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Abstract

Background: Gene flow and polyploidy have been found to be important in Juniperus evolution. However, little
evidence has been published elucidating the association of both phenomena in juniper taxa in the wild. Two main
areas were studied in Spain (Eastern Iberian Range and Sierra de Baza) with both diploid and tetraploid taxa present
in sympatry. Gene flow and ploidy level were assessed for these taxa and the resulted offspring.

Results: Twenty-two allo-triploid hybrids between J. sabina var. sabina and J. thurifera were found in the Eastern
Iberian Range population. However, in the Sierra de Baza population no triploids were found. Instead, 18 allo-
tetraploid hybrids between two tetraploid taxa: J. sabina var. balkanensis and J. thurifera were discovered. High
genetic diversity was exhibited among the tetraploid hybrids at Sierra de Baza, in contrast to the genetically
identical triploid hybrids at the Eastern Iberian Range; this suggests meiotic difficulties within the triploid hybrids. In
addition, unidirectional gene flow was observed in both studied areas.

Conclusion: Polyploidy and hybridization can be complementary partners in the evolution of Juniperus taxa in
sympatric occurrences. Juniperus was shown to be an ideal coniferous model to study these two phenomena,
independently or in concert.
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Background
Hybridization and polyploidy have been found to be
widespread among plant groups, shaping their evolu-
tion and adaptation [1, 2]. The conifers, however,
seem to differ from angiosperms in that hybridization
has been found to be more common than polyploidy,
which has been estimated to be very rare at approxi-
mately 1.5% [3, 4]. Recently, the Juniperus L., a
monophyletic Cupressaceae genus, [5, 6] was shown
to have an exceptional high rate of polyploidy
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compared to all other conifers [7]. Juniperus is the
most diverse genus within the Cupressaceae and the
second within conifers. It contains 75 species and 40
varieties in 3 monophyletic sections Caryocedrus,
Juniperus and Sabina [6]. A recent study of this
genus discovered 15% of the taxa are tetraploid (2n =
4x = 44) and one taxon, Juniperus foetidissima Willd.,
is a hexaploid (2n = 6x = 66) [7]. Thus, polyploidy has
been shown to be highly implicated in Juniperus evo-
lution. In addition, hybridization has been found to
be an important phenomenon in Juniperus with many
cases of hybridization reported including: J. arizonica
(R. P. Adams) R. P. Adams x J. coahuilensis (Mart.)
Gaussen ex R. P. Adams [8], J. maritima R. P. Adams
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Fig. 1 Juniperus studied taxa from Eastern Iberian Range. Juniperus
sabina (prostrate, lower right), J. thurifera (tree, upper right) and
hybrid Adams 15655 (shrub, center-left) with RPA. Photo by CF.
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x J. scopulorum Sarg. [9, 10], J. virginiana var. silici-
cola (Small) E. Murray x J. bermudiana L. [11], J. vir-
giniana L. x J. horizontalis Moench [12] and J.
osteosperma (Torr.) Little x J. occidentalis Hook. [13,
14]. The evolutionary impact of hybridization coupled
with polyploidy through allopolyploidy has not been
very well elaborated to date in Juniperus.
However, recently, a potential allo-tetraploid taxon,

Juniperus sabina var. balkanensis R. P. Adams and A. N.
Tashev has been discovered [15, 16]. This variety was
described principally based on the DNA sequence differ-
ences with only a few morphological differences with its
sister variety, J. sabina var. sabina [15]. The newly de-
scribed variety was shown to have participated in a
chloroplast capture event from J. thurifera L., following
an ancient hybridization between the tetraploid J. thuri-
fera and the diploid J. sabina [15]. All populations of J.
sabina var. balkanensis, analyzed at present, have been
found to be tetraploid. In contrast, all samples of J. sab-
ina var. sabina have been found to be diploid [16]. The
current known geographical distribution does not over-
lap, even though the distribution of J. sabina var. sabina
is widespread from Spain into China. Currently, J. sabina
var. balkanensis has been confirmed by DNA analyses
from Italy, the Balkans and the western part of Turkey
[17]. Despite the difference in ploidy level between J.
thurifera (2n = 4x) and J. sabina var. sabina (2n = 2x),
first evidence of allo-triploid hybrids between those two
taxa have been recently discovered in the French Alps,
where the taxa occur in sympatry [18]. However, in
Spain, J. sabina var. sabina and J. thurifera are occasion-
ally sympatric and a putative hybrid has been described
as Juniperus x cerropastorensis J.M. Aparicio & P.M.
Uribe-Echebarria, based on their intermediate morph-
ology [19].
The hybrid has an irregular, shrubby shape (Fig. 1),

