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DNA-barcoding is based on the premise that the divergence of a small DNA fragment coincides with
biological separation of species. If true, it offers an additional tool for worldwide consistent species
recognition even in cases of semi-cryptic species. Our study includes 618 sequences representing 114
diatom species belonging to the two most species-rich classes of diatoms (Mediophyceae and
Bacillariophyceae). A 99.5% success rate in separating biologically defined species and a 91%
success rate in separating all species tested was obtained when using the proposed barcode starting
at the 5’ end of 5.8S and ending in the conserved motif of helix Ill of ITS2 (300 to 400 bp). Including the
whole 5.8S+ITS2 region did not significantly improve species resolution. We tested our barcode on 17
unidentified, misidentified or contaminated strains derived mostly from a culture collection, and these
were correctly flagged as erroneous by their ITS sequences. We conclude that the proposed barcode
represents for the Mediophyceae and Bacillariophyceae a robust, economical, and rapid way to
recognize and identify most species (when a reference sequence is available) that is as good as or
better than other molecular markers thus far proposed.
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Introduction

Recent reports of economically important species
in danger of extinction and of geographic expan-
sion of invasive and potentially harmful biota are
expressions of the current changes in the oceans,
necessitating research involving interactions
between marine biodiversity and ecosystem func-
tioning (Duffy and Stachowicz 2006). However,
such studies are compromised by uncertain or
incorrect identification of marine microbiota,
which play key roles in many of these processes.
Bortolus (2008) has recently illustrated how
incorrect taxonomy leads to incorrect conclusions
in ecological and other biological research, high-
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lighting the need for accurate and globally con-
sistent a-(species level)-taxonomy.

In eukaryotes, the morphological concept of
species is most widely used. The relationship
between diagnostic morphology and biological
species boundaries is well understood in complex
macro-biota, but it is largely unknown in many
micro-eukaryotes (Chantangsi et al. 2007; Evans
et al. 2007; Gémez et al. 2006; Kaczmarska et al.
2008; Mann 1999; Medlin 1997; Scicluna et al.
2006; Shao et al. 2004). Among micro-eukaryotes

Abbreviations: CBC, compensatory base change;
cox1, cytochrome oxidase 1; ITS, internal tran-
scribed spacers; LSU, large ribosomal subunit; SSU,
small ribosomal subunit
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such as unicellular green algae, ciliates, strame-
nopile parasites and fungi, morphology based
taxonomy has either been replaced or at least
supported by molecular taxonomy (Barth
et al. 2006; Chantangsi et al. 2007; Lynn and
Strider-Kypke 2006; Scicluna et al. 2006). The
central debatable issues with this methodology
are which molecular markers are most suitable at
the species level and what level of DNA-sequence
divergence is most effective in discriminating
species. This is of crucial importance since the
level of intraspecific divergence varies between
groups and further depends on which molecular
marker is used and what parameters are used for
alignments (Amato et al. 2007; Fazekas et al.
2008; Kaczmarska et al. 2007; Litaker et al. 2007).

Recently it was postulated that a small, stan-
dard portion of a single gene (or “barcode”) may
be used to recognize and identify species from a
wide range of animal taxa (Cywinska et al. 2006;
Hajibabaei et al. 2006; Hebert et al. 2003, 2004;
Janzen et al. 2009; Ratnasingham and Hebert
2007; Ward et al. 2005). The hope was that such a
barcode is a species-specific tag that would bring
global consistency to a-taxonomy. The gene
sequence initially chosen to serve as a universal
barcode was a 600 bp fragment located at the 5’
end of the mitochondrial gene cytochrome oxi-
dase 1 (cox1, Hebert et al. 2003). Animal phyla by
and large have been successfully, expeditiously
and inexpensively barcoded using this mitochon-
drial gene segment (Cywinska et al. 2006;
Hajibabaei et al. 2006; Hebert et al. 2003, 2004;
Ratnasingham and Hebert 2007; Ward et al. 2005).
Cox1-based barcodes, however, have proven
inadequate or impractical to use in some other
phyla and divisions of life (Chase et al. 2005;
Cowan et al. 2006; Fazekas et al. 2008, 2009;
Kress et al. 2005; Kress and Erickson 2007; Moniz
and Kaczmarska 2009; Newmaster et al. 2006,
2008; Seifert 2009). Consequently, alternative
barcodes are being considered in plants (Fazekas
et al. 2008) and different protist groups, e.g.
dinoflagellates (Litaker et al. 2007), parasitic
stramenopiles (Scicluna et al. 2006) and peritrich
ciliates (Utz and Eizirik 2007). It is becoming
apparent that because the evolutionary history of
genes is not uniform across all lineages, there may
not be one gene that can be used as a universal
barcode for all life.

Unlike many other microbial protists, diatom
frustules are rich in micro-architecture, and these
have been traditionally exploited as taxonomically
informative characters. Unfortunately, morphology
is a complex marker susceptible to subjective

application (Mann 1999) and sometimes present-
ing insufficient information in the separation of
species (Amato et al. 2007; Evans et al. 2007;
Kaczmarska et al. 2008; Lundholm et al. 2006;
Mann 1999; Sarno et al. 2005). With the number of
diatom species estimates ranging around 200,000
(Mann and Droop 1996) and possibly no more
than a few percent formally described to date,
there is an obvious need for more research in
diatom biodiversity. Unfortunately, the relationship
of diagnostic morphology to biological boundaries
of diatom species are known for only about 15
species (Amato et al. 2007; Behnke et al. 2004;
Casteleyn et al. 2008, 2009; Kaczmarska et al.
2008, in press; Vanormelingen et al. 2007, 2008).
Such studies are difficult, time consuming and
expensive to conduct, which means this approach
will unlikely prove practical for resolving tens of
thousands of species.

Because of such limitations, the last decade
witnessed several research efforts to better under-
standing of the relationship between morphologi-
cal, molecular and biological delineations of
protistean species (Amato et al. 2007; Behnke
et al. 2004; Beszteri et al. 2005; Casteleyn et al.
2008; Coleman 2000, 2003, 2007; Coleman and
Mai 1997; Kaczmarska et al. 2008; Vanormelingen
et al. 2007, 2008). The goal was to identify
variations in DNA sequences which correlated
well with morphologically defined species and that
could be used to develop cost-effective, high
throughput molecular methods for routine species
identification. Among diatoms, one of the first
studies showing that the nuclear encoded internal
transcribed spacers (ITS) 1 and 2 and the 5.8S
rDNA gene correlates with sexual compatibility
was performed for the fresh-water diatom species
complex Sellaphora pupula (Behnke et al. 2004)
where mating experiments helped to distinguish
four sexually incompatible phenodemes that later
were elevated to separate species (Mann et al.
2004). Adding a mitochondrial marker and others
to their study, Evans et al. (2007) showed that the
fragment of cox7 corresponding to the DNA-
barcode (Hebert et al. 2003) to be successful but
would require group-specific primers.

One of the first studies to suggest the nuclear
encoded ITS region carries potential for species-
specific markers in microalgae involved volvoca-
cean green algae where interbreeding potential is
very difficult to test directly (Coleman et al. 1994).
However, alignments proved difficult for taxa
higher than species. Nonetheless, Coleman and
Mai (1997) demonstrated how the use of the
secondary structure of the RNA transcript may



improve alignments. ITS2 in particular was proven
to contain sections of significant conservation,
including possibly pan-eukaryotic motifs and
conserved positions in green algae, terrestrial
plants, stramenopiles, chloromonads, crypto-
phytes, haptophytes, alveolates, red algae, fungi
and animals ranging from sponges to mammals
(Coleman 2007; Schultz et al. 2005; Seibel et al.
2006). These more conserved sections are pre-
sumed necessary for forming the proper second-
ary structure of the ITS2 transcript, which like its
counterparts in ITS1, guides the enzymatic com-
plex process that degrades ITS2 regions, liberat-
ing the small ribosomal subunit (SSU), 5.8S and
the large ribosomal subunit (LSU) RNAs. The value
of ITS2 has been proven at least as a guide in
identification of unknown specimens, in the
search for closely related organisms, in verification
of identity of a culture strain (Coleman and Mai
1997) and recently as a possible barcode region
for dinoflagellates (Litaker et al. 2007). In several
species of diatoms, particularly the taxonomically
difficult and potentially toxigenic diatom genus
Pseudo-nitzschia, only ITS2 out of three ribosomal
and one plastid markers coincided unequivocally
with their biologically defined species, including
several newly described and semi-cryptic species
(Amato et al. 2007).

The goal of our study was to test the feasibility
of using the nuclear encoded ITS-region as a
marker for recognition and identification of dia-
toms on a wide range of taxa. We considered 5.8S
alone and in combination with ITS2 in species
belonging to the two most species-rich classes of
diatoms, the Mediophyceae and Bacillariophy-
ceae, the majority of which are simply available in
the Culture Collection for Marine Phytoplankton
(CCMP). We investigated intragenomic, intraspe-
cific and interspecific distances for all DNA
fragments used in this study. Intragenomic versus
intraspecific variability was compared in order to
ensure that putative variation arising from multiple
copies of the nuclear rDNA cistron normally
present in any individual does not confound
the results, overestimating intraspecific variability.
We identified a sufficient, species-specific level
of divergence in a short fragment within the
5.8S+ITS2 region and propose it as a DNA-
barcode for diatoms.

Results

Our evaluation of the barcoding potential of the
ITS region was based on 618 sequences (exclud-
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ing repeats); 238 sequences that we obtained in
our lab and 380 from GenBank. This data set
included 114 species: 56 species belonging to 19
genera, eight families and five orders from the
class Mediophyceae and 58 species representing
21 genera, 14 families, and ten orders from the
class Bacillariophyceae. Among these the most
sequence-rich in GenBank were diatoms from
seven species, including four from the genus
Pseudo-nitzschia (16% of sequences), Cyclotella
meneghiniana (19%), Eunotia bilunaris (6%) and
Navicula phyllepta (10%). The majority of diversity
of species was obtained from sequencing we
performed for this study, all obtained through
direct sequencing. Methods used to recover
sequences available from GenBank are indicated
in Table 1; the final tally of sequencing method
was: 1) sequences of species obtained only by
cloning: 9; only by direct PCR: 99; by both
methods: 3, obtained by methods undisclosed
by the authors: 8; and 2) sequences of strains
obtained from cloning: 104; by direct PCR: 336;
and by methods unspecified by the authors: 33.
In order to determine if there was an overlap in
genetic variation within and between species we
analysed intragenomic, intraspecific and interspe-
cific variability in the 5.8S, 5.85+ITS2 fragments
combined, and a defined region beginning with
the start codon of 5.8S and ending in the
conserved region of helix Ill of the secondary
structure of the ITS2 transcript. We focused on
seven families from Mediophyceae and nine from
Bacillariophyceae that were available from CCMP
cultures, in order to determine what part of the ITS
region offers sufficient resolution to meet the
requirements of a DNA-barcode for diatoms.

