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188 rDNA sequences of six Naviculaceae species [Amphora montana,
Gomphonema parvulum, Eolimna minima (syn. Navicula minima), Eolimna
subminuscula (syn. Navicula subminuscula), Navicula veneta and
Phaeodactylum fricornutum] were determined in order to assess the
monophyly of this important group of diatoms, to date not included in 185
rDNA databases, and also that of the recently described genus Eolimna.
Phylogenetic trees were constructed using other known diatom 185 rDNA
sequences, and bhest tree topologies obtained were tested against alternative
trees for their reliability. The analyses do not reject the monophyly of
Naviculaceae and strongly support the separation of the genus Eofimna from
Navicula sensu lato. The two species of Folimna, however, do not appear to be
each other's closest relatives among the species investigated: rather, E.
subminuscula shows affinities to A. montana, and E. minima to P. tricormutum.
A. montana, a species which it has been proposed should be transferred into a
separate taxon from the other five species, was found to have grouped well
within them in all analyses.
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INTRODUCTION

Investizations into diatom phylogeny and taxonomy
were  buased  almost exclusively on morphological
[eatures of the silica frustules (and to a much smaller
extent on structural features of the living cells) until the
end of the 1980s, when molecular phylogenetic investi-
pations also started. Research in this arca has mainly
been carried out by Medhin and co-workers (c.g.
Medlin er ¢f.. 1995, 1996, 19974, b: Kooistra & Medlin,
1996) using 135 rlDNA sequences from a broad variety
of diatom specics, clarifying basic outlines of diatom
molecular phylogeny. As a result of these studies, 188

rDNA sequences are available from representalives of

most major diatom lincages. It was found through
them that the traditonal division ol diatoms intoe
centric and pennate (and within the latter into raphid
and araphid) forms 1s not a true phylogenetic grouping

Abbreviations: ML, maximum-likelihood,; MPT, mast parsimonious troc.
The EMBL accession numbers for the 185 rDNA sequences determined in
this study are: Armphora montana, Al243061; Gomphonema parvualum,
AJ243062 : Eolimna minima, 81243063 ; Fofimna subminuscula, 81243064,
Navicula veneta, A1297724; and Phasodactylum tricornutum, AJ269501.

01647 < 2001 IUMS

since centrics form a paraphyletc lincage, and so do
araphid pennates. In some other aspects. however. this
molccular phylogeny supported the traditional classi-
fication of diatoms: both pennates and the farmly
Bacillariaceae (and thus raphid pennates. represented
only by the Bacillarnaceae specics in these studies)
appeared as monophyletic groups. Sorhannus ¢/ af.
(1995) determimed and analysed partial 285 rDNA
scquences from a smaller selection ol species and their
results were congruent with those of the above authors,
Thus the molecular dala scem o contradict the
proposition of Kociolek & Stoermer (1989) based on
chromosome counts. suggesting an carly divergence of
diatoms into centrics and pennates, and also that of the
pennates into raphid and araphid groups (c.g. Medhin,
19974). However, a large. ecologically important and
taxonomically inleresting group of diatoms, the family
Naviculaceae, has so lar nol been included in these
molecular phylogenclic investigations.

We determuned I8S rIDNA sequences of six Navi-
culaccae species: Ampliora moniand, Gomplionchia
parvulum sensu faro, Folimpa minima (syn. Navicufa
minimad),  Eofimna  subminuscufa  {(syn. Noviewla
stthminuseuld). Navieula vencta and Phavodacivium
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iricorntum. and present the molecular relationships of

these with other pennate didloms.

The family Naviculaceae in the sense used here includes
biraphid pennate diatoms with median ruphe (see
Krammer & Lange-Bertalol, 1986). The taxonomy ol
this group has been changing constantly in the Tast
decade: the whole lamily. as well as many of'its genera,
have undergone revisions based on moerphology (e.g.
Round ¢f af.. 1990). The g genus Nuviewla, [or instance,
has been fundamemally revised. One of {he new genera
described for members ol Navicula sensu faio s
Folinna {Schiller & Lange-Bertalot, 1997). Another
taxonomic innovation of Round ef af. (1990) con-
cerning  Naviculaceae sensw Krammer &  Lange-
Bertalot (1986)1s that the family has been raised Lo the
level of order and split into two groups: the orders
Naviculales and Thalassiophysales. One of the species
mvestigated in this study, A. mostawie. has been placed
within the Thalassiophysales, and our other specics
within the Naviculales.

