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Abstract Information related to geographical distribution
and local strain composition is essential to an understanding
of the dynamics of harmful algae in the environment.
Previously, we identified a highly variable segment on the
mitochondrial genome of Heterosigma akashiwo, a bloom-
forming noxious unicellular algal species. Here, we assessed
the utility of the mitochondrial hypervariable region for the
phylogeographic study of the alga for different distance
ranges. The sequences of H. akashiwo strains obtained from
different geographic origins were successfully amplified and
sequenced. We found differences among the sequences of the
strains obtained from high-latitude regions of Northern
Pacific/Atlantic; lower latitude regions of North America
West Coast; and other regions including Brazil, Japan,
Singapore, and North America East Coast. On the other hand,
no strong geographic patterns for the sequences among
Japanese strains were observed. Therefore, the hypervariable
segment may be useful to distinguish H. akashiwo strains
originated from distant regions (Atlantic/Pacific, high/low lat-
itudes), rather than regions separated by shorter distances. The
sequence contains an open reading frame coding for a protein
with unknown function, and the transcription of the gene was

confirmed by RNA-seq analysis. Despite the sequence varia-
tions observed among H. akashiwo strains originating in dif-
ferent parts of the world, three domains of the protein were
highly conserved among all of the strains, suggesting that they
may be important to the function of the protein.
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Introduction

Several algal species are known to form harmful algal blooms
(HABs) that negatively impact the ecosystem and industry in
the area, especially the fishery (Hallegraeff 1993; Maso and
Garces 2006; Armbrust 2009; Fu et al. 2012). Because of the
potential damage to the environment and the economy of an
area, the population dynamics of HAB-related species are of
great interest and importance (Hallegraeff 1993; Maso and
Garces 2006; Armbrust 2009; Fu et al. 2012). Heterosigma
akashiwo is one such HAB species that belongs to the class
Raphidophyceae (Honjo 1993; Smayda 1997). It was origi-
nally regarded as a temperate species (Lackey and Lackey
1963; Throndsen 1969; Rojas de Mendiola 1979; Rensel
et al. 1989; Chang et al. 1990; Black et al. 1991; Mackenzie
1991; Honjo 1993; Taylor 1993; Tseng et al. 1993;
O’Halloran et al. 2006). However, recent studies revealed that
the species also inhabits in arctic and tropical areas, including
the Pacific Rim area, Oceania, and the North and the South
Atlantic oceans (Engesmo et al. 2016). The identification of
the alga over a wider area may be merely the result of recent
exhaustive surveillances. Alternatively, the species may have
been recently introduced to these areas. Recent global climate
changes, including temperature changes and ocean stream
shifts, may have resulted in the short- and long-distance
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dispersal of HAB-causing species (Hallegraeff and Bolch
1991; Smayda 2002; Fu et al. 2012). In addition, human-
assisted dispersion, typically by ship ballast water
(Hallegraeff and Bolch 1991, 1992; Elbrachter 1998; Bizsel
and Bizsel 2002; Han et al. 2002; Burkholder et al. 2007;
Drake et al. 2007; Butron et al. 2011), and the commercial
transfer of live fish and spats (Matsuyama and Nagai 2010)
may widen the geographic distribution of the species. To mon-
itor H. akashiwo distribution at both the species and strain
levels, an easy-to-use monitoring method is required.
Previously, we identified a hypervariable segment of mito-
chondrial genome (MtDNA) with a length of ∼1.5 kbp by
comparing the full-length MtDNA sequences obtained from
seven differentH. akashiwo strains (Ogura et al. 2016). Based
on the information, we successfully designed a primer set, two
primers for amplification, and three primers for sequencing, to
amplify and sequence the segment to genotype H. akashiwo
strains (unpublished).

In this study, we evaluated the utility of this mitochondrial
hypervariable ORF (MtORFvar) as a molecular tool for mon-
itoring H. akashiwo dynamics and found out that the se-
quences showed links to the geographic origins of
H. akashiwo strains at certain degree. In addition, we con-
firmed the expression of the gene and examined the potential
function of the MtORFvar product.

