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A MOLECULAR PHYLOGENY OF ARCEUTHOBIUM
(VISCACEAE) BASED ON NUCLEAR RIBOSOMAL DNA |
INTERNAL TRANSCRIBED SPACER SEQUENCES!

DANIEL L. NickrReNT,? KEVIN P. SCHUETTE,?
AND ELLEN M. STARR
Department of Plant Biology, Southern. Illinais University, Carbondale, Illinois 62901

Ribosomal DNA (rDNA) internal transcribed spacer (ITS) and 5.88 rDINA sequences were obtained from 22 species of
dwarf mistletoes (A rcetthobium— Viscaceae) to test phylogenetic relationships. Interspecific distances ranged from 0 to 21.4%
between New World species, values two to five times higher than thase measures for the ITS region in other plants. Ong
Old Woarld species (4. oxycedri) and one New World species (4. abietis-religiosae) were remarkably similac to each other
but exhibited up to 41% sequence divergence from the remaining species, Minimum length trees support the concept of a
verticillately branched subgenus Arceuthobium; however, interspecific distances indicate this group is extremely heteroge-
neous. Subgenus Vaginata, Section Vaginata, is centered in Mexico and encompasses all the taxa previously placed in this
group but is expanded to include several species previously classified in Section Campylopoda (e.g., A. divaricatum, A.
rubrum, and A. strictum). The sister group relationship between A. divaricatum and A. douglasii, first seen following isozyme
analysis, is supported by ITS sequence data. Section Campylopoda s. s. is now composed of 13 mainly U.S. species that
show a high degree of morphological and genetic similarity. The eastern dwarf mistietae, A. pusiflum, is not closely related
to A. douglasii but rather with A. bicarinaium from Hispaniola, which suggests that these taxa cepresent highly modified
relicts that shared an ancestor in the early Tertiary, Two endemic species fram Mexico and Central America (4. guatemalense
and A. pendens) farmed a sister group and have been placed in a new Section (Penda). Rapid molecular evolution in

Arceuthobium may be associated with the adaptive radiation of this genus on numerous conifer haosts,

Arceuthobium M. Bieb. (dwarf mistletoes, Viscaceae)
includes 41 species of mistletoes parasitic on Pinaceae
{New and Old World) and Cupressaceae (Old World).
These plants have long presented a challenge to system-
atists interested in elucidating their taxonomic and host
relationships. The monograph by Hawksworth and Wiens
(1972) included information on morphological charac-
ters, flavonoids, flowering and fruiting phenology, and
host relationships. Their classification was based largely
on results of a numerical phenetic analysis that utilized
these features. Classifications of this genus have been con-
structed with the knowledge that implied relationships
among taxa could be the result of convergence based upon
their extremely reduced leaves (scales) and floral organs,
lack of roots, and chromosome number uniformity (x =
14).

The classifications of Hawkworth and Wiens (1972,
1984) divided the genus into two subgenera: Arceuthobi-
um and Vaginata (Table 1). The former is composed of
three New Woarld and eight Old World species charac-
terized by verticillate secondary branching (Mark and
Hawksworth, 1981). Subgenus Vaginata, which includes
30 species of mistletoes restricted to the New World, is
marked by the presence of flabellate secondary branching,
if secondary branching is present at all. Included in this
subgenus was Section Mirnuta, compaosed of A. pusillum
and A. douglasii, characterized by diminutive aerial shoots
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1994. -
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that develop from extensive systemic host infections called
witches® brooms. The dwarf mistletoes of Section Cam-
pvlopoda form nonsystemic infections on their host trees,
have larger aerial shoats, and flower in the summer or
fall (Wiens, 1968). This group is especially speciose in the
western United States where an apparent adaptive radi-
ation resulted in parasites specific to Abies, Larix, Picea,
Pinus, and Tsuga. Finally, Section Vaginata, found in the
southwestern United States, Mexico, and Central Amer-
ica, is composed of mistletoes that also form nonsystemic
braoms but flower in winter or spring. Some species in
this section are relatively large plants, such as 4. vaginag-
tum ssp. vaginatum and A. durangense, the latter having
shoots up to 50 cm in length. The greatest host latitudes
in Arceuthobium are seen in parasites of this section such
as A. globosum, which has been recorded from over 15
species of pines.

The dwarf mistletoe monograph by Hawksworth and
Wiens (1972) provided the first comprehensive classifi-
cation of Arceuthobium; however, a number of questions
remained. Relatively little systematic or phylogenetic work
focused on intergeneric or interspecific relationships has
been conducted on the genus since that time. Isozyme
electrophoresis has proven especially valuable in provid-
ing data, independent of morphology, useful for exam-
ining species relationships in Arceuthobium. Nickrent,
Guitman, and Eshbaugh (1984) and Nickrent (1986) first
examined the isozymes of 19 mainly U.S. taxa in the
genus. This study showed that the genus had remarkably
high levels of genetic diversity: 67% of the loci were poly-
morphic with an average of 2.23 alleles per locus. This
result was surprising given the relative morphological ho-
mogeneity characteristic of the genus and the previous
flavonoid survey (Crawford and Hawksworth, 1979) which
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identified few species-specific patterns. Many results of
this isozyme study were consistent with the classification
by Hawksworth and Wiens (1972) such as the recognition
of two subgenera (Arceuthobium and Vaginata), the close
relationship between ten species of Section Campylopoda,
and the clustering of 4. gillii s. lat. and 4. vaginatum s.
lat. The isozyme analysis did not, however, support a
relationship between A. douglasii and A. pusillum (ie.,
Section Minutag). An unexpected result was the grouping
of A. douglasii with A. divaricatum, the latter a parasite
of pinyon pines. The isozyme study clearly raised as many
questions as it resolved, hence further work was called
for, especially on Mexican and Central American taxa.
Additional isozyme data have since been obtained for
seven Mexican taxa that were not included in the previous
study (Nickrent, in press). Subgenus Arceuthobium showed
greater within-group heterageneity than any of the other
sections. Cluster analysis grouped A. americanum and A.
verticillifforum followed by A. abietis-religiosae. This
grouping joined the remainder of the genus at a genetic
distance of 0.82. These data thus suggest that verticillate
secondary branching is a distinguishing character for this
subgenus. drceuthobium gillii and A. nigrum (the latter
previously classified as A. gillii ssp. nigrum) clustered at
a distance value of 0.553. Although clearly related, this
- distance supports the recognition of twa species. The rel-
atives of A. vaginatum had high levels of genetic diversity,
and cluster analysis indicated that significant genetic dif-
ferentiation had occurred between populations. Despite
their host ptéferénce of pinyon pines, A. divaricatum and
- A. pendens were not shown to be closely related. The
isozyme data were supported by markedly different fla-
vonoid chemistry, systemic broom formation in the latter
species, and different principal host species (Hawksworth
and Wiens, 1980). Arceuthobium strictum appeared dis-
tantly related to the majority of Section Campylopoda
species and clustered with A. rubrum. Bath of these species
were placed in their own Series (Stricta and Rubra, re-
spectively) by Hawksworth and Wiens (1972). It appears
that the majority of Section Campylopoda species reside
in the United States, whereas species of Section Vaginata
oceur predominately in Mexico.

