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Abstract

In theory, codon models that account for the dependence of nucleotide substitutions between codon positions as well as differences
between synonymous and non-synonymous changes best describe the sequence evolution in protein coding genes. However, in practice
we know little about the degree to which violations of the assumptions of codon model-based estimates occur, and how significant these
artifacts may be. In nucleotide-based phylogenies from first and second codon positions in a concatenated plastid gene data set, two dis-
tantly related taxa—dinoflagellate and haptophyte plastids—were robustly grouped together. This artifactual grouping is attributed to
the parallel heterogeneity in leucine (Leu) and serine (Ser) codon usages in the data set. Here, by using this data set, we demonstrated that
codon-based phylogenetic estimations are seriously biased, robustly uniting the dinoflagellate and haptophyte plastids into a monophy-
letic clade, when the model assumption of homogeneity of codon composition was violated. Our results suggest that similar phylogenetic
artifacts may occur via codon usage heterogeneity in any amino acids in codon model-based estimations. We advise that homogeneity in

codon usage across taxa in a data set be confirmed before codon model-based phylogenetic estimation is attempted.
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1. Introduction

Nucleotide evolution in protein-coding regions is depen-
dent on codon structure, since selection on nucleotide sub-
stitutions operates at the codon (or amino acid [aa]
sequence) level rather than at the single-nucleotide level.
Due to the degeneracy of the genetic code, codon positions
where synonymous changes are possible rapidly accumu-
late multiple substitutions. If the genomic region including
a particular gene possesses a unique base/codon composi-
tion, such characteristics may heavily affect synonymous
substitutions (Duret, 2002; Graur and Li, 2000). This “non-
stationary” process of nucleotide change can produce
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heterogeneous base/codon composition across a phyloge-
netic tree. Nucleotide-based models assuming the homoge-
neity of base/codon composition [e.g., general-time-
reversible (GTR)! models] may not sufficiently describe the
nucleotide evolution in protein-coding genes, and phyloge-
netic estimates under these models could be significantly
biased (Foster and Hickey, 1999; Galtier and Gouy, 1998;
Yang and Roberts, 1995). To counter this problem, the

U Abbreviations used: GTR, general-time-reversible; R, purine; Y, pyrim-
idine; DNA!*? analysis, Nucleotide-based analysis of first and second co-
don positions; BP, bootstrap; H+ D plastid clade, haptophyte, and
dinoflagellate plastid clade; S + D plastid clade, stramenopile, and dinofla-
gellate plastid clade; PsaA, photosystem I P700 chlorophyll @ apoprotein
Al; PsbA, photosystem II D1 protein; constant L/S (or L/S/R) codon sites,
the codon sites fixed to Leu or Ser (or Leu, Ser or Arg) in the correspond-
ing amino acid data set.
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LogDet/Paralinear (LogDet) distance method was estab-
lished and is widely used for nucleotide-based phylogenies.
Alternatively, base composition heterogeneity in nucleotide
data sets can be lowered by re-coding pyrimidines (T and
C) and purines (A and G) into Y and R, respectively [“RY-
coding method” (Harrison et al., 2004; Phillips and Penny,
2003; Phillips et al., 2004, 2001)].

Codon models can account for both dependence of
nucleotide changes within a codon and synonymous versus
non-synonymous substitutions (Goldman and Yang, 1994),
so these models should be more appropriate for phyloge-
netic analyses of protein-coding genes than nucleotide-
based models. Codon models have been implemented in
major phylogenetic software packages [e.g., PaML (Yang,
1997) and MrBaYEs (Ronquist and Huelsenbeck, 2003)],
and have recently been recommended as the most
appropriate models for phylogenetic analyses of coding
regions (Ren et al., 2005; Shapiro et al., 2006). Importantly,
MRrBAYEs now allows estimation of optimal trees from
codon data with codon models using efficient Monte Carlo
Markov Chain (MCMC) sampling procedures. One major
difficulty in codon model-based analyses is extensive cost in
computation. Maximum likelihood (ML) or Bayesian anal-
yses utilizing codon models, perform calculations using
matrices of 3721 (61 x 61) transition probabilities, and
therefore are much more computationally expensive than
analyses using nucleotide or aa models with much smaller
matrices (4 x4 or 20 x 20 matrices, respectively). Fortu-
nately, current desktop computers are sufficiently fast to
run codon analyses on small to medium size data—e.g., in
this study, the most intensive Bayesian codon analyses of a
19-taxon data set took ~160h to complete by single Mac
G5 2.0 GHz processor (see below for details). Although the
popularity of codon models is growing, the conditions
under which analyses employing codon models yield biased
estimates remain to be investigated. Of particular interest is
the impact of codon usage heterogeneity amongst the
sequences under consideration, since, to our knowledge, all
codon models currently available assume the homogeneity
of codon composition.