Materials and methods

Algal strains

Novel strains, HA series (isolated from Harima Nada, Hyogo
Prefecture, Japan), AIC series (isolated from Mikawa Bay,
Aichi Prefecture, Japan), AR series (isolated from Ariake
Bay, Nagasaki Prefecture, Japan), Mie series (isolated from
Ago Bay, Mie Prefecture, Japan), OF series (Ofunato Bay,
Fukushima Prefecture, Japan), FUN series (Funka Bay,
Hokkaido Prefecture, Japan), and RJ series (Guanabara Bay
in Rio de Janeiro, Brazil) were established for this study. The
HA-, AIC-, AR-, and Mie-strains were established by isolat-
ing single-algal cells from H. akashiwo bloom samples ob-
served at the areas of origin. The strains of OF and FUN series
were established by isolating single-algal cells germinated
from saline sediment collected in April 2016. The RJ series
were isolated by the same procedure from the saline sediment
sampled in November 2016. Several clones were obtained
from each region, and numbers were used as unique identifiers
to distinguish the clones. The strains CCMP1595,
CCMP1680, and CCMP2967 were obtained from Bigelow
Laboratory for Ocean Sciences (East Boothbay, Maine,
USA), and the strain CCAP934/3 was obtained from Culture
Collection of Algae and Protozoa of Scottish Marine Institute
(Argyll, UK). The strains were maintained inmodified SWM3

medium in an environment-controlled chamber with a photo-
period (12 h of 100 μmol photons m−2 s−1 light/12 h dark) at
25 °C. For analysis, cells were collected by centrifugation at
5000 rpm for 5 min, snap frozen in liquid nitrogen, and stored
at −80 °C until the analysis.

Amplification and sequencing of MtORFvar and 28S
rRNA

Total DNAwas extracted from theH. akashiwo cells using the
CTAB method (Kamikawa et al. 2006). To amplify
MtDNAvar, polymerase chain reaction (PCR) was performed
using TaKaRa LA Taq according to the manufacturer’s in-
structions, on a thermal cycler (GeneAtlas 482, ASTEC) in a
reaction mixture (20 μL) containing 0.5 ng of template and
5 μM of the previously designed primers, 5′-GGAG
GCG TA CAAAGG TAGG T- 3 ′ a n d 5 ′ - G C T G
ACGAAGAATCCGCAAC-3′ (manuscript under review).
PCR conditions were 3 min at 95 °C, 35 cycles of 15 s at
95 °C and 4 min at 72 °C, and a final elongation of 10 min.
After PCR, the yield of the product was checked by DNA
electrophoresis on 1% agarose gel, and the products were
treated by Exostar (Illumina) according to the manufacturer’s
instructions to remove the remaining PCR primers in the re-
action. The amplified MtDNAvar sequence was identified
using Big Dye Terminator ver3 (Applied Biosystems) on an
ABI3100 DNA sequencer according to the manufacturer’s
instructions (Applied Biosystems) using three sequence
primers, 4283-nt (5′-GTCAACATCATTTCGGGTTTG-3′),
5479-nt (5′- CGCTGATTTGCTTCAAACTCTTG-3′), and
6022-nt (5′-AAAGCCTGAATATAGGTTTTGTATTC-3′;
primer positions are shown in Supplemental Fig. 1).

To confirm species of the strains, partial 28S rDNA se-
quences including the D1–D2 region were amplified and se-
quenced as previously described (Engesmo et al. 2016).

Nucleotide and protein sequence analysis

MtORFvar regions in MtDNAs of seven H. akashiwo strains,
namely, H93616, Ha00_17, HaTj 01, NEPCC522,
CCMP452, NIES293, and Y, were previously identified
(Table 1). MtORFvar regions of EHU01/02, CCMP1596,
Haek9505-1, CCAP934/7, CCAP934/9, CCMP1870, and
CCMP2274 were previously sequenced (Table 1). For multi-
ple sequence alignments and its visualization, Muscle soft-
ware version 3.8.31 (http://www.drive5.com/muscle/) (Edgar
2004a, 2004b) and the BoxShade server (http://www.ch.
embnet.org/software/BOX_form.html) were utilized.