Until recently, few studies have used DNA sequences
to examine intrageneric relationships among plants be-
cause a gene or segment of DNA of adequate size and
(fast) evolutionary rate needed to be identified. The in-
ternal transcribed spacer (ITS) regions of ribosomal DNA
(rDNA) have been shawn to evolve at rates appropriate
for examining recently diverging lineages (Baldwin, 1993;
Wojciechowski et al., 1993). The above two studies fo-
cused on intrageneric relationships; however, evolution-
ary rates (i.e., the number of nucleotide substitutions per
site per year) for the ITS appears to vary widely depending
on the plant group. For example, Suh et al. (1993) showed
that rates for ITS in Winteraceae are about ten times lower
than rates observed for protein coding genes. This allowed
the authors to use I'TS data to examine intergeneric re-
lationships. In addition, they demonstrated that two types
of ITS8 sequences-exist within individuals of one major
lineage.

Interspecific relationships among 15 New World dwarf
mistletoe species using ITS rDNA sequences were first
determined by Schuette (1992). In the present study, both
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Tante 1. Classification (according to Hawkswarth and Wiens, 1972,
1984) of Arceuthobium taxa used in this study.

Subgenus drceuthobium Hawksw, & Wiens
A. abietis-religiosae Heil
A. americanum Nutt. ¢x Engelm.
A. oxyeedri (DC) M. Bieb.
A. verticitiiflorum Engelm.
Subgenus Vaginata Hawksw, & Wiens
Section Faginata Hawksw. & Wiens
A. gillii Hawksw. & Wiens
A. gillii subsp. nigrum Hawlisw. & Wiens (= A. nigrum)
A. globosum subsp. globosum Hawksw, & Wiens
A. vaginatum (Wild.} Prest. subsp. vaginatum
A. vaginatum subsp. durangense Hawksw. & Wiens
(= A. durangense)
A. vaginatum subsp. cryptopodunt (Engelm.) H. & Wiens
Section Minuia Hawksw. & Wiens
A. douglasii Engelm.
A. pusillum Peck.
Section Campylopoda Hawksw, & Wiens
Series Rubra Hawksw. & Wiens
A. rubrumt Hawksw, & Wiens
A. bicarinatum Urban,
Series Stricta Hawksw. & Wiens
A. strictunt Hawksw. & Wiens
Series Campyplopoda Hawksw. & Wiens
. abietinum (Engetm.) Hawksw. & Wiens f. sp. magnificae
. apachecum Hawksw, & Wiens
. campylopodim Engelm.
. divaricatiern Engelm.
. guatemalense Hawksw. & Wiens
. microcarpum (Engelm.) Hawksw, & Wiens
. pendens Hawksw, & Wiens

N N - W NN

ITS regions as well as 5.88 rDNA were sequenced and
analyzed in 22 Old and New World species of Arceu-
thobium. These results were compared with previously
proposed phylogenetic relationships and classifications in
the genus,

MATERIALS AND METHODS

The collection information for the 22 species sampled
for sequence analyses are shown in Table 2. Both shoot
and seed material was used as a source for DNA. Genomic
DNA was obtained from shoots by grinding on liquid
nitrogen and extracting in 2 x cetyltrimethylammonium
bromide (Nickrent, 1994), Crude homogenates of seeds
(embryo plus endosperm) were made and used to directly
amplify the rDNA ITS region using the polymerase chain
reaction (PCR; Mullis and Faloona, 1987). Individual
seeds were homogenized using sterile glass microhomo-
genizers (Radnoti Glass Technology, Inc., Arcadia, CA)
in 30-50 ul of buffered protease (10 mm Tris pH 8.3, 50
mM KCl, 2.5 mm MgCl,, 9% w/vol. Tween 20, 0.5 units/
ul protease). The extract was transferred to a microcen-
trifuge tube and centrifuged for 1 min to sediment the
debris. Five microliters of the supernatant were trans-
ferred to a new tube and diluted with 45 gl of buffered
protease. The extract was incubated at 60 C for 20 min
after which the protease was deactivated by heating to 95
C for 5 min. This extract was diluted 1:30 for PCR am-
plification.

