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Abstract
Associations between marine seaweeds and bacteria are widespread, w ith endobiotic bacterial-algal interactions being 
described for over 40 years. Also w ith in  the siphonous marine green alga Bryopsis, intracellular bacteria have been visualized 
by electron microscopy in the early '70s, but were up to  now never molecularly analyzed. To study this partnership, we 
examined the presence and phylogenetic diversity o f microbial communities w ith in  the cytoplasm o f tw o Bryopsis species 
by com bining fluorescence in situ hybridization (FISH), denaturing gradient gel electrophoresis (DGGE) and 16S rRNA gene 
clone libraries. Sequencing results revealed the presence o f Arcobacter, Bacteroidetes, Flavobacteriaceae, Mycoplasma, 
Labrenzia, Phyllobacteriaceae and Xanthomonadaceae species. A lthough the total diversity o f the endobiotic communities 
was unique to each Bryopsis culture, Bacteroidetes, Mycoplasma, Phyllobacteriaceae, and in particular Flavobacteriaceae 
bacteria, were detected in several Bryopsis samples collected hundreds o f kilometres apart. This suggests that Bryopsis 
closely associates w ith well-defined endophytic bacterial communities o f which some members possibly maintain an 
endosymbiotic relationship w ith  the algal host.
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Introduction

M arine m acroalgal-bacterial associations range from  benefi­
cial, harm ful o r neutral, over obligate o r facultative, to ecto- or 
endophytic  interactions [1], E laborating  the latter, endobiotic 
associations betw een m arine  m acroalgal hosts an d  bacteria  have 
been rep o rted  over the past 40 years. Besides reports o f bacterial 
endosym bionts associated with red  algal galls [2—4], endophytic 
bacteria  have been  m icroscopically observed in the  vacuolar as 
well as cytoplasm atic regions o f  various bryopsidalean green 
algae, including Bryopsis, Penicillus, Halimeda, Udotea an d  Caulerpa 
[5-10], T hese seaweeds are com posed o f a  single, g iant tubu lar 
cell and  form  an interesting biotic env ironm ent for bacterial 
com m unities. T h e  g iant cell contains millions o f nuclei and 
chloroplasts in a  th in  cytoplasm ic layer surrounding a  large 
central vacuole. T h e  cytoplasm  typically exhibits vigorous 
stream ing, enabling  transport o f nutrients, organelles and  various 
biom olecules across the p lan t [11]. In  Bryopsis ‘bacteria-like 
particles’ have been  visualized in the cytoplasm  by m eans o f 
transm ission electron m icroscopy in vegetative thalli as well as in 
the gam etes, the la tter suggesting vertical transm ission o f the 
endophytic  bacteria  [5]. This implies a  stable an d  specific 
relationship betw een the algal host an d  its endobionts in w hich 
bo th  partners m ay provide m utualistic ecological benefits. T o 
date, the diversity o f the intracellular m icrobial com m unities 
associated with Bryopsis rem ains unidentified. U p  till now

investigations o f  the bacteria l endophytic diversity o f siphonous 
m acroalgae have been  lim ited to Caulerpa species and  revealed 
endosym biotic A lphapro teobacteria  w ith the potential to photo- 
synthesize, detoxify a n d /o r  fix nitrogen [9,10], T h e  endophytic 
bacteria  in Bryopsis m ay similarly possess ecologically significant 
functions and  bioactive potential since Bryopsis is a  substantial 
source of bioactive com pounds such as therapeutic  kahalalides 
w hich m ay be of bacterial origin [12,13].

In  o rd e r to explore these a lgal-endophytic  bacteria l in te rac ­
tions, we previously  developed a  surface sterilization pro toco l 
for the  com plete e lim ination  o f  b ac teria l epiphytes from  the 
Bryopsis surface [14], W e show ed th a t Bryopsis sam ples trea ted  
w ith a  com bined  chem ical an d  enzym atic ap p ro ach  (i.e. a 
m ix tu re  o f  cety ltrim ethy lam m onium  b ro m id e  (CTAB) lysis 
buffer, p ro te inase  K  an d  the  bacteric ida l cleanser U nion ium  
M aster) rem ain ed  in tac t a fte r sterilization a n d  show ed no 
rem ain in g  b acteria l fluorescence on  th e ir surface w hen  stained 
w ith a  D N A  fluorochrom e. Successful 16S rR N A  gene D G G E  
analysis follow ing this surface sterilization trea tm en t show ed 
th a t endophytic  D N A  was still p resen t w ith in  the  sterilized 
Bryopsis sam ples, allow ing specific m olecu lar processing  o f the 
endophytes [14],