Alignment and phylogenetic reconstructions were per-
formed using the function Bbuild^ of ETE3 v3.0.0b32
(Huerta-Cepas et al. 2016) as implemented on the
GenomeNet (http://www.genome.jp/tools/ete/). The
sequences were aligned with MAFFT v6.861b (Katoh and
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Table 1 Accession numbers of
MtORFvar and 28S D1-D2
sequences analyzed in this study

Strains Accessions

MtORFvar 28S D1-D2 Origins

AIC39 LC189215 LC213977 Mikawa Bay, Aichi Prefecture, Japan

AIC40 LC189216 LC213978 Mikawa Bay, Aichi Prefecture, Japan

AIC41 LC190817 LC213974 Mikawa Bay, Aichi Prefecture, Japan

AIC42 LC189217 LC210767 Mikawa Bay, Aichi Prefecture, Japan

AIC43 LC190818 LC213975 Mikawa Bay, Aichi Prefecture, Japan

AIC44 LC189218 LC213976 Mikawa Bay, Aichi Prefecture, Japan

AR2 LC189221 LC213979 Ariake Bay, Nagasaki Prefecture, Japan

AR3 LC189222 LC213985 Ariake Bay, Nagasaki Prefecture, Japan

AR4 LC190819 LC213986 Ariake Bay, Nagasaki Prefecture, Japan

AR6 LC189223 LC213980 Ariake Bay, Nagasaki Prefecture, Japan

AR9 LC189224 LC213981 Ariake Bay, Nagasaki Prefecture, Japan

AR10 LC189219 LC213984 Ariake Bay, Nagasaki Prefecture, Japan

FUN204 LC189206 LC213987 Funka Bay, Hokkaido Prefecture, Japan

FUN2102 LC189207 LC213988 Funka Bay, Hokkaido Prefecture, Japan

HA2 LC189227 LC210768 Harima Nada, Hyogo Prefecture, Japan

HA5 LC190821 LC210770 Harima Nada, Hyogo Prefecture, Japan

HA6 LC189229 LC210771 Harima Nada, Hyogo Prefecture, Japan

HA20 LC190820 LC210772 Harima Nada, Hyogo Prefecture, Japan

HA24 LC189225 LC214002 Harima Nada, Hyogo Prefecture, Japan

HA29 LC189226 LC214003 Harima Nada, Hyogo Prefecture, Japan

HA31 LC214853 LC210774 Harima Nada, Hyogo Prefecture, Japan

HA35 LC189228 LC210775 Harima Nada, Hyogo Prefecture, Japan

Mie12 LC189230 LC210799 Ago Bay, Mie Prefecture, Japan

Mie15 LC189231 LC210801 Ago Bay, Mie Prefecture, Japan

Mie16 LC190823 LC210802 Ago Bay, Mie Prefecture, Japan

Mie17 LC190824 LC210803 Ago Bay, Mie Prefecture, Japan

Mie18 LC189232 LC210804 Ago Bay, Mie Prefecture, Japan

Mie19 LC189233 LC210805 Ago Bay, Mie Prefecture, Japan

OF1105 LC189208 LC213989 Ofunato Bay, Fukushima Prefecture, Japan

OF3201 LC189209 LC213990 Ofunato Bay, Fukushima Prefecture, Japan

OF4201 LC189210 LC213992 Ofunato Bay, Fukushima Prefecture, Japan

OF4603 LC189211 LC213994 Ofunato Bay, Fukushima Prefecture, Japan

OF4204 LC189212 LC210807 Ofunato Bay, Fukushima Prefecture, Japan

RJ1 LC21484 LC213996 Guanabara Bay in Rio de Japeniro, Brazil

RJ4 LC214851 LC213998 Guanabara Bay in Rio de Japeniro, Brazil

RCC1502 LC214852 LC213995 La Rochelle station, French coast, France

EHU_RP1 LC202892 LC210794 Bay of Biscay, Spain

EHU_RP2 LC202893 LC210795 Bay of Biscay, Spain

CCMP1596 LC202888 LC210789 Narragansett Bay, Rhode Island USA

Haek9505–1 LC202896 LC210796 Tampa Bay, Florida, USA

CCAP934/7 LC202894 LC210786 Puget Sound, Washington, USA

CCAP934/9 LC202895 LC210788 Puget Sound, Washington, USA

CCMP2274 LC202890 LC210791 San Francisco Bay, California, USA

CCMP1870 LC202889 LC210790 Los Angeles River, California, USA

CCAP934/3 LC214845 LC210793 Tampa Bay, Florida, USA

CCMP1680 LC214846 LC214001 Sandy Hook Bay, New Jersey USA

CCMP1595 LC214847 LC210798 Narragansett, Rhode Island, USA

CCMP2967 LC214848 LC214000 Western port of Singapore, Singapore
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Standley 2013), and the resulting alignments were manually
trimmed. The best nucleotide model was selected using
maximum-likelihood tree inference using pmodeltest v1.4.,
and the tree was inferred using RAxML v8.1.20 ran with
model GTRGAMMAI and default parameters (Stamatakis
2014). Branch supports were computed out of 100
bootstrapped trees.

