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Background and aims — Formal inferences of the diatom phylogeny have largely depended on
the nuclear-encoded small subunit of the rDNA gene (SSU). Large parts of the tree remain unre-
solved, suggesting that new sources of data need to be applied to this question. The next largest
dataset consists of the large subunit of the ribulose-bisphosphate carboxylase gene (rbcL). The
photosystem II gene psbC has also been applied to problems at higher levels of the diatom phyl-
ogeny. Thus, we sequenced each of these three genes for 136 diatoms in an attempt to determine
their applicability to inferring the diatom phylogeny.

Methods — We attempted to obtain a more or less even sampling across the diatom tree. In partic-
ular, we increased sampling among the radial and polar centrics and among taxa that morphologi-
cally appear to be transitional between polar centrics and araphid pennates. Normal sequencing
methods were used. Data were analyzed under maximum likelihood.

Key results — Analysis of SSU and chloroplast data returned many of the same clades and the
same general structure of the tree. Combined, the data weakly reject monophyly of the radial
centrics. The chloroplast data weakly support monophyly of the polar centrics but SSU and com-
bined data weakly reject polar centric monophyly. There may be an hitherto unrecognized clade
of araphid pennates sister to the remaining pennates.

Conclusion — While it is obvious that more genetic data need to be collected, perhaps the greatest
obstacle to inferring an accurate, or at least global and robust, diatom phylogeny is the fact that
the parts of the diatom tree that appear to be the most intractable to date (relationships among
centric groups and between centrics and pennates) are also the most undersampled. This is in part
due to major extinctions in the radial and polar centrics. We believe diatomists need to support
more effort in both the molecular and morphological studies of these diatoms, and in the search
for more information about the first half of the diatom stratigraphic record.
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INTRODUCTION

Diatoms have traditionally been classified into two ma-
jor groups, centrics and pennates. For descriptive pur-
poses, major elements of the former are typically around
a central point or with no apparent organization, where-
as the latter are typically elongate and their structures
are organized more or less perpendicular to a longitudi-
nal rib or bar called a sternum. Pennates themselves are
often divided into two groups, the raphid pennates (usu-
ally with a pair of slits running through the sternum)
and araphid pennates (those without such slits).

Traditionally derived diatom phylogenies may
present very different hypotheses about relationships of
species within these broader groups and also how these
groups are related to one another. Steinecke (1931)
drew a phylogenetic tree of the diatoms which had the
centrics and pennates each as monophyletic sister taxa
with raphid pennates as a monophyletic group nested
within the paraphyletic araphids. In stark contrast, Si-
monsen (1979) drew a phylogenetic tree which had cen-
tric diatoms as paraphyletic, araphids as monophyletic,
and raphid diatoms as paraphyletic (Eunotiaceae, with
an unusually foreshortened raphe were placed as the
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sister group to araphid diatoms). As an example of a
third view, Round & Crawford (1981, 1984) argued that
each major lineage (centrics, araphid pennates, raphid
pennates) was derived separately from a pool of “Ur-
diatom” forms. In short, each of these major groups has
been identified as both monophyletic and paraphyletic
in one major work or another.

These and other traditional phylogenies are difficult
to compare on their own terms because they lacked for-
mal assessment of homology and formal resolution of
the inevitable conflict between characters. Homology,
as understood by modern systematics (Patterson 1988),
was often assessed without applying techniques or
concepts that one might associate with modern phylo-
genetic systematics. Taxonomic groupings might have
been made on the basis of some informal assessment
of overall similarity, perhaps in conjunction with strati-
graphic distribution in order to give direction to pre-
sumed evolutionary trends. Different sets of characters
were employed in different parts of the hypothesis and
by different authors. Evolutionary scenarios, presuming
relative ease or difficulty of morphological or ecologi-
cal transitions, were the explicit or implicit foundation
for some hypotheses. In some cases, authors used rea-
soning that was very similar to modern systematic theo-
ry, but even then that reasoning might be applied to one
character, while other arguments were applied to other
characters. Such was the state of the art in systematics
in general until the advent of phylogenetic systematics.
Unfortunately, diatomists by and large have continued
to eschew phylogenetic thinking about morphology
long after the introduction of cladistic methodology.

This history constrains our present understanding of
diatom phylogeny. The standard phylogenetic approach
is to create a matrix of all available characters and com-
pare them across all taxa for a given problem. The tradi-
tional approach often focused on one character system
in one taxon in one study and another system in another
taxon in another. Mann & Evans (2007) correctly iden-
tified a significant resulting problem, that phenotypic
data have been gathered irregularly. The morphology
of some species has been studied relatively thoroughly,
including ultrastructural details of zygotes and gametes
as well as details of frustule morphology. In many other
species there is no information about even basic frustu-
lar elements such as the girdle bands.

Thus, formal phylogenetic analysis of morphology
for diatoms as a whole remains lacking. However a
number of studies have been performed on small groups
of diatoms. Explicit cladistic principles were applied to
one or a handful of characters in discussing evidence for
certain groups, including Cyclostephanos and Stepha-
nodiscus (Theriot et al. 1987) and Mesodictyon (Theriot
& Bradbury 1987). Studies where formal matrices have
been produced are limited to smaller groups of diatoms.
Examples of such treatments are studies of certain
araphid groups (Williams 1990), gomphonemoid and
cymbelloid pennates (Kociolek & Stoermer 1993), the
surirelloid diatoms (Ruck & Kociolek 2004), fossil and
living tangentially undulate Thalassiosira species (Ju-
lius & Tanimura 2001), and the Stephanodiscus niaga-
rae Ehrenb. complex (Theriot 1992). Edgar & Theriot
(2004) created a dataset of molecular, and qualitative
and quantitative morphological characters for Aulaco-

seira. Jones et al. (2005) created matrices of molecular
and qualitative morphological data for raphid pennates.

Formal analyses of the larger diatom phylogeny be-
gan with the use of molecular data (Medlin et al. 1993).
Alverson & Kolnick (2005), Mann & Evans (2007) and
Theriot et al. (2009) summarized most of the available
formal phylogenetic analyses done on higher level rela-
tionships of diatom molecular data. Analyses of molec-
ular data (mainly nuclear SSU rDNA; henceforth SSU)
have generally supported the notion expressed by some
traditional phylogenies (Simonsen 1979, Round et al.
1990) that centric diatoms broadly grade into pennates
through several nodes (Medlin et al. 1993, Medlin et
al. 1996a, Medlin et al. 1996b, 2000, Medlin & Kacz-
marska 2004, Sorhannus 2004, 2007). However, the
particular relationships among groups vary from study
to study. Reasons for this include utiﬁzation of different
taxa, different optimality criteria, and, in some cases,
failure to properly analyze the data under a specific op-
timality criterion (Theriot et al. 2009).

Centric diatoms have frequently been divided into
two groups of convenience. The so-called radial centrics
are mainly circular in outline, and the bi-or multipo-
lar diatoms (henceforth simply polar diatoms) consist
mainly of diatoms with elongated, triangular, quadran-
gular, etc. outlines. A notable, although not the only,
exception are the Thalassiosirales which are mainly cir-
cular in outline but routinely fall in the polar diatoms. In
the analyses above, it is generally true that each of these
two groups are paraphyletic.