In this study we try Lo answer the following questions.
{1} Is the family Naviculaccae a monophyletic group?
(2} Is the order Naviculiles sensa Round ef af . {199G) a
monophyletic group: do our molccular data support
the separation of the order Thalassiophysales Itom the
Naviculales? (3) Do these sequences support the
separation of Folimna {rom Navienla. and is Eofintne
monophyletic based on the (certainly limited) inlor-

matien available from the 1885 rDNA sequences of

our two Eelimaa species? In other words, are the
morphological features supposed Lo be specific to Eo-
limna phylogencucally informative, or do they appear
to be homoplasies instead? (4) Docs the family
Bacillariaceae remain a monophyletic group when
their presumably close relatives, Naviculaceae specics,
are also mcluded in the analyses? (5) Do raphid
pennates, mncluding the Naviculaccae besides the
Bacillariaceae, sull form a monophyletic group? To try
o answer these questions, we searched for best Lrees
under difterent optimality criteria, and also tested
allernative phylogenics against the best trees obtained.

METHODS

Isolation, purification and cultivation of strains. Qur strains
were isolated from epilithon samples from the sircam Laskd
(N venetay and the river Danube {exeept P. iricormutun) by
pliting onie agar-solidified digtom  medium  (Hughes,
Gorham & Zehnder's medium as moditied by Allen: see
Bold & Wynne, 1978). The cultures were separated from
cukaryotic contaminants by streaking and reisolation. and
the strains were maintained in liquid medium with the same
composilion as the medivm used for thelr isolation. In
addition to the straing iselated in our laboratory, the strain
UTEX 640 of P. ricorauivm was used, The slrains arc
maintained in the coliection of the Department of Micro-
biology, Iidtvés Lorand University.

Identification of strains. Strains were treated with 30% 11,0,
o clean the frustules, and identified by transmission and
scunning clectron microscopy based on the identification
hook of Krammer & Lange-Bertalot (1986).
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DNA extraction and amplification of 185 rDNA. Celly were
harvested by centrifugation, frozen in liquid nitrogen and
ground in a mortar. The ground cells were suspended in
360 pl ysis buller (150 mM NaClL 10 mM N, EDTA, pH
8). 10 pl proteinase K (10mg ml " Mercky and 20 pl 25%,
SDS was added and samples were incubated at 65 °C lor
45 min. DNA was extracted with equal volumes of phenol
and chlorolorm, and purilicd with a Prep-A-Gene DNA
Purification Kit {Bio-Rad). Amplification of the [8S rDNA
wus carried out by standurd PCR protocols using the
cukaryotic-specilic primers desenibed by Modlin (1990)
without the polylinker sites.

Sequencing of PCR products. PCR products were purilicd
with i Prep-A-Gene DNA Puritication Kit {Bio-Rad)y and
directly sequenced with an ABI Prisin BigDye Terminator
Cyele Sequencing Ready Reaction Kit with Amplilag DNA
Polymerase FS (A pplied Biosystems), and purilied according
to the instructions of the manufacturer. The product was
then electrophoresed with an ABL Prism 310 Genetic
Analyser  {Applicd Biosystems). For the sequencing
reactions (Saunders & Diruchl, 1992), the primers 188 /443r
(5-RCGSRC(” IGCTGCTGCCTTCC G- 3 and 188/
DT (-AAAACATCCTTGOWARATGC -3 designe:d
in our laboratoery, were used.

Phylogenetic analysis. The sequences were aligned wilh
previously published diatom 185 tDNA sequences (e
Munhart ¢f ol 1995, Medlin er «l., 1996) using thc ARB
program package (Strunk of ¢f., 1995). The ahigrments were
corrected manually, considering primary and secondury
structural similarity.

Maximum-likelihood (ML) analyses were performed using
the FastDNAmMI program (\crslon LT Olsen e af., 1994,
with cmpirical base Itequencics, s transition:iransversion
ratio of 240, random addition ol taxa and plobal re-
arraingenients.

For unweighted maximum-parsimony analvses. (he PAUP
program (version 4.0bda; Swoflord, 1998) was used. In-
[ormalive characters were trealed as mullistate unordered,
and gaps were treated as missing data. Phylogenetic trees
were obtained using the tree-bisection-reconncction branch
swapping option and tandom addition of the taxa in a
heuristic search in 10 sequence addition replicates. For
hootstrap analysis. multiple data sets were obtained by
SEOBOOT In 500 replicates, analysed with DNAPARS wilh
random taxa addition, and a consensus bootstrap (ree was
produced by CONSENSE (PHYLIP; liclsenstein, 1983).
Parsimony analysis with GoloboT s implicd weights method
was performed using patr with the deluull option K =2
(with rundom addition of taxa. heuristic search). For
bootstrap analysis with the above sctiings in 100 replicates,
PAUP wis uscd.