For protein sequence analysis, PSI-BLAST and BLASTX
searches of the NCBI NR database were conducted with cut-
off E-values of <10−8 and <10−5, respectively, to identify ho-
mologs of MtORFvar products from different species with de-
fined functions. To find conserved domain in MtORFvar, CD-
search (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.
cgi) and Pfam search (http://pfam.xfam.org) were conducted
with cut-off E-value of <10–5.

Transcriptome analyses

Total RNAwas extracted from ∼5 × 105 cells of H. akashiwo
strain H93616 and HaTj01 using a PureLink RNA Mini kit
(Ambion/Thermo Fisher Science). PolyA(+)-selected libraries
were prepared using a SureSelect Strand-Specific RNA library
preparation kit, and ∼71 million reads were generated by
HiSeq2500 using the 100 bp paired-endmode. The reads from
H93616 and HaTj01 were mapped to their MtDNA genomic
sequences, accession numbers KU561547 and KU561550,
respectively, using BWA software (http://bio-bwa.
sourceforge.net) (Li and Durbin 2009). The reads per genomic
nucleotide were counted by the R samtools pileup function
(http://bioconductor.org/packages/devel/bioc/html/
Rsamtools.html), and visualized using ArcWithColors

software that was bundled in the GenomeMatcher package
(http://www.ige.tohoku.ac.jp/joho/gmProject/gmdownloadJP.
html) (Ohtsubo et al. 2008).

Results and discussion

MtORFvar sequence diversity among H. akashiwo strains
isolated from different regions

In this study, we aimed to analyze the utility of MtORFvar as a
phylogeographic marker to distinguish strains from origins
separated by different distances. The primer set to amplify
and sequence MtORFvar was previously designed based on
the whole MtDNA sequences obtained from seven strains to
date (manuscript under review, Supplemental Fig. 1a).
MtORFvar segments were specifically amplified from
H. akashiwo strains by the primers, demonstrating the adapt-
ability of the primer set for further study (Supplemental
Fig. 1b).

Analysis of MtORFvar sequences revealed that two to eight
independent H. akashiwo strains were obtained from Funka
Bay (2 strains), Ofunato (5 strains), Aichi (6 strains), Mie (6
strains), Harima (8 strains), and Ariake (6 strains) and two
strains from Guanabara Bay in Rio de Janeiro, Brazil
(Fig. 1a, Table 1, and Supplemental Fig. 2). The 28S D1-D2
of these strains were >99.8% identical to the previously pub-
lished H. akashiwo 28S D1-D2 sequences (cf. GenBank
accession numbers KP702886 and KP702887, in Engesmo
et al. 2016), confirming that these strains belong to
H. akashiwo (Table 1). MtORFvar of these strains and

Table 1 (continued)
Strains Accessions

MtORFvar 28S D1-D2 Origins

H93616 KU561547

(4492–5682 nt)

Uranouchi Bay, Kochi, Japan

Ha00_17 KU561548

(4491–5648 nt)

Fukuoka Bay, Fukuoka, Japan

HaTj 01 KU561550

(4491–5648 nt)

Tajiri Bay, Hiroshima, Japan

Y NC_016738

(12699–13,843 nt)

Bingo-nada, Hiroshima, Japan

NIES293 GQ222227

(4493–5617 nt)

Onagwa Bay, Miyagi, Japan

CCMP452 GQ222228.1

(4332–5615 nt)

Long island, NY, USA

NEPCC522 KU726247

(4333–5616 nt)

