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Brachidinium capitatum F. J. R. Taylor, typically
considered a rare oceanic dinoflagellate, and one
which has not been cultured, was observed at ele-
vated abundances (up to 65 cells - mL™") at a coastal
station in the western Gulf of Mexico in the fall of
2007. Continuous data from the Imaging FlowCyto-
bot (IFCB) provided cell images that documented
the bloom during 3 weeks in early November.
Guided by IFCB observations, field collection per-
mitted phylogenetic analysis and evaluation of the
relationship between Brachidinium and Karenia.
Sequences from SSU, LSU, internal transcribed
spacer (ITS), and coxl regions for B. capitatum were
compared with five other species of Karenia; all
B. capitatum sequences were unique but supported
its placement within the Kareniaceae. From a total
of 71,487 images, data on the timing and frequency
of dividing cells was also obtained for B. capitatum,
allowing the rate of division for B. capitatum to be
estimated. The maximum daily growth rate estimate
was 0.22 d”'. Images showed a range in morphologi-
cal variability, with the position of the four major
processes highly variable. The combination of mor-
phological features similar to the genus Karenia and
a phylogenetic analysis placing B. capitatum in the
Karenia clade leads us to propose moving the genus
Brachidinium into the Kareniaceae. However, the
lack of agreement among individual gene phyloge-
nies suggests that the inclusion of different genes
and more members of the genus Karenia are neces-
sary before a final determination regarding the
validity of the genus Brachidinium can be made.
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ITS, internal transcribed spacer; ML, maximum
likelihood; MP, maximum parsimony

Members of the genus Brachidinium have been
observed in samples from throughout the world, yet
they remain poorly known because they have always
been recorded at extremely low abundances. The
type species, B. capitatum, originally described by
Taylor (1963) from the southwest Indian Ocean,
has also been identified from the Pacific Ocean
(Hernandez-Becerril and Bravo-Sierra 2004, Gomez
2006), the northeast Atlantic Ocean, the Mediterra-
nean Sea (Gomez etal. 2005b and references
therein), and, most recently, the Gulf of Mexico
(this study).

The genus Brachidinium currently includes four
species: B. capitatum, B. catenatum F. J. R. Taylor
(Taylor 1966), B. brevipes Sournia (Sournia 1972),
and B. laylorii Sournia (Sournia 1972). B. capitatum
is characterized by the presence of four movable
processes originating from the cell body (Gomez
et al. 2005b), a length of 31-46 pm (including ven-
tral processes), and a width of 95-123 ym (includ-
ing the lateral processes; Taylor 1963). B. catenatum
was described as a chainforming species with a
length of 30-45 pm (including ventral processes)
and chains being 28-32 pm in width (Taylor 1966).
B. brevipes is a smaller cell, relative to the type spe-
cies, with a length of ~25-30 um (including ventral
processes; estimated from fig. 4 in Sournia 1972), a
width of ~68 pm (including lateral processes), and
triangular antapical processes, wider at the base and
tapering to a point (Sournia 1972). B. taylorii is also
a smaller cell, but morphologically very similar to
the type species. It has a length of ~25 um (includ-
ing antapical processes; estimated from fig. 3 in
Sournia 1972) and a width of ~68 pm (including
the lateral processes; estimated from fig. 3 in
Sournia 1972). The taxonomic framework we use
here follows Sournia (1986) and incorporates the
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modification of Gomez et al. (2005a) eliminating
the order Brachidiniales and moving the family
Brachidiniaceae into the Gymnodiniales. The genus
Brachidinium is one of two genera (the other being
Asterodinium) in the family Brachidiniaceae.

