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I. INTRODUCTION

This book is evidence that concepts of homology are
diverse among biological disciplines. These different concepts
often lead to confusion when biologists of different flavors
attempt to talk among themselves. Confusion, however, exists
within specific research areas as well: molecular biologists
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Homology in Molecular Biology 341

inheritance from a common ancestor or evolutionarily inde-
pendent acquisition), homoplasy {similarity that arises through
evolutionary convergence, parallelism, or reversal), and
analogy (superficial similarity that arises through functional
convergence).

Although similarity at some level seems a necessary pre-
requisite to recognize homology (Patterson, 1988), some
authors have taken the concept of homology to its logical con-
clusion: homologous structures include any "parts that arise
from the same source" (Ghiselin, 1976, p. 138) or "trace back
to a single genealogical precursor” (Goodman et al., 1987, p.
146). Under such a definition, structures may have diverged
into such dissimilar parts that they are no longer recognizably
similar, although are still homologous because of their com-
maon ancestral origin. Thus, the word homology is now used in
molecular biology to describe everything from simple similarity
(whatever its cause) to common ancestry (no matter how dis-
similar the structures). I fall at the end of the continuum that
relates homology to common ancestry, and use the word
similarity to describe the likeness of structures (including
molecular sequences).

None of the discussion above requires any censideration
of molecular biology. This introduction merely serves as a
peint of departure for considering the interesting, and at times
complex, ramifications of homologous relationships among
genes, parts of genes, and the immediate products of genes.
For the remainder of this article, I will consider two biological
molecules to be homoelogues if they are descended (via imper-
fect replication) from a common ancestor.

II. CLASSES OF MOLECULAR HOMOLOGY

If we accept that most genes are evolutionarily related,
and that extant genomes were derived by duplication, modifi-
cation, and recombination of a small number (perhaps one?) of
original replicating sequences, then it is also the case that
most genes are at some level homologous. It is thus necessary
to constrain the concept of homology for certain applications
to make it useful. In the context of inferred evolutionary rela-
tionships among genes, we typically are interested in the most
recent relationship shared by two given genes. Moreover, dif-
ferent classes of homology have been constructed to address
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different processes of divergence that generate homologous
genes. The most obvious of these processes are

speciation (the divergence of lineages of organisms)

gene duplication (the divergence of lineages of genes
within an organismal lineage)

horizontal gene transfer (the divergence of lineages of
genes by transfer across different organismal lin-
eages)

Each of these processes is of interest to molecular evolu-
tionary biologists, and each results in genes that "trace back
to a single genealogical precursor." However, all three pro-
cesses usually are not studied simultaneocusly, so it is neces-
sary to distinguish among the various kinds of homology when
only one of these processes is of interest in a given analysis.
Fitch (1970) and Gray and Fitch (1983) proposed the following
names for homologous macromolecules, based on the different
generative processes:

orthologous genes (or their products) are homologues
that diverged as a result of a speciation event

paralogous genes (or their products) are homologues that
diverged as a result of a gene duplication event

xenologous genes (or their products) are homologues that
diverged as a result of lateral gene transfer.

If one is interested in reconstructing the phylogenetic
history of taxa by inferring relationships among genes con-
tained in those taxa, then it is usually necessary to examine
orthologous genes ( but see Section III below), If the history of
gene duplication is of interest, then the genes examined need
include paralogues. Study of lateral gene transfer obviously
requires examination of xenologs. Although these points are
obvious corollaries of the definitions, they sometimes are not
appreciated by practicing biologists. The important distinction
is whether history of the taxa, or history of the genes is of
primary concern. Confusion of orthology with paralogy and
xenology is likely to result in misleading inferences about
organismal evolution,

The example in Figure 1 illustrates some possible effects
of confusing orthologous and paralogous genes, The diagram
shows a simplified representation of the evolution of some
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globin genes in four species of vertebrates: a lamprey, a frog, a
mammal, and a snake. All of these genes can be traced back
to an ancestral sequence, so at some level all are homologous.
After the split (speciation event) that led to the lamprey lineage
on the one hand and the three tetrapod lineages on the other,
there was a gene duplication event in the lineage that led to
the tetrapods: this duplication event gave rise to the «- and p-
hemoglobin gene families. Therefore, all three tetrapods have
both types of globin genes, whereas the lamprey has only one.
If we wished to infer relationships among these species, we

could do so by analyzing sequences of either f-hemoglobins or

a-hemoglobins from the three tetrapods, together with the
unduplicated hemoglobin sequence from the lamprey (Fig. 1b).
However, if we were unaware that the gene duplication had

occurred, and analyzed a mixture of «- and B-hemoglobins
from the various tetrapods, the evolutionary relationships that
we inferred would not be of the taxa, but of the genes (Fig. 1¢).
In other words. to reconstruct the speciation events, we have
to select genes that are orthologous. If the gene duplication
events are of interest, then the paralogues need to be exam-
ined as well.