Jericho Beach, British Columbia, Canada

The MtORFvar sequences of the seven strains, H93616, Ha00_17, HaTj01, NIES293, CCMP452, and
NEPCC522, were previously identified from the whole mitochondrial genome sequences. The accession numbers
of the whole MtDNA sequences and positions of the MtORFvar are indicated
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MtORFvar of the strains obtained from different regions of the
world, including the East/West coasts of North America,
Europe, and Singapore, were aligned for comparison
(Fig. 1a and Table 1; Supplemental Fig. 2) In these strains,
both single nucleotide polymorphisms and indels of up to
66 nt were observed, confirming that MtORFvar sequence is
highly variable (Supplemental Fig. 2). To gain insight into
potential links between MtORFvar sequences and origin of
the strains, phylogenetic relationship among MtORFvar of
the strains was analyzed (Fig. 1b, c). When sequences of
MtORFvar of strains obtained from different regions of the
world were analyzed, they were classified to four groups
(Fig. 1b). Group 1 consisted of the strains obtained from the
Northern Atlantic regions, mostly being originated from lati-
tudes higher than 40°N (the latitude of the origin of CCMP452
was 41°N 73°W; Fig. 1b). Group 2 contained three strains

obtained from the high-latitude area of the Pacific coast of
North America (>47.6°N; Fig. 1b). Group 3 consisted of
two strains obtained from different regions of California,
USA (Fig. 1b). Finally, group 4 included Atlantic strains,
mostly from the area of their latitude lower than 40°N.
Group 4 also included strains originated in Japan, Brazil,
and Singapore (Fig. 1b). These results indicate that
MtORFvar may serve as a useful marker to distinguish group
1∼3 regions. To further test whether MtORFvar can be utilized
for phylogeographic marker for higher resolution, we also
analyzed the strains obtained from Japanese coastal water
and two strains originated from the areas of latitudes >40°,
NEPCC522 (group 2) and CCMP452 (group 1), as the
outgroup (Fig. 1a, c). Our results revealed that the MtORFvar
sequences of the strains originated from different regions of
Japan did not show clear geographic pattern (Fig. 1c). These

Fig. 1 Phylogeographic analysis of MtORFvar of H. akashiwo strains
obtained from different regions of the world. a Origins of the strains
used in this study. The circles represent the origins of the strains whose
MtORFvar segments were sequenced, and the triangles represent the
origins of the strains of which the whole mitohcondorial genome was
sequenced previously. The position of the origin was manually plotted
on the blank world map provided by Wikimedia Commons (https://
commons.wikimedia.org/wiki/Maps_of_the_world#/media/File:
BlankMap-World6.svg).WAWashington state, BC British Columbia, SF
San Francisco, LA Los Angels, RI Rhode Island, NY New York, NJ New
Jersey, FL Florida, RJ Rio de Janeiro, FR France, ESP Spain, SG
Singapore. In inset, enlarged map of Japan and the origins of the strains

are shown. FUN Funka Bay, ONG Onagawa, OF Ofunato, AIC Mikawa
Bay, Mie Ise Bay, HA Harima Bay, TJ Tajiri port, Y Bingo-nada,
Hiroshima, KCH Kochi, FK Fukuoka, AR Ariake Bay. For more
detailed information for strain origins, see Table 1. b Phylogenetic
analysis of the MtORFvar sequences originating from different regions
of the world. c Phylogenetic analysis MtORFvar of H. akashiwo strains
from North America and Japan Note that the H. akashiwo strains from
different regions in Japan did not show apparent segregation depending
on their origins whereas these strains and strains originating from North
America clearly segregated from the rest. The bootstrap values that are
>50% are shown at the nodes. The open circles show the positions of
mid-point roots
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results indicate that MtORFvar sequences showed links to the
origins of the strains, while the marker may be more useful to
identify the origins separated by long distances, i.e., different
oceanic areas or continents. Previously, two out of three iden-
tified polymorphic regions of H. akashiwo 18S showed links
with geographic origins of the strains, particularly for the
strains originated in the Atlantic side of North America
(Engesmo et al. 2016). With more nucleotide substitutions
(Supplemental Fig. 2), MtORFvar serves as a phylogeographic
marker with more potential to distinguish the strain origins.
We also observed that Haek9505-1 originated from Florida,
USA associated with group 1, and CCMP1595 originated
from Rhode Island associated with group 4, while most of
the strains contained in the clades were from different regions
(Fig. 1a, c). One possible reason for the association of these
strains with the Bunexpected^ groupsmay be the long distance
transport of the strains originated from different regions to the
points of their isolations. For the long-distance or domestic
dispersion processes, human-assisted dispersion, typically by
ship ballast water (Hallegraeff and Bolch 1991, 1992;
Elbrachter 1998; Bizsel and Bizsel 2002; Han et al. 2002;
Burkholder et al. 2007; Drake et al. 2007; Butron et al.
2011), the commercial transfer of oyster spats and live fish
(Matsuyama and Nagai 2010), and by seawater currents
(Nagai et al. 2009), could be involved. These possibilities
should be further tested by analyzing population structures
ofH. akashiwo in the regions byMtORFvar and adopting other
polymorphic markers, such as microsatellites (Nagai et al.
2006).

