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Noctiluca scintillans is a globally distributed dinoflagellate that often forms a “Red Tide” bloom, but its geograph-
ically genetic differentiation is notwell understood. In this study, three loci of the rRNA cistronwere analyzed for
populations from China and a population from Port Aransas, Texas, USA. Both phylogenetic and haplotypes net-
work analyses based on ITS, SSU and LSU DNAmarkers revealed low genetic variation within and between pop-
ulations along the Chinese coast, but substantial divergence based on ITS marker between the Chinese
populations and the American population. Twelve single-cells were examined for intra-cell genetic variation
and high levels of polymorphism were detected. The large genetic distance among the intra-cell ITS sequences
(0–0.043) can exceed the species boundary (0.02 or 0.04) previously reported for dinoflagellates. High genetic
diversity of intra-genomic, with the mean genetic distance being 5.1 folds greater than mean inter-genomic dis-
tance in the China Sea region, suggests high levels of gene flow and high frequency of recombination, while the
divergence between theChinese and the American populations indicates limited gene flowbetween the two con-
tinents. The present study suggests that the redN. scintillans is globally ubiquitous but genetically showing inter-
region differentiation.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The large-sized heterotrophic dinoflagellateNoctiluca scintillans is an
important bloom forming species that been reported from coastal areas
worldwide (Baek et al., 2009; Gomes et al., 2014; Huang and Qi, 1997;
Kopuz et al., 2014; Mikaelyan et al., 2014; Padmakumar et al., 2010;
Quevedo et al., 1999). Although this species does not produce toxins,
it is cataloged as a harmful algal species (HAB) as it can cause fish and
marine invertebrate kills through oxygen depletion, gill clogging or
the release of high levels of ammonia in the surrounding waters
(Elbrächter and Qi, 1998; Okaichi and Nishio, 1976). Furthermore, the
food vacuoles of this species have been found to contain toxigenic
microalgae of the genera Dinophysis and Pseudo-nitzschia, suggesting
that N. scintillans may act as a vector of phycotoxins to higher trophic
levels (Escalera et al., 2007).

Only one species (N. scintillans) has been recognized in the genus
Noctiluca, but two forms including the red Noctiluca and the green
Noctiluca have been reported (Basu et al., 2013; Elbrächter and Qi,
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1998; Hansen et al., 2004; Thompson et al., 2009). Red Noctiluca is het-
erotrophic, while the green Noctiluca can survive for a period of time
without an external food supply for it contains a photosynthetic symbi-
otic Pedinomonas noctilucae (Harrison et al., 2011). Both of these two
forms can form blooms. Green Noctiluca has been documented mainly
in Southeastern Asia, and in recent years increasingly in the Arabian
Sea (Gomes et al., 2014), while blooms of the red Noctiluca are more
geographically widespread. In the China Seas, red Noctiluca blooms
have been commonly found from the north to the south, including
Bohai Bay, the Yellow Sea, the East China Sea, and the South China Sea
(Huang and Qi, 1997; Jingzhong et al., 1985; Liu et al., 2013; Sun et al.,
2010). Overall, Noctiluca has been found to occur over a wide tempera-
ture range, normally 10 °C to 25 °C in temperate regions, but as low as
3 °C off Alaska (Tibbs, 1967), and up to 33 °C off Mangalore in the
Arabian Sea (Sulochanan et al., 2014). Such a wide temperature range
for this species suggests that several genotypes with different tempera-
ture preferences may have evolved in different geographic regions
(Harrison et al., 2011), however, information on genetic differentiation
among different geographic populations is limited.