Alignment Parameters

Alignment parameters are of critical importance
when genetic distances are compared and may
increase or decrease depending on restrictions
and penalties applied. Biologically, gaps are
assumed to be insertions or deletions and it
should be ensured as much as possible that
existing gaps represent true indels and not
artificial ones. Therefore, we tested gap penalties
within the range that is often used in alignments
(open gap penalty of 10.0 and gap extent penalty
of 0.1, Hall 2004) and similar to those that were
applied in a study of an ITS-barcode in dino-
flagellates (open gap penalty of 10.0 and gap
extent penalty of 5.0, Litaker et al. 2007). For the
test we set four matrices including six araphid
species (nine sequences) and 33 raphid species



Table 1. List of strains used in this study; species/strain names listed as they appear in publications, culture collection, and GenBank®.
Names/words in parentheses indicate the name the sequence was registered either in GenBank or CCMP and were corrected due to
taxonomic and/or sequence analyses. Accession numbers in bold identify which sequences were obtained in our lab for this and parallel

studies.
Species/Authority (corrected name) Strain ID Accession # Species/Authority Strain ID Accession #
(corrected name)
Mediophytes N. gregaria K8? DQ235779
Attheya longicornis ° ATTPB® FJ864273 N. gregaria K52 DQ235780
Crawford & Gardner
Arcocellulus mammifer CCMP0132° GQ330310 N. incerta Grunow ex CCMP 0542° GQ330356
Van Heurck
Hasle, von Stosch & Syvertsen
Bacteriastrum hyalinum Lauder CCMPO01413 GQ330314 N. phyllepta Kitzing BA3 cl.12 DQ193566
Brockmanniella brockmannii (Hustedt) CCMPO01513 GQ330315 N. phyllepta BA3 cl.22 DQ193569
Hasle, von Stosch & Syvertsen
Chaetoceros affinis Lauder CCMP0159° GQ330316 N. phyllepta BA3 cl.3? DQ193568
C. calcitrans Takano CCMP1315* DQ358111 N. phyllepta BAS3 cl.4? DQ193567
C. calcitrans f. pumilus Takano CCAP1010/114 DQ358117 N. phyllepta BA4 cl.12 DQ193565
C. cf. jonquieri na* DQ858214 N. phyllepta BA4 cl.32 DQ193564
C. contortus Schiitt CCMP1578° GQ330318 N. phyllepta BA4 cl.4? DQ193563
C. curvisetus Cleve ch.5* AY229895 N. phyllepta BA12 cl.3° DQ193561
C. decipiens Cleve CCMP0173® GQ330319 N. phyllepta BA12 cl.2? DQ193562
C. gracilis Pantocsek ch.18* AY229897 N. phyllepta BA12 cl.4? DQ193560
C. gracilis (C. debilis) ch.4* AY229896 N. phyllepta K4 cl.12* DQ193559
C. gracilis UTEX LB 2375* DQ358112 N. phyllepta CCY0218 cl.122 DQ193558
C. gracilis UTEX LB 2658* DQ358113 N. phyllepta CCY0222 cl.112 DQ193557
C. gracilis (Chaetoceros sp.) NMBguh003-14 DQ886408 N. phyllepta K3 cl.1* DQ193554
C. gracilis (Chaetoceros sp.) NMBguh003-2* DQ886409 N. phyllepta K3 cl.2* DQ193553
C. muelleri Lemmermann CCAP1010/3* DQ358116 N. phyllepta CCY9804 cl.1? DQ193552
C. muelleri CCMP1316° GQ330320 N. phyllepta CCY9804 cl.2? DQ193551
C. muelleri (C. neogracile) CCMP1318° GQ330321 N. phyllepta CCY 02262 DQ193550
C. muelleri (C. simplex) CCAP1085/3° DQ358115 N. phyllepta CCY0213 cl.112 DQ193549
C. muelleri (C. simplex var. calcitrans) CSIROCS2514 DQ358114 N. phyllepta CCY0213 cl.1? DQ193548
C. muelleri (C. calcitrans) arg.13* DQ897644 N. phyllepta CCY0213 cl.2? DQ193547
C. radicans Schitt CCMP0197° GQ330322 N. phyllepta CCY0201 cl.2? DQ193546
C. simplex Ostenfeld CCMP0200° GQ330323 N. phyllepta CCY0212 cl.32 DQ193545
C. socialis Lauder CCMP0203° FJ864274 N. phyllepta CCY0212 cl.22 DQ193544
C. socialis CCMP1579° FJ864275 N. phyllepta CCY0212 cl.1? DQ193543
Cyclotella cryptica CCMP03313 GQ330325 N. phyllepta CCY 02272 DQ235783
Reimann, Lewin & Guillard
C. cryptica CCMP0332° GQ330324 N. salinicola Hustedt CCMP1730° GQ330357
C. meneghiniana Kutzing G8W7 cl.12 AY906809 Nitzschia alexandrina WDCM NCC35* AY574379
(Cholnoky) Lange-
Bertalot & Simonsen
C. meneghiniana G8W7 cl.22 AY906810 N. compressa (Bailey) WDCM NCC38* AY574377

Boyer
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G183K cl.22

G183K cl.32
G183K cl.42
G183K cl.5?
G188D cl.1?
G184 cl.1?
G184 cl.2?

G184 cl.3?

G184 cl.4?
G184 cl.52
G184 cl.6?
G184 cl.7?
G8W4 cl.1?
G8W4 cl.22

G8W4 cl.32
G8W4 cl.4?

G8W6 cl.12
G8WS6 cl.22

AY906811
AY906812

AY906813

AY906805
AY906806
AY906807
AY906808
AY906823
AY906824
AY906825
AY906826
AY906827
AY906828
AY906829

AY906814
AY906815

AY906816
AY906817
AY906818
AY906819
AY906798
AY906799

AY906800

AY906801
AY906802
AY906803
AY906804
AY906794
AY906795

AY906796

AY906797

AY906789
AY906790

N. laevis Hustedt
Pauliella taeniata
(Grunow) Round &
Basson
Phaeodactylum
tricornutum Bohlin
P. tricornutum

P. tricornutum

P. tricornutum

P. tricornutum

P. tricornutum

P. tricornutum

P. tricornutum

P. tricornutum

P. tricornutum

P. tricornutum

P. tricornutum

P. tricornutum
Pseudo-nitzschia
americana ©
(Hasle) Fryxell

P. americana ®
P. americana ®
P. americana ®

P. australis Frenguelli

P. australis
P. caciantha

Lundholm, Moestrup &

Hasle
P. calliantha

Lundholm, Moestrup &

Hasle

P. calliantha
P. calliantha
P. calliantha
P. calliantha
P. calliantha

Pseudo-nitzschia sp. 1

(P. cf. granii)

Pseudo-nitzschia sp. 1

(P. seriata)

P. cuspidata (Hasle)

Hasle

emend. Lundholm,
Moestrup & Hasle
P. cuspidata

P. cuspidata

WDCM NCC39*
CCMP1115°

CCAP1052/1A3

CCAP1052/1B°
CCAP1052/6°
CCMP0630 cl.1®
CCMP0630 cl.2®
CCMP06313
CCMP0632°
CCMP0633°
CCMP1327 cl.1®
CCMP1327 cl.2®
NEPCC640°
Pt10*
MACCb228°
WDCM NCC45*
WB124Aug®

WB224Aug®
WB313July®
WA424Aug®
10 93-01°
10 84-01°%
AL-56°

C-AL-1®

AL-1013

p5°

Pe6®
AL-1128
AL-117°
CCMP2093°

CCMP1309°

AL-173

AL-28°
AL-57°

AY574378
GQ330372

DQ085802

DQ085803
DQ085804
FJ864293

DQ085805
DQ085806
DQ085801
DQ085809
GQ330373
DQ085807
DQ085808
DQ655656

AY574376
GQ330380

GQ330381
GQ330378
GQ330379
GQ330382
GQ330383
DQ813834

DQ813842

DQ813839
as DQ813839
as DQ813839
DQ813841
as DQ813841
GQ330384

GQ330428

DQ813827

as DQ813827
as DQ813827
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Table 1. (continued)

Species/Authority (corrected name) Strain ID Accession # Species/Authority Strain ID Accession #
(corrected name)
C. meneghiniana G8W6 cl.3? AY906791 P. cuspidata AL-61° as DQ813827
C. meneghiniana G8W6 cl.42 AY906792 P. delicatissima (Cleve) PLY1St.85Z° AM118052
Heiden
C. meneghiniana G8W6 cl.5? AY906793 P. delicatissima PLY1St.85B% AM118051
C. meneghiniana G8WS5 cl.12 AY906786 P. delicatissima PLY1St.85A% AM118050
C. meneghiniana G8WS5 cl.2? AY906787 P. delicatissima PLY1St.77C® AM118049
C. meneghiniana G8WS5 cl.32 AY906788 P. delicatissima PLY1St.48A3 AM118048
C. meneghiniana G183N cl.1? AY906780 P. delicatissima PLY1St.46A3 AM118047
C. meneghiniana G183N cl.2? AY906781 P. delicatissima PLY1St.45E° AM118046
C. meneghiniana G183N cl.3? AY906782 P. delicatissima PLY1St.43C° AM118045
C. meneghiniana G183N cl.4? AY906783 P. delicatissima PLY1St.42A3 AM118044
C. meneghiniana G183N cl.52 AY906784 P. delicatissima PLY1St.5° AM118043
C. meneghiniana G183N cl.6° AY906785 P. delicatissima © w0023 EU599146
C. meneghiniana G16W1 cl.1? AY906776 P. delicatissima Laes@2° DQ329206
C. meneghiniana G16W1 cl.2? AY906777 P. delicatissima om2°8 DQ329207
Detonula confervacea (Cleve) Gran CCMP0352° GQ330329 P. delicatissima © A3 A3 22F° EU599158
D. confervacea CCMP0353° GQ330330 P. delicatissima © A3 B2 22F° EU599160
Ditylum brightwellii (West) Grunow CCMP03613 GQ330332 P. delicatissima © A2 A2 22F3 EU599151
D. brightwellii © SFPB44A1° GQ330335 P. delicatissima © C4 B1 28F° GQ330385
D. brightwellii ® SFPB44B4° GQ330333 P. delicatissima © A2 A3 22F3 EU599152
D. brightwellii ® SFPB44C2° GQ330334 P. delicatissima © w007 B2® EU599148
D. brightwellii CCMP0356° FJ864280 P. delicatissima © W007 B3® EU599149
D. brightwellii CCMP03573 FJ864279 P. delicatissima © W007 C2° EU599150
D. brightwellii CCMP0358° FJ864283 P. delicatissima © woo1 Il B2® GQ330417
D. brightwellii CCMP0359° FJ864281 P. delicatissima ° C1 B4 24F° EU599171
D. brightwellii CCMP1582° GQ330331 P. delicatissima © woo1 | B2® EU599180
D. brightwellii CCMP1810° FJ864284 P. delicatissima © woo1 Il c2°8 EU599145
D. brightwellii ® DitMartin® FJ864282 P. delicatissima © wo003° EU599147
D. brightwellii PSB3M_1° DQ329268 P. delicatissima © A2 B2 24J° EU599154
D. brightwellii (C. closterium) CCMP0339° as FJ864284 P. delicatissima © B3 B3 24F° EU599181
Extubocellulus cribriger CCMP03913 GQ330336 P. delicatissima © B1 B2 23F° EU599162
Hasle, von Stosch & Syvertsen
E. spinifer CCMP0393° GQ330338 P. delicatissima © A2 B3 24J° EU599155
Hasle, von Stosch & Syvertsen
Helicotheca tamesis CCMP0825° GQ330347 P. delicatissima © B3 A2 24F° EU599165
(Shrubsole) Ricard
H. tamesis CCMP1687° GQ330348 P. delicatissima ° C2 B2 28F° EU599172
Leyanella arenaria CCMP04713 GQ330349 P. delicatissima © A2 B1 24J° EU599153
Hasle, von Stosch & Syvertsen
Lithodesmium undulatum Ehrenberg CCMP1797° GQ330350 P. delicatissima © B3 B2 19J° EU599166
Minidiscus trioculatus (Taylor) Hasle CCMP0496° GQ330352 P. delicatissima © A2 B3 22F° EU599156
M. trioculatus var. monoculatus © Mini nova1® GQ330351 P. delicatissima © A3 A3 31J° EU599157

Kaczmarska
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M. trioculatus var. monoculatus ©

M. variabilis Kaczmarska

M. variabilis

M. variabilis f. inornata Kaczmarska ©
Minutocellus polymorphus
(Hargraves & Guillard) Hasle,

von Stosch, & Syvertsen

Odontella aurita ® (Lyngbye) Agardh
aurita

S)

O. aurita

O. aurita

O. longicruris (Greville) Hoban

O. mobiliensis (Bailey) Grunow

O. mobiliensis

O. cf. sinensis

Porosira glacialis (Grunow) Jorgensen
P. glacialis

P. glacialis

P. glacialis

Skeletonema dohrni Sarno & Kooistra
. dohrnii (Skeletonema sp.)