not erect as J. thurifera, nor as prostrate as J. sabina.
Those potential hybrids differ by their shape and
branches, female cone size, and the number of seeds
per female cone. Juniperus x cerropastorensis has been
reported in a small area in Spain: in three counties;
Castellón, Teruel and Valencia in the Eastern Iberian
Range [19].
Because no molecular evidence has been reported on

these putative hybrid plants, one objective of this study
was to confirm the hybridization between J. sabina and
J. thurifera based on nuclear and chloroplast markers in
areas of geographical sympatry in Spain. Because the pu-
tative parents (J. sabina and J. thurifera) are respectively
diploid and tetraploid, ploidy of the hybrid(s) is of con-
siderable interest. Therefore, the ploidy levels of the
samples were determined by flow cytometry. The ex-
treme rarity of inter-ploidy interspecific hybridization in
conifers in the wild makes studying these juniper
putative hybrids of high importance especially for dis-
covering potential pathways of evolution in this genus.
In addition, the only locality found to date, where the

tetraploid J. sabina var. balkanensis and the diploid J.
sabina var. sabina grow in sympatry is at Sierra de Baza,
Granada province, Spain. Thus, our second aim was to
study this unusual opportunity to find out if these two
varieties interact together via gene flow and to measure
the resulting ploidy level of hybrids (if any). This rare
case of sympatry is a significant event that may give
insight into the reproductive evolution of varieties (or
taxa) with different ploidy levels within the same species
of juniper.

Results
Genome size of parents and putative hybrids
Genome size (GS) was successfully assessed for all indi-
viduals sampled from the Eastern Iberian Range (here-
after referred to as E Iberian Range) and Sierra de Baza
areas.
In the E Iberian Range, J. thurifera showed a genome

size ranging from 41.79 pg to 44.84 pg with a mean of
42.55 pg (σ =0.86 pg). Juniperus sabina sampled from
this population hold a genome size of 20.79 pg to 22.51
pg with a mean of 21.83 pg (σ =0.41 pg).
The 22 J. x cerropastorensis samples (putative hy-

brids based on field observations) showed a genome
size from 31.63 pg to 35.22 pg with a mean GS of
33.24 pg (σ =0.83 pg).
In the Sierra de Baza, thirty samples of J. sabina (J.

sabina var. sabina and J. sabina var. balkanensis) were
studied where two groups of GS were found. The first
group containing 21 individuals varied in GS from 41 pg
to 46.05 pg, with a mean of 43.14 pg (σ =1.33 pg). The
second group consists of 9 shrubs with a measured GS
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from 21.39 pg to 22.48 pg and a mean of 22.09 pg (σ =
0.35 pg).
Detailed values for each sample, indicating also the

quality of the measurement by the coefficient of vari-
ation (CV %), are represented in the additional file 1.

Hybridization between J. sabina and J. thurifera in
sympatry
The chloroplast (cp) region trnS-trnG, amplified for all
samples, generated sequences with 835 bp. We found 6
fixed single nucleotide polymorphisms (SNPs) and 2
indels between the cp sequences of J. thurifera (referred
to thu cp Type) and J. sabina var. sabina (referred to sab
cp Type) (Table 1). Surprisingly, all the putative hybrids
(J. x cerropastorensis) found in the E Iberian Range pop-
ulations had the same cp sequence as J. thurifera (thu cp
Type).
Sequencing the nuclear DNA (nrDNA) region, In-

