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Shortcomings of the cytochrome b gene
as a molecular marker

he widespread successful application

of the polymerase chain reaction
(PCR) to questions in animal ecology and
evolutionary biology can be attributed
partly to the discovery of so-called ‘uni-
versal', or better, ‘versatile’ PCR primers
(e.g. Refs 1,2) for mitochondrial DNA
(mtDNA). The mtDNA molecule is by far
the most commonly used in population
and evolutionary biology since it features
several advantages (such as higher rates
of evolution) that make it the usual
choice for population-level questions34,
Despite the generally much-elevated rates
of evolution of mtDNA compared to nu-
clear DNA, conserved regions can also be
found that are invariant across a wide
taxonomic range. The mitochondrial ver-
satile primers are located in these regions
and their conservative unspecific DNA
sequences permit the determination of
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DNA sequences for many groups of ani-
mals for which no DNA sequence infor-
mation previously existed. Versatile PCR
primers allowed immediate access to the
mitochondrial genome for the novice mol-
ecular systematist since no highly tech-
nical pilot work is necessary. The use of
the same set of primers by many labora-
tories created a universal metric, which
is easily stored in databanks since hom-
ologous DNA sequences permit compari-
sons among studies and species.

Versatility of cytochrome b

Five years ago, the first set of ver-
satile primers was published for portions
of the cytochrome b gene, the small ribo-
somal RNA gene, and the major non-
coding region. These primers were found
to amplify homologous portions of mtDNA
in all classes of vertebrates and many

other animal phylal. The primers for the
cytochrome b gene gained immediate and
widespread acceptance and have been
used in a large number of studies, with
great success, for a wide range of ques-
tions in ecology and evolution (e.g. re-
viewed in Refs 4,6), particularly for studies
on many vertebrates (in invertebrates and
primates the mitochondrially encoded
cytochrome oxidase subunits are used
most often, e.g. Ref. 5). Cytochrome b is
the most widely used gene for phylo-
genetic work. It has become somewhat
of an ‘industry standard’ since the first
publications seemed to suggest that it
would provide answers to every question:
it was thought to be variable enough for
population questions (e.g. Ref. 7) and
conserved enough for ‘deep’ phylogenetic
questions among distantly related or-
ganisms (mammals8, birds®1?, classes of
vertebrates!.I1),

There are several good reasons for
the continued use of cytochrome b as a
phylogenetic marker. Although it is slow
in terms of amino acid substitutions, the
rate of evolution for silent substitutions
in third codon positions is similar to that
of other mitochondrial genes. Because of
its widespread use and its status as a
universal metric, results of particular
studies can be meaningfully compared
with a larger body of work. It is probably
the best-known mitochondrial gene with
respect to its structure and function
(e.g. Ref. 6). This point is important, since
increasing sophistication in phylogenetic
analyses of DNA sequences will also lead
to more-detailed consideration of func-
tional constraints on the gene product.
Typically, variation in amino acid resi-
dues is found in membrane-spanning do-
mains of this molecule. However, several
recent publications point out that the ex-
pectations in cytochrome b as a molecu-
lar marker in ecology and evolution may
have been too high and that this gene may
not hold all the answers after all7.!2-15,

Problems with cytochrome b

No gene can be expected to be perfect
for all questions, and cytochrome b is no
exception. The problems that have been
encountered when using cytochrome b
include base compositional biases, rate
variation between different lineages, early
saturation of third codon positicns, and
limited variation in first and second
codon positions resulting in little phylo-
genetic information for ‘deep’ evolution-
ary questions. Moreover, the recent dis-
covery of the presence of some nuclear
copies of this gene in some birds and
mammals has made this a cause for con-
cern for phylogeny reconstruction!0.17.18,
Some of cytochrome b's shortcomings
can be circumvented by using other
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genes; others are general properties of
mtDNA and no easy way out can be
offered.

It might be obvious, but at the plan-
ning stage of a study one needs to keep
an open mind, consider several alterna-
tive markers, and be informed about the
ways of dealing with potentially ex-
pensive and time-consuming problems.
Before plunging into a large-scale se-
quencing project, it behoves one to collect
preliminary data. Species represented in
this preliminary study should include the
ones expected to be most distantly re-
lated and the ones expected to be most
closely related, to test for the appro-
priateness and the level and mode of vari-
ation of the considered gene. Prelimi-
nary tests should include bootstrap tests
for the robustness of the phylogenetic
results, tests of levels of homoplasy of
characters, transition-transversion ratios
to test for saturation of the gene, relative
rates tests, etc.

