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Phylogenetic Incongruence:
Window into Genome History
and Molecular Evolution

Jonathan F. Wendel and Jeff J. Dovyle

The field of sysiematic biology has been revital-
ized and transformed during the last few
decades by the confluence of phylogenctic
thinking with ready access to the wols of mole-
cular biology. Indeed, the title of this volume
and the fact that it is already in its second edition
offers ample testimony to the impact that mole-
cular approaches have had on efforts to recon-
struct the phylogenetic history of plants, Con-
comitant with the proliferastion of molecular
tools has been a growing awareness that reliance
on a single data set may often resalt in insuffi-
cient phylogenetic resolution or misleading in-
ferences. Accordingly, it is an increasingly
widespread practice to apply multiple data sets
& a common group of taxa. One of the conse-
quences of analyzing multiple data sets is that
the phylogenies inferred may differ from cach
other in one or more details, This phylogenetic
Incongruence is not rare; to the contrary, it is al-
most the rule rather than the exception, being
evident to varying degrees.

Given the prevalence of phylogenetic incon-
gruence. the question nawrally arises as to
whether two or more independent data sets
should only be analyzed separalely or whether

they should be combined into a global amalysis.
This question stems in part from the recognition
that different character sets may have differemt
underlying evolutionary histories and are there-
fore expected, in many instances, to lead to dif-
ferent reconstructions of the sampled taxa, De-
spite considernble past and present discussion
regarding optimal treatment of multiple data
sels. no clear consensus has emerged as 1o the
mosl appropriate course of action (Miyamoto,
1985 Hillis, 1987; Kluge, 1989; Barrett et al.,
1991; Doyle, 1992; Bull et al., 1993: Eernisse
and  Kluge, 1993; de Queiroz et al,, 1995
Miyamoto and Fitch, 1995). The reader is re-
ferred to these sources for explication of argu-
ments on both sides of the issue.

Complicating this isswe is the realization that
not all incongruence is equal in magniude and
that topological differences between competing
phylogenies may have a number of different
causes, including some that are artifaciual.
Consequently, there have been efforts to mea-
sure incongruence and evaluate whether it is
“real” and hence potentially biologically signif-
icant, or spurious, due to insufficient character
evidence, excessive homoplasy, or some other
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cause {Mickevich and Farnis, 1981; Templeton,
1983; Faith, 1991; Swofford, 1991; Rodrigo et
al., 1993; Lutzoni and Wilgalys, 1994; Farris e
al., 1995; Mason-Gamer and Kellogg, 1996;
Kellogg et al., 1996, Sites et al., 1996; Lyons-
Weiler et al., 1996, 1997; Graham et al., 1997;
Seclanan et al., 1997), The question of whether
different data sets should be combined into a
single global analysis thus becomes interiwined
with the issue of assessing the reality of topo-
logical differences. Because this latter topic is
discussed in detail in Chapter 11, it is not ex-
panded upon here.

Surrounding much of the discussion of the
trepiment of multiple data sets has been an im-
plicit or explicit assumption that phvlogenetic
incongruence is inherently undesirable, That is,
incongruence of topologies derived from differ-
ent data sets is often viewed as an unfortunate
but unavoidable side effect of phylogenetic
analysis, and as such it represents an impedi-
ment to achieving phylogenetic understanding.
Against this backdrop, perhaps it is not surpris-
ing that a considerable portion of the literature
on the treaiment of multiple data sets has fo-
cused on reconcilintion of aliernative estimates
of phylogeny or on assessing which of two com-
peting resolutions is better supported by the
available evidence,

In this chapter, we present a different perspec-
tive on phylogenetic incongruence. The unify-
ing theme of the chapter is that rather than rep-
resenting an undesirable outcome or a problem
that requires a solution, phylogenetic incongru-
ence is touled as an imporiant oheervation that
often reflects something interesting in the biol-
ogy of the group under study, and accordingly,
ils appearance may alert us to one oF MOoTe Evig=
lutionary processes that would not have been
suspected in the absence of incongruence, To
this extent, phylogenetic incongruence may be
desirable, as it ofien illuminates previously
poorly understood evolutionary phenomena, In
this chapier we enumerate and discuss the vari-
ous processes that underlie phylogenetic discord
andd attempt 1o assess their relative importance
o5 causative agenis. In expanding upon previous
treatments of this subject (Sytsma, 1990; Doyle,
1992; Kadereit, 1994 de Queiroz et al., 1995:
Brower ct-al., 1996), our imention is o provide

an introduction o the relevant issues and to the
causes of phylogenetic incongruence, as well as
1o affer a single-source entry point 1o the recent
literature. We focus on plants, although litera-
ture from other groups is cited where appropri-
ate or particularly illustrtive,

CAUSES OF PHYLOGENETIC
INCONGRUENCE

Before delving into the causes of phylogenetic
incongruence, it is necessary to address the
question of whether the evidence for it in any
panicular case, is substantial enough to warrani
a conclusion that it sctually exists. Phrased an-
other way, il is important to evaluate whether the
conflict is “significant™ and therefore possibly
reflective of different evolutionary histories for
two or more data sources, or “insignificant,”
meaning that it does not hold up to inspection
and standard measures of statistical evaluation
(Mickevich and Farris, 1981; Templeton, 1983;
Faith, 1991; Swaofford, 1991; Rodrigo et al,
1993; Farris et al., 1995; Mason-Gamer and
Kellogg, 1996; Hoelsenbeck en al,, 1996: Kel-
logg et al., 1996; Sites et al., 199 Seelanan et
al., 1997; see Chapter 11). If the conflict is
Judged to be insignificant, using appropriate cri-
teria, the possibility remains that the phyloge-
netic incongruence may reflect one or more
underlying biological processes that are differ-
entially affecting distinet data sets, but it is also
possible that the incongruence las a more mun=
dane genesis. Examples of the latter would in-
clude the many cases where particular clades are
weakly supported and where alternative resolu-
tions are only slightly less parsimonious, In-
deed, this type of “soft incongroence™ (Seelanan
et al., 1997 is actually expected to occur as long
as weakly supponied nodes exist in trees arising
from differem data sources (e.g.. Kim and
Jansen, 1994; Olmstead and Sweere, 1994; Hoot
etal., 1995; Kellogg et al., 1996; Seelanan et al.,
1997). In Krigia, for example, the expected and
cladistically supported (by morphology and
cpDNAY sister-species relationship between
Krigia biflora and K. montana was not obtained
in a tree based on internal transcribed spacer
(ITS) data; this incongruence, however, disap-
peared in trees one step longer than the shortest



Similarly, in an analysis of the Solanaceae based
o three different molecular data sets, Olmsiead
and Sweere (1994) only observed disagreement
in the Solanoidess, where character suppont was
minimal, suggesting that the lack of complete
congruence among gene irees reflects an ahb-
sence of sufficient signal rather than fundamen-
tally different evolutionary histories.

The foregoing discussion and examples ane
intended to wnderscore an important notion,
namely, that nef all incongruence is created
equal. Minor points of topological disparity, of-
ten reflecting no special slogical process or
differentinl history, are commonly observed, and
in fact are expected in many situations. In the
context of the present chapier, this type of con-
fict is nod especially interesting in that it canmot
be assumed 10 result from an evolutionary
process that differentinlly affects data sets. More
interesting are examples of “hard incongruence™
(Seelanan et al., 1997}, where altemative resolo-
tiens in two or more trees derived from distinet
data sets are statistically supported as incongru-
enl. In these instances one might justifiably sus-
pect that the discord was generated by an evolu-
tionary process that differentially affected the
various sources of data, 5o it becomes important
to ask what this process or processes ane.

This form of phylogenetic incongruence pro-
vides the basis for the remainder of this chapier.
Az shown in Table 1001, the evolutionary
processes potentially responsible are many and
varied. For purposes of presentation, these have
been divided into three broad categonies, reflect-
ing technical causes, processes that operate at
the whole organism level, and gene or genome-
level processes. To a centain extent, this classifi-
cation is subjective, in that several of the listed
phenomena might reasonably be placed else-
where in the 1able. Phylogenetic sonting of an-
cestral polymosphisms (lineage sorting), for ex-
ample. might be conceived of as either an
organism-level or genome-level process, de-
pending on context and one's perspective.
Motwithstanding this arbitrary aspect of the list-
ing. each category of phenomena and its subdi-
wishons ane discussed in (i,

A final comment concerns the “phenatype” in
question, namely, differing phylogenetic resolu-
tions of two or more taxa based on two or more
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Table 10.1. Phenomena that may bead
o conflicting phiylogenctic hypotheses.

Teckmical causcs Insuificient data

Gene chodce

Sequencing emor

Taxon sampling

Comvergent or rapid
marphidogical evolation

Rapid diversification

Hybridization/Inérogression

Lincage sorling

Huorirontal transfer

Intragenic recombination

Chthalogyiparalogy conflation

Inlerdocus imderactions and
concericd evolution

Hate heterugoneity among taxa

Rate hotcrogoneity among silcs

Base commposiliceal bias

RNA eliting

MNonisd: pendenos of sibes

Chganiamy-bevel processes

Ciene and ponoms-level

data seis. In some if nol mosi cases, mone than
omee of the myriad phenomena listed in Table 1001
might conceivably have generaied the discord of
intercsi. This fact alone serves to underscone an
impaortant cautionary note about phylogenetic in-
congruence, specifically, that even when the dis-
cord is siriking and sirongly supporied, its genesis
will probably not be evident from phylogenetic
analysis alone, and may nod be evident even when
all available evidence is considered. Thus, infer-
ring the cause is often problematic.

Technical Causes

Phylogenetic resolutions based on two or more
daia sets may differ due to experimental or tech-
nical reasons rather than differing underlying
histories. The examples mentioned abowve,
where weakly supported clades differ from al-
ternative resolutions by only one to several
steps, are & case in point, with the technical
cause being “insufficient data.” Other experi-
mental vanables that may play a role in generat-
ing discordant trees include appropriateness of
the molecular tool, quality of the data, and den-
sity of taxon sampling.

Gene Cholee  One of the fundamental prin-
ciples of molecular systematics is that the rate of
mobecular evolution for a particular sequence
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should be optimized, 1o the extent possible, to
the scale of divergence in the taxa whose phylo-
genctic relationships are being explored. If the
geme evolves too slowly, signal will be insuifi-
cient and hence linle phylogenetic resolution
may be expected. Allermnatively, if the rate of
evolution is too high relative to the scale of
laxon divergence, phylogenctic signal may be
obscured by homoplasy, Less than optimal
choices at the outset of a study may lead 1o in-
congruence among ithe resulting gene trees, ei-
ther from lack of sufficiem signal in one or more
of the data sets (hence, a spuricus resolution) or
from excessive sequence evolution, evidenced
as long branches and the associated problem of
homoplasy masquerading as synapomorphy
(“long-branch attraction”™; Felsenstein, 1978),
These issues of gene choice and its relationship
to taxonomic renk (of more precisely, scale of
divergence, as not all families and genera, for
example, are equivalently aged or evolve af the
same rale) are discussed in greater depth in
Chapter 1. The essential point here is that topo-
logical incongruence among gene trees may
have an experimental basis,

A related technical or experimental issue con-
cerns the length of DNA sequences employed
for the construction of gene trees. Just as substi-
tutien rates need to be sufficient 1o provide phy-
logenetic signal, enough nucleotides need 1o be
sampled 10 overcome the sampling error inher-
enl in data representing single streiches of DNA
(Cummings et al., 1995; de Quieroz et al., 1995:
Hillis, 19%96). Thus, sequence lengths need 1o be
considered in addition to evolutionary rates in
the design of phylogenetic projects. The total
length of sequence needed is difficult to predict
a priori; it depends on many factors, including
taxon sampling density. the amount of and level
of heterogeneity in molecular evolutionary
rates, the degree of divergence among taxa
within the ingroup, and the amount and distribu-
tion of homoplasy. The simulation by Hillis
(1996) is instructive in this regard. Using a
model phylogeny of 228 angiosperms based on
185 ribosomal DNA sequences (generated by D,
Soltis, P. Soltis, D). Nickrent, and colleagues; see
Soltis, Solus, Mickrent et al,, 1997}, Hillis ex-
plored the relationship between accuracy of
phylogenetic inference and number of nu-

cleotides in the data set, He found that over B0%
of the model tree was accurately reconstricted
using scquences approximately the length of
ricl, with an asymptotic approach to over 00,
correct using 5,000 base pairs.

Sequencing Error In addition 10 pene
choice and sequence length, the accuracy of the
sequence data collected may influence the top-
ologies obtained (Clark and Whittam, 1992), and
therefore possibly lead 1o discordant geme trees,
Sequencing error is probably of most concem in
studies where sequence divergence, and hence
the number of potentially informative sites, is
very small, although it is conceivable that it also
influences resolution among closely related ter-
minals in studies involving more divergent taxa.
Although mest investigators are alert to this po-
tential problem, it is often impractical to verify
the accuracy of each and every apomorphy
scored during an initial round of sequencing.
Moreover, in studies of recently diverged taxa,
where sequencing emors are likely 1o have their
biggest impact, a common solution 1o the prob-
lem of insufficient sequence evolution is o em-
ploy nongenic sequences such as introns or spac-
ers. These regions. while ofien providing the
desired higher rates of sequence evolution, may
also lead wo higher ermor rates in scoring, because
of the absence of the continual alignment checks
present in genes (e.g., codons), and because of
their inherently higher indel frequencies (Golen-
berg et al., 1993; Mornon and Clegg, 1993; Gielly
and Taberlet, 1994; Johnson and Soltis, 1994,
1995; van Ham et al., 1994; Baldwin et al.. 1995;
Kelchner and Wendel, 1996), Indels may com-
plicate sequence alignments and hence homol-
Ogy assessments (see Chapler 4), potentially
leading to alignment errors. Sequencing ermor
may also result from sampling nuclear loci that
are heterozygous, particularly when sequences
are generated from PCR pools rather than cloned
products. Finally, sequencing eror may arise
from amplification of contaminating DNAs, as a
number of recent studies have documented (e.g.,
Olmstead and Palmer, 1994; Liston et al.. 1996:
Zhang et al., 19497,

Taxon Sampling A final and related techni-
cal issue concemns taxon sampling, which, if in-



sufficiently dense, has long been recognized as a
canse of long-branch attraction (Felsenstein,
1978) and hence, petentially, phylogenetic in-
congruence. This problem may or may not be
avoidable, depending on the study group in
question and its historical pattern of speciation
and extinction. In some cises increasing laxon
sampling density may lead to improved phyle-
genetic accuracy (Wheeler, 1992), although this
is nad assured (Kim, 1996),

In addition to the issue of taxon sampling
density, taxon identificarion is also relevant, in
that misidentified samples in one study may lead
1o an emonecus phylogenstic inference and
hence incongrsence with o second study or data
set. In many maolecular phylogenetic studies,
ore Or more tixa may be obtained as DNA ex-
tracts, or samples for DNA extraction may be se-
cured as fresh or dried leaves from collectors,
colleagues, or badanical gandens. The potential
for miskabeling or misidentification underscores
the necessity of using appropriately vouchered
matenals in molecular phylogenetic work.

Organism-level Processes

Perhaps more interesting than cases of incongna-
ence resulting from technical cavses are those
where the discord reflects different underlying
evolutionary histories for the data sets in ques-
tion. As listed in Table 10,1 and discussed sub-
sequently, a variely of processes may be in-
wolved. Most of these entail some variant on a
commaon theme, whereby one or more genes has
experienced a perturbation in oS history relotive
o other genes. Because the genes will have ex-
penienced different histories, it 15 expected that
this will be reflected in reconstructions of these
histories.

A simple example illustrates an importan
point. Imagine a single allele that somehow is
iransferred across a species barrier, perhaps
through hybridization and subsequent introgres-
sion, from a donor taxon to a recipient species,
where it becomes fixed. IF this is the sobe intro-
gressed allele, a gene tree based on this particu-
lar gene will likely be incongruent with the
“species tree” and may also conflict with trees
based on other, nonintrogressant genes, Notice
that in the latter case. that involving a compari-
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son of gene tress, neither gene tree is more cor-
rect than the other, given the important caveats
that sufficient data have been accurately gath-
ered andd that there have been no other perturb-
ing forces. Phrased alternatively, phylogenetic
hypotheses based on sequences from one DNA
segment may be in conflict with hypotheses
generated from a different DNA segment £ven
when both gpene frees are correct in all details.
This, im Fact, is the expectation in many cases,
particularly a1 the species level (Davis and
Mixon, 1992; Doyle, 1992, 1995; Baum and
Shaw, 1995; Maddison, 1995, 1996). In the ex-
ample given, each gene tree faithfully repro-
duces the history of diversification of the alleles
sampled in the various taxa studied. The fact
that one allele was interspecifically introgressed
across a species barrier does not invalidate its
gene tree. A pitfall, however, arises from a
ilempling interpretive extrapolation, namely, that
a gene tree faithfully reproduces the history of
organismal divergence. This may or may not be
true, as this example underscones.

So gene trees may be incongruent with other
gene trees andfor with species rees, The chal-
lenge then, is not only 1o infer the phylogeny of
the organisms under study, but also to imMerpret
the evolutionary history of the daa sources
used. These twin objectives aften involve recip-
rocal illumination, whereby phvlogenetic analy-
sis leads 1o the recognition of incongruence,
which informs subsequent experiments or facil-
itates revised interpretations. The latter, in tum,
provide a more complete portrail of organisemal
history.

Convergent or Rapid Morphological Evo-
lution The relative merits of morphological
and molecular data in phylogeny reconstruction
have been discussed at length (eg.. Hillis, 1987
Donophise and Sanderson, 1992 Patterson et al.,
1943; Kadereit, 1994 ). A point on which there is
near universal agreement is that morphological
evolution may differ fundamentally from mole-
cular evolution in that single genetic changes
often underlie dromatic morphological irans-
formations (Gottlieh, 1984: Docbley, 1993).
Svismu {19900 and Kadereit {1994) highlight
these transformations as a noot cause of phylo-
genelic incongruence, suggesting that they are
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typically unaccompanied by similar levels of
molecular divergence. Essentially this is a form
of incongruence arising from rate differences,
where the rtes in question are morphological on
the one hand and molecular on the other, To the
extent that this phenomenon causes incongru-
ence, it may serve o identify cases where genes
with major influences on morphogenesis have
had profound evolutionary effects.