After the original description of the type species,
it was suggested that members of the Brachidiniales
may be life-cycle stages of other dinoflagellate spe-
cies (Sournia 1986 per Gomez et al. 2005a). Gomez
et al. (2005a) noted that cells of both Brachidinium
and Asterodinium, a closely related genus in the
Brachidiniaceae, exhibited a high morphological
variability and co-occurred with cells resembling
members of the genus Karenia. A detailed morpho-
logical description of B. capitatum provided by
Gomez et al. (2005b) was used to support the idea
that members of the Brachidiniales were life-history
stages of Karenia spp., specifically K. papilionacea
Haywood et Steid. In addition, the validity of other
species in the genus Brachidinium has recently been
questioned (Gomez etal. 2005b). Two species,
B. catenatum (Taylor 1966) and B. brevipes (Sournia
1972), have not been reported since their original
descriptions, which led Gomez et al. (2005b) to sug-
gest that these other described species of Brachidini-
wm may simply be morphological variants of the
type species. Taylor (1966) noted during his original
description of B. catenatum that it might simply be a
small neritic or summer form of B. capitatum.
Gomez et al. (200ba) went further in recommen-
ding the elimination of the order Brachidiniales
based on the lack of a difference between some
morphological characters of Brachidinium spp. and
Karenia spp. Genetic sequence data from B. capita-
tum would be helpful in determining the appro-
priate  phylogenetic placement of the genus
Brachidinium and answering the question of whether
B. capitatum is a life-history stage of K. papilionacea.

A phytoplankton time series in the Gulf of Mexico
at Port Aransas, Texas, utilizing the IFCB (Olson and
Sosik 2007) has provided nearly continuous data
since fall 2007 (Campbell et al. 2010). The temporal
resolution from continuous sampling and automated
analysis of a large number of images (Sosik and
Olson 2007) allows us to estimate cell size, timing of
division, and growth rate (Campbell etal. 2010).
Here, we report observations of B. capitatum for a per-
iod of ~ 3 weeks beginning in October 2007. This
rare species has not been cultured successfully, and
consequently, little information is available about the
life cycle of B. capitatum. Guided by IFCB observa-
tions, field collection permitted phylogenetic analysis
and evaluation of the relationship between Brachidini-
um and Karenia. This time series also provided data
on the timing and number of dividing cells, from
which the rate of division for B. capitatum could be
estimated. We report here the first observed ‘‘bloom”
of B. capitatum in the Gulf of Mexico, an ~ 3-week
event during the fall of 2007 when concentrations at
times exceeded 50 cells - mL™".

MATERIALS AND METHODS

Sample collection and cell isolation. The bloom of B. capitatum
began in late October 2007. A water sample collected on 14
November 2007 from the University of Texas Marine Science
Institute (UTMSI) in Port Aransas, Texas (27.84° N, 97.07° W),
was preserved with Lugol’s iodine, refrigerated at 4°C, and
used for DNA extraction. The single-cell PCR protocol of
Henrichs et al. (2008) was used with the following modifica-
tion. The first 25 cells identified as B. capitatum were isolated
into five separate 0.2 mL PCR tubes (five cells per tube) to
increase the amount of template DNA available for amplifica-
tion. External morphology of all cells was very similar, and
there was no discrimination of cells based on the position of
the four major processes. All tubes were centrifuged briefly and
subjected to three rounds of freezing and thawing to lyse the
cells and allow further DNA amplification (Henrichs et al.
2008).

Culture DNA extraction. Cell pellets from cultures of Karenia
bidigitata Haywood et Steid. (= K. bicuneiformis; strain:
CAWDO92); K. papilionacea (strain: CAWDOI1); K. selliformis
Haywood, Steid. et Mack. (strain: CAWD79); and Takayama
acrotrocha (J. Larsen) de Salas, Bolch et Hallegr. (strain: MC728-
D5) were subjected to cetyltrimethyl ammonium bromide
(CTAB) DNA extraction (Doyle and Doyle 1990), rehydrated
with 1X Tris-EDTA (1XTE) solution, and used as template for
whole genome amplification. The culture pellet of 7. acrotrocha
was generously provided by Raffaele Siano (Stazione Zoologica
Anton Dohrn). Cultures of K. bidigitata, K. papilionacea, and
K. selliformis were acquired from the Cawthron Institute
Collection of Micro-algae (CICCM; http://cultures.cawthron.
org.nz). We use the name K. bidigitata here to maintain
consistency with the CICCM, whose culture we sequenced and
which was described by Haywood et al. (2004).

