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Abstract. It is now well-established that composi- analyses, despite a lack of close biological relatedness.
tional bias in DNA sequences can adversely affect phyWe conclude that even protein-based phylogenetic trees
logenetic analysis based on those sequences. Phylogatay be misleading, and we advise caution in phyloge-
netic analyses based on protein sequences are generallgtic reconstruction using protein sequences, especially
considered to be more reliable than those derived fronthose that are compositionally biased.

the corresponding DNA sequences because it is believed

that the use of encoded protein sequences circumventsey words: G + C content — Composition bias —
the problems caused by nucleotide compositional biaseBhylogenetic analysis — Mitochondrial genes

in the DNA sequences. There exists, however, a corre-
lation between AT/GC bias at the nucleotide level and
content of A_T— anq GC-rich codons and t_heir Corre- |ntroduction
sponding amino acids. Consequently, protein sequences

can also be affected secondarily by nucleotide composi: . .
tional bias. Here, we report that DNA bias not only may Hasegawa and Hashimoto (1993) pointed out that phy-

: . logenetic analyses based on rRNA genes could be unre-
affect phylpgenetlc an_alys_ls bas_ed on DNA S€QUENCeS hle due to extreme AT or GC nucleotide bias in the
but also drives a protein bias which may affect a_nglysesrRNA genes of some taxa. They suggested that the in-
based on protein sequences. We present a striking e

ample where common phylogenetic tools fail to recover)lgerr(ad amino acid sequences of encoded proteins_prqvide

the correct tree from complete animal mitochondrial pro—more reliable phonggmes. Many molecular_evoluuonlsts

tein-coding sequences. The data set is very extensiv now agree that prote|r_1 sequences are relatlvel){ free from
' Ehe effects of nucleotide bias (Loomis and Smith 1990;

containing several thousand sites per sequence, and tL%ckhart et al. 1992). This view is based on the assump-

e e ey ot ogey o 1L, e DA may o dren o esemesof AT o
paralinear.transform no,r removal of positions in the pro-GC blas__by d|rec'_c|onal mutation pressure, the protein
tein alignment with AT- or GC-rich codons allowed re- c_omposmon remains constant,_ due to the greater func-
covery of the correct tree. Two taxa with a Iargetlo.nal constrqlnts on the protein sequence. Contrary to
compositional bias continuallly group together in thesethls assumptpn, we have recently shown (Foste.r. et al.
1997) that amino acid sequences can be compositionally
biased in a manner that parallels the nucleotide compo-
sition of the codons. For instance, we showed that those
. _ animal mitochondrial genes which are most AT-rich at
* Present addressta_boratory of Molegular Sy;ternancs, Naponal Mu- the DNA level tend to be rich in those amino acids which
seum of Natural History, Smithsonian Institution, Washington, DC ] ) ) .
20560 are encoded by AT-rich codons, ie, codons with either A
Correspondence tdD.A. Hickey; e-mail: dhickey@uottawa.ca or T in the first and second codon position; this set in-
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cludes the codons for phenylalanine (F), tyrosine (Y), A —— Allomyces
methionine (M), isoleucine (l), asparagine (N), and ly- — @S Urchi
sine (K). These same proteins are correspondingly poor vl

in amino acids coded for by GC-rich codons: glycine Locust
(G), alanine (A), arginine (R), and proline (P). This ef- _|:|: FruitFly

fect is not limited to animal mitochondrial genes; it has B,,-,,esm,-,,%
been reported for a wide range of genes and genomes

(Sueoka 1961; Andersson and Sharp 1996; Collins anB — Allomyces

Jukes 1993; Porter 1995; Jukes and Bhushan 1986; Jer- _| 100 —— Sealrchin

miin et al. 1994; D’Onofrio et al. 1991), although there Ch’Ckfgcust

are some genes that appear to be immune to this effect 100 95 FruitF!
(Hashimoto et al. 1994, 1995). The recent publication of 100 100 p
the complete genome sequencéviyfcobacterium tuber-