To examine whether there is genetic differentiation among
N. scintillans populations living in different climes (temperature or
geographic strains), a molecular analysis for N. scintillans from a
wide latitudinal range in China was conducted. Currently, the most
commonly used molecular markers for resolving species in
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dinoflagellates have included the small subunit (SSU rDNA) (Gomez
et al., 2010; Scholin et al., 1993), the large subunit (LSU rDNA) (Ki,
2010; Scholin et al., 1994), and the internal transcribed spacer
(ITS) (Adachi et al., 1996; Wang et al., 2014) of the ribosomal RNA
gene (rDNA), mitochondrial Cytochrome Oxidase I gene (COI)
(Stern et al., 2010), and Cytochrome Oxidase B gene (COB) (Lin
et al., 2009). Among these markers, ITS has the greatest sequence
variability and is potentially most suitable for detecting genetic dif-
ferentiation between geographic populations. Litaker and colleagues
demonstrated the suitability of ITS for separating species inmajor di-
noflagellate lineages while showing some level of sequence variation
among intra-specific strains (Litaker et al., 2007). A more recent
study surveyed a wider range of dinoflagellate species based on ITS
and suggested that this gene could be a useful species marker for
most dinoflagellate genera (Stern et al., 2012). Applications of the
ITS marker as a species DNA barcode to Alexandrium tamarense spe-
cies complex have led to the recognition of five species in this com-
plex (Wang et al., 2014). In all of these studies, inter-strain
variability in ITS was evident even though not as well defined as
inter-species boundaries. Thus, the variation within the ITS region
may provide useful insights about the differentiation of Noctiluca
populations. Therefore, in this study the ITS marker was used to
detect whether intra-specific variation or differentiation had
occurred within red Noctiluca populations along the Chinese coast
and between the Chinese coast (western North Pacific) and the
American coast (western North Atlantic) as a result of geographical
isolation. Complete ITS sequences were obtained and analyzed. For
a comparison, partial SSU and LSU rDNA sequences were also
analyzed.

2. Materials and methods

2.1. Sample collection

Seven locations were chosen to collect samples in this study, three
from the Yellow Sea of China, two from the South China Sea, one from
the East China Sea, and another one from Port Aransas, USA (Table 1).
At the Chinese coast sampling locations, samples were collected using
a plankton net with a filtering cod end by vertical net tows from 10-m
depth to the surface, then concentrated and immediately fixed in abso-
lute ethanol. The sampleswere transported to the laboratory and stored
at 4 °C until analysis. For the American location, a culture (strain NS3)
was isolated from a sample collected from Port Aransas, Texas (provid-
ed by Dr. Edward Buskey), which was grown with Dunaliella tertiolecta
supplied as food (Zhang et al., 2007).

2.2. Single-cell isolation and DNA extraction

From the samples collected in China, single cells were isolatedwith a
pipette under themicroscope for PCR amplification. Each single cell was
washed three times in absolute ethanol and pipetted into a 0.2-mL PCR
tube. A total of 114 cells were isolated, among them, 86 were used for
ITS (ITS1/5.8S/ITS2 and partial LSU rDNA) amplification and 28 were
used for SSU rDNA amplification (Table 1). PCR amplification was con-
ducted after ethanol evaporation. For the American sample (strain
Table 1
Information of sampling locations in this study.

Sampling location Origin Collect time Longitude Latitude Temperatu

SN3 Port Aransas of USA 2004.11 −97.05 27.8383 23.0
ZY Yellow Sea of China 2013.12 120.2605 36.0333 14.0
ZH Yellow Sea of China 2012.10 120.2352 36.0245 13.8
OF Yellow Sea of China 2013.12 120.2993 36.0235 12.9
XM East China Sea 2013.8 118.0992 24.4089 28.2
BO South China Sea 2011.6 108.2821 21.2338 31.5
BT South China Sea 2011.6 109.0724 21.1206 30.3
NS3), cells were harvested when the culture had depleted the food
alga D. tertiolecta, and DNAwas extracted following reported CTAB pro-
tocol (Zhang et al., 2007). The DNA extract was used as the template for
PCR.

2.3. PCR, cloning and sequencing

PCR was performed using universal SSU rDNA eukaryotic primers
18ScomF-3end and com28SR1 (Table 2) designed from the conserved
3′ region of SSU and the 5′ region of LSU. This primer set was expected
to amplify a ~ 1.5 kbDNA fragment containing partial SSU, the entire ITS
(ITS1/5.8S/ITS2) and partial LSU rDNA. PCR amplification in a total
volume of 50 μL was under the following conditions: 94 °C for 5 min,
35 cycles of 15 s at 95 °C, 30 s at 56 °C and 80 s at 72 °C, followed by
an additional step of extension at 72 °C for 10 min. The secondary
(semi-nested) PCR was performed using the product (after a 200-fold
dilution) as the template using 18ScomF-3end and com28SR2 as the
primers to achieve a sufficient amount of PCR product for directly se-
quencing, using similar PCR conditions as described above. Additionally,
a species-specific primer set, 18SnoctiF and 28SnoctiR, was designed to
amplify only the N. scintillans ITS gene. To obtain multi-gene phyloge-
nies for comparison, SSU rDNA was amplified using the primer set
18ScomF1-18SnoctiR1 in the first PCR, and 18ScomF1-18SnoctiR2 in
the second PCR reaction (semi-nested). In all the PCR reactions, high
pru EX Taq (TAKARA) was used to ensure high fidelity of DNA replica-
tion. PCR products were then purified by TIAN gel Midi Purification kit
(TIANGEN), and directly sequenced from both endswith corresponding
primers at Shanghai Sangon Biological Engineering Technology &
Services Co, Ltd., China. For each sampling location in China, one or
two purified PCR products, each from a single cell, were randomly
selected to clone into a T-vector (p-GEM-T easy vector cloning kit,
Promega) and 5 – 17 clones were sequenced for each cell. For the
American strain, the PCR product was cloned and 8 clones were
sequenced.