In  this study, we verified the presence o f bacteria  inside two 
Bryopsis species from  the M exican west coast by  a  com bination of 
fluorescence in situ hybridization (FISH), denaturing  gradient gel 
electrophoresis (DGGE) and  clone libraries.
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Materials and Methods

Ethics S ta t e m e n t
No specific perm its were requ ired  for the described field studies, 

i.e. the collection o f algal samples from  the M exican west coast, 
because m arine algae are not included in  the C onvention on 
In ternational T rad e  in E ndangered  Species o f W ild F auna and  
F lora (C ITES, h t tp : / /w w w .cites.o rg /eng/disc/species.sh tm l). T he 
authors confirm  that the location is no t privately-ow ned or 
pro tected  in any way and  that the field studies did no t involve 
endangered  or pro tected  species.

Algal m ateria l
Five Bryopsis specimens w ere collected in February  2009 along 

the Pacific M exican coast at different sites located  betw een 
M azunte  Beach (Oaxaca, southwest Mexico) an d  Playa C areyero 
(Nayarit, central Mexico) (Figure 1). T hese five samples were 
classified in two different species with samples M X 19 and  M X 263 
representing Bryopsis hypnoides J .V . L am ouroux and  M X 90, 
M X 164, and  M X 344 representing Bryopsis pennata J .V . L am ouroux 
var. leprieurii (Ktitzing) Collins and  H ervey individuals. After 
sampling, living specimens were rinsed w ith sterile seawater and  
transferred to the laboratory  in plastic vessels containing a  small 
am ount o f sterile seawater. In  the laboratory, clean apical 
fragm ents o f the Bryopsis specimens were isolated an d  cultured in 
sterile 1 x  m odified Provasoli enriched seaw ater [15] a t 23"C 
under 12h:12h (Light:Dark) conditions w ith a  p ho ton  flux ra te  o f 
2 5 -3 0  pE  m - 2 s- 1 . This isolation procedure  was repeated  for 
several m onths until the Bryopsis cultures were free o f eukaryotic 
contam ination. Thus, the Bryopsis isolates w ere kept in culture for 
eight m onths p rio r to m olecular analyses in O ctober 2009. After 
isolation, all five unialgal Bryopsis cultures w ere m ain tained  in the 
laboratory  under the culture conditions described above.

F lu o re sce n c e  in situ hybrid iza t ion
Ehiialgal Bryopsis thalli were fixed in 4%  paraform aldehyde and  

0.25%  glutaraldehyde in 50 m M  PIPES (piperazine-N ,N '-bis(2- 
ethanesulfonic acid)) buffer, p H  7.2 for 2 hours. After dehydration  
th rough  a  graded e thanol series from  30%  to 80% , e thanol was 
subsequently replaced by L R  white em bedding m edium  (London 
Resin, ETK). Sam ples were loaded in gelatine capsules an d  allowed 
to polym erize a t 37"C for 3 days. Sem ithin sections were cut using 
glass knives on a  M icrom  H M 360 m icrotom e (M icrom  In tern a ­
tional G m bH , Germ any) and  collected on V ectabond-coated  
(Vector Laboratories, ETSA) slides. In situ hybridization was 
perform ed as described by D aim s et al. [16] w ith 200 pL 
form am ide pe r m L hybridization buffer, an  incubation of 
90 m in a t 46"C, an d  the universal bacterial Cy3-labelled 
EETB338 probe m ix [17]. Algal D N A  an d  cell wall counterstaining 
was perform ed by adding  a  m ix of 4,6-diam idino-2-phenylindole 
(DAPI) and  calcofluor to the sections for 7 m in in the dark  at room  
tem perature. Sections w ere m ounted  in AF-1 antifadent (Citifluor, 
ETK) and  viewed w ith an  O lym pus BX51 epifluorescence 
microscope fitted with a  D A P I/F IT C /T R IT C  triple b an d  filter. 
T h e  Bryopsis specimens were not surface-sterilized p rio r to 
hybridization due to potential m orphological losses.

Surface sterilization, DNA ex trac t ion  a n d  PCR
T o identify the endophytic bacterial diversity, approxim ately 2 

grams (ww) o f each unialgal Bryopsis sample was surface-sterilized 
as previously described [14] p rio r to a  total D N A  extraction using 
a CTAB protocol m odified from  Doyle and  Doyle [18], These 
extracts, contain ing b o th  algal an d  bacterial DNA, w ere subjected 
to rbcL and  16S rR N A  gene P C R  amplifications following 
protocols outlined in H anyuda  et al. [19] and  L ane [20] 
with, respectively, p rim er pairs 7F /R 1391  and  2 7 F /1492R . All

MX344.