- ’ BrineShrimp
culosis(Cole et al. 1998) provides an excellent example
Fig. 1. (A) Consensus biological treéB) Maximume-likelihood tree

of the correlation between GC bias and amino acid com- o
" . based on DNA sequencesumbersindicate bootstrap support.
positional bias.
Here we ask if sequences with similarly-biased com-
positions will tend to be grouped together in molecularTable 1. Composition bias in mitochondrial protein-coding geéhes
phylogenetic analysis, even if they do not share a recent

common ancestor. We performed phylogenetic analyses Protein
of the protein coding sequences of several mitochondria, Nucleotide FYMINK/
which included taxa with varying amounts of both DNA (% G+C) %FYMINK % GARP GARP
and amino acid composition bias. Maximum-likelihood
analysis of the DNA sequences failed to find the correctﬁoneybe@ 17.2 49.1 9.5 52

. . ematode 24.8 38.8 12.3 3.2
tree. Our available arsenal of phylogenetic tools for phy- o..st 26.3 38.4 15.4 25
logenetic analysis of protein sequences, including disruit fly 23.8 35.6 16.2 2.2
tance and parsimony methods, maximume-likelihood, andBrine Shrimp ~ 36.3 32.0 17.2 19
LogDet distance correction, also failed to recover theg"omdcf 3;21-% 3218-‘; 2201-41 1154

: e H ea urcnin . . . .

correct tree. Two taxa with a large compositional blas,Chicken 473 26.3 219 12

the honeybee and the nematode, continually grouped tq-

gether in these analyses, despite lack of close biologicalcompositional bias of the taxa used, ordered by decreasing FYMINK/
relatedness. GARRP. In the DNA alignment, the proportiorf 6 + C is shown, and
in the protein alignment the proportion of AT-rich FYMINK amino
acids (Phe, Tyr, Met, lle, Asn, and Lys), GC-rich GARP amino acids
(Gly, Ala, Arg, and Pro), and the ratio between them are shown.
Results P Genbank accession numbers L06178, X54252, X80245, X03240,
X69067, U41288, J04815, and X52392, respectively.

We have chosen mitochondrial genes from animal spe- Protein sequences of the 12 protein-coding genes
cies for which the entire mitochondrial genome has beertommon to all the taxa were aligned individually using
sequenced and we have used the concatenated protetiustalw (Thompson et al. 1994). The ragged ends of the
coding sequences for our analyses. The species coverirdividual alignments were trimmed, and then the align-
broad phylogenetic range within the metazoa and thenents were concatenated to make an alignment 3713
pattern of their true phylogenetic divergences has conamino acids in length. DNA sequences were then aligned
sensus (Fig. 1A) (Maddison and Maddison 1997; but se¢o this protein alignment to make a DNA alignment
Aguinaldo et al. 1997, who place nematodes at the bas&1139 nucleotides in length. Mitochondrial sequences
of the arthropod clade). They include taxa that are veryfrom the fungusAllomyces macrogynusere used as an
AT-rich, and show the predicted bias in amino acid com-outgroup to the animal mitochondrial sequences.
position (Foster et al. 1997; Table 1). That is, the taxa Our strategy was to first perform a phylogenetic
which are AT-rich at the DNA level are correspondingly analysis using DNA sequences only. After we observed
high in AT-rich codons, coding for the amino acids F, Y, the predicted misclustering of the nematode and the hon-
M, I, N, and K, and poor in CG-rich codons, coding for eybee (presumably due to their common nucleotide bias),
the amino acids G, A, R, and P. The goal of our studywe then asked if this problem could be circumvented by
was to test in phylogenetic reconstruction if the signalusing the encoded protein sequences rather than the
from compositional bias can override the signal from DNA sequences themselves. As shown below, the group-
common ancestry. This would be indicated by two com-ing of the nematode with the honeybee persisted even
positionally biased taxa grouping together without beingwhen the amino acid sequences were used instead of the
true sister taxa. DNA sequences.
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Phylogenetic Analysis of DNA Sequences A ——Allomyces
_ &: SeaUrchin

