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Abstract

The composition of the leaf essential oils of 15 taxa of the multi-seeded Juniperus in sect.
Sabina from the eastern hemisphere are reported and compared (J. chinensis, J. davurica,
J. excelsa, J. excelsa var. polycarpos, J. foetidissima, J. jarkendensis, J. phoenicea, J. procera,
J. sabina, J. sabina var. erectopatens, J. semiglobosa, J. seravschanica, J. talassica, J. thurifera,
J. turcomanica). The volatile leaf oil compositions for these Juniperus species are presented. In
addition, DNA fingerprinting revealed similar patterns among these species. Based on these
data, J. seravschanica is treated as J. turcomanica B. Fedtsch. var. seravschanica (Kom.) R.P.
Adams comb. nov., and J. talassica is recognized as J. semiglobosa var. talassica (Lipinsky) Silba.
These data also support the continued recognition of J. jarkendensis Kom. as a distinct species.
Juniperus sabina var. erectopatens (Cheng. and L.L. Fu) Y.F. Yu and L.K. Fu was found to be
very distinct in both its terpenoids and RAPDs and is recognized as a distinct species,
J. erectopatens (Cheng and L.K. Fu) R.P. Adams stat nov. The correct name for the Balochlstan
J. -exce.lsa_ss_p__pghacm;pgg In addmon the systematlc and evolutlonary relatlonshlps are
discussed. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The genus Juniperus consists of approximately 60 species, all of which grow in the
northern hemisphere, although J. procera Hochst. ex Endl. also grows southward
along the rift mountains in east Africa into the southern hemisphere (Adams and
Demeke, 1993). The genus is divided into three sections: Caryocedrus (one species,
J. drupacea Labill.); Juniperus ( = Oxycedrus), with 9 or 10 species) and Sabina (the
remaining, approximately 50 species). A previous study using RAPDs (Adams and
Demeke, 1993), indicated that section Sabina could be further divided into junipers
with serrate and those with entire (smooth) leaf margins. The serrate leaf margined
junipers are confined to the western hemisphere (except for J. phoenicea, which
I would call “pseudoserrate” as its DNA clearly points to J. phoenicea’s affinity with
the smooth leaf margined junipers (Adams and Demeke, 1993).

The Juniperus of section Sabina, of the eastern hemisphere can be further divided
into two groups based on the number of seeds per female cone (often called berry) and
female cone shape. The single seed/cone (single seeded) Juniperus of the eastern
hemisphere have cones that are ovoid with a noticeable pointed tip, whereas the
multi-seeded Juniperus are generally round and often have an irregular surface.

The volatile leaf oils of several of the species in this study have been reported on and
reviewed recently by the author (J. chinensis L., Adams et al., 1994a; J. davurica Pall.,
Adams et al., 1994b; J. excelsa M.-Bieb., Adams et al., 1992,1993; J. Jjarkendensis Kom.,
Adams et al., 1998; J. phoenicea L. Adams et al., 1996; J. procera Hochst. ex Endl,,
Adams et al., 1993; J. sabina L., Adams et al., 1998; and J. semiglobosa Regel, Adams
et al., 1992).

The literature reports on the oils of J. excelsa var. polycarpos (K. Koch) Silba, J.
seravschanica Kom., J. talassica Lipsky, and J. turcomanica B.A. Fedtsch. presents
difficulty because of the taxonomic confusion of these taxa. There have been two
recent taxonomic treatments of central Asian multi-seeded junipers (Table 1). One can
see disagreements concerning J. jarkendensis and J. talassica. Farjon (1992) recognized
J. excelsa ssp. polycarpos (K. Koch) Takhtajan and reduced J. turcomanica and
J. seravschanica as synonyms (along with J. macropoda Boiss.). Farjon (1992) recog-
nized J. semiglobosa and treated J. talassica and J. jarkendensis as synonyms. Silba
(1986,1990) treated J. jarkendensis as a variety of J. sabina, treated both J. serav-
schanica and J. turcomanica as J. excelsa var. polycarpos, and treated J. talassica as
J. semiglobosa var. talassica (Table 1).