In addition o evolutionary rate differences
and timing of morphological transformations,
evolutionary convergence in morphology may
cause incongruence between trees inferred from
molecular and morphological dita, as noted by
Sytsma (1990). In some cases this convergence
may be striking, as with the repeated evolution
of carmivory in plants (Albert et al., 1992).

Issues conceming convergent morphological
evolution and the evolutionarily sporadic natare
of morphological change are already widely ap-
preciated and need not be elaborated here. Per-
haps it is worthwhile, though, to draw a parallel
with molecular evolution, which is often viewed
as being more stochastically regular and free
from the type of convergence envisioned for
morphological traits. Thus, there is no evidence
thal major convergence events have taken place
in ricl evolution, for example, at least to the ex-
tent that sequences from disparate lincages
wioatld have become phylogenetically linked via
this process. It seems likely that this freedom
from wholesale convergence will generally be
true for molecular data, or at least for DNA se-
quence data, although there may be exceplions.

On the other hand, it is equally clear that mol-
ecular 1ools are not completely free from con-
vergence. There are now many examples. at a
variety of taxonomic kevels, of convergent mol-
ecular changes in characters that at one time
might have been presupposed to be unique.
These include the repeated losses of cpDNA
genes and introns (Downie et al., 1991, 1994
Dovle et al., 1995), convergent inversions of
minute as well as large pieces of cpDNA
{Downie and Palmer, 1994; Hoot and Palmer,
1994; Kelchner and Wendel, 1996), and the re-
markable discovery of “iniron homing” in
rDM A of fungi (Hibbetr, 1996), where a particu-
lar group | intron is reported 1o have been pre-
cisely inserted a1 an identical nucleotide position

in disparate groups of homobasidiomycetes,
These and other examples bear witness o the
potential for molecular convergence, and 1o the
exient that these labile characters influénce pene
tree topologies, they may also be a source of
phylogenetic incongruence. Given this potential
lability, individual strectural mutations may
prove most informative when evaluated in the
context of phylogenies inferred using other data

SAVUTCES,

Rapid Diversification I organismal diver-
gence evenis are lemporally compressed relative
io the scale of molecular evolution, phylogenet-
ically inferred intemodes on gene irees may be
short and difficult to resolve with confidence. In
these cases, the relevant clades tend to be
weakly supported, often decaying in trees only
one 1o several steps longer than the most parsis
monious trees, These same clades are often not
recovered in subsequent analyses using addi-
tional molecular markers. This shont internode
or short interior branch phenomenon may be a
common cause of misleading phylogenetic in-
ference as well as phylogenetic incongruence.
The short intemode problem is a relative con-
cept, meaning that it is dependent on the scale of
divergence and the data type being used. It is,
however, applicable to all levels of organismal
divergence, and examples of phylogenetic in-
congruence attributable to this cause abound at @
variety of taxonomic levels in both plants and
animals (e.g., Olmstead and Sweere, 1994
Fehrer, 1996:; Lara et al., 1996; Baldwin, 1997).
Al the family level, for example, several short
branches are apparent near the base of the
Poaceas in trees based on cpDMA characters, re-
gardless of the data set, and alternative molecu-
lar data sets often yield conflicting resolutions
of these major elades. Clark et al. (1995) and
Mathews and Sharrock (1996) found a BOP
clade {Bambusoid, Oryzoid, Pooid) using nadhF
and phytechrome data, respectively, wheneas al-
ternative resolutions were obtained using rbel
{Barker ¢t al., 1995; Duvall and Morton, 1996)
and cpDNA restriction site (Davis and Soreng.
1993} data. Similarly, some cladistic relation=
ships in the Asteraceae (Kim et al., 1992; Kim
and Jansen, 1995), Lardizabalacese (Hoot et al.,
1995), and Saxifragaceae (Morgan and Soltis,



1993; Soltis et al,, 1993, 1996, Johnson and
Soltis, 1994, 1995; Soltis et al., 1996) are unsta-
ble wis-i-vis source of molecular data, At the
tribal and generic levels in the Gossypicac (Mal-
yacene) and in Gessyplon itself, Seclonan et al,
{1997) attributed varying resolutions, as inferred
from ITS, ndhf, and cpDNA restriction site data,
1o the short interior branch phenomenon.

In these and many other examples, the ab-
golute meaning of “short interior branch™ is de-
pendent on the scale of divergence. Thus, a short
interior branch in, for example, o phylogenetic
study of families or orders using a slowly evolv-
ing molecule such as rbeL will have a rather dif-
ferent temporal interpretation than a similar
branch in a phylogeny of closely related species
using a fost-evolving sequence such as a nuclear
intron. In both cases, short refers to the relative
paucity, and hence presumable instability, of
support, but in the former case the actual tempo-
ral spacing of divergence events may be an order
of magnitude or more greater than in the later
case. Both types of phenomena are commonly
referred 1o in the literature as “rapid radiations,”
s0 the expression is a relative one, The pattern
underlying the interpretation, though, namely a
star phylogeny, is the same regardless of scale.

Regardless of the issue of absolute temporal
scale, the many examples of unstable short inte-
rior branches highlight an evolutionary phe-
pnomenon that may be fairly common, In many
cases, it may be that this form of phylogenetic
incongruence is revealing with respect 1o the
history of the group under study, Thus, rather
than focusing exclusively on resolution or rec-
onciliation of the conflict between data sets, it
might be worthwhile to acknowledge the poten-
tial significance of the incongruence and seck
its genesis. Star phylogenies might, for exam-
ple, alert us to a history of fragmentation of a
formerly widespread population system into a
series of geographically isolated populations, or
1o & relatively rapid diversification following a
novel ecological or morphological adapiation
{see fig. 16, p. 176, Solts and Soltis, 1995},
such as radiation of allopolyploids following
their formation (e.g., Wendel, 1959, In prac-
tice, alternative resolutions of short interior
nodes represent a form of soft incongruence, as
defined in the introduction to this chapter, and
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in these cases the conflict might disappear with
additional data. Neveriheless, the perspective
offered here is that the incongruence is impor-
tant in iis own right, in that it focuses our attén-
tion on the possibility of a history of rapid ra-
diation, whatever that means ecologically or
temporally for the group in question.

Hybridization and Introgression  One of
the most significant and conspiceous insights to
emerge from molecular systematic investiga-
tions in the last decade is that hybridization and
introgression are even more widespread in plant
populations than earlier suspected on morpho-
logical grounds (Anderson, 1949; Heiser, 1973
Rieseberg and Wendel, 1993; Rieseberg, 1993).
In nearly all cases, the initial evidence for the
phenomenon has consisted of an unexpected
phylogenetic result, usually between cpDNA re-
striction sites and morphology but alse among
various other combinations of organellar and
nuchear markers. Many of these cases apparently
represent ancient inlrogression episodes, events
that were wholly unsuspected prior 1o their
serendipitous discovery using molecular mark-
ers, A testimonial 1o the prevalence of cryptic
hybridization and introgression is that examples
of the process have accumulated quickly in the
literature {e.g., Palmer et al., 1983, 1985; Docb-
ley, 1989; Smith and Syizma, 1990; Riescherg et
al., 1990; Rieseberg, 1991; Wendel et al., 19%91).
In their 1991 review, Rieseberg and Soltis listed
37 examples of cpDMA introgression, and
within the span of just 5 years this number had
grown to over 100 (Rieseberg et al, 1996).
Mechanisms that uaderlie interspecific intro-
gression of organellar genomes have been re-
viewed (Ricseberg et al., 1996), as has the po-
tential evolutionary significance of the process
{Rieseberg and Soltis, 1991; Amold, 1992;
Ricseberg and Wendel, 1993; Riescherg. 1995;
Ricseberg ef al., 1996), Irrespective of these im-
poriant questions of mechanism and signifi-
cance, cpDMA introgression evidenily 1s a com-
mon process, and hence it is necessary 10
consider its phylogenetic implications.

cpDNA introgression is diagrammatically il-
lustrated in Fig. 10.1. If plastome transfer is un-
accompanied by nuclear introgression, an in-
ferred cpDMNA tree will likely differ from gene
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trees based on noclear sequences and from phy-
logenies inferred from morphological data,
Hence, phylogenetic incongruence is the ex-
pected resuli. Given the apparently high fre-
quency of cytoplasmic introgression, the phe-
nomencn is likely to be among the most
common causes of phylogenetic discord. An im-
portant point abeut cpDMNA introgression is that
because the plastome is nonrecombinant, it is in-
herited as a unit, and so all cpDNA sequences
andfor restriction sites are expected to be trans-
mitted together as a single kaplatype, regardless
of how many nucleotides or restriction sites are
scored (Doyle, 1992). Consequently, phyloge-
nelic incongruence is not expected among gene
treex based on two or more different cpDNA
data sels.

Among the several generalizations 1o emerge
with respect 1o introgression is that cytoplasmic
gene flow occurs at an apparently higher fre-
quency than nucléar introgression, Moreover,
patterns of organellar and nuclear introgression
are typically asymmetrical. That is, cyloplasmic

gene flow is frequently observed without evi-
dence of nuclear introgression, whereas nuclear
introgression without concomitant cyloplasmic
introgression has rarely been demonstrated.
Rieseberg et al. (1996) present a useful analysis
of why patterns of nuclear and cytoplasmic gene
flow may differ in plant populations and include
a discussion of some of the potentially imponant
ecological and genetic factors. Especially un-
common have been examples of introgression of
nuclear genes between plant populations for
which there is no ongoing evidence of hy-
bridization (Talbert et al,, 1990: Wendel et al..
1995h). Presumably, this scarcity of evidence
does not reflect the actual absence of ancient nu=
clear INEMGEression, rov mecessary @ quaniita=
tive difference in its frequency relative fo cyto-
plasmic introgression. Instead, it probably
reflects both methodological and conceptual
factors, including the difficulty of detecting
introgressant  loci in large, complex plant
genaanes, and problems in demonsirating that
candidate markers are truly introgressant, as op-



posed to phensiypically convergent, symple-
siomorphic, or 3 consequence of sorting of an-
cestral polymorphisms (see Lineage Soning, be-
low). As nuclear molecular tools become maore
widely applied, examples of nuclear introgres-
span will continoe to accumulate (Riescherg et
al., 1991, 1996: Brubaker et al., 1993; Wendel et
al., 1995h).

From a phylogenetic reconsiruction stand-
point, nuclear introgression may differ from cy-
poplasmic introgression in significant ways,
although both may lead to phylogenetic incon-
gruence. For a single, nonrecombining introgres-
sant nuclear gene, the effects will be similar to
those of plastome introgression, in that gene
trees based on this sequence will reflect the evo-
lutionary history of that particular gene rather
than the taxa from which they arose. If, however,
a reconstruction is based on a number of inde-
pendent nuclear markers, such as restriction frag-
ment length polymorphism (BFLP) or allozyme
loci for which individual gene trees are mot first
reconstructed, the resolution observed should de-
pend on many faciors, including the proportion
of loci that are introgressed, their linkage rela-
tionships in the genome, and the antiquity of the
introgression event, First generation hybrds are
expected to resodve in cladhstically basal posi-
tions (McDade, 1990, 1992), and it is likely that
introgressants will be found (o resolve at every
level in a hierarchy, depending on the factors
listed previously as well as the breeding history
of the introgressed population,

Gaven these considerations, it should be ap-
parent why inlerpretation of introgression may
nol be straightforward, except in those cases
where evidence for cytoplasmic infrogression is
convincing. That is, the phenotype of incongr-
ence may be sell-evident, but its genesis may be
elusive, Further complicating the analysis 15 the
issue of antiguity of the putative reticulation
event, both in an absolute sense amd relative to
the scale of cladogenesis and extinction. The
more ancient the reticulation, the more difficult
will be it detection, particularly for nuchear
markers, which tend 1o be more polymonphic
than cyloplasmic makers and which recombine.
On the other hand, there are cominuing reports
of reasonably ancient reticulations st evi-
denced by “aberrant™ plastomes { Doebley, 1989;
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Wendel et al., 1991: Soltis and Kuzoff, 1995),
demonstrating that the effects of reticulation
may remain phylogenetically detectable for per-
haps millions of years,

O important implication of these examples,
and others, is that hybridization and introgres-
sion may influence interpretations of relation-
ships not only at the very tips of phylogenetic
trees, which is where interspecific progeny are
meosl likely possible, but also ot higher levels of
divergence among species that no longer are
able 1o form fertile hybrids. In this respect i is
noteworthy that many of the repons of cyioplas-
mic iniregression involve ancient  hybrids
among lineages that presently canpot be
crossed, but apparently once did (Palmer et al.,
1983: Doebley, 1989 Wendel & al,, 1991 Solis
and Kuzodff, 1995). A particularly striking exam-
ple of this phenomenon is offered by Gossyplion
gossyprofdes, a species from Oaxaca, Mexico
(Wendel et al., 1995b). Evidence indicates that
the nuclear genome of this species is heavily in-
trogressed with sequences from faxa that
presenily exist in Africa and Asia. This is an ex-
ample of introgression between taxa whose
modem derivatives are not only incompatible,
but have peographic ranges in different hemi-
spheres, and hence, have no opportunity for sex-
ual contact.

Perhaps it is in this arena of hybridization and
introgression that phylogenetic incongrucnce
has had its greatest impact in systematic biology.
Diespite the many uncertainties of interpretation
given any single set of conflicting cladograms,
the incongruence itself has inspired a search for
explanations, which has led to a renewed inber-
esl in the possibility that hybridization is a po-
tent force in evolotion (Amold, 1992; Riese-
berg. 1985).

Lineage Sorting Genetic polymorphism is
a conspicucus charactenstic of plant populs-
tions, This polymorphism hos been extensively
documented by allozyme analysis (Hamnek and
Godt, 1989; Soltis and Solts, 1989), and more
recently has been confirmed and quantified by
DMNA sequencing (e.g., Gaat and Clegg, 1993b;
Hanson et al., 1996; Innan e al.. 1996), Thus, it
comes as no surprise that individuals may be
heterozygous atl & particular nuclear gene used
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for phylogeny reconstruction, or that variation
exists for a locus within a population, or that mul-
tiple alleles exist within a particular species.
These multiple alleles are related 1o each other by
a complex history involving myriad factors, such
as mutational processes, interaction with other al-
beles via recombination or gene conversion, and a
whole series of popualation level features that may
have influenced genctic transmission. Genes
within species therefore have a history, which
may be reconstructed by phylogenetic analysis to
yield an intraspecific gene tree (Doyvle, 1992,
1995, 1996; Maddison, 1995, 1996).

It is of interest 1o consider the nature of gene
trees in the context of naturally occurring poly-
morphism levels and to exiend the gene tree con-
cepl to interspecific comparisons. Consider, for
example, the case where ancestral alleles are poly-
morphic and a particular polymorphism is main-
tained through one or more speciation events, The
daughter lincages arising from this speciation
event cach have two alleles, and these alleles ane
shared across the species boundary. Accordingly,
each of the two alleles may be referred 1o as being
older than the species 1o which they belong. Ex-
tending this process of organismal divergence
through time, and introducing allele extinction
through nomal stochastic or selective means and
allele genesis through mutation it is possible woen-
vision how gene trees might fail 1 reflect the phy-
logeny of the species that house them.