The maximume-likelihood analysis was used, using " Ch’Ck%,w, code
PAUP*, v4.0.0d64 (Swofford, 1998). The model for 100 _:Hm@y 82
analysis was chosen by the following method. First, pair- i&: Iﬁ?&?ﬁgl
wise maximum likelihood distances were calculated us- BrineShrimp
ing the HKY model (Hasegawa et al. 1985) and used 0B  —— Allomyces '
make a neighbor-joining tree. Using this tree, various  _| &:gf]all{mhm
models were evaluated by thg Iikelihoodl ratio test. The &éeﬂacyst
best model was the general time reversible model with 100 FruitFly )

. . . . . N/ 0ge
gamma-distributed rates (four categories in a discrete 100 2% Li Q@(Cf

gamma approximation) allowing invariant sites (Swof- BrineShrim,
ford et al., 1996). Having chosen this model, using theG ~ —— Allomyces _
parameters derived from the neighbor-joining tree, apre- | —to0 [ Sealirchin

liminary heuristic search for the most likely tree was 100 Nematode
made. Using parameters derived from the best tree found L':E Haneybes
in this search, a final search was made using the branch 100 10 FruitFly
and bound strategy, which confirmed the most likely tree BrineShrimp

(Fig. 1B). Bootstrap analysis used these parameters withig. 2. Protein-based phylogenetic analysgs) Protdist neighbor-
heuristic searches at each bootstrap resampling. joining tree.(B) Tree from protpars. For both A and B, the numbers
In the most likely tree (Fig. 1B) the nematode groupsindicate bpotstrap suppqr(C) Maximu.m—likelihood tree from both
with the honeybee with high statistical confidence, yetprotml (using an exhaustive search with the JTT-F model) and puzzle

(using the mtRev model, with a mixed rate model allowing invariant

this tree cannot be correct. We |mpllcate the shared COMjtes and eight categories of gamma-distributed rates, and with frequen-

positional bias as being a major factor in why these Un<ies, rates, and invariant sites proportion estimated from the data). For
related taxa group together. This cannot be the complettis treenumbersindicate quartet support.

explanation, as the fruit fly is biologically more closely
related to the honeybee than is the nematode and is

slightly more AT-rich than the nematode (Table 1). cluding both the honeybee and the nematode, the correct
Among the several signals in these sequences, the signgtig. 1A) tree is obtained. If we include the honeybee but
due to compositional bias appears to be one of the signalsot the nematode, the maximum likelihood tree incor-
that overwhelm the signal due to common ancestry inrecﬂy places the honeybee between the shrimp and the
this case. If the same analysis is done without the hongther two insects. If we include the nematode but not the
eybee sequence, the nematode appears between thgneyhee, the nematode is placed at the base of the ar-
shrimp and the insects (in a tree which is otherwise CONthropod clade in an otherwise correct tree.
gruent to the biological tree shown in Fig. 1A), and ifthe  Erroneous trees were also obtained when individual
analysis is done without the nematode, the Fig. 1A tregpitochondrial genes from these taxa were examined. The
(minus the nematode) is obtained. protein sequences of b, cox1andnad5genes were
The remainder of this study addresses the question ofnalyzed by all three methods as described above. Trees
whether a parallel problem exists in phylogenetic recon+f various configurations, often one of the trees shown in

struction based on protein sequences. Fig. 2, were obtained. In no case was the correct bio-
logical tree obtained with these methods, and in all but
Distance, Parsimony, and Maximum-Likelihood one case the. nematode. grouped with the hongybee (the
Methods Fail to Find the Correct Tree Based on exception being analysis afox1 sequences using the
Protein Sequences maximum-likelihood program puzzle, which placed both

the nematode and the honeybee in the insects).