In addition to seed extracts, genomic DNA was ob-
tained from some species and used for PCR. A number
of conserved sites on both the 188 and 26S rDNA allow
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the construction of forward and reverse primers that
bracket ITS-1, 5.88 rDNA, and I'TS-2. A common primer
combination employed the 185 1830 forward and 268
25 reverse (5"-AACAAGGTTTCCGTAGGTGA-3" and
S-TATGCTTAAAYTCAGCGGGT-3, respectively),
which, upon symmetrical amplification, vielded a 0.64-
kb fragment in dwarf mistletoes. The PCR reaction mix-
ture contained (final concentrations in a 100-ul reaction):
50 mm KCl, 10 mm Tris pH 8.8, 0.1% Triton X-100, 2.5
mM MgCl,, 1.25 mM of each ANTP, 1 ul of each primer
at 125 pg/mi (ca. 20 pmoles), 2.5 units of Tag polymerase
(Promega, M166), and ca. 10-30 ng of genomic DNA.
The mixture was overlaid with mineral oil, centrifuged
briefly, and placed in the thermal cycler. After an initial
incubation (time delay) at 94 C for 3 min, 35 step cycles
were performed, each of which consisted of 1| min at 94
C, 1 min at 50 C, and 2.5 min at 72 C with 2 sec added
to each subsequent polymerization step. The resulting
fragment was used either as a template for an asymmet-
rical PCR reaction (Gyllensten and Erlich, 1988) that
produces single-stranded DNA, or the double-stranded
template was sequenced directly (Nickrent, 1994). Arceu-
thobium oxycedri and A. abietis-religiosae apparently had
mutations at one or both of the above two priming sites,
hence the ITS region was encompassed through the use
ofalternate internal 188 (forward) and 268 (reverse) prim-
ers. The PCR product was then gel purified using DEAE
(diethylaminoethyl) membranes (Nickrent, 1994). Se-
quencing reactions were carried out using the terminal
amplification primers or forward and reverse primers con-
- structed for the conserved sites on the 5.88 rDNA (sites
32-48). Chain-termination sequencing reactions using di-
deoxynucleotides (Sanger, Nicklen and Coulson, 1977)
were conducted using Sequenase® (U.S. Biochemical
Corp., Cleveland, Ohio).

The majority of mutations were base substitutions, thus
allowing manual alignment using “Eyeball Sequence Ed-
itor’’ (Cabot and Beckenbach, 1989). Sequence divergence
in A. oxycedri and A. abietis-religiosae I'TS-2 prevented
alignment beyond position ca. 470. Deletions and align-
ment gaps were coded as missing data. Minimum length
Fitch trees were constructed using PAUP version 3.1
(Swofford, 1993) using the heuristic search algorithm.
Character state changes were given equal weight in all
analyses. The heuristic searches employed tree hisection-
reconnection branch swapping with MULPARS. Boot-
strap analysis, conducted to test the statistical confidence
of the resulting clades, used 200 replicates of the heuristic
search algorithm with tree bisection-reconnection branch
swapping and MULPARS in effect. Pairwise nucleotide
differences were calculated using PAUP. Variable and
informative sites were determined using MacClade ver-
sion 3.0 (Maddison and Maddison, 1992).

For use as potential outgroups to Arceuthobium, 1TS
sequences from Phoradendron sevotinum, Korthalsella
lindsavi, Viscum album, and Notothixos subaureus were
determined (Nickrent, unpublished data). All sequences
were extremely divergent from those obtained from Ar-
ceuthobium, thus precluding multiple sequence alignment
and their use as outgroups. Complete 188 rDNA sequenc-
es have been obtained from at least one species repre-
senting all seven genera of Viscaceae, including three spe-
cies of Arceuthobium: A. pendens, A. verticilliflorum and
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A. oxyeedri (Nickrent, in press; Genbank accession num-
bers L24082, L.24042, and L24081, respectively). Boot-
strap analysis of 13 aligned 18S rDNA sequences pro-
duced a partially resolved tree containing four genera and/
or generic pairs that could be considered for use as an
outgroup to drceuthobium: Phoradendron/Dendrophtho-
ra, Korthalsella/Ginalloa, Viscum and Notothixos. The
genus Arceuthobium was monophyletic (98% bootstrap
confidence) and showed A. verticilliflorum and A. pendens
as sister taxa. Since A. axycedri was sister (and basal) to
that clade, this species and A. ahietis-religiosae were used
to root the trees obtained from I'TS sequences.

RESULTS

Boundaries and size of ITS regions—The boundaries
of ITS-1, 5.88 rDNA, and ITS-2 were determined by
inspection and comparison with other published angio-
sperm sequences. The beginning of I'TS-1 is ¢clearly defined
given the conserved sequence of CATTG at the 3’ end of
the 18S rDNA. Similarly, the 5° end of the 5.85 rDNA
is recognized by the common occurrence of YAMA, al-
though some variation exists (see A. oxycedri, A. abietis-
religiosae, A. bicarvinatum, and other angiosperms). For
most dwarf mistletoes, the 5.85 rDNAs were 167 bp in
length, although A. oxycedri, A. abletis-religiosae, and A.
divaricatum had a 5.88 rDNA of length 166. These se-
quences are slightly larger than the average length seen
in other angiosperms (164 bp). The 3' ends of most dicot
5.88 rDNAs are variable; however, they generally show
CACRY followed by ATCG that marks the beginning of
ITS-2. In most dwarf mistletoes, the 5.88 rDNA ends as
CGTAT followed by AYRA for the start of ITS-2. The
boundary between the 3’ end of ITS-2 and the 5’ end of
the 268 rDNA can be difficult to recognize. Many asterids
(including Arceuthobium) have RACC at the end of ITS-2
followed by GCGA for the start of the 268 rDNA. In
Arceuthobium, the 268 starts as TTTTGACC, which is
similar to Daucus which has TTGTGACC (Yokota et al.,
1989). These boundaries were determined from multiple
sequence alignments; however, their exact positions would
require verification using S1 nuclease mapping. The av-
erage length of dwarf mistletoe ITS-1 sequences was 208 -
bp whereas I'TS-2 averaged 226 bp. Other plants that show
a shorter ITS-1 than ITS-2 include Cucumis, Daucus,
Mimulus, Oryza, and Vigna, but apparently the more
common situation is for ITS-1 to be larger than ITS-2 as
in Astragalus, Calycadenia, Canella, Fragaria, Nicotiana,
Populus, Vicia, and Winteraceae.

Sequence alignment—Secondary structural features of
rRNA provide essential information for determination of
homologous nucleotide positions. Attempts to align Ax-
ceuthobium I'TS sequences with other published dicot se-
quences were mostly unsuccessful. Despite the claim that
“sufficient sequence homology is retained in the higher
plants to examine the evolutionary changes which make
these regions diverse” (Venkateswarlu and Nazar, 1991),
only one region in I'TS-1 appears to be significantly con-
served. The region is toward the 3’ end of ITS-1 (beginning
at bp 131 in 4. americanum, 177 in Calycadenia) and
can be identified as CAAGGAA. Venkateswarlu and Na-
zar (1991) have proposed that a conserved secondary
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Fig. . An alignment of ITS-1, 5.85, and ITS-2 sequences (5 to 3') for 22 Arceuthobium species. See Table 2 for species name abbreviations.

