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Small subunit ribosomal RNA (ssu rRNA) coding
regions from 30 diatoms, 3 oomycetes, and 6 pelago-
phytes were used to construct linearized trees, maxi-
mum-likelihood trees, and neighbor-joining trees in-
ferred from both unweighted and weighted distances.
Stochastic accumulation of sequence substifutions
among the diatoms was assessed with relative rate
tests. Pennate diatoms evolved relatively slowly but
within the limits set by a stochastic model; centric
dintoms exceeded those limits. A rate distribution test
was devised to identify those taxa showing an aberrant
distribution of base substitutions within the ssu rRNA
coding region. First appearance dates of diatom taxa
from the fossil record were regressed against their
corresponding branch lengths to infer the average and
carliest possible age for the origin of the diatoms, the
pennate diatoms, and the centric diatom order Thalas-
siosirales. Our most lenient age estimate (based on the
median-evolving diatom taxon in the maximum-likeli-
hood tree or on the average branch length in a linear-
ized tree} suggests that their average age is approxi-
mately 164-166 Ma, which is close to their earliest
fossil record, Both calculations suggest that it is un-
likely that diatoms existed prior to 238-266 Ma. Rate
variation among the diatoms’ ssu rRNA coding regions
and uncertainties associated with the origin of extant
taxa in the fossil record contribute significantly to the
variation in age estimates obtained. Different evolu-
tionary models and the exclusion of fast or slow evolv-
ng taxa did not significantly affect age estimates;
nowever the inclusion of aberrantly fast evolving taxa
did. Our molecular clock calibrations indicate that the
rRNA c.odir_ag regions in the diatoms are evolving at
approximately 1% per 18 to 26 Ma, which is the fastest
substitution rate reported in any pro- or eukaryotic
group of organisms to date.
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INTRODUCTION

The diatoms are one of the best described microalgal
groups and are renowned for their siliceous cell walls
with a myriad of ornamentations and perforations.
These cell wall patterns are so precise that they form
the basis for diatom taxonomy and systematies (Round
et al., 1990). Traditionally, two groups have been recog-
nized., Centric diatoms have radial symmetry of their
cell wall patterns, whereas pennate diatoms are bilater-
ally symmetrical (Round et ¢l., 1990). Further, raphid
pennate diatoms have a slit (raphe) in the cell wall for
movernent; the araphid pennates lack this slit and are
nonmotile. The siliceous cell walls preserve remarkably
well, and conseguently, diatoms have a detailed fossil
record {Forti and Schulz, 1932; Strel'nikova and Mar-
tirosjan, 1981; Gersonde and Harwood, 1990; Harwood
and Gersonde, 1990).

Many workers have speculated on the origin of the
diatoms. Diatoms may have been derived from a spheri-
cal uniformly scaled monad {Round, 1981; Round and
Crawford, 1981, 1984) with an anterior flagelium (Cava-
lier-Smith, 1986) or from a cyst-like form similar to the
extant Parmales in the chrysophyte algae (Mann and
Marchant, 1989). The presence of scales on diatom
zygote cell walls indicates that a scaly ancestor existed
at some point in their phylogeny. Recent phylogenies
based on nuclear-encoded small-subunit ribosomal
RNAs (ssu rRNA) place the diatoms within the pig-
mented heterokont algal lineages (Bhattacharya ef al.,
1992; Leipe ef al., 1994) and specifically related to a
select group of these algae with a reduced flagellar
apparatus that lacks the two central microtubules
{(Saunders et f., 1995).

Although the first reliable diatom fossil record is of a
centric form from the early Jurassic (ca. 183 Ma;
Rothpletz, 18986), it is generally believed that diatoms
originated further back in time than their fossil record
indicates (Round et al., 1990). Early records are thought
to have been destroyed by diagenesis (Round et al.,
1990). After the early Jurassic record, no diatoms are
recovered until the Lower Cretaceous where highly
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diversified centric diatoms occur in many deposits
believed to have originated from shallow-water marine
environments (115-110 Ma; Forti and Schulz, 1932;
Strel'nikova and Martirosjan, 1981; Gersonde and Har-
wood, 1990; Harwood and Gersonde, 1990). A period of
poorly preserved deposits occurs between the Lower
Cretaceous {110 Ma) and the Upper Cretaceous (8765
Ma). After that, diatomaceous deposits are widespread
and more or less continuous until the present day.
Although most Lower Cretaceous taxa are extinct by
the Upper Cretaceous (Harwood, 1988; Strel'nikova,
1990), some taxa survive this peried and are clearly
related to extant diatoms. At this time the first pennate
diatoms, the araphids, appear in the fossil record
(Moshkovitz et al., 1983). The first raphid pennate
diatoms appear at ca. 50 Ma (Strel’nikova, 1980).
Today, they represent the most diverse group in the
diatoms (Round et al., 1990).

A comparison of ssu rRNA ceding regions from 30
diatoms (Medlin ef al., 1996a,b) recovered a basic
divergence within the group that disagrees with their
current systematics. None of the features delimiting
the three diatom classes (the centrics, the araphid
pennates, or the raphid pennates) could be correlated
with the two clades recovered in the ssu rRNA tree.
Instead, the two clades in the tree are correlated with
morphological features present in certain Lower Creta-
ceous taxa and with organelle arrangement in extant
taxa. Both the centric and the araphid pennate diatoms
were shown to be paraphyletic.

In this paper we calculate the evolutionary age of the
diatoms, the pennate diatoms, and one order of centric
diatoms, the Thalassiosirales, by reconstiructing a time
scale for their evolution based on a regression of first
appearance dates of diatom taxa from the fossil record
with their branch lengths in the ssu rRNA phylogeny.
These data are used to estimate the average and
earliest possible age for these lineages (Hillis and
Moritz, 1990).

To address biases that can affect the accuracy and
precision of these calculations, we have investigated
the variation in the sequence substitution rate using
the relative rate tests of Wu and Li (1985), Tajima
(1993), and Li and Bousquet (1992) and designed a test
to recognize taxa showing an aberrant distribution of
base substitutions within the ssu rRNA coding regions.
We investigated the effect of different evolutionary
models (linearization, maximum likelihood, and neigh-
bor joining), the effect of different sequence positional
weighting schemes, the exclusion of taxa on the tree
topology, and the age estimates for the diatoms. We
assessed the influence of gaps in the fossil record on our
age estimates by predating the origin of taxa first
appearing after a gap in the fossil record to various
times within the gap. We also reevaluated the use of
extant morphological features that define extant taxa
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in determining the first appearance dates for indi-
vidual lineages,

MATERJIAL AND METHODS

Rate Calculations

Small subunit rRNA coding regions from 30 diatoms
(Medlin ef al., 1996a,b), three comycetes (Neefs ef al.,
1991), and six pelagophytes (Saunders et al., 1995)
were used in this study (Table 1), Unalignable positions
from helices 10, E10-1, E21-1, 41, and 47 (Neefs et al.,
1991) were removed prior to analysis. The final data set

TABLE 1
Sources of Small Subunit rRNA Sequences Used in
This Study
GenBank
Accession
Taxa No.
Comycetes
Lagenidium giganteum Couch X54266
Phytopthore megasperma Drech. X54263
Achyla bisexualis Coker M32705
Pelagophyceae
Apedinella radians (Lohm.) Campb. U14384
Dictyochoa speculum Ehr. 14385
Pelagococcus subviridis And. 14386
Pseudopedinella elastica Skuja 14387
Rhizochromulina cf. maring Hibb. & Crét.-Din. 114388
Pelagomonas calceolata And. & Saund. U14389
Bacillariophyceae
Centric diatoms
Stephanopyxis cf. broschii Grun. MB87330
Rhizosoleniu setigera Brightw. M8T329
Coscinodiscus radiatus Ehrenb. X705
Corethron criophilum Castracane X85400
Actinocyclus curvatulus Janisch X85401
Aulacoseira distans (Ehrenb.) Sim. X85403
Aulacoseira ambigua (Grun.) Sim. 85404
Melosira varians C. Ag. X85402
Chaetoceros didymus Ehrenb. X85392
Chaetoceros rostratus Lauder X85391
Cymatosira belgica Grun. in Van Heurck XB85387
Papiliocellulus elegans Hasle, v. Stosch & Syv. X85388
Eucampia antarctica (Castr.) Mangin X85389
Streptotheca thamesis Shrubsole X85385
Ditylum brightwellil (West) Grunow XB85386
Thalassiosira eccentrica (Ehrenb.) Cleve X85396
Thalassiosira rotule Meunier X85397
Skeletonema costatum (Grev.) Cl. X52008
Skeletonema costatum {Grev.) Cl. X85395
Skeletonema pseudocostatum Medlin £85393,
X85394
Porosire glacialis (Grun.) Jgrgensen, X85398
Louderia borealis Gran X85399
Thalassionema nitzschioides (Grun.) V.H. X77702
Rhaphoneis cf. belgica (Grun.} Grun. X77703
Raphid pennate diatoms
Nitzschia apiculata (Greg.) Grun., M87334
Bacillaria paxillifer (Mill.) Hend, M87325
Cylindrotheca closterium (Ehrenb.) Reim. & Lewin MB87326
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contained 1711 of a possible 1800 positions. Differences
in the substitution rates between lineages were tested
according to Li and Bousquet (1992 and among all
sequences according to Wu and Li {1985 and Tajima
(1993) using distances generated from the Jukes and
Cantor (1969) evolutionary model.