2.4. Examination of chimeras and pseudogenes

PCR amplification can sometimes generate chimeric DNA, which
would lead to overestimation of the degree of intra-genomic polymor-
phism or biodiversity. Using the online program Ballerophon (http://
comp-bio.anu.edu.au/bellerophon/bellerophon.pl) with the default set-
tings (300 bp window), the potential of each sequence being a chimera
was examined. The results were further manually checked using previ-
ously reported criteria (Miranda et al., 2012). Another possible
confounding factor is the existence of rRNA pseudogenes, which are
well-known within dinoflagellates genomes (Thornhill et al., 2007).
Mutations or significant indels in conserved regions are indicative of
pseudogenes (Scholin et al., 1993; Thornhill et al., 2007), were used as
criteria to define pseudogenes.

2.5. Sequence quality check and polymorphism analysis

Cloned sequences of each single-cell were aligned using ClustalX
software 2.0 (Larkin et al., 2007) using default settings. Based on the
alignment, sequences were inspected against directly sequenced
re (°C) Salinity Number of cells amplified (ITS) Number of cells amplified (18S)

23.0 – –
30.3 11 8
29.9 6 6
29.8 16 2
29.5 19 8
30.5 17 2
30.7 17 2

http://compio.anu.edu.au/bellerophon/bellerophon.pl
http://compio.anu.edu.au/bellerophon/bellerophon.pl


Table 2
List of primers used in this study.

Primer name Primer sequence 5′ → 3’ Source Annealing temperature

18ScomF-3end GTCGTAACAAGGTTTCCGTAGGTG Bai et al. (2002) 56 °C
Com28SR1 TCACGCATAGTTCACCATCTTTCG Wang et al. (2014) 56 °C
Com28SR2 TTAGACTCCTTGGTCCGTGTTT Wang et al. (2014) 56 °C
18ScomF1 GCTTGTCTCAAAGATTAAGCCATGC Zhang et al. (2005) 56 °C
18SnoctiR1 GAATGATCCTTCCGCAGGTT This study 56 °C
18SnoctiR2 TTCTCCTTCCTCTAAGTGATGAG This study 56 °C
18SnoctiF GTCGTAACAAGGTTTCCGTAGGTG This study 58 °C
28SnoctiR GTTTCTTTTCCTCCGCTTACTTAT This study 58 °C
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chromatographs to correct possible PCR and sequencing errors, and to
identify the intra-genomic polymorphic sites, following a previously re-
ported procedure (Wang et al., 2014) with a small modification. The
modification essentially identified a mutation that occurred more than
twice at the same site within one genome as true intra-genomic poly-
morphism. The number of polymorphic sites were determined using
DnaSP 4.10.7 software (Rozas et al., 2003). The quantity and rate (%)
of intra-genomic polymorphisms were presented graphically using
Weblogo (http://weblogo.threeplusone.com/). As the clones analyzed
were from a culture of Noctiluca from America, rather than single cells,
the polymorphismdetectedwas classified as intra-strain polymorphism
which could exist either within a single cell or between cells in the
culture.