In plastid psbA genes (encoding photosystem II D1 pro-
tein), some peridinin-type dinoflagellate and haptophyte
plastids appear to share the unique and idiosyncratic argi-
nine (Arg), leucine (Leu), and serine (Ser) codon usage pat-
terns (Henceforth peridinin-type dinoflagellate plastids will
be referred simply as “dinoflagellate plastids™). We have
recently shown that, as no nucleotide-based models can
account for such parallel codon usage heterogeneity, the
nucleotide-based phylogenetic estimates from the psbA
data set are seriously biased, recovering a highly supported,
but artifactual clade of haptophyte and dinoflagellate plas-
tids (H + D plastid clade) (Inagaki et al., 2004). In contrast,
analyses of the corresponding protein data set does not
support the H+D plastid clade (Inagaki et al., 2004).
Recent phylogenetic analyses of photosystem II component
CP43 (PsbC) and nuclear-encoded plastid-targeted glycer-
aldehydes-3-phosphate dehydrogenase also disfavor a

grouping of haptophyte and dinoflagellate plastids (Takish-
ita et al., 2004, 2005). A monophyletic group of the stra-
menopile and dinoflagellate plastids (S+ D plastid clade)
was recovered by phylogenetic analyses of concatenated
protein data sets comprised of psad plus psbA genes, and
psaA plus psaB plus psbA plus psbC plus psbD genes (Ina-
gaki et al., 2004; Yoon et al., 2005). Importantly, the S+ D
plastid clade recovered by these plastid phylogenies are
consistent with other phylogenetic analyses of nuclear-
encoded genes (Cavalier-Smith, 1999; Fast et al., 2001;
Harper and Keeling, 2003; Harper et al., 2004; Simpson
et al., 2006; Takishita et al., 2005). Recent multi-gene phylo-
genetic analyses of 10 plastid genes (including psbA) recon-
structed the H+D plastid clade with relatively high
statistical support, but the bootstrap values were largely
dependent on the presence versus absence of the pshA gene
(Bachvaroff et al., 2005). These results confirmed that the
H + D plastid clade in psbA4 phylogenies is likely a data set-
specific artifact.

The plastid gene data sets that include the dinoflagel-
late and haptophyte plastid sequences provide an ideal
system to evaluate the robustness of codon-based phylo-
genetic analyses to codon usage heterogeneity. In this
study, we have confirmed that the artifactual allegiance of
the dinoflagellate and haptophyte plastids can be attrib-
uted to the parallel codon bias shared between the two
plastids in a concatenated psaAd +psbA data set (the
former gene encodes photosystem I P700 chlorophyll a
apoprotein Al). Then, by using this concatenated data set,
we illustrate that codon-model based phylogenetic estima-
tion can be positively misleading when the assumption of
the homogeneity of codon composition across sequences
is violated.

2. Materials and methods
2.1. Amino acid-based phylogenetic analyses

PsaA and PsbA aa sequences were sampled from 19
plastids of Cyanophora paradoxa (a glaucophyte), seven red
algae, eight chromists (four haptophyte, two stramenopile,
two cryptophytes), and three dinoflagellates. The details of
the sequences considered here are described in Supplemen-
tary table. By omitting ambiguously aligned sites and sites
including gaps, 575 aa sites were subjected to phylogenetic
analyses described below (“PsaA + PsbA” data set).

ML trees were estimated under JTT models accounting
for among-site rate variation (ASRV) with sequence addi-
tion randomized for five times, followed by global rear-
rangements using PROML implemented in PHYLIP version
3.6a (Felsenstein, 1993). ASRV was modeled by using dis-
crete gamma (I') distribution with four equally probable
categories. The model parameters were estimated from the
data using TREg-PuzzLE version 5.2 (Schmidt et al., 2002).
ML bootstrap analyses (100 replicates) were performed
under the same settings described above, except with a sin-
gle randomized sequence addition per replicate.
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