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Abstract

B ackgrou nd : A n o n -c a n o n ic a l  n u c le a r  g e n e t i c  c o d e ,  in w h ic h  TAG a n d  TAA h a v e  b e e n  r e a ss ig n ed  f rom  s to p  
c o d o n s  t o  g lu ta m in e ,  h a s  evo lv ed  i n d e p e n d e n t l y  in several eukaryo t ic  l ineages ,  includ ing  t h e  u lv o p h y c e a n  g re e n  
algal o rd e rs  Dasyc lada les  a n d  C lad o p h o ra les .  To s tu d y  t h e  p h y lo g e n e t i c  d is t r ibu t ion  o f  t h e  s t a n d a r d  a n d  n o n -  
can o n ica l  g e n e t i c  c o d e s ,  w e  g e n e r a t e d  s e q u e n c e  d a ta  o f  a re p re se n ta t iv e  s e t  o f  u lv o p h y c e a n  g r e e n  a lg a e  a n d  
u se d  a ro b u s t  g r e e n  algal p h y lo g e n y  to  e v a lu a te  d iffe ren t  ev o lu t io n a ry  sc e n ar io s  t h a t  m a y  a c c o u n t  for t h e  origin o f  
t h e  n o n -c an o n ica l  c o d e .

Results: This s tu d y  d e m o n s t r a t e s  t h a t  t h e  Dasyc lada les  a n d  C la d o p h o ra le s  sh a re  th is  a l te rna t ive  g e n e t i c  c o d e  w ith  
t h e  re la ted  o rd e r  T ren tep o h l ia le s  a n d  th e  g e n u s  B lastophysa , b u t  n o t  w i th  t h e  Bryopsidales,  w h ic h  is sister t o  t h e  
D asycladales.  This c o m p le x  p h y lo g e n e t i c  d is t r ibu t ion  w h e r e b y  all b u t  o n e  re p re se n ta t iv e  o f  a s ingle  na tura l  l ineage  
p o s s e s se s  an  identical d e v ia n t  g e n e t i c  c o d e  is u n iq u e .

C onclus ions: W e c o m p a r e  d if fe ren t  ev o lu t io n a ry  sc e n ar io s  for t h e  c o m p le x  p h y lo g e n e t i c  d is t r ibu t ion  o f  th is  n o n -  
can o n ica l  g e n e t i c  c o d e .  A s ingle  t rans it ion  t o  t h e  n o n -c a n o n ic a l  c o d e  fo l lo w ed  by  a reversal to  t h e  c anon ica l  c o d e  
in t h e  B ryopsida les  is h igh ly  im p r o b a b le  d u e  to  t h e  p r o f o u n d  g e n e t i c  c h a n g e s  t h a t  c o in c id e  w i th  c o d o n  
re a s s ig n m e n t .  Multiple i n d e p e n d e n t  g a in s  o f  t h e  n o n -c a n o n ic a l  c o d e ,  as h y p o th e s iz e d  for ciliates, a re  also unlikely 
b e c a u s e  t h e  s a m e  d e v ia n t  c o d e  h as  e v o lv ed  in all l ineages.  Ins tead  w e  favor a s te p w ise  acqu is i t ion  m o d e l ,  
c o n g r u e n t  w i th  t h e  a m b i g u o u s  in te r m e d ia t e  m o d e l ,  w h e r e b y  t h e  n o n -c a n o n ic a l  c o d e  o b s e r v e d  in t h e s e  g r e e n  
algal o rd e rs  h a s  a s ingle  origin. W e s u g g e s t  t h a t  t h e  final s t e p s  f rom  an  a m b i g u o u s  in te r m e d ia te  s i tua t ion  to  a 
n o n -c a n o n ic a l  c o d e  h a v e  b e e n  c o m p l e t e d  in t h e  T ren tepoh l ia le s ,  Dasycladales ,  C la d o p h o ra le s  a n d  B lastophysa  b u t  
n o t  in t h e  Bryopsidales. W e h y p o th e s iz e  t h a t  in t h e  lat ter  l in e a g e  an  initial s t a g e  ch a ra c te r iz ed  by  trans la t iona l  
a m b ig u i ty  w a s  n o t  fo l lo w ed  by  final r e a s s ig n m e n t  o f  b o th  s to p  c o d o n s  to  g lu ta m in e .  Instead  t h e  s t a n d a r d  c o d e  
w a s  re ta in e d  by  th e  d i s a p p e a r a n c e  o f  t h e  a m b ig u o u s ly  d e c o d i n g  tRNAs from  t h e  g e n o m e .  W e c o rre la te  t h e  
e m e r g e n c e  o f  a n o n -c an o n ica l  g e n e t i c  c o d e  in t h e  U lv o p h y c ea e  to  th e i r  m u l t in u c le a te  na tu re .

