
For DNA and RNA extractions, fresh cultures were prepared
in Hungate tubes with 9 ml of medium inoculated with 1 ml of
culture. After 2 weeks, samples were withdrawn from the
tubes using a syringe. For DNA, cells were pelleted and DNA
extracted (E.Z.N.A. Tissue DNA kit, Omega bio-tek). For
RNA, 1 ml of RNAprotect Bacteria Reagent (Qiagen) was
added to 0.5 ml culture and RNA was extracted (RNeasy mini
kit, Qiagen). To remove genomic DNA, the RNA was treated
with TURBO DNA-free (Ambion). First strand cDNA was synthesized using the TaqMan reverse transcription kit (Applied
Biosystems) according to manufacturer’s protocol with nifH3
as primer (Zehr and McReynolds, 1989). nifH gene PCR was
performed as described above. Polymerase chain reaction
negative controls included reverse transcription controls
(without enzyme), RNA samples and UV-treated water
instead of template. Polymerase chain reaction products
were gel purified (E.Z.N.A gel extraction kit, Omega bio-tek)
and cloned (TOPO TA cloning kit, Invitrogen). Although no
negative control samples produced a visible PCR product, a
gel piece corresponding to the expected product size
(∼360 bp) was excised, purified and cloned. Plasmids were
extracted (R.E.A.L. Prep 96 Plasmid Kit, Qiagen) and inserts
were sequenced commercially (Macrogen).

were tetramethylrhodamine azide and minor groove binder
labelled respectively. Primer/probe specificities were verified
through Blast searches in the National Center for Biotechnology Information database. Plasmid DNA from nifH clones of
BAL398 and BAL354 were extracted (E.Z.N.A Plasmid Mini
Kit, Omega bio-tek), linearized using NotI (Fermentas), and
gel purified (Montage Gel Extraction Kit, Millipore). Each
25 μl of reaction mix contained 1 × Path-ID qPCR Master Mix
(Applied Biosystems), 900 nM of forward and reverse primer
(HPLC purified, Sigma-Aldrich), 250 nM of probe (Applied
Biosystems), real-time PCR (RT-PCR) grade water (Ambion)
and 4 μl of standard or sample (equivalent to 101–107 copies
reaction−1 or 6 ng of environmental DNA). No template controls with RT-PCR grade water instead of sample were also
included. All samples were run in triplicates on a Stratagene
Mx3005P thermal cycler (Agilent Technologies) using the
conditions: 95°C for 10 min, 40 cycles of 95°C for 15 s, and
60°C for 1 min. No template controls were undetectable after
40 cycles. The efficiencies of the primer/probe sets were
106% for BAL354 and 105% for BAL398. To test for inhibition,
6 ng of environmental DNA was added to 104 copies of standard for each sample. No inhibition was observed. The limit of
quantification was 10 nifH copies.
Sequences have been submitted to GenBank under accession numbers, KC140288-351 (16S rRNA), KC140352-367
(nifH from strains), KC140368-422 (nifH from enrichment cultures), and KC140423-473 (nifH from in situ samples).
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DNA extraction, nifH composition and qPCR of
in situ samples
Community DNA from in situ samples was extracted using an
enzyme/phenol-chloroform protocol (Riemann et al., 2008)
and quantified using PicoGreen (Molecular Probes). To investigate the composition of putative diazotrophs the nifH gene
was amplified and cloned as above and sequenced (GATC
Biotech, Konstanz, Germany). The in situ abundance of nifH
genes of BAL354 and BAL398 was determined using qPCR.
In addition to the inoculum samples, abundances were also
measured in samples collected in 2003–2004 (Fig. 1;
Riemann et al., 2008; Farnelid et al., 2009). Primer/probe
sets were designed using Primer Express 3.0 (Applied
Biosystems; Table 3). The BAL354 and the BAL398 probes
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Abstract
Nitrogenase genes (nifH) from heterotrophic dinitrogen (N2)-ﬁxing bacteria
appear ubiquitous in marine bacterioplankton, but the signiﬁcance of these
bacteria for N cycling is unknown. Quantitative data on the N2-ﬁxation potential by marine and estuarine heterotrophs are scarce, and the shortage of
cultivated specimens currently precludes ecophysiological characterization
of these bacteria. Through the cultivation of diazotrophs from suboxic
(1.79 lmol O2 L 1) Baltic Sea water in an artiﬁcial seawater medium devoid
of combined N, we report the cultivability of a considerable fraction of the diazotrophic community in the Gotland Deep. Two nifH clades were present in
both in situ and enrichment cultures showing gene abundances of up to
4.6 9 105 and 5.8 9 105 nifH gene copies L 1 within two vertical proﬁles in
the Baltic Sea. The distributions of the two clades suggested a relationship with
the O2 concentrations in the water column as abundances increased in the
suboxic and anoxic waters. It was possible to cultivate and isolate representatives from one of these prevalent clades, and preliminary analysis of their
ecophysiology demonstrated growth optima at 0.5–15 lmol O2 L 1 and 186–
194 lmol O2 L 1 in the absence of combined N.

Introduction
The ﬁxation of atmospheric N2 by prokaryotic organisms,
so-called diazotrophs, is the main source of combined N
in the world’s oceans and is hence controlling both the N
inventory and primary production in many oceanic
regions (Karl et al., 1997, 2002). The N2-ﬁxation is carried out by members of a diverse array of bacterial taxa
as well as some archaeal species (Zehr et al., 2003), but in
aquatic systems, cyanobacteria have historically been
believed to be the main N2-ﬁxing organisms. In recent
years, the role of heterotrophic N2-ﬁxing bacterioplankton
has become of increasing interest due to the fact that
nifH sequences from noncyanobacterial organisms are
prevalent in sequence libraries from diverse marine and
estuarine environments, for example from the north and
south Paciﬁc Ocean (Falcon et al., 2004; Church et al.,
2005; Zehr et al., 2007; Halm et al., 2012), the north
Atlantic Ocean (Falcon et al., 2004; Turk et al., 2011), the
Arabian Sea (Bird et al., 2005; Bird & Wyman, 2012), the
Sea of Japan (Hashimoto et al., 2012), the South China
FEMS Microbiol Ecol && (2014) 1–14

Sea (Moisander et al., 2008; Kong et al., 2011), the Mediterranean Sea (Man-Aharonovich et al., 2007), the Baltic
Sea (Farnelid et al., 2009), and the Greenland Sea and
Fram Strait (Diez et al., 2012), as well as in a global nifH
pyrosequencing data set (Farnelid et al., 2011).
Despite their widespread distribution in aquatic environments, the ecology of heterotrophic diazotrophs and
the biogeochemical signiﬁcance of their N2-ﬁxation in the
marine N cycle are still unknown. Recent research has
mainly focused on in situ studies, applying molecular
biology methods and in situ N2-ﬁxation rate estimates. In
comparison, cultivation and subsequent ecophysiological
analyses to understand the ecology of marine diazotrophs
have received only limited attention, probably in part due
to the fact that attempts to isolate diazotrophs on solid
media have often had only limited success (WynnWilliams & Rhodes, 1974; Jones & Rhodes-Roberts, 1980;
Bostr€
om et al., 2007). Hence, there is a scarcity of cultivated diazotrophs from aquatic environments, and this is
a major impediment for advancing our understanding of
the ecology of these organisms in situ.
ª 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

The potential biome of planktonic noncyanobacterial
N2-ﬁxers expands deep below the photic zone (Mehta
et al., 2003; Dekas et al., 2009) as these organisms do not
require light in contrast to their photoautotrophic counterparts. Interestingly, N2-ﬁxation rates observed in dark
suboxic waters in the South Paciﬁc Ocean and off the
Californian coast suggest that these suboxic dark environments contribute signiﬁcant amounts of ﬁxed N on an
area basis (Fernandez et al., 2011; Hamersley et al., 2011).
In the Baltic Sea, which is one of the largest estuaries on
the planet, covering c. 415 000 km2, an O2-deﬁcient water
body covers up to 16% of the total Baltic Sea area (Conley et al., 2002). Extensive cyanobacterial N2-ﬁxation
occurs in the euphotic zone during summer when N is
depleted (Ronner, 1985; Wasmund et al., 2001, 2005),
but N2-ﬁxation has also recently been reported to occur
in the deep anoxic bottom waters, suggesting that diazotrophic activity in this dark environment has signiﬁcant
implications for the total N budget of the Baltic Sea (Farnelid et al., 2013). The dark N2-ﬁxation observed in the
southern California Bight and in the Baltic Sea is accompanied by diverse assemblages of heterotrophic diazotrophs associated with the canonical nifH Cluster I,
comprising standard iron-molybdenum nitrogenases from
cyanobacteria and alpha-, beta-, and gammaproteobacteria, and with the deeply branching cluster of poorly
described anaerobic diazotrophs termed nifH Cluster III
(Hamersley et al., 2011; Farnelid et al., 2013). The large
genetic potential for anoxic heterotrophic N2-ﬁxation, as
indicated by increasing Shannon diversity indices and
Chao richness estimates with depth at the Gotland Deep
in the Baltic Sea (Farnelid et al., 2013), suggests that this
is an environment well suited for investigating the cultivability of aquatic diazotrophs and for obtaining isolates
for genomic and ecophysiological examination.
In this study, we sought to develop a liquid-based cultivation protocol for aquatic diazotrophs and demonstrate
that enrichments or isolates obtained were not opportunists, but rather relevant representatives of the indigenous
biota. We report the cultivation of prevalent Cluster I and
III diazotrophs from the Gotland Deep in the Baltic Sea,
using a deﬁned N-free, suboxic, artiﬁcial seawater medium
followed by plate isolation and documentation for in situ
prevalence of selected representatives. Finally, characterization of the effect of O2 on the N2-ﬁxation for selected isolates was used to explain their in situ distribution.