To determine if taxa with a significantly elevated
substitution rate were evolving as to be expected for ssu
rRNA coding regions, we tested the observed distribu-
tion of sequence differences along their ssu rRNA
coding region against an expected distribution of base
differences from a revised model of ssu rRNA coding
region evolution by van de Peer ef al. {1993 and pers.
comm.). Their model makes use of the fact that the
substitution probability is not equally distributed over
the entire sequence but depends on its site in the
sequence. Sequence positions can be ordered into four
classes, each with its own average variability (¢;). The
observed number of base differences in variability class
i along a test taxon’s sequence (m;q,) is obtained by
recording all positions belonging to variability class in
van de Peer's model where the base is different from
that i the test taxon’s nearest neighbor and its next
nearest neighbor. Positions containing a gap in any of
the three sequences were excluded from the analysis.
The class with the highest variability from van de
Peer’s model was also excluded because some of the
sequence positions belonging to this class could not be
reliably aligned with our data set.

The expected distribation of observed base differences
over the variability classes in this test taxon is dependent
upon each class size and its average variability and is
caleulated as follows. The observed fraction of differences,
Foons 10 all variability classes along the sequence is

frans = 2, (Mo, (1

where N s the sum of the included positions in all
varixbility classes,

Ns:'MZ_Ni: (2)

and N, is the number of positions in variability class i.
The Jukes-Cantor distance (op. cit.), d. 4., of the ob-
<rved fraction of differences in all variability classes is

. ds.()bs = “{"%)/US *In (1 - g ]CS_\:‘C:\_&'. {3)

where v, is the average variability over the included
variability classes,

v, = [2 (v; = Ni)l/Ns,

;md. w}'mclere v, is tlhe average variability of the positions in
variability class i as caleulated by van de Peer ef al. (1993

(4)
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and pers. comm.). The incorporaticn of v, into Eq. (3) is
needed if certain sequence positions are excluded from the
test. With all sequence positions included, v, should be ca.
1. The expected fraction, f; ., of base differences in variabil-
ity class v;is obtained from the inverse of the Jukes-Cantor
equation,

ﬁ',exp =3[l — e(-'-—l:"a"ug*ds,obs}}. (5)
The expected number of sequence differences, n; o, In
variability class v; is then

M exp ™ f;’,exp ® J‘V:-. (6)
The equality of the expected and the observed distribution
is evaluated using a ¥2 test (Rohlf and Sckal, 1981),

Tree Consiruction Methods

Maximum-likelihood (ML) trees (Felsenstein, 1981)
were constructed using fastDNAm! (Olsen, et al., 1994).
Neighbor-joining (NJ) trees were constructed from
Jukes—Cantor (JC) distances and from both weighted
and unweighted Kimura-two-parameter (K-2-p) dis-
tances (Kimura, 1980) using PHYLIP (Feisenstein,
1993). Linearized trees were constructed from un-
weighted K-2-p distances and their resulting NJ free
using the method developed by Takezaki et al. (1995} to
correct for unequal rates of evolution. Weighted dis-
tances were calculated by using revised weighting
classes from the model of van de Peer et al. (1993 and
pers. comm.), by weighting each position inversely
proportional to the number of base substitutions at that
position in our own data set (MacClade; Maddison and
Maddison, 1992) and by using the gamma distribution
(Jin and Nei, 1990} option in MEGA (Kumar et al,
1993). Taxa included in each of these iree construction
algorithms are listed below.

Molecular Clock Calibrations

A regression of first appearance dates of diatom taxa
from the fossil record against branch lengths of taxa in
all trees was performed. The average age of any un-
dated node was determined by multiplying the length
of its median or average branch by the regression
coefficient. The earliest possible age for any undated
node is the upper 95% confidence limit around the age
estimate given the distance of its median or average
branch (Hillis and Moritz, 1990). Average and earliest
possible ages were also given for the shortest and
longest branches in that lineage. For the linearized
trees, standard errors (SE’s) associated with the
Kimura-two-parameter distances between neighbor lin-
eages were calculated according to Li and Bousquet
(1992), using the next nearest neighbor’s taxon with
the median branch length as reference. The SE’s associ-
ated with the height of internal nodes in the trees were
obtained by dividing each SE by 2. The 95% upper and
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lower limits around the average estimate of the origin
were obtained by multiplying the SE/2 by the appropri-
ate critical value of the Student’s ¢ distribution corre-
sponding to n — 1 taxa in that lineage.

RESULTS

Rate Calculations

Differences in branch lengths can be observed among
all diatom lineages, regardless of the tree building
algorithm used (Figs. 1 and 2). Because significant
substitution rate differences may seriously bias clock
caleulations, we tested for rate variation between pairs
of lineages and among all taxa. The relative rate test of
Wu and Li (1985) was applied to all pairwise combina-
tions of diatoms with each of eight reference taxa (six
pelagophytes: Dictyocha speculum, Rhizochromulina
cf. marina, Pseudopedinella elastica, Apedinella radi-
ans, Pelagococcus subviridis, and Pelagomonas calceo-
late and two oomycetes: Achlya bisexualis and La-
genidium giganteum) to identify significantly fast or
slow evolving taxa. Table 2 shows the average and
standard deviation of the relative rate of evolution for
each pairwise combination of the diatoms with the
eight reference taxa. At the 95% confidence level,
Eucampia, Chaetoceros sp., Chaetoceros didymus, Poro-
sira, Lauderia, Coscinodiscus, Actinocyclus, and Melo-

KOOISTRA AND MEDLIN

sira accumulated base substitutions significantly faster
than all other diatoms. In addition, Skeletonema spp.
and Chaetoceros rostratus evolved significantly faster
than the slowest pennate diatom species. Although the
pennates evolved relatively slowly, their substitution
rates were comparable to those of many centric taxa.
Results from the relative rate test according to Tajima
(1993) were not significantly different from those ob-
tained according to Wu and Li (1985) (data not shown).

The relative rate test of Li and Bousquet (1992) was
used to assess the rate difference between entire clades
or lineages within these clades (Fig. 1A). With all taxa
included, the difference in the average distance (D)
between clades 1 and 2 in Fig. 1 was 0.0183. The
hypothesis that these clades evolve at the same speed
was rejected (2 < 0.0001). With all significantly fast
evolving taxa {Table 2) removed, the hypothesis that
the two clades evolved at the same speed was not
rejected (D = 0.0092, P > 0.05). Using Stephanopyxis
as reference taxon, the pennates evolve significantly
slower than all Thalassiosirales (D = 0.0271,
P < 0.0001). With the fast evolving Porosira and Laud-
eria removed from the Thalassiosirales, the hypothesis
that the two lineages evolved at the same speed was
rejected at the 0.05 probability level (D = 0.0118).

