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The siphonous green  algae are an  assem blage o f seaw eeds th a t consist o f a single g iant cell. They com ­
prise tw o  sister orders, th e  Bryopsidales and  Dasycladales. W e infer th e  phylogenetic relationships 
am ong th e  siphonous green algae based on  a five-locus d a ta  m atrix  and analyze tem poral aspects o f the ir  
diversification using relaxed m olecular clock m ethods calibrated  w ith  th e  fossil record. The m ulti-locus 
approach  resolves m uch o f th e  previous phylogenetic uncertain ty , b u t th e  rad iation  o f fam ilies belonging 
to th e  core H alim edineae rem ains unresolved. In th e  Bryopsidales, th ree  m ain  clades w ere inferred, tw o 
of w hich  correspond to  previously described suborders (Bryopsidineae and H alim edineae) and a th ird  
lineage th a t contains only th e  lim estone-boring  genus Ostreobium. Relaxed m olecular clock m odels indi­
cate  a N eoproterozoic origin o f th e  siphonous green algae and  a Paleozoic diversification o f  th e  orders 
into th e ir fam ilies. The inferred node ages are  used  to resolve conflicting hypotheses abo u t species ages 
in th e  tropical m arine alga Halimeda.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The siphonous green algae form a morphologically diverse group 
of m arine macroalgae. They are readily distinguished from o ther 
green algae by the ir ability to form large, differentiated thalli com ­
prised of a single, giant tubular cell. This tubu lar cell branches and 
fuses in various patterns to  form a broad range of forms (Fig. 1 ). Indi­
vidual branches of the tubular cell are called siphons. The siphonous 
green algae include tw o sister orders (Bryopsidales and Dasycla­
dales) and belong to  the chlorophytan class Ulvophyceae. The 
Cladophorales, an  order closely related to the Bryopsidales and 
Dasycladales (Zechman e t al., 1990), is som etim es included in the 
siphonous algae bu t its m em bers are not truly siphonous because 
they are generally multicellular. The siphonous green algae are u n ­
ique am ong their chlorophytan relatives in having a relatively rich 
fossil record because m any of them  biom ineralize.
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The Bryopsidales range in morphology from simple, branched 
thalli (Fig. 1A and B) to m ore com plex organizations w ith  in terw o­
ven siphons, differentiated thalli and various morpho-ecological 
specializations (Fig. 1C-F). They have m ultiple nuclei scattered 
th roughout the siphons. These algae form an im portant com ponent 
of the m arine flora, particularly in tropical m arine environm ents, 
w here they are am ong the m ajor prim ary producers on coral reefs, 
in lagoons and seagrass beds. They comprise roughly 500 recog­
nized species (Guiry and Guiry, 2008). The calcified representatives 
are m ajor contributors of lim estone to  coral reef system s and are 
w ell-represented  in the fossil record (Hillis-Colinvaux, 1986; Mu, 
1990). The Bryopsidales are also com m on in w arm -tem perate  m ar­
ine habitats w here they form a significant com ponent of the flora 
(e.g., Codium). Several bryopsidalean taxa are vigorous invasive 
species (e.g., Codium fragile, Caulerpa taxifolia and Caulerpa racemo­
sa var. cylindracea) th a t are know n to have profoundly affected the 
ecology and native biota in areas of introduction. M olecular phylo­
genetic studies have show n tw o principal bryopsidalean lineages, 
both  com prising simple as well as com plex forms (Lam and Zech­
man, 2006; Verbruggen e t al., 2009; W oolcott e t al., 2000).

Extant Dasycladales are characterized by a central axis sur­
rounded by whorls of lateral branches (Fig. 1G-J). M embers o f this 
group contain a single giant nucleus situated in the rhizoid during
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Fig. 1. Morphology and anatomy of the siphonous green algae comprising the orders Bryopsidales (A-F) and Dasycladales (G-J). (A) Derbesia, (B) Bryopsis, (C) Codium, (D) 
Udotea, (E) Halimeda, (F) Caulerpa, (G) Batophora, (H) Neomeris, (I) Cymopolia, (J) Acetabularia.

the  vegetative phase of the ir life cycle. Albeit relatively inconspic­
uous, they are com m on algae of shallow  tropical and subtropical 
marine habitats. Both calcified and non-calcified representatives 
have left a rich fossil record dating back to  the Cambrian Period 
(540-488  my) (Berger and Kaever, 1992; LoDuca e t al., 2003). Fos­
sil rem ains suggest th a t non-calcified dasyclads w ere m ost diverse 
during the Ordovician and Silurian periods and declined in favor of 
calcified representatives after the Early Devonian (±400 my), per­
haps as a result of selection for resistance to herbivory (LoDuca 
e t al., 2003). In all, over 700 species are know n from the fossil re­
cord, and fossil dasyclads are im portant tools for both  biostrati- 
graphic and paleoenvironm ental studies (Berger and Kaever, 
1992; Bucur, 1999). The present dasycladalean diversity consists 
of 37 species belonging to  10 genera and the tw o families Dasy­
cladaceae and Polyphysaceae (Berger, 2006). M olecular phyloge­
netic studies have show n th a t the Polyphysaceae arose from the 
Dasycladaceae, leaving the la tte r paraphyletic (Berger et al., 
2003; Olsen e t al., 1994; Zechman, 2003).

Currently available phylogenetic studies o f the siphonous green 
algae suffer from a few shortcomings. First, the studies have been 
based on single loci, yielding partially resolved trees w ith  some 
unresolved taxa. Second, several im portant groups w ith in  the Bry­
opsidales have not been included. Finally, the tem poral aspects of 
siphonous green algal diversification have not been explored in 
sufficient detail. Several recent studies point to  the necessity of a 
tim e-calibrated phylogenetic framework. For example, the large 
discrepancy betw een species ages resulting from interpretations 
of m olecular data  and the fossil record creates confusion (Draga- 
stan  e t al., 2002; Kooistra e t al., 2002). Furtherm ore, biogeographic 
in terpretations are difficult w ithout reference to  a tem poral fram e­
w ork (Verbruggen et al., 2005, 2007). So far, the fossil record has 
been used on one occasion to  calibrate a dasycladalean m olecular 
phylogeny in geological tim e (Olsen e t al., 1994). In the years tha t 
have passed since the publication of this study, however, several 
im portant discoveries have been m ade in dasyclad paleontology 
(e.g., Kenrick and Li, 1998; LoDuca et al., 2003) and m ore advanced 
calibration m ethods have been developed (review ed by e.g., Verb­
ruggen and Theriot, 2008).

