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Abstract

The promise of DNA barcoding is based on a small DNA fragment divergence coinciding
with biological species separation. Here we evaluated the performance of three markers as
diatom barcodes, the small ribosomal subunit (1600 bp), a 5′ end fragment of cytochrome c
oxidase subunit 1 (430 bp), and the second internal transcribed spacer region combined with
the 5.8S gene (5.8S + ITS-2, 300–400 bp). Forty-four sequences per marker representing 28
species from all diatom classes were analysed. Sequence alignment of the three genetic markers
and uncorrected genetic distances (P) were calculated at the intra- and heterospecific level.
All three markers correctly separated the species examined and had advantages which contri-
bute to their feasibility as a DNA barcode. Small ribosomal subunit had the largest GenBank
data set, its success rate in amplification and sequencing was assumed to be the highest of all
three and was readily aligned. However, it required a long fragment to recover divergence
sufficient for species separation and small genetic distances increased the potential for misiden-
tifications. Cytochrome c oxidase subunit 1 demonstrated a substantial heterospecific divergence
level and was also readily alignable, but it showed very low amplification and sequencing
success rates with currently existing primers. 5.8S + ITS-2 was amplified and sequenced with
high success rate and was the most variable of the three markers, but its secondary structure
was needed to aid in alignment. However, since it has been recently suggested that ITS-2 may
provide insight into sexual compatibility, this marker offers an additional advantage. We there-
fore propose that the 5.8S + ITS-2 fragment is the best candidate as a diatom DNA barcode.
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Introduction

Alpha (α)-taxonomy is not only an academic conceptual
exercise. The importance of identifying species reliably,
quickly and cost-effectively is essential to any scientific
study using live subjects. Bortolus (2008) discussed the
cascading negative effects of bad taxonomy when used in
ecology. Correct identification of species may be especially
difficult with certain microbiota. Diatoms, being ecologically
and economically important protists, are the centre of many
biological studies where taxonomic identification frequently
is not performed by specialists. Archibald (1984) emphasized
how many studies (e.g. water quality assessments and others)
using diatoms resulted in scientific errors because identifi-
cations were not verified by experienced diatom taxonomists.

Recently, the concept of barcoding was introduced to dia-
tom taxonomy (Evans et al. 2007; Kaczmarska et al. 2007). This
type of molecular α-taxonomy is based on the premise that
the divergence of a small DNA fragment coincides with
biological separation of species. This DNA fragment becomes
a tag or a DNA barcode for species. Once a comprehensive
database of such DNA barcodes is available, it may be used
as a first approach to flag new species, select optimal taxa for
phylogenetic studies, or to signal the geographical extent of
divergences in a population (Hajibabaei et al. 2007). DNA
barcoding should only be used in a first approach for these
different applications, followed by larger in-depth studies
in the respective fields.

Different DNA regions within the nuclear, mitochondrial
and chloroplast genomes have been considered for testing
as a universal DNA barcode for diatoms. Within the nuclear
DNA, the small ribosomal subunit (SSU) has the advantages
of being a coding gene and has been extensively used
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in diatom phylogenetics (Kooistra & Medlin 1996; Medlin
et al. 1996; Medlin & Kaczmarska 2004; Sarno et al. 2005;
Sorhannus 2007). The existing diatom SSU database is one
of the most extensive for any DNA region. At the time of
writing, the sequences available in GenBank for SSU covered
diversity close to 30 orders compared to the coxI sequences
which only covered around five orders with 60% of these
sequences belonging to the genus Sellaphora Mereschkowsky.
Therefore, SSU provides a good initial platform for an identi-
fication database. In the case of the protist genus Blastocystis
(Alexieff) Brumpt, a short fragment of the SSU region was
proven sufficient to identify operational taxonomic units
(OTU), which are probably equivalent to species in this
group (Scicluna et al. 2006).