MX263

MX19

•  Bryopsis hypnoides

A Bryopsis pennata \iar. leprieurii

500 km MX 164

MX90

Figure 1. Bryopsis sampling sites along the Pacific Mexican coast. Bryopsis hypnoides  ( • )  an d  Bryopsis p en n a ta  var. lep rieu rii (A) sam p les  w ere  
co llec ted  from  fo llow ing  sites: Playa el P a n th e o n  (MX19), M azun te  Beach (MX90), A capu lco  (MX164), Playa las G atas (MX263) an d  Playa C areyero  
(MX344).
do i:10 .1371/jo u rn a l.pone.0026458 .g001
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obtained P C R  am plicons were purified using a  Nucleofast 96 P C R  
clean up m em brane system (M achery-Nagel, Germ any) according 
to the m anufactu rer’s instructions.

C loning a n d  DGGE
T o determ ine the bacterial diversity, purified 16S rR N A  gene 

am plicons from  the algal extracts were cloned using the pGEM®- 
T  V ector System (Prom ega Benelux, T h e  Netherlands). For each 
Bryopsis sam ple a  clone library of 150 clones was p repared , the 
diversity o f w hich was exam ined via short fragm ent sequencing 
(see below). For dereplication, clones’ short sequences were 
grouped into the same operational taxonom ic un it (OTU) when 
having > 9 7 %  similarity. From  each O T U , representative clones 
were selected for full length (± 1450  bp) 16S rR N A  gene 
sequencing (see below). C lone libraries’ coverage was verified by 
D G G E  analysis o f each Bryopsis D N A  extract and  its representative 
clones. A V3 P C R  w ith prim ers F 3 5 7 -G C /R 5 1 8  and  subsequent 
D G G E  analysis were carried  ou t as described previously [14], with 
a  denaturing  gradient o f 4 5 -65% . D G G E  b and ing  patterns were 
norm alized using the BioNum erics 5.1 software (Applied M aths, 
Belgium). D G G E  bands from  the algal extracts w hich showed no 
correspondence w ith O T U  b an d  positions were excised from  the 
polyacrylam ide gel following V an  Floorde et al. [21] and  
sequenced (± 1 5 0  bp) as described below.

S e q u e n c in g
R bcL  genes, D G G E  bands as well as short an d  full length 16S 

rR N A  genes were sequenced on an  ABI PR IS M  3130x1 Genetic 
A nalyzer (Applied Biosystems, USA) by  m eans o f the BigDye® 
x T erm in a to r™  v.3.1 Cycle Sequencing an d  Purification K it 
(Applied Biosystems, USA) according the protocol o f the supplier. 
Prim ers used w ere, respectively, 7F /R 1391  [19], F 3 5 7 /R 5 1 8  [21], 
BKL1 [22] and  T 7 /S P 6  (Prom ega Benelux, T h e  Netherlands). 
Sequences obtained were assem bled in BioNum erics, com pared 
with nucleotide databases via BLAST and  chim era-checked using 
Bellerophon [23]. T h e  bacterial 16S rR N A  gene and  Bryopsis 
chloroplast 16S rR N A  gene an d  rbcL sequences were subm itted to 
GenB ank under accession num bers TF521593-TF521615 (see also 
T able  1).

P h y lo g en e t ic  ana lyses
T w o sets o f alignm ents, m ade using M U SC L E  [24], were 

considered for phylogenetic analyses. T h e  first one, consisting o f a 
concatenated  chloroplast 16S rR N A  gene and  rbcL dataset, was 
used for the creation o f a  Bryopsis phylogram . A second set o f 
alignm ents was assem bled to assess 16S rR N A  gene phylogenetic 
relationships betw een the Bryopsis-associattA  bacterial endophytes 
and  known bacterial species, including BLAST hits and  algae- 
associated bacteria  described in  the literature. T h e  m ost suitable 
m odel for phylogenetic analysis was selected using the AIC 
criterion in jM odelT est [25]. Subsequently, the Bryopsis host and  
bacterial datasets were analyzed by  m eans of the m axim um  
likelihood (ML) algorithm  in PhyM L v3.0 [26] under a  F1KY +  G4 
m odel via the U niversity o f Oslo B ioportal website (h ttp :/ /w w w . 
b io p o rta l.u io .n o //) . Reliability o f M L  trees was evaluated based 
on  100 bootstrap  replicates. O u tp u t M L  trees were subsequendy 
visualized in M ega 4.0 [27] and  edited with Adobe® Illustrator® 
CS5.

