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Molecular phylogenetic relationships within the 
Chlorophyta have relied heavily on rRNA data. 
These data have revolutionized our insight in green 
algal evolution, yet some class relationships have 
never been well resolved. A commonly used class 
within the Chlorophyta is the Ulvophyceae, although 
there is not much support for its monophyly. The 
relationships among the Ulvophyceae, Trebouxio
phyceae, and Chlorophyceae are also contentious. 
In recent years, chloroplast genome data have 
shown their utility in resolving relationships between 
the main green algal clades, but such studies have 
never included marine macroalgae. We provide par
tial chloroplast genome data (~30,000 bp, 23 genes) 
of the ulvophycean macroalga Caulerpa filiformis 
(Suhr) K. Herig. We show gene order conservation 
for some gene combinations and rearrangements in 
other regions compared to closely related taxa. Our 
data also revealed a pseudogene (ycf62) in Caulerpa 
species. Our phylogenetic results, based on analyses 
of a 23-gene alignment, suggest that neither Ulvo
phyceae nor Trebouxiophyceae are monophyletic, 
with Caulerpa being more closely related to the tre- 
bouxiophyte Chlorella than to Oltmannsiellopsis and 
Pseudendocloni um.

Key index words: Caulerpa; Chlorophyta; chloro
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The Viridiplantae (sensu Cavalier-Smith 1981) is 
a m ajor eukaryotic lineage characterized by a pri
mary plastid containing chi a and b. The lineage 
contains both the green algae and their descen
dente, the land plants. The taxonomic history of 
the green algae has gone through several major 
changes during the last few decades (reviewed in
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Lewis and McCourt 2004, Pröschold and Leliaert
2007).

With molecular and ultrastructural data certain 
evolutionary trends are clear. The Viridiplantae are 
divided into two distinct lineages, the Streptophyta 
and the Chlorophyta (Bremer 1985). The Strepto
phyta includes the land plante and their sister clades, 
a paraphyletic assemblage of green algae (known as 
charophyte green algae). The Chlorophyta includes 
the rem aining green algae belonging to four classes. 
The Prasinophyceae are the earliest diverging Chlo
rophyta and form a paraphyletic assemblage at the 
base of the Chlorophyta (Steinkötter et al. 1994, 
Guillou et al. 2004, Nakayama et al. 2007). The Tre
bouxiophyceae was first proposed in 1995 based on 
SSU data (Friedl 1995), but support from m olecular 
data has not always been satisfactory and depends 
strongly on the taxon sets analyzed (Rrienitz et al. 
2003, Lokhorst et al. 2004). The o ther two classes 
contain the m ore characteristic freshwater green 
algae (Chlorophyceae, taxa such as Volvox, Chlamydo
monas) and the mainly m arine Ulvophyceae, contain
ing some of the best-known green seaweeds, such as 
Acetabularia, Cladophora, Codium, and Ulva. Phylogé
nies based on nuclear-encoded SSU rRNA gene 
data mostly support the monophyly of the Ulvophy- 
ceae+Trebouxiophyceae+Chlorophyceae (the so-called 
UTC clade), but the relationships among these classes, 
and the monophyly of Trebouxiophyceae and 
Ulvophyceae remain contentious (Watanabe and 
Nakayama 2007).

The Ulvophyceae was originally proposed based 
on the flagellar root system (offset counterclockwise 
and overlapping basal bodies) and cytokinesis (fur
rowing with a persistent interzonal spindle) (Mattox 
and Stewart 1984, O ’Kelly and Floyd 1984, Sluiman 
1989). Many members of the class have a haplodip- 
lontic or a diplontic life cycle, distinct from the 
majority of Chlorophyta with a haplontic life cycle. 
The Ulvophyceae are morphologically diverse, rang
ing from unicellular algae to plante with filamentous, 
parenchymatous, siphonocladous, and siphonous 
thallus construction. Within the Ulvophyceae, six 
main groups are recognized and ranked as orders
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(Ulvales, Ulotrichales, Bryopsidales, Dasycladales, 
Cladophorales, and Trentepohliales) , although some 
authors favored their recognition at the class level 
(van den Hoek et al. 1995). Early molecular studies 
based on partial rRNA data (Zechman et al. 1990) 
did no t resolve a monophyletic Ulvophyceae. These 
data are especially problematic due to the highly 
divergent nature of the SSU in four ulvophycean 
orders (Bryopsidales, Cladophorales, Dasycladales, 
Trentepohliales), and subsequent studies only pro
duced a m oderate to poorly supported Ulvophyceae, 
depending on taxon sampling (see, e.g., Friedl and 
O ’Kelly 2002, Lopez-Bautista and Chapman 2003, 
Watanabe and Nakayama 2007).