We used the amino acid alignment described above to The effect of a change of outgroup was examined,
construct phylogenetic trees. In addition to maximumagain using the full set of sequences common to all the
likelihood, we also used both the distance-based neighmitochondria examined. When the mitochondrial se-
bor-joining method, and the method of maximum parsi-quences of the liverwortMarchantia polymorphaac-
mony (Felsenstein, 1993). These results (Fig. 2) shovweession number M68929; 32.4% FYMINK, 21.5%
that, although the honeybee and nematode are widelEARP, FYMINK/GARP = 1.5) were substituted for
separated in evolutionary time (Fig. 1A), they are erro-those ofAllomycesas the outgroup to the analysis, iden-
neously grouped together in all three of the computedical ingroup topologies were obtained, the same as Figs.
phylogenetic trees. Despite being incorrect, these com2A and B for neighbor-joining and maximum parsimony,
puted trees are very well supported as indicated by theespectively. Using protml and puzzle as described in the
high bootstrap and quartet puzzling values. legend to Fig. 2, the maximum-likelihood trees were as

If we perform the maximum likelihood analysis ex- shown in Figs. 2B and 2C, respectively.
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LogDet/Paralinear Transform “FYMINK-rich” at the amino acid level, due to AT

. ressure at the nucleotide level, and that many of these
Phylogenetic analyses commonly assume that trees a . . .
) . MINK amino acids happen to be at homologous sites
homogeneous, that is, that the same model applies

throughout the tree, and that the sequence composition (D the two sequences. Phylogenetic algorithms then mis-

S .
: : . ake this correspondence as relatedness due to recent
stationary. The LogDet/paralinear transform is a metho
. ) . L common ancestry, and consequently group the sequences
of calculating a distance matrix which is able to recover

together in the inferred tree. We tested whether this was
the correct tree when sequences evolve under nonhom%brrectable by simply removing AT- or GT-rich amino
geneous, nonstationary models (Lockhart et al. 1994; y Py g

Lake 1994). There are two forms of the LogDet trans-ﬁlcéd;'i Enn[1t1|reentczolumns were removed, thereby preserving
form, which are given in Egs. 1 and 3 of Lockhart et al. 9 ‘

(1994). Equation 3 is equivalent, with scaling, to the We first removed all sites in the alignment which

paralinear distance (Lake 1994; Swofford et al. 1996). szglsegniﬂyzzgcv?ﬂf Y?gltl(;lilgt/irz:nﬁt?c?r@gi.n-:—r?ee:idm\?vlirt;
Care needs to be taken in the choice of which sites ofi y P 9 ! 9

an alignment to include in the calculation of the LogDet/ pg?ép?; E‘Elrg:[h??)s.,hg;teer?:aséagl(i:en?:nfi;sggnyotgi?o:g
paralinear distance. Inclusion of invariant sites in theP?'09 9 P

distance calculation tends to misestimate the amount o?re.t.he same as that for the entire alignment of 3713
change (Lockhart et al. 1994, 1996). Additionally sitespos't'ons’ although some bo.otstrap values are Iqwgr. The
which vary a great deal are problematic because of Satur]ematode and 'honeybee s.t'” group together. Similar re-
ration. It has been shown to be useful to exclude both OPUItS were obtained when, in addition to the FYMINK set

these extremes by using only parsimony sites (Lockhar f amino acids, leucine was also removed (Fig. 3B).

et al. 1994). Another area where care is required in thesF ecall that in all these taxa leucine has two codon fami-
) : ies, one of which is AT-rich, while the other is AT-

calculations stems from the use of the logarithm of the o . .
. . o g neutral. When the 1422 positions which contained any of
determinant of the matrix of transitions between the two . . .
) . . . the GARP amino acids were removed, we obtained the
sequences between which the distance is being calc

lated. The calculation can result in a negative determit—{rees shown in Fig. 3C. Again, the honeybee and nema-

: : : ! . tode are found together or nearby in the tree, and the

nant, for which the logarithm is undefined. The interpre-
O . . bootstrap values are somewhat smaller. We then re-
tation in this case would be that there is such a large - . : : .
: moved all the positions in the alignment which contained
divergence between the two taxa that the sequences are

effectively random. The distance between those taxa i&ny of FLYMINK (including leucine) or GARP amino

o . ._acids (Fig. 3D). This perturbed the resulting trees some-
then arbitrarily large. In order to tree the distance matrix, .
. . - . what more, tending to separate the honeybee and nema-
using for example the neighbor-joining algorithm, one

