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Analyses of the mitochondrial cox1, the nuclear-
encoded large subunit (LSU), and the internal
transcribed spacer 2 (ITS2) RNA coding region of
Pseudo-nitzschia revealed that the P. pseudodelicatissima
complex can be phylogenetically grouped into three
distinct clades (Groups I–III), while the P. delicatissima
complex forms another distinct clade (Group IV) in

both the LSU and ITS2 phylogenetic trees. It was
elucidated that comprehensive taxon sampling
(sampling of sequences), selection of appropriate
target genes and outgroup, and alignment strategies
influenced the phylogenetic accuracy. Based on the
genetic divergence, ITS2 resulted in the most resolved
trees, followed by cox1 and LSU. The morphological
characters available for Pseudo-nitzschia, although
limited in number, were overall in agreement with the
phylogenies when mapped onto the ITS2 tree.
Information on the presence/absence of a central
nodule, number of rows of poroids in each stria, and
of sectors dividing the poroids mapped onto the
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ITS2 tree revealed the evolution of the recently
diverged species. The morphologically based species
complexes showed evolutionary relevance in
agreement with molecular phylogeny inferred from
ITS2 sequence–structure data. The data set of the
hypervariable region of ITS2 improved the
phylogenetic inference compared to the cox1 and LSU
data sets. The taxonomic status of P. cuspidata and
P. pseudodelicatissima requires further elucidation.

Key index words: Pseudo-nitzschia; cox1; phylogeny;
character evolution; molecular markers

Abbreviations: BI, Bayesian inference; ITS2, second
internal transcribed spacer; ML, maximum likeli-
hood; MP, maximum parsimony; SA, stepwise addi-
tion; TBR, tree bisection reconnection

The taxonomic status of Pseudo-nitzschia (Peragallo
1900) was revisited in the 1990s by Hasle (1994),
who raised it to a new genus distinct from Nitzschia
Hassall 1845, with P. seriata as the type species (Fryx-
ell et al. 1991). The traditional identification of
Pseudo-nitzschia species was based solely on the use
of morphological characters. With the discovery of
several new species, it became necessary to describe
and compare additional detailed ultrastructural
characters (e.g., types of poroids and details of cin-
gular bands; Lundholm et al. 2003, 2006, 2012, Qui-
jano-Scheggia et al. 2009, Lim et al. 2012a, 2013,
Orive et al. 2013, Teng et al. 2014, 2015, 2016, Li
et al. 2017).

At the same time, cryptic and pseudo-cryptic spe-
cies were discovered, especially in the Pseudo-
nitzschia pseudodelicatissima complex sensu (one row
of complex poroids) Lundholm et al. (2003) and in
the P. delicatissima complex sensu (two rows of sim-
ple poroids) Lundholm et al. (2006). This made
species identifications based only on morphological
characters problematic, especially when identifying
species in environmental samples, as well as cryptic
species, which is not possible using morphology. For
example, information on the ultrastructure of cin-
gular bands is especially important when identifying
species to the subspecies level (e.g., differentiating
P. pungens var. pungens, P. pungens var. cingulata, and
P. pungens var. aveirensis; Villac and Fryxell 1998,
Churro et al. 2009).

Advances in molecular characterization helped to
alleviate these drawbacks, but selecting the appropri-
ate genetic markers is crucial. In the early 2000s,
molecular data were first incorporated to infer
Pseudo-nitzschia phylogeny, in particular, the nuclear-
encoded large subunit ribosomal DNA (LSU; Lund-
holm et al. 2002a). Later, the ITS1-5.8S-ITS2 region
was sequenced (Lundholm et al. 2003). Information
on compensatory base changes from the ITS2 sec-
ondary structure was then further explored (Amato
et al. 2007, Orive et al. 2010). Owing to the molecu-
lar approaches, more cryptic and pseudo-cryptic

diversity was discovered, which called for more
detailed morphometric analyses (Amato and Montre-
sor 2008, Quijano-Scheggia et al. 2009, Lim et al.
2012a,b, 2013, Lundholm et al. 2012, Orive et al.
2013, Teng et al. 2014, 2016, Li et al. 2017). The res-
olution of using LSU for Pseudo-nitzschia phylogeny is
limited and alignment of the diverse ITS1-5.8S-ITS2
sequences is rather difficult (Lim et al. 2013). In an
effort to improve the Pseudo-nitzschia phylogenetic
relationship, ITS2 with sequence–structure informa-
tion was used to infer the phylogeny (Lim et al.
2012a, 2013, Teng et al. 2014, 2015, 2016). Mean-
while, the cytochrome c oxidase subunit 1 gene
(cox1) and SSU have only been used in a few studies
(Lundholm et al. 2012, Tan et al. 2015, Lim et al.
2016). Little is known, however, about the evolution
of the morphological characters of Pseudo-nitzschia,
although evaluation of taxonomic-informative char-
acters has previously been attempted (Orsini et al.
2002, Lim et al. 2013, Teng et al. 2013).
Here, we incorporate nearly all of the currently

available Pseudo-nitzschia sequences after a compre-
hensive sampling of the different species. Phyloge-
nies were constructed based on cox1, LSU, and ITS2
data sets. We mapped the morphological data of
each strain onto the ITS2 phylogenetic tree to eluci-
date the morphological character evolution. Here,
we use cox1, LSU, and ITS2 to re-examine phyloge-
netic relationships in Pseudo-nitzschia in order to
determine if the morphologically based species com-
plexes in Pseudo-nitzschia show congruency in a phy-
logenetic context.

MATERIALS AND METHODS

Culture collection. Cultured material used in this study was
obtained from that previously established by Lim et al.
(2012a,b, 2013), Lundholm et al. (2012), Orive et al. (2013),
Tan et al. (2015), and Teng et al. (2014, 2015, 2016).
Another nine strains of Pseudo-nitzschia (belonging to P. bate-
siana; P. bipertita; P. brasiliana; P. cuspidata; and P. fukuyoi)
were newly established, isolated from the Miri and Bintulu
coasts of Sarawak (Malaysian Borneo), the Port Dickson coast
of Negeri Sembilan (Peninsular Malaysia), and St. John’s
Island (Singapore). Detailed information on the strains used
is listed in Table S1 in the Supporting Information. In gen-
eral, plankton samples were collected with 10 lm mesh size
plankton net. Single-cell isolation was performed with a
micropipette and cultures were established in f/2 medium
(Guillard and Ryther 1962), with a salinity of 30. The cultures
were maintained in a temperature-controlled incubator
(SHEL LAB, Cornelius, OR, USA) at 25°C, with a 12:12 h
light:dark (L:D) photoperiod, and a photon flux density of
100 lmol photons � m�2 � s�1.

