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Abstract Nearly 5.6 kb of noncoding chloroplast DNA
sequence was combined with 9.2 kb of previously pub-
lished sequence in addressing phylogenetic relationships
among Callitropsis, Xanthocyparis, and the New World
cypresses (Hesperocyparis; Cupressaceae). Maximum
likelihood and Bayesian analyses of aligned nucleotide
sequence and coded length mutations provide strong sup-
port for several relationships. These include a clade in
which Xanthocyparis and Callitropsis are successively
nested at the base of a monophyletic Hesperocyparis and
identification of H. bakeri as sister to the remaining
Hesperocyparis. Two principal clades are recovered within
Hesperocyparis; (1) the Arizonica group, which contains
taxa sometimes recognized as varieties of H. lusitanica,
H. guadalupensis, and H. arizonica, and (2) the Macro-
carpa group, which contains H. macrocarpa and H. go-
veniana and its allies. Our results are equivocal with
respect to placement of H. macnabiana, a morphologically
distinct species resolved as the sister group to either the
Macrocarpa or Arizonica group, depending on the data set
analyzed. We discover many instances in which taxa rec-
ognized as varieties or closely related species are placed in
disparate parts of the phylogeny. These include segregates
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of H. lusitanica, H. guadalupensis, and H. arizonica, all of
which are included in clades with other species. Despite
analyzing 14,799 bp of aligned sequence and 230 binary
characters, we find poor support for several relationships,
especially within the Arizonica group. These results sug-
gest recovery of well-supported relationships among the
closely related taxa of Hesperocyparis will require addi-
tional sources of evidence (e.g., morphological, biochem-
ical characters). Implications for morphological evolution
and taxonomic revision are discussed.
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Introduction

Hesperocyparis Bartel & R. A. Price (Cupressaceae) is a
group of 16 western-hemisphere species as defined by
Bartel (Adams et al. 2009). Most species occur in chaparral
or montane forests in the western US and northern Mexico
and are characterized by populations limited to well-
defined groves or “arboreal islands” (Bowers 1965, 1982).
The only exception is H. lusitanica, which commonly
occurred in narrow ecotonal forest “between fir forest and
cloud forest at 2,600 m” prior to deforestation in central
Mexico (Velazquez et al. 2000). Two California species,
H. abramsiana and H. goveniana, are listed by the US Fish
and Wildlife Service as endangered or threatened, respec-
tively, under the Endangered Species Act of 1973 (see
http://www.fws.gov/endangered/index.html). In his mono-
graph of the group, Wolf (1948a) recognized the New
World taxa as a segregate of Cupressus and noted that New

@ Springer



R. G. Terry et al.

and Old World species did not appear closely related.
Although cryptic in morphology, Hesperocyparis are dis-
tinguished from most eastern hemisphere species by the
number of cotyledons (3-5 vs. 2, respectively), two orders
of ultimate branching forming three-dimensional clusters
(as opposed to flat sprays), a generally glaucous seed coat,
and leaves of ultimate branch segments monomorphic
(Adams et al. 2009). Little (2006) noted that no single
morphological feature could reliably distinguish New and
Old World cypresses and stressed the importance of char-
acter suites in delimiting the two groups. In contrast,
molecular phylogenetic studies have found strong support
for a split between New and Old World taxa traditionally
assigned to Cupressus (Little et al. 2004; Xiang and Li
2005; Little 2006; Adams et al. 2009; Mao et al. 2010).
The taxonomic status of the New World cypresses
(NWC) and related taxa has been unstable, having been
particularly unsettled by a spate of studies published in the
last decade. Analysis of 54 morphological features placed
Xanthocyparis vietnamensis Farjon and T. H. Nguyen
and Chamaecyparis nootkatensis (D. Don) Spach in a pa-
raphyletic Cupressoideae, prompting the transfer of
C. nootkatensis to Xanthocyparis (Farjon et al. 2002).
X. vietnamensis is a recently described species from
northern Vietnam (Averyanov et al. 2002; Farjon et al. 2002),
while C. nootkatensis has been placed into one of four genera
(Chamaecyparis, Cupressus, Callitropsis, and Xanthocyp-
aris) by various authors (see Adams et al. 2009, Little et al.
2004; Debreczy et al. 2009 for discussions). Little et al.
(2004) corroborated the close phylogenetic relationship
between X, vietnamensis and X. nootkatensis and, citing
nomenclatural priority, transferred both species to Callitr-
opsis. A subsequent phylogenetic study placed Callitropsis
in a well-supported clade with the NWC, although a sister-
group relationship for X. vietnamensis and C. nootkatensis
was either unresolved or poorly supported (Little 2006).
Based on these findings, Little (2006) undertook what he
considered the most conservative revisionary approach,
combining all 16 New World Cupressus with X. viemam-
ensis and C. nootkatensis in an expanded Callitropsis and
restricting the Old World species to Cupressus. Another
option, recognizing both Xanthocyparis and Callitropsis as
monotypic genera and creating a new genus for the New
World species was not exercised, apparently in part
because a polytomy between Callitropsis and NWC was
interpreted to include the possibility that X. vietnamensis,
C. nootkatensis, or both might be placed within the NWC
clade in a more well-supported phylogeny (Little 2006).
However, as acknowledged by Little (2006), neither
Callitropsis nor Xanthocyparis ever nested within a con-
sistently recovered and well-supported NWC clade.
Collectively, these findings are consistent with placement
of X. vietnamensis and C. nootkatensis in a distinct genus
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(as suggested by Xiang and Li 2005) or recognition of each
as monotypic genera (as suggested by Debreczy et al. 2009;
see Adams et al. 2009 for a review).