To determine if the taxa with a significantly elevated
substitution rate (Table 2) were evolving according to a

Pelagomonas Dictyocha -
Rhizosolenia ™ @chromulina
Corethron Pseudopedinella
Coscinodiscus Apedinell PELAGCPHYTES
Actinocyclus RADIAL __Eehgococcus
Stephanopyxis CENTRICS Pelagomonas 1
] Aulacoseira distans Rhizosclenia =
A. ambigua Corethron
Melosira ] Coscinodiscus
Papilioceliutus ~T18I- POLAR - Actinocyclus | CLADE
Cymatosira ] CENTRICS Stephanopyxis DIATOMS
Rhaphonsis = Aufacoseira distans
Asterionellopsis .. | ARAPHID A. ambigua Melosira
Thalassionema T 1 PENNATES Rhaphonet o =
itar phoneis =
Fragitaria ] N .
e = Asterionsilopsis
Bagillaria RAPHID Thalassionema
Nitzschia PENNATES a Fragilaria
Cylindrotneca - Bacillaria
Streptotheca Bi- POLAR d2--{F=Nitzschia
<Ditylum = CENTRICS Cylindrotheca
| i Skeletonema costatum 3 Chaetoceros sp.
8. pseudocostatum RADIAL ‘C. rostratus g:_ﬂ%i']i's
Thalassiosira eccentrica CENTR ECyma osira
K.:S . Papiticcellulus
Thalassiosirales Streptolh
Porosira * ’ D'tyrluﬁio eca
* }
- C. rostratus tauderia * — Skeletonema costatum
C. didymus * BI-POLAR 5. pseudotostatum
CENTRICS
1% Chaetoceros sp. 1% < Thalassiosira eccentrica
T Eucampia * - _L T. rzstula _

FIG.1. Phylogeny of the diatoms inferred from a maximum-likelihood analysis (FastDNAm, Olsen ef al., 1994). (A} Analysis including 30
diatoms, 1 pelagophyte, and 3 cemycetes, the latter pruned from the left of the tree. (B) Analysis including 6 pelagophytes, 3 comycetes a_nd 26
diatom taxa; the aberrantly evolving diatom taxa (see Table 3) were excluded. The oomycetes were pruned {rom the left of the tree. Encircled

numbers indicate first appearance (in Ma) in the fossil record of the i1

enus or family to which the taxa to the right belong. Encircled letters

indicate (a) origin of the diatom lineage, (b) origin of the pennate lineage, and (¢) origin of the Thalassiosirales.
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Dictyocha
Rhizochromulina
Pseudopedineila
Apedinella
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Rhizosolenia
Corethron
Coscinodiscus *

A

Stephanopyxis *
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A. ambigua
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Rhaphoneis
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ML—T. rotula

Chaetogeros sp. *
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Corethron
Coscinodiscus

Actinocyclus
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Aulacoseira distans

A. ambigua
Rhaphoneis
Asterioneliopsis

Thalassionema
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C

*
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Cymatosira *
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g [ Streptoiheca
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“1 Skeletonema costatum
Lod o ———"[

. S. pseudocostatum

[ Thalassiosira eccentrica
T. rotula
L Chaetoceros sp. *
- C. rostratus *

Actinocyclus ~

*

rm—-——Dictyocha
Rhizochromulina B
L-‘-“__{——_I%eudopedinella
1 Apedinella
i [ Pelagococcus
Pelagomonas
Rhizosolenia
= Corethron Coscinod
oscinodiscus *
4o

Stephanopyxis *
'@ C—Aulacoseira distans
A. ambigua X
- Melosira
({?D;__Rhaphonms
Asterionellopsis
B) |G Thatassionema

Eragilaria
Bacillaria
izsehia
Cylindrotheca *

Cymatesira *
@D [:Papilioceilulus *

sl

1%

A5
A Streptotheca
l——{:Dityium
[1 Skeletonema costatum
1

S. pseudocostatum
© Thalassicsira eccentrica
"""'I——-T. rotula

O__E:::-—_-mChaetoceros sp.*
7 C. rostratus *

D

 AR— Dictyocha
Rhizochromuiina
L——{_{_—;Pseudopedineua
Apedinelia

{: Pelagococous

Pelagomonas
Rhizosolenia
Corethron
Coscinodiscus
Actinocyclus

*

Stephanopyxis *
Aulacoseira distans
A. ambigua

Melosira
Rhaphoneis
Asterioneliopsis
Thalassionema

Fragilaria
Baciltaria
Nitzschia
Cylindrotheca *
Cymatosira *
Papitioceliuius *
[y Streptotheca

| Ditylum

I—_]Skelelonema costatum
| S. pseudocostatum
Thalassiosira eccentrica
r—T. rotula

Chaetoceros sp. *
C. rostratus *

Actinocycius *

FIG_' 2. Phylogeny of the diatoms inferred from a neighbor-joining analysis using Kimura-two-parameter distances under various
gvoluuannr}' maodels: (A) unweighted; (B) positional weighting according to van de Peer 2¢ al. (1983 and pers. comm.); (C) positional weighting
m\‘i;r_se]_v proportional to the number of base substitutions at that position, inferred using MacClade (Maddison and Maddison, 1992); and (I}
PGS?llonal weighting using the gamma distribution {Jin and Nei, 1890} option in MEGA ' Kumar ¢ al., 1893} with a = 1. Encircled numbers
indicate first appearance (in Ma) in the fossil record of the genus or family to which the taxa to the right belong. Encircled letters indicate (a)

origin of‘the diatom lineage, (b} origin of the pennate lineage, and (¢) origin of the Thalassiosirales. Taxa marked with an asterisk change
position in the various analyses,
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model of evolution established for the ssu rRNA coding
region (van der Peer et al., 1993 and pers. comm.), we
performed a rate distribution test. The observed num-
bers of base differences among each fast evolving taxon
and its two nearest neighbors was recorded for each
variability class and tested against the expected distri-
bution over the variability classes (Table 3). The ob-
served base differences were strongly skewed toward
the classes with higher variation, i.e., the more variable
positions in the ssu rRNA coding regions. Although the
observed distribution of base differences along the
branches leading to Actinccyclus, Coscinodiscus, Chae-
toceros sp., and Melosira and along the long internode
leading to Skeletonema spp. was skewed, it did not
deviate significantly from the expected distribution.
However, the skewness of the distribution of sequence
differences along the branches leading to C. didymus,
Eucampia, and along the internode to Lauderia/
Porosira (see Fig. 1A) did deviate from that expected.

Phylogenetic Reconstruction

The ML tree, presented in Fig. 1A, was inferred from
the ssu rRNA coding regions of one pelagophyte, three
comycetes, and all diatoms (Table 1); the one presented
in Fig. 1B was inferred from a data set including five
additional pelagophyte sequences but excluding the
aberrantly evolving diatoms (Table 3). The comycetes
were pruned from the left of the trees. Diatom phylog-
eny is not a star phylogeny, i.e., a rapid radiation within
a short period of time relative to the length of the
lincages. Diatoms diverge initially into two clades,
which are labeled in Fig. 1B. The first clade contains
radial centric diatoms with specialized tubes (labiate
processes) located in a peripheral position through the
cell wall {Round et al., 1990). The second clade is
composed of bi{multi) polar centric diatoms with small,
usually centrally located labiate processes; the Thalas-
stosirales. with different centrally located tubes (strut-
ted processes; Round ef af., 1990); and the pennate
diatems. In the latter group, only the araphid pennate
diatoms have labiate processes, which are located
apically in the bilaterally symmetrical cell. Further
maorphological and cytological support for the two clades
is detailed in Medlin et al. {1996a,b). Both the centric
and the araphid pennate diatoms are paraphyletic (see
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TABLE 3

Test of the Observed Distribution of Sequence Differ-
ences within Three® of Four Variability Classes? as
Recognized in the Nuclear ssu rRNA Molecule by van
de Peer et al. (1993 and pers. comm.) against an Ex-
pected Distribution of an Equal Number of Sequence
Differences over these Variability Classes (van de Peer
et al. 1993 and pers. comm.)

Mgbserved” mexpencdd
Taxon my my mg mg oMy me my o x2° P
Actinocyclus 10 16 39 65 12.7 18.0 34.3 1.498 n.s.
Coscinodiscus 9 21 39 69 13.5 19.1 364 1.955 n.s.
Melosira 10 12 40 62 12.1 17.2 32.7 3.611 n.s.
Chaetoceros sp. 6 10 25 41 7.9 11.3 21.8 1.093 n.s.
C. didymus 4 12 33 49 9.5 135 26.0 5.322 P< 0.1
Eucampia T 15 42 64 125 17.7 33.7 4959 P< 0.1
Lauderia 3 5 17 25 48 69 134 2.168 n.s.
Porosira/Lauderic 8 13 47 68 13.3 189 35.8 7.5392 P < 0.025
Sheletonema spp. 1 6 16 23 44 6.3 123 3.764 n.85.
Rhaphoneis 7 9 8 24 46 6.6 12.8 4.017 LS.

@ Part of the sequence positions belonging to variability class 4 of
van de Peer (pers. comm.) could not be reliably aligned in our data set
and were excluded from the test. Ny, N3, and N3 contained 764, 350,
and 334 positions, respectively.

b Positions in variability classes vy, vs, and vy have an average
variability of 0.18, 0.57, and 1.18, respectively (van de Peer, pers.
comm. ).