Lineage sorting. or phylogenctic sorting,
refers (o a special subset of gene tree—species
trec relationships (Meigel and Awise, 1986;
Pamilo and Nei, 1988). Specifically. if a poly-
morphism transcends one or more organismal
divergence events, and if the polymorphism
fails to survive later speciation events, the poly-
meorphism is “sorted™ into its component alleles.
A simple example of this process is illustrated in
Fig. 10.2. Notice that the sine qua non of lineage
sorting is the existence of an ancestral polyvmor-
phi=m, which may exist for any nuclear or or-
ganellar sequence, of, for that matter, for a mor-
phalogical trait (Roth, 1991), As long as there is
plymorphism, the possibility exists that it may
survive speciation and thereby contribute 10 a
future lineage sorting event,

With respect to the subject of the present
chapter, the significance of lineage sorting is

Figure 10.2. Lineage sorting. coalescence, and phylogesetic
incongroence. flustrated are the historical relaisossddps
among allebes 8 5 tisghe loous in five hypothetical species,
Athrough E. Alkzles aee continually creaied through
mwstaticmal processes and lost via selection and drift, but for
samplicity. only alleles thal have survived o the presest are
depicted. Alleles within 3 spocies may be monophyletic, 5
cxemplified in this example by the three alleles in species
[ these alleles shar & Bt necent commaon ancesion, of
cowlesce, o the poist marked by arow sember 1. In other
cases, alleles within 3 spocics o not monophyletic, ax
shown by species A sl B, cach of which possess both
ditiodd and dasked alleles; omlesconce of these alleles
occurs al the point masked By amow number 2, anbedating
the divergence of specses A and B. Coalescence of all alleles
in the figure (inchoding salid allcles) oooars al armow numbes
3. Indferential survivad of sllckes in alomative lincages will
beand oy instances whaere historical relationahips among
alleles { = pene treeh are fod the same as thoses af the spevics
that house them (= species moe), I the examplo shown,
dotted alledes survive to the presont in species [ but ssld
alleles do not. whereas the oppewile allolic survivasship
patiom vocurs in species C and E. Hence, sampling of a
simgle albele from esch lanos will bead fo nocovery of the
gone poe showm in the insct, which is incongneent with the
histery of organiemal dvergence, Th process by which the
allelic polvmorphism pecienl in the comenon anceslor of
specios O, [, and E was lost m sermed linpmge sorfing.

that it may be a cause of phylogenetic incongni-
ence. This is explained most easily by referring
o Figs. 10L2 and 10,3, which show how linsage
sorting may lead 1o discordant gene trees and
species rees, and by extension, belween wo or
more gene trees. One important manifestation of
lineage sorting is that alleles from different
species may be more closely related to ench
edher than are alleles within the fame species
(Figs. 10.2, 10.3). Consequently, and because
the process by definition invalves alleles that are
odder than their species, allzles a1 any given lo-
cus within a paricular species are nol necessar-
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Figure 10.3. The clfect of sampling or lincags soring on a read data set, Coreopnis lancemiasa and C pramdifors are each
polymsirphic for cpDNA haplotypes, whose eelationships to ome ssegher 2l 80 cpIHA haplotypes from other Coveapsis
specics are shorum in the bop cladogram (afier Mason-Gamer et al.. 1995). Haplotypes fall into rwe primary clades,
desagnated A and B. IFonly one individual was sampled from esch of the two species © lamerclats sl O grandiflora, or
if there Bad been additional haplotype lincage extinction, any one of tse six topologically differen hypotheses of species

relationships Chelow) might have been oblained

ily expected to be monophyletic, To this extent,
phylogenetic incongruence among gene trees is
an expected outcome of lineage sorting at lower
taxonomic ranks, the divergence levels for
which lineage sorting processes are usually
thought 1o operate,

Lineage sorting may affect both organellar and
nuclear genes, but because of the generally slow
rife of cpDNA evolution and population gpenetic
considerations, there are relatively few examples
of cpDNA polymorphisms that transcend specics
boundaries. One example is offered by Coreop-
sis, in which two plastome classes (A and B)
found in a wide survey of Coreapsis grandiflora
may have been phylogenctically sorted into vari-
ous populations of this species and other Corrop-
six taxa (Mason-Gamer ¢t al., 1995), Additional
examples include wild potatoes (Castillo and
Spooner, 1997) and populations of two species of
Placelin (Levy et al.,, 19%5),

More common are empirical examples of nu-
clear genes where alleles transcend species

boundaries, and this number is expected 1o grow
rapidly in the coming years as additional sur-
veys are undertaken of multiple alleles within
species (see, for example, Cronn et al., 19946 for
35 rDNA polymorphisms shared among closely
related Gossypiwm species). Al present, some of
the best examples in plants come from maize
and its relatives, where alleles that are more an-
cient than their species have been described for
Adh (Gaut and Clegg, 1993a; Goloubinoff et al.,
1993}, ¢f (Hanson et al., 1996), and the internal
transcribed spacer region of the major rDNA re-
peat (Buckler and Holisfiord, 1996a), In each of
these examples, gene tree topologies are consis-
tent with the operation of lineage sorting, al-
though the authors correctly take pains to dis-
cuss the allernative possibility of interspecific
gene flow, This uncertainty as o cause deserves
emphasis here: The incongruence footprint left
by lineage sorling is often identical 1o that ex-
pected from other processes, such as introgres-
sion (see Assessing the Couse).
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The fact that alleles may transcend species
boundaries has a number of imponant implica-
tions. First, because alleles an each locus have
their own history, and because there may be con-
siderable discord among their gene irees, we are
challenged to come to terms with what is meant
by the expression “species tree.” This rich sub-
ject is perhaps beyvond the scope of this chapter,
hait it has been thoughtfully discussed elsewhere
{see in particular Baum and Shaw, 1995; Doyle,
1995, 1906; Maddison, 1995, 1996).

A second consequence of the realization that
alleles have complex histories is the emergence
and development of an entire discipline within
population genetics known as coalescence or co-
alescent theory (Hudson and Kaplan, 1988;
Ewens, 1990; Hudson, 19900; Slatkin, 1991). Al-
lebes at any locus are subject to the full spectnam
of intemal {e.g., mutation, concented evolation)
and external forces (¢.g.. breeding history, sclec-
tion, drift). Effects of these various influences
are expected 1o differ for alleles within a specics
s well as for alleles from different species. At
any locus, & given pair of alleles may share a rel-
atively recent common ancestor, in which case
coalescence 15 saud 0 be relatively fast, or alter-
nsiviely, the maost recent common ancestor may
andedate several speciation events, in which case
coalescence 15 relatively ancient.

Ome result from coalescent theory that is par-
ticulary relevand 1o phy logenshc issues is that ef-
fective population size has a large effect on coa-
lescence imes: Alleles in small populations reach
fixotson or are lost more rapadly than alleles from
large populations, and hence the time 1o coales-
cence 15 bess in small than in large populstions.
Accordingly, coalescence of organcllar genes
may be faster than nuclear genes {Moone, 1995),
all else being equal (see, however Hoelzer, 1997),
because onganellar genes often have bower effec-
tive population sizes than nuclear genes (Birky et
al., 1983; see, however, Chesser and Baker,

1956, This population genetical process, com-
bined with the generality that infraspecific poly-
marphizm levels are typically low for plastome
genes, accounts for the relatve ranty of lincage
sorting for cpDNA-based gene trees (see, how-
ever, Mason-Ciamer et al., 1995). I also acoounts
for the expectation that in general, lincage soring
is only expected 1o be a potential source of dis-

cord @1 lower Inxonomic ranks, levels in the hier-
archy tha antedate coalescence. Moore (1995)
models coalescence for nevtral nuclear and or-
ganellar genes and shows that for a three-species
portion of a phylogeny, when the probability of
congruence between an arganellar tree and a
species tree is 0,95, the probabality of congruence
for a nuchear ree is 0.62. Moreover, 16 indepen-
dent nuclear trees are required 1o genermle os
much confidence of congruence as obtained with
a single organellar tree,

It is tempting to conclhsde from this discussion
that phylogenetic hypotheses derived from na-
clear genes will be wholly unreliable at lower
taxonomic ranks, and indeed, the foregoing ex-
amples for Zea illustrate the potential for dis-
cord atiributable 1o lineage soming and coales-
cence issues. These problems may dissolve,
however, for species with small effective popu-
lation sizes, such as inbreeding species or those
whose populations have few individuals, Unfor-
tunately, this information rarely exists in the de-
tail necessary 10 assess accurately the likelibood
that lineage soming is a factor in allele topolo-
gics (see Doyle, 1995 for sdditional discussion).
Al present, we must simply be alert o the possi-
bility that it is a factor, especially in phyloge-
netic analyses at the genenic level and below.

A final comment concerns the possibility that
lincage soming may affect tree twopologies al
higher levels of divergence. This prospect
emerpes from polvmorphisms that are maintnined
by natural selection through many speciation
events (e.g., Gaur et al., 1992) Polymorphisms
maintained by balancing selection will have
longer coalescence times than mewiral loci, and
thus may contribuie o phylogenetic incongrisnce
at higher taxonomic ranks. Perhaps the miost Com-
pelling example of this process in plants concems
the self-incompatibility ($) bocus in Solanaceas,
where high molecular diversity is ensured by en-
forced ouicrossing (Rivers et al., 1993). Phyloge-
netic and phenetic analyses of alleles ot this locus
have demonsirated the existence of alleles from
different genera that are grouped together in
clades (loerger et al., 1990; Clark and Kao, 1991;
Richman et al.,, 1996). Some of these allelic poly-
mawphisms have survived what must be an enor-
meias number of speciation events, o5 coalescence
times for alleles shared between Penotia and



Solannrs appear W precede the divergence of
these two genera, which may have last shared a
common ancestor over 30 million years ago.

This example from the 5 locus in the
Solanaceae demonstrates that while lineage sort-
ing is generally of importance to population and

ies-level studies, it may occasionally be sig-
pificant &t higher levels of divergence. In this re-
spect, lineage sorting is similar to introgression of
puclear of cytoplasmic gemes, in that these
processes also are expected 1o influence phyloge-
metic nference mostly at lower taxonomic ranks,

Horizontal Transfer Among the more un-
expected conclusions drawn from molecular
phylogenetic studies over the past decade has
been that genes occasionally traverse species
boundaries throogh nonsexual means., This
process, termed horizontal or lateral transfer
(Amdbile-Coevas and Chicuarel, 1993; Kidwell,
1993; Syvanen, 1994; “xenclogy™ or “para-
xenology” of Patterson, 1988), has long been
suspecicd to play a role in the evolution of bae-
teria {Lan and Reeves, 1996), but in recent years
an increasing number of putative examples have
been reporied from eukaryotes (Houck et al,,
1991; Clark ct al., 1994; Robentson and Lampe,
1995; Delwiche and Palmer, 199%6: Hibbert,
1996; Moens et al., 1996), From a phylogenetic
ﬂlndpuirlt. horizonial iransfer generales discor-
dant trees exactly like ihe processes of hy-
bridization and introgression, although perhaps
only for a single gene and potentially across
great phylogenetic distances,

One of the more compelling and well-known
examples involves “P element”™ transposons in
Drogophila (Houck ot al, 1991; Clark et al.,
1994). A wealth of phylogenetic and phenetic ev-
idence supports the proposal that these elements
first meade their way into the D, melanogasier lin-
eage via horizontal transfer from a taxon in the
D. willistoni clade. This evidence includes the
near sequendce identity of elements extracted from
D. melanegasier populations that possess the cle-
ment, the high sequence similarity between ele-
ments from the [ melanogaster and D, willistord
lineages., and peculiarities of their distribution in
D. melanagasier populations and laboratory
stocks. A remarkable and unigue feature of this
example is that both a likely vector and an coo-
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logical context for interspecific DNA transfer
have been identified, namely, a mite ( Proctolae-
laps regalis) that feeds on Drosophila epgs and
larvae. Houck et al. (1991) demonstrated that the
mile was capable of carrving P elements subse-
quent 1o feeding on fruit fly strains that possessed
the transposon, thereby providing a rare glimpse
into vecior-medisted horizonal ransfer,

For most other putative examples of horizon-
tal transfer, the evidence is not as compelling,
although there are several recent and interesting
exceptions (Delwiche and Palmer, 1996; Hib-
bett, 1996; Moens 1 al., 1996). Delwiche and
Palmer’s study is especially noteworthy, as their
report involves the widely utilized gene ricl,
for which more sequences exist in plants than
any other gene. From phylogenetic analyses of
bacterial and plant riacl. sequences, Delwiche
and Palmer (1996) inferred approximately
six horizonial transfer events involving ricl
and various combinations of profechacteria,
cyancbacteria, and plastids (sec Chapier 13).

These and other examples demonsirate that
this non-Mendelian process almost cenainly oc-
curs in nature, although its extent and evolwion-
ary significance remain unclear. In addition 1o
the process being relatively rare and difficult 1o
catch in the act, the initial evidence for it in any
particular study wsually consists of the simple
observation of a noteworthy discord between a
gene tree and the expected organismal relation:
ships. As is clear from the present chapter, many
other evolutionary processes may result in the
same observation of phylogenetic incongruence,
and these alternatives ane not always readily ex-
cluded as formal possibilities (Cummings,
1994). Thus, the patterns reported by Delwiche
and Falmer {1996) may have resulted, as the au-
thors node, from a complex history of gene du-
plication and loss, with differential survival in
various lineages resulting in “apparent” hori-
zomtal transfer. Similarly, the putative horizontal
transfer of group | introns into the rDNA of
mushroom-forming fungi may also have re-
sulted from a highly homoplasious pattern of in-
trom loss in clades lacking the putative insertion
{Hibbett, 1996). Inferences of lateral transfer of
members of replicative families, such as P ele-
ments and retrotransposons (VanderWiel et al.,
1993) are additionally complicated by their
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inherent history of duplication and differential
survival of orthologous genes (see also section
Crthology/Paralogy Conflation).

Al present, il seems clear that horizontal
transfer occurs, although we do not yet under-
stand its frequency or significance. Given the
many other causes of phylogenetic incongru-
ence, il seems unwise, however, to invoke it on
this basis alone, without due consideration of
the other possibilities and without additional
supporting evidence (Cummings, 1994). This
evidence may be difficult 10 gamer, particularly
if the putative transfer event is ancient, but some
of the alternatives may still be addressed using
arguments based on parsimony (cf. Delwiche
and Palmer, 1996; Hibbetr, 1996).

Gene and Genome-level Processes

Most of the evolutionary processes included
under this heading cause phylogenetic incongru-
ence because of some manifestation of nominde-
pendence. This applies to both intra- and inter-
genic recombination, various forms of concerted
evolution, evolutionary rate  heterogeneity
among sites or taxa, and most obviously, when
nucleotide sites in a molecule evolve in a directly
dependent fashion, such as stermed bases in ri-
bosomal RNAs, Despite the diversity of underly-
ing molecular mechanisms encompassed by
these phenomena, they exhibit the common
thread of perturbing relationships among termi-
mals in gene trees through the effects of interac-
tion (among alleles or genes) or nonindepen-
dence (among sites), with the consequence that
the resulting gene tree is incongruent with other
gene trecs. Our understanding of these processes
i5 still incomplete, and at present empirical
demonstrations of their effects on phylogenetic
inference remain reasonably small in number, As
a result, the relative significance of each phe-
MM ON L0 Sy sbemialists is nod known,

Intragenic Recombination An evolution-
ary history that involves reticulation is not accu-
rately depicted by a sirictly bifurcating tree.
Trees are, of course, the products of cladistic
analysis, and hence the reality of hybridization
poses problems for the ideal of phylogeny re-
construction. This problem applies equally to

whaole organisms, using morphological data sets
(Funk, 1985; McDade, 1990, 1992, 1995) and 1o
genes. using sequence data from a sampling of
alleles. In the latter case, intragenic (or interal-
lelic) recombination {or gene conversion) leads
to the evalution of composite molecules that
possess characteristics of both parental alleles,
When this occurs, alleles will no longer have
arisen exclusively from normal mutational
processes, and their relationships may no longer
be depicted in a strictly hierarchical fashion,
Forcing a treelike topology onto a sampling of
alleles that originated from both nonrecombi-
nant and recombinant processes will result in a
reconstruction that is, at least in part, emoneous,
As o consequence, the resulting gene tree may
be incongruent with phylogemetic estimates ob-
tained using other sounces of data,

That interallelic recombination occurs is al-
ready evident, despite the fact that there are still
relatively few studies where multiple alleles of a
bocus have been sequenced from individual plant
taxi. Perhaps the best example concems alcohol
dehydrogenase in maize (Gaut and Clegg, 1993a;
Hanson et al., 1996), where recombination was
documented among alleles at Adh/ (nine recom-
binations among six alleles sampled) and Adh2
{five recombinants in 12 alleles sampled). Han-
son ed al. (1996) also sugpest that thern: have been
three recombination events among 27 sequences
it the anthocyanin regulatory locus, ¢/, Innan et
al. (1996) deseribed the evolutionary history of
17 sequences of Arabidopsis Adh as having in-
chuded four intragenic recombination events,

Detecting recombination in a sampling of alle-
les is not always straightforward, and the relia-
bility of an inference is likely to depend on sev-
eral factors, including the level of confidence
that the alleles involved are from the same locus
as opposed 10 a paralogous locus, the relative an-
tiquity of the recombination event, the amount of
sequence divergence between the two alleles in-
volved, and the distribution of differences along
the: kength of the gene. Thus, ancient recombina-
tion between two similar alleles is likely to ne-
main undetected, whereas a single recent gene
conversion of reciprocal recombination between
two highly dissimilar alleles will probably be
readily apparent. In the latter case, this may be
manifested as a “chimeric™ allele, where the 5°



and 3' portions of the allele (or smaller regions)
appear 1o have different phylogenetic histories
and phenetic relationships with other alleles
sampled (2.8, Innan et al.. 1%6). Despite these
potential difficulties in detection, several tests
for recombination have been developed (Sawyer,
1989; Fitch and Goodman, 1991; Hein, 1993;
Templeton and Sing, 1993; Jakobsen and East-
gal, 1996) and compuler programs that assist in
the analysis are available (Hein, 1993; Jakobsen
and Easteal, 1996; Hey and Wakeley, 1997),

In some cases, recombination may be so exten-
sive that it will remain undetected as such excepi
under extraordinary circumstances, A case in
point concerns the rDNA ITS from Gossypmitmg
gossypioides, which available evidence suggests
wis derived from recombination between two
highly divergent ITS sequences that wene brought
together in a common nuclews as o result of inter-

cpDNA
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specific hybridization (Wendel et al., 1995b). The
ITS sequence in question is not a simple chimeric
product, but instead consists of a mosaic of no-
cleotides contributed by both parental clades dis-
tributed in an apparently random fashion along
the length of the sequence. In a follow-up study,
phylogenetic data were gathered that suggest that
the 55 rDMNA locus in G, possypinides was simi-
larly recombined (Cronn et al., 1996),
Recombination, like hybridization, causes
homoplasy when included in a phylogenetic
analysis. Consequently it is not surprising that
recombinant alleles behave cladistically like
morphological hybrids (Funk, 1985; McDade,
1995M0, 1992, 19495} in that they resolve in rela-
tively basal positions in clades occupied by one
pareni of the other. This prediction is fulfilled by
the recombinant rONA alleles from Gossyvyvinm
gossypioides, as shown in Fig. 10.4. The three

ITS

Figure 10.4. Effet of recombination an phylopenetic sessdution, Shown on the beft are relastrahips among American and
African diphosd species of Goceypinm, ax infermed from cpNA restriction site varistion {Wended and Alber, 1953 Seclanan
&l al, 1997). The peimary division is into strongly sspponied clades consisting of diploids froem differest heminpheres. Within
B Amevican clade, &7, paceypinides appears i the slster tnon of (7, reiwondid, which is the conventionsl plascenenl
supporied by most pther genetic and cylogenetic dsts (Wende] ¢t al., 1995b). Evidence sugpests, though, that the history of
i, .I'P-I-H:II'I'DHI'I inchadcs an episode of hybridization and intrpression with a genome like tal presemly Found in Alricas
diplioid species. Thas bypotheses was initially invoked 1 sccoust for phylogenetic trees that are incongren with the
cosnventional eree shown on the kefl. Specifically, in twees based on both ITS {center) and 55 fright} ribosomal [NA
sepsences (pedewam froms Wendel o al., 19950 and Crosm e al., 1996, respectively ) (7. possiplalder cocupses
Phiylogenctically basal positions, although in differens primary clades i each case. This basal resolution is consistent with
the: Baghily recomibined murure of the ribosomal repeats in 07, godirpioides. and ilbesries that ghe phylogenets: effocts af
miclecular recombination ars sismilar b S of mophologics) hybridiestion (Funk, 1955 McDade, | 995, 1992, 1995),
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panels illustrate phylogenetic observations from
a nonrecombinant molecule (cpDMNA, leit),
which cladistically resolves in & terminal “non-
recombinant™ position, and from the tvo recom-
binant rDNA genes (ITS, center; 55, right),
which resolve basally, although in different
parental clades in each case.,

Recombination may be difficult 1o distinguish
From other causes of phylogenetic discord, such
as undetected and unexpected interspecific intro-
gression, In some cases, an inference of recombi-
nation may be justified by the pattern of molecu-
lar variation, such as when an obvious chimeric
allele iz observed. In other cases, the source of
the conflict may not be so readily apparent. With
respect 10 the peculiar rDNA sequences of
Gozsypinm gossypioides, borh processes appear
to have been involved. Specifically, an organis-
mal history of hybridization and introgression is
suggested 1o have brought “native™ and “alien™
rDMNA repeats into contact, whereafter they ex-
tensively recombined. The inference of recombi-
nation, as opposed o excessive homoplasy or
aberrant molecular evolution, is based on exten-
sive supporting evidence, including comparative
morphalogy, cyiogenstics, and independent mol-
ecular evidence from other nuclear and organcl-
lar markers. In the absence of this additional evi-
dence, the genesis of the aberrant rDNAs would
have been more difficuli to infer,

Orthology/Paralogy Conflation Sequences
from the plastid genome exist in only a single
copy, except for genes located in the inverted re-
peat. Hence, a particular cpDNA gene from dif-
ferent individuals or species is likely 10 be re-
lated by direct descent, with no intervening
history of gene duplication and extinction of re-
lated genes. This simple form of homology is
termed orthology, and two genes are said 1o be
orihologous if their relationship originated from
organismal cladogenesis (see Chapier 4), Or-
thologous sequences are appropriate for phylo-
genetic analysis, in that their history may reveal
organismal divergence events, assuming the ab-
sence of the other potentially confounding influ-
ences described in this chapier.