Background
The genetic code, which translates nucleotide triplets into 
am ino acids, is universal in nearly all genetic systems, 
including viruses, bacteria, archaebacteria, eukaryotic 
nuclei and organelles [1,2]. However, a small num ber of 
eubacterial, eukaryotic nuclear, plastid and mitochondrial 
genomes have evolved slight variations of the standard or 
canonical genetic code [3,4]. M ost codon reassignments 
have been traced to changes in tRNAs, either by single 
nucleotide substitution, base modification, or RNA editing.
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Two main models have been proposed to explain the evo­
lutionary changes in the genetic code [reviewed in [4-7]]. 
The “codon capture” model [8] proposes that bias in GC 
content can eliminate certain codons from the entire gen­
ome, after w hich they can reappear th rough  random  
genetic drift, and become reassigned (“captured”) by muta­
tions of noncognate tRNAs. This mechanism is essentially 
neutral, th a t is, codon reassignm ent is accom plished 
w ithout the generation of aberrant and non-functional 
proteins. The “ambiguous intermediate” model is a non­
neu tral m odel, w hich posits th a t codon reassignm ent 
occurs through an intermediate stage where a particular 
codon is ambiguously decoded by both the cognate tRNA 
and a tRNA that is mutated at locations other than at the

O © 2010 Cocquyt e t al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons 
B io  M ed Central Attribution License (http://creativecommons.0 rg/licenses/by/2.O), which permits unrestricted use, distribution, and reproduction in 
any medium, provided the  original work is properly cited.

http://www.biomedcentral.com/1471-2148/10/327
mailto:EllenE.Cocquyt@UGent.be
http://creativecommons.0rg/licenses/by/2.O


Cocquyt et al. BMC Evolutionary Biology 2010, 10:327
http://www.biom edcentra l.com /1471-2148/10/327

Page 2 o f 9

anticodon, after which the m utant tRNA may take over 
decoding of the ambiguous codon if it is adaptive [9]. The 
two models are not mutually exclusive and codon reas­
signm ents may be driven by a com bination of different 
mechanisms [10,11]. For example, ambiguous intermediate 
stages may be preceded by strong GC bias [12].

Sim ilar evolutionary  m echanism s of gradual codon 
reassignm ent have been suggested to apply to reassign­
m ent of stop codons to sense codons, in which a mutated 
tRNA may initially recognize and eventually capture a 
stop codon from  the cognate release factor [5]. Stop 
codons may be particularly prone to reassignment either 
because they are less prevalent than sense codons (occur­
ring only once per gene) and therefore cause m inim al 
d e trim en ta l effects if they are reassigned, or because 
changes to release factors can occur rapidly [4,13].

Only five eukaryotic lineages are known to have evolved 
non-canonical nuclear genetic codes, including ciliates, 
hexamitid diplomonads, fungi (in the genus Candida and 
many ascomycetes), polymastigid oxymonads, and green 
algae (in the Dasycladales and Cladophorales). By far the 
m ost com m on variant is the reassignm ent of the stop 
codons TAG and TAA (TAR) to glutam ine, w hich has 
occurred independently in hexamitid diplomonads [14], 
several ciliates [15,16], polymastigid oxymonads [17,18] 
and dasycladalean and cladophoralean green algae [19-21]. 
Interestingly, this TAR—xGln reassignment has never been 
observed in prokaryotes or organelles.

The aim of the present study is to document the phylo­
genetic distribution of the non-canonical genetic code in 
green algae, with emphasis on the ulvophycean relatives of 
the Dasycladales and Cladophorales. O ur approach con­
sists of screening green algal nuclear genes for the pre­
sence of non-canonical glutamine codons and interpreting 
the evolution of the genetic code and glutamine codon 
usage in a phylogenetic framework. The apparently com­
plex phylogenetic distribution of a non-canonical code in 
closely related ulvophycean lineages offers a unique oppor­
tunity to study the mechanisms of the protein translational 
machinery that may have led to codon-reassignment.

