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inoflagellates  are  a  group  of  protists  whose  genome  differs  from  that  of  other  eukaryotes  in  terms  of
ize (contains  up  to  250pg  per  haploid  cell),  base  composition,  chromosomal  organization,  and  gene
xpression. But  rDNA  gene  mapping  of  the  active  nucleolus  in  this  unusual  eukaryotic  genome  has
ot been  carried  out  thus  far.  Here  we  used  FISH  in dinoflagellate  species  belonging  to  the  genus
lexandrium (genome  sizes  ranging  from  21  to  170  pg  of  DNA  per  haploid  genome)  to  localize  the
equences encoding  the  18S,  5.8S,  and  28S  rRNA  genes.  The  results  can  be  summarized  as  follows:
) Each  dinoflagellate  cell  contains  only  one  active  nucleolus,  with  no  hybridization  signals  outside

t. However,  the  rDNA  organization  varies  among  species,  from  repetitive  clusters  forming  discrete
uclear organizer  regions  (NORs)  in  some  to  specialized  “ribosomal  chromosomes”  in  other  species.
he latter  chromosomes,  never  reported  before  in  other  eukaryotes,  are  mainly  formed  by  rDNA  genes
nd appeared  in  the  species  with  the  highest  DNA  content.  2)  Dinoflagellate  chromosomes  are  first
haracterized by  several  eukaryotic  features,  such  as  structural  differentiation  (centromere-like  con-

trictions), size  differences  (dot  chromosomes),  and  SAT  (satellite)  chromosomes.  3)  NOR  patterns
rove to  be  useful  in  discriminating  between  cryptic  species  and  life  cycle  stages  in  protists.

 2014  The  Authors.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND
icense (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Introduction

Dinoflagellates  comprise a large group of flagellate
protists  well known for  causing  harmful algal
blooms  in coastal  waters worldwide (Anderson
et  al. 1998). Member species  differ greatly in their
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morphology, nutritional  habits,  and  habitats
and  may be planktonic,  benthic, heterotrophic,
autotrophic,  or  parasitic. The high abundance  of
photosynthetic  dinoflagellates  make this group  of
phytoplankton  first,  important  primary  producers,
and  second,  an important  component  of the
microbial  loop  and of coral  symbionts  (Hackett
et  al. 2004). Their complex life  cycle, which
includes  ploidy and planktonic-benthic  shifts, is
in  part responsible  for  their ecological  success.
Vegetative  stages (planktonic)  divide  asexually by
mitosis.  But under  certain  conditions  they enter  the
sexual  cycle through gamete fusion,  giving rise to
zygotes  that  either  divide and remain  planktonic
or  become benthic, dormant cysts  (Pfiester and
Anderson  1987).

The specialized nucleus  of dinoflagellates  is
referred  to as the dinokaryon (Rizzo 1991). Chro-
matin  in the  dinokaryon is permanently organized
as  a cholesteric  liquid crystal structure (Chow
et  al.  2010; Rill et al. 1989), so  that, under  the
light  microscope,  chromosomes appear  condensed
throughout  the cell  cycle. Chromosomal  replica-
tion  and division proceeds via closed  mitosis,
as  the  nuclear  envelope  does  not  break  down
and  the mitotic  spindle  is extranuclear  (Soyer-
Gobillard  et  al.  1999). Consistent with the  huge
size  of their  genome (up to 250pg), dinoflagellates
have  one of the highest number of chromosomes
among  eukaryotes, with some species contain-
ing  up to 143 chromosomes in the haploid  state
(see  Hackett et al. 2004 and references  therein).
As  in other eukaryotes,  dinoflagellate  chromo-
somes  are  linear (Alverca et al. 2007)  and  with
telomeres  which form the  longest tandem  array
thus  far observed  in unicellular  organisms  (Fojtová
et  al. 2010). Histones were  long considered  to
be  absent, but despite  the very low protein/DNA
ratio  (1:10)  (Kellenberger  1988), all  core  histone
transcripts  were identified (Lin et al. 2010; Roy
and  Morse 2012). Whereas  chromosomal  decon-
densation  does  not occur in dinoflagellates,  large
variations  in the  birefringence  and optical  prop-
erties  of their  chromosomes have  been  reported
among  different species  and between individual
karyotypes  (Chow et al. 2010). However, chromo-
some  size, morphology  (e.g. presence  of primary
or  secondary  constrictions),  and the  presence  of
eu-/heterochromatin  regions  have yet to be ade-
quately  described.  Based  on the absence  of a
dinokaryon  in Perkinsozoa  as well  as in Oxyrrhi-
naceae  and  Syndiniales,  the dinokaryon  appears
to  be a derived  rather  than an ancestral  nuclear
configuration  (Okamoto  et al. 2012; Taylor et al.
2008). Nonetheless,  the acquisition  of this huge

size together  with the lack  of nucleosomes  and vir-
tually  no histone  expression  makes  the  dinokaryon
a  highly interesting  model to study the processes
determining  genome  size  and  stability  in eukary-
otes.

There  appears  to be a high degree of DNA
redundancy  in  the dinoflagellate  genome. Non-
coding  repetitive  sequences  comprise  up  to 60% of
dinoflagellate  genomes,  have  a distribution linked to
the  specific  and atypical  organization  of the chro-
matin  (Moreau et  al. 1998) and are  thought to be
important  to genome  stability by contributing to the
overall  compactness  of chromosomes  (Jaeckisch
et  al. 2011). Regarding  coding sequences, most of
the  dinoflagellate  genes  studied  so  far are orga-
nized  in tandem  repeats, a fact not common in
other  eukaryotes (e.g  Hou  and Lin, 2009; Lin
2011).

Ribosomal DNA (rDNA) is one  of the most  well-
characterized  coding  arrays in eukaryotes (Hillis
and  Dixon 1991). rRNA  genes  are the most
abundant  and critical housekeeping  genes in the
eukaryotic  genome  (Chakraborty and Kenmochi
2012), which are  those transcribed  into the com-
ponents  of the ribosome.  In plants  and higher
eukaryotes,  rDNA regions  containing the genes for
the  18S, 5.8S,  and  28S rRNAs (transcribed as  the
45S  ribosomal  precursor), form  the nucleolar orga-
nizer  regions  (NORs), whereas  genes  that  make
up  the 5S rRNA are transcribed outside  the  NOR.
Each  nucleolar  organizing  region  contains a cluster
of  tandemly  repeated  rRNA genes  that  are sepa-
rated  from each  other by non-transcribed  spacer
DNA.  The  evolutionary  variation in the nuclear
genome  among  species can be tracked by fol-
lowing  NOR clusters, which behave as neutral
genetic  markers  because  their number and position
are  often species-specific  (Britton-Davidian  et al.
2012). Accordingly, NORs have been widely used
in  systematics and in phylogenetic  reconstructions
(see  for e. g. in plants Carvalho  et  al. (2011);  in
fishes  Frolov  and Frolova  (2004); and  in amphibians
Reinaldo  Cruz Campos  et al. (2009)). Studies on
NOR  variation in numerous  plant,  insect, and verte-
brate  groups have invariably described changes in
the  number and  chromosomal  location of the NORs
even  in closely  related  species,  suggesting that
rDNA  clusters are highly mobile  genomic  compo-
nents  (Britton-Davidian  et al. 2012  and references
therein).