. dohrnii

dohrnii

dohrnii
dohrnii
grethae Zingone & Sarno
grethae
marinoi Sarno & Zingone

marinoi

marinoi

DODDDNDNDOHD D D DHHOHD DO®

marinoi
marinoi
marinoi
marinoi
marinoi
marinoi (S. costatum)
marinoi (S. costatum)
marinoi (S. costatum)
marinoi (S. costatum)
marinoi (S. costatum)
marinoi (S. costatum)

Mini nova 22
CCMP0495 12
CCMP0495 2°
IKEMs011706°
CCMP0499°

IKEO2011706°
CCMP0145°
CCMP1108°
CCMP0816°
CCMP1808°
CCMP0598°
CCMPO0146°
CCMP1815°
CCMP12743
CCMP0670°

CCMP0980°
CCMP1099°
CCMP 2479*
CCMP1715*
CCMP0789°
CCMP0785°

CCMP0779°
CCMP0782°
CCMPO775°
CCMP0776°
CCMP07813

CCMP1009*
CCMP2507*

CCMP2505*
KAL N3°
KAL M23
KAL H1®
CCMP2497*
Ifremer-Bouin*
KFU13
KFP2®
KFN22
KFC36°
KFC23®

as GQ330351
GQ330353

as GQ330353
GQ330354
FJ864292

GQ330369
GQ330365
GQ330364
GQ330366
GQ330367
GQ330368
GQ330370
GQ330371
GQ330377
GQ330376

GQ330375
GQ330374
EF433513
EF433512
GQ330440
GQ330432

GQ330434
GQ330435
GQ330437
GQ330436
GQ330433

EF433511
EF433517

EF433516
AY954684
AY954683
AY954682
EF433515
DQ897642
AY748228
AY748227
AY748226
AY748225
AY748222

P. delicatissima
P. delicatissima
P. delicatissima
P. delicatissima
P. delicatissima

P. delicatissima
P. delicatissima
P. delicatissima
P. delicatissima
P. delicatissima
P. delicatissima
P. delicatissima
P. delicatissima
P. delicatissima

P. delicatissima (del1)

(Cleve) Heiden, in part'
P. delicatissima (del1
P. delicatissima (del1
P. delicatissima (del1
P. delicatissima (dell
P. delicatissima (del1
P. dolorosa Lundholm &

Moestrup

P. dolorosa
P. dolorosa
P. dolorosa
P. dolorosa

P. fraudulenta (Cleve)

Hasle

P. multiseries (Hasle)

Hasle

P. multistriata (Takano)

Takano

P. multistriata
P. multistriata
P. multistriata
P. multistriata
P. multistriata
P. multistriata
P. multistriata
P. multistriata
P. multistriata
P. multistriata

P. pseudodelicatissima
(Hasle) Hasle emend.

A3 B2 31J°
B3 B2 24F°
B2 B2 23F°
B2 B3 23F°
BC002°®

DM002°
DM0043
LK0013
BBA4®
CT B3®
21-02°
AL-22°
AL-38°
S-AL-13
18-02°

24-02°8
26-02°
27-02°
AL-24°
AL-110°
20-02°

AL-59°
AL-67°
AL-74%
C-AL 28
10 83-03°

CcCcmP2708°
10 92-01°

cl. A/B4?
cl. A/B3?
cl. A/B2?
cl. A/B1?
cl. B5?
cl. B4?
cl. B32
cl. B22
cl. B12

EU599159
EU599167
EU599163
EU599164
EU599174

EU599176
EU599177
EU599175
EU599178
EU599179
AY519350

DQ813829
DQ813832
DQ813843
AY519334

AY519335
AY519337
AY519336
DQ813830
DQ813840
AY519275

DQ813835
DQ813837
DQ813838
as DQ813835
GQ330422

GQ330424
GQ330426

EF636681
EF636680
EF636679
EF636678
EF636677
EF636676
EF636675
EF636674
EF636673
EF636672
DQ813836
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Table 1. (continued)

Species/Authority (corrected name) Strain ID Accession # Species/Authority Strain ID Accession #
(corrected name)
Lundholm, Hasle &
Moestrup
S. marinoi (S. costatum) KFC33°® AY748224 P. pseudodelicatissima AL-413 DQ813833
S. marinoi (S. costatum) KFC273 AY748223 P. pseudodelicatissima AL-29° DQ813831
S. marinoi (S. costatum) PORTF13 AY748237 P. pseudodelicatissima AL-19° DQ813828
S. marinoi (S. costatum) PORTJ1® AY748234 P. pseudodelicatissima AL-15° DQ813826
S. marinoi (S. costatum) PORTG3® AY748233 P. pseudodelicatissima SZN-B1092 AY550126
S. marinoi (S. costatum) PORTD23 AY748232 P. pseudodelicatissima SZN-B1112 AY550128
S. marinoi (S. costatum) PORTD1°® AY748231 P. pseudodelicatissima AL-213 as DQ813833
S. marinoi (S. costatum) PORTC3® AY748230 P. pseudodelicatissima AL-20° as DQ813828
S. marinoi (S. costatum) PORTA1® AY748229 P. pseudodelicatissima AL-27° as DQ813828
S. marinoi (S. costatum) NN AY748236 P. pseudodelicatissima AL-40° as DQ813828
S. marinoi (S. costatum) CANK22 AY748221 P. pungens (Grunow ex cT B1® EU599141
Cleve) Hasle
S. marinoi (S. costatum) CANJ1® AY748220 P. pungens NA233 cl.20° FM207625
S. marinoi (S. costatum) CANG1® AY748219 P. pungens NA233 cl.152 FM207624
S. marinoi (S. costatum) CAND2® AY748218 P. pungens NA233 cl.14? FM207623
S. marinoi (S. costatum) CANB2® AY748217 P. pungens NA233 cl.10? FM207622
S. marinoi (S. pseudocostatum) CCAP1077/7* DQ897643 P. pungens NA231 cl.9? FM207621
S. menzellii CCMP0786° GQ330439 P. pungens NA231 cl.8? FM207620
Guillard, Carpenter & Reim
S. menzelii CCMP0787° GQ330438 P. pungens NA204 cl.122 FM207619
S. menzelii CCMP0792* DQ897643 P. pungens NA179 cl.32 FM207618
Skeletonema sp. m2* DQ280324 P. pungens NA179 cl.7? FM207617
Skeletonema sp. GFC-2005.5* DQ280328 P. pungens NA179 cl.9? FM207616
Skeletonema sp. GFC-2005.4* DQ280327 P. pungens NA179 cl.10? FM207615
Skeletonema sp. GFC-2005.3* DQ280326 P. pungens NA178 cl.28> FM207614
Skeletonema sp. GFC-2005.1* DQ280324 P. pungens NA178 cl.272 FM207613
Stephanodiscus hantzschi Grunow na® uo3078 P. pungens NA178 cl.172 FM207612
S. niagarae Ehrenberg 11328 uo3074 P. pungens NA241 cl.21? FM207611
S. niagarae N1P13 U03076 P. pungens NA241 cl.19? FM207610
S. niagarae LL16°% uo3075 P. pungens NA192 ¢l.372 FM207609
S. yellowstonensis Simonsen na® uo3077 P. pungens NA192 cl.30° FM207608
Thalassiosira aestivalis Gran c1® EF208797 P. pungens NA178 cl.20? FM207607
T. angulata ® (Gregory) Hasle g2 GQ330450 P. pungens NA178 cl.182 FM207606
T. angulata B3 GQ330448 P. pungens NA178 cl.162 FM207605
T. angulata © Ics® GQ330446 P. pungens NA116 cl.452 FM207604
T. angulata ® PBC2° GQ330445 P. pungens NA116 cl.9? FM207603
T. angulata © PBA1°® GQ330449 P. pungens NA116 cl.48> FM207602
T. angulata © PBC3® GQ330447 P. pungens NA233 cl.112 FM207601
T. anguste-lineata cs® EF208800 P. pungens NA233 cl.7? FM207600
(Schmidt) Fryxell & Hasle
T. antarctica Comber CCMP0982° GQ330452 P. pungens NA200 cl.1? FM207599

43

BYSIBWIZORY| *| PUB ZIUOW g’



T. floridana (Cooper) Hasle CCMP0985° GQ330453 P. pungens NA200 cl.6? FM207598

T. gravida Cleve CCMP0986° GQ330454 P. pungens NA200 cl.172 FM207597
T. guillardii Hasle CCMP0988° GQ330455 P. pungens NA200 cl.10? FM207596
T. minima Gaarder CCMP09912 GQ330468 P. pungens NA179 cl.12 FM207595
T. minuscula Krasske CCMP1093° GQ330456 P. pungens NA177 cl.7? FM207594
T. nordenskioeldii Cleve 1B3® GQ330458 P. pungens NA177 cl.16? FM207593
T. nordenskioeldii 1C4° GQ330457 P. pungens NA177 cl.25% FM207592
T. nordenskioeldii 2c4® GQ330459 P. pungens NA23 FM207591
T. nordenskioeldii CCMP0997° FJ864301 P. pungens NA13 FM207590
T. oceanica Hasle CCMP1006 cl.1? EF362631 P. pungens NA233 cl.232 FM207626
T. oceanica CCMP1006 cl.2? EF362632 P. pungens NA242 cl.24? FM207628
T. oceanica CCMP1006 cl.32 EF362633 P. pungens NA242 cl.212 FM207627
T. oceanica CCMP10013 GQ330461 P. pungens Jp-148 AM778814
T. oceanica ® IKETo062105° GQ330460 P. pungens Jp-13 AM778812
T. oceanica CCMP10042 EF208794 P. pungens Us-96° AM778803
T. proschkinae ® Makarova IKETp091305° GQ330462 P. pungens US-94/f2 AM778802
T. pseudonana Hasle & Heimdal CCMP1007° as GQ330463 P. pungens US-94/e? AM778801
T. pseudonana CCMP10113 EF208789 P. pungens US-94/d? AM778800
T. pseudonana CCMP10128 EF208790 P. pungens US-94/c? AM778799
T. pseudonana CCMP1014% EF208791 P. pungens US-94/b? AM778798
T. pseudonana CCMP1015° EF208792 P. pungens US-94/a° AM778797
T. pseudonana CCMP1335° EF208793 P. pungens Cn-218° AM778794
T. pseudonana CCMP1335° GQ330463 P. pungens Cn-213% AM778791
T. punctigera © (Castracane) Hasle IKETp121404° FJ864303 P. pungens Cn-193% AM778788
T. rotula Meunier CCMP1647° GQ330466 P. pungens Cn-1728 AM778786
T. rotula CCMP1018° GQ330465 P. pungens Vigo-4® AM778785
T. rotula CCMP1812° GQ330467 P. pungens Vigo-3/g? AM778784
T. weissflogii CCMP1010° EF208782 P. pungens Vigo-3/f AM778783
(Grunow) Fryxell & Hasle