Results
The dasycladalean genera Acetabularia, Batophora and 
Parvocaulis, and the cladophoralean genera Cladophora 
and Chaetomorpha have been shown previously to use 
the TAR—xGln genetic code [19-21]. W e have character­
ized one or m ore of 8 d ifferen t genes from  21 taxa 
representing the breadth of ulvophycean diversity [this 
study and [22], see also Additional files 1 and 2]. From 
these data, we found that the non-canonical glutamine 
codons appear in nuclear-encoded genes of additional 
m em bers of the both  Dasycladales (genus Bornetella) 
and Cladophorales (genera Boergesenia, Boodlea, Clado­
phora, D ictyosphaeria, Phyllodictyon, Siphonocladus,

Valonia), as well as Trentepohliales (genus Trentepoh­
lia) and the genus Blastophysa, which is currently not 
assigned to an order. We inferred that an organism uses 
a non-canon ical code if TAR codons w ere found at 
highly conserved positions where land plants and other 
green algae encode glutam ine. Only TGA is used as 
stop codon in EST sequences that we obtained for Cla­
dophora (40 S ribosomal protein S9, GQ421515; OEE1, 
GQ421494). M oreover, o ther sequences deposited in 
GenBank from  Cladophora (GapA, DQ270261; E F -la , 
EF551321) and Acetabularia  (PsbS, BK006014) term i­
nate w ith TGA codons only. The presence of TGA as 
the only stop codon for species having TAR at con­
served glutam ine positions further supports our infer­
ence of a non-canonical genetic code.

The presence of the standard code was determined for 
the genus Ignatius and the order Bryopsidales (genera 
Caulerpa, Bryopsis) by the presence of only canonical 
glutam ine codons and the use of all three stop codons. 
The Ignatius actin gene has TAG as stop codon, while 
the ß tu b u lin  and HPS90 genes have TAA as stop 
codons. For Caulerpa, both ß tubulin and HPS90 genes 
have TAA as stop codons, so we did not observe the use 
of TAG for stop. In publicly available sequences from  
Bryopsis all three stop codons are used: TAA in ribonu- 
clease Bm2 gene (AB164318), TAG in lectin precursor 
and oxygen evolving pro te in  of photosystem  II genes 
(EU410470 and AB293980), and TGA in the bryohealin 
precursor gene (EU769118). Taken together, this shows 
that the Bryopsidales use the standard genetic code.

The occurrence of the standard and TAR—xGln code is 
p lo tted  onto the reference phylogeny in Figure 1. The 
S trep tophy ta , p rasinophy tes, T rebouxiophyceae and 
Chlorophyceae possess the standard genetic code. W ithin 
the class Ulvophyceae, the standard code is found in the 
orders Ulvales, Ulotrichales, Bryopsidales and the genus 
Ignatius whereas the orders Dasycladales, Cladophorales, 
Trentepohliales and the genus Blastophysa have a non- 
canonical code. However, the taxa w ith the TAR—xGln 
code do not form a monophyletic group (Figure 1).

If both the phylogeny and the distribution of the genetic 
codes shown in Figure 1 are correct, then more than one 
gain and/or loss event of the non-canonical code m ust be 
postulated. To examine the validity of the phylogeny, we 
performed AU topology tests to evaluate whether the data 
rejected a topology in which all taxa with the non-canoni­
cal code formed a m onophyletic group. Specifically, we 
found that the topology where Bryopsidales is sister to all 
Ulvophyceae with the TAR—xGln code is rejected with 
high significance (AlnF = 27.9; p < 0.0001).