Cytochrome b may be a good start
because reliable primers are around, but
it may not be the best choice in the end.
The mitochondrial genome of animals
typically contains 13 protein coding genes,
two genes coding for ribosomal RNA, 22
transfer RNA (tRNA) genes and one large
non-coding region. Versatile PCR primers
are available for most of these genes and
hence exploration is feasible26. Other
mitochondrial candidate genes offer some
of the same advantages as cytochrome b,
or might be better choices for particular
projects. However, some of the poten-
tial shortcomings of cytochrome b also
hold for other conservative mitochondrial
genes (e.g. cytochrome oxidases).

Genes that show more variation in
terms of amino acid changes between
species such as ATPase genes will, by
their very nature, make it more difficult to
design primers with a high degree of ver-
satility. Nonetheless, tRNA genes, which
tend to be quite conservative, are inter-
spersed between protein-coding genes,
and will allow the design of versatile
primers with which one can gain access
to the more variable mtDNA regions.
However, the ribosomal genes and even
the more-quickly evolving protein-coding
genes, such as ATPase 6 and 8, and the
major non-coding region are not going to
be ready substitutes for cytochrome b in
all studies. Because the first set of ver-
satile primers published was for the 5’
end of the cytochrome b gene!, the other
end has been determined less frequently.
This part of the gene is generally more
variable in terms of amino acid variation
and might provide more useful phylo-
genetic information for questions among
distantly related species®. Generally, pro-
tein-coding genes have the important

advantage over the ribosomal genes that
alignment is not problematic.

Transversions and substitutions that
result in amino acid changes accumu-
late more linearly than transitions in
third positions, and are hence more re-
liable markers for phylogenetic questions
among distantly related organisms. Tran-
sitions occur up to 20 times more often
than transversions and back-mutate fre-
quently, which makes them unsuited for
‘deep’ phylogenetic questions. The con-
served nature of the cytochrome b gene
at the amino acid level will result in re-
duced levels of variation in first and sec-
ond codon positions, where most nucleo-
tide substitutions will cause amino acid
changes. This makes these changes more
reliable markers for distant relationships
because back mutations are less likely,
but it also lowers the amount of phylo-
genetic information available among dis-
tantly related species®!-13, Some con-
servative amino acid substitutions (e.g.
leucine-isoleucine, leucine-valine) will
occur rapidly and back-mutate, and hence
may not be reliable for phylogenetic infer-
ence among distantly related species and
should be excluded from the analysess,
Transitions in third codon positions
should be down-weighted or excluded
from the phylogenetic analysis among
distantly related species since they can
potentially be phylogenetically disin-
formatived9.11.15, Also, leucine codons can
have silent mutations in first codon pos-
itions (leucine is-coded for by two codon
families, UUA/G and CUN, where N rep-
resents any base) and these first positions
should be treated equal to silent third pos-
ition mutations, that is, down-weighted in
parsimony analyses or ignored by using
transversions only815,

Rate variation in cytochrome b in
terms of amino acid substitutions was ob-
served early! and is now believed to be a
general property of the whole mitochpn-
drial genome!*2, Endotherms usually
have a faster rate than ectotherms!92,
Variation in the rate of molecular evol-
ution has the potential to obscure phylo-
genetic signals and to hinder the recovery
of the true evolutionary relationships. A
recent study comparing all mitochondrial
protein-coding genes of the opossum
with those of placental mammals (their
split occurred about 80 million years ago)
described particularly unclock-like behav-
ior for cytochrome b (and the cytochrome
oxidase genes)'S. The NADH genes were
found to evolve at much more even rates
among mammals, and might hence be
more-reliable phylogenetic markers than
cytochrome b (Ref. 15). Cytochrome b
also seems to evolve at different rates
in different lineages of amphibians: the
frogs’ rate appears to be slower than

that of salamanders!3, These recent find-
ings enforce the notion that even within
endotherms and ectotherms noticeable
rate variation has to be expected and
might be enough reason to avoid cyto-
chrome b as a phylogenetic marker among
distantly related species!315, Rate-robust
phylogenetic methods might provide the
only remedy on how to deal with this
apparent shortcoming of cytochrome b.