2.6. Phylogenetic analysis and haplotype network calculated

Phylogenetic trees were performed to examine the biogeographical
distribution of Noctiluca. Only three sequences in GenBank were
downloaded and analyzed, including one SSU + ITS + LSU sequence
(GenBank accession no. GQ380592.1, South China Sea), and two SSU se-
quences (GenBank accession no. AF022200.1 from Canada and
DQ388461.1 from Long Island Sound, USA). Two SSU sequences
(GenBank accession no. AB297469.1, AB297470.1) were not included
in the analyses because they were too short and contained a series of
gaps compared to the sequences obtained by the present study.
MrModeltest 2 (Nylander, 2004) was used to find the optimal model,
which indicated that the HKY + I model was suitable for ITS and SSU,
while GTR + I model was suitable for LSU. These models were used
for all methods of phylogenetic analyses unless indicated otherwise.

Bayesian phylogenetic analysis was implemented in MrBayes 3.1.2
(Ronquist and Huelsenbeck, 2003). Two simultaneous Markov chain
Monte Carlo (MCMC) chainswere carried out for 6,000,000 generations,
by the end of which the standard deviation of split frequencies was
below 0.01. Sampling frequency was one every 100 generations and
the burn-in value was set at 25%. Maximum likelihood (ML) tree was
constructed inMEGA6.0 (Tamura et al., 2013)with 1000 bootstrap rep-
licates. A genetic distance file was constructed using the F84 model
(Felsenstein and Churchill, 1996) in the DNADIST software in PHYLIP
package 3.6a. (Plotree and Plotgram, 1989). Neighbor-joining (NJ)
trees were inferred with 1000 bootstrap resamplings. After that, the
CONSENSE software was used to generate a consensus tree. All the phy-
logenetic trees were visualized with TreeView 1.6.6 (Page, 2001).

Haplotype networks for directly sequenced sequence were calculat-
ed in TCS v1.21 (Clement et al., 2000) using statistical parsimony by the
95% plausible connection limit, and gaps were treated as the fifth state
of the character.

2.7. Calculation of intra- and inter-genomic genetic distances

To investigate the divergence of Noctiluca, intra- and inter-genomic
genetic distances were calculated based on ITS sequences. A previously
reported distance cutoff values (0.02 or 0.04) as species boundary
(Litaker et al., 2007; Stern et al., 2012)were used as reference. To ensure
comparability, the same software and parameters were used in
sequence alignment. The resulting alignments were saved as NEXUS
files and imported into PAUP*4b10 software (Swofford, 2002) to calcu-
late genetic distances using simple uncorrected pair-wise (p) distance
matrices as previously reported (Wang et al., 2014).

3. Results

3.1. Sequencing results

With all the five primer sets used in this study (Table 2), all the first
step PCR amplification did not workwell, likely due to lowDNA concen-
tration within single-cells, while all of the primer combinations gave
good results in the second (semi-nested) PCR. After gel recovery and
direct sequencing, 28 partial SSU (1714 bp), 86 entire ITS (534 bp)
and 16 partial LSU (716 bp) sequences were obtained. Additionally,
three SSU and nine ITS (eight single cells and strain SN3) PCR products
were randomly selected for cloning, and in total 36 SSU, 81 ITS and 94
LSU clones were sequenced, respectively (Table 3).

3.2. Identification of chimeras and pseudogenes

No chimeraswere found from the direct sequencing results, but one,
three and four of the SSU, ITS and LSU clones, respectively were identi-
fied as chimera candidates. The frequency of chimeric DNA was very
low (b 1.6%, b 3.7% and b4.3%). Besides, three cloned sequences of ITS
were suspected to be potential pseudogenes, for these sequences
contained more than a 30-bp deletion within the ITS1 region. One of
the SSU cloned sequences also contained a series of mutations and
small indels, andwas thus classified as a pseudogene. All of these chime-
ric sequences and pseudogene were excluded from further analyses.

3.3. Characterization of genomic polymorphism

From each of the 12 clone libraries 5 to 17 sequenceswere recovered
(Table 3). The result showed that each of the clone librarieswere usually
comprised of one highly represented sequence and several unique (i.e.
single-clone) sequences. For ITS, the eight single-cell genomes from
the Chinese populations and the strainNS3 showed 1 to 25polymorphic
sites, which were scattered across the ITS1 and ITS2 region, with only
three sites in the 5.8S region (Fig. 1). When all these sequences were
compared, the total number of polymorphic sites increased to 50.
Most of these polymorphic sites were nucleotide substitutions, with
only four sites of deletion occurring at the end of ITS2. Among the dele-
tions, three continuous deletions (positions 522 to 524) occurred in the
NS3 strain from Port Aransas of American, and one (position 525)
shared by several sequences of the cell OF_1, which originated from
the Yellow Sea of China.Within any given genome, differences between
sequenceswere characterized primarily by substitution of several bases.
When inter-genomes were compared between the same or different
sampling area of China, the trendwas similar, however, therewere con-
served difference at certain positions between the Chinese and the NS3
strains. For example, at site 48, all the sequences from the Chinese pop-
ulations have a C while the sequences from the NS3 strain have A. This
was true also for sites 363 and 491. Other sites showed less clear
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Table 3
Intragenomic or intra-strain polymorphisms in ITS and rDNA sequences based on 12 single cells/strain.