The estimated evolution of glutamine codon usage fre­
quencies is show n in Figure 2 (only the green algal 
classes Chlorophyceae, Trebouxiophyceae and Ulvophy­
ceae are shown). In general, the canonical codon CAG
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F igure  1 P hylogenetic d istribution  o f th e  standard and non-canonical genetic  codes in green  algae T h e  o c c u r r e n c e  o f  a n o n - c a n o n ic a l  
g e n e t i c  c o d e  (TAR—>Gln) is i n d i ca t ed  w i th  g ray  squares .  T he  taxa  w i th  t h e  n o n -can o n ica l  c o d e  d o  n o t  fo rm  a m o n o p h y l e t i c  g r o u p  Three  
a l te rn a t iv e  scen a r io s  ca n  exp la in  this  p h y lo g e n e t i c  dist r ibution: (1) A s in g le  or ig in  o f  t h e  n o n -can o n ica l  c o d e  a lo n g  t h e  b ra n c h  le ad in g  to  t h e  
o r d e r s  T ren tepoh l ia le s , Dasycladales , Bryopsidales, C la d o p h o ra le s  a n d  t h e  g e n u s  B lastophysa  a n d  a s u b s e q u e n t  reversal t o  t h e  universal c o d e  in 
t h e  Bryopsidales ( ind ica ted  with  black a r r o w  a n d  cross). (2) T h r e e  i n d e p e n d e n t  g a in s  o f  t h e  n o n -can o n ica l  c o d e  in t h e  T ren te poh li a le s , t h e  
Dasyclada le s  a n d  t h e  C la d o p h o ra le s  +  B lastophysa  ( in d ica ted  w i th  g ray  arrows). (3) A s t e p w is e  p ro cess  o f  e v o lu t io n  o f  t h e  n o n -can o n ica l  c o d e  
w i th  a s ing le  ini tiation o f  t h e  p ro ces s  a l o n g  t h e  b r a n c h  le ad ing  to  t h e  o r d e r s  T ren tepoh l ia le s , Dasycladales , Bryopsidales , C la d o p h o r a le s  a n d  t h e  
g e n u s  B lastophysa , fo l l o w e d  by  a c o m p le t io n  o f  t h e  p rocess  in all li neag es  e x c e p t  t h e  Bryops idales  (black a r r o w  c o m b i n e d  w i th  g ray  arrows). T h e  
r e fe re n ce  p h y lo g e n y  o f  t h e  g r e e n  p lan t  l ineag e  w a s  o b t a i n e d  by  m a x im u m  likelihood in fe ren ce  o f  a 25% site s t r ip p e d  d a t a s e t  c o n ta in in g  7 
n uc lea r  g e n e s ,  SSU nrDNA a n d  plastid g e n e s  r h e i  a n d  otpB [22], N u m b e r s  a t  n o d e s  in d ica te  ML b o o t s t r a p  v a lues  (top)  a n d  p o s te r io r  probab il it ies  
(b o t to m ) ;  v a lu es  b e lo w  respect ive ly  50  a n d  0.9 a r e  n o t  s h o w n .
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F igure  2  Estim ated ancestral frequencies o f g lu tam ine  codon usage. Canonica l c o d o n  CAG is m o s t  c o m m o n l y  u sed ,  fo l l o w e d  by  t h e  o th e r  
c a n o n ica l  c o d o n ,  CAA. A m o n g  t h e  n o n -can o n ica l  c o d o n s ,  TAG is u s e d  m o r e  c o m m o n l y  t h e n  TAA. T h e  e s t i m a t e  ancest ra l  f r e q u e n c i e s  o f  n o n -  
c a n o n ica l  c o d o n  u s a g e  a l o n g  t h e  n o d e s  o f  in te res t  a re  i n d i ca t ed  with  ar rows.

is m ost com m only used, follow ed by the  canonical 
codon CAA. The dominance of the canonical glutamine 
codons CAG over CAA is also reflected  in the non- 
canonical glutam ine codons, TAG being m uch m ore 
common than TAA. The bias towards CAG and TAG is 
likely a product of the overall bias of these species and/ 
or genes for GC residues, leading to increased use of G 
in the third codon position. Changes from canonical to 
non-canonical glutamine codons require a single transi­
tion (C —> T) at the first codon position.

Discussion
Our results reveal a broad distribution of a non-canonical 
nuclear genetic code in the Ulvophyceae, where gluta­
mine is encoded by canonical CAG and CAA codons as

well as non-canonical TAG and TAA codons. Surpris­
ingly, we find that taxa with this non-canonical code do 
no t form  a m onophyletic group according to the see­
mingly robust phylogeny of the organisms (Figure 1). If 
the inferred phylogeny is indeed correct, three alternative 
scenarios can explain the distribution of the code on that 
tree: (1) a single origin of the non-canonical code along 
the branch leading to the orders Trentepohliales, Dasy­
cladales, Bryopsidales, C ladophorales and the genus 
Blastophysa  and a subsequent reversal to the standard 
code in the Bryopsidales (Figure 1: indicated with black 
arrow and cross), (2) three independent gains of the non- 
canonical code in the Trentepohliales, the Dasycladales 
and the Cladophorales + Blastophysa (Figure 1: indicated 
with gray arrows), and (3) a stepwise process of evolution
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of the non-canonical code with a single initiation of the 
process along the branch leading to  the orders T ren te­
pohliales, Dasycladales, Bryopsidales, Cladophorales and 
the genus Blastophysa, followed by a com pletion of the 
process in all lineages except the Bryopsidales (Figure 1: 
black arrow com bined with gray arrows). Alternatively, 
because changes in the genetic code are so rare, the pos­
sibility that the reference phylogeny is wrong should not 
be passed over too  easily. M ore specifically, if one 
assumes that the current position of the Bryopsidales is 
w rong and th a t in reality this group is sister to all the 
taxa with a non-canonical code, only a single transition 
to  a n on -canon ica l genetic  code w ould have to  be 
invoked. In w hat follows, we will discuss each of these 
possibilities in more detail and report on some cytologi- 
cal correlates of the non-canonical genetic code.

