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The systematic position and intrageneric relationships of the economically important Pistacia species (Anacardiaceae) are
controversial. The phylogeny of Pistacia was assessed using five data sets: sequences of nuclear ribosomal ITS, the third intron of
the nuclear nitrate reductase gene (NIA-i3), and the plastid ndhF, trnL-F and trnC-trnD. Significant discordance was detected
among ITS, NIA-i3, and the combined plastid DNA data sets. ITS, NIA-i3, and the combined plastid data sets were analyzed sepa-
rately using Bayesian and parsimony methods. Both the ITS and the NIA-i3 data sets resolved the relationships among Pistacia
species well; however, these two data sets had significant discordance. The ITS phylogeny best reflects the evolutionary relation-
ships among Pistacia species. Lineage sorting of the NIA-i3 alleles may explain the conflicts between the NIA-i3 and the ITS data
sets. The combined analysis of three plastid DNA data sets resolved Pistacia species into three major clades, within which only a
few subclades were supported. Pistacia was shown to be monophyletic in all three analyses. The previous intrageneric classifica-
tion was largely inconsistent with the molecular data. Some Pistacia species appear not to be genealogical species, and evidence
for reticulate evolution is presented. Pistacia saportae was shown to be a hybrid with P. lentiscus (maternal) and P. terebinthus

(paternal) as the parental taxa.
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Zohary (1952) recognized 11 species in the genus Pistacia L.
(Anacardiaceae). Pistacia contains the economically important
species, P. vera, the source of pistachio nuts and is an important
floristic element in the vegetation of its distributional region.
One of these species (P. saportae) was later suggested to be an
interspecific hybrid (Zohary, 1972). Pistacia aethiopica J. O.
Kokwaro was published as a new species in 1980 (Kokwaro
and Gillett, 1980); however, its status has not been evaluated.
Pistacia integerrima was proposed as a recently diverged sub-
species of P. chinensis (Zohary, 1952). On the basis of results
from plastid restriction site analyses and its flowering phenol-
ogy, however, Parfitt and Badenes (1997) argued for the species
status of P. integerrima. Pistacia sensu Parfitt and Badenes
(1997) thus comprises 11 species disjunctly distributed in the
northern hemisphere (Fig. 1), with seven species distributed
from the Mediterranean basin to central Asia (P. atlantica,
P. integerrima, P. khinjuk, P. lentiscus, P. palaestina, P. terebin-
thus, and P. vera), two species in eastern Asia (P. chinensis and
P. weinmannifolia), and two species from the southwestern
United States to Central America (P. mexicana and P. texana).
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Pistacia chinensis extends into tropical Asia as far as Myanmar
and the Philippines (Zohary, 1952).

Pistacia is characterized by its dioecious reproductive system
and homeochlamydic perianth (or naked flowers) (Mabberley,
1997). Pistacia, distinguished from other Anacardiaceae mem-
bers by its reduced flower structure, plumose styles, and unusual
pollen morphology (Pell, 2004), was described as a separate
family, Pistaciaceae Adans. (Adanson, 1763). The synapomor-
phies of a single apotropous ovule per locule place Pistacia
within the Anacardiaceae. This treatment is supported by mor-
phological data (Wannan and Quinn, 1991) and recent molecu-
lar data (Pell, 2004; Yi et al.,, 2004, 2007). Many authors
recognized the affinity of Pistacia with genera in the tribe
Rhoeae, although Pistacia was treated as a distinct tribe or a
subfamily (Marchand, 1869; Eichler, 1875-1878; Takhtajan,
1987, 1997; Mitchell et al., 2006). Pistacia resembles other
Rhoeae members by having three syncarpous carpels, unilocu-
lar fruits, and a thin exocarp. Engler (1876) placed Pistacia in
the tribe Rhoideae (= Rhoeae). This treatment was followed by
Engler (1883, 1892) and Mitchell and Mori (1987). Wannan
and Quin (1991) divided the Anacardiaceae into two groups, A and
B, based on fruit and wood anatomy, flower morphology, and
flavonoid chemistry. Wannan and Quin’s groups A and B are
similar to subfamilies Spondioideae and Anacardioideae within
molecular studies of Terrazas (1994) and Pell (2004). Pistacia
was included in subfamily Anacardioideae in both studies.

On the basis of the morphology of leaves, leaflet, inflores-
cence, flowers, fruits, and the seedlings, Zohary (1952) divided
Pistacia into four sections: Lentiscella Zoh., including P. mexi-
cana HBK, and P. texana Swingle; Eu Lentiscus Zoh., includ-
ing P. lentiscus L., P. saportae Burnat., and P. weinmannifolia
Poisson; Butmela Zoh., including P. atlantica Desf.; and Eu
Terebinthus Zoh., including P. chinensis Bge., P. khinjuk
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Fig. 1.

The present distribution of Pistacia sampled in this study. The light gray shading indicates the general locations of 11 Pistacia species and one

putative hybrid: a = P. atlantica, b = P. chinensis, c = P. integerrima, d = P. khinjuk, e = P. lentiscus, f = P. mexicana, g = P. palaestina, h = P. terebinthus,

i= P, texana, j = P. vera, k = P. weinmannifolia, 1 = P. saportae.

Stocks, P. palaestina Boiss., P. terebinthus L., and P. vera L.
On the basis of plastid restriction site analysis and morphologi-
cal characters, Parfitt and Badenes (1997) suggested the divi-
sion of the genus into two sections, Lentiscus and Terebinthus.
Section Lentiscus includes Zohary’s (1952) sects. Letiscella
and Eu Lentiscus and consists of the evergreen species with
paripinnate leaves and smaller seeds. They also suggested that
Zohary’s (1952) sects. Butmela and Eu Terebinthus be com-
bined as sect. Terebinthus, which includes the deciduous spe-
cies with imparipinnate leaves and large seeds. Section
Terebinthus was supported by recent molecular studies on
Mediterranean Pistacia species (Kafkas and Perl-Treves, 2001,
2002; Golan-Goldhirsh et al., 2004; Kafkas, 2006). However,
the sampling scheme of the previous molecular studies was lim-
ited for sect. Lentiscus. The phylogenetic relationships among
Pistacia species were also estimated by plastid DNA restriction
site analysis and RFLP (Parfitt and Badenes, 1998), RAPD
(Katsiotis et al., 2003), and RAPD and AFLP (Katsiotis et al.,
2003). The current study extends this work by sampling 11 spe-
cies and one putative hybrid using two nuclear (ITS and NIA-i3)
and three plastid (ndhF, trnC-trnD, and trnL-F) markers.
Hybridization is presumed to be common among some Pista-
cia species (Zohary, 1952; Crane and Forde, 1976; Crane and
Iwakiri, 1986; Morgan et al., 1992). Parfitt has hybridized a
number of Pistacia species and has not seen evidence of genetic
crossing barriers (Parfitt, 2003). Pistacia saportae shares similar
morphology of leaves, winged rachis, inflorescence, and fruits
with P. lentiscus, but the shape of its leaflets as well as occur-
rence of a terminal leaflet resemble P. lentiscus and P. terebinthus.
Pistacia saportae was originally described as a hybrid between
P. lenticus and P. terebinthus by Burnat (1896). However, some
botanists have disputed the hybrid origin hypothesis of this
species (Zohary, 1952). Zohary (1952) treated P. saportae as
separate species. Later, Zohary (1972) treated P. saportae as a
hybrid based on its intermediate morphology between the puta-
tive parents, P. palaestina and P. lentiscus. The hybrid status of
Pistacia saportae was supported by wood anatomy (Grundwag
and Weaker, 1976) and RAPD analysis (Werner et al., 2001).

Molecular sequence analyses can be a powerful tool to identify
hybrid taxa (Rieseberg and Wendel, 1993). Hybrids can be iden-
tified directly from sequence data as indels or SNPs (single nu-
cleotide polymorphisms) in the ITS sequences (Rieseberg and
Ellstrand, 1993; Baldwin et al., 1995; Wolfe et al., 1998). If both
parental alleles are maintained at a nuclear locus in the hybrid
genome, they can be cloned, then analyzed cladistically, together
with the parental genotypes. Cladistic analysis of low-copy nu-
clear genes was successfully used to identify a few Paeonia hy-
brids (Sang and Zhong, 2000). When a hybrid fails to maintain
sequence polymorphism at the nuclear loci, e.g., from allele loss,
it may be identified from incongruence between the organelle-
and the nuclear-based phylogenies (Rieseberg, 1991, 1997).
Molecular phylogenies based on multiple, unlinked loci and mul-
tiple sample populations per species may successfully elucidate
reticulate evolution (Rieseberg, 1997). The putative Pistacia
hybrids were identified from SNPs in the ITS sequences, and cla-
distic analysis of the low-copy NIA-i3 gene region. The putative
paternal and maternal parents of proposed hybrids were identi-
fied by comparing the incongruent systematic positions between
organelle- and nuclear-based phylogenies.

The objectives of this study were to (1) construct the phylog-
eny of Pistacia based on both nuclear and plastid sequences,
(2) test the intrageneric classification of Pistacia, (3) elucidate the
extent and nature of reticulate evolution among Pistacia species,
and (4) discuss the taxonomic delimitation of Pistacia species.

MATERIALS AND METHODS

Species examined—All 11 Pistacia species recognized by Zohary (1952)
and Parfitt and Badenes (1997) were included in this study (Table 1). We also
included the putative hybrid Pistacia saportae. Because the sister group of
Pistacia was not resolved (Pell, 2004), six genera from the tribe Rhoeae of
Anacardiaceae were selected as outgroups (Table 1).

DNA extraction, PCR amplification, cloning, and sequencing—Total
DNA was extracted from silica-gel dried or fresh leaf materials using the CTAB
method (Doyle and Doyle, 1987). Amplifications were performed in 20-uL



February 2008] Y1 ET AL.—PHYLOGENETICS AND RETICULATE EVOLUTION IN PISTACIA 243
TaBLE 1. Accessions of Pistacia and outgroup taxa.
GenBank accessions
Taxon Voucher Locality Distribution ITS NIA-i3 ndhF trnC-trnD trnL-F
Pistacia atlantica Desf. Golan 1.114 (F) Israel (cult.) W Asia to EF193076 EF190543 EF193106 EF193140 EF193123
#1 Mediterranean
P. atlantica Desf. #2 Ickert-Bond 1300 (F) USA, Arizona (cult.) EF193077 EF193107 EF193141 EF193124
P. atlantica Desf. #3 Wen 7133 (US) USA, California (cult.) EF193078 EF193108 EF193142 EF193125
P. chinensis Bge. #1 Golan 1412 (F) Israel (cult.) E Asia EF193079 C1,EF190515 EF193109 EF193143 EF193126
C2, EF190516
C3, EF190517
C4, EF190518
P. chinensis Bge. #2 Ji 0174 (KUN) China, Kunming EF193080 EF190519 EF193110 EF193144 EF193127
P. chinensis Bge. #3 Wen 7090 (F) USA, California (cult.) DQ390466 DQ382323 DQ390462 DQ400560 DQ390470
P. integerrima Parfitt D.  Parfitt 54 (F) USA, California EN Africa EF193081 EF190520 EF193111 EF193145 EF193128
E. & Badenes M. L. (cult.)
P. khinjuk Stocks Golan 1.149 (F) Israel (cult.) W Asia to CI1, EF193104 CI1, EF190526 EF193112 EF193146 EF193129
Mediterranean C2, EF193105 C2, EF190527
C3, EF190528
C4, EF190529
P. lentiscus L. #1 Golan 1.1009 (F)  Israel (cult.) Mediterranean Cl1, EF193082 EF190535 EF193113 EF193147 EF193130
C2, EF193083
P. lentiscus L. #2 Ickert-Bond 1299 (F) USA, Arizona (cult.) DQ390467 DQ382324 DQ390463 DQ400561 DQ390471
P. mexicana H. B. K. Parfitt 27 (F) USA, California Mexico, Texas DQ390468 DQ382325 DQ390464 DQ400562 DQ390472
(cult.)
P. palaestina Boss. #1 Golan 1.222 (F.) Israel (cult.) Mediterranean C1, EF193084 Cl1, EF190521 EF193116 EF193150 EF193133
C2, EF193085 C2, EF190522
P. palaestina Bois. #2 Golan 1.202 (F) Israel (cult.) EF193095 EF190523 EF193114 EF193148 EF193131
P. palaestina Bois. #3 Golan 1.215 (F) Israel (cult.) Cl, EF193097 EF190524 EF193115 EF193149 EF193132
C2, EF193096
P. saportae Burnat #1 T.Yi 4 (US) Israel (cult.) Mediterranean Cl1, EF193098 CI, EF190532 EF193117 EF193151 EF193134
C2, EF193099 C2, EF190533
C3, EF190534
P. saportae Burnat #2 T.Yi 10 (US) Israel (cult.) C1, EF193100 CI, EF190530 EF193118 EF193152 EF193135
C2, EF193101 C2, EF190531
C3, EF193102
C4, EF193103
P. terebinthus L. Golan 1.350 (F.)  Israel (cult.) Mediterranean EF193086 EF190525 EF193119 EF193153 EF193136
Pistacia texana Swingle Ickert-Bond 1301 ~ USA, Arizona (cult.) Mexico, Texas EF193087 C1, EF190536 EF193120 EF193154 EF193137
#1 (F) C2, EF190537
Pistacia texana Swingle Wen 7285 (F) USA, Texas S. Texas & NE EF193088 CI1, EF190538 EF193121 EF193155 EF193138
#2 Mexico C2, EF190539
C3, EF190540
P vera L. #1 Golan 1.539 (F.)  Israel (cult.) W Asia AY677201 DQ382326 AY677209 DQ400563 AY677204
P vera L. #2 Wen 7099 (F) USA, California Cl1, EF193089 CI, EF190541 EF193122 EF193156 EF193139
(cult.) C2, EF193090 C2, EF190542
C3, EF193091
P. weinmannifolia Li 1630 (KUN) China, Yunnan E Asia C1, EF193092 DQ382327 DQ390465 DQ400564 DQ390473
Poisson C2, EF193093
C3, EF193094
Actinocheita filicina (D. Panero s. n. (CS)  Mexico S Mexico AY641509 DQ382321 AY640640 DQ400558 AY643120
C.) Barkl.
Malosma laurina (Nutt.) Miller 34 (CS) Rancho Santa Ana S Californiaand N AY641510 DQ382322 AY640461 DQ400559 AY643121
Nutt. ex Engl. Bot. Gard., CA (cult.) Lower California
Rhus aromatica Ait. Wen 7086 (F) USA, Tllinois E North America AY641493 C1,DQ382284 AY640447 DQ400535 AY643107
C2, DQ382285
R. chinensis Mill. Wen 6389 (F) Morton Arb., IL (cult.) E Asia to SE Asia AY641480 DQ382286 AY640435 DQ400536 AY643095
R. glabra L. Wen 7171 (F) USA, Alabama North America AY641486 DQ382292 AY640440 DQ400541 AY643100
R. virens Lindh. ex Gray Wen 7282 (F) USA, Texas SW America to N AY 641506 DQ382320 AY 640458 DQ400557 AY643118
Mexico
Schinus molle L. Wen 6686 (F) USA, Los Angeles, California and Texas AY641512 DQ382333 AY640463 DQ400565 AY643123
CA (cult.)
S. quartiniana (A. Rich.) Miller 51 (CS) Phoenix Desert Bot.  Africa AY641517 DQ382331 AY 640468 DQ400566 AY643128
A.J. Miller #1 Gard., AZ (acc. #
1980007001)
S. undulata (A. Rich) T. Miller s.n. (CS) Phoenix Desert Bot.  Africa AY541519 DQ382332 AY640640 DQ400567 AY643130
S.Yi, A. J. Miller & Gard., AZ (acc. #
J. Wen 19800071)
Toxicodendron Wen 6693 (US) USA, California W North America AY677202 DQ382328 AY677208 DQ400568 AY677205
diversilobum
T. radicans Wen 6236 (US) USA, Illinois North America AY677203 DQ382329 AY677207 DQ400569 AY677206
T. vernix (L.) Kuntze Wen 7146 (F) Morton Arb., IL (cult.) E North America AY541520 DQ382330 AY640471 DQ400670 AY643131
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reactions with approximately 10-50 ng of total DNA, 20 mM Tris buffer (pH
8.3, with 50 mM KCl, 1.5 mM MgCl,, and 0.1% Tween 20), 0.15 mM of each
dNTP, 0.5 uM of each primer, and 1 U of Tag polymerase. The ITS region was
amplified using primers ITS4 and ITS5 (White et al., 1990). The primers NIA3F
and NIA3R developed by Howarth and Baum (2002) were used to amplify the
NIA-i3 region. The trnC-trnD region was amplified with three pairs of primers:
trnC and petN2R, petN1 and psbM2R, and psbM1 and trnD as described in Lee
and Wen (2004). The ndhF gene and trnL-F regions were amplified using the
methods of Olmstead and Sweere (1994) and Taberlet et al. (1991), respec-
tively. The PCR products were electrophoresed in 1.0% low-melting-point
NuSieveGTG agarose gels (FMC BioProducts, Rockland, Maine, USA) con-
taining 0.5 ug/mL ethidium bromide, with one-tenth the standard EDTA con-
centration (Sambrook et al., 1989) in 1x Tris-acetate buffer (pH 7.8). The
amplicons were cut from the gel and digested using the GELaseTM Agarose
Gel-Digesting preparation and the “Fast Protocol” method (Epicentre Tech-
nologies, Madison, Wisconsin, USA).

Some Pistacia species have multiple sequence signals on the ITS and NIA-i3
sequences directly obtained from purified PCR products, suggesting the pres-
ence of intraindividual polymorphisms. All these purified PCR products were
cloned using the TOPO TA cloning kit (Invitrogen, Carlsbad, California, USA).
At least eight white colonies from the cloning reactions of each species were
screened and amplified.

Sequencing reactions were performed in a final volume of 10 pL using the
BigDye Terminator cycle sequencing kit (PE Applied Biosystems, Foster City,
California, USA) and the manufacturer’s instructions, then viewed with an ABI
3100 automated DNA sequencer (Applied Biosystems). The resulting se-
quences were aligned and edited using the program Sequencher (version 3.1.1,
Gene Codes Corp., Ann Arbor, Michigan, USA). Alignments were further ad-
justed by eye in the program PAUP* version 4.0b10 (Swofford, 2003). All se-
quences have been deposited at GenBank (see Table 1 for accession numbers).
DNA divergence was estimated using Kimura’s (1980) two-parameter method
in PAUP*.

Phylogenetic data analysis—For the ITS, the NIA-i3, and the combined
plastid data sets (ndhF, trnC-trnD and trnL-F), parsimony analyses (Swofford
et al., 1996) were performed using PAUP*4.0b10 (Swofford, 2003) with heu-
ristic searches: tree-bisection-reconnection (TBR) branch swapping, MUL-
PARS option, and 100 random taxon addition replicates. The tree topology did
not change when gaps were included in the analyses; however, support along
some branches was higher. Therefore, each gap was coded as a separate binary
character using the method of Simmons and Ochoterena (2000). Internal branch
support was estimated with 1000 bootstrap replicates (Felsenstein, 1985) using
the same heuristic search strategy described earlier.

Phylogenetic reconstructions were also conducted using the maximum-
likelihood (ML) method as implemented in PAUP* 4.0b10 (Swofford, 2003). The
ML trees were used in the Shimodaira-Hasegawa test to evaluate the congru-
ence among three different data sets. The Bayesian analyses were performed as
implemented in MrBayes version 3.1 (Huelsenbeck and Ronquist, 2001). The
best-fit model for the ML and the Bayesian analyses was selected using a hier-
archical likelihood ratio test conducted in MODELTEST version 3.06 (Posada
and Crandall, 1998). GTR+G, GTR+I and GTR+I1+G were the best-fit models
for ITS, NIA-i3 and the combined plastid data sets, respectively. The Bayesian
analysis was conducted with variation in gamma-distributed rate across sites
and an initial estimate of equal base frequencies. The Markov chain Monte
Carlo (MCMC) algorithm was run for 2000000 generations with four incre-
mentally heated chains, starting from random trees and sampling one out of
every 100 generations. A 50% majority-rule consensus tree was calculated with
PAUP* 4.0b10 from the last 18001 of the 20001 trees sampled. The first 2000
trees were discarded as burn-in when the chains became stationary. The poste-
rior probability of each topological bipartition was estimated from the fre-
quency of these bipartitions across all 18001 trees sampled.

The independent length difference (ILD) test (Farris et al., 1994), the Temple-
ton test (Templeton, 1983), and the Shimodaira-Hasegawa (SH) test (Shimodaira
and Hasegawa, 1999) were used to evaluate the congruence among the com-
bined plastid data sets (ndhF, trnL-F, and trnC-trnD), ITS and NIA-i3 data sets.
The putative hybrid species P. saportae was excluded from the analyses. Some
Pistacia species have more than one allele per clone of ITS and/or NIA-i3.
Using the clonal 1 sequence of each of these species does not change the tree
topology. To maintain the consistency among different data sets, we included
only one sequence from each species in the analysis. Rhus was supported as one
of the closest relatives of Pistacia among the outgroups tested in the current
study (Yietal., 2004, 2007); therefore, Rhus species were used as the outgroups
in the phylogenetic analyses. Additional outgroup taxa were not included to
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prevent outgroup interrelationships from complicating the issues of data con-
gruence. The incongruence length difference (ILD) test was conducted with
PAUP* 4.0b10 (Swofford, 2003) with 100 replicates, TBR branch-swapping
heuristic searches, and gaps treated as missing data. Topological congruence
between the gene trees produced by parsimony was evaluated with the Temple-
ton test as implemented in PAUP* 4.0b10. The SH test as implemented in
PAUP* 4.0b10 was used to evaluate the topological congruence between gene
trees produced by the likelihood method. The test distribution was computed
using the reestimated log likelihoods (RELL) approximation with 1000 non-
parametric bootstrap replicates.

RESULTS

ITS data—The aligned matrix of the ITS1, 5.8S, and ITS2
regions had a length of 748 bases, with 263 variable and 173
parsimony-informative sites. The sequence divergence among
Pistacia species (excluding P. saportae) varied from 0.00 to
6.90%. Sequence divergence between Pistacia and outgroup
taxa varied from 6.88 to 16.02%. The ITS sequence divergence
between P. palaestina and P. terebinthus varied from 0.00 to
0.61%. Two accessions of P. fexana had identical ITS se-
quences, and the divergence between P. mexicana and P. texana
was only 0.73%.

Maximum parsimony (MP) analyses produced 16 maxi-
mally parsimonious trees (MPTs) with a consistency index
(CI) of 0.65, a retention index (RI) of 0.82, and a length of 554
steps. The 50% majority-rule consensus of 18001 trees from
the Bayesian analysis was largely congruent with the trees of
the parsimony analysis except that three accessions of P. at-
lantica did not form a monophyletic group in the Bayesian
analysis.

The ITS data strongly supported the monophyly of Pistacia
(Fig. 2). Several copies of ITS sequences detected from P.
weinmannifolia formed a monophyletic group, which was re-
solved to be the sister to the remainder of the genus (Fig. 2),
followed by the P. mexicana-P. texana clade. The monophyly
of the P. mexicana-P. texana clade with all other Pistacia ex-
cept P. weinmannifolia was strongly supported in the Bayesian
analysis (with posterior probabilities or PP = 99%); however,
only weak support was provided by the parsimony analysis
(with the bootstrap support or BS = 68%). The remaining spe-
cies were resolved into two subclades: the P. lentiscus subclade
and the clade consisting of the remaining species. Pistacia at-
lantica, P. khinjuk, and P. vera formed a clade. The three acces-
sions of P. atlantica constituted a monophyletic group, which
was sister to the P. khinjuk-P. vera clade. Another clade in-
cluded P. chinensis, P. integerrima, P. khinjuk, P. palaestina,
and P. terebinthus. Separate accessions of P. chinensis formed
a monophyletic group. The positions of P. palaestina and P.
terebinthus were not well resolved (Fig. 2) in the consensus
tree. Some alleles of P. palaestina and P. terebinthus had iden-
tical sequences.

Analysis of all clonal ITS sequences of P. saportae (acces-
sions #1 and #2) revealed two distinct types. The type 1 se-
quence was represented by 21 clonal sequences of #1 and #2,
and the type 2 sequence was represented by only one clonal
sequence of #2 (Fig. 2). Pistacia saportae type 1 sequences var-
ied from 0 to 0.61%. Pistacia lentiscus, a putative parent of
P. saportae, also had multiple forms of ITS sequences. Sequence
divergences among clonal sequences of P. lentiscus varied from
1.23 to 2.19%. All clonal sequences of the two accessions of
P. lentiscus formed a monophyletic group together with P. sapor-
tae type 1 sequences. The sequence divergences between
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P. lentiscus and P. saportae type 1 sequences were from 0
(between P. lentiscus #2 and P. saportae #1 clonel; P. lentiscus
#2 and P. saportae #2 clone2) to 2.30% (between P. lentiscus
#1 clonel and P. saportae #2 cloned). Pistacia palaestina or
P. terebinthus are also putative parents of P. saportae. Pistacia
palaestina may need to be merged into P. terebinthus, only
P. terebinthus was used to discuss the hybridization origin of
P. saportae. One accession of P. terebinthus had only one allele.
Sequence divergence between P. saportae type 2 sequences
and P. terebinthus was 0.30% (between P. terebinthus and
P.saportae #2 clonel).

NIA-i3 data—The aligned NIA-i3 data matrix had 799 char-
acters, 346 of which were variable, and 212 were parsimony
informative. Excluding P. saportae, sequence divergences
among Pistacia species ranged from 0.00 to 7.50%. Sequence
divergence between Pistacia and outgroup taxa ranged from
9.01 to 21.27%. Divergence between P. palaestina and P. tere-
binthus ranged from 0.00 to 0.5%. The two accessions of
P. texana had multiple NIA-i3 copies. Sequence divergence
among different alleles of P. fexana was from 0.16 to 0.81%.
The divergence between P. mexicana and P. texana ranged
from 0.15 to 0.64%.
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The MP analysis of the NIA-i3 data set yielded 24 MPTs with
a Cl of 0.82, a Rl of 0.93, and a total length of 510 steps. Pista-
cia was shown to be monophyletic. The NIA-i3 data set resolved
Pistacia into two major clades (Fig. 3). One clade included
P. atlantica, P. khinjuk, P. mexicana, P. texana, and P. vera,
within which two well-supported subclades were resolved:
P. atlantica-P. khinjuk-P.vera and P. mexicana-P. texana. The
other major clade comprised the remaining Pistacia species.
Pistacia weinmaniifolia formed a sister clade to the P. lentiscus-
P. saportae clade (type 2 sequences), and the P. chinensis-
P. integerrima-P. palaestina-P. terebinthus-P. saportae clade
(type 1 and type 3 sequences). The 50% majority-rule consen-
sus of 18001 trees from the Bayesian analysis was largely con-
gruent with the MP trees except that P. weinmaniifolia was
weakly supported as a sister clade to the P. lentiscus-P. saportae
(type 2 sequences) clade.

Pistacia saportae had three distinct types of NIA-i3 se-
quences. Its type 1 sequence had a close relationship to P. fere-
binthus, the type 2 sequence was similar to that of P. lentiscus,
and the type 3 sequence was represented by P. saportae #1
clone2, which was sister to the P. chinensis-P. integerrima-P.
palaestina-P. terebinthus clade. There was no sequence diver-
gence between the two P. saportae type 1 sequences, as for the
two type 2 sequences. Divergences between P. saportae type 2
sequences and P. terebinthus were from zero (between P. tere-
binthus and P. saportae #1 clonel) to 0.16% (between P. tere-
binthus and P. saportae #2 clonel). Divergences between
P. saportae type 2 sequences and P. lentiscus varied from 0.16%
(P. saportae #2 clone2 and P. lentiscus #2) to 2.93% (P. sapor-
tae #1 clone3 and P. lentiscus #1). The sequence divergence
between the two accessions of P. lentiscus was 2.90%. The di-
vergence between P. lentiscus and P. terebinthus varied from
6.06 to 6.83%. Sequence divergence between P. saportae type 1
and type 2 was from 7.04 to 7.18%.

Plastid DNA data—Because there is no recombination in the
plastid DNA genome, we combined the three plastid DNA data
sets in our analysis. The aligned matrix of combined plastid
DNA data had 5438 characters with 491 variable and 175
parsimony-informative sites. Excluding outgroups, the aligned
data matrix of Pistacia provided only 121 variable and 31
parsimony-informative characters. Within Pistacia (excluding
P. saportae), sequence divergences varied from 0.02 to 0.64%.
The sequence divergence between Pistacia and outgroup taxa
varied from 0.81 to 2.51%. The MP analysis produced four
MPTs (619 steps, CI = 0.85, RI = 0.85, and RC = 0.72). The
strict consensus tree is presented in Fig. 4. The 50% majority-
rule consensus of the 18001 trees from the Bayesian analysis
was congruent with the MPTs. The combined plastid tree
strongly supported a monophyletic Pistacia genus. The Pista-
cia species were resolved into three clades including: the P.
weinmannifolia clade, the Pistacia mexicana-P. texana clade,
and the clade containing all other Pistacia species distributed
from central Asia to the Mediterranean region (Fig. 4). Rela-
tionships among Pistacia species from central Asia to the Med-
iterranean region were not resolved. The data matrix including
species of this clade had 85 variable and 20 parsimony-informative
characters, and the sequence divergences varied from 0.02
t0 0.5%. Pistacia khinjuk and the two accessions of P. vera con-
stituted a clade, and P. atlantica #1 was strongly supported as a
sister clade to the P. khinjuk-P. vera clade. Two accessions of
P. saportae formed a well-supported clade together with one of its
putative parents of P. lentiscus (#2). The sequence divergences
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between P. lentiscus #2 and P. saportae was only 0.10%. For
each of the three species P. atlantica, P. chinensis, and P.
palaestina, the three accessions sampled did not form a mono-
phyletic group. The sequence divergences among the multiple
accessions of each species (P. atlantica, P. chinensis, and P.
palaestina) varied from 0.14 to 0.25%, from 0.31 to 0.48%, and
from 0.16 to 0.33%, respectively.

Data incongruence—Significant incongruence between the
ITS and the NIA-i3 data sets was suggested by the ILD test (P =
0.01), the Templeton test (P < 0.01) and the SH test (P < 0.01).
Significant incongruence was also detected between the com-
bined plastid data set and the ITS data set and between the com-
bined plastid data set and the NIA-i3 data set, with a P < 0.01
the ILD, the Templeton, and the SH tests.

DISCUSSION

Discordance among molecular data sets—Topological in-
congruence among data sets may have either of the two sources.
Sampling errors and/or use of inappropriate models of molecu-
lar evolution in phylogenetic analysis may cause discordance.
This type of topological discordance often can be corrected by
adding additional samples and modifying the model used in the
phylogenetic reconstruction (Cunningham, 1997). Combined
analysis of all data sets can give a better estimated phylogeny in
this case (Barrett et al., 1991). The second type of discordance
is caused by genealogical discordance, e.g., that caused by lin-
eage sorting and hybridization (Hipp et al., 2004). Combined
analysis of different data sets with genealogical discordance
does not represent any one genealogy but a combined genealogy
of several (Baum et al., 1998) different genealogical constructs.

In this study, significant incongruence was detected between
the ITS and the NIA-i3 phylogenies. The main difference be-
tween the ITS and the NIA-i3 trees is the relative positions of
the P. atlantica-P. khinjuk-P. vera clade and the P. mexicana-P.
texana clade. In the ITS tree, Pistacia weinmannifolia was sup-
ported as the sister to the clade formed by the remaining Pista-
cia species; the next lineage was the North American P.
mexicana-P. texana clade. The remaining Pistacia species in-
cluded the P. lentiscus clade and the clade of P. atlantica-P.
khinjuk-P. vera and close allies (Fig. 2). In the NIA-i3 tree, the
P. atlantica-P. khinjuk-P. vera clade and the P. mexicana-P.
texana clade formed a monophyletic group, which was one of
the two major clades resolved in the NIA-i3 tree (Fig. 3). More
than one accession for most Pistacia species was sampled, and
PCR reactions of ITS and NIA-i3 were conducted from the same
DNA extraction. Therefore, sampling error is unlikely to ex-
plain the discordance between the two nuclear data sets. The
discordance between the data sets was observed using both the
parsimony and the Bayesian approaches, so different model as-
sumptions probably do not explain the discordance between the
ITS and the NIA-i3 data sets.

Species of the P. atlantica-P. khinjuk-P. vera clade share
several morphological characters with species of the P. chinensis-
P. integerrima-P. palaestina-P. terebinthus clade. Their similar
morphological characters include deciduous leaves with much
larger and fewer (1-5 pairs) leaflets and larger fruits in com-
parison with those of P. mexicana and P. texana. Pistacia
mexicana and P. texana, however, have evergreen leaves with
620 pairs of much smaller leaflets. Close relationships among
species of the P. atlantica-P. khinjuk-P. vera clade and the
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The strict consensus tree of 24 most parsimonious trees for the NIA-i3 data set of Pistacia, with each gap coded as a separate binary character

(CI =0.82 and RI = 0.93). The bootstrap values in 1000 replicates >50% are above the branches, and the Bayesian posterior probabilities are below the
branches. The sectional classification of Pistacia follows that of Parfitt and Badenes (1997). # = accession numbers, ¢ = clonal sequence, numbers in

bracket = total numbers of certain clonal sequence.

P. chinensis-P. integerrima-P. palaestina-P. terebinthus clade
were also suggested in the plastid restriction site analysis (Parfitt
and Badenes, 1997), the RAPD and the AFLP analyses (Golan-
Goldhirsh et al., 2004) as well as our combined plastid data
from the current study. Based on all available data, the ITS tree
better reflects the species phylogeny of Pistacia than the NIA-i3
tree. The close relationships between the P. atlantica-P. khinjuk-
P. vera clade and the P. mexicana-P. texana clade in the NIA-i3
data may be due to hybridization and/or lineage sorting. Many
of these species have been shown experimentally to hybridize
freely and produce fertile progeny (Parfitt, 2003). Therefore

major crossing barriers are probably not genetic but are geographic
or phenological as suggested by Parfitt and Badenes (1997).
Pistacia mexicana and P. texana are distributed in North America,
and P. atlantica, P. khinjuk, and P. vera are from central and
western Asia. There are no paleobotanical data suggesting spe-
cies of these two clades cooccurred in the same geographic
region. Hybridization between these groups is thus an unlikely
scenario for species from areas separated by such great distance.

Phylogenetic relationships—Pistacia was described as mor-
phologically diverse (Zohary, 1952). Section Lentiscus (including
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sequence.

P. lentiscus) was suggested to be a distinct genus by Tournefort
(1700). Pistacia was strongly supported as monophyletic in the
trnL-F, the rpsl6, and the combined #rnL-F and rpsl6 parsi-
mony analyses of Pell (2004) and by the results of the present
analysis of nuclear and plastid DNA data sets. Most workers
have placed Pistacia in the tribe Rhoeae. However, this genus
occupies a relatively isolated position, and its sister genus is
still unknown. Rhus was supported as a close relative among
the outgroups selected in two previous molecular studies (Yi

etal., 2004, 2007). Astronium was weakly supported as sister to
Pistacia in the rps16 likelihood tree (Pell, 2004). Cotinus, Mos-
quitoxylum, and Rhus also formed a weakly supported clade
with Pistacia in the trnL-F likelihood tree (Pell, 2004).

Zohary (1952) divided Pistacia species into four sections,
Butmela, Eu Lentiscus, Eu Terebinthus, and Lentiscella. Zo-
hary’s sect. Butmela is monotypic and includes only P. atlan-
tica. This section was not supported by the present analysis
because the plastid and two nuclear DNA data sets all suggested
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that P. atlantica is nested within sect. Terebinthus. It formed a
monophyletic group with P. khinjuk and P. vera, which is con-
sistent with previous analyses (e.g., Parfitt and Badenes, 1997;
Kafkas and Perl-Treves, 2002; Golan-Goldhirsh et al., 2004).
Section Terebinthus formed a monophyletic group in the ITS
tree; but this section was not resolved as a monophyletic group in
the plastid and NIA-i3 trees. Species of this section split into two
distinct clades in the NIA-i3 tree. Pistacia lentiscus is nested
within this section in the plastid tree. Morphological data sup-
ported the merge of sects. Butmela and Eu Terebinthus. The
main difference between these two sections is that sect. Butmela
has a winged leaf rachis. Our results also support the merger of
the two sections, as proposed by Parfitt and Badenes (1997).

Zohary’s sect. Lentiscella was strongly supported as a mono-
phyletic group by both plastid and nuclear DNA data sets. This
section was established based on its isolated geographical dis-
tribution and larger number of smaller leaflets per leaf (Zohary,
1952). The sections of Eu Lentiscus and Eu Terebinthus sensu
Zohary are not monophyletic in all three molecular data sets.
Species of sect Eu Lentiscus have evergreen paripinnate leaves,
winged rachis, oblong, lanceolate or elliptical leaflets, fascicu-
late inflorescence, fleshy or dry mesocarp, and bony or leathery
endocarp. Parfitt and Badenes (1997) combined Zohary’s
(1952) sects. Eu Lentiscus and Lentiscella into a single section
Lentiscus. Species of section Lentiscus are evergreen and have
paripinate leaves, whereas section Terebinthus species are de-
ciduous and have imparipinnate leaves. Section Lentiscus did
not form a monophyletic group in the present analysis of the
plastid and nuclear DNA data sets. In the plastid DNA and the
ITS data sets, species of section Lentiscus were resolved into a
few parallel clades with the clade of sect. Terebinthus nested
within it (Figs. 2 and 4). In the NIA-i3 data, species of sect.
Lentiscus belonged to two distinct clades (Fig. 3).

Species delimitation—All Pistacia species except P. khin-
Jjuk, P. mexicana, and P. weinmannifolia were sampled with
multiple accessions. The different accessions of each of the fol-
lowing species: P. lentiscus, P. palaestina, P. terebinthus, and
P. vera did not form a monophyletic group in the combined
plastid DNA data as well as in the two nuclear DNA data sets
(Figs. 2—4). Different accessions of P. chinensis formed a clade
in the ITS data set, but were not monophyletic in the N/A-i3 and
plastid DNA data sets. Different accessions of P. atlantica
formed a clade in the ITS data but were not monophyletic in the
combined plastid data. Each species of Pistacia chinensis (#2),
P. khinjuk, P. lentiscus (#1 and #2), P. palaestina (#1, #2 and
#3), P. saportae (#1 and #2), P. vera (#2), and P. weinmannifo-
lia has multiple types of ITS sequences. Pistacia chinensis (#1),
P. khinjuk, P. palaestina (#1, #2 and #3), P. saportae (#1 and
#2), P. texana (#land #2) and P. vera (#2) each had multiple
NIA-i3 sequences.

The two accessions of P. vera formed a clade with P. khinjuk
in all molecular data sets. Some of the ITS and NIA-i3 sequences
of these two species were identical, suggesting a close relation-
ship of these two species. All the earlier molecular results also
suggested a close relationship between these two species (Parfitt
and Badenes, 1997; Kafkas and Perl-Treves, 2001, 2002;
Golan-Goldhirsh et al., 2004). Pistacia palaestina was not well
separated from P. ferebinthus in either the plastid or nuclear
DNA data sets. Close relationships between these two species
were also suggested by the AFLP and the RAPD results (Golan-
Goldhirsh et al., 2004; Kafkas, 2006). The present results are
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consistent with Engler (1936) and Yaltirik (1967), who merged
P. palaestina and P. terebinthus.

Pistacia mexicana and P. texana were not distinguishable in
the plastid restriction analyses (Parfitt and Badenes, 1997). The
ITS data suggest that P. mexicana and P. texana are sister taxa;
and the sequence divergence between these two species is low.
The NIA-i3 and the combined plastid DNA data cannot separate
these two species. Sequence divergence among different clonal
NIA-i3 sequences of P. texana is higher than that between these
two species. In comparison with P. mexicana, P. texana has
smaller and fewer leaflets; less pubescence on its branches, ra-
chis of leaves and midribs of leaflets; and it branches from the
base whereas P. mexicana has a single trunk. Furthermore,
Pistacia texana is evergreen, whereas P. mexicana is semide-
ciduous, shedding its leaves in the spring. It thus seems to be
justifiable to maintain them as two distinct yet closely related
species. More accessions of P. mexicana and P. texana should
be sampled in future studies to test the relationships of these
two species. Pistacia integerrima was described as a variety
of P. chinensis by Zohary (1952). Parfitt and Badenes (1997)
suggested that P. integerrima should be viewed as a distinct
species. Plastid and nuclear DNA data from this study showed
that P. integerrima had distinct plastid DNA, ITS, and NIA-i3
sequence profiles from P. chinensis, supporting a separate taxo-
nomic classification for P. integerrima. These species are
geographically disjunct and do not have a significant overlap in
flowering period when grown in a common environment (D.
Parfitt, personal observation). The delimitation of some Pista-
cia species requires careful morphological, ecological, and
population genetic analysesbecause of their ability to hybridize
in common environments.

Putative hybrid origin of P. saportae—The divergent ribo-
somal DNA copies of P. saporate may be due to different evo-
lutionary trajectories before their merger into a single genome
as a consequence of a reticulate event (Wendel, 2000). Under
this scenario, different copies of rDNA are maintained, evolv-
ing independently without recombination. In this case, the ITS
sequences may be used to infer the occurrence of an ancient
hybridization event and the maternal and paternal progenitor
lineages (Soltis and Soltis, 1991; Soltis et al., 1995; Baumel
et al., 2001; Alvarez and Wendel, 2003). Most Pistacia species
maintain different ITS alleles, suggesting that ITS may be a
useful marker to detect hybridization events among Pistacia
species. Pistacia saportae has been reported to be a putative
hybrid of P. lentiscus and P. terebinthus (Zohary, 1952, 1972).
This species (#2) has two types of ITS sequences, with one
showing a close relationship with P. lentiscus and the other
similar to that of P. terebinthus (Fig. 2). Pistacia saportae could
be a hybrid between P. lentiscus and P. terebinthus. Different
P. saportae ITS alleles would have been exposed to biased con-
certed evolution, resulting in the selection of alleles from one
progenitor following hybridization. Among the 16 clonal ITS
sequences from accession #2, only one sequence is type 1,
showing a close relationship to P. terebinthus, while the other
15 clonal sequences belong to type 2 and form a clade with P.
lentiscus. All six clonal sequences from P. saportae #1 belong
to type 2. The low number of clonal sequences assayed or geo-
graphically biased samples are the probable reasons for failure
to detect the type 1 sequence from #1. Biased concerted evolu-
tion may have eliminated most type 1 sequences. Similar re-
sults have been reported in other studies (e.g., Brochmann et al.,
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1996; Ferguson et al., 1999; Franzke and Mummenhoft, 1999;
Fuertes Aguilar et al., 1999a, b; Roelofs et al., 1997).

Low-copy number genes have been suggested as not being
subject to concerted evolution (Cronn et al., 1999; Wendel,
2000; Zhang et al., 2002; Senchina et al., 2003), and were suc-
cessfully used to identify several Paeonia hybrids (Sang and
Zhong, 2000). There were two types of NIA-i3 sequences (an
example of a low-copy number gene) in the two accessions of
P. saportae, one having a close relationship with P. terebinthus
and the other with P. lentiscus (Fig. 3). The NIA-i3 data are
consistent with the hypothesis of a hybrid origin for this species
with P. lentiscus and P. terebinthus as the parental taxa. This result
was also supported by ITS data, which showed that P. palaestina
kept both types of ITS profile from its putative parents:
P. lentiscus and P. terebinthus. The plastid DNA data strongly
suggested a sister relationship of P. lentiscus and P. saportae
(Fig. 4), confirming that the maternal parent of P. saportae is
probaly P. lentiscus, and the paternal parent of P. saportae should
be P. terebinthus.

LITERATURE CITED

ADANSON, M. 1763. Familles des plantes. Vincent, Paris, France.

ALVAREZ, I, ANDJ. F. WENDEL. 2003. Ribosomal ITS sequences and plant
phylogenetic inference. Molecular Phylogenetics and Evolution 29:
417-434.

BALDWIN, B. G., M. J. SANDERSON, J. M. PORTER, M. F. WOJCIECHOWSKI,
C.S. CAMPBELL, AND M. J. DONOGHUE. 1995. The ITS region of nuclear
ribosomal DNA: A valuable source of evidence on angiosperm phy-
logeny. Annals of the Missouri Botanical Garden 82: 247-277.

BARRETT, M., M. J. DONOGHUE, AND E. SOBER. 1991. Againstcongruence.
Systematic Zoology 40: 486—-493.

Baum,D.A.,R.L.SmALL, ANDJ. F. WENDEL. 1998. Biogeography and flo-
ral evolution of baobabs (Adansonia, Bombacaceae) as inferred from
multiple data sets. Systematic Biology 47: 181-207.

BAUMEL, A., M. L. AINOUCHE, AND J. E. LEVASSEUR. 2001. Molecular in-
vestigations in populations of Spartina anglica C. E. Hubbard (Poaceae)
invading coastal Brittany (France). Molecular Ecology 10: 1689—-1701.

BRrOCHMANN, C., T. NiLssON, AND T. M. GABRIELSEN. 1996. A clas-
sic example of postglacial allopolyploid speciation re-examined us-
ing RAPD markers and nucleotide sequences: Saxifraga osloensis
(Saxifragaceae). Symbolae Botanicae Upsalienses 31: 75-89.

BURNAT, E. 1896. Flores des Alpes maritimes on catalogue Raisonné. Vol.
11, 54. Georg & Cie., Lyon, France.

CRANE, J. C., AND H. L. FOrDE. 1976. Effects of four rootstocks on yield
and quality of pistachio nuts. Journal of the American Society for
Horticultural Science 101: 604-606.

CRANE, J. C,, AND B. T. IwaKIRrIL. 1986. Pistachio yield and quality as af-
fected by rootstock. HortScience 21: 1139-1140.

CRrRONN, R. C,, R. L. SMALL, AND J. F. WENDEL. 1999. Duplicated genes
evolve independently after polyploid formation in cotton. Proceedings
of the National Academy of Sciences, USA 96: 14406-14411.

CUNNINGHAM, C. W.1997. Can three incongruence tests predict when data
should be combined? Molecular Biology and Evolution 14: 733-740.

DovLE, J. J., AND J. L. DoYLE. 1987. A rapid DNA isolation procedure for
small quantities of fresh leaf tissue. Phytochemical Bulletin 19: 11-15.

EICHLER, A. W. 1875-1878. Bluthendiagramme construirirt und erlautert,
vol. 2. Wilhelm Engelmann, Leipzig, Germany.

ENGLER, A. 1876. Anacardiaceae. In C. F. P. Martius [eds.], Flora
Brasiliensis, vol. 12, part 2, 367-418. F. Fleischer, Munchen and
Leipzig, Germany.

ENGLER, A. 1883. Anacardiaceae. In A. P. and A. C. De Candolle [eds.],
Monographie Phanerogamarum, vol. 4, 171-546. G. Masson, Paris,
France.

ENGLER, A. 1892. Anacardiaceae. In A. Engler and K. Prantl [eds.], Die
natiirlichen Pflanzenfamilien, vol IIL, part 5, 138—178. W. Engelmann,
Leipzig, Germany.

[Vol. 95

ENGLER, A. 1936. Syllabus der Pflanzenfamilien, vol 11. Gebriider
Borntraeger, Berlin, Germany.

FaARRis, J. S., M. KALLERSIO, A. G. KLUGE, AND C. BULT. 1994. Testing
significance of incongruence. Cladistics 10: 315-319.

FELSENSTEIN, J. 1985. Confidence limits on phylogenies: An approach
using the bootstrap. Evolution; International Journal of Organic
Evolution 39: 783-791.

FERGUSON, C. J., F. KRAMER, AND R. K. JANSEN. 1999. Relationships of
eastern North American Phlox (Polemoniaeae) based on ITS sequence
data. Systematic Botany 24: 616—-631.

FRANZKE, A., AND K. MUMMENHOFF. 1999. Recent hybrid speciation in
Cardamine (Brassicaceae)—Conversion of nuclear ribosomal ITS
sequences in statu nascendi. Theoretical and Applied Genetics 98:
831-834.

FUERTES AGUILAR, J., J. A. ROSSELLO, AND G. NIETO FELINER.
1999a. Molecular evidence for the compilospecies model of reticu-
late evolution in Armeria (Plumbaginaceae). Systematic Biology 48:
735-754.

FUERTES AGUILAR, J., J. A. ROSSELLO, AND G. NIETO FELINER.
1999b. Nuclear ribosomal DNA (nrDNA) concerted evolution in
natural and artificial hybrids of Armeria (Plubaginaceae). Molecular
Ecology 8: 1341-1346.

GOLAN-GOLDHIRSH, A., O. BARAZANI, Z. S. WANG, D. K. KHADKA, J. A.
SAUNDERS, V.KOSTIUKOVSKY,ANDL.J.ROWLAND.2004. Geneticrela-
tionships among Mediterranean Pistacia species evaluated by RAPD
and AFLP markers. Plant Systematics and Evolution 246: 9-18.

GRUNDWAG, M., AND E. WEAKER. 1976. Comparative wood anatomy as an
aid to identification of Pistacia L. species. Israel Journal of Botany
25: 152-167.

Hrep, A.L.,J. C.HALL, ANDK.J. SyTsmMA. 2004. Congruence versus phylo-
genetic accuracy: Revisiting the incongruence length difference test.
Systematic Biology 53: 81-89.

HowarTH, D. G., AND D. A. BAuM. 2002. Phylogenetic utility of a nuclear
intron from nitrate reductase for the study of closely related plant spe-
cies. Molecular Phylogenetics and Evolution 23: 525-528.

HUELSENBECK, J. P., AND F. RonquisT. 2001. MRBAYES: Bayesian in-
ference of phylogenetic trees. Bioinformatics (Oxford, England) 17:
754-755.

KaFkas, S. 2006. Phylogenetic analysis of the genus Pistacia by AFLP
markers. Plant Systematics and Evolution 262: 113-124.

KaFrkas, S., AND R. PERL-TREVES. 2001. Morphological and molecular
phylogeny of Pistacia species in Turkey. Theoretical and Applied
Genetics 102: 908-915.

KaFkas, S., AND R. PERL-TREVEs. 2002. Interspecific relationships in
Pistacia based on RAPD fingerprinting. HortScience 37: 168-171.

KaTsioTis, A., M. HAGIDIMITRIOU, A. DRrRossou, C. PONTIKIS, AND M.
Loukas. 2003. Genetic relationships among species and cultivars of
Pistacia using RAPDs and AFLPs. Euphytica 132: 279-286.

Kimmura, M. 1980. A simple method for estimating evolutionary rate
of base substitutions through comparative studies of nucleotide se-
quences. Journal of Molecular Evolution 16: 111-120.

Kokwaro, J. O., AND J. B. GILLETT. 1980. Notes on the Anacardiaceae of
eastern Africa. Kew Bulletin 34: 745-760.

LEE, C., AND J. WEN. 2004. Phylogeny of Panax using chloroplast trnC-
trnD intergenic region and the utility of t#7nC-trnD in interspecific stud-
ies of plants. Molecular Phylogenetics and Evolution 31: 894-903.

MABBERLEY, D. J. 1997. The plant book. Cambridge Uinversity Press,
Cambridge, UK.

MARCHAND, N. L. 1869. Révision du groupe des Anacardiacées. J. B.
Bailliére & Sons, Paris, France.

MitcHELL, J. D., D. C. DALY, S. K. PELL, AND A. RANDRIANASOLO.
2006. Poupartiopsis gen. nov. and its context in Anacardiaceae clas-
sification. Systematic Botany 31: 337-348.

MITCHELL, J. D., AND S. A. Mor1. 1987. The cashew and its relatives
(Anacardium: Anacardiaceae). Memoirs of the New York Botanical
Garden 42: 1-76.

MORGAN, D. P., L. EPSTEIN, AND L. FERGUSON. 1992. Verticillium wilt
resistance in pistachio rootstock cultivars: Assays and an assessment
of two interspecific hybrids. Plant Disease 76: 310-313.



February 2008]

OLMSTEAD,R.G.,ANDJ. A. SWEERE. 1994. Combiningdatain phylogenetic
systematics: An empirical approach using three molecular data sets in
the Solanaceae. Systematic Biology 43: 467—481.

ParriTT, D. E. 2003. ‘Bonsai’ ornamental pistachio. HortScience 38:
1260-1261.

ParriTT, D. E., AND M. L. BADENES. 1997. Phylogeny of the ge-
nus Pistacia as determined from analysis of the chloroplast ge-
nome. Proceedings of the National Academy of Sciences, USA 94:
7987-7992.

PARFITT, D. E., AND M. L. BADENES. 1998. Molecular phylogenetic anal-
ysis of the genus Pistacia. Acta Horticulturae 470: 143-151.

PELL, S. K. 2004. Molecular systematics of the cashew family
(Anacardiaceae). Ph.D. dissertation, Louisiana State University, Baton
Rouge, Louisiana, USA.

Posapa, D., AND K. A. CrRaANDALL. 1998. MODELTEST: Testing the
model of DNA substitution. Bioinformatics (Oxford, England) 14:
817-818.

RIESEBERG, L. H. 1991. Homoploid reticulate evolution in Helianthus
(Asteraceae): Evidence from ribosomal genes. American Journal of
Botany 78: 1218-1237.

RIESEBERG, L. H. 1997. Hybrid origins of plant species. Annual Review of
Ecology and Systematics 28: 359—-389.

RIESEBERG, L. H., AND N. C. ELLSTRAND. 1993. What can molecular and
morphological markers tell us about plant hybridization? Critical
Reviews in Plant Sciences 12: 213-241.

RIESEBERG, L. H., AND J. WENDEL. 1993. Introgression and its conse-
quences in plants. /n R. Harrison [eds.], Hybrid zones and the evo-
lutionary process, 70—109. Oxford University Press, New York, New
York, USA.

RoELOFs, D., J. VAN VELZEN, P. KUPERUS, AND K. BACHMANN. 1997.
Molecular evidence for an extinct parent of tetraploid species Microseris
acuminata and M. campestris (Asteraceae, Lactuceae). Molecular
Ecology 6: 641-649.

SAMBROOK, J., E. F. FriscH, AND T. MANIATIS. 1989. Molecular cloning: A
laboratory manual, 2" ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, New York, USA.

SANG, T.,AND Y.ZHONG. 2000. Testing hybridization hypotheses based on
incongruent gene trees. Systematic Biology 49: 422-434.

SENCHINA, D. S., I. ALvArREZ, R. C. CroONN, B. Liu, J. RoNnG, R. D.
NoYEs, A. H. PATERSON, R. A. WING, T. A. WILKINS, AND J. F.
WENDEL. 2003. Rate variation among nuclear genes and the age
of polyploidy in Gossypium. Molecular Biology and Evolution 20:
633-643.

SHIMODAIRA, H., AND M. HASEGAWA. 1999. Multiple comparisons of log-
likelihoods with applications to phylogenetic inference. Molecular
Biology and Evolution 16: 1114-1116.

SiMMONS,M.P.,ANDH.OCHOTERENA.2000. Gapsascharactersinsequence-
based phylogenetic analyses. Systematic Biology 49: 369-381.

Sovrtis, P. S., G. M. PLUNKETT, S. J. Novak, AND D. E. SoLTis.
1995. Genetic variation in Tragopogon species: Additional origins of
the allotetraploids 7. mirus and T. miscellus (Compositae). American
Journal of Botany 82: 1329-1341.

SoLTis, P. S., AND D. E. SoLtis. 1991. Multiple origins of the allotetra-
ploid Tragopogon mirus (Compositae): rDNA evidence. Systematic
Botany 16: 407-413.

Y1 ET AL.—PHYLOGENETICS AND RETICULATE EVOLUTION IN PISTACIA 251

Sworrorp, D. L. 2003. PAUP*: Phylogenetic analysis using parsi-
mony (*and other methods), version 4.0b10. Sinauer, Sunderland,
Massachusetts, USA.

SworrorD, D. L., G. J. OLsEN, P. J. WADDELL, AND D. M. HiLLIs.
1996. Phylogenetic inference. /n D. M. Hillis, C. Moritz, and B.
K. Mable [eds.], Molecular systematics, 2nd ed., 407-514. Sinauer,
Sunderland, Massachusetts, USA.

TABERLET, P., L. GIELLY, G. PAUTON, AND J. BOUVET. 1991. Universal
primers for amplification of three non-coding regions of chloroplast
DNA. Plant Molecular Biology 17: 1105-1109.

TAKHTAJAN, A. 1987. System of Magnoliophyta. Academy of Sciences
U.S.S.R, Leningrad, Russia.

TAKHTAJAN, A. 1997. Diversity and classification of flowering plants.
Columbia University Press, New York, New York, USA.

TEMPLETON, A. R. 1983. Phylogenetic inference from restriction endonu-
clease cleavage site maps with particular reference to the evolution
of humans and the apes. Evolution; International Journal of Organic
Evolution 37: 221-244.

TERRAZAS, T. 1994. Wood anatomy of the Anacardiaceae: Ecological and
phylogenetic interpretation. Ph.D. dissertation, University of North
Carolina, Chapel Hill, North Carolina, USA.

TOURNEFORT, J. P. 1700. Institutiones rei herbariae. Typographia Regia,
Paris, France.

WANNAN, B. S., AND C. J. QUINN. 1991. Floral structure and evolution in
the Anacardiaceae. Botanical Journal of the Linnean Society 107:
349-385.

WENDEL, J. F. 2000. Genome evolution in polyploids. Plant Molecular
Biology 42: 225-249.

WERNER, O., P. SANCHEZ-GOMEZ, J. GUERRA, AND J. F. MARTINEZ.
2001. Identification of Pistaciaxsaportae Burnat (Anacardiaceae) by
RAPD analysis and morphological characters. Scientia Horticulturae
91: 179-186.

WHiITE, T. J., T. BRUNS, S. LEE, AND J. TAYLOR. 1990. Amplification
and direct sequencing of fungal ribosomal RNA genes for phyloge-
netics. In M. A. Innis, D. H. Gelfand, J. J. Sninsky, and T. J. White
[eds.], PCR protocols: A guide to methods and applications, 315-322.
Academic Press, San Diego, California, USA.

WoLrg, A. D., Q. Y. X1aNG, AND S. R. KEpPHART. 1998. Diploid hy-
brid speciation in Penstemon (Scrophulariaceae). Proceedings of the
National Academy of Sciences, USA 95: 5112-5115.

YALTIRIK, F. 1967. Anacardiaceae. In P. H. Davis [eds.], Flora of Turkey,
vol. 2, 544-548. Edinburgh University Press, Edingburgh, UK.

Y1, T., A. J. MILLER, AND J. WEN. 2004. Phylogenetic and biogeographic
diversification of Rhus (Anacardiaceae) in the northern hemisphere.
Molecular Phylogenetics and Evolution 33: 861-879.

Y1,T.,A.J.MILLER,ANDJ. WEN.2007. Phylogeny of Rhus (Anacardiaceae)
based on sequences of nuclear NIA-i3 intron and chloroplast trnC-
trnD. Systematic Botany 32: 379-391.

ZHANG, L., T.J. VisioN, AND B. S. GAUT. 2002. Patterns of nucleotide sub-
stitution among simultaneously duplicated gene pairs in Arabidopsis
thaliana. Molecular Biology and Evolution 19: 1464—1473.

ZOHARY, M. 1952. A monographical study of the genus Pistacia. Palestine
Journal of Botany 5: 187-228.

ZOHARY, M. 1972. Pistacia L. Flora Palestina 2: 297-300. Israel
Academy of Sciences and Humanities, Jerusalem, Israel.