DNA extraction, PCR amplification, and sequencing. Newly
established strains of Pseudo-nitzschia were harvested during
the exponential phase, using centrifugation (9,300g for
10 min). The DNA was extracted as in Lim et al. (2012b).
Approximately 80 lg � lL�1 of the DNA extract was added to
each of the 25 lL PCR reactions. Three molecular markers
were sequenced: mitochondrial cytochrome c oxidase subunit
1 (cox1), the internal transcribed spacer (ITS1-5.8S-ITS2),
and the nuclear-encoded large subunit (D1-D3 of LSU
region). To obtain sequences of cox1, PCR amplification was
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performed in an Eppendorf Gradient thermocycler (Eppen-
dorf, Germany) using COX1F (50-GGG ATT GCD GGA ACA
GCK TTA TC-30) and COXR1 (50-ACT GGA TCT CCT CCA
CCA GCA GGA TC-30) primer pairs. The primer pairs were
designed using OligoAnalyzer 3.1 (Owczarzy et al. 2008)
based on the available Pseudo-nitzschia cox1 sequences
retrieved from the NCBI GenBank nucleotide database. The
detailed steps of primer design are described in Tan et al.
(2015). The PCR conditions for cox1 were predenaturation at
94°C for 5 min, followed by 35 cycles of 94°C for 45 s, 61°C
for 30 s, and 72°C for 45 s, and a final extension at 72°C for
10 min. The ITS and LSU rRNA genes amplifications were
performed using the primer pairs ITS1 and ITS4 (White
et al. 1990), and D1R and D3Ca (Scholin et al. 1994), respec-
tively. The amplicons were purified using the Wizard� PCR
Preps DNA Purification kit according to the manufacturer’s
instructions (Promega, Madison, WI, USA). The purified PCR
amplicons were directly sequenced for both strands by First
Base Laboratories (Selangor, Malaysia). The obtained
sequences were deposited in GenBank (Table S1).

Mitochondrial cox1 and LSU rRNA region data sets. The cox1
data set consisted of 60 sequences with Eunotia sp.
(EF164960) as outgroup. For the LSU data set, 142 sequences
were compiled, with four outgroup sequences from: Nitzschia
frustulum, Nitzschia navis-varingica, Nitzschia pellucida, and Bacil-
laria paxillifer. The selection of outgroup sequences was based
on Lundholm et al. (2002a), Lim et al. (2012a), and Ash-
worth et al. (2013). The criteria for selecting available
sequences include: (i) sequences obtained from the type
strain, (ii) sequences must have enough nucleotides after
alignment (cox1 >500 bp, LSU >700 bp, and ITS2 >350 bp),
and (iii) absence of ambiguous nucleotides (other than A, G,
C, T) in the sequence. Sequences that did not meet the crite-
ria were excluded from the analyses. Sequence data for cox1
and LSU obtained in this study and sequences retrieved from
the NCBI GenBank nucleotide database were aligned using
MUSCLE (Multiple Sequence Comparison by Log-Expecta-
tion; Edgar 2004a,b).

Three independent analyses were used to construct the
cox1 and LSU phylogenies: maximum parsimony (MP), maxi-
mum likelihood (ML), and Bayesian inference (BI). MP and
ML analyses were carried out using PAUP* V4.0b10 (Swofford
2001). MP trees were obtained using the stepwise addition
(SA), tree bisection-reconnection (TBR) branch-swapping
algorithms, and heuristic searches with random addition of
sequences (1,000 replications). The robustness of the clades
recovered was evaluated by 1,000 bootstrap replicates (10 ran-
dom addition sequence replicates per bootstrap replicate).
The Akaike information criterion implemented in jModelTest
2 (Posada 2008, Darriba et al. 2012) was used to obtain the
optimal substitution and rate heterogeneity model for the
ML and BI analyses. ML was carried out with the selected
model using PAUP, starting with 100 random-addition repli-
cates and heuristic searches with SA, plus TBR branch-swap-
ping and 500 bootstrap replicates (with one random addition
of sequence run per bootstrap replicate). Bayesian analyses
were carried out using MrBayes v3.2.5 (Ronquist and
Huelsenbeck 2003) with 10,000,000 and 3,000,000 Markov
chain Monte Carlo generations for the cox1 and LSU data
sets, respectively. The convergence of the runs, i.e., the effec-
tive sample size, was checked using Bayesian Evolutionary
Analysis Sampling Trees (BEAST) (Drummond et al. 2012)
and Tracer (http://beast.bio.ed.ac.uk/tracer). The 50%
majority rule consensus tree was constructed using a burn-in
of 25% and posterior probabilities were calculated to mea-
sure the tree strength.

ITS2 data set. Only ITS2 of the ITS region was used in this
study, since the conserved secondary structure of ITS2 can be
used to guide sequence alignment. The ITS2 transcripts from

previous studies were used as a template in the ITS2 database
(Wolf et al. 2005, Schultz et al. 2006, Selig et al. 2008,
Koetschan et al. 2010, Ankenbrand et al. 2015) for homology
modeling folding of newly obtained Pseudo-nitzschia ITS2
sequences, as well as for outgroup sequences (obtained from
GenBank). The suboptimal helices were manually refolded
using RNAStructure ver. 5.6 (Mathews 2014) and the struc-
tures were checked with VARNA (Darty et al. 2009). The
ITS2 data set comprised 172 sequences, including Nitzschia
longissima as outgroup. The ITS2 sequence–structure data set
was synchronously aligned using 4SALE 1.7 (Seibel et al.
2006, 2008). These sequences, guided by dot-bracket notation
corresponding to the secondary structure information, were
aligned and saved in two formats: (i) one letter encoded/
pseudo-protein (12 9 12 scoring matrix) as described in Wolf
et al. (2014); and (ii) sequences only. Similarly, the ITS2 data
set was analyzed using MP, ML, and BI phylogenetic analyses.
In this context, the aligned data file guided by secondary-
structure information of ITS2 was saved in one letter
encoded format for MP/ML and sequences only for BI analy-
ses. The MP and BI analyses of ITS2 were performed as
described for the cox1 and LSU data set analyses. An ML tree
based on the aligned data set in one letter encoded format
was calculated using R (R Core Team 2014); the R script is
available at http://4sale.bioapps.biozentrum.uniwuerzb
urg.de/mlseqstr.html. Phangorn (Schliep 2011) was used to
estimate the model parameters directly from the data set.
Bootstrap supports were obtained based on 100 replicates.