Chloroplast phylogenomics has proved useful for 
elucidating relationships am ong early diverging lin
eages of green algae and land plants (e.g., Pombert 
et al. 2005, Turm  el et al. 2008). The chloroplast 
genomes of two members of the Ulvophyceae have 
been sequenced so far, both of them  being unicellu
lar and hence not characteristic of this predom i
nantly macroalgal class. Pseudendoclonium akinetum 
(for taxonomic authors, see Table SI in the supple
mentary material) is a freshwater flagellate m em ber 
of the Ulvales (Floyd and O ’Kelly 1990), with unu
sual chloroplast genome architecture (e.g., large 
num ber of Group I introns) (Pom bert et al. 2005). 
Oltmannsiellopsis viridis is a m arine flagellate with a 
complex taxonomic history. First proposed to belong 
to the Chlorophyceae (Hargraves and Steele 1980, 
Chihara et al. 1986) and later believed to be an early 
diverging ulvophyte (Friedl and O ’Kelly 2002, 
O ’Kelly et al. 2004, Pom bert et al. 2006). Phyloge
netic analyses of chloroplast gene data from these 
two taxa support the monophyly of the Ulvophyceae.

The only Ulvophycean m arine macroalgae in 
which the chloroplast genom e has been investi
gated, based on restriction fragm ent analysis, mostly 
with reference to genom e size, is Codium fragile 
having an estimated genom e size of only 89 kb 
(M anhart et al. 1989) , one of the smallest green 
algal chloroplasts known at the time, and Caulerpa 
sertularioides with an estimated size of 131.4 kb 
(Lehman and M anhart 1997).

Caulerpa is a conspicuous m em ber of the m arine 
ulvophycean order Bryopsidales. The large thallus is 
siphonous, consisting of a contiguous cytoplasm, 
with the millions of organelles circulated through 
the cytoplasm by cytoplasmic streaming. It is com
m on in tropical and warm tem perate seas and is 
composed of a morphologically diverse siphonous 
thallus. The phylogeny of many species has been 
perform ed using the plastid gene tufA an d /o r 
nuclear ribosomal cistrons (Famà et al. 2002, Stam 
et al. 2006). The Bryopsidales also contains many 
other m arine macroalgae common to coastal shores 
(e.g., Codium, Bryopsis, Halimeda).

We cloned and sequenced pieces of the chloro
plast genom e of Caulerpa filiformis, aiming to pro
duce a multigene data set that can be used to

improve our understanding of the phylogenetic rela
tionships am ong UTC taxa and, more specifically, to 
have the Ulvophyceae represented by a more typical 
macroalga example. A secondary goal is to gain fur
ther insights into the evolution of the chloroplast 
genom e in this m arine alga (e.g., gene order, inter- 
genic spacer size).

MATERIALS AND M ETHODS

Collection, chloroplast isolation, cpDNA extraction, and sequenc
ing. P lants o f  C. filiformis were co llected  fro m  T am aram a, New 
South  W ales, Australia, o n  4 N ovem ber 1997. A ssim ilators o f
C. filiformis were p icked  d ia t lacked visible epiphytes and  
looked  ‘‘h ea lth y ” (i.e., d a rk  g reen  co lo r). C hloroplasts were 
iso lated  follow ing d ie  p ro ced u re  described  by P a lm er (1986) 
(see A pp en d ix  SI in  d ie  su p p lem en tary  m ateria l). cpDNA was 
subsequently  ex tracted  using a p h en o l-ch lo ro fo rm  ex traction  
p ro to co l an d  fu r th e r  p u rified  by CsCl u ltracen trifu g a tio n  (see 
A pp en d ix  S2 in  th e  su p p lem en tary  m a te ria l) . This resu lted  in  a 
single h igh-m olecu lar w eight band , as visualized o n  an  agarose 
gel. cpDNA was d igested  with two restric tion  enzym es, ligated 
in to  plasm ids a n d  subsequently  c lo n ed  a n d  seq u en ced  (see 
A pp en d ix  S3 in  d ie  su p p lem en tary  m ateria l). Sequencing  o f 
plasm ids involved using  a single vector p rim er (M13F) to 
d e te rm in e  if a plasm id c o n ta in ed  a ch lo rop las t insert. If  a 
N ational C en te r fo r  B iotechnology In fo rm atio n  (NCBI) 
BLAST search  (h ttp ://w w w .n cb i.n h n .n ih .g o v ) p ro d u ced  
m atches to know n ch lo rop las t genes, d ie  plasm id was set aside. 
A subset o f  d iese ‘‘chloroplast-positive” inserts was seq uenced  
to com ple tion , by prim er-w alking in  b o d i d irec tions u n til the  
in se rt was com plete ly  sequenced . Sequences were com piled  
an d  ed ited  using  ABI software (Sequence Assem bler; A pplied  
Biosystems, Foster City, CA, LISA).