A dot in a columnn indicates the same nucleotide as the reference (A. americanum). Ambiguous nucleotides (designations follow JHJPAC recom-
mendations) represent either ambiguous sequence data or a true polymorphism at that site. Sequence divergence in A. oxveedri and A. abietis-

religinsae ITS-2 prevented alignment beyond position ca. 470, See text for a discussion of the boundaries of the ITS regions.

structure, consisting ofa crucifix or tRNA-like core, exists
for eukaryotic ITS rRNA. Attempts to fold Arceuthobium
(and other angiosperm) ITS sequences into this confor-
mation were not successful, hence sufficient compensatory
changes have not been identified to justify the acceptance
of such secondary structures.

The alighment of ITS-1, 5.85 rDNA and ITS-2 pro-
duced a matrix of 22 Arceuthobium species by 619 sites
(Fig. 1). Overall, most mutations were base substitutions
as opposed to insertion/deletion events (indels). The ITS-2
sequences of 4. oxycedri and A. abietis-religiosae are ex-
tremely divergent when compared with the other 20 dwarf
mistletoes. No attempt was made to align these sequences
bevond ca. position 470. These two mistletoes are, how-
ever, remarkably similar to each other (see Discussion).

ITS inter- and intraspecific variability—When all 22
Arceuthobium taxa were aligned, 388 of the 619 sites
(62.6%) were variable. Given the inability to align 4.
oxycedri and A, abietis-religiosae with other dwarf mis-
tletoe sequences, these taxa were excluded from further

variability calculations, With 20 taxa, a total of 304 vari-
able sites were identified. Of these sites 174 are phylo-
genetically informative (exclusive of ambiguous nucleo-
tides). Many of the informative sites differentiated A.
verticilliflorum and A. americanum from the remaining
species (i.e., Section Arceuthobium from Vaginata). Of
the 174 sites, 71 occurred in ITS-1 (40.8% of total), 15
in the 5.88 (8.6%), and 88 in ITS-2 (50.6%). When the
number of phylogenetically informative sites was taken
as a percentage of the number of variable positions for
each of the three cistronic regions, the following resulted:
53.7% (71/132) for ITS-1, 46.8% (15/32) for 5.88, and
63.7% (88/138) for ITS-2. Interspecific distance values
between A. oxyeedri/A. abietis-religiosae and the remain-
ing taxa were high (36%—41%), mainly owing to extreme
divergence of ITS-2. Excluding these two taxa, interspe-
cific distances ranged from 0 (4. apachecum and A. mi-
crocarpum) to 21.4% (A. americanum and A. bicarina-
tum).

To test for the possibility of significant intraspecific
variation, partial I'TS sequences (100 bp) were determined



for individuals from three populations of A. americanum
and twe populations of A. divaricatum. One change was
detected in A. americanum whereas no differences were
seen in A. divaricatum. Several taxa have been sequenced
twice from either the same genomic DNA sample or an-
ather crude seed extract. Only very rarely were true poly-
morphisms detected, and these were then coded in the
maltrix as ambiguous nucleotides.

Phylogenetic analyses—When the data matrix com-
posed of 22 taxa was analyzed, six equally parsimonious
trees of 738 steps resulted. The strict consensus cladogram
of these trees is shown in Fig, 2. The same topology (for
20 taxa) was obtained when A. oxycedri and A. abietis-
religiosae were excluded. In the latter analysis, A. amer-
icanum and A. verticilliflorum were designated the out-
group for rooting purposes. As expected from their amount
of sequence divergence, A. abietis-religiosae and A. oxy-
cedri form a clade well removed from the remainder of
the genus. The clade composed of A. guatemalense and
A. pendens is positioned intermediate between subgenus
Arceuthobium and the remaining taxa. A, divaricatum and
A. globosum form a clade in four of the six trees. Four

1154 AMERICAN JOURNAL OF BOTANY [Vol. 81
—+ 5,85 rDMA
[8)4 4 CA, .GAG, L. P o 0 GOt iiias v Coo. Goo...., L
ABR CA..GAG., ... —— WT.A. B £/ LOTRNE ¢ O C AR oes L e
AME TT-TBRAT-CA ATAA‘I‘TAAAT —G?sCTCCOGA CAATGGATAT CTTGACTCTC ATATCGATGA AGAACGTAGC AAARTGCGAT RCTTGGTGTG M\TTGCAGAA 293
VER  taiusnnnns sveiiniois sanniies B e e T SR
GUA .uo-Nivuiun wuuss Civie ainiinn R S B v tene s et e B iiiiis taaniiiias
PEN  uimiiwinn wuees Cover venainns F U Bhtetaes e i iaeaaas e Pousiiiis saaniiiins
BUS tuiiiiinnn ainns Covin vuin. Tty ot ee et aeraaeans Bavsaannns aarraaneas traneiian L P
BIC i aaad aaaaa CG... vuvun T Givanusaas toaasaasns sasacainas 0
Dou ST i aad aaaaa Covin vuunn - e vissnees stsaasaaas saannnnan L
DIV i iaaa aaaaa Covin vuann R Gt iinnnes taaasaaass saanann AGC L AL i i ieeiaaas
DUR = T...i iiian Coevn oians L G it iae traacaaaas aeearaaas T
VAC ... Tivin vinas Covid vanaa L Gt iians craaasaass saaasraas L
VAV S T Civen varas S Bt iaat cairaaaee aaaaaaees C v B iiiias i
GLO e e Cuven wnnns T e R e eerieeaans
NIG =.T.... ... Covin wanun . Bt i iid e i e e e L <
GIG ...-.T.... ..... Civin weunn N L1 N C oL i e e
RUB .,.-....T. ..... Covin vuen, L T, C B aaaaeaeean
STR  .C.-.T.. Y R R T
ABM e e I I W - S T T S
APA ivaae s GeCavnn vvns S e < S
CAM v iaes s G..C.... .. < 3 FR - S,
MIC ......0.00 o G..C.... ..... R L Y A i s
- IT78-2