Rafique et al. (1993) reported on the berry oil of the juniper from near Quetta,
Balochistan, Pakistan (referred to as J. excelsa in their paper and treated as putative
J. excelsa var. polycarpos in our collections). They reported the berry oil was domin-
ated by a-pinene (64.4%) and myrcene (12.4%). Sadri and Assadi (1994) reported that
the leaf oil of J. polycarpos (J. excelsa var. polycarpos) was dominated by a-pinene
(714%) with a moderate amount of a-gutjunene (5.2%) and a number of
cadinene isomers. Chavchanidze and Kharabava (1989) reported that the leaf oil of
their sample of J. polycarpos (J. excelsa var. polycarpos) was dominated by o-pinene
(40.2%) and limonene (8.3%) with considerable number of sesquiterpenes that ranged
from 2-8%.
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Table 1
Taxonomic treatment of the multi-seeded Juniperus, section Sabina, eastern hemisphere (- = not discussed)

Initial taxa Farjon (1992) Silba (1986, 1990) This study results

J. chinensis
J. davurica
J. excelsa
J. excelsa

var. polycarpos

J. foetidissima
J. jarkendensis

J. excelsa

J. excelsa ssp.
polycarpos

J. foetidissima

= J. semiglobosa

J. chinensis

J. davurica

J. excelsa

J. excelsa var.
polycarpos

J. foetidissima

J. sabina var.
Jjarkendensis

J. chinensis

J. davurica

J. excelsa

J. excelsa var.
polycarpos

J. foetidissima

J. jarkendensis

J. phoenicea - J. phoenicea J. phoenicea

J. procera J. procera J. procera J. procera

J. sabina J. sabina J. sabina J. sabina

J. sabina var. - - J. erectopatens
erectopatens

J. semiglobosa
J. turcomanica var.

J. semiglobosa
J. seravschanica

J. semiglobosa
=J. excelsa var.

J. semiglobosa
=J. excelsa var.

polycarpos polycarpos seravschanica
J. talassica =J. semiglobosa J. semiglobosa J. semiglobosa
var. talassica var. talassica
J. thurifera - J. thurifera J. thurifera
J. turcomanica =J. excelsa =J. excelsa J. turcomanica

var. polycarpos var. polycarpos

The leaf oil of J. foetidissima is reported to be dominated by limonene (21.2%),
sabinene (16.6%) and thujone (cis/trans?) (13.4%) (Akimov et al., 1976). Chavchanidze
and Kharabava (1989) reported a different profile for J. foetidissima with the dominate
compound being limonene (19.5%), followed by o-pinene (11.5%) and sabinene
(6.3%). It is interesting to note that Goriacv and Ignatova (1969) reported that
J. foetidissima oil contained major components of a-pinene and cedrol. Cedrol has not
been reported in other papers for J. foetidissima.

The leaf oil of J. sabina var. erectopatens (Cheng and LK. Fu) Y.F. Yu and LK. Fu
has not apparently been reported. Dembitsky (1969) analyzed the leaf oil of
J. seravschanica and noted that it is dominated by o-pinene (46%), limonene (11.5%)
and myrcene (10.5%). Akimov et al. (1976) reported that a-pinene ranged from 27 to
51%, myrcene from 4.2 to 36.5%, and limonene from 4.6 to 12.1% for J. seravschanica.
No reports were found on the leaf oil of J. talassica.

de Teresa et al. (1980) found the berry oil of J. thurifera to be dominated by
limonene (88.5%). San Feliciano et al. (1988) reported a number of sesquiterpenes and
diterpenes from the leaf oil of J. thurifera. Akimov et al. (1976) found the leaf oil of
J. thurifera to have small amounts of monterpenes (less than 2.6% for a-pinene, the
largest monoterpene hydrocarbon), but 86.7% for the combined oxygenated mono-
and sesquiterpene fraction (individual compounds not reported). The only report
discovered on the leaf oil of J. turcomanica (Karryev, 1967) compared the biological
activities of various juniper oils.



712 R.P. Adams | Biochemical Systematics and Ecology 27 (1999) 709-725

In this paper, both the volatile leaf oils and DNA fingerprints will be examined for
the multi-seeded Juniperus of the eastern hemisphere to aid in understanding of the
circumspection of the species.