In  the present  work, we used  fluorescence in situ
hybridization  (FISH) to investigate  the  organization
of  the NOR and its possible  relation  to genome size
in  species  of the dinoflagellate  genus  Alexandrium.
These  species  occur in marine  waters worldwide
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and include those  able to cause the neurotoxic
syndrome  PSP  (Paralytic Shellfish Poisoning)  (e.g.
Anderson  et al. 2012). Alexandrium  genome  sizes
range  from  21.8  pg per  haploid  cell  in A.  andersonii
to  more than 100  pg in strains of the Alexandrium
tamarense/catenella/fundyense  species  complex
(LaJeunesse  et  al. 2005);  however, essentially
nothing  is known about species-specific differ-
ences  in the  organization of these  large  genomes.
We  therefore studied chromosomal  rDNA local-
ization  in 16 strains belonging  to the species
A.  affine, A.  margalefii,  A. andersonii,  A. min-
utum  and  the  A.  tamarense/catenella/fundyense
species  complex, which includes  cryptic species
(John et al. 2003; Lilly et al. 2007; Scholin et al.
1994;  Wang et al. 2014). The  chosen  species  dif-
fer  greatly  in the sizes of their  genomes  and in
their  phylogenetic positions, based  on  ribosomal
ITS  sequences.  While in mammals,  birds,  and
plants,  mitochondrial  genes are used in DNA  bar-
coding,  for protists, ribosomal genes have  been

shown to be more appropriate  (Pawlowski et al.
2012).

Phylogenetic  studies  of  Alexandrium have con-
tradicted  several morphological  classifications of
the  species  within this genus. Several clades (ribo-
types)  that could not  be  assigned  to the species
A.  tamarense, A. catenella,  and A.  fundyense
were  identified,  resulting  in  a designation of
the  “A. tamarense/catenella/fundyense  species
complex”(John et  al. 2003;  Scholin  et  al. 1994),  later
proposed  to be named  as Groups  I to V by Lilly et al.
(2007), or  Groups I to IId (Miranda  et al.  2012;  Wang
et  al. 2014). Both  classifications  are  equivalent and
their  differences  lie in the designation  of  the  groups.
A.  affine,  a well characterized  species,  is  a close  rel-
ative  both  morphologically  and  phylogenetically to
the  groups  I-V of  the species complex  (Lilly et al.
2007;  Scholin  et al. 1994).

Our results show clear differences in the  NOR
organizational  patterns of the Alexandrium species
studied.  Furthermore, we found  that in  some

Figure  1.  Nuclear  shapes,  cell  cycle  stages  and  ploidity  during  the  sexual  and  asexual  cycle  of  A.  minutum
(sexual fusion  according  to  Figueroa  et  al.  (2006)).  The  ribosomal  genes  (shown  in  green)  are  located  central
to the  nuclei.  In  “zygote  1”  the  U-shaped  nuclei  have  not  yet  fused.  In  “zygote  2”  and  “zygote  3” fusion  starts
at one  of  the  nuclear  arms  and,  a  few  hours  later,  continues  in  the  other.  The  fused  nuclei  typically  acquire
a “doughnut”  shape.  “Zygote  4”  is  a  fully  formed  zygote,  with  a noticeably  larger  nucleus  and  a  double  set  of
ribosomal genes.  Asexual  stages  are  shown  below:  Two  vegetative  stages  (G1  and  G2)  and  a  mitotic  stage
(dividing cell).  Stages  with  duplicated  genome  (2C  genome  content)  as  G2  stages  and  mature  zygotes  (2N,
diploid) are  not  possible  to  differentiate  unambiguously.
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species  rRNA genes are  organized  within what
could  be considered  in a broad  sense  as “ribo-
somal  chromosomes”,  because  ribosomal genes
compose  most of their  content.  To our knowledge,
these  specialized  chromosomes  have  never been
reported  in other eukaryotes.  Their presence  is not
related  to the phylogenetic position  of the  species
nor  unequivocally  to genome size. However, they
were  detected  in all species with  the  highest  DNA
content.  The  function of this atypical dinoflagellate
chromosome  structure  is discussed herein,  as is
the  utility of using  NOR patterns to reveal cryptic
species  and for life-cycle  stage discrimination.

Results

Genome Size Content

The  species  included  in the study  showed  a
broad  range  of genome  sizes, from  the 21–26
pg  of DNA  per  vegetative nucleus of A. ander-
sonii  (22.0±0.6) and A. minutum  (25.3±3.2) to
the  98.2±4.1  and 169.0±3.21  pg of DNA per
vegetative  cell of A.  affine and A. margalefii
respectively.  The broadest  variability  occurred in
the  Alexandrium tamarense/catenella/fundyense
species  complex  (64.7±7.7 pg),  as evidenced  by
the  highest  standard  deviation.

Diversity in Genome Size and NOR
Patterns within the Genus Alexandrium

Independent  of the NOR  organization,  all Alexan-
drium  species studied  contained  a single  large
nucleolus.  In the following, we describe the results
for  each  species, from the smallest to  the largest
with  respect  to  genomic content.

Alexandrium minutum

To  identify and classify the possible sources  of intra-
species  variability  in NOR  patterns, we  studied  both
asexual  and sexual cultures of Alexandrium  min-
utum.  In this  species, the chosen  strains  do  not
produce  sexual stages during  clonal  growth but
can  be induced  to do so under  certain nutrient
conditions  (Figueroa et al. 2007,  2011).  Since the

other species  included  in this work are able  to  self-
fertilize  (homothallism)  to produce  both asexual
and  sexual stages during  clonal growth (Anderson
et  al. 2012), but not the  studied A. minutum strains
(Figueroa  et al. 2007), we chose  A.  minutum to look
for  possible  sexually related  NOR  patterns.  Figure 1
shows the sequence  of nuclear transformations
during  zygote formation in the  U-shaped  nuclei of
Alexandrium  (Figueroa  et al. 2006),  including the
behavior  of the  ribosomal genes. Fusing gametes
and  mobile  zygotes  (planozygotes)  show the pres-
ence  of  two nuclei (zygote 1), later a nucleus that is
doubled  in size and with a  double  set of ribosomal
genes  (zygote 2 and zygote 4), going through  an
intermediate  nuclear stage  with a typical dough-
nut  shape  in  phase  3. On the  contrary,  vegetative
cells  (G1) have one U-shaped  nucleus. During
the  mitotic cycle, cells  that have duplicated their
genome  and  are arrested  in G2  are larger in size
and  with larger nuclei  and nucleoli.  Cells undergo-
ing  division  change  nuclear  morphology,  showing
more  roundish  nuclei  and two sets of ribosomal
genes.

The  most  common  nuclear  morphology
observed  in a sexually  induced  A.  minutum
culture  (Fig.  2A–E) was typically U-shaped,
presumably  corresponding  to the nucleus of an
interphasic  vegetative cell (Fig.  2A). Cells with
two  nucleoli  of the same size were also observed
in  low frequencies  (Fig.  2B). Apparently, the
nucleoli  were  similar in size to the  nucleolus
shown  in Figure 2A but the chromosomes are
more  condensed  which  suggests that  these cells
are  undergoing  division.  A  recent gamete  fusion
could  not be totally ruled  out.  Figure  2C depicts  a
stage  4 planozygote  (Fig.  1), judged by the single
nucleolus  that  is significantly  larger  than  the  one
in  the haploid stage (Fig.  2A) and the extended
nuclear  morphology  consistent  with that  of a
planozygote  (Figueroa  et al. 2007). However, a cell
in  the G2  stage of the  cell  cycle  could  not  be totally
discarded.  In  clonal  strain  AL1  V  (Fig. 2F–G),  the
presence  of  mitotic metaphases  is  coherent  with
the  detection  of this nuclear  morphology  both
in  sexual (Fig.  2D, E) and asexual (Fig. 2F, G)
cultures.  The  images  show highly  individualized
chromosomes,  organized  nucleolus, and the

➛

Figure  2.  DNA  DAPI  staining  (blue)  and  in  situ  hybridization  of  the  digoxigenin-labeled  pTa71  probe  for  the
detection of  ribosomal  genes  (green)  and  of  the  Dy547-labeled  oligonucleotide  (CCCTAAA)3 for  telomere
localization (red)  in  Alexandrium  minutum  cells.  When  not  all  probes  are  shown  simultaneously,  a  single  letter
applies to  photos  in  which  only  DAPI  staining  has  been  used  and  (‘)  refers  to  the  result  with  all  probes.  (A)
Vegetative nuclei;  (B)  dividing  stage,  (C)  putative  zygote  or  cell  in  G2  stage;  (D–G)  metaphase  (see  text).  The
cultures used  were  a sexual  cross  between  VGO650  and  VGO651  (A–E)  and  a  clonal  culture  of  AL1  V  (F,  G).
Scale bars:  10  �m.
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associated  NOR. It is remarkable  that rDNA occu-
pies  most  of  the  length in two of the chromosomes
(Fig.  2E,  insert). The telomere  signals  at both
chromosome  ends define  the chromosomal  length
and  morphology,  ruling  out  misidentifications  with
satellite  structures. Clearly,  chromosomes  of dif-
ferent  sizes are  present. The longest chromosome
shows  no rDNA hybridization  and  weaker  DAPI
staining  (DAPI negative or DAPI-) in  the middle,  a
feature  suggestive  of the constrictions  associated
with  centromeres  in higher  eukaryotes.  Secondary
constrictions  associated  with the NOR  are seen  in
the  insert of Figure 2F  (DAPI detail).