2 - tode. This short alignment of only 360 amino acids did
needs to choose an arbitrarily large number as the dis- .
not result in the correct tree, and the bootstrap values
tance between these problem taxa. For example, the pro- . -
were low. The maximum-likelihood trees from these

gram PAUP?, Version 4.0, sets the values of these un. ubset alignments, found as described in the legend to
defined distances at twice the distance of the Iargesi. 9 : 9

defined distance in the distance matrix. However, the i9. 2, were of various co'nf'lg.uratlons, usyally different
from those from neighbor-joining and parsimony. In half

chou_:e O.f this d|sta_nc_e aﬁects_ the tree topology, and 5%t the maximum-likelihood trees the nematode grouped
caution is needed in interpreting such trees.

We calculated LogDet distances using both Eq. 1 an(ﬁl 22 ;hsesrr]]g\r/]viyibnel(a:’i anldAaII differed from the biological
Eq. 3 (Lockhart et al. 1994), using all 3713 sites or using g. 1A
only the 1715 parsimony sites. When using parsimony
sites there were nine pairwise comparisons which had
negative determinants. We set these to 1.1x, 2x, and 10R®iscussion
the largest defined distance. The resulting distance ma-

trices were then analyzed using the neighbor-joining

method. When all sites were used, both Eq. 1 and Eq. é number of previous studies have shown that biased

. nucleotide composition can affect phylogenetic recon-
resulted in a tree of the same topology as the tree shown .
- . : .. struction based on DNA sequences. Here we have pro-
in Fig. 2A. LogDet calculations based on parsimony sites . . . X
. . . . vided another example showing that compositional bias
resulted in trees of various other configurations. In no. .
. . . in DNA sequences can adversely affect phylogenetic

case was the correct biological tree obtained, and so i . . .
analysis. To this observation, however, we add that even

%rotein sequence analysis can be so affected. The neigh-
bor-joining, maximum-parsimony, and maximum-
likelihood methods all failed to reconstruct the correct
phylogeny from entire mitochondrial protein sequences.
We can speculate that the honeybee and nematode ot only did they fail, but they indicated incorrect trees
tochondrial proteins have independently becomewith high statistical confidence. No fault can be found

the LogDet/paralinear transform.

Removal of Amino Acid Groups
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A//omycgﬁ y Allomyces s
92 icken 62 eaUrchin
A . ?__eaUIf_lchin 7] — Chickelg -
ruitFly 100 ruitFly
Locust 100 — Locust
BrineShrimp 96 BrineShrimp
Honeybee —'E: Honeybee
96 Nematode Nematode
Allomyces — Allomyces
1 64 Chicken — — SeaUrchin
B SI__eaUIr__cI:hin — Chicken
ruitFly 67 71 FruitFly
Locust 100 — Locust
BrineShrimp 57 BrineShrimp
Honeybee _E': Honeybee
9 Nematode Nematode
Allomyces Allomyces
1 Chicken | 1 Chicken
C - Eeal/{_;chin SeaUr/c_zhinF/
ruitFly 100 ruitFly
‘ Locust 100 — 1 Locust
BrineShrimp 73 BrineShrimp
Honeybee _Lﬁ__LL: Honeybee
Nematode Nematode
Allomyges Urchi —A//omycesCh. y
- ealUrchin icken
D Chicken 7] gy SeaUrchin
62— FruitFly BrineShrimp
681 42 BrineShrimp 93 54 FruitFly
95 Locust Locust
(e5 Honeybee Honeybee
———— Nemalode Nemeatode

Fig. 3. Removal of amino acids from the alignment before analysis centage of 100 bootstraps. The original alignment is 3713 positions.
with the distance-based protdist/neighbor-joining on lgfé and by (A) FYMINK removed, leaving 993 positiongB) FLYMINK re-
maximum parsimony using protpars on thght. Neighbor-joining moved, leaving 806 position§C) GARP removed, leaving 2291 po-
branch lengths are meaningful, but the branch lengths of the parsimongitions. (D) Both FLYMINK and GARP removed, leaving 360 posi-
analysis have been equalizédumbersare bootstrap values, the per- tions.