Phylogenetic uncertainty
O ur phylogenetic tree is based on the m ost com prehen­
sive dataset currently available for the Ulvophyceae. It is 
inferred  from  a concatenated  dataset including seven 
nuclear genes, SSU nrDNA and two plastid genes using 
model-based techniques with carefully chosen partition­
ing stra teg ies and m odels of sequence evolution and 
application of a site removal approach to optim ize the 
signal-to-noise ratio [22]. O ur tree shows a sister rela­
tionship  betw een Dasycladales and Bryopsidales w ith 
moderate to high statistical support (BV 81 and PP 1.00). 
This relationship is concordant with a recently published 
74-taxon phylogeny of the green lineage based on SSU 
nrD N A  and two plastid  genes [23]. Both phylogenies 
show m ajor im provem ents in taxon and gene sampling 
w ith in  the Ulvophyceae com pared to  previously p u b ­
lished phylogenies, which were either based on a single 
m arker, did no t include the Bryopsidales, or could not 
resolve the relationships among the Bryopsidales, Dasy­
cladales and Cladophorales [24-26]. Based on the dataset 
used to infer our reference tree, the alternative topology 
in w hich the Bryopsidales are sister to  all taxa w ith a 
non-canonical code is significantly less likely than  the 
ML tree as show n by AU tests. As a consequence, we 
m ust conclude based on all available information that the 
ulvophycean taxa w ith the non-canonical code form  a 
paraphyletic group and one of the more complex evolu­
tionary scenarios for the gain of the non-canonical code 
has to be invoked.

Gain-reversal hypothesis
A reversal from the non-canonical to the standard genetic 
code is unlikely for several reasons, indeed arguably more 
unlikely than  the original change to the non-canonical 
code. Following a transition to the non-canonical code, 
TAR glutamine codons would be present in many coding 
sequences. In order to revert to the canonical code, these

codons would all have to revert to canonical CAR codons 
or they would term inate translation, with obvious detri­
m ental effects. The im probability  of th is reversal is 
enforced by the increased frequency of the codons: stop 
codons appear only once per gene, whereas glutamine is 
present many times per gene on average. O ur ancestral 
state estimates indicate a non-negligible usage frequency 
of both non-canonical codons along the ancestral nodes of 
in terest (Figure 2C, D, indicated  w ith arrows). These 
results m ust be considered w ith caution because of the 
intrinsic limitations of ancestral state estimation [27] and 
the fact that the non-independence of the evolution of the 
genetic code and glutamine codon usage cannot be cap­
tured by the Brownian motion model. The possibility of a 
reversal from a non-canonical to a canonical code cannot 
be ruled out entirely. For example, this could have been 
possible th rough  an am biguous in term ediate  stage in 
which TAR codons are both recognized by normal gluta­
mine tRNAs and release factors. It is w orth m entioning 
here that gain-reversal scenarios have been demonstrated 
in a num ber of cases. For example in arthropod lineage 
mitochondrial genomes, reassignment of AGG from Ser to 
Lys has been shown to occur at the base of the arthropods 
and has been reversed to the norm al code several times 
independently. These reversals have been correlated with 
mutations in anti-codons of the tRNA-Lys/-Ser and with 
low abundance of the AGG codon [28]. Nevertheless, the 
m ajor argum ent against a reversal from  a stop to sense 
reassignment as observed in the Ulvophyceae is the sud­
den appearance of many internal stop codons. In addition, 
it has been suggested that the non-canonical TAR—>Gln 
code is m ore robust to  erro r than  the standard  code, 
further reducing the likelihood of reversals [29]. Taken 
together, the reversal of a non-canonical code to the stan­
dard code appears highly unlikely.

M ultip le  Independent gains
Several independent acquisitions of non-canonical codes 
have been reported  for ciliates [4,30-32]. Stop codon 
reassignments are surprisingly frequent in this group of 
organisms: the same non-canonical TAR—»Gin code has 
evolved several times, another non-canonical code in 
which TGA codes for tryptophan evolved twice, a non- 
canonical code that translates TGA to cysteine evolved 
once and a fourth non-canonical codes which translates 
TAA into glutamic acid has been reported for three cili­
ate species. In the present study, the distribution of the 
n on -canon ical code in the phylogenetic tree  w ould 
require three gains: in the Trentepohliales, the Dasycla­
dales and the Cladophorales + Blastophysa. Contrary to 
the situ a tio n  in ciliates, however, U lvophyceae only 
evolved a single type of non-canonical code and they 
did so in closely related lineages, and even w ithin the 
ciliates it has been suggested that the reassignm ent of
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TAR codons to glutamine in some oligohymenophoran 
lineages and glutamic acid in others may share a com ­
m on origin [32]. It seems unparsim onious to suggest 
th a t such  a rare  occurrence  as codon reassignm ent 
could take place three times independently in three clo­
sely re la ted  lineages, bu t the possib ility  canno t be 
excluded altogether.