Cell name Origin Partial 18S (1714 bp) Complete ITS (534–535 bp) Partial 28S (716 bp)

N NU V V (%) N NU V D V (%) N NU V V (%)

SN3⁎ Port Aransas of USA – – – – 8 6 0–5 3 0–0.94 – – – –
ZY_1 Yellow Sea of China – – – – 10 7 0–6 0 0–1.12 10 5 0–3 0.42
ZY_2 Yellow Sea of China – – – – 12 9 0–12 0 0–2.24 16 1 0 0
ZY_3 Yellow Sea of China 13 10 0–12 0.70 – – – – – – – – –
ZH_1 Yellow Sea of China – – – – 6 2 0–1 0 0–0.19 6 1 0 0
OF_1 Yellow Sea of China – – – – 6 2 0–14 1 0–2.62 6 3 0–19 2.65
XM_1 East China Sea – – – – 11 8 0–26 0 0–4.86 16 6 0–12 1.68
XM_2 East China Sea – – – – 7 4 0–4 0 0–0.75 7 2 0–1 0.14
XM_3 East China Sea 11 4 0–3 0.18 – – – – – – – – –
BO_1 South China Sea – – – – 8 4 0–15 0 0–2.80 17 3 0–14 1.96
BT_1 South China Sea – – – – 14 10 0–24 0 0–4.49 16 8 0–19 2.65
BT_2 South China Sea 12 9 0–13 0.70 – – – – – – – – –

Abbreviations: N, number of sequences; NU, number of unique sequences; V, variable sites; D, deletion sites; V (%), variation rate (%).
⁎ This is a strain.
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geographic differentiation; for instance, at site 145, the NS3 strain have
a T while the sequences of cells ZY_1, ZH_1, OF_1 and XM_2 from China
have a C, and cells ZY_2, XM_1, BO_1 and BT_1 fromChina had either a T
or a C nucleotide. Such transitional substitution occurred in many sites.

For a comparison, the degree of intra-genomic nucleotide polymor-
phism of SSU and partial LSU was also examined, and both of them ex-
hibited high nucleotide polymorphism. The variation rate of these genes
ranged 0 – 0.70% and 0 – 2.65%, respectively, lower than that of ITS,
which ranged 0 – 4.86% (Table 3).
Fig. 1. ITS intra/inter-genomic polymorphisms in eight single-cells and strain SN3. Shown on th
unique cloned sequence (U) and the number of variation site (V) they contain; on the right is
overall height of the stack indicates the sequence conservation at that site, while the height o
Two bits correspond to 100% conservation. “–”depicts a deletion.
3.4. Phylogenetic analysis and haplotype network construction

Five major groups were identified based on 87 ITS directly se-
quenced sequences from single cell (86 new and 1 previously pub-
lished) and 8 cloned sequences from strain NS3 (for no single cell was
available for analysis for this American population). This grouping re-
ceived varying bootstrap support values (BP) and posterior probability
(PP) values (Fig. 2A, only major nodes are shown). All of the groups
e left are the cell/strain label, the total number of cloned sequence (N), the total number of
the sampling area; while on the bottom are the sites of this gene (total 534–535 bp). The
f symbols within the stack indicates the relative frequency of the nucleic acid at that site.