Materials and methods
Environmental sampling

Samplings were carried out in July 2011 at the Gotland
Deep in the central Baltic Sea Proper (57°19.200 N,
ª 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

M. Bentzon-Tilia et al.

20°02.970 E, 249 m total depth) and at the Bornholm
Basin in the southwestern Baltic Sea (55°15.050 N,
15°59.060 E, 89 m total depth). At the Gotland Deep,
water was collected from 5 to 200 m depth with increased
sampling resolution in the lower redoxcline. In the Bornholm Basin, samples were obtained with 10 m increments
from 38 to 88 m covering oxic to anoxic waters. Samples
were collected using a CTD rosette (Seabird Inc.)
mounted with 5-L Free-Flow bottles (Hydrobios) and
equipment for monitoring depth, O2-concentration, conductivity, temperature, light intensity, ﬂuorescence, and
turbidity. The concentrations of nitrate (NO
3 ), nitrite
3
þ
),
ammonium
(NH
),
phosphate
(PO
(NO
2
4 ), and
4
hydrogen sulﬁde (H2S) were determined in samples from
the Gotland Deep (Grasshoff et al., 1983), whereas only
3
NO
2 and PO4 concentrations were determined in samples collected in the Bornholm Basin. Bacterial abundances were estimated from ﬁxed samples (1%
glutaraldehyde) using a FACSCantoTM II ﬂowcytometer
(BD Biosciences) and standard protocols (Gasol & Del
Giorgio, 2000). For each sample, size-fractionated material for DNA extraction was collected by vacuum ﬁltration of 1 L of seawater onto a 10-lm polycarbonate ﬁlter
(GE Water & Process Technologies) followed by ﬁltration
of 700 mL of the ﬁltrate onto a 0.22-lm Supor membrane ﬁlter (PALL corporation). The ﬁlters were saturated
with 1 mL sucrose lysis buffer (Bostr€
om et al., 2004) and
immediately frozen at 20 °C until DNA extraction.
Medium preparation and inoculation of
enrichment cultures

Cultivation of diazotrophs was performed using seawater
sampled from the suboxic zone in the Gotland Deep
(121 m depth), which had a salinity of 12 and contained
1.79 lmol O2 L1, 0.81 lmol NH4+ L1, 2.43 lmol NO
3
L1, and 8.3 9 108 bacterial cells L1. Low-O2
(14 lmol O2 L1, measured using a FireStingO2 optical
O2 meter equipped with an OXR50 ﬁber-optic O2 sensor
from Pyroscience) artiﬁcial seawater medium (adjusted to
salinity 12) free of combined N was made under a modiﬁed atmosphere containing 90% N2 and 10% CO2 using
anaerobic preparation techniques previously described
(Widdel & Bak, 1992). The medium consisted of 1 L of
autoclaved, CO2-equilibrated (cooled under a 90% N2
and 10% CO2 atmosphere) MQ water containing 7.87 g
NaCl, 3.27 g MgCl2 9 6 H2O, 149 mg MgSO4 9 7 H2O,
439 mg CaCl 9 2 H2O, 197 mg KCl, 27 mg KBr, 57 mg
NaHCO3, and the following solutions: 10 mL KH2PO4
solution (50 g KH2PO4 L1 in MQ water, autoclaved),
1 mL 7-vitamin solution (40 mg 4-aminobenzoic acid
L1, 20 mg D-(+)-pantothenate L1, 100 mg pyridoxine
hydrochloride L1, 40 mg folic acid L1, 20 mg lipoic
FEMS Microbiol Ecol && (2014) 1–14
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acid L 1 in 3 mM NaH2PO4, 7 mM Na2HPO4, pH = 7.1,
0.22-lm ﬁlter sterilized), 1 mL vitamin B12 solution
(50 mg cyanocobalamin L 1 in MQ water, 0.22-lm ﬁlter
sterilized), 1 mL riboﬂavin solution (50 mg riboﬂavin
L 1 in 25 mM NaH2PO4, pH = 3.4, 0.22-lm ﬁlter sterilized), 1 mL thiamine solution (50 mg thiamine hydrochloride L 1 in 25 mM NaH2PO4, pH = 3.4, 0.22-lm
ﬁlter sterilized), 1 mL selenium-tungsten solution (18 mg
Na2SeO3 9 5 H2O L 1, 18 mg Na2WO4 9 2 H2O L 1 in
5 mM NaOH, autoclaved), 1 mL trace element solution
(2.1 g FeSO4 9 7 H2O L 1, 5.2 g Na2-EDTA L 1, 30 mg
L 1,
100 mg
MnCl2 9 4
H2O
L 1,
H3BO3
1
190 mg CoCl2 9 6 H2O L , 24 mg NiCl2 9 6 H2O L 1,
10 mg CuCl2 9 2 H2O L 1, 144 mg ZnSO4 9 7 H2O,
500 mg Na2MoO4 9 2 H2O, 500 mg VOSO4 9 H2O in
MQ water, pH = 6.0, autoclaved), 1 mL resazurin solution (1.0 g L 1 in MQ water, autoclaved), and 30 mL
sodium bicarbonate buffer solution (84.01 g NaHCO3
L 1 in MQ water, autoclaved, CO2 equilibrated under a
90% N2 and 10% CO2 atmosphere). The pH of the medium was adjusted to 7.2. This pH was stable for more
than 6 months after medium preparation in bottles with
a 10% CO2 headspace.
Sixty milliliters of the medium was aliquoted into ﬁve
250-mL glass bottles, headspaces were exchanged with a
90% N2 and 10% CO2 atmosphere, and the bottles were
sealed with butyl rubber stoppers. With the aim of facilitating the predominance of discrete functional types of
diazotrophs in the enrichments, single substrates, rather
than a mix, were added. Four bottles were supplemented
with 20 mmol glucose L 1, 50 mmol fumarate L 1,
20 mmol acetate L 1, or 50 mmol lactate L 1 (ﬁnal concentration), and the ﬁfth bottle was an unamended control. For the initial enrichment, the bottles were
inoculated with 60 mL of the sampled seawater. The in
situ temperature was 6.3 °C, but assuming that optimum
growth temperature for bacteria at depth may be more
than 10 °C higher than in situ (see e.g. Simon & W€
unsch,
1998), we chose to incubate the enrichment cultures at
room temperature (RT). The enrichments were incubated
for 3 months in darkness, without shaking. Following the
incubation, the four carbon-amended enrichments were
diluted 240-fold in fresh suboxic medium (above) as well
as in an anoxic equivalent reduced with 2 mmol Fe(II)
SO4 and 2 mmol dithiothreitol (DTT) L 1, hence diluting
out nondiazotrophic organisms as well as combined N
compounds originating from the initial inoculum. These
dilutions were then subject to additional 3-month incubation. The control bottle did not exhibit visible growth,
nor did a consumption of O2 take place in the bottle. At
the end of both 3-month incubation periods, growth was
conﬁrmed visually as increased turbidity and a change in
color of the resazurin dye, which reﬂects O2 consumption
FEMS Microbiol Ecol && (2014) 1–14

in the culture. Growth was also assessed by enumerating
cells by ﬂow cytometry (Gasol & Del Giorgio, 2000). The
control bottle did not exhibit visible growth, nor did a
consumption of O2 take place in the bottle.
Acetylene reduction assay

Nitrogenase activity was determined using the acetylene
reduction assay (Stewart et al., 1967). One milliliter of
enrichment culture was transferred to triplicate 20-mL
serum vials sealed with rubber stoppers and containing
9 mL suboxic, N-free medium in a N2-CO2 (90:10) atmosphere. Laboratory-grade acetylene (C2H2) gas (Air Liquide, Taastrup, Denmark) was injected (10% of
headspace), and bottles were incubated for 7 days to
account for potentially low N2-ﬁxation rates (Mirza &
Rodrigues, 2012). Negative controls in the form of medium only, medium with added acetylene, and inoculated
medium without acetylene were included. Ethylene
(C2H4) production was measured using an FID-equipped
Autosystem 9000 (Perkin Elmer) gas chromatograph. No
C2H4 was detected in the negative controls. In this study,
cultures for the acetylene reduction assay were grown
under a modiﬁed atmosphere (90% N2 and 10% CO2).
When acetylene was added, the combined fraction of N2
and C2H2 accounted for 91% of the atmosphere, in contrast to the 80% that bacteria would encounter in a normal atmosphere. For this reason, nitrogenase activity was
reported as C2H4 production (nmol C2H4 mL 1 h 1) and
not converted to N2-ﬁxation because a suitable conversion factor was not available for these experimental conditions. Moreover, because the effect of the altered
atmosphere on nitrogenase activity is not known, the
C2H4 production rates should be interpreted with caution
and merely be considered as evidence of nitrogenase
activity in enrichment cultures and isolates.
DNA extractions and nifH composition

DNA from the depth proﬁle was extracted from ﬁlters
using a phenol/chloroform extraction protocol (Bostr€
om
et al., 2004). At the end of the second incubation, DNA
from all eight enrichment cultures was extracted using
3 mL of culture and the E.Z.N.A. Tissue DNA Extraction Kit (Omega Bio-Tek). DNA concentrations were
determined with Quant-iTTM PicoGreen (Invitrogen).
Using Pure Taq Ready-To-Go PCR beads (GE Healthcare), a 359-bp fragment of the nifH gene was PCR
ampliﬁed from the in situ inoculum water (Gotland
Deep, 121 m depth) and the enrichment cultures. Degenerate nifH primers (Zehr & McReynolds, 1989) and a
nested PCR protocol (Zehr & Turner, 2001) were applied.
The fragments were analyzed on a 1% agarose gel and
ª 2014 Federation of European Microbiological Societies.
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subsequently extracted using the MontageTM DNA Gel
Extraction Kit (Millipore). The gel-puriﬁed nifH fragments
were cloned (TOPO TA Cloning Kit, Invitrogen), and 25
clones from each of the eight enrichment cultures and 50
clones from the in situ sample were transferred to 96-well
LBAmp-agar plates and sequenced at GATC Biotech, Germany. A negative control with PCR-grade water added as
template in the PCR was included, but no band was visible
in subsequent agarose electrophoresis and no clones could
be obtained from a gel extract obtained from the position
where the nifH fragment would be situated if present.
Sequences obtained from in situ water and enrichment
cultures were trimmed and binned into 25 clades using
the CD-HIT-EST script (Li & Godzik, 2006), applying a
97% nucleotide sequence identity cutoff value. Representative sequences were aligned and analyzed using MEGA5.05
(Tamura et al., 2011). To compare the sequences from
enrichment cultures to a 454-pyrosequencing data set
obtained from vertical proﬁles in the Gotland Deep during
the summers of 2007 and 2008 (Farnelid et al., 2013), the
sequences were translated and trimmed to 72 amino acids
and CD-HIT was clustered at 100% sequence similarity
(Li & Godzik, 2006).
Real-Time quantitative PCR (qPCR)

Two of the 25 clades were quantiﬁed in samples from
vertical proﬁles from the Gotland Deep and the Bornholm Basin as well as in the glucose-supplemented cultures (clade GD11.0 only) and the lactate-supplemented
cultures (clade GD11.9 only). Primers and probes were
designed using PRIMER 3 and PRIMER EXPRESS 3.0 (Applied
Biosystems; Supporting Information, Table S1). Their
speciﬁcities were veriﬁed using BLAST search and PrimerBLAST (NCBI). The qPCR reaction mixture (25 lL) contained 1 9 Path-ID qPCR Master Mix (Applied Biosystems), 900 nmol forward and reverse primer L 1 (HPLC
puriﬁed), 250 nmol probe L 1, RT-PCR grade water
(Ambion), and 5 lL standard or sample. Linearized standard DNA was obtained by NotI digestion of the pCR2.1TOPO vectors containing partial nifH inserts extracted
from clones obtained in the nifH clone libraries
(E.Z.N.A. Plasmid Mini Kit, Omega Bio-Tek). The DNA
was gel-puriﬁed and quantiﬁed (as mentioned previously), and a serial dilution containing 101–107 nifH copies per 5 lL was made. To examine potential PCR
inhibition, qPCR tests were carried out by adding 1.25,
2.5, 5, or 10 ng of each DNA sample to a standard containing 104 nifH copies. No inhibition was observed when
adding 5 ng of sample, which was chosen as the amount
of template added. All samples and standards were run in
triplicate on a Stratagene Mx3005P thermal cycler
(Agilent Technologies) using the conditions: 95 °C for
ª 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