T. weissflogii CCMP1047° EF208779 P. pungens Vigo-3/e? AM778782
T. weissflogii CCMP1048° EF208780 P. pungens Vigo-3/d? AM778781
T. weissflogii CCMP1049° GQ330470 P. pungens Vigo-3/c? AM778780
T. weissflogii CCMP10513 EF208787 P. pungens Vigo-3/b? AM778779
T. weissflogii CCMP1052° EF208784 P. pungens Vigo-3/a® AM778778
T. weissflogii CCMP1053° EF208785 P. pungens Vigo-2° AM778777
T. weissflogii CCMP1336 cl.1® EU029232 P. pungens Vigo-13 AM778776
T. weissflogii CCMP1336 cl.2® GQ330471 P. pungens S(4)6/922 AM778767
T. weissflogii CCMP1587 cl.1® FJ864303 P. pungens S(4)6/f AM778766
T. weissflogii CCMP1587 cl.2® as FJ864303 P. pungens S(4)6/e? AM778765
T. weissflogii 1587C43 EU022313 P. pungens S(4)6/d? AM778764
T. weissflogii 1587C2° EU022312 P. pungens S(4)6/c? AM778763
T. weissflogii BILB2001 cl.C® EU018147 P. pungens S(4)6/b? AM778762
T. weissflogii BILB2001 cl.A® EU018146 P. pungens 6 AM778735
T. weissflogii BILIB2001° EF208786 P. pungens Nz-743 AM778817
unid. sp., centric CCMP2018° GQ330337 P. pungens NZ-67° AM778816
unid. sp., centric CCMP2125° GQ330339 P. pungens NZ-49° AM778815
unid. sp., centric CCMP2063° GQ330464 P. pungens Jp-113 AM778813
unid. sp., centric CCMP1277° GQ330469 P. pungens Us-135° AM778811
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Table 1. (continued)

Species/Authority (corrected name) Strain ID Accession # Species/Authority Strain ID Accession #
(corrected name)

Pennates P. pungens Us-132° AM778810

Achnanthes brevipes Agardh CCMP0100° GQ330304 P. pungens US-123/¢? AM778809

A. longipes Agardh CCMP0101® GQ330305 P. pungens US-123/d? AM778808

Amphora coffeaeformis © IKEAG® GQ330306 P. pungens US-123/c2 AM778807

(Agardh) Kutzing

A. coffeaeformis CCMP01273 GQ330307 P. pungens US-123/b? AM778806

A. coffeaeformis CCMP1405° GQ330309 P. subpacifica (Hasle) 10 81-01° GQ330430
Hasle

A. salina Smith CCMP1119° GQ330308 Rhabdonema sp. © RhCTIIIA4® GQ330431

Asterionellopsis glacialis WDCM NCC5* AY574380 Sellaphora auldreekie SMALL 8B ¢ AJ544679
Mann & McDonald
(S. pupula)

(Castracane) Hasle (Asterionella sp.)

A. glacialis CCMP0139° FJ864272 S. auldreekie (S. pupula) SMALL 8B b? AJ544678

A. glacialis CCMP15813 GQ330312 S. auldreekie (S. pupula) SMALL 8B a® AJ544677

A. glacialis CCMP0135° GQ330311 S. blackfordensis RECT-6 AJ544666
Mann & Droop (BS14xBM44)4?
(S. pupula)

A. glacialis CCMP17173 GQ330313 S. blackfordensis RECT-5 (BAL7)4? AJ544665
(S. pupula)

Cylindrotheca closterium CCMP1725° FJ864277 S. blackfordensis RECT-4(BS7)3? AJ544664
(S. pupula)

(Ehrenberg) Lewin & Reimann

C. closterium CCMP2086° GQ330326 S. blackfordensis RECT-4(BS7)3a® AJ544663
(S. pupula)

C. fusiformis Reimann & Lewin CCMP0344® FJ864278 S. blackfordensis RECT-3 BLA172 AJ544662
(S. pupula)

C. fusiformis CCMP0343° GQ330327 S. blackfordensis RECT-22 AJ544661
(S. pupula)

Delphineis sp. CCMP1095° GQ330328 S. blackfordensis RECT-1 BS13? AJ544660
(S. pupula)

Eunotia bilunaris (Ehrenberg) Mills DM22-52 AM747216 S. capitata Mann & CAP? AJ544651
McDonald
(S. pupula)

E. bilunaris DM22-4? AM747215 S. pupula (Kutzing) BLUNTTHR152 AJ544676
Mereschkovsky deme
blunt

E. bilunaris DM33-2 cl.a? AM747214 S. pupula deme small SM-BLCAP b? AJ544675
blunt capitate

E. bilunaris DM33-2 cl.c? AM747213 S. pupula deme small SM-BLCAP a? AJ544674
blunt capitate

E. bilunaris DM33-2 cl.b? AM747212 S. pupula deme PSEUDOCAP-42 AJ544673

pseudocapitate
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. bilunaris
. bilunaris
. bilunaris
. bilunaris
. bilunaris
. bilunaris
. bilunaris

. bilunaris
. bilunaris

. bilunaris

E. bilunaris

m

mmmmmmmmmmmmmmmmmmmmmm

. bilunaris

. bilunaris
. bilunaris

bilunaris
bilunaris
bilunaris
bilunaris
bilunaris
bilunaris
bilunaris
bilunaris
bilunaris
bilunaris
bilunaris
bilunaris
bilunaris
bilunaris
bilunaris
bilunaris
bilunaris
bilunaris

. bilunaris
. bilunaris

DM33-172

DM33-162

DM33-1 cl.e?
DM33-1 cl.d?
DM33-1 cl.c?
DM33-1 cl.b?
DM33-1 cl.a®

DM33-82
DM33-9 cl.d?

DM33-5 cl.c?

DM33-5 cl.e?

DM33-5 cl.d?

DM33-5 cl.b?
DM33-5 cl.a®
DM33-9 cl.e?
DM33-9 cl.b?
DM33-9 cl.c?
DM33-9 cl.a®
DM33-18 cl.a?
DM33-18 cl.c?
DM33-18 cl.d?
DM33-18 cl.b?
BST12
BST102
BST192
BST6?

JP11 a2

JP11 b2

LB2 a?

LB2 b2

LB2 ¢?

LB2 d?

LB5 a?

LB5 b2

AM747211
AM747210
AM747209
AM747208
AM747207
AM747206
AM747205

AM747204
AM747203

AM747202

AM747201

AM747200

AM747199
AM747198
AM747197
AM747196
AM747195
AM747194
AM747193
AM747192
AM747191
AM747190
AM234666
AM234668
AM234669
AM234667
AM234654
AM234655
AM234656
AM234659
AM234657
AM234658
AM234660
AM234661

S. pupula deme
pseudocapitate
S. pupula deme
pseudocapitate
S. pupula deme
pseudocapitate
S. pupula deme
pseudocapitate
S. pupula deme
pseudocapitate
S. pupula deme
pseudocapitate
Stauroneis

amphoroides Grunow
S. constricta Ehrenberg
Synedra fragilarioides

Fritsch & Rich
Synedropsis
hyperborea

(Grunow) Hasle, Medlin

& Syvertsen
Tabularia affinis ©
(Kltzing) Snoeijs
T. fasciculate

(Agardh) Williams &

Round

T. fasciculata ©
T. fasciculata ©
T. fasciculata ®
T. fasciculata ®
T. fasciculata ®
T. fasciculata ®
T. fasciculata ®
T. fasciculata ®
T. fasciculata ©
T. fasciculata ©
T. fasciculata ®
T. fasciculata ®
T. fasciculata ®
T. fasciculata ©
T. fasciculata ®
T. fasciculata ®
T. fasciculata ®
T. fasciculata ®
T. fasciculata ®
T. fasciculata ®
T. fasciculata ©
T. fasciculata ©

PSEUDOCAP-32
PSEUDOCAP-22

PSEUDOCAP-1
18TmNE d?
PSEUDOCAP-1
18TmNE ¢?
PSEUDOCAP-1
18TmNE b?
PSEUDOCAP-1
18TmNE a2
CCMPT797°

cCcMP1120°
CCMP08443

CCMP14223

206A uk®

T0206A3

T0206B3
T0206E°
T0206F%
T0207U3
T0208A3
T0208AA®
T0208AB®
T0208ABS®
T0208AD>
TO208AE®
T0208AF®
T0208AL®
T0208W*
T0208 x ®
T0214AA3
T0214AB®
T0214AC?
T0214AH3
T0214A1°
T0214AJ3
T0214AL°%
T0214AM3

AJ544672
AJ544671
AJ544670
AJ544668
AJ544667
AJ544667
GQ330441

GQ330442
GQ330443

FJ878725

EU883366

FJ878740

FJ878739
FJ878764
FJ878763
FJ878757
FJ878728
FJ878727
EU883356
FJ878741
FJ878743
EU883360
EU883361
as EU883361
FJ878750
FJ878749
FJ878756
FJ878747
EU883362
EU883357
FJ878771
FJ878770
FJ878746
FJ878769
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Table 1. (continued)

Species/Authority (corrected name) Strain ID Accession # Species/Authority Strain ID Accession #
(corrected name)
E. bilunaris LB5 ¢? AM234662 T. fasciculata ® TO214AN3 FJ878752
E. bilunaris LB5 d? AM234663 T. fasciculata ® T0214A0° FJ878768
E. bilunaris LB5 &2 AM234664 T. fasciculata ® T0214AP® FJ878753
E. bilunaris LB5 2 AM234665 T. fasciculata ® T0214AQ3 FJ878745
Fragilaria pinnata Ehrenberg CCMP0398° GQ330340 T. fasciculata © T0214AS® FJ878754
F. cylindrus (Grunow) Krieger CCMP1102° GQ330342 T. fasciculata ® T0214L3 as FJ878754
F. cylindrus (Nitzschia curta) CCMP1430 cl.1® GQ330361 T. fasciculata ® T0214Q3 FJ878755
F. cylindrus (Nitzschia curta) CCMP1430 cl.2® as GQ330361 T. fasciculata © T02148° FJ878772
F. cylindrus (Nitzschia curta) CCMP0552° GQ330360 T. fasciculata © T0214T3 FJ878767
F. cylindrus (Nitzschia curta) CCMP12732 GQ330362 T. fasciculata ® T0214U° FJ878726
F. cylindrus (Thalassiosira antarctica) CCMP09813 GQ330451 T. fasciculata ® T0214W3 FJ878744
F. cylindrus F cyl new® EF660055 T. fasciculata © T0214 x 3 FJ878766
F. cylindrus Real 9° EF660056 T. fasciculata ® T0217C® FJ878765
F. cylindrus Real 12 EF660057 T. fasciculata ® T0217D° as FJ878765
F. kerguelensis (O’Meara) Hustedt 4-20° EF660061 T. fasciculata © T02171° FJ878773
F. nana (Nielsen) Paasche 2-E-F® EF660058 T. fasciculata © 206E uk® FJ878774
F. nana ErikaFcyl® EF660059 T. fasciculata © 206H uk® EU883363
F. nana PA plate 12A4° EF660060 T. tabulata © (Agardh) 421D° EU883365
Snoeijs
F. oceanica © (Cleve) Hasle sviB1® GQ330345 T. tabulata © 4212 as EU883365
F. oceanica svacas® GQ330346 T. cf. tabulata CCMP0846° EU883364
F. oceanica © SV1A3® GQ330344 Thalassionema CcT25° GQ330444
nitzschioides ©
(Grunow)
Mereschkowsky
Grammatophora oceanica Ehrenberg CCMP0410® FJ864287 unid. sp., pennate CCMP2024° GQ330359
Grammonema striatula ® Lyngbye 11A3® FJ864286 unid. sp., pennate CCMP2025° GQ330358
G. striatula © naz® FJ878724 unid. sp., pennate CCMP21223 GQ330355
G. striatula © CCMP10943 GQ330341 unid. sp., pennate CCMP2035° GQ330429
Navicula arenaria Donkin CCY02282 DQ235781 unid. sp., pennate CCMP2038° GQ330343
N. arenaria Ke? DQ235782 unid. sp., pennate CCMP20413 GQ330363
N. gregaria Donkin K72 DQ235778

see explanation in Kaczmarska et al. (2008) and Amato et al. (2007) regarding taxonomic status of this clade; 2sequences obtained through
bacterial cloning, details in publication associated with GenBank accession number; 3sequences obtained from multiple, separate direct-
PCR, following rationale of Thornhill et al. (2007);*no information associated published on how sequence was obtained; na=no strain
indicated; °s trains obtained from known culture collections are identified as follows: CCMP-Provasoli-Guillard national center for culture of
marine phytoplankton, CCAP - Culture collection of algae and protozoa, CSIRO - Commonwealth scientific and industrial research
organization collection of living microalgae, |0 - Instituto de oceanografia culture collection of Lisbon University, UTEX — University of Texas,

Austin culture collection of algae; ®Our strains.
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(39 sequences), with four different gap penalties
(0.1, 1.2, 2.5 and 5.0) to compare how alignment
changed with changing parameters. Intraspecific
nucleotide difference changed only slightly over
the various gap penalties tested, while interspe-
cific and intrafamilial distance increased between
gap penalty 0.1 and 1.2 and reached a plateau
thereafter. The plateau coincided with alignments
that improved low-scoring fragments without
disrupting the known anchor-regions as recom-
mended by Hall (2004). Consequently, we chose a
gap penalty of 1.2. Using these parameters (open
gap penalty of 10 and gap extent penalty of 1.2)
we performed a multiple alignment on all regions
studied in order to test intraspecific and inter-
specific genetic distances.