Genic relationships may take forms other than
orthology, however. Consider ihe case, lor exam-
ple, where a gene becomes duplicated (vielding

bocus A and locus B) and each copy of the gene is
transmitied to two danghier lincages (1 and 2)
following an organismal divergence event. In
this case there are two sets of orthologous rela-
tienships, one involving locus A from both line
eages (Al vs, Al) and the other involyving locus
B from both lincages (Bl vs. B2). In addition,
however, there are relationships among non-
orthologous genes from different species (Al va.
B2 and A2 vs. BI) as well as between the dopli-
cated copies within each species (Al vs. B, A2
vs, B2). In this example the duplicated sequences
within and between lincages exhibit paralogy,
and the genic relationships are termed paralo-
gous (Fig. 10.5). Paralogy is simpler 1o define
than onthology, in that a rigorous crilerion exists:
If two loci occur in the same individual genome,
then they must be paralogous, Orthology, how-
ever, describes a genetic relationship that is inex-
tricably tied to a phylogenetic concept invalving
two or more taxa (see Chapter 4),

When paralogous genes are unwittingly in-
cluded in phylogenetic analysis 1o the exclusion
of appropriate onhologous comparisons, the re-
sulting gene tree will confound organismal di-
vergence events with a tracking of the history of
duplication. Hence, erroneous assessments of
orthology and paralogy will lead 1o phylogenetic
incongruence, as will sampling an unintended
mixture of orthologous and paralogous se-
quences in a study (Doyle, 1992; Sanderson and
Doyle, 1992; VanderWiel et al., 1993).

The trivial example shown in Fig, 10.5 repre-
sents an oversimplification of the complexity of
genic relationships from the nuclear genomes of
nearly all plants. In actuality, genes that exist in
only a single copy are rare relaive w those that
exist in several to many copies, Even in the re-
markably sireamlined genome of Arabidopsis
rhaliang, a miniewem of 15% of “single-copy™
nuclear sequences are duplicated (Kowalski et
al., 1994 MeGraih en al., 1993), Most nuclear
genes from most plants exist in several to many
copies, these reflecting a complicated history of
sequence duplication, through polyploidization
(Masterson, 1994}, retrotransposition (Yander-
Wiel et al., 1993; Wessler et al., 1995; Kumar,
1%%36), or other mechanisms, as well as
processes of sequence loss, via genic andfor
chromosomal deletion (e.g.. Dubcovsky and
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Figure 105, Onhology. paralopy, and phylopenetic incongruence. Top: Gene duplsestion yichls rao beci, A and B,

which are each rammitiad ista daughter lincages (Taxom 1 and Taxon 2) following an organissal dverpenos cveal, For
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{rom one ancher as a consequenoe of orpanismal divergence, as do loci Bl and B2 Bence, each of thess locus pasr
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arisg from pone duplcation: e lomm applies to relationships among genes from different species (A1 va, B2 and A2 v
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obaised that is iscongreent with the tee onganismal hissory (boitom right)

Dvorak, 1995; Goutlieb and Ford, 1996) and
pseudogene formation (Buckler and Holtsford,
1996k, Goulieh and Ford, 1996; Scherg et al.,
1996). Given this history of gene duplication
and loss, hemelogy for any given gene system
from two or more species may include ontholo-
Bous comparisons, but will almost certainly in-
clude a diverse array of paralogous relation-
ships. Duplications responsible for the later
may have been ancient of more recent. Hence
paralogy is a relative concept (VanderWiel et al.,
1943), as two gencs may be more or less paralo-
£ous than two other genes, depending on the rel-
ative recency of their shared common ancestry.

The foregoing discussion highlights why se-
quence similarity per se is an unreliable indicas
tor of orthology. Given that orthologous com-
parisons are the only ones potentially wseful for
phylogeny reconsiruction, it is esseniial that or-
thology be established prior 1o a phylogenetic
study. Orihologous relationships can be hypoth-
esized with varying degrees of confidence from
using criteria such as tissue specificity (Daovyle,
1921, expression patterns (Daoyle, 1994a),
Southern blot analysis (Matthews and Sharmock,
|9K5), and perhaps most convincingly, comgar-
ative mapping {Bonicrbale et al., 1988; Whitkus
et al., 1992; Kowalski et al., 1904: Pereira et al.,
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1994 Brubaker et al., 19497}, For most plants,
however, this information is likely 1o be difficult
to generate. In some cases, it may be possible to
amplify apparent orthologues selectively using
PCR. but in the absence of other data, the as-
sumption of strict orthology may not be justi-
fied. Reasonable evidence for onhology may of-
ten be obained, though, through a combination
of Southern blot analysis, PCR specificity, and
perhaps most critically, phylogenstic analysis,
particularly at lower taxenomic ranks, where
duplication and divergence histories are less
complex,

Many recent empirical presentations of gene
trees illustrate how phylogenetic incongruence
may result from erthology/paralogy conflation
(WanderWiel en al., 1993; Kolukisaogla et al.,
1905 Mathews et al., 1995%: Mathews and Shar-
rock, 199; Seberg et al., 1996), Studies of phy-
tochrome genes (Kolukisaogle et al, 1995
Mathews et al., 1995; Mathews and Sharrock,
1994 demonsirate nicely some of the complex-
ities i the history of this gene family and show
that different onthology and paralogy isswes ap-
ply to various bevels in the taxonomic hierarchy.
Vander'Wicl et al. (1993) show how incongmn-
ence with organismal relationships is the ex-
pected outcome for phylogenctic analyses of
multigene families such as retrotransposable el-
ements, due to the complex history of duplica-
tive wansposition combined with incomplete
sampling.

A somewhat different type of confounded or-
thology/paralegy relationship may arise in cases
involving organellar genes where there has been
duplicative gene transfer to the nucleus during
organcllar evolution (Mugent and Palmer, 19491;
Gantt ot al., 19917, If nuclear copies of the du-
plicated gene are sampled from only a portion of
ihe taxa included in a siudy, gene irecs may
show unexpected relationships. To the extent
that the underlving phenomenon may be diag-
nsed, the inferred phylogeny may therefore
provide critical information on the timing of the
gene transfer event.

A final comment concems the intriguing pos-
sibility that a “species tree’” may be estimated
from gene tregs even in the presence of con-
founded onhoelogy/paralogy relationships.
Guigd et al. (199%6) present a method that recon-

ciles conflicting gene trecs by seeking a species
tree that minimizes the toial number of gene do-
phications and losses. This ineresting approach
may facilitate insight into both gene-family and
organismal histories,

Interlocus Interactions and Concerted
Evolution As previously discussed, evolu-
tonary histories that involve reticulation ane not
accurately depicted by bifurcating trees, regard-
less of whether the reticulation involves an or-
ganismic-level process (see Hybridization and
Introgression, above) or a process at the genic
level (sze Intragenic Recombination). In both
cases, characters from two parental linsages are
mixed, leading to phylogenetic reconstructions
that have a high likelihood of being erroneous,
and as a consequence, incongruent with esti-
mates obtained using other data sources. In this
section, we discuss gther common processes in
genic evolution that may be construed 10 be
forms of reticulation, that is, when different
genes interact, These interactions are multifari-
ous and complex, but they all lead 10 noninde-
pendent character evolution, through the recom-
bining, blending, or altering of different DNA
BEGUENCES,

Intergenic recombination may influence gene
tree interpretation at any level in the taxonomic
hierarchy. In a phylogenetic reconstruction of
serine protease genes from humans, for exam-
ple, different trees were oldained from different
domains of the proteins; these were interpreded
as reflecting ancient mosaicism, or “exon shuf-
fling™ bertween formerly independent gene re-
gions (Ikeo et al., 1995), This example is only
one of many of exon shuifling. maostly from ver-
tebrates (Stone and Schwartz, 1990; Paithy,
1991; Doolitile, 1995) but including af least &
couple of examples from higher plants {Domon
and Stcinmetz, 1994; Schena and Davis, 19941
To the degree that proteins have been assembled
by this process, their gene sequences will be
reticulate, which has obvious ramificstions for
phylogenctic analysis,

The extent to which exon shuffling needs 1o
be considered by plant systematists is ned
kneown, but it is likely that the phenomenon ap-
plies primarily to the deepest levels in plant phy-
logeny. Other, better-known forms of genic in-




teraction apply to more recent divergences, par-
ticularly between duplicated genes and among
members of multigens families. Given that meosit
sequences in plant genomes have a long history
of duplication and divergence (se¢ previous sec-
tion, OrthologyParalogy Conflation), the poten-
tiad for intergenic interaction applies to many if
ned most nuclear sequences. It is also likely that
the relevant genetic processes influence phy-
logeny reconstruction at a wide variety of taxo-
nomic levels, making this a general concemn.

One form of nonindependence among genes
arises from intergenic recombination or gene
conversion. These two mechanisms are related
and are usually difficult 1o distinguish, although
gene conversion should result in a higher degree
of sequence homogenization than classical reci-
procal recombination, which merely redisirib-
utes variation, Examples of gene conversion
may include alcohol dehydrogenase alleles from
Crossypiuer, where different regions of two alle-
les demonstrate remarkably different frequen-
cies of indels and nucleotide substitutions (Mil-
lar and Dennis, 1996). In Pisum, doplicated
copies of a gluamine synthetase gene are over
99% identical at the nucleotide level, except in
the middle portion of the genes. Walker et al.
(1995) atribute high sequence similarity in the
distal regions io the homogenizing influence of
gene conversion, and interpret the reduced simi-
larity in the middle pant of the genes as repre-
senting unconvened portions of sequence. Simi-
larly, paralogous copies of PgiC in some species
of Clarkia may have experienced gene conver-
sion (Gottlich and Ford, 1996).

These examples have several implications.
First, in each case, the chimeric or recombinant
nature of the genes involved was instrumental in
revealing an impornant aspect of their evolution-
ary history, namely, interaction with other, simi-
lar sequences. Thus, the reticulation that con-
Founds phylogeny reconstruction yiclds insighis
o molecular evolutionary process. Second,
there are still relatively few molecular systematic
investigations using nuclear genes {other than
TDNA, but see below), yet given even this small
number, phylogenetically significant gene con-
version and recombination events have been de-
tected, suggesting that the process may be com-
mon, as has been shown in yeast (Goldman and
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Lichien, 1996), and hence of consequence for the
practicing systematist. Third, it may be that most
geme conversion of intérgenie recombination
events will remain undetected, because the abil-
ity to detect chimeric sequences should decrease
with increasing antiquity of the intergenic inter-
action, Moreover, repeated interlocus interac-
tions over time may vield mosaic sequences
whose composite histories defy disclosure.

Additional complexities are involved in the
consideration of larger multigene families and
repetitive DMAs, like ribosomal BMNA loci,
which are especially subject to the homogeniz-
ing forces collectively referred o under the um-
brella heading of “concened evolution™ (re-
viewed in Arnheim, 1983; Elder and Turner,
1993). Phylogenetic implications of concerted
evolution have been discussed based on simula-
tions a8 well as empirical examples (e.g., Hillis
and Dixon, 1991; Sanderson and Doyle, 1992;
Baldwin et al., 1995; Wendel et al., 1995a), Ef-
fects of concerted evolution may range from
complete homogenization of multigens families
to occasional gene conversion events that affect
only a small portion of the members of a given
multigene family, Meagher et al. {1989), for ex-
ample, showed that gene conversion has played
a prominenl role in the evolution of RUBISCO
small subunit genes (rbcS) in plants, whereby
sequences from single lineages are more similar
o cach other than would be expected under a
scenario of independent evolution. Concerted
evolution is incomplete, however, as evidenced
by the considerable rbef diversity that is re-
tained within species. A similar process of par-
tial and intermittent homogenization has been
invoked for actin evolution in angiosperms (Mo-
mz de 5i and Drouin, 19960, This latter study
demonstrates that gene conversion events have
occurred at various times during evolution of the
actin gene family, and that these may be de-
tected at phylogenetic depths ranging from the
rank of class (Liliopsida) to genus (Zea).

The mechanisms by which these occasional
gene conversion evenis take place, and the
forces responsible for their sporadic nature, are
incompletely understood. From a phylogenetic
perspective, though, these examples of partial
homogenization pose real problems for inter-
pretation of both organismal and gene-family
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history {Sanderson and Dovle, 1992). A reason-
ably accurale gene tree 15 a MINEMUm require-
mient fior inferring & species tree, and this may be
obtained both in cases where concerted evolu-
tionary forces are absent and when they are
atromg enough to maintain relaive infraspecific
homogeneity. Pamial homogenization, however,
generales recombinant sequences thatl are mel-
ther orthologous nor paralogous. Hence, no his-
tory of bifurcation among genes or Organisms
may be recovered. Consequently, nuclear genes
that are subject to treomplete concemed evola-
tion are expected to be the least usefu] for recon-
struction of organismal relationships,

A wvariant on this theme of incomplete con-
certed evolution involves cases where the de-
gree of homogenization varies among taxa. This
variation has been shown in legumes, for exam-
ple. where both leghemoglobin (Doyle, 1994b)
and 75 seed storage protein genes (Doyle et al.,
1992 appear to evolve concertedly in some but
not all kegume taxa. This process may lead to
cases where orthologues of particular genes in a
taxon experiencing weak concerted evolution-
ary forces may simply no longer exist in related
taxa where the genes have been homogenized by
stronger concerted evolutionary processes,

Concerted evolutionary forces are ofien
stronger for tandemly repeated sequences, such
as ribosomal genes, than they are for dispersed
miembers of multigene families spread across
several or more chromosomal loci. at least in
part because one major mechanism, unegual
crossing over, 15 only possible for tandemly
awrranged families. Ribosomal DMNA genes are
organized inde armays consisting of hundreds 1o
thousands of identical 1o nearly identical re-
peats, indicative of their concerted mode of evo-
lutien. This feature of rDNA, in addition to their
high copy number, hos been responsible for the
rapid growih and ubilization of these sequences
in phylogeny reconstruction (Hillis and Dixon,
1991; Baldwin et al., 1995; see Chapter 7).

Mumerous phylogenetic studies in plants have
been conducted using the 185-265 rDMNA re-
peat, allowing several insights into the various
possibilities for molecular evolution of repeated
sequences; each of these has a differing rele-
vance o phylogenstic inference and phyloge-
netic incongruence, One possibility is that ho-

mogenization of repeats may be incomplete, and
indeed, considerable sequence variation may ex-
15t among repeats within species. Buckler and
Haolsford {199%6b), for example, in an analysis
of ITS sequences, demonstrate both intra-array
sequence diversity and the presence of fDMNA
pseudogenes. Because of incomplete homoge-
mization, interspecific orthology is thus mot as-
sured, Similarly, inter-array homogenization
may nid occur, even in circumstances whene
rDNA repeats within arrays are reasonably ho-
mdgeneons. This results in the long-term main-
tenance of more than one rDNA repeat type
{e.g., Sub et al., 1993; Kim and Jansen, 1954;
Sang et al., 1995; Waters and Schaal, 1996),
which may in some cases actually preserve par-
alogous relationships. An additional evolution-
ary oalcome, especially in cases where diver-
gent repeats are united in 4 common necleus as
a result of hybridization or polyploidy, 15 ho=
magenization of repeats within (intralocus con=
cered evolution) and among (interkocus con=
certed evolution) armays (Wendel et al., 1995a;
Brochmann et al., 1996). Wendel et al. (1995a)
showed that this process might occur bidirec-
tionally in allopolyploids derived from a com-
mon progenitor beaning divergent rDNA arays,
such that different derivative taxa are fixed for
aligrnative repeat types. This situation i3 for-
mially equivalent 1o the random loss of different
paralogous copies of duplicated genes in differ-
enil lineages, a process that also has been demon-
strated for rRNA genes (Dubcovsky and
Dwvordk, 1995; Danna et al., 1996).