Initially, the fragment of choice for the Barcode of Life
Initiative (BOLI) was the mitochondrial gene cytochrome c
oxidase 1 (coxI). The reasoning for the choice of this marker
included: (i) the mitochondrial genome evolves at a faster
rate than the nuclear genome and therefore there is a greater
potential for species specific informative regions (Chantangsi
et al. 2007); (ii) the triple code characteristic of any coding
gene aids alignment (Cywinska et al. 2006); and (iii) since
mitochondria reproduce by binary fission without sexual
recombination, their genes are less subject to insertions,
deletions or other large-scale rearrangements that introduce
ambiguous variation into the sequence (Hebert et al. 2003;
Saunders 2005). This marker has been used extensively and
very successfully for barcoding various animal (Hebert
et al. 2003, 2004; Ward et al. 2005; Cywinska et al. 2006;
Hajibabaei et al. 2006; Ratnasingham & Hebert 2007) and
protistean taxa such as red and brown algae (Saunders 2005;
Kucera & Saunders 2008), strains of Paramecium tetraurelia
Sonneborn and P. caudatum Ehrenberg (Barth et al. 2006),
isolates from the genus Tetrahymena Furgason (Chantangsi
et al. 2007) and 22 Sellaphora species together with three other
raphid genera of diatoms (Evans et al. 2007).

We recently proposed a third DNA barcode alternative,
5.8S + ITS-2 (Moniz & Kaczmarska, unpublished data). The
reasons behind our proposal included the growing number
of studies successfully using the internal transcribed spacer
(ITS) region for species resolution of closely related diatoms
(Behnke et al. 2004; Casteleyn et al. 2008; Vanormelingen
et al. 2008), including semi-cryptic species (Amato et al. 2007;
Kaczmarska et al. 2008, and references therein) and the
expanding reference data set for this region. Many of these
works capitalized on recent advances in research on ITS-2
secondary structure that have improved alignments and
showed that this marker provides insight into sexual com-
patibility (Wolf et al. 2005; Seibel et al. 2006; Coleman 2008;
Müller et al. 2007). This is a significant benefit to a proposed
diatom barcode, as traditional diatom taxonomy is mostly
based on valve morphology. We also included 5.8S into our
DNA barcode since it afforded resolution at the genus level
and provided an additional anchor to aid alignment. The

purpose of this study was to evaluate and compare the effi-
cacy of these three markers as potential DNA barcodes
using existing primers for the three classes of diatoms.

Materials and methods

The sequences analysed are listed in Table 1 and were
comprised of 65 sequences already available in GenBank
(including all SSU sequences) and 67 sequences obtained in
our laboratory (which include new coxI and 5.8S + ITS-2
sequences). In total, we analysed 44 sequences per marker,
representing 28 species and 22 genera for which sequences
were available for the three markers (Table 1). In order to
include as much higher taxa diversity (genus and higher
taxa) as possible, in some cases (Coscinodiscus, Melosira,
Minutocellulus, Chaetoceros, Eunotia, Nitzschia and Pseudo-
nitzschia; seven genera out of 22 examined), species included
in analyses were not the same for all markers. In these cases,
we selected congeners known to cluster in the same clade in
SSU based polygenetic trees (Medlin & Kaczmarska 2004).

The sequences obtained in our laboratory included 11
clones established in our laboratory and 23 strains received
from the Provasoli-Guillard National Center for Culture of
Marine Phytoplankton (CCMP). The procedure for clone
isolation by micropipetting followed Andersen (2005). Non-
axenic cultures were maintained in ~20 mL tubes or 125 mL
flasks in f/2 medium (Guillard 1983), a dilution thereof (f/
4 to f/20), or in L1+ medium (Andersen 2005) at a temper-
ature of approximately either 6, 12 or 20 °C depending on
strain requirements, with a 12:12 h light:dark (L:D) photo-
cycle and a photon fluence rate of about 20–50 μE/m2/s.
When necessary, identity of strains was verified using scan-
ning electron microscopy (SEM), following Kaczmarska
et al. (2005) and observed with a JEOL JSM-5600 SEM oper-
ating at 10 kV and 8 mm working distance, at the Mount
Allison University Digital Microscopy Facility.

The UltraClean Soil DNA Kit (MoBio Laboratories) as well
as the Power Plant DNA Isolation Kit (MoBio Laboratories)
were used to obtain DNA from pelleted cultures, following
manufacturer specifications.

CoxI sequences were obtained using four primer pair com-
binations: (i) coxF and coxR (Iwatani et al. 2005); (ii) coxF
(Iwatani et al. 2005) and DM1R (AADHGCYAYATCAA-
DACCWGAHTTWGCHA) (R. Stern, University of British
Columbia, personal communication); (iii) GazF1 and GazR2
(Saunders 2005); and (iv) DiatcoxI-GAF1mod (TCMAC-
MAAYCAYAAAGATATWGG) and DiatcoxIrev-bg (ATY
AAAATRTAAACYTCWGGGTG) (B. Gemeinholzer, Bota-
nischer Garten und Botanisches Museum Berlin-Dahlem,
personal communication). The 25-μL polymerase chain
reaction (PCR) mixes were carried out either in PuReTaq
Ready-To-Go PCR Beads (GE Healthcare Biosciences) fol-
lowing Kaczmarska et al. (2008) or using JumpStart (Sigma)
and included the same amounts of DNA extraction solution
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Table 1 List of strains used in this study; species/strain names listed as they appear in publications, culture collections, and GenBank or
BOLD accession numbers

Species/strain name
SSU
accession no.

cox1
accession no.