Adams et al. (2009) further examined relationships
between X. vietnamensis, C. nootkatensis, and the Old and
New World cypresses using data from three nuclear DNA
gene regions (nfDNA ITS, 4-coumarate:CoA ligase, and
abscisic acid-insensitive 3 or ABI3) and the petN-psbM
intergenic spacer (IGS) from the chloroplast genome.
Results from neighbor-joining analysis of individual and
combined data sets were consistent with previous findings
in recognizing the New World and Old World cypresses as
distinct groups (Adams et al. 2009). However, none of the
analyses strongly supported a Callitropsis—Xanthocyparis
clade, and the abscisic acid-insensitive 3 and combined
data sets provided strong and moderate support respec-
tively for a group containing C. nootkatensis and the NWC
to the exclusion of X. vietnamensis. Based on these find-
ings, Adams et al. (2009) placed the 16 NWC species per
the monographic treatment of Wolf (1948a, b) in the new
genus Hesperocyparis Bartel & R. A. Price (Table 1).

Until recently, concepts of relationships within NWC
have been based largely on traditional taxonomic treat-
ments, most of which differ on the number of species and
infraspecific taxa recognized. The most comprehensive
treatment of the group is that of Wolf (1948a), who rec-
ognized 16 species and 2 subspecies (Table 1). In his study,
Wolf (1948a) also suggested a more reduced New World
Cupressus, which treated C. montana, C. nevadensis,
C. glabra, and C. stephensonii as subspecies of C. arizo-
nica (i.e., referred to as the C. arizonica complex and
treated as species of Hesperocyparis in this study), and
C. abramsiana, C. pigmaea, and C. sargentii as subspecies
of C. goveniana (i.e., the C. goveniana complex and treated
as species of Hesperocyparis herein). Little (1970) recog-
nized eight species and ten varieties, being largely con-
sistent with Wolf’s expanded concepts of C. arizonica and
C. goveniana, in addition to recognizing C. forbesii as a
variety of C. guadalupensis (Table 1). Most authors have
followed either Little’s (1970) or Wolf’s (1948a) treatment,
although some have recognized C. benthamii Endl. as a
variety of C. lusitanica (Silba 1981, 1982; Farjon 1998,
2005; but see Martinez 1947; Wolf 1948a).

Several recent studies have examined relationships
among NWC using molecular data. Based on results from
distance analysis of randomly amplified polymorphic
DNAs (RAPD:s), Bartel et al. (2003) suggested taxa rec-
ognized as subspecies or varieties sensu Little (1970) be
treated as distinct species. These included varieties glabra,
montana, and stephensonii of the C. arizonica complex,
C. guadalupensis var. forbesii, C. lusitanica var. benthamii,
and varieties pigmaea and abramsiana of the C. goveniana
complex. Moreover, an unexpectedly close relationship
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Table 1 Species and varietal epithets used in taxonomic treatments of New World cypresses referenced in the text

(Wolf 1948a, b) Little (1970)

Bartel in Adams et al. (2009)

Abramsiana Goveniana var. abramsiana Abramsiana
Arizonica Arizonica var. arizonica Arizonica
Bakeri var. bakeri (typica) Bakeri Bakeri

Bakeri var. matthewsii (Included in species) (Included in species)
Benthamii® (= Lusitanica) Benthamii
Forbesii Guadalupensis var. forbesii Forbesii
Glabra Arizonica var. glabra Glabra
Goveniana Goveniana var. goveniana Goveniana
Guadalupensis Guadalupensis var. guadalupensis Guadalupensis
Lindleyi® Lusitanica (includes benthamii) Lusitanica
Macnabiana Macnabiana Macnabiana
Macrocarpa Macrocarpa Macrocarpa
Montana Arizonica var. montana Montana
Nevadensis Arizonica var. nevadensis Nevadensis
Sygmaea Goveniana var. pigmaea Pygmaea
Sargentii Sargentii Sargentii
Stephensonii Arizonica var. stephensonii Stephensonii

2 Although throughout most of Wolf’s (1948a) treatment he used lusitanica for a broadly delineated Mexican cypress, Wolf (1948b) concedes in
an epilogue to his monograph to accept Martinez’ (1947) recognition of benthamii and lindleyi in lieu of lusitanica

between C. goveniana var. pigmaea and C. sargentii was
recovered, as well as relationships confirming varieties
nevadensis and montana as members of the C. arizonica
complex. Little et al. (2004) used molecular, morphologi-
cal, and biochemical data to examine phylogenetic rela-
tionships among Cupressoideac. Six NWC species and
both species of Xanthocyparis (X. vietnamensis and
X. nootkatensis sensu Farjon et al. 2002) were sampled as
part of this study. Analysis of nuclear ribosomal ITS data
provided strong support for Xanthocyparis, NWC, and
Xanthocyparis + NWC, although Xanthocyparis collapsed
to a polytomy in the combined analysis. Branch support
was weak for relationships within the NWC for both the
molecular and combined data (Little et al. 2004). Little
(2006) expanded Little et al. (2004) by sampling additional
molecular and organismic characters and by including all
NWC. Maximum parsimony (MP) analysis of chloroplast
DNA (cpDNA) sequences, nuclear DNA sequences (nrITS
and NEEDLY intron 2), and combined molecular and
organismic data provided strong support for a Xanthocyp-
aris—Callitropsis-NWC clade and a monophyletic NWC.
Only nrITS identified a Xanthocyparis + Callitropsis
clade as sister to NWC, but with weak branch support. The
cpDNA and combined data provided strong support for
NWC sensu stricto (NWC excluding H. bakeri), while the
nrITS and NEEDLY data provided weak support for or did
not resolve this clade, respectively. Only in a very few
instances were strongly supported relationships within
NWC recovered (see Little 2006). Collectively, these