User-detined tree topologics (prepared with RETRIE, PIIVLIF)
were compared 1o the ML tree with the Kishino-Hasegawa
wil (Kishino & Hasegawia, 1989 Swollord er o, 1996) using
FustTYNAmI Lo assess how much stronger the sequence data
supported the best tree Lhan alternative trees.

RESULTS AND DISCUSSION
Phylogenetic relationships of the Naviculaceae
The clectron microscopic identification of the strains

was straightlorward except for the closer identification
of the G. parvufum 1solale: because of its small size 1
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Fig. 1. Phylogenetic relationships of diatom 185 rDNA sequences as revealed by the ML method. Numbers above internal
nodes represent bootstrap proportions based on an analysis with Goloboff's implied weights method (100 replicates).
Italic numbers below the nodes show bootstrap values revealed in an unweighted maximum-parsimony analysis (500
replicates). Only bootstrap values over 60% are shown. Species names included within frames are those of the
Bacillariaceae (frame 1} and of the Naviculaceae species (frame Il). The bar represents 01 nucleotide substitution per

position.

could not be placed unambiguously into either of the
subgroups of this morphological group with recently
constantly changing taxonomy. In this paper we refer
to this strain simply as (7. parvulum.

188 rDNA sequences ranged from 1744 1o 1754
nucleotides in length excluding amplification primers,
except for 4. montana which was only 1729 nucleotides
long: loops 10 and 11 (following the nomenclature of
De Rijk er al., 1992) in this molecule are 6 and 9
nucleotides shorter than in most diatom species,
respectively. Alignment of the sequences using primary
as well as secondary structures was relatively clearcut,
except for the hypervariable regions of the gene (e.g.
loop E21-1), which were excluded from subsequent
analyses. Thus 1702 positions, containing 236
informative sites for parsimony analyses, were used for
construction of phylogenetic trees.

Dissimilarity of the two Eolimna sequences was
surprisingly high considering the presumed close re-
lationship between them: 7-5%, while, for example,
dissimilanity of the E. minima sequence to the P
tricormutum was only 54 %.

The best tree obtained under the ML criterion is
presented in Fig. 1. When fastDNAmI was run with
the K (keep multiple trees) option, three different
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topologies were encountered with respect Lo the Navi-
culaceae species among the trees found with almost as
high probability as that of the ML tree. In one of these
(tree A, see Fig. 2 and below) Naviculaceae and
Bacillariaceae were monophyletic sister groups,
together forming the (equally monophyletic) group of
raphid pennates. In the other trees G. parvulum was
found at the base of the remaining raphid pennates.
just as in the ML tree. The branching order of the four
Maviculaceae species besides G. parvulum (described
above) and N. venera (the position of which did not
vary among trees) was either identical to that in the
ML tree or E. minima was connected to the branch
leading to 4. montana and E. subminuscula instead of
P. tricornunum. The likelihoods ol these trees differed
minimally and the differences were not significant (see
also below).

In the unweighted maximum-parsimony analysis one
most parsimonious tree (MPT) was found which
differed from the ML tree only in the branching order
within the Bacillariaceae and that of the four above-
mentioned Naviculaceae species, which were again
grouped as described at the end of the last paragraph.
Four trees required only one more step than the MPT.
In three of these. the branching order of the Navi-
culaceae species was identical 1o that in the MPT, In
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Bacillariaceae )

Gomphonema parvulum, strain G15, AJ243062
Navicufa venata, strain NCB, AJ297724
Eolimna subminuscia, strain C1A, AJ243064

Amghera montana, strain TSA2, AJ243061

Folimna mimitma, strain SNA1S, AJ243063
Phasodactylum tricomutum, strain UTEX 640, AJ263501

Fig. 2. Branching order of the Maviculaceae
species in tree A {see text). This tree has

_|:Fraga?an'a striatula, XT7704
Thalassionema nitzschioides, X77702

0-10

a likelihood not significantly smaller than
that of the ML tree and is considered
as a starting tree for the rearrangements
described in Results and Discussion. Species
names in the frame are those of Navi-
culaceae species. The bar represents 01
nucleotide substitution per position.