The present study sets out to  achieve tw o goals. First, it aims 
to  resolve the phylogeny of the siphonous green algae more fully 
and include previously om itted  taxonom ic groups. Second, it as­

pires to provide a tem poral fram ew ork of siphonous green algal 
diversification by calibrating the phylogeny in geological tim e 
using inform ation from the fossil record. Our approach consists 
of m odel-based phylogenetic analyses of a five-locus alignm ent 
spanning both  of the orders and uses a com posite (partitioned) 
m odel of sequence evolution. Calibration of the phylogeny in 
geological tim e is achieved w ith  Bayesian im plem entations of re­
laxed m olecular clock models, using a selection of fossil refer­
ence points.

2. Materials and methods

2.1. Data generation

In preparation for this study, the rbcl gene o f a w ide spectrum  
of taxa was sequenced as described below  and additional rbcL se­
quences w ere dow nloaded from GenBank. From a neighbor joining 
guide tree produced from these sequences, 56 taxa representing all 
m ajor clades w ere selected. For these taxa, we a ttem pted  to am pli­
fy four additional loci (plastid encoding atpB, tufA  and 16S rDNA, 
and nuclear 18S rDNA) or dow nloaded this inform ation from 
GenBank.

DNA extraction followed a CTAB protocol modified from Doyle 
and Doyle (1987). DNA am plification followed previously pub­
lished protocols (Farna e t al., 2002; Hanyuda e t al., 2000; Karol 
e t al., 2001; Kooistra, 2002; Lam and Zechman, 2006; Olson 
e t al., 2005; Wolf, 1997), w ith  additional prim ers for amplification 
of partial sequences of the rbcl gene and the 16S rDNA. A com plete 
overview  of the prim ers used is given in Fig. 2. Newly generated se­
quences w ere subm itted  to GenBank. A com plete list of Genbank 
accession num bers is provided in Table 1. Our specim ens are vou- 
chered in the Ghent University H erbarium  or the US National Her­
barium  (see GenBank records for voucher information). The 
ulvophycean algae Trentepohlia aurea, Oltmannsiellopsis viridis, Ulva 
intestinalis, Ulothrix zonata  and Pseudendoclonium akinetum  were 
used as outgroup taxa (Lopez-Bautista and Chapman, 2003). De­
spite the fact th a t the order Cladophorales is the closest relative 
of Bryopsidales and Dasycladales (Zechman et al., 1990), we did 
not use it as an outgroup because it has proven im possible to am ­
plify chloroplast DNA in its m em bers using standard prim er 
combinations.
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Fig. 2. Primers used for amplification of the five loci used in this study.

2.2. Sequence alignment

After removal of introns in the rbcL gene (Hanyuda e t al., 2000), 
all sequences w ere of equal length and their alignm ent was unam ­
biguous. The atpB sequences w ere of equal length and their align­
m ent was straightforw ard. The tufA  gene was aligned by eye on the 
basis o f the corresponding am ino-acid sequences and ambiguous 
regions w ere removed. After introns had been removed, the 16S 
rDNA sequences w ere aligned using Muscle v. 3.6 using standard 
param eters (Edgar, 2004). Ambiguous alignm ent regions w ere 
localized by eye and removed. Alignm ent of 18S rDNA sequences 
followed an analogous procedure. The insert near the 3' term inus

of the 18S gene of certain  Bryopsidales (Durand e t al., 2002; Hillis 
e t al., 1998; Kooistra e t al., 1999) was rem oved because it was not 
present in all taxa and virtually impossible to  align am ong genera. 
After rem oval of this region, sequences w ere aligned w ith  Muscle 
v. 3.6 and stripped of their ambiguous regions. The concatenated 
alignm ent used for analysis is available through TreeBase and 
w w w .phycow eb.net.

2.3. Partitioning and model selection

Selection of a suitable partitioning strategy and suitable models 
for the various partitions used the Bayesian Inform ation Criterion

http://www.phycoweb.net


H. Verbruggen et al./Molecular Phylogenetics and Evolution 50 (2009) 642-653 645

Table 1
Taxon list with Genbank accessions and voucher numbers (in parentheses). Vouchers are deposited in the Ghent University Herbarium, the US National Herbarium or the 
Zechman lab herbarium (CSU Fresno).

Taxon rbcl tufA atpB 16S 18S

Acetabularia acetabulum AY177738 FJ535854 (HVI287) Z33461
Acetabularia calyculus FJ535855 (HV389)
Acetabularia crenulata AY177737 FJ539159 Z33460
Acetabularia dentata AY177739 FJ480413 Z33468
Acetabularia peniculus AY177743 FJ539163 Z33472
Acetabularia schenkii AY177744 Z33470
Avrainvillea lacerata FJ432635 (HV599) FJ432651 (HV599) FJ535833 (HV599)
Avrainvillea nigricans FJ432636 (HV891) FJ432652 (HV891) FJ535834 (HV891)
Batophora occidentalis AY177747 FJ539160 Z33465
Batophora oerstedii AY177748 Z33463
Bornetella nitida AY177746 FJ480414 Z33464
Bornetella sp. FJ535850 (LB1029)
Bryopsidella neglecta AY004766
Bryopsis hypnoides AY942169 AY221722
Bryopsis plumosa FJ432637 (HV880) FJ432653 (HV880) FJ480417 FJ535835 (HV880) FJ432630 (HV880)
Caulerpa flexilis AJ512485 DQ652532
Caulerpa sertularioides AY942170 FJ432654 (HV989) AY389514 AF479703
Caulerpa taxifolia AJ316279 AJ417939 FJ539164
Caulerpa verticillata AJ417967
Caulerpella ambigua FJ432638 (TS78) FJ432655 (TS24) FJ535836 (TS78)
Chalmasia antillana FJ539161 AY165785
Chlorocladus australasicus AY177750 Z33466
Chlorodesmis fastigiata FJ432639 (HV102) FJ535837 (HV102) AF416396
Codium lineage 1 AB038481 FJ432662 (H0882) FJ535838 (SD0509370)
Codium lineage 2 M67453 U09427 U08345 FJ535848 (KZN2K4.1)
Codium lineage 3 EF108086 (DH02.178) FJ535856 (KZN2K4.10) FJ535839 (H0773) FJ535849 (KZN2K4.10)
Cymopolia spp. FJ535851 (WP011) Z33467
Derbesia marina AF212142
Derbesia tenuissima FJ535852 (H0755) FJ535857 (H0755)
Dichotomosiphon tuberosus AB038487
Flabellia petiolata FJ432640 (HV1202) FJ535847 (HVI202) AF416389
Halicoryne wrightii AY177745 FJ535858 (HV565) AY165786
Halimeda discoidea AB038488 AY826360 (SOC299) FJ480416 AF407254 (SOC299)
Halimeda gracilis AM049965 (HV317) AF407257 (HEC11839)
Halimeda incrassata AY942167 AM049958 (HOI 79) AF407233 (HOI 79)
Halimeda micronesica AM049964 (WLS420-02) AF407243
Halimeda opuntia AB038489 AM049967 (HV61) AF407267 (H0484)
Neomeris dumetosa Z33469
Oltmannsiellopsis viridis DQ291132 DQ291132 DQ291132 DQ291133 D86495
Ostreobium sp. FJ535853 (H0753) FJ535859 (H0753) FJ535840 (H0753)
Parvocaulis exigua AY177740 FJ539162
Parvocaulis parvula AY177741 Z33471
Pedobesia spp. AY004768 FJ535841 (H VI201)
Penicillus capitatus FJ432641 (HV338) AF416404
Penicillus dumetosus AY942175 AF416406
Pseudendoclonium akinetum AY835431 AY835432 AY835433 AY835434 DQ011230
Pseudocodium floridanum AM909692 (NSF.I23) AM909697 (NSF.I23) FJ432631 (NSF.I23)
Pseudocodium natalense AM909693 (KZNb2241) AM049969 (KZNb2241) FJ535842 (KZNb2241) FJ432632 (KZNb2242)
Rhipidosiphon javensis FJ432644 (DML40134) FJ535843 (DML40134)
Rhipilia crassa FJ432645 (H0748) FJ432657 (HV738) FJ535844 (H0748)
Rhipilia nigrescens FJ432646 (H0847) FJ432658 (HV788) FJ432633 (HV788)
Rhipilia tomentosa AY942164
Rhipiliopsis profunda FJ432647 (DML51973) FJ432659 (DML51973) FJ535845 (DML51973)
Rhipocephalus phoenix FJ432648 (HV404) FJ535846 (HV404) AF416402
Trentepohlia aurea FJ534608 DQ399590
Tydemania expeditionis AY942161 FJ432661 (HV873) FJ432634 (HV873)
Udotea flabellum AY942166 AF407270
Udotea glaucescens FJ432650 (H0862)
Udotea spinulosa AY942160
Ulothrix zonata AF499683 Z47999
Ulva intestinalis AB097617 AY454399 AJ000040