ternal Transcribed Spacer (ITS) generated 1270–1273 bp
and revealed 23 informative SNPs and one indel at site
801(deletion in J. sabina var. sabina or an addition in J.
thurifera). It is interesting that the same deletion at 801
occurs in the nrDNA of J. sabina var. balkanensis. Two
of the SNPs were very near site 801 and could not be
consistently scored, and were not utilized, resulting in
21 informative SNPs (Table 1). ITS data resolved the
samples from E Iberian Range populations into five
groups (Table 1): 1. Ten individuals of J. thurifera (thu)
(red, Table 1); 2. Eleven J. sabina var. sabina, Type1
haplotype (sabT1), which are very uniform (green,
Table 1); 3. Five hybrids J. thurifera x J. sabina var. sab-
ina (Type 2) (referred as thu x sabT2) (orange, Table 1);
4. Fifteen hybrids, J. thurifera x J. sabina var. sabina
(Type 1) (referred as thu x sabT1) (blue, Table 1); 5.
Nine homoploid J. sabina hybrids between the Type 1
and the Type 2 (referred as sab T1xT2) (yellow, Table 1).
In addition, two plants 15646 and 15774 seem to be
probably hybrids between individuals of group 3 and 4.
It should be noted that pure J. sabina var. sabina, Type
2 haplotype (sabT2) was not found among these samples
(Table 1, bottom). However, because the T2 haplotype is
present in the sab T1 x T2 and thu x sabT2 samples, this
implies that J. sabina var. sabina (Type 2) is present in
the population or nearby, even though we did not collect
it in this study.
Principle Coordinates Ordination (PCOR) of the ITS

data was conducted by coding the presence / absence of
each allele to produce a similarity matrix among the
samples. Factoring the matrix resulted in four eigenroots
before asymptoting [20]. This supports the presence of
five groups (# eigenroots + 1), as seen in Table 1 with
the two hybrids 15646 (46) and 15774 (74) are loosely
grouped with other hybrids (Fig. 2 a, b). Coordinate axis
1 (PCOR 1) separated J. sabina var. sabina from J.
thurifera (Fig. 2a, b). The hybrids, thu x sabT1, ordinate
in an intermediate position on PCOR 1 between the par-
ents, while the PCOR 2 ordinates the hybrids as a third
entity (I.e., J. thurifera, J. sabina and hybrids). Thus, the
2D ordination produces the U or V shape commonly
found in the analyses of synthetic and natural
hybridization [21, 22]. The five hybrids putative (thu x
sabT2) are near the position of the hybrids thu x sabT1
between J. sabina and J. thurifera on the PCOR1. Notice
that the samples 15646 (46) and 15774 (74) are located
between the hybrids thu x sabT1 and thu x sabT2.
Those two individuals are putative hybrids between
those two groups as shown in the Table 1.
Juniperus sabina var. sabina (T1) and J. sabina var.

sabina hybrids (T1xT2) are resolved on coordinate axis
3 (12% of the variation, Fig. 2b).

Dynamics between J. sabina var. sabina and J. sabina var.
balkanensis in a population in the Sierra de Baza: gene
flow from distant, allopatric J. thurifera
Analyses of trnS-G (cp DNA) confirmed that all the tet-
raploids found in this population have cpDNA of the J.
thurifera (=cpDNA of J. sabina var. balkanensis) Type
(Table 2).
ITS sequences of three J. sabina var. sabina and two J.

sabina var. balkanensis as well as two J. thurifera sam-
ples were included in the analyses (shaded in gold,
Table 2) and 29 informative sites were discovered. Both
Types 1 and 2 ITS sequences were found in the popula-
tion (Table 2), with the majority of plants being Type 1,
similar to that reported in other regions [15–17]. Of the
non-hybrid plants, three J. sabina var. sabina were Type
2 (T2), and six were Type 1 (T1). Of J. sabina var. balka-
nensis plants, none were Type 2, but three were Type 1
(Table 2).
Based on ploidy, cpDNA (trnS-G) and ITS sequences,

