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The genus Arceuthobium (dwarf mistletoes, Viscaceae) comprises 42 species that parasitize hosts in Pinaceae and Cupressaceae in
the Old and New Worlds. Maximum parsimony analyses were conducted on two data partitions (separately and combined): nuclear
ribosomal internal transcribed spacer (ITS) sequences for al 42 currently recognized species and chloroplast trnT-L-F sequences for
34 New World species. The Old and New World species were phylogenetically distinct using ITS, thus making subgenus Arceuthobium
paraphyletic. Arceuthobium pendens and A. guatemalense comprise the basalmost clade of subgenus Vaginata, characterized by the
presence of flabellate secondary branching. The trnT-L-F sequences, which vary widely in length depending upon taxon, contain three
times less phylogenetic signal than ITS, although homoplasy for this partition is lower. Several of the clades obtained from analysis
of nuclear ITS sequences are also recovered using trnT-L-F sequences such as A. guatemalense and A. pendens, the A. rubrum group,
the A. vaginatum group, and the A. campylopodum group. The ITS + trnT-L-F tree is well resolved except for four internal nodes.
A revised classification of the genus is discussed that recognizes only monophyletic species that are well differentiated by molecular

data.
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Arceuthobium, commonly called dwarf mistletoe, is one of
seven generain the family Viscaceae and comprises 42 species
(Hawksworth and Wiens, 1996). From an economic perspec-
tive, it includes species that are the most damaging pathogens
of commercialy important conifers in North and Central
America. This well-defined genus is unique in the family ow-
ing to its bicolored, explosively dehiscent fruits, and a geo-
graphic distribution that includes both the New and Old
Worlds. Centers of diversity include the western United States,
Mexico, and China. Although the generic name implies di-
minutive plants, shoot height varies from ca. 1 cm (A. minu-
tissimum) to ca. 90 cm (A. globosum subsp. grandicaule). The
genus is dioecious and both male and female plants have
leaves reduced to squamate scales, and secondary branching
is either flabellate or verticillate (when branches are present).
Morphological features that are useful in distinguishing spe-
cies are generally of a quantitative nature, and considerable
morphometric and color variability exists. Moreover, the evo-
[utionary trend towards morphological reduction or lossin flo-
ral and vegetative features renders identification at the species
level difficult.

For these reasons, concepts of relationships among the spe-
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cies of Arceuthobium have changed through time. The first
taxonomic monograph of the United States species was by Gill
(1935) who recognized the value of flowering period and de-
scribed several host forms of A. campylopodum and A. vagin-
atum based upon which host species was infected. A resur-
gence of discovery began in 1963 when Hawksworth and
Wiens described five species new to science between Durango
and El Salto in Mexico (Hawksworth and Wiens, 1965). The
first comprehensive monograph that included al known spe-
cies of Arceuthobium worldwide was published in 1972
(Hawksworth and Wiens, 1972). Continuing through the
1980s, Hawksworth, Wiens, and collaborators named or recir-
cumscribed additional taxa, thus resulting in 22 new taxa in
the genus, 13 of which were from Mexico and/or Central
America (Hawksworth and Wiens, 1977, 1980).

Isozymes were first used to determine species relationships
among dwarf mistletoes from the United States by Nickrent
(1986) who found high levels of genetic diversity, surprising
given the overall morphological similarity among species. |so-
zymes supported the segregation of the genus into two sub-
genera, Arceuthobium with verticillate secondary branching
and Vaginata with flabellate secondary branching (Hawk-
sworth and Wiens, 1970, 1972). The close relationship among
one section of subgenus Vaginata, Campylopoda, was also
supported. In contrast, isozymes did not indicate a close re-
lationship between two diminutive species, A. pusillum and A.
douglasii. In an additional isozyme analysis Nickrent (1996)
examined 24 species, including seven previously unsampled
Mexican species, such as A. abietis-religiosae and A. verticil-
liflorum. These latter two species were shown to be related to
A. americanum of subgenus Arceuthobium. This study showed
that most members of section Vaginata occur in Mexico
whereas section Campylopoda predominates in the USA. Two
parasites of pinyon pines, A. divaricatum and A. pendens, were
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distinct from one another and were not a component of section
Campylopoda. While advancing knowledge of overall species
relationships, the isozyme data did not place dwarf mistletoe
relationships in a phylogenetic context nor were any Old
World taxa included in the study.

The first molecular phylogeny of Arceuthobium (Nickrent
et al., 1994) utilized sequences of the internal transcribed spac-
er (ITS) and 5.8S ribosomal DNA from 22 species, all but one
(A. oxycedri) being from North America. Asimplied with iso-
zymes, genetic distances between dwarf mistletoe specieswere
2-5 times higher than ITS distances among other green plants
sampled at that time (cf. Baldwin, 1993). In agreement with
isozyme data, A. rubrum, A. strictum, and A. douglasii were
shown to be components of section Vaginata, and A. douglasii
was not related to the eastern dwarf mistletoe A. pusillum. A
surprising result was the relationship between the eastern
dwarf mistletoe and A. bicarinatum from Hispaniola, the latter
formerly considered part of section Campylopoda (Hawk-
sworth and Wiens, 1972). A new clade, basalmost in subgenus
Vaginata, was also recognized, composed of two rare endem-
ics from Mexico and Central America, A. pendens and A. gua-
temalense.

Although that ITS rDNA study provided new information
that advanced our knowledge of dwarf mistletoe phylogenetic
relationships, a number of questions remained that stemmed
mainly from the absence of sequence data from various spe-
cies. Only one Old World species had been sampled (A. oxy-
cedri); however, seven additional Old World species remained
to be sequenced to alow phylogenetic inferences about the
genus worldwide: A. juniperi-procerae, A. azoricum, A. chi-
nense, A. minutissmum, A. pini, A. sichuanense, and A. tibe-
tense. Moreover, the following New World taxa were not in-
cluded in Nickrent et a. (1994): A. aureum subsp. aureum, A.
aureum subsp. petersonii, A. globosum subsp. grandicaule, A.
oaxacanum, A. hawksworthii, A. yecorense, and A. hondu-
rense, as well as six of the 13 species placed in section Cam-
pylopoda sensu stricto (Nickrent, 1996). Thus, our goa has
been to obtain genomic DNA from all 42 extant species of
Arceuthobium and reconstruct a molecular phylogeny of these
species using DNA sequences. We also wished to supplement
the ITS data set with one from the chloroplast genome to serve
as an independent test of the nuclear phylogeny.

Chloroplast DNA has been extensively utilized in plant mo-
lecular phylogenetic investigations (Chase and Albert, 1998).
Restriction fragment length polymorphisms have seen wide
use in addressing interspecific relationships (Jansen et al.,
1998), and more recently noncoding regions of the chloroplast
have been used because they evolve at a higher rate than more
conservative coding regions. Three such regions surrounding
chloroplast tRNA genes (trnT, trnL, trnF) have been shown
to be useful in addressing species-level questions (Taberlet et
al., 1991), and primers have been designed in the flanking
conservative sequences. These ‘' Taberlet” primers have been
employed in numerous species-level plant phylogenetic studies
and indeed were used for two viscaceous mistletoes: Korthal-
sella (Molvray et a., 1999) and Phoradendron (Ashworth,
1999). The trnT-L-F region (hereafter referred to as the trnL
region) includes seven parts: a small portion of the 3" end of
trnT, the trnT-L spacer, the 5’ exon of trnL, the trnL intron,
the 3’ exon of trnL, the trnL-F spacer, and a small portion of
trnT. In this paper we compare phylogenetic trees resulting
from analyses of nuclear ITS rDNA and the chloroplast trnL
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region sequences among the same suite of Arceuthobium spe-
cies.