We readily found the conserved motif of helix lll
of ITS2 by comparing the species for which this
region has already been described with new
sequences. We do not exclude the possibility that
future studies of secondary structure will improve
these alignments. But these improvements will not
significantly change the boundaries of intraspeci-
fic vs heterospecific divergence, since closely
related species have very similar sequences which
align very easily.

Intragenomic Variation

To calculate intragenomic nucleotide divergence
39 strains from three species belonging to the
class Mediophyceae and eight species from the
class Bacillariophyceae were used. Intragenomic
uncorrected genetic distances (p) observed in the
5.8S sequences of examined mediophytes and
pennates (Table 2) ranged from p=0 to 0.01
differences (substitutions or indels) per site (diff./
site; Table 2).

Genetic distances calculated for 5.8S+ITS2 and
the proposed barcode in mediophytes and pen-
nates did not differ and ranged from 0 to p=0.06
diff./site. The strains showing greatest variation
were two from the species-complex Eunotia
bilunaris (Vanormelingen et al. 2007, 2008) and
the strain Sellaphora pupula 18tmNe, which were
obtained by cloning and not direct PCR. Except
for these two species, divergence between
sequences obtained by direct PCR and by cloning
was equal.

Intraspecific Variation

To estimate intraspecific nucleotide divergence,
80 mediophyte clones from 25 species (Table 3)
and 124 pennate clones from 34 species were
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used (Table 4). Within these species, 15 species
included strains that were sexually compatible
(Table 4) and were considered biological species
in the classical sense of having the capacity to
interbreed. Some of these interbreeding isolates
came from geographically dispersed areas. An
additional 19 morpho-species included clones
from different biogeographic regions.

Intraspecific uncorrected genetic distance using
the 5.8S gene was equal to or slightly higher than
the intragenomic range. For mediophytes, it
ranged from p=0 to 0.06 diff./site (Table 3) and
for pennates from p=0 to 0.03 diff./site (Table 4).
The species showing the maximum variation were
Odbontella mobiliensis, Pseudo-nitzschia delicatis-
sima clade 1 (sensu Lundholm et al. 2006; Amato
et al. 2007) and Sellaphora blackfordensis.

The region 5.8S+ITS2 presented higher intras-
pecific than intragenomic distances. For medio-
phytes, it ranged from p=0 to 0.11diff./site
(Table 3) and for pennates from p=0 to 0.18 diff./
site (Table 4). The higher distances in this case
were found in the species Odontella aurita and
Asterionellopsis glacialis.

The proposed barcode showed similar results to
those observed with the whole 5.8S+ITS2 region.
In mediophytes the range recovered was 0 to
0.09 diff./site (Table 3) and in pennates it was 0 to
0.17 diff./site (Table 4), with Chaetoceros gracilis
and Sellaphora deme “blunt” presenting the
highest distances.

Interspecific Variation

To calculate the number of interspecific nucleotide
differences for congener species, eight medio-
phyte genera (47 species) and 10 pennate genera
(45 species) were used. In this dataset, for 5.8S
alone, the interspecific distances greatly over-
lapped intraspecific genetic distances for both
classes. In mediophytes, the distances ranged
from p=0 to 0.19diff./site (Table 3) with identical
sequences for different species of the same genus
found in all genera except Extubocellulus and
Odontella. In 75% of the cases interspecific
differences fell under the highest value found for
intraspecific variability for this class and 51% of
the cases fell under the highest intraspecific
variability value found for each family. In bacillar-
iophytes, it ranged from p=0 to 0.17 diff./site
(Table 4) with identical sequences found in every
genus except Achnanthes, Sellaphora and Staur-
oneis. In 95% of the cases interspecific differ-
ences fell under the highest value found for
intraspecific variability for pennates and 62% of
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Table 2. Ranges of intra-strain and intragenomic distances in the 5.8S, 5.8S+ITS2 and proposed DNA-

barcode sequences.

Strain/clone N 5.8S 5.8S+ITS2  Proposed barcode ITS'
Mediophyceae

Thalassiosira oceanica CCMP10062 3 0 0 0

T. weissflogii BILB2001° 3 0 0-0.01 0-0.01

T. weissflogii CCMP1587° 2,2 0-0.01 0-0.01 0-0.01

Minidiscus trioculatus CCMP0495° 2 0 0 0

M. trioculatus var. monoculatus® 2 0 0 0
Bacillariophyceae

Eunotia bilunaris LB22 4 0 0-0.06 0-0.06

E. bilunaris LB5? 6 0 0-0.06 0-0.06

E. bilunaris DM33-22 3 0 0-0.01 0-0.01

E. bilunaris DM33-12 5 0 0-0.02 0-0.01

E. bilunaris DM33-9° 5 0-0.01 0-0.04 0-0.05

E. bilunaris DM33-52 5 0-0.01 0-0.06 0-0.06

E. bilunaris DM33-182 4 0 0-0.03 0-0.01
Phaeodactylum tricornutum CCMP0630° 2 0 0 0

P. tricornutum CCMP1327° 2 0 0 0

Sellaphora pupula 18tmNe? 4 0-0.01 0.01-0.06 0.01-0.06

S. auldreekie 8B> 3 0.01 0-0.01 0-0.01

Navicula phyllepta CCY 02122 3 0 0-0.01 0-0.01

N. phyllepta CCY 02132 3 0.01 0-0.01 0-0.01

N. phyllepta BA3? 4 0 0 0

N. phyllepta BA4? 3 0 0-0.01 0-0.01
Pseudo-nitzschia delicatissima® nd nd nd 4
P. multistriata AA5? nd nd nd 0-0.06
P. multistriata DD19? 12 nd nd nd 0-0.06
P. multistriata DD112 13 nd nd nd 0-0.06
P. pungens NA2332 6 0-0.01 0-0.01 0-0.01

P. pungens NA2312 2 0.01 0 0

P. pungens NA179? 4 0-0.01 0-0.01 0-0.01

P. pungens NA1782 5 0 0 0

P. pungens NA2412 2 0 0 0

P. pungens NA1922 2 0 0 0

P. pungens NA116° 3 0-0.01 0 0

P. pungens NA200? 4 0 0 0

P. pungens NA1772 3 0 0 0

P. pungens NA2422 2 0 0 0

P. pungens US-94? 5 0 0 0

P. pungens Vigo-32 7 0 0 0

P. pungens S(4)6° 5 0 0-0.01 0-0.01

P. pungens US-123? 3 0 0 0

Fragilariopsis cylindrus CCMP1430° 2 0 0 0

"According to authors cited; 2sequences obtained through bacterial cloning, details in publication associated
with GenBank accession number (Table 1); ®sequences obtained from multiple, separate direct-PCR,
following rationale of Thornhill et al. (2007); *lower than variability of multiple strains within a clade ([Orsini

et al. 2004)

the cases were not separated using the threshold
for each family, using 5.8S alone.
In the mediophytes, the combined 5.8S+ITS2

interspecific variability ranged from p=0 to

0.48 diff./site calculated from the 245 compar-
isons, species by species (47 total species,
Table 3). Only 17% of the species comparisons
fell into the 0 to 0.11 range observed for within



Table 3. Intraspecific, intrageneric and intrafamilial distances for the markers 5.8S, 5.8S+ITS2 and the proposed barcode calculated for seven
families of the Class Mediophyceae; N, indicates number of pairwise comparisons and Ng shows the number of species represented by the
sequences. For each marker and each family the average uncorrected distance is shown in each cell above with the range below. Intrageneric
and intrafamilial overlap (in parentheses) indicates percent of pairs of sequences falling into the ranges calculated for intraspecific distances
(within intrageneric category) or intrageneric distances (within intrafamilial category). Values presented in the row named Class indicates
number of species, average and ranges of pairwise sequence comparisons calculated for the Class in the same way as for each family.
Overlap percentages were calculated using the Class threshold (first value) and the threshold calculated for each family (second value in bold).

Family Intraspecific Intrageneric Intrafamilial
N, 58S 5.8+ITS2 barcode N, 5.88 5.8+ITS2 barcode N, 5.88 5.8+ITS2 barcode
N¢ Ns  (overlap) (overlap) (overlap) Ns (overlap) (overlap) (overlap)
Thalassiosiraceae 49 0 0.01 0.01 143 0.03 0.21 0.18 89 0.03 0.26 0.23
8  0-0.01 0-0.10 0-0.08 0-0.15 0-0.36 0-0.30 19  0.01-0.11 0.12-0.45 0.11-0.39
18 (24%) (5%) (5%) (100%) (79%) (76%)
Skeletonemataceae 561  0.01 0.02 0.01 21 0.01 0.11 0.05 6 0.08 0.26 0.22
7 0-0.03 0-0.07 0-0.05
7 0-0.03 0.02-0.11 0.02-0.08 6 0.08-0.10 0.25-0.28 0.21-0.24
(95%) (43%) (43%) (0%) (0%) (0%)
Stephanodiscaceae 9 0.01 0.01 0.01 7 0.01 0.09 0.08 8 0.07 0.28 0.23
2 0-0.02 0-0.03 0-0.02 4 0-0.02 0-0.12 0-0.10 13 0.06-0.08 0.27-0.30 0.22-0.24
(100%) (25%) (25%) (0%) (0%) (0%)
Chaetocerotaceae 32 0.01 0.03 0.03 68 0.09 0.34 0.30 12 0.12 0.44 0.29
4 0-0.04 0-0.09 0-0.09 12 0-0.19 0.04-0.48 0.03-0.41 2 0.08-0.20 0.38-0.48 0.23-0.38
(16%) (4%) (3%) (92%) (92%) (100%)
Lithodesmiaceae 56 0 0.01 0 nd nd nd nd 5 0.04 0.25 0.22
2 0-0.05 0-0.01 (nd) (nd) (nd) 3 0.03-0.05 0.22-0.26 0.19-0.24
(nd) (nd) (nd)
Cymatosiraceae Nd nd nd nd 1 0.02 0.18 0.21 14 0.08 0.38 0.33
2 (nd) (nd) (nd) 6 0.01-0.19 0.30-0.41 0.24-0.39
(21%) (0%) (0%)
Tricerataceae 7 0.01 0.05 0.04 5 0.13 0.38 0.32 nd nd nd nd
2 0-0.06 0-0.11 0-0.08 4 0.06-0.17 0.26-0.44 0.20-0.38 (nd) (nd) (nd)
(20%) (0%) (0%)
Class 714 0.01 0.02 0.02 245 0.05 0.22 0.19 134 0.07 0.31 0.25
25 0-0.06 0-0.11 0-0.09 0-0.19 0-0.48 0-0.41 0.01-0.20 0.12-0.48 0.11-0.39
47  (75%/51%) (17%/16%) (16%/16%) 49 (79%/43%) (99%/34%) (100%/35%)
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Table 4. Intraspecific, intrageneric and intrafamilial distances for the markers 5.8S, 5.85+ITS2 and the proposed barcode calculated for nine
families of the Class Bacillariophyceae; N, indicates number of pairwise comparisons and N shows the number of species represented by the
sequences. For each marker and each family the average uncorrected distance is shown in each cell above with the range below. Intrageneric
and intrafamilial overlap (in parentheses) indicates percent of pairs of sequences falling into the ranges calculated for intraspecific distances
(within intrageneric category) or intrageneric distances (within intrafamilial category). Values calculated only with biological species are
indicated separately. Values presented in the row named Class indicates number of species, average and ranges of pairwise sequence
comparisons calculated for the Class in the same way as for each family. Overlap percentages were calculated using the Class threshold (first
value) and the threshold calculated for each family (second value in bold).