DNA amplification, purification, and sequencing. The lysate in
each tube was used as template for a whole genome amplifi-
cation reaction (Genomiphi, GE Healthcare, Little Chalfont,
UK). DNA extracted from cultures was amplified in an
identical manner. The whole genome amplification reaction
was carried out according to the kit protocol. The resulting
product was diluted with 180 pL of 1XTE solution and used as
template for subsequent PCR. The following were amplified
using 50 pL reactions: (i) the SSU (primers: 18SA and 18SB
from Medlin et al. 1988, primers: 1055F and 1055R from
Elwood et al. 1985); (ii) LSU (D1/D2 region; primers: DIR and
D2C from Scholin etal. 1994); (iii) ITS regions of the
ribosomal genes ITS 1 and ITS 2, including the 5.8S region
(primers: ITS1 and ITS4 from White et al. 1990); and (iv) the
mitochondrial coxl (primers: DinoCOXIF and DinoCOXIR
from Lin et al. 2002) region. Positive bands were excised after
gel electrophoresis (3% agarose) and purified using the
QIAquick Gel Extraction Kit (Qiagen, Germantown, MD,
USA). The purified product was then directly sequenced using
ABI BigDye Terminator reagents and sequenced on an ABI
3100 Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA).

Phylogenetic analysis. The sequence results were aligned
using BioEdit v7.0.9.0 (Hall 1999) and ClustalW (Thompson
et al. 1994). The resulting alignments were improved manually,
and ambiguously aligned regions were removed from further
analyses. The SSU and LSU genes from 24 taxa (Table S1 in
the supplementary material) were concatenated and analyzed
using MP, ML, and BI to identify the taxa most closely related
to B. capitatum. A smaller subset of nine taxa [B. capitatum,
K. bidigitata, K. brevis, K. mikimotoi, K. papilionacea, K. selliformis,
Karlodinium veneficum (D. L. Ballant.) J. Larsen (=Karlodinium
micrum; Bergholtz et al. 2005), Takayama acrotrocha, and Proro-
centrum micans Ehrenb.] was used to analyze each gene (SSU,
LSU, ITS, coxl) independently as well as in a concatenated
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four-gene data set. P. micans was used as an outgroup.
Unweighted MP analysis was conducted in PAUP*4.0b10
(Swofford 2003). Heuristic searches of 100 random addition
replicates with starting trees obtained by stepwise addition were
followed by branch swapping utilizing tree bisection reconnec-
tion (TBR). ML analysis was also conducted in PAUP*4.0b10
(Swofford 2003). Branch support for MP was obtained from
1,000 bootstrap replicates, and branch support for ML was
obtained from 100 bootstrap replicates. Substitution models
for both ML and BI were obtained using MrModelTest2.3
(Nylander 2004). BI was conducted using MrBayes 3.1.2
(Ronquist and Huelsenbeck 2003). Markov chain Monte Carlo
was run for 2 million generations with trees sampled every 100
cycles. The first 15,000 trees were discarded as the burn-in
period, and posterior probabilities calculated from the remai-
ning trees.

IFCB image analysis. Imaging FlowCytobot images of Brach-
idinium were automatically classified using the method of Sosik
and Olson (2007) as in Campbell et al. (2010). All images
classified as Brachidinium were manually checked, and misiden-
tified images removed from the data set. The data were binned
into 2 h intervals and used to calculate cell abundance and cell-
size estimates for the duration of the recorded bloom period.
Cell-size estimates were calculated directly from IFCB images.
An individual cell’s size estimate, determined from its cross-
sectional area, was obtained by summing the number of image
pixels remaining after removing the background pixels sur-
rounding the cell. A background pixel color value was
established for each image by averaging the pixel color values
from the first column of the image. All images were grayscale,
and pixel color values ranged from 0 (black) to 255 (white).
The background pixel color range was created by extending
the mean pixel color value ~5% in both directions
(mean + 15). A pixel was determined to be background if its
color value fell within the background color range. Corner
pixels were first added to a queue. Each pixel in the queue was
evaluated, and if its color value fell within the background
range, it was removed from the image. Once a pixel was
evaluated, it was removed from the queue. All remaining pixels
neighboring the removed pixel were then added to the queue.
This process was repeated until the queue was empty. The
remaining pixels (not the color values) were summed to
produce an estimate of the cell size. All of the acquired images
of B. capitatum were analyzed; these included images of cells in
many different orientations. We also calculated the frequency
of dividing cells and growth rate estimates as in Campbell et al.
(2010). This information was coupled with current velocity data
from the Texas Coastal Ocean Observation Network, Texas
A&M University-Corpus Christi  (http://lighthouse.tamucc.
edu/overview/109) to determine whether cell abundance or
cell size was related to tidal flows. Sunrise and sunset informa-
tion was obtained from the United States Naval Observatory’s
Naval Oceanography Portal (http://www.usno.navy.mil/
USNO/ astronomical-applications/data-services/data-services).