2. Materials and methods

Specimens used in this study: J. chinensis, Adams 6765-6767-Lanzhou, Gansu,
China; J. davurica, Adams 7252, 7253-15 km se Ulan Bator, Mongolia; J. excelsa,
Adams 5983-5887-7 km w of Lemos, Greece; J. excelsa var. polycarpos, Adams
6139-6141-Thilisi Botanic Garden, Georgia, CIS; J. foetidissima, Adams
5645-5646-Mt. Parnassus, Greece, and 5982, 5986, 7 km w. Lemos, Greece; J. phoe-
nicea, Adams 5653, 5654-10 km n Nea Epoidavios, and 7077-El Penon, Spain; J.
jarkendensis, Adams 7820-7825-Oeetak, Xinjiang, China; J. procera, Adams 6184,
6185-40 km w of Addis Ababa, Ethiopia, and Adams 5333-5335-38 km nw of
Nairobi, Kenya; J. sabina, Adams 7811-7813-30 kmn J arkent, Kazakstan; J. sabina
var. erectopatens, Adams 8432-8434-24km s Songpan, Sichuan, China; J. semig-
Jobosa, Adams 8210-8212-60 km sw Bishket, Kyrgystan, and 8227, 8229, 8230-2 km s
Dzhabagly, Kazakstan; J. seravschanica, Adams 8224-8226-2 kms Dzhabagly,
Kazakstan;.J. seravschanica (collected as J. excelsa var. polycarpos), Adams 8483-8436
- Quetta, Balochistan, Pakistan; J. talassica, Adams 8220-8223-20 km s Talas, Kyr-
gystan; J. turcomanica, Adams 6713-6716 - Almaty Botanic Garden, Kazakstan
(origin = Ashgabat, Turkmenistan); J. thurifera, Adams 7083-7085-2 km ¢ Ruidera,
Spain. Voucher specimens for all collections are deposited at SRCG.

Fresh leaves (200 g fresh wt.) were steam distilled for 2 h using a circulatory
Cleavenger apparatus (Adams, 1991). The oil samples were concentrated (ether trap
removed) with nitrogen and the samples stored at — 20°C until analyzed. The
extracted leaves were oven-dried (48h, 100°C) for determination of oil yields. After
initial GCMS analyses, composite oil samples were made for each of the taxa in this
study. These composite (average) oil samples were then subjected to GCMS for
compound identification and quantitation by TIC.

The essential oils were analyzed on a Finnigan Ion Trap (ITD) mass spectrometer,
model 800, directly coupled to a Varian 6500 gas chromatograph, using a J and
W DB-5,0.26 mm x 30 m, 0.25 um coating thickness, fused silica capillary column (see
Adams, 1995 for operating details). Identifications were made by library searches of
our volatile oil library, LIBR(TP) (Adams, 1995), using the Finnigan library search
routines based on fit and purity, coupled with retention time data of reference
compounds.

One gram (fresh weight) of the foliage was placed in 20 g of activated silica gel and
transported to the lab, thence stored at — 20°C until the DNA was extracted. DNA
was extracted from juniper leaves by the hot CTAB protocol (Doyle and Doyle, 1987)
with 1% (w/v) PVP added to the extraction buffer. The RAPDs analyses follow that of
Adams and Demeke (1993). Ten-mer primers were purchased from the University of
British Colombia (5'-3'): 134: AAC ACA CGA G; 153: GAG TCA CGA G; 184: CAA
ACG GAC C; 212: GCT GCG TGA C; 218: CTC AGC CCA G; 244: CAG CCAACC
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G; 249: GCA TCT ACC G; 250: CGA CAG TCC C; 265: CAG CTG TTC A; 268:
AGG CCG CTT A; 327: ATA CGG CGT C; 338: CTG TGG CGG T; 346: TAG
GCG AAC G; 347: TTG CTT GGC G.

PCR was performed in a volume of 12.5 ul containing 50 mM Tris-HCI (pH 9),
20mM MgCl,, 0.01% gelatin and 0.1% Triton X-100, 0.2 mM of each DNTPs,
0.36 uM primers, 0.25 ng genomic DNA, and 0.5 unit of Taqg DNA polymerase
(Promega). A control PCR tube containing all components, but no genomic DNA,
was run with each primer to check for contamination. DNA amplification was
performed in an MJ Programmable Thermal Cycler (MJ Research, Inc.). The thermal
cycle was: 94°C (1.5 min) for initial strand separation, then 40 cycles of 38°C (2 min),
72°C (2 min), 91°C (1 min). Two additional steps were used: 38°C (2 min) and 72°C
(5 min) for final extension. Bands were scored in four classes: very bright (= 6);
medium bright ( = 5), faint ( = 4) and absent ( = 0). See Adams and Demeke (1993) for
details on electrophoresis and RAPD band scoring.

Similarity measures were computed using absolute character state differences
(Manhattan metric), divided by the maximum observed value for that character over
all taxa ( = Gower metric, Gower, 1971; Adams, 1975a,1975b). Principal coordinate
analysis (PCO) of the similarity matrix follows Gower (1966). Program PCO3D is
available for MS DOS IBM compatibles with a hard disk and math co- processor
(correspond to RPA for distribution details).