MATERIALS AND METHODS

Voucher information for the Arceuthobium collections used in this study
are listed in the Appendix (see Supplemental Data accompanying the online
version of this article). DNA samples were obtained from tissues existing in
a variety of conditions: frozen (—80°C) seeds, frozen shoots, and herbarium
samples (shoots). All genomic DNA extractions followed the 2X cetyltri-
methylammonium bromide miniprep protocol given in Nickrent (1994) or the
E.Z.N.A. Plant MiniPrep Kit (Omega-Biotech, Doraville, USA). The primer
pair 18S 1830for (5'-AAC AAG GTT TCC GTA GGT GA-3') and 26S 40rev
(5'-TCC TCC GCT TAT TGA TAT GC-3") was used for polymerase chain
reaction (PCR) amplification and sequencing of the ITS region. The PCR
amplification of the trnL region was accomplished using the six primers de-
scribed in Taberlet et al. (1991). The PCR reaction mixture contained (final
concentrations in a 100-pL reaction): 50 mmol/L KCI, 10 mmol/L Tris pH
8.8, 0.1% Triton X-100, 2.5 mmol/L MgCl,, 1.25 mmol/L of each dNTR, 1
wL of each primer at 125 pg/mL (ca. 20 pmol), 2.5 units of Promega (Mad-
ison, Wisconsin, USA) Taqg polymerase (M166) and ca. 10-30 ng of genomic
DNA. Some ITS and all trnL region PCR reactions utilized Ready-to-Go PCR
Beads (Amersham Biosciences, Piscataway, New Jersey, USA). The cycling
parameters were as follows: 5 cycles at 94°C for 30 s, 55°C for 30 s, and
72°C for 1 min, followed by 33 cycles at 94°C for 30 s, 48°C for 30 s, and
72°C for 1 min, with afinal extension at 72°C for 10 min. Before the cycling
parameters were initiated, an initial denaturation at 94°C for 5 min was done
when using PCR beads. Controls, lacking genomic DNA, were run for each
experiment to check for DNA contamination of the reagents. When light PCR
products were visualized on agarose gels, cloning was conducted using either
the TOPO TA cloning kit (Invitrogen, Carlsbad, California, USA) or pGEM-
T easy-vector I cloning kit (Promega). Amplification products were cleaned
using the QIAquick PCR purification kit (QIAGEN, Vaencia, California,
USA) or E.Z.N.A. Clean kit (Omega Biotech, Doraville, Georgia, USA). Cy-
cle sequencing reactions were conducted in a GeneAmp 9700 thermocycler
(Applied Biosystems, Foster City, California, USA) with the BigDye termi-
nator Cycle Sequencing Ready Reaction Kit with AmpliTag® DNA Polymer-
ase (Applied Biosystems), using primers specific to ITS and trnL region or
universal primers specific to the plasmid (M13for, M13rev). The sequence
reactions were purified by the ethanol/sodium acetate precipitation method
suggested within the ABI Prism Big Dye kit. Electrophoresis was conducted
on an ABI Prism 377 DNA Sequencer (Applied Biosystems). The ABI Prism
Sequencing Analysis software (Applied Biosystems) was used to edit the re-
sulting electropherograms and to assemble contiguous sequences. Sequences
were then imported into SegApp (Gilbert, 1993) and aligned manually.
Boundaries of the ITS region were previously determined (Nickrent et al.,
1994) and those of the trnL region by comparison to the complete chloroplast
genome sequences of Nicotiana (Shinozaki et al., 1986) and Arabidopsis (Sato
et a., 1999). The ITS and trnL alignments are available as supplemental data
with the online version of this article.

The ITS and trnL sequences have been deposited with the NCBI (Genbank)
database with the accession numbers indicated in Appendix 1. Twenty-six of
the total 68 ITS sequences used have previously been published (Nickrent et
a., 1994; Mathiasen et al., 2001, 2002a, b), whereas al 49 of the trnL se-
quences are being reported here for the first time. Of the 42 Arceuthobium
species (four with subspecific taxa), 21 are represented by at least two col-
lections, thus allowing assessment of the monophyly of these species. For the
combined ITS and trnL analysis, placeholders were required for three taxa:
A. abietinum f. sp. concoloris (ITS 2159, trnL 2154), A. americanum (ITS
1911, trnL 1918), and A. vaginatum subsp. cryptopodum (ITS 1978, trnL
1979). For the remaining species, the same genomic DNA was used for both
ITS and trnL sequences.

Gaps, including indels, were coded as missing. Both the ITS and trnL
alignments were inspected for phylogenetically informative indels that can be
coded and appended to the data matrices. For ITS, coded gaps would con-
tribute only nine additional characters that simply supported Old World vs.
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New World clades, i.e., ones that aready have strong support. Coding gaps
for the trnL region alignment was not done (1) because this would only add
synapomorphies to aready well-supported clades and (2) because the presence
and absence of gaps is clearly homoplastic in severa taxa (see later).

Minimum length Fitch trees were constructed with maximum parsimony
(MP) using heuristic searches with TBR branch-swapping and MULPARS
options in PAUP* 4.0b10 (Swofford, 2002). Search for multiple islands was
done using 100 random taxon additions (five trees saved per replicate). Branch
robustness was estimated by bootstrap analysis (Felsenstein, 1985) using 100—
1000 heuristic replicates, depending upon the data set. Separate analyses of
ITS and trnL-F as well as combined analyses were conducted. Matrices con-
taining sequences from all available taxa are referred to as ““al taxa’ and
abbreviated “ AT.” Because sequences of both ITS and trnL were identical or
nearly identical among a group of 14 taxa related to A. campylopodum, taxon
combinations (using TAXSETS option in PAUP*) were constructed that re-
moved all but three placeholders (A. blumeri, A. campylopodum, A. tsugense)
to permit more efficient parsimony analyses. These *‘ reduced Campylopoda’”
taxon suites were abbreviated “RC.” Also, sequences were sometimes avail-
able for more than one representative per species, which, given their similar-
ity, also extended tree searches. Removal of al but one placeholder per spe-
cies resulted in the *‘no duplicates’ taxon suite, abbreviated *‘ND.”

Finally, both the ReC and ND taxon combinations were constructed and
called “ReC + NDReC.” Homogeneity between the ITS and trnL region data
partitions was tested using the partition homogeneity test (Farris et a., 1995)
as implemented by PAUP* 4.0b10. One hundred replicate data partitions were
run (heuristic search, simple addition sequence, TBR branch swapping).

As discussed in Nickrent et a. (1994), ITS sequences among various Vvis-
caceous genera are too divergent to allow unambiguous aignment. In their
study of Korthalsella, Molvray et a. (1999) aso attempted intergeneric align-
ment using CLUSTAL with various gap penalties, but came to the same con-
clusion. More conservative 18S rDNA sequences have been obtained for all
genera of Viscaceae including three Arceuthobium species (Nickrent, 1996).
Although relationships among the genera were unresolved, thus not allowing
one to choose the sister genus to Arceuthobium, the topology of the Arceu-
thobium clade placed A. oxycedri basal and sister to A. verticilliflorum and A.
pendens. Thus, Old World taxa will be used herein to root phylogenetic trees.

RESULTS

For all 68 dwarf mistletoe accessions (42 species), PCR am-
plifications of ITS were successful. In contrast, none of the
trnL region amplifications of the Old World Arceuthobium
(seven species) were successful, thus 50 accessions of 35 New
World species were sequenced for this gene. Sequence length,
the degree of varigbility, proportion of parsmony informative
gites, tree lengths, and other statistics associated with the parsi-
mony analyses of ITS and the trnL region are shown in Table 1.

Characteristics of ITS—Alignment of ITS (685 characters
or positions, range 600—655 bp) was generaly straightfor-
ward, but differed from the one reported in Nickrent et al.
(1994) that included only one Old World species (A. oxycedri).
The sequence of A. abietis-religiosae (number 2010) reported
in that publication was found to be erroneous; the corrected
sequence is reported here. The addition of al Old World taxa
allowed for a better alignment, particularly in the highly var-
iable portions of ITS-2. The ITS-1 and 5.8S rDNA junction
occurred at position 220 and the 5" end of ITS-2 began at
position 390. The ITS sequences for Old World Arceuthobium
averaged ca. 640 base pairs (bp) in length, whereas New World
taxa averaged 601 bp. This increase can partly be attributed
to a 24-bp insertion at position 432 and a 28-bp insertion at
position 648 in ITS-2 in these taxa. For the AT and ReC taxon
combinations, ca. 50% of the sites were parsimony informa-

TaBLE 1. Sequence length, variability, and parsimony-based tree parameters for Arceuthobium ITS and trnL region sequences.
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tive. For the ND and NDReC taxon combinations, the per-
centage of parsimony informative sites dropped to 45%.