Alexandrium andersonii

In the A.  andersonii  (strain SZN-12) preparation,
there  is a noticeable  aggregation  of telomeric  sig-
nals  in connection  with the nucleolus.  Figure 3A
shows  a vegetative  stage, in which  the nuclear mor-
phology  is similar to that  of A.  minutum  but the
nucleolus  is smaller.  In Figure  3B, C, the nuclei
are  wider, the nucleoli are duplicated,  and  there  is
a  larger number of telomeres  than in  the vegeta-
tive  cell. However,  there  are  important  differences
between  the nucleus of the vegetative  cell and
these  nuclei (Fig.  3C,  E,  F) with respect  to DNA
content,  chromosomal  condensation,  and  nucleo-
lar  organization  state, all of which  affect the NOR
morphology.  Specifically,  the  presence  of a  residual
(Fig.  3E) or  complete  (Fig. 3F) nucleolar organiza-
tion  suggests  that the morphology  of chromosomes
undergoing  replication,  transcription, or  pairing  dif-
fers  from that generally observed  in interphasic,
vegetative  cells. In addition,  important size differ-
ences  were observed  between  the chromosomes.
The  very  small  chromosomes (arrows)  seen in the
detailed  view  provided in Figure  3D are confirmed
by  the proximity  of the telomeric signals.  We refer
to  these chromosomes  as “dot  chromosomes,”
following  the Drosophila  nomenclature.  As  in A.
minutum,  we verified that when  chromosomal  indi-
vidualization  was  achieved  (as  shown  in Fig.  3D),
the  telomeric signals  are  restricted  to the  chromo-
some  ends,  suggesting  that there  are no  significant
matches  outside  the telomeres. In the nucleolus,
there  was  a surprisingly  high density of telomeric
sequences,  as seen  in  Figure  3G.

Alexandrium
tamarense/catenella/fundyense Species
Complex

Group  I strains  used in this study were  from dif-
ferent  hemispheres. However, the patterns  of their

NOR distributions  were  similar  (Fig. 4).  The most
prominent  common  characteristic  of Group  I strains
was  the distinct  DAPI signature  of chromosomes
whose  bodies  are  mainly  comprised  of  ribosomal
genes  (e.g., Fig.  4C, insert).  These  chromosomes
are  strongly stained  with  DAPI and therefore are
referred  to as DAPI  positive (DAPI+). A  vegetative
nucleus  is depicted  in Figure  4A.  According to  our
model  of zygote formation  (Fig.  1), a zygote in the
process  of fusion  might  be  shown  in Figure 4B,
whereas  the larger number  of telomeric  signals and
the  nuclear  size of the cell shown in Figure 4E
suggest  that it is a mature zygote  or  a cell in G2
stage.  Figure  4D shows a cell  possibly in  zygote
2  stage (Fig. 1). Figure 4B, C, and E can distin-
guish  individual  chromosomes,  identified as such
on  the basis  of the telomeric sequences at both
ends  of the DAPI+  chromosomes.  In these chromo-
somes,  the  main  body is formed  by rDNA,  which is
present  in enormous  copy numbers.  In the  insert
of  Figure 4C one  of these  chromosomes  shows  a
centromere-like  constriction.

Group II  cultures (Fig. 5) showed the same pecu-
liarities  in  the location  of the ribosomal genes,
i.e.,  in certain central  chromosomes  located in the
concave  region of  the U-shaped  nuclei and distin-
guished  by their  DAPI+ signature.  Figure 5A  shows
a  vegetative haploid  nucleus with the NOR  in  a
peripheral  position. In the  cell shown  in Figure 5B,
the  nucleolus  is fully  developed, while Figure 5C,
E  highlights  the co-localization  of DAPI+ chromo-
somes  and the ribosomal  genes. The exception in
this  group  was  strain  CNR-ATAA1  (Fig. 5D),  which
had  comparatively fewer ribosomal  gene copies
and  no DAPI+ chromosomes  associated  with the
NOR.  In Figure 5D the  blurred green  color  all over
the  nucleus is due to the over-exposition needed to
verify  the  lack of significant  signals.

Strains from Groups III and  IV  (Fig.  6)  simi-
larly  contained  specific  chromosomes  for ribosomal
genes,  as described in Groups  I and II.  How-
ever,  these  chromosomes  were not associated
with  DAPI+ areas.  Figure  6A–D shows nuclei
from  Group  III strains. The  vegetative  nucleus in
Figure  6A is significantly  smaller than  the  nuclei
in  other  stages (Fig. 6B–D). The NOR  are either
peripheral  and duplicated  (Fig.  6B) or individual and
central  (Fig.  6C, D). Nuclear  morphologies  resem-
bling  those of  zygote stages were  also observed
(Fig.  6D). While  DAPI+ areas were sometimes
present  (arrows in Fig.  6C, D), they  did not  co-
localize  with ribosomal  genes.  Figure  6E–G shows
Group  IV nuclei, which also  lack NOR-associated
DAPI+  regions.  A higher  number  of telomeric sig-
nals  were  detected  in Group  IV than Group  III
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Figure  3.  DNA  DAPI  staining  (blue)  and  in  situ  hybridization  of  the  digoxigenin-labeled  pTa71  probe  for  the
detection of  ribosomal  genes  (green)  and  of  the  Dy547-labeled  oligonucleotide  (CCCTAAA)3 for  telomere
localization (red)  in Alexandrium  andersonii  SZN-12  cells.  When  not  all  probes  are  shown  simultaneously,
a single  letter  applies  to  photos  in  which  only  DAPI  staining  has  been  used  and  (‘)  refers  to  the  result  with
all probes.  (A)Vegetative  nuclei;(B–C)  2C  stages;  (D)  detail  of  dot  chromosomes  with  arrows  pointing  to  the
telomeres; (E)  2C  stage  as  evidenced  by  the  nuclear  size  and  abundance  of  telomeres  with  disorganized
nucleolus (arrow);(F)  abundance  of  telomeres  associated  with  the  nucleolus  (arrow)  (see  text  for  clarification);
(G, G′ and  G′′) nucleolus  detail,  and  with  higher  magnification,  showing  co-localization  of  DNA,  rDNA  and
telomeric signals.  Scale  bars:  10  �m.
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strains, but as in Group  III they were  not homoge-
neously  distributed  and  were  located mainly  at the
periphery  of the nucleus.

Alexandrium affine and Alexandrium
margalefii

In the species with the highest DNA  content,
Alexandrium  affine  (Fig.  7A, B) and  Alexandrium
margalefii  (Fig. 7C),  chromosomal  differentiation
was  more difficult due  to the higher  level of nuclear
compaction.  However,  labeling of the ribosomal
genes  demonstrated  their  central  position.  Sev-
eral  different  nuclear  morphologies were observed,
including  the  notably smaller and more  compact
nuclei  shown in Figure  7B. A  larger nucleus  contain-
ing  a large  number of ribosomal copies  was seen in
A.  margalefii.  Of  the two species  only  in A. margale-
fii  a  DAPI+ signal  was associated  with ribosomal
gene  location (Fig.  7C).