5.8S + ITS-2
accession no.

Coscinodiscus sp. GGM-2004 AY485448 — —
C. wailesii CCMP2513 — DIAT001-06 —
C. radiatus CCMP310 — — DITS185-08
Rhizosolenia setigera CCMP1820 — — DITS146-08
R. setigera CCMP1330 AY485461 AB020226 —
Hyalodiscus stelliger CCMP454 AY485507 DIAT065-07 DITS219-08
H. stelliger CCMP1679 AY485519 ITSCO001-09 DITS284-08
Melosira varians CHMP7 AY569590 — —
M. varians MV13 AJ243065 — —
M. nummuloides CCMP484 — DIAT069-07 DITS215-08
M. nummuloides clone B — DIAT005-06 DITS279-08
Thalassiosira pseudonana CCMP1335 AY485452 — EF208793
T. pseudonana — DQ186202 —
T. punctigera NB02-22 DQ514893 — —
T. punctigera — DIAT007-06 DITS277-08
T. weissflogii CCMP1587 EF585582 DIAT080-07 DITS204-08
T. nordenskioeldii CCMP997 DQ093365 DIAT159-07 DITS125-08
Cyclotella meneghiniana p567 AJ535172 — —
C. meneghiniana CCMP332 — DIAT101-07 DITS183-08
Minutocellus sp. RCC967 EU106801 — —
M. polymorphus CCMP499 — DIAT114-07 DITS170-08
Ditylum brightwellii CCMP358 AY485444 DIAT061-07 DITS223-08
D. brightwellii clone P2A4 AY188182 — —
D. brightwellii clone 278 AY188181 — —
D. brightwellii CCAP 1022/2 X85386 — —
D. brightwellii SMDC02 EU364892 — —
D. brightwellii SMDC01 EU364891
D. brightwellii CCMP357 — DIAT105-07 DITS179-08
D. brightwellii CCMP1810 — DIAT002-06 DITS150-08
D. brightwellii Martin — DIAT105-07 DITS282-08
D. brightwellii Marine Botany — DIAT188-07 —
D. brightwellii KM11E DIAT192-07
D. brightwellii CCMP359 DITS222-08
D. brightwellii CCMP356 — — DITS180-08
Chaetoceros calcitrans PCC537 AY485449 — —
C. calcitrans Ifremer-Argenton DQ887756 — —
C. socialis CCMP203 — DIAT057-07 DITS227-08
C. socialis CCMP1579 — DIAT131-07 DITS153-08
Attheya longicornis CCMP214 AY485450 — —
A. longicornis — DIAT197-07 DITS087-08
Grammatophora oceanica CCMP410 AY485466 DIAT110-07 DITS174-08
Asterionelopsis glacialis WK20 AY216904 — —
A. glacialis CCMP139 — DIAT055-07 DITS229-08
Grammonema striatula CCMP1094 AY485474 — —
G. striatula X77704 — —
G. striatula IIA2 — DIAT003-06 DITS281-08
G. striatula IIA3 — DIAT004-06 DITS280-08
Eunotia bilunaris EBIL1 AJ866995 — —
Eunotia sp. EUN392T — EF164960 —
E. bilunaris DM22-5 — — AM747216
Thalassionema nitzschiodes IKETn1206 — — DITS287-08
T. nitzschioides CCAP 1084-1 X77702 AB020228 —
Entomoneis cf. alata CCMP1522 — ITSCO002-09 DITS356-08
E. cf. alata p540 AJ535160 — —
Phaeodactylum tricornutum CCMP630 — DIAT184-07 DITS100-08
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P. tricornutum AY485459 — —
Sellaphora auldrekkiee BLUNT AJ544654 — AJ544676
S. auldrekkiee clone BLA2 — EF164932 —
S. pupula SM-BLCAP AJ544653 — AJ544675
S. pupula THR13 — EF164954 —
S. pupula PSEUDOCAP-3 AJ544649 — —
S. pupula clone F1 — EF164942 —
S. pupula PSEUDOCAP-1 cL. d — — AJ544670
S. capitata BLA10 EF151971 — —
S. capitata CAP — — AJ544651
S. capitata DUN6 — EF164946 —
S. blackfordensis DUN5 — EF164949 —
S. blackfordensis clone BLA6 EF151969 — —
S. blackfordensis RECT-6 — — AJ544666
S. laevissima US — — AJ544656
S. laevissima THR4 EF151981 EF164943 —
Amphiprora paludosa CCMP125 AY485468 ITSCO003-09 DITS288-08
Cylindrotheca closterium 46-3-B2-IF AY485471 — —
C. closterium CCMP1725 DIAT085-07 DITS199-08
C. fusiformis CCMP344 — DIAT103-07 DITS181-08
C. fusiformis CCMP339 AY485457 — —
Nitzschia frustulum p345 AJ535164 — —
N. frustulum CCMP 558 — AB020225 —
N. laevis WDCM NCC39 — — AY574378
Pseudo-nitzschia multiseries PM-02 EU302796 — —
P. multiseries CLN-50 EU302795 — —
P. multiseries Pn-1 DQ445651 — —
P. multiseries POMX AM235382 — —
P multiseries TKA2-28 AM235381 — —
P. delicatissima BBA4 — DIAT283-07 DITS001-08
P. delicatissima W007c2 — DIAT227-07 DITS057-08
P. delicatissima W007b2 — DIAT226-07 DITS058-08
P. delicatissima A2A322F — DIAT256-07 DITS028-08
P. delicatissima W002 — DIAT223-07 DITS061-08