Characteristics of the trnL region—The trnL region was
extremely variable in length across the various New World
Arceuthobium species (range, 263-1237 bp) with an aligned
length of 1441 characters (including 17 bp of trnT and 51 bp
of trnF). The mean length of the trnL region for members of
subgenus Arceuthobium (A. abietis-religiosae, A. americanum,
A. verticilliflorum) as well as various species of subgenus Va-
ginata such as A. pusillum, A. aureum, A. globosum, and A.
pendens was 1220 bp. These species al had intact trnL spac-
ers, exons, and intron. The lengths of the trnL region segments
for A. abietis-religiosae, a representative taxon with a full-
length sequence are: trnT-L spacer (510 bp), trnL (UAA) 5’
exon (33 bp), trnL intron (500 bp), trnL 3" exon (50 bp), and
trnL-F spacer (144 bp) totaling 1237 bp. The total length is
somewhat shorter than many published dicot sequences (e.g.,
Nicotiana 1690, Arabidopsis 1894), mainly because of a short
trnL-F spacer. Most members of subgenus Vaginata had sig-
nificantly shorter trnL regions, averaging 490 bp. The 14 taxa
related to A. campylopodum had trnL regions identica in
length (350 bp). Both of these groups entirely lacked the trnL
exons and intron as well as portions of the flanking spacers.
The most unusual trnL region was seen in A. douglasii. After
only 18 bp into the trnT-L spacer, a large deletion begins that
ends ca. 110 bp into the trnL intron. Three different accessions
of this species were sequenced and all had identical bound-
aries. After resuming in the intron, the sequence continued and
was fully intact through trnF. Thus, A. douglasii lacked the
trnL 5" exon but retains the 3' exon, thereby resulting in a
trnL ““ pseudogene.” In al three accessions of A. americanum,
a 43-bp portion of the trnL 3’ exon and the adjacent trnL-F
spacer is the reverse complement of this region in other taxa.
The reverse complement of the A. americanum sequences were
used in phylogenetic analyses. For the AT and ReC taxon com-
binations, ca. 14% of the sites were parsimony informative,
i.e., three times less than with ITS. For the ND and NDReC
taxon combinations, the percentage of parsimony-informative
sites drops to 9%.

Phylogenetic analyses of | TS—Parsimony analyses of ITS
resulted in successively smaller numbers of trees with the AT,
ReC, ND, and NDReC data sets. With all accessionsincluded
(AT, 68 taxa), 3960 trees were recovered. This high number
stems from inclusion of 13 Campylopodum taxa that have
identical or nearly identical sequences. When these are re-
duced (ReC, 57 taxa), the number of trees drops to 440; the
strict consensus is shown in Fig. 1. This tree alows an as-
sessment of the monophyly of various species represented by
more than one accession (18 taxa, including subspecies of A.
aureum, A. globosum, and A. vaginatum.) Seven species were
monophyletic: A. durangense, A. oaxacanum, A. pusillum, A.
douglasii, A. divaricatum, A. abietis-religiosae, A. azoricum,
and A. minutissimum. Five other species formed polytomies:
A. hondurense, A. vaginatum, A. gillii, A. aureunvA. aureum
subsp. petersonii, and A. juniperi-procerae. The remaining five
species were not monophyletic: A. nigrum, A. globosunvA.
globosum subsp. grandicaule, A. sichuanense, A. oxycedri, and
A. chinense. The ITS sequences of A. oxycedri 4335 (Moroc-
co) and 4236 (Turkey) were genetically divergent from the
three other accessions of this species that al originated from
the Iberian peninsula. Two accessions of A. chinense (4239
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and 4240) are quite divergent, despite both being from Yunnan
Province, China, and both parasitizing the same host species.

Because of the large number of trees recovered, bootstrap
(BS) values were not obtained for the ReC tree (Fig. 1). By
removing duplicate accessions of the same species (giving 46
taxa), 27 trees were obtained; the strict consensus phylogram
is shown in Fig. 2. Bootstrapping (100 replications) was pos-
sible with this data set, and BS values are plotted on the ITS
ND tree. Rooted with A. oxycedri accession 2832 from Spain,
the Old World taxa corresponding to section Arceuthobium (A.
oxycedri, A. tibetense, and A. juniperi-procerae) occur as a
grade at the base of the tree. Bootstrap support is 72% for a
clade containing A. pini, A. sichuanense, A. chinense, and A.
minutissimum (section Chinense). Arceuthobium azoricum oc-
curs as sister to the New World taxa but with low BS support.
In analyses using distance measures, A. azoricumis associated
with sections Arceuthobium and Chinense. Over 120 changes
on the ITS ND tree separate the Old World from the New
World clades. Sister to the remaining New World members
(subgenus Vaginata) is a strongly supported (100% BS) clade
composed of the three verticillately branched species, A. abie-
tis-religiosae, A. americanum, and A. verticilliflorum that have
traditionally been classified in subgenus Arceuthobium. The
next well-supported clade (100% BS) is composed of A. gua-
temalense and A. pendens, followed by another well-supported
(97% BS) clade of all remaining species. The next two clades,
although present on the strict consensus tree, represent an un-
resolved portion of the tree that appears in all analyses. These
two nodes, plus the next that is also unresolved, produces a
polytomy composed of seven relatively well-defined taxa. The
first is a well-supported clade composed of the species and
subspecies of A. globosum and A. aureum. Two taxa, A. doug-
lasii and A. divaricatum do not seem to have strong associa
tions with any of the other clades and emerge as part of the
large polytomy. The next clade is composed of 14 species
related to A. campylopodum, with A. blumeri strongly sup-
ported as basal to this clade. A clade composed of A. strictum,
A. hondurense, A. hawksworthii, A. vaginatum, A. vaginatum
subsp. cryptopodum, and A. durangense received 94% BS sup-
port. Lower support (79% BS) is obtained for the clade com-
posed of A. gillii, A. nigrum, A. yecorense, A. oxacanum, and
A. rubrum. The surprising relationship between A. pusillum of
eastern North America and A. bicarinatum of Hispaniola is
seen in this analysis with strong (100% BS) support.

Phylogenetic analyses of the trnL region—ThetrnL region
contains three times less phylogenetic signal than ITS, al-
though homoplasy for this partition is lower (Table 2). The
trnL AT (50 taxa) and ReC (39 taxa) samplings gave similar
results upon parsimony analysis, both yielding over 6200 trees
of length 439 and 435, respectively. The majority rule con-
sensus tree resulting from analysis of the trnL AT data set is
shown in Fig. 3. The tree is rooted with A. abietis-religiosae,
which from previous analyses of ITS appears as basamost
among the New World members of subgenus Arceuthobium.
A clade composed of A. americanum and A. verticilliflorum
appears next and is sister to the remaining species. Several of
the clades obtained from analysis of nuclear I TS sequences are
recovered (with identical topologies) using the trnL region: the
A. campylopodum group (13 species including a basal A. blu-
meri), A. guatemalense/A. pendens, A. yecorense/A. oxacan-
um/A. rubrum, and A. vaginatum/A. vaginatum subsp. cryp-
topodunVA. durangense. The A. aureum and A. globosum
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Fig. 1. Relationships among 34 Arceuthobium species (57 accessions) using nuclear ITS sequences. Strict consensus of 440 shortest trees generated using
maximum parsimony on the “RC" data set (reduced number of section Campylopodum taxa, see text). Numbers above branches are branch lengths (number
of changes). See Appendix (supplemental data accompanying the online version of this article) for code to taxon abbreviations and Table 1 for tree statistics.

clade is also obtained, albeit with a different topology com-
pared with ITS. Arceuthobium hondurense and A. hawkswor -
thii form a clade but are here sister to A. gillii and A. nigrum.
These latter two taxa were part of the A. rubrum clade using
ITS. Arceuthobium divaricatum and A. douglasii are compo-
nents of a polytomy that includes the A. campylopodum group
taxa

Test of conflict between the data partitions—The partition
homogeneity test for both the ITS + trnL ND and the ITS +
trnL NDReC taxon suites indicated that the partitions were
significantly different than random partitioning (P < 0.01). In
trees obtained from the separate partitions, the majority of the
topological conflict comes from A. gillii, A. nigrum, A. doug-

lasii, and A. divaricatum. When these taxa are pruned from
the matrix, the partition homogeneity test indicates that the
ITS and trnL partitions were not significantly different at the
0.05 level. The topic of whether separate data partitions should
be combined is a matter of debate (de Queiroz et a., 1995;
Johnson and Soltis, 1998). Aside from the position of the
above four species, the trnL region and I TS trees share a num-
ber of clades and the topology of the former partition is gen-
erally a lessresolved version of the latter. It has also been
argued that simultaneous analyses of combined data provides
the greatest possible explanatory power in parsimony analyses
(Nixon and Carpenter, 1996); hence, we combined the data
partitions to explore whether resolution would be improved by
increasing the amount of sequence data.