¢The observed number of base differences in each of the three
variability classes along a lineage (m obs, Miogbs, Maobs) 1S 0btained as
follows: all positions with a base difference defining an end branch
are recorded; these are the positions where the base is different from
both the reference taxon’s nearest neighbor and its next nearest
neighbor. Gaps in any of the three sequences are omitted. Each
recorded position is assigned to one of the four variability classes (or
omiited when in class 4) of van de Peer (pers. comm.).

¢ The expected distribution of base differences in each of the four
variability classes along the same lineage is determined as foliows:
The total number of recorded differences in the four variability
classes (mg one) is divided by the total number of positions in the four
variability classes (N, = ZN;). From the obtained dissimilarity f; =
[img aps¥Ns), the Jukes and Cantor (1969 distance is calculated
according to equation 4 in van de Peer et al. (1593), where v, =
[E(w; = N: J)I/N,. The expected dissimilarity for each of the variability
classes (vy, vg, and vy) is then calculated according to Eq. (3b) in van
de Peer ef al. (1993), where f; = {34) * {1 — exp{~4/3 =y, = d,)] and
the expected number of base differences in a variability class v; is
Miexp = fl ® Nl'~

¢The equality mgs = Mo is tested using x* =

E[(m:‘.ohs -
M oxp /M exp] With three degrees of freedom,

_'I‘ABLE 2. Note. The test statistie is the distance from the reference taxon to taxon 1 minus the distance from the reference taxon to taxon 2,
du-id_ed by the square root of the variance? along these distances. This test statistic follows the standard normal distribution.s Entries above
ti'm diagonal-are averages based on eight outgroup taxa? Entries below the diagonal are standard deviations associated with these averages.
\:.\lueg, shaded.with darker stippling indicate that the taxon in the column evolves significantly faster than the taxon in the row. Values shaded
with lighter stippling are those where the taxon in the column evolves significantly slower than the taxon in the row,

* The taxa Aulacoseira distans, Thalassiosira rotula, Skeletonema costatum (Atlantic isolate), and S. pseudocostatum were excluded from
thf table ‘l;ecause the results are almost identical to those of A. ambigua, T rofula, and S. costetum (Pacific isolate), respectively.
Covariances were calculated according to the footnote of Table 2 in Li and Tanimura (1985}, Note the typo error in Pog of Li and Tanimura

119851 44/3 should be —4/3)
* Double sided. P{2.576) = (.01,

4 The . : : . . .
The Qelagopbytes Dictyocha sp., Rhizockromulina sp., Pseudopedinella sp., Apedinella sp., and Pelagomonas calceclata and the oomycetes
Achyla bisexualis and Lagenidium giganteum were used as reference taxa. The average value was tested,
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labels in Fig. 1A). Relationships within each of the
clades correspond well to ordinal level in current
diatom systematics (Round et al., 1990).

Neighbor-joining trees resulting from the unweighted
analysis and the three different sequence positional
weighting strategies are presented in Fig. 2. All of them
show the same basic ramification into the two clades as
in the ML tree (Figs. 1A and 1B), with minor changes in
the positions of some taxa within each clade and some
differences in branch lengths. These positional changes
are indicated by an asterisk beside the relevant taxa in
Fig. 2 and only affect the branch lengths associated
with some dating points.

The relative rate test (Table 2) and the varying
branch lengths seen in the trees (Figs. 1 and 2) indicate
large rate differences among the taxa, which can distort
tree topology. We tested the effect of the removal of
various taxa on tree topology. If the aberrantly fast
evolving Eucampia, C. didymus, Porosira, and Laud-
eria (Table 3) were included in the analysis, tree
topology did not change significantly (compare Figs. 1A
and 1B). The most noticeable effect was that Eucampia
and Chaetoceros spp. were grouped together, but this is
not taxonomically unsound. If the significantly fast
evolving Melosira, Actinocyclus, Coscinodiscus, and
Chaetoceros sp. (Table 2) were also eliminated from the
analysis, then the branching order of the resulting NJ
tree was similar (data not shown). If the slow evolving
Cymatosira, Papiliocellulus, Fragilaria, and Asterionel-
lopsis were eliminated from the analysis, the resulting
tree topology also did not change (data not shown).

A linearized NJ tree derived from Kimura-two-
parameter distances is presented in Fig. 3. All signifi-

Pelagomenas

Rhizosclenia

Corethron

_ Stephanopyxis
Aulacoseira distans

Aulacoseira ambigua

Rhaphoneis

Asterionellopsis

Thalassicnema

Fragilaria

Bacillaria

Nitzschia

Cylindrotheca

" @]

@::E Cymatosira
Papiticceliulus

- — Streptotheca

@ Ditylum
Skeletonema costatum

h-ﬂ S. costaturn
YT S. pseudocostatum
E Thalassiosira eccentrica
T.rotula
1% @

Chaetocercs rostratus

FIG. 3. Linearized neighbor-joining tree constructed from un-
weighted Kimura-two-parameter distances and the unlinearized NJ
tree according to Takezaki et al (1995). All significantly faster
evolving taxa were excluded from the analysis.
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cantly faster evolving taxa were excluded from this
analysis. The linearization effectively eliminates any
other rate variation among the taxa once the signifi-
cantly fast evolving taxa are eliminated (Takezaki et
al., 1995). In this tree, the taxa belonging to Clade 2
(see above, i.e., the pennates, the Thalassiosirales, and
three lineages leading to the bipolar centric diatoms)
collapse into a polytomy. The branch leading to Clade 2
also collapses into a polytomy with two lineages contain-
ing Clade 1 taxa.

The Fossil Record

Times of origin for extant taxa were obtained from
their first appearance dates (see encircled numbers at
the internal nodes in Figs. 1B, 2, and 3) with the
following exceptions. The diatom fossil record shows an
extensive gap from 185 to 115 Ma and a period of poorly
preserved diatom deposits from 110 to 70 Ma. These
latter deposits oceur at a time when diatom wall
morphology changes dramatically (Gersonde and Haz-
wood, 1990) and certain morphological features cur-
rently used in diatom systematics, e.g., the strutted or
labiate processes, had not yet developed. The taxa that
appear prior to the second gap are very distinct from
those postdating the gap, with few clear indications of
taxa that are related. Thus, taxa with a first appear-
ance in the fossil record at 70 Ma may have originated
anytime between 115 and 70 Ma or before. Therefore,
we formulated four hypotheses:

Hypothesis A—taxa that first appear at 70 Ma are 70
Ma old.

Hypothesis B—taxa that first appear at 70 Ma have
their origin in the middle of the period of poor preserva-
tion, i.e., at 90 Ma.

Hypothesis C-—the same as hypothesis B but Aulaco-
seira, Stephanopyxis, and Chaetoceros are assumed to
appear at 115 Ma. The overall cell wall structure of
Aulacoseira, Stephanopyxis, and Chaetoceros is very
similar to that of three extinct taxa in the 110-115 Ma
deposit: Archepyrgus, Amblypyrgus, and Calyptospo-
rium, respectively (see illustrations in Gersonde and
Harwood, 1990). However, the extinct taxa lack any
special processes through the cell wall that define our
assumed modern descendants. Nevertheless, we have
assumed that these three extinet taxa are ancestors of
the three extant genera based-on overall valve struc-
ture and/or linking mechanisms.

Hypothesis D—the same as hypothesis C but the
Thalassiosirales are assumed to appear at 115 Ma. If
we restrict the definition of the strutted process as the
morphological trait determining the origin of the Thalas-
siosirales, this group appears first at 40 Ma. However,
fossil taxa believed to be direct ancestors of the Thalas-
siosirales, e.g., Thalassiosiropsis (Hasle and Syvertsen,
1985} and Praethalassiosiropsis (Gersonde and Har-
wood, 1990), appear at 70 and 115 Ma, respectively.
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These taxa possess tubes that are likely progenitors of the branch lengths of lineages as well as those based on
the strutted processes. the longest and shortest branch of lineages are reported
We have calculated time estimates under the above for comparison.
four hvpotheses for the origin of the diatoms, the The average age of the diatoms (Fig. 3, point a} under
pennates, and the Thalassiosirales, first with a linear- each hypothesis is younger than their earliest fossil
ized tree with all of the fast taxa excluded and then record, whereas the earliest poss]’_ble age (except for
with trees obtained under different evolutionary mod- hypothesis A) predates this record. Hypotheses C and D
els and with different sets of taxa. suggest that the earliest possible age is ca. 231238 Ma
and does not differ significantly from those obtained
from a nonlinearized tree, either with all fast taxa
The linearized tree. Branch lengths from the linear- eliminated (228-230 Ma, Table 4) or just the aberrant
ized unweighted NJ tree with all significantly faster oOnes (225 Ma, Table 5). The average age of the pennates
evolving taxa omitted (Fig. 3) were regressed against {Fig. 3, point b) falls in the period of poor preservation
first appearance dates from the fossil record under each of diatom fossils, after which the first record of a
hypothesis. The effect of the linearization on the age pennate appears. Estimates for the origin of the pen-
estimates is presented in Table 4. Time estimates nate lineage are older in the linearized tree than in the
under hypothesis C were also caleulated for an unlinear- nonlinearized tree because the length of the internode
ized tree with all fast taxa removed. Age estimates leading to slowly evolving pennates is lengthened by
based on the upper and lower 95% confidence limits of the linearization procedure. Time estimates suggest