(BIC) as a selection criterion (e.g., Sullivan and Joyce, 2005). The 
guide tree used during the entire procedure was obtained by m ax­
im um  likelihood (ML) analysis of the concatenated data  w ith  a 
JC69 model w ith  rate variation am ong sites following a discrete 
gam m a distribution  w ith  8 categories (JC69 + r 8) inferred w ith 
PhyML (Guindon and Gascuel, 2003). All subsequent likelihood 
optim izations and BIC calculations w ere carried ou t w ith  TreeFind- 
er (Jobb et al., 2004). Six alternative partitioning strategies w ere 
considered (see Section 3). Per partitioning strategy, six substitu ­
tion models w ere optim ized w ith  unlinked param eters betw een

partitions and a partition  rate m ultiplier (see Section 3). The parti­
tioning strategy + m odel com bination receiving the low est BIC 
score was used in the phylogenetic analyses docum ented below.

2.4. Phylogenetic analyses

Phylogenetic analyses consisted of Bayesian inference (Bí) and 
m axim um  likelihood tree  searches using the unrooted partitioned 
m odel selected using the BIC procedure (Section 2.3). For Bayesian 
inference, three independent runs, each consisting of four incre­
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m entally heated, M etropolis-coupled chains w ere run for ten  m il­
lion generations using MrBayes v. 3.1.2 (Ronquist and Huelsen- 
beck, 2003). The default heating factor, priors, proposal 
m echanism s and o ther settings w ere used. Rate heterogeneity 
am ong partitions was m odeled by using a variable rate prior. 
Param eter values and trees w ere saved every thousand genera­
tions. Convergence and stationarity  of the runs was assessed using 
Tracer v. 1.4 (Rambaut and Drummond, 2007). An appropriate 
burn-in  value was determ ined w ith  the au tom ated m ethod pro­
posed by Beiko et al. (2006). Their m ethod was applied to  each 
run  individually, w ith  a sliding w indow  of 100 samples. The 
post-burnin  trees from different runs w ere concatenated and sum ­
m arized using MrBayes’ sum t comm and.

Maximum likelihood tree searches w ere carried out w ith Tree- 
Finder, w hich allows likelihood tree searches under partitioned m od­
els (Jobb e t al., 2004). Tree space coverage in the TreeFinder program 
is low com pared to o ther ML programs. Therefore, an analysis pipe­
line was created to  increase tree space coverage by running analyses 
from m any start trees. First, a set of start trees was created by ran­
domly modifying the guide tree used for model selection by 100 
and 200 nearest neighbor interchange (NNI) steps (50 replicates 
each). Analyses were run from these 100 start trees. The 3 trees yield­
ing the highest likelihood w ere used as the starting point for another 
set of NNI modifications of 20 and 50 steps (50 replicates each). A sec­
ond set of ML searches was run from each of the resulting 300 start 
trees. The ML tree resulting from this set of analyses was retained 
as the overall ML solution. The same partitions and models as in the 
Bí analysis w ere used, w ith  the second-level tree search and propor­
tional partition rates. Branch support was calculated using the boot­
strap resampling m ethod (1000 pseudo-replicates). Bootstrap 
analyses used the same settings bu t started  from the ML tree.

2.5. Relaxed molecular clock

Likelihood ratio tests significantly rejected a strict (uniform ) 
m olecular clock for the alignm ent. Node age estim ates w ere th ere ­
fore obtained by fitting a relaxed clock m odel to our molecular 
data. The assum ption of the m olecular clock was relaxed by allow ­
ing rates of m olecular evolution to  vary along the tree according to 
a Brownian m otion m odel (Kishino e t al., 2001; Thorne et al., 
1998). First, an F84 model w ith  rate variation across sites following 
a discrete gam m a d istribution  w ith  20 rate categories was op ti­
m ized in PAML V.4 (Yang, 2007), using the topology obtained w ith 
Bayesian inference from w hich all bu t tw o outgroups w ere re­
moved (Trentepohlia and Oltmannsiellopsis). Second, a variance- 
covariance m atrix  was built w ith  estbN ew  from the T3 package 
(Thorne et al., 1998; http://abacus.gene.ucl.ac.uk/softw are.htm l). 
Finally, node age estim ates w ere obtained by running three inde­
pendent MCMC chains w ith  the PhyloBayes program  (Lartillot 
e t al., 2007) on the variance-covariance matrix, using the lognor­
m al auto-correlated clock model. Sensitivity analyses w ere carried 
ou t to  evaluate the im pact of some potentially erroneous fossil 
assignm ents w ith  chains of 50,000 generations th a t w ere sam pled 
every 100th generation. The final analysis consisted of three inde­
pendent runs of 1,000,000 generations, sam pled every 100th gen­
eration. Convergence and stationarity  of the chains was 
evaluated by plotting trace files in Tracer v. 1.4 (Ram baut and 
Drummond, 2007). The fossils used as calibration points are docu­
m ented in Section 3.