the 30 samples could be divided into five groups: 1. J.
sabina var. sabina (T2) (sabT2) (yellow, Table 2); 2. J.
sabina var. balkanensis (T1) (balkT1) (pink, Table 2); 3.
J. sabina var. sabina (T1) (sabT1) (blue, Table 2); 4. J.
sabina var. balkanensis (T1) x J. thurifera putative hy-
brids (referred as balkT1 x thu) (salmon-beige, Table 2);
and 5. Putative J. sabina var. balkanensis (T1) x J. thuri-
fera hybrids, backcrossed to J. thurifera (referred as
balk-(BC-thu)) (red, Table 2).
It is obvious that the hybrids are rather variable,

and it seems likely that some of these are F2 progeny.
Many of J. sabina var. sabina plants have one or
more sites that reflects past hybridizations between
the ITS Types (1 and 2).
Factoring the Sierra de Baza plants ITS data matrix

(based on 29 SNPs) resulted in five eigenroots that
accounted for 49.20, 19.22, 11.35, 4.78 and 4.10%
(88.63% total) of the variance among samples. PCOR



Table 1 Informative SNPs (21) from Eastern Iberian Range populations. Sites in row one in yellow distinguish Type 1 (T1) and Type 2
(T2) ITS in J. sabina (sab) and sites in green distinguish J. thurifera (thu) and J. sabina.
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ordination using the first three coordinates reveals
(Fig. 3) the first axis primarily resolved J. sabina (i.e.,
both J. sabina var. balkanensis and J. sabina var. sab-
ina) from the reference J. thurifera (thu) samples and
partially resolved J. sabina var. balkanensis x J. thuri-
fera hybrids (balkT1 x thu, 4x) into two groups (Fig.
3). The difference between the (15681 (81), 15686
(86), 15690 (90)) group and the larger group of hy-
brids is readily seen in Table 2, as 81, 86, and 90
share several SNPs (note sites 389, 543, 802, 1033)
that differ from the other hybrids. Sample 63 (15663)
is likely F2 generation plant (note the variation among
SNPs, Table 2). All of J. sabina var. sabina, Types 1
(sabT1, 2x) and 2 (sabT2, 2x), along with J. sabina
var. balkanensis Type 1 (balkT1, 4x), are ordinated on
the left (Fig. 3), but coordinate axis 2 resolves these
groups. Axis 3 serves to separate individuals and par-
tially resolve the (sabT1, 2x) group (blue, Fig. 3). It
should be noted that J. sabina var. balkanensis back-
crosses to J. thurifera (balk-(BC-thu)) group (Fig. 3)
are ordinated near to the reference J. thurifera (thu)
samples, indicative of their backcross nature.
The examination of hybridization by the use of all 29
SNPs is hindered by the inclusion of the 8 SNPs that dis-
tinguish J. sabina Types 1 and 2 ITS sequences. The 8
SNPs plus 4 with low information content (12 SNPs total)
were removed (compare Tables 2, 3) and the data set was
re-run using 17 informative SNPs. Factoring the similarity
matrix yielded four eigenroots before the roots asymp-
toted. These four eigenroots accounted for 65, 15.19, 7
and 4.05% (90.54%) of the variance among the samples. It
should be mentioned that the variance accounted for is
now much larger on axis 1, 49% vs. 65%; with a reduction
on axis 2: 19% vs. 15%; and axis 3: 11% vs. 7%.
Ordination revealed that axis 1 clearly separates the

two varieties of J. sabina from J. thurifera reference sam-
ples, and from J. sabina var. balkanensis x J. thurifera
hybrids (balkT1 x thu, 4x) (Fig. 4). The hybrids now
form a tighter group, but with some variation that is
likely due to the presence of F2 generation individuals.
Notice that the ITS sequence of J. sabina var. balkanen-
sis Type 1 (balkT1, 4x) places it in association with J.
sabina var. sabina Types 1 and 2 (Fig. 4). In fact, it is es-
sentially unresolved by these 17 SNPs from J. sabina var.