130

19

AMERICAN JOURNAL OF BOTANY

[Vol. 91

ABC2159
L8 ABM1916
12 APA1945
! cAL2163
CAM2161
CYA1973
LAR1801
LIT2721
€ MIC1950
MON2708
0CCc1962
SIK2703
TSU2167
, L® _ BLU4345
DUR2178
2l VAC1978
VAV4317
6 2 HAW3027
100' HON4364
22 STR2061

5 —9 _ RUB2071
6 13 [95L 8 OAX4315
28| s [ 190 L7 YEC4346
o 79 [, 2— NIG2041
93 L7 GIG1946

21 22 PUS2004
——L 20

BIC2750
19 DOU1955

12
96

30
100

10
. 94

97

21
100

14

19

AZ0O4333
4 15

4 JUN4238
4 TIB4348
OXY2832

PIN4336

14 [88l §1C4243
14| 100 19 CHI4239
2 24 MIN4335

34

3

L 80 pIv2160
o 21 GLG4229
% 3| AUR3026
o' AUP4230

GLQ2053

00 2
26

GUA2039
PEN2014
AME1911

16
100 31 ABR2010

Fig. 2. Relationships among al 42 Old and New World species of Arceuthobium using nuclear ITS sequences. Strict consensus of 27 shortest trees generated
using maximum parsimony on the ““ND” data set (no duplicate accessions, see text). Numbers above branches are branch lengths (number of changes), numbers
below are bootstrap percentages from 100 replications. See Appendix (supplemental data accompanying the online version of this article) for code to taxon

abbreviations and Table 1 for tree statistics.

Phylogenetic analyses of the combined data sets—Given
that trnL region segquences could not be obtained from any
Old World taxa, two approaches were used. The first used all
New World taxa for which both I TS and trnL region sequences
were available (ITS + trnL data set). The second added to that
matrix | TS sequences from one representative each of the eight
Old World species and coded the trnL region for them as miss-
ing data (ITS + trnL + OW). The topologies of trees resulting
from parsimony analyses of the two data sets were identical
for the New World taxa (see the ITS + trnL + OW tree in
Fig. 4). This tree shares many features with the ITS tree (Fig.
2) with some degree of added resolution. Like the ITS tree,
nearly all section Vaginata taxa emerge from alarge polytomy
involving three nodes labeled A, B and C, all occurring in less
than 50% of the BS replications. The major difference in this
tree compared to Fig. 2 is the position of A. divaricatum and
A. douglasii. Here, these species are weakly supported (58%)
as sister to the Campylopodum group. These relationships de-
rive from the trnL region partition, as can be seen on the ma-
jority rule consensus tree (Fig. 3).

DISCUSSION

Over 5000 (full or partial) angiosperm rDNA interna tran-
scribed spacer sequences and 7000 trnL region sequences are
now in the NCBI database. Combined ITS and trnL region
data sets have frequently been used to address intergeneric and
infraspecific phylogenetic questions in angiosperms (Gielly et
al., 1996; Molvray et al., 1999; Bortiri et al., 2001; Roalson
et a., 2001; Hodkinson et al., 2002; Razafimandimbison and
Bremer, 2002; Ronsted et a., 2002; Sinclair et a., 2002; Zim-
mer et al., 2002; Klak et al., 2003). These sequences vary
widely in terms of their utility for resolving phylogenetic ques-
tions. In some cases, the number of trees recovered from the
ITS partition is greater and the consistency index less than
with the trnL region (Bortiri et a., 2001; Roalson et al., 2001).
In other cases, the number of trees recovered from the ITS
partition and the consistency index is less than with trnL re-
gion (Sinclair et a., 2002; Zimmer et a., 2002). In the study
of the Lampranthus group of Aizoaceae (Klak et al., 2003),
both partitions produced thousands of equally parsimonious
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TaBLE 2. Phylogenetic classification of Arceuthobium M. Bieb.

Subgenus Arceuthobium

Section Arceuthobium
1. A. juniperi-procerae Chiovenda
2. A. oxycedri (DC) Bieb.
3. A tibetense H. S. Kiu & W. Ren

Section Chinense Nickrent
4. A. chinense Lecomte
5. A. minutissimum J.D: Hooker
6. A. pini Hawksw. & Wiens
7. A. sichuanense (H.S. Kiu) Hawksw. & Wiens

Section Azorica Nickrent
8. A. azoricum Hawksw. & Wiens

Subgenus Vaginata Hawksw. & Wiens
Section Americana Nickrent
9. A abietis-religiosae Hiel
10. A. americanum Nutt. Ex Engelm.
11. A. verticilliflorum Engelm.

Section Penda Nickrent

12. A. guatemalense Hawksw. & Wiens
13. A. pendens Hawksw. & Wiens

Section Globosa Nickrent
14. A. globosum Hawksw. & Wiens [including: A. globosum subsp.
grandicaule Hawksw. & Wiens, A. aureum Hawksw. & Wiens
subsp. aureum, A. aureum subsp. petersonii Hawksw. &
Wiens]

Section Pusilla Nickrent

15. A. bicarinatum Urban.
16. A. pusillum Peck.

Section Rubra Hawksw. & Wiens
17. A. gillii Hawksw. & Wiens [including A. nigrum Hawksw. &
Wiens|
18. A. rubrum Hawksw. & Wiens [including: A. oaxacanum
Hawksw. & Wiens]
19. A. yecorense Hawksw. & Wiens

Section Vaginata Hawksw. & Wiens
20. A. hondurense Hawksw. & Wiens [including: A. hawksworthii
Wiens & Shaw]
21. A. strictum Hawksw. & Wiens
22. A. vaginatum (Willd.) Presl. [including: A. vaginatum subsp.
cryptopodum (Engelm.) Hawksw. & Wiens, A. durangense
(Engelm.) Hawksw. & Wiens]

Section Minuta Hawksw. & Wiens

23. A. divaricatum Engelm.
24. A. douglasii Engelm.

Section Campylopoda Hawksw. & Wiens

25. A. blumeri A. Nelson

26. A. campylopodum Engelm. [including: A. abietinum Hawksw.
& Wiens, A. apachecum Hawksw. & Wiens, A. californicum
Hawksw. & Wiens, A. cyanocarpum (A. Nelson ex Rydberg)
Coulter & Nelson, A. laricis (Piper) St. John, A. littorum
Hawksw., Wiens & Nickrent, A. microcarpum (Engelm.)
Hawksworth & Wiens, A. monticola Hawksw., Wiens & Nick-
rent, A. occidentale Engelm., A. siskiyouense Hawksw., Wiens
& Nickrent, A. tsugense (Rosendahl) G.N. Jones]