3. Results

3.1. Data exploration

The data  com piled for our analyses consisted of 155 sequences. 
The resulting five-locus data  m atrix  was 51% filled. The rbcL gene

was best represented (90% filled), followed by 18S rDNA (62%), tufA  
(49%), 16S rDNA (33%) and atpB (20%). After am biguously aligned 
parts had been removed, the m atrix  m easured 61 taxa by 5588 
characters. The 18S rDNA provided m ost characters (1555), fol­
lowed by rbcl (1386), 16S rDNA (1327), tufA  (804) and atpB (516).

The BIC-based m odel selection procedure selected a m odel w ith  
four partitions and GTR + r 8 substitu tion  models for each partition 
(Table 2). The four partitions were: (1) ribosomai loci: 18S and 16S, 
(2) first codon positions of rbcL, tufA  and atp B combined, (3) second 
codon positions of the three genes, and (4) third codon positions of 
the three genes.

3.2. Phylogeny o f the siphonous algae

Different runs of the Bayesian phylogenetic analysis of the five- 
locus dataset under an unrooted partitioned m odel rapidly con­
verged onto highly sim ilar posterior distributions. The chains 
reached convergence after a t m ost 384,000 generations. The anal-

Table 2
Selection of partitioning strategy and model of sequence evolution using the Bayesian 
Information Criterion (BIC). The log-likelihood, number of parameters and BIC score 
are listed for various combination of partitioning strategies and models of sequence 
evolution. Each partition had its own copy of the model of sequence evolution with a 
separate set of model parameters. Lower BIC values indicate a better fit of the model 
to the data. The lowest BIC (in boldface) was observed for the partitioning strategy 
with four partitions (ribosomai DNA and separate codon positions for each gene), and 
GTR + r 8 models applied to each partition.

Model InL #  par BIC

Single partition
F81 -56405.2 122 113863
F81 + r8 -51296.8 123 103655
HKY -56009.6 123 113080
HKY + r8 -50707.8 124 102486
GTR -54913.6 127 110923
GTR + r8 -50224.1 128 101553

2 partitions: ribosomai DNA, protein coding
F81 -55852.3 126 112792
F81 + r8 -50702.4 128 102509
HKY -55249.8 128 111604
HKY + r8 -49969.8 130 101061
GTR -54303.0 136 109779
GTR + r8 -49774.3 138 100739

5 partitions: one for each locus (atpB, rbcL, tufA, 16S, 18S) 
F81 -55772.5 138 112736
F81 + r8 -50769.0 143 102772
HKY -55160.7 143 111555
HKY + r8 -49913.6 148 101104
GTR -54145.5 163 109697
GTR + r8 -49483.9 168 100417

4 partitions: ribosomai DNA, separate codon positions for protein coding 
F81 -52199.0 134 105554
F81 + r8 -49807.4 138 100805
HKY -50927.6 138 103046
HKY + r8 -48121.3 142 97468
GTR -50455.9 154 102241
GTR + r8 -47763.5 158 96890
5 partitions: 16S, 18S, separate codon positions for protein coding 
F81 -52190.9 138 105572
F81 + r8 -49798.1 143 100830
HKY -50918.0 143 103070
HKY + r8 -48109.4 148 97496
GTR -50160.4 163 101727
GTR + r8 -47769.0 168 96988

11 partitions: 16S, 18S, separate codon positions for each gene 
F81 -52087.6 162 105573
F81 + r8 -49742.6 173 100978
HKY -50825.1 173 103143
HKY + r8 -48071.9 184 97731
GTR -50188.9 217 102250
GTR + r8 -47561.4 228 97090

http://abacus.gene.ucl.ac.uk/software.html
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yses resulted in a w ell-resolved phylogenetic hypothesis of the 
siphonous green algae (Fig. 3A). The backbone of the dasycladalean 
clade was determ ined w ith  high confidence except for the branch­
ing order betw een the Bornetella lineage, the Cymopolia-Neomeris 
clade and the Polyphysaceae. Relationships am ong Acetabularia 
species are not resolved w ith  our dataset. In the Bryopsidales, three 
m ain clades w ere inferred, tw o of which correspond to previously 
described suborders (Bryopsidineae and Halimedineae). A third 
lineage contained only the lim estone-boring genus Ostreobium. 
Relationships am ong the three families of the Bryopsidineae w ere 
inferred w ith  high confidence (Fig. 3B) w hereas w ith in  the Hali­
m edineae, relationships am ong w hat we will refer to  as the “core 
H alim edineae” (families Caulerpaceae, Rhipiliaceae, Halimedaceae, 
Pseudocodiaceae and Udoteaceae) rem ained poorly resolved 
(Fig. 3C).

3.3. Time-calibrated phylogeny

We com piled a list of fossils th a t are thought to  represent early 
records of lineages observed in our phylogenetic tree (Table 3). 
Prior to carrying ou t the main calibration analysis, we ran several 
analyses to  test the sensitivity o f results to the choice of certain 
fossils as calibration points and of the m axim um  age constraint im ­
posed on the root of the siphonous algae. The exact com bination of 
constraints used in these trial runs can be found in the online 
appendix.

Analyses w ith  Dimorphosiphon (min. 460.9 my) constrained at 
node f resulted in considerably older node age estim ates th rough­
out the tree than  analyses in w hich this constrain t was not im ­
posed. Dimorphosiphon has been regarded as an ancestral taxon 
of the Halim edineae (Dragastan e t al., 2002) bu t its com bination 
of characters did not allow  unam biguous placem ent on any node 
of the tree. From the incom patibility of this calibration point w ith 
the others, we concluded th a t our adm ittedly  speculative assign­
m ent of this taxon to node f was unjustified. W ith Dimorphosiphon 
excluded from analyses, various com binations o f the rem aining 
calibration points led to very sim ilar results.

The analysis was sensitive to  the m axim um  age constraint im ­
posed on the phylogeny. By default, we used a m axim um  age con­
strain t of 635 my on the root of the siphonous algae (node a) 
because there is no clear evidence for e ither Bryopsidales o r Dasy­
cladales in Ediacaran Konservat-Lagerstätten, in w hich macroalgae 
are abundant and well preserved (Xiao e t al., 2002; Zhang e t al., 
1998). These deposits do, however, contain simple cylindrical 
and spherical forms (e.g., Sinospongia, Beltanelliformis) th a t may 
be ancestral to these ex tan t lineages (Xiao et al., 2002). Changing 
the m axim um  age constraint to  800 my as a sensitivity experim ent 
increased average node ages and w idened the ir 95% confidence 
intervals. Analogously, lowering the m axim um  age constrain t to 
500 my decreased the average ages and narrow ed the confidence 
intervals. The chronogram  presented  in Fig. 4 resulted from the 
analysis w ithout Dimorphosiphon and w ith  a m axim um  age con­
strain t of 635 my; more specifically, the analysis was carried out 
w ith  calibration points a l ,  a2, b l ,  c, d2, e l  and h i (Table 3). Repeat­
ing this analysis w ithout age constraint on node b resulted in a 
chronogram  th a t was very similar.