The example presented above is greatly simplified; there
have been at least three additional gene duplication events in

the a-hemoglobin family and six additional gene duplication

events in the 3-hemoglobin family (Doolittle, 1987; Goodman
et al., 1979, 1987}. Some of these duplicated genes are ex-
pressed at different times in the ontogeny of various tetrapods
(e.g., some are larval or fetal in expression, whereas others are
expressed only in adults). There obviously exists a continuum
of levels of duplication of genes, so that few genes are truly
“single copy” (in the sense that there are no other close par-
alogues). In fact, much genic diversity of both eubacteria and
eukaryotes is thought to have arisen through gene (or whole
genome) duplication {Grime and Mowforth, 1982; Herdman,
1985; Rees and Jones, 1972; Sparrow and Nauman, 1976), so
paralogy probably is the rule rather than the exception.
Orthologous, paralogous, and xenologous molecules are
all likely to be detected by the similarity of their sequences.
Paralogy may be distinguished from orthology by the test of
conjunction: whether or not the two homologues are found in
the same individual (Patterson, 1988). Xenology is inferred if
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Fig. 1. (a) The origins of orthologous and paralogous
globin genes in vertebrates. (b) The phylogeny of taxa can be
inferred by analyzing either set of orthologous genes. (c) If a
mixture of orthologous and paralogous genes is included in a
phylogenetic analysis, the resulting tree will reflect gene rela-
tionships rather than relationships of taxa. (Simplified from
Goodman et al., 1987).

the homologues exist in distantly related species (i.e., informa-
tion from the genes is highly incongruent with other informa-
tion about phylogeny). Striking cases of xenology may result
from retroviral transfer of genes, in which case the xenologous
relationship may seem obvious. However, xenologous relation-
ships (especially of alleles at a single locus) can also arise
through hybridization, in which case xenology may be con-
fused with convergence. In such cases, xenology of alleles may
be inferred on the basis of the concentration of apparent con-
vergence (across multiple loci) in particular branches of the
inferred phylogenetic tree (see Buth, 1984: Duellman and
Hillis, 1987).
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III. CONCERTED EVOLUTION OF PARALOGOUS
SEQUENCES

The above discussion assumes that duplicated genes will
evolve independently following the duplication event. In fact,
many duplicated genes continue to interact, so that evolution
in the two (or more) duplicated sequences may not be inde-
pendent. Sequences that are present in large numbers of
tandem repeats rarely undergo independent evolution (see
Arnheim, 1983; Dover, 1982, 1986; Ohta, 1980). Soon after
sequences of tandem repeats were first studied, it was
observed that the multiple copies of many repeated gene fami-
lies were very similar within an individual and within a
species. whereas the same families of repeated genes were
often quite divergent among closely related species (Arnheim et
al., 1980; Brown et al.. 1972; Zimmer et al., 1980). If the
tandem duplications occurred in the ancestor of the two
species, and the repeated sequences were evolving indepen-
dently of one another, one would expect greater within-species
than between-species divergence (Fig. 2). However, the obser-
vation was just the opposite: very little within-species, but
great between-species divergence. It appeared that all the
copies of the repeated sequences were evolving in concert; the
phenomenon was termed concerted evolution (Zimmer et al.,
1980).

After concerted evolution of repeated DNA sequences was
discovered, it was found to be nearly ubiquitous among mid-
to highly repeated tandem gene families. In these families,
concerted evolution often occurs so rapidly that relatively few
differences can be detected among the copies {e.g., some
nuclear ribosomal RNA genes; see Hillis and Dixon, 1991). The
rate of concerted evolution among families of genes that are
repeated at lower frequency is much more variable, from
families that show few indications of concerted evolution (e. g..
McElroy et al., 1990; Shah et al., 1983) to those in which the
paralogous and orthologous relationships may be difficult to
untangle (e.g., Doyle, 1991; Hughes and Nei, 1990; Irwin and
Wilson, 1990). Furthermore, rates of concerted evolution may
not be consistent within the same gene families among differ-
ent taxa. In the case of ribosomal RNA genes, for instance,
rates of concerted evolution may differ dramatically between
tandemly repeated genes on a single chromosome versus sets
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Fig. 2. The origin of a hypothetical set of paralogous seq-
uences {o and ) through a gene duplication event, followed by

a speciation event, producing two sets of orthologous rela-
tionships. In the absence of concerted evolution, the ortho-

logues (a in species 1 and 2, or # in species 1 and 2) would
appear to be more closely related to each other than to the
paralogous sequences in the same species, because they share

a4 more recent common ancestor (the original «- and B-genes,
respectively). However, if the paralogous sequences are under-
going concerted evolution, then the paralogues are homoge-

nized within each species, and the o-gene in species 1 will
appear to be more closely related to the B-gene in species 1
than to either gene in species 2.