A major reclassification of the diatoms into three
Classes has been recently proposed, with radial cen-
trics formally named as the Coscinodophyceae, the po-
lar centrics as the Mediophyceae and the pennates as
the Bacillariophyceae (Medlin & Kaczmarska 2004). It
has been suggested that the three major groups are each
monoghyletic. This has been called the CMB hypoth-
esis, the acronym derived from the formal names of the
three major clades (Theriot et al. 2009). However, sev-
eral authors have argued that the classification may not
reflect phylogeny, specifically questioning monophyly
of the radial ancf, polar centrics (Mann & Evans 2007,
Williams & Kociolek 2007, Theriot et al. 2009).

Limited attempts have been made to resolve the dia-
tom phylogeny using other genes. Ehara et al. (2000)
recovered centrics as arap%yletic, and araphids and
raphids each as monopgyletic in a study using the 1.1-
kb region of the cytochrome c oxidase subunit I (coxI)
gene. Samﬁling was limited to only nine diatoms, how-
ever, and this study should be considered a demonstra-
tion of the potential of the coxI gene for resolving the
diatom phylogeny rather than a robust phylogenetic
estimate of the diatoms. Fox and Sorhannus (2003)
studied eight diatoms using the 7poA gene. Tamura et
al. (2005) studied seven free-living diatoms and three
diatom endosymbionts of dinoflagellates using the large
subunit of the ribulose-l,5-bisghosphate carboxylase
oxygenase (rbcL) gene. Again this study should be un-
derstood as a demonstration of the potential of the rbcL
gene for resolving the diatom phylogeny due to limited
taxon sampling. Centric and pennate diatoms were each
monophyletic; no araphid diatoms were sampled.

There have been successful applications of rbcL data
to limited regions of the diatom tree. (Edgar & Theriot
2004, Jones et al. 2005, Alverson et al. 2007). Choi et
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al. (2008) expanded rbcL sampling across the tree uti-
lizing 36 taxa and included radial and polar centrics,
and araphid and raphid diatoms. Their tree resembled
the “Ur-diatom” hypothesis in that not only were raphid
pennates monophyletic but araphids were as well (with
the exception of Aulacoseira ambigua (Grunow in Van
Heurck) Simonsen being incongruously placed among
the araphids). With that exception and Corethron crio-
philum Castracane being sister to all other diatoms,
centrics were also monophyletic. It is not clear if this
unusual tree was due to still limited taxon sampling and/
or properties of the rbcL gene. Rampen et al. (2009) in-
cluded 61 rbcL sequences and got similar results. They
performed analyses with and without the third codon
position. Usually this is done when there is concern
about mutational saturation at that position, but it was
not stated why it was done here. The studies of Choi
et al. (2008) and Fox & Sorhannus (2003) suggest that
chloroplast genes may offer additional data useful to in-
ferring the diatom phylogeny.

It is interesting that there have been no efforts, in-
sofar as we are aware, to examine other nuclear genes
outside the rDNA family. We have examined several
low copy nuclear markers (in press) among heterokont
algae and found phylogenetic inference to be highly
confounded by paralogy issues. Thus, our lab is focus-
ing on single copy plastid markers in the chloroplast
and mitochondrion. This paper reports the results of our
initial efforts to add two c%loroplast markers that we
have applied at the generic and ordinal level in diatoms
(Eggar & Theriot 2004, Alverson et al. 2007), rbcL and
psbC.

Here we focus on our three gene results and compare
them to the CMB hypothesis in order to specifically ex-
amine the effect that adding chloroplast genes has on
inferring the diatom phylogeny. Formal comparison
of molecular to traditional phylogenies is beyond the
scope of this paper, but is being conducted elsewhere
(Theriot et al. in press).

MATERIALS AND METHODS

Taxon sampling

We attempted to sample broadly and evenly across the
diatom tree (table 1). Our laboratory’s efforts in the
past two years have been particularly focused on ob-
taining unusual benthic tropical forms from all major
structural groups. As a consequence we have greatly
expanded sampling among non-Thalassiosirales polar
centrics in particular. We have also added several radial
centrics to the matrix and pennates such as Bleakeyela.
Photographic vouchers are available at http://www.pro-
tistcentral.org. We have indicated which samples still
have preserved DNA for future study, and, where living,
those cultures which have been deposited at the Culture
Collection for Marine Phytoplankton or the University
of Texas Algal Culture Collection.

Molecular methods

DNA extraction and sequencing followed Alverson et
al. (2007) for the most part. For species that we were
not able to grow in culture in abundance we used the
Chelex method for DNA extraction (Richlen & Barber
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2005). SSU sequences were aligned against a secondary
structure model following Theriot et al. (2009). Chloro-
plast protein encoding sequences were unambiguously
aligned in SEAVIEW (Galtier et al. 1996). Columns
that had missing data in more than 25% of the cells
were trimmed from either end for each aligned gene.
This resulted in matrix of 4237 nucleotide positions:
1705 positions were SSU, 1472 were rbcL, and 1060
were psbC. The data matrix is available at http://www.
treebase.org or from the senior author upon request.

Phylogenetic methods

Analyses were conducted in RAXML 7.0.4 (Stama-
takis 2006) on custom built Intel i7 processor based
machines running Linux in Ubuntu 9.10. We used the
parallel thread version on eight processors. We used the
AIC criterion in Modeltest (Posada & Crandall 1998,
Posada & Buckley 2004) to identify the most apfpropri-
ate model for phylogenetic inference on each of seven
data partitions: the entire SSU molecule, and the first,
second and third codon positions of each of the two
protein encoding genes. Modeltest identified GTR+G+I
as the most appropriate for all three codon positions
of the psbC gene, and the third codon position of the
rbcL gene, TvM+G+I for the remaining rbcL codon
positions, and TrN+G+I for the SSU gene. These are
all special cases of GTR+G+I (all assume unequal base
frequencies; GTR assumes six different substitution
rate categories, TvM assumes five different rates, and
TrN assumes three different rates). RAXML only in-
corporates the GTR model because the author feels the
differences are likely to be trivial with larger datasets,
and in order to optimize code (RAXML 7.0.4 manual).
Because the three codon positions exhibited very differ-
ent inferred evolutionary rates in ModelTest even when
the same model was selected, we elected to analyze the
fully partitioned dataset examined under ModelTest:
one for the SSU, and one each for the first, second and
third codon positions for each of 7bcL and psbC.

Multiple (10-50) runs each with 100 rapid bootstrap
replicates were performed for each analysis. Generally,
the SSU and three gene analyses returned two to four
identical topologies of near?;f identical optimal —Inl
scores (identical to 3—4 decimal places) within ten runs
(our criterion for stopping analyses). The chloroplast
data alone, however, usually returned very different
trees within that same span, and typically required 25 or
more runs to return multiple instances of the apparent
optimal tree.