Fig. 2 PCOR of Juniperus studied taxa from Eastern Iberian Range using 21 SNPs of nrDNA data. This PCOR includes 10 J. thurifera, 20 J. sabina var.
sabina, and 22 putative hybrids. Colors correspond to Table 1

Table 2 Informative SNPs (29) in the Sierra de Baza population. In row one, sites in yellow are informative about Type 1 or Type 2
ITS and sites in green and with a + are informative about hybridization between J. sabina and J. thurifera; sites with no color shading
are not clearly informative or not scored (N). Several reference samples (in gold shading sample ID) are included: S3 14316 (sabT2);
B2 14723 (balkT2); B1 14934 (balkT1); S1 7573 (sabT1); S2 15628 (sabT1); T1 15616 (thu); T2 15617 (thu).

Abbreviations
bal, balk: J. sabina var. balkanensis, sab: J. sabina var. sabina, thu: J. thurifera, BC Back cross, SxT: hybrid, J. sabina x J. thurifera
29 Poly. Sites locations:
1 (179), 2(230), 3(238), 4(350), 5(351), 6(361), 7(366), 8(389), 9(408), 10(427), 11(430), 12(540), 13(543), 14(604), 15(605), 16(612), 17(613), 18(637), 19(729), 20(745),
21(761), 22(782), 23(802), 24(996), 25(1033), 26(1034), 27(1144), 28(1149), 29(1176). 801 poor skipped.
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Fig. 3 PCOR of Juniperus studied taxa from Sierra de Baza using 29
SNPs of nrDNA data. The PCOR ordination includes 30 J. sabina var.
sabina and J. sabina var. balkanensis plus two reference J. thurifera
samples. The group colors correspond to Table 2
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sabina. The full ITS (1270 bp) sequence provides only
minor resolution between J. sabina var. sabina and J.
sabina var. balkanensis (ddRAD sequencing has pro-
vided resolution, but small, between the varieties, manu-
script in preparation, RPA).
Individual 63 (15663, Table 2) is an oddity in its loose

grouping and in it several anomalous SNPs (Table 2). It
may be an usual F2 or a backcross plant.

Discussion
Ploidy levels
Despite the rarity of polyploidy in conifers, a highly in-
teresting spectrum of ploidy levels has been recently
shown in wild populations of Juniperus genus (2n = 2x,
2n = 4x and 2n = 6x) [7, 16]. This makes polyploidy an
important evolutionary mechanism which was impli-
cated at least 10 times during Juniperus evolution [7].
The ploidy levels of the taxa in this study except for the
potential hybrid trees were previously published [7, 16,
23, 24]. However, intra-specific variation in the ploidy
level has been reported in this genus notably in J. sabina,
J. chinensis L., and J. seravschanica Kom., [7, 16, 23–25]
which makes essential the ploidy level determination of
the studied populations.
In Juniperus, it has been shown that ploidy level can

be inferred from genome size [7]. Based on this infer-
ence, in the E Iberian Range, all studied individuals of J.
thurifera and J. sabina var. sabina were found to be
tetraploid (2n = 4x) and diploid (2n = 2x), respectively.
Genome sizes of the 22 putative hybrids (Juniperus x
cerropastorensis) were intermediate between the ranges
of GS defined for diploid and tetraploid levels.
Therefore, those putative hybrids appear to be triploids
(2n = 3x). Despite the fact that triploids are usually un-
stable and sterile, they are an important pathway “trip-
loid-bridge” for reaching a stable ploidy level [26]. In a
general context, many pathways were suggested to
achieve a triploid stage such as polyspermy and unre-
duced gamete [27, 28]. In the present study, a
fertilization between a diploid gamete (n = 2x) produced
normally by the tetraploid J. thurifera and a haploid
gamete from the diploid J. sabina var. sabina will pro-
duce a triploid progeny.
Recently, the first three Juniperus triploid hybrids be-

tween J. thurifera and J. sabina var. sabina have been
identified in the wild in the French Alps [18]. It suggests
that when J. thurifera and J. sabina var. sabina co-occur
in the same geographical zone they may hybridize gener-
ating triploid hybrids.
In the Sierra de Baza site, containing J. sabina var.

sabina and J. sabina var. balkanensis, approximately
two-thirds of the shrubs showed a mean GS indicative
of a tetraploid and just one-third had a GS at the
diploid level. In this site, no triploids were found.
Despite that J. sabina var. sabina and J. sabina var.
balkanensis can scarcely be identified in the field, two
criteria do separate those two taxa. The first criterion
is that J. sabina var. balkanensis has the chloroplast
sequences of J. thurifera [15, 17, 29]. The second cri-
terion is, at present, all populations studied of J. sab-
ina var. sabina and J. sabina var. balkanensis have
been shown to be diploid and tetraploid, respectively
[16]. This suggests, based on ploidy data, that 2/3 of
the individuals in the Sierra de Baza population are
possibly J. sabina var. balkanensis and 1/3 are prob-
ably J. sabina var. sabina.