of repeats on different chromosomes. In some species, there
may be clusters of ribosomal genes in which concerted evolu-
tion occurs, yet the different clusters may evolve indepen-
dently (as in the clam genus Corbicula: D. M. Hillis, personal
observation). In such cases, each cluster of ribosomal RNA
repeats is evolving much like an orthologous locus, whereas
relationships among the clusters appear paralogous,

Several mechanisms have been hypothesized to explain
concerted evolution, of which two have received the most
attention: unequal crossing-over (Coen et al., 1982a: Ohta,
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1980, 1983; Smith, 1974; Szostak and Wu, 1980) and gene
conversion (Baltimore, 1981; Nagylaki, 1984; Nagylaki and
Petes, 1982; Ohta, 1984; Ohta and Dover, 1983). Both mech-
anisms have received some empirical support as explanations
for the concerted evolution of multigene families (Hillis et al.,
1991; Seperack et al., 1988). Unequal crossing-over usually is
considered a stochastic process, in which frequency of fixation
of variants is directly related to the frequency at which the
relevant mutations arise. Gene conversion, on the other hand,
can be biased, such that a new variant sequence is favored
over an ancestral sequence, and hence can spread rapidly
through all copies of the repeated sequence. Biased gene
conversion is thought to be the only mechanism that can
adequately explain the rapid rate of homogenization seen in
many families of genes that undergo concerted evolution (Coen
et al., 1982a,b).

If the rate of concerted evolution is high enough, an entire
family of genes will evolve almost as if they were a single
sequence present in many duplicate copies. Thus, paralogous
sequences that have a high rate of concerted evolution behave
like orthologous sequences: they show little divergence within
species, but may evolve rapidly between species. For this
reason, paralogous sequences evolving under high rates of
concerted evolution can be used to infer phylogenetic relation-
ships of taxa, without fear of reconstructing gene duplication
events rather than speciation events (Sanderson and Doyle,
1992). Patterson (1988) suggdested the term plerology to
describe the relationship among paralogous sequences
homogenized within taxa as a result of concerted evolution.

How high does the rate of concerted evolution have to be
befare the distinction between orthology and paralogy becomes
blurred? Sanderson and Doyle (1992) simulated the effects of
concerted evolution and found that when 70% of sites under-
went concerted evolution between speciation events, the
inferred trees always represented the correct (simulated) rela-
tionships among the taxa rather than the genes. In order to
correctly infer gene trees among paralogues, concerted evolu-
tion had to involve fewer than 10% of the sites between
speciation events in the simulations. At intermediate rates of
concerted evolution, the inferred trees were likely to confound
paralogous and orthologous relationships. Although these
values are somewhat dependent on the details of the simula-
tions, they represent a first-order approximation of relative
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rates of concerted evolution that are likely to confound the
inferred relationships of paralogous and orthologous genes.

IV. PARTIAL HOMOLOGY OF MOLECULES: EXON
SHUFFLING

Earlier in this chapter, I was critical of those who would
say that two sequences are "50% homologous" when they
mean the sequences share 50% of their aligned sites. However,
that does not mean that homology must be an all-or-none
condition, if the units of comparison are whole genes or their
products. Partial homology is possible because some proteins
have evolved through recombination of functional modules,
which often correspond to the exons of genes (Fig. 3). For
instance, the gene for tissue plasminogen activator is made up
of exons that appear to have been captured from the genes for
plasminogen, fibronectin, and epidermal growth factor (Patthy.
1985}. Therefore. the corresponding functional modules are
paralogous among the proteins, and the proteins {(as well as
their genes) are each partially paralogous. In addition to
paralogy of modules among these proteins, are several cases of
within-protein module paralogy (Fig. 3). The Kringle module
present in two copies in tissue plasminogen activator is
present in five tandem copies in plasminogen. Likewise, the
tinger module of fibronectin and the growth factor module of
epidermal growth factor each are repeated many times (Fig. 3).

id)

Fig. 3. Partial paralogy of some genes of proteins involved
in blood coagulation and fibrinolysis. Functional modules are
indicated by boxes: F, finger module: G, growth-factor module;
K. Kringle module: T, trypsin-like module. (a) Tissue plas-
minogen activator protein. (b) plasminogen. (c) fibronectin. (d)
epidermal growth factor. |Adapted from Patthy (1985) and Li
and Graur (1991).]
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Within-gene paralogy also can arise through slippage
replication or unequal crossing-over of repeated units within
genes (Hancock and Dover, 1988, 1990). Thus, genes may
have regions that are internally paralogous. In the case of
nuclear ribosomal RNA genes, two coevolved sets of paralo-
gous regions may arise as a mechanism for maintaining sec-
ondary structure of the mature ribosomal RNA (Hancock and
Dover, 1990).

