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ABSTRACT:  Low-copy nuclear genes in plants are a rich source of phylogenetic informa-
tion. They hold a great potential to improve the robustness of phylogenetic reconstruction
at all taxonomic levels, especially where universal markers such as cpDNA and nrDNA are
unable to generate strong phylogenetic hypotheses. Low-copy nuclear genes, however,
remain underused in plant phylogenetic studies due to practical and theoretical complica-
tions in unraveling the evolutionary dynamics of nuclear gene families. The lack of the
universal markers or universal PCR primers of low-copy nuclear genes has also hampered
their phylogenetic utility. It has recently become clear that low-copy nuclear genes are
particularly helpful in resolving close interspecific relationships and in reconstructing
allopolyploidization in plants. Gene markers that are widely, if not universally, useful have
begun to emerge. Although utilizing low-copy nuclear genes usually requires extra lab work
such as designing PCR primers, PCR-cloning, and/or Southern blotting, rapid accumulation
of gene sequences in the databases and advances in cloning techniques have continued to
make such studies more feasible. With the growing number of theoretical studies devoted
to the gene tree and species tree problem, a solid foundation for reconstructing complex
plant phylogenies based on multiple gene trees began to build. It is also realized increas-
ingly that fast evolving introns of the low-copy nuclear genes will provide much needed
phylogenetic information around the species boundary and allow us to address fundamental
questions concerning processes of plant speciation. Phylogenetic and molecular evolution-
ary analyses of developmentally important genes will add a new dimension to systematic
and evolutionary studies of plant diversity.

I. INTRODUCTION

Despite rapid advances of molecular
phylogenetics, the goal of accurate recon-
struction of the tree of life remains chal-
lenging. A major difficulty stems from the
incongruence between gene phylogenies and
the underlying organismal phylogeny. One
way to identify this potential problem and
appropriate solutions is to compare phylog-
enies of multiple unlinked genes (Hillis,

1995; Wendel and Doyle, 1998). Plant phy-
logenetic studies, however, still rely on a
few universal molecular markers, primarily
sequences of the chloroplast and nuclear
ribosomal DNA. Although these markers
have yielded enormous insights into the plant
phylogeny, access to additional gene mark-
ers becomes increasingly important to the
improvement of resolution and accuracy of
plant phylogenetic reconstruction.

Slow rates of sequence divergence of
chloroplast DNA have limited its phyloge-
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netic utilities to high taxonomic levels. Al-
though some rapidly evolving genes, such
as matK and ndhF, as well as some
noncoding regions of cpDNA have been
used at low taxonomic levels, resolutions
were often unsatisfactory. While phyloge-
netic utility of nuclear ribosomal DNA spans
a wider taxonomic range, relationships
among distantly related genera or closely
related species remain poorly covered by
nrDNA (Soltis and Soltis, 1998). For dis-
tantly related genera, the small and large
subunits of nrDNA are usually too con-
served to provide a sufficient resolution,
whereas sequences of the internal transcribed
spacers (ITS) have diverged too much to be
aligned. The nrDNA ITS region has con-
tributed tremendously to the understanding
of relationships of congeneric species and
closely related genera. Yet, ITS sequence
variation appears to be inadequate for the
study of closely related species or intraspe-
cific relationships (Baldwin et al., 1995).

Another challenge to plant biologists is
the reconstruction of hybrid speciation. The
inheritance pathway of the chloroplast ge-
nome is predominantly uniparental in plants,
and usually maternal in angiosperms. Con-
sequently, cpDNA, as a single linkage group,
traces the genealogy of one parent and thus
is unable to provide direct evidence for
hybrid speciation. Although nrDNA is bi-
parentally inherited, it is not a reliable marker
for reconstructing hybrid speciation because
distinct nrDNA sequences derived from both
parents can be homogenized by concerted
evolution of the nrDNA gene family
(Wendel et al., 1995).

The growing examples in the recent lit-
erature have demonstrated that low-copy
nuclear genes have a great potential to com-
pensate cpDNA and nrDNA for the im-
provement of resolution and robustness of
plant phylogenetic reconstruction (e.g.,
Doyle and Doyle, 1999). In particular, low-
copy nuclear genes provide a suitable marker

for reconstruction of allopolyploidization
(Small et al., 1998; Sang and Zhang, 1999;
Doyle et al., 2000). Furthermore, the large
number of genes in the nuclear genome
serves as a virtually unlimited source of
phylogenetic markers that can offer numer-
ous independent estimates of the organismal
phylogeny.

However, the phylogenetic utility of
low-copy nuclear genes has been con-
founded by the complex evolutionary dy-
namics of nuclear gene families (Clegg et
al., 1997). For example, gene duplication
and deletion can potentially lead to the re-
construction of gene duplication events
(paralogy) rather than speciation events
(orthology). The extra effort required to
disentangle orthology and paralogy appar-
ently has discouraged the common applica-
tion of low-copy nuclear genes in plant
phylogenetics.

This article first reviews the recent plant
phylogenetic studies using sequences of low-
copy nuclear genes and discusses advan-
tages and limitations concerning phyloge-
netic utility of low-copy nuclear genes at
various taxonomic levels. It then focuses on
the illumination of theoretical and practical
problems associated with phylogenetic util-
ity of low-copy nuclear genes. Important
questions such as when and how many
nuclear genes are needed for an accurate
phylogenetic reconstruction of certain plant
groups are addressed. Finally, it touches on
the implications of low-copy nuclear gene
phylogenies that are beyond the immediate
goal of reconstructing organismal phylog-
enies.

II. PHYLOGENETIC UTILITY OF
LOW-COPY NUCLEAR GENES

Most protein coding nuclear genes of
plants have exons and introns. Exons, which
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are usually under strong purifying selection
that eliminates deleterious mutations, have
relatively slow rates of nucleotide substitu-
tion. Unlike chloroplast genes, introns of
low-copy nuclear genes have rather high
rates of nucleotide substitution (Gaut, 1998;
Li, 1998). A nuclear gene with regions di-
verging at variable rates can potentially pro-
vide phylogenetic markers at various taxo-
nomic levels.

A. Interfamilial and Higher
Levels

Phylogenetic reconstruction of major
plant lineages has been difficult due to a
high level of homoplasy and the problem of
long branch attraction. Sequences of nuclear
ribosomal DNA, chloroplast genes, and
mitochondrial genes have proven useful at
high taxonomic levels because they evolve
at relatively slow rates (Qiu et al., 1999).
Although much progress has been made
recently toward a robust reconstruction of
early diversification of vascular plants and
angiosperms, controversy remains among
studies using different genes or gene com-
binations (Pryer et al., 2001; Graham and
Olmstead, 2000; Nickrent et al., 2000).

Few low-copy nuclear genes have been
used to estimate relationships at such high
taxonomic levels. Kolukisaoglu et al. (1995)
investigated early evolution of vascular
plants based on sequences of the phyto-
chrome gene. The gene phylogeny inferred
from substitutions at the first and second
codon positions suggested that Selaginella
and Equisetum were earlier vascular plant
lineages than Psilotum. This result agrees in
part with the evidence of chloroplast ge-
nome rearrangement, which suggested that
Selaginella diverged prior to Psilotum
(Raubeson and Jansen, 1992). Duplication
and deletion of the phytochrome genes dur-

ing the diversification of seed plants, how-
ever, prevented an assessment of relation-
ships between gymnosperms and an-
giosperms. Ephedra was grouped with the
A or C type of phytochrome gene of an-
giosperms, whereas conifers were grouped
with the B type phytochrome gene of an-
giosperms.

The phytochrome genes, however,
served as a useful marker for understanding
the early diversification of angiosperms.
Because the phytochrome genes were du-
plicated shortly before the diversification of
angiosperms, they provided an opportunity
for rooting the angiosperm phylogeny be-
tween the paralogous genes PhyA and PhyC
(Mathews and Donoghue, 1999). The root-
ing strategy facilitated the identification of
Amborella as the sister group of the remain-
ing angiosperms, which is consistent with
recent analyses of sequences of cpDNA,
nrDNA, and mtDNA (Qiu et al., 1999; Soltis
et al., 1999).

Denton et al. (1998) tested phylogenetic
utility of the gene encoding RNA polymerase
II (RPB2) by sampling nine angiosperm
families, Ginkgo, and Marchantia. The phy-
logeny, inferred from amino acid sequences
of the RPB2 gene, supported the mono-
phyly of angiosperms and eudicots. The phy-
logenetic utility of this gene is being exam-
ined further with additional taxonomic
sampling covering the major lineages of
seed plants (B. D. Hall, personal communi-
cation).

Clearly, we are still at an early stage of
testing the phylogenetic utility of low-copy
nuclear genes at high taxonomic levels. The
large number of low-copy nuclear genes
would potentially allow selection of genes
with extremely conserved rates of evolu-
tion, and consequently a robust reconstruc-
tion of deep-branch relationships of plants.
Slow-evolving nuclear genes will also pro-
vide phylogenetic markers for the recon-
struction of the tree of life, where certain
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lineages lack chloroplast or mitochondrial
genomes.

B. Intergeneric Level

In comparison with the interfamilial and
interspecific levels, nuclear ribosomal DNA
has been less frequently utilized for phylo-
genetic studies at the intergeneric level. This
is probably because sequences of the small
and large subunits of nrDNA diverge too
slowly to yield sufficient phylogenetic in-
formation among closely related genera,
whereas the internal transcribed spacers di-
verge too rapidly to be aligned unambigu-
ously among distantly related genera. Low-
copy nuclear genes have provided useful
phylogenetic markers at the intergeneric
level.

Galloway et al. (1998) tested the phylo-
genetic utility of the arginine decarboxylase
gene (Adc) in Brassicaceae. Two loci of the
Adc gene, Adc1 and Adc2, were identified.
Exon sequences of the genes were analyzed
for 10 genera representing the major lin-
eages of the Brassicaceae. Relationships
among these genera are well resolved and
supported and are congruent between the
Adc1 and Adc2 phylogenies. The Adc genes
have markedly higher sequence divergence
at the synonymous sites (0.99% for Adc1
and 1.02% for Adc2) than the cpDNA ndhF
gene (0.19%). While the Adc phylogenies
are topologically identical to the ndhF phy-
logeny, the Adc genes provide stronger boot-
strap support for almost all branches in com-
parison with the ndhF phylogeny.

Intergeneric relationships of the Poaceae
were examined based on the phylogeny of
the granule-bound starch synthase gene
(waxy), a single-copy gene in grasses (Ma-
son-Gamer et al., 1998). The phylogeny
inferred from the exon sequences was well
resolved but with relatively low bootstrap

support. The intergeneric relationships of
the waxy phylogeny are largely congruent
with those inferred from morphological
characters and cpDNA sequences. In Ro-
saceae, the waxy gene has been duplicated
and exists at least two copies in a diploid
genome (Evans et al., 2000). The waxy phy-
logeny of Rosaceae is largely congruent with
the chloroplast gene phylogenies.

A portion of exon 1 of the phytochrome
B gene (PhyB), another single copy gene in
grasses, was used to reconstruct interge-
neric relationships within Poaceae (Mathews
and Sharrock, 1996; Mathews et al., 2000).
The PhyB phylogeny had significantly im-
proved resolution and support compared to
the previous phylogenetic hypotheses of the
family based on the chloroplast genes ndhF
and rbcL. This may be attributed to faster
sequence divergence of the PhyB genes
compared with the chloroplast genes.
Simmons et al. (2001) also used the exon
region of the PhyB gene to investigate rela-
tionships within Celastraceae and found that
the PhyB sequences provided particularly
strong support for the relationships among
closely related genera.

Wang et al. (2000) studied intergeneric
relationships of Pinaceae using a low-copy
nuclear gene encoding 4-coumarate : coen-
zyme A ligase (4CL) in the lignin biosyn-
thetic pathway. All 4CL sequences from
species of the same genus formed a strongly
supported monophyletic group, whereas
sequences cloned from an individual spe-
cies did not always form a monophyletic
group. This suggests that the 4CL gene has
a short turnover time of duplication/dele-
tion such that paralogous loci are main-
tained between species but not between
genera. Therefore, the 4CL gene served as a
useful phylogenetic marker for studying
intergeneric relationships of Pinaceae. The
phylogeny generated from 4CL gene se-
quences is congruent with those from the
chloroplast matK gene and mitochondrial
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nad5 gene. Of the three genes, the nuclear
4CL gene evolved most rapidly. The aver-
age sequence divergence of exon regions of
the 4CL gene is approximately twice as
great as that of the matK gene and five times
that of the nad5 gene.

C. Interspecific Level

At the interspecific level, sequences of
chloroplast DNA, including noncoding re-
gions, usually diverge too slowly to re-
solve close relationships. The nrDNA ITS
region has been the only widely used se-
quence data at the interspecific level in
plant phylogenetic studies (Baldwin et al.,
1995). However, ITS sequence variation is
not always sufficient to resolve closely
related species. Thus, nuclear genes with
rapidly evolving introns, are needed for a
full resolution of interspecific phylogenies.
Furthermore, because interspecific relation-
ships of plants are often complicated by
hybridization or introgression, multiple
unlinked nuclear markers are often needed
to ensure an accurate phylogenetic recon-
struction.

Sequences of low-copy nuclear genes
have contributed to a better understanding
of interspecific relationships of various plant
groups. Alcohol dehydrogenase genes (Adh)
were used to study relationships within the
genera Paeonia and Gossypium. The Adh
phylogenies (Adh1 and Adh2) of Paeonia
are better resolved than those of ITS or the
cpDNA matK gene and intergenic spacers
(Sang et al., 1997a, 1997b). For the 11 dip-
loid Paeonia species compared, sequence
divergence of the Adh introns (4.68% for
Adh1 and 4.54% for Adh2) was approxi-
mately five times higher that of the matK
gene (0.85%) and one and half times higher
than the ITS region (3.11%) (Sang et al.,
1997b).

Small et al. (1998) compared the phylo-
genetic utility of cpDNA noncoding regions
and an Adh locus, AdhC, in Gossypium. They
sampled more than 7 kb from seven
noncoding regions of the chloroplast genome.
Only one region, the trnT-trnL spacer, con-
tained phylogenetically informative charac-
ters, accounting for only 0.05% of the total
amount of nucleotides sampled from the chlo-
roplast genome. Consequently, relationships
among the five closely related tetraploid spe-
cies were poorly resolved and weakly sup-
ported in the cpDNA phylogeny. A 1.6-kb
region of the AdhC gene, containing approxi-
mately an equal amount of exon and intron
sequences, was sampled from the same spe-
cies. Approximately about 0.76% of the Adh
sequences was phylogenetically informative.
The resulting gene phylogeny was well re-
solved and strongly supported. The average
sequence divergence of the AdhC gene was
also higher than that of the nrDNA ITS re-
gion (~0.5%) between these species.

Another Adh locus, AdhA, was se-
quenced for investigating relationships of
13 D-genome diploid species of Gossypium
(Small and Wendel, 2000b). Southern blot-
ting suggested that the gene is present as a
single copy in the majority of the species,
but has been duplicated in four species of
subsection Erioxylum. The gene phylogeny
is well resolved and largely consistent with
the monophyly of each subsection recog-
nized in the current taxonomy. Within sub-
section Erioxylum, however, interspecific
relationships are unresolved because se-
quences from each of the four species failed
to form a monophyletic group. A combina-
tion of factors, including gene flow, unrec-
ognized paralogy, and lineage sorting, may
be responsible for the result.

The gene encoding glycerol-3-phosphate
acyltransferase (Gpat) is a single-copy gene
in plant species belonging to several eudicot
families. Testing the phylogenetic utility of
Gpat in Paeonia suggested that the gene is
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likely present as a single copy in the major-
ity of diploid Paeonia species (Tank and
Sang, 2001). Phylogenetic analyses of a
portion of the Gpat gene, including a large
intron of more than 2 kb, yielded a well-
resolved and strongly supported phylogeny.
It resolved interspecific relationships that
were previously unresolved on the ITS,
matK, or Adh gene phylogenies. The better
resolution of the Gpat gene phylogeny was
apparently attributed to a sufficient amount
of phylogenetic information yielded from
the large intron that has diverged more rap-
idly than introns of the Adh1 gene in
Paeonia.

Emshwiller and Doyle (1999) explored
the phylogenetic utility of the chloroplast-
expressed glutamine synthetase gene
(ncpGS) in the genus Oxalis. An approxi-
mately 670-bp region that contains about
two-thirds intron sequence was sequenced
from eight Oxalis species. The sequence
divergence of the entire gene region (6.57%)
is slightly lower than that of the ITS region
(7.75%), whereas the sequence divergence
of the introns (8.63%) is higher than that of
the ITS region. Although the ncpGS gene
region and ITS had an equivalent amount of
phylogenetically informative characters, the
former yielded more autapomorphies that
may be informative when taxonomic sam-
pling is increased.

A portion of the intron of a MADS-box
gene, pistillata, was sequenced for the re-
construction of relationships within the ge-
nus Sphaerocardamum of Brassicaceae
(Bailey and Doyle, 1999). The intron has
higher sequence divergence (0.15 to 3.7%)
than the nrDNA ITS region (0 to 2.5%) and
cpDNA trnL intron (0 to 2.4%). The inter-
specific relationships of the genus were fully
resolved by the pistillata intron sequences.

The entire coding region of the PgiC
genes was used to infer phylogenetic rela-
tionships in the genus Clarkia (Onagraceae)
(Gottlieb and Ford, 1996). The average se-

quence divergences among the Clarkia spe-
cies, representing six sections of the genus
are 3% for exons of PgiC1, 2.5% for exons
of PgiC2, 7.7% for introns of PgiC1, and
7.2% for introns of PgiC2. Intersectional
relationships on each gene tree were com-
pletely resolved and strongly supported.

A region of the Vicilin gene that con-
tains approximately 0.7 kb exon and 0.4 kb
intron sequences provided reasonably
good resolution and support for relation-
ships within and between two closely re-
lated genera, Theobroma and Herriania,
of Sterculiaceae (Whitlock and Baum,
1999). The comparison of sequence di-
vergences between the two genera indi-
cated that the Vicilin gene evolved 5 to 10
times more rapidly than the chloroplast
ndhF gene. A 450-bp region of the his-
tone H3-D gene that contains two-thirds
intron sequences provided sufficient reso-
lution of relationships among the major
groups of diploid species in Glycine subg.
Glycine (Doyle et al., 1996, 1999).

D. Intraspecific Level

A robust phylogenetic reconstruction
around the species boundary plays an in-
creasingly important role in addressing fun-
damental evolutionary questions concern-
ing speciation and adaptation. Unlike
animals, plant organellar genes diverge too
slowly to resolve population-level relation-
ships. Low-copy nuclear genes with rapidly
evolving introns provide an appealing source
of DNA sequence data for phylogenetic re-
construction at the intraspecific level (Schaal
and Olsen, 2000). In particular, low-copy
nuclear gene phylogenies have already shed
light on the evolution of a few crop plants.

Olsen and Schaal (1999) studied the
domestication of cassava (Manihot esculenta
subsp. esculenta) using sequences of a
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single-copy nuclear gene G3pdh. They found
that the level of phylogenetically informa-
tive variation in the G3pdh region far ex-
ceeded levels typically observed in the
organellar genomes of plants at the intraspe-
cific level. Comparison of G3pdh haplotypes
of the crop and wild species indicated that
Manihot esculenta subsp. flabellifolia alone
could account for the genetic variation ob-
served in cassava. The gene genealogy fur-
ther suggested that cassava was domesti-
cated from populations of this subspecies
along the southern border of the Amazon
basin and rejected the previous hypothesis
that cassava was a compilospecies derived
from one or more complexes of interbreed-
ing wild species in the Neotropics.

Two single-copy nuclear genes, Adh1 and
Glb1, were sequenced to investigate maize
(Zea mays spp. mays) domestication (Eyre-
Walker et al., 1998; Hilton and Gaut, 1999).
Phylogenetic reconstruction of both genes
revealed that alleles of maize intermixed with
those of Zea mays ssp. parviglumis, but clearly
separated from clades containing alleles from
Zea luxurians. The results suggest that the
alleles of maize have not coalesced since its
domestication from populations of Zea mays
ssp. parviglumis 7500 years ago. On the other
hand, alleles of both genes have reached
coalescence between Z. luxurians and
Z. mays, which diverged from each other 0.6
to 0.7 million years ago.

The phylogeny of a single-copy nuclear
gene, cl, that regulates anthocyanin biosyn-
thesis, presented a different picture of rela-
tionships among Zea species (Hanson et al.,
1996). Maize shared haplotypes of the gene
with Z. mays ssp. parviglumis, Z. mays ssp.
mexicana, Z. luxurians, and Z. diploperennis.
None of the Zea species or subspecies
formed a monophyletic group on the cl gene
phylogeny. Furthermore, the cl phylogeny
suggested that maize is genetically more
similar to Z. mays ssp. mexicana than its
presumed wild progenitor Z. mays ssp.

parviglumis. Apparently, the cl locus has
experienced more extensive lineage sorting
than either Glb1 or Adh1 locus. Introgres-
sion of this regulatory gene among the Zea
species and subspecies may have also con-
tributed to the complex phylogenetic rela-
tionships.

E. Duplicate Gene Rooting

In addition to the independent phyloge-
netic markers, low-copy nuclear genes offer
a unique opportunity to solve difficult phy-
logenetic problems. Gene duplication events
can serve as points where phylogenetic trees
are rooted when appropriate outgroups are
unavailable. If gene duplication occurred
prior to the diversification of the ingroup
taxa, the gene tree can be rooted at the gene
duplication event, that is, between the phy-
logenies of the two paralogous genes. A
good example of this application is the re-
construction of the tree of life by rooting
between the paralogous gene pairs that were
duplicated prior to the diversification of all
major lineages of life (Brown and Doolittle,
1995; Lawson et al., 1996; Iwabe et al.,
1989).

Duplicated-gene rooting can also be
applied to groups that have uncertain or
isolated systematic positions. The mono-
typic family Paeoniaceae has been placed in
different subclasses of angiosperms based
on morphological and molecular data (e.g.,
Soltis et al., 2000) and seems to be distantly
related to its extant relatives. Consequently,
it is difficult to find molecular markers that
have diverged fast enough to resolve rela-
tionships within the genus Paeonia and are
alignable between the ingroup and a dis-
tantly related outgroup. By rooting the phy-
logeny of Paeonia between a paralogous
gene pair, Adh1 and Adh2 (based on exon
sequence only), Sang et al. (1997b) were
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able to identify that the earliest divergence
within the genus was between the shrubby
section Moutan and the herbaceous sections
Paeonia and Oneapia. Subsequent analysis
of sequences of both exons and introns of
each Adh gene using section Moutan as a
functional outgroup resolved the interspe-
cific relationships of Paeonia.

Another recent application of this root-
ing strategy helped clarify the early diversi-
fication of angiosperms. Angiospermae may
have undergone rapid radiation during the
early diversification, and its closest rela-
tives may be extinct. Thus, it has been dif-
ficult to resolve relationships of basal an-
giosperm lineages using distantly related
outgroups, such as gymnosperms. By root-
ing the angiosperm phylogenies between
PhyA and PhyC, a pair of paralogs that du-
plicated shortly before the diversification of
angiosperms, the basal lineages of an-
giosperms were resolved (Mathews and
Donoghue, 1999).

F. Reconstruction of
Polyploidization

The accurate reconstruction of hybrid
speciation has long been difficult in
phylogenetics (Funk, 1985; McDade,
1995). Biparentally inherited nuclear mark-
ers are needed for the reconstruction of
allopolyploidization. The most popular
nuclear marker, nrDNA, however, is unre-
liable for this purpose because the hybrid
genome could quickly homogenize one of
the homoeologs through concerted evolu-
tion (Wendel et al., 1995). Low-copy
nuclear genes, which are less susceptible
to concerted evolution, can potentially serve
as a very useful marker for reconstructing
allopolyploidization (Small et al., 1998;
Sang and Zhang, 1999).

Utility of low-copy nuclear genes in
combination with the cloning procedure, one
can also get around the analytical difficulty
of direct reconstruction of reticulate evolu-
tion. By cloning the homoeologous loci
derived from both parents, an allotetraploid
genome is dissected into two units, with
each homoeolog tracing to its own parental
lineage. Phylogenetic analysis of the cloned
homoeologs together with the genes of the
putative parents converts the reconstruction
of reticulate evolution into the reconstruc-
tion of the diverged histories of the parental
lineages (e.g., Sang and Zhang, 1999).

Phylogenies of low-copy nuclear genes
have proven effective in determining the
origin of allotetraploids in several groups
of flowering plants. The homoeologous loci
of 16 nuclear genes were recovered from
the allotetraploid species Gossypium
hirsutum, with each pair of homoeologous
loci forming sister groups with the corre-
sponding diploid progenitors (Cronn et al.,
1999). Moreover, the homoeologs have
evolved independently of each other and at
the same rate as those of their diploid pro-
genitors, suggesting a genic stasis follow-
ing polyploidization. For certain allotetra-
ploid species of Gossypium and Paeonia
that have fixed nrDNA ITS sequences of
one parent, their allotetraploid origins were
reconstructed successfully by Adh phylog-
enies (Small et al., 1998; Sang and Zhang,
1999).

Phylogenies of Adh1 and Adh2 genes
provided evidence for the hybrid origin
of tetraploid P. officinalis between al-
lotetraploid peonies (Ferguson and Sang,
2001). Three distinct types of Adh se-
quences were identified from both ac-
cessions of P. officinalis. Two types
were most closely related to the two
homoeologous Adh loci of the allotetra-
ploid P. arietina group, and the remain-
ing type came from one of the two Adh
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homoeologs of the allotetraploid spe-
cies P. peregrina.  The other Adh
homoeolog of P. peregrina was appar-
ently lost from the hybrid genome, pos-
sibly through backcrossing with the
P. arietina group. This is the first docu-
mentation of homoploid hybrid specia-
tion between allotetraploid species in
nature. The study suggests that low-copy
nuclear gene sequences can help unravel
phylogenies of polyploid complexes.

In  Oryza, Adh gene phylogenies sup-
ported the previous hypotheses of the
allotetraploid nature of species with
BBCC, CCDD, and JJHH genomes. They
further suggested that the diploid EE
genome species is the closest extant rela-
tive of DD-genome progenitor of the
CCDD species (Ge et al., 1999). Adh
and cpDNA

matK phylogenies provided evidence for
the multiple origins of Oryza species with
the BBCC genome. Based on the Adh gene
phylogenies, the new genome type HHKK
was assigned to Oryza schlechteri and
Poterisia corctata.

The PgiC gene sequences were utilized
to infer the allotetraploid origin of Clarkia
gracilis. It was found that all homoeologous
loci donated from the diploid parents were
expressed in the allotetraploid species (Ford
and Gottlieb, 1999). Origins of different
morphological forms of an allotetraploid spe-
cies, Glycine tabacina, were reconstructed
through phylogenetic analysis of sequences
of a single-copy nuclear gene histone H3-D
(Doyle et al., 2000). The allotetraploid ori-
gin of the Hawaiian silversword alliance
was revealed by phylogenies of two floral
homeotic genes, ASAP3/TM6 and ASAP1
(Barrier et al., 1999). For each gene, two
homoeologous loci identified from the Ha-
waiian silversword alliance were most
closely related to those of the putative dip-
loid parents in the genus Raillardiopsis.

III. THEORETICAL CONCERNS

The above examples have demonstrated
the advantages of utilizing low-copy nuclear
genes in plant phylogenetic studies. Low-
copy nuclear genes remain underused in
comparison to cpDNA and nrDNA due pri-
marily to complex evolutionary dynamics
of nuclear gene families. The following dis-
cussion attempts to elucidate, from a theo-
retical point of view, potential problems
associated with the phylogenetic utility of
low-copy nuclear genes.

A. Paralogy

A commonly recognized complication
is the history of gene duplication and dele-
tion. If there has been gene duplication prior
to speciation, and it is followed by random
deletions of the gene copies from the de-
scendent lineages, the gene phylogeny may
trace the gene duplication event, or paralogy,
rather than the speciation. Theoretically,
paralogy problems should be more frequent
at higher taxonomic levels because more
cycles of gene duplication/deletion could
have occurred during a longer period of
time. Obviously, this undermines the phylo-
genetic utility of low-copy nuclear genes at
high taxonomic levels. A gene that yields
paralogous relationships at high taxonomic
levels, however, may serve as a useful
marker for phylogenetic reconstruction at
the lower levels. This is illustrated in the
following hypothetical example.

A low-copy nuclear gene has undergone
duplication and deletion during the diversi-
fication of a group of taxa, A through F
(Figure 1a). Each terminal taxon maintains
two copies of the gene. If all gene copies are
sequenced and a gene tree is correctly in-
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FIGURE 1. Species tree and gene tree of taxa A, B, C, D, E, and F. (a) Species
tree (outlined by thin solid lines) and a contained gene phylogeny (illustrated by
thick lines). (b) Gene tree. Letters, o, p, q, and r indicate gene duplication
events. Solid and dashed lines represent two gene copies duplicated in the
common ancestor of these taxa. Black dots on the gene tree indicate the clades
that represent orthologous relationships.
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ferred (Figure 1b), the gene tree contains
both paralogous and orthologous relation-
ships. Orthologous relationships are re-
stricted to the close relationships, or lower
taxonomic levels. The gene phylogeny fails
to reflect the true phylogenetic relationships
of deeper branches.

A number of nuclear gene families dis-
played this kind phylogenetic behavior in the
empirical studies. The Adh gene served as a
good marker for phylogenetic reconstruction
at the interspecific level, but displayed exten-
sive paralogy at the interfamilial level (Small
and Wendel, 2000b). The MADS-box genes
have a very dynamic history of duplication
and deletion during the evolution of flowering
plants (e.g., Purugganan et al., 1995). How-
ever, certain members of the gene family served
as useful single-copy markers for phyloge-
netic reconstruction at the interspecific level,
for example, ASAP3/TM6 and ASAP1 genes
for the Hawaiian silversword alliance (Barrier
et al., 1999) and the pistillata gene for
Sphaerocardamum species (Bailey and Doyle,
1999). The chalcone synthase gene (Chs) has
had a relatively high rate of duplication
throughout angiosperm evolution (Clegg et
al., 1997; Durbin et al., 2000), but served as a
useful marker for resolving relationships
among five tribes of the Brassicaceae (Koch
et al., 2001).

While it may be generally true that sort-
ing out orthologous relationships is more
difficult at high taxonomic levels, there
might be exceptions for genes that have a
fast cycle of duplication and deletion. If the
turnover time of gene duplication and dele-
tion is fast and the deep branches that sepa-
rate groups of terminal taxa are relatively
long, paralogy may become concentrated at
the short terminal branches. For example,
the 4CL gene was a good nuclear marker for
reconstructing relationships of distantly re-
lated genera of Pinaceae, but showed
paralogous relationships within certain gen-
era (Wang et al., 2000). These theoretical

and empirical examples demonstrate that
choosing an appropriate nuclear gene is criti-
cal to the phylogenetic reconstruction at
different taxonomic levels.

B. Lineage Sorting or Deep
Coalescence

Lineage sorting or deep coalescence
poses another problem for the phylogenetic
utility of low-copy nuclear genes. Lineage
sorting occurs as a result of the random
fixation of ancestral polymorphic alleles in
descendent taxa. The way that lineage sort-
ing contributes to topological incongruence
between gene trees and the species tree is
somewhat analogous to that of paralogy
(Maddison, 1997). Unlike the paralogy prob-
lem, the chance of lineage sorting increases
as divergence time between the studied taxa
decreases. Therefore, lineage sorting poses
the most challenging problem for phyloge-
netic inference at the interspecific and in-
traspecific levels.

Because coalescence time of nuclear
genes is four times longer than organellar
genes, the latter are less susceptible to lin-
eage sorting or deep coalescence (Moore,
1995). Unfortunately, sequences of chloro-
plast and mitochondrial genomes evolve too
slowly in plants to resolve close relation-
ships. Thus, we face the dilemma that low-
copy nuclear genes seem to be the only
promising phylogenetic markers that can
provide sufficient resolution at the popula-
tional level, but they usually undergo lin-
eage sorting or deep coalescence at this level.

However, low-copy nuclear genes can
be very useful markers for addressing evo-
lutionary questions around the species
boundary even though alleles have not com-
pletely coalesced within a taxon. For ex-
ample, despite the polyphyly of alleles of
the G3pdh gene from the cassava popula-
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tions, the closest relationship of the
haplotypes to those of Manihot esculenta
subsp. flabellifolia suggested that cassava
was domesticated from the populations at
the southern border of the Amazon basin
(Olsen and Schaal, 1999). The phylogenies
of Adh1 and Glb1 genes showed that alleles
of maize are intermixed with those of its
wild progenitor Zea mays ssp. parviglumis,
but clearly separated from those of Zea
luxurians (Hilton and Gaut, 1999).

By the same token, low-copy nuclear
genes can be useful markers for understand-
ing processes of natural speciation. For ex-
ample, when species A is derived from a
few populations or individuals of a wide-
spread species B, such as founder specia-
tion, a low-copy nuclear phylogeny can trace
alleles of species A to the donor alleles of
species B without a requirement of coales-
cence within each species. This approach
follows the same idea of identifying the
progenitor and derivative relationship based
on isozyme electrophoresis (Crawford,
1990), but uses markers that are much more
sensitive than isozyme electrophoresis,
which only determines nonsynonymous sub-
stitutions that change the eletrophoretic mi-
gration of proteins.

C. Hybridization

Hybrid speciation, through allopoly-
ploidization or homoploid hybridization, is
widely documented in angiosperms and ferns
(Grant, 1981; Arnold, 1997). Utilization of
low-copy nuclear genes has already en-
hanced our understanding of allopolyploidy
in a number of plant groups, and will
play an increasingly important role in the
phylogenetic reconstruction of allopoly-
ploidization in plants. There has been con-
siderable theoretical discussion on issues
related to the inference of hybrid speciation

from gene trees (Rieseberg and Morefield,
1995; Doyle, 1997; Wendel and Doyle,
1998; Sang and Zhang, 1999; Sang and
Zhong, 2000). Development of theoretical
approaches that deal with this difficult phy-
logenetic problem, especially in the context
of low-copy nuclear gene markers, will con-
tinue to be critical for the robustness of
plant phylogenetic reconstruction.

Allopolyploidization can be reconstructed
by cloning and analyzing two homoeologs of
a nuclear gene that are derived from both
parents. Yet, the sequence polymorphism
could also represent ancestral polymorphic
alleles or gene duplication. Here is a simpli-
fied hypothetical example to elucidate this
problem. There are four ingroup species, A,
B, C, and D, and an outgroup species, O.
Two distinct types of sequences C1 and C1′,
are cloned from a nuclear gene, 1, of species
C, while only one type of sequence, A1, B1,
D1, and O1, is found in each of the remaining
species, A, B, D, and O, respectively. Phylo-
genetic analysis indicates that C1 is a sister
group of A1, and C1′ forms a sister group of
D1 (Figure 2a).

Because species C has two distinct
types of sequences that are closely related
to those of species A and D, one possibility
is that C is a hybrid between A and D
(Figure 2b). Alternatively, the sequence
polymorphism in species C represents ei-
ther duplicated loci or ancestral polymor-
phic alleles. In this case, paralogy or lin-
eage sorting has to be invoked. Assuming
that the true phylogeny of the ingroup is
A(B(C,D)), the gene tree is illustrated in
Figure 2c. The gene duplication or allelic
polymorphism giving rise to C1 and C1′
must have occurred in the common ances-
tor of all ingroup species and was followed
by three independent deletions of one gene
copy or extinction of an allele from spe-
cies, A, B, and D.

Obviously, a nuclear gene tree (e.g., Figure
2a) alone cannot distinguish between the alter-
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native hypotheses, that is, hybridization vs. gene
duplication or ancestral polymorphism. A strong
hypothesis of hybridization should be derived
from the establishment of a correlation among
multiple gene trees. For example, if two distinct
sequences are cloned at additional unlinked
nuclear loci of species C and have congruent
positions between the gene trees, the hypoth-
esis of allopolyploidization is supported fur-
ther. It requires a single hypothesis that species
C is an allotetraploid to explain the genome-
wide sequence polymorphism (Gaut and
Doebley, 1997; Ku et al., 2000).

It is, however, not impossible for a spe-
cies to be more likely than its relatives in
maintaining polymorphic ancestral alleles
if, for example, it has a much larger effec-
tive population size than the related species
(Pamilo and Nei, 1988; Kreitman, 1991;
Hudson, 1992). Nevertheless, if multiple
alleles are cloned from a single individual
of the species at multiple unlinked loci, the
probability for these alleles to be ancestral
polymorphisms is low. Because lineage sort-
ing is a random process, chances for di-
verged ancestral alleles to be preserved at

FIGURE 2. Gene trees and species tree of four ingroup taxa, A,
B, C, and D, and an outgroup taxon O. (a) Tree of gene 1. A1, B1,
D1, and O1 are sequences of gene 1 of species A, B, D, and O,
respectively; C1 and C1′ are sequences of gene 1 cloned from
species C. (b) Species tree inferred from the gene tree based on
the hypothesis that species C is an allopolyploid, and C1 and C1′
represent homoeologous loci. (c) Species tree outlined by thin
solid lines and phylogeny of gene 1 illustrated by thick solid and
broken lines contained in the species tree. In this hypothesis, C1

and C1′ represent either ancestral polymorphic alleles or dupli-
cated copies of the gene. Subsequent to occurrence of polymor-
phic alleles or gene duplication, one allele or gene copy was
extinct from species A, B, and D.
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multiple unlinked nuclear loci of the same
individual are rather small.

In a relatively ancient allotetraploid, how-
ever, one of the homoeologs may become a
pseudogene and eventually be deleted from the
allotetraploid genome as a result of the reduc-
tion of genetic redundancy (Ge et al., 1999).
Random fixation of one of the homoeologs
across nuclear loci leads to different sister rela-
tionships between the hybrid and the parents,
that is, the allotetraploid will, by chance, form
a sister group with either the paternal or mater-
nal parent on a given nuclear gene tree. This
subsequently creates incongruent positions of
the hybrid among low-copy nuclear gene trees,
and potentially between cpDNA and nrDNA
trees as well. Likewise, a homoploid hybrid
may also randomly fix nuclear genes from one
of the parents through segregation or genome
reorganization (Rieseberg, 1997; Ferguson and
Sang, 2001). Under these circumstances, hy-
brid speciation has to be inferred through the
comparison of topological incongruence be-
tween gene trees. To do so we should first
determine that hybridization, rather than
paralogy or lineage sorting, is the cause of the
topological incongruence.

This is, however, a very difficult theoreti-
cal problem with no satisfactory solutions
found to date. Here I describe briefly a recent
theoretical study (Sang and Zhong, 2000) to
exemplify some issues surrounding testing the
hybridization hypothesis based on incongru-
ent gene trees. In a simple case involving three
ingroup species, species B has incongruent
positions between the two gene trees (Figure
3a, b). If this incongruence is caused by hy-
bridization, the species tree, with B being the
hybrid between A and C, is illustrated in Fig-
ure 3c. The hybrid species B fixed the se-
quence of gene 1 of species C, and gene 2 of
species A. Alternatively, paralogy or lineage
sorting of one gene may be the cause of the
incongruence. Assume that gene tree 1 repre-
sents the species tree and gene 2 has under-
gone duplication and deletion or lineage sort-
ing (Figure 3d). Two gene copies or alleles of

gene 2 arose in the common ancestor of spe-
cies A, B, and C. Subsequently, one of them
is maintained only in A and B, and the other
is maintained only in C.

Under the hybridization hypothesis, Ti

= T1, and Tk = T1, then, Ti = Tk. Under
paralogy or lineage sorting hypothesis, Ti =
T1 and Tk = Tp. Because Tp > T1, then Tk >
Ti. Therefore, we can test hypotheses of
hybridization vs. paralogy or lineage sort-
ing by testing Tk = Ti, or Tk - Ti = 0. Defin-
ing ∆(x, y) = Tx - Ty, we can test:

0, if hybridization;

∆(k, i) = {

(a > 0), if paralogy or lineage sorting for
gene 2.

Under the molecular clock hypothesis,
we have (d represent sequence divergence):

Let ∆(k, i) = ∆0T0, we can test ∆0 = 0.

This model, however, has a number of
limitations. It relies on the existence of a
relatively accurate molecular clock. Design-
ing a powerful statistical test for the theo-
retical model is not straightforward. Addi-
tional effort is needed to continue to explore
effective approaches to test hybridization
vs. paralogy or lineage sorting hypotheses.

IV. PRACTICAL ISSUES

A. Selection of Nuclear Genes

An ideal gene should maximize phylo-
genetic information but minimize homoplasy
at the taxonomic level studied. If the phylo-

∆( , ) [ – ] ,k i =
( )

( ) + ( )
( )

( ) + ( )
2 2d A C

d O A d O C

d A C

d O A d O C
T2 2

2 2 2 2

1 1

1 1 1 1
0
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FIGURE 3. Gene trees and species trees of three ingroup taxa A, B,
and C, and an outgroup taxon O. A1, B1, C1, and O1 are sequences
of gene l, and A2, B2, C2, and O2 are sequences of gene 2 from
species A, B, C, and O, respectively. Ti, Tj, Tk, and Tm represent
divergence times between genes A1 and (B1, C1), B1 and C1, C2 and
(A2, B2), and A2 and B2, respectively. T0, T1, and T2 represent times
of speciation. Tp represents time of gene duplication or occurrence of
polymorphic alleles. (a) Tree of gene 1. (b) Tree of gene 2.
(c) Species tree inferred based on the hypothesis that B is a hybrid
species. (d) Species tree (outlined by thin solid lines) inferred on the
basis that gene 2 has undergone paralogy or lineage sorting. Phylog-
eny of gene 2 is illustrated by contained thick lines with solid and
broken lines representing two duplicated loci or ancestral alleles.
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genetic reconstruction is at or above the
family level, it is usually impossible to align
intron sequences of a nuclear gene. Thus,
gene or gene regions that are evolutionarily
conserved and lack introns are preferred for
the maximal utilization of sequence data.

At the intergeneric level, introns may or
may not be aligned depending on genes and
sizes of introns. For example, between the
genera of Pinaceae, the majority of intron
sequences of the 4CL gene was readily
aligned by eyes, whereas few intron sequences
of the CAD gene could be aligned without
ambiguity (Wang et al., 2000; Tank et al.,
unpublished). Large introns usually accom-
modate more mutations of insertion and de-
letion and thus should be avoided in phylo-
genetic studies at the intergeneric level. The
Adc gene, which does not contain introns,
provided good resolution for the intergeneric
relationships in the Brassicaceae (Galloway
et al., 1998). The Adh and waxy genes are
also suitable markers for phylogenetic stud-
ies at the intergeneric level as long as gene
regions containing large introns are not cho-
sen for sequencing (e.g., Mason-Gamer et
al., 1998; Gaut et al., 1999). At or below the
interspecific level, however, gene regions that
contain a high proportion of intron sequences
are preferred. In particular, large introns tend
to provide better resolution for relationships
among recently diverged species or within
species (Tank and Sang, 2001).

In addition to the consideration of se-
quence divergence, it is critical to choose a
gene that is less likely to yield paralogous
relationships for the studied group. This
depends largely on the dynamics of gene
duplication and deletion and its relation to
speciation in the studied group. Presum-
ably, a gene family with a large number of
gene members is more likely to have under-
gone many cycles of duplication and dele-
tion, which makes it difficult to sort out
orthology from paralogy (Clegg et al., 1997).
Thus, genes with a smaller copy number,
ideally a single copy, are usually preferred.

However, it is not always possible to
predict the duplication/deletion dynamics of
a candidate gene in the studied group simply
based on copy numbers. The copy number of
a low-copy nuclear gene varies from group
to group and may not accurately reflect the
history of gene duplication and deletion. For
example, a diploid Oryza species has two
Adh genes, whereas a diploid Gossypium
species has up to seven Adh loci (Ge et al.,
1999; Small and Wendel, 2000a). The Vicilin
gene is present as a single-copy in Theobroma
and Herriania of Sterculiaceae, but present
as a small gene family consisting of five
members in the genus Lens of Fabaceae
(Saenz de Miera and Perez de la Vesa, 1998).
G3pdh may be a single-copy gene in some
dicots (Olsen and Schaal, 1999), but has sev-
eral copies in maize (Martinez et al., 1989).

The waxy gene provided robust phylo-
genetic hypotheses for Poaceae and Ro-
saceae, but yielded extensive paralogous
relationships in Paeonia (Sang, unpub-
lished). Even though Gpat is likely a single-
copy gene in plant species from several
eudicot families and in the majority of
Paeonia species, it has undergone duplica-
tion and deletion during the diversification
of Paeonia which led to paralogous rela-
tionships between sections of the genus
(Tank and Sang, 2001).

Because the dynamics of gene duplica-
tion and deletion tends to vary among plant
groups, it is difficult to develop universal
phylogenetic markers from low-copy nuclear
genes. Therefore, preliminary studies are
required to identify the most suitable mark-
ers for specific plant groups of interest (see
later discussion).

B. Designing PCR Primers

It is unlikely that there will be universal
PCR primers for the majority of low-copy
nuclear genes used in plant phylogenetic stud-
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ies. At different taxonomic levels, one may
choose to amplify different gene regions that
have suitable rates of sequence divergence.
The difficulty in designing universal PCR
primers also stems from practical problems
such as the lack of gene sequences or con-
served gene regions across a wide taxonomic
range. For example, nuclear genes of basal
angiosperms are characterized less exten-
sively compared with eudicots and mono-
cots. PCR primers that can amplify a nuclear
gene from a basal angiosperm species may
have to be designed in exon regions that are
conserved between angiosperm and gymno-
sperms. Because protein-coding nuclear genes
have relatively high rates of synonymous
substitution (Gaut, 1998), PCR primers de-
signed based on sequences of such distantly
related taxa usually contain a large number
of degenerate sites, consequently reducing
PCR specificity and efficiency.

Even in the case of studying low-copy
nuclear genes of eudicots or monocots, there
is a tradeoff between designing universal
primers and effective primers for the group
of interest. Primers that are designed to am-
plify both eudicots and monocots may inevi-
tably contain many more degenerative sites
than ones that amplify each group separately.
Although universal primers have greater po-
tential to be useful in a wider taxonomic
range, they tend to cause lower specificity
and efficiency of PCR. Often, annealing tem-
peratures have to be decreased in order to
make the highly degenerate primers work,
which can cause high levels of nonspecific
amplification and even PCR failure.

For phylogenetic studies at high taxo-
nomic levels, it is necessary to design prim-
ers that work across a wide taxonomic range.
To amplify low-copy nuclear genes within
a genus, however, more specific primers
that are conserved only among the gene
sequences of the close relatives may be pre-
ferred to ensure a highly effective PCR. For
example, the PCR primers used to amplify

Adh genes for phylogenetic studies within
the genus Oryza were designed based on
aligned sequences between Adh1 and Adh2
genes of Oryza sativa and Zea mays. Be-
cause the Adh1 and Adh2 genes were dupli-
cated before the diversification of the grass
family, these primers should be conserved
enough to amplify all Adh genes that were
duplicated subsequently.

Primers for amplifying Adh genes from
Paeonia, however, were designed based
on Adh sequences that are conserved across
four eudicot families, Brassicaceae,
Fabaceae, Solanaceae, and Rosaceae, be-
cause there had been no published Adh
sequences from Paeonia or close relatives.
The primers, with only two degenerate sites,
yielded strong specific amplification of Adh
genes from Paeoniaceae as well as
Lamiaceae (Sang et al., 1997b; Williams,
personal communication). To design prim-
ers to amplify Adh genes from both eudicots
and monocots, however, a large number of
degenerate sites have to be included.

The lack of universal gene markers and
universal primers makes the procedure of
phylogenetic reconstruction using low-copy
nuclear genes somewhat different from those
using chloroplast or nuclear ribosomal genes.
Certain low-copy nuclear genes, such as
Adh, waxy, and ncpGS, may become popu-
lar gene markers even though they are not
universal markers. As these genes are tested
in more and more groups, multiple sets of
primers will become available and eventu-
ally cover the majority of plant groups. At
present, plant systematists have to put some
effort into primer design if appropriate prim-
ers are unavailable for the group of interest.

C. Cloning

Because distinct loci and alleles may be
amplified by PCR, it is necessary to clone
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the PCR products before sequencing. Add-
ing the extra step of cloning to the regular
procedures of molecular systematic studies
raises the question whether it is feasible to
use low-copy nuclear genes as routine phy-
logenetic markers in plants. I address this
question and discuss effective ways to con-
duct cloning.

The decision on the number of clones to
pick is a critical point that determines the
amount of lab work. Picking and culturing
clones, as well as purifying plasmid DNA,
require many working hours in the lab. The
number of clones to screen depends on the
number of loci amplified by PCR. Due to
PCR selection (Wagner et al., 1994), differ-
ent loci may not be represented equally in
the PCR products. For example, if two loci
are amplified and one is amplified twice as
strongly as the other, ideally we expect to
identify both loci by randomly screening
three PCR clones. However, due to sam-
pling errors, many more clones are usually
screened before the less frequent one is iden-
tified. It is, however, impossible to predict
the minimal number of clones to be screened
in order to identify all loci of a gene. Em-
pirically, both Adh1 and Adh2 genes were
identified by screening seven clones for the
majority of diploid species of Paeonia and
Oryza.

Occasionally, one of the Adh genes was
not found from a diploid peony species after
screening more than twenty PCR clones. In
such cases, paralogue-specific primers
should be designed. The Adh2 gene was
successfully amplified from P. anomala and
P. tenuifolia with the Adh2-specific prim-
ers, while they were not identified after
screening more than 20 clones from the
PCR products of the general Adh primers
(Sang et al., 1997b). Furthermore, uses of
paralogue-specific primers are particularly
helpful when each paralogous gene exists
as a single copy in the studied taxa. In this
case, cloning becomes unnecessary unless a

locus is clearly heterozygous based on the
results of direct sequencing of PCR prod-
ucts.

Paralogue-specific primers are also use-
ful when trying to isolate homoeologous
loci from allotetraploid species. If the gen-
eral PCR primers were used to amplify the
Adh genes from an allotetraploid peony, a
large number of clones were screened to
identify all four homoeologous loci of the
Adh1 and Adh2 genes. This may have re-
sulted from a combination of PCR selection
and sampling errors in picking clones. When
gene-specific primers were used, two runs
of PCR and cloning had to be conducted
separately for the Adh1 and Adh2 genes.
Nevertheless, we found that this actually
reduced the amount of lab work to identify
all homoeologous loci of both Adh genes
from allotetraploid species because a much
smaller number of clones were screened in
comparison with using general PCR prim-
ers.

Gene-specific primers should meet some
important requirements. They should be able
to amplify all orthologs of the gene from all
studied taxa but without amplifying its
paralogs. Therefore, the primers should be
designed based on aligned ortholog se-
quences from the most diverged taxa of the
studied group. For example, the Adh2 spe-
cific primer was located in the region where
Adh2 sequences of the most diverged
Paeonia species were identical, but differed
from the Adh1 gene by both indels and the
nucleotide at the 3′ end of the primer (Sang
et al., 1997b).

Isolation of clones with incorrect inserts
can also lead to extra lab work. Incorrect
inserts are usually short fragments resulting
from nonspecific PCR amplification. If a PCR
is highly efficient and yields little nonspe-
cific amplification, we found that usually
more than 80% of the clones contained cor-
rect inserts. However, an average PCR could
result in more than a half of clones with
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incorrect inserts. In this case, a step of gel
purification of PCR products before cloning
can be very helpful. This includes running
the PCR products through a 1% agarose gel,
excising the band that contains the correct
fragment, and recovering the DNA fragment
with a GeneClean kit (Bio101). Using the
TOPO TA cloning kit (Invitrogene), we found
that this additional step did not reduce the
transformation efficiency of cloning, but
could significantly increase the percentage
of clones with the correct insert.

For the initial study of a nuclear gene
with two gene members, such as the Adh
gene, we usually isolate at least 10 clones
for each PCR. Assuming that all 10 clones
contain the correct insert, they can be
screened by restriction digestion with fre-
quently cutting enzymes. We found that
using three four-cutters could usually dis-
tinguish clones that differ by 1% sequence
divergence. This level of sequence di-
vergence should normally allow identifi-
cation of different loci. To screen se-
quence variation at finer scales, clones
can be sequenced with one of the PCR
primers.

D. Preliminary Study

Owing to the lack of universal low-copy
nuclear gene markers, it is necessary to con-
duct a preliminary study to determine which
genes are appropriate for the studied group.
Similar to what has been suggested for
nuclear ribosomal and chloroplast genes,
this will help evaluate whether the level of
sequence variation of a particular gene is
suitable for the phylogenetic reconstruction
(Soltis and Soltis, 1998). A more important
function of the preliminary study of low-
copy nuclear genes is to estimate the copy
number and the dynamics of gene duplica-
tion and deletion of the candidate genes.

Gene duplications that can potentially
result in paralogy problems must have oc-
curred before diversification of at least a
portion of the ingroup taxa. If sequences
cloned from each sampled taxon form a
monophyletic group, it is unlikely that gene
duplication has occurred prior to or during
the diversification of the ingroup. If the gene
has been duplicated, distinct sequences will
be cloned from all or a portion of the ingroup
taxa and should fall into distinct clades that
correspond to the duplicated loci. If the pre-
liminary analysis indicates that a gene has
not been duplicated extensively in the stud-
ied group, and the resulting phylogeny of
the sampled taxa is largely congruent with
the previous phylogenetic hypotheses, the
gene is most likely useful in the studied
group.

Additionally, copy number of a low-
copy nuclear gene can be estimated by
Southern blotting (Small and Wendel,
2000a). The estimate from Southern blot-
ting may help detect possible omission of
gene members from the sampled PCR
clones. However, we must keep in mind
that results of Southern blotting are sensi-
tive to the specificity of hybridization probes
and the stringency of hybridization and wash
conditions. Low specificity of probes and/
or low stringency of the Southern blotting
may lead to an overestimate of copy num-
ber.

Although it is always advisable to con-
duct Southern blotting, it is not always prac-
tical to do this experiment in systematic
studies. Southern blotting of low-copy
nuclear genes requires a large quantity of
well-preserved DNA. In most cases, it may
be feasible to conduct Southern blotting only
for a few sampled ingroup taxa given the
limited availability of DNA as well as labo-
ratory resources in a plant systematic study.

If the preliminary study suggests that
the gene is present as single-copy, it may
not be necessary to conduct cloning for the
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remaining ingroup taxa unless heterozygos-
ity is detected from the results of direct
sequencing. Even when a gene has been
duplicated, each gene copy may be treated
as a single-copy gene as long as the gene
duplication occurred prior to the diversifi-
cation of the entire ingroup and can be
amplified with specific PCR primers. A jus-
tified omission of the cloning step is always
preferred in a systematic study.

On the other hand, if the preliminary
study suggests that the gene has undergone
such extensive duplication and deletion that
it is impossible to sort out orthology from
the paralogous relationships, the gene should
not be chosen as a phylogenetic marker. It is
tricky, however, to identify paralogy when
a gene is determined to be single-copy but
historically has undergone duplication and
deletion in the studied group (Doyle and
Davis, 1998). When a gene was duplicated
and deleted during the diversification of the
ingroup but left only one copy in each taxon,
estimation of gene copy number by PCR-
cloning and/or Southern blotting will not
help predict the potential paralogy problem.
Therefore, it is necessary to compare the
preliminary gene tree with previous phylo-
genetic hypotheses. If significantly incon-
gruent relationships are found between the
gene trees and the previous phylogenetic
hypotheses, caution must be exercised to
decide whether this low-copy nuclear gene
should be used in the phylogenetic study.

V. CONCLUSIONS AND
PROSPECTS

As low-copy nuclear gene markers be-
come increasingly accessible, we inevitably
face a series of challenging questions: (1)
When are low-copy nuclear genes needed
in addition to cpDNA and nrDNA? (2) How
many low-copy nuclear genes are necessary

for an accurate phylogenetic reconstruction?
(3) How can multiple gene trees be inte-
grated to give the best possible estimate of
the species tree? Obviously, satisfactory
answers to these questions must wait until
more data become available. The following
paragraphs summarize the relevant discus-
sion in the previous sections of this article,
and attempt to stimulate thoughts on the
future phylogenetic studies using low-copy
nuclear genes.

Compared with cpDNA and nrDNA,
phylogenetic analyses of low-copy nuclear
genes require a larger amount of high-qual-
ity DNA and usually the additional step of
cloning. If a phylogeny can be accurately
reconstructed based on cpDNA and nrDNA
sequences, one should not choose to se-
quence low-copy nuclear genes. Thus, the
answer to the question of whether a low-
copy nuclear gene phylogeny is needed de-
pends on the judgement of whether cpDNA
and nrDNA can provide sufficient and ac-
curate phylogenetic information.

The chloroplast genome has served as a
remarkable source of data for plant phylo-
genetic reconstruction. Phylogenetic utility
of cpDNA, however, is largely limited by
its slow rates of evolution and uniparental
inheritance (Olmstead and Palmer, 1994).
As a result, cpDNA alone is not sufficient
for phylogenetic reconstruction at low taxo-
nomic levels and/or for the plant groups
with history of hybridization.

Nuclear ribosomal DNA is a widely used
phylogenetic marker in plants as well as
other organisms. However, concerted evo-
lution of nrDNA makes it an unreliable
nuclear marker for reconstructing relatively
ancient allopolyploidization. Furthermore,
the ITS region may not provide a sufficient
amount of phylogenetic information to re-
solve close interspecific relationships. Al-
though the ETS region of nrDNA tends to
be more informative than ITS (Baldwin and
Markos, 1998; Linder et al., 2000), it suf-
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fers from the same limitation as ITS in the
reconstruction of allopolyploidization.
Moreover, the ETS phylogeny does not pro-
vide an independent assessment of the spe-
cies tree because it is tightly linked to ITS.

At this point, it is clear that low-copy
nuclear genes are most useful at the interspe-
cific and intraspecific levels where cpDNA
and/or nrDNA cannot provide adequate reso-
lution. They are particularly effective for
reconstruction of allopolyploidization. At any
taxonomic level, if cpDNA and nrDNA phy-
logenies are poorly resolved, weakly sup-
ported, and/or incongruent with each other,
utility of low-copy nuclear genes should be
considered.

The number of low-copy nuclear genes
to be studied depends on the specific needs
for the additional gene phylogenies. If low-
copy nuclear gene sequences are needed to
simply improve resolution of the cpDNA
and/or nrDNA phylogeny, as few as one
gene may be enough. When the low-copy
nuclear gene phylogeny is congruent with
the cpDNA and nrDNA phylogenies, a com-
bined analysis of the gene sequences should
improve the resolution of the phylogenetic
reconstruction.

When the low-copy nuclear gene tree is
topologically incongruent with the cpDNA
and/or nrDNA trees, additional nuclear genes
are likely needed depending on the cause of
the incongruence. Correct inference of a
species tree from incongruent gene trees
has raised a series of challenging theoretical
questions that have attracted considerable
attention (e.g., Doyle, 1992; Maddison,
1997; Page, 1998; Slowinski and Page,
1999). Here I do not attempt to review these
theoretical studies, and instead bring up a
couple of issues that are relevant to the low-
copy nuclear gene phylogenies.

If paralogy of nuclear genes is solely
responsible for the topological incongru-
ence between gene trees, the correct species
tree is likely to be inferred by comparing the

multiple gene trees. Because gene duplica-
tion/deletion is very unlikely to be parallel
between unlinked nuclear loci, the prob-
ability that the same paralogous relation-
ship occurs between independent loci is
small. Therefore, a majority-rule consensus
tree of a few low-copy nuclear gene trees
may well represent the species phylogeny.
It is, however, an open theoretical question
of how many nuclear gene trees are needed
to arrive at a correct reconstruction of the
species tree.

Inference of the species tree from gene
trees becomes more complicated when lin-
eage sorting is involved. When branches are
sufficiently long (through many generations)
or narrow (with small effective population
size) (Maddison, 1997), the likelihood that
the majority-rule consensus of a relatively
large number of nuclear gene trees reflects
the species tree is high (Pamilo and Nei,
1988). However, it is unreliable to infer the
species tree from a majority-rule consensus
when certain branches are short and wide
even though a large number of nuclear genes
are examined (Pamilo and Nei, 1988).

As we approach the species boundary,
our chance to recover the species tree will
decrease due to deep coalescence. Never-
theless, a noncoalescent gene genealogy
could provide insights into the processes of
population differentiation and mechanisms
of speciation. Therefore, we must recognize
values of nuclear gene trees even though
they do not show clear interspecific rela-
tionships with all alleles coalesced within
species. These gene trees can be invaluable
in addressing questions concerning evolu-
tionary processes at the populational level,
although they may not be taxonomically
meaningful. We simply have to accumulate
examples of phylogenetic studies at this level
before we can fully assess the phylogenetic
value of low-copy nuclear genes.

If topological incongruence is caused
by hybridization, the species tree cannot be
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inferred correctly from consensus or com-
bined analysis. Comparison of two or more
nuclear gene trees may be necessary when
one attempts to reconstruct homoploid hy-
bridization (Ferguson and Sang, 2000) or
ancient allopolyploidization (Ge et al., 1999;
Wendel, 2000). Theoretical models and sta-
tistics that distinguish hybridization and
paralogy or lineage sorting need to be de-
veloped further. Reconstruction of the true
organismal phylogeny can be extremely
challenging when multiple factors, includ-
ing hybridization, paralogy, and lineage
sorting, are responsible for the incongru-
ence of gene trees. An accurate reconstruc-
tion of complex plant phylogenies requires
both suitable gene markers and appropriate
analytical approaches.

Beyond the immediate goal of recon-
structing a robust species tree, phylogenies
of low-copy nuclear genes will play an im-
portant role in addressing fundamental evo-
lutionary questions. Because nuclear genes
determine the vast range of phenotypes that
are responsible for adaptation, a nuclear gene
phylogeny should shed light on the evolu-
tion of morphological and physiological
traits that are controlled by these genes.
Phylogenetic analyses of homeotic and regu-
latory genes can potentially open a new
avenue to the study of evolution of develop-
mental mechanisms (Doyle, 1994; Frohlich
and Meyerowitz, 1997; Bharathan et al.,
1999; Purugganan and Suddith, 1999;
Becker et al., 2000; Lawton-Rauh et al.,
2000; Shu et al., 2000).

Ultimately, low-copy nuclear gene phy-
logenies will serve as a crucial element bridg-
ing our understanding of evolution of geno-
type and phenotype. For example, phylogenetic
analyses of the regulatory region and protein-
coding region of the teosinte branched1 locus
(tb1), the major gene involved in maize evo-
lution, yielded strikingly different phylogenies
between the two portions of the gene (Wang
et al., 1999). On the gene tree of the coding

region, maize sequences fell into multiple
clades that are mixed with those of the other
two subspecies Zea mays ssp. parviglumis
and Zea mays ssp. mexicana. On the tree gen-
erated from the regulatory region, however,
all maize sequences together with a few se-
quences of ssp. parviglumis formed a strongly
supported clade. These results suggested that
ssp. parviglumis was the wild progenitor of
maize, and the selection of desired crop mor-
phology was centered on the regulatory re-
gion of the tb1 gene during maize domestica-
tion.

As rapid progress is made toward func-
tional genomics of Arabidopsis and rice,
genes that control morphological, physi-
ological, and ecological traits will be iden-
tified. Comparison of the genes between
these distantly related model plants will al-
low us to target orthologous genes that are
most likely responsible for phenotypic evo-
lution of flowering plants. Phylogenetic and
molecular evolutionary analyses of devel-
opmentally important genes will add a new
dimension to systematic and evolutionary
studies of plant diversity.
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