Fig. 2. Phylogenetic tree (A, C, D) and haplotypes network (B) constructed from ITS sequences. Fig. A based on directly sequenced sequences, the numbers on the nodes represent the
bootstrap support values (BP)/posterior probabilities (PP) produced by the Neighbor-joining, Maximum-likelihood analyses and Bayesian inference methods respectively. Values are
shown only on the major nodes, and lower than 50% or 0.50 are omitted. Clades and haplotypes are colored according to the respective sampling location. The scale bar indicates two
substitutions per 1000 sites. The sizes of circles representing haplotypes reflect the number of sequences that share a haplotype. Fig. C represents the relationships between directly
sequences and cloned sequences, while D represents the relationships within 8 single-cell plus strain SN3. Clades are colored according to the respective single-cell. Fig. C and D are
drawn to the same scale bar denotes three substitutions per 1000 sites.
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were composed ofmixed strains. Group I consisted of 37 cells— 16were
from the Yellow Sea of China, 15 were from the South China Sea, and 6
were from the East China Sea. Group II was sister to Group I with strong
support values (95, 85, 0.96), containing 12 cells— 8 were from Yellow
Sea of China, 2 were from the East China Sea and 2 were from the South
China Sea. Group III was composed of many highly divergent clusters
and branched with Groups IV and V with poor support values (84, 70,
0.94). This group contained a strain from Hong Kong (GenBank acces-
sion no. GQ380592), 4 clades from the East China Sea, and 1 clade
from the South China Sea. Additionally, the American strain SN3 formed
an independent clade in this group showing higher divergence relative
to other clades, with strong support values (100, 100, 1.0). While
Groups IV and V were sister groups with poor support values (–, 73,
0.70) both composed vary cells from the three sampling areas in the
China Seas.

Within these 95 ITS sequences, a total of 16 haplotypes were identi-
fied (Fig. 2B). Among them, four major haplotypes were shared by cells
within the China Sea regions (H1–H4), while other haplotypes were
unique but occurred only once to twice (H5–H9). The American strain
sequences belonged to six different haplotypes (H10–H16) and formed
an independent haplotype network, which was not associated with the
China haplotype network, indicating high divergence (Fig. 2B).

Whether the 81 ITS clone sequences from nine clone libraries
could cluster together to form a coherent single-cell/strain clade
was also examined. The result showed that all the sequences were
randomly distributed in the phylogenetic tree except cell ZH_1
(N = 6) and the strain SN3 (N = 8) (Fig. 2D). When the directly
sequenced sequences were combined with these cloned sequences
to infer the phylogenetic tree, an extra group composed of cloned
sequences was separated (Fig. 2C). Compared to the directly se-
quenced sequences, cloned sequences formed varying length
blanches, indicating high genetic diversity within single-cell/strain
rather than between cells.

In comparison, only six and four haplotypes were identified based
on the 31 SSU (28 new and 3 previously published) and 17 LSU
(16 new and 1 previously published) directly sequenced sequences
(Fig. 3A and D), respectively, however, similar to ITS, cloned sequences
of both SSU and LSU exhibited high genetic divergence than directly
sequenced sequence. In other words, the genetic variations within
single-cells were higher than between cells (Fig. 3B, C, E, and F).



Fig. 3. Haplotypes network and phylogenetic trees constructed from SSU and LSU rDNA genes. Fig. A and B based on 31 SSU directly sequenced sequences; Fig. D and E based on 17 LSU
directly sequenced sequences; Fig. C based on 36 SSU cloned sequences from three single-cells; Fig. F based on 94 LSU cloned sequences from eight single-cells, both of these trees and
haplotypes were colored according to the respective sampling location/cells. The sizes of circles representing haplotypes reflect the number of sequences that share a haplotype. All of
these four trees are drawn to the same scale to facilitate comparison of the rates of evolution between genes. The scale bar indicates one substitution per 1000 sites.
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3.5. Intra- and inter-genomic genetic distances

These results showed that the intra-genomic genetic distance (p
value) based on ITS in the eight cells isolated from the Chinese coast
ranged from 0 to 0.043 (Table 4). The distances in four of these cells
exceeded the 0.02 species boundary proposed previously (Stern et al.,
2012), including OF_1, XM_1, BO_1 and BT_1, among which distances
in XM_1 and BT_1 exceeded the more stringent species boundary 0.04
proposed earlier (Litaker et al., 2007), however, the mean values of
these single-cells only ranged from 0.001 to 0.020. Similarly, the p
values among all the Chinese populations (86 cells), within or between
Table 4
Estimated genetic distances between and within genomes based ITS.