We have  summarized in Table 1  the previously
described  main differences  in the NOR  patterns
between  the studied species.

Phylogenetic Analyses

To  discuss  the  above-described  NOR patterns as
a  function of genetic distances between  strains,
we  classified  the studied clones based  on  their
ITS  regions  (Table 2 and Fig.  S1  in Supple-
mentary  Material).  Strains of the  Alexandrium
tamarense/catenella/fundyense  species  complex
formed  a  monophyletic  clade that could  be subdi-
vided  into four groups,  Groups I  (including  genes A
and  B), II,  III, and IV, all of which were strongly sup-
ported  by bootstrap  values of 100. Mean genetic
distances  (p) between groups  in the species  com-
plex  ranged  from 0.079  to 0.181. The maximum
intra-groups  distance  was  0.010,  determined within
Group  IV.

Discussion

Dinoflagellates  are  eukaryotes with a  very large
number  of seemingly identical  and permanently
condensed  chromosomes.  The  genus  Alexandrium

includes species complexes comprising toxic and
non-toxic  ribotypes that  share many  morphologi-
cal  characters  (Anderson et al.  2012) but which
differ  greatly  in their genome  sizes (LaJeunesse
et  al.  2005). These  properties  make this genus an
interesting  eukaryotic model  to study  the chromo-
somal  location  of ribosomal genes, since as shown
by  Prokopowich  et al. (2003) in 162 species of
plants  and  animals, their copy number is depend-
ent  on genome  size. In other eukaryotic systems,
rDNA  organizational  patterns are  used to  dis-
criminate  between species (see for examples in
plants  Adams  et al. 2000;  Leitch et al.  1992; She
et  al. 2012). Our  results show that  rRNA  genes of
Alexandrium  are  organized  in  chromosomal clus-
ters,  suggesting  the existence of tandem  arrays  in
NORs.  Supporting  our results, hybridization signals
were  not  found outside  the  nucleolus. However,
Alexandrium  differs from other  eukaryotes in  that
in  some  species these essential genes are car-
ried  on specialized  chromosomes.  This pattern of
ribosomal  gene organization  was independent of
genome  size among  species with relatively low
DNA  content  but was consistently  present among
species  with a high  DNA content,  even  those
not  closely  related.  In the following,  we first  dis-
cuss  about differences  in chromosomal  size and
morphology  in dinoflagellates  based  on our  obser-
vations  in the  Alexandrium  species examined  in  this
work,  as well as the use  of  NOR patterns as a tool
for  species identification  and  life cycle studies.

NOR Distribution Patterns

Low-DNA-content Species: A. minutum
and  A. andersonii
Only one prominent active nucleolus  per cell was
organized  in  all the Alexandrium  species analyzed;
however,  the rDNA organizational  patterns  were
quite  different  between  species. In the metaphase
chromosomes  of  A. minutum, ribosomal genes
made  up most of  the  bodies of  some  chromo-
somes,  suggestive  of chromosomal  specialization
with  respect  to  the  location  of rRNA  genes (Fig. 2E,
insert).  Some chromosomes  featured constrictions
in  their  centromeric regions  and were thus more

➛

Figure  4.  DNA  DAPI  staining  (blue)  and  in  situ  hybridization  of  the  digoxigenin-labeled  pTa71  probe  for  the
detection of  ribosomal  genes  (green)  and  of  the  Dy547-labeled  oligonucleotide  (CCCTAAA)3 for  telomere
localization (red)  in  Alexandrium  cells  of  Group  I. When  not  all  probes  are  shown  simultaneously,  a  single
letter applies  to  photos  in  which  only  DAPI  staining  has  been  used  and  (‘)  refers  to  the  result  with  all  probes.
(A, C)  Vegetative  nuclei;(B,  D,  E)  2C  stages  and  putative  zygotes.  Note  the  chromosomal  individualization  in
the inserts  of  (C)  and  in  (E),  with  the  locations  of  the  telomeres  and  rDNA  copies.  The  arrow  in  (C)  shows  a
centromere-like constriction.  Scale  bars:  10  �m.
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Table 1. Main  differences  in  the  NOR  patterns  between  the  studied  species.

Species  DAPI  +  chromosomes  Specialized  ribosomal
chromosomes

Distinct  patterns  between  groups

A.  andersonii No Yes  Telomere  aggregation  in  A.
andersonii nucleoli

A.  minutum  No

Group  I Yes  Yes Group  I has  more  rDNA  repeats,
and strains  within  the  group  are
very similar  in  their  rDNA
organizational  patterns.

Group  II  Group  II strains  show
comparatively  fewer  DAPI+
signals and  rDNA  repeats  and
greater pattern  heterogeneity
between  strains.  The  rDNA
organizational  pattern  of  strain
CNR-ATAA1  differed  from  the
patterns of  Groups  I  and  II.

Group  III No.
The  few  DAPI+  signals  do
not co-localize  with  the
rDNA.

Yes Group  III  shows  significantly
fewer  telomeres  and  rDNA
copies.

Group  IV

A.  affine  No ? High  level  of  DNA  compaction.
A. margalefii  nucleus  is  larger,
with a  higher  rDNA  copy
number.

A.  margalefii  Yes

eukaryotic in  their  morphology than  previously
described.  When  chromosomal  individualization
was  achieved (as  seen in the  metaphases  D, E, and
F  of Fig. 2 and  in Fig. 3D), the hybridization sig-
nals  of the  telomeric sequences were  exclusively
linked  to chromosomal  ends, and therefore,  corre-
spond  to  telomeres. We have generalized  this result
(i.e.  telomeric  sequences are specific to telomeres)
to  the rest  of Alexandrium  species in  which chro-
mosomal  individualization  was not possible.  The
A.  minutum pattern  of rRNA gene location  was
not  seen  in A. andersonii,  despite its very simi-
lar  genome size. Instead,  in this species  a very

unusual pattern of nucleolus-associated  telomere
clustering  was observed.  An  important  feature of
telomeres  in normal interphase  nuclei is that  they
do  not overlap, nor  do  they  form clusters  or  aggre-
gates  with other  telomeres (Chuang  et  al.  2004).
In  contrast to the  non-overlapping  nature of telom-
eres  in normal  nuclei, telomeres of tumor nuclei
tend  to form aggregates  (Mai  and Garini 2006).
Telomere-related  proteins,  however, are  specifically
associated  with  the nucleolus during  DNA  replica-
tion.  For example,  the  ribonucleoprotein  enzyme
that  adds  telomeric  nucleotide repeat  sequences
to  the  ends of chromosomes  (telomerase reverse

➛

Figure  5.  DNA  DAPI  staining  (blue)  and  in  situ  hybridization  of  the  digoxigenin-labeled  pTa71  probe  for  the
detection of  ribosomal  genes  (green)  and  of  the  Dy547-labeled  oligonucleotide  (CCCTAAA)3 for  telomere
localization (red)  in  Group  II cells.  When  not  all  probes  are  shown  simultaneously,  a single  letter  applies  to
photos in  which  only  DAPI  staining  has  been  used  and  (‘)  refers  to  the  result  with  all  probes.  (A)  A  vegetative
nucleus with  its  peripherally  located  NOR;  (B)  a  clearly  formed  nucleolus;(C, E)  the  correlation  between  DAPI+
chromosomes and  ribosomal  genes,  further  highlighted  by  the  arrow  and  detail  in  (E);  (D)  strain  CNRATAA1,
the only  strain  in  the  study  that  did  not  fit  the  pattern  of  Groups  I  and  II.  Scale  bars:  10  �m.
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transcriptase) remains sequestered  in  nucleoli  until
the  telomeres  are  replicated,  at late stages of S
phase  (Boisvert  et al. 2007).The  telomeric repeat
binding  factor 2  (which  recognizes repeats  at chro-
mosomal  ends)  of humans  also has a prominent
nucleolar  localization (Zhang  et al. 2004). How-
ever,  telomere  aggregation in normal  cells has  only
been  observed in relation  to the  meiotic  process,
preceding  meiotic  chromosome  synapsis in fission
yeasts  (Scherthan et al. 1994)  and Arabidopsis
thaliana  (Armstrong  et al. 2001). Whether  the  pat-
tern  observed in A.  andersonii is sexually related
is  as  yet unknown,  but it  seems  to be  a species-
specific  characteristic.