As an alternative strategy to using a m axim um  age constraint 
on the root of the siphonous algae (node a), we constrained the 
age of node b to  be Early Devonian (416.0-397.5 my) based on 
the first occurrence of fossils w ith  thalli com parable to those 
of Dasycladaceae, in term s of both  general thallus form and 
reproductive structures, in stra ta  of this age (Uncatoella: Kenrick 
and Li, 1998). This analysis, w hich is illustrated in the online 
appendix, should be regarded as a conservative alternative to 
the analysis presented in Fig. 4 and node ages in this chrono­
gram  should be in terpreted  as m inim um  values ra ther than  real­

istic estim ates. We will use the chronogram  in Fig. 4 as the 
preferred reference tim efram e for the rem ainder of the paper be­
cause the m axim um  age constraint used for this analysis has an 
em pirical basis (although it is based on absence of evidence 
rather than  evidence of absence) and because we consider the 
interm ediate-sized confidence intervals on the node ages of this 
tree to  yield a fairly realistic image of the true  uncertain ty  sur­
rounding the node ages. In w hat follows, we report node age 
estim ates as the m ean node age followed by the 95% confidence 
interval in square brackets.

The origin of the orders Dasycladales and Bryopsidales was 
inferred to  be in the Neoproterozoic (571 my [628-510]). The 
earliest divergence betw een ex tan t Dasycladaceae lineages oc­
curred during the Ordovician or Silurian (458 my [517-407]) 
and the family diversified into its m ain extan t lineages during 
the Devonian. The Polyphysaceae originated from the Dasyclada­
ceae during the second half of the Paleozoic (367 my [435-306]). 
In the Bryopsidales, the suborders Bryopsidineae and Halimedi­
neae diverged from each o ther in the Early Paleozoic (456 my 
[511-405]) and diversified into their com ponent families during 
the second half of the Paleozoic. The families belonging to  the 
core Halim edineae appear to  have diverged from one another 
during the Permian.

4. Discussion

4.1. Taxonomic implications

The increased sam pling of taxa and loci com pared to  previous 
studies has produced some results th a t deserve m ention from a 
taxonom ic view point. First, the  lineage leading to the lim estone- 
boring genus Ostreobium seems to  deserve recognition a t the sub­
order level, hence the tentative clade nam e Ostreobidineae. The 
bryopsidalean family Udoteaceae disintegrates. Besides the tran s­
fer of Avrainvillea and Cladocephalus to  the Dichotomosiphonaceae, 
w hich was previously indicated by Curtis et al. (2008), a num ber of 
Rhipilia and Rhipiliopsis species form a lineage of the ir ow n and the 
rem ainder of the Udoteaceae receives little statistical phylogenetic 
support. We have applied the nam e Rhipiliaceae to  the clade of 
Rhipilia and Rhipiliopsis species. This family nam e was proposed 
earlier bu t its phylogenetic relevance had not yet been dem on­
strated  (Dragastan and Richter, 1999; D ragastan et al., 1997). The 
sam e authors proposed the family Avrainvilleaceae to harbor the 
ex tan t genera Avrainvillea and Cladocephalus and some fossil gen­
era. However, the u ltrastructural affinities betw een Dichotomosi­
phon, Avrainvillea and Cladocephalus (Curtis e t al., 2008) and the 
lim ited DNA sequence divergence betw een Dichotomosiphon and 
Avrainvillea show n here suggest th a t transferring Avrainvillea and 
Cladocephalus to  the Dichotom osiphonaceae w ould be m ore appro­
priate. Although the fossil taxa in the Avrainvilleaceae are more 
difficult to  evaluate because no u ltrastructural evidence is avail­
able to  link them  unequivocally to  the Dichotomosiphonaceae, 
we nevertheless propose the ir transfer to this family for taxonom ic 
convenience. W e refrain from formally describing a suborder Ost­
reobidineae for Ostreobium because we feei th a t the description of 
such high-level taxa should be accom panied by detailed u ltrastruc­
tural observations.

Our results for the phylogeny of the Dasycladales are consistent 
w ith  previous studies and do not add m uch insight into the ir p a t­
tern  of diversification. One th ing  w orth  m entioning is th a t the 
close relationship betw een Batophora and Chlorocladus, w hich 
was suggested by previous m olecular phylogenetic studies (Olsen 
e t al., 1994; Zechman, 2003), is confirm ed by our multi-locus da ta ­
set. As reported in the aforem entioned papers, this finding contra­
dicts the traditional tribe-level classification by Berger and Kaever 
(1992).
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Table 3
List of calibration points used to date the phylogenetic tree. The nodes to which the age constraints are applied (first column) are indicated on the phylogram in Fig. 3. If more than 
one age constraint was identified for a node, these are listed as different calibrations (e.g., calibrations a l, a2 and a3 all apply to node a). The 'age' column indicates the type of 
constraint (minimum vs. maximum) and the value of the constraint (in million years). Ages of epochs and stages follow the International Stratigraphie Chart (ICS, 2008).

Node Name Calibration Fossii Period Age (my) Reference

a Siphonous algae crown al Absence of siphonous fossils Ediacaran Max 635 Zhang et al. (1998)
a2 Yakutina aciculata Middle Cambrian Min 499 Kordé (1957)
a3 Chaetocladus plumula Middle Ordovician Min 460.9 Whitfield (1894)

b Batophoreae stem bl Uncatoella verticillata Lower Devonian Min 397.5 Kenrick and Li (1998)
b2 Archaeobatophora typa Upper Ordovician Min 443.7 Nitecki (1976)
b3 Uncatoella verticillata Lower Devonian Max 416.0 Kenrick and Li (1998)

c Bornetelleae stem c Zittelina hispanica Hauterivian Min 130.0 Masse et al. (1993)
d Neomereae crown d l Neomeris cretacea Albian Min 99.6 Granier and Deloffre (1993)

d2 Neomeris cretacea Barremian Min 125.0 Sotak and Misik (1993)
d3 Pseudocymopolia jurassica Portlandian Min 142.0 Dragastan (1968)

e Acetabularieae stem el Acicularia heberti Danian Min 61.1 Morellet and Morellet (1922)
e2 Acicularia boniae Middle Triassic Min 228.7 Iannace et al. (1998)

f core Halimedineae stem f Dimorphosiphon rectangulare Middle Ordovician Min 460.9 Hoeg(1927)
g Caulerpaceae stem g Caulerpa sp. Wolfcampian Min 280.0 Gustavson and Delevoryas (1992)
h Halimeda stem h l Halimeda marondei Norian Min 203.6 Flügel (1988)

h2 Halimeda solanensis Upper Permian Min 251.0 Poncet (1989)