Species/strain name
SSU
accession no.

cox1
accession no.

5.8S + ITS-2
accession no.

and primer mixes, 12.5 μL of Taq Mix and 9 μL of ultrapure
water (DEPC Treated water, Invitrogen). 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 Nanuq (McGill University
and Genome Québec) following their standard procedure.

The nuclear ITS-1, ITS-2 and the 5.8S rDNA gene (here-
inafter referred to collectively as the ITS region) sequences
were obtained as described above using primers ITS1 and
ITS4 (White et al. 1990) in most cases, except when primers
ITS5 (White et al. 1990) or the pair NS7 m and LR1850 (White
et al. 1990; Bhattacharya 1996) yielded better results.

Success rates for each marker were calculated for ampli-
fication and sequencing steps. We considered amplification
unsuccessful when it failed on samples known to have good
quality and quantity of DNA. DNA quality and quantity
was judged to be good when PCR products for at least one

marker were recovered and, when in doubt, tested using
Nanodrop 1000 (ThermoScientific). Amplicons significantly
smaller than expected were disregarded and also considered
failures. Sequencing of each sense was considered as one
trial. All trials were included in success rate calculations for
the coxI and ITS region equally. Only a small data set of SSU
sequences were tested in our laboratory and never the whole
region, so we relied on GenBank data for this marker. Success
for SSU was assumed high as we mainly used SSU to test
for presence of diatom DNA when the two other markers
failed, and achieved 100% success rate in all those cases.

Electrophenograms for coxI and the 5.8S + ITS-2 fragments
were edited and sequences were aligned using BioEdit
version 7.0.5.3 (Hall 1999). All our sequences were based
on high-quality bidirectional readings. Alignments were
verified and/or improved manually. A gap open of 10 and
gap extent of 1.2 were used for analyses. These parameters

Table 1 Continued
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were previously tested (Moniz & Kaczmarska, unpublished
data) and found to coincide with alignments that improved
low-scoring fragments without disrupting the known
anchor-regions as recommended by Hall (2004). Distances
were estimated using simple uncorrected pairwise (p) dis-
tances using the Visual Basic/Excel program DOINK (J.M.
Ehrman, Digital Microscopy Facility, Mount Allison Univer-
sity, 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 p ≤ 0.1, uncorrected
distances 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
& Hebert 2007). In all cases, intrageneric distances were less
than 0.10.

Sequences were trimmed in order to include as much
diatom diversity as possible using the sequences already
available and those obtained in this study. The regions ana-
lysed were a fragment of c. 1600 bp near the 5′ end for the
nuclear encoded SSU region, a fragment of c. 430 bp near
the 5′ end for coxI, and a fragment of c. 300–400 bp for ITS,
including most of nuclear encoded 5.8S and ITS-2 until the
conserved motif in helix III of its transcript secondary structure.