Between genome Withi

Location Number of cells Maximum Minimum Mean Cell/st

SN3⁎ – – – – SN3⁎

ZY 11 0.004 0 0.001 ZY_1
– – – – – ZY_2
ZH 6 0.002 0 0.001 ZH_1
OF 16 0.004 0 0.002 OF_1
XM 19 0.019 0 0.006 XM_1
– – – – – XM_2
BO 17 0.004 0 0.002 BO_1
BT 17 0.004 0 0.001 BT_1

⁎ Not from a single cell, and the distance calculated was attributed to within or between gen
sampling locations, only ranged from 0 to 0.019, all less than 0.02
(Table 4).

In contrast, the genetic distanceswithin theNS3 strain (i.e. including
intra- and inter-genomic distances) were very low, ranging from 0 to
0.009, however, large distances were found between the Chinese popu-
lations and the NS3 strain, ranging from 0.032 to 0.056. In addition,
when the divergence of cloned sequences between directly sequenced
sequenceswithin Chinawas compared, themean p value among cloned
sequences (totally 73 sequences from 8 single-cells of China) was 0.015
(intra-genomic), while that among the 86 directly sequenced sequences
was 0.003 (inter-genomic), and the ratio between themwas around 5.1.
n genome

rain name Number of sequences Maximum Minimum Mean

8 0.009 0 0.004
10 0.008 0 0.004
12 0.019 0 0.007
6 0.002 0 0.001
5 0.026 0 0.011
11 0.041 0 0.020
7 0.006 0 0.003
8 0.026 0 0.015
14 0.043 0 0.015

omes.
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4. Discussion

4.1. Intra-genomic polymorphism

Intra-genomic polymorphism in dinoflagellates has been reported in
many previous studies (Ki and Han, 2007; Miranda et al., 2012;
Thornhill et al., 2007; Wang et al., 2014). For Noctiluca, intra-specific
variation has been analyzed for SSU and LSU in Hong Kong strains
only (Ki, 2010). The present study provides the first systematic profile
of SSU, ITS and partial LSU rDNA intra-genomic polymorphism in
Noctiluca. Intra-genomic sequence variation was substantial in many
cases, in terms of both the number of polymorphic sites and the number
of haplotypes. For example, the highest polymorphism occurred in the
cell of XM_1 reaching 26 SNPs (Fig. 1). The clone sequence variation
rate ranged from 0.14% to 4.86%, significantly higher than error rates
usually expected of Taq polymerase (~1.21 × 10−4 errors/nt for normal
Taq or ~5× 10−5 errors/nt for High Fidelity PlatinumTaq (Barnes, 1992;
Cariello et al., 1991; Thornhill et al., 2007)), and also than that of the
replication error of 1 × 10−9 in Escherichia coli (Haber, 1999). Besides,
a quality control procedure in identifying polymorphic sites to prevent
overestimation of polymorphismwas used. Therefore, the sequence di-
versity reported here was most likely true genetic variations within
genome.

4.2. Divergence and geography distribution of Noctiluca

The primary objective of this study was to evaluate whether intra-
specific variation or differentiation had happened within red Noctiluca
in association with geographic or latitudinal (temperature-related) iso-
lation. Both of the phylogenetic trees and haplotypes network based on
SSU, ITS and LSU revealed low variation between cells in the China Sea
region, but a high divergence in comparison to the American strain
based on ITS. Genetic distance based on ITS also revealed the same reg-
ularly. The high divergence between Chinese and American populations
had exceeded the species cut-off value threshold (0.02 or 0.04) (Litaker
et al., 2007; Stern et al., 2012). If these thresholdswere used,Noctiluca in
the two regions should be considered as different species; however,
four of the eight single-cells analyzed in this study also exceeded the
species boundary, indicating impact that ITS intra-genomic polymor-
phism can have on dinoflagellate taxonomy (Gribble and Anderson,
2007; Harrington et al., 2014; Thornhill et al., 2007). Phylogenetic anal-
ysis also showed that some of the cloned sequences from the Chinese
and the American populations were affiliated within the same cluster
(Fig. 2D). All these indicate that the wide geographic isolation has led
to significant genetic divergence between the Chinese and the
American populations, but the divergence is not sufficient to result in
speciation.Meanwhile, the finding of the substantial intra-genomic var-
iations suggests that the use of genetic distance based on ITS, SSU or LSU
rDNA sequence in discriminating species and geographic populations
must be done with the dominant sequence instead of a random one.