T he sequences were searched  fo r o p e n  read in g  fram es (ORFs) 
using  O R F-Finder a t d ie  NCBI. T h e  bacteria l genetic  code  was 
selected  fo r diis search , an d  m in im u m  ORF len g d i was set a t 100 
nuc leo tides. A m ino acid BLAST searches o f  th e  ORFs fo u n d  were 
p e rfo rm ed  by BLASTp using  d ie  n o n re d u n d a n t  database  o f  the  
NCBI. From  d ie  BLASTp search  result, it was usually obvious if 
th e  ORF was a ti'ue gene, as d ie  sequence  w ould have significant 
hom ology  widi genes in  th e  database from  ch lo rop las t genom es. 
ORFs d ia t were n o t  time genes e id ie r  re tu rn e d  a ‘‘no  significant 
sim ilarity fo u n d ” resu lt o r h ad  weak hom ology  widi a gene  d ia t 
was u n re la ted  to d ie  ch lorop last. A th resh o ld  ¿-value o f  KU6 was 
used , an d  ORFs w idi a score h ig h e r th an  diis were d isregarded .

tRNA genes were located  using  d ie  p ro g ram  tRNAscan-SE 
v. 1.21 (Lowe a n d  Eddy 1997; h t tp ://lo w e la b .u c sc .e d u /  
tRNAscan-SE/) widi de fau lt search  m ode  an d  source selected 
as “ m ito /ch lo ro p la s t.”

ycf62 analysis. O u r  analysis o f  an  ORF d ia t  co rre sp o n d ed  to 
th e  putative p ro te in  ycf62 (RF62) ind ica ted  d ia t a stop  codon  
was p re sen t in  d ie  m idd le  o f  d ie  gen e  com p ared  to all o th e r  
g reen  algae, widi an  a lte rn a te  read in g  fram e p ro d u c in g  th e  3' 
o f  d ie  p ro te in . To show d ia t  diis was n o t  a c lo n in g  artifact, we 
analyzed diis reg io n  fu rth e r. P rim ers were p ro d u ced  to span 
this m idgene  stop  co d o n  an d  a lte rn a te  read in g  fram e, ycf62for 
(5'-TTAGGAGAACAGAGAGCTCGAAA-3') ‘an d  ycf62rev 
(5'-TCCAATCAGGTA GAATAGGCAAAT-3'). DNA was 
ex tracted  using  a cetyl trim ethyl am m o n iu m  b ro m id e  (CTAB) 
p ro ced u re  (Zuccarello  an d  L okhorst 2005). S tandard  PCR 
co n d itions widi an  an n ea lin g  tem p era tu re  o f  45°C were 
p e rfo rm ed  on  o d ie r  sam ples o f  C. filiformis a n d  o th e r  Caulerpa 
species (C. cactoides, C. flexilis, C. geminata, C. scalpelliformis) 
(G enB ank accession n u m b ers  FJ565672-FJ565676).