Results

Success rates

Success rates of amplification and sequencing were calculated
only for coxI and 5.8S + ITS-2 since these procedures were
conducted in our laboratory. We assumed a high success
rate for SSU sequences because we only tested a 500-bp
fragment of SSU which was performed only in cases where
amplification failed using primers for the other markers. In

these cases, the success rate for SSU amplification and sequen-
cing was 100%. SSU sequences used for further evaluation
were all obtained from GenBank. CoxI had the lowest overall
success rate. Only 29% of good quality DNA amplified with
coxI and of those only 30% were sequenced successfully
and found to be diatom DNA. With the primers used in this
study, 37% percent of the amplified DNA (with the correct
amplicon size confirmed in agarose gel) was found to
be bacterial contamination. The 5.8S + ITS-2 marker was
easily amplified using existing primers (79% success) and
sequenced reliably (84% success).

Divergence levels

For clarity, whenever the term intraspecific distance is used
below, it refers to the maximum distance between two sequ-
ences within the same morpho-species. The term heterospe-
cific (intrageneric or interspecific) distance refers to the
minimum distance between two sequences from different
species of the same morpho-genus. Intrafamilial distance
refers to the minimum distance between two sequences from
different genera but members of the same morpho-family.
Finally, the distance between distant morpho-genera from
the same class refers to the minimum distance between two
sequences from species belonging to different genera and
different families, but belonging to the same class of diatoms.
In this last category, we include the species Coscinodiscus
wailesii Gran & Angst, Rhizosolenia setigera Brightwell, Cyclo-
tella meneghiniana Kützing, Minutocellus polymorphus
(Hargraves & Guillard) Hasle, von Stosch, & Syvertsen, Attheya
longicornis Crawford & Gardner, Grammatophora oceanica
Ehrenberg, Eunotia bilunaris (Ehrenberg) Mills, Thalassionema
nitzschiodes Grunov, Entomoneis alata (Ehrenberg) Ehrenberg,
Phaeodactylum tricornutum Bohlin and Amphiprora paludosa
(Smith) Reimer which each one represent only one and
separate family, and so cannot be integrated into the
summaries presented in Fig. 1 and Table 2.

Table 2 Nucleotide sequence distance for the three markers between members of seven diatom orders at three levels of taxonomic affinity.
The column n indicates how many sequences were analysed and within parenthesis how many species those sequences. Eleven species,
listed in Table 1, are not included here since they belong to families only represented by one sequence

Order n

Within species

n

Within genus

n

Within family

SSU coxI 5.8S + ITS2 SSU coxI 5.8S + ITS2 SSU coxI 5.8S + ITS2

Meloseirales 4(2) 0.00 0.07 0.02 — — — — — —
Thalassiosirales — — — 4(1) 0.03 0.17 0.15 — — —
Lithodesmidales 6(1) 0.00 0.02 0.00 — — – — — —
Chaetocerotales 2(1) 0.00 0.04 0.00 — — – — — —
Fragilariales 2(1) 0.00 0.00 0.01 — — – 2(1) 0.07 0.18 0.26
Naviculales 4(2) 0.01 0.05 0.07 4(1) 0.01 0.10 0.23 — — —
Bacillariales 5(1) 0.01 0.00 0.00 2(1) 0.00 0.10 0.11 3(1) 0.04 0.16 0.21
Average 0.00 0.03 0.02 0.01 0.12 0.16 0.06 0.17 0.24
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Comparing divergence levels of the three markers, it is
apparent that SSU showed the lowest levels of divergence
(Table 2). In the fragment examined, we found no intra-
specific variability in the species studied. Heterospecific
distances were on average p = 0.01 dif/site in our data set
(Table 2), but varied between p = 0.01–0.04 dif/site (Fig. 1a),
with the exception of Cylindrotheca fusiformis and Cylindro-
theca closterium (which showed 100% identity) and known
semi-cryptic species of Sellaphora auldreekie D. G. Mann & S.
M. McDonald and Sellaphora blackfordensis D.G. Mann & S.
Droop which also were not separated. Intrafamilial genera
separated on average at p = 0.06 dif/site (Table 2) as did
the distant genera from the same class (Fig. S1). Only the
A. paludosa sequence showed an indel of 102 bp which was
removed before alignment (Hall 2004).