These examples bear wilness o the many
possibilities for inergenic interactions in the
evolution of multigens families, ad accord-
ingly, illusirate the complexities that need to be
considered i they are 1o be used in phylogeny
reconstruction, especially at the level of genus
and below. There is irony in the fact that much
of what has been bearmed about the evolutionary
behavior of these multigene families was first
revealed by the discordant gene trees they pro-
duce, once again underscoring the enhanced un-
derstanding of process that emerged from an ini-
tial observation of phylogenetic iIncongricnee.

Rate Heterogeneity among Taxa A com-
mon observation in molecular systematic std-



ies is evolutionary rate heterogeneily among the
sequences sampled (Wua and Li, 1985; Britten,
1986). This phenromenon s widely acknowl-
edged (Bousquet et al.. 1992; Gaut et al., 1992,
1593), and is evidenced either intuitively by the
observation of dramatic branch length variation
in phylogenetic reconstnoctions, or by statistical
pests of rate homogencity (Wua and Li, 1985:
Tajima. 1993; Takezaki et al., 1995; Gaut et al.,
19506, 1907, see Chapter 9. Substiiution rate het-
enpgencity may have a mumber of different un-
derlying causes, bul in some cases it 15 partially
accounted for by variation in generation times,
with which rates are often inversely correlated
(Wu and Li, 1985; Li et al., 1987; Ohta, 1993;
Gaut et al., 1996, 1997).

Regardless of the causative mechanism, rate
heterogeneity is of interest from a phylogenetic
perspective. In particular, when some branches
are long and others are short, the long branches
may experience long-branch attraction (Felsen-
stein, 1978), due 1o paralle] substitutions in two
lineages becoming mistakenly identified as ac-
tual synapomorphy. This phenomenon has been
much discussed amd is appreciated as a cause of
mizbesding phylogenctic inference, and hence os
acause of phylogenetic incongruence,

A striking example both of rate heterogeneity
and its influence on phylogeny reconstruchion is
affered by 185 rDMNA sequence variation in par-
asitic and nonparasitic angiosperms (Nickrent
and Swarr, 1994, see Chapter 8). Relative rate
tests showed that substitution rates were gremly
accelerated in holoparasitic taxa: When com-
pared with Glycine, the mean number of sub-
stitutions per site (K) for five autotrophic
angiosperms  was 0,036, whereas for four
holoparasites the value was 3.5 times higher (K
= {126} Nickrent and Starr {1994) funther dizs=
cuss how the accelerated substitution rates in the
parasitic angiosperms confound attemps to de=
duce their phylogenetic placement, presumahly
duse 1o long-branch attraction.

Itis of interest to note that long-branch attrac-
tion has at least two fundamentally different
causes. One, rate heterogeneity, is a molecular
evolutionary phenomenon and thus it might be
modeled in such a way that it is accommadated
in phylogenetic reconstruction methods. The
other cause relates 1o taxon sampling density, as
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discussed earlier under Taxon Sampling. In this
case it may be possible 1o “break wp” long
branches by a strategic increase in sampling
{(Wheeler, 1992; see, however, Kim, 1996), al-
though the long branches may also arise from
natural divergence and extinction patterns that
are beyond investigator control. Distinguishing
whether long branches reflect molecular evolu-
tionary phenomena or sampling phenomena
may nod always be straightforward, although in
most cases lests of rate heterogeneity (Wu and
Li. 1985; Tajima, 1993; Takezaki et al., 1995;
Gaut et al,, 1996, 1997; see Chapter 9) should
prove diagnostic,

Rate Heterogeneity among Sites  One of
the more obviows aspects of DNA sequence data
for protein-encoding genes is that the amount of
variation detected varies by codon position. This
is for the most pan a straightforwand consequence
of the degeneracy of the genetic code by codon
position in conjunction with the operation of se-
lective contraints, Given that 70% of the possible
nuclentide changes in the third position are silent,
whereas nearly all substitutions in the first and
second codon positions result in amino acid re-
placements, it is not surprising that in most mole-
cular systemalic studies greater variation is de-
tected at the thind position than in the other two
codon positions. This is an example of among-
site rate heterogeneity, but it is not the only one.
Substitution rales among siles may vary system-
atically in non-protein-encoding sequences just
as they do among different regions or domains of
protein-encoding genes (see Chapler 6).

When among-=ile e varaltion exists, evolu-
tipnary change may be concentrated in a minor-
ity of nucletide positions, while many other
siles experience few o Ao substilutions, In many
cases, this circumstance poses few problems
vis-i-vis  phylogeny estimation, particularly
when substitution rates ai the varable sites are
low enough that evoluwionary history is not ob-
scurad by multiple hits, This characterization
may apply, for example, 1o most published stud-
ies at the family level using rbcl. where o pre-
ponderance of changes are in third codon posi-
tions, In other instances, third positions may be
oo homoplasious, while other sites provide in-
sufficient information. Consequently, sequences
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that are characterized by severe rate variation
tend to be less informative on a per aucleotide
basis than those with a more even disiFibation of
substitutions among sites.

A good example of this rate distributional
pheromenon is provided by Stecle and Vilgalys
(19494 in thear comparison of sk and rbel se-
gquence evolution. They showed that the former
sequence evolves at twice the rate of the latter,
but in addition, that substitutions are mone
evenly distributed among codon positions. In a
comparison of tobacco and rice rbel genes, for
example, T9% of differences are at third posi-
tions, whereas for sk, this value is much
lower (50%), Thus, the likelihood of multiple
substitutions that obscure phylogenetic informa-
tion is greater in the case of the more rate-het-
erogencous (rbel) gene, Similar results have
been reporied for other taxonomic groups; in a
comparizon of 23 saxifragaceous taxa, for ex-
ample, substitutions are far more evenly distrib-
uted among codon positions for mark than for
rbel (Johnson and Soltis, 1995).

Considerable attention has recently been
given 1o among-site rate variation and its poten-
tial phylogenetic consequences (Kuhner and
Felsenstein, 1994; Wakeley, 1994; Sullivan et
al., 1945, Sullivan, 199%; Yang, 19%96; see Chap-
ter 6). These consequences include phylogenstic
incongruence, as exemplified by the study of
Sullivan et al. (1993) on murid rodents. In this
case, cylochrome b gene sequences, but not 125
rRMA gene sequences, vielded a phylogeny that
is well corroborated by morphology and other
molecular data sets. Sullivan e al, {1995) attrib-
uted the misleading signal in the latler gene to
CcEireme among-site rale varation,

Because of the polential for among-site rate
variation to yield misleading phylogenetic sig-
nal and hence phylogenetic discond, approaches
that accommaodate among-site rale variation in
phylogenctic analysis have been developed.
These often involve likelihood and distance
methods, as recently reviewed by Yang (1996;
see Chapier 5).

Base Compositional Biases  In most DINA
sequences the four different nueleotide bases do
not occur in equal proporions, This may be true
for sequences as a whole, for different partitbons

such as stemmed and looped portions of rfRNA
modecules, and, in the case of protein-encoding
genes, for different codon positions (eg.,
Vawter and Brown, 1993; Marin, 1995; Her-
shkovitz and Zimmer, 1996). These composi-
tional binses may be associated with asymme-
tries in nucleotide transformational probabilities
{Albert and Mishler, 1992; Albert et al., 1993;
Vawter and Brown, 1993; Collins et al., 1994b),
which may systematically distort patierns of
character-stale reconstruction. In response o
recognition of these biases, a number of correc-
tive measures have been developed for inclusion
in phylogenetic reconstruction methods (Alben
and Mishler, 1992; Albert et al., 1993; Knight
and Mindell, 1993: Callins et al., 1994a; Lock-
hart et al., 1994; Gaultier and Gouy, 1995).

Compositional bins, and the related phenome-
non of transformational bias, may lead to mis-
leading phylogenetic inferences, as nofed in sev-
eral studies (Lockhart et al., 1994; Martin, 1995;
Steel et al., 1995; see Chapter 5). In particular,
taxa typically become spuriously linked by
virtue of sharing a compositional bias, such as a
high G+C content, A case in point 15 the study
by Lockharn et al. {1994), who showed that the
apparent support for a bird'mammal clade in
vertebrate 185 rRNA sequences is due 1o inde-
pendently acquired compositional similarities,
and that this support evaporales when composi-
tional biases are accounted for. Once the data are
transformed (using LogDet transformation)
there is actually strong support for a bird/croco-
dilian relationship using the same data, Simi-
larly. inferred phylogenetic relationships in
sharks are distorted by compositional variation
in cytochrome b sequences (Martin, 19935). Be-
cause compositional biases may lead to erro-
NEUs reconsinictions, as these examples show,
they may also be a source of phylogenetic in-
congruence with other gene trees of trees de-
rived from morphological data sets,

RNA Editing In this ubiguilous process,
mRNA sequences, primarily from organellar
genes, are modified by the editing of particular
bases, usually by conversion of C to U, but also
by U to C substitotions, at least in plant mito-
chondria (Gray and Covello, 1993; Arava et al.,
1994: Hiesel et al., 1994; Malek et al., 1996
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Yoshinaga et al., 199%8), As a result of these nu-
clectide changes, the genctic information in the
transcript may differ from that of the gene, lead-
ing to a translation product with one or more
amino acids that would not have been predicted
by the DNA sequence. Explanations for the ex-
istence of RNA editing include preservation of
highly conserved amino acids (e.g., Hirose et al.,
1944, restoration of function to DNA sequences
that have suffered mutations that create prema-
ture sop codons (Yoshinaga et al., 1996), and
compensation for T to C transitional drift
(Malek et al., 19946).

That this process may be a polential source of
phylogenetic incongruence was recently high-
lighted in phylogenetic annlyses of plam mito-
chondrial cox genes (Bowe and dePamphilis,
1996; C. dePamphiliz, pers. comm.). As dis-
cussed by Bowe and dePamphilis (1996), ge-
pomic sequences that undergo RNA editing are
appropriate to include in phylogenctic analysis,
because the process operates at the transcrip-
tional level and thus showld not affect historical
information stored in the DNA sequences, Inclu-
sion in an analysis of both DNA sequences and
mBNA sequences that have been edited, how-
ever, may lead to conflict, as mRNA sequences
will be spuricusly linked by apparent synapo-
morphies of edited bases at positions affected by
RNA editing. Because mRNAs (via cDNA syn-
thesis) are sometimes incorporated into phylo-
genetic studies, especially when sequences are
down-loaded from databases, this may be a
practical consideration. RNA editing is also a
concern, however, due 10 a peculiar form of or-
thelogy and paralogy conflation. Specifically,
Bowe and dePamphilis (1996) show that phylo-
genelic incongruence may arise from inclusion
of a mixture of unprocessed DNA sequences
with processed genes (“processed paralogs” in
their terminology) resulting from genomic inte-
gration of reverse-transcribed, previously edited
RMNASs, This result reinforces the necessity, in-
voked above, of documenting orthology during
phylogenetic analysis. In addition, this example
underscores the insights into molecular eviolu-
tionary history that may be revealed through
phylogenetic discord. In this respect RNA edit-
ing may be distinguished from other potential
sources of paralogy by careful analyses of po-
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tentially edited sites (Mugent and Palmer, 1991;
Bowe amd dePamphilis, 1996),

MNonindependence of Sites  One of the as-
sumplions of phylogenetic analysis of nu-
cleotide sequences is that each position is inde-
pendent of other positions, at least in models
where characters (= positions) are equally
weighted (see, however, Albert et al., 1993, for
an example of charncter weighting), While the
condition of complete independence among
sites is probably never met in a strict sense, in
Many inslances it may not be too serously vio-
lated. For some types of sequences, however,
structural considerations alone predict that the
assumption of independence is unwarranted.
Perhaps best known in this respect are genes that
encode ribosomal RNAs, which are single-
stranded but have a secondary strociure thal in-
cludes stemmed regions containing Watson-
Crick base pairs. Because rRNA is divided into
domains where bases are either paired or un-
paired, it is likely that different evolutionary
constrainis operate in each case.

Stemmed bases are subject to selection for
compensatory mutations so that base-pairing is
maintained, although phylogenetic evidence in-
dicates that an unpaired base may persist for
some time following o mutation, even if it does
ultimately become compensated (Gatesy et al.,
1994). Because mutations typically become
compensated, some thought has been given 1o
differential weighting of paired and unpaired
nucleotide positions for purposes of phyloge-
netic analysis (see Chapler 7). Dixon and Hillis
(1943) studied 285 RNA genes from selected
veriebrates and recommend reducing the weight
accorded stem characters by 20% relative to
Ioop characiers, whereas Springer et al. { 1995),
in a study of 128 rRNA gene sequences from
mammals, suggest a more extreme weighting of
stemmed positions (circa 40°% downweighting).
Though these weighting recommendations dif-
fer quantitatively, they underscore the possibil-
ity of nonindependence of nucleatide positions
in sequence data. Importantly, Dixon and Hillis
(1993) further show how alternative weighting
can modify the phylogenetic resolution obiained
{see, however, Chapier T), raising the possibility
that failure 1o account for nonindependence
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among sites may lead o discosdance with other
phylogenetic estimates.

ASSESSING THE CAUSE

In this chapier we have drawn attention repeat-
cdly to the enhanced understanding of evalu-
tionary process that has derived from observa-
tions of discordant phylogenies. Given that
many phenomena may lead io the same phylo-
genetic “phencdype,” that is. incongruence, the
question naturally arises as to how to discrimi-
nafe amang the many possible causes when omne
is faced with a particular unexpected or conflict-
ing resolution. Ofien, there may be insufficient
information o render a confident diagnosis, and
the cause of incongruence simply remains un-
known, Rodman et al. (1993), for example, re-
port discordant resolutions for the Limnan-
thaceae n a companson of trees based on
miarphodogical and molecular data, and note that
the explanation for incongreence is obscure,
Unexplained phylogenetic discord, as in this ex-
ample, is prevalent, and it 15 also disquicting in
that it hampers robust phylogenetic conclusions
for the taxa involved, without an apparent ratio-
nalization that maght yvield insight indo process.
This difficulty of inferring the underlying
phenomenon when different causes result in
similar phylogenetic observations is a common
ard vexing problem, Take lineage sorting and
introgression, for example, which ofien leave
the same incongreence footprint. Mason-Gamer
et al. (1995) note the difficulty of distinguishing
these causes in their analysis of the distribution
of cpDNA haplotypes in Coreopsis. Hanson ct
al, (19%96) and Buckler and Holtsford (1996a)
node a similar difficulty in distinguishing be-
tween the two alternatives for shared alleles at
nuclear loci (cf and ITS, respectively) in Zea.
CGiven an observation of incongruence and in
the absence of other information, it 15 unlikely
that its cause will be confidently dingnosed in
many cases. An escape from the impasse is often
provided by taking advantage of ancillary infor-
mation and other data sources. Geographic dis-
iribation data, for example, may be instrumental
in favoring introgression over lineage soming by
vinue of putative infrogressant alleles occurming
only in arcas of sympairy (Rieseberg and Wen-

del, 1993). Alternatively, it may be possible to
distinguish between lincage soming and intro-
gression on the basis of the distribution of alle-
les m other loci and by the occurrence patiemns
of alleles among individuals. Although both in-
trogression and lineage sorting may affect loci
widely distnibuted in the genome, in sOme cases
these two processes may be distinguished, par-
ticulardy if most putatively introgressed alleles
co=0ecur 1n the same individoals while most
other individuals appear pure {Brubaker and
Wendel, 1994; Brubaker et al., 1993). Under a
scenanio of lineage sorting, the marker alleles in
question might be expected to be more ran-
domly distributed among individuals, Quantita-
tive arguments may also facilitate dingnosis of
cause, as for example in many of the cases of
plastome introgression (Rieseberg and Soltis,
1991; Reiseberg and Wendel, 1993; Rieseberg,
1995; Rieseberg et al., 1996). To amribute the
alien cpDNA o ancestral retention may invioke
the long-term maintenance of a poly morphism
level that is deemed improbable, and hence the
alternative of hybridization and inrogression
may be preferred. A clever, complementary ap-
proach was recently sugpested by Hanson et al.
(1955, who, in noting the presence of cf alleles
shared among Zea taxa, used postulated diver-
gence times and mutation rates in simulations of
sequence evolution, with the aim of addressing
the likelihood that alleles could have survived
since speciation without accumulating diffier-
ences. The authors take pauns to point out that
their method does not preclude the possibility of
introgression, merely that introgression need not
be invoked to account for alleles shared among
faxa.

Additional quantitative arguments may derive
from parsimony itsell, When confronted with a
passible case of irans-specific, nonscxual gene
flow (horizontal transfer), it is necessary o oon-
sider the formal aliernative of differential dopli-
cations and losses of genes, leading to a mixed
sampling of orthologous and paralogous se-
quences (Fig. 10.5; see also fig. 4 in VanderWiel
ct al.. 1993). Resoluiion ofien relics on parsi-
mony criteria, where, for example, the number
of homoplasious gene gains andfor losses that
would need to be invoked is deemed oo high
(Delwiche and Palmer, 1996; Hibbett, 1996).



These examples, and many oihers cited in this
chapter, indicate that a holistic approach ofien
will prove helpful im assessing the cause of
phylogenetic incongruence. It is difficult to gen-
eralize about reccommended approaches or guide-
Hnes, bowever, becouse each instance of incon-
gruence has peculianties unique to the taxa
invedved and their histories. When a diversity of
evidence is hamessed, though, the discord often
dissolves into understanding.

CONCLUSIONS

Dur intention in prepaning this chapier was to
draw attention 1o the many biclogical processes
that bead 1o discondant phylogenet: hypotheses
by providing brief explanations of the various
phenomena and providing pointers (o relevant
literature. In addition, though, we hoped 1o em-
phasize the many insights into evolutionary
process that were stimulated by initial observa-
tions of incongruence, These insights have been
many and varied, and have led to an enhanced
appreciation of phenomena that operate at the
organismal a5 well as molecular bevels. A partial
list would inchede 1ssues sumounding the terms
gene free and species dnoee; the phenomena of
lincage soring and introgression; the potential
for reticulation andfor concerted evolution
among alleles, genes, and among organisms; the
possibality of myrad forms of hybrd or recoms-
binational speciation as well as rapid radiation;
and the potential significance of horizontal gene
transfer in evolution. Each of these processes
confounds phylogeny reconstruction while of=
fering insight ino some aspect of the biology of
the organisms under study. This is an impressive
list, and it includes phenomena about which lit-
the was known prior 1o molecular sysiematic in-
vestigations that led to an alerting and informing
incongruence. Accordingly, one might justifi-
ably argue that an enhanced understanding of
the evolutionary process is the most important
achievement of molecular systematics.