10 min, 40 cycles of 95 °C for 15 s, and 60 °C for 1 min.
Triplicate no-template controls with RT-PCR grade water
as template were included and were undetectable after 40
cycles. PCR efﬁciencies ranged from 92% to 106%.
Isolation, identiﬁcation, and veriﬁcation

Attempts to isolate diazotrophs were made using various
solid media. Aerobes and aerotolerant groups were isolated by plating out dilutions of the four suboxic secondround enrichment cultures on ZoBell-agar plates (ZoBell
& Oppenheimer, 1963) with a salinity adjusted to 12. 3
Plates were incubated for 2 weeks at RT in the dark.
Anaerobes were targeted by plating out dilutions of the
suboxic lactate-amended enrichment culture on ZoBellagar medium supplemented with 20 mmol lactate L 1
and on a pour-plate version of the deﬁned medium used
in the enrichment cultures. These pour plates were solidiﬁed using prewashed, autoclaved agarose (1% ﬁnal concentration). Due to the fact that components of this
medium could not be autoclaved, sterile medium containing autoclaved as well as sterile-ﬁltered subsolutions
was preheated to 42 °C before being mixed with the agarose-containing solution to prevent the agarose from
solidifying upon contact with the liquid. The medium
was then supplemented with 20 mmol lactate L 1. Plates
targeting anaerobes were incubated in a modiﬁed atmosphere (90% N2, 5% CO2, and 5% H2) for 4 weeks at
RT. Obtained isolates were restreaked three times and
PCR-screened for the presence of a nifH gene. nifH
amplicons were gel-puriﬁed and cloned (as described previously). 16S rRNA genes were PCR ampliﬁed from nifHpositive isolates using Pure Taq Ready-To-Go PCR beads
(GE Healthcare) and the universal 27F and 1492R primers (Lane, 1991). Vector inserts and 16S rRNA gene
amplicons were sequenced at Euroﬁns MWG Operon,
Germany. The presence of nitrite reductase genes in the
isolates was examined by PCR ampliﬁcation of an 890-bp
fragment of the nirS gene using the nirS1F-nirS6R primers (Braker et al., 1998). Nitrogenase activity was examined using the acetylene reduction assay as described
previously.
O2-proﬁling of bacterial isolates

To examine the effect of the O2 concentration on N2ﬁxation, growth in semi-solid medium devoid of combined N was investigated. One aerobically isolated strain
(BAL504) and one anaerobically isolated strain (BAL510)
were chosen for O2-proﬁling. One milliliter of overnight
culture (ZoBell medium) was centrifuged (4000 g for
5 min) and washed three times with suboxic, N-free
artiﬁcial seawater medium. The pellet was suspended in
FEMS Microbiol Ecol && (2014) 1–14
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1 mL N-free artiﬁcial seawater medium supplemented
with glucose (20 mmol L1). To allow for subsequent
establishment of an O2 gradient, the concentration of O2
in the medium was reduced to a low level (5 lmol L1)
using 1 M Fe(II)SO4 and 1 M DTT. To generate a semisolid medium, an equal volume of autoclaved and cooled,
yet still liquid (45 °C), 0.6% prewashed agarose was
added to the medium. The cell suspension and medium
were mixed by gentle vortexing, and triplicate
0.8 9 8 9 100 mm microslides (VitroCom) were ﬁlled
with cell suspension. The microslides were incubated in a
humid, aerated atmosphere for 3 days at 20 °C. Hereafter, the microslides were ﬁxed on a custom-made,
thermo-regulated aluminum slide holder (Trampe et al.,
2011) placed in an optical microscope. The vertical O2
gradients in the microslide were measured using the
aforementioned FireStingO2/ORX50 optode system. The
optic sensor was controlled using a micromanipulator,
measuring at 50 lm increments. Control slides containing
cell suspension amended with 1.0 mmol NH4Cl L1were
included as well as negative control slides containing
medium only and medium with 0.5 mmol NH4Cl L1.
No growth was observed in the negative controls.
Nucleotide sequence accession numbers

The nifH clone library sequences obtained from enrichment cultures and from the in situ sample were deposited
in GenBank under accession numbers KF151389–
KF151413. Partial 16S rRNA and nifH gene sequences
obtained from isolates were deposited under accession
numbers KF151357–KF151388.

Results and discussion
Environmental conditions in situ

At the Gotland Deep, the halocline was located at 60–
75 m resulting in a redoxcline with suboxic conditions
(< 20 lmol O2 L1) occurring below 76 m. Anoxia
(< 1 lmol O2 L1) was observed from 122 m and below
coinciding with the accumulation of NHþ
4 , which was
present at < 1 lmol L1 in the upper 75 m and
19.4 lmol L1 at 200 m depth. PO3
4 concentrations were
low at the surface ( 0.1 lmol L1), but > 2.2 lmol L1
below 75 m. H2S concentrations increased below the oxic
anoxic interface. Combined NO
2 and NO3 peaked in the
suboxic zone (110 m) with concentrations reaching
7.3 lmol L1. At the Bornholm Basin, the halocline was
less distinct starting at 45 m with a salinity of 7.7, which
gradually increased to 15 at 86 m, resulting in a redoxcline
with suboxic conditions below 75 m. Anoxia was observed
below 84 m. PO3
concentrations were in the range of
4
FEMS Microbiol Ecol && (2014) 1–14

0.4–4.0 lmol L1, increasing below the oxic-anoxic interface. A comprehensive description of the environmental
conditions at the sampling sites is given in Farnelid et al.
(2013).
Growth in enrichment cultures and nifH
composition

Following the initial 3 months of incubation, growth was
visible in the enrichment cultures as a change in the
resazurin indicator dye as well as an increase in turbidity.
Correspondingly, cell abundance had increased from
4.2 9 108 cells L1 to 2.1 9 109–2.6 9 1010 cells L1
(Table 1). This increase was quite signiﬁcant considering
that the medium was devoid of combined N and presumably mainly supported growth of diazotrophs. Following
the 240-fold dilution and the subsequent second incubation period, the bacterial abundances in the suboxic enrichments increased to between 1.7 9 109 cells L1 and
1.0 9 1011 cells L1 (Table 1). In the parallel anoxic set of
enrichments, bacterial abundance did not exceed
2.0 9 109 cells L1. The superior growth of putative diazotrophic bacteria in suboxic medium relative to anoxic
medium suggests that trace amounts of O2 stimulated
N2-ﬁxation, possibly by allowing for oxidative phosphorylation generating ATP for the highly energy-demanding
N2-ﬁxation process. Acetylene reduction was observed in
all eight second-round enrichment cultures. Rates of C2H4
production ranged from 1.77  1.90 (SD) nmol C2H4
mL1 h1 in the glucose-amended, suboxic enrichment
culture to 55.2  50.8 (SD) nmol C2H4 mL1 h1 in the
lactate-amended, suboxic enrichment culture (Table 1),
conﬁrming the presence and activity of N2-ﬁxing bacteria.
nifH gene composition in the enrichment cultures was
investigated and compared to the in situ composition. A
total of 47 and 150 nifH sequences were obtained from in
situ and enrichment cultures, respectively. These
sequences represented 25 distinct clades (binned at 97%
sequence similarity) belonging to nifH Cluster I or III
(Table 2). Thirteen clades represented sequences that were
only recovered from the in situ sample, 10 clades were
only recovered from enrichment cultures, and two clades
were recovered in both enrichments and the in situ sample. About 47% of the sequences from in situ sample
belonged to the proteobacterial part of the canonical nifH
Cluster I (Chien & Zinder, 1996). The majority of these
sequences were afﬁliated with a large subcluster distantly
related to the anaerobic sulfur- and iron-reducing Geobacteraceae (Fig. 1), which has previously been observed in
nifH sequence data sets from the Gotland Deep and various marine environments (Moisander et al., 2007, 2008;
Farnelid et al., 2011, 2013). The remaining 53% of the
sequences obtained from in situ sample clustered with
ª 2014 Federation of European Microbiological Societies.
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Table 1. Veriﬁcation of bacterial growth as assessed by visual inspection of changes in resazurin indicator dye, increased turbidity, and bacterial
abundances at the endpoint of the respective incubations as well as veriﬁcation of diazotrophic activity in enrichment cultures by acetylene
reduction

Carbon source

Oxygen
state

Round of
enrichment

Change in
resazurin dye

Turbidity

Acetylene reduction
rate (nmol C2H4 produced mL

Glucose
Glucose
Glucose
Fumarate
Fumarate
Fumarate
Acetate
Acetate
Acetate
Lactate
Lactate
Lactate

Suboxic
Suboxic
Anoxic
Suboxic
Suboxic
Anoxic
Suboxic
Suboxic
Anoxic
Suboxic
Suboxic
Anoxic

1
2
2
1
2
2
1
2
2
1
2
2

+
+
na*
+
+
na*
+
+
na*
+
+
na*

+
+
+
+
+
+
+
+
+
+
+
+

na†
1.77
4.77
na†
15.9
3.50
na†
15.7
20.6
na†
55.2
19.0

1

Bacterial abundance
(cells L 1)

h 1)

1.3
1.7
4.2
2.1
5.7
2.0
2.6
3.9
5.7
1.0
1.0
6.9

 1.90
 0.198
 14.9
 0.226
 2.78
 1.19
 50.8
 19.3

9
9
9
9
9
9
9
9
9
9
9
9

1010
109
108
109
109
109
1010
109
108
1010
1011
108

*

Due to the reduction with Fe(II)SO4 and DTT, the resazurin indicator had already shifted to colorless prior to inoculation in these cultures.
Acetylene reduction assays were only carried out on second-round enrichments.
na, not available.