For the coxI gene (Table 2, Fig. 1b), intraspecific distances
were always below p = 0.06 dif/site and often non-existent
with an average of p = 0.03 dif/site. Heterospecific distances
varied between p = 0.07–0.17 dif/site (four to seven times
higher than heterospecific distances recovered in SSU) with
an average of p = 0.12 dif/site. Genera from the same family
were separated at p = 0.15–0.20 dif/site (three to four times
higher than the level found in SSU) with an average of
p = 0.17dif/site and distant genera from the same class were
separated by p > 0.20 dif/site (c. three times higher com-
pared to SSU) (Fig. S2).

The combined 5.8S + ITS-2 marker was heterospecifically
the most variable marker of the three studied (Table 2, Fig. 1c).
Intraspecific distances in the species examined were p < 0.02
dif/site with exceptions found in two Sellaphora species (S.
auldreekie and S. blakfordensis) which presented higher intra-
specific divergence. Heterospecific genetic distances within
the same genus varied between p = 0.06 dif/site and p = 0.30
dif/site with an average of p = 0.16 dif/site; the minimum
uncorrected distance being comparable to coxI and the
maximum almost twice that found in coxI. Intrafamilial genera
were separated at an average of p = 0.24 dif/site and distant
genera from the same class were separated at p > 0.40 dif/
site, twice as large as those recovered at the same taxa level
in coxI (Fig. S3).

Discussion

All three markers correctly separate species in > 95% of our
test set using existing primers. This data set was limited in
size by the low success in recovering coxI sequences to match
the species successfully sequenced using the other markers.
The only exceptions in correct identification were the two
species from the genus Cylindrotheca Rabenhorst and the two
semi-cryptic species from the genus Sellaphora which were
not separated by the SSU marker. However, each marker
shows distinct features that factor into supporting their
efficacy as a DNA barcode, when the barcode is regarded
strictly as a means for species identification.

Fig. 1 Comparison of nucleotide sequence differences in a) SSU,
b) cox I, c) 5.8S + ITS-2 among 18 species from three classes of diatoms;
pairwise comparisons between 33 sequences are separated into
three categories, intraspecific, intrageneric (heterospecific) and within
a family. Numbers on top of bars indicate how many species the
pairwise comparisons represent (* indicates that no pairwise
comparisons were found with this distance). Eleven species, listed
in Table 1, are not included here since they belong to families only
represented by one sequence. 
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SSU is a widely used marker in phylogenetic studies of
diatoms with a diverse and large database already availa-
ble (Kooistra & Medlin 1996; Medlin et al. 1996; Medlin &
Kaczmarska 2004; Sarno et al. 2005; Sorhannus 2007), both
properties that made coxI an attractive candidate for a bar-
code in animal phyla. SSU is a readily amplifiable marker,
with primers that successfully sequence diatom DNA. How-
ever, it requires a long fragment (five times longer than the
other two markers) which is not recoverable in a single
PCR and thus requires several primer pairs in the sequencing
step in order to detect divergence sufficient to identify
species, noted also by Alverson & Kolnick (2005). The small
uncorrected distances, p = 0.01–0.04 dif/site between species,
even when using long fragments (c. 1600 bp) increases the
potential for sequencing errors which could affect the iden-
tification of closely related species (Fig. 1a). Since at least
four species were not separated by this marker, it is possible
that some other, closely related species would be missed
when using this marker to assess the biodiversity of a sample.

CoxI has been tremendously successful in the animal king-
dom, but has shown mixed results when applied to protists.
It works well for red and brown algae (Robba et al. 2006;
Kucera & Saunders 2008), but has limited application in
others (Evans et al. 2007; Litaker et al. 2007). These studies
demonstrated that appropriate thresholds for intraspecific
vs. heterospecific distances should be defined for each taxon,
a departure from the universal 10× ratio initially used in
animal studies (Hebert et al. 2003), but adjusted subsequently
(Hebert et al. 2004; Ward et al. 2005; Cywinska et al. 2006;
Hajibabaei et al. 2006). Depending on the taxon, the minimum
heterospecific distance varies. In red macro-algae using a
664-bp barcode, p = 0.04 was shown to be a sufficient and
reliable inter-intraspecific threshold (Saunders 2005). This
threshold was higher in Tetrahymena spp., where species
indistinguishable by SSU were separated by a minimum of
p = 0.11 over a 980-bp coxI fragment (Chantangsi et al. 2007).
Two species of the ciliate Paramecium showed a distance of
p = 0.20 using an 880-bp fragment (Barth et al. 2006). In our
study using a still shorter fragment (430 bp), we found
p = 0.07 (often p > 0.10) to be the minimum heterospecific
distance between diatom species examined (Fig. 1b). We
note that some of these studies use corrected distances to
calculate these values, most commonly the K2p method.
However, as we indicated in the material and methods
section, with p distances close to 0.10 (as was the case of
intra-heterospecific boundaries in our study and those
referenced above), uncorrected distances are very close to
other more complex calculated distance measures (Hall
2004), and so should be generally comparable. The list of
protistean taxa that have successfully used coxI as a DNA
barcode is not only short but also, with few exceptions,
includes studies performed in only one genus, and largely
involve the development of genus or group specific primers.
Similar to our experience with diatoms, this appears to reflect