Perhaps it is of more than just historical inter-
&5l fo note the interplay between the tools used
1o infer phylogeny and our appreciation of the
appropriate wse of those tools. In our effort to in-
fer phylogeny, incongruence has emphasized the
need to understand the evolutionary history of
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the data sources used. These interconnected ob-
jectives have often involved reciprocal illumina-
tion, wherehy phylogenciic analysis using a par-
ticular molecular tool has bed 10 incongruence,
which has led to increased knowledge of the
evolutionary forces that impact the use of that
particular tool in phylogeny reconstruction. A
case in point would be ribosomal DMNA, where
phylogenctic analysis led to recognition of the
possibility of interlocus concerted evolution,
which has obviows relevance to arthology and
paralogy concerns. Similarly, phylogenetic use
of rDMA sequences has enbanced our under-
stamading of character and character-state weight-
ing issues, which led 1o refinements in phyloge-
ki maethasdology,

S0 we return (o the premise of the chapter:
Phylogenstic incongreence is nol meerely an ¢vil
to be reconciled, but is instead a glimmer of
Light. When it shines with sufficient bnghiness,
we are offered a window through which evolu-
tiomary process may be seen more clearly,

LITERATURE CITED

Adbert, VAL, and B, D, Mishler. 1992 Ow the raticnale and
ulility of weighting macleolide sequence dala, Cladss-
s B 73-E3.

Albert, V. AL 5. E Williams, and M. W, Chase. 1992, Car-
navorows plants: phylopemy and structural evolation
Scwence 257214911495,

Alber, V. AL M. W, Chase, and B. D, Mishles, 1993, Char-
acier-slate weighting For cladistic analysis af protéan-
codling DINA soquences. Annals ol the Missoun Botan-
wal Giarden B0 T52-T66.

Anibile-Cuevas, O, F. and M. E. Chicurel. 1993, Hadizion-
tad pene trandfor: pene Mow [roms parcst 10 Childl &S the
s ol herediny, American Seienlisg B1:332-3410.

Adadeimn, B 1949, Intfogeciaive Hybndizatah, Waley, New
Yewk.

Asaya, A, D Bege, and 5. Lovak, 1954, EMA editng in
lasts, Phynsalogia Manlanis 91:543-550,

Ambcien, N, [} 1983, Comcened cvalution of mmliigens
famshies, In Evaluiss of (encs and Prosass, eds. M.
Mew and B. K. Eszhn, pp 38-60. Sinaier Assocules,
Sunderland, Massachuseins,

Amodd, M, 1 1993, Matural hybridizatson as an evolution-
sy proscess, Anaial Review of Ecology and Sywtemat-
jos 2N FAT-a0,

Haldwin, B, G. 1997, Adspive radiation of the Hywaiian
stlverswond slliance: congruence and conllion of phiy-
logenetic evidence from moleoular snd mon: mobecular
imvestigmions. Im Molecular Evolstion ssd Adapiive
Radiatson, ads. T, 1. Glvedsh and K. 1. Sysima, pp.
108=12%. Cambridpe University Press, Cambridge.



30 MOLECULAR SYSTEMATICS OF PLANTS

Baldwin, B. (., C. 8. CampbeIl J, M. Porer. M. . Sander.
son, M. B Waojciechowskl, and M. ). Donaghue. 1995,
The IT3 region of nuckear nibosomal DNA: a valuable
source of evidence om snglospers phylogeny. Annals
of the Missouri Botanical Ganden §2:247-277.

Barker, M. F, H. P. Linder, and E. H. Hasley, 1995, Poly-
phyly of Arundimoidese (Poaceack evidense from
rhel. soquence daia. Systematic Bowany 20:4X3-435,

Barreit, M.. b. ). Dosoghue, and £ Scbse, 1991, Agains
conaensus. Sysiematic Foodopy H486-493,

Baum, [ A and K. L. Shaw. 1994, Genealogical perspoc-
lives on the species problem. In Experimental and
Maolecular Approackes in Plant Bleaywiematses, Mono-
praphs in Systematic Biology Moo 33, adi. P C, Hich
and A O, Seevonson, pp. XE9=303, Misscurn Botanical
Ganden, 51, Louis.

Hirky, C. W.. T. Maroyama. and P Fuers, 1983 An ap-
proach 1o population and evolulicsary genetic theory
Tor genes i mochondria and chloropleas and some
resulie. Genetics 103:513=52T.

Bomniczbale, M, W, R. L. Plaisied, and 5. D. Tankskey. 1988,
RFLF maps hased on a common 2ot of cloaes feveal
ke of chromosomal evolution in potan  asd
ke, Genetics 120 1095-110%

Housguet, 1., 5, H. Strais, A, HL Doerdeen, snd B A, Price
192, Expendive variation in evolutionary rate of sbed,
gene sgquences among sood plants. Procecdings of the
Mational Acsdemy of Scionces ULS AL B9:TR44-THAH,

Horwe, L. M., and C. W, dePamphilis. 1996, Effects of RNA
cdning and gene processing on phylogenstic recosmenic-
oot Modeciilar Baology and Evoletion 1321015351066,

Brimen, B 1, 196, Rates of DNA sequence evoluiion diifer
beween lananamic proups. Sceence 33021 5951 394,

Heochmann, C., T. Milison, and T. M. Gabrielsen. 19 A
clesic example of poslglacial allopolyploid specistion
re-examangd wiing RAPD markers and mocleniide -
quesces: Savifraga eoleenyis (Saxifragacess). Symibs-
Ine: Botssdcne Upsalicnsis 31:75-89.

Brower, A W &, B DeSalle, and A Yogler. 1994, Gene
Irees, species inges, and sysiemalics: a cladisiic per-
speciive. Annual Review of Ecology and Sysiemanics
g e L

Brubaker, C. L, snd ). F, Wendel. 1994, Reevalusting the
origin of domesticated cotbon (Gorsyplus hirsunm.
Malvacess) usng nuglear rostriction fragment lesgth
polymorphisms (RFLPs). American Joumal of Boisny
Bl 1308-1320,

Brobaker, C. L, 1. A. Koontz, and ). F. Wendel. 1993, Bidi-
rectionsl cytoplaemic snd nuclear introgression in the
Mew World cowons, Goarypiws barbadense and (G,
delrsuram. American Journal of Botany Bk | 200-1 308

Brahaker, C. L., A. H. Patesson, and 1. F. Wendel, 1997,
Chremasome stnsciursl eyolulson in allotetraploid cor-
pon and s diplodd peogenilors, (henetics, in press.

Buckler. E. 5 snd T. P Holtiford. [996a. Zen systemaiics:
riboscenal ITS evidence. Molecular Biclogy and Evo-
botion 132613632,

Buckler, E. 5, and T. P. Holtsford, 1996h, Zea riboscmal pe-
peat evolution and substitulion patiems. Moleculss Bi-
ooy and Evolution 13:623-632,

Bali, §. I, ). P Huelsenbeck, . 'W. Cunnisghas, [, L.
Swollond, ssd I ). Waddell. 1993, Panitioning and
combesing data in phylogenetic analysis. Sysiemalic
Baology 42:384-397,

Castillo, R. €0, and I3, M. Spooner. 1997, Phylogenetic rela-
thcechips of wikl potaloss, Solanum Seres Conlribac-
cala {Sect. Pesoa), Syssemalic Botany 22045-83,

Chasser, B. K und R. J. Baker, 1996, Efcctive sizes and dy-
namics of unaspasentally and dipanenially inheried
pemes. Ciemetics 144z 225-1235,

Clark, A G ssd T-H. Kai., 1991 Excess nonsymonymcess
substitution & sbared poalymorphic sites among self-in-
compatibility alleles of Solanaceas, Procoedings of the
Matioral Academy of Seiences LLS.A, BR-ORZE-0827,

Clark, A. G, and T, 5, Whitam. 1992, Sequencing ermors
and molecular evolutsonary analysis. Molecular Bicl-
oy and Evolution 9:744 -752,

Clark. ). B, 'W. P Maddizon, and M. G, Bidwell, 1954, H;u-..
logenetic analysis suppons borieestal ransfer of P
transposable elemenin. Malozular Biclogy asd Evola.
tion 11:4ik=50.

Clark. L. G, W. Zhang, snd 1, F. Wendel. 1995, A plnlogeny
aof the prass family based of sl sequenss data, Sy
wemalbic Botany 30e4 5h-4610),

Callins. T .. F. Krwas, and £i. Estabrook, 194a, Composi-
tional effects snd weightmg of sucleotide equenes
for phylopeneiic analysks, Sysiematic Baology 43
449 -459

Callins. T. M., P H. Wimberper, ssd G 1. P MNaylor 17945,
Compositional bias, characier-siate bias sl charscicr-
sfale recomstnection using parsimony, Sysiematic Biol-
oy ddadR2=d

Crona, B, C., X. Phao, A, H. Paerson, and 1, F. Wendel,
1996, Polymonphism and coscened cvolstion in &
muligens family: 35 fihosomal DNA in Splohd snd
allopolyploid conons. Jowsmal of Molsoulsr Evolution
ADEES =04,

Curmsmings, M. P. 1994 Transmassion patiems of calaryotic
tranaposable elements: argumsents for and against horis
rontal transfer. Tremds in Foology and Evolution
L HETEI P

Cummings. M. F. 5 P Omo, and J, Wakeley, 1995, Sampling
properties of DNA seqeence dats in phylogenetic analy-
is. Maoleoular Bislogy sad Evolinion 12:314-832

[ranna. K. J.. B. Worlman, ¥ Coeyell, and P Keim. 1996 55
rRNA genes in tribe Phaseoless: anray size, number,
and dynamics. (Grenome $dds-485

Dravia, . L and K. C. Nixon. 1992, Populstions, pemelic
variation, and the delimitmion of phylogenstic species.
Sysiematic Biology 41:421-435

Dravis, 1. L, and B J. Soreng. 1993, Phylogenetic structun of
the prass family {Poaceae ) & inferred from chioroplast
DA restriction site varistion. American JToumal of
Beotany B | 4441454

Delwiche, C. F, and 1. [. Palmer. 196, Rampant horieontal
transfer and duplication of rabisco genes in cubaciceia
and plastids. Moleculsr Biology and  Evolution
13:E73-%82

de Dueiror, A M. 1. Donoghase, sad 1. Kimn. 1995, Sepamie
wersus combined amalysis of phylogenctic svidence.



L L

Asmndd Review of Bcology and Syucmnatics D
HST-081.

Diwon, M. T, and D M. Hillis. 1993, Ribaiamal BMA wc-
cidary sinocbare: comgensalory mEatations and impdi.
cations for phylogenetic snaldysis. Maolecular Biology
and Evolution 10256347,

Dechiey, 1. 1989, Molecular evidesce for a missisg wild rel-
ative of maiee and the introgression of iis chloroplas
genome inle Ay perennis. Evolation 43215551559,

Dty 1. 1993, Genetics, developmens and plant cvolu-
tion. Cuarrent Oipinion in Genetics asd Development
L:BA5-RT72.

Domcen, C.. and A Steinmete. 1994, Exon shuMang in an-
ther-specific gones from sunflower. Molecular and
General Genetics Bk 312317

Donoghue, M. 1 and M. 1. Sanderson. 1982, The suitability
of molecular and morphological evidence in recon-
structing plant phylogeny. In Molecular Sysiematics
off Planis. ods. P2 5. Soltis, D B Sobiis, and 1, J. Doyle,
pp- 340-368. Chapman & Hall. Mew York.

Doolstthe. B- F. 1995, The multiplicity of domaiss @ pro-
teins. Asmeal Feview of Riochemisiry &4:387-714,

Dowmie. 5. R.. and J. [, Palmer. 1994, A& chlosoplas DA
phylapeny of the Caryophyllates based on structical
and inveriod repoal restriction sile varason, Syaem-
atic Botany 19:336-252.

Diowmie, 5. K., K. G, mesiead, G. Parwwsld, [0 E Sahis, P
A Baltis, 1. C. Watson, and 1. [ Palmer, 1991, Six in-
dependont losses of the chloroplast DINA ral2 intron in
diconyledons: modecular and phylopessetic implsea-
tiona. Evolution 45;1245=1259.

Dxrumie, 5. K., I 5. Katz-Downie, K. H. Wolle, P 1, Calic,
anddl L [0, Palmaer, 1994, Strocture snd evoliution of the
larpesa chioroplast gene (DRF2230: internal plastcity
amd) multiple gene losses during anginspens evolulios
Currenl Genalics 25:367-3TH.

Brayle, 1. 1. 1991, Evalution of higher-plan ghetusans svn-
thetase gends: Essue spocificity as a criterion for pee-
dicting onholapy. Molecular Biology and Evolation
B 36277,

Denle, 1, 1, 1992, Gene Irecs and species trees: mileoulsr
syslematics o oac-charscter lanonomy. Sysiemars:
Beaamy 17: 144163,

Doyle, 1, 1. 1964a, Evolution of a plant homeotic maligens
famnily: (owind conmecting maolecular systematies and
maltcular developmontal pometics. Systemaric Biol-
ogy 43:307-128,

Doyle, 1, 1. 1994h, Phiylogeny of the lepame family: s sp-
proach i undertanding the origing of nodulmion. An-
nual Review of Ecology and Systematics 28:328-340,

Daoyle, 1. 1. 1995, The rclevance of allele tree wopalogics
fior species delimilation and a non-topological alterns-
tive, Systematle Botany 574588

Daylae, I, 1. 1946, Homaoplasy conmections and disconnec-
tioas: genes and spocics, molecules and morphalogy,
In Homoplasy and the Evolutionary Process, eds. M. §,
Sanderson and L. Huffeed, pp. 37-66. Academic Press,
New York.

Dende, J. 1, M. Lavin, and A Brescan, 1992 Coniributices
of milecaler data wo Papalionoid legume sysiematics,

PHYLOGENETIC INCONGRUENCE 231

In Madevular Systematics of Plants, eds. P 5. Soltis, 1),
E. Solis and . ). Doyle, pp. 223=251, Chapman &
Hall, MNew Yok

Daoyle, 1 1., ) L. Dayle. and J. 0. Palmer. 1995, Multiple in-
dependent losics of two genes and one intron from
legume chloroplast penomes. Sysiematic Botany
M 2T,

Dubcowsly, I, sl 1. Drocdk. 1995, Ribosomal BNA mlii-
gene lock: nomads of the Triliceae genomes. Cenetics
1d0e] BT-1377,

Duvall, M. B.. and B. B Mortes, 1996 Maolecular piodoge-
neiics of Poscess: an expanded analysis af rbel. se-
quence data, Malecular Phylogenatics and Evolution
SaR52-034,

Ecrninze, [ 1, s A. G, Klape. 1993, Tanonomic congru-
emoe versus bdal evidesoe and ammiole phylogeny in-
fierred froen fossils, molooules and mopholagy. Miole-
callar Bicdogy and Evolutson 1011 70-1195.

Elder I. F. snd B. I. Turnes, 1995, Coacerned evalulion of
repelitive DNA sequesces in cukaryoles, Chanorly
Review of Biology T0:297-320,

Ewens, W. 199, Population gesstics theary—ihe past and
the fuiure. In Msthematical and Sulistical Dyvelop-
menis of Evoluibonary Theory, el 5. Lessand, pp.
ITT=22T. Kluwer, Mew York,

Faith, D, . 1991, Cladistic persation 168s for menophaly
and nonmosopiyly. Sysmesatie Zoology 40366375,

Famiz, ). 5., M. Kiflersps, A, G Kluge, and C. Bull, 1995,
Testing  significance of incongruesce. Cladistics
I3 15=319.

Fkwer, ). 19596, Comiflscting charssier disaribation within dif--
ferent data sets om cardueling finches: amifsct of his-
tony? Molecular Bickegy and Evolutson 13:7-20.

Felumatein, B, 1978, Cases in which pamamony of compali-
bility methods will be posatively misleading, Sysicm-
alic Foology 27401410,

Fitch, D, H. A, and M. Goodman, 19691, Phylogenetic scan-
ming: a computer-assisted algorithm for mapping gene
conversions and oiher recombénational gvents. Com-
puber Applications im the Bimciences T:207-2146,

Funk; ¥. A. 1985, Phylogenctic paticns and hybridizstion.
Annals of the Misuoen Botssical Garden T2:081-715,

Giamil, 1. 5., 5. L. Baldauf, P. J. Calie, ¥. F, Weeden, and 1, I,
FPalmer. 1991, Transfer of rpi22 w the nucless greatly
proceded ilx loas from the chloroplast snd ol ved e
gain of an intron. EMBO Journal 103507 3-5078.

Gatesy, 1. C. Hayashi, B. Desalle, snd E. Veba, 1994, Ra
lirnits for mispairing snd compensstory change! (he
miteshondrial mbosomal DMA of anielopes. Evolstion
AH: 15| .

Craleier, M., and M. Gouy. 1995, Inferring phylopenies from
DA soguenoes of umequal base comgositbons, Pro-
soodings of the Matiosal Academny of Scieaces ULS5A.
PR:N1317-11321.

Ciaur, L. K.. Hughes, E. R. Heise, and ). Guiksechi. 1562,
Muinlenanco of D] polymorphisms in primases,
Mbakecular Biology and Evolution 9590604,

Giaul, B. 5., and M. T. Clegg. 19932, Moleoslar evolwtion of
the Adl! logus in the genus Zea. Proceedings of the
Nalioaal Acslemy of Sciences LS. A, S8R5 =501,



242  MOLECULAR SYSTEMATICS OF PLANTS

Gaut, B. 5. and M. T. Clegg. 1993b, Nucleotide polymsor-
phizm in the Adh T loows of pear] millet (Pemalienim
Elowewe) (Poaceas ). Genctics 135 1091 = 1057,

Gaut, B. 8., 5. V. Muse, W, D0 Clark, and M_T. Clegg. 1992
Relative rates af nuclestide sebatiution at the rbel lo-
it ol moncolylodonous plants. Journal of Moleoalar
Evolutios 38:292-300.