Base compositional biases

Base compositional biases are par-
ticularly pronounced at third codon pos-
itions where substitutions tend to be
silent - and they are not particular to
the cytochrome b gene. Third positions
are most likely to be variable among popu-
lations and closely related species. Base
compositional biases will lower the de-
tected amount of variation and might lead
to disappointments with cytochrome b
for population work, since it might con-
tain little scored variation. This has led
to the initially surprising observation
that third positions, because of base
compositional biases and slow rates of
amino acid changes, might saturate rather
quickly and that variation accumulates
slowly in the other positions. All mito-
chondrial genes that are encoded on the
H-strand are low in guanine, but the
other three bases are often not found in
equal proportions either; cytosine tends
to be the most frequent nucleotide (e.g.
in birds)!. In third codon positions, quite
commonly a bias is found not only against
guanine but also against thymine. In
larger taxonomic groups, like fishes, both
general types of biases are found in third
positions (anti-guanine and anti-guanine +
anti-thymine) but these do not seem to
occur in an obvious phylogenetic pat-
tern'6, When one addresses phylogenetic
questions at levels where third codon
positions are saturated with back mu-
tations (typically 15-20% overall uncor-
rected sequence divergence) and do not
provide reliable phylogenetic information,
not enough variation is found in first and
second codon positions either. This is
where cytochrome b is at its weakest
and most frustrating and where other,
more-variable protein-coding genes (e.g.
NADH or ATPase genes) should be used.

Insects generally have highly A+T-rich
mitochondrial genomes (for example,
the cytochrome b gene of the honeybee,
Apis mellifera, is more than 80% A+T?!).
Extreme base compositional biases are
responsible for strong codon biases;
several codons are not used at all?.
These biases will tend to increase differ-
ences between species in terms of amino
acid differences because the only ‘al-
lowed' bases at third codon positions will
involve transversions that sometimes
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result in residue changes. Also, amino acid
substitutions that are caused by trans-
versions in second and first codon pos-
itions will tend to be less conservative
than residue substitutions that are caused
by transitions. Base compositional biases
are potentially harmful to phylogeny re-
construction: they will lead to less
variation at the DNA level because the
number of character states is reduced,
increasing the occurrence of homoplasy
in the data set (causing a low ceiling for
saturation). These effects will be particu-
larly difficult to deal with if the species
under consideration differ in the direc-
tion of their biases and independently
converged on the same bias22.

Potential of the major non-coding
region

Some portions of the major non-
coding region have functional import-
ance and change slowly. For population-
level work, several primers, which have
various levels of ‘versatility’ and are lo-
cated in these conserved regions, have
been published (e.g. Refs 1,23,24). This
mitochondrial region generally accumu-
lates mutations at rates 3-5 times the
average rate in cytochrome b, and pro-
vides much higher amounts of infor-
mation at the population level, where
cytochrome b was found to be too slow
(e.g. Refs 7,25). Sequencing the major non-
coding region on average might be com-
parable to sequencing a protein-coding
gene that is entirely composed of third
positions. Therefore, the advantage of this
region for population-level questions is
that it will provide much detailed genea-
logical information. Interestingly, the
major non-coding region actually seems
to be reliable up to quite some phylo-
genetic depth2321, However, the rate of
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evolution of the major non-coding region,
just as for cytochrome b, seems to vary
between different groups of organisms
(e.g. salmonid fishes seem to be slower
than expected and bill fishes seem to be
faster, based on cytochrome b variation;
Meyer et al., unpublished). One disadvan-
tage that the major non-coding region has,
relative to cytochrome b, is that alignment
and therefore positional homology across
studies might not be easily established.
Nonetheless, although it may not be a
universal metric, it would seem justifiable
to make comparisons across studies i, for
example, the region between the proline-
tRNA and the D box is compared. De-
spite these drawbacks, the non-coding
region still has advantages over cyto-
chrome b for population-level questions.

The abundant use of DNA sequence
data in ecology and evolutionary biology
is an exciting new development, For lab-
oratories that set out to undertake mol-
ecular phylogenetic work and need to
produce preliminary data for grant pro-
posals, the cytochrome b gene is often
the first choice. However, the appeal of
cytochrome b as an easy ‘beginner’s gene’
for phylogenetic work is tarnished by
several of its particular shortcomings.
One should not expect that this gene is
going to be the right gene for all ques-
tions. More appropriate alternatives exist
and should be seriously considered.
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