Family Intraspecific Intrageneric Intrafamilial
N, 58S 5.8+ITS2 barcode N, 5.88 5.8+ITS2 barcode N, 5.8S 5.8+ITS2  barcode
Ns Ng (overlap) (overlap) (overlap) Ns (overlap) (overlap) (overlap)
Fragilariaceae 832 0 0.02 0.02 9 0.01 0.22 0.24 25 0.03 0.31 0.36
3 0-0.02 0-006 0-0.06 5 0-0.01 0.16-0.30 0.19-0.31 6 0.01-0.05 0.16-0.39 0.23-0.44
(100%) (0%) (0%) (0%) (20%) (0%)
Fragilariaceae 821 0 0.03 0.02 3 0.01 0.18 0.23 nd nd nd nd
(biological species)
2 0-0.02 0-005 0-0.06 3 0-0.01 0.16-0.21 0.19-0.31 (nd) (nd) (nd)
(100%) (0%) (0%)
Eunotiaceae’ 33 0 0.02 0.02 103 0 0.17 0.17 nd nd nd nd
(biological species) 4 0-0.01 0-0.05 0-0.05 0-0.01 0.13-0.21 0.13-0.21 (nd) (nd) (nd)
4 (100%) (0%) (0%)
Achnanthaceae nd nd nd nd 1 0.10 0.49 0.40 2 0.10 0.40 0.36
2 (nd) (nd) (nd) 2 0.09-0.10 0.38-0.41 0.33-0.39
(100%) (100%) (100%)
Sellaphoraceae? 46  0.01 0.02 0.02 9 0.03 0.30 0.27 nd nd nd nd
(biological species) 2 0-0.03 0-0.13 0-0.17 5 0.01-0.06 0.09-0.41 0.08-0.39
(38%) (21%) (21%) (nd) (nd) (nd)
Phaeodactylaceae 55 0 0.01 0.01 nd Nd nd nd nd nd nd nd

1 0-0.02  0-0.03 (nd) (nd) (nd) (nd) (nd) (nd)
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Naviculaceae 28 nd nd nd 21

8
8
Stauroneidaceae nd nd nd nd 2
1
Bacillariaceae 1973 0 0 0 168

15 0-0.03 0-0.02 0-0.03 28

Bacillariaceae 1424 0 0 0 45
(biological species) 7 0-0.02 0-0.02 0-0.03 10

Catenulaceae 3 0.01 0.03 0.03 3
1 0-0.05 0-0.05 2
Class 2970 0 0.02 0.02 316

34 0-0.03 0-0.18 0-0.17 45

0.03

0-0-05
(nd)

0.17
(nd)

0.02
0-0.06
(71%)

0.02
0-0.04
(62%)

0.04
0.03-0.04
(0%)

0.05
0-0.17

0.32

0.13-0.40
(nd)

0.51
(nd)

0.23
0.01-0.48
(1%)

0.17
0.03-0.24
(0%)

0.36
0.35-0.36
(0%)

0.33
0.01-0.41

(95%/62%) (41%/4%)

0.25 nd nd nd nd
0.13-0.34 (nd) (nd) (nd)
(nd)
0.45 nd nd nd nd
(nd)
(nd) (nd) (nd)
0.17 213 0.02 0.38 0.25
0-043 28 0-0.08 0.30-0.40 0.08-0.43
(1%) (98%) (100%) (100%)
0.15 nd nd nd nd
0.02-0.24
(2%) (nd) (nd) (nd)
0.36 nd nd nd nd
0.35-0.36 (nd) (nd) (nd)
(0%)
0.29 240 0.05 0.32 0.33
0.02-0.45 36 0-0.10 0.16-0.41  0.10-0.44
(41%/4%) (90%/66%) (95%/73%) (98%/67%)

following criteria of Vanormelingen et al. (2008); 2following criteria of Mann et al. 2008.
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species variation. This includes the case of the
two closely related morpho-species Stephanodis-
cus niagarae and S. yellowstonensis, thought
to have diverged only 12,000-8,000 years ago
(Zechman et al. 1994) and which present an
identical sequence. Also, only 15% of compar-
isons fell into the range observed within each
family. In the bacillariophytes, the 5.8S+ITS2
interspecific distances ranged from 0.01 to 0.41
calculated for the 316 species by species com-
parisons (45 total species, Table 4). Although 41%
of the species comparisons fell into the 0 to 0.18
range observed for within species variation, only
4% of the comparisons fell into the range
observed within each family; which means 85%
separation in mediophyte species and 96%
separation in bacillariophyte species using thresh-
olds specific for each family. For both classes,
these results indicate an excellent level of species
resolution considering that not only biologically
defined but also morpho-species were included.

Using the same analyses for the proposed DNA-
barcode region within the class Mediophyceae,
the interspecific distance ranged from p=0 to
0.41 diff./site calculated for the 245 species by
species comparisons (47 total species, Table 3).
Similar to the longer fragment, only 16% of the
species comparisons fell into the p=0 to 0.09 diff./
site range observed for within species variation
and only 15% fell into the range observed within
each family. In the bacillariophytes, the barcode
interspecific distances ranged from p=0.02 to
0.45diff./site calculated for the 316 species by
species comparisons (45 total species, Table 4).
Although 41% percent of the species compar-
isons fell into the 0 to 0.17 range observed for
within species variation for the whole class, 4% of
species comparisons fell into the range observed
within each family, indicating that our proposed
barcode performs as well as the longer fragment
discussed above. Again, this translates to 85%
separation in mediophyte species and 96%
separation in bacillariophyte species, using
thresholds specific for each family.

Both 5.8S/ITS2 and the proposed barcode are
good at discriminating the vast majority of species
examined in our species set assembled by
chance. For mediophytes, the proposed barcode
and the whole 5.8S+ITS2 are roughly equivalent in
discriminating species. For bacillariophytes, the
proposed barcode is slightly less sensitive than
5.8S/ITS2 in discriminating species. No two
species ever presented the same sequence either
for the whole 5.85/ITS2 and only a few did for the
proposed barcode.

To expand the phylogenetic range of data
examined, intrageneric but intrafamilial divergence
was also calculated for 17 mediophyte genera (49
species, Table 3) and 9 pennate genera (36
species, Table 4). Families which showed the
highest overlap for intrageneric/intrafamilial varia-
bility coincide with families that showed the lowest
overlap for intraspecific/interspecific variability,
these being Thalassiosiraceae and Chaetocerota-
ceae using 5.8S and all families using the other
two markers.

Ultimate Test — BLAST

The effectiveness of the barcode was further
supported using the tool BLAST on all sequences,
including the ones used in intra- versus inter-
specific variability, on ten sequences of unknown
taxa, seven ll-fitting sequences, and six
sequences belonging to families represented by
single strains. The sequences obtained were
BLASTed against our database using the software
provided by Genome Quebec (McGill). For seven
strains their sequences were flagged as suspect
by this marker. The misidentification was con-
firmed by subsequent morphological analysis.
These strains were “Nitzschia curta” (CCMP
0552), “N. cylindrus” (CCMP 1273), “N. curta”
(CCMP 1430) and “Thalassiosira antarctica”
(CCMP 0981) all of which proved to be the same
as CCMP 1102 (Fragilariopsis cylindrus). Another
strain, “Pseudo-nitzschia seriata” (CCMP 1309)
was found to be the same as Pseudo-nitzschia cf.
granii (CCMP 2093) while “Cylindrotheca closter-
ium” (CCMP 0339) was in fact Ditylum brightwellii.
Using the same procedure, we also used our
proposed barcode to identify ten strains from
CCMP that were listed as unidentified centrics or
pennates (“unid. sp.”). BLASTed to our database,
these strains were identified as indicated: CCMP
2018 correctly as Extubocellulus spinifer, CCMP
2122 as Navicula phyllepta, CCMP 2024 (is
Navicula tripunctata) and CCMP 2025 as species
of Navicula correctly, CCMP 2035 as a species of
Pseudo-nitzschia (is a Nitzschia sp.), CCMP 2038
as a species of Fragilariopsis (is Nitzschia cf.
spathulata), CCMP 2125 as Fragilaria pinnata (is
Nanofrustulum shiloj), CCMP 1277 and CCMP
2063 as Thalassiosira sp. correctly (is T. cf.
mediolana), CCMP 2041 as a species of Nitzschia
(is Psammodictyon cf. panduriformis ). These
identities were confirmed by a follow up SEM-
based examination; identities of the closest
morpho-species are indicated in parentheses.
For example, we identified CCMP 2024 as



Navicula tripunctata, a species for which we did
not yet have a sequence. The strains identified
only to the genus level were confirmed to be
species different from those for which reference
sequences were available in our dataset. When a
reference barcode for the species existed in our
database, the identification of “unid. sp.” was
correct.

Discussion

What Makes a Good Barcode and How to
Test I1t?

A practical and useful barcode must fulfill at least
three prerequisites: possess genetic interspecific
distances exceeding intraspecific distances
(monophyletic clusters of representative barcodes
for a species), consist of a sequence length
obtainable in a single amplification and contain
conserved flanking fragments so as to facilitate
the design of universal primers.

The concept of DNA-barcoding has been well
accepted and successfully practiced, particularly
in the higher animal kingdom. In these organisms,
biological delineation of species coincides fairly
well with phenotypical criteria normally used to
identify species, and intraspecific cox7 sequence
variability is low, in contrast to diatoms (Evans
et al. 2007; Ehara et al. 1995; Moniz and
Kaczmarska 2009). Since cox1 (the chosen
barcode for the animal kingdom) separates the
majority of animal species in well defined genera,
it is considered a good marker (Cywinska et al.
2006; Hajibabaei et al. 2006; Hebert et al. 2003,
2004), although there is less consensus regarding
the threshold of divergence coinciding with
separation of species (Hebert et al. 2003; Lefébure
et al. 2006; Spies et al. 2006; Ward et al. 2005). In
microprotists however, cox7-based barcode test-
ing including sexual compatibility has only been
conducted for the diatom genus Sellaphora (Evans
et al. 2007; Evans and Mann 2009; Mann et al.
2008), and the ciliate genus Tetrahymena (Lynn
and Strider-Kypke 2006).

Here, we discuss the efficacy of an alternative
marker (5.8S+ITS2) applied to a wider still phylo-
genetic range and larger number of diatom
species obtained from our research and available
from the literature (Amato et al. 2007; Behnke
et al. 2004; Evans et al. 2007; Kaczmarska et al.
2008; Moniz and Kaczmarska 2009; Vanormelin-
gen et al. 2007, 2008) for species delineated
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morphologically (Tables 3 and 4) and biologically
(Table 4, in part).