Genetic distance and character evolution. The pairwise genetic
distances, based on p-distance, were estimated using MEGA5
(Tamura et al. 2011). The estimated p-distances for the three
genetic markers were further illustrated using pheatmap
(Kolde 2015) as implemented in the statistical framework R.
For analysis of character evolution, the character matrix was
constructed using NEXUS Data Editor ver. 0.5.0 (Roderic
2001). Seven morphological characters (central nodule, num-
ber of rows of poroids, number of sectors in poroids, number
of fibulae vs. striae in 10 lm, shape of valve, shape of apices,
and density of band striae in 10 lm) were given equal weight
and treated as unordered. The character matrix was then
used to map the evolution of character state onto the ITS2
BI tree using Mesquite ver. 3.2 (Maddison and Maddison
2017).

RESULTS

Phylogenetic analyses. A total of 55 sequences were
obtained in this study, which were added to the
317 retrieved from GenBank. The data sets yielded
542 and 709 characters, with 218 and 145 parsi-
mony informative sites for cox1 and LSU, respec-
tively. The final sequence–structure alignment of
ITS2 yielded 654 characters in the data set. The
best evolutionary models calculated for both ML
and BI analyses were as follows: cox1 data set:
TIM1+I+G; LSU data set: TVM+I+G; and ITS2 data
sets: GTR+I+G.
The cox1, the LSU, and the ITS2 analyses

included 19 (38.8%), 36 (73.5%), and 41 (83.7%),
respectively, of the presently described 49 Pseudo-
nitzschia species (Table S1). A phylogenetic tree is
illustrated for each of the three genetic markers:
mitochondrial cox1 (Fig. 1), LSU (Fig. 2), and ITS2
(Fig. 3). Pseudo-nitzschia/Fragilariopsis formed a clus-
ter in the LSU and ITS2 analyses, but not in the
cox1 tree (Figs. 1–3). The overall topology of
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the cox1 tree (Figs. 1–3) is comparable to that of
the LSU and ITS2 trees. The position of Fragilariop-
sis in the cox1 tree is tentative, as there were only a

few representatives of the Pseudo-nitzschia americana
complex sensu Lundholm et al. (2002b) and the
P. seriata complex sensu Hasle et al. (1996).
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FIG. 3. Pseudo-nitzschia Bayesian
tree based on the sequence part as
obtained from the ITS2 sequence–
structure information. MP/ML
bootstraps values (obtained from
the 12-letter encoded ITS2
sequence–structure information)
≥70%, and BI posterior prob-
abilities (PP) ≥0.70 are shown.
Thick lines indicate MP/ML
bootstrap values of 100% and a PP
of 1.00. Strains in bold indicate
sequences obtained in this study.
Strains marked with an * indicate
sequence obtained from holotype.
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The monophyletic Groups I–III, recovered in the
LSU and the ITS2 trees (Figs. 2 and 3), comprised
members of the Pseudo-nitzschia pseudodelicatissima
complex, along with a few other sequences (P. biper-
tita and P. subpacifica). Group IV was constituted
mainly by sequences of the P. delicatissima complex
(except P. micropora and P. simulans [in both the
LSU and ITS2 trees] and P. inflatula [in the LSU
tree]; Figs. 1–3). Groups III and IV, however, were
not recovered in the cox1 tree, probably due to the
current limited availability of sequences from the
remaining 30 Pseudo-nitzschia species that have yet to
be sequenced. Strong nodal supports were seen only
in the ITS2 tree for the P. pseudodelicatissima com-
plex Groups I–III and Group III in LSU tree, with
>90% of bootstrap (MP/ML) and 1.00 posterior
probabilities (BI; Figs. 2 and 3). In comparing the
p-distances using heatmap (Fig. S1 in the Support-
ing Information), ITS2 showed the greatest dis-
tances, followed by cox1 and LSU, even though the
sequence length of ITS2 was half that of cox1.

Group I, comprising sequences of Pseudo-nitzschia
fukuyoi, P. plurisecta, P. cuspidata/P. pseudodelicatis-
sima, and P. lundholmiae, was recovered in all three
trees and was strongly supported in the ITS2 analy-
ses (MP/ML/BI, 97/100/1.00; Fig. 3). Pseudo-
nitzschia cuspidata/P. pseudodelicatissima was poly-
phyletic in all trees. The two P. plurisecta sequences
in GenBank could not be included in the LSU data
set (Fig. 2) due to the presence of ambiguous
nucleotides (for Hobart 5, AF417641) and short
sequence, i.e., 505 bp (for En345-153B5,
KF006835); our data set required >700 bp.

Group II, recovered in all three trees, comprised
sequences of Pseudo-nitzschia bipertita, P. circumpora,
P. caciantha, P. abrensis, and P. batesiana, with strong
support in the ITS2 (99/100/1.00) analyses (Fig. 3).
Only ITS2 sequences were available for P. subpaci-
fica, and analyses showed that it clustered in Group
II as a sister taxon to P. bipertita, along with other
members of the P. pseudodelicatissima complex. One
strain, AL-56, clustered outside the P. caciantha
clade in both the LSU and ITS2 trees (Figs. 2 and
3); no cox1 sequence was available.

Some strains were re-identified based on genetic
similarities (Table S1; Fig. 2). Our analyses allowed
the amendment of previously identified strains as
follows. Strains SZN-B34 and SZN-B35 (previously
Pseudo-nitzschia pseudodelicatissima; Orsini et al.
2002) are genetically close to P. mannii; strain
SZN-B17 (previously P. pseudodelicatissima; Orsini
et al. 2002) is P. calliantha; strains SZN-B18 and
SZN-B19 (previously P. delicatissima; Orsini et al.
2002) are P. arenysensis (Table S1). Strain NWFSC-
006 (previously P. pseudodelicatissima; Stehr et al.
2002) clustered with P. delicatissima without boot-
strap support (Fig. 2).
Character-state evolution. Overall, the patterns of

character-state distribution mapped on the ITS2 tree
corresponded to the grouping of Pseudo-nitzschia

species in morphological species complexes (Fig. 4).
Exceptions were P. arctica, P. fryxelliana, and P. simu-
lans, which grouped outside of the P. pseudodelicatis-
sima complex (Groups I–III; Fig. 3). The absence of
a central nodule on the raphe (Fig. 4A) supported
the grouping of species in the P. americana and P. se-
riata complexes, along with Fragilariopsis spp., which
split from the rest of the Pseudo-nitzschia species. The
basal clade of the Pseudo-nitzschia ITS2 tree was con-
stituted mainly by species from the P. seriata group
(i.e., P. australis, P. multiseries, P. multistriata, P. ob-
tusa, P. pungens, and P. seriata), as well as P. ameri-
cana and P. brasiliana (Fig. 3). Exceptions were
P. granii, P. subcurvata, and P. micropora; although
they lack a central nodule, they did not group with
the other species having this absence. Interestingly,
two Fragilariopsis species possessing a central nodule
(i.e., F. oceanica and F. reginae-jahniae) grouped with
the other Fragilariopsis species lacking it.
One row of poroids (Fig. 4B) was found to be