High-DNA-content Species: Specialized
rDNA Chromosomes
Within  and  among  strains of the  Alexandrium
tamarense/catenella/fundyense  species  complex
there  is a large  variation  in the characters tradition-
ally  used to differentiate  species, such  that genetic
clades  rather than biological  species  have been
defined.  We observed  that a group  of chromosomes
in  the Groups I–IV were  mostly  made  up  of ribo-
somal  genes, a feature especially  evident  in Group
I,  which contained  ribosomal  genes in  high copy
numbers.  In Groups  I and II, the rDNA chromo-
somes  were additionally  characterized by a distinct
and  intense DAPI signature  (DAPI+). DAPI staining
is  dependent  on chromatin  organization,  binding
strongly  (+) to A/T rich sequences.  To our  knowl-
edge,  this  is a novel eukaryotic  organization  of
ribosomal  genes. Other  unusual  rDNA  organization
patterns  have  been described  in other eukary-
otes.  For example, in the slime  molds  Physarum
and  Dictyostelium  and  in the ciliated  protozoans
Oxytricha  Tetrahymena and  Paramecium  rDNA is
present  extrachromosomally  (Findly and  Gall  1978
and references  therein). Physarum  polycephalum
apparently  lacks any chromosomal  copies  of rDNA,
which  instead forms linear  extrachromosomal  palin-
dromes  of a highly polymorphic  nature  based on
minor  sequence  changes (Cockburn et al. 1978;
Vogt  and Braun 1976; Welker et al.  1985). In Dic-
tyostelium,  rDNA monomers  associate  as rings

within interphase  nuclei. These  rings then disrupt
to  form  linear  aggregates  of chromosome-sized
clusters  within  the nuclei of cells arrested in mitosis
(Parish et  al. 1980; Sucgang  et  al. 2003). The  rDNA
clusters  resemble  true  chromosomes—which  has
resulted  in  their  misidentification  as  a seventh
chromosome  in this organism—and  their forma-
tion  may ensure  the  efficient  segregation of rDNA
during  mitosis (Sucgang  et al.  2003). A similar
case  could  be made for the characteristic distri-
bution  of the ribosomal  genes in the  Alexandrium
tamarense/catenella/fundyense  species  complex,
but  their chromosomal  location is suggested by
the  location of  telomeres at both  extremes  of
the  ribosomal  array. This  pattern should be veri-
fied  by establishing  that the number  of “ribosomal
chromosomes”  is a species-specific landmark. We
detected  ribosomal  genes  either  in heavily (Groups
I  and  II) or  lightly  (Groups  III and IV) DAPI-stained
chromosomes,  generally  located in  a central posi-
tion  with  respect to the  U-shaped  nucleus.

Among the studied species  in which  we were able
to  clearly differentiate  chromosomes  and locate
telomeres  (and  thus, confirm the  position within
true  chromosomes  of the rDNA copies), strains
comprising  the group  I-V complex  had the largest
genomes.  Confirmation  of this large  genome size
would  suggest that  the  NOR is related to  genome
size,  although this pattern  would  need to be  con-
firmed  in other  Alexandrium  species  with high DNA
content.  Genome size has  molecular, biological,
and  ecological  consequences.  In  dinoflagellates,
their  large  genome  may not correspond to a high
gene  diversity, as many gene  copies  may be
duplications  just  slightly  different from each other,
similarly  to what happened  in the rRNA  locus
(Pellicer  et al. 2010). Independently  of this  fact,
the  vital role  played  by ribosomal  RNA  (rRNA)
makes  it crucial  to ensure  the fast and correct
transcription  of the  rDNA copies, which becomes
more  difficult  as genome  size increases  because
in  eukaryotes,  rDNA copy number  and  genome
size  are  associated (Prokopowich  et al. 2003).
This  association may be explained  because extra
rDNA  copies facilitate detection  of DNA  damage
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Figure  6.  DNA  DAPI  staining  (blue)  and  in  situ  hybridization  of  the  digoxigenin-labeled  pTa71  probe  for  the
detection of  ribosomal  genes  (green)  and  of  the  Dy547-labeled  oligonucleotide  (CCCTAAA)3 for  telomere
localization (red)  in  Groups  III  and  IV.  When  not  all  probes  are  shown  simultaneously,  a  single  letter  applies  to
photos in  which  only  DAPI  staining  has  been  used  and  (‘)  refers  to  the  result  with  all  probes.  The  cells  contain
the specialized  chromosomes  but  no  DAPI+  areas;  (A–D)  Group  III  strains  contain  nuclei  of  different  nuclear
sizes, with  the  smallest  corresponding  to  vegetative  stages  (A)  and  the  largest  to  2C  stages  which  correspond
to cells  in  2G  stage  or  zygotes  (D).  The  same  pattern  was  observed  in  Alexandrium  Group  IV  (E–G).  Note  the
fully formed  nucleolus  in (F)  and  the  lack  of  DAPI+  areas  in  the  nucleus  in  (G).  Scale  bars:  10  �m.
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Figure  7.  DNA  DAPI  staining  (blue)  and  in  situ  hybridization  of  the  digoxigenin-labeled  pTa71  probe  for  the
detection of  ribosomal  genes  (green)  and  of  the  Dy547-labeled  oligonucleotide  (CCCTAAA)3 for  telomere
localization (red)  in  Alexandrium  affine  (A,  B)and  Alexandrium  margalefii  (C).  When  not  all  probes  are  shown
simultaneously, a  single  letter  applies  to  photos  in  which  only  DAPI  staining  has  been  used  and  (‘)  refers  to  the
result with  all  probes.  DAPI+  areas  associated  with  the  NOR  were  observed  only  in  A.  margalefii. Scale  bars:
10 �m.
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and repair  by providing  sufficient  copies  for ribo-
some  biosynthesis.  But  their  repetitive  nature might
be  potentially  dangerous in terms  of genome  sta-
bility,  since  in higher  organisms  abnormalities in
rDNA  transcription and the organization  of the  chro-
matin  of the NOR have  been related  to aging
and  cancer  (see,  e.g., Kobayashi 2011  and  ref-
erences  therein). Further and specific research
needs  to  be  done  to validate or invalidate  these
suggested  general  eukaryotic  theories  in the com-
plex  dinoflagellate  system.  Similar  to the suggested
extrachromosomal  palindrome encoding  ribosomal
RNA  genes in Dictyostelium  (Sucgang  et al. 2003),
the  novel rDNA  distribution  in specialized  ribosomal
chromosomes  reported  here  for some  dinoflagel-
late  species  may offer  a solution  to the efficient
transcription  and segregation  of the  fundamental
ribosomal  genes  during mitosis  and meiosis.

NORs and the Evolutionary History of
Alexandrium

Repeated  DNA  sequences  have been suggested to
play  a major  role in plant  speciation (Bennett and
Leitch  2005).  In dinoflagellates,  the arrangement  of
some  tandemly  repeated  genes is complex  and  is
not  phylogenetically related. For example,  both the
length  and  sequence  of the spliced  leader  (SL) RNA
are  conserved  in all dinoflagellates,  but the  gene
can  be organized  in single-gene tandem  repeats  or
as  mixed SL RNA-5S  rRNA genes,  without a phy-
logenetic  trend in complexity (Zhang  et  al.  2009).
The  wide-ranging variability in the arrangements  of
5S  rRNA genes  likely reflects  the fact that they con-
tain  internal promoters,  which  are  often transposed
by  diverse recombination  mechanisms  in species
with  short generation times and frequent  founder
effects  (Drouin  and Tsang  2012).  However, this  is
not  the  case for the 45S  genes,  which  are  present  at
high  copy number and  are strongly  expressed,  such
that  both their  sequence  and  their organization  may
reveal  an evolutionary trend.