4.2. Dasycladalean diversification

Of the five dasycladalean families, only Dasycladaceae and Poly­
physaceae have recent representatives and Seletonellaceae, Trip- 
loporellaceae and Diploporellaceae are entirely extinct (Berger 
and Kaever, 1992). The Seletonellaceae includes the oldest fossils 
assigned to  Dasycladales, Yakutina aciculata from the Middle Cam­
brian (Kordé, 1973; Riding, 1994, 2001) and Seletonella mira from 
the Upper Cambrian (Kordé, 1950b; Riding, 1994, 2001). Cambro- 
porella from the Lower Cambrian of Tuva, was initially described 
as a dasyclad (Kordé, 1950a) bu t was rein terpreted  as a probable 
bryozoan (Elias, 1954). Unlike living dasyclads, Seletonellaceae 
contained gam etes w ith in  the main axis (endospore reproduction) 
as opposed to w ith in  gam etophores (sensu Dumais and Harrison, 
2000), and developed laterals irregularly along the length o f the 
m ain axis (aspondyl structure), ra ther than  in whorls as is the case 
in living representatives (euspondyl structure). Nonetheless, tw o 
lines of evidence support a dasyclad affinity for the Seletonella­
ceae. First, in term s of reproduction, developm ent of reproductive 
cysts w ith in  the m ain axis is know n as a teratology am ong living 
dasyclads (Valet, 1968) and all living dasyclads pass through an 
“endospore stage” as swarm s of haploid secondary nuclei gener­
ated  by meiosis of the large prim ary nucleus in the rhizoid migrate 
upw ard through the main axis tow ards the gam etophores (Berger 
and Kaever, 1992; Elliott, 1989). Second, an aspondyl structure is a 
predicted outcom e of a detailed reaction-diffusion m odel of dasy­
clad whorl morphogenesis (Dumais and Harrison, 2000).

Our chronogram  suggests a late Neoproterozoic origin for the 
Dasycladales, w ith  the 95% confidence interval ranging into the 
Cambrian: 571 my [628-510] (Fig. 4). The upper boundary on this 
node age (628 my) should not be overin terpreted  because it is lar­
gely determ ined by the upper age constrain t on this node 
(635 my). The Middle Cambrian low er boundary on this node age 
(510 my), however, can be taken  as a fairly safe m inim um  age esti­
m ate for the Dasycladales as w ell as the Bryopsidales. Unlike Yaku­
tina and Seletonella, m ost early Paleozoic dasyclad taxa did not 
biom ineralize (LoDuca e t al., 2003). This fact, w hen taken together 
w ith  the results of the present analysis, suggests th a t non-calcified 
dasyclads may yet be discovered w ith in  Konservat-Lagerstätten of 
latest Neoproterozoic or Early Cambrian age.

Taxa assigned to  Dasycladales are both  abundant and diverse in 
Ordovician strata, and include euspondyl (e.g., Chaetocladus) as 
well as aspondyl (e.g., Dasyporella) forms (Berger and Kaever, 
1992; LoDuca, 1997; LoDuca et al„ 2003). The earliest euspondyl 
forms, like aspondyl taxa, w ere endospore. Later, however, a t least

one lineage of euspondyl forms em erged in w hich gam etogenesis 
occurred w ith in  the laterals (cladospore reproduction). Collec­
tively, endospore and cladospore taxa w ith  a euspondyl structure 
com prise the family Triploporellaceae (Berger and Kaever, 1992; 
LoDuca, 1997). Triploporellaceae are though to have originated 
from the Seletonellaceae, indicating th a t the la tter is a paraphyletic 
group.

The family Dasycladaceae is characterized by euspondyl thalli 
w ith  spherical gam etophores along the sides or tips of laterals 
(choristospore reproduction). It is though to  have originated from 
the Triploporellaceae, in w hich case the la tter group, like Seleto­
nellaceae, is paraphyletic. Studies indicate th a t the dasycladacean 
gam etophore, ra ther than  being a modified lateral, is instead a sep­
arate structure w ith  its ow n m orphogenetic identity  (Dumais and 
Harrison, 2000). The oldest taxon w ith  gam etophores and associ­
ated  reproductive cysts com parable to  those of living Dasyclada­
ceae is Uncatoella verticillata from the Lower Devonian (416- 
397 my) of China (Kenrick and Li, 1998). This taxon is som ew hat 
problematic, however, in th a t the asym m etrical m anner of lateral 
branching and instances of pseudodichotom ies of the m ain axis 
are otherw ise unknow n am ong dasyclads (Kenrick and Li, 1998). 
Uncatoella is the only taxon know n from Paleozoic stra ta  w ith 
gam etophores and associated reproductive cysts com parable to 
those of living Dasycladaceae.

Our m olecular results suggest th a t the earliest divergence be­
tw een  the ex tan t Dasycladaceae lineages occurred during the Or­
dovician or Silurian (458 my [517-407]). Notably, this result 
em erges regardless o f w hether Uncatoella is used to  constrain the 
m inim um  age of node b. Archaeobatophora, from the Upper Ordo­
vician of Michigan (Nitecki, 1976), is of in terest in this regard, as 
it bears a striking resem blance to  the vegetative thallus of the ex­
tan t dasycladacean Batophora. However, gam etophores are not 
present am ong the few know n specim ens (all on a single small 
slab), and thus the status of this form as an early dasycladacean re­
mains uncertain. Our results suggest th a t the m ain ex tan t lineages 
belonging to the Dasycladaceae originated during the Devonian. 
This is som ew hat older than  expected because, w ith  the possible 
exception of the Batophoreae (Archaeobatophora), the oldest fossils 
assigned to  ex tan t tribes w ith in  the Dasycladaceae are from the 
Mesozoic (Berger and Kaever, 1992). Similarly, the age estim ate 
for the split betw een Cymopolia and Neomeris, tw o calcified genera 
know n from num erous occurrences in the fossil record, is som e­
w hat older than  anticipated: 211 my [300-152] vs. a Barremian 
age for the earliest Neomeris fossil (130-125 my) (Sotak and Misik, 
1993). Two factors could explain these discrepancies. First, it is
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Fig. 4. Chronogram of the siphonous green algae. Node ages were inferred using Bayesian inference assuming a relaxed molecular clock and a set of node age constraints 
derived from the fossil record. Values at nodes indicate average node ages and bars represent 95% confidence intervals. The calibration points used for this analysis are al, a2, 
b l, c, d2, e l and h i  (Table 3).

possible tha t m any early Dasycladaceae did not biom ineralize. This 
is certainly true  for m ost early Triploporellaceae and Selenonella- 
ceae (LoDuca e t al., 2003), and applies to Uncatoella and several liv­
ing Dasycladaceae as well (e.g., Batophora). The lack of 
biom ineralization w ould have severely lim ited the preservation

potential of these taxa. Second, it m ay be tha t some Paleozoic 
and early Mesozoic calcified taxa previously inferred on the basis 
of lateral morphology to have been endospore or cladospore w ere 
in fact choristospore. A choristospore condition for such forms 
could be masked if calcification was restricted to the outerm ost
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part of the thallus, beyond the level of the gam etophores, as is 
know n for the living taxon Bornetella.