Comparison of MtORFvar with other MtDNA-based
strain markers

To date, parts of MtDNA have been utilized for species and/or
strain identification and the discrimination of populations in
many instances. For example, cytochrome oxidase I (COI)
genes from different species were used as BDNA barcodes^
to evaluate species or strain variations (e.g., Robba et al. 2006;
Liu et al. 2011; Yasuda et al. 2012; Hodgkinson et al. 2014;
Stoeckle and Thaler 2014; Tamburus and Mantelatto 2016).
The analysis of the COI sequences obtained from the full-
length MtDNA sequence of the seven H. akashiwo strains
revealed that the variations observed in the COI coding region
are much less than that in MtORFvar (Supplemental Fig. 3).
Particularly, the differences between strains isolated from
Japanese coastal waters and from North America are less
clear, not showing specific nucleotide substitutions
(Supplemental Fig. 2). The MtDNA control regions, or D-
loops, in several vertebrate species are another segment of
MtDNA that is reported to be rich in variations in many spe-
cies (e.g., see Fujii and Nishida 1997; Bicknell et al. 2012;
Remon et al. 2013; Terencio et al. 2013; Hadas et al. 2015;
Wang et al. 2015; Huo et al. 2016; Hu and Gao 2016; Patra

et al. 2016; Ramos et al. 2016). To date, the MtDNA control
regions have not been determined in H. akashiwo MtDNA.
The D-loop of MtDNA is a non-coding region that contains
the origin of replication of the organelle genome and transcrip-
tion promoters for both strands (Anderson et al. 1981; L’Abbe
et al. 1991; Martinez-Diez et al. 2006; Fonseca et al. 2008;
Pereira et al. 2008; Li et al. 2015). Because MtORFvar is lo-
cated between two genes, cox3 and nad7, on H. akashiwo
MtDNA, which are transcribed in the same direction
(Fig. 2), MtORFvar is not likely to contain the D-loop.

While partial mitochondrial sequences, such as COI and D-
loop sequences, are used to study intraspecies variations,
study about variations of whole mitochondrial genome se-
quences in single species are still limited. Such variations
are best studied in Homo sapiens (Thaler and Stoeckle
2016), while there are some information available for other
organisms, including walking catfish (Clarias batrachus,
(Kushwaha et al. 2015), brown brocket deer (Mazama
gouazoubira, (Caparroz et al. 2015)), and Antarctic krill
(Euphausia superba, (Johansson et al. 2012). While D-loop
and COI sequences were widely adopted for many studies,
SNPs in MtDNA were found to be distributed across many

Fig. 2 Mapping of theMtDNA transcriptome. MtORFvar-coding regions
are indicated by red, and other MtDNA genes on the forward and reverse
strains are shown by green and blue, respectively (outside, HaTj01;
inside, H93616). The light blue and orange curves in the concentric
circles represent the read coverage for MtDNAs of HaTj01and H93616,
respectively. Scales are numbered clockwise. Scale for read depth is
indicated on the bottom right. rbsL large ribosomal RNA subunit, rbsS
small ribosomal RNA subunit, cox3 cytochrome c oxidase subunit 3,
nad7 NADH dehydrogenase subunit 7
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protein-encoding regions in these species (Johansson et al.
2012; Caparroz et al. 2015; Kushwaha et al. 2015).
Although the size of the dataset was small, variations among
H. akashiwo MtDNA are concentrated in MtORFvar,
exhibiting unique patterns in the accumulation of mutations
(Ogura et al. 2016).