If all assumptions are met, then the optimal tree pro-
duced by a method such as ML will be the true tree if
there is an infinite amount of data. With a finite amount
of data, however, the optimal tree may or may not re-
flect the true tree due to stochastic influences. The chal-
lenge is then to put confidence intervals on trees, such
that one may assume that the true tree lies among them.
The standard bootstrap (BS? is one such method. Char-
acters are repeatedly sampled with replacement and a
tree is calculated for each dataset so created. Typically,
the BS trees are collected and a majority rule consensus
is calculated. This tree represents the probability that
a node would be supported if one randomly sampled
a universe of characters. The accuracy of that estimate
assumes character sampling was unbiased. However,
sampling is biased. Systematists attempt to sample
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Table 1 — List of taxa used in this study grouped by informal name of clades that occurred in all analyses.

The toxariid plus Lampriscus clade occurred in all analyses as did the lithodesmiid plus thalassiosiroid clade. We subdivide them here and
on the trees only to facilitate discussion. Only those clades which correspond to named genera are given formal names. The informal names
are strictly names of convenience and are not meant to suggest a new formal classification nor to endorse any existing classification. Where
species determinations are uncertain or are still being investigated we use “cf.” to suggest a high degree of similarity. Species with an asterisk
(*) lack sequence for the psbC gene. All species have sequence for both the SSU and rbcL genes. Those sequences obtained using DNA
extracted with the Chelex method on single cells are marked with (Chelex) in source. All other sequences were obtained following standard

methods. Abbreviations: CA = California, USA; TX = Texas, USA; HI = Hawaii, USA.

informal group

species name source
bolidophyte
Bolidomonas pacifica Guillou & Chrét.-Dinet CCMP 1866

Radial Centrics
coscinodiscoid
Coscinodiscus concinniformis Simonsen
Coscinodiscus granii Gough
Coscinodiscus radiatus Ehrenb.
Coscinodiscus wailesii Gran & Angst
Palmerina hardmaniana (Grev.) Hasle
Stellarima microtrias (Ehrenb.) Hasle
melosiroid
Aulacoseira granulata (Ehrenb.) Simonsen
Hyalodiscus sp.
Hyalodiscus stelliger ].W.Bailey
Melosira nummuloides C.Agardh
Paralia sulcata (Ehrenb.) Cleve
Stephanopyxis turris (Arnott) Grev.
miscellaneous radial centric
Actinocyclus sp.
Actinoptychus sp.
Aulacodiscus orientalis Grev.
Aulacodiscus sp.
Corethron hystrix Hensen
Guinardia delicatula (Cleve) Hasle
Rhizosolenia imbricata Brightw.

Rhizosolenia setigera Brightw.

Polar Centrics

biddulphiopsid
Biddulphiopsis membranacea (Cleve) Stosch & Simonsen
Biddulphiopsis titiana (Grunow) Stosch & Simonsen
Chrysanthemodiscus sp.
Isthmia enervis* Ehrenb.
Trigonium formosum

cymatosiroid
Arcocellulus mammifer Hasle, Stosch & Syvertsen
Brockmanniella brockmannii (Grunow) Hasle, Stosch & Syvertsen
Campylosira cymbelliformis (A.Schmidt) Grunow ex Van Heurck
Extubocellulus cribriger Hasle, Stosch & Syvertsen
Leyanella arenaria Hasle, Stosch & Syvertsen

Ship channel, Port Aransas, TX
Rainbow Harbor, Long Beach, CA
CCMP 310

Ship channel, Port Aransas, TX
Ship channel, Port Aransas, TX

FD 301 (UTEX)

Achang Reef, Guam

CCMP 454

CCMP 482

CCAP 1059

Redfish Bay, Port Aransas, TX

Haputo Point, Guam
South Africa
Talofofo Bay, Guam

Stillwater Cove, Pebble Beach, CA (Chelex)

CCMP 307

Corpus Christi Bay, Corpus Christi, TX
Corpus Christi Bay, Corpus Christi, TX

CCMP 1820

Gab Gab Beach, Guam
Haputo Point, Guam
Haputo Point, Guam
Guam (Chelex)
Achang Reef, Guam

CCMP 132
CCMP 151

Corpus Christi Bay, Corpus Christi, TX

CCMP 391
CCMP 471
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Table 1 (continued) — List of taxa used in this study grouped by informal name of clades that occurred in all analyses.

informal group

species name source
cymatosiroid
Minutocellus polymorphus (Hargraves et Guillard) Hasle, Stosch & Syvertsen =~ CCMP 497

Papiliocellulus simplex Gardner & Crawford
Lampriscus
Lampriscus orbiculatum (Shadbolt) Perag. & H.Perag.*
Lampriscus shadboltianum (Grev.) Perag. & H.Perag.*
lithodesmiid
Bellerochea horologicalis Stosch
Lithodesmioides polymorpha Stosch
Lithodesmium intricatum (West) Perag. & H.Perag.
Lithodesmium sp.
Lithodesmium undulatum Ehrenb.
miscellaneous polar centric
Attheya septentrionalis (Dstrup) R.M.Crawford
Biddulphia tridens Ehrenb.
Biddulphia alterans (J.W.Bailey) Van Heurck*
Cerataulina pelagica (Cleve) Hendey
Chaetoceros muelleri Lemmerman
Chaetoceros peruvianus Brightw.
Hemiaulus sinensis Grev.
odontelloid
Amphitetras antediluvianum Ehrenb.
Cerataulus smithii Ralfs*
Mastodiscus radiatus Prasad & Nienow
Odontella cf. aurita
Odontella cf. aurita
Odontella cf. aurita
Odontella sinensis (Grev.) Grunow
Pleurosira laevis (Ehrenb.) Compére
Triceratium cf. dubium
Triceratium dubium Brightw.
Triceratium sp.*
terpsinoid
Hydrosera sp.*
Terpsinde musica Ehrenb.
thalassiosiroid
Cyclostephanos dubius (Fricke) Round
Cyclotella meneghiniana Kiitz.
Cyclotella sp.
Detonula confervacea (Cleve) Gran
Minidiscus trioculatus
Planktoniella sol (Wallich) Schiitt
Porosira glacialis (Grunow) Jergensen
Thalassiosira pseudonana Hust. (Hasle & Heimdal)
toxariid
Ardissonea formosa (Hantzsch) Grunow

Ardissonea fulgens v. gigantica (Lobarzewsky) De Toni

CS 431 (CSIRO)

Pago Bay, Guam
Gab Gab Beach, Guam

Redfish Bay, Port Aransas, TX
Taelayag Beach, Guam

Rainbow Harbor, Long Beach, CA
Kahalu’u, Oahu, HI

CCMP 1797

CCMP 2084
Rainbow Harbor, Long Beach, CA
Kahana Bay, Oahu, HI

Corpus Christi Bay, Corpus Christi, TX

CCMP 1316

Corpus Christi Bay, Corpus Christi, TX
Corpus Christi Bay, Corpus Christi, TX

Montana de Oro State Beach, CA

Corpus Christi Bay, Corpus Christi, TX

Corpus Christi Bay, Corpus Christi, TX
Talofofo Bay, Guam (Chelex)
Taelayag Beach, Guam (Chelex)
Taelayag Beach, Guam (Chelex)
CCMP 1815