Results

F lu o re sce n c e  in situ hybrid iza t ion
T o confirm  the observation of endogenous bacteria  in Bryopsis 

m ade by B urr and  W est [5], Bryopsis sections were hybridized with

the universal bacterial EU B338 probe m ix labelled w ith Cy3. 
Figures 2A -C  depict clear b inding o f the red  fluorescent probe 
m ix to bacterial rR N A  present th roughout the cytoplasm; bo th  in 
the ou ter layer next to the cell wall, w hich contains m ost o f the 
organelles except the chloroplasts (Figures 2A -C ), as well as in the 
inner chloroplast layer im m ediately adjacent to the vacuole 
(Figures 2B -C ). T hese hybridization results dem onstrate the 
presence o f m etabolically active bacteria  w ithin the Bryopsis 
cytoplasm . Since the Bryopsis thalli w ere no t surface sterilized 
before fixation, the EU B 338 probe m ix also hybridized with 
epiphytic bacterial rR N A  on the cell wall (Figures 2B-C).

Bacterial diversity  w ith in  Bryopsis a lgae : Cloning
Five clone libraries were created  using the amplified 16S rR N A  

gene fragm ents from  samples M X 19, M X 90, M X 164, M X 263 and 
M X 344. After clone dereplication, 16S rR N A  gene sequences from 
all five clone libraries covered no m ore than  seven unique O T U s. 
By far the m ost com m on O T U , representing 7 2 % o f the total clones 
screened, showed > 9 6 %  sequence similarity with the B. hypnoides 
chloroplast 16S ribosom al R N A  gene (AY221722). T h e  six 
rem aining O T U s, on  the o ther hand, contained bacterial sequences 
belonging to the phyla Bacteroidetes, Proteobacteria  o r Tenericutes 
(Table 1). O T U -1 was detected in all five Bryopsis cultures and  had 
96% sequence similarity with an  uncultured Flavobacteriales 
bacterium  (FJ203530) associated with the coral Montastraea faveolata. 
O T U -2  and  3 were only present in the B. hypnoides samples. O T U -2  
is related to uncultured  M ycoplasm ataceae bacteria  isolated from 
the intestine o f the small abalone Haliotis diversicolor (GU070687, 
H Q 393440). O T U -3  is allied to unclassified Bacteroidetes bacteria  
associated with corals (GU118164, FJ202831) or Acanthamoeba 
species (EF14063 7). O T U -4  sequences were detected in cultures 
M X 19 and  M X 164, and  showed high similarity (>97% ) with 
Phyllobacteriaceae bacteria  isolated from  seawater (HM 799061, 
FJ517108), dinoflagellates (AY258089), stromatolites (EU75366) or 
corals (GU118131). O T U -5  and 6 w ere only present in B. pennata 
var. leprieurii sample M X 164 and  are distantly related (93-94% ) to, 
respectively, Lutibacter sp. (X anthom onadaceae) present in soil 
(EF612351, AM 930508, FJ848571) and  Arcobacter strains (Campy­
lobacteraceae) recovered from  mussels (FR675874) an d  seawater 
surrounding seaweeds and  starfish (E U 512920).

Bacterial diversity  w ith in  Bryopsis a lgae : DGGE
C overage o f the clone libraries was verified by  com paring 

D G G E  com m unity profiles o f the different Bryopsis D N A  extracts 
with the banding  pa tte rn  o f clones from  their respective O T U s, 
including representative clones with 16S rR N A  gene chloroplast 
and  chim eric sequences. As shown in Figure 3 the O T U s D G G E  
bands overlap well w ith the individual bands of the M X  extracts’ 
D G G E  profiles, indicating adequate  clone library coverage. M X  
samples 19, 164 and  344, however, all showed one b an d  in  their 
D G G E  profile no t represented  by an  O T U  band . Consequently, 
these three D G G E  bands (A, B an d  C, respectively) w ere excised 
and  sequenced. T h e  sequence o f D G G E  b and  A showed 100% 
similarity w ith the chim eric sequences detected  in M X  sample 
263, no t unexpected  given its corresponding b an d  position with 
clone M X 263.66. D G G E  b and  B was identified as form ing p a r t o f 
the O T U -2  cluster w ith 100% sequence similarity with clone 
M X 19.9, w hereas D G G E  b an d  C showed no correspondence with 
any bacterial O T U  detected. H ence, the latter D G G E  ban d  was 
assigned to a  new  O T U , i.e. O T U -7 . BLAST searches revealed 
th a t this O T U -7  is closely related to Labrenzia species isolated from 
the green seaweed Ulva rigida (FN811315), crustose coralline red 
algae (HM 178529) and  the dinoflagellata Karlodinium micrum 
(HM 584720).
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Figure 2. Epifluorescence microscopy images of Bryopsis sections hybridized with the universal bacterial Cy3-EUB338 probe mix 
(red). DAPI (light b lue) an d  calco fluo r (dark  b lue) w e re  u sed  as c o u n te r  s ta in s  to  visualize algal DNA in nuclei a n d  ch lo ro p las ts  an d  th e  algal cell wall, 
respec tive ly . M etabolically  active  b ac ter ia  (red) a re  p re s e n t th ro u g h o u t  th e  Bryopsis cy to p lasm : in th e  o u te r  layer (OL) n ex t to  th e  cell wall (CW) w hich 
c o n ta in s  m o s t o f th e  o rg an e lle s  like m ito c h o n d ria , en d o p la sm ic  re ticu lum , a n d  nuclei (A-C), an d  in th e  in n er ch lo ro p la s t layer (CHL) im m ed ia te ly  
a d ja c e n t to  th e  v acu o le  (V) (B-C). S ince th e  Bryopsis thalli w e re  n o t su rface  sterilized  b e fo re  fixation , th e  red  p ro b e  also  hyb rid ized  w ith  e p ip h y tic  
b a c te r ia  o n  th e  calco fluo r s ta in ed  cell wall (B-C). T he sca le  b a r on  all im ag e s  is 20  |tm . 
do i:10 .1371/jo u rn a l.p o n e .0026458 .g002