Time Estimates

TABLE 4

Estimates of the Origin of the Diatoms, the Pennates, and the Thalassiosirales
Aceording to Hillis and Moritz (1990}

Origin of the diatoms based Origin of the Pennates based  Origin of Thalassiosirales based
on all lineages only on the pennate lineage only on this lineage
95%¢ upper 95%< lower 95% upper 95% lower 95% upper 95% lower
S(Ma,d)* Rate® limit Average limit limit Average  limit limit  Average  Hmit

Linearized NJ tree from Kimura distances

Hypothesis A 9.3 17.9+29 128(183) 113(164) 98(146) 78(121) 70(110) 62(99) 85(130) 70 (110) 55{80)

Hypothesis B¢ 117 217 =87 136(224) 137(201) 119(179) 95(148) 85(135) 75{i22) 104 (159) 85(135) 66 (110
Hypothesis Cf 144 241 x 46 173(257) 152(231) 132{205) 106(171) 94(156) 83 (141} 115{183) 941566} 74(127)
Hypothesis D¢ 13.0 262 4.0 188(264) 166(238) 144 (2107 115(174) 103(1a9) $0(143) 125 (187 102 (159) 80(129)

NJ tree from Kimura distances
Hxypothesis C 194 214 = 6.0 145(235) 127 (230) 109(204) 80{160) 69(144) 58127y 113{(210) 94(183) 76(155}

Longest  Median Shortest Longest Median Shortest Longest Median Shortest
branch branch branch branch  branch  branch branch  branch  branch

Hypothesis C 194 214 £6.0 1610277 126(228) 110(205) 84 (167) 66(140) 64 (136} 107(201) 107(201) 72(149)

Note. Branch lengths are obtained from neighbor-joining trees generated from Kimura-twe-parameter distances. The trees were either
linearized according to Takezakiet al. (1995} or unlinearized. Figures are estimates of the average time of origin of 2 lineage in Ma, obtained by
multiplying the distance by the regression coefficient (“a”in Fig. 3). Figures in parentheses are estimates of the earliest possible time of origin
of a lineage based on the upper 95% confidence limit of a time estimate given the distance. All significantly faster evolving taxa (Table 2,
Actinocyclus, Chaetoceros, sp., C. didymus, Coscinodiscus, Eucampia, Lauderia, Melosira, and Porosira) were excluded from the analyses.

*SMa,diis the standard deviation of the residuals of the points on the regression line through zero.

T Average rate in 1% per x Ma from branch point to end node * the 95% confidence interval around the rate:

" Standard errors {SE) associated with the K-2-p distances between the taxa in each pair of neighbor lineages were calculated according to Li
'd_tld Bousquet (1992), each with a next nearest neighbor as reference taxon. The standard error associated with the average length of the
tineage was obtained by dividing the SE associated with the pairwise distances over that node (Li and Bousquet, 1892) by 2. The 95% upper
and lower limits arcund the average estimate of the origin were obtained by multiplying the SE/2 by the appropriate critical value of the
Student’s ¢ distribution corresponding to the n —1 taxa in that lineage.

d Hypothes.is A. all taxa that first appear in the fossil record at 70 Ma also have their origin at 70 Ma.

¢ Hi)-’IDOEhes_ls B. all taxa that first appear at 70 Ma reset at 90 Ma; that is in the middle of this gap in the fossil record.

_f Hypothesis C. the same as hypothesis B but with Chaetoceros sp., C. rostratus, Aulacoseira spp., and Stephanopyxis set at 115 Ma because
dnr'ect predecessor of these genera have been postulated in the fossil record at 115 Ma.

;-I Hypoth_ems D._the same as hypothesis C but with the Thalassiosirales dating back to 115 Ma.

The nelghborﬂoining tree generated from K-2p distances was almost identical to the tree based on JC distances. Estimates of origin: based
on the JC distances differed marginally (max 5 Ma for the earliest possible time of origin values) and have been omitted from the table.
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TABLE 5

Estimates of the Origin of the Diatoms, the Pennates and the Thalassiosirales
According to Hillis and Moritz (1990)

Origin of the diatoms
based ¢n all lineages

Origin of the Pennates based

Origin of Thalassiosirales based
only on the pennate lineages

only on this lineage

Longest  Median

Shortest

Median

Longest Shortest  Longest  Median  Shortest
S(Ma,d)e Ratet branch branch  branch  branch branch  branch branch branch branch
Maximum likelihood tree
Hypothesis Ad 14.5 132 3.8 202(325) 1011187) 85(i64) 38(123) 53 (114) 48(107) 81 (158)  79(155) 47{105)
Hypothesis B 17.6 161 = 4.6 247(397) 123¢228) 104 (2000 71(151) 64(139) 59 (131)  99(192)  97(190) 58(129)
Hypothesis CF 20.3 18.0 £ 5.3 277(450) 138.238) 116(227) 80(171) 72(158) 66(149) 110 (218) 108(215) 64 (146)
Hypothesis D¢ 17.1 21.5 = 4.5 3301476) 1641266) 138(232) 95(172) 86{159) 78 (148) 132(223) 129(219) 77 (146)
Unweighted NJ tree from Kimura distances
Hypothesis A 15.0 146 = 4.1 1689(278) 90(170) 75(147 57 (120) 45(101) 44(99) 73 (144) 7Z2(145) 49008
Hypothesis B 17.0 17.9 4.7 207(332) 111¢202) 92(175) 70 (142) 85(119) 53 (117D 90 (171)  89(171) 600127
Hypothesis C 19.0 20.0 = 5.2 232(372) 124(225) 103 (195) 78(158) 62{133} €0(130) 100 {191) 100(191) 67(142)
Hypothesis D 158 23.6 £ 4.3 273(388) 146(229) 121(197) 93(158) 73{131} 71(128) 118 (192} 118(192} 80(140)
All significantly faster evolving taxa excluded 4
Hypothesis C 194 214 £ 6.0 181(277) 126 (228) 110(205) 84 (167) 66{140} &4 (136) 107 (201) 107 (201} 72(149)
Eucampia, C. didymus, Porosira, and Lauderia included
Hypothesis C 21.0 154 = 4.8 190(347) 105(221) 84(188) 65(156) 54 (136) 44 (127) 186(267) 82(184) 57(141
Four taxa with shortest branches excluded!
Hypothesis C 20.0 20.1 £ 5.7 232(380) 131(240) 106 (205) 78 (163) 65(142) 61 (135) 100(196) 100 (198) 67 (148)
Weighted NJ tree from Kimura distances
van de Peer/
Hypotheksis C 20.4 184 * 54 223(377) 1161226) 54(128) 81(173) 30(85) 25(75) 94 (193) B9 (185) 59(136)
MacClade
Hypotlhesis C 21.4 29.2x 7.0 251(388) 127(223) 101 (187) 78(153) 55(118) 53(1ld) 99 (184) 100{183) 62(128)
Gamma
Hypothesis C 17.9 18.8 * 47 245(386) 1251224) 103 (193) 74 (151) 60(128) 58{125) 100 (188) 99(188) 66(138)

Note. Branch lengths are obtained from a maximum likelihood

tree and from a neighbor-jeining tree generated from weighted and

unweighted Kimura-two-parameter distances.m Figures are estimates of the average time of origin of a lineage in Ma, obtained by multiplying

the distance by the regression coefficient {*a”in Fig. 3). Figures in parentheses are estimates of the earlies
based on the upper 95% confidence limit of a time estimate given the distance. Unless st

Porosira, and Lauderia are excluded from the analyses.
=€ See the footnotes in Table 4.
" See footnote k in Table 4.

k Apart from Eucampia, Chaetoceros didymus, Porosira, and Lauderia we also exciuded

Chaetoceros sp.
! Cymatosira, Papiliocellulus, Fragilaria, and Asterionellopsis.

t possible time of origin of a lineage
ated otherwise, Eucampia, Chaetoceros didymus,

Melosira, Actinocylus, Coscinodiscus, and

4 The positions in the alignment are weighted inversely to the average variability of the variability class to which they belong in van de Peer
(pers. comm.) according to the procedure described in van de Peer et al. (1993).