†

Table 2. Origin and afﬁliation of the 197 nifH sequences obtained from the eight second-round enrichment cultures and in situ water
Number of sequences
Anoxic

Suboxic

Clade

Canonical nifH Cluster

Glucose

Fumarate

Lactate

Acetate

Glucose

Fumarate

GD11.0
GD11.1*
GD11.2*
GD11.3*
GD11.4
GD11.5*
GD11.6
GD11.7
GD11.8
GD11.9
GD11.10
GD11.11
GD11.12
GD11.13
GD11.14
GD11.15
GD11.16
GD11.17
GD11.18
GD11.19
GD11.20
GD11.21
GD11.22
GD11.23
GD11.24
Total

I
I
I
III
III
III
I
I
III
III
III
I
III
III
III
III
I
III
I
I
III
III
I
III
III

21

14

16

22

13
2
3

12

Lactate
1

Acetate
16

In situ
9

2
1
3
4

1
2
2

7

1
3
1

1
1

1
8
1
7
3
8
1
2
2
1
1
1
1

22

2
16

19

22

23

17

12

19

47

Total
124
2
3
2
1
11
6
2
1
4
1
2
8
1
7
3
8
1
2
2
1
1
1
1
2
197

Marked with asterisks are clades that were not recovered from the in situ clone library, but were detected in a larger 454-pyrosequencing data
set obtained from the same site in 2007 and 2008 (Farnelid et al., 2013).

anaerobic sulfate reducers (Cluster III, Fig. 1), suggesting
that they represent a large fraction of the diazotrophic
community in the redoxcline of the Gotland Deep. This
ª 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

is consistent with other reports from pelagic oxygen minimum zones (Halm et al., 2009; Hamersley et al., 2011;
Jayakumar et al., 2012).
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Fig. 1. Neighbor-joining tree showing the phylogenetic afﬁliations of the 213 nifH DNA sequences obtained from the enrichment cultures, the in
situ water, and the 16 diazotrophic isolates. Sequences from both the inoculum water and the enrichment cultures were primarily afﬁliated with
sequences derived from anaerobic sulfate-reducing bacteria belonging to nifH Cluster III and with Pseudomonas- and Geobacter-like Cluster I
sequences. Names in bold represent the 25 nifH clades (GD11.0-GD11.24) and the isolates (BAL501-BAL516). The number of sequences per
clade and their origin (in situ or enrichment culture) are indicated in brackets following the clade name: [total number of sequences in the clade:
in situ-derived sequences:enrichment-derived sequences]. Large brackets indicate the afﬁliations of the sequences with canonical nifH clusters
according to Chien & Zinder (1996).

The majority of the sequences obtained from enrichment cultures (77%) were represented by a single clade,
GD11.0 (Table 2), belonging to nifH Cluster I. GD11.0
represented 124 of the 197 nifH sequences obtained,
including nine sequences from the in situ sample. GD11.0
sequences were present in all enrichment cultures, and it
FEMS Microbiol Ecol && (2014) 1–14

was the most highly recovered clade in seven of the eight
clone libraries from enrichment cultures (Table 2). It
showed 99% sequence similarity to a nifH mRNA
sequence derived from surface water in the tropical
northeast Atlantic Ocean (accession no. HQ611745, Turk
et al., 2011) and to an environmental clone from Baltic
ª 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved
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Sea surface water (accession no. EU916323, Farnelid
et al., 2009), suggesting that this clade represents a prevalent group of N2-ﬁxing bacteria in marine and estuarine
waters. The closest cultivated relatives were the N2-ﬁxing
gammaproteobacterium BAL281 isolated from Baltic Sea
surface water (Bostr€
om et al., 2007) and the N2-ﬁxing
Pseudomonas stutzeri DSM 4166 isolated from soil (Yu
et al., 2011) with 93% and 91% nifH gene sequence similarity, respectively. Only the lactate-amended, suboxic
enrichment culture contained clades with higher recovery
than the GD11.0 clade (Table 2). Interestingly, Cluster III
sequences seemed to dominate the library derived from
this culture, which likely owes to sulfate-reducing bacteria’s preference for lactate as an electron donor (Postgate
& Campbell, 1966; Cappenberg & Prins, 1974). The motivation for adding different carbon sources was to enrich
different groups of diazotrophs, but except for the lactate-amended, suboxic enrichment culture, any effects of
the difference in carbon source were masked by the dominance of the GD11.0 clade.
A clade from a lactate-amended, anoxic enrichment
culture (GD11.9) was the only Cluster III clade present in
both culture and in situ samples (Table 2). The four
sequences showed c. 92% similarity to a sequence from
an anoxic basin off California (accession no. HQ660855,
Hamersley et al., 2011), suggesting that these cultivable
Cluster III organisms may represent a widespread group
of diazotrophs in anoxic waters.
The overall congruence between the afﬁliations of the
clades observed, that is, the fact that sequences derived
from in situ sample and from enrichment cultures were
afﬁliated with the Geobacteraceae subcluster and with
anaerobic sulfate reducers (Fig. 1), suggests that the
applied cultivation approach is well suited for isolating
representative species of the indigenous diazotrophic
biota. Regarding the speciﬁc clades, GD11.0 and GD11.9
were the only two clades representing sequences recovered
from the in situ sample as well as the enrichment cultures. The remaining 23 clades consisted of sequences that
were exclusively conﬁned to either enrichment cultures or
the in situ nifH library. This limited overlap was likely
caused by the small number of in situ clones obtained (47
clones). To investigate the in situ prevalence of the clades
that were present solely in clone libraries from enrichment cultures, the sequences were blasted against a comprehensive 454-pyrosequencing data set from vertical
proﬁles obtained from the same sampling location as the
inoculum sample during the summers of 2007 and 2008
(Farnelid et al., 2013). Four of the 10 nifH clades that
appeared exclusively in enrichment cultures were identical at the amino acid level to sequences in the 454pyrosequencing data sets (marked with asterisks in
Table 2), supporting our view that a considerable fraction
ª 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved
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of the diazotrophic community in the suboxic waters of
the Gotland Deep are cultivable using the techniques
applied here.
The GD11.0 and GD11.9 clades were quantiﬁed in the
inoculum and in enrichment cultures. This conﬁrmed
that the nifH sequences obtained from enrichment cultures were not just remnants from the inoculum water.
In the ﬁrst glucose-supplemented enrichment culture,
GD11.0 increased from 1.7 9 105 nifH gene copies L 1
to 1.3 9 109 nifH gene copies L 1 at the end of the ﬁrst
incubation (Fig. 2). Following the 240-fold dilution and
subsequent incubation, GD11.0 reached 1.7 9 109 nifH
gene copies L 1. Assuming that these organisms have one
nifH gene per chromosome and one chromosome per cell
(Langlois et al., 2008), the GD11.0 clade accounted for
up to 100% of the cells in this culture (Fig. 2). The clade
was also enriched in the anoxic equivalent of the second
enrichment culture, yet to a lesser extent. In the lactateamended enrichment, the Cluster III clade GD11.9
increased more than ﬁve orders of magnitude from
3.1 9 104 nifH gene copies L 1 in the inoculum to
6.6 9 109 nifH gene copies L 1 at the end of the ﬁrst

Fig. 2. nifH gene abundances of the clades GD11.0 and GD11.9 in
the inoculum water and in the glucose-supplemented enrichments
and the lactate-supplemented enrichments, respectively. Both clades
were enriched with log factors of 4–5 compared to the inoculum
water. GD11.0 reached highest abundances in the suboxic
enrichments, whereas GD11.9 reached a higher abundance in the
initial enrichment culture compared to the two subsequent
enrichments. Error bars represent standard deviations. Total cell
counts based on ﬂow cytometry are indicated (♦).

FEMS Microbiol Ecol && (2014) 1–14
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incubation. In the second enrichment, however, these
high cell densities were not recovered (Fig. 2). Taken
together, the qPCR assays demonstrated that the nifH
sequences obtained from these clades originated from
bacteria actively growing in the enrichments.
In situ abundances of clades GD11.0 and
GD11.9

The in situ abundances of clades GD11.0 and GD11.9
were estimated by qPCR in different size fractions in vertical proﬁles of the Gotland Deep and the Bornholm
Basin. The clade GD11.0 (nifH Cluster I) was present at
all depths in both basins with abundances ranging from
5.5 9 103 nifH gene copies L 1 in surface water at the
Gotland Deep to 4.6 9 105 nifH gene copies L 1 in the
lower redoxcline at the Bornholm Basin (Fig. 3a and b).
Assuming one nifH copy per genome and one genome
per bacterium (Langlois et al., 2008), this clade accounted
for up to 0.4 & of the total bacterial count in situ. This
is likely a conservative estimate, because DNA extraction
and subsequent processing is not 100% efﬁcient. The
locations of the two stations are > 330 km apart, indicating that this cultivable clade of N2-ﬁxing organisms is,
although low in abundance, ubiquitous in the entire

water column in a large area of the Baltic Sea. In the Gotland Deep, GD11.0 reached highest abundances at the
lower redoxcline with 1.7 9 105 nifH gene copies L 1.
This is consistent with observations from 2007 and 2008
at the same site, where Pseudomonas-like OTUs had the
highest relative abundances within nifH 454-pyrosequencing libraries at or below the chemocline (Farnelid et al.,
2013). Interestingly, GD11.0 was detected at up to
6 9 104 nifH gene copies L 1 in the oxic upper 75 m of
the Gotland Deep (323–27.5 lmol O2 L 1, Fig. 3a) in the
particulate fraction (> 10 lm), but was not quantiﬁable
in the free-living fraction (< 10 lm). At 110 m depth
(1.53 lmol O2 L 1), the abundances in the two size fractions were similar to each other with 8.5 9 103 nifH gene
copies L 1 in the particulate fraction and 1.7 9 104 nifH
gene copies L 1 in the free-living fraction. However, in
the lower redoxcline and below (≤ 0.22 lmol L 1 O2),
abundances in the free-living fraction exceeded that in
the particulate fraction by two orders of magnitude
(Fig. 3a). The same trend was observed in the Bornholm
Basin, yet not as pronounced, possibly owing to the less
well-deﬁned redoxcline (Fig. 3b). Other factors than O2
concentrations, including differences in the concentrations of combined N (Fig. 3c and d), may also have
affected the distribution of diazotrophs observed at the

(a)

(c)

(b)

(d)
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Fig. 3. Depth proﬁles of GD11.0 and GD11.9
nifH gene abundances at the Gotland Deep (a)
and the Bornholm Basin (b) in the particulate
and free-living size fractions relative to O2
concentrations, and to bacterial abundances
and concentrations of combined nitrogen (c, d).
Both clades were detected at both stations and
exhibited the highest nifH gene abundances in
the lower redoxcline or below.
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two stations, yet the observed distribution of clade
GD11.0 is consistent with the idea that heterotrophic diazotrophs may occupy suboxic niches in association with
suspended particles, thereby enabling N2-ﬁxation in oxygenated waters (Paerl, 1985; Riemann et al., 2010).
4 GD11.9 (nifH Cluster III) was mainly detected in the
redoxcline and below the chemocline (Fig. 3), indicating
that these putative diazotrophs show a preference, less
oxygenated waters. The highest abundances were measured in the Bornholm Basin at 68 and 78 m depth (96.2
and 4.59 lmol O2 L1, respectively) with 5.8 9 105 nifH
gene copies L1. Above the oxic-anoxic interface, GD11.9
was only quantiﬁable in the particulate fraction at 58 m
depth (235 lmol O2 L1) in the Bornholm Basin
(Fig. 3b), but no clear pattern of higher relative abundance in the particulate size fraction was observed as a
function of higher O2 concentrations, which is in contrast
to the hypothesized particle preference by anaerobic diazotrophs (Braun et al., 1999; Riemann et al., 2010).
Isolation, identiﬁcation, and veriﬁcation