Phylogenetic analysis. T he da ta  se t consisted  o f  d ie  23 genes 
th a t we seq u en ced  in Caulerpa (atpA, atpB, atpU, atpl, cemA, chi B, 
chtt, chlL, chlN, infA, psaB, psbC, psbD, psbZ, rpl2, rpl5, rpl-36, rps2,

http://www.ncbi.nhn.nih.gov
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rps3, rpsS, rp s ll, rpsl9, ycf-f), a ligned  individually to available 
ch lo rop last g enom e da ta  from  d ie  g reen  p lan ts (with only a 
sm all selection  o f  land  p lan ts chosen) (Table S I) using  Se-Al 
v e rs io n 2 a ll (R am baut 1996). A m biguously a ligned  regions, 
m ostly a t th e  5 ' o r  3 ' end , w ere rem oved, an d  d ie  sequences were 
d ien  co n ca ten a ted  to p ro d u ce  a da ta  set o f 16,824 a ligned 
nu c leo tid e  positions (A ppendix  S4 in  th e  su p p lem en tary  m ate 
rial), co rre sp o n d in g  to 5,608 am ino  acid positions.

T h e  co n ca ten a ted  da ta  sets o f  p ro te in  an d  DNA sequences 
were analyzed with Bayesian in feren ce  (Bí) an d  m axim um  
likelihood  (M L), using  MrBayes v3.1.2 (R onquist a n d  H uel- 
senbeck  2003) an d  PhyML v2.4.4 (G u in d o n  an d  Gascuel 2003), 
respectively. Analyses a t d ie  am ino-acid level assum ed an  
evolutionary  m o d el consisting  o f  d ie  CpREV m atrix  o f  am ino 
acid substitu tion  (A dachi e t al. 2000) widi gam m a d istrib u tio n  
split in to  fo u r categories to m o d el th e  ra te  he te ro g en e ity  
am ong  sites (CpREV+G4). Analyses a t th e  DNA level (only d ie 
first two co d o n  positions used) assum ed a general-tim e-revers- 
ible m odel with a p ro p o rtio n  o f  invariable sites an d  am o n g  site 
ra te  h e te ro g en e ity  follow ing a gam m a d istrib u tio n  sp lit in to  
e ig h t d iscrete ra te  categories (GTR+I+G8). Bí analyses co n 
sisted o f  two parallel ru n s o f  each  fo u r increm entally  hea ted  
chains, a n d  3 x  IO6 g en era tio n s with sam pling  every 1,000 
genera tions. A burn -in  sam ple o f  1,000 trees (well beyond 
convergence o f like lihood  values) was rem oved before  co n 
struc ting  th e  m ajority-rule consensus tree . For th e  ML trees, 
d ie  reliability o f in te rn a l b ran ch es was evaluated  based on  500 
n o n p a ram etric  b o o tstrap  replicates.

Sh im odaira-H asegaw a tests (SH; Sh im odaira  an d  Hasegawa 
1999) a n d  approxim ately  u nb iased  tests (ALT; Shim odaira 
2002) were p e rfo rm ed  widi CONSEL O.li (Sh im odaira  an d  
Hasegawa 2001) o n  d ie  am ino  acid an d  nu c leo tid e  da ta  sets to 
test: (1) d ie  m onophyly  o f  LTlvophyceae (Oltmannsiellopsis + 
Pseudendoclonium + Caulerpa constra in ed  as m onophyletic) an d  
(2) th e  m onophyly  o f th e  T reboux iophyceae  (Chlorella + 
Leptosira constra in ed  as m onophy le tic ). To ob ta in  d ie  ML tree  
fo r a specified hypothesis, we used  constra in ed  trees an d  die 
"resolve m ultifu rca tio n s”  o p tio n  o f  T reeF in d er version Ju n e  
2008 (Jobb e t al. 2004) widi edge  len g d i estim ation  u n d e r  d ie 
sam e evolutionary  m odels as specified above. T h e  site-specific 
likelihoods used  as in p u t fo r CONSEL were g en era ted  by ML 
m odel op tim iza tion  in  PAML 4.0 using th e  exact sam e m odel 
specifications m en tio n ed  above (Yang 2007).