common in the Pseudo-nitzschia pseudodelicatissima
complex (Groups I–III). Although both P. bipertita
and P. subpacifica have two rows of poroids, they
clustered inside Group II, which also includes four
members of the P. pseudodelicatissima complex.
Another anomaly was P. kodamae in Group III,
which sometimes has an incomplete second row of
poroids in some of the striae (Teng et al. 2014).
Having two rows of poroids is common in the P. del-
icatissima complex (Group IV), except for P. galax-
iae, which has the autapomorphic character, i.e., an
absence of poroids in the striae, P. simulans with
one row of poroids, and P. dolorosa, with 1–2 rows of
poroids (Fig. 4B). Pseudo-nitzschia lineola, which clus-
tered outside of any of the complex groups, also
has 1–2 rows of poroids (Fig. 4B).
With respect to the number of sectors in poroids

(Fig. 4C), the Pseudo-nitzschia pseudodelicatissima com-
plex is diverse: from 1 to <5 sectors, 2 sectors, 2 to
<10 sectors, and >10 sectors. Likewise, P. subcurvata,
P. granii, and P. inflatula have a diversity of sectors:
1 to <5; and P. fraudulenta/P. subfraudulenta has 2 to
<10 sectors. The other species, including those in
the P. delicatissima complex, possess simple poroids
(i.e., without division into sectors). Most Pseudo-
nitzschia species have fewer fibulae versus striae in
10 lm (Fig. 4D), with the exception of Fragilariopsis
spp., P. fraudulenta, P. brasiliana, P. australis, P. ob-
tusa, P. seriata, P. multiseries, and P. pungens that
have an equal number of fibulae versus striae in
10 lm. The shape of the apices (Fig. 4E) was infor-
mative. Except for P. galaxiae, which has thin ros-
trae, and P. americana and P. brasiliana, which have
broad, rounded apices, the rest of the Pseudo-
nitzschia species have tapering apices. The density of
the band striae in the valvocopula (Fig. 4E) did not
show a clear trend when the character was mapped.
Likewise, other morphological characters that did
not show a clear trend (e.g., the shape of valves)
and those characters with overlapping

240 HONG CHANG LIM ET AL.

http://www.ncbi.nlm.nih.gov/nuccore/AF417641
http://www.ncbi.nlm.nih.gov/nuccore/KF006835


P
se

ud
o-

ni
tz

sc
hi

a 
de

lic
at

is
si

m
a 

co
m

pl
ex

P. sabit

P. decipiens

P. dolorosa

P. galaxiae

P. arenysensis

P. micropora

P. delicatissima

P. sabit P. decipiens P. dolorosa

P. galaxiae P. micropora

G
ro

up
 II

IP. kodamae

P. limii

P. hasleana

P. mannii

P. calliantha
P. kodamae P. limii P. hasleana P. calliantha

G
ro

up
 II

P. bipertita

P. subpacifica

P. caciantha
P. circumpora
P. caciantha

P. abrensis

P. batesiana
P. caciantha P. circumpora P. abrensis P. batesiana

G
ro

up
 I

P. pseudodelicatissima/
P. cuspidata

P. plurisecta

P. cuspidata

P. fukuyoi

P. lundholmiae

P. pseudodelicatissima

P. cuspidata

P. plurisecta

P. fukuyoi

P. lundholmiae

Fragilariopsis

A B

P
se

ud
o-

ni
tz

sc
hi

a 
ps

eu
do

de
lic

at
is

si
m

a 
co

m
pl

ex

P. lineola

P. arctica

P. subcurvata
P. granii
P. inflatula

P. subfraudulenta

P. fraudulenta

P. multistriata
P. brasiliana
P. americana
P. australis
P. seriata
P. obtusa
P. multiseries
P. pungens

P. brasilianaP. multistriata P. pungens P. multiseriesP. seriataP. australis

G
ro

up
 IV

C D E F
A) Central nodule

Absent
Present

B) Rows of poroids
None
1 row
2 rows
3 rows
4 rows

C) Divided sectors
None
Simple poroid
1 - < 5 sectors
2 sectors
2 - < 10 sectors
> 10 sectors