3. Results and discussion

The compositions of the volatile leaf oil are given in Table 2. Several trends are
apparent from the terpenoid data. Notice that several of the taxa are dominated by
sabinene and most of the other taxa are dominated by either a-pinene or myrcene
(although the oil of J. thurifera is dominated by limonene and J. procera is dominated
by the diterpenes). Clearly combinations of various compounds easily distinguish
between the taxa. The two most similar oils are J. semiglobosa and J. talassica (SM and
TA in Table 2), which differ in methyl citronellate, geranial, germacrene D-4-ol, and
a couple of trace components. Several of the taxa contained considerable amounts of
heartwood oil components (x-cedrene, B-cedrene, cis-thujopsene, and cedrol) in the
leaves (Table 2). In each case, cedrol and related heartwood compounds were found to
be polymorphic in the samples. Amounts of cedrol ranged from 0 to 40% from tree to
tree in a single population. Cedrol is very rare in the western hemisphere junipers,
being found in a trace in only J. barbadensis from St. Lucia (Adams, 1995). The
presence of the heartwood compounds in the leaves and their mosaic mode of
expression seems to be an evolutionary adaptation found only in several taxa of
Juniperus of the eastern hemisphere.

The leaf oil of J. foetidissima was also found to be very variable in the amounts of
cis- and trans-thujone. In general, these high levels of chemical polymorphisms found
in these junipers are not found in Juniperus of the western hemisphere.

In order to assimilate the overall trend in the volatile leaf oils, similarities were first
computed using quantitative similarities. This resulted in clustering of J. talassica and
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Fig. 1. Minimum spanning network based on 144 terpenoids, with similarities computed as pres-
ence/absence data. Notice the very close similarity of J. talassica and J. semiglobosa, the clustering of
J. turcomanica with J. seravschanica and the clustering of J. excelsa and J. e var. polycarpos.

J. semiglobosa. But a sub-group was formed containing J. sabina and J. seravschanica
(Kyrgystan and Pakistan). That combination does not seem likely based on morpho-
logy. In addition, the morphologically very similar taxa, J. excelsa and J. excelsa var.
polycarpos, did not link together using quantitative matching. It seems that at the
species level, quantitative matching of leaf terpenoid data may not always be useful.

The taxa were then analyzed by the computation of similarities based on simple
presence/absence matching. This diagram (Fig. 1) shows that J. jarkendensis (treated
as conspecific with J. semiglobosa by Farjon (1992)), clusters with J. semiglobosa/
J. talassica. In addition, the two J. seravschanica samples (Kyrgystan, Pakistan) cluster
together (Fig. 1) as do J. excelsa and J. excelsa var. polycarpos. Note that J. sabina var.
erectopatens is very distinct from J. sabina (as distinct as several other species, Fig. 1).
In this analysis, J. phoenicea is the most distinct taxon, followed by J. excelsa,
J. procera, J. erectopatens, and J. thurifera.

The initial analysis of the RAPD bands resulted in 231 bands that were generated
by 14 random primers and yielded an average of 16.5 bands/primer. A preliminary
inspection of the bands revealed that several bands were merely local polymorphisms
(i.e., present in only one individual), several bands were present in several individuals
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but not in two individuals of the same taxon, some bands showed fidelity (present in
both samples of a taxon) in some taxa but not in others and some bands showed both
fidelity and discrimination characteristics. DNA fingerprinting can be used at several
taxonomic levels, depending on the primer used; ranging from intra-generic levels
(Adams and Demeke, 1993) to distinguishing between individuals (Demeke et al,
1992). It is important to realize that the presence of a band could be very significant
when searching for a marker for disease resistance (for example), but in the present
instance, fidelity is needed to screen out this “individual variation”. Thus, 40 bands
were removed leaving 191 bands for taxonomic analysis.

This analysis shows a close parallel to the terpene analysis (Fig. 2). Both data sets
reveal the talassica-semiglobosa-jarkendensis, excelsa-excelsa var. polycarpos, and tur-
comanica-seravschanica groups (Fig. 1 and Fig. 2). In addition, J. davurica, J. sabina,
J. foetidissima, J. thurifera, J. phoenicea, J. sabina var. erectopatens, and J. procera are
very distinct entities based on the RAPD data (Fig. 2). Juniperus jarkendensis weakly
clusters with J. semiglobosa-talassica, followed closely by J. sabina. There is some
support for Farjon (1992) inclusion of J. jarkendensis under J. semiglobosa, but
con-specific status does not seem appropriate (even while admitting that the two taxa
are morphologically almost indistinguishable).

The data sets support the recognition of J. polycarpos as a variety of J. excelsa. Both
Farjon (1992) and Silba (1986) Silba (1990) considered J. seravschanica and J. tur-
comanica to be synonyms of J. excelsa var. polycarpos (Table 1). However, both data
sets indicate that these taxa are quite distinct from J. excelsa var. polycarpos (Fig. 1
and Fig. 2).