V. POSITIONAL HOMOLOGY AND SEQUENCE
ALIGNMENT

So far, I have been discussing homology of whole genes
(or their products), or whole domains of genes. However, for
most evolutionary analyses of sequence data, it is necessary to
consider homology at a finer level: that of a single nucleotide
site (or an aminoc acid site in the case of protein sequences).
This is called positional homology. In a phylogenetic analysis of
DNA sequences, for instance, the characters are nucleotide
positions and the character states are the different nucleo-
tides. When two orthologous genes are compared, the units of
comparison typically are not the entire genes but the individ-
ual nucleotide positions. If all evolution has been through
substitution, so that the two genes are exactly the same
length, then it usually is a simple matter to align the homolo-
gous sites for analysis (Fig. 4a). However, when insertions or
deletions have occurred in one or both sequences, gaps need
to be inserted to preserve positional homology (Fig. 4b and ¢).

Alignment of sequences requires explicit and objective
rules if inferences of positional homology are to be robust. If
gaps are added without penalty to the alignment score, then
unrelated (nonhomologous) sequences could be aligned with-
out difficulty. However, if the penalty for gaps is too high, then
the inferred positional homology is likely to be mistaken.
Figure 5 shows a set of aligned ribosomal RNA genes in which
the inferred positional homology differs depending on the
weight assigned to gaps. If alternative alignments are equally
good [or nearly so) for a given region, the ambiguous region
should be excluded from analyses that assume accurate infer-
ence of positional homology, such as phylogenetic analyses
(Swoftord and Olsen, 1990).
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ATTCCGTAGCTGTTTCATCTTGATTGGTAACTG
@ T T L 1)
ATTGCGTAGATGTTTCATCATGATTGGTATCTG

ATTCCGTAGCTGTTTCATCTTGATTGGTAACTG
{b) | PEDLECRLE TLC Iy 1
ATTGCGTAGTGTTTCATCATGATTGGTATCTG

ATTCCGTAGCTGTTTCATCTTGATTGGTAACTS
@ LL U TUEELEEE T (o
ATTGLGTAG-TGTTTCATCATGATTGGTATCTG

Fig. 4. (a) Alignment of two homologous sequences is
straightforward if all differences are the result of substitutions.
{b) If two sequences are different in length, high apparent dis-
similarity may exist if gaps are not allowed. (c) The same
sequences as in (b), but with positional homology restored by
the addition of a single gap (corresponding to an hypothesized
deletion in the lower sequence).

Ideally, the weight of the penalty chosen for gaps should
reflect the relative probability of insertion/deletion events rel-
ative to substitution events. The probability of inser-
tion/deletion events varies greatly among different genormic
regions. Such events are relatively rare in most protein-coding
regions (because they usually lead to highly deleterious frame-
shift mutations), but are quite common within loop regions of
ribosomal RNA genes and in many noncoding sequences. In
regions where insertion/deletion events are common, accurate
inferences of positional homology are highly unlikely in any
but the most closely related sequences.

A number of secondary criteria (beyond sequence simi-
larity} are often used to determine positional homology. In
protein-coding genes, the translated amino acid sequence
usually is more conserved than the encoding nucleotide
sequence (because of the redundancy of the code), and often is
of use for determining nucleotide alignment. Furthermore,
because of the deleterious nature of frameshift mutations in
protein-coding genes, it is reasonable to assign a priori heavy
penalties (or disallow) gaps that do not correspond to multiples
of codons (i.e., three nucleotides). If secondary structure is
known for the gene product, alignments may be based on
conserved secondary structure rather than conserved primary
structure (i.e.. sequence similarity).
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Mus GTCAGCCAGGACTCTCTACCCGCTCACGECARGECTTCCCTGOCOGCTACOGGAGGCARL
Rattus GTCASCCAGGACTCTC TACCOGCTCACGECAAGGCT TOCCTEGOCCECTACCGGAGGCARC
Homo GTCAGCCAGGALTC TCTACCOGCTCGCGECAAGGCT TCOUTGCCCGCTACCGGAGECARL
Rhineura GTCAGCCAGGAT
Cacatua GTCAGCCAGGATTCECTATCOGCTOGOGGCARGCCT TCOC TGOCCGCTACCGGREGCAAL
Xenopus GTCAGCCAGGATTCTC
Rhyacotritan GTCAGCCAGGATTCTCTATCOGCTCHOGECARGCCTTCOCTGOCOGCTACCGGRGGCARL
Typhlcnectes GICAGCCAGGATTCTCIN
Latimeria GTCAGCCAREATTCIC TRCCOGC T IGCSECARGGCTTOCC TEOC CEUTACCGEAGECREE
Cyprinella

* *k kk wk * *w Kk ek b Kk de e n &

22100 22420 22|40

Mus GTCAG
Rattus GTCAL-COAGGACTC TCTACOOGCTCACEG-CAAGGCT TCCCTGCCCGCTACCGGRGGCARL
Homo GTCAG-CCAGGACTCTCTACCCGCTCECEG-CAAGGCTTCCCTGOCOGCTACCRGRGECRAL
Rhineura GTCAG-CCAGGATTCTCTATCCGCTORCEG—CAAGGCTTCCCTGCCOGCTACCGGAGGCAAL
Cacatua GICAG-CCASGATTCOECTATCORCTOGCGG—
Xenopus GTCAG-CCAGGATTCTCTACCCGCTOGC GG~ CARGCCT TCOCTGOCCGCTACCGGRGGCRGC