Stepwise acquisition m odel
Several studies have suggested that stop codon reassign­
m ent is a gradual process requiring changes to tRNA and 
eukaryotic release factor 1 (eRFl) genes [reviewed in 
[4,5,10]]. In several eukaryotes, the two glutamine tRNAs 
recognizing CAG and CAA are also able to  read TAR 
codons by a G-U wobble base pairing at the third antico­
don position [33]. Under normal circumstances (standard 
code), the eukaryotic release factor outcompetes the glu­
tamine tRNAs when it comes to binding TAG and TAA. 
M utations in glutamine tRNA copies that allow them  to 
bind TAG and TAA may increase the capacity to trans­
late TAG and TAA to glutamine. This leads to an in ter­
mediate step in which both eRFl and the mutated tRNAs 
can easily bind to TAR glutam ine codons. The ciliate 
Tetrahym ena therm ophila  has th ree m ajor glutam ine 
tRNAs, one that recognizes the canonical CAR codons, 
and two supplem entary  ones th a t recognize the non- 
canonical TAR codons. These two supplementary tRNAs 
were shown to have evolved from the normal glutamine 
tRNA [16]. A similar situation likely exists in diplom o­
nads [14]. In order to alter the genetic code, m utations 
are required  no t only in glutam ine tRNAs bu t also in 
eRFl so they no longer recognize TAG and TAA codons. 
In ciliates it has been show n th a t eRFl sequences are 
highly divergent in dom ain 1 betw een species w ith  a 
canonical and non-canonical code, which m ight suggest 
th a t eR Fl can no longer recognize TAG and TAA 
codons in the species with a non-canonical code [31,34]. 
An additional mechanism that constrains the evolvability 
of the genetic code and therefore represents yet another 
potential step in the process of codon reassignm ent is 
nonsense-m ediated mRNA decay (NMD) [35,36]. NMD 
reduces errors in gene expression by eliminating mRNAs 
th a t encode for an incom plete polypeptide due to  the 
presence of stop codons. In the case of a TAR—>Gln code 
this NMD m echanism  would have to be altered also in 
order to prevent degradation of mRNAs containing TAG 
and TAA codons.

A gradual, stepwise acquisition model of codon reas­
signm ent can reconcile the opposed and problem atic 
hypotheses of m ultiple gains versus a single gain w ith 
subsequent loss. For example, the ambiguous interm edi­
ate m odel [5,9] w ould explain the d istribu tion  of the 
non-canonical code in Ulvophyceae as follows: mutations

in the anticodons of canonical glutamine tRNAs occurred 
once along the branch leading to the orders T rentepoh­
liales, Dasycladales, Bryopsidales, Cladophorales and the 
genus Blastophysa (Figure 1, black arrow). The presence 
of these m utated tRNAs allowed TAG and TAA codons 
to  be tran sla ted  to  g lu tam ine instead  of te rm ina ting  
translation . A t this step, the m utated  tRNAs com pete 
w ith eRFl for the TAA and TAG codons. To complete 
the transition  to  the non-canonical code, subsequent 
m utation of the release factors preventing term ination  
for TAG and TAA codons is required. If one assumes 
that this step occurred three times independently in the 
Trentepohliales, Dasycladales and Cladophorales + Blas­
tophysa  (Figure 1, gray arrows), w hereas the m utated  
tRNAs decreased in importance or went extinct through 
selection or drift along the branch leading to the Bryopsi­
dales, the distribution of the non-canonical code in the 
Ulvophyceae would be explained. A detailed comparison 
of eukaryotic release factors and glutamine tRNAs in the 
respective clades of the Ulvophyceae is needed to verify 
this evolutionary scenario.

Alternatively, the observed distribution could also be 
explained under a stepwise version of the codon capture 
model [13]. W e then assume that the TAR stop codons 
disappeared from  a com m on ancestor (Figure 1: black 
arrow) and were subsequently reassigned independently 
to glutamine codons in the Trentepohliales, Cladophor­
ales + B lastophysa  and D asycladales (Figure 1: grey 
arrows) and reappeared w ith their old function in the 
Bryopsidales. Although there is some evidence for differ­
en t GC usage p a tte rn s  in U lvophyceae and earlier- 
branching Chlorophyta [37], we consider codon capture 
an unlikely candidate to explain TAR—>Gln codon reas­
signments because a pressure towards either AT or GC 
across the entire genome cannot explain the extinction 
of both TAA and TAG codons.