Cultivation targeting aerobes and aerotolerant groups
yielded 39 isolates. Nine of these were conﬁrmed as diazotrophs by nifH ampliﬁcation and acetylene reduction.
Attempts to isolate anaerobic diazotrophs yielded 24 isolates. Sixteen isolates were obtained on anaerobic ZoBell
supplemented with lactate, but for these nifH could not
be PCR ampliﬁed, nor could acetylene reduction be demonstrated. Seven of the eight isolates obtained from the
anaerobic solid, artiﬁcial seawater medium possessed the
nifH gene and reduced acetylene. In total, 16 conﬁrmed
diazotrophs were isolated from the enrichment cultures.
nifH DNA sequences showed that they were > 97% identical to the prevalent GD11.0 clade (Fig. 1) and related to
Pseudomonas stutzeri. This was conﬁrmed by a 99% 16S
rRNA gene sequence similarity to Pseudomonas stutzeri
2A38. Pseudomonas stutzeri is known to be a versatile and
almost universally occurring diazotrophic gammaproteobacterium that, among other things, is associated with
denitriﬁcation, for which it has been a model organism
for more than 30 years (reviewed in Zumft, 1997). Interestingly, the genetic potential for denitriﬁcation was veriﬁed in all 16 isolates by ampliﬁcation of the nirS gene
(Supporting Information, Fig. S1), which may explain the
coinciding peaks in GD11.0 abundance and NO
3 concentration in the lower redoxcline of the Gotland Deep.
Hence, the obtained isolates may potentially act as both a
source and a sink of available N in the Baltic Sea, possibly
depending on the speciﬁc environmental conditions and
the supply of combined dissolved N.
The fact that 47 of 63 isolated strains were not diazotrophs reﬂects that a large fraction of the bacteria in the
ª 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

enrichment cultures, which are capable of forming colonies on agar plates, are N scavengers, or possibly organisms living in syntrophy with N2-ﬁxing bacteria (Hill &
Postgate, 1969; Postgate, 1983). Similar observations have
been reported from previous attempts to isolate heterotrophic diazotrophs from the Baltic Sea (Bostr€
om et al.,
2007; H. Farnelid, J. Harder, M. Bentzon-Tilia, L. Riemann, unpublished data). Moreover, the applied
approach seems to favor N2-ﬁxing Pseudomonas species,
something that has also been reported from soil-derived
enrichment cultures targeting diazotrophs (Mirza &
Rodrigues, 2012). Pseudomonas stutzeri and its closer diazotrophic relatives are known to be aerobic N2-ﬁxers (Zumft, 1997), and the fact that the initial enrichment
culture was suboxic may explain why this organism dominated over strictly anaerobic species. Other conditions,
such as temperature, could possibly also favor growth of
Pseudomonas. For obtaining a more diverse array of diazotrophic isolates from anoxic waters, a focused effort
directed toward isolation of sulfate-reducing diazotrophs
may be successful. This could possibly be achieved by
supplementing anoxic lactate-amended medium as used
in this study with excess ferrous sulfate and Na2SO3.
O2-proﬁling of bacterial isolates

Bacterial growth in the microslides was visible after 24 h
of incubation for both the aerobically isolated bacterium
(BAL504) and the anaerobically isolated bacterium
(BAL510). The two isolates exhibited very similar growth
in the microslides, and only BAL510 is discussed in the
following. In microslides containing medium supplemented with NHþ
4 , growth was observed after 24 h at the
surface of the medium where O2 concentrations were
between 247 and 256 lmol O2 L1 (Fig. 4a). This suggests that BAL510 prefers to grow at the O2 concentrations observed in well-aerated waters when nitrogen is
replete. In the microslides devoid of combined N, growth
was initially only observed as a thin, distinct ﬁlm known
as a pellicle, visible 1.0–1.1 mm below the surface and
spanning the entire width of the microslide (Fig. 4b). Pellicle growth is usually observed on the surface of liquid
medium incubated without shaking and is common in
aerobically N2-ﬁxing bacteria such as Azotobacter vinelandii and Azospirillum sp. where cell aggregation and exopolymer excretion act as means of controlling O2
diffusion into individual cells (Mulder, 1975; Madi et al.,
1988). Similarly, pellicle formation in semi-solid diazotroph medium has been reported in soil-derived
Pseudomonas stutzeri strains (Desnoues et al., 2003). The
position of the observed pellicle corresponded to an O2
concentration of 186–194 lmol O2 L1 (Fig. 4b and d),
which is substantially higher than the concentrations
FEMS Microbiol Ecol && (2014) 1–14
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(a)

Fig. 4. O2-proﬁle in microslides inoculated
with the anaerobically isolated BAL510. The
position of growth in the microslides is
indicated by the position of the optode. In the
presence of combined N, growth was
concentrated at the surface of the microslide
(a), while in microslides devoid of combined N,
growth was observed as a thin pellicle situated
1 mm below the surface, spanning the
width of the microslide (b), and after 3 days
of incubation as a broad opaque band
situated c. 5.2–7.6 mm below the surface (c).
The O2 concentrations in the microslides are
depicted as a function of the distance from
the medium surface in (d). Gray areas
represent visible growth, either as a distinct
pellicle (thin gray line) or as a broader diffuse
area further below the surface.

(d)

(b)

(c)

previously reported for heterotrophic N2-ﬁxers isolated
from the Baltic Sea (Bostr€
om et al., 2007). It suggests that
self-aggregation and bioﬁlm formation in marine Pseudomonas stutzeri strains may facilitate N2-ﬁxation at relatively high O2 concentrations, which is consistent with the
greater degree of particle association observed in the
upper 65 m of the water column where the O2 concentrations were in the range of 200–380 lmol O2 L 1 (Fig. 3a
and b). Finally, we speculate that the ability of Pseudomonas to ﬁx N at relatively high O2 concentrations may
explain its predominance in the enrichment cultures, as
these were initially suboxic rather than anoxic, possibly
favoring Pseudomonas relative to more O2-sensitive diazotrophs.
After 3 days of incubation, growth was observed below
the pellicle as an increase in opacity concentrated in a
wide, diffuse band situated 5.2–7.6 mm below the surface
(Fig. 4c). At this depth, O2 concentrations were in the
range of 0.5–15 lmol O2 L 1 (Fig. 4d), corresponding to
0.03–5.4% air saturation, which is very close to the 0–6%
air saturation described as the optimal O2 concentration
for N2-ﬁxation in the diazotroph BAL281 isolated from
Baltic Sea surface water (Bostr€
om et al., 2007). Hence,
0.5–15 lmol O2 L 1 appears optimal for N2-ﬁxation by
the Pseudomonas-like isolates obtained here, yet
exopolymer secretion and self-aggregation may facilitate
N2-ﬁxation at higher O2 concentrations.

ent in anoxic, estuarine waters can be cultivated in a
suboxic, diazotrophic liquid medium. This suggests that
cultivation of heterotrophic diazotrophs from oceanic
O2-deﬁcient waters may also be a promising endeavor,
allowing for their genomic and ecophysiological characterization in the future. Some of the prevalent nifH clades
recovered in this study were quantiﬁable to signiﬁcant
numbers at different sites in the Baltic Sea and exhibited
a vertical distribution seemingly governed by the O2sensitive nature of N2-ﬁxation. Representatives from a
prevalent group of heterotrophic diazotrophs were isolated and identiﬁed as belonging to the species Pseudomonas stutzeri, which is a well-known denitriﬁer, a trait that
the obtained isolates also were found to possess. O2proﬁling showed that the optimum for N2-ﬁxation by the
obtained isolates was at 0.5–15 lmol O2 L 1, yet the formation of pellicles indicated that exopolymer excretion
may support N2-ﬁxation at O2 concentrations comparable
to those in the upper water column.
The high nifH diversity observed in the anoxic waters
of the Baltic Sea and similar environments (Hamersley
et al., 2011; Farnelid et al., 2013) highlights that more
isolates are needed in concert with elaborate ecophysiological investigations to estimate the signiﬁcance of heterotrophic N2-ﬁxers in the marine N cycle. The present
study shows that the means to obtain more and representative isolates are presently available.

Conclusions
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online version of this article:
Fig. S1. nirS PCR amplicons (890 bp) from the 16 isolates visualized on a 1% agarose gel. Negative and positive
controls are shown to the left.
Table S1. Primers and TaqMan probe sets used for qPCR
in this study.
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Fw primer (5’-3’)

Rev primer (5’-3’)

Probe (5’-3’)
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GD11.0, nifH
(Accession:
KF151389)

TGAGGACGATCTGGACTTCGT

TGGGCATGGCGAAACC

ACGTGCTCGGTGACG

Farnelid et al.,
2014

GD11.9, nifH
(Accession:
KF151398)

AACCAGACTTCTCTTAGGCGG

GGCTCCAAGAGACTCCAACATA

TGAGCCAGGTGTTGGATGTGCCGGT

This study

Fig. S1. nirS PCR amplicons (890 bp) from the 16 isolates visualized on a 1 % agarose gel. Negative and positive controls are shown to the left.
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Nitrogen fixation traits and potential in three
heterotrophic diazotrophs isolated from the Baltic Sea
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The ability to reduce atmospheric nitrogen (N2) to ammonia, known as N2 fixation, is widely distributed among
prokaryotes and is crucial for the input of new N in a multitude of environments. Nitrogenase reductase gene
(nifH) composition suggests that heterotrophic organisms are ubiquitous in marine bacterioplankton, but their
ecological significance is unknown, partly due to lack of knowledge about their autecology. Here, we report
genomic and ecophysiology data in relation to N2 fixation by three heterotrophic bacteria isolated from Baltic
Sea surface water: Pseudomonas stutzeri BAL361 and Raoultella ornithinolytica BAL286 (both
gammaproteobacteria), and Rhodopseudomonas palustris BAL398 (alphaproteobacteria). Genome sequencing
revealed that all three isolates were metabolically versatile and that the gene clusters encoding the N2 fixation
complex varied in length and complexity between the isolates. All three isolates could sustain growth by N2
fixation in the absence of reactive N and this fixation was stimulated by small amounts of oxygen in all three
isolates. P. stutzeri BAL361 did, however, fix N at up to 165 µmol O2 L-1. At these O2 concentrations, N2 fixation
co-occurred with aggregate formation. Glucose stimulated N2 fixation in general and reactive N repressed N2
fixation except for ammonium (NH4+), which stimulated N2 fixation in R. palustris BAL398, suggesting that this
bacterium uses nitrogenase as an electron sink. In general, regulation mechanisms were intricate and different
among isolates and deductions concerning the scale and importance of N2 fixation by heterotrophic diazotrophs
as a whole, based on such environmental parameters, seem challenging.
Introduction
The conversion of inert dinitrogen (N2) gas to ammonium
(NH4+) by microorganisms, known as N2 fixation, is
fundamental for biological productivity in many environments.
In the tropical and subtropical oligotrophic oceans, and in
eutrophic freshwater lakes, pelagic N2 fixation may supply
enough N to sustain a considerable fraction of the new
production (Howarth et al., 1988; Karl et al., 2002). In these
environments cyanobacteria are generally considered the main
N2-fixing organisms (diazotrophs), yet the genetic potential to
fix atmospheric N2 is distributed among diverse prokaryotes
including members of the Proteobacteria, Firmicutes, and
Archaea (Zehr et al., 2003). Functional genes involved in N2
fixation, especially the nitrogenase reductase-encoding gene,
nifH, have been used as phylogenetic markers to identify
diazotrophs and to examine their distribution in various
environments (Zehr and Mcreynolds, 1989; Zehr and Turner,
2001). Such surveys show that, in addition to cyanobacteria,
also heterotrophic putative diazotrophs are widespread in marine
waters (reviewed in Riemann et al 2010) and they may even
dominate nifH gene libraries (e.g., Farnelid et al., 2011).
Correspondence: L Riemann, Marine Biological Section, University of
Copenhagen, Strandpromenaden 5, Helsingør, DK-3000, Denmark. Email: lriemann@bio.ku.dk