Alexandrium, although still  under  intense  phylo-
genetic  study, is a monophyletic lineage  containing
clearly  differentiated  species  complexes  (see
review  Anderson  et al. 2012).  From the stud-
ied  species, the first  cluster  to diverge was that
comprising  A.  minutum and A.  margalefii, fol-
lowed  by the clusters  containing  A.  affine and
the  Alexandrium tamarense/catenella/fundyense
species  complex  (John et al. 2003; Orr et al. 2011;
see  also  Fig.  S1,  Supplementary  Material).  Accord-
ing  to John et al. (2003), divergence  within this
species  complex can be explained as follows: a
homogeneous  A. tamarense  population  diverged  in

response to heterogeneous  climatic  and oceano-
graphic  conditions,  forming Groups  IV  and III.
Later,  uplifting  of the Panama  Isthmus caused the
divergence  of Group  I; finally, the drying up and
subsequent  filling of the Mediterranean Sea with
subtropical  water containing  A. tamarense popula-
tions  gave  rise to Group  II.

Our results  show that  the  placement of the
ribosomal  genes  changes  within a genus, from
the  more  conventional  location in several chro-
mosomes  of A. andersonii  to the chromosomal
specialization  of  A. minutum  and the Alexandrium
tamarense/catenella/fundyense  species  complex.
Because  of the large  differences  in genome size
between  these two species, this characteristic is
more  evident in the I-V species complex. Consis-
tent  with their  hypothetic  origin,  we found a more
similar  pattern in Groups  I  and II vs. Groups  III
and  IV. Two  rDNA gene variants in the  group I
were  first reported  by Scholin  et al. (1994),  as also
determined  in our  phylogeny. Recently, Miranda
et  al. (2012)  found in group  I a much more  com-
plex  genetic diversity based  on a refined phylogeny
using  intragenomic  SSU rDNA  polymorphism. Nev-
ertheless,  this aspect was not included  in our work,
as  strains  from  gene  variant B  were  not analyzed
in  this study. Given the  important  difference  in the
number  of repetitive rDNA regions  between Groups
I  and II (fewer in Group II) and the clearly dif-
ferent  NOR patterns  in some  cases, as  shown
in  strain  CNRATAA1  (Table 2), the possibility of
a  different  rDNA organizational  pattern between
the  A and B variants of Group  I should be exam-
ined  in further surveys. Ruling out  a mistake,  our
molecular  analyses confirmed the  assignment of
strain  CNRATAA1within  Group  II (Fig. S1,  Sup-
plementary  Material). The largest genetic  distance
was  between  Groups  I and  IV, whose members
are  sexually incompatible  (Lilly et al. 2007). Sim-
ilarly,  Group I × Group  III crosses yielded viable
zygotes  but no surviving offspring (Brosnahan
et  al. 2010). However, reproductive  isolation has
yet  to be studied in the other  clade combinations;
thus,  whether  these  groups  correspond to differ-
ent  biological  species  remains  unclear.  Our results
support  a closer relation  between Groups I and
II,  in which  NOR clusters were associated with
DAPI+  areas,  and between  Groups  III  and IV,  in
which  this association  was lacking.  In addition,
Group  III strains contained  fewer  chromosomes
than  Group IV, although  genome  size was  not sig-
nificantly  different  within  the I–IV assemblage. In
fact,  variability among strains within the I-IV  group
was significantly greater  than  determined in other
species,  highlighting  the need  to study  more strains
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Table  2. Characteristics  of  the  dinoflagellate  clonal  strains  employed  in  the  study.

Species  Strain name Isolation year  Origin  Clade  Genbank  ribosomal
sequence

FISH

A. minutum1 VGO650 2003 Brittany,(France) - KF018286,  KF018287
Fig.  2 A-E

A. minutum2

VGO651
2003  Brittany,(France) KF018284,  KF018285

A. minutum AL1V (CCMP113) 1987  Vigo (Spain)  - JF521634  Fig. 2F, G

A. andersonii SZN-12  1980 Town  Cove (USA) -  AJ308523  Fig. 3

A. affine PA8V  1999 La  Línea de  la Concepción
(Spain)

-  AJ632095  Fig. 7A, B

A. margalefii VGO661 2003 Ebro  Delta (Spain) -  AM237339 Fig. 7C

A. cf. tamarense MDQ1096 1996  Mar de Plata (Argentina)
Group I

AM292306  Fig. 4B

A.  catenella AL10 - Monterey  Bay (USA) KF042352 Fig. 4A, 4D,  4E

A.  cf.  fundyense CCMP1719 2005 Portsmouth (USA) JF521624,  JF521642
KF646469

Fig. 4C

A.  cf.  kutnerae VGO714 2003 Port of Vilanova  (Spain)
Group II

AM238515  Fig. 5A, B

A.  cf.  tamarense CNR-ATAA1 2000 Puglia (Southern Italy) AJ491152,  KC702847,
KC702848

Fig. 5D

A.  tamarense VGO654 2002 Pagera
(Spain)

AM238650  Fig. 5C

A.  tamarense VGO1042 2010 Ebro Delta, (Spain)
Group III

KF018283  Fig. 6A, B

A.  tamarense CCAP1119/1 1957 Tamar estuary (England) KC702845,  KC702846 Fig. 6C,  D

A.  cf.  catenella VGO816 2004 Crique L’Anglé
(France)

Group IV
AJ968680  Fig. 6F, G

A.  cf.  catenella AC1C  2002 Port of Barcelona (Spain) AJ532911  Fig. 6E

1Plate  1’,  without  a  ventral  pore. 2Plate  1’,  with  a  ventral  pore.
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to verify  this finding.  Nonetheless,  morphologically
cryptic  groups  could be distinguished  based on the
FISH  analysis  of the NOR patterns.  This identifica-
tion  is highly relevant  because  members  of these
four  groups  may  co-occur in some  areas  and may
include  toxic and non-toxic representatives.  In addi-
tion,  pairs  formed by Groups I (toxic)/III (non-toxic)
and  II (non-toxic)/  IV  (toxic)  may be impossible to
distinguish  solely on the basis  of morphology.

The  rDNA  gene  copies of A.  margalefii  were
in  a  similar  location as those  of Alexandrium
tamarense/catenella/fundyense  species  complex
and  in both species  were associated with DAPI+
areas,  which suggests a similar  chromosomal  dis-
tribution,  even though  A. affine  is  phylogenetically
closer  to A.  margalefii  (Fig. S1, Supplementary
Material).  However, chromosomal  individualization
failed  to fully localize the positions  of  the telomeres
in  A. margalefii and A.  affine, the species  with the
highest  DNA  content. Therefore,  the existence of
ribosomal  chromosomes  remains to be  determined
in  future research.

Life Cycle Studies

By combining nuclear  and NOR shapes  and  sizes
in  cultures  of sexual and asexual  Alexandrium
minutum,  we were able to discriminate  zygotes
from  vegetative stages. Some  of the  studied
clones  formed zygotes  and  hence  can be  con-
sidered  homothallic (self-fertilizing),  although  they
were  originally identified as heterothallic  (non-self-
fertilizing),  based on the failure  to produce  resting
cysts.  However, we did not  systematically study
sexual  and asexual stage  development, and there-
fore,  our FISH-based life cycle characterization
was  not  completely  unambiguous. For example,
some  stages  of division can be still misidentified  as
zygotes  and vice  versa.  Stages  in division  are not
expected  to show duplicated NORs until  two nuclei
are  clearly  distinguished,  as we observed  nucleolar
disorganization  during  metaphases.  However, the
squash  preparations  made  for  FISH make it difficult
in  occasions  to clearly verify this aspect. However,
NOR  location offers additional and new  informa-
tion  about the cell cycle  stage,  highly needed  in
life  cycle studies in  this group of  organisms,  which
are  characterized by a complex sexual  cycle and
by  morphological  similarities between  sexual and
vegetative  stages.