RESULTS

Partial chloroplast genome data. Restriction enzyme 
digests of purified chloroplast DNA, visualized on 
1% agarose gels and band sizes calculated, esti
m ated the size of the C. filiformis chloroplast gen
ome between 109.7 and 120.5 kb. Seven clones were 
analyzed corresponding to 30,348 bp of the chloro
plast of C. filiformis (GenBank accessions FJ565677- 
FJ565683). The clones contained homology to the 
following chloroplast genes: atpA, alpW. atpH, atpl 
(ATP synthase); chlR, (LIA. (LIA. (chi biosynthesis); 
infA (translation factor); psaA, psaß (PSI); psbC, 
psbAA, psbL (PSII); rpl2, rpl5, rpl36 (LSU ribosomal 
proteins); rps2, rps3, rps8, rpsll, rpsl9 (SSU ribo
somal proteins); ycf'4, ycf'62 (conserved proteins); 
cemA, two tRNA genes, imR(ccg) and imP(cca); plus 
two ORFs showing homology to group II intron 
reverse transcriptases. Three clones contained three 
or more genes. O ne clone (960 bp in length) con
tained the genes rpl2, rpsl9, rps3, a gene order that 
is also found in Oltmannsiellopsis, Pseudendoclonium,

and Chlorella, (although in Chlorella, an ORF is found 
between rpl2 and rpsl9) (Fig. la). A nother clone 
(2,818 bp) contained seven genes in a very con
served order (Fig. lb ). This order is only different 
in that Caulerpa has the psaA gene linked to rpoA, 
while in the o ther taxa, it is found elsewhere in the 
genome. The intergenic spacer regions between the 
genes in this cluster are very short com pared to the 
other analyzed gene clusters (Fig. lb ). The largest 
clone analyzed (15,430 bp) contained 11 genes in a 
highly rearranged order when com pared to other 
closely related genomes, except for the groupings of 
a.tpiA, atpl and rps2, and psbD and psbC. The pshD 
gene in Caulerpa has a single intron, while the psb C 
gene is followed with an ORF, showing homology to 
a putative group II maturase/reverse transcriptase, 
which falls at the end of the clone.

Pseudogene analysis of ycf62. The hypothetical pro
tein ycf62 (RF62) has a reading frame with a stop 
codon at am ino acid position 164 (492 bp) from 
the start m ethionine. A nother ORF is found starting 
from position 482 bp from the start nucleotide. 
Both translated ORFs have homology to ycf62. To 
investigate this unusual pattern, we analyzed the 
region around this stop codon in o ther isolates of 
C. filiformis and different Caulerpa species. The 
sequences (350 bp) of the o ther C. filiformis samples 
were identical to the original chloroplast clone. The 
five o ther Caulerpa species all had a stop codon in a 
similar position. C. scalpelliformis had a stop codon 
at position 164, while C. flexilis had a stop codon at 
position 160, and C. cactoides and C. geminata both

<a) ^£  £ / £ i  I  /
Caulerpa |1 1 1 1 23 1 10 1I 19 I 86 I 4 I 4 I
Chlorella |1 1 1 1 375 1 169 II 3« I » 7  15 0 , I

Oltmannsiellopsis |1 1 1 I 306 I 52 II r a i « «  I ' I
Pseudendoclonium |1 1 1 11171 I -58 Il i c o e l  so  le,,I

(c) $  $  £ .t A ,r  t  t f
Caulerpa |lilii I I II I I I I
Chlorella |n i i I I Ii i n

Oltmannsiellopsis m i 1 1i 11 n
Pseudendoclonium |111 i 111 n

Fig. 1. G ene o rd e r  o f  o th e r  U T  ch lo rop last g enom es com 
p a re d  to  th e  o rd e r  fo u n d  in  Caulerpa filiformis. Black vertical lines 
re p re se n t genes, nam es a t top . I f  genes linked , co n n e c te d  by a 
ho rizo n ta l line. U n lin k ed  gen e  in  vertical gray line. S ho rt gray 
vertical lines are  in se rted  o p e n  read in g  fram es (ORFs). G ene 
m issing fro m  th e  g enom es left em pty. In  cluste r (b) len g th  o f  
spacer reg ion , in  bp , betw een  th e  n a m e d  genes fro m  th e  respec
tive g enom es show n.



P L A S T ID  PH Y L O G E N Y  O F U L V O PH Y C EA E 1209

had stop codons at 162. Deletions followed the stop 
codon in these species, com pared to C. filiformis, 
and there is no  similarity match for the translated 
product after the stop codon.