Moreover, significant N2 fixation has been documented in
waters where cyanobacteria are not believed to be present or
active (Halm et al., 2009; Fernandez et al., 2011; Halm et al.,
2012; Farnelid et al., 2013). Nonetheless, the autecology and
ecological importance of marine heterotrophic diazotrophs are
still only poorly understood.
In order to estimate the potential contribution by heterotrophic
organisms to marine N2 fixation, cell-specific rates of N2
fixation should be connected to the identity of the responsible
cells, either directly by nanoscale secondary ion mass
spectrometry (NanoSIMS) in combination with fluorescence in
situ hybridization (FISH; Dekas and Orphan, 2011), or
alternatively by indirect estimates based on cell-specific rates
determined in vitro in combination with in situ abundance
measures. For instance, using cell-specific rates from the soilderived Pseudomonas stutzeri CMT.9.A, it was recently
reported that the abundance of a predominant γ-proteobacterial
phylotypes in the eastern tropical South Pacific Ocean could not
account for local N2 fixation (Dekaezemacker et al., 2013; TurkKubo et al., 2014). Such calculations are, however, hampered by
the lack of cell-specific N2 fixation rates of marine,
heterotrophic diazotrophs, which in turn is caused by a scarcity
of cultivated representative species.
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Attempts to cultivate heterotrophic diazotrophic bacteria from
marine environments have generally been few and with variable
success (Maruyama et al., 1970; Shieh et al., 1989; Loveless et al.,
1999; Betancourt et al., 2008). Recently, however, α- and γproteobacterial representative diazotrophs have been cultivated
from pelagic waters of the Baltic Sea (Boström et al., 2007;
Bentzon-Tilia et al.,2014a ; Farnelid et al., 2014), but further
ecophysiological and genomic investigations elucidating the
regulation of N2 fixation in relation to environmentally relevant
stimuli has not yet been undertaken.
A multitude of restrictions are imposed on N2-fixing
heterotrophic bacteria in pelagic marine systems. The reduction
of N2 to NH4+ is expensive in terms of reducing power and
cellular energy, requiring at least 16 moles of ATP to reduce 1
mole of N2, hence, demanding considerable amounts of organic
carbon (C) compounds. In addition, the nitrogenase enzyme
complex is sensitive towards O2 and N2 fixation is supposedly
tightly regulated by the presence of O2 as well as reactive N
(Dixon and Kahn, 2004). Despite these high energy
requirements and stringent control mechanisms, nitrogenase
reductase gene (nifH) transcripts affiliated with heterotrophic
diazotrophs have been detected in low-carbon, aerated
oligotrophic surface waters (Man-Aharonovich et al., 2007;
Farnelid et al., 2011), as well as in N replete environments (Bird
et al., 2005; Farnelid et al., 2013), emphasizing that the potential
extent and regulation of heterotrophic N2 fixation is currently
poorly understood.
In this study, we report the comparative investigation of the
genomic traits relating to N2 fixation in three heterotrophic N2
fixing bacteria isolated from the Baltic Sea water column. We
also report data on nitrogenase activity in these bacteria as a
function of different concentrations of O2, dissolved inorganic N
(NH4+ and nitrate, NO3-), and dissolved organic carbon (C).
Materials and Methods
The investigated bacteria were isolated from surface water from
two locations in the Baltic Sea. Pseudomonas stutzeri BAL361
(Accession numbers KC140355, nifH and KC140295, 16S
rDNA) and Rhodopseudomonas palustris BAL398 (Accession
numbers KC140365, nifH and KC140332, 16S rDNA) were
isolated from N-devoid, carbonate-buffered, microoxic
diazotroph enrichment cultures inoculated with surface water (3
m) from the Landsort Deep (N58°36′ E18°14′) in March 2009
(Farnelid et al., 2014). Raoultella ornithinolytica BAL286
(Accession numbers AY972875, nifH and AY972873, 16S
rDNA) was isolated from 3 m depth (total depth 10 m) at a
station in the strait between mainland Sweden and the Island of
Öland (5 April 2005, N56°37 295, E16°21 846) using semi-solid
diazotrophic medium (Boström et al., 2007).
Genome sequencing, assembly, and annotation
The diazotrophic strains P. stutzeri BAL361, R. palustris
BAL398, and R. ornithinolytica BAL286 were grown in ZoBell
broth (ZoBell, 1963) until an optical density of 0.5 – 1.0,
harvested, and genomic DNA was extracted (E.Z.N.A.® Tissue
DNA Kit, Omega Bio-Tek, Norcross, GA, USA). To verify the
purity of the DNA extracts the 16S rRNA genes were amplified
and sequenced at Eurofins MWG Operon, Ebersberg, Germany.
Genomic DNA from P. stutzeri BAL361 and R. palustris
BAL398 was sheared using a Bioruptor (Diagenode, Liege,
Belgium) and a paired end (PE) sequencing library (~450 bp
inserts) for Illumina was constructed as previously described
(Nielsen et al., 2013). Indexing was done using a short indexing
primer system (Kampmann et al., 2011). To generate the 100 nt

PE data, approximately 1/10 of one lane on an Illumina HiSeq
2000 was run according to manufacturer’s specifications.
Sequences were assembled using Velvet de-novo assembler
version 1.2.08 with scaffolding switched off and a k-mer of 47.
For R. ornithinolytica BAL286, a sequencing library was built
using the Nextera® XT DNA kit (Illumina, San Diego, USA)
according to the manufacturer’s protocol with 1 ng input DNA.
This library was sequenced on the Illumina MiSeq platform as 2
× 250 base paired-end reads. This genome sequence was
assembled using CLC Genomic Workbench 6.0.4 (CLC bio,
Aarhus, Denmark) following standard quality trimming and
adapter removal using the same software package. For P.
stutzeri BAL361 and R. palustris BAL398, the nitrogen fixation
regions were reassembled and mapped against known reference
genomes using the CLC platform. All three genomes were
annotated using the online Rapid Annotation using Subsystem
Technology (RAST) resource version 4.0
(http://rast.nmpdr.org/; Aziz et al., 2008). The annotations of the
nitrogen fixation regions were compared and edited according to
manual annotations done using Artemis (Carver et al., 2012).
Medium preparation and growth kinetics
To investigate the N2 fixation potential of the isolates, various
growth media were tested including the liquid N-free medium
previously applied to grow R. ornithinolytica (Boström et al.,
2007), diazotroph medium RBA (DSMZ), and the carbonatebuffered microoxic diazotroph medium used to isolate P.
stutzeri BAL361 and R. palustris BAL398 (Farnelid et al.,
2014). The latter was the only medium supporting growth of all
three bacterial strains and was, therefore, used in the subsequent
ecophysiological analyses. The carbonate-buffered microoxic
medium was prepared as follows: 7.87 g NaCl, 3.27 g MgCl2 ×
6 H2O, 149 mg MgSO4 × 7 H2O, 439 mg CaCl × 2 H2O, 197 mg
KCl, 27 mg KBr, and 57 mg NaHCO3 were added to 1 L of
Milli-Q water. The solution was autoclaved and cooled under an
atmosphere containing 90 % N2, 5 % CO2 and 5 % H2. The pH
of the medium was adjusted to 7.2 and the following solutions
were added: 30 mL sodium bicarbonate buffer solution, 10 mL
KH2PO4 solution, 1 mL 7-vitamin solution, 1 mL vitamin B12
solution, 1 mL riboflavin solution, 1 mL thiamine solution, 1
mL selenium-tungsten solution, 1 ml trace element solution and
1 mL resazurin solution. The ingredients of the individual
solutions are described elsewhere (Bentzon-Tilia et al., 2014a;
Farnelid et al., 2014). The growth kinetics of the three bacterial
strains in the selected medium was examined to ensure that
acetylene reduction was assessed for growing cells. Aliquots (25
mL) of medium were distributed into 50 mL borosilicate serum
vials, which were capped with butyl rubber stoppers and crimp
sealed. To ensure a low O2 concentration (37 ± 4 µmol O2 L-1)
in the medium prior to inoculation, the headspaces were
replaced with an atmosphere containing 90 % N2, 5 % CO2 and
5 % H2 three consecutive times and the liquid was allowed to
equilibrate with the modified atmosphere for 2 hours before the
O2 concentrations were verified using a FireStingO2 optical O2
meter equipped with an OXR50 fiber-optic O2 sensor
(Pyroscience, Aachen, Germany). Finally, the medium was
supplemented with 20 mmol 0.2 µm – filtered glucose L-1 (final
conc.). For each bacterial isolate, cells were harvested by
spinning down 2 mL of actively growing ZoBell cultures (4,000
× g, 5 min), washed twice in 1 mL PBS, and suspended in 2 mL
of the carbonate-buffered microoxic diazotroph medium. A
serum vial containing 25 mL medium were then inoculated with
200 µL cell suspension and incubated for approximately 20 days
in the dark at room temperature,
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shaking at 150 rpm. Growth in the vials were monitored by flow
cytometry as described previously (Gasol and Del Giorgio,
2000) using a FACSCanto™ II flowcytometer (BD Biosciences,
NJ, USA). Samples (500 µL) for these analyses were obtained
daily during the incubation period, diluted three times in PBS,
fixed with glutaraldehyde (1 % final conc.), and stored at 80 °C. In order to investigate the effects of lower glucose
concentrations and higher O2 concentrations on the bacterial
growth, parallel incubations containing 0.2 µmol glucose L-1 or
≈ 200 µmol O2 L-1 were included. The effect of the presence of
reactive N on the growth of the bacteria was also examined by
adding 60 µmol NH4+ or NO3- L-1 (final conc.) to a subset of
incubations. This was added on day 12 to mimic the conditions
in the acetylene reduction assay (see below).
Acetylene reduction assay
Nitrogenase activity was assessed using the acetylene reduction
assay (Stewart et al., 1967). Serum vials containing 25 mL
carbonate-buffered microoxic diazotroph medium were
inoculated and incubated as described above. After 14 days the
pressure was equilibrated and 10 % of the headspace was
substituted with laboratory grade acetylene (C2H2) gas (Air
Liquide, Taastrup, Denmark). Incubations continued for
additional 24 h before the amount of produced ethylene was
quantified using a FID-equipped CP9000 gas chromatograph
(Chrompack, Bergen op Zoom, Netherlands). The base medium
for these measurements contained 20 mmol glucose L-1, 37 ± 4
µmol O2 L-1, and was free of reactive N. To examine the
regulation of N2 fixation by different concentrations of C, O2,
and reactive N, one of these parameters were changed while
keeping the other two constant. The effect of O2 on N2 fixation
was investigated by regulating the O2 concentrations of the base
medium by adding 2, 4 or 8 mL of pure O2 gas, or by adding
ferrous sulfate (FeSO4) and dithiothreitol (DTT) in equal
amounts (0.40, 0.60, 1.0 or 1.6 mmol L-1, final concentration of
each compound) to triplicate vials. This produced O2
concentrations in the medium ranging from 0 – 240 µmol O2 L-1
at the time of ethylene quantification. The effect of C was
examined using base medium made with HPLC-grade water
instead of Milli-Q. Triplicate vials contained one of eight
different glucose concentrations increasing from 0.002 to 20,000
µmol glucose L-1 with log factor increments. Similarly, the
effect of reactive N was examined using the following eight
concentrations of either NO3- or NH4+: 0, 0.1, 0.5, 1, 5, 20, 60 or
150 µmol L-1. The reactive N was added to triplicate vials on
day 12 to ensure that the cultures did not reach stationary phase
at the time of acetylene addition (day 14).
Results and Discussion
Genomic traits
The genomes of P. stutzeri BAL361, R. palustris BAL398, and
R. ornithinolytica BAL286 were assembled into 399, 907, and
869 contigs, respectively. Based on these contigs, the three
organisms comprised 2,251, 2,432, and 3,067 coding sequences
(CDSs) related to defined genetic subsystems. Approximately
equal numbers of CDSs were not related to a subsystem.
Nitrogenase reductase gene (nifH) sequences were obtained
from P. stutzeri BAL361 and R. palustris BAL398 in
connection with their isolation (Farnelid et al., 2014). Upon the
isolation of R. ornithinolytica BAL286, an Iron-only (FeFe)
nitrogenase-associated reductase gene (anfH) sequence similar
to those known from Azotobacter vinelandii and Azomonas
macrozytogenes was recovered (Boström et al., 2007),