Gamt, B, 5. 5. ¥ Muse, snd M. T. Clege. 1993, Relative
rate: of nugleiide substilution in the chioroplast
genome, Malecular Phodopenetics and  Evolution
2605,

Giazgt, B, 5., B, B. Momem, B, ©, MeCaig. and M. T. Clegg.
11k, Substinstion fale comparisens bolween grasses
und palers: synonymoss mile dilferences o the meclear
gene Adh parallel rale differenacs at the plastid pome
rbel. Proceedings of the Mmicsal Academy of Sci-
ences LS A, 981037410279,

Cimat, B, 5., L. G, Clark, L F. Wesdel, and 5. V. Musc. 1997,
Coarparisons of the molecular evolutionary process al
sl and adhF in ke grass family (Peaceac), Moloos-
lar Biology and Evolutos 14:769-777,

Gilelly, L., and P Taherlet. 1994, The use of chlesoplast DNA
to resodve plant phylogenies: non-codisg versus riswl.
sequences.  Molecular © Biology  and  Evolution
11 Tee=T77.

Goldman, A_ S, H., sad M. Lichten. 199, The eflisieney of
meziotic recombination berween dispersed segaences in
Saccharomyces eerevisior depends upon thear chromas-
womal location. Gemetics 144=43-55,

Golenberg, E. M., M. T. Clegg. M. L. Durksin, J, F. Dochley,
and D. P Ma 1993 Evolution of & non-codisg region

of the chloroplast genome. Modecular Phylogenetics
and Evolution Xa52=64.

Goloubimcdl, ., 8. PRibo, and A O Wilsca, 193, Evalmion
of maizre infermed from wequence diversity of an Ad%2
gene segment from archaeological specimens. Pro-
ceedings of the National Academy of Scienees UL5A,
P 1097 =200

Goitllich, L. [r. 1984, Genetics and morphological evalulion
im planis. Amenican Naturalist 123:681-70K,

Gotlich, L. v, and V. 5. Pord. 19596, Phylogesathe relaios.
ships among the sections of Clankia (Onagracess) in-
ferred from the mucleotide sequence of Peil” Syatems-
atic Botany 21:45-61

Craham, 5. W, 1. B Kohn, B. B. Momon, . E. Eckenwalder,
and 5. C. H. Barreit. 1997, Phylopemsiic compnicnce
and discondance among one morphological end heee
malecular dala-sets from Pontedeniaceae. Sysiematic
Binlogy. in press.

Gray, M. W, and F. 5. Covello, 1993, BENA aditing in plan
milochondria and  chloroplasis. FASEBR  Joumal
T =TI,

Guigd, B L. Muchnik. and T. F. Smith. 1996, Reconsiruc-
tioen of amciont molocular phydogeny. Moleculsr Phylo-
genctics and Evolutson §:18%-213.

Hamrick. J. L., ansd M. 1 W, Godit, 1989 Alloxyme diversiny
in plam specics. In Plam Population Gesetics, Breed-
whf and Genatic Rescurces, ods. A. H. D. Broen, M. T,
Clegg. A. L. Kahler, and B. 5. Weir, pp. 43=63. Sis-
auer Associaies, Sunderland, Massachusetis.

Hanson, M, A, B. 5. Qawt, A, O, Siec, 5. L Fuersienberg, ML
M, Gessiman, B, H. Cioe, and ). F. Dochley. 1596, Bvo-
lution af anihocyanin hivsysthesis in maize kemels:
the role of regulstory and eneymatio loci. Genetics
14313951407,

Heim, ). 1993, A hewsistic methosd 1o rocomstnect the hisiony
of sequesces st 1o mecombination. Joamal of Mol-
ecular Evodation 362396405,

Heiser, C. B, 1973, Inuregression re-caamsined. Botanical
Review ¥9:347- 364,

Hershkovite, M. A, and £ A, Zisnmer, 1996, Conservation
paticms in engiosperm FO0A ITS2 soquences. Mucleic
Acids Resenrch 24r2857-7867,

Hey, 1., and 1. Wakeley. 1997, A coalescent estismabor of the
population recombisation. Geneticy 145:833-546,

Hibbeit, [x. 8. 1996, Piylogenctic evidencs for horizontal
trareemission of group | introns in the reclear riboso-
mal DA of muoshrooem-forming fungi. Molecular Bi-
ology and Evoluica 1393917,

Hiesel, B, B. Combeties, sl A Breanicke. 19699, Evidense
fior RN A editing im misochondria of ail mapos prowsgs off
land planis except the Bryophyts Peocecdings af the
Mational Academy of Sciences LS. A 913620531,

Hillis. [ M. 1987. Molecular wersus morphological ap-
proaches 1o systemarics. Annusl Review of Ezology
and Systematics 18:¥5=42

Hillis, [x. M. 159, Infeming complex phylopenses. Nauee
3831 %0=131.

Hilkis, D 8. amed M. T. Diixon. 1991 Ribosomal DMA: mol-
ecular evolution and phylogesets: inference. Quarerly
Review of Biclogy 66411453,

Hirose, T.. T. Wakseugi, M. Sopior, sad H. Kossal. 1954
RMHA oditing of tohacoo perd mRNAS ocoers both in
chloroplasts and mom: photosyathetic proplastids. Plant
Muoleoalar Biclogy BEiS06-5113.

Hoeloer, G. A. 1997 Inferring phy logenies from milA
variation: mitochondrial gene-trees versus nuchear
prne-trees reviziled. Evoletion S10622-A26.

Hinet 5, .. and ). . Palmer. 1994, Stroctunal rearmasge-
mcnis, including parallel inversions, within the chilomn-
plast genome of Amemons and relsted pener. Journal
off Maolocular Evolution 3822 74=251.

Hoo, 5. B A. Culham, and F. B. Crane. 1993 The utility of
afpl pene sequences in rexolving phybopenetic nela-
tsanships: compagizon with rbcl and 185 ribosamsl
DA sequemces in the Lardizahalaceas. Annals of the
Minacmari Botanical Garden S 194=307.

Houck, M, A, L B. Clark, K. B. Peterson, and M. G. Kid-
well, 1991, Possible horizontal trasesder of Droropkila
penes by the mile Provrsdaslaps regaiis. Scienoe
ERNNTE-1115.

Hudson, B. B. 1994 Gene gencalogies and the coalescend
process, Oxford Surveys in Evolutionary Biclogy
HESIE

Hudsos, R. R.. and N. L. Kaplan. 1958, The coalescent
process im models with selection and recombisatson.
Giemclics 120:8%1 - R4,

Huelienbeck. 1. P, 1L 1. Bull, and C. W. Cunningham. 1996,
Cembining data in phylogenstic analysis. Trends in
Ecology and Evolution 10:152=158.




Tkea, K., K. Takahaska, snd T, Gojobori. 1995, Differen
evoluticnary hislorics of kringle and projcase domains
im sevine proleases: 3 iypical example of domain evo-
ltion. Journal of Molecslar Evalution #0331 =336

Innss, H., F. Tajpmne, B Terauchi, and N, T. Mavashita. 1996,
Intragenic recombination o the Adi keeus af the wild
plant Aradwidepris thaltems, Genetict 1432 1761=1 7ML

Joerger, T. B A G Clark, and T-H, Kao, 1990, Polymeor-
phisn al the sell-ineosputibilaty bacus in Solanacea:
prodates specification, Proceedings of the Mational
Academy of Sciences U84 §7:9732-9735,

Jakobsen, 1, B, snd 5. Esaneal, 1996, A program for calos-
latisg asd displaying compatibality matrices as an aid
im determining reticulsie evodmics in molecular se-
quences. Compuler Applicalions in the Baoscionces
122201203,

Jobmnca, L., A, and D E. Solcs, |ﬁ4mﬁmm|
and phylogenetic reconstruction in Saiflragacess 5. sir
Sysiematic Botany 19143156,

Jedarion, L. A, and [2. E. Sahis 1995, Phylogendtic infor-
ence in Sevifmpacess feiiu irictr and Give { Polemo-
niaceach wming mark’ sequesces. Asmali of the Mis-
sourl Botanical Garden 832 140-173,

Kadereir, 1. W. 1994 Moleosles snd morplalogy, phyloge-
netics and genetics. Botsnica Acta 10T 3658-373,
Kelchner, 5. A, and . F. Wendel 1996, Hairping creals
EETE INVETSIONS in mmlnimmu;hhm

DA Current Genetics 0= 249-252,

Kellegg. E. A, K. Appels, and R, Mascm-Gamer, 1996,
When pemes rell different sonies: sneoRgnecnl pone
trexs for diploid genem of Triticess (Gramisese), Syi-
tematic Botany 2331347,

Kidwelll M. G. 1993, Laieral trrader in natural popalations of
emlkaryotes. Annual Review of Genetics 27:235-156,

Kim, 1. 19%. General inconsistency condittons for maxi-
mum parsimony: effecis of branch leagihs and increas-
ing numiers of taxa. Systematic Biodopy 45:363-374,

Kim. B_-1.. and B E_ Jammen. 194, Comparisons of phyls-
penetic Bypotheses among different dats sees in dwarl
dandelions (Krigio, Asteracess): sddisons] infionma-
tiom {rom intemal ranscribed spacer sequences of -
clear ibosomal DNA. Plam Systematics and Evoli-
thom 1940 157185,

Kim, E.-J. and B K. lansen. 1993, ndbF sequence evolu-
ticm and] the magor clades in the sunflower famaly. Pro-
coodings of the Kational Academy of Sciences UL.5.A,
P N0FTH- 10383,

Kim, K.-1.. E. K. Jansem, K. 5. Wallace, M. 1. Michsels, and
J. [ Palmer. 1992, Pindopenctic implications of el
sequence variation im the Asteracese. Annals of the
Misicnan Beotamacal Garden TR42I8 445

Kluge, A. G, 1989, A concern for evidence and a phyboge-
nelic hypothesis of relationships among Epicrares
(Boides, Serpenties). Systemalic Zoology 3a7-235,

Knighe, A.. and . B Mindell. 1993, Substitution bins,
weighting of DINA sequence evolution and the phylo-
genetic position of Fea™s viper Systematic Biclogy
A2:015-31.

Kolukisaoglu, H. U 5, Marx. C. Wicgmann, 8. Hanelt. and
H. A W, Schncider-Poctsch. 1995, Divergence of the

PHYLOGEMETIC INCOMGRUENCE 203

phytechioes: gene Tamily predates angiosperm evolu-
thom and suppeits that Selaginella and Eqwiretnm amso
prioe 1o Pidlorom, Jowmal of Molecular Evalution
412337,

Baowalski, 8. P, T.-H. Lan, K. A. Feldnsann, and A H. Pater-
son. 1994, Cemparative mapping of Arshidopris
rherlians and Brairica elermcea chiomosomes roveals
islands of conserved coganization. Oenetics 1385
=510,

Kuhner, M. K., snd 1, Felsenstein, 1994, A simalation of
phylogeny slponthms under equal and unegeal cvolu-
tionary rates. Molecular Bbology and Evalution
1Md5%=468

Kumar, A. 199 The adventuess of e Tyl-copsa group of
retrodransposans (m plasts, Teends iw Genctics 123
d]=dk

Lam, B and F. R. Recves. 19, Gene rasmler is a major fac-
ior in bacienial evolutkes. Malecular Biology asd Evoe-
lution 134735,

Lara, M. C_ ). L. Pation, and M. M. F da Silva. 19596, The si-
mulisnecus  diversilicaon  of South  Amencan
echimyid rodests (Hysircopsais) based oa complets
cytachrome b sequences. Moleculsr Phyvlopenetics and
Evolution S14008=413.

Levy, E. L. Antonovics, J. E. Hoyston, and N, W, Gallham,
1996, A population genetic smalysis of chionoglas
DMA in Phacelta Herediny Té: 143-145,

Li. W.=HL. M. Tanimure, and P M. Sharp. 1987, An evalus-
tion of the modecular clock hypothesis using mam-
malian [¥YA sequences. Journal of Maolecular Evolu-
tiom 281330542,

Liston, A, W, A. Robinson, J. M Oliphant, sd E. B Alvarez-
Buylla. 1996, Lewgth variation in the moclear nbcsomal
DA mtermal transcribed spacer region of nonflowering
sopd planix. Systematic Botany 11:108-1 30

Lockhast, P 1, M. A, Sieel, M. D Hemdy, snd [ Penny.
1954, Recovering evolutionany orees under o more re-
alistic model of sequemce evolution. Molecular Biol-
oy and Evolution 11600612

Lutzoni. F., and K. ¥ilgalys. 1994, Integration of morphio:
logaal and modecular data sels in estimaling fun-
gal piylogenics. Canadian Journal of Boiany Tl
SS9 -5658.

Lyoas-Weiler, 1., G. A Hoclzer, and . L. Tausch. 1936, Rel-
stive apparen] syrapomorphy analysis (RASA) - the
slalisical messromend of phylogenetic signal. Molecs
ular Biology and Evolution 13:740-T57.

Lyoas-Weiler, 1., G. A. Hoclrer, and . ). Tausch. 1997 Rel-
stive apparcnl symapomorphy amalysis (RASA) [1: ops
tisral cetprodp analysis. Systomatic Biology. in press.

Maddison, W, I 1995, Phylopenctic histones within and
among spedics, In Experimental and Maolocular Ap-
proaches o Plant Biceysiomatics, Mosographs in Sys-
tematic Baology Mo, 53, edi. P C. Hoch and AL 0.
Stevenson, pp, 273207, Missouri Botanical Ganden,
Se. Loasts,

Muddison, W. P 1906, Molesular approaches asd the growth
of phylopesetic Mology. In Malecular Zoalogy: Ap-
proaches, Semiegies and Probecols, o, 1. . Ferraris
s=d 5, R Palambi, pp. 47-53. Wiley, New Yk



234 MOLECULAR SYSTEMATICS OF PLANTS

Malek, (0, K. Lmig, K. Haesel, A. Brenmicke, and V. Knoop,
1556, BN, editing in Beyophyies and o moleculas phy-
logeny of |land plasts, EMBO Journal 15214001411,

Martin, A. P 1995, Mitechondrial DNA sequence evolulion
in sharks: rates, panterns and phylogenetic inferences
Modecular Biology and Evalution 12:1114<1123,

Mason-Gamer, R. L, and E, & Eellogg. 1996, Testing lor
phylegenetic conflicl asmemg malecular dain sets bn the
tribee  Triticese (Gramineac). Systematic  Biology
d5: 524 =545,

Mason-Gamer, B_ 1., K. E. Holsinger. and . K. lansen,
1985, Chloroplast DA haplotype variation within and
among populations of Ceneopris gprandiflora (Asier-
aocac). Moleoalar Biology and Evalution 13:371-381,

Masserson, 1. 1994, Siomaial sive is fonsil planis: evidessce
for palyploidy im majority of ssgiosperms. Science
264421424,

Maghews, 5. and B. A. Sharock. 1996, The phyiochrome
ipene familly in grasses (Poscesg)c a phylogeny and ev-
iemce thal prasses have & ssbast of e boci found in
digd angiosperms. Molecular Biology and Evolution
IE141-10150

Mathews, 5., M. Lavin, and . A, Shasrock. 1995, Evoluiion
of the photochrome gene familly and i wtility for phy-
beggenetic analyses of angicaperms, Assals of the Mis-
sriri Botanical Gardem B2 206-321,

McDade, L. A, 1990, Hybrids and phylogesstic systematics
L. Panerss of character expression is yvbrids and their
imglications for cladistic analyss, Evolution 44z
1S -1 700

Melhade, L. A, 1992, Hybrids ssd piodogenctic systematics
L. The impact af hybrids on clefe afilysis, Evolu-
lion 461 329-1 M6

MeDade, L. A, 1995, Hybridization s phylogenctics. In
Experimental and Moleculsr Appeoaches 1o Plani
Blosysematics, Monographs |s Sysicmalic Botany
Moo 53, eds. P C. Hoch and &, G Sevenson, PR-
A05-331, Misscuri Botanical Garden, 51, Louis.

MuoGrath, 1. M., M. M. Jansco, and [ Pichersky. 1993, Da.
placaile soqaences with a simélanity 1o exprossed pemes
im the pesame of Arabidopsiy thaliess. Theoretical
ared Applicd Cenelics BcER0< 588

Meagher, R. B.. 5. Berry-Lowe, and K. Rice, 1989, Molecu-
lar evolution of tse small subunit of ribslose bisphos-
phate carbaxylase: nucleolide ssbsliotion and gene
comversion, (enctics 123:R48-841,

Mickewich, M. F. and ), 5. Farris. 1981. The implications of
coagruencs in Weaidie, Systematic Eonlogy Ml
241370,

Millar, A. A, and E. 5. Dennis. 1996, The skeohol dehydro-
genase genes of coflon. Mlant Mobscular Biology
ER:RO7-,

Miyamoo, M. M., 1995, Consensus cladogramss and peneral
classificatioss, Cladistics 1:186=18%9,

Miyamodo, M. M., asd W, M. Fisch. 1993, Teating species
phybogendes and phylogenctic methods with T
ence. Systematic Biolapy dd:6d=76,

Moens, L., I. Vanfleteren, Y. Van de Peer, K. Peclers, O,
Kapp, I Creluenisk, M. Goodman, M. Blauser, and 2.
Vimogradow, 1996, Globins in nomverichreate species:

dispersal by horizontal peme transfer and evolution of
the strscoare-fenction relationships, Maolecular Bigl-
ogy and Evolutson 13:324-333,

Momiz de 54, M., and O, Drovin. 1996, Phylogeny and ek
stibstion rases of asgiosperm aclin genes, Molecular
Biology snd Evalution 13:1158-1212,

Moxre, W. 5. 1995, Infoming phylogenies from mEDMA
waristion: mitcchondrial-gene trees versus msclear.
gone rees. Evobation 49:T18=T26.