Chromosomal Morphology

Unlike other  eukaryotes, the chromosomes  of
dinoflagellates  are permanently  condensed  and
undifferentiated  (Rizzo 1991;  Soyer-Gobillard  et al.

1996, 1999). To our knowledge,  neither their
shapes  nor their morphological  distinctions  have
been  previously  analyzed.  In this study, we found
differences  in nuclear  morphology  and the  state
of  chromatin  condensation  during  both the  cell
cycle  and different life cycle stages, as well as
differences  in chromosomal  size and morphol-
ogy.  We also identified  dot  chromosomes and
chromosomal  constrictions,  some  associated with
the  NOR and resembling  eukaryotic  centromeres.
Ordinary  centromeres  are not a feature of dinoflag-
ellate  chromosomes,  which during  mitosis attach
to  the nuclear membrane  rather than  to  the spin-
dle  (Kubai  and Ris 1969). However, whether these
constrictions  are not only morphologically but also
functionally  related  to a conventional  centromere,
and  specifically to typical  metacentric chromo-
somes,  remains to be determined.

Conclusions

The  present  work provides  evidence for  rDNA
cluster  polymorphisms  between  morphologically
undifferentiated  species  and describes important
novel  features  of the dinoflagellate  nucleus. Our
results  support the conclusion  that  dinoflagellate
chromosomes  are  more  “eukaryotic” than previ-
ously  thought,  as  they differ in  size (including
dot  chromosomes)  and contain  eukaryotic  con-
strictions  reminiscent  of centromeres as well as
discrete  NORs  and specialized  NOR-bearing  chro-
mosomes.  Chromosomes  that almost exclusively
carry  rDNA  genes are, to our  knowledge, a novel
finding  within eukaryotes  and might  be  an adap-
tation  to accommodate  the  large  number of rDNA
copies  in the  accordingly  very  large genome  of
dinoflagellates,  although  it was not  seen  in the
species  with the smallest  genome  analyzed. Addi-
tionally,  we were  able to use NOR patterns  to
resolve  cryptic species and to  identify some sex-
ual  life cycle stages. However, further  studies are
needed  to understand  the processes  responsible
for  the differences  in NOR structure and  how NOR
polymorphism  relates  to differences  in the regula-
tion  of  rRNA  gene activity in the studied species.

Methods

Dinoflagellate  strains:  The  strains  employed  in  this  study  are
listed in  Table  2.  All  strains  are  regularly  maintained  at  the  Cen-
tro Oceanográfico  de  Vigo  (CCVIEO;  the  Culture  Collection  of
Harmful  Microalgae  of  the  Spanish  Institute  of  Oceanography),
where  they  are  available  upon  request.
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Culture  conditions:  The  strains  were  cultured  at  20 ◦C  with
an irradiance  of  approx.  90  �mol  photons  m-2s-1 and  a  photope-
riod of  12:12  h  L:D  (light:dark).  Culture  stocks  were  maintained
in Iwaki  50-mL  flasks  filled  with  30  mL  of  L1  medium  (Guillard
and Hargraves  1993)  without  added  silica.  The  medium  was
prepared  using  Atlantic  seawater  adjusted  to  a  salinity  of  30
psu by  the  addition  of  sterile  distilled  water.  Additionally,  cultures
were sexually  induced  by  nutrient  limitation  using  medium  with-
out added  nitrates  or  phosphates.  Among  the  studied  species,
only A.  minutum  is  heterothallic,  i.e.,  two  different  compati-
ble strains  must  be  crossed  to  induce  sexuality  and  resting
cyst formation  (Figueroa  et  al.  2007).  The  sexual  cycle  of  the
other species  has  not  been  well  studied,  but  in  many  cases
homothally  (self-fertility)  has  been  reported  (see  revision  of
(Anderson  et  al.  2012).  A.  minutum  duplicate  out-crosses  using
the strains  VGO650  and  VGO651  (following  the  sexual  compat-
ibility  results  of  (Figueroa  et  al.  2007,  2011))  were  conducted  in
sterile  polystyrene  Petri  dishes  (Iwaki,  Japan,  16-mm  diameter)
containing  either  10  mL  of  L1  medium  without  added  phosphate
(L1-P)  or  L1  medium  without  added  nitrate  (L1-N).  The  dishes
were inoculated  with  exponentially  growing  cells  (2000–4000
cells  mL-1)  to  a  final  concentration  of  300  cells  mL-1 (150  cells
mL-1 from  each  compatible  strain).  For  the  other  species,  only
self-crosses  of  clonal  strains  were  performed,  using  the  same
methodology.

Flow  cytometry:  Exponentially  growing  cultures  of  Alexan-
drium were  incubated  for  48  h  in  darkness  to  synchronize
cell division  (Figueroa  et  al.  2010;  Taroncher-Oldenburg  et  al.
1997).  Fifty  mL  of  culture  was  filtered  through  a  5.0-�m
pore size  membrane  filter  (Millipore,  Ireland),  fixed  with  1%
paraformaldehyde  for  10  min,  and  washed  in  PBS  (pH  7,  Sigma-
Aldrich,  St.  Louis,  USA)  with  centrifugation  at  1200  g  ×  10  min.
The pellet  was  resuspended  in  2  mL  of  cold  methanol  and
stored for  at  least  12  h  at  4 ◦C  to  achieve  chlorophyll  extraction.
The cells  were  then  again  washed  twice  in  PBS  and  the  pellet
was resuspended  in  staining  solution  (PBS,  0.1  mg  propidium
iodide  mL-1 and  2  �g  RNaseA  mL-1)  for  at  least  2  h  before  analy-
sis. A  Beckman  FC500  bench  model  flow  cytometer  with  a  laser
emitting  at  488  nm  was  used.  Triplicate  samples  were  run  at  low
speed (approx.  18  �L  min-1)  and  data  were  acquired  in  linear
and log  modes  until  at  least  1000  events  had  been  recorded.
As DNA  standard,  10  �L  of  a  triploid  DNA  trout  solution  (7.8
pg DNA/nucleus,  Biosure,  USA)  was  added  to  each  sample.
The fluorescence  emission  of  propidium  iodide  was  detected
at 620  nm.  FlowJo  7.6  (Tree  Star,  Inc.  USA)  was  used  to  com-
pute  peak  numbers,  coefficients  of  variation  (CVs),  and  peak
ratios  for  the  DNA  fluorescence  distributions  in  a  population.
CVs above  10  were  discarded  from  the  analyses.

Fluorescence  in  situ  hybridization  (FISH):  Slide  prepara-
tion. Cells  were  harvested  by  gentle  centrifugation  at  1200  g,
treated with  Liquinox  following  (Adamich  and  Sweeney  1976),
and fixed  in  ethanol:acetic  acid  3:1  (v/v)  for  at  least  24  h.  The
fixed cells  were  then  squashed  onto  clean  microscope  slides  in
a drop  of  45%  acetic  acid.  The  slides  were  frozen  to  remove  the
cover and  air-dried.  DNA  probes.  The  DNA  probe  used  for  map-
ping the  rDNA  genes  was  pTa71.  This  plasmid  contains  a  9-kb
EcoRI fragment  from  Triticum  aestivum  that  includes  the  18S-
5.8S-26S  rDNA  region  and  intergenic  spacers  (Gerlach  and
Bedbrook  1979).  pTa71  was  labeled  with  digoxigenin-11-dUTP
using  a  kit  from  Roche  (Dig-Nick  translation  mix).  Telom-
eres were  detected  using  the  deoxyribonucleotide  oligomer
probe  (5′-CCCTAAA-3′)3,  synthesized  with  Dy547  (red),  at
both ends  (Isogen  Life  Science).  Procedure.  Cell  preparations
(at least  two  replicates  per  strain  and  hundreds  of  cells  per
preparation)  were  incubated  with  DNase-free  RNase  A,  post-
fixed in  freshly  depolymerized  4%  (w/v)  paraformaldehyde,