* The positions in the alignment are weighted inversely to the number of base chan

ges recorded for that position as observed in a most

parsimonious tree (0, 1, 2, 3 . .. 14 base changes are weighted 15, 14,13 ... 1, respectively).
"'The rate of nucleotide substitutions at different sites is assumed to follow the gamma distribution (Jin and Nei, 1890) with ¢ = 1.

that the Thalassiosirales (Fig. 3, point ¢) are older than
their first fossil record at 40 Ma. Dates for the average
and earliest possible ages of the pennates and the
Thalassiosirales are identical because the linearization
cotlapses these lineages into a polytomy (Fig. 3).
Linearization lowers the rate of evolution (Table 4)
but this is an artifact of the linearization procedure
because dichotomies bearing somewhat longer branches
collapse into polytomies. Linearization also improves
the fit of regression, hence the smaller range between
the average and earliest possible time of origin under
each hypothesis. Therefore, linearization increases the
average time but not the earliest possible time of origin.
Time estimates based either on the average or me-

dian branch length are similar for all diatoms as well as
for the pennates (Table 4). For the Thalassiosirales,
these figures deviate slightly because this group con-
tains two distinct lineages; the median branch length
belongs to the faster lineage. The 95% confidence limits
around the average branch lengths for each lineage are
comparable to the longest or shortest branch in that
lineage. Because essentially no differences exist be-
tween estimates based on either of these methods, only
those based on the median branch length are discussed
in our other analyses.

The maximume-likelihood tree. Branch lengths from

the ML tree (Fig. 1B) were regressed against ﬁrs‘_c
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appearances of taxa from the fossil record under each Like the linearized tree, all age estimates for Thalas-
hypothesis with only aberrantly evolving taxa eliminated.  siosirales suggest that this group is older that their
Estimates of the average and earliest possible age for the  earliest fossil record would suggest. We believe that the
origin of the diatoms, the pennates, and the Thalassiosir- dating problems associated with the Thalassiosirales
ales (points a, b, and ¢, respectively) were inferred from  are related to the assumption that the modern day
the longest, median, and shortest branches (Table 5). strutted process defines the origin of this lineage.

The average age of the diatoms estimated with each Tt | hted neighbor-ioining £ U ohted
hypothesis is younger than that obtained with the 1e lntvergiiec NELgnoor-joIng trees.  LUnwelghte
linearized tree and postdates their earliest fossil record NJ tree?s mfelrred tjrom Jukes—-Cantor distances were
(Table 5). However, their earliest possible date of origin tc_)pqloglcaliy 1d§3ntlcal and revealec} branch lgngths
either coincides with the earliest fossil record (hypoth- similar to those inferred frem K-2-p Fhstances‘ This was
esis A) or predates that record (hypotheses B-D) and 25 expected because of the lo.w.J C d1s'tances among the
generally agrees with that obtained with the linearized Se4uences and the low transitional bias. Nevertheless,
tree. A regression plot using hypothesis I is presented K-2-p distances were used instead of JC distances for
in Fig. 4 and shows that with our most lenient esti- t_he NJ tree construction, be_cause t]fle former is more
mates for the origin of certain lineages, it is unlikely likely to give the correct tree if rate differences are high
that the diatoms existed prior to ca. 266 Ma. This (Kumar et al, 1993). Using branch lengths from the
roughly corresponds to a rate of evolution for the ssu unweighted NJ tree (Fig. 2A), the average and earliest
rRINA coding region of 1 per 21.5 Ma. The three alterna- possible times of origin for the three lineages are more
tive dating hypotheses suggest that the diatoms are evolv. recent than those obtained from the ML tree (Table 5)
ing much faster (1% per 13, 16, or 18 Ma, respectively). and agree with those obtained in the linearized tree

The first two dating hypotheses place the average age (Table 4).
for the pennate origin younger than their earliest fossil Because the earliest possible date for the origin of the
record {70 Ma), but hypotheses C and I suggest that diatoms did not differ dramatically between the linear-
the pennates originate during the period of poorly ized NJ tree with all fast taxa eliminated and the
preserved diatom deposits as in the linearized tree. nonlinearized NJ trees with only aberrantly evolving
However, the origin of the pennates may be underesti- taxa eliminated, we used the data set generated under
mated because the relative rate test has shown that the hypothesis C with the NJ tree to test the effect of taxen
ssu rRNA coding regions of the pennate diatoms evolve removal on our age estimates. The inclusion of the

relatively slowly. aberrantly fast evolving Eucampia, C. didymus, Poro-

300 ¢
| o Cariest possivle time of origin for the diatoms Lo L ..

250 |- ermian-Triassic boundary ?
I By
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FIG. 4. Small subunit TRNA molecular clock calibration for the diatoms in whick dates of first appearances from the fossil record are
regressed against measured branch lengths from a maximum-likelihood tree. Hypothesis D, which predates certain taxa to have their origin
beflore & major gap in the fossil record, i.e., at 115 Ma, was used to predate five extant taxa. (A} The regression line, constrained through the
origin. Lines B, and B, are the 95% confidence Himits around the regression line, Lines C; and C; are the 95% confidence limits for a new
predicted value of time given the length of an undated node (Hillis and Moritz, 1990). Lower confidence limits, below zero, are reset at zero.
The average time of origin of the diatoms (164 Ma) is the length of their median branch length in the maximum-likelihoed tree multiplied by
the regression coefficient. The earliest possible time of origin of the diatoms (266 Ma) is the date corresponding fo the peint on the upper 95%

confidence limit given the length of the median branch length of the group. Using these calibrations, the diatoms are evalving at 1% per 21.5
Ma (from A) * 4.5 Ma (B, and By).
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ira, and Lauderia (Table 3) did not significantly affect
tree topology (Fig. 1A), but it did substantially lower
calculated ages (Table 5) because the inclusion of their
long branch lengths lowers the rate of evolution. Esti-
mates for the earliest possibie times of origin for the
three lineages were nearly the same with these taxa
included because the new higher substitution rate was
counterbalanced by the poor fit of the regression line
and a new slightly longer median branch length. Re-
moval of the remaining significantly fast evolving taxa,
Melosira, Actinocyclus, Coscinodiscus, and Chaetoceros
sp., resulted in a slightly lower substitution rate per
Ma. However, the average age estimates of the diatoms
based on a new shorter median branch length did not
change, whereas those for the pennates and the Thalas-
siosirales were slightly higher. When the sequences of
the four slowest evolving taxa (Cymatosira, Papiliocel-
{rlus, Fragilaria, and Asterionellopsis} were removed,
the substitution rate did not change. However, the
estimated average ages of all diatoms and the pennates
were now slightly elevated with a new, longer median
branch length.

The weighted neighbor-joining trees. The effect of
different weighting strategies on our age estimates
under hypothesis C is presented in Figs. 2B—-2D and
Table 5. If sequence positions are weighted aceording to
van de Peer et al. (1993 and pers. comm.), then the
branch lengths separating the pennate diatoms de-
crease (Fig. 2B). The regression analysis gives slightly
younger estimates for both the average and the earliest
possible time of origin of the three lineages, especially
for those of the pennate lineage. If MacClade weighting
is used, all distances in the tree (Fig. 2C) are reduced,
and the substitution rate is considerably lower than in
all other weighting schemes {1% per 29 Ma). This is an
artifact because invariant positicns carry most of the
weight. However, age estimates are of the same magni-
tude because the reduced substitution rate is counter-
balanced by shorter median branch lengths (Table 5).
Neither weighting methods improved the fit of the
regression line. If nucleotide substitution rates were
assumed to be gamma distributed (Jin and Nei, 1990,
with the option « = 1; Fig. 2D), then the fit of the
regression line improved, but time estimates were not
affected (Table 5).

DISCUSSION

The Evolutionary Age

Our molecular clock calculations have been used to
set the time of cladogenesis of the diatoms within a
more precise time frame than has been hypothesized
from their fossil record. Even in the most lenient cases,
we have calculated that it is unlikely that the diatoms
existed prior to ca. 266 Ma. This estimate is based on a
molecular clock calibration using ML branch lengths

KOOISTRA AND MEDLIN

with aberrantly evolving taxa excluded and age esti-
mates of the origin of extant taxa dated as far back as
possible (hypothesis D, Tables 4 and 5). If all fast
evolving taxa are eliminated, and a linearized NJ tree
is constructed, then this date is slightly younger (238
Ma). These estimates for the ecarliest possible time of
origin of the diatoms predate their earliest fossil record
by ca. 80 to 50 Ma, which indicates that the diatoms are
not of Proterozoic or early Paleozoic origin. Our finding
contrasts with the interpretation that there is a 300
(Philippe ef al., 1994) to 400 Ma gap (Sérhannus, 1994)
in the fossil record of the diatoms based on partial
sequences from the nuclear-encoded large subunit (Isu)
rRNA coding region.