Table 1. Results of Kishino-Hasegawa tests of alternative tree topologies against the

best one found in ML analy:;ls

Fora dL\.LHpIInH ol the alternative trees. see Results and Discussion.

Tree — Loy Ditference in Standard %lgmht‘lntl\
likelihood log likelihood deviation worse

ML 807728 {Best) -

A SO8G02 274 068 No

B IT12% 3400 1474 Yoy

¢ S0U3-R3 1635 1183 No

1 R(W3-54 1620 1341 N

L K 1U9-00 372 1490 Yow

IF XI2573 5155 19-81 Yes

the lourth one, the branching order of the Navi-
culaccae was identical Lo that m the ML tree.

In the tree obtained with the Golobo T implicd weights
method, ¢, parvufion was again a sister group 10 all
ather raphid pennules (as in the ML tree and the MPI
ol the unweighted analysis); the branching order of the
{ive other members ol the Naviculaccae was also
identical 1o that in the MPT,

Alternative phylogenies

As seen [rom these results, the trees obtained under
dilferent optimalily criteria all agreed in showing
monophyly ol the sequences from raphid pennates and
from the class Bacillariaceae, and paraphyly of those
from the order Naviculales seasy Round ef of (1990),
and in not showing the two Eolimina species to be the
closest relatives either of each other or of N, veneta.
The answer they give Lo the guestion regarding the
monophyly of Naviculaceae, however, is hazier. The
objective of the following comparisons was Lo further
test the reliability of these results. The alternative
topologies were obtained starting from tree A (Fig. 2).
This tree shows monophyly of the Naviculaceae, with
a likelihood thatis hardly smaller than that of the ML
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tree. This likelihood difference does not raise serious
doubts about the monophyly of Nuaviculaceae as
hypothesized based on morphology. We also noticed
that miner changes in the sclection of speciex included
in the analyses could result in the topology of tree A
having a higher likelithood than the topology presented
in Fig. 1. In conclusion. the sequence data available do
nol make 1t possible to decide which topology 1s closer
to the reul branching order of species, and until further
data accumuolate which question the monophyly of
Naviculaceae we consider this group as monophyletic.

The following alternative topologies were compared 10
the ML topolog (the part ol tree A differing from the
ML tree is presented in IFig. 2, in the rest of the cases,

dilferences rom  this IILL- are described). (A) G
;mrvu!um was transferred to form the first diverging
branch within the clade of Naviculaceae (Fig. 2; this
tree wus also found in the ML analysis, as mentioned
above, and its likelihood differed (rom thal of the ML
tree 1o such a small extent that this differcoce is not
significant. This tree is included in this deseription and
in Table | to show this difference numerically). (B) The
branch leading to Frugilarie striciife and Thalassi-
onernd nitzschioides was moved “up’in the tree, to the
basc of Naviculaceae {thus tlesting for the monophyly
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ol raphids). (C) The branch leading to Bacillariu
paxiflifer and the two Peridinitun endosymbionts was
transferred to the reot of Naviculaceac (testing for the
monophyly of Bacillariaceae). (D) I minima was
transferred to be the closest relative of K. suhminuscuty
(testing for the monophyly of the genus Eolimna). (F)
As in the case ol tree D, but also N vereig was
iransferred to the basc of the Eolimnas. tesiing for the
monophyly ol the eld genus Navicula, also containing
our two Eofimna species. (F) A, montana and G
parvulm were exchanged o test for the monophyly of
Naviculales sensy Round ef af. (1990).

The results of the Kishino—Hasegawa tests lor these
trees against the ML tree are shown in Table . The
trees B F were also compared to tree A, and the results
were identical to those scen in Table 1 with respect to
the significance ol the dilferences. As scen there, trees
B, E and F arc significantly worse than the ML tree,
while the others are not. The log likclihood of tree A s
almosl as high as that of the ML tree, as noted above,
These results further reinforee the assumptions of the
monophyly of raphids, of the paraphyly of Naviculales
sensy Round ei af. {1990} and of the paraphyly of the
old genus Navicuta as well. They also show that the
sequence  data  contradict the paraphyly of the
Bacillariacene, and the monophyly of the genus
Eolinma 10 a lesser extent.