Phylogenetic analysis. Analyses of am ino acid and 
nucleotide data resulted in virtually identical tree 
topologies, though with very dissimilar branch sup
port. The Bí analysis of protein data resulted in an 
almost fully resolved phylogenetic tree (Fig. 2) , while 
node support (notably am ong members of the 
UTC clade) was remarkably lower in the o ther three 
analyses. Relationships within the Streptophyta were 
well resolved in all analyses, with Mesostigma and 
Chlorokybus united in an early branching clade. Chara 
(Charophyceae) and Chaetosphaeridium (Coleochaeto- 
phyceae) branch off next with the two Zygnemato
phyceae (Zygnema, Staurastrum) forming a clade 
sister to the land plants. Within the Chlorophyta, 
the prasinophycean representatives (Nephroselmis, 
Ostreococcus) diverge first with the rem aining taxa 
belonging to the UTC clade strongly supported in all 
analyses. While the Chlorophyceae samples form a 
strongly supported clade, our results indicate that 
neither the Trebouxiophyceae nor the Ulvophyceae 
are monophyletic. The two trebouxiophycean algae 
(.Leptosira, and Chlorella) do no t group together. Leptos
ira is recovered as sister to either the Chlorophyceae 
(Bí and ML protein tree and ML nucleotide analysis) 
or the Caulerpa.—Chlorella—Oltmannsiellopsis—Pseudendoc
lonium. clade (Bí nucleotide analysis). While the ulvo
phycean Pseudendoclonium and Oltmannsiellopsis group 
together strongly, Caulerpa is recovered as the sister 
taxon of Chlorella, in all analyses, although with only 
low support in the nucleotide analyses. Monophyly of 
Ulvophyceae and Trebouxiophyceae could no t be

ruled out by Shimodaira—Hasegawa topology tests 
based on both the amino acid and nucleotide data, 
but the approximately unbiased (AU) test did reject 
monophyly of the Ulvophyceae based on both data 
sets and monophyly of Trebouxiophyceae based on 
the am ino acid data (Table 1).

DISCUSSION

This is the first, although only partial, chloroplast 
genom e sequence of a m arine macrophyte belonging 
to the Ulvophyceae. The estimated length of the 
chloroplast genom e in C. filiformis (average 115.1 kb) 
is slightly smaller than estimates made of the chloro
plast in C. sertularioides (131.4 kb) (Lehman and 
M anhart 1997) but larger than in Codium (89 kb) 
(M anhart et al. 1989). This length would indicate 
that we sequenced '--26% of the genome. O ur data 
suggest several intriguing evolutionary insights that 
are revealed by the inclusion of C. filiformis, a m or
phologically quite different species from the o ther 
two known ulvophycean taxa from which chloroplast 
genomes have been determ ined (i.e., Pseudendoclonium, 
Oltmannsiellopsis) (Pom bert et al. 2005, 2006).

Analysis of the three clones containing multiple 
genes shows a conserved gene order in two clones 
and scrambled gene order in another. The gene 
order (rpl2, rpsl9, rps3; Fig. la) is conserved in the 
three genera most closely related to Caulerpa, with 
only Chlorella, having an ORF between genes rpl2 
and rpsl9. The gene order in the clone containing 
rpl5 (Fig. lb ) is also conserved in o ther green algae 
and has been used for the construction of the uni
versal green algal plastid prim er combinations 
UCP1, UCP2, UCP3 (Provan et al. 2004). The gene

Fig. 2. Phylogenetic tree result
ing from  Bayesian inference (Bí) 
o f 23 chloroplast genes at the 
amino acid level, showing the posi
tion of Caulerpa filiformis among 
the Ulvophyceae+T rebouxiophy- 
ceae+Chlorophyceae (UTC) taxa. 
Values above branches indicate Bí 
posterior probabilities and rnaxi- 
m um-likelihood (ML) bootstrap 
support from  the analyses o f pro
tein data un d er a CpREV+G8 
m odel; values below branches indi
cate Bí posterior probabilities and 
ML bootstrap support from  the 
analyses o f nucleotide data (1st 
and 2nd codon position) under a 
GTR+G8 model. The nodes that 
received full support in  Bí and ML 
analyses of both protein and nucle
otide data are denoted  by asterisks. 
Solid brackets on  the right indicate 
monophyletic taxa; dashed brack
ets indicate nonmonophyletic taxa. 
GTR, general time reversible.