FD 482 (UTEX)

Corpus Christi Bay, Corpus Christi, TX

Taelayag Beach, Guam
CCMP 147

Austin, TX (Chelex)
Brackenridge Field Lab, Austin, TX

Lake Waco, TX

Lake Waco, TX

Lake Ohrid, Macedonia
CCMP 353

CCMP 495

CCMP 1608

CCMP 668

CCMP 1335

Gab Gab Beach, Guam
Gab Gab Beach, Guam
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Table 1 (continued) — List of taxa used in this study grouped by informal name of clades that occurred in all analyses.

informal group

species name source
toxariid
Ardissonea formosa (Hantzsch) Grunow Gab Gab Beach, Guam
Ardissonea fulgens v. gigantica (Lobarzewsky) De Toni Gab Gab Beach, Guam
Climacosphenia sp. Taelayag Beach, Guam (Chelex)
Toxarium hennedyanum (Greg.) Pelletan Asan Beach, Guam
Toxarium undulatum J.W.Bailey Gab Gab Beach, Guam
urosoleniid
Acanthoceros sp. Lake Okoboji, IA
Urosolenia eriensis (H.L.Smith) Round & R.M.Crawford Yellowstone Lake

Araphid Pennates

asterionellopsid
Asterionellopsis glacialis (Castracane) Round CCMP 134
Asterionellopsis glacialis (Castracane) Round CCMP 1717
licmophorid
Licmophora paradoxa (Lyngb.) C.Agardh CCMP 2313
Podocystis spathulatum (Shadbolt) Van Heurck Pago Bay, Guam
miscellaneous araphid
Bleakeleya notata (Grunow) Round Pago Bay, Guam
Cyclophora tenuis Castracane Umatac Bay, Guam
Fragilariforma virescens (Ralfs) D.M.Williams and Round FD 291 (UTEX)
Grammatophora oceanica Ehrenb. CCMP 410
Plagiogramma staurophorum (Greg.) Heiberg Taelayag Beach, Guam
Striatella unipunctata (Lyngb.) C.Agardh Asan Beach, Guam
rhaphoneid
Delphineis sp. CCMP 1095
Rhaphoneis amphiceros (Ehrenb.) Ehrenb.* Redfish Bay, Port Aransas, TX
staurosiroid
Nanofrustulum cf. shiloi CCMP 2649
Staurosira construens Ehrenb. FD 232 (UTEX)
Staurosirella pinnata (Ehrenb.) D.M.Williams & Round CCMP 330
synedroid
Centronella reicheltii Voigt CCAP 1011
Ctenophora pulchella (Kiitzing) D.M.Williams & Round FD 150 (UTEX)
Synedra famelica Kiitz. FD 255 (UTEX)
Synedra hyperborea Grunow CCMP 1423
Synedra ulna (Nitzsch) Ehrenb. FD 404 (UTEX)
Synedropsis cf. recta CCMP 1620
Tabularia cf. tabulata CCMP 846
tabellarioid
Asterionella formosa Hassall UTCC 605
Diatoma elongatum (Lyngb.) C.Agardh UTCC 62
Diatoma tenue C.Agardh FD 106 (UTEX)
Tabellaria flocculosa (Roth) Kiitz. FD 133 (UTEX)

characters with a level of variation appropriate to the taxonomic level they are investigating. Other biases are also
known (see reviews in Shimodaira 2002, and Verbruggen & Theriot 2008). In this study, we calculated majority rule
consensus trees from the pool of all runs that finished within 1 —Inl unit of one another, resulting in populations of
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Table 1 (continued) — List of taxa used in this study grouped by informal name of clades that occurred in all analyses.

informal group

species name

source

Raphid Pennates
berkeleyoid
Berkeleya rutilans (Trentep.) Grunow
Climaconeis riddleae Prasad
Eunotia
Eunotia curvata (Kiitz.) Lagerstedt
Eunotia glacialis Meister
Eunotia pectinalis (O.F.Miiller) Rabenhorst
Fallacia
Fallacia monoculata (Hust.) D.G.Mann
Fallacia pygmaea (Kiitz.) D.G.Mann
gomphonemoid
Gomphonema affine Kiitz.
Gomphonema parvulum Kiitz.
Placoneis elginensis (Greg.) E.J.Cox
miscellaneous raphid
Mastogloia sp.
Bacillaria paxillifer (O.F.Miiller) Hendey
Cocconeis placentula Ehrenb.
Diploneis subovalis Cleve
Gyrosigma acuminatum (Kiitz.) Rabenh.
Lemnicola hungarica (Grunow) Round & Basson
Navicula cryptocephala Kiitz.
Phaeodactylum tricornutum Bohlin
Tryblionella apiculata
Undetermined nitzschiid
neidiid
Neidium affine
Neidium bisulcatum (Lagerst.) Cleve
Neidium productum (W.Smith) Cleve
Scoliopleura peisonis Grunow
nitzschiid
Cylindrotheca closterium ( Ehrenb.) Reimann & Guillard
Denticula kuetzingii Thwaites
Nitzschia filiformis (W.Smith) Hust.
pinnulariid
Caloneis lewisii Patrick
Pinnularia brebissonii (Kiitz.) Rabenh.
Pinnularia termitina (Ehrenb.) Patrick
stauroneid
Craticula cuspidata (Kiitz.) D.G.Mann
Stauroneis acuta W.Smith
surirelloid
Amphora coffeiformis (C.Agardh) Kiitz.
Cymatopleura elliptica (Bréb. & Godey) W.Smith
Surirella ovata Kiitz.

Undetermined surirelloid

Thousand Steps Marine Sanctuary, Laguna Beach, CA
Umatac Bay, Guam

FD 412 (UTEX)
FD 46 (UTEX)
NIES 461

FD 254 (UTEX)
FD 294 (UTEX)

FD 173 (UTEX)
FD 241 (UTEX)
FD 416 (UTEX)

Mustang Island, TX
FD 468 (UTEX)
FD 23 (UTEX)

FD 282 (UTEX)
FD 317 (UTEX)
FD 456 (UTEX)
FD 109 (UTEX)
CCMP 2561

FD 465 (UTEX)
FD 185 (UTEX)

FD 127 (UTEX)
FD 417 (UTEX)
FD 116 (UTEX)
FD 13 (UTEX)

CCMP 1855
FD 135 (UTEX)
FD 267 (UTEX)

FD 54 (UTEX)
FD 274 (UTEX)
FD 484 (UTEX)

FD 35 (UTEX)
FD 51 (UTEX)

FD 75 (UTEX)
L1333 (UTEX)
L1241 (UTEX)
CS 782 (CSIRO)
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Figure 1 —A, Trigonium formosum. LM. Specimen from Achang Reef, Guam; B, Triceratium dubium. LM. Specimen from Pago Bay, Guam;
C, Lithodesmioides polymorpha. SEM. Specimen from Taelayag Beach, Guam; D, Mastodiscus radiatus. SEM. Specimen from Corpus
Christi Bay, TX. Scale bar = 10 um. “p” = pore field.

at least 400 BS trees for each analysis.