The family Polyphysaceae is characterized by the developm ent 
of clavate gam etophores arranged in w horls (Berger e t al., 2003; 
Berger and Kaever, 1992). The distinctive gam etophores of this 
group appear to have originated through modification of the spher­
ical gam etophores of Dasycladaceae (Dumais and Harrison, 2000). 
Our results suggest th a t the Polyphysaceae originated and began 
the ir diversification in the second half of the Paleozoic. An Early 
Carboniferous origin of the family had been suggested based on 
the fossil taxon Masloviporella (Berger and Kaever, 1992; Deloffre, 
1988). Eoclypeina and Clypeina are taxa classified as polyphysa­
c e a e  from the Perm ian and Triassic, respectively (Berger and Ka­
ever, 1992). The ex tan t polyphysacean Halicoryne has been 
reported  from the Triassic (Misik, 1987; Tomasovych, 2004). How­
ever, because these reports are based solely on isolated reproduc­
tive elem ents, both  the genus- and family-level assignm ent of this 
m aterial m ust be regarded as tentative (Barattolo and Romano, 
2005).

According to  the m olecular clock results, the  polyphysacean 
taxon Acetabularia originated as early as the early Mesozoic. The 
oldest Acetabularia fossils, however, are from the Oligocene (Berger 
and Kaever, 1992). Here, too, this discrepancy may reflect poor rep­
resentation  of the group in the fossil record, as living m em bers of 
the genus are only very weakly calcified. Material from Meso- 
zoic-age stra ta  has been assigned to the closely related ex tan t tax­
on Acicularia (Iannace et al., 1998). As is the case for reports of 
Halicoryne from the Triassic, however, such an assignm ent m ust 
be regarded as equivocal because the m aterial a t hand comprises 
only isolated reproductive elem ents (Barattolo and Romano, 2005).

Overall, the  results of the relaxed m olecular clock analysis line 
up rather well against m ajor aspects o f dasyclad evolution inferred 
from the dasyclad fossil record. Nonetheless, our results indicate 
th a t the fossil record of certain  aspects of the evolutionary history 
of the Dasycladaceae may be m ore incom plete than  previously sus­
pected (see Kenrick and Li, 1998). The node age estim ates obtained 
in our relaxed m olecular clock analysis are older than  those recov­
ered  by Olsen e t al. (1994). Causes for this discrepancy are difficult 
to  pinpoint because differences betw een the studies are manifold: 
the m olecular clock method, calibration technique, m olecular da ta­
set and selection of fossils all differ. W hereas the previous study re­
lied exclusively on 18S rDNA sequences, our dataset includes 
several additional loci, w hich should yield m ore reliable results 
(M agallón and Sanderson, 2005). Furtherm ore, a t the tim e the p re­
vious study was published, only uniform  (strict) m olecular clock 
m ethods w ere available. Based on our alignm ent, 18S rDNA vio­
lates the uniform  m olecular clock (LRT: - 2 A ln i = 399.403, 
p < 0.0001 ), a sta tem ent also true for the o ther loci in our dataset. 
As a consequence, node age estim ates from our analysis w ith  re­
laxed m olecular clock models should m atch the true  divergence 
tim es m ore closely. The calibration m ethod differs in th a t fossils 
are used as m inim um  age estim ates for stem  groups in our analy­
ses, w hereas they w ere used as point estim ates to  determ ine the 
rate of 18S rDNA evolution in Olsen e t al. (1994). Finally, w e use 
a m ore extensive list of fossil calibration points, including some re­
cently described fossils th a t represent older occurrences of some 
dasyclad clades. Several of the aspects m entioned above w ould 
predict our age estim ates to  be older than  those of Olsen e t al. 
(1994), w hich is in agreem ent w ith  the em pirical results.

4.3. Bryopsidalean diversification

The fossil record of the Bryopsidales is not as well characterized 
as th a t of the Dasycladales. Many fossil taxa th a t are generally con­
sidered to  belong to  the order have been described (review ed by 
Bassoullet e t al., 1983; D ragastan et al., 1997; D ragastan and Schla-

gintweit, 2005), bu t the taxonom ic placem ent of these taxa is often 
ambiguous (Mu, 1990). D ragastan and Schlagintweit (2005) pre­
sented an  evolutionary scenario o f bryopsidalean diversification 
based on the ir in terpretation  of calcified fossil taxa. They proposed 
a tem poral succession of three m ain lineages. The prim itive Dimor- 
phosiphonaceae, characterized by a single m edullar siphon and a 
simple cortex, originated in the Neoproterozoic or early Paleozoic 
and persisted through the Devonian (±360 my). The Protohalimed- 
aceae, characterized by m ultiple m edullar siphons and a cortex of 
variable complexity, diverged from the D im orphosiphonaceae in 
the early Silurian (±440 my) and thrived up to  the PT-boundary 
(±250 my), w hen it suffered m ajor losses, and continued into the 
Mesozoic to  go extinct during the Cretaceous. The ex tan t family 
Halimedaceae, w hich features m ultiple m edullar siphons and a 
com plex cortex, was thought to  have diverged from the Protoha- 
lim edaceae in the second half o f the Perm ian (270-250 my) and 
diversified through the Mesozoic and Cenozoic.