OXY e e ARG, i e C... JAA. .. ... T oiienns G. e LS, T.... AG.G,.... - T,..T.GC.A
- 2 —BCL i eieiieee i Couav JBAR...... T i [ C e Te.us AG.G..... -T T.GC.A
AME TCCCGTGART CATCGAGTTT TTGRACGCAR GTTGCGTCTA AGGCCAATTA TAGGTTTAAG GCATGCTTGT TTGGGOGTCG TTTA-TAMGC CCACGTTAAT 392
. £ RY., tieiennas | S Gy et e Gy viien i C it iaas aaaa Coven= L.G.L 0L
GUa  ..... et es taane e te aaaaaraa e e C..6 AT . viis veiea G, i C o T..T. .G.......— T,.TChA..
PEN ..... e i e e i et iia daaa e aaaaaa Co.G LLAT. .o vy e G, ciieiinan C ... T..A, .G....... - T...ChA. .
PUS T...Co... ... e i, i ity taaeaaas [ € 2 C . ..., T.... Guuoiaa. - ...TC.A..
BIC TM.¥iuus veuens B viiiinens €A, CovR uuRuvivns annnanes Gi vennrainn ¢t Tiiir Govennns - T..TC.A..
DOU  vTuta€ivns eusannrns wornnsnnne sannsn Civt trariaaney e Gu viinannan Counnn - S - T,.AC.A..
DIV vTaae€ivns aeunnnniss wirnnnnnne saansn Cuv. ..A.. T € ounnnn Toiir Gevennns .. AC.A.,
DUR  uTuesCuvis vvuaBununs srnnanannn ariian o, Ge vriainins € it Teive Guvirins T..AC.A.,
VAC 2TeueCuiir vuiaBuuess tnirananss auenes Curt it iaenes aaaiiian Gr vinnnnnan € oianns Y- S - T,.AC.A..
VAV Teiiaaian D e i iiiaaaaas i G e C o B o - T..AC.A..
GLO R 54 Cove v e, Ge iiviaaaan C e Teeos JGoo... T.- T,.AC.A..

. NIG T S ¢ G, i C o Toous o G.o.o..... - T,.AC.A..
L R o it iiaes e aaan [ P C .. Tevea Giiiaaas - T..AC.A..
RUB  uT.. €t diaasaanin soanannaas 1annna Covw o T Go iiiiiiaan Cooi. Tevis weiua Y..-—— T..AC.A..
STR  .T...Cuiven auen - Y s vaac e aaas e [ PO C i Teoo. JGouua. -,= T..AC.A..
ABRM o ot tiac i aas ot G aeiiiiias [ S Tious . Guivuiaaas - T..AC.A..
APA 4 Cooe couuun Gove vuvanaan Go i C o, T. Gl G- ALLACA,
CAM  oTu s iCuins avnnnnane caneanaee ceanas Cove e Guve ennan G wviirnns € v, T, \G.u. 6.~ A, .AC.A,,
MIC  oT. e iCees aeeeaaeine maesiiinsn ciaais Cove e Guve vernnin Ge verrnnns (o R T.... .Gu...G..= A,.AC.A,,
Fig. 1. Continued

clades of unresolved relationships to one another include:
1) the four Section Campylopoda species plus A, douglasii,
2 A. pusillum and A. bicarinatum; 3) A. vaginatum (both
subspecies), A. durangense, and A. strictum, and 4) A.
gillii, A. nigrum, and A. rubrum.

The bootstrap analysis showed strong support for sev-
eral of the above clades (Fig. 3). For example, 100% boot-
strap values were obtained for four of the above groups:
1) 4. americanum and A. verticilliflorum, 2) A. guate-
malense and A. pendens; 3) A. pusillum and A. bicari-
natum;, and 4) the four Section Campylopoda species.
High bootstrap support was obtained for the 4. vagina-
tum/A. strictum group (90%) and the A. gillii/A. rubrum
group (75%). Three taxa arose from a polytomy which
included groups 3 and 4 (above, A. douglasii, A. divari-
catum, and A. giobosum.

DISCUSSION

The ITS region of dwarf mistletoes is like that of other
members of the Asteridae (such as Daucus and Mimulus)
in having a shorter ITS-1 than ITS-2, In most classifi-
cations, Viscaceae have been placed in the Rosidae; how-
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ever, recent molecular work utilizing rbcL sequences place
the sandalwood order (Santalales) at the base of an ex-
panded Asteridae (Chase et al., 1993). As with other stud-
ies comparing ITS sequences among congeneric plant spe-
cies (Baldwin, 1993; Wojciechowski et al., 1993), most
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mutations in the dwarf mistletoe ITS region involve base
substitutions, not indels. Unlike other plant I'TS regions
examined to date, interspecific distances in drceuthobium
vary widely and can attain levels seen in intergeneric
comparisons. For example, distances among Calycadenia
species ranged from O to 11.2% for ITS-1 and 0 to 8.6%
for ITS-2 (Baldwin, 1993). Similarly, Astragalus inter-
specific distances reached a maximum of 10% (Wojcie-
chowski et al., 1993). High substitution rates can also be
seen in the 188 rRNA of Arceuthobium, which has been
sequenced in its entirety for A. verticilliflorum, A. oxycedri,
and A. pendens (Nickrent and Starr, 1994; Nickrent, in
press). An increased number of substitutions were also
detected in dwarf mistletoe rbcL sequences when com-
pared with other Santalales parasites. The possible causes
underlying increased evolutionary rates in parasitic plants
(in particular holoparasites) is discussed in Nickrent and
Starr (1994). Itis suggested that rapid molecular evolution
in Arceuthobium is associated with its adaptive radiation
on numerous conifer hosts.