findings place Xanthocyparis and Callitropsis, either as a
clade (rarely) or as successively diverging taxa (usually), at
the base of a well supported NWC, and suggest that
H. bakeri may be sister to the remaining NWC, but provide
little resolution of relationships among most of the NWC,
Finally, in a study of phylogenetic relationships within
Juniperus, Mao et al. (2010) included 12 NWC plus Xan-
thocyparis and Callitropsis. Bayesian and MP analysis of
nine cpDNA regions successively nested X. vietnamensis
and C. nootkatensis at the base of a well-supported NWC
clade and identified H. bakeri as sister to a well-supported
Hesperocyparis sensu stricto. Two well-supported clades
were identified within NWC sensu stricto: one containing
H. lusitanica, H. forbesii, and H. arizonica plus all of its
sampled varieties, and the other containing H. macnabiana,
H. macrocarpa, and H. goveniana plus sampled varieties
sensu Little (1970).

In this study new data from seven noncoding chloroplast
DNA regions was combined with published sequences of
nuclear and other chloroplast (coding and non-coding)
DNA regions to: (1) obtain well-supported relationships
among NWC, (2) test the monophyly of existing taxonomic
groupings (e.g., the C. arizonica and C. goveniana com-
plexes (Little 1970; Wolf 1948a), (3) compare morpho-
logically based concepts of relationships (sensu Wolf
1948a) with the molecular phylogeny in exploring impli-
cations for taxonomic revision of Hesperocyparis, and (4)
identify the sister group to NWC, i.e., is C. nootkatensis or
a C. nootkatensis + X. vietnamensis clade sister to NWC?
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Materials and methods
Plant material

Single accessions of all 16 NWC species (Hesperocyparis
sensu Adams et al. 2009), 3 species of Cupressus (Old
World cypresses or OWC), 3 species of Juniperus, and
the monotypic Xanthocyparis and Callitropsis were
included in the present study (Table 2). For nucleic acid
extraction, approximately 1 g (fresh weight) of leaf tissue
was placed in 20 g of activated silica gel in the field and
subsequently stored at —20 °C in the laboratory. Voucher
specimens are deposited at BAYLU and LAMU,
respectively.

DNA extraction, PCR amplification, and DNA
sequencing

Total genomic DNA was extracted from 0.020 g of silica
dried leaf tissue using a DNeasy Plant Mini Kit according
to the manufacturer’s instructions (Qiagen, Valencia, CA,
USA). The chloroplast regions trnS—trnG IGS and the trnG
intron were amplified as a contiguous fragment using ter-
minal primers tnS°Y and 3'trnGYUC of Shaw et al.
(2005). The trnC—trnD IGS was amplified using primers
CDI10F and CD3R of Adams (2007). The psbD-trnT IGS,
trnT—trnD IGS, ycf3—psaA 1GS, and the second intron of
ycf3 were amplified as contiguous fragments using primers
designed for this study. Sequences for terminal primers
used in amplification and sequencing as well as internal
primers used in sequencing larger templates (i.e., the trnS—
trnG and ycf3-psaA spacers) are given in Table 3. PCR
was performed in 50-pl volumes containing 1 pM of each
primer, 0.2 mM of dNTP mix, and 1.25 U of TAQ poly-
merase. Magnesium chloride concentrations and annealing
temperatures were optimized for each PCR primer pair
(Table 3). Thermal cycling protocols for all amplifications
excluding trnS—trnG were as follows: 94 °C for 5 min,
followed by 30 cycles of 94 °C for 1 min, 2 min at the
optimized annealing temperature, and 72 °C for 2 min,
followed by 72 °C for 7 min. Thermal cycling conditions
for the trnS—-trnG IGS were according to protocol 1 of
Shaw et al. (2005). All PCR was performed using GoTAQ
Core System I polymerase and reagents (Promega Corp.,
Madison, WI, USA).

PCR products were microconcentrated, electrophoresed
in 1 % agarose gels containing 1 pg/ml ethidium bromide,
and visualized under UV illumination. Sequencing tem-
plates were excised in agarose, column purified according
to the manufacturer’s protocol (Wizard SV Gel and PCR
Clean-Up System, Promega Corp., Madison, WI, USA),
and sequenced using v.3.1 Big Dye Terminators (Applied
Biosystems, Foster City, CA, USA) on an ABI 310 Genetic
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Analyzer or an ABI 3730 DNA Sequencer (MCLAB Inc,,
San Francisco, CA, USA).

Phylogenetic analysis

A total of 5,598 bp of unambiguously aligned sequence
from Xanthocyparis, Callitropsis, all species of Hespero-
cyparis, and six outgroups were newly obtained in this
study. All sequences are from chloroplast noncoding
regions, including 4,091 bp from five IGSs and 1,507 bp
from two introns. Sequences were obtained for all taxa by
gene region combinations targeted in this study, except for
the trnS—trnG 1GS and tmG intron for H. macrocarpa and
the trnD~trnT 1GS for C. atlantica, which did not amplify
successfully using the primer combinations and amplifi-
cation conditions described. A summary of results from the
seven chloroplast noncoding regions is provided in
Table 4. Uncorrected pair-wise distances between taxa
were calculated using PAUP*v.4.0b10 (Swofford 2002).