Conclusions

The taxonomy of naviculoid diatoms has been sub-
jected 1o constant change in the last decade. Many of
these changes were proposed by Round ef af. (1990).
including the restriction of the genus Nevicila 1o the
members of the section Lineolatae of Navicula sensu
fato. This genus [ormerly contained a heterogeneous
sclection of bilateraully symmetric pennates that were
not classilicd according to a special distinctive mor-
phological [cature. Now, it only contains the members
of the former Lincolatae, and new genera have been
described for members of the other sections (e.g.
Settaphora. Fallacia, Lvrella, Petroneis cle,) based on
differences in the fine structure of the [rustule, and to a
much smallcr extent on features ol the living cell. One
of these new genera is Folimna, described on the basis
of the lossil species Eofimna maritinii {Schiller & Lange-
Bertalot, 1997). Distinctive features of (his new genus
mclude cell size, structure of the arcelue and the
perforated valvocopula. The two Lolinmia species in
our present study were formerly placed in the genus
Naviewla sect.  Minuscrdae (Krammer & Lunge-
Berialot, 1986; Moser ¢ af.. 1998).

Another new feature in the classification of Round er
el (1990) was the division of the group of naviculoid
diatoms into the orders Thalassiophysales and Navi-
culales. The former containg the gencra Cufenula,
Amphora, Undatelle and Thalassiophysa, while the
remaining naviculoid genera were placed in the latier.

In conclusion, the taxonomy of naviculoid diatoms is
tar from being resolved. Some of the questions raised
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in the Introduction clearly require more molecular
dula in order to be rcliubly answered. However, our
analyses gave reasonably unambiguous answers 1o
some of the questions: the obtained ML and
maximum-parsimony trees, as well as the comparison
of tree B to the ML tree. strongly support the netion
that the group of raphid pennates (now ncluding the
Naviculaceae as well as the Bacillariaccae) form a
monophyletic group. Our results also strongly support
the paraphyly of the old genus Navicula (and thus the
separalion ol the (wo Folimna species from this genus)
and of the order Naviculales seast Roond er «f. (1990},
Considering the former. we refer to best trees under all
ol the optimality criteria used in this study, the
bootstrap values and the result of the Kishino—
Huascgawa test of tree I against the ML tree. Con-
cerning the laller., A moniaag. the species in our
analyses that was moved inlo the order Thalassio-
physales by Round ef af. {1990}, was found well within
the rest of our species (all of which would be placed in
the order Naviculales in this classificauen) in all
analyses and with high bootstrap support, and the
transfer of the branch of 4. mronfana Lo the base of Lhe
clade of Naviculales (tree F; this tree topology would
be expected 1l the order Naviculales was a mono-
phyletic group) resulled in a significantly worsc tree
than the M1 tree.

The family Bacillariaceae appeared as a monophyletic
group in all analyses, and the Goloboff bootstrap
value ol the clade of the Baciilariaceae also supports
their monophyly, Though in the Kishino Tlasegawa
lest trée C was not significantly worse than the ML
tree, this fact in itsell should not raise serious doubts
about the monophyly of this group.

Although in the ML (ree Naviculaceae sensy Krammer
& Lange-Bertalot (1986) appeared as a paraphyletic
group, our results only slightly contradici the
monophyly of the Naviculaccac. Reasons for thinking
so are the [ollowing: the minimal {far from significant)
difference in the likelihoods of the ML tree (IF1g. 1) and
tree A (Fig. 2), the fact that branch lengths of
Naviculaceae are longer than those of Bacillariaceae
(indicating a higher rate of substitution within this
lineage that can result 1 the larger evolulionary
distance of G pervufum Irom the other naviculoid
species), and, especially. the fact that the brunch of .
parvelum was found within the naviculoid clade. tor
instance when N. wenefe was not ncluded in the
analysis. In conclusion we consider that further data
could possibly reinforce or reject the hypothesis about
Naviculaccae being a monophyletic group; however,
al present the reasons lor doubting it are rather weak.
From this point of view, further 185 rDNA sequences
from close relatives of G. parviduni could be especially
interesting.

The genos Eolinma quile unequivocally scems to be
paraphyletic from these analyses. As statistical support
for this we peint 1o the bootstrap value of the node
connecling A. motane and £, subminuscula. Though
the Kishino Hasegawa (est did not indicate that tree B
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is signilicantly worse than the ML tree, apart from
bootstrap values, the fact that the two Eolimaa specics
were not grouped Logether in any of the analyses
performed raises serious doubts aboul the menophyly
ol Eofimna. However, this question requires lurther
examination; to be able Lo really assess the molecular
relutionships of the species of this genus, 185 rIDNA
sequences from more of them would be necessary.
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