Figure 4 depicts the  endophytic  diversity results from  the  clone 
libraries an d  D G G E  analyses p lo tted  on a  phylogram  represen t­
ing the relations betw een the five Bryopsis samples. F rom  Figure 4 
we can  deduce th a t F lavobacteriaceae (O TU -1), Mycoplasma 
(O TU -2), B acteroidetes (OTET-3) an d  Phyllobacteriaceae (OTET- 
4) species w ere p resent in m ore th an  one Bryopsis sample 
exam ined. Even though  the  endobiotic com m unity  m em bers 
w ere to a  certain  extent similar, the total diversity o f  the 
endophytic  com m unity  was unique to each  Bryopsis sam ple. N one 
o f the Bryopsis samples ha rb o red  the sam e nu m b er o r range o f 
bacterial endophytes.

Bacterial diversity  w ith in  Bryopsis a lgae :  P hy lo g en e t ic  
analysis

A w ide-range phylogenetic tree (Figure 5, tree w ithout 
com pressed branches see Figure SI) was created, w hich includes 
bacterial OTETs determ ined in this study (clones and  D G G E  
bands), significant BLAST hits (Table 1), type strains from  the 
Bacteroidetes, P roteobacteria  an d  T enericutes division, and  algae- 
associated bacteria  described in the literature (Table SI). As could 
be predicted  from  the BLAST m axim um  identity scores (Table 1), 
none o f the endobiotic bacterial sequences clustered tightly with 
cultivated bacterial type strains. C onsequently, all endophytic 
bacterial OTETs derived from  Bryopsis represent new  species or 
genera w hich in some cases m atch previously sequenced 
unclassified bacteria. T hese OTET sequences, however, all showed

at least 93%  sequence sim ilarity w ith their best BLAST hit w hich 
generally resulted in phylogenetic placem ents w ith good boo t­
strap support. Accordingly, all OTET-1 sequences form ed a 
distinct an d  w ell-supported (98%) clade w ithin the F lavobacter­
iaceae family an d  m ost likely represen t a  new  genus given their 
low sequence similarities (87% at most) w ith F lavobacteriaceae 
type strains. T h e  sim ilarity am ong  the five OTET-1 sequences, 
however, was 99.7% , suggesting all sequences belong to the same 
new  F lavobacteriaceae genus even though  they w ere derived 
from  different Bryopsis samples collected several hun d red  
kilom etres apart. Likewise, the Bacteroidetes OTET-3 clones were 
virtually identical displaying 99.9%  pairw ise similarity. T hese 
OTET-3 clones, found in B. hypnoides samples M X 19 an d  M X 263, 
belong to a  single clade (100% bootstrap  support) o f unclassified 
Bacteroidetes, bu t a re  distantly related  to o th er unclassified 
Bacteroidetes symbionts. T h e  OTET-2 clade, consisting of clones 
M X 19.9  an d  M X 263.1 an d  D G G E  b an d  B, fell into the genus 
Mycoplasma w ith 100% bootstrap  support a lthough these clones 
showed low levels o f  sim ilarity (< 90% ) w ith Mycoplasma type 
strains. All OTET-2 sequences p resum ably  belong to one an d  the 
same new  Mycoplasma species (99.7 intra-OTET sequence sim ilar­
ity). T h e  m ajority  o f  the  endophytic bacteria l OTETs, however, 
w ere affiliated with the P ro teobacteria  phylum  an d  belonged to 
the A lpha-, G am m a- and  E psilonproteobacteria. Particularly, 
OTET-5 an d  6, b o th  consisting o f clones exclusively ob tained  from  
B. pennata var. leprieurii sam ple M X  164, m ost p robab ly  represen t a 
new  genus o f X an th om onadaceae  and  a new  Arcobacter species,
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Figure 3. Norm alized DGGE profiles of MX DNA extracts and their representative OTUs. DGGE b a n d s  m ark ed  w ith  le tte rs  A, B an d  C,
w hich  did  n o t m a tc h  an y  o f  th e  individual OTU b a n d s, w e re  excised  from  th e  po lyacry lam ide  gel an d  s e q u e n c e d . The first an d  last lanes  c o n ta in  a 
know n  m olecu lar m arke r u sed  fo r norm aliza tion . 
do i:10 .1371/jo u rn a l.p o n e .0026458 .g003