Fibulae < striae
Fibulae = striae

D) No. of fibulae
vs. striae in 10 µm

E) Shape of apices
Broad round end
Tapering apices
Thin rostra

10-20
20-35
30-45
35-50
45-60
> 60

F) Density of band
striae in 10 µm

Missing data

P. fryxelliana P. fraudulenta P. subfraudulenta

CBA60

DS2

AL-15

PnMi178

Fcylsmal

ICMB-177

PnSb44

10A3

FcyL

Mex20

NWFSC 241

Laeso2

Ps277

PnPd96

NWFSC 194

AL-17

Hobart5

PnSL05

21-01

NWFSC 190

AR3

PnKk36

ICMB-173

PnTb25

Calif1

(09)7A4

RCC2002

OceanicaB

Ner-J3

PnKk31

300

Sydney4

(08)8A3

8A10

(10)4A3

NWFSC 090

AL-112

24-02

ICMB-174

B5

HAWK3/1

RCC2005

PA_P6B3

GranCan4-1

AL-60

PnMi07

mu3

Ner-D6

no16

AL-19

PnMi16

Ps283

Kervel

Ps149

Mex-13

2-E-F

NWFSC 189

Ps147

PnPd57

Sydney1

NWFSC 188

(08)8A9

PnMi74

PnMi32

CBA56

PnMi01

(08)10B1

Castell1

PnMi93

Ps279

PnMi06

Mex-12

NWFSC 220

PnPd36

MC281

PnMi46

PnMi04

Ner-J2

26-02

PnMi170

Nissum3

PnMi18

Ps274

OFPm984

MM_E13C1

C-AL-1

PA_P10C3

au43

(08)8A14

PnSL03

PnKk38

B4

PnPd68

Ner-D1

VPB-B3

ICMB-129

T5

PnTb38

PnKk14

MC282

F10

UBC100

KoreaA

AL-56

RCC2517

NL2

NWFSC 191

PnLk02

PnPd39

AL-59

33 Nitzschia longissima

P-11

PnPd33

Limens1

MM_P7A4

Delta2

NerD-5

PnMi140

RdA8

PnPd31

PnSb58

PnMi158

4-01

PnMt45

(08)9A1

(09)9A2

NWFSC 186

PnPd83

PnSg10

PnMi44

319

Nezen

AL-41

MC984

No7

AL-101

AL-29

PnMi71

PnSm07

PnMi13

Ps102

PnTb39

AL-24

MM_P9C3

(09)10A3

MC3038

PnTb72

Tenerife8

PnTb10

PLYSt52B

1-F

PA_P6C3

4-20

PnTb28

NWFSC 252

En345-153B5

NWFSC 242

(09)10A4

MC940

8A13

18-01

PnMi28

PLYST19A

PnTb21

OFPd972

PnPd26

(09)9A1

PnPd75

27-02

PnTb31

PnMi19

PnTb19

P. simulans

2-4 rows of
poroids

Presence of
central nodule

1-2 rows of
poroids

1 row of
poroids

P. turgidula
P. turgiduloides
P. fryxelliana
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morphometric measurements (e.g., valve width,
transapical width, poroids in 10 lm, and characters
like girdle view and structure of valvocopula) were
not considered.

DISCUSSION

This study explored the phylogenetic resolution
of the genus Pseudo-nitzschia based on three genetic
markers (cox1, LSU, and ITS2 rRNA) from two cel-
lular compartments (mitochondrial and nuclear
ribosomal genes). It also explored intrageneric rela-
tionships and identified sequences that represent
taxonomically unresolved issues. The relevance of
morphologically based species complexes in Pseudo-
nitzschia phylogeny is assessed.
Phylogeny and species delineation of Pseudo-

nitzschia. The phylogeny of Pseudo-nitzschia has
been studied for the last two decades using
sequences of the LSU, the whole region of ITS1-
5.8S-ITS2, and the ITS2 (with or without sequence–
structure information for phylogenetic inferences).
The rbcL, cox1, and 18S rRNA genes have also been
explored in recent Pseudo-nitzschia studies (Lund-
holm et al. 2012, Tan et al. 2015, Lim et al. 2016).
Here, we studied the phylogenetic relationships
among Pseudo-nitzschia species based on cox1, LSU,
and ITS2 phylogenies, with the inclusion of recently
identified new species of Pseudo-nitzschia, i.e., P. arc-
tica, P. bipertita, P. limii, and P. simulans (Percopo
et al. 2016, Teng et al. 2016, Li et al. 2017). In the
older literature, the identity of Pseudo-nitzschia spe-
cies was based on morphological evidence; later,
species identity was further supported by molecular
data (Lundholm et al. 2003, 2006, 2012, Quijano-
Scheggia et al. 2009, Lim et al. 2012a, 2013, Orive
et al. 2013, Teng et al. 2014, 2015, Li et al. 2017).
Mating studies to bolster the biological species con-
cept have also bridged the gap between morphologi-
cal and molecular approaches to make it more
complete (e.g., Amato et al. 2007, Quijano-Scheggia
et al. 2009).

Numerous studies indicate that sufficient taxon
sequence sampling is one of the most feasible and
practical ways to infer evolutionary relationships
more accurately (Zwickl and Hillis 2002, Hedtke
et al. 2006, Heath et al. 2008). By increasing the
sequencing effort, the ITS2 analysis included 85.7%
(42/49) of the current taxonomically accepted
Pseudo-nitzschia species, with 172 sequences in the
tree; 75.5% (37/49) were included in LSU analysis
(142 sequences); and 38.8% (19/49) in the cox1
analysis (60 sequences). The remaining seven spe-
cies that have yet to have the ITS2 sequenced
include P. antarctica, P. heimii, P. linea, P. prolonga-
toides, P. pungiformis, P. roundii, and P. sinica.
Clearly, this more comprehensive sequence sam-
pling to include more species improved the phylo-
genetic resolution in the Pseudo-nitzschia cox1
phylogeny, providing a better grouping compared

to what was achieved by Tan et al. (2015), which
did not resolve the Pseudo-nitzschia pseudodelicatissima
complex into two groups, in contrast to this study
(Fig. 1). As a comparison to other gene markers,
the previously analyzed rbcL (Lundholm et al. 2012)
and 18S rRNA genes (Lim et al. 2016) included
only 20.4% (10/49; 22 sequences in the tree) and
26.5% (13/49; 48 sequences in the tree), respec-
tively, from the 49 currently known Pseudo-nitzschia
species in the phylogenetic analyses. The rbcL data
set did not resolve the Pseudo-nitzschia species into
groups (Lundholm et al. 2012). Similarly, the 18S
rRNA data set resolved the P. pseudodelicatissima and
P. delicatissima complexes into only one clade (Clade
II; Lim et al. 2016). A greater sequencing effort is
required in order to compare the robustness of rbcL
and 18S rRNA, in contrast to other gene markers,
for constructing phylogenetic trees.
Generally, the support values for Groups I–IV are

low, especially in the cox1 and LSU trees. It is only
in the ITS2 tree that members of the Pseudo-nitzschia
pseudodelicatissima complex are well represented in
Groups I–III, with strong support at the branches.
Both P. bipertita and P. subpacifica are morphologi-
cally different from any other members in the
P. pseudodelicatissima complex, but they formed a
strong subclade Group II in the complex.
Looking specifically at strains originally identified

as Pseudo-nitzschia caciantha in the LSU tree (Fig. 2),
it is seen that strain AL-56 from Italy (Mediter-
ranean Sea) grouped with P. bipertita, and not with
the P. caciantha strains from Malaysia (PnSL03,
PnSL05, and PnSb68). Furthermore, in the ITS2
tree (Fig. 3), it does not cluster with the other
strains of P. caciantha, including the type material
(Strain Mex20; Lundholm et al. 2003). Strain AL-56
possess a greater number of fibulae and striae in
10 lm (18–23 and 33–37, respectively; Amato et al.
2007), in contrast to the original description of
P. caciantha in Lundholm et al. (2003; 15–19 and
28–31, respectively); these ranges are not close, and
the number of striae in 10 lm does not even over-
lap. The lack of evidence of monophyly for P. ca-
ciantha and the nonmatching morphological
characters suggest that strain AL-56 is not P. ca-
ciantha, but another undescribed species. More
strains, to provide additional morphological and
molecular evidence, are required to clarify the taxo-
nomic status of strain AL-56.
Morphologically, both Pseudo-nitzschia subpacifica

and P. heimii share overlapping characters (Hasle
et al. 1996) and are genetically close in the ITS phy-
logenetic tree (91/0.99, ML/BI; Orive et al. 2013).
The phylogenetic relationship between the sister
taxa of P. subpacifica/P. heimii (not included in the
present study), as seen in Teng et al. (2016) and
Orive et al. (2013), warrants further verification,
especially regarding species identity. In this respect,
strains collected from type locality Terre Ad�elie, in
the Antarctic (for P. heimii; Manguin 1957), and

242 HONG CHANG LIM ET AL.



northwest African waters (for Pseudo-nitzschia subpaci-
fica; Hasle 1974), could be tested for mating com-
patibility and their molecular data compared.