The reference taxa used in this study, the pelago-
phytes and the oomycetes, are members of the nearest
and next nearest neighbor lineages to the diatoms
(Leipe et al., 1994; Saunders et af., 1995). These refer-
ence taxa are often so close that the distance from a fast
diatom taxon to a slow diatom taxon is larger than the
distance from the reference taxon to that slow tazon.
Nevertheless, the trees presented in Figs. 1-3 and in
Medlin et al. (1993, 1996a,b) demonsirate that the
diatoms are monophyletic. Choosing an outgroup out-
side the heterokonts estimates the age of the entire
heterokont lineage, including the diatoms. The 300- to
400-Ma gap in the fossil record of the diatoms sug-
gested by Philippe et al. (1994} and Sérhannus (1994)
has been calculated using the alveolates as nearest
neighbor. The alveclates form a separate lineage in the
eukaryote radiation and are not closely related to the
diatoms (Bhattacharya ef al., 1992). The dates reported
by Philippe et al. (1994} and Sérhannus (1994) likely
correspond to the origin of the heterokont lineage and
not to the origin of the diatoms, which is a later
divergence within the heterokont eukaryotes.

Our regressions for the diatom lineages might also be
extrapolated to similar lineages outside the diatom
lineage to provide speculative starting points for esti-
mating the ages of neighbor groups without a fossil
record. To do this, their relative rates of base substitu-
tien must be comparable to those of the diatoms. Qur
age estimates of the diatoms could also be valid for
their sister groups, i.e., the lineage containing the
pelagophytes, phaeophytes, and chrysophytes (Saun-
ders et al., 1995), which is unlikely to be older than the
late Permian. This exirapolation confirms the sugges-
tion by Druehl and Saunders (1992) and Saunders and
Druehl (1992) that the phaeophytes are very young in
comparison to other macroalgal groups.

Qur study has demonstrated that the various tree
building algorithms used gave almost identical branch-
ing orders {Figs. 1 and 2). This was to be expected
because simulation studies by Huelsenbeck and Hillis
{1993} demonstrated that if the overall JC distances
between sequences are below 0.2 and transition bias is
low, then chances are high that all the algorithms we
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used will find the correct tree. However, our study
indicated that the tree building algorithms did influ-
ence the age estimates. Estimates of the average and
earliest possible evolutionary age obtained from the
ML tree were higher than those obtained from the NJ
trees and likely reflect differences in the assumptions
made in the evolutionary models behind these two
tree-building algorithms. However, earliest possible
dates of origin cbtained from the linearized NJ tree
were comparable to those obtained from an unlinear-
ized NJ tree with either all fast evolving taxa excluded
or just the aberrant ones. It is the inciusion of the
aberrantly fast evolving taxa and not the exclusion of
all fast evolving taxa that has the most dramatic effect
on our age estimates, with the average age of the
groups being the most seriously underestimated. The
best fit of the regression among the unlinearized NJ
trees was obtained with a gamma weighting of the
sequence positions.

We did not use branch lengths from parsimony trees
for the molecular clock calculations. Parsimony meth-
ods tend to underestimate the number of base substitu-
tions along long branches more than NJ and ML
methods in particular when rate varies by site in the
sequences and among sequences (Sourdis and Nei,
1988; Jin and Nei, 1990; Zharkikh and L1, 1993; Tateno
et al., 1994).

The regression plot in Fig. 4 shows the scatter in our
data points resulting in broad 95% probability limits
around new estimates of time. This scatter can be
caused by (1) rate differences among the diatoms’ ssu
TRNA coding regions and (2) inaccurate first appear-
ance dates in the fossil record.

Rate differences. The relative rate tests of Wu and
Li {1985}, Tajima (1993}, and 1i and Bousguet (1992)
showed a rate variation among the pennate taxa that
agreed with the range of raies expected using a model
of stochastically accumulating sequence substitutions.
The rate differences among many centric diatoms,
however, were not in agreement with such a model.
These differences were not due to alignment errors
because we removed unalignable regions and verified
our alignment with secondary structure models (Med-
lin et al., 1996b). Sequence-reading mistakes are an
unlikely source of error because both coding and noncod-
ing strands were completely sequenced from separate
PCR (Medlin et al., 1998a,b). Most sequence differences
in stem regions were compensatory. Thus, the remain-
ing long branches in cur data set were the resuli of a
higher substitution rate.

As to be expected for more or less normally distrib-
uted branch lengths in a lineage, it is insignificant
whether the time estimates are inferred from the
average or the median length (see Table 4, the diatoms
and the pennates), If the lineage contains a few very
long branches, then the estimates based on the median
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branch length are preferred because the deviating
branch lengths do not contribute to the time estimates.
To show how time estimates can be distorted if esti-
mates are based solely on groups of rapidiy or slowly
evolving taxa, we also calculated the average and
earliest possible time of origin for the longest and
shortest branches in each lineage. The pronounced
differences in these time estimates stress the fact that
times of origin inferred from lineages with only one or
two taxa may be grossly under- or overestimated
depending on the rate of that particular taxon’s ssu
TRNA coding region. However, the average branch
length might be preferred over the median one, if the
branches in the lineage can be separated into two
distinct length classes. In the Thalassiosirales (Table
4), the median length falls in the fastest class. Insuch a
case, more taxa could be sampled prior to molecular
clock analyses.

An important issue in molecular clock calculations is
the removal of branches that evolve significantly differ-
ently from the average value. We argue that aberrantly
evolving sequences should be removed (Table 3). How-
ever, it remains questionable whether sequences that
evolve much faster or slower than their relatives but
perfectly in accordance with expectations of ssu rRNA
coding region evolutionary models should be removed
prior to molecular clock calculations (Takezaki ef al.,
1995). If rate variation among sequences is real, then
we have to accept rate variation with time and, hence,
our broad 95% confidence limits associated with our
time estimates, and our imprecise age estimates. Our
data suggest that the aberrantly evolving taxa have
more effect on age estimates than do those taxa evolv-
ing fast but within a model of ssu evoluticn. When our
fast evolving sequences that evolved within the limits
set by the mode!l of van de Peer ef al. (1993} were
included in the analyses, they did not distorf the tree
topology and had only a minor effect on the time
estimates of the origin. Furthermore, the fit of the
regression line was not improved by the removal of fast
or slow taxa. Therefore, the incorporation of a few fast
taxa in the regression does not explain the poor fit of
the regression line.

Length variation in a tree is eliminated by lineariza-
tion (Takezaki et «l., 1995). In our linearized tree (Fig.
3), phylogenetic information is lost due to the collapse
of branches into polytomies. However, the results of the
molecular clock calculations (Table 4) inferred from this
tree show that linearization improves the fit of the
regression line. Thus, rate variation among the se-
quences is at least partly responsible for the variation
in time estimates we recovered,

Comparisons among reported rates are highly depen-
dent on the fractions of the sequence positions in the
ssu rRNA coding region that are included in the
analyses. The variability of a position in the ssu rRNA
coding regions depends on its location in the secondary
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structure of the rRNA molecule {(van de Peer et al.,
1993}, Therefore, the observed substitution rate de-
pends on the number of highly variable positions that
become unalignable and are removed prior to analysis.
As more positions are removed, the calculated rate
decreases. For this reason, rates in Tables 4 and 5
shouid be compared with other rates where the number
of positions are reported. With our most lenient hypoth-
esis, i.e., that in which the origin of certain taxa have
been dated as far back as possible, the substitution rate
in the ssu rRNA coding regions of the diatoms is ca. 1%
in 21.5 to 26.2 Ma with 95% confidence limits of 4.5 to
4.0 Ma. This rate is higher than the rate observed in
higher plants (ca. 1% per 70 Ma, all positions included
in Savard et al., 1994, or a 1% divergence in 25 Ma
(= 1% substitutions in 50 Ma, no positicns reported, see
QOchman and Wilson, 1987), in Dasycladales (1% diver-
gence in 25 Ma, 1733 positions in Olsen ef al., 1994), in
animals (1% divergence in 60-100 Ma, no positions
reported, see Ochman and Wilson, 1987), in fungi (1%
substitution in 100 Ma, based on 15892 alignable posi-
tions in Berbee and Taylor, 1993} and in bacteria (1%
divergence in 50 Ma, no positions reported, see Ochman
and Wilson, 1987; Moran ef af., 1993). Thus, the
substitution rate reported here is the fastest recorded
to date for an entire group and is in agreement with
canclusions based on a small set of diatom taxa in
Sorhannus (1994} using partial sequences of the lsu
rRNA gene.