RESULTS

Cell isolation. Ten individual cells were isolated
from the water sample and measured. Cell widths ran-
ged from 76 to 97 pm (mean: 83.5 + 5.7 pm) includ-
ing the lateral processes. Cell lengths ranged from 33
to 42 pm (mean: 36.5 + 3.0 pm) including the ven-
tral processes. Twenty-five additional cells from the
same water sample were successfully isolated into five
tubes for subsequent PCR amplification.

DNA extraction and amplification. Genetic sequ-
ences from the SSU, LSU, ITS, and cox]l regions

were successfully obtained from extracted DNA of
K. bidigitata, K. papilionacea, K. selliformis, T. acrotro-
cha, and whole genome amplification products from
cells of B. capitatum. No variation among gene
sequences from replicate tubes of B. capitatum was
observed. All gene sequences obtained from B. capit-
atum were unique and not identical to any members
of the Karenia genus. Sequences were deposited into
GenBank, and accession numbers can be found in
Table SI.

Phylogenetic analysis. Two equally parsimonious
trees emerged from the concatenated SSU and LSU
data set (2,053 nt) containing 24 taxa (Fig. 1). The
best model selected by MrModelTest2.3 (Nylander
2004) was GTR+I+G (general time reversible with a
portion of invariant sites and gamma rate distri-
bution). Both equally parsimonious trees placed
B. capitatum within the clade containing members of
the genus Karenia. The ML and BI trees also placed
B. capitatum within the clade containing the genus
Karenia (data not shown). When all four genes in
the reduced data set of nine taxa were analyzed
independently (SSU: 1,684 nt, best model selected
GTR+I; ITS: 528 nt, best model selected GTR+I+G;
LSU: 613 nt, best model selected GTR+I+G; coxl:
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I1G. 1. One of two equally parsimonious (MP) trees of the
SSU + LSU data set. Support values are maximum-parsimony
bootstraps/maximum-likelihood bootstraps/Bayesian inference
posterior probabilities. Only bootstrap values >70% and posterior
probabilities >0.90 are shown. Oxyrrhis marina was used for the
outgroup.
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777 nt, best model selected GTR+G), B. capitatum
was always placed within, or sister to, the clade con-
taining members of the genus Karenia (Fig. 2, A-D).
However, the exact placement of B. capitatum
differed depending upon which gene was being ana-
lyzed. The most-parsimonious tree of the concate-
nated four-gene data set (Fig. 3) was identical in
topology to the tree produced from the ML analysis
(four-gene data set), while BI showed K. bidigitata
and K. papilionacea as a sister clade to B. capitatum,
K. brevis, K. mikimotoi, and K. selliformis but with a
low posterior probability (<0.60). Bootstrap values
showed the inclusion of B. capitatum in the Karenia
clade to be well supported. However, while BI
posterior probabilities showed moderate support
(0.92) for the final placement of B. capitatum, both
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the MP (<60%) and ML (<60%) bootstrap values
showed it to be weakly supported (Fig. 3).

IFCB image analysis. A total of 71,487 images of
B. capitatum were obtained from the IFCB over a 19
d period of image sampling (26 Oct.—13 Nov.) and
included 1,636 images of dividing cells. Image data
for 2 d (4 Nov., 8 Nov.) were unavailable. We were
also unable to observe the end of the bloom due to
technical difficulties with the IFCB. The maximum
observed cell concentration was ~65 cells - mL™'
(Fig. 4), and cell concentrations appeared to
increase with the incoming tides, which suggested
an offshore bloom origin. Cells of B. capitatum
showed a high degree of morphological variability
consistent with previous observations (Fig. 5).
The cells’ four major processes were observed in a
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Fi6. 2. The most-parsimonious tree for the SSU (A), ITS (B), LSU (C), and cox] (D) data sets. Support values are maximum-parsimony
bootstraps/maximum-likelihood bootstraps/Bayesian inference posterior probabilities. Only bootstrap values >70% and posterior probabili-

ties >0.90 are shown.
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Fic. 3. Maximum-likelihood tree of the concatenated four-
gene data set containing nine taxa. Support values are maximum-
parsimony bootstraps/maximum-likelihood bootstraps/Bayesian
inference posterior probabilities. Only bootstrap values >70% and
posterior probabilities >0.90 are shown.