dehydrated  in  a  graded  ethanol  series,  and  air-dried  as
described  in  Alverca  et  al.  (2007).  The  cell  samples  were  then
denatured  by  placing  the  slides  in  an  incubator  at  75 ◦C  for
7 min,  with  the  temperature  controlled  using  a  programmable
thermal  controller  (PT-100,  M.J.  Research  Inc.)  Hybridization
was  carried  out  by  the  addition  of  30  �L  of  hybridization  mix-
ture (50%  deionized  formamide,  10%  dextran  sulfate,  2×  SSC,
and 0.33%  SDS)  containing  100  ng  of  the  digoxigenated  pTa71
probe  and  2  pmol  of  the  directly  labeled  telomeric  oligonu-
cleotide  probe  to  each  slide  preparation,  followed  by  incubation
at 37 ◦C  usually  overnight.  Post-hybridization  washes  of  the
slides  were  done  in  Coplin  jars  for  10  min  with  4×  SSC/Tween20
at room  temperature.  The  digoxigenin-labeled  ribosomal  probe
was detected  by  incubating  the  slides  in  fluoresceinated  anti-
digoxigenin  (Roche  Applied  Science)  in  5%  (w/v)  BSA  for  1  h  at
37 ◦C.  No  immunocytochemical  procedures  were  required  for
the detection  of  the  Dy-547  telomeric  probe.  The  slides  were
rinsed  for  10  min  in  4×  SSC/Tween20,  DNA-stained  with  DAPI,
and mounted  in  antifade  solution  (Vector  Laboratories).  Micro-
scopic  analyses  were  conducted  using  an  epifluorescence
Axiophot  Zeiss  system.  Images  were  captured  with  a  cooled
CCD camera  Nikon  DS  and  merged  using  Adobe  Photoshop.
The images  were  optimized  for  best  contrast  and  brightness
using  the  same  program  but  only  those  functions  that  treated
all pixels  in  the  image  equally.

Molecular  analyses:  DNA  extraction.  Alexandrium  strains
(1 mL  of  actively  growing  cultures)  were  centrifuged  2  min  at
11,400  g  using  a  table  top  minicentrifuge  (Eppendorf).  DNA
extracts  (30  �L)  were  prepared  following  a  Chelex  extraction
procedure  previously  described  in  Litaker  et  al.  (2010).  The
samples  were  quantified  on  a  Nanodrop  Lite  spectrophotome-
ter (Thermo  Fisher  Scientific  Inc.,  Waltham,  MA,  USA)  and
immediately  used  for  PCR  amplification.  PCR  amplification
and DNA  sequencing.  The  ITS  regions  and  partial  LSUrDNA
(D1-D3  domains)  were  amplified  using  the  primer  pairs
ITSF01/LSUB  (5′-GAGGAAGGAGAAGTCGTAACAAGG-3′/5′-
ACGAACGATTTGCACGTCAG-3′)(Ki  and  Han  2007;  Scholin
et al.  1994)  to  produce  readable  sequences  of  1417–1475
bases  (with  the  exception  of  A.minutum  AL10,  for  which  a
670-base  fragment  was  obtained).  The  amplification  reaction
mixtures  (25  �L)  contained  2  mM  MgCl2,  0.25  pmol  of  each
primer,  0.2  mM  of  dNTPs,  0.65  units  Taq  DNA  polymerase  (Qia-
gen, California,  USA),  and  2  �L  of  the  DNA  Chelex  extracts.
The DNA  was  amplified  in  a  SureCycler  8800  thermal  cycler
(Agilent Technologies  Inc.,  Santa  Clara,  CA,  USA)  under  the
following  conditions:  denaturation  for  10  min  94 ◦C  followed  by
40 cycles  of  denaturation  for  1  min  at  94 ◦C,  1  min  of  annealing
at 57 ◦C,  a  1-min  extension  at  72 ◦C,  and  a  final  10-min  exten-
sion at  72 ◦C.  A  10-�L aliquot  of  each  PCR  was  checked  by
agarose  gel  electrophoresis  (1%  TAE,  70  V)  and  GelRed  DNA
gel staining  (Biotium  Inc.,  Hayward,  CA,  USA).  PCR  products
were cloned  using  the  Strata  Clone  PCR  cloning  kit  (Agilent)
following  the  manufacturer’s  specifications.  Plasmid  DNA  was
purified  using  ExoSAP-IT  (USB  Corporation,  Cleveland,  Ohio,
USA) and  then  sequenced  using  the  Big  Dye  Terminator  v3.1
reaction  cycle  sequencing  kit  (Applied  Biosystems,  Foster  City,
CA, USA)  and  the  AB  3130  sequencer  (Applied  Biosystems)  at
the CACTI  sequencing  facilities  (Universidade  de  Vigo,  Spain).
The amplified  sequences  obtained  were  deposited  in  GenBank
(accession  numbers  are  listed  in  Table  2).

Phylogenetic  analyses:  The  amplified  sequences  were
aligned  using  CLUSTALW  multiple  alignment  in  Geneious®Pro
5.6.6  using  default  parameters  (Cost  matrix:  IUB,  gap  open
cost:15, gap  extend  cost:6.6).  Subsequently,  only  ITS-1,
5.8SrDNA  and  ITS-2  sequences  were  selected  to  elabo-
rate the  phylogenetic  trees  (515  bases,  final  alignment).
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Poorly  aligned  positions  and  divergent  regions  were  checked
using the  Gblocks  software  (Castresana  2000).  Finally,  333
bases  (65%  of  the  original  ITS  alignment)  were  saved  by
Gblocks.  The  phylogenetic  relationships  were  determined  using
MrBayes  v3.1(Huelsenbeck  and  Ronquist  2001).  A  general
time reversible  model  (GTR,  submodel  112312)  was  selected
when sampling  the  substitution  model  (program  parameters
state freqpr  =  dirichlet  (1,1,1,1),  nst  =  mixed,  rates  =gamma,
nswaps  =  1).  The  phylogenetic  analyses  involved  two  paral-
lel analyses,  each  with  four  chains.  Starting  trees  for  each
chain were  selected  randomly  using  the  default  values  for
the MrBayes  program.  There  were  173  unique  site  patterns.
The analysis  was  based  on  100,000  generations  and  final
split frequencies  were  less  than  0.05.  Posterior  probabili-
ties were  calculated  from  every  100th  tree,  sampled  after
log-likelihood  stabilization  (“burn-in”  phase).  For  comparative
purposes,  ML  phylogenetic  analyses  were  also  conducted
after different  models  of  DNA  substitution,  and  the  associated
parameters  were  estimated  using  Modeltest  3.7(Posada  and
Crandall  1998).  The  ML  phylogeny  was  performed  in  PhyML
3.0 (Guindon  et  al.  2010)  using  a  K80  with  a  �  distribution
(K80 +  G)  model,  on  the  South  of  France  bioinformatics  plat-
form  (http://www.atgc-montpellier.fr/phyml).  Bootstrap  values
were estimated  from  1,000  replicates.  The  overall  topologies
obtained  with  the  ML  and  Bayesian  inference  methods  were
very similar.  The  phylogenetic  tree  was  represented  using
the Bayesian  inference  with  posterior  probability  and  boot-
strap values  from  the  ML  method.  Groups  I  to  IV  of  the  “A.
tamarense/catenella/fundyense  species  complex”  indicated  in
our phylogeny  match  the  groups  previously  designated  by  Lilly
et al  (2007)  using  large  subunit  (LSU)  rRNA  genes.  Several
strains  assigned  to  Groups  I  to  IV  by  these  authors  were
included  in  our  phylogenetic  analyses  to  confirm  the  coherence
of our  grouping.
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