.98/52
-123

1.00/65
.58/34

- Chlamydomonas

— Scenedesmus

- Stigeoclonium

— Leptosira

- Chlorella

Caulerpa

- Oltmannsiellopsis

- Pseudendoclonium

-  Nephroselmis 

--------- Ostreococcus

Chlorophyceae

Trebouxiophyceae

Ulvophyceae

Prasinophyceae

Chlorophyta

1.00
100

1.00/98

1.00/98
1.00/98

1.00/66
1.00/98

 Mesostigma

Chlorokybus

------ Chara

------ Chaetosphaeridium

------ Staurastrum

------ Zygnema

■ Marchantía

- Arabidopsis

------- Oryza

----------Cyanidium

Porphyra

Streptophyta

outgroup

j 0.1 subst./site j



1210 G. C. Z U C C A R E L L O  ET AL.

T a b l e  1. T o p o lo g y  tes t re su lts . A U , a p p ro x im a te ly  u n b i
a sed  test, SH , S h im o d a ira -H aseg a w a  test (P-values).

Amino acid Nucleotide
data data

Phylogenetic hypothesis AU SH AU SH

Ulvophyceae m onophyly 0.035 0.086 0.002 0.111
T rebouxiophyceae  m onophyly 0.025 0.050 0.185 0.225

order is slightly rearranged in Caulerpa, as this 
genus has psaA linked to rpoA, while in the other 
taxa, it is elsewhere in the genome. In Chlorella, and 
Oltmannsiellopsis, for example, psaA is linked to psaB. 
In Caulerpa, psaB is found in another gene cluster 
associated with chiI and psb'/. (Fig. le).

A comparison of the lengths of the spacer between 
the four genom e segments shows that the Caulerpa, 
genes have markedly shorter spacers between them. 
While the chloroplast genom e size as a whole is only 
approxim ate (115.1 kb), it is significantly smaller 
than the genomes of Chlorella, Oltmannsiellopsis, and 
Pseudendoclonium (150 kb, 151 kb, and 156 kb, respec
tively) (Wakasugi et al. 1997, Pom bert et al. 2005, 
2006). Variation in noncoding organelle DNA spacers 
length has been shown to be nonrandom  in land 
plants with various evolutionary forces leading to 
short spacers (Duminil et al. 2008). It is tem pting to 
speculate that in a siphonous thallus with millions of 
circulating plastids, selection for m ore rapidly copied 
(i.e., shorter) plastid genome, and hence plastids, 
may be favored and lead to short intergenic spacers. A 
comparison of chloroplasts in o ther siphonous or coe- 
nocytic thalli, com pensating for phylogenetic rela
tionship, in the orders Bryopsidales, Dasycladales, 
and Cladophorales are needed.

In the third clone, the gene order is quite scram
bled com pared to the o ther genom e investigated, 
with only the proximity of pshD and psbC to each 
other conserved in all taxa and the grouping of 
at pH and aptl, a gene order also conserved in most 
green and red algae. Interestingly, atpH, aptl, and 
rps2 is a gene order conserved in all three Ulvophy
ceae studied, and not present in Chlorella.

The ycf62 hypothetical gene has been identified in 
many green algal genomes (e.g., Leptosira, Nephroselmis, 
Pseudendoclonium) (Tunnel et al. 1999, Pom bert et al. 
2005, de Cambiaire et al. 2007). Its product is the 
tRNA (Ile)-lysidine synthase; it ligates, in an ATP- 
dependent m anner, lysine onto the cytidine present 
at position 34 of the AUA codon-specific tRNA (Ile) 
that contains the anticodon CAU. In Caulerpa, species, 
this gene appears to be a pseudogene as it contains a 
stop codon, and in some species, indels of different 
lengths are found. Pseudogenes are no t common in 
chloroplast genomes but have been reported (e.g., 
Steane 2005, Koch et al. 2007, Tsuji et al. 2007). It 
would be useful to look at the evolution of this gene 
within the Bryopsidales and related orders to deter
mine when the loss of function occurred.