Morgan, [, R., snd I}, E, Soltis. 1993, Phybogeseiic rela-
tiomships amsomg members of the Saxifgacess w1,
based on rbel. sequénce data. Annals of the Missoari
Botanical Garden 80631 —660.

Morton, B, B, and M. T, Clegg. 1993, A chloroplea DNA
mulational ot &l pone conversion in § mo-cod-
ing region ness bl in the gprass family (Poaceag),
Cumenl Genetics 24=357-345,

Heigel, ). E. and 1. C. Avise, 1986, Phylogenetic relation-
ships of mitochondrial DA under various demo-
graphic models of specistion. In Evolutionsry
Processes and Theery, e, E. Nevo and 5. Karlin, pp.
F5=53. Academic Presi. Mew York.

Mickrest, [ L. and E. M. Sarr. 1994, High ries of nu-
cleatide substinuticon in fuddear small.subunit {1£5)
FNA from holoparssitic Mowering plasts. Jowmal of
Molecular Evolutios 39:62-740,

Peupent, ). M., and J. D Palmer, 195, RN¥A-mediaied transfer
af the gene caxll from the milschondrion bo dhe mechas
dhuring flowering plam evolution. Cell 66:473-481.

Obas, T. 1993 An examisstion of the pencration-time effect
an malecular evolution. Procoedings of the Natiosal
Academy of Sciences LS. A, B0 10676-10680.

Dmsiead, B, G, and 1. . Pslmes, 1994, Chloroplast DNA
syslomalics: a review of meithods and dala asalysis,
American Journal of Botany B1:1205-1224,

Olestead, B G., and 1. A. Sweere, 1994, Combining data in
phiylogenctic systemailes: an empirical approach wiing
throe molecular dain sets inthe Solasaceas, Systematic
Hialogy 43:08T-441,

Falmer, J. D, C. B Shiebds, [}, B, Cobom. and T. J. Onica
1983, Chloroplast DNA evolution and the origin af
amphidiploid Brasica specics. Theoretical and Ap-
plicd CGenetics 65:151-159,

Palmer, J. D, B. A. Jorgesson, snd W, F, Thompson, 1585,
Chlcroplast DINA variatkon and evolution in P
panerns of change and phylogesctic analysis, Oenstics
;195213

Pamile, P, and M. Nei 1998, Relationships belwesn gene
troes and species trees. Molecular Biology and Evolu-
i Si56E-5R1,

Patserson, . 1988, Homology in clasiscal and medeculsr bi-
olizgy, Molecular Biology and Evolution S:603-625.

Faiterson, C., D0 M. Willlams, sad ©, ), Humphsics. 1993
Cemgruence belwesn molecular and morphological
phylogenies. Annual Review of Ecology and System=
anies B 53158

Patthy, L. 1990, Modular exchange principles is proleins.
Currenl Opinion i Strocosral Bicdogy 1:351-361.

Pereiga, M. G., M. Lee, F: Bramel-Cox, W, Woodman, J,
Desbley., and K. Whitkus, 1994, Consenscison of an




RFLF map in sorghum ssd comparative mappéng in
maire. Cemoame 3T:236-143,

Roichenan, A. I3, M. K. Uyesovama, and J. B. Kobs 1954,
Allelic diversity and pene gencalogy # the seli-incom-
patibality locus in the Solansceas, Science 373:
121 2-1216.

Ricscberg, L. H. 1991, Homoplosd reticulate evoluiion in
Heliantkss [Asteraceas): evidesin from ribosomal
pemes. American Journs of Botany 782 1218=1217.

Ricacherg. L. H. 1593, The role of hybridizalion im evolu-
thom: oldl wine in new skins. Amefican Journal of
Botany 825 -051.

Ricsekerg, L. H., and . E. Soliis, 1991, Phylogenetic con-
sequences of cytoplasmde gene fow ia plants. Evoba.
tionary Trends im Plases S:45-84,

Rieseberg, L. H., and J. F. Wendel. 1993, Introgression and
it consegeences. In Hyhd Zoned and B Evoluison:
ary Process, od. K. Hasrison, pp. P0-1009. O ford Lnd:
versity Press, Mew York.

Rizseherp. L. H.. 5. Beckstrom-Stembeng, and K. Doan.
1990, Metianthus ormvees ssp, dceanus Bas chloroplasi
¥4 A and muclear ribosomal RMA genes of Helianifr
debislir sxp. cucwmerjiolivs. Procecdings of the Ma.
tional Academmy of Sciences ULS.A, 87:593-597.,

Riemeberg, L. H., HLC. Chod, and D Hass, 1991, Differential
cyloplasmic wersus nuclear nirogression in Mee
liamthus. Jourmal of Heredity B2:459-403,

Riescherg, L. H., ). Whiiton, and C. K. Linder, |96, Moke-
cular mazker incongruence is plant Bybiid sones and
phylopenelic trees. Acta Bounica MNecrlandica
A543 -262.

Rivers, B. A.. B. Bernateky, 5. 1. Robinsos, and ‘W, Jabsen-
Dechent. 1993, Moleoalar diversity al the sell-incoms=
jpatibility locus is a salient festure in sabsral popula-
lioes of wild tomato {Lyeoperiiean peruvianam).
Maolocular and General Genetics 238:419-427.

Robersom, H. M.. and [ 1. Lampe. (%34, Recent horinontal
transfer of a mariner transposable elemenl amang and
stwoen Diiptera and Mewropeern. Molecular Biology
and Evolutson 12:850-862.

- Eodman, 1., B. A Price, K. Karol, E Coasl, K. ), Systma,
and J, [ Palmer. 1993 Nucleotide sequences of the
rbel, pene indicale monaphyly of mustsend oil planis.
Annals of e Missouri Botanicsl Garden $0:5555 6040,

Rodriga, A, G M. Kelley-Baorges, P B Berpquist, and P L.
Berpquist. 1993, A randosnization test of the ml] ky-
prisesis el a0 cladogranes are sample estinates of a
Botany J1:257-268,

Raoth, W L. 1%9). Homsalogy and hiemarchées: pioklesns
sidved and ssresolved. Joumnal of Evolutsonary Hiol-
ogy d:167-154,

Sandersc, M. J., and Doyle, 1. 1. 1992, Reconsensction of
organismal and gene phylogenies from dsts on muli-
geme families: concened evolution, komoplasy, snd
confidence. Sysematic Biology 41417,

Sang, T., I J. Crawfoed, ssd T. F. Stuessy. 1995, Documen-
tation of peticwlate evolution in peonies (Parosia) us-
ing intemal rssscribed spacer sequences of mecless /-
bosomal DMA: implications for biogeography asd

PFHYLOGENETIC INCOMNGRUEMNCE 208

somcored evolation. Procesdings of the Malional
Academy of Sciences LS A, 92681 3-6317.

Sawyer. 5, 1989 Siatistical tesis for delssiag pens conver-
sion, Moleqular Bicdogy and Evolution 6:525-538,

Schena, M., and B W, Davis. 1994, Sirocnere of homeobos-
lesmcis: dipper genes sagpests o midel for the evalu-
tioa of gene families. Proceedings of the Mational
Acsemy of Sciences ULS A 91:8393-8397,

Seberg, 0, G, Petersen, and C. Baden. 1996, The phylogesy
of Prarhyrostechys Mevski (Triticese, Poacese —are
we sble W soo the wood for the trees? In Procesdings
of the Iad [sternational Tricicess Symposisn, eds, R
R.-C, Wang, K. B. Jensen, and C. Jaussh, pp. 247-253,
Unah Seaie Uisiversity, Logas.

Seelunan, T, A. Schnabel, and 1. E Wendel. 1997, Congra-
enie and comsomsus in the cofion iribe, Sysiemarse
Botany X2 250-T00.

Siies, 1. W, 5, K. Davis. T. Guerra, I B, Iverson, and H. 1L
Snell, 1996, Characior congruesce and phy lopenetbe
sigmal in molooular and monphological duts sets: & cee
somdy &n the loving iguanas (Squemats. Igusnidss).
Molecslar Biology and Evolution 10:10E7-1 104,

Slutkin, M. 1991, lnbeeeding coefficients and coalescence
times. Cienetscal Research of Cambridge 28 167-1 74,

Seith, B. L., s K. ), Sytsma. 1990, Evolution of Popslus
nigFa (%el, Asgirmek inbrogressive bybridizaiion and
the chlesopla contribulion of Populus afba (sect,
Populus), Amencan bourmal of Botany Y711 T6=1157.

Soltis, [, E., snd R, K. Kuzefl. 1995, Discordance between
muclear s chloroplast phylogenies in the Mewchera
Eroup (Saxifragsccac ). Evolution 49:727=T42.

Soltis, O, E, and P! 5. Soltis {eds. ). 1989, lorymes in Plas
Biology. Dioscesides Pross, Portland Oregon.

Sols, 0. K. Morgan, A, Grable, P2 5. Solitis, and R. Kuzodf.
1543, Moleculsr systemalics of Saxifragaceae censu
srivie. American Journal of Botany S 1066101

Solds, [, E, L. A, Jehsson, and C. Looney. 1996, Discor-
dance beaween ITS and chloroplasy topalogies in the
Bovkinie groep (Saxifragaceac). Systematic Botany
Zh:169=185,

Soltis, D. E., P 5. Sols, D, L. Nickrent, L. A. Johnson, W,
1. Hahn, 5. B. Heea, ), A Sweere, B K. Kuzolf, K. A
Krom, M. W, Chase, 5, M. Swensen, E. A, fimmer, 5.
M. Chaw, L . Gilllespie, W, J. Kreis, and K. I, Sytuma.
19497, Angiosperms phylogeny inferred from 185 riba-
somal DA sequesses, Annals of the Missouri Botan-
ical Garden B4=1-45

Soltis, P 5., and D E Solis, 1995, Plant molocular sysiem-
atics: inferences of phylopeny and evelulionary
processes. Evedutionsary Biology 2821 30— 154,

Springer, M., L. J. Hollar, and A, Burk. 1995, Campemialory
substitutions and the evoluticn of the malochondrial
125 fRNA gene in masmmals. Malecular Baalogy and
Evolmtion 1321 1%8<1150.

Stecl, M., P ). Lockhan, and D Penny. 1995, A frequency-
dependent significance iesi for parsimesy, Malecular
Phylogenetics and Evolution £154-71,

Stocle. K- P and B Vilgalys. 1994, Phylopenctic analyses
of Pokemoniaceae using socleotide sequences of the
plaitid pene maiX. Sysiemaric Botssy 19:126- 147,



FE MOLECULAR SYSTEMATICS OF PLANTS

Sione, B M., and B. J. Schaante (eds. b 199, Intervening
Sequences in Evolstion and Development, Oalond
Universily Press, Mew York,

Suh, Y., L. B. Thien, H. E. Reeve, and B A, Zimener, 1593,
Malecular evolstion and phvlapenctic issplicasoen of
imermal Eranseribed spster aeguences of riboaomal
DNA i Winlcraceas, American Jousnal of Batany
Bl 14255

Sulliwan, 1. 1996, ComBining dsta with dilferent disaribu-
lions of among-silg rabe vamason, Syaemalc Baology
A5:ATS-3R0,

Sllivan, 1. K. E. Holunger, and C. Ssmon, 1995, Amoag-
sibe rale vasialion and phylogenciic anslysis of 125
fRMA in Sigmadonine rodents, Modecular Beology
andd Evehmion 12:08E-1001.

Swoffond, D L. 19, When are phylogeny estimases (o
malecular and morphological data ncompneent™ In
Phylogesstis Asalysss of DNA Seqeences, eds. M. M.
Miyamcso and 1. Crssrafl, pp, 295333, Oxfond Ued-
versily Press, Mew York.

Sytema, K. 1 1990, DNA and momphology: iaference of
plasa phylogeny. Trends 18 Ecology and Evalulion
S:ld-100,

Syvanca, M, 1994, Horizontal gene tmanslern: evidence asd
possible commeguences, Anmual Review of Gienetics
H:IAT-60.

Tajima, F. 1993, Simple meihods for lesing tse molecular
cvilutionary chock hypothesis, Cenetics 1382599607,

Takezaki, N., A, Rrhersky, and M. Neb 1995, Pylopenctic
tesl of the modeculsr clock and linearized rees. Male-
cular Biclogy and Evoletion 12:823-833.

Talbem, L. E., J. F. Dosbdey, % Larson, and V, L. Chandler.
1D, Tripamcun andreromil (o5 maiursd kyboid ivolv-
isg S and Tripaacum; molecular evidence. American
Journal of Bowny TTT2-Ti6,

Temspleton, A, B, 1983, Phybogenatic inference from mesiric-
tion endionigléae cleavape site mags with paniculsr
referesee 10 the evaluson of humans and the Eped
Evolstion 37:221-244,

Temapleton, A, K., and C. F. Sing. 1993 A cladistic analysis
af plenctypic sssocistions with haplotypes inferred
feoms restriction endonuciease mapping. IV, MNeued
analyaas with ¢ladegram unceriainty and recombina-
tion. Gemethes 1342050660,

VasderWiel, B 5., D E Voyms, and J. F Wendel. 1993,
Copréa-like retrowansposable element evolutbon in
diplotd and palyplold cotton {Gessyplam L) Josmal
ol Meolecular Evolution 3420447,

van Ham, K. . H. 1., H. T'Han, T. H. M. Mes, snd 1. M.
Sandbeink. 1994, Moleculsr evoluiios of nos-coding
regioes of the chioroplast genome i the Crassulscess
and relsed species. Cument Genetics 252558 =566,

Wawser, L., and W. M. Brown. 1993 Bmies and paiterns of
Base chasge in the small subunil ribosomal RMA gene.
Creneties 1350760

Wakeley, J. 1994, Sehsiitniicon-raie variaibon among sites
and ehe estimation of rasiiion bins. Mokecular Biol-
oy and Evolution 11:426-442,

Walker, E. L., M. F., Weeden. C. B. Taylor, I Groen, and G,
M. Corurzi, 1995, Molooalar evolution of deplicate
copies of genes enomling cylosalic glolamine cym-
thetws in Pisum setivem, Flan Malecular Biology
HA10-1125,

Walers, B, B amd B, A, Schaal. 1996, Biased pese convers
RO % e oiusring aseeg (NN A repeals i the Bras.
Aiva trinnghe, Gesoane 3921 50154,

Wendel, J. F. 198Y. New Waorld setraploid conons costain
Ol Weald eyloplasm, Proceedings of the Nasonal
Acadesny of Schences LS A B6a41 32-4134,

Wendel, I, F., 5 W, A Alser, 1992, Phvlogenstics of the
cotiinn peses {Goanpium L. chameter-stale welghied
parsimony ssalysks of chioroplea DA resiriction she
dain and ns sysiemarse and biogeographic implica-
ceowes, Systematic Botany 17:115-143,

Wendel, I F, 1. MeD. Siewan, ssd J. H. Reiiig, 1991 Mol
eouler evidence for homsoplold reticulmie evolstion
in Australian species of Gosrvpium. Evolution 4%
=711,

‘Wendel, I, F, A, Schnstel, and T, Seelanan. 19952 Bidirecs
tional imteriocus concemned evolution following al
lopolyploid specistion in colioa [(Fossyplum). Pro-
coedengs of the Natiosal Acadesny of Sciences ULS.A.
YR230-284,

Wendel, I F., A_ Schnabel, and T Seelanan. [#95b. An un-
usual ribosomal DNA sequence from Gossypium
poddypioides reveals anclest, cryplic, inlengenomic in-
irogression. Maoleculsr Phvlogenetics amd Evalulson
F L BT kN

Wessler, 5. B.. T. E. Burcsn, and 5, E Whise. 1995, LTR-
retroirarsposons and MITEs: imponasd players in the
evolution of plant genomes. Curren Opimion in Cionst-
bes mnd Developmen 51214221,

Wheeler, W. €. 1992, Extinction, sempling. and molécalar
pleybogenetics, In Extinciicn snd Phylogeny, ods. b, 1.
Movecek and Q. [ Wheeler, pp. 205-215. Columbia
University Press, Mew Yorik.

Whitkus, B, 1. Doebley, and M. Lee. 1992 Comparative
gencene mapping of sorghum and maine, Genetics
1301 19=0150

W, C-0., and WM. LL 1985, Evidence for higher mates ol
muclectide substitution in rodenis than in mas. Pro-
ceedings of ihe Natiosal Academy of Sciences LS A
REaTdl=1Td5

Yomg, £, 1996, Among-site rate variation and ils impect on
phylogenetic analyses. Tremds in Ecology and Evolu-
tioe 11x%7=5T2

Yoshinage, K., H. linuma, T. Masuzxen, and K. Usda. 19946,
Exiensive RMA editing of U o C in addition 1o C i U
substitutice in the rbe L iresecripis of horseon chlon-
plasts and the origin of RNA editing in green plasts,
Mucheic Acids Fesearch 2 1008 -1014.

Zhang. W_. I. F. Wendel, and L. G. Clark. 1997, Bamboo-
zled mgain! Insdverent isolaiion of Neagsl rONA
sequences from bamboos (Poacess: Bambasoids
esel. Moleculor Phylogeneiics and Evolution 8
HiS=21T.

e i i e, bl . ek BES . o b el



	pg1.jpg
	pg2.jpg
	pg3.jpg
	pg4.jpg
	pg5.jpg
	pg6.jpg
	pg7.jpg
	pg8.jpg
	pg9.jpg
	pg10.jpg
	pg11.jpg
	pg12.jpg
	pg13.jpg
	pg14.jpg
	pg15.jpg
	pg16.jpg
	pg17.jpg
	pg18.jpg
	pg19.jpg
	pg20.jpg
	pg21.jpg
	pg22.jpg
	pg23.jpg
	pg24.jpg
	pg25.jpg
	pg26.jpg
	pg27.jpg
	pg28.jpg
	pg29.jpg
	pg30.jpg
	pg31.jpg
	pg32.jpg