Interestingly, long branches in the LSU trees lead
to Pseudo-nitzschia abrensis and P. batesiana (Fig. 2).
Coincidentally, both are in Group II of the P. pseu-
dodelicatissima complex and the long branches do
not affect the branching of these two species, or the
topology of the entire LSU tree (Lim et al. 2013,
Orive et al. 2013). This is supported by the two
sequences also being recovered as sister taxa in the
cox1 and ITS2 trees, where the branches are not
long (Figs. 1 and 3). The long branches indicate
that the LSU sequences of both P. abrensis and
P. batesiana are divergent compared to other species
in the genus. This is illustrated by the genetic dis-
tance of LSU between P. abrensis and P. batesiana
being at least 2-fold greater than that between P. ca-
ciantha and P. circumpora in the same P. pseudodeli-
catissima complex Group II (Fig. 2).

In general, the ITS2 data set indicates the highest
genetic divergences, followed by cox1 and LSU
(Fig. S1). As the sequence divergence for ITS2 is
highly variable, several sequences of Nitzschia species
(including N. pusilla, N. alexandrina, N. laevis Fren-
guelli, and N. navis-varingica) were screened from
the GenBank through secondary-structure model-
ing. Only the N. longissima sequence fit the model,
which was then used as outgroup to guide the
sequence–structure alignment using 4SALE. In this
context, the complete sequences for the whole ITS2
region, confirmed through 5.8S-28S interaction/
proximal stem (Lim et al. 2012a,b, 2013) have been
included in the analyses (for all Pseudo-nitzschia,
Fragilariopsis, and Nitzschia species). The alignment
for this highly variable region is extremely difficult
(Lim et al. 2013). Therefore, information from the
secondary structure was further used to guide the
orthologous sequence–structure alignment, followed
by phylogenetic analyses. The complete hypervari-
able region of ITS2 increased the phylogenetically
informative characters, providing a better resolution
compared to the cox1 and LSU data sets.
Character evolution. Both the Pseudo-nitzschia pseu-

dodelicatissima and P. delicatissima complexes share
common morphological characters, i.e., the pres-
ence of a central nodule and fewer fibulae than
striae in 10 lm. However, the number of rows of
poroids and the structure of poroids can readily dif-
ferentiate them. All members in the P. pseudodeli-
catissima complex possess only one row of poroids
and the poroids are divided into several sectors. In
contrast, all species in the P. delicatissima complex
possess only two rows of poroids and the poroids
have a simple structure (Fig. 4). For comparison,
species in the P. seriata and P. americana complexes
share common morphological characters (i.e., sim-
ple poroids and an absence of a central nodule).
Furthermore, members in the P. seriata complex
have a transapical width of >3 lm and a strongly

silicified frustule (Hasle et al. 1996), while those in
the Pseudo-nitzschia americana complex have broadly
rounded apices and also a rectangular shape in
valve view (Lundholm et al. 2002b).
Our analyses revealed that members of the Pseudo-

nitzschia pseudodelicatissima complex are found in
three groups (I–III), with the exception of P. arctica,
P. fryxelliana, and P. inflatula (which belong to the
P. pseudodelicatissima complex but grouped outside
of Group I–III), and P. bipertita and P. subpacifica
(which do not belong to the P. pseudodelicatissima
complex but grouped in Group II). Both P. bipertita
and P. subpacifica have diverged from species in
P. pseudodelicatissima complex, as they possess two
rows of poroids and have a relatively large transapi-
cal width (5–6 lm and 2.6–4.2 lm, respectively;
Hasle et al. 1996, Teng et al. 2016). This readily dis-
tinguishes them from other species in the P. pseudo-
delicatissima complex that have one row of poroids
and a transapical width of <3 lm.
The Pseudo-nitzschia delicatissima complex makes

up a paraphyletic group, as Group IV comprises all
morphologically closely related species of the P. deli-
catissima complex in addition to P. simulans (a mem-
ber in the P. pseudodelicatissima complex) and
P. galaxiae (Figs. 2–4). Pseudo-nitzschia simulans rep-
resents an example of parallel evolution. In spite of
the fact that it clusters in Group IV with other mem-
bers of the P. delicatissima complex, it should be
maintained as a member of the P. pseudodelicatissima
complex, given that it possesses one row of poroids
with 2–3 divided sectors (Li et al. 2017). Pseudo-
nitzschia galaxiae is unique to the whole Pseudo-
nitzschia genus by having lost the ability to form por-
oids in the interstriae (Lundholm and Moestrup
2002, Cerino et al. 2005; Fig. 4B).
The number of rows of poroids has previously

been evaluated as a morphological character, but it
did not show morphological congruency with the
character-state evolution (Lim et al. 2013), in con-
trast to this study. This might be due to a less com-
prehensive taxon sampling, covering only 32 of the
Pseudo-nitzschia species known at that time. When
more sequences are included, the morphologically
based species complexes are shown to have some
evolutionary relevance in the ITS2 tree due to its
better resolved phylogenetic framework, in contrast
to the cox1 and LSU trees. When mapped on the
ITS2 tree, the four morpho-characters (i.e., the
presence/absence of a central nodule, the number
of rows of poroids, number of sectors, and number
of fibulae vs. striae in 10 lm) make sense in an evo-
lutionary context (Fig. 4). For example, P. pungens,
P. multiseries, P. obtusa, P. seriata, P. australis, P. amer-
icana, P. brasiliana, and P. multistriata are united by
pleisiomorphic characters, all possessing 2–4 rows of
poroids, and lacking a central nodule (Fig. 4).
Although the sister taxa P. fraudulenta/P. subfraudu-
lenta, P. turgidula, P. turgiduloides, the entire P. deli-
catissima complex (Group IV), F. oceanica, and
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F. reginae-jahniae retained the character of 2–3 rows
of poroids (Fig. 4), they evolved independently, as
they possess a central nodule (Fig. 4). By lacking a
central nodule, P. micropora (Priisholm et al. 2002),
P. granii, P. subcurvata, and some Fragilariopsis spe-
cies (F. kerguelensis, F. cylindrus, and F. pseudonana)
secondarily lost this apomorphic character
(Fig. 4A).