the difficulty in finding regions that are conserved enough
to design universal primers for these divisions and phyla.

Within the Sellaphora pupula species complex, Evans et al.
(2007) tested the effectiveness of several gene sequences
(coxI, rbcL, SSU and ITS rDNA) as possible DNA barcodes to
distinguish semi-cryptic diatom species. Similar to several
protist groups discussed above, the coxI primers tested
worked in raphid pennates (22 Sellaphora strains and two
strains from the genera Pinnularia and Eunotia) but failed
outside raphid diatoms, working only partially with the
araphid pennate Tabularia sp. (not included in this study
due to its small size) and not at all with centric diatoms. Our
data also shows that this marker clearly separates diatom
species thus far examined. Furthermore, as a coding gene,
coxI has the advantage of being directly alignable with no
need for parameter adjustment. However, as Evans et al.
(2007) already indicated (and we concur), designing a uni-
versal diatom primer for this marker will be a challenging
task. Not only was the overall success rate in amplification
and sequencing low in our data set, but often we found that
bacterial DNA was amplified instead of diatom DNA. Appli-
cation of the techniques such as M13 tagging did not improve
the success rate. In a recent study comparing different
markers as plant DNA barcodes, regions that showed a success
rate as low as that found for coxI in our study were dis-
regarded (Fazekas et al. 2008). It is unlikely that existing primers
hold promise of improvement since the available sequences
show few regions that are sufficiently conserved. Still fewer
are sequences with the appropriate AT/CG ratio at the 5′ end
of coxI across all extant diatom genera in the barcoding
region that has been successfully used in the animal kingdom.
This high divergence may reflect events of intron gain or
loss and gene transfer from bacteria, highly pervasive in
diatoms (Armbrust et al. 2004; Bowler et al. 2008). Also, the
notion of diatom-wide uniparental transfer of mitochondria
cannot be assumed since all pennates and many centrics show
hologamic syngamy where the entire cytoplasmic contents
(including mitochondria and plastids) from both parents
contribute to the zygote (Medlin & Kaczmarska 2004),
with possible mitochondrial fusion (Keeling & Palmer 2008).

ITS has already shown promise as a DNA barcode or
additional locus in the identification of some non-animal
kingdoms: fungi (Taylor et al. 2008), plant species of Atracty-
lodes (Shiba et al. 2006), Bupleurum (Yang et al. 2007) and
Astragalus (Ma et al. 2000) in Chinese and Japanese medicine,
alone or together with other sequences (Gemeinholzer et al.
2006), dinoflagellates (Litaker et al. 2007) and recently in at
least the two major classes of diatoms, Mediophyceae and
Bacillariophyceae (Moniz & Kaczmarska, unpublished
data). We also found that ITS sequences are not as readily
aligned as coding markers such as coxI or SSU, but several
recent studies demonstrated how to significantly improve
alignability of ITS-2. Since the seminal studies of the ITS
region as a potential marker for species delineation focused
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on species from the family Volvocaceae (Coleman et al.
1994), several others (Coleman & Mai 1997; Coleman 2000,
2003, 2008; Schultz et al. 2005; Coleman 2007; Müller et al.
2007) included a wide range of biota and have shown how
the secondary structure of the RNA transcript of ITS-2
contains subregions of significant conservation at different
taxonomic levels, ranging from orders to species and popu-
lations. These more conserved regions are presumed
necessary for production of a proper secondary structure of
the ITS-2 transcript (Coleman & Mai 1997), which in turn is
needed to guide the complex enzymatic processing that
produces the ribosomal RNA subunits (Coleman 2007). In
eukaryotes, ITS-2 typically has four helices. Helixes II and
III, which contain the regions of greatest conservation in the
whole ITS-2 region, possibly pan-eukaryotically (Coleman
2007), are readily identifiable and aid in alignment. Fur-
thermore, strains differing by even a single one-sided
compensatory base change (CBC) within conserved
regions have a high probably (93.11% for plants and fungi)
of not being sexually compatible or of not producing
viable progeny (Coleman 2007; Müller et al. 2007). These
authors suggest that CBC is an indication that enough
evolutionary time has passed as to be very probable that a
speciation event has occurred (Müller et al. 2007). This is
a serendipitous advantage in barcoding micro-organisms
which are delineated primarily by morphology and where
mating tests are not commonly practiced and often not
even possible. Only two exceptions are known to date
where two organisms with identical ITS-2 sequences failed
to cross (Coleman 2008).