Rhyacotriton GTCAG-CCAGGATTCTC TATCOGCTCGCGE—CRAAGCCTTCOCTGCCCGCTACCGGAGGCAAL
Typhlonectes GTCAG-CCAGGRTTCTCTATCOGCTCROGG-CAAGCCTTCCCTGCCOGCTACCGRARGCARC

Latimeria GTCAG-CCAGGATTCTCTACCOGETTGCEE—-CAAGGCT TOCCTGOCOGCTACCGGRGECAGL
Cyprinella GTCAGTCCAGGATTC-CTACCOGC TGECEETCARGCCTTOCCT -COGGCTACCGGRGECAGT
* L ] * K * * * *

Fig. 5. Alternative alignments of a segment of 28S ribo-
somal RNA genes in selected vertebrates. The upper set of
sequences is aligned without gaps: there are 20 variable posi-
tions. Four gaps have been introduced into the lower set of
sequences, thereby reducing the number of variable positions
to 10 (including those with gaps). The alternative accepted
depends on the weight of the penalty assigned to gaps.
Sequences from Gonzales et al. (1985), Hadjiolov et al. (1984),
Hassouna et al. (1984), Hillis and Dixon (1989), Hillis et al.
(1990a), Larson and Wilson (1989), and Ware et al. {(1983).
(Adapted from Hillis et al. 1990b.)

Some authors claim that high similarity of aligned
sequences never arises by convergence:

in terms of nucleotide sequerces, there seems to be no equivalent of
convergence, or close similarity produced by evolution from different
precursors (Geodman et al., 1987, p. 147).

However, several cases of convergence of sequences are
known, and more cases will undoubtedly come to light as
molecular biologists begin to look for the phenomenon. For
instance, the lysozymes of ruminants and colobine monkeys
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appear to have converged as a result of parallel development of
foregut fermentation in these mammalian groups (Stewart and
Wilson, 1987; Swanson et al.. 1991). Although these proteins
are homologous as lysozymes, the high degree of sequence
similarity clearly is convergent. (This convergence is analogous
to the oft-cited case of convergence between bird and bat fore-
limbs: the structures are homologous as forelimbs, but con-
vergent as wings.) Other cases of sequence convergence are
likely to arise as a result of GC or AT biases (Aoki et al., 1981:
Hori and Osawa. 1986; Tamura, 1992; Wilson et al., 1980),
the presence of simple tandem repeats (e.g.. Levinson et al..
1985), or because of convergent mutational spectra (Muto and
Osawa. 1987; Singer and Ames, 1970).

VI. HOMOLOGY IN INDIRECT (NONSEQUENCE)
MOLECULAR TECHNIQUES

A. DNA Hybridization

Homology is an important concept for nonsequence
molecular data as well. In DNA-DNA hybridization, low copy
portions of the complete genomes of two taxa are annealed to
form hybrid duplexes, and the average similarity of the
genomes is measured as a function of melting temperature of
the hybrid strands. Melting temperature (temperature at
which 50% of the hybrid duplexes separate into single strands,
or a similar standard of comparison; see Werman et al.. 1990)
is directly related to the number and distribution of hydrogen
bonds that form between complementary base pairs, so hybrid
duplexes with few mismatches melt at a higher temperature
than hybrid duplexes with many mismatches. Hybrid duplexes
form between any two sequences with high levels of sequence
similarity.

From the description above. it should be clear that DNA
hybridization provides a measure of average sequence similar-
ity of cross-hybridizing sequences, which undoubtedly include
paralogous as well as orthologous genes. Moreover, sequence
convergence at individual sites (homoplasy) cannot be directly
distinguished from sequence similarity due to common
ancestry (homology) by this technique (Bledsoe and Sheldon,
1990). The melting temperature thus is confounded by simi-
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larity due to orthology, paralogy, and homoplasy. Nonetheless,
some proponents of the technique claim that DNA hybridiza-
tion "solves the difficulty of determining homology," although
the "solution” amounts to defining homology as similarity and
ignoring the distinction between orthology and paralogy:

Fortunately, DNA-DNA hybridization data are immune to conver-
gence, because the conditions of (he experiments preclude the for-
mation of heteroduplexes between non-homologous sequences. To
form a stable duplex DNA molecule at 60°C, 80 per cent of the bases
in the two strands must be correctly paired. and only homologous
sequences have this degree of complementarity. This solves the
problem of homelogy and thereby eliminates the possibility of conver-
gence, (Sibley and Ahlquist, 1987, p. 100: emphasis as in original)

Other proponents of this technique (e.g., Bledsoe and
Sheldon, 1990; Werman et al., 1990) have a more realistic
view of the problems of determining homology in DNA-DNA
hybridization studies.