Using our proposed DNA-barcode, ca. 75% of
all species examined here were resolved using the
highest value of intraspecific variability found for
the whole class as a threshold and 91% using the
highest value for intraspecific variability found for
each family as a threshold. This success rate is
lower than recently reported in animal phyla
(Janzen et al. 2009) but higher than, for example,
the 70% success achieved using the three-gene
barcode matk+rpoB+rpoC1 for land plants, which
represented one of the highest success rates
found for plants (Fazekas et al. 2008). It appears
that diatoms harbor comparatively more intraspe-
cific sequence variability in our barcode region
even among sexually compatible clones than
some other protists (Litaker et al. 2007). We
nonetheless anticipate the success rate of the
proposed barcode for diatoms to improve further
with expansion of our reference set of sequences
and better taxonomic resolution of “difficult” taxa.

In this study we included (a) 15 species from
four genera containing species tested for sexual
compatibility, (b) morpho-species whose identity
was confirmed solely by light microscopy and (c)
taxonomically challenging genera comprised of
sequences available in GenBank. In the second
group, we include several pairs of sister morpho-
species in genera such as: Cylindrotheca, Extu-
bocellulus, Fragilariopsis, Odontella, Pseudo-
nitzschia, Skeletonema, Tabularia, Thalassiosira
and Minidiscus. In the last group (c), we accepted
species identity given by associated sources,
some of which remain unpublished. These include
ca. 15 species from genera which are either
undergoing taxonomic re-appraisal or have been
identified as requiring re-appraisal. These include:
Chaetoceros (Castillo et al. 1992; Ostenfeld 1912;
Rines and Hargraves 1988), Cyclotella (Carvalho
et al. 1995; Flower et al. 1990; Hakansson 1989;
Hakansson and Khursevich 1997; Sabater and
Klee 1990), Skeletonema (Kooistra et al. 2008;
Sarno et al. 2005, 2007; Zingone et al. 2005) and
Stephanodiscus (Hakansson and Kling 1989,
1990; Hakansson and Meyer 1994). Therefore,
some of the sequences from group (c) may
represent strains where species assignation is
uncertain or incorrect. These taxonomic uncer-
tainties would affect the intraspecific genetic
distance range recovered in our study but we
included them here to illustrate cases of taxa
representing a range of variance in species
taxonomic resolution, such as will likely be
encountered in initial stages of future barcoding
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efforts of such taxa. It is encouraging to observe
that even in these cases the barcode places the
diatom in the correct genus and often in the
correct section of the genus when the reference
sequence of a related species is available in the
database.

5.8S Gene — an Anchor Point

In the chance-selected assemblage of diatoms we
examined here, the 5.8S fragment shows enough
variability to separate some species and most
genera, which can be seen by the fact that the
families included either have low intraspecific/
intrageneric overlap or low intrageneric/intrafami-
lial overlap. Kress et al. (2005) reported that in
flowering plants this fragment acts as an anchor
point for alignments in both phylogenetic and
barcoding studies. In our study and those from
green and brown algae, terrestrial plants, and
most animal lineages (Coleman 2003), sequences
were often spotted as misidentified or mislabeled
because the 5.8S fragment differed significantly
from what was expected. When a species
sequence is unavailable in the database being
used, this fragment promptly eliminates many
candidates and often correctly indicates to which
higher taxon this unknown organism belongs. For
these reasons, we decided to keep the 5.8S gene
when testing our barcode.

ITS2 Fragment — Adding Resolution

As a non-coding fragment, ITS2 does not have the
triplet code to help with alignment and therefore is
a difficult marker to use in global alignments with
all taxa. However, recent reports have shown that
ITS2 contains conserved cores throughout the
eukaryotes (Coleman 2000, 2003, 2007; Coleman
and Mai 1997; Miiller et al. 2007; Schultz et al.
2005). These core structures can now be readily
aligned automatically for very large sets of
sequences (Mdller et al. 2007; Seibel et al. 2006;
Wolf et al. 2005) making ITS2 more suitable as a
marker over a broader taxonomic range (Coleman
2003; Mai and Coleman 1997; Schultz et al. 2005).

The 5.8S+ITS2 fragment reliably separated
intraspecific and interspecific divergence in 91%
of the cases we studied using the family-specific
threshold. These successful cases included spe-
cies from the genera Thalassiosira, Cyclotella,
Odontella, Chaetoceros, Fragilaria, Tabularia,
Eunotia, Sellaphora and most nitzschioids.

In a similar study, Litaker et al. (2007) also
evaluated the ITS fragment and its different

constituents as a barcode for dinoflagellates.
Although the 5.8S fragment did not show enough
resolution to separate dinoflagellate species, both
ITS1 and ITS2 alone did, suggesting that these
fragments alone could serve as a tool for identify-
ing dinoflagellate species. Using the entire ITS
sequence, they found differences higher than
p=0.04 as indicative of interspecific divergence
level. For diatoms and the 5.8S+ITS2 fragment,
this value would be a very low threshold, but
dinoflagellates seem to show less divergence than
other taxa even when using cox7 (Ferrell 2008).
Using just the ITS2 fragment, most of the
dinoflagellate species studied by Litaker et al.
(2007) were separated with uncorrected genetic
distances greater than p=0.0706, which is more
similar to distances we found in the combined
5.8S+ITS2 fragment in diatoms. Shao et al. (2004),
using the ITS fragment for species identification in
Gymnodiniaceae, found much higher interspecific
genetic distances (p=0.19 to 0.20), more in line
with our findings for diatoms using uncorrected
distances in a general time reverse model.

Proposed Barcode

The proposed barcode shows enough divergence
to separate 91% of the diatom morpho-species
and 99.5% of all biologically defined species using
the family-specific threshold. Not only did the
proposed barcode confirm separation of well-
defined species with a class-specific threshold of
p=0.11 diff./site for mediophytes and p=0.18 diff./
site for pennates, it also improved the alignment
and thus resolution of taxa such as the genera
from the family Chaetocerotaceae showing more
overlap when using the entire 5.8S+ITS2 fragment
aligned with no aid of secondary structure.

Since a barcode should be precisely defined,
we chose to test a fragment beginning with the
start codon at the 5’ end of 5.8S and ending in the
widely conserved motif on the 5’ end of helix Il of
the ITS2 secondary structure (Coleman 2008).
This fragment fulfills the requirements of a reliable
and practical barcode because it contains a short
sequence length compatible with single amplifica-
tions: ca. 300bp in mediophytes and 400bp in
pennates. This fragment also has conserved
flanking fragments (SSU and LSU) that increase
the probability of developing universal primers. We
used the primers ITS1 and ITS4 for a large majority
of our sequences, but we believe that with the
diversity of species that have in the meantime
been sequenced, either by us or by others,
improvement on these primers might be obtained.



The ITS region has already been used as a
specific tag in a number of protist phyla, some
animal groups (Wang and Guo 2008; Moritz et al.
2001) and fungi (Seifert 2009). Recently, the
Internal Sub-commission on Fungal Barcoding
selected ITS as a barcode for fungi (Seifert
2009), and now prepares the formal proposal to
the Consortium for the Barcode of Life (CBOL,
Seifert 2009) to designate it as an official barcode
for fungi. Litaker et al. (2007) suggested using this
marker to identify dinoflagellates. Even among
flowering plant species, Gemeinholzer et al.
(2006), explored advantages and disadvantages
of using ITS1 for species identification of Aster-
aceae from the tribes Lactuceae and Anthemi-
deae. The limitations for use of the ITS-region in
phylogenetic studies are well documented in
flowering plants (Alvarez and Wendel 2003) and
more challenging due to polyploidization being a
key mechanism of speciation; 50-80+% of flower-
ing plant species are thought to have arisen via
polyploidization (Soltis et al. 2004, 2009).

In polyploids and hybrids, particularly in taxa
where concerted evolution is slow, intraindividual
sequence variation may be high (Alvarez and
Wendel 2003). The presence of different multiple,
equally frequent copies of the DNA barcode
sequence would render identification of such
species more difficult, but not impossible to
detect (D’Alelio et al. 2009). Although polyploid
species have not yet been documented in diatoms
(Armbrust et al. 2004; Bowler et al. 2008; Kociolek
and Stoermer 1989) species chromosome num-
bers are remarkably similar in closely related taxa
(Kociolek and Stoermer 1989) suggesting their
non-polyploid origin. If polyploid diatom species
are discovered and/or their DNA proves inacces-
sible to direct PCR amplification, an alternative
barcode may be needed for them. Polyploidy
however, is not without advantages because it
may identify species ancestry (Feliner and
Rosselld 2007).

Using ITS region sequence data, hybrids have
recently been shown to exist among morphologically
indistinguishable sympatric populations of Pseudo-
nitzschia muiltistriata (D’Alelio et al. 2009), two
varieties of P. pungens (Casteleyn et al. 2009) and
among sterile hybrids of two reproductively isolated
heterogeneous clones of Eunotia bilunaris (Vanorme-
lingen et al. 2008). In all these cases the hybrid nature
of the sequences was apparent and did not prevent
their identification. Nonetheless, routine evaluation of
sequences irrespective of suspect polyploid or hybrid
nature is advisable in all biota (D’Alelio et al. 2009;
Feliner and Rossellé 2007).
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Paralogy, better documented in nuclear multi-
gene, multicopy gene families, is not absent in
organelles, as recently documented for cox1 in the
fungal genus Fusarium (Gilmore et al. 2009), and
should be anticipated in the diatom organelle
genome as well, particularly in species with
hologamic syngamy. All these data necessitate
re-emphasis of our message, here and in previous
publications (Kaczmarska et al. 2007; Moniz and
Kaczmarska 2009) that “unusual” DNA-barcodes
for a given species should be viewed as “flags” to
initiate further in-depth taxonomic analysis.

Comparison with Cox1

In animals the success rate in species identifica-
tion using cox1 barcodes has been reported to be
as high as 98-100% in North American birds
(Hebert et al. 2004), Australian fish (Ward et al.
2005) and tropical Lepidoptera (Hajibabaei et al.
2006). The success rate declined when a com-
prehensive search for inter- and intraspecific
variation also including “difficult” species was
carried out as we did in our study. Meyer and
Paulay (2005) found that in a comprehensive
dataset of cowry species (small marine gastro-
pods) the majority of individuals (>96%) were
successfully identified by the cox7-barcode. How-
ever, they noted that a certain percentage of
evolutionarily recent and/or closely related spe-
cies (0 to 8% in their case) will still show 100%
identity with their sister species, similar to our
case of two morpho-species of Stephanodiscus
and Minidiscus. In certain genera with currently
unresolved taxonomy, as was the case in some of
the taxa includes in our study (e.g. some species
of Chaetoceros) some species will appear non-
monophyletic, increasing the barcoding identifica-
tion error rate for taxa defined only by morphology.
Meyer and Paulay (2005) also caution against the
strict use of thresholds in screening for new
species, because this would overlook at least
one-fifth of less divergent species, e.g. cowries,
turbinids and limpets. Therefore, thresholds may
be set for various taxa more specifically, in tune
with their evolutionary history and the time of
separation from their last common ancestor.
Some protist groups have shown success when
using cox1 barcodes, e.g. macroalgae (Kucera
and Saunders 2008; Saunders 2005), and some
micro-protists, albeit in some groups on selected
or phylogenetically narrow taxa such as isolates
from the genus Tetrahymena (Chantangsi et al.
2007) and strains of Paramecium tetraurelia and
P. caudatum (Barth et al. 2006). As well, using 22
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Sellaphora species including sexually compatible
and incompatible strains and three other raphid
genera, Evans et al. (2007) and Mann et al. (2008)
assessed cox1 as a possible barcode for diatoms.
Our own data supports the authors’ conclusions
that this marker affords clear separation of
species and that diatom-universal primer design
for this DNA fragment will be challenging (Moniz
and Kaczmarska 2009). These difficulties led us to
focus on the ITS-fragment as, based on our data
to date, it appears to carry stronger potential to be
used in barcoding all diatoms, using a few pairs of
primers already available. A more systematic
comparison of this and other markers is discussed
in Moniz and Kaczmarska (2009).