In the present study, only 16 (6 from American sequences), 6 and 4
haplotypes were identified based on ITS (N = 95), SSU (N = 31) and
LSU (N=17), respectively. Some studies have shownhigh degree of ge-
netic diversity within other protists by using COI gene. For instance,
Carchesium polypinum contained 29 haplotypes (N= 100) mainly sam-
pled from Grand River Basin (Canada) (Gentekaki and Lynn, 2012),
Tetrahymena thermophile 24 haplotypes (N = 165) isolated from
ponds in the USA (Zufall et al., 2013), and Hyalosphenia papilio 49 hap-
lotypes (N = 301) collected in 42 peatlands in North America, Europe
and Asia (Heger et al., 2013). Although high diversities were observed
by these studies, the biogeography and diversity of different protists
were different. Actually, there have been two different opinions about
this topic for the last ten years. The ubiquity theory proposes that
small cell sizes, huge populations, and almost unlimited dispersal of
protists in the ocean contribute to their cosmopolitan distribution
(Fenchel, 1993; Finlay et al., 2004), while the opponents argue for a
high degree of global diversity and endemism of protist species
(Foissner, 2006; Ryšánek et al., 2014). The results from the present
study showed that the number of haplotypes within China were geo-
graphically (including latitudinally) quite homogeneous, while com-
pared to the American population these populations were generally
different (Fig. 2B), suggesting a basin or continental scale endemism
for Noctiluca.

Mutation, environmental selection, gene flow and genetic drift have
been recognized as the major processes that contribute to species' di-
versity, but gene flow and genetic drift further influence within-
species genetic diversity (Hanson et al., 2012). At a large geographic
scale, gene flow may be limited due to small population sizes, which
would reduce the probability of migration events or the ability of a pop-
ulation to establish after migration (Zufall et al., 2013). In such a case,
the high divergence between the Chinese and American populations
would be no surprise. While at a fine scale, along the Chinese coast,
the genetic divergences within cells were 5.1 times higher than that be-
tween cells, strong evidence that extensive recombination events have
happened within the cells in the species. Actually, Noctilucamay be an
outbreeder, and up to 1024 gametes can be produced from one gameto-
genic cell (Fukuda and Endoh, 2006). In this scenario, the rDNA repeats
within or between cells could be recombined depending on whether
gametes from the same or different gametogenic cells fuse to produce
a new cell, however, over time the existence of concerted evolution
should homogenize the repeat variant to either correct the mutations
or change all the repeats to the new sequence (Ganley and Kobayashi,
2007). The high intra-genomic diversity of ITS suggests recent recombi-
nations within the rDNA array without sufficient time for concerted
evolution to homogenize the repeats. Consequently, the inter-genomic
diversity can be lower than that within the recombined single-cell. It
is noteworthy that in the present study, not only the ITS but also the
SSU and LSU genes showed high intra-genomic diversity (Fig. 3), sug-
gesting high frequency of recombination in this species. On the other
hand, the relatively low genetic divergence among the Chinese popula-
tions indicate strong gene flow from the north to the south China Sea.

5. Concluding remarks

In the current study ITS, SSU and LSU rDNAmarkerswere used to an-
alyze the intra-specific variation or differentiation of red N. scintillans.
Both phylogenetic trees and haplotype networks based on these genes
revealed low within-region variation but high between-region (trans-
Pacific Ocean) divergences. The high levels of intra-genomic polymor-
phism and genetic distance in these genes provide a guide to negate
the possibility that the geographic isolation between the Chinese and
the American populations of Noctiluca has led to speciation. They also
suggest that the species discriminating genetic distance threshold (e.g.
p = 0.02 or 0.04 based on ITS) should be used or modified with the
intra-genomic genetic variation taken into consideration. A mean p
value instead of a single p value should be used. If analysis of intra-
genomic genetic distance is not feasible, the use of variation ITS, SSU
or LSU rDNA sequence in discriminating species must be done with
the dominant sequence (e.g. obtained from direct sequencing) instead
of a random sequence (e.g. obtained by sequencing a random clone)
(Miranda et al., 2012). High diversity within single-cell rather than be-
tween cells at a local geographic scale suggests high frequency of re-
combination, whereas the significant genetic divergence between the
trans-Pacific regions suggests gene flow limitation. It is hence plausible
that the biogeographic pattern of red Noctiluca fits the global ubiquity
but showing inter-region differentiation.
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