B. Restriction Enzyme Analysis

In restriction enzyme analyses, the targeted DNA may be
entire genomes (e.g.. Hillis et al., 1992), an isolated organellar
component (typically mitochondrial or chloroplast DNA; Moritz
et al.. 1987; Palmer et al., 1988), or a specific gene or gene
region. In one common method of analyzing a specific gene,
putatively homologous regions are examined by cross-
hybridizing a cloned or otherwise isolated gene (called a probe)
to genomic DNA that has been cleaved with a restriction
enzyme, separated electrophoretically, and then attached to a
support membrane (Southern, 1975). The hybrid probe-target
heteroduplexes are visualized by autoradiography or its
equivalent (Dowling et al., 1990). As with DNA-DNA hybridiza-
tion, this procedure relies on the low likelthood of hybridiza-
tion between nonhomologous sequences. Hybridization
between closely related paralogous sequences is commonly
observed, but the presence of paralogous products usually can
be detected on the basis of the presence of multiple regions of
cross-hybridization. Target genes may be chosen to avoid
complications of paralogy by process of elimination
(Friedlander et al.. 1992),
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Unfortunately, homology has taken on yet another
meaning in the description of probes used in Southern blotting
and similar procedures. A probe is often called "homologous" if
it is used to study the same species from which it was derived,
and "heterologous" if the probe was cloned from another
species. This is somewhat confusing, since heterologous
probes are used to examine presumably homologous genes in
different species. To avoid confusion, the more appropriate
terms homospecific and heterospecific can be used in place of
heterologous and homologous to describe these relationships
between probe and target.

An alternative approach for isolating a target sequence for
restriction analysis is amplification by polymerase chain reac-
tion or PCR (Kleppe et al., 1971; Mullis and Faloona, 1987).
This procedure involves hybridizing two short (typically 20 to
30 bases) cligonucleotide primers to opposite strands of a
heat-denatured DNA target, replicating the DNA between the
two primer sequences with a heat-stable DNA polymerase,
denaturing the strands by heating, and repeating this cycle,
usually about 30 times. The target DNA is doubled during
each cycle (if all goes well), so that a large quantity of the
target sequence is specifically amplified for analysis. Inter-
pretation of the amplification products from PCR (using a
given set of primers) as homologues is based on the assump-
tion that only homologues will have the appropriate primer
sequences separated by the appropriate distances in the
genome; the size of the amplification product often is used to
verify that the correct target was successfully amplified. How-
ever, this procedure does not distinguish orthologous from
paralogous genes, both of which may retain the conserved
primer sites and gene length. Worse, the amplification prod-
ucts may be recombinants of different alleles or even several
paralogous loci — a phenomenon that produces "shuffled
clones” (Saiki et al., 1988; Scharf et al.. 1988a, b). This
happens when a target sequence has not been fully replicated
before the next round of denaturation and reannealing takes
place. In the subsequent round, the partial product from one
locus may rehybridize to a different locus to complete the
product extension, thus producing a hybrid product that is
partially derived from two different loci. Shuffled gene artifacts
obviously are not limited to restriction analyses: any study
that uses PCR should consider this process as a potential
source of error that will confound assessments of homology.

L R SRR AL L B S T v

) e



Homology in Molecular Biclogy 355

Discussion so far has centered on determining homology
of the portion of the genome targeted for restriction analysis.
As with sequencing studies, an additional (finer) level of
homology must be considered: homology of the individual
characters. Data from restriction enzyme analyses typically are
presented in one of two ways: restriction fragments or
restriction sites (Fig. 6). Restriction fragments represent con-
tiguous nucleotide sequences that fall between two recognition
sites for a given restriction endonuclease. Such fragments may
be coded as present or absent in a given individual.

Phylogenetic analysis of a presence/absence matrix of
restriction fragments assumes that fragments of the same size
represent homologous segments of the gene, whereas frag-
ments of different sizes are not. There are three obvious
sources of error with this assumption. The least of the three is
that convergence of similarly sized but nonhomologous frag-
ments is likely, especially if many fragments are examined and

PP ® one Fig. 6. Restriction site versus
B restriction fragment data. In this
example, three restriction sites (I,
Y ST, Two II, and 1II) are variable in a linear
segment of DNA among four indi-

b 4 o Three viduals (One. Two, Three, and
‘ Four). The number under each re-

s, b striction fragment indicates its
PR Four respective length in arbitrary
units. Two data matrices are
shown: one of restriction sites and
the other of restriction fragment

Restriction sites

[l

One  + + + size classes (in both, + indicates
Two ~+ % presence and - indicates absence).
Four + - - The three sites are independent

characters, but the fragment size
classes are not. In addition, note
that the fragment patterns may be
1.2 3 4 7 identical in species that share no
restriction sites in common (e.g.,