Because of the many biases in the standard BS ap-
proach, other methods for assessing the confidence set
of ML trees have been sought. Again, Verbruggen &
Theriot (2008) provide a brief review for phycologists.
Presently, the best methods seem to be those which at-
tempt to overcome both the biases of standard BS anal-
ysis and biases inherent in any statistical test involv-
ing multiple comparisons (Shimodaira & Hasegawa
2001, Shimodaira 2002). If assumptions are met, then
the odds are good that the true tree is among them. Of
course, one cannot be certain that assumptions are met.
Nevertheless, this approach can be used to determine if
a pre-specified tree 1s outside the confidence set of trees
(and therefore significantly worse than the optimal tree)
given the data, assumptions and taxa at hand, regardless
of whether or not the true tree is included in the confi-
dence set.

There are several similar approaches to this problem.
We chose the Approximately Unbiased test (Shimodaira
2002), which tends to produce a smaller confidence set
and also corrects well for multiple comparisons. It uses
a multiscale bootstrap of the site-wise likelihood scores

to calculate the likelihood of the BS trees. This saves
considerable effort over resampling the actual charac-
ters. CONSEL implements the AU test and reports the
probability that the optimal tree and each of the subop-
timal trees offered for testing belongs to the same con-
fidence set.

Like the standard BS, the AU test can be affected by
size of the dataset, number of bootstrap runs, and viola-
tion of evolutionary assumptions used to calculate the
tree. Thus, we are conservative and do not claim that
any tree inside the confidence set is true (and conversely
that any tree outside the confidence set is unlikely to be
true.) Rather, if the suboptimal tree does not belong to
the confidence set, we only conclude that it confers sig-
nificantly worse likelihood upon the dataset than does
the optimal tree.

To test whether the CMB hypothesis confers signifi-
cantly worse likelihoods upon the dataset(s), we calcu-
lated the optimal ML tree for each gene and for all genes
concatenated with the taxa constrained to the CMB
hypothesis. That is, radial centrics were constrained
to monophyly, and polar centrics plus Thalassiosirales
were constrained to reciprocal monophyly with the pen-
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nates. Sitewise likelihood values were calculated for
these constrained trees and for the corresponding un-
constrained trees, and analysed with CONSEL.

RESULTS

We obtained SSU and rbcL sequences for 136 diatoms
plus Bolidomonas and psbC sequences for 127 diatoms
plus Bolidomonas. Although this paper is not about
morphology and morphological relationships, we illus-
trate a few crucial diatoms in order to impress upon the
reader the tremendous diversity of diatoms. We have
added new sequences in all four groups, particularly
in the non-Thalassiosirales polar centrics with a diver-
sity of taxa including Trigonium formosum (Brightw.)
Cleve, Triceratium dubium Brightw., Lithodesmioides
polymorpha Stosch, and Mastodiscus radiatus Prasad
& Nienow (fig. 1A-D). One important araphid added
was Bleakeleya notata (Grunow) Round in Round,
R.M.Crawford & D.G.Mann (fig. 2A-E). As will be
shown, its position in the tree suggests a hitherto un-

known clade of araphid pennates, outside of the typi-
cal araphid clades found in molecular studies. There is
a pore field at that end of the cell which links to the
neighboring cells. With the exception of the Thalassio-
sirales, most polar centrics are marine and only a hand-
ful of them are freshwater. In particular, the ocellate/
pseudocellate taxa are nearly entirely marine. Whereas,
Pleurosira laevis (Ehrenb.) Compére has been included
in many studies, we have added three species, Terpsinée
musica Ehrenb. (fig. 2D), and Hydrosera sp. We illus-
trate another diatom, Striatella, which has previously
been included in molecular analyses, because of its ag—
parent crucial position in the araphid-raphid part of the
tree.

In order to simplify presentation of trees, we calcu-
lated the strict consensus of all four trees returned in
the analysis. Clades that appeared in each analysis are
represented as triangles in t%e trees reported here. The
same six melosiroid taxa are recovered as a clade by
SSU, by the combined chloroplast dataset, and by SSU
plus ch?z)roplast data, and so are reported as a triangle in

Figure 2 — A—C, Bleakeyela notata. Specimens from Pago Bay, Guam; A, LM showing colony formation; B-C, SEM. SEM showing pore
field at basal part of cell where cell to cell connection takes place; D, Terpsinde musica. LM from Ylig River, Guam; E, Striatella unipunctata.
SEM from Agat Beach, Guam. Scale bar = 10 um. “p” = pore field.
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each tree, for example.

As the bulk of formal diatom phylogenetic inference
has been conducted using SSU rDNA, our first analysis
is of the SSU gene alone.

SSU tree

The best tree recovered a grade of clades, through para-
ph}}llletic radial centrics, paraphyletic polar centrics, par-
aﬂ yletic araphid diatoms, with raphid diatoms mono-
phyletic (fig. 3). The radial centrics are composed of
three clades, two with long pervalvar axes (one com-
posed of Corethron, Guinardia and Rhizosolenia, and
the other of melosiroids). The third clade is composed
of diatoms with a relatively short pervalvar axis (cosci-
nodiscoids). Melosiroids are sister to polar centrics plus
pennates with a BS value of 75%.

Polar centrics plus pennates are resolved with 100%
BS support. There are four clades in the polar centrics.
Biddulphia tridens (Ehrenb.) Ehrenb. and Attheya sep-
tentrionalis (Oestrup) R.M.Crawford in R.M.Crawford,
Gardner & Medlin form a small clade sister to remain-
ing diatoms. Biddulphia alterans (J.W.Bailey) Van Heu-
rck forms a single point clade. None of the internodes
in the polar centric backbone had BS support values of
50% of greater.

Pennate diatoms have BS support of 100%. Nodes
along the backbone among araphids and basal raphids
received low to modest support (52%—82%). Plagio-
gramma, then Bleakeyela are sister to remaining pen-
nates. Striatella unipunctata (Lyngb.) C.Agardh 1s sis-
ter to raphid pennates, and Eunotia is sister to all other
raphids.

Chloroplast tree

The SSU and chloroplast trees had 25 clades in com-
mon and the two resembled each other in general ap-
pearance. The chloroplast tree again returned a radial
centric grade, in this case with modest BS support sep-
arating Corethron hystrix Hensen from the remaining
diatoms (fig. 4). No other backbone nodes received BS
support above 50%. The polar centrics were arranged in
a clade corresponding to the Mediophyceae. Biddulphia
and Attheya did not form a grade at the base of the polar
centrics as they did in the SSU tree, but formed a clade
nested well inside the polar centric clade. The araphid
pennates were arranged in a grade. Raphids are para-
phyletic because Cyclophora and Eunotia were sister
taxa.

Pairwise versus k2p corrected distances were plot-
ted for each codon position for each gene. A curvilin-
ear relationship was especially pronounced for the third
codon position (not shown). Such a plot is sometimes
interpreted to indicate that the gene or codon position is
saturated with mutations and is not useful for phyloge-
netic analysis (but see the Discussion section). The cor-
respondence between the results of the chloroplast and
SSU genes, however, suggests that they share a similar
signal and we combined them for a third analysis.