According to the ITS2 analysis, neither Pseudo-
nitzschia arctica nor P. fryxelliana and P. inflatula
formed a clade with any of the P. pseudodelicatissima
complex species (Groups I–III), even though they
possess one row of poroids (incomplete 1–2 rows
for P. inflatula and P. kodamae). This synapomorphy
(one row of poroids) is shared by all members of
the P. pseudodelicatissima complex. The entire
P. pseudodelicatissima complex evolved independently
as distinct groups (I–III; Fig. 3), making species in
this complex the most recently evolved descendants.
Interestingly, some species in Group III are charac-
terized by having a proximal mantle bearing >2
poroids aligned to the fibula, as can be seen at the
valve face; others bear only 1 poroid (Fig. 4). Exam-
ples include P. hasleana (2–3 poroids; Lundholm
et al. 2012), P. kodamae (2–4 poroids; Teng et al.
2014), and P. limii (3–4 poroids; Teng et al. 2016),
which are unique in the P. pseudodelicatissima com-
plex and thus represent an autapomorphy.

The Pseudo-nitzschia pseudodelicatissima complex
exhibits a wide variety with respect to divided sec-
tors, while most other Pseudo-nitzschia species possess
simple poroids without divided sectors (Fig. 4C).
Apart from the P. pseudodelicatissima complex, por-
oids with divided sectors appear in P. fraudulenta/
P. subfraudulenta (2 to <10 divided sectors), P. arc-
tica, P. fryxelliana, P. granii, P. inflatula, and P. sub-
curvata (each with 1 to >5 divided sectors; Fig. 4C).
Pseudo-nitzschia simulans, P. fryxelliana, and P. arctica
are species in the P. pseudodelicatissima complex that
have poroids with divided sectors, but are grouped
outside the complex (Groups I–III). Again, P. galax-
iae is unique, as it does not possess poroids in the
striae (Fig. 4C).

The Pseudo-nitzschia species at the base of the
ITS2 tree (mostly the P. seriata group) have an
equal number of fibulae versus striae in 10 lm,
whereas P. americana, P. multistriata, P. subfraudu-
lenta, and the remaining species in the genus have a
lower number of fibulae versus striae in 10 lm
(Fig. 4D). All of the Pseudo-nitzschia species that pos-
sess tapering apices represent a pleisiomorphic char-
acter. Autapomorphic characters are found in
P. galaxiae (thin rostrae) and P. americana and
P. brasiliana (broad, round apices; Fig. 4E).

Even though Fragilariopsis forms an ingroup
within Pseudo-nitzschia, the genus Fragilariopsis can
be readily differentiated from Pseudo-nitzschia by its
flat, ribbon-like colonies, compared to the stepped
chains in the latter (Hasle 1994, Cefarelli et al.
2010). Other than that, the two genera are similar

morphologically and genetically, except that some
species of Pseudo-nitzschia produce domoic acid,
as discussed in Lundholm et al. (2002b). Currently,
26 of the 49 species of Pseudo-nitzschia are docu-
mented to produce domoic acid (Lundholm 2017,
Wadt et al. 2017). Our analysis shows that the toxic
Pseudo-nitzschia species are distributed across the
entire ITS2 tree, and thus no clear trend can be
seen. Furthermore, some strains of the same spe-
cies have been proven to be toxic, and others not.
Hence, the distribution of toxigenic species is not
shown in Figure 4. The genera Pseudo-nitzschia and
Fragilariopsis are closely related but evolved diver-
gently, and therefore have different traits. The phy-
logenetic relatedness can be seen in this study
(Figs. 1–3), where Fragilariopsis spp. tend to form as
ingroup to Pseudo-nitzschia spp., regardless of what
gene markers (cox1, LSU, ITS2) or outgroup is
assigned. This supports an LSU phylogeny of the
Bacillariaceae comprising an outgroup of araphid
taxa and with the ingroup containing several Bacil-
lariaceae genera (19 taxa; Lundholm et al. 2002a).
It is similar to an SSU Pseudo-nitzschia phylogeny,
which used an outgroup from genera in Bacillari-
aceae (i.e., Nitzschia, Cylindrotheca, Tryblionella, Ach-
nanthes, Bacillaria, and Eutonia; Lim et al. 2016).
Whether Pseudo-nitzschia and Fragilariopsis should be
congeneric remains a subject for scientific debate.
It is noteworthy that some species of Fragilariopsis
also possess a central nodule, e.g., F. oceanica,
F. reginae-jahniae, F. atlantica, and F. pacifica (Lund-
holm and Hasle 2010). Similarly, several Nitzschia
species (e.g., N. bizertensis; Smida et al. 2014,
N. longissima; Kaczmarska et al. 2007, and N. navis-
varingica; Lundholm and Moestrup 2000), also pos-
sess a central nodule. Although the number of ITS
sequences for Fragilariopsis (with ~25 species) in
the GenBank database is currently limited, it would
still be worthwhile to explore more thoroughly the
relationships between Pseudo-nitzschia and Fragilari-
opsis. Furthermore, research is warranted to study
their relationship to Nitzschia, although this would
be a greater challenge because of the huge num-
ber of species (~775; Guiry and Guiry 2017).
Based on our results, the presence/absence of a

central nodule and the number of rows of poroids
are useful morphological characters in an evolution-
ary context for Pseudo-nitzschia. Other morphological
characters that have overlapping morphometric
measurements or that did not show a clear trend
(e.g., valve width, transapical width, shape of valve,
valve girdle view, poroids in 10 lm, and structure of
valvocopula) are not shown in Figure 4.
Taxonomic status of Pseudo-nitzschia cuspidata and

P. pseudodelicatissima. The separation of the cryp-
tic P. cuspidata and P. pseudodelicatissima in all mor-
phological and molecular analyses remained
unresolved when using the genetic markers LSU,
ITS1-5.8S-ITS2, and rbcL (Lundholm et al. 2003,
2012). Previously, it was considered possible to
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separate P. cuspidata and P. pseudodelicatissima using
ITS2 plus secondary-structure information (Lim
et al. 2013, Teng et al. 2014, 2015, 2016). However,
the delineation became uncertain as the number of
sequences increased (as shown in Figs. 1–3). The
taxonomic uncertainty of these two species thus
remains and requires examination of P. pseudodeli-
catissima from the type locality.