The stepwise acquisition model with ambiguous inter­
mediates is expected to reduce organismal fitness during 
intermediate stages due to competition between release 
factors and glutamine tRNAs resulting in aberrant pep­
tides. However, the fact th a t several eukaryotes have 
natural nonsense suppressor tRNAs that can translate 
stop codons, though generally at low efficiency [33], and 
that these have been maintained over evolutionary time, 
suggest that readthrough may no t be a severe problem 
and could even increase fitness during periods of envir­
onmental instability [5]. Considering that the Ulvophy­
cean orders diversified during  the env ironm entally  
instable Cryogenian [37-39] and tha t early-branching 
Ulvophyceae occur in a variety of habita ts including 
marine, freshwater and terrestrial ecosystems, one could 
speculate th a t genetic code am biguity may have been 
advantageous during their early evolution.
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Cytological correlates o f non-canonical code
In the ciliates, the m ultiple appearances of alternative 
codes have been attributed to their nuclear characteristics 
[40]. Ciliates are unicellular organisms with two nuclei: a 
small, diploid micronucleus which is not expressed and 
represents the germ line for DNA exchanges during the 
sexual process, and a large, polyploid macronucleus, which 
is actively transcribed and ensures vegetative cell growth, 
but is not passed on to progeny after sexual conjugation 
and is replaced by a newly formed m acronucleus after a 
number of rounds of mitotic division. There is therefore a 
tim e lag betw een the occurrence of m uta tions in the 
micronucleus and the expression of these mutations in the 
macronucleus, and this has been postulated to be a contri­
bu ting  factor to  why ciliates have evolved alternative 
genetic codes m ore frequently [40]. In this context it is 
worth mentioning that hexamitid diplomonads, for which 
a single origin of a non-canonical code has been shown, 
have two sem i-independent bu t sim ilar nuclei per cell 
[17]. The same genetic code is also used by the uninucle­
ate enteromonads, but enteromonads are known to have 
evolved from within diplomonads [41], so the code origi­
nated in a binucleate ancestor. Several ulvophycean groups 
are also characterized by multinucleate cells, namely the 
Dasycladales, Bryopsidales, Cladophorales and Blastophysa 
[22]. However, it should be m entioned that the T ren te­
pohliales, which also uses the non-canonical code, is char­
acterized by uninucleate cells. The Cladophorales and 
Blastophysa are branched filamentous seaweeds consisting 
of m ultinucleate cells w ith a few to thousands of nuclei 
arranged in non-motile cytoplasmic domains (siphonocla- 
dous organization). M em bers of the Bryopsidales and 
Dasycladales have a siphonous organization: they consist 
of a single, giant tubular cell with a single giant nucleus or 
with numerous nuclei, and complex patterns of cytoplas­
mic streaming. The presence of multiple nuclei per cell 
m ight provide an opportun ity  to experim ent w ith the 
genetic code because the cell as an entity m ight still be 
able to function normally and each nucleus can potentially 
be passed to the next generation. Despite the fact that 
some eukaryotes with a non-canonical code do not feature 
multinucleate cells and that there are plenty of examples 
of groups with multinucleate cells that have not evolved 
alternative codes, this observation suggests that a m ulti­
nucleate cytology may facilitate codon reassignments.

Conclusions
We demonstrate that the Dasycladales and Cladophorales 
share the TAR to glutamine reassignment with the related 
order Trentepohliales and the genus Blastophysa, but not 
with the Bryopsidales, which is sister to the Dasycladales. 
W e discuss several alternative scenarios for the origin of 
th is com plex d istribu tion  of the non-canonical code:

phylogenetic uncertainty, gain-reversal hypothesis, multi­
ple independent gains and stepwise acquisition model. 
Considering the robustness of our phylogeny, the p ro ­
found genetic changes that coincide with codon reassign­
m ents and the scarcity of codon reassignm ents, we 
conclude that a stepwise acquisition model is the m ost 
likely hypothesis. The present study has provided a frame­
work to better understand the evolution of the genetic 
code. Further insights will be gained by sequencing and 
analyzing release factors and glutam ine tRNAs of taxa 
using non-canonical codes.