Three gene tree

The combined SSU plus chloroplast dataset returned
a tree in which again only the raphid pennates were
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monophyletic (fig. 5). Nodes separating the various ra-
dial centric subgroups into a ladder-like structure had
modest to high BS support, supporting the concept that
radial centrics are a grade.

Polar centrics were arranged into two clades. One
small clade, consisting of Biddulphia spp. and Attheya
septentrionalis, was sister to a clgde containing the re-
maining polar centrics clade plus the pennates clade. BS
support was below 50% for this node.

Pennate diatoms were well supported as mono-
phyletic (100% BS support). Plagiogramma stauropho-
rum (Greg.) Heiberg and Bleakeyela notata were again
separated from the remaining pennates (as they were in
the SSU tree) but are a clade in the three gene analysis.
Striatella unipunctata is again the sister group to ra%)hid
pennates which received low support as monophyletic
(58%).

Tests of hypotheses

The CMB hypothesis was suboptimal but not signifi-
cantly so in goth the SSU and three gene analysis (p =
0.243 and p = 0.113, respectively). However, the chlo-
roplast dataset, in spite of recovering a monophyletic
Eolar centric clade, did very strongly reject the CMB

ypothesis (p = 0.003), suggesting that the chloroplast
data strongly reject a monophyletic radial centric clade
(given that the polar centrics and the raphids were each
monophyletic and sister to one another in the uncon-
strained chloroplast dataset). This possibly was related
to the non-monophyly of the raphi({) pennates in the op-
timal chloroplast tree, so we compared a tree in which
raphids were constrained to monophyly but polar and
radial centrics were unconstrained to the CMB hypoth-
esis. Even with raphids constrained to monophyly, the
ghégzciplast data still rejected the CMB hypothesis (p =

These results plus the fact that no tree returned high
BS values among backbone nodes for the polar centrics
(or high BS support for the monophyly of polar cen-
trics in the case of chloroplast data), suggest that SSU
and chloroplast data both support a paraphyletic radial
centric hypothesis, but are more or less indecisive about
higher level polar centric relationships.

DISCUSSION

It is fashionable to infer molecular phylogenies and then
to sFeculate (or make firm conclusions) about diatom
evolution on that basis. However, it is arguably difficult
to find much about the diatom tree that is, in fact, ro-
bust to addition of new taxa or new data. Our own study
is not immune to this. When we mention below that a
study lacks a certain species whereas ours includes it or
vice versa, it is not a criticism of that study (or ours) but
we only mean to illustrate the effect of inclusion or not
of that species by comparison and thus point the way for
future research. There are somewhere between 100,000
and 1,000,000 or more diatom species that are alive or
have lived. The entire genetic database only includes
1,000-2,000 entities. There is much to be done.

Our main interest in this study is whether or not the
addition of new genes can robustly resolve the back-
bone of the diatom tree (assuming that it is a grade), or
conversely resolve the diatoms into three (or at least a
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few) major clades. Theriot et al. (2009) have previously
remarked on the lack of strong support for or against the
monophyly of each of the radial centrics and the polar
centrics. Our study suggests that addition of chloroplast
genes may lead to rejection of this hypothesis. Certainly
these data reinforce the grade-like nature of the radial
centrics. We strongly agree with many that the current
diatom classification is flawed, largely because it does
not reflect phylogeny. We also agree with Williams &
Kociolek (2007) that we should not reject one para-
phyletic system and replace it with another. Right now,
the prevailing molecular evidence is that the three-tax-
on classification of diatoms is no more well supported
(and maybe less well supported) than many alternatives
(Theriot et al. 2009).

Mann & Evans (2007) provided a good summary of
the issues. We expand on a few of them which we think
are the most critical. Conclusions from our study and
others are tempered by two related facts, data and taxon
sampling remain inadequate. Mann & Evans (2007),
citing Wortley et al. (2005), suggested at least 10,000
aligned nucleotides might be necessary to resolve the
diatom phylogeny. With this study, we are nearly half-
way there. Yet the phylogeny does not appear to be more
resolved, if resolution is measured by nodes supported
by high BS values along the backbone of the tree.

First we discuss the chloroplast data themselves.
The chloroplast data added appear to have a relatively
low signal to noise ratio. While the chloroplast tree gen-
erally resembles the SSU tree and those traditional phy-
logenies that have centrics related through a long grade,
there is only one node with a BS value greater than 50%
along the backbone. Related to this, we are obviously
missing many taxa from this analysis (as any diatom
study is destined to be for some time), including several
which appear to strongly influence inferences about the
diatom phylogeny.

Early analysis of rbcL resulted in phylogenies with
topologies highly incongruent with those produced b
SSU-based analyses (Choi et al. 2008, Rampen et al.
2009). There were fewer than forty diatom sequences
in the former study, and fewer than seventy in the lat-
ter. This is important because there are theoretical rea-
sons to believe that the results of these studies reflected
taxon sampling issues, and not appropriateness of the
rbcL gene per se. A general criticism of protein encod-
ing genes is that the third codon position is saturated
in mutations to the point where any historical signal is
destroyed, and therefore homoplasy is so common that
it cannot be untangled with standard evolutionary mod-
els. This idea cou%d explain why Rampen et al. (2009)
thought the third codon position might be problematic
and elected to perform analyses with and without the
third codon position.

The problem is that there is no way to a priori test
that saturation will actually mislead an analysis. Indeed
in this study, the third codon position is saturated ac-
cording to the usual standard (plots of pairwise differ-
ences versus adjusted distances — not shown). However,
this approach is a poor guide to actual utility of a mol-
ecule in phylogenetic inference (Verbruggen & Theriot
2008). For example, although saturated according to
this test, the rbcL molecule was still shown to be useful
in resolving deep branches in the heterokont algae as a
whole, including providing strong corroboration for the

sister group status of Bolidomonas and diatoms (Daug-
bjerg & Andersen 1997a, Daugbjerg & Andersen 1997b,
Daugbjerg & Guillou 2001, Goertzen & Theriot 2003).
Thus, 1t is hard to justify excluding rbcL (and psbC by
extension) from our study. Note that the one backbone
node supported by chloroplast data at a BS value greater
than 50% is the deepest branch in the diatom tree.

The reason that the standard plot of pairwise versus
corrected distance does not adequately assess satura-
tion is that it does not take into account the number and
distribution of taxa analysed. The patristic distance be-
tween any two taxa will, for example, always be greater
than the pairwise distance if any character along the
path between the taxa demonstrates homoplasy. Sam-
pling taxa more densely will result in more homoplasy
that might be correctly identified. This is the core rea-
son that increased taxon sampling within the group of
interest improves accuracy in phylogenetic inference
(Hillis 1998, Poe & Swofford 1999, Pollock et al. 2002,
Zwickl & Hillis 2002, Goertzen & Theriot 2003, Hillis
et al. 2003, Hedtke et al. 2006, Dunn et al. 2008).