In our opinion, relationships betw een fossil taxa and lineages in 
the phylogeny of extant taxa are not evident. This uncertain ty  is re­
flected in our study by the low er num ber of fossil calibration points 
used w ith in  the Bryopsidales. Our tim e-calibrated phylogeny indi­
cates th a t after the initial diversification o f the order into its subor­
ders during the early Paleozoic, current families originated in the 
second half of the Paleozoic. It also suggests th a t calcification is a 
relatively recent phenom enon in the ex tan t lineages of the Bry­
opsidales because the Halimedaceae and Udoteaceae, the only ex­
tan t families w ith  calcified, corticated representatives, originated 
during the Perm ian (±300-250 my) and diversified during the 
Mesozoic (Fig. 4). All o ther lineages of the Halimedineae, including 
some recently discovered lineages (Verbruggen e t al., 2009), are 
not calcified. As a consequence, the presence of the calcified, corti­
cated families D im orphosiphonaceae and Protohalim edaceae in 
older deposits is difficult to  in terpre t in the context of our phylog­
eny. Based on our results, the  classical paleontological in terpre ta­
tion th a t the D im orphosiphonaceae and Protohalim edaceae are 
d irect ancestral forms of the serial-segm ented Halimedaceae 
seems doubtful. First, our phylogenetic results show  no indication 
of the presence of calcification in Bryopsidales prior to the Perm ­
ian. Second, it follows from our phylogeny th a t the internal archi­
tecture of thalli was relatively simple up until the late Paleozoic. 
Thalli consisting of a m edulla and a cortex appear to  have evolved 
from simple, siphonous thalli several tim es independently  during 
the Perm ian-Triassic period. They evolved once in the Bryopsidi­
neae (Codium), a second tim e in the D ichotom osiphonaceae 
(Avrainvillea) and a th ird  tim e in the core Halim edineae (H alim ed­
aceae, Udoteaceae and Pseudocodiaceae).

Some alternative hypotheses may be posited to  explain this d is­
parity of results, all o f w hich should be regarded as speculative. 
Assuming th a t the D im orphosiphonaceae and Protohalim edaceae 
are genuine Bryopsidales, these tw o families could very well repre­
sent an early-diverging bryopsidalean lineage th a t w en t extinct. 
Alternatively, they could represent a collection of taxa tha t 
branched off a t various places along the lineage leading from the 
origin o f the Halim edineae to the Halimedaceae and Udoteaceae.

4.4. Perspectives

The genera Codium and Halimeda have been proposed as model 
system s for studying m arine algal spéciation, biogeography and 
m acroevolution (Kooistra et al., 2002; Verbruggen e t al., 2007). 
Both these genera are species-rich, ecologically diverse and geo­
graphically w idespread, making them  ideal case studies for a spec­
trum  of evolutionary questions. Furtherm ore, these genera 
contrast in their clim atic preferences, Halimeda being m ostly trop ­
ical and Codium being m ore diverse in tem perate seas. Further 
developm ent of these case studies will greatly benefit from the
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tem poral fram ew ork provided here. Both genera diverged from 
their respective sister lineages in the late Paleozoic (Halimeda: 
273 my [327-223]; Codium: 307 my [370-245]). The m ost recent 
com m on ancestor of the ex tan t species in both  genera are highly 
com parable and can be situated  in the Late Jurassic—Early Creta­
ceous (Halimeda: 147 my [198-103]; Codium: 153 my [217-97]). 
To get an initial idea of the tim efram e of evolutionary diversifica­
tion  w e have included representatives of each of the five sections 
of Halimeda (Verbruggen and Kooistra, 2004) and each of the three 
m ajor lineages of Codium (Verbruggen et al., 2007). It follows from 
our results th a t both  genera spaw ned the ir m ajor ex tan t lineages 
during the Cretaceous. This close m atch betw een the tim efram es 
of evolutionary diversification of both  genera is convenient for 
com parative studies betw een them .

One advantage of using the calcified genus Halimeda as a model 
for m arine evolution is th a t phylogenetic results can be contrasted 
w ith  its extensive fossil record. An initial com parison of our results 
to in terpretations of the fossil record marks a different tim efram e 
of diversification: w hereas the fossil record suggests diversification 
of the genus into its m ain lineages (taxonom ic sections) in the Eo­
cene (roughly 56 -3 4  my) (Dragastan and Herbig, 2007), our results 
indicate a considerably older, Cretaceous divergence (betw een 
approxim ately 147 and 97 my). The contradiction of these results 
cannot be explained a t present, bu t three hypotheses are sug­
gested. First, a deviation of the true m olecular evolutionary process 
from the relaxed m olecular clock m odel used here could cause the 
contradiction. Second, m isin terpretation  of the fossil record used 
to calibrate our tree m ay be a t the basis. Third, a significant gap 
could be present in the fossil record. To distinguish betw een these 
alternative scenarios, additional paleontological as w ell as m olecu­
lar phylogenetic research is needed. Paleontologists should docu­
m ent additional tim e-series in the fossil record, especially 
through the Cretaceous and Paleogene system s (145-23  my). 
M olecular system atists should evaluate the fit of different clock 
relaxation models to the m olecular data  (e.g., Lepage e t al., 2007) 
and take different calibration approaches, e ither top-dow n (as 
was done here) or bottom -up (from calibration points w ith in  the 
genus).

The literature on the genus Halimeda is m arked by a contradic­
tion  of species ages inferred from paleontological and molecular 
phylogenetic data. In the paleontological literature, ex tan t species 
are com m only reported  from Miocene (>5 my) and Paleogene 
deposits (>23 my), and some are even thought to date back to 
the Triassic (>200 my) (Dragastan and Herbig, 2007; Dragastan 
e t al., 2002). In contrast, in terpre tation  of vicariance patterns in 
m olecular phylogenetic trees im plied th a t ex tan t species w ere 
younger than  3 my, and reports of ex tan t species in the fossil re­
cord w ere in terpre ted  as the result of iterative convergent evolu­
tion  (Kooistra e t al., 2002). Because o f this possibility, we have 
not used any calibration points w ith in  the genus; only its earliest 
appearance was used to calibrate the clock. Even though the pres­
en t study was not designed to answ er questions about species ages 
in Halimeda, w e can glean some inform ation from its results. These 
indicate th a t the five sections of Halimeda diverged from one an ­
o ther during the first half of the Cretaceous (betw een approxi­
m ately 147 and 97 my). Because each of the sections diversified 
relatively soon after they originated, we conclude th a t species ages 
m ust be considerably older than  im plied by Kooistra e t al. (2002). 
This result also implies th a t the iterative morphological conver­
gence hypothesis should be re-evaluated. It should be clear tha t 
we do not imply th a t the hypothesis is false, and records of extan t 
species in Miocene and older sedim ents should certainly not be ac­
cepted w ithout scrutiny. For example, D ragastan e t al. (2002) syn- 
onym ized several Mesozoic taxa, including some Triassic ones 
(>200 my) w ith  the ex tan t taxon H. cylindracea because of sim ilar 
segm ent shape. It follows directly from our results th a t no extan t

species can be of Triassic age and we are of the opinion th a t using 
ex tan t species as form taxa for fossils is undesirable. Comparative 
studies of ex tan t taxa in a m olecular phylogenetic fram ew ork have 
presented unam biguous evidence th a t morphological convergence, 
especially of segm ent shape, has occurred during Halimeda evolu­
tion (Kooistra e t al., 2002; Verbruggen e t al., 2005). Consequently, 
in terpre tation  of fossils as ex tan t species should follow only from 
statistically sound m orphom etric analyses, preferably using tim e- 
series in various parts of the world.
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