Working Toward a Globally Consistent
Diatom Identification Tool

DNA-barcoding is a kind of molecular taxonomy
that utilizes a very short standardized DNA
sequence to identify species (Ratnasingham and
Hebert 2007). In practice, a recovered barcode
sequence of an unknown specimen is compared
to barcodes in an existing database assembled for
specimens, identified or validated by expert
taxonomists, available in museum and culture
collections, archived from biodiversity inventories,
etc. Each of these barcodes is tied to a voucher
specimen, its biogeography and other auto-
ecological data that is publicly available at the
Barcoding of Life Data Systems (BOLD) linked via
the “LinkOut” function to the DNA Barcoding in
the GenBank TaxBrowser of the respective taxon.
These databases provide molecular and classical
taxonomic references for the animal species,
inclusive of the range of representative barcodes
attributed to a species and reflecting its genetic
and morphological variability, a de facto barcode-
scription of the species. Such a database includes
(whenever possible or after taxonomic re-apprai-
sal), but is not limited to, barcodes for a species
type (holotype, neotype, etc.). DNA barcode
sequence variability (comprised in representative
barcodes) has been a recognized phenomenon
since the onset of barcoding and is evident in the
attention given to detection of ranges in sequence
divergence within and between species (Hebert
et al. 2003; Saunders 2005), although intraspecific
barcode variability in animal groups is much lower
than in diatoms, even when only biological
species of diatoms are compared.

Application of DNA barcodes to identification of
diatoms conducted as summarized above will

confer the same benefits. We consider barcoding
of diatoms as a modern, electronically accessible
and searchable extension and addition to the
earlier floristic efforts (e.g., Diatoms of the
United States, etc.) where voucher images,
biogeography, etc. may now be accompanied by
a standardized short fragment of DNA; the
barcode. It is our contention that there is an
obvious need to barcode a great number of
specimens of a great number of species (imper-
fect as they currently may appear to be deli-
neated) in order to assemble a reference barcode-
database and begin a large scale systematic
evaluation of the relationship between valve
micro-architecture (morpho-species), DNA
sequence variability (phylogenetically defined
species) and when necessary (and possible), their
relationship to breeding compatibility (biologically
defined species). Widely cast barcoding will
separate known species from yet undescribed
taxa. If current predictions of diatom species
richness are correct (Mann 1994, 1999) and
species number is on the order of 200,000-
1,000,000, compared to 10,000-20,000 species
now formally described, the majority of extant
diatom species will be described in the future and
these ought to be typified by both morphology
and type-(bar)code.

Among barcoded animal species, “unusual”
barcodes initiate scrutiny of the specimens and
when necessary involve interim names and codes
(Janzen et al. 2009, p. 10). New species are then
described, old ones amended and affiliated with
the type or neo-typified (type-code) etc., following
the rules of the Nomenclatural Code and, perhaps
consideration of Hoef-Emden et al. (2007) and
Surek (2008). This approach also applies to
diatoms. The history of redefining old species
and discovery of new species in Pseudo-nitzschia
is an excellent example where barcoding could
now be consistently applied to individuals col-
lected worldwide even if few yet have their
taxonomic types barcoded.

In a different approach, Evans and Mann (2009)
illustrate how barcodes can be used to stabilize
taxonomy of described species by giving them
nomenclatural status in order to establish an
“unambiguous molecular reference point” (Evans
and Mann 2009, p. 73), with the implication that
one species can only be represented by one
barcode (holotype, epitype barcode, etc.). In that
approach, “the barcode value is to improve
species typification” (Evans and Mann 2009,
p. 73). We concur that such a type-code reference
point would indeed be an unambiguous reference



and improved typification ought to be the goal of
follow-up taxonomic revisions when specimens
believed to belong to one species are found to
contain groups of different barcodes. We observe
however that the type specimen is already an
unambiguous reference point. Barcoding that is
practiced as an identification tool for animal and
macro-algae, described above (Hebert et al. 2003;
Janzen et al. 2009; Saunders 2005) and proposed
here has the potential to achieve more than
improving typification. Ambiguities arise when
the morphology (or sequence) of an unknown
individual departs from 100% identity with the
type. It is at this point that representative
barcodes are most useful because they provide
an empirical and quantitative framework for intra-
specifically acceptable divergence in the standar-
dized sequence. This is based on several hundred
characters (nucleotides) and their positions, on
which to evaluate the goodness of fit of the
unknown individual to a closest barcoded species.
Diatom cultures available in culture collections
are a natural first choice to begin such DNA-
barcoding. It is already clear that large scale
taxonomic revisions in diatom taxonomy and
systematics will result from using molecular
tools for species identification (including DNA-
barcoding), as it did following the introduction of
electron microscopy to diatom research a few
decades ago.

Summary

So far and in the species tested, the barcode we
propose has succeeded in separating 91% of
cases using thresholds determined at the family
level. BLASTing of sequences correctly identified
all sequences tested, detected misidentified
sequences and afforded identification of unknown
strains, including those which could be identified
to species level when reference sequences were
available in our dataset. Larger reference data-
bases, when available, will be especially useful to
all scientists requiring a globally consistent,
correct and inexpensive identification of unknown
organisms. Recently a comparison study of
several methods of species identification came
to the conclusion that BLASTing against a good
reference database is one of the most reliable
tools, even more so than strict tree-based
phylogenetic methods (Ross et al. 2008) attesting
to significance of a valid reference database.
Databases compatible with the proposed bar-
code fragment are growing very rapidly (Mdaller
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et al. 2007; Seibel et al. 2006; Wolf et al. 2005).
Furthermore, improved understanding of the
secondary structure of ITS2 brings additional
serendipitous advantages to our choice. An
intriguing consistent coincidence between sexual
incompatibility and nucleotide differences in these
conserved fragments has been documented in a
wide range of biota (Coleman 2008), including a
few species in the genus Pseudo-nitzschia (Amato
et al. 2007; Casteleyn et al. 2008; D’Alelio et al.
2009) and possibly in the genus Sellaphora
(Behnke et al. 2004). If proven widely applicable
to diatoms, this coincidence would be a very
useful proxy for the detection of sexual separation
in microbiota such as diatoms, for which mating
compatibility is not easily determined on a routine
basis and morphological characteristics of con-
geners may be misleading (Evans et al. 2008).
Behnke et al. (2004) and Amato et al. (2007) have
already suggested the presence of CBC (com-
pensatory base change) in sexually incompatible
clones of two Sellaphora genotypes and seven
Pseudo-nitzschia genotypes. For all of these
encouraging reasons, we propose the 5.8S+ITS2
fragment as a DNA-barcode for diatoms.

Methods

The identity and origin of culture strains examined in this study
are listed in Table 1 and included 116 clones established in our
laboratory, 117 strains received from the Provasoli-Guillard
National Center for Culture of Marine Phytoplankton (CCMP),
5 from Instituto de Oceanografia da Faculdade de Ciéncias,
Lisbon University (I0) and 380 sequences from GenBank.
Available strains were selected to represent a wide range of
geographic and phylogenetic diversity, preferably among
multispecies genera. The procedure for clone isolation by
micropipetting followed Andersen (2005). Non-axenic cultures
were maintained in 20mL tubes or 125mL flasks in /2
medium (Guillard 1983), a dilution thereof (f/4 to f/20), or in L1*
medium (Andersen 2005) at a temperature of approximately
either 6°C, 12°C or 20 °C depending on strain requirements,
with a 12:12 h light:dark (L:D) photocycle and a photon fluence
rate of about 20-50 tEm~2s~". Frozen pellets of all the strains
used, their DNA and material prepared for SEM observations
are available upon request. Live material of nearly all of the
CCMP strains used in this study is available at the collection.
Live material of some of our clones (or their genetic
equivalents) is still available and will be provided upon
request.

When necessary to verify the identity of a strain, culture
samples were prepared for SEM as described in Kaczmarska
et al. (2005) and observed with a JEOL-5600 SEM (JEOL USA,
Peabody, MA, USA) operating at 10kV and 8 mm working
distance, at the Digital Microscopy Facility, Mount Allison
University.

Cells in mid exponential growth phase were concentrated
by centrifugation and pellets were frozen until needed. The
UltraClean Soil DNA Kit (MoBio Laboratories, Carlsbad, CA,
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USA) as well as the Power Plant DNA Isolation Kit (MoBio
Laboratories, Carlsbad, CA, USA) were used to obtain DNA,
following manufacturer specifications.

Seven hundred bp of the nuclear internal transcribed
spacers (ITS1 and ITS2) and the 5.8S rDNA gene (hereinafter
referred collectively as the ITS fragment) were amplified in
most cases using primers ITS1 and ITS4 (White et al. 1990). In
some cases, primers ITS5 (White et al. 1990) or the pair NS7m
and LR1850 (Bhattacharya 1996; White et al. 1990) were used
with better results. The 23 ul PCR reaction mixes were carried
out either in PuReTag Ready-To-Go PCR Beads (GE
Healthcare Biosciences, Piscataway, NJ, USA) following
Kaczmarska et al. (2008) or using JumpStart (Sigma, Saint
Louis, MO, USA) and included the same amounts of DNA
extraction solution and primer mixes, 12.5ul of Taq Mix and
9ul of ultrapure water (DEPC treated water, Invitrogen
Canada, Inc., Burlington, ON, Canada). The amplification
regime followed Amato et al. (2007). PCR products were
visualized in a 1.3% agarose gel. Cleaning of PCR products
and sequencing were conducted at Nanug (McGill University
and Genome Québec) following their standard procedure.

We routinely applied BLASTIng to all sequences obtained
against the sequences present in GenBank and also our
database using the tool provided by Nanuqg (McGill University
and Genome Quebec).

Electrophenograms for the 5.8S and ITS2 fragments were
edited with BioEdit version 7.0.5.3 (Hall 1999). All our
sequences were based on high quality bidirectional readings.
The different fragments (5.8S alone, 5.8S+ITS2 fragment and
proposed barcode) of our sequences and sequences from
GenBank (Table 1) were aligned with either BioEdit or
ClustalW version 1.4 (Thompson et al. 1994). Thereafter
alignments were verified and/or improved manually. A gap
open of 10 and gap extent of 1.2 were used for analyses.
Specifics of evaluation of alignment parameters and justifica-
tion for those chosen in this study are presented in the second
section of the results. Distance rates were estimated using
simple uncorrected pair-wise distances (p) with the Visual
Basic/Excel program DOINK (J.M. Ehrman, Digital Micro-
scopy Facility, Mount Allison University, 2007). The program
produces a nucleotide difference matrix identical to that
produced by BioEdit but within an Excel spreadsheet. Genetic
distances between sequences in each analysis were
expressed as the number of substitutions, gaps or indels
(differences) per site, following Litaker et al. (2007) for ease of
comparison. When uncorrected p<0.1, uncorrected dis-
tances are very similar to corrected distances such as the
Kimura 2-Parameter model as in the current Barcode of Life
Data System (BOLD, www.boldsystems.org, Ratnasingham
and Hebert 2007). In fact, it was suggested by Nei and Kumar
(2000) that when studying closely related species, it is better
to use simpler distances, because they have smaller variance.
Our use of uncorrected distances also makes our study
comparable to other studies that also used uncorrected
distances.

All fragments studied begin with the start codon of 5.8S.
The 5.8S gene is very easily aligned. The whole 5.8S+ITS2
ends in the binding site of the reverse primer. The end of the
proposed barcode was found by searching for the conserved
motif on helix lll, thus close to the end of ITS2 and consists of
TGGTA inclusive in Stephanodiscus (Coleman 2007). In other
species we found some variability in this sequence fragment.
The common characteristic YGGTA was found in mediophytes
and the sequence TGGTA was the most commonly found in
pennates. The 5.8S region was comprised of ca. 155 sites.
The 5.8S+ITS2 region included ca. 500 sites. The proposed

barcode region consisted of ca. 300 bp in mediophytes and
400 bp in pennates.
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