One might also believe that our results differ because
we have both rbcL and psbc data (i.e. more data). Cer-
tainly, this has some effect, but we note that both genes
have similar properties in terms of variability in this and
in Alverson et al. (2007). Also, as we added rbcL and
psbc sequences to our dataset, we also recovered trees
with unusual topologies initially (not shown). However,
as we approached 100 taxa, the tree topologies began to
resemble SSU topologies. Thus, theory and empirical
results both support the idea that the chloroplast genes
we selected require relatively dense taxon sampling in
order to recover phylogenetic signal from them for the
deeper branches of the diatom phylogeny.

This point is significant. We are on the verge of be-
ing able to effectively sequence dozens of genes over
the course of a single study. Phylogenomic studies are
not far off. Yet, as this stu%/ shows, more data alone is
not sufficient. Indeed, even in studies utilizing a huge
part of the entire genome, taxon sampling remains a
paramount issue (Dunn et al. 2008).

Radial and polar centrics remain undersampled, in
spite of the fact that we have added many more species
than previously available, particularly among ocellate
and pseudocellate taxa. Centrics have many extinct spe-
cies that immediately signals potential taxon sampling
problems. When one considers that these lineages are
probably older than pennates and relatively also have
many more extinctions, the potential for long-branch
problems becomes immediately apparent. This problem
of “... the extinction of evidence ...” was elegantly ad-
dressed by Williams (2007).

Sampling of radial centrics has been greatest among
species of Aulacoseira (Edgar & Theriot 2004) and
Rhizosolenia. Otherwise, the diatom SSU datasets an-
alyzed have generally had but a few discoid centrics
%Stellarima, Coscinodiscus and Actinocyclus), and a
ew species each of Corethron and Leptocylindrus. Our
study added species of Aulacodiscus, Actinoptychus,
and the hemidiscoid-shaped Palmerina (Garcia & Ode-
brecht 2008) but these seemed to have no dramatic ef-
fect on topology. Nevertheless, there are still many liv-
ing genera and species still not sampled in this region
of the tree. More problematic is the fact that there are
more extinct genera alone that probably belong to the
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radial centrics than there are ienera in the most broadly
sampled tree. Harwood & Nikolaev (1995) diagram the
stratigraphic distribution of numerous probably radial
centrics from the Upper and Lower Cretaceous.

The melosiroid lineage needs further sampling.
What is now known as Ellerbeckia sol is sister to the
remaining diatoms in several studies (e.g. Medlin &
Kaczmarska 2004), even though SSU places it rather
distantly from other melosiroids (Theriot et al 2009).
This needs to be re-examined because the base of the
tree is very much in question, and this in turn affects
conclusions about the monophyly of the radial centrics.
Rampen et al. (2009), for example, return a mono-
phyletic radial centric group, but do not include Core-
thron in their analysis.

Similar comments can be made about missing taxa
in the polar centrics. Both Harwood & Nikolaev (1995)
and Sims et al. (2006) discuss many extinct genera that
are polar in morphology. Among living taxa, our study
demonstrates that Biddulphia may be a particularly un-
dersampled genus. The £atom Attheya has been placed
close to the pennates by both SSU and rbcL analyses
(Rampen et al. 2009). However, that study did not in-
clude Biddulphia. Our two species of Biddulphia group
with Attheya septentrionalis in the SSU and three gene
analysis, separate from all other polar centrics (making
the polar centrics non-monophyletic).

But important extinctions are not limited to the cen-
trics. One example is the diatom Adoneis (Kociolek
et al. 2007) which has the areolar pattern of a pennate
diatom but is characterized by a circle of rimoportu-
lae. This 1s similar to Pseudostriatella oceanica Sato,
Mann & Medlin (Sato et al. 2008b). As Kociolek et al.
(2007) wrote, this sort of arrangement further challeng-
es present definitions of the pennate diatoms.

But this problem is not new. Several diatoms now
considered polar centrics have historically been rel-
evant to the discussion of exactly where one draws the
line between centrics and pennates (e.g. cymatosiroids,
toxariids), and others that have historically been consid-
ered centrics (e.g. Plagiogramma) are now considered
pennates. It is clear that more attention needs to be paid
to sampling these groups and taxa that appear to have
many derived features of the pennates and plesiomor-
phic features of the centrics. Again the work of Sato and
colleagues (Sato et al. 2008a, 2008b, 2008c) and Koci-
olek (Kociolek & Rhode 1998, Kociolek et al. 2007) il-
lustrates that there is a diversity of species that may fall
at the transition of the centrics to pennates.

The relationship of Striatella unipunctata to the
raphid pennates is of significance given the general
result that raphid pennates are monophyletic. Sato
et al. (2008b) recovered Striatella and the new genus
Pseudostriatella as sister to Eunotia, and questioned
whether or not this relationship was an artifact of long-
branch problems. They also reviewed the molecular and
morphological relationships of Striatella to the raphid
pennates. They noted that various studies reported
Striatella as embedded within the araphids (Sims et al.
2006, Sorhannus 2007), although it was only one node
removed from the raphid pennates in Sorhannus (2007).
Interestingly, given the results of Alverson et al. (2006),
Sims et al. (2006) recovered Rhabdonema as sister to
raphid pennates, with Striatella unipunctata only one
node removed from Rhabdonema plll?lS raphids. We in-
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cluded neither Rhabdonema nor Pseudostriatella in our
study. Clearly both taxa need to be considered in future
studies as well as a number of important taxa recentl
added to the SSU dataset (Sato et al. 2008a, Sato et a{
2008b, Sato et al. 2008c) in the family Plagiogram-
maceae and relatives of Bleakeyela. Incidentally, the in-
stability in the position of Striatella, and the chf:)roplast
data placing Cyclophora with Eunotia, illustrate that
the sister group to raphid pennates remains as uncertain
as the relationships at the transition between centrics
and pennates.

There are other indications of regions where the mo-
lecular tree is undersampled. Several regions indicate
the possibility of massive morphological convergence
that may suggest phylogenetic error. The fultoportula
morphology of Cyclotella s. str. appears to be conver-
gent on that of Discotella, Cyclostephanos, Puncticula-
ta and Stephanodiscus (Alverson et al. 2007). Whereas
elongation may have arose once early in diatom history
as implied by trees of the topology of the three gene
tree (e.g. Alverson et al. 2006), it appears that extreme
elongation has arisen multiple times, and arose through
different developmental causes as well (Medlin et al.
2008). The complicated canal raphe of nitzschiid and
surirelloid taxa may have also arisen at least twice.
These two taxa are separated by several nodes in various
molecular studies cited here as well as in our analyses.
In these and other cases, sister group relationships are
surprising not because there is conflicting morphologi-
cal evidence but rather because there is simply a lack
of evidence in terms of synapomorphic characters. The
sister group of the Discotella-Cyclostephanos-Stephan-
odiscus clade, for example, incl):ldes Bacterosira which
bears no obvious derived similarity to any of these dia-
toms (Alverson et al. 2007).

Assuming, for the moment, that the genes we are
using are appropriate to the goal, and that we have at
least achieved some modestly effective level of taxon
sampling, one might entertain the idea that the lack of
resolution in parts of the diatom tree is, in fact, real.
That is they represent massive and rapid radiations over
a very brief period of time such that any gene that might
have evolved rapidly enough to record the branching
pattern will have had its historical signal completely ob-
scured. One might ask if the fossil record demonstrates
a gradual increase in the number of diatom taxa or are
there sudden bursts of diversity?