Methods
RNA Isolation, polym erase chain reaction and sequencing
Total RNA was extracted from 43 taxa representing the 
major lineages of the Viridiplantae as described previously 
[22]. Portions of seven nuclear genes (actin, GPI, Gap A, 
OEE1, 40 S ribosomal protein S9 and 60 S ribosomal pro­
teins L3 and L17) were amplified, cloned when necessary 
and sequenced as described in Cocquyt et al. [[22] and 
Additional file 1]. A histone H3 gene was amplified using 
the same PCR conditions with an annealing temperature 
of 55°C. The primers were based on a Cladophora coelo­
thrix cDNA sequence aligned with GenBank sequences 
from  green algae and land plants (His-F: 5’-ATG GCI 
CGT ACI AAG CAR A C -3’ and His-R: 5’-GGC ATG 
ATG GTS ACS CGC TT-3’). In addition, total RNA was 
extracted from Ignatius tetrasporus and the bryopsidalean 
species Caulerpa cf. racemosa as described previously 
[21]. Portions of actin, ß-tubulin, and HSP90 genes includ­
ing the stop codon were amplified from these taxa by 3’ 
RACE using the First Choice RLM-RACE kit (Ambion) 
using nested degenerate prim ers (actin-outer: 5’-TAC 
GAA GGA TAC GCA CTN CCN-3’ C and actin-inner: 
5’- GAG ATC GTG CGN GAY ATH AAR GA-3’; ß-tubu- 
lin-outer: 5’-GAT AAC GAG GCT CTN TAY GAY ATH 
TG-3’ and ß -tubulin-inner: 5’-CCT TTC CGA CGG CTN 
CAY TTY TT-3’; HSP90-outer: 5’-ATG GTC GAT CCN 
ATH GAY GAR TA-3’ and HSP90-inner: 5’-GCT AAG 
ATG GAG MGN ATH ATG AA-3’). ). These sequences 
were deposited in G enbank under accession num bers 
HQ332547-HQ332551.

Genetic codes
The presence of a non-canonical nuclear genetic code in 
green algal taxa was detected by screening alignments of 
nuclear genes for supposed stop codons at positions 
coding for glutam ine in other green plant taxa and by 
the presence of only TGA as a functional stop codon at 
the predicted 3’ end of genes. The presence of the stan­
dard  code was in ferred  if only canonical g lu tam ine 
codons were present and all three stop codons occurred 
at the predicted end of genes.
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M olecular phylogenetics
We constructed a reference phylogeny of the Viridiplan- 
tae based on a 10-gene alignment to study the phyloge­
netic  d istribu tion  of the standard  and non-canon ical 
genetic code [see Additional file 2]. For a detailed treat­
m en t of the m ethods used for tree reconstruction  we 
refer to Cocquyt et al. [22]; we will only provide a sum ­
mary here. The phylogenetic analysis was carried out on 
an alignment consisting of the seven nuclear genes m en­
tioned above, together with SSU nrDNA and the plastid 
genes rbcL and atpB. Histone genes were excluded from 
the analysis because they are know n to be duplicated 
across genomes [42,43]. Phylogenetic analyses were car­
ried out with model-based techniques (maximum likeli­
hood and Bayesian inference) after selection of a suitable 
partitioning strategy and models of sequence evolution. 
The m odel selection procedure proposed 8 partitions: 
SSU nrDNA was partitioned into loops and stems (2 par­
titions) and nuclear and plastid genes were partitioned 
into codon positions ( 2 x 3  partitions). G TR +rg was the 
preferred model for all partitions. Noise-reduction tech­
niques were applied to counteract the erosion of ancient 
phylogenetic signal caused by fast-evolving sites. The 
phylogenetic tree presen ted  here is based on the 75% 
slowest-evolving sites [22].

Evolution o f g lu tam ine codon usage
The evolution of glutamine codon usage was estim ated 
using ancestral state inference techniques. The frequency 
of the two canonical and two non-canonical glutamine 
codons was calculated for each species in the phyloge­
netic tree. Codon frequencies were m apped along the 
reference tree using the ace function of the APE package 
[44]. This function estimates ancestral character states by 
m axim um  likelihood op tim iza tion  [45]. The b ranch  
lengths were based on ML estimates because we consider 
them  to be a more relevant approximation of the amount 
of codon usage evolution tha t can be expected to take 
place than absolute time [cf. [23]]. The output from APE 
was mapped onto the reference tree with TreeGradients 
vl.03 [46] to plot ancestral states as colors along a color 
gradient.

Topological hypothesis testing
Approximately unbiased tests [AU test, [47]] were used 
to test an alternative relationship between ulvophycean 
orders as suggested by the distribution of the canonical 
genetic code (see results). Site-specific likelihoods were 
calculated by maximum likelihood optimization in Tree- 
finder using the same model specifications as for phylo­
genetic inference [22]. AU tests were perform ed with 
CONSEL VO.li [48].

Additional material

Additional file 1: GenBank accession numbers Table w ith th e  
G enbank  accession  num bers.

Additional file 2: Alignment, nexus file o f th e  data  matrix con ta in ing  7 
nuclear genes, SSU nrDNA and  plastid g en e s  rb c i and  atpB.
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