The holotype of Pseudo-nitzschia cuspidata is from
Las Palmas, Gran Canaria (Canary Islands), while
that of P. pseudodelicatissima is from the Denmark
Strait, North Atlantic (60°180 N, 31°00 W; Lundholm
et al. 2003). Strain Tenerife8 (from Tenerife, Can-
ary Islands; Lundholm et al. 2012) can thus repre-
sent an epitype of P. cuspidata and serves to define
to which clade P. cuspidata belongs. Unfortunately,
a representative strain for P. pseudodelicatissima from
its type locality is currently unavailable, and further
clarification is required by obtaining a live strain
from the type locality. Given that species composi-
tion changes over decadal to multidecadal time
scales (e.g., Lundholm et al. 2010), it may not be
possible to recover the representative strain. Cur-
rently, the available sequences of P. pseudodelicatis-
sima were obtained from other biogeographic
regions (i.e., northern Spain and Portugal, and the
Tyrrhenian and Mediterranean Seas; Table S1).
Until a live strain from the type locality can be
obtained, two possible scenarios remain: (i) P. cuspi-
data will be a synonym of P. pseudodelicatissima if the
representative strain from the holotype area (i.e.,
Denmark Strait) falls in the same clade of P. pseudo-
delicatissima/P. cuspidata; (ii) P. pseudodelicatissima
will become the name of another clade if a repre-
sentative strain from the holotype area appears in
another clade. Pseudo-nitzschia pseudodelicatissima was
originally described on 24 May 1898, while P. cuspi-
data was described much later, on 6 January 1960
(Lundholm et al. 2003). Hence, P. pseudodelicatis-
sima would be the valid species name in scenario #1.
cox1, LSU, and ITS2 of Pseudo-nitzschia. Most

often morphological and molecular evidence is used
as indicators of speciation. Breeding experiments
have provided valuable information on species
boundaries and have helped to separate the pseudo-
cryptic P. mannii within the P. pseudodelicatissima
complex (Amato and Montresor 2008), as well as
the cryptic P. arenysensis and P. dolorosa within the
P. delicatissima complex (Quijano-Scheggia et al.
2009). The phylogenetic approach to character
interpretation (Patterson 1988) is reflected in our
ITS2 phylogeny, which is inferred from sequence–
structure data (Fig. 3). Indeed, both morphological
(i.e., features of the siliceous cell wall) and molecu-
lar (i.e., DNA sequences) characters can be treated
equally to support species delineation under the
phylogenetic species concept.

The complete sequence length of cox1 in diatoms
varies from ~1,000 to 6,500 bp (e.g., Berkeleya fennica
[1,434 bp; An et al. 2016], Thalassiosira pseudonana

[3,838 bp; Armbrust et al. 2004], Phaeodactylum tri-
cornutum [6,295 bp; Outdot-Le Secq and Green
2011], Synedra acus [6,468 bp; Ravin et al. 2010],
and Pseudo-nitzschia multiseries [6,111 bp; Cao et al.
2016]. Similarly, the number and length of introns
in cox1 varies among different species. For example,
P. tricornutum, P. multiseries, and S. acus possess two
introns (4,000–5,000 bp), while there is only one in
T. pseudonana (~2,000 bp) and none in B. fennica.
Due to the presence of introns in cox1 (Ehara et al.
2000), it can be relatively difficult to amplify and
sequence the region (Moniz and Kaczmarska 2009,
Hamsher et al. 2011), as also demonstrated in the
Sellaphora (Evans et al. 2007) and Nitzschia palea
(Troboja et al. 2010) complexes. Indeed, amplifica-
tion of cox1 sequences in Pseudo-nitzschia often
resulted in multiple bands from PCR.
The alignment of data sets affects the robustness

of a phylogeny other than sample density. In con-
trast to LSU and ITS2 rRNA genes, the mitochon-
drial cox1 gene comprises few indels, and can thus
readily be aligned for analyses (Evans et al. 2007,
this study). ITS2 is especially difficult to align and
requires an advanced understanding of bioinformat-
ics tools. As a result, the prediction of secondary
structure has sometimes differed among research
groups (Moschandreou et al. 2012, Orive et al.
2013, Percopo et al. 2016). Compared to ITS2, the
alignment of cox1 is easier, more straightforward,
and has a higher repeatability.
According to Evans et al. (2007), cox1 sequences

are more divergent than rbcL sequences, and are
therefore more useful in resolving low-level, intra-
and interspecific relationships (e.g., in the diatom
Sellaphora). Currently, the main drawback for apply-
ing cox1 to diatoms (Bacillariophyta) is the
restricted availability of entries in the GenBank data-
base (~400), compared to a ~6-fold greater number
for ITS. However, the ability of cox1 to delimit spe-
cies and its low intra-genomic variation make it wor-
thy of further exploration (e.g., through the
development of better primers [Troboja et al. 2010]
or cloning). The ITS region of diatoms is complex,
in particular, because multiple divergent copies can
be found within a single clonal culture (Behnke
et al. 2004, Casteleyn et al. 2009). As ITS2 is a
rapidly evolving gene, it is normal to have highly
divergent polymorphisms in the sequences because
they evolved significantly faster than other genes.
However, for Pseudo-nitzschia it has been shown that
evolution most often keeps the multiple divergent
copies uniform (D’Alelio et al. 2009).

CONCLUSIONS

Comprehensive sequence sampling is here shown
to be a useful criterion to improve the accuracy of
phylogenetic estimation by recovering the species
complex groupings. The phylogenetic tree inferred
from ITS2 sequence–structure analyses indicates that
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the morphologically based species complexes have
evolutionary relevance that agrees with molecular
phylogeny. Currently, cox1 sequences have only been
recovered from 19 of the 49 described Pseudo-nitzschia
species, whereas there are 36 and 41 sequences for
LSU and ITS2, respectively. Thus, more sequences
are required from each marker to make an adequate
comparison of the relative usefulness of these mark-
ers. The data presented here contribute to the hypo-
thetical framework of character evolution in Pseudo-
nitzschia. The status of P. cuspidata and P. pseudodeli-
catissima remains unresolved and requires examina-
tion of material from the type localities.
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Figure S1. Color heatmap showing distribution
of pairwise genetic distance estimated from (A)
cox1, (B) LSU, and (C) ITS2 based on p-distances.
Refer to Figs. 1–3 for the detailed tree topology.
The color bars indicate the p-distances range of
each gene markers. Axis x/y shared the same
legend.

Table S1. List of cox1, LSU, and ITS sequences
of Pseudo-nitzschia and other diatom species used
in this study. * indicates sequence obtained from
type strain. Bolded sequences indicate novel con-
tributions from this study.
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