There remains an alternative explanation. The lack
of morphological synapomorphy (as opposed to conflict
of putative morphological synapomorphies) for many
relationships implied by molecular data strongly sug-
gests that tﬁere may be entire lineages missing from our
analysis. Indeed it suggests that there might be entire
lineages missing from scientific observation. That is,
can we assume that we, as a community, have achieved
some modestly effective level of taxon sampling in our
pursuit of the diatom phylogeny?

The problem with addressing this question is that
the fossil record itself has quite large gaps (Harwood
& Nikolaev 1995, Sims et al. 2006) and molecular
clocks imply the existence of several “ghost lineages”
or discrepancies between clock estimates and stratigra-
phy (Sorhannus 2007). Other summaries of the quality
of the fossil record of diatoms are available elsewhere
(Harwood & Nikolaev 1995, Sims et al. 2006). The fol-
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lowing account is taken from those papers and papers
cited therein.

The main features are that, according to these works,
the accepted marine record starts with a single early
Jurassic deposit (c. 190 My), and then there is a gap
of nearly 70 million years in which there are no or few
well preserved and well studied deposits. There are sev-
eral deposits from the lower Cretaceous (Aptian and Al-
banian epochs) then few or no studied deposits for an-
other 20 million years. More regular recovery of diatom
bearing sediments in deep sea cores and from terres-
trial deposits begins in the Santonian epoch through the
Maastrichtian (end of the Cretaceous). Yet, the number
of well studied deposits still only number in the few
dozens (more deposits are available, but the diatoms
are heavily pyritized and so provide little detailed infor-
mation). The early freshwater record is at least equally

oorly known. The earliest known freshwater deposit is
rom South Korea (175 My). The next oldest reported
deposit is 105 million years younger (Chacon-Baca et
al. 2002). While there are many archived Eocene and
Oligocene deposits from the Ocean Drilling Project,
there are still but a handful deposits studied, with in-
creasing numbers of deposits (and taxa) occurring in the
Miocene and later.

This again is not meant as a criticism of any par-
ticular work or body or work. Rather it is simply a cau-
tion that it is quite likely that our understanding of dia-
tom diversity through time is quite likely biased by the

uality of the fossil record. What this means to us is
that search for and study of older lacustrine and marine
deposits should be encouraged by diatomists, even in
this age of molecular systematics, if we are ever to truly
understand the diversification of diatoms. The gaps in
the fossil record and the gaps in our molecular datasets
appear to be highly correlated.

However, this cannot be tested without formal
analysis of morphological data. At best, diatomists are
somewhat ambiguous about the role and importance of
morphology. For example, Mann & Evans (2007) did
not dismiss morphology. In fact, they wrote it was nec-
essary to create a matched dataset of both morphology
and molecules, and made a good case for further in-
vestigating morphology. Nevertheless, in several areas
where traditional hypotheses conflict with molecular
results they conclu(%,ed that morphology was incorrect
and always favoured the molecular result.

Medlin & Kaczmarska (2004) are more explicit and
less ambiguous. The introduction to that paper argued
that morphology can only be used after molecular phyl-
ogenies clarify which morphological characters are ho-
mologous. On page 246, they stated that the purpose of
the paper is to place all other types of evidence in the
context of the molecular tree, cf;arly putting into prac-
tice the philosophy of the introduction. Morphological
similarity is, for the most part, expressedly treated as
convergence or parallelisms, or explained non-canon-
ically in terms of ancient polymorphisms in which it
is claimed that diatom ancestors retained conditions
that have never been observed (a cell with two types
of Golgi arrangements) and that these polymorphisms
degraded through time so that descendants just had one
or the other condition (page 265).

However, Medlin & Kaczmarska (2004, page 252)
also demonstrated an ambiguous attitude towards the

role of morphology when they placed Paralia in a clade
with other radial centrics despite molecular evidence to
the contrary. There is only one other case we could find
in which a molecular result was rejected on the basis
of morphology (e.g. Sato et al. 2008b — see discussion
below).

Strictly from the point of recovering the diatom phy-
logeny, why do we need a morphological analysis? Are
the fossil taxa so important? Are missing taxa so impor-
tant? Will we not overcome all this with data from thou-
sands and thousands of nucleotides? Not necessarily.

First of all, in practice at least today, even molecular
datasets are finite in size. With finite datasets, including
morphological data for extinct taxa has been shown to
overturn hypotheses based on other datasets (Gauthier
et al. 1988). Even with the advent of sequence data for
multiple genes, morphological data from extant and
fossil taxa are important. In fact, it is not unusual to
find that the incongruence between morphological and
molecular trees vanishes or is greatly reduced when
morphological data from extinct taxa are formally in-
cluded, or that neither dataset alone provides a robust
solution (Eernisse & Kluge 1993, O’Leary 1999, Ga-
tesy & O’Leary 2001, Springer et al. 2001, Gatesy et al.
2003, Mallatt & Chen 2003, Strait & Grine 2004).

The entire literature on long-branch attraction began
with a concern about what happens as more and more
data are added (Felsenstein 1978). All methods avail-
able to us now, and likely to be available to us in the
future are statistically inconsistent when assumptions
are not met, this includes likelihood methods. In sim-
ple terms, if your assumptions are wrong then the more
molecular data you get, the more certain you are to be
wrong. The fewer number of character states a character
system has, the worse the problem. A fundamental dif-
ference between molecular and morphological data is
that while the former has a practically infinite number
of characters, it has but four character states (five if one
codes gaps as a character). That is, even Phylogenom-
ic approaches are liable to get statistically supported
results, regardless of whether or not they are correct.
Morphology appears to have a more limited number of
characters, but many characters have a great number of
character states judging from the morphological diver-
sity of life.

While there might be technical difficulties with
comparing or weighing thousands upon thousands of
nucleotides against morphological characters, this is
only compounded when morphology is just informally
analyzed. Thus, we agree with Mann & Evans (2007)
that a morphological dataset comparable to that of the
molecular dataset must ultimately be built. We applaud
efforts made to generate such data where it is done.
Without formal analysis of morphology, we might have
little to suggest that a molecular tree might be wrong
as we gather more and more molecular data. Without
morphology, for example, Sato et al. (2008b) would
not have been able to write: “Some features of our tree,
such as the sister relationship between the P. oceanic
— 8. unipunctata clade and the raphid genus Eunotia,
have high support but are frankly implausible because
of morphological and reproductive evidence.”

In summary, while considerable progress has been
made towards understanding diatom phylogeny in the
last several decades, much remains to be done. We be-
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lieve that several critical areas have now been identified
as priority research for reconstructing the diatom tree:
1) enhanced sampling of taxa, particularly among ra-
dial and polar centrics, 2) broadly increased sampling
of morphological characters, particularly developmen-
tal features as advocated by Mann & Evans (2007), 3)
support for research on the early diatom fossil record,
4) formal integration of morphological data for living
and extinct taxa, and 5) finally increased sampling of
the diatom genome, particularly markers from the mito-
chondrion and chloroplast.
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