A related effect of the rate variation within the
sequence is that the calculated distances may not be
completely linear with elapsed time because any dis-
tance measure underestimates the actual number of
substitutions when overall distances are high (Bruns
and Tzaro, 1992). This effect is even more pronounced
when rate variation is apparent within the molecule. In
our comparisons, the three weighting schemes, which
correct for site-related rate differences, had only minor
effects on the topology of the NJ tree and on the time
estimates (Table 5). This could be expected because the
unweighted JC distances were always lower than 0.3,
and the transition/transversion ratio was lower than 2
{Kumar et al., 1993; Nei, 1991). However, the conspicu-
ously short pennate branches in the van de Peer
weighted NJ tree (Fig. 2B) indicate that the ssu rfRNA
coding regions of these taxa evolve slower than ex-
pected in the more conserved regions. Molecular clock
calculations based on van de Peer and MacClade
weighted distance trees gave poorer fits of the regres-
sion line in comparison to those based on gamma-
weighted or nonweighted ones. Thus, site-associated
rate variation within the ssu rRNA coding regions
cannot be the reason for the scatter in our data points.

Accuracy of the first appearance dates in the fossil
record. Ewven with the availability of first appearance
dates for many diatom taxa, estimates of their origin
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remain inaccurate because they are strongly influenced
by the interpretation of the fossil record. Tables 4 and 5
show that different treatments of the origin of extant
taxa strongly influence the age estimates. Thus, the
uncertainties related to the interpretation of the fossil
record are the other main reason for the scatter of the
points. I the first appearance of certain taxa after a gap
in the fossil record is assumed to be their origin
(hypothesis A), then even our earliest possible age
estimates for the diatoms cannot explain their first
appearance in the fossil record. Of course, the earliest
fossil record {at 185 Ma) could be misdated. However, a
more likely explanation is that first appearances imme-
diately after a gap underestimate a taxon’s true origin.
Furthermore, the origin of a lineage should not be
restricted to taxonomic delimitations of modern taxa.
In our study, for example, the labiate processes, delim-
iting extant genera for which we have sequence data,
are only known in taxa since the Cretacecus. Medlin e#
al. (1996a) showed that labiate processes, as currently
defined, must be a homoplasy. If we use overall valve
morphology, linking mechanisms between cells, and
presence/absence of a central structure in the valve as
the features considered taxonomically important, then
we are able to push back the origin of four taxa from 70
Ma to 115 Ma ago. Although this approach reduces the
rate and pushes the earliest possible origin of the
diatoms back before its first appearance in the fossil
record, it does not reduce the fit of the regression line,
Only hypothesis D improves the fit of the regression
line. Our clock calculations from the first three hypoth-
eses indicate that the first appearance of the Thalassio-
sirales at 40 Ma might be incorrect. By redefining the
morphelogical characters defining the Thalassiosirales,
we can predate the origin of this lineage at or before 115
Ma, which greatly improves the precision of the regres-
sion and the time estimates. Thus, albeit well docu-
mented and extensive, the fossil record of the diatoms
remains a major source of imprecision int the molecular
clock analysis of the diatoms primarily because of the
selection of morphological characters defining lineages.

Alternatively, all taxa in the 115-110 Ma fossil
deposits may be representatives of a flora that went
virtually extinct by the end of the Cretaceous and was
replaced by the present diatom flora following a new
adaptive radiation from a singlé surviving species into
the extensive morphological spectrum we know today.
Similarities between the extinct taxa at 115 Ma and the
taxa that appeared from 70 Ma onward may be analo-
gies, not homologies. This hypothesis is, however, un-
likely because the phylogenetic analyses show that the
diatoms diverged into the major extant lineages early
in their evolutionary history, not long after their separa-
tion from the other pigmented heterokont algae.

The paucity of pre-Cretacecus diatom deposits hin-
ders the determination of ¢lear links in the fossil taxa
with extant taxa during the two gaps in the history of
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the diatoms. Pre-Cretaceous diatom fossils may be
scarce because sea floor spreading has destroyed or
attered most earlier ocean floor deposits. Nevertheless,
other siliceous microfossils, such as sponge spicules
and radiolaria, are abundant in pre-Cretaceous marine
sediments, suggesting that pre-Cretaceous diatoms
.either were rare or were confined o habitats so adverse
to preservation that they left no record (Round ef al.,
1990). 1t is also likely that diatoms prior to 185 Ma ago
were not as well mineralized (if at all) as they are today.
Our molecular analyses provide insights into this ma-
jor period of diatom radiation that cannot be recon-
structed on the basis of the existing fossil record.

Biological Reasons for Differences in Rutes of Evolution

The apparent rate differences among the diatoms’ssu
rRNA coding regions are not unusually large because
similar rate variation can be observed in the ssu rRNA
coding regions from other organisms, as well as in other
genes (Li and Tanimura, 1985; Wu and Li, 1985;
Britten, 1986; Koop et al., 1986; Powell et al., 1986;
Vawter and Brown, 1986; Wolfe et al., 1989; Berbee and
Taylor, 1993; Bakker et al., 1994; McNally et al., 1994;
Lafay et al., 1995; Russo et al., 1995). Many physiologi-
cal and life history factors have been proposed to
explain the significant rate differences among lineages.
Some examples of these factors include generation
time, temperature, cell volume, body size, metabolic
rates, free radical formation, ete. (Martin and Palumbi,
19931

The substitution rate is assumed to be positively
correlated with the frequency of mitotic and meiotic
divisions (Martin and Palumbi, 1993). In microalgae,
the potential frequency of mitotic divisions is nega-
tively correlated with cell volume (Tang, 1995) and
positively correlated with temperature (Eppley, 1972;
Raven and Geider, 1988; Tang, 1995). However, ecology
is also important. Centrics, which are mainly pelagie,
could be considered typical r-strategists and spend
most of their time either in unrestricted exponential
growth or in zero growth. Pennate diatoms, on the
other hand, are mainly benthic and are probably nearer
to carrying capacity (K-strategists): they may grow
slower (ID. Mann, pers. comm.). It is significant that the
ssu rRNA coding regions of the benthic centrics Papilio-
cellulus and Cymuatosira also evolve relatively slowly,
but if remains to be tested whether life history strategy
is a key factor in the substitution rate.

Diatoms reproduce asexually and thereby decrease
in size until they reach a particular size class, termed
the reproductive window, when sexual reproduction
can be initizted (Round et al., 1990). Among the ooga-
meous centrics, “male” cells divide mitotically many
times within the parental cell wall, prior to meiosis,
whereas “female” cells undergo only meiosis. In pen-
nate diatoms, sexual reproduction is isogamous with no
known mitetic divisions within the parental cell wall
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prior to gametogenesis. Only one or two gametes per
cell are formed. Thus, centric diatoms undergo more
mitotic divisions, at least during spermatogenesis, espe-
cially in those taxa in which the number of nuclear
divisions leading to the sperm cells is large. If the
substitution rate is related to the frequency of mitotic
divisions, then centrics would be expected to have a
somewhat faster substitution rate.

Also, the frequency of meiosis in pennates may be
lower than that in centrics (Jewson, 1992a, b; Mann,
1988, pers. comnm,). This agrees with our results, which
show that the ssu rRNA coding regions of the pennates
evolve slower than those of most centrics. This effect is
particularly apparent in the van de Peer weighted tree,
although this may be an artifact of this evolutionary
model. These relationships between division rate, tem-
perature, cell volume, and reproductive or life history

strategies provide speculative starting points for future
research.

CONCLUSIONS

Qur results have shown that the ssu rRNA coding
regions in most diatoms are not evolving according to a
model of stochastically accumulating sequence substitu-
tions. In particular, the centric diatoms’ ssu rRNA
coding regions are evolving much faster than those of
the pennate taxa. The substitution rate of evolution in
the small subunit rRNA coding regions of the diatoms is
approximately 1% per 18 to 26 Ma, which is the fastest
reported rate for any pro- or eukaryotic organism to
date. Using our most lenient estimates for the first
appearance dates for certain taxa, we have calculated
that it is unlikely that the diatoms existed before 266
Ma ago. This age calculation is based strictly on
median-evolving taxa. Aberrantly evolving taxa have
the most pronounced effect on age estimates. The
diatoms are a relatively young lineage, probably not
appearing before the Late Permian.
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