variety of orientations and appeared to be quite
flexible. Orientation of the major processes did not
appear to coincide with the time of day or tidal fluc-
tuations (data not shown). Dividing cells were
observed predominantly (>95%) between the hours
of 18:00 and 06:00 local time, and ~46% were
observed between the hours of 2:00 and 5:00 local
time (Fig. 6). The numerous images of dividing
cells allowed us to observe cells in various stages of
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cell division (Fig. 7). Cell division did appear to be
phased and allowed us to calculate the growth rate
using the f,,.x method. The maximum frequency of
cell division was calculated to be 0.24 (2 Nov.),
which yielded a growth rate estimate of 0.22 d~'. As
cultures of B. capitatum are not available, the dura-
tion of the terminal division event could not be
determined, so we were unable to calculate growth
rate using the mitotic index method. Average cell
size showed a diel pattern of variation, with the larg-
est average cell size observed immediately preceding
the dark period and the smallest average cell size
observed near the transition to the light period
(Fig. 8). A reduced average cell size (~15% smaller
than the maximum observed average cell size) was
observed at ~5:00-6:00 local time daily and coin-
cided with the termination of observed dividing
cells and the onset of the light period.

DISCUSSION

The continuous sampling and imaging capabili-
ties of the IFCB provided information that permit-
ted study of a bloom of B. capitatum, a rare, typically
oceanic dinoflagellate that otherwise may have gone
unnoticed. Phylogenies based solely on morphologi-
cal features have resulted in ambiguity regarding
the placement of this group among the dinoflagel-
lates and the paucity of observations has probably
contributed to this ambiguity. B. capitatum cells iso-
lated from a field sample taken during this 2007
bloom yielded the firstknown genetic sequences
from B. capitatum and permitted the first phyloge-
netic analysis of the genus to be conducted.

Species determination. B. capitatum cells have a
unique external morphology consisting of four
major processes extending from the cell body. Cells
isolated from our water sample, and the IFCB
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F1G. 4. Bihourly resolved Brachidinium capitatum cell concentration (solid line) and tide velocity (dashed line) over the 19 d period of image
sampling. Negative values for tide velocity indicate an incoming tide. Gray bars represent the growth rate calculated using the f,,.x method.
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crossing behind, ventral processes. Scale bar, 10 um.
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Fic. 5. Imaging FlowCytobot images of Brachidinium capitatum depic

ting the various position of the cells’ four processes. (A) Normal
cell with four processes extended. (B) Ventral processes crossed. (C, J) One process bent. (D, K) Ventral processes with different shapes.
(E) Lateral processes parallel to ventral processes. (F) One lateral process extended. (G, H, I) Lateral processes compressed against, or
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Fic. 6. Cumulative (entire bloom) occurrence of dividing cells as a function of time of day. Dividing cells were mainly observed during

the dark period (indicated by the dark bar across the top).

images, all had this same basic external morphol-
ogy. Measurements of cell length and width were
larger than those reported for B. brevipes and B. tayl-
orii. Cell length, however, did fall within the ranges
of both B. capitatum and B. catenatum. While mean
cell width was smaller than the range given in the
original species description of B. capitatum (95—
123 pm; Taylor 1963), Gomez (2006) measured 29
cells, ranging in width from 65 to 130 um (mean
98.4 + 27.1 um), and described them all as being
B. capitatum. The widths of our measured cells fell
within this extended range. All cells in our water
sample were observed as single or dividing cells,
and no chains of cells were found. Size information
coupled with external morphology supported the
conclusion that the cells observed, and isolated for
DNA sequencing, were all B. capitatum.