Restriction fragments

One + o+ + -
Two - -+ o+ - individuals Three and Four).
Three - - - + 4+
Four + o+
‘ T4 ‘ 1 ‘ 1) LI ‘ l : 1
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the precision of measurement is not great. A more important
problem is that insertion/deletion events will change the size
of fragments and obscure homologies; this is serious because
one insertion/deletion event may simultaneously affect many
different but overlapping restriction fragments (each produced
by a different restriction enzyme). Finally, gain of a restriction
site will result in loss of one restriction fragment and gain of
two smaller ones; obviously these are not independent events.
The two smaller fragments are together homologous to the
larger fragment. Because of all these sources of error, it is
highly preferable to treat restriction sites (rather than restric-
tion fragments) as characters in a restriction enzyme analysis
(Fig. 6).

Restriction sites can be located in the target sequence by
various mapping strategies (see Dowling et al., 1990); the data
matrix then indicates which sites are present versus absent in
the studied individuals. The presence of a restriction site indi-
cates that a specific base recognition sequence exists at a
given location in the gene; a site that maps to the same
position in two species is assumed to be homologous unless
phylogenetic analysis suggests that the site is homoplastic,
The primary source of error is related to imprecision of map-
ping: independent but adjacent restriction sites may be
mapped to the same location. Thus, one individual may have
two different restriction sites scored as one, or two individuals
may have different restriction sites incorrectly assumed to be
homologous. However, this source of error also affects re-
striction fragment data (because close sites produce small
fragments that may be lost), so site data are highly preferable
to fragment data when accurate assessments of homology are
required.

C. Random Amplified Polymorphic DNA (RAPD)

As described above, the polymerase chain reaction can be
used to amplify a specific target from a genome, based on a
priori knowledge of the flanking regions. Welsh and McClelland
(1990) and Williams et al. (1991) have described PCR-based
methods for amplifying random polymorphic regions of the
genome without any prior knowledge of specific flanking
regions. The Williams et al. (1991) method, called RAPD anal-
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ysis, utilizes a very short (typically 10 bases) oligonucleotide
primer of an essentially arbitrary sequence (but with a con-
straint on GC content). Because of the small number of
matches required for successful hybridization, the primer is
likely to hybridize somewhere in the genome along opposite
strands of DNA in the correct orientation (with the 3’ ends
facing each other), so that one or more fragments is amplified.
This is especially likely at the location of inverted repeats.
Some of these fragments will likely vary in length among
individuals, and these variants are used as genetic markers in
studies of populations and closely related species {e.g., Chapco
et al., 1992; Crowhurst et al., 1991; Goodwin and Annis,
1991; Hadrys et al.. 1992; Hunt and Page, 1992; Welsh et al.,
1992). Use of several different arbitrary primers can result in
rapid collection of a large number of genetic markers.

Homology assignments of RAPD markers usually are
based on considerations of fragment length or, less commonly,
information on dominant or codominant segregation. Frag-
ment length by itself is likely to be misleading about homology,
for many of the same reasons discussed under Restriction
Fragment Analysis (above). In addition, the same primer sites
may exist in nonhomologous parts of the genome in two
different species. Since segregation usually cannot be studied
between species, assignments of homology of RAPD markers
are highly tenuous in interspecific studies. If a primer site is
lost (through substitution, for instance) but a second primer
site exists nearby, two partially homologous fragments will be
amplified that differ in length. Obviously, the presence of one
such fragment is not independent of the presence of the other.
Since many RAPD markers occur in regions of multiple
repeats, the presence of multiple adjacent primer sites is not
unlikely.

Although most of the above objections are theoretical,
early empirical indications support the difficulties of using
RAPD markers for phylogenetic analyses. Smith et al. (1993)
found that loci that amplified in one strain of bacterium could
be excluded from amplification in another strain because of
competitive amplification of an unrelated locus. They also re-
ported amplification of nonhomologous loci of indistinguish-
able size by the same primer, as well as amplification of
multiple partially homologous fragments by a single primer.
Smith et al. concluded that homology could not be reliably
inferred from the RAPD fragment patterns. Furthermore,
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Kambhampati et al. (1991) found that RAPD-based inferences
of phylogeny were incongruent with established, well-
supported phylogenetic relationships of mosquitoes. This sug-
gests that shared RAPD products were not orthologous. The
difficulties of assigning homology to RAPD products suggests
that the technique is not appropriate for applications that
assume accurate assessments of homology. such as phylo-
genetic analyses. Production of nongenetic artifacts in RAPD
studies (e.g., Ellsworth et al,, 1993) suggests caution for all
applications of the technique.