trees resulting in poor resolution overall. All studies surveyed
combined these two partitions irrespective of the results of
partition homogeneity tests. From such work, it is apparent
that the level of phylogenetic resolution achieved with ITS and
trnL region sequences is highly dependent upon the taxonomic
group being studied.
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Fig. 3. Relationships among 34 New World Arceuthobium species (50
accessions) using chloroplast trnL region sequences. Majority rule consensus
of 6280 shortest trees generated using maximum parsimony on the “AT" data
set (all New World taxa included, see text). Numbers above branches are the
percentage of trees showing that particular clade. Nodes indicated by arrow-
heads collapse in the strict consensus tree. See Appendix (supplemental data
accompanying the online version of this article) for code to taxon abbrevia-
tions and Table 1 for tree statistics.
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Conflict between the ITS and trnL region trees stemmed
mainly from the positions of A. gillii, A. nigrum, A. douglasii,
and A. divaricatum. Gene trees may differ significantly from
organism trees for a number of reasons (Wendel and Doyle,
1998), including chloroplast capture, lineage sorting and intro-
gression, hybridization, intragenic recombination, or lack of
concerted evolution giving multiple different copies of ITSin
the plant genome (see Soltis and Soltis, 1998). Although it has
been repeatedly emphasized that there exists no evidence of
hybridization in Arceuthobium (Hawksworth and Wiens, 1972,
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Fig. 4. Relationships among al 42 Old and New World Arceuthobium species (54 accessions) using combined nuclear ITS and chloroplast trnL region
sequences. Only ITS sequences were obtained for Old World species (OXY to AZO). Strict consensus of 36 shortest trees generated using maximum parsimony
on the “ND” data set (no duplicate accessions, see text). Numbers above branches are bootstrap percentages from 100 replications. Nodes indicated by A—C
have BS values below 50%. See Appendix (supplemental data accompanying the online version of this article) for code to taxon abbreviations and Table 1 for

tree statistics.

1996), it remains to be empirically demonstrated that hybrids
do not occur. When the species in question are morphologi-
cally and genetically nearly identical, how could one identify
a hybrid if it were formed (Kuijt, 1973)?

Molecular evolution of trnL region—Our inability to ob-
tain trnL region sequences from any Old World members of
Arceuthobium likely stems from divergence at PCR priming
sites, caused by either substitutional mutations or deletions. It
is curious, however, that sequences from the three New World
members of subgenus Arceuthobium were amplified, that these
were full length (with fewer indels), and that these taxa are
the closest relatives of the Old World members of that sub-

genus. Given that the Old World taxa are phylogenetically bas-
al in the genus and that other generain Viscaceae can be PCR
amplified, it would be assumed that these taxa similarly could
be amplified. The trnT **&” and trnF " primers (Taberlet et
al., 1991) are therefore not *‘universal,” despite working on
diverse plants including algae to angiosperms. Attemptsto am-
plify the trnL region using other combinations of the six Ta-
berlet primers were also unsuccessful, thus suggesting major
reorganization of the chloroplast genome in Old World Arceu-
thobium. Loss of tRNA genes in parasitic angiosperms is well
documented in Orobanchaceae (Wolfe et al., 1992; Lohan and
Wolfe, 1998) but is usually associated with the loss of pho-
tosynthesis in holoparasites.
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Deletions in the trnL region sometimes appear to follow
phylogenetic lines (e.g., al A. campylopodum group taxa),
whereas in other cases, the deletions are present in only one
member of a clade strongly supported by ITS data. Two cu-
rious examples of this can be discussed: A. bicarinatunvA.
pusillum and A. guatemalense/A. pendens. Arceuthobium pus-
illum has a trnL region sequence that is full length, asis seen
in A. abietisreligiosae, A. americanum, and A. verticilliflorum.
The trnL region in A. bicarinatum, however, is truncated to
the length typically seen in many members of section Vagin-
ata. Upon parsimony analysis of the trnL region, A. pusillum
and A. bicarinatum are associated with a group of section Va-
ginata taxa, not at the base of the tree with A. abietis-religio-
sae. Although these taxa did not appear as sister in Fig. 3,
they share a unique insertion in the trnT-L spacer (TTCA-
TAATTAGA) and a unique deletion (TTCGGAAA) that con-
tributes further evidence of their relationship. The second ex-
ample involves A. pendens and A. guatemalense where the
former species has a full-length trnL region but the latter is
truncated to the length seen in section Vaginata members. But
once again, parsimony analysis does not separate these two
taxa but places them as sister within the Vaginata group (Fig.
3). From these examples, one can speculate about the utility
of trnL region sequences as phylogenetic markers in Arceu-
thobium. The presence of large deletions in some taxaremoves
large amounts of potentially phylogenetically informative
sites. For example, the A. campylopodum group taxa have only
30% of the sequence present in taxa such as A. abietis-reli-
giosae, A. americanum, and A. aureum whose sequences are
“full length.” Parsimony can only group taxa based upon syn-
apomorphic sites in the sequence that are still present in both
taxa, thus it is surprising that despite magjor differences in
lengths, taxa such as A. guatemalense and A. pendens emerge
as sister. This indicates that sufficient phylogenetic signal re-
mains in the sequence regions they share. However, in the case
of the A. campylopodum taxa, A. divaricatum, and A. doug-
lasii, their position as part of a large polytomy at the base of
the trnL tree (Fig. 3) suggests that their short sequences may
be compromising resol ution.

Although we argued earlier that indels support an associa-
tion between A. bicarinatum and A. pusillum, we feel that
using such evidence in phylogenetic analyses requires extreme
caution. As mentioned, we did not score such indels as addi-
tional characters because interpreting their presence and ab-
sence appears to be highly homoplastic. Examples of intra-
specific variation in the presence/absence of indels include A.
americanum, A. divaricatum, A. douglasii, and A. globosum.
Similar cases of homoplastic indels (and inversions) have been
shown in Phoradendron trnL region sequences (Ashworth,
1999). In that genus, a 59 bp long inversion is present in the
trnL-F spacer in nine species that are not closely related based
upon morphology or nuclear rDNA sequences. For these mis-
tletoes, the presence/absence of indels among taxa are likely
to reflect both shared ancestry and events unique to particular
clades and even populations. In this study of Arceuthobium,
we interpret indels to be homologous only if they are com-
posed of sequences identical in composition and length. Cer-
tain regions appear more predisposed for indels (mutational
“hotspots”). For example, in the case of the trnT-L spacer
insertion shared by A. guatemalense and A. pendens, A. di-
varicatum and A. gillii also have insertions in this region but
of different length, thus they are interpreted as being nonho-
mologous.
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Old World subgenus Arceuthobium taxa—In this study, the
Arceuthobium trees were not rooted with another genusin Vis-
caceae; however, the Old World dwarf mistletoes are very like-
ly the most primitive members of the genus (see 18S rDNA
and rbcL evidence in Materials and Methods). From ITS data,
this group of eight verticillately branched species is separated
by very long branches from the New World members. Given
the topology of the gene trees (Figs. 1, 2, 4), subgenus Ar-
ceuthobium, traditionally defined to include both Old and New
World mistletoes with verticillate secondary branching (Hawk-
sworth and Wiens, 1972, 1996; Mark and Hawksworth, 1981),
is paraphyletic. Following strict phylogenetic nomenclature,
the Old World species could be classified based upon the ex-
istence of three clades (sections): Arceuthobium (A. oxycedri,
A. juniperi-procerae, A. tibetense), Chinense (A. chinense, A.
minutissimum, A. sichuanense, A. pini), and Azorica (A. azo-
ricum). These groupings are similar to the proposed sections
presented by Nickrent (1996) with the following differences:
section Arceuthobium does not include any New World mem-
bers and A. tibetense is included in this section, not in section
Chinense. We are skeptical about this position of A. tibetense,
a parasite of Abies forrestii, because the four Old World spe-
cies that are parasitic on Pinaceae occur in a clade (section
Chinense). The other three Old World species are all parasites
of Cupressaceae (Juniperus). Similarly questionable is the po-
sition of A. chinense number 4240 (Fig. 1).

Arceuthobium azoricum was classified in its own section in
Nickrent (1996) owing to morphological characters that dis-
tinguish it from other species. base of shoots up to 1 cm in
diameter (as compared with thinner shoots in other taxa) and
the frequency of four-merous staminate flowers. This distinc-
tiveness is supported by molecular data. In strict and majority
rule consensus trees using parsimony analyses, A. azoricum
appears as the Old World taxon most similar to the New World
taxa, but with low BS support (Fig. 4). Distance methods,
however, place this taxon with sections Arceuthobium and Chi-
nense. This taxon is important from a biogeographic perspec-
tive given its isolated position in the Azore islands. Only one
other dwarf mistletoe, A. bicarinatum, is endemic to an oce-
anic island (Hispaniola). Hawksworth and Wiens (1976) sug-
gested that A. azoricum and its host (Juniperus brevifolia)
might be Tertiary relics, restricted to volcanic islands that
formed along the mid-Atlantic ridge (McKenna, 1972). The
phylogenetic position of A. azoricumis crucia in understand-
ing the migrational history of the genus. If A. azoricum is a
component of the Old World clades, thisis not in conflict with
the proposal that Arceuthobium entered the New World in the
early Tertiary from Asia via a Beringian land bridge (Hawk-
sworth and Wiens, 1972, 1996). However, if A. azoricum is
sister to al New World Arceuthobium, entry of the genus into
North America from western Europe is a viable hypothesis.
Resolving each of these two hypotheses depends upon rooting
with an outgroup genus.