with the choice of sequences, as mitochondrial sequencdsvel, they were not able to recover correct trees using
are commonly used in phylogenetics, and the use of théhe LogDet/paralinear transform at the DNA level. How-
entire genome is considered especially reliable (Russo etver, they were able to recover the correct tree with high
al. 1996). In addition, the LogDet/paralinear transformsupport using protein sequences from a subset of mito-
did not allow reconstruction of the correct tree, evenchondrial genes, suggesting that compositional bias of
when only parsimony sites were used (Lockhart et altheir data was not as pronounced as that observed in our
1994; Lake 1994). Considering the size of the sequencdata.

set, the analysis appears to be inconsistent (Hillis et al. We tested the possibility that similarly biased taxa
1994), meaning that the analysis does not converge to thiended to group together (“attract”) solely because of an
correct answer with increasing amounts of data. Neincrease in AT-rich codons, or a decrease in GC-rich
(1996) describes a detailed phylogenetic problem in useodons, by removal of positions in the alignment where
ing mitochondrial total amino acid sequences. When 1lthese amino acid groups were found. Again, the correct
vertebrate species were examined, a correct and weltree was not obtained. It is an oversimplification to say
supported phylogeny was obtained. However when lamthat the bias resides only in the GARP and FYMINK(L)
prey and sea urchin sequences were incorporated, an igroups of amino acids. An AT/GC-neutral ancestor se-
correct phylogeny was obtained with high bootstrapquence which becomes AT-rich over time will of course
values using several tree-building methods. The reasonot convert its GARP residues solely to FYMINK(L)
for this was not clear. Naylor and Brown (1998) describeresidues but, rather, will tend to lose GARP amino acids
a similar problem with phylogenetic reconstruction to more or less any other amino acid. Similarly the in-
based on mitochondrial sequences. Using both DNA andrease in FYMINK occurs from positions which could
protein sequences, they obtained incorrect trees witlhave been any other amino acid, not just GARP. Al-
high bootstrap support. In their opinion the incorrectthough we see the difference in frequencies in GARP and
trees resulted in part from convergent base compositiondrYMINK, and not in the other amino acids, the bias will
similarities. Consistent with our analysis at the proteinhave an effect at those other amino acids as well.
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That compositional bias can affect phylogenetic re-of much recent debate (Golding and Gupta 1995;
construction has been shown here, but it is difficult toDoolittle et al. 1996; D’Erchia et al. 1996). For instance,
predict what will happen to an analysis based only onin one of these studies (D’Erchia et al. 1996), the mo-
compositional biases. Thus in the analyses of proteiecular phylogeny was deemed to be highly reliable
sequences, the two taxa with the greatest amount dfased on the consistency of the results obtained by dif-
FYMINK and the least amount of GARP (honeybee andferent methodological approaches, the large number of
nematode) grouped together. However in analysis of th&ites included in the analysis, and the very significant
DNA sequences, the two taxa with the greatest AT biadootstrap values obtained. In the example we have given
(honeybee and fruit fly) did not group together. We canhere all of these criteria are also met, but for a molecular
suppose that there are several signals in the sequencédylogeny that is obviously wrong. This indicates that,
some of which come from common ancestry, some fronrflespite the power of molecular phylogenetic inference,
amino acid composition bias, and other signals. It ap<aution is warranted in the interpretation of all molecular
pears from this study that the signal due to compositiorPhylogenies. This caution will be especially relevant to

bias can pervade the sequences and overwhelm or hidB€ Phylogenetic analysis of whole genomes that are sub-
the signals due to common ancestry. jected to correlated DNA and amino acid biases, such as

One possible approach to understanding why the honth€ recently-sequencedycobacterium tuberculosige-

eybee and nematode group together is to perform th8ome (Cole et al. 1998).
phylogenetic reconstruction in the absence of one or _
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