but not a conventional molybdenum-iron (FeMo) nitrogenaseassociated reductase (nifH) gene sequence. In congruence with
the observation that alternative nitrogenases seem to
complement the FeMo nitrogenase when Mo is depleted (Eady
and Leigh, 1994), rather than being autonomously regulated, a
FeMo nitrogenase-associated reductase encoding gene was
recovered from the genome sequence of R. ornithinolytica
BAL286. It was related to the nifH gene from Klebsiella
pneumoniae (92 % nucleotide sequence similarity; accession no.
V00631). R. palustris has previously been reported to harbor
alternative nitrogenases (Larimer et al., 2004), but this was not
the case for R. palustris BAL398, confirming a previous PCRbased analysis of this strain (Farnelid et al., 2014).
nifH/anfH sequences suggested that the three diazotrophic
isolates represented the α-proteobacterial and γ-proteobacterial
parts of the canonical nifH Cluster I (Chien and Zinder, 1996) as
well as the archeal and FeFe nitrogenase-containing Cluster II
(Figure 1).

Figure 1 Amino acid sequence-based, unrooted, neighbor-joining tree
showing the affiliations of the isolates with the canonical nifH Clusters
(color-coded lines indicate Cluster affiliation). Pseudomonas stutzeri
BAL361 represents the γ-proteobacterial part of Cluster I,
Rhodopseudomonas palustris BAL398 represents the α-proteobacterial
part of Cluster I, and R. ornithinolytica BAL286 represents the γproteobacterial part of Cluster I as well as Cluster II.

The three bacterial isolates examined here are known to be
present and active diazotrophs in the estuarine Baltic Sea, but
also appear widely distributed in marine waters. Pseudomonaslike γ-proteobacterial nifH sequences are prevalent and often
dominating sequence datasets in a multitude of marine
environments, including estuarine waters and the Pacific,
Atlantic, and Indian Oceans (Bentzon-Tilia et al., 2014b; TurkKubo et al., 2014). α-proteobacterial diazotrophs of the order
Rhizobiales including the genera Rhodopseudomonas, are
integral parts of the diazotrophic communities in the Baltic Sea
(Bentzon-Tilia et al., 2014b; Farnelid et al., 2014), but also in
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the Mediterranean Sea (Le Moal et al., 2011), South China Sea
(Moisander et al., 2008), and the Atlantic and Indian Oceans
(Turk-Kubo et al., 2014). Furthermore, enterobacterial
Klebsiella-like sequences have been found to dominate nifH
gene sequence libraries from temperate estuarine surface water
in summer (Bentzon-Tilia et al., 2014b) and diazotrophic
members of the genus Klebsiella have been recovered from
estuarine eel grass roots (Kirshtein et al., 1991). Thus, the three
bacterial isolates collectively represent a subset of widely
distributed and putatively important heterotrophic diazotrophs.
Consistent with the well-described P. stutzeri and R. palustris
species (Lalucat et al., 2006; Larimer et al., 2004; Rosselló et
al., 1991), the genome sequences P. stutzeri BAL361 and R.
palustris BAL398 showed evidence of high metabolic
versatility, for instance with metabolic subsystems related to
diverse carbohydrate and fatty acid metabolisms as well as
carbon fixation and phototrophy in R. palustris BAL398. In
contrast, R. ornithinolytica is not very well described, but it too
seemed to be versatile, harboring genes relating to a multitude
of catabolic subsystems including for e.g., mono-, di-, oligo-,
and polysaccharide utilization, fermentation, and nitrite and
nitrate ammonification.
Interestingly, all three isolates seemed to have allocated a
substantial part of their genomes to aromatic hydrocarbon
metabolism with 53, 52, and 88 CDSs relating to this metabolic
subsystem in P. stutzeri BAL361, R. palustris BAL398 and R.
ornithinolytica BAL286, respectively. There are numerous
reports showing that P. stutzeri can degrade aromatic
hydrocarbon compounds and use these as the sole carbon source
(see (Lalucat et al., 2006) and references herein). Likewise, R.
palustris can fix N2 using aromatic compounds as sole carbon
sources (Sasikala et al., 1994) and although little is known about
the aromatic hydrocarbon metabolism of R. ornithinolytica, it
has been isolated from oil-contaminated soil (Shin et al., 2013)
and can grow with benzoic acid as the sole carbon source
(Ngugi et al., 2007). We can only speculate on how this relates
to the ecology of these organisms and whether it influences their
role as diazotrophs, but we note that although exact values for
oil spills in the Baltic Sea are not available, oil contamination is
considered a major concern in the Baltic Sea and the genetic
capacity to degrade aromatic compounds is widespread in the
indigenous bacterioplankton (Reunamo et al., 2013). Taken
together, the diverse potential metabolic strategies observed
among the isolates indicates that high metabolic flexibility may
be a key trait in heterotrophic, N2-fixing bacteria inhabiting
Baltic Sea surface waters. The genetic information related to N2fixation was clustered in distinct regions in all three genomes.
These regions contained conserved genes encoding the
nitrogenase complexes as well as conserved genes involved in
FeMo-cofactor synthesis and transcriptional regulation. In P.
stutzeri BAL361, this region consisted of 49.3 kb encoding 61
genes (Figure 2A). This region had a GC content considerably
higher than the rest of the genome (66.2 % vs 62.6 %),
supporting the notion that the N2 fixation region in P. stutzeri is
a genomic island acquired by horizontal gene transfer (HGT;
Yan et al., 2008). Several CDSs were interspersed between the
genes identified as being part of the N2 fixation subsystem,
contributing to the rather large size of the N2 fixation region in
this genome. Despite their unknown function, these CDSs seem
to be conserved among organisms fixing N2 under microaerobic
and aerobic conditions, and their transcription is increased under
conditions favoring N2 fixation, suggesting that they do play a
role in aerobic N2 fixation (Yan et al., 2008). Surprisingly, the
N2 fixation region in P. stutzeri BAL361 did not encode the

NifF protein, which is a flavoprotein involved in electron supply
to the nitrogenase reductase. It is not essential for N2 fixation in
Azotobacter vinelandii (Bennett et al., 1988) and Rhodobacter
capsulatus, but may sustain N2 fixation under Fe limited
conditions in the latter (Gennaro et al., 1996), suggesting that P.
stutzeri BAL361 may have an increased susceptibility to colimitation by Fe and N.
The N2 fixation region of R. palustris BAL398 was in general
similar to the composition of the FeMo N2 fixation cluster of R.
palustris CGA009 (Larimer et al., 2004), comprising 27 CDSs
within a single 22.0 kb region and lacking the negative
transcriptional regulator-encoding gene, nifL (Figure 2B). Yet,
none of the genes relating to the alternative nitrogenase
complexes were observed, supporting that these may have been
acquired recently by HGT in R. palustris CGA009 (Cantera et
al., 2004), or lost secondarily in R. palustris BAL398.
Despite containing the genetic information of both the FeMo
and the FeFe nitrogenase complexes, the N2 fixation region of R.
ornithinolytica BAL286 constituted only 28.8 kb, and
comprised 29 CDSs. It was hence the most condensed N2
fixation region of the three (Figure 2C). The part of the region
comprising the FeMo nitrogenase complex was similar to that of
Klebsiella pneumoniae M5a1 (Arnold et al., 1988), but
following the nifQ gene, the FeFe complex was encoded in the
opposite transcription orientation. Bacteriophage-associated
sequences were found just upstream from the FeFe nitrogenase
gene cluster and a distinct change in GC content occurred at the
intersection between the FeMo and FeFe clusters (Figure 2C). It,
therefore, seems likely that the alternative nitrogenase complex
of R. ornithinolytica BAL286 has been acquired horizontally as
in P. stutzeri BAL361.
The high degree of congruence observed between nifH gene
phylogeny and 16S rRNA gene phylogeny suggests that HGT of
entire nitrogenase gene clusters is a rare event (Zehr et al.,
2003), yet it seems to have happened in Pseudomonas stutzeri as
well as in different other diazotrophs (Cantera et al., 2004;
Dobrindt et al., 2004; Bolhuis et al., 2009). R. palustris CGA009
harbors alternative nitrogenase gene clusters, which seem to
have been acquired through HGT (Cantera et al., 2004). This
suggestion of a HGT event is consistent with the fact that our R.
palustris BAL398 strain does not harbor any alternative
nitrogenase gene clusters. In combination with our deduction
that R. ornithinolytica BAL286 likely has acquired a FeFe
nitrogenase system horizontally, we speculate that alternative
nitrogenase systems may be particularly prone to HGT.
Collectively, our results show that the genetic regions
comprising the N2 fixation clusters in the three examined
organisms are differing in structure, composition and
complexity, presumably reflecting their different
ecophysiologies. Furthermore, it appears that the genetic
clusters are in a state of flux, continuingly being influenced by
HGT.
Growth kinetics, N2 fixation potential, and regulation
To ensure that ethylene production in the acetylene reduction
assays (ARAs) was measured on actively growing cultures, the
growth of the three isolates was monitored over a 20-day period.
In ARAs, the acetylene was added after 14 days, where all three
isolates were still actively growing (Figure 3). Growth under
standard conditions, i.e. in carbonate-buffered microoxic
diazotroph medium devoid of reactive N and containing 37 ± 4
µmol O2 L-1 and 20 mmol glucose L-1, yielded rather slow
growth with generation times of 15, 4, and 30 days for P.
stutzeri BAL361, R. palustris BAL398, and R. ornithinolytica
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Figure 2 N2 fixation gene clusters of Pseudomonas stutzeri BAL361 (A), Rhodopseudomonas palustris BAL398 (B) and Raoultella ornithinolytica
BAL286 (C). Color-coded arrows indicate the locations of coding sequences (CDSs) and their orientation. The GC-contents are depicted beneath the
gene clusters (GC-content below cluster average: Blue, GC-content above cluster average: Green).

BAL286, respectively. These rates are much lower than average
growth by marine bacterioplankton (Ammerman et al., 1984).
Cell counts confirmed that cultures were still in an actively
growing state at the time of acetylene addition when NH4+ or
NO3- were added to the cultures on day 12. The additions
decreased generation times 2 – 6 - fold suggesting that the slow
growth in the cultures was due to N limitation.

Figure 3 Growth of Pseudomonas stutzeri BAL361 (A),
Rhodopseudomonas palustris BAL398 (B) and Raoultella
ornithinolytica BAL286 (C) in carbonate-buffered microoxic diazotroph
medium under standard conditions (20 mmol glucose L-1, 37 ± 4 µmol
O2 L-1). Cell counts were obtained from each of the three cultures daily
and are depicted from day 5 – 17 as means of values obtained within 48hour periods. Error bars represent standard deviations of those means.
Red bars indicate the 24 h period when cells were exposed to acetylene
in the acetylene reduction assay.

When fixing N2 under O2-dependent growth, aerobic and
facultative aerobic microorganisms are faced with the problem
of synthesizing ATP from oxidative phosphorylation, whilst at
the same time protecting the nitrogenase complex from O2
inhibition. Soil-derived Pseudomonas stutzeri strains can fix N2
microaerobically (Krotzky and Werner, 1987) and the genomic
features of the nitrogenase gene cluster of P. stutzeri BAL361
seemed to support that this organism is capable of
microaerophillic or aerobic N2 fixation (Yan et al., 2008).
Indeed, growth of this isolate was stimulated by increased O2
concentration at the time of inoculation with a generation time
of 3.6 days compared to 15 days under low initial O2

concentrations (Figure 4A). ARA results showed that ethylene
(C2H4) was produced at O2 concentrations ranging from 4 to 165
µmol L-1 with the highest cell-specific C2H4 production rates
observed at 165 µmol O2 L-1 with 0.0034 fmol C2H4 cell-1 h-1.
Recently, P. stutzeri strains isolated from the Baltic Sea
chemocline were shown to grow as a subsurface pellicle in
semi-solid N devoid medium at 180 – 190 µmol O2 L-1,
suggesting that these bacteria excrete extracellular polymeric
substances in order to control O2 diffusion (Bentzon-Tilia et al.,
2014a). Similarly, P. stutzeri BAL361 formed aggregates
approximately 1 – 4 mm in diameter when grown under oxic
conditions as indicated by the resazurin indicator (Figure S1).
R. palustris BAL398 and R. ornithinolytica BAL286 did not
grow at approximately 200 µmol O2 L-1 (Figure 4B, C);
however, low-O2 conditions stimulated N2 fixation in these
isolates (Figure 4D). C2H4 production was low (≈ 0.001 fmol
C2H4 cell-1 h-1) in the 0 - 5 µmol O2 L-1 range, but increased at
38 µmol O2 L-1 to 0.0067 fmol C2H4 cell-1 h-1 in R. palustris
BAL398. The facultative anaerobic R. ornithinolytica BAL286
displayed the same overall pattern reaching an C2H4 production
rate of 0.0058 fmol C2H4 cell-1 h-1 in the presence of 14 µmol O2
L-1 supporting observations that N2 fixation in enterobacterial
diazotrophs is stimulated by the presence of low amounts of O2
(Marchal and Vanderleyden, 2000; Poole and Hill, 1997).
Increasing carbon concentrations were found to stimulate N2
fixation in P. stutzeri BAL361. C2H4 production increased
steadily from < 0.001 fmol C2H4 cell-1 h-1 in cultures
supplemented with 0.020 µmol glucose L-1 to 0.089 fmol C2H4
cell-1 h-1 in cultures with 2 000 µmol glucose L-1 (Figure 5). A
drop in C2H4 production at 20 000 µmol glucose L-1 coincided
with a change in resazurin dye, indicating that the increased
respiration had reduced O2 concentrations to a level impairing
N2 fixation. Hence, interactions between factors controlling N2
fixation may complicate the interpretations made from culturebased estimates of N2 fixation. C2H4 production was only
observed at the highest carbon concentration (20 000 µmol
glucose L-1) for R. palustris BAL398. Here, cell-specific
ethylene production rates reached 0.0044 fmol C2H4 cell-1 h-1,
suggesting that this organism required more energy to sustain N2
fixation. R. palustris is known to produce substantial amounts of
H2 when fixing N2 (Huang et al., 2010; Larimer et al., 2004),

5

Figure 4 Growth of Pseudomonas stutzeri BAL361 (A),
Rhodopseudomonas palustris BAL398 (B) and Raoultella
ornithinolytica BAL286 (C) in an oxygenated version of the growth
medium (≈ 200 µmol O2 L-1 at the time of inoculation). Cell counts were
obtained from each of the three cultures daily and are depicted from day
5 – 17 as means of values obtained within 48-hour periods. Error bars
represent standard deviations of the means. D: Cell-specific ethylene
production rates as a function of the O2 concentrations measured in the
cultures at the time of ethylene quantification. Horizontal and vertical
error bars indicate the standard deviations of means of O2 concentrations
measured at the time of ethylene quantification and of means of ethylene
production, respectively.

Figure 5 Cell-specific ethylene production rates measured in triplicate
serum vials as a function of eight different glucose concentrations. Bulk
ethylene production did increase in R. ornithinolytica BAL286 cultures
as a function of increasing glucose concentrations, but the higher
number of cells meant a decrease in the cell-specific rates. Error bars
indicate standard deviations between triplicate serum vials. Note the
double logarithmic scale.

implying a significant waste of ATP (Marchal and
Vanderleyden, 2000). Under natural conditions this could
potentially be overcome by acquiring energy from anoxygenic
photosynthesis by this photoheterotroph, but we chose not to
include light as a factor in these assays to reduce complexity. R.
ornithinolytica BAL286 did increase ethylene production in
response to increasing glucose concentrations, yet cell-specific
rates dropped, suggesting that other factors controlling N2
fixation interfered in these treatments.
Due to the high energy consumption by the N2 fixation reaction,
it is generally believed that N2 fixation shuts down in response
to available reactive N. All three isolates depressed N2 fixation
in response to increasing NO3- concentrations with C2H4
production rates dropping one to two orders of magnitude
(Figure 6A). N2 fixation decreased significantly in response to
increasing NH4+ concentrations in P. stutzeri BAL361 and R.
ornithinolytica BAL286 cultures as well, but in R. palustris
BAL398 cultures, N2 fixation increased dramatically upon
addition of 5 µmol NH4+ L-1 or more (Figure 6B), reaching the
highest cell-specific ethylene production rates measured in any
of the ARAs (0.515 fmol C2H4 cell-1 h-1). We, therefore,
speculate that R. palustris BAL398 uses the nitrogenase
complex for something more than N acquisition. In fact, it was
recently proposed that R. palustris may use CO2 and N2 fixation
to maintain a balanced redox state when growing on lactate,
which has the same oxidation/reduction value as glucose, which
was used in this study (McKinlay and Harwood, 2010). Hence,
R. palustris BAL398 likely uses N2 fixation as an electron sink
when grown at suboxic conditions on glucose and NH4+. This
falls in line with the many spurious findings of marine N2
fixation NH4+ concentrations of up 200 µmol L-1 (Knapp, 2012)
and highlights that regulation of N2 fixation by reactive N is
presently far from understood.
With some exceptions, N2 fixation was generally highest in
cultures where O2 concentrations were reduced (5 – 165 µmol L1
), carbon concentrations were high (2 000 – 20 000 µmol L-1)
and reactive N2 were absent (except for R. palustris BAL398 in
the presence of NH4+). Converting C2H4 production to N2
fixation in these cultures using the theoretical conversion factor
of 3 (Capone, 1993), the heterotrophic isolates fixed N2 at rates
of 0.0007 – 0.03 fmol N cell-1 h-1. These numbers are similar to,
but generally higher than the rates used in previous estimates of
the contribution by heterotrophic diazotrophs to N2 fixation in
situ (Turk-kubo et al., 2014). A conservative estimate of the
theoretical N2 fixation rate needed to sustain the growth
observed in the cultures devoid of reactive N can be calculated
using the lowest amount of N measured per cell for marine
bacterioplankton (2 fg N cell-1, Fagerbakke et al., 1996) in
combination with the highest generation time observed in this
study. This calculation shows that a cell-specific N2 fixation rate
of 0.039 fmol N cell-1 h-1 is sufficient to sustain the observed
growth. Our measured rates seem low in comparison, but they
are in line with this theoretical value.
The calculated rates suggest that abundances of heterotrophic
diazotrophs need to be in the range of 3.3 × 104 – 1.4 × 106 cells
L-1 to account for N2 fixation rates of 1 pmol N L-1 h-1. This is
close to the observed abundances of the P. stutzeri BAL361 and
R. palustris BAL398 isolates in surface waters of the Baltic Sea
(Farnelid et al., 2014). Converting the ethylene production rates
obtained from R. palustris BAL398 cultures subjected to NH4+
additions to N2 fixation rates as described above, significantly
higher N2 fixation rates are obtained (0.17 fmol N cell-1 h-1).
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The analyses of the ecophysiology of three representatives of
heterotrophic diazotrophs documents that regulation of N2
fixation in response to environmental factors such as O2
concentration or carbon and reactive N availability is not
straightforward and in some cases counterintuitive. Hence,
predictions about the occurrence and scale of N2 fixation in
different environments based on such parameters are difficult.
The presented data also suggests that in situ abundances of
heterotrophic diazotrophs in the Baltic Sea may in some cases
be sufficiently high for heterotrophic diazotrophs to play a
potentially important ecological role.
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Supplementary material

Figure S1 Seven focus-stacked images of a Pseudomonas stutzeri BAL361
aggregate from an oxygenated, culture (≈ 200 µmol O2 L-1 at the time of
inoculation) devoid of reactive N. The aggregate is positioned under a light
microscope in a well of a 96-well flat-bottom plate.
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