D. Allozyme Electrophoresis

[n enzyme electrophoresis, homology among genes is
determined by several functional, structural, and expressional
criteria (see Murphy et al., 1990). Paralogous genes are
explicitly recognized as distinct loci, and usually are assumed
to be evolving independently. Multiple loci that code for
enzymes with the same biochemical function are thought in
most cases to be paralogues of each other. In many cases, the
existence of multiple loci is clear, because they may be
expressed together in the same tissue at the same time in the
same individual. In other cases, paralogous loci are recognized
on the basis of expression in different tissue types, at different
times of development, or at different seasons. Paralogy also
may be determined based on multimeric structure or differ-
ential cellular location of the enzyme (e.g., whether mitochon-
drial or cytosolic). Therefore, for a locus to be considered
orthologous in two species in an allozyme study, the two
relevant enzymes typically are expected to satisfy the following
conditions: (1) they have the same catalytic function: (2} they
have the same multimeric structure; (3) they are expressed at
the same general cellular location; (4) they are expressed at
the same time in development; and (5) they are expressed in
the same tissues.

In addition to homology among genes, homology among
electromorphs (putative alleles) is of concern in allozyme elec-
trophoresis. Electromorphs are defined on the basis of their
distance of movement in an electric field relative to each other
or to an internal standard; two electromorphs are placed in
the same class if their distances of migration are indistin-
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guishable. Convergence in electrophoretic mobility is likely
because many amino acid replacements produce the same
changes in net charge; this is offset somewhat by the large
number of potential states of overall charge for a protein.
Homology among electromorphs is determined on the basis of
congruence with other characters (usually other allozyme data)
in a phylogenetic analysis. Electromorphs that are
phylogenetically congruent are considered to be homologous,
whereas incongruent electromorphs are considered to be ho-
moplastic.

VII. SUMMARY

Some proponents of molecular techniques have claimed
that molecular biology “"solves the problem of homology”
(Sibley and Ahlquist, 1987). Although a better understanding
of molecular biology has provided many new insights into re-
lationships among genes and their products, there is still
ample room for mistaken inferences about homologous
molecular relationships. Distinguishing orthology from paral-
ogy is the greatest obstacle for most evolutionary applications
of molecular techniques. Duplicated gene loci and paralogous
pseudogenes appear to be the rule rather than the exception
in the eukaryote nuclear genome, so care is required if orthol-
ogous products are to be compared among taxa.

Concerted evolution among paralogous sequences helps
the reconstruction of phylogenetic relationships among taxa,
but hinders reconstruction of gene relationships. Some knowl-
edge of the degree of concerted evolution for a given gene
family is required to assess whether inferred relationships are
those of taxa or of genes. Rates of concerted evolution appear
to be high enough in some repeated gene families that paral-
ogy is unlikely to be a confounding factor in reconstructing
relationships of taxa, unless branching points in the tree are
separated by very small distances. However, additional empiri-
cal studies are needed to measure rates of concerted evolution
to determine its effects on phylogenetic analyses.

Relationships of paralogy extend to parts of genes as well.
Functional gene modules may be duplicated in different genes
or in tandem within a gene. Slippage replication can also pro-
duce paralogy of small tandem repeats.
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Convergence can occur in whole genes or their parts,
leading to false hypotheses of homology. In the case of whole
genes, convergence may be related to positive selection, or may
be secondarily related to convergence in base camposition ar
the presence of simple tandem repeats. At a finer level, con-
vergence at individual nucleotide sites is common, and may be
facilitated by mutational biases. Inferences of positional
homology requires accurate alignment criteria, which in turn
require some knowledge of the relative likelihood of substi-
tutions relative to insertions and deletions.

DNA-DNA hybridization has considerable potential for
conflating paralogy and orthology, as well as homology and
homoplasy. Homology and homoplasy may be factored out in
analysis. but the confusion of orthology and paralogy is poten-
tially more difficult to correct. Restriction fragment analyses
are also likely to suffer from inaccurate homology assign-
ments, but restriction site analyses are much less sensitive to
this problem. Analyses of randomly amplified polymorphic
DNA regions probably often involve mistaken assignments of
homology, and so are best restricted to applications in which
accurate assignment of homology is not critical. In allozyme
electrophoresis, orthologous and paralogous proteins are iden-
tified on the basis of catalytic function, multimeric structure.
location of cellular expression, timing of expression, and tissue
distribution: when these criteria are applied, confusion
between paralogous and orthologous loci is unlikely. However,
convergence of electromorphs may occur through amino acid
replacements that produce convergent changes in net charge
of the protein.

As we begin to discover more about the processes that
produce molecular variation among species, relationships
among genes and their products look increasingly complex.
The difficulties of assigning homology to molecules parallel
many of the difficulties of assigning homology to morphological
structures (Patterson, 1988). This may be a partial explanat-
ion for the similar levels of homoplasy that are observed in
molecular and morphological phylogenetic studies (Sanderson
and Donoghue, 1989). Hopefully, then, a better understanding
of homologous relationships at the molecular level can lead to
a better understanding of homology in general.
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