There appears to be some confusion surrounding
the spelling of the genus Brachidinium. The original

spelling of the genus Brachydinium (Taylor 1963) was
corrected to Brachidinium by Taylor (1966), who sta-
ted the original spelling was an ‘“‘etymological’ error,
with the prefix intended to mean ‘“‘armed’ rather
than “‘wide.” Sournia (1973) declared this to be an
illegitimate correction and reinstated the original
spelling, Brachydinium. Yet, the correction to Brachidi-
nium is adopted by AlgaeBase, an online database of
worldwide algal species (Guiry and Guiry 2010). We
have chosen to use the corrected genus name, Brach-
idinium, but note that both spelling variants continue
to be used (Gomez 2006, Taylor et al. 2008).
Phylogenetic analysis. The SSU+LSU tree (Fig. 1)
contains members of several major branches of
dinoflagellates, including the Dinophysiales, Gonyau-
lacales, Gymnodiniales, Peridiniales, and Prorocent-
rales. A wide range of dinoflagellate taxa were
included to reduce the chance of biasing the result
toward previous morphology based relationships
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Fic. 7. Hypothesized sequence of division in Brachidinium
capitatum. (A) A single cell. (B) A cell beginning the division pro-
cess. Two smaller processes can be seen extending from under
the lateral processes. (C, D, E) Cells in intermediate stages of
division. (F) Ventral view of two cells completing the division pro-
cess. Scale bar, 10 pm.

(Gomez et al. 2005a). The placement of B. capitatum
within the genus Karenia was well supported in all ana-
lyses. This result was not unexpected as some morpho-
logical features of B. capitatum have been previously
found to be very similar to K. papilionacea (Gomez
et al. 2005a). Our results show, however, that
genetically B. capitatum is more closely related to
K. bidigitata. To better constrain the correct placement
of B. capitatum, a smaller subset of nine taxa was used
to construct a concatenated four-gene phylogeny. In
addition to several Karenia spp., Karlodinium veneficum
and T. acrotrocha were included due to their member-
ship in the Kareniaceae (Bergholtz et al. 2005) and
close phylogenetic relationship with the genus Karenia
(Daugbjerg et al. 2000, Haywood et al. 2004, Berg-
holtz et al. 2005). The combined four-gene phylogeny
(Fig. 2) shows a slightly different tree topology within
the genus Karenia when compared to the SSU+LSU
tree (Fig. 1). B. capitatum appears as a sister to the
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Fic. 8. Hourly average size (crossssectional area) for all cells
observed over the 19 d period of image sampling. Dark period
indicated by black bar at the top. Error bars indicate one stan-
dard deviation from the mean.

clade containing K. brevis, K. mikimotoi, and K. sellifor-
mis. This placement was moderately supported by the
BI (post. prob. >0.90), but did not have strong boot-
strap support (<60% for both ML and MP; Fig. 3).
While the topology of the genus Karenia (including
B. capitatum) differed among genes, B. capitatum was
always more closely related to members of the genus
Karenia than to either K. veneficum or T. acrotrocha
(Fig. 2, A-D). These results provide support for the
membership of B. capitatum in the Kareniaceae, but its
placement within the genus Karenia and the validity of
the genus Brachidinium remain uncertain.

The suggestion by Gomez et al. (2005a) based on
morphological similarities that the genus Karenia is
a possible synonym of Asterodinium-Brachidinium is
supported by our phylogenetic analyses. (Note: Aste-
rodinium is the only other genus in the Brachidinia-
ceae. We did not observe any specimens
representing the genus Asterodinium and therefore
cannot provide insight with any certainty about its
phylogenetic relationships.) Notably, however, all
four-gene sequences of B. capitatum were unique
and did not match any other known sequences, pre-
cluding the possibility of B. capitatum being an oce-
anic life-history stage of K. papilionacea as proposed
in Gomez (2006).

The close phylogenetic relationship with the genus
Karenia raises the question of whether B. capitatum
might be a toxin-producing species. Other members
of the genus Karenia, particularly K. brevis and
K. mikimotoi, are known to produce toxins capable
of killing fish (Neely and Campbell 2006, Errera
et al. 2010), and the observed concentrations of
B. capitatum during this bloom are well above levels
that are cause for concern in K. brevis (Heil and
Steidinger 2008). We were unable to conduct a toxin
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analysis due to the lack of live specimens, and it
remains unknown whether B. capitatum is capable of
toxin production.