The relationships observed in our phylogeny 
based on 23 chloroplast genes for the Viridiplantae 
in general and streptophytes in particular are con
gruent with recently published green plant phylogé
nies based on whole chloroplast genom e sequences 
(Lemieux et al. 2007). The inclusion of C. filiformis 
produced a phylogeny in which the monophyly of 
the Ulvophyceae is not supported, although our 
data cannot significantly reject monophyly, except 
in the AU test. The two ulvophytes Pseudendoclonium. 
and Oltmannsiellopsis group together as they do in 
o ther chloroplast gene phylogénies (Robbens et al. 
2007, T unnel et al. 2008), while Caulerpa, groups 
with the trebouxiophycean Chlorella, although with 
only m oderate support. Interestingly, Leptosira, the 
o ther trebouxiophyte in the analysis, does not group 
with Chlorella, and this lack of monophyly is again 
only supported in the AU test.

M olecular data supporting the monophyly of both 
Trebouxiophyceae and the Ulvophyceae are limited. 
Most analyses using SSU nrDNA data show only m od
erate support for the classes (e.g., Lopez-Bautista 
and Chapman 2003, Watanabe and Nakayama 2007). 
O ’Kelly and Floyd (1984) hypothesized that the 
ancestral orientation of the flagellar apparatus in the 
UTC clade was counterclockwise (CCW) and further 
evolved to a direct-opposite (DO) and clockwise 
(CW) orientation in the Chlorophyceae. This predic
tion was recently supported and refined by Tunnel 
et al. (2008). The unexpected phylogenetic relation
ships between Caulerpa, Chlorella, and Leptosira, (all 
with a CCW orientation) do not put a different com
plexion on this evolutionary hypothesis.

The relationships am ong the UTC classes have 
never been fully resolved. The evolutionary scenario 
in which Trebouxiophyceae branch first, leaving 
Chlorophyceae and Ulvophyceae as closest relatives, 
is the preferred relationship based on several orga- 
nellar genomic characters (Pombert et al. 2004, 
2005). O ur data suggest that the idea of a monophy
letic class Ulvophyceae should be questioned. With 
the inclusion of C. filiformis chloroplast data, it 
becomes clear that the quest for the branching 
order am ong UTC taxa is m ore complex than previ
ously assumed and that it is critically dependent on 
taxon sampling (Hillis et al. 2003, H eath et al.
2008). In order to come to a reasonable level of 
understanding of the evolution of the UTC clade, 
chloroplast genomic data of o ther members of the 
class, including groups such as the Cladophorales, 
Dasycladales, and Trentepohliales, will have to be 
gathered and analyzed.

The apparent contradiction between the results 
of the approximately unbiased (AU) and Shimoda
ira-Hasegawa (SH) tests requires attention because 
it would lead to considerably different interpreta
tions concerning the monophyly of the Ulvophyceae 
and Trebouxiophyceae. Whereas the SH tests uni
formly suggested that monophyly of the Ulvophy
ceae and Trebouxiophyceae was not significantly
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worse than the ML result (nonm onophyly), all but 
one of the AU tests rejected the monophyly o f these 
classes. As applied in our study, SH and AU both 
set ou t to test whether the likelihood o f the ML 
phylogeny (nonmonophyly o f the classes) is signifi
cantly better than that of the alternative phylogeny 
(monophyly of the classes), bu t they are based on 
different philosophies, which gives them  different 
properties. The SH test is known to be biased 
toward the null hypothesis, m eaning that it can be 
misleading in indicating that the likelihood o f the 
ML tree and the alternative topology are n o t statisti
cally different (Shimodaira 2002). The AU test was 
designed to counter this problem and is generally 
recom m ended for tree selection problem s (Shimo
daira 2002). We follow this recom m endation and 
conclude that monophyly of the Ulvophyceae is 
rejected by our data set. As for the Trebouxiophy
ceae, the AU tests suggest that its monophyly is 
doubtful: the analysis of the amino-acid alignm ent 
rejects its monophyly, bu t the analysis of the nucleo
tide alignm ent does not. We cannot presently 
explain this conflict between the am ino acid and 
nucleotide data o f the same genes, and this conflict 
certainly warrants future attention.

In conclusion, our study casts doubt on the 
monophyly o f the chlor op hytan classes Ulvophyceae 
and Trebouxiophyceae. This insight will need to be 
explored fu rther using m uch greater sampling 
within the m arine seaweeds. Further study using 
genom ic approaches, including full plastid sequenc
ing o f macroalgae, will prove useful in n o t only clar
ifying evolutionary relationships within green algae 
b u t also in understanding the patterns and mecha
nisms of plastid rearrangem ents, and the evolution 
o f chloroplast genomes.
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