respectively. O T U -4  and  7 are robustly affiliated (100% 
bootstrap  support) w ith the A lphapro teobacteria  class an d  belong 
to the R hizobiales an d  R hodobacterales, respectively. Despite the 
high sequence sim ilarity o f O T U -7  w ith algal-associated Labrenzia 
species, relatedness o f D G G E  b an d  C w ith the Labrenzia alexandrii 
type strain  (AJ582083) and  an  uncu ltu red  Labrenzia bacterium  
isolated from  Caulerpa taxifolia (AF259594) lacks bootstrap
support. T h e  shortness o f the D G G E  b an d  C sequence
(± 1 5 0  bp) and, consequently, the poor resolution w ithin this 
clade, m ade it difficult to conclude w hether OTET-7 represents a 
new  Labrenzia species. Finally, OTET-4 is the only OTET
contain ing  clones derived from  different Bryopsis samples in 
w hich the representative clones, i.e. clone M X 19.12 and 
M X 1 64.59, did no t cluster together. This is in agreem ent with 
the 97%  intra-OTET sequence similarity. Flence, b o th  clones 
belong to the Phyllobacteriaceae clade with good bootstrap
support (80%), bu t m ost likely represen t two different new  species 
o r genera because o f their low sequence similarities (96% at most) 
w ith Phyllobacteriaceae type strains.

Discussion

Forty years after B urr and  W est [5] observed endogenous 
‘bacteria-like particles’ in Bryopsis hypnoides, this is the first study to 
verify the presence o f m etabolically active endophytic bacteria  
inside the Bryopsis cytoplasm  by  m eans o f the FISF1 technique. 
M ainly due to the intense background autofluorescence o f algal 
cells, reports o f successful FISF1 applications on m acroalgae are 
lim ited to analyses o f m acroalgal surface-associated bacteria  [28] 
and  algal gall endosym bionts [4]. T h e  use in this study o f sem ithin 
algal sections an d  a  triple ban d  filter, however, m ade it possible to 
discrim inate bacterial FISF1 signals from  autofluorescence of algal 
pigm ents using standard  FISF1 protocols in com bination with 
epifluorescence microscopy. Even though Bryopsis samples were 
not surface-sterilized prio r to hybridization to avoid potential 
m orphological losses, the solid em bedding a t the start o f the FISF1 
protocol proved successful in im m obilizing the epiphytes on  the 
Bryopsis surface (data not shown). This p revented  the detachm ent 
and  potential spread o f surface bacteria  during  sectioning.
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Figure 4. Endophytic diversity results (right) plotted against the Bryopsis host phylogeny (left). T he OTU d iversity  (1-7) d isp layed  on  th e  
r igh t su m m arizes  th e  d iversity  re su lts  from  th e  c lo n e  libraries a n d  DGGE analyses. T he c o n c a te n a te d  ch lo ro p la s t 16S rRNA g e n e  - rfacL m ax im um
likelihood tre e  on  th e  left classifies th e  Bryopsis MX sa m p les  in tw o  d is tin c t sp ec ie s  c lad es  w ith  100%  b o o ts tra p  su p p o rt. T he sca le  b a r in d ica tes  0.002
n u c le o tid e  c h an g e s  p e r  n u c leo tid e  position . 
do i:10 .1371/jo u rn a l.pone .00 2 6 4 5 8 .g 0 0 4

C onsequently, ou r F IS H  results strongly suggest the presence of 
bacteria  w ithin Bryopsis cells.