IFCB image analysis. The number of B. capitatum
cells observed in this study (~70,000) far exceeds
previous studies (17 cells in Gomez et al. 2005b, 29
cells in Gomez 2006). Most cells were similar in
appearance to the one live cell observed by Gomez
etal. (2005b). While individual cell morphology
was highly variable (Fig. 5), the lack of nucleotide
differences in gene sequences among replicates of
B. capitatum suggests that the bloom was monospe-
cific. This result was also supported by single-cell
sequencing of the LSU rDNA (results not shown).
Morphological variability coupled with the lack of
genetic differences among cells of B. capitatum
support the idea that other described species of
Brachidinium may simply be morphological variants
of B. capitatum (Gomez et al. 2005Db).

Dividing cells of B. capitatum were predominantly
observed during the dark period (Fig. 6) with a
peak in dividing cells observed ~2 h before dawn,
earlier than that observed for another dinoflagellate
species, Dinophysis cf. ovum, that bloomed in the
same geographic area 4 months later (Campbell
etal. 2010). A majority of dividing Dinophysis cf.
ovum cells were observed within a 3 h period occur-
ring 7-10 h after local midnight, which is just after
the onset of the light period (Campbell et al. 2010).
Cell division just before dawn has been previously
observed, however, in cultures of two other dinofla-
gellate species, Ceratium furca and C. fusus (Baek
et al. 2009). When maintained under a 12:12 light:-
dark cycle similar to our observed field conditions,
both species completed cell division before the
onset of the light period, and the highest percent-
age of dividing cells was observed ~1 h before the
light period (Baek et al. 2009).

The phased cell division in B. capitatum allowed
us to estimate daily growth rate during the bloom.
The fiax growth rate calculation produced a maxi-
mum estimate of 0.22 d”' (Fig. 4). It should be
noted that the f,,.. method used here can produce
an underestimate of the growth rate if the duration
of mitosis is less than the sampling interval (McDuff
and Chisholm 1982). Since very little information is
currently known about B. capitatum, we cannot state
with any certainty the duration of mitosis. The esti-
mated growth rate is not unreasonable for an oce-
anic dinoﬂaglellate and is similar to the maximum
rate (0.26 d”) estimated for Dinophysis at the same
location 4 months later (Campbell etal. 2010).
Members of the genus Karenia appear to be the clos-
est related species to B. capitatum and provide
another useful comparison. The average specific
growth rate observed for K. brevis during 10 research
cruises was 0.23 d™' (Van Dolah et al. 2008), which
is similar to our value of 0.22 d™' for B. capitatum.

The imaging capability of the IFCB also allowed
the extraction of information about cellsize varia-

tion over time. For the natural population of
B. capitatum, cell-size variation showed a diel pattern
(Fig. 8) similar to that seen in other phytoplankton
species, including Amphidinium operculatum (Leigh-
field and Van Dolah 2001), Micromonas pusilla
(DuRand et al. 2002), and K. brevis, a close phylo-
genetic relative (Van Dolah et al. 2008). Continuous
sampling by IFCB provides a very large number of
quantitative cell-size measurements at sufficient fre-
quency that it is possible to resolve diel patterns for
individual species. The potential to use these pat-
terns in cell size for estimates of species-specific
growth rate (Sosik et al. 2003) is an important new
advantage of IFCB data.

CONCLUSION

The information presented here provides insight
into the life cycle of a rare oceanic dinoflagellate.
We have shown that, even though typically observed
in low numbers in oceanic environments, B. capila-
tum is capable of producing blooms, and that
actively growing cells can be transported into estua-
rine waters. The full impacts of this species, particu-
larly concerning toxin production, remain to be
studied. The combination of morphological features
similar to the genus Karenia and a phylogenetic
analysis placing B. capitatum in the Karenia clade
leads us to propose moving the genus Brachidinium
into the Kareniaceae. However, the lack of agree-
ment among individual gene phylogenies suggests
that the inclusion of different genes and more
members of the genus Karenia are necessary before
a final determination regarding the validity of the
genus Brachidinium can be made.
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