There are widely recognized concerns regarding the use
of a nuclear multicopy, multigene families such as ribosomal
RNA genes, especially in flowering plant phylogenetic
studies (Álvarez & Wendel 2003) where allopolyploidiza-
tion is the key mechanism in evolution (Feliner & Rosselló
2007). In such biota in particular, when concerted evolution
is not fully operating, the genome may harbour a diversity
of sequence types, including e.g. duplicate nonfunctional
ribosomal loci (Feliner & Rosselló 2007). Hybridization and
polyploidization does not, as far as we know, play such a
role in the evolution of diatoms (Bowler et al. 2008) and
intragenomic variability in the ITS region has been repeat-
edly shown to be very low (Behnke et al. 2004; Orsini et al.
2004; Casteleyn et al. 2008). Furthermore, recent plant and
protist evolutionary studies have re-assessed these concerns
and offer suggestions and guidelines for the wise use of such
data (Feliner & Rosselló 2007; Thornhill et al. 2007; Coleman
2008). Thornhill et al. (2007), for example, tested three
techniques to assess if intragenomic rDNA variation can
confound estimates of microbial diversity. These authors
evaluated direct sequencing of PCR products (used in our
study), PCR-denaturing gradient gel electrophoresis finger-
printing and bacterial cloning, each with subsequent
sequencing. All three techniques recovered the nearly iden-

tical, most common copy of the ITS sequence. This most common
copy is understandably the functional one, and therefore
the most desirable in phylogenetic studies. Not surprisingly,
cloning of PCR products recovered additional, nonfunctional
copies. These authors suggest that in order to avoid over-
estimating intragenomic variation, especially in environ-
mental samples (an ultimate goal of barcoding), cloning
should be avoided or if performed, secondary structure
should be derived to ensure that the copy recovered is the
functional one. They further concluded with the suggestion
that it may be premature to abandon ITS as a species level
marker in higher plants and provided guidelines to iden-
tify paralogous sequences, pseudogenes and contaminations
that are applicable to any organism studied.

In the light of these advancements, Moniz & Kaczmarska
(unpublished) proposed an alternative, nuclear encoded
DNA barcode starting with the 5.8S region that serves as
a useful anchor and ends at the pan-eukaryotically
conserved motif on helix III of the initial transcript ITS-2
secondary structure. Direct comparison of the proposed
DNA barcode successfully separated all biologically
defined species, 88% of all 107 morpho-species tested in
Moniz & Kaczmarska (unpublished) using the proposed
P = 0.07 dif/site threshold, and separated all species in this
study (Fig. 1c). Moreover, blasting within the existing online
sequences and those included in this study correctly
flagged mislabelled strains as reliably as SSU or coxI. Blast-
ing against a good reference database is one of the most
reliable tools of species identification, even more so than
strict tree-based phylogenetic methods (Ross et al. 2008).

Conclusion

None of the three markers tested here fulfills the role that
coxI seems to provide for animal phyla, where it distinguishes
species at > 95%, while also being easy to amplify and align.
However, capitalizing on recent advances in research on
ITS-2 transcript secondary structure, the 5.8S + ITS-2 frag-
ment emerges as a strong contender for a diatom DNA
barcode. It is easily amplifiable and only a small fragment
is required to distinguish even closely related species. Better
understanding of its secondary structure has made align-
ments more straightforward and may additively provide
valuable insight into sexual compatibility of ecologically
important diatom morpho-species, using tools such as CBC
analyser (Wolf et al. 2005). These insights may prove parti-
cularly useful in this most diverse division of photoauto-
trophic protists for which mating data exists for only 0.0015%
to 0.15% of the estimated 10 000–1 000 000 species.
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(down) using marker SSU.
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