In  this study, the first insights are provided into the identity and  
phylogenetic diversity o f endobiotic bacterial com m unities within 
Bryopsis. Despite the lim ited num ber o f samples studied, our results 
indicate th a t Bryopsis harbors endophytic bacterial com m unities 
w hich are not very com plex (i.e. only 7 bacterial O T U s detected), 
bu t taxonom ically diverse including Arcobacter, Bacteroidetes, 
Flavobacteriaceae, Mycoplasma, Labrenzia, Phyllobacteriaceae and  
X anthom onadaceae  species. A lthough the com position o f the total 
endophytic com m unity seems unique to each Bryopsis culture, 
Bacteroidetes, Flavobacteriaceae, Mycoplasma an d  Phyllobacteria­
ceae species were detected  in two or m ore Bryopsis samples. In 
particular O T U -1 Flavobacteriaceae species are present in all five 
Bryopsis cultures, w hich were collected from  diverse sites along the 
M exican west coast. Delbridge an d  colleagues [10] m ade similar 
observations w hen com paring the endosym biotic com m unities 
w ithin four different Caulerpa species. W hile the endosym biotic 
com m unities seemed unique to each Caulerpa individual, all 
com m unity m em bers were photosynthetic A lphaproteobacteria.

Also w ithin Bryopsis, A lphaproteobacteria  appear well rep re­
sented. This is no t unexpected, since A lphaproteobacteria  are 
frequently associated w ith m acroalgae [1,29,30], an  alliance which 
m ay be linked to dim ethylsulfoniopropionate (DMSP) exchange 
[31]. Particularly O T U -7 , belonging to the m arine phototrophica 
and  C O -oxidizing Labrenzia genus [32,33], is closely related  to an 
uncultu red  bacterium  reported  by M eusnier et al. [29] in their 
study on the total bacterial com m unity  associated w ith Caulerpa 
taxifolia. A lthough Labrenzia species have no t been  reported  as 
endophytes, the presence o f Rhizobiales-specific proteins in L. 
aggregata [34] m ay hin t a t potential endosym biotic features. T he 
Rhizobiales o rder contains various well-known nitrogen fixing 
p lan t symbionts, m ainly in terrestrial habitats bu t also in m arine 
environm ents [35]. M oreover, Rhizobiales bacteria  are com m on 
epiphytes on  green [31,36], b row n [37,38] an d  red  [36] 
m acroalgae; an d  a Rhoclopseuclomonas species with the potential to 
fix n itrogen was isolated from  the inside o f C. taxifolia [9], Also 
w ithin Bryopsis, R hizobiales species seem to be well established as 
clones M X 19.12 an d  M X 164.59 (OTU-4) likely represent two 
different new  Phyllobacteriaceae species o r genera clustering 
together with, respectively, a  free-living m arine Phyllobacteriaceae 
bacterium  [39] an d  a  dinoflagellate-associated anoxygenic ph o to ­
synthetic bacterial strain [40]. In  addition, we am plified a 
Phyllobacteriaceae nitrogenase-like light-independent protochlor- 
ophyllide reductase gene (subm itted to G enB ank under accession 
num ber JN 048464) from  Bryopsis sample M X 164 by the r i f t i  
protocol described by De M eyer et al. [41], supporting the above 
suggested relatedness o f O T U -4  to photosynthetic bacteria.

Besides the presence of A lphaproteobacteria in three o f the five 
Bryopsis cultures studied, endophytes from the G am m a- and

Epsilonproteobacteria order seem restricted to a  single Bryopsis 
sample. T he latter endophytes (OTU-6) most likely belong to a  new 
Arcobacter species within the Campylobacteraceae family. Arcobacter 
species are m ainly known as potential hum an and anim al pathogens, 
bu t have also been isolated from diverse m arine environments 
including seawater surrounding seaweeds [42,43]. Despite their 
ecologically significant functions like nitrogen fixation, denitrification, 
sulfide oxidation and m anganese reduction [42,44], they are not 
frequently reported as endobionts [45,46], O n  the other hand, 
m em bers o f the X anthom onadaceae family to which O T U -5 
belongs, are well-known plant endophytes [47] and have previously 
been isolated from m arine algae [38,48]. Since m any X anthom ona­
daceae species cause p lant diseases, the high num ber o f X anthom o­
nadaceae endophytes within Bryopsis M X  164 could be a sign of 
infection. T he alga, however, showed no visible disease symptoms 
(e.g. bleaching), indicating a neutral o r beneficial relationship.