Section Campylopoda—Ten species used in this se-
quencing study were previously classified as members of
Section Campyiopoda by Hawksworth and Wiens (1972,
1984, Table 1). Relationships among these ten species
will be discussed here; however, it is evident that the ITS
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A. oxycedri Europe
A. abietis-religiosae Mexico
— A verticitliflorum Mexico
—— A. americanum West. U.S.A., Canada
A. guatemalense Mexice, Guatemala
[: A. pendens Mexico
A. pusillum East. U.5.A,, Canada
4[: A. bicarinatum Hispaniola
A. douglasii West. U.S.A., Mexico, Canada
—i A. abietinum £. sp. magnificae  California, Oregon
A. apachecum Arizona, New Mexico
—E A, campylopodum West. U.S.A., Baja California
| A. microcarpum Arizona, New Mexico
_E A. vaginatum ssp. cryptopodum  Mexico, West. U.S.A.
A. durangense Mexico
—i A. vaginatum ssp. vaginatum  Mexico
AL strictum Mexico
| A. Rigrum Mexico
A. pillii Mexico, West. U.S.A.
A. ritbrum Mexico
A. divaricatum West. U.S.A., Baja California
A. globosum Mexico

‘Fig. 2. Strict consensus cladogram derived from. six equally parsimonious trees of length 738 produced from analysis of Arceuthobium ITS-1,
-2, and 5.88 rDNA sequences. Consistency index = 0.730Q, hamoplasy index = 0.270, retention index = 0.747. The wree is raoted at A. oxyeedri
and A. abietis-religiosae following a topology derived from analysis of camplete 185 rDNA sequences. The general geographic distributions of the

species are indicated.

analysis does not indicate they form a monophyletic group.
Four members of Section Campylopoda are genetically
very similar and appear on a clade with relatively short
branch lengths: A. abietinum f. sp. magnificae, A. apa-
checum, A. campylopodum, and A. microcarpum. Se-
quences of A. cyanocarpum, A. occidenigle, and A. tsu-
gense have also been determined (Nickrent, unpublished
data) but are either very similar or identical to those of
the above four taxa, hence they were not included. The
Section Campvlopoda clade, comparable to Series Cam-
pylopoda (Hawksworth and Wiens, 1972, 1984), occurs
mainly in the United States and does not include Mexican
and Caribbean taxa such as A. guatemalense, A. pendens,
A. rubrum, A. bicarinatum, and A. strictum. The latter
three species were segregated into separate series (Rubrg
and Stricta) by Hawkworth and Wiens (1972), thus pro-
viding some indication of their differentiation from Series
Campyiopoda species. ITS sequence analysis does not
support a close relationship between members of these
series, but rather indicates relationships to various mem-
bers of Section Vaginata.

One of the most strongly supported results of the ITS
analysis (100% bootstrap) is the association of A. pendens
with 4. guatemalense. This clade appears basal to all other
members of subgenus Vaginata, not as a component of
Section Campylapoda, Series Campylopoda (Hawksworth
and Wiens, 1972, 1984). Arceuthobium guatemalernse is
a rare mistletoe confined to the mountains of Guatemala
and southern Mexico where it parasitizes Pinus avaca-
huite. Arceuthobium pendens is known only from San Luis

Potosi and Veracruz, Mexico, and is parasitic on Pinus
discolor and P. cembroides var, orizabensis (Hawksworth
and Wiens, 1980). Both of these mistletoes are narrowly
endemic, as are their hosts. Given their positions on the
cladogram and their restricted distributions, it can be
postulated that these species represent relictual taxa that
diverged early during the migration and evolution of Ar-
ceuthobium in the New World.

Arceuthobium divaricatum is a parasite of pinyon pine
that was previously classified as a member of Section
Campylopoda, Series Campylopoda (Hawksworth and
Wiens, 1972, 1984). Following isozyme analysis (Nick-
rent, 1986), this species clustered with A. douglasii, a
parasite of Pseudotsuga. This surprising relationship was
supported by a large number of unique alleles shared by
these species (Nickrent, 1986). In four of the six most
parsimonious trees, A. divaricatum is sister to 4. globo-
sum;, however, this position is unstable as seen following
baootstrap analysis where these two species (and A. doug-
lasit) collapse to form a polytomy. When ITS-1 alone is
analyzed (tree not shown), the sister relationship of A.
divaricatum and A. douglasii received high bootstrap val-
ues. Examination of the alignment shows that A. divari-
cattim has a divergent I'TS-2 sequence as compared with
other members of subgenus Vaginata. Taking the isozyme
and ITS evidence together, a clade composed of these two
taxa is presently favored.

Section Vaginata—Two strongly supported clades rep-
resenting Section Faginata are seen following bootstrap
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5 £ A. durangense
§ |93 E“ A. vaginatum ssp. cryptopodim
88 2 A. vaginatum ssp. vaginatum

24 % ?L A, strictum
100 6 A, nigrum
.'9?@ A. gillii
i % A. rubrum
A. douglasii
3 A. abietinum £. sp. magnificae
a7 [
100

17
100

30
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1| A. apachecum
\iﬁ A, microcarpum
871 A. campylopodum

A. divaricatum

A. globosum

Fig. 3. One of the six equally parsimanious trees of length 738 derived from analysis of Arceuthobiunt TTS-1, -2, and 5.88 fDNA sequences.
The numbers above the branches indicate branch lengths (number of nucleotide substitutions), and the numbers below the branches indicate
percentage values (fram. 200 replications) derived from the bootstrap majority rule consensus tree. Clades with no boatstrap value indicated were
not strangly supported. Consistency index = 0.755, homoplasy index = 0.286, retention index = 0,726.

analysis (Fig. 3). The first is composed of A. vaginatum
SSp. vaginatum, A. vaginatum ssp. cryptopodum, A. duran-
gense, and A. strictum. The relationships among the first
three of these taxa have been shown by previous classi-
fications (Hawksworth and Wiens, 1972) and isozyme
studies (Nickrent, 1986; Nickrent, in press). The addition
of A. strictum, an endemic species from Durango, Mexico,
is somewhat surprising, although isozyme analysis showed
it to be genetically divergent from other Series Cantpy-
lopoda species. All four of these taxa are parasites of hard
pines and their distributions range from the northern Si-
erra Madre Occidental (Durango through Chihuahua and
Sonora) to the southwestern United States (Arizona, New
Mexico). :

The second clade is composed of A. gillii and its recent
segregate species A. nigrum, as well as A. rubrum. The
distance derived from comparing ITS sequences for the
first two species is 3.2%. This value is among the smallest
distances obtained when values for all species pairs are
compared, but it is not as small as distances between
members of Series Campylopoda, which are 1.3% or less.
The association of A. gillii and A. nigrum is strongly sup-
ported by ['TS analysis (96% bootstrap). Bootstrap support
1s 75% for the entire clade containing A. rubrum. Since
the grouping of these three taxa was séen using isozyme
characters, phyletic affinity is highly likely.

A. pusillum and A. bicavinatum—A surprising but
strongly supported clade (100% bootstrap, Fig. 3) contains
A. pusillum and A. bicarinatum. The former species is a
reduced parasite of spruce of the northern United States
and Canada, whereas the latter is a relatively large parasite
of Pinus occidentalis on the island of Hispaniola. Hawks-
‘worth and Wiens (1972) classified A. pusillum and A.
douglasii in Section Minuta, however, this relationship
was not supported by isozyme analysis (Nickrent; 1986).
They also suggested that 4. bicarinatum arrived in His-
paniola via a Central American land bridge that was con-
nected to Honduras during the late Tertiary. This route
seemed plausible given the morphological similarity be-
tween A. bicarinatum and A. hondurense (the ITS of the
latter species is yet to be determined). The distance from
Hispaniola to the nearest extant population of A. pusillum
is ca. 2,300 km. 4. bicarinatum and A. hondurense are
presently separated by ca. 1,100 km.

Given these biogeographical distributions and the DNA
sequence results, an altermate hypothesis regarding these
two mistletoes is suggested. Several plant species found
at high elevations in Hispaniola are known to have close
relativesin the eastern United States such as Lyonia (Judd,
1981) and Juniperus (Adams, 1989). Hawksworth and
Wiens (1972) suggested that Arcerithobitim arrived in the
New World in the early Tertiary via a Beringian land
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bridge. If one accepts that the Neogene microthermal
vegetation was largely derived from the preceding flora
ofthatarea (Wolfe, 19735), then the ancestor to A. bicarina-
tum and A. pusillum was likely present in (eastern) North
America in the Paleogene. Arceuthobium pollen (likely A.
pusillum) is known from as far south as Georgia from the
Pleistocene (Watts, 1975); hence dwarf mistletoes have
occupied the eastern United states in past geological times.
Evidence that some Arceuthobium species such as 4, ox-
yeedri were already well differentiated by the Miocene
(Stuchlik, 1964) also suggests evolution of the genus in
the early or mid-Tertiary.

The configuration of the Caribbean region with respect
to North and Central America during the Tertiary is an
area of active research. In the later Paleocene to mid
Eocene, the Greater Antilles collided with the Bahama
Platform (Pindell and Barrett, 1990) connecting Cuba to
the North American Plate. By the Miocene, Hispaniola
was contiguous with the eastern part of Cuba, and north-
eastward displacement was occurring along the Qriental
Fault. The connection between Honduras, Jamaica, and
the Greater Antilles via the Nicaraguan rise was likely
severed during the middle Cenozoic owing to subsidence.
This route to Hispaniola (via Central America) was pro-
posed by Rosen (1975) as a vicariance pathway. Given
the molecular evidence, entry into Hispaniola via eastern
North America and Cuba is favored over a southwest
track (via Honduras). The present lack of parasitism of
low elevation pines in Honduras, Cuba, Hispaniola, and
the southeastern United States indicates that this ancestral
species was either already adapted to high elevation hosts
or that, subsequent to speciation, the low elevation par-
asites became extinct. If A. hondurense is found to be
genetically similar to A. bicarinatum, this does not favor
one migration track over the other. That species would
simply be another relictual taxen derived from the orig-
inally widespread ancestor. Given the overall climatic
deterioration that took place in eastern North America
during the Oligocene, and the accompanying extinctions
(Tiffney, 1985), this ancestral mistletoe is likely now ex-
tinct. The isolated position of 4. bicarinatim on high
elevation pines of Hispaniola is indicative of a Tertiary
relic.

The morphological differences between A, pusiffum and
A. bicarinatum stand in contrast to their high level of
genetic similarity. High genetic variability as measured
by isozymes and increased substitution rate at the nuclear
ribosomal cistron suggests that A. pusillum is more ge-
notypically variable than is outwardly apparent from its
morphology. Sufficient diversity of pathogenicity genes
apparently exists to allow this species to colonize Larix
laricing, Pinus strobus, P. resinosa, and P. banksiana, in
addition to spruces (Picea mariana, P. glauca, and P.
rubens), its principal hosts (Hawksworth and Wiens, 1972).
It is hypothesized that 4. pusillum and A. bicarinatum
represent the morphologically divergent endpoints of lin-
eages that have been altered by quite different evolution-
ary forces. The above genetic data on the modern species
suggest that their ancestor likely possessed a large store
of potential genetic variation that was manifested follow-
ing diversifying selection. Increased fitness was attained
by the separate populations exploiting different environ-
ments and hosts. The reduction in shoot height, systemic
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broom formation, spring flowering, and short fruit mat-
uration time seen in A. pusillum may represent adapta-
tions to greater winter extremes, as.occurred in other
eastern North American plant species.

Subgenus Arceuthobinm —QOne of the most striking re-
sults of this study of ITS variation in Arcetuthobitm is the
extreme divergence of A. abietis-religiosaeand A. oxycedri
from the remaining sampled taxa. In addition, the se-
quences of these two members of subgenus Arceuthobium
are remarkably similar to each other. Subgenus Arceu-
thobium also showed a greater range of genetic variability
than subgenus Faginatausing isozyme markers (Nickrent,
in press). These results require a reexamination of con-
cepts regarding relationships among the three New World
members of subgenus Arceuthobium and their relation-
ships to the Old World species.

Arceuthobium americanum and A. verticilliflorum are
more closely related to each other than to any ather species
as shown by 100% bootstrap confidence for their clade.
This clade has more affinity with subgenus Vaginatim
than with A. abietis-religiosae and A. oxycedri, which in-
dicates a major divergence in the verticillately branched
group during their evolution in the New World. Subgenus
Vaginata was then apparently derived from an ancestor
shared with A. americanum and A. verticilliflorum. The
extreme divergence between A. abietis-religiosae/A. oxy-
cedri and the remaining species could also be interpreted
as evidence of separate migrations into the New World.
Further molecular work with Arceuthobium would greatly
benefit from the inclusion of additional Old World taxa,
ie., A. azoricum, A. chinense, A. juniperi-procerae, A.
minutissimum, A. pini, and A. tibetense.

With reference to the above findings on Arceuthobium
phylogenetic relationships, it is worth noting the obser-
vations made by Sytsma and Smith (1992) regarding con-
cordance or discordance between morphological and mo-
lecular divergence in Clarkia and Fuchsia. These authors
described four syndromes: 1) low morphological and mo-
lecular divergence; 2) high morphological and high DNA
divergence; 3) low morphological but high DNA diver-
gence; and 4) high morphological but low DNA diver-
gence. For the first syndrome, they give as an example
Clarkia ligulata and C. biloha, which is comparable to
Section Campylopoda in Arceuthobium. The second syn-
drome was illustrated by comparing Sections Myxocarpa
and Eucharidum of Clarkia or the Old World Section
Skinnera with New World sections. In Arceuthobium, the
most morphological and molecular divergence is seen
between the representatives of the two subgenera, Arceu-
thobium and Vaginata. The third syndrome can be dem-
onstrated by comparing Clarkia rostratq with C. lewisii
and C. cylindrica. In dwarf mistletoes, a low amount of
morphological divergence is seen between A. pendens and
A. guatemalense as compared with Series Campylopoda
species; however, DNA evidence indicates these two
groups are not closely related. Finally, the fourth syn-
drome can be seen in comparisons of Clarkia rostrata
and C. epilobioides, which differ in breeding system and
floral morphology but are genetically extremely similar,
For Arceuthobium, this syndrome is best shown by 4.
pusillum and A. bicarinatum or by A. douglasii and A.
divaricatum.
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TaBLe 3. Classification af Arceuthobium species used for [TS sequenc-
ing.
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Subgenus Arceuthobium Hawksw. & Wiens
Section Areeuthobium Nickrent [Sec. Nov.]
A. abietis-religiosae Heil
A. oxycedri (DC) M. Bieh.
Sectian Americana Nickrent [Sec. Nav.}
A. americanum Nutt. ex Engelm.
A. verticilfifforum Engelm.
Subgenus Vaginata Hawksw, & Wiens
Section Penda Nickrent [Sec. Nov.]
A. guatemalense Hawksw. & Wiens
A. penders Hawksw. & Wiens
Section Vaginata Hawksw, & Wiens
Series Globosa Nickrent [Ser. Nov.]
A. globosum subsp. globosum Hawksw. & Wiens
Series Rubra Hawksw, & Wiens
A. giflii Hawksw, & Wiens
A. nigrum (Hawksw. & Wiens) Hawksw. & Wiens
A. rubrunt Hawksw, & Wiens
Series Vaginaia Hawksw. & Wiens
A. durangense (Hawksw. & Wiens) Hawksw. & Wiens
A. strictim Hawksw. & Wiens
A. vaginatum (Wild.) Presk. subsp. vaginatum
A. vaginatum subsp. crypiopodum (Engelm.) H. & Wiens
Series Afinuta Hawksw. & Wiens
A. divaricatumt Engelm.
. A. douglasii Engelm.
Section Pusitfa Nickrent [Sec. Nov.]
A. bicarinatum Urban.
A. pusillum Peck.
Sectian Campylopoda Hawksw. & Wiens
A. abietinum (Engelm.) Hawksw, & Wiens £, sp. magnificae
A. apachecurn Hawksw. & Wiens
A. campyviopedum Engelm.
A. microcarpum (Engelm.) Hawksw. & Wiens

Summary of phylogenetic relationships—The division
of the genus into two subgenera (Arceuthobium and Vg-
ginata) is supported by analyses of all types of data. From
the ITS sequence data, the New World members of sub-
genus Arceuthobium comprise two groups. One species,
A. abietis-religiosae, is genetically very similar to the Old
World A. oxycedri. Both of these species are genetically
distinct from other New World members of the subgenus.
This high amount of genetic differentiation is also seen
between A. oxycedri and both A. verticilliflorum and A.
pendens when the more conservative 188 rDNA sequenc-
es are compared (Nickrent, in press). Subgenus Vaginata,
Section Vaginataincludes all the taxa previously classified
at this rank (e.g., A. durangense, A. gillii, A. globosum, A.
nigrum, and A. vaginatum) as well as several taxa pre-
viously placed in three series of Section Campylopoda
(i.e., A. divaricatum, A. rubrum, and A. strictum). As also
shown by isozyme analysis, A. globosum occupies a basal
position within the section. A relationship between A.
douglasii and A. pusillum is not supporied in either the
isozyme or the DNA analyses; therefore, Section Minuta
should be reformulated. These species represent different
endpoints of similar morphological grades. The associa-
tion of A. douglasii with A. divaricatum receives strong
support from isozyme and I'TS-1 sequence data, thus in-
dicating that these species share a common ancestor. A.
pusillum is genetically very similar to A. bicarinatum but
has attained a large number of morphological and phys-
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iological apomorphies, possibly as adaptations to colder
climates, These two taxa are likely survivors of an ancient
lineage whose most recent common ancestor became ex-
tinct during the Tertiary. Section Campylopoda now com-
prises 13 mainly U.S. species that show a high degree of
morphological and genetic similarity. Two additional seg-
regates of Section Campylopoda that are deserving of clas-
sification in a new Section (Penda) are the endemics A.
pendens and A. guatemalense, also likely Tertiary relicts.

Phylogenetic relationships in Arceuthobium have been
continually reexamined and reshaped following the in-
troduction of new evidence from morphology, life cycles,
isozyvmes, and now ITS sequences. By synthesizing the
existing information, a new classification for the dwarf
mistletoes examined in this study is proposed (Table 3).
An expanded classification encompassing all species of
Arceuthobium worldwide is given in Nickrent (in press).
These plants continue to present a challenge to system-
atists as do all parasites that follow reductional and/or
convergent evolutionary paths.
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