Homoploid and heteroploid hybridization in Eastern
Iberian Range populations
The importance of interspecific hybridization as a
driver for plant evolution has been debated for de-
cades [30–33]. Lately, the significance of this
phenomenon in plant speciation and evolution has
been well defended [34, 35]. The usage of nrDNA (es-
pecially ITS region) to detect hybrids has been widely
implemented in plant studies due to its remarkable
proprieties; we mention the homogenous paralogs
within individuals as a result of concerted evolution
[36, 37]. As well, this marker was highly explored in
nearly all Juniperus taxa (including haplotypes within
taxa) for phylogenetic purposes and showed high effi-
ciency in junipers hybridization studies with relatively
good number of informative SNPs [5, 6, 8, 10, 11, 15,
17, 21, 29]. In this study, we found two categories of
hybrids, homoploid and heteroploid hybrids. Homo-
ploid hybrids (2n = 2x) were found between the two



Table 3 Reduced character set of 17 informative SNPs in the Sierra de Baza population. SNPs that distinguish Type 1 and 2 ITS, as
well as ambiguous SNPs have been removed. Notice the uniformity of J. sabina var. sabina, Type 2 (sabT2), J. sabina var. balkanensis,
Type 1 and 2 (balkT1, balkT2) groups and J. sabina var. sabina Type 1 (sabT1), except for site 782, which is very near the indel at 801.
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types of diploid J. sabina. It should be noted that
nrDNA sequences in J. sabina are polymorphic, desig-
nated as Type 1 and Type 2 [15, 17, 29, 38], compris-
ing 8 SNPs. The most recent survey of Type 1 (T1)
and Type 2 (T2) ITS occurrences [17] examined 66 J.
sabina samples from throughout the known range of
J. sabina var. sabina and J. sabina var. balkanensis
and found to be 27.3% Type 1, 4.5% Type 2 and
68.2% intermediate (T1 x T2 hybrids and back-
crosses). Thus, it was important to determine the
presence of T1 and T2 in the Spain putative hybrid
populations, as this could skew the analysis of
hybridization between J. thurifera and J. sabina var.
sabina. In addition, two sets of heteroploid hybrids
(2n = 3x) have been identified, both of them involving
J. thurifera (2n = 4x) as one parent and the second
parent being J. sabina Type 1 or Type 2 (2n = 2x).
Interestingly, among our samples, we did not find J.

sabina var. sabina Type 2, but by finding the categories
of hybrids cited above, it is very probable that Type 2
plants are present in a nearby population. It should be
noted that, at present, nrDNA Type 1 and 2, are not



Fig. 4 PCOR of Juniperus studied taxa from Sierra de Baza using 17
SNPs of nrDNA data. The PCOR ordination includes 30 J. sabina var.
sabina and J. sabina var. balkanensis plus two reference J. thurifera
samples. Note the clear separation of J. sabina var. sabina and J.
sabina var. balkanensis from J. thurifera and the hybrids J. sabina var.
balkanensis x J. thurifera
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associated with any morphological trait nor terpenoid(s)
in the leaf essential oils [39], and thus, could not be se-
lected during our sampling. The discovery that the two
types of J. sabina hybridize and both could hybridize
with J. thurifera would increase the genetic diversity of
the offspring individuals and they may exhibit a repro-
ductive isolation from the parental species leading to the
speciation [40, 41]. In the E Iberian Range populations,
we did not found backcrosses from the triploid hybrid
with any of the parental species, which suggest the pres-
ence of a breeding barrier between the triploids and the
parental species. Nevertheless, we found two triploid hy-