Among the seven H. akashiwo strains with which the
whole mitochondrial genome sequence information is avail-
able, six strains possessed MtORFvar orthologs and strain Y
(Masuda et al. 2011) codes for the truncated version of the
protein. Similarly, strains AIC41, AIC43, HA20, HA5Mie16,
and Mie 17 code for truncated MtORFvar (Supplemental
Fig. 2). The comparison of the MtORFvar at the nucleotide
level revealed one or more frame shifts because of single-
nucleotide deletions in the coding regions that resulted in the
appearance of stop codons, yielding truncated proteins
(Supplemental Fig. 2). The deletions were observed within
three or four mononucleotide repeats that are expected to be
prone to generate errors during PCR amplification and/or se-
quencing (Supplemental Fig. 2). In addition, nucleotide se-
quences after the deletions are highly homologous to the cor-
responding sequences in the other strains (Supplemental
Fig. 2). Therefore, observed frame shift in the sequences of
these strains are highly likely to be due to artifactual errors
during either PCR amplifications or the sequencing of the
product.

H. akashiwo MtDNA transcriptome analysis

To further evaluate whether theMtORFvar sequence is actually
a gene with coding capacity, we conducted transcriptome
analyses of two H. akashiwo strains, H93616 and HaTj01
(Fig. 2). Approximately 0.05 and 0.03% of the total reads
obtained from H93616 and HaTj01-derived poly(A+)-con-
taining mRNA, respectively, were mapped to their MtDNA.
The read depth at each base shows correlation with the exis-
tence of ORF at the position, implying that the genes were
predicted correctly. One notable exception was the region
flanked by large and small ribosomal RNA coding sequences:
the region preceding the large subunit of ribosomal RNA cod-
ing sequences was transcribed at high levels although there is
no predicted gene with the length. Importantly, a substantial
number of reads were mapped to MtORFvar in both H93616
and HaTj01, with the adjacent regions on both sides, presum-
ably the non-coding regions, exhibiting notably low expres-
sions (Fig. 2). These data indicate that MtORFvar is likely to
code for a functional protein as predicted.

Proteins coded by MtORFvar of various strains

Next, we attempted to infer the function of the MtORFvar-
encoded protein based on sequence information. We conduct-
ed PSI-BLAST and BLASTP searches of the NCBI NR

database to identify homologs of MtORFvar products from
different species with defined functions. There were no hits
other than the H. akashiwoMtDNA-encoded proteins homol-
ogous to MtORFvar products. To date, the full-length MtDNA
sequence of Chattonella marina var. marina, another
Raphidophyceae species, has been characterized. However,
MtORFvar did not show homology to the C. marina var.
marina MtDNA-encoded genes. These results indicate that
MtORFvar is a unique gene. No relevant hits were obtained
by searching the Pfam database or CD database either, indi-
cating that the protein does not contain a domain or motif with
any defined function to date. To gain insight into the function-
al domain(s) of the protein, the protein sequences of
MtORFvar were aligned (Supplemental Fig. 4) to find the con-
served regions (Fig. 3). As the differences in nucleotide se-
quences suggest, the sequences of the Northern Pacific/
Atlantic strains that belonged to groups 1 and 2 (Fig. 1b) were
distinctively different from isolates associated with two other
groups. An extra N-terminal domain was observed in the
group 1/2 strains, and several amino acid substitutions were
observed between groups 1/2 and 3/4 (Fig. 3 and
Supplemental Fig. 4). Regardless of the sequence variations
among the strains, parts of the proteins are relatively well
preserved (Fig. 3 and Supplemental Fig. 4). The domain
may be relevant to the protein function, which remains to be
characterized by future analysis.

MtDNAs are generally known to be compact, coding for
proteins with functions vital for their hosts and with short
stretches of non-coding regions. The preservation of
MtORFvar as an open reading frame with this extent of se-
quence variations, especially those observed between strains
originated from higher-latitude regions (groups 1 and 2 in
Fig. 1b) and from other regions (groups 3 and 4) may imply
its vital functions in adapting to distinctive geographic re-
gions. The functional relevance of MtORFvar products in
H. akashiwo physiology as well as their variation depending
on the region of origin remains to be further analyzed in future
studies.

Fig. 3 Schematic representation of domain structure of MtORFvar-
encoded proteins based on the sequence variations. The green boxes
represent segments that are conserved at >80% identity of all strains,
while yellow/red/cyan boxes represent segments with lower identities.
The segment that contains indels in some strains are represented with
red, and the N-terminal sequence that are only found in groups 1 and 2
in Fig. 1b are represented with cyan
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