Sequence alignments were performed using ClustalW
(Thompson et al. 1994; Kyoto University Bioinformatics
Center, Kyoto, Japan) and refined manually using Seq-Al
v.2.0a9 (Rambaut 2002). Gaps shared by two or more taxa
were scored as binary characters using simple indel coding
(Simmons and Ochoterena 2000) implemented in SeqState
v.1.4.1 (Miiller 2005, 2006). Sequences were readily
aligned by inserting gaps usually of a few nucleotides in
length. Some of the larger length mutations included an
80-bp indel in the psbD-trnT IGS distinguishing Juniperus
from all other taxa, a 24-bp indel in the psbD-trnT 1GS
distinguishing J. grandis and J. osteosperma from all other
taxa, a 24-bp indel in the trnT-trnD IGS distinguishing
species of Hesperocyparis sensu stricto (Hesperocyparis
excluding H. bakeri) from all other taxa, a 23-bp indel in
the trnT—trnD IGS distinguishing species of the Macro-
carpa group of Hesperocyparis from all other taxa, and
indels of 63 and 31 bp in the ycf3—psaA IGS distinguishing
Cupressus and Juniperus respectively from all other taxa.
All nucleotides were included in the final alignment
excluding 101 positions within the trnS—trnG IGS that
could not be aligned unambiguously.

Combining data from this study with chloroplast and
nuclear sequences from GenBank produced 14,799 bp of
aligned sequence and 230 binary characters. The matrix
included sequences from 12 noncoding chloroplast regions
(9 IGSs and 3 introns), 2 chloroplast genes (rbcl. and
psbB), and 2 nuclear genes (nrITS and NEEDLY intron 2).
Sequences not available in GenBank for taxa included here
were scored as missing. These included trnK-matK, rbcL.,
trnL—trnF, nrITS, and NEEDLY sequences for J. grandis,
and the rps4-trnS, psbB, petB-petD, and tmV intron
sequences for J. grandis, C. dupreziana, H. benthamii, H.
guadalupensis, H. nevadensis, and H. pigmaea (Table 2).
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Table 3 Primers used for amplification and sequencing in this study

Region Reference Primer Sequence (5'-3) Annealing [MgClL,)"
temp (°C)"
trnS—trnG Shaw et al. (2005) trnS(F) AGATAGGGATTCGAACCCTCGGT 66 1.5
Shaw et al. (2005) 3'trnG(R) GTAGCGGGAATCGAACCCGCATC 66
This study trmS1(F) TCTGTCATAAAGAAAAACTAATTCCAA
Shaw et al. (2005) 5'trnG2G(F) GCGGGTATAGTTTAGTGGTAAAA
yef3-psaA This study y¢f3-903F CCATGCGACCGGAAATTGACCCCT 53 2.0
This Study psaA(R) ATGATCTTTACTTCTGGTTCCGGTGA 53
This study ycf3-1843F GCTCCAAGCAATTATATCGAAGCACA
This study ycf3-1843R TGTGCTTCGATATAATTGCTTGGAGC
psbD—trnT This study psbD(F) GCAAAATAAGCACAAGGAAAAA 475 30
This study trT(R) GTAAGGCGTAAGTCATCGGTTC 475
trnT-trnD This study trnT(F) GAACCGATGACTTACGCCTTAC 50 1.5
This study tmD(R) CTTGACAGGGCGGTACTCTAAC 50
trnC—trnD Adams (2007) CDIOF AAAGAGAGGGATTCGTATGGA 50 35
Adams (2007) CD3R AACGAAGCGAAAATCAATCA 50
2 Annealing temperatures are given for terminal primer pairs used in PCR
® Concentrations are in mM
Table 4 Summary of results from seven noncoding plastid regions sequenced in this study
Data summary tnS—trnG  tmmG Intron trmC—~trmD psbD—trnT trnT—tmD  ycf3 Intron 2 y¢f3-psaA
Unaligned length (bp) 785-943 631-641 786-844 914-975 634688 856864 482-544
Aligned length (bp) 869 641 856 995 800 866 571
Excluded sites (bp) 101 0 0 0 0 0 0
Uncorrected pairwise distances® 0-0.012 0-0.013 0-0.016 0-0.023 0-0.011 0-0.005 0-0.017
No. gaps scored 23 5 20 24 20 6 20
No. accessions not sequenced (of 24) 1 1 0 0 1 0 0

* Distances are for ingroup taxa only

All together, about 9.4 % of the aligned sequence was
scored as missing. Of the missing binary data, about 4.9 %
was due to missing sequence in the alignment, with the
remainder attributable to indels completely overlapped by
longer length mutations and scored as inapplicable in
simple indel coding (Simmons and Ochoterena 2000). Of
the sequences from GenBank, 13 were from taxa of the
same collection as presented here (5 from X. vietnamensis,
5 from H. lusitanica, and 3 from C. sempervirens). All
other sequences published here are from collection num-
bers unique to this study. All sequences from this study
have been deposited in GenBank (Table 2). A data matrix
of aligned nucleotides and binary characters and associated
trees is available in TreeBase (http://purl.org/phylo/
treebase/phylows/study/TB2:S12614).

Phylogenetic incongruence between the chloroplast and
nuclear data sets was assessed by performing individual
Bayesian analyses on aligned sequences without binary
characters. Trees resulting from analyses of the *“all-

chloroplast” versus “all-nuclear” data sets were compared
for differences in clades having posterior probabilities (PP)
greater than 0.90. Because well-supported (PP > 0.90)
differences were not observed in trees resulting from the
two individual analyses, we combined the nuclear and
chloroplast data sets into a concatenated matrix, which was
then analyzed under maximum likelihood and Bayesian
methods, both with and without gaps.

Maximum likelihood (ML) analyses were performed
with raxmIGUI (Stamatakis 2006; Silvestro and Michalak
2011) under the GTR + G (general time reversible with
gamma distributed rates) model. Trees were generated in
each run by swapping on parsimony-generated starting
trees randomized by stepwise addition of taxa with the data
partitioned by gene region and branch lengths on the best
tree optimized on a per partition basis. In an initial anal-
ysis, 500 replicates of ML analysis were performed using
the “ML search” command in RAXxML. This analysis
produced a single best tree as well as 500 trees from which
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a majority-rule consensus tree was constructed. Support for
clades was assessed by non-parametric bootstrap (Felsen-
stein 1985) in RAXML using the ML + thorough bootstrap
option and 1,000 bootstrap replicates.

Bayesian analyses were performed using MrBayes 3.2.1
(Ronquist and Huelsenbeck 2003). Best-fit evolutionary
models were estimated for individual gene regions using
the Akaike information criterion (AIC) implemented in the
software jModelTest v.0.0.1 (Posada 2008; Guindon and
Gascuel 2003) using the default settings for likelihood
calculations and the uncorrected AIC. Based on results
from jModelTest, the 16 gene regions included here were
assigned to one of five models in the Bayesian analyses;
JC + G (trnG intron), K80 (psbB), K80 + G (rbcL), GTR
(trnL—trnF, psbD—trn'T, NEEDLY intron 2, trnV intron, and
ycf3 intron 2), and GTR + G (nrITS, trnK—matK, trnS—
trnG, petB-petD, trnC—trnD, rps4—trnS, trnT-tmD, and
psaA-ycf3). We performed a heterogeneous Bayesian
analysis in which each gene was allowed to evolve under
its own substitution model by partitioning the data set by
gene region, and unlinking the model parameter for each
partition. The overall rate of substitution was also allowed
to vary among partitions by using the rate multiplier option
“prset rate = variable” in MrBayes. For the gap partition,
we used the restriction site model with gamma variation in
rates and the ascertainment coding bias set to variable, as
recommended in the MrBayes manual (http:/mrbayes.
sourceforge.net/mb3.2manual.pdf).

For the Bayesian analysis, two independent runs of four
Metropolis coupled chains each were run from different
random trees for 5 million generations, sampling every
1,000th generation. In each run, three chains were heated
using a temperature of 0.2 with one swap between chains
every generation. The burnin fraction was enforced to 0.2
using the “relburnin” command, resulting in the first 1,000 of
5,000 trees being discarded, and the remaining trees (4,000)
pooled to construct the posterior distribution of the phylog-
eny. A 50 % majority-rule consensus tree was generated from
the pooled trees using the “contype = halfcompat” com-
mand. Convergence and mixing were assessed by examining
plots of likelihood values against chain generation over the
course of the run and by monitoring the standard deviation of
split frequencies among runs in MrBayes.

Previous studies are equivocal with respect to the sister
group of the Xanthocyparis + Callitropsis + NWC clade.
Juniperus is most often resolved as the sister group (Little
et al. 2004; Little 2006; Adams et al. 2009), but sometimes
a Juniperus-Old World cypress clade (Little 2006) or less
often the OWC alone (Adams et al. 2009), depending on
the data set and method of analysis. In this study, ML
analyses were rooted using as outgroup three species each
of Juniperus and Cupressus, while Bayesian trees were
rooted with J. occidentalis.
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Results

No significant phylogenetic incongruence was found
between the individual Bayesian analyses of the nuclear
and chloroplast data sets (results not shown). The only
difference between the two consensus trees was found in
the position of H. goveniana, H. nevadensis, H. sargentii,
and H. macnabiana, which were included in the Arizonica
group in the nuclear data set and in the Macrocarpa group
in the chloroplast and combined (nuclear + chloroplast)
data sets. However, none of the clades in the nuclear
consensus tree have PP > 0.81, and many relationships
were unresolved. The consensus tree of the chloroplast data
set was topologically very similar to that of the combined
data set with respect to clades with PP > 0.90, but in
general the combined data set showed better resolution and
higher PP values (>0.98).

For the combined data set, maximum likelihood and
Bayesian analyses excluding gaps produced topologically
identical trees. Results from the ML analysis of combined
data (excluding gaps) are presented in Fig. 1. The best
tree from 500 ML replicates is presented, which has the
same topology as the 50 % majority-rule tree of the
individual replicates. The maximum likelihood tree pro-
vides strong support for several clades including the
ingroup (Xanthocyparis, Callitropsis, and Hesperocyparis),
Hesperocyparis, and Hesperocyparis sensu stricto (Fig. 1).
Xanthocyparis and Callitropsis are successively nested at
the base of Hesperocyparis, and H. bakeri is recovered as
the first lineage within the genus. Two main groups within
Hesperocyparis are recovered; one (the Arizonica group)
with strong support (bootstrap = 99), and the other
(the Macrocarpa group) with moderate support (boot-
strap = 84). Several relationships within these two clades
are weakly supported (bootstrap value <70 %) or unre-
solved in the ML tree. Exceptions include the H. nevaden-
sis—H. sargentii and H. macrocarpa—H. pigmaea clades,
which are moderately supported with bootstrap values of
83 and 79, respectively.

The 50 % majority-rule consensus tree from Bayesian
analysis of the combined chloroplast and nuclear data
including gaps is presented in Fig. 2. The topology of the
Bayesian tree is similar to that of the ML tree with most
clades supported by PP > 0.95 (Figs. 1, 2). Relationships
unique to the Bayesian tree include recovery of H. macn-
abiana as sister to the Arizonica group (PP = 0.81), and a
sister group relationship between the H. abramsiana—
H. goveniana and H. nevadensis—H. sargentii clades within
the Macrocarpa group (PP = 1.0; Fig. 2). The Bayesian
tree also resolves a three-species polytomy (includes
H. glabra, H. guadalupensis, and H. forbesii) present in the
ML tree, but provides weak support (PP = 0.80) for a
H. forbesii—H. glabra clade within this group (Fig. 2).
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Discussion
Congruence with previous studies and unique findings

We report findings from an integrative analysis of nearly
14.8 kb of aligned DNA sequence and coded length
mutations in examining phylogenetic relationships among
Xanthocyparis, Callitropsis, and the NWC. Results pre-
sented here corroborate many of those from previous
phylogenetic studies of the group, including strong support
for a Xanthocyparis—Callitropsis—Hesperocyparis clade,
strong support for a monophyletic Hesperocyparis, and
identification of H. bakeri as the first lineage in the genus.
However, previous studies found little support for rela-
tionships within Hesperocyparis sensu stricto (Little 2006).
Here, we find moderate to strong support for division of
Hesperocyparis into two major clades (the Arizonica and
Macrocarpa groups), resolution of a clade of four species
(H. glabra, H. guadalupensis, H. forbesii, and H. ste-
phensonii) within the Arizonica group, recovery of
H. benthamii and H. montana as sister taxa, as well as
recovery of H. macrocarpa—H. pigmaea and H. nevaden-
sis-H. sargentii clades within the Macrocarpa group
(Figs. 1, 2).

Placement of Xanthocyparis and Callitropsis

Like previous studies, this study finds strong support for a
clade containing Xanthocyparis, Callitropsis and Hesp-
erocyparis (Adams et al. 2009; Little 2006; Little et al.
2004; Figs. 1, 2). However, and like nearly all previous
phylogenetic studies based on molecular data alone
(Adams et al. 2009; Little 2006), we find no support for the
monophyly of Xanthocyparis + Callitropsis. The only
exceptions are the nrITS and 4-coumarate CoA ligase data
of Adams et al. (2009), both of which supported the
monophyly of Xanthocyparis + Callitropsis with bootstrap
values of 75 and 31, respectively. In an analysis combining
molecular and organismal data, Little et al. (2004) identi-
fied two morphological features that potentially support the
relationship; primarily apically distributed ultimate bran-
ches and externally dimorphic mature leaves. However,
using combined molecular and organismal data and
increased sampling of both types of characters, Little
(2006) found no support for the clade in the strict con-
sensus of 12 most-parsimonious trees. Unlike molecular
data, analyses of morphological data alone have sometimes
supported Callitropsis and Xanthocyparis as sister taxa,
depending on the data set and method of analysis. Farjon
et al. (2002) analyzed 54 morphological characters in
placing C. nootkatensis with X. vietnamensis in Xantho-
cyparis, a revision that was not supported by phenetic
analysis of epidermal features (Xiang and Farjon 2003).
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Parsimony analysis of the epidermal features of Xiang and
Farjon (2003) resulted in a completely unresolved con-
sensus tree (unpublished data of Little et al. 2004). Both
species were later transferred to Callitropsis based on
nomenclatural priority and results from analysis of com-
bined molecular and organismal data (Little et al. 2004).
Considering habitat preferences and the disjunct geo-
graphic distributions of these species (i.e., C. nootkatensis
occupies coastal environments in western North America,
and X. vietnamensis is found on limestone substrates in
northern Vietnam), the distinct leaf and ovulate cone scale
characteristics of each (Little 2006), and the lack of support

for a sister relationship by molecular data (Figs. 1, 2), we_

concur with Mj i 2006) that Xanthocyparis be
conserved against jtropsis. However, we distinguish
between the distinctiveness of Xanthocyparis and Callitr-
opsis and clear identification of the sister group of Hesp-
erocyparis. Thus, although we find strong support for the
monophyly of Xanthocyparis + Callitropsis + Hespero-
cyparis, support for Callitropsis + Hesperocyparis is weak
in the ML tree (bootstrap value of 78; Fig. 1), but more
strongly supported by Bayesian analysis (PP = 1.0;
Fig. 2). Similarly, Adams et al. (2009) recovered the same
topology as presented here with respect to placements of
Xanthocyparis, Callitropsis, and Hesperocyparis, with a
bootstrap support value of 80 for the Callitrop-
sis + Hesperocyparis clade. Long branches support Xan-
thocyparis, Callitropsis, and Hesperocyparis (Figs. 1, 2;
also see Little 2006), and examining the possible effects of
long branch attraction on the inferred relationships among
these genera may be informative.

H. bakeri is sister to the remainder of Hesperocyparis

Like all previous phylogenetic studies including NWC
(Mao et al. 2010; Adams et al. 2009; Little 2006; Little
et al. 2004), results presented here strongly support a
monophyletic Hesperocyparis and, for those studies in
which the species was included (Mao et al. 2010; Little
2006), identify H. bakeri as the sister group to the
remaining Hesperocyparis. H. bakeri was first described by
Jepson (1910) as a species of Cupressus, but several
authors subsequently placed it in synonymy with C. macn-
abiana (Sudworth 1927; Abrams 1923; Jepson 1923; Sar-
gent 1922). Later treatments followed Jepson (1910) in
recognizing the distinctiveness of the species (Little 1953,
1966, 1970; Wolf 1948a). Distinguishing features of
H. bakeri include slender (<1.3 mm in diameter) branches,
narrow, open crowns, and small (10-20 mm in diameter)
ovulate cones (Wolf 1948a). Wolf (1948a) suggested a
close relationship between what is now H. bakeri and
species of the C. arizonica species complex (H. arizonica,
H. glabra, H. montana, H. stephensonii, and particularly,
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H. nevadensis sensu Bartel in Adams et al. 2009). Features
uniting these species in the treatment of Wolf (1948a)
include active adaxial leaf glands, branchlets more or less
evenly or irregularly disposed around branches, and exfoli-
ating brown to cherry-red bark. Little (2006) discovered
three morphological characters autapomorphic for H. bakeri:
non-fibrous bark, bark exfoliating in irregular plates, and
marginal leaf band constricted at the apex. The bark char-
acters were found homoplasious and apomorphic for three
species of the C. arizonica complex (C. montana, C. glabra,
and C. stephensonii). The occurrence of species traditionally
assigned to the C. arizonica complex in widely divergent
clades (Figs. 1, 2)in this study is consistent with the findings
of Little (2006) in supporting homoplasy in many characters
shared between H. bakeri and species of the C. arizonica
complex. In addition, the distribution of character states in
outgroup taxa (e.g., Juniperus) suggests taxonomically
important characters linking H. bakeri and the C. arizonica
complex, as well as many of those used in Hesperocyparis
taxonomy in general, may be symplesiomorphic.

The Arizonica and Macrocarpa groups

Two major clades were recovered within Hesperocyparis
sensu stricto, the Arizonica and Macrocarpa groups
(Figs. 1, 2). The Arizonica group contains taxa sometimes
recognized as varieties of H. lusitanica (Farjon 1998; Silba
1981, 1982), H. guadalupensis (Little 1953, 1970; Sud-
worth 1927; Sargent 1922) and H. arizonica (i.e., the
C. arizonica complex of Little 1970; Table 1). The Mac-
rocarpa group contains H. macrocarpa and H. goveniana
and its allies (i.e., the C. goveniana complex of Little 1970;
see Wolf 1948a for discussion; Figs. 1, 2). Although we
have sampled more taxa here, this finding is congruent with
that of Mao et al. (2010), who recovered taxonomically less
inclusive versions of both clades with moderate support
(i.e., MP bootstrap values of 87 and 86). No single char-
acter important in Hesperocyparis taxonomy is diagnostic
for the Arizonica group. All except for H. lusitanica and
H. benthamii have cherry red or mahogany brown exfoli-
ating bark, and all the C. arizonica complex members have
exudating adaxial leaf glands (Wolf 1948a). In contrast, all
members of the Macrocarpa group are characterized by
fibrous gray bark, and all but H. nevadensis have inactive
adaxial leaf glands and coastal distributions (Griffin and
Critchfield 1972; Wolf 1948a).

Our results are equivocal with respect to placement of
H. macnabiana, which is resolved with weak support as
sister to either the Macrocarpa or Arizonica groups in ML
and Bayesian analyses, respectively, depending on the data
set analyzed (see “Results”; Figs. 1, 2). H. macnabiana has
branchlets arranged in planar sprays, a distinctive feature
apparently originating in New World (H. macnabiana and

H. benthamii) and Old World (C. funebris) taxa conver-
gently. In addition, H. macnabiana “has foliage [that] is very
fragrant, perhaps more so than any other species of North
America” (Wolf 1948a). Wolf (1948a) noted characters
suggesting affiliation with both the C. goveniana (gray bark
of fibrous texture that is non-exfoliating) and C. arizonica
(dorsal leaf glands that actively secrete) complexes in sug-
gesting H. macnabiana was not closely related to any other
North American cypress.

None of the relationships recovered from within the
Arizonica group are completely consistent with any of the
traditionally held infraspecific concepts of H. lusitanica,
H. guadalupensis, and H. arizonica, with clades often
containing one or more members of the C. arizonica
complex and varieties of either H. lusitanica or H. guada-
lupensis (Figs. 1, 2). For example, we identify a clade of
four species (H. stephensonii, H. guadalupensis, H. glabra,
and H. forbesii) recognized as varieties of C. arizonica and
C. guadalupensis (Figs. 1, 2). Support for this lineage is
weak (bootstrap value <50 %; Fig. 1) in the ML tree but
stronger in the Bayesian tree (PP = (0.98; Fig. 2). Little
(2006) recovered the same clade in an analysis of com-
bined molecular and organismal data and identified two
synapomorphic characters for the group; orange-red inner
bark and the presence of nootkatinol, a secondary metab-
olite derived from tropone (Fujita et al. 2000). In addition,
all species of the clade have smooth exfoliating bark, and
all except H. forbesii have conspicuous adaxial leaf glands
(Wolf 1948a). Similarly, we recovered a clade containing
two species (H. benthamii and H. montana) recognized as
varieties of C. arizonica and C. lusitanica (Figs. 1, 2). Both
H. benthamii and H. montana have ovulate cones that open
and release seed immediately upon maturation, a character
rare in the NWC (Wolf 1948a).

We recovered moderate to strong support for a group of
six species (H. macrocarpa, H. abramsiana, H. nevadensis,
H. sargentii, H. goveniana, and H. pigmaea) herein called
the Macrocarpa group (Figs. 1, 2). Five of these six species
(excluding H. nevadensis) form a morphologically coher-
ent group in Wolf’s treatment (Wolf 1948a; see pgs.
50-51), and four (H. abramsiana, H. sargentii, H. goveni-
ana, and H. pigmaea) comprise Wolf’s (1948a) C. goveni-
ana complex. Members of the group share a number of
distinctive features including gray fibrous bark that is non-
foliating, as well as the absence of active dorsal leaf glands
(H. sargentii has dorsal glands that are infrequently active
per Wolf 1948a). Morphologically, the discordant member
of the clade is H. nevadensis, a species traditionally
included in the C. arizonica complex (Little 1966, 1970;
Silba 1981). Wolf (1948a) noted H. nevadensis as “inter-
esting” in citing characters that linked it to the C. arizonica
(active dorsal leaf glands) and C. goveniana (bark of main
axis gray and non-exfoliating) complexes. Although
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distance analysis of RAPDs included H. nevadensis with
other members of the C. arizonica complex, this group was
resolved as sister to a clade consisting exclusively of C.
goveniana complex species (Bartel et al. 2003).

Our findings resolve the six species of the Macrocarpa
group into three clades of two species each (Figs. 1, 2).
Support for these clades is weak to moderate in the
ML tree, with bootstrap values of 52 (H. goveniana—
H. abramsiana), 79 (H. macrocarpa—H. pigmaea), and 83
(H. nevadensis—H. sargentii), but each is strongly sup-
ported by Bayesian analyses (PP = 1.0). Relationships
among the three clades are equivocal, with the H. goveni-
ana-H. abramsiana clade being more closely related to
each of the other two clades depending on the data set
analyzed (Figs. 1, 2). Some authors (Silba 1981; Little
1970) recognize H. abramsiana and H. pigmaea as varie-
ties of H. goveniana, and maximum likelihood analysis of
nucleotides sequences alone places these three taxa in a
clade with H. macrocarpa (Fig. 1). Wolf (1948a) conceded
that few if any features warrant species recognition of
H. abramsiana, and stated that this species along with
H. pigmaea and H. sargentii could be recognized as sub-
species of H. goveniana in broader concepts of the group.
Bayesian analysis of combined nucleotides sequences and
binary data group these three taxa with H. nevadensis
(Fig. 2). The morphological intermediacy of H. abramsi-
ana to that of H. sargentii and H. goveniana has been
marshaled in support of interspecific hybridization in the
group (Zavarin et al. 1971; McMillan 1952; Wolf 1948a)
and, if corroborated, would further substantiate the appar-
ent close relationship of these species.

With respect to the Macrocarpa group, perhaps the most
noteworthy finding is the recovery of a H. macrocarpa—
H. pigmaea as sister taxa (Figs. 1, 2). Wolf (1948a)
described C. macrocarpa as “the outstanding large-sized
member of a group of species including C. abramsiana,
C. goveniana, and C. pigmaea” and noted similarities in
growth habit in support of a close relationship between
H. macrocarpa and the larger specimens of H. pigmaea.
Other than general growth habit (not including crown
architecture; see Wolf 1948a), there are few if any mor-
phological features putatively synapomorphic for the
H. macrocarpa—H. pigmaea clade. Little (2006) obtained a
sister-group relationship for H. macrocarpa and H. pig-
maea is his analysis of sequences from three chloroplast
regions, but did not recover this association in analyses of
the combined molecular-organismic data.

Taxonomic implications
Most NWC species consist of a few scattered, relictual,

localized populations (Bartel, pers. observ.; Barbour 2007;
Rehfeldt 1997; Brown 1982). This appears to be a
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consequence of adaptation to local conditions (e.g., fire
frequency, edaphic characteristics) and long-term selective
forces (e.g., decreasing minimum temperatures and
increasing aridity: Barbour 2007; Brown 1982) and has
resulted in varying degrees of population differentiation
over evolutionary time (Rehfeldt 1997; Wolf 1948a, b).
One consequence has been differences in opinion with
respect to whether particular variants should be recognized
taxonomically, and if so, the rank at which they should
recognized. Indeed, for the same number of NWC entities,
5 species and no varieties (Little 1953), 8 species and 10
varieties (Little 1970), and 16 species, 2 subspecies, and no
varieties (Wolf 1948a, b) have been recognized. Despite
analyzing 14,799 bp of aligned sequence and 230 binary
characters in the combined data set, we find poor support
for several relationships, especially within the Arizonica
group of Hesperocyparis (Figs. 1, 2). These results suggest
recovery of well-supported relationships among the closely
related taxa of Hesperocyparis will require a great deal of
comparative data. Thus, divergence in chloroplast
sequences appears to parallel the limited morphological
divergence that characterizes Hesperocyparis. Although
we are hesitant to cite lack of evidence in support of any
particular contention, these findings substantiate recogni-
tion of fewer species and perhaps more infraspecific taxa
within the genus, an approach many students of the group
have adopted (Farjon 2005; Silba 1981; Little 1953, 1970).
Although several relationships presented here are well
supported, especially in the Bayesian tree (Fig. 2), and
many others are consistent with those of previous studies,
many infrageneric relationships are previously unreported,
supported by molecular data only, and are partly or entirely
inconsistent with traditional taxonomic treatments. This
observation appears attributable to the complex interplay of
several factors including poor genetic differentiation of
species, the use of symplesiomorphic characters in taxo-
nomic treatments, lack of synapomorphic morphological
characters for clades well supported in the molecular
phylogeny, lack of resolution in the molecular phylogeny,
homoplasy in the molecular and morphological data, and
actual discordance among phylogenetic and taxonomic
groupings. To the extent that the goal of taxonomy is the
description and identification of taxa with minimal effort,
results presented here have little implication for revision of
taxonomic treatments created with that goal in mind,
especially given our current understanding of morpholog-
ical variation in the genus. However, this study is an
important addition to the growing cypress systematics lit-
erature in that it (1) evidences heretofore unsuspected
relationships in Hesperocyparis, (2) provides the most
robust framework to date for interpreting evolutionary
trends in taxonomically important characters, and (3)
suggests areas for additional study (e.g., examinations of
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micromorphological or biochemical variation) that, when
interpreted in light of phylogenetic relationships, could
bring about useful and meaningful taxonomic and
nomenclatural change in the future.
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