In  the Bacteroidetes group, we found two distinct clusters (i.e. 
O T U -1 and  O TU -3) o f  endophytic bacteria, one within the 
Flavobacteriaceae family and one belonging to unclassified Bacter­
oidetes. T h e  Flavobacteriaceae endophytes (OTU-1) show an 
especially strong association with Bryopsis as evidenced by their 
occurrence in all five samples. T he phylum  Bacteroidetes, and in 
particular the family Flavobacteriaceae, forms one o f the m ajor 
com ponents o f m arine bacterioplankton and m ediates a  substantial 
proportion  o f the carbon flow and nutrient turnover in the sea during 
and  following algal blooms [49], M oreover, m any novel Bacter­
oidetes m em bers, some of which were characterized as m orphogen­
esis inducers [50], have been isolated from  the surfaces o f m arine 
macroalgae [1]. W hereas Bacteroidetes bacteria  are obviously 
com m on epiphytes on m acroalgae, M eusnier and co-workers [29] 
suggested the existence of an  endophytic Cytophaga-Flavobacteria- 
Bacteroidetes (CFB) bacterium  within Caulerpa taxifolia. In  addition, 
Bacteroidetes bacteria  are well-known endosymbionts o f am oebae, 
plant-parasitic nem atodes and insects [51-53]. Phylogenetic analysis, 
however, revealed that the Bacteroidetes endophytes o f Bryopsis are 
m ore closely related to bacteria  tightly associated with corals and 
sponges [54-56] than  to CFB sequences isolated from  green [29,50], 
brow n [38] and  red [57,58] macroalgae.

Finally, three  Bryopsis samples (i.e. M X 19, 164 and  263) 
contained Mycoplasma sequences (OTU-2). M ycoplasm as are 
well-known h um an  an d  anim al parasites, bu t are also com m on 
m em bers o f the intestinal bacterial flora o f fishes and  abalones 
w here they m ay provide nutrients to their hosts [46,59,60], 
M oreover, the close affiliation o f Mycoplasma sequences isolated 
from  Bryopsis and  abalone species is perhaps not a t all surprising as 
the latter generally feeds on a  b ro ad  selection o f algae [61]. Also 
H u an g  an d  colleagues [59] postulated that the presence of 
Mycoplasma species in the intestinal m icroflora o f the abalone 
Haliotis diversicolor could be algal-food related. Additionally, this 
bacterial link betw een Bryopsis an d  abalone species m ight be
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Figure 5. A w ide-range maximum likelihood tree showing the phylogenetic positions of endophytic clones and DGGE bands.
P hy logen ies  w ere  in ferred  from  16S rRNA g e n e  s e q u e n c e s  d e te rm in e d  in th is  s tu d y  (in bold), BLAST h its (see Table  1), B ac te ro ide tes, P ro teo b ac te ria  
an d  M ollicu tes ty p e  stra in s, a n d  a lg ae -asso c ia ted  bac teria  d e sc rib ed  in th e  lite ra tu re  (see T ab le  S I ). T he t re e  w as g e n e ra te d  in PhyML acco rd in g  th e  
HKY +  G4 a lg o rith m ic  m o d e l. B oo tstrap  va lues  a b o v e  50%  a re  in d ica ted  a t  th e  b ran ch  n o d e s  an d  th e  sca le  b a r sh o w s 10 n u c le o tid e  s u b s titu tio n s  p e r 
100 n u c leo tid es . A sterisks d e n o te  s e q u e n c e s  p rev iously  iso la ted  from  m icro  * - an d  m acroalgae** . The sa m e  p h y lo g e n e tic  t re e  w ith o u t c o m p re sse d  
b ra n c h es  is d e p ic te d  in Figure S1. 
do i:10 .1371/jo u rn a l.p o n e .0026458 .g005

extrapolated  to o ther m arine  gastropod mollusks, supporting the 
hypothesis o f R ao  et al. [13] th a t the p roduction  o f therapeutic  
kahalalides by the sea slug Elysia rufescens as well as by  its Bryopsis 
food could actually be perform ed th rough  an  associated 
m icroorganism . Indeed, it has been  shown th a t several m etabolites 
initially assigned to eukaryotes are in fact o f m icrobial origin [1].

In  sum m ary, m olecular analysis revealed, for the first tim e, that 
Bryopsis harbors relatively restricted b u t taxonom ically diverse 
com m unities o f endophytic bacteria. T h e  presence o f Phyllobac­
teriaceae, Bacteroidetes, Mycoplasma, and  in particu lar Flavobac­
teriaceae endophytes in several Bryopsis samples collected hundreds 
o f  kilom etres ap art indicates a  close association betw een these 
endophytes and  Bryopsis plants. Even though these endophytic 
bacterial com m unities within Bryopsis cultures m ight no t fully 
represent those th a t are  p resent w ithin the alga in its natural 
environm ent, the bacteria  identified in this study are a t least p a rt 
o f  the na tura l Bryopsis endobiotic flora. Future investigations o f 
Bryopsis algae in natural environm ents, however, are necessary to 
com plete the B yopsis-hncttr ia l endobiosis picture.

Supporting Information
Table SI B acteria l 16S rRNA gen e seq u en ces  iso la ted  
from  a lgae (exclud ing BLAST hits) in clu d ed  in  the  
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