The Balochistan, Pakistan juniper is still called J. excelsa (Ciesla et al., 1998). So it
was of interest to analyze samples from near Quetta, Ziarat District, Balochistan. It
seemed these might be J. excelsa var. polycarpos, but during analyses they were clearly
most associated with J. seravschanica from Kyrgystan (Fig. 1 and Fig. 2). It should be
noted that the separation of J. seravschanica from J. turcomanica is just about the same
as between J. excelsa and J. excelsa var. polycarpos (Fig. 2). It would seem prudent to
recognize this relationship. Because J. turcomanica was published before J. serav-
schanica (26 March, 1932 vs. 14 October 1932, A. Farjon, pers. communication), then
these taxa are now: Juniperus turcomanica B. Fedtsch-and Juniperus turcomanica B.
Fedtsch. var. seravschanica (Kom.) R.P. Adams, comb. nov. So the Balochistan, Ziarat
juniper should be referred t6 as J. furcomanica var. seravschanica not J. excelsa or
J. macropoda.

Juniperus talassica has been separated on the basis of “fruits with a high sugar
content..., foliage conspicuously weeping..” (Komarov, 1934). I was unable to verify
the high sugar content or conspicuously weeping in the field in Kazakstan and
Kyrgystan, and the terpene data showed essentially no differences between J. talassica
and J. semiglobosa. However, the RAPD data seems to indicate that there is some
differentiation (Fig. 2). It seems reasonable to recognize J. talassica as a variety of
J. semiglobosa, pending additional information (J. semiglobosa var. talassica (Lipsky)
Silba).

Several investigators considered J. procera to be conspecific with J. excelsa (Ker-
foot, 1966; Kerfoot and Lavranos, 1984; Hall, 1984). However, both the terpenoids
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Fig. 2. Minimum spanning network based on 191 RAPD bands. Each OTU is represented by two
individuals. Notice the very close similarity of J. talassica and J. semiglobosa, the clustering of J. turcomanica
with J. seravschanica and the clustering of J. excelsa and J. e. var. polycarpos. which is similar to the pattern
presented by the terpenoid data (Fig. 1). Juniperus sabina var. erectopatens and J. procera are the two most
distinct taxa in this analysis.
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and RAPDs show that J. procera is very distinct from J. excelsa (and all the other
junipers in this study, Fig. 1 and Fig. 2). Yet, it is with difficulty that J. excelsa and
J. procera can be distinguished, morphologically. Clearly, the evolution of morpho-
logy, chemistry and DNA mutations are not always concurrent.

Finally, we have the case of J. sabina var. erectopatens, an upright tree found in the
mountains of Sichuan, China. Yu and Fu (1997) recently recognized this small tree as
a variety. The author found a few of these trees near the type locality (Songpan,
2700 m, Sichuan). Morphologically, they are similar to J. sabina. However, both the
terpenoids (Table 1, Fig. 1) and RAPDs (Fig. 2) reveal numerous differences between
J. sabina and J. sabina var. erectopatens. In fact, this taxon is one of the most distinct
in this group. It is unfortunate that very little is known about the biology of this taxon.
But in view of its obvious divergence in both terpenoids and DNA, it deserves
recognition at the specific level:

J. erectopatens (Cheng and L. K. Fu) R. P. Adams, stat nov.

Basionym: Sabina vulgaris Antoine var. erectopatens Cheng and L. K. Fu, Acta
Phytotax. Sin. 13: 86, 1975. TYPE: China, n Sichuan, Songpan, 2700 m, T.T. Yu 2702
(holotype, PE). Syn.: Juniperus sabina L. var. erectopatens (Cheng and LK. Fu) Y.F.
Yu and LK. Fu, Novon 7: 444, 1997.

This study has resolved several of the difficult taxonomic problems in this section of
Juniperus. Perhaps the most surprising aspect of this research has been the divergence
of morphologically near-identical taxa in their terpenoids and DNA fingerprints.
Species that are separated by even minute morphological character differences
(J. semiglobosa-talassica; J. excelsa-J. procera; J. sabina — sabina var. erectopatens,
J. turcomanica-seravschanica — excelsa var. polycarpos; and J. semiglobosa - jarkenden-
sis) were found to to possess considerable terpenoid and DNA differences. It seems
apparent that evolution proceeds at different rates for different character sets. The use
of multiple character sets seems prudent in Juniperus taxonomy and evolutionary
studies.
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