As stated, the five accessions of A. oxycedri did not emerge
as monophyletic using I TS sequence data. The two collections
from Spain and the one from Portugal were part of the section
Arceuthobium clade but were not monophyletic. The number
of steps in parsimony trees (and number of changes on neigh-
bor-joining trees) separating these accessions from each other
and from A. tibetense and A. juniperi-procerae is low. This
could be caused by insufficient phylogenetic signal present in
ITS to differentiate these taxa. The most genetically divergent
A. oxycedri accessions are 4236 from Turkey and 4335 from
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Morocco. Given that the sequences were obtained from PCR
products amplified from degraded genomic DNA obtained
from herbarium specimens, the first consideration is that these
may have resulted from contamination. The sequences ob-
tained, however, are from an Arceuthobium, and they are not
similar to any of the other taxa, thus ruling out cross contam-
ination from DNA of other Arceuthobium species present in
adjacent tubes during the PCR setup. If the sequences of the
various accessions are rea, this suggests a high degree of ge-
netic differentiation in A. oxycedri across its range. This spe-
cies has a distribution from Spain and Morocco to the Hima-
layas of China and is reported to parasitize a wide range of
hosts (Hawksworth and Wiens, 1996, table 16.8). Two allo-
patric taxa have already been segregated from A. oxycedri (A.
azoricum and A. juniperi procerae), thus the possibility exists
that additional genetically distinct, yet morphologically cryp-
tic, taxa exist.

New World subgenus Arceuthobium taxa—The three New
World subgenus Arceuthobium taxa (A. abietis-religiosae, A.
americanum, A. verticilliflorum) were strongly supported as
monophyletic and as sister to the remaining species in the
genus. As mentioned, the tree topology makes subgenus Ar-
ceuthobium paraphyletic and the defining character for this
subgenus (verticillate secondary branching) symplesiomorph-
ic. Indeed, verticillate branching is observed in members of
subgenus Vaginata such as A. campylopodum and A. occiden-
tale. Thus, the statement by Mark and Hawksworth (1981) that
subgenus Vaginata should be defined by the presence of fla-
bellate secondary branching, not the absence of verticillate
branching, is accurate.

In the previous ITS study of this genus (Nickrent et al.,
1994), the sequences of A. abietis-religiosae and a single ac-
cession of the Old World species A. oxycedri were found to
be similar, thereby resulting in a clade. This relationship is
now known to be erroneous owing to a PCR artifact. The
correct sequence of A. abietis-religiosae showsthat it isclearly
related to the New World members of subgenus Arceuthobium.
Arceuthobium verticilliflorum is unique in the genus because
of its extremely large fruits whose pedicels do not elongate
and curve downward during maturation. Moreover, it is aso
the only species that lacks explosive seed dehiscence. Hawk-
sworth and Wiens (1996, p. 256) state that this ‘** species is
perhaps the most distinctive and primitive in the genus.” They
also state that *“ the primitive morphological features associated
with this speciesindicate that birds are likely the original mode
of dispersal and not a derived system.” The phylogenetic trees
presented here clearly indicate that this mode of seed dispersal
is not plesiomorphic but represents a loss of explosive dehis-
cence and a ‘“‘reacquisition” of bird dispersal, a feature com-
mon to all other Viscaceae. This example can thus serve as a
demonstration of the use of explicit phylogenetic data to con-
firm or refute hypotheses derived from other fields.

Three accessions of A. americanum were sequenced for the
trnL region, and the two from California (1918 and 1738)
formed a clade that was sister to the accession from Colorado
(1966). The A. americanum clade was sister to A. verticilliflo-
rum from Mexico. Recently (Jerome and Ford, 20023, b) re-
ported results of a population genetic study of A. americanum
using AFLPs. Their UPGMA dendrogram showed three dis-
tinct races that generally followed geographic distribution and
host: Pinus banksiana, P. contorta var. latifolia, and P. con-
torta var. murrayana. Although their studies were not phylo-
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genetic, their phenogram placed the parasites from P. contorta
var. murrayana at the base. Our results suggest that these
dwarf mistletoes should be rooted with the parasites on Pinus
contorta var. latifolia.

Arceuthobium guatemalense and A. pendens—The sister-
group relationship between A. guatemalense and A. pendens,
first reported by Nickrent et al. (1994), remains well-support-
ed, now with chloroplast as well as nuclear sequence data. A
parasite of Pinus ayacahuite, A. guatemalense, is found only
in Guatemala and the states of Chiapas and Oaxacain Mexico.
Arceuthobium pendens is also a rare endemic, being found
only in San Luis Potosi, Veracruz, and Puebla, Mexico. Be-
cause this latter species parasitizes pinyon pines, as does A.
divaricatum, Hawksworth and Wiens (1980) first suggested
they were related, but this was not supported using isozymes
(Nickrent, 1996) nor ITS sequences (Nickrent et al., 1994).
Thus, A. guatemalense and A. pendens represent the first clade
of subgenus Vaginata, a group that evolved flabellate second-
ary branching from ancestors with the plesiomorphic verticil-
late secondary branching character. Among these two species,
only A. pendens retains a full-length trnL region sequence,
thus linking it to more primitive members of Arceuthobium.
Mathiasen et al. (2000) attempted to relocate several popula-
tions of A. guatemalense in Guatemala but were unsuccessful.
Apparently extensive logging has extirpated these populations,
thus making A. guatemalense one of the rarest and most en-
dangered dwarf mistletoe species.

The Arceuthobium globosum group—This well-supported
clade is composed of two species, each with two named sub-
species. These taxa were al formerly considered part of an A.
globosum complex (Hawksworth and Wiens, 1972) but were
subsequently subdivided into species and subspecies by Hawk-
sworth and Wiens (1977). Arceuthobium aureum is restricted
to Guatemala, whereas A. aureum subsp. petersonii occurs in
Chiapas and Oaxaca, Mexico. Arceuthobium globosum occurs
in the Sierra Madre Occidental from Chihuahua through Du-
rango to northern Jalisco. Arceuthobium globosum subsp.
grandicaule is alopatric, occurring from southern Jalisco to
Oaxaca, Mexico, to Guatemala and Honduras. Although rel-
atively few accessions were examined here, the A. aureumvA.
aureum subsp. petersonii clade is sister to the more southern
subspecies, A. globosum subsp. grandicaule, thus making A.
globosum paraphyletic. Branch lengths separating these taxa,
however, are very short, even when using the combined ITS
and trnL region data set. Thus, the molecular data employed
here do not provide sufficient numbers of substitutional dif-
ferences to support recognition of these subspecific taxa.

Arceuthobium bicarinatum and A. pusillum—This clade
was discussed at length in Nickrent et al. (1994) mainly owing
to the intriguing biogeographic implications that stem from
this phylogenetic relationship. These two taxa have few mor-
phological synapomorphies, and their populations are currently
separated by over 2000 km (eastern North America and His-
paniola). Hawksworth and Wiens (1972) suggested that A. bi-
carinatum was derived from A. hondurense, a taxon of Hon-
duras and Mexico and that this migration occurred in the late
Tertiary via a Centra American land bridge. Our molecular
data clearly show that A. bicarinatum is not related to A. hon-
durense. Results from ITS and trnL region sequence analysis
are not congruent as to the relationship between A. bicarina-
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tum and A. pusillum. Ribosomal ITS sequences strongly sup-
port a sister-group relationship between these species (Figs. 1,
2), whereas the trnL region is less conclusive. These species
share unique indel characters for the trnL region, but because
their sequences are quite different in length (owing to deletions
in A. bicarinatum) they are not placed as sister in Fig. 3. Ad-
ditional accessions of A. bicarinatum, as well as other gene
sequences, are needed to further test the phylogenetic relation-
ships of this taxon to A. pusillum as well as the A. globosum
complex with which it has weak affinity using trnL region
sequences.

The Arceuthobium rubrum group—Three species, A. rub-
rum, A. caxacanum, and A. yecorense, occur on a well-sup-
ported clade in analyses using ITS, trnL region, and combined
partitions. Arceuthobium rubrum occurs primarily in Durango
and adjacent Sinaloa, A. caxacanum is restricted to Oaxaca,
and A. yecorense is known from disunct populations in Chi-
huahua, Sonora, and Durango. Arceuthobium oaxacanum was
first considered a disjunct population of A. rubrum but was
later described as a distinct species (Hawksworth and Wiens,
1989). Arceuthobium yecorense was also first described in
Hawksworth and Wiens (1989), but based on morphology, it
was considered to be most closely related to A. aureum. Both
ITS and trnL region sequence analyses result in a clade of the
two A. oaxacanum accessions (2035 and 4315, Oaxaca) and
this clade is sister to A. rubrum (2071, Durango) followed by
A. yecorense (4346, Sonora). Molecular analyses do not sup-
port a close relationship between A. yecorense and A. aureum.
The fruits of A. rubrum and A. caxacanum are shiny, a unique
and distinctive morphological synapomorphy. Using ITS, this
clade of three species receives moderate support (79% BS) as
sister to A. gillii and A. nigrum, whereas with the trnL region,
the latter two species are sister to A. hawksworthii and A.
hondurense. The topology in the ITS trees is also recovered
in the combined analyses, but BS support is reduced for this
clade owing to conflict between the two partitions.

The Arceuthobium vaginatum group—Three taxa have
previously been considered subspecies within the A. vagina-
tum complex: A. vaginatum subsp. cryptopodum, A. vaginatum
subsp. vaginatum, and A. durangense. The latter was named
as a distinct species by Hawksworth and Wiens (1989). Ar-
ceuthobium vaginatum sensu lato has a wide distributional
range, from Utah and Wyoming in the United States (A. va-
ginatum subsp. cryptopodum) to Oaxaca, Mexico (A. vagina-
tum subsp. vaginatum). This complex also has the broadest
host range in the genus, parasitizing at least 20 different pine
species in the United States and Mexico. Populations of both
subspecies of A. vaginatum occur near each other in west-
central Chihuahua where a ** gradation in characters’ has been
observed (Hawksworth and Wiens, 1996). Ribosomal ITS se-
guences show that these three taxa are very closely related;
all are separated by four or fewer substitutional changes. One
accession, A. vaginatum 2018 from Veracruz, appears more
closely related to A. hondurense than to other accessions of
this species (Fig. 1). Although no male plants were collected,
the female vouchers have swollen lower nodes typical of A.
hondurense, thus this accession could be misidentified.

Two other species in this complex, A. hawksworthii from
Belize and A. hondurense from Honduras and Mexico (Chia-
pas and Oaxaca) are shown to be very closely related accord-
ing to both ITS and trnL region sequences. Arceuthobium hon-
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durense was described in Hawksworth and Wiens (1972,
1996) as occurring only in Honduras and was thought to be
one of the rarest dwarf mistletoes in the New World, possibly
in danger of extinction. Subsequent field work has expanded
the range of this species to southern Mexico (Mathiasen et al.,
2001, 2002b). Plants from Chiapas were previously classified
as A. nigrum (Hawksworth and Wiens, 1972, 1996). Hawk-
sworth and Wiens (1996, p. 222) state that this speciesis close-
ly related to A. bicarinatum; however, as detailed earlier, mo-
lecular evidence does not support a close relationship of A.
hondurense to either A. bicarinatum or A. nigrum. This species
appears most closely related to A. hawksworthii, a dwarf mis-
tletoe that was only recently described as a species distinct
from A. globosum and A. aureum (Wiens and Shaw, 1994).
This mistletoe is extremely rare, primarily occupying only ca.
250 km? in areain the Mountain Pine Ridge east of Augustine,
Belize (Mathiasen et al., 1999). Recently discovered in Hon-
duras, its distribution there is poorly known (Mathiasen et al.,
2002). The sixth taxon in this complex, A. strictum, was pre-
viously classified in section Campylopoda (Hawksworth and
Wiens, 1972, 1996), but both ITS and trnL region sequence
data show that it is related to section Vaginata taxa. This spe-
cies is restricted to Durango, Mexico, and is distinctive in that
the staminate plants are unbranched and the staminate flowers
have up to seven perianth parts.

Arceuthobium divaricatum and A. douglasii—Interesting-
ly, the positions of both A. divaricatum and A. douglasii re-
mained unresolved using either ITS or trnL region sequences.
Both partitions place these species as part of a polytomy that
is basal to most subgenus Vaginata taxa. The combined anal-
ysis (Fig. 4) places these species as part of a polytomy in-
volving the Campylopodum group, but with weak BS support
(58%). Arceuthobium divaricatum was classified in section
Campylopoda by Hawksworth and Wiens (1972), but isozyme
analysis first suggested an association with A. douglasii (Nick-
rent, 1986, 1996). Isozymes aso did not support the classifi-
cation of A. douglasii and A. pusillum together in section Min-
uta (Hawksworth and Wiens, 1970); the diminutive size and
systemic broom formation seen in these two species is almost
certainly aresult of convergence. As discussed by Nickrent et
al. (1994), when ITS-2 sequences of A. divaricatum and A.
douglasii are analyzed separately, these taxa occur on a clade
with high BS support. The trnL region majority rule consensus
tree shows that 71% of the trees associate A. divaricatum and
A. douglasii with the Campylopodum group, but these nodes
collapse on the strict consensus tree. Taking all evidence to-
gether, we still favor a clade composed of A. divaricatum and
A. douglasii.

The Arceuthobium campylopodum group—Section Cam-
pylopoda as defined by Hawksworth and Wiens (1972) has
been significantly revised during the past 30 years. The fol-
lowing taxa have been removed from the group following iso-
zyme and DNA sequence analyses: A. divaricatum, A. guate-
malense, A. bicarinatum, A. hondurense, A. rubrum, and A.
strictum. In the classification proposed by Nickrent (1996),
section Campylopoda was composed of 13 very closely relat-
ed, mainly United States species, and the results presented here
further support this composition, both from ITS aswell astrnL
region segquences. All share a unique deletion of 156 bp in the
trnT-L spacer. Among this complex, sequences are either iden-
tical or differ by only a few substitutions, thus calling into
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question the validity of naming these taxa at the species level.
All of these species have previously been considered conspe-
cific with or forms of A. campylopodum. Hawksworth and
Wiens (1970) were the first to elevate these taxa, considered
by Gill (1935) to be “host forms,” to the rank of species.
Their justification was that these taxa were morphologically
diagnosable and that their morphological integrity was main-
tained when occurring on different hosts. Although genetic
differentiation between members of this complex is not as
great as comparisons between species from different sections,
isozymes have demonstrated some degree of genetic distinc-
tiveness (often allele frequency differences) in various taxain
the complex (Nickrent, 1986, 1996; Nickrent and Butler, 1990,
1991; Nickrent and Stell, 1990). Among the 13 species, al
are endemic to the United States except A. abietinum f. sp.
concoloris, A. apachecum, and A. blumeri whose distributions
extend from the United States into northern Mexico. One of
these, A. blumeri, occupies a basal position on the section
Campylopoda clade with ITS sequences, trnL region sequenc-
es, and isozymes. From this, it appears that A. blumeri could
be considered a ‘“transitional” species between the mainly
Mexican and central American species of subgenus Vaginata
and the mainly United States section Campylopoda.

Species delimitation in Arceuthobium—The goals of this
study have been to identify phylogenetic units (clades) within
Arceuthobium to infer its evolutionary history. When compar-
ing these results to previous investigations of the genus, spe-
cifically the monographic treatments by Hawksworth and
Wiens (1972, 1996), it becomes apparent that the methods and
goals differ. Hawksworth and Wiens (1996, p. 141) state: *‘the
monographer’s charge is to define taxa by whatever taxonom-
ically valid characteristics are available.” In addition to mor-
phological features (most of which were quantitative), they
examined cytogenetic characters, host specificity, and life cy-
cle characteristics such as time of anthesis, time of meiosis,
and period of seed dispersal. Their early work utilized a phe-
netic approach to grouping taxa into hierarchical units (Hawk-
sworth et al., 1968), and these results provided the foundation
for the first subgeneric classification of the genus (Hawk-
sworth and Wiens, 1972). Since that time, systematic biology
has undergone two major transformations: the acceptance of
monophyly as a criterion for defining taxa above the species
level (Hennig, 1966) and the broad utilization of macromolec-
ular data in phylogenetic inference (Davis, 1995). Whether
monophyly is a meaningful concept below the level of species
is contentious (because of tokogeny), but for Arceuthobium,
the supposed lack of interspecific hybridization suggests that
species trees should be divergent, not reticulate. Thus, barring
any such gene-tree/species-tree issues, cases of paraphyletic
species relationships such as A. gillii and A. nigrum or A. rub-
rum and A. oaxacanum might be resolved by considering them
to be conspecific.

Molecular phylogenetic analysis of Arceuthobium DNA se-
guences shows that branch lengths leading to different taxa
vary widely. Many species are separated from other species
by 20 or more subgtitutions in ITS (Fig. 2), such as A. min-
utissimum, A. azoricum, A. abietis-religiosae, A. americanum,
A. verticilliflorum, A. guatemalense, A. pendens, and A. doug-
lasii. In contrast, species in sections Globosa, Vaginata, and
Campylopoda are not well differentiated, stemming from ei-
ther lack of a sufficient number of substitutional differences,
paraphyletic topologies, or both. Molecular data (combined
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ITS and trnL region tree, not shown) show at least an order
of magnitude difference in branch lengths across a range of
taxa, a result inconsistent with past species circumscriptions
(e.g., Hawksworth and Wiens, 1972). Although the taxonomic
goals of a forest pathologist may be to recognize any differ-
ences that exist among parasites on economically important
hosts, such “splitting” results in humerous taxa that are es-
sentially impossible to identify, particularly when examined
apart from host information (Kuijt, 1973). From the perspec-
tive of a biological species concept, the level of reproductive
isolation of the species should be addressed; however, cross
pollination experiments have only rarely been conducted (Ma-
thiasen, 1982). It is of interest to note that this experiment
involving A. apachecum and A. blumeri demonstrated incom-
patibility in cross-pollinations and that the results reported
herein (Fig. 4) document that among all the section Campy-
lopoda taxa, A. blumeri is the most genetically distinct. Cross-
inoculation experiments on alternate hosts are needed to test
the assertion that morphological integrity of each species is
maintained, particularly among section Campylopoda. Addi-
tional molecular work using more rapidly evolving markers,
such as the AFLP analysis of A. americanum (Jerome and
Ford, 20023, b), should be conducted on the section Globosa,
Vaginata, and Campylopoda species complexes.

It is instructive to compare and contrast the Arceuthobium
results with those of Korthalsella where named species are
grossly polyphyletic (Molvray et al., 1999). Morphological
variation does not correlate with clades recovered from mo-
lecular analyses of either nuclear or chloroplast genes nor with
previous classifications. These authors did not propose a re-
vision of the genus based on their molecular results in the
interest of avoiding generating numerous ‘‘microspecies’
(morphologically undiagnosable species recognizable only by
their DNA sequences). For Arceuthobium, the opposite con-
dition existsin some cases, such as the Campylopoda complex.
Here morphological ‘“microspecies’ have been named that
cannot be diagnosed with the sequence-based DNA markers
utilized to date. In other cases, such as A. bicarinatum, A.
divaricatum, A. guatemalense, and A. pendens, morphological
features suggest alliance with the Campylopodum complex, yet
sequence data clearly differentiate these evolutionarily distinct
Species.

A revised classification of Arceuthobium—A classification
of Arceuthobium based upon molecular evidence was first pre-
sented by Nickrent et al. (1994); however, for the Old World
taxa, only A. oxycedri was included and several New World
taxa were missing. The classification in Nickrent (1996) in-
cluded all species in the genus, but molecular data were till
lacking for a number of taxa, hence their placement was pro-
visional. The present study obtained nuclear ITS rDNA se-
guences from all 42 extant species of Arceuthobium and trnL
region sequences from al 34 New World species. These se-
guences included representatives of both subspecies for A. au-
reum, A. globosum, and A. vaginatum as well as multiple ac-
cessions from the same species for 18 taxa. Although addi-
tional accessions from some taxa would be desirable (e.g., A.
azoricum, A. bicarinatum, A. chinense, and A. tibetense), we
believe that our degree of taxon sampling is sufficient to pre-
clude magjor artifacts that are often associated with low taxon
density in molecular phylogenetic investigations (Wheeler,
1992; Kim, 1996).

A monophyletic (phylogenetic) species concept has been
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adopted by the magjority of botanists conducting molecular
(DNA) analyses (Luckow, 1995). Following this philosophy,
we present a revised classification of Arceuthobium that re-
duces the number of species from 42 to 26 (Table 2). The
purpose of this classification is to present only those species
that are distinct based upon the sequence data employed here-
in. We recognize that the application of other genetic markers
(e.g., AFLPs) may provide additional resolution useful in ad-
dressing species-level relationships, particularly in sections
Globosa, Rubra, Vaginata, and Campylopoda. If the taxa we
have *‘lumped” with this approach are truly deserving of spe-
cies status, we expect that morphological discontinuities could
also be demonstrated through comprehensive multivariate
analyses. Documentation of incompatibility (reproductive iso-
lation) among sympatric taxa should be attempted by cross-
pollination experiments.

In the artificial key to species in the Hawksworth and Wiens
(1996) monograph, the majority of couplets involve geograph-
ic location and host (no “‘natural’ key is provided). Thus,
without such information, many of the speciesin section Cam-
pylopoda cannot be identified with certainty. Essentially al of
the species in that section parasitize different primary host
species, but significant overlap occurs when tabulating sec-
ondary hosts. Although cross-inoculation experiments would
be valuable for all taxon pairs in section Campylopoda, it is
likely that genetically determined preferences have evolved
among some taxa. The question then to be asked is whether
these differences are sufficient to classify those taxa as species.
As discussed, genetic races patterned around three mainly al-
lopatric pine species have been discovered in A. americanum
(Jerome and Ford, 2002b). In Arceuthobium vaginatum, ge-
netic differentiation can be maintained among proximal sub-
populations parasitizing primary and secondary hosts (Linhart
et al., 2003); thus, these could be considered host races as have
been described in Phoradendron tomentosum (May, 1972;
Clay et al., 1985), P. californicum (Glazner et al., 1988), and
P. serotinum (Spooner, 1983). For taxa within sections Glo-
bosa, Rubra, Vaginata, and Campylopoda the situation might
best be described as “‘incipient speciation’” whereby the ear-
liest stages of reproductive isolation and genetic differentiation
are taking place among various population complexes. Over
time, geographical and phenological discontinuities may arise
that reinforce the genetic differentiation, thereby producing
evolutionary entities that can be considered species.

Conclusions—Sequences of nuclear ITS have been ob-
tained from representatives of all 42 species of Arceuthobium
and chloroplast trnT-L-F region from 34 New World species.
Gene trees from the two partitions were generally congruent;
however, conflict was seen that derived from four taxa (A.
douglasii, A. divaricatum, A. gillii, and A. nigrum). Analyses
combining the two partitions were generally most similar to
ITS analyzed separately. The trnT-L-F region has undergone
extensive molecular evolution involving large deletions in
many New World taxa, some of which appear to be homo-
plastic. A high degree of genetic differentiation exists in ITS
seguences between Old and New World taxa, thus subgenus
Arceuthobium, as traditionally defined by the presence of ver-
ticillate secondary branching, is paraphyletic. The phyloge-
netic (monophyletic) species concept employed here suggests
arevised classification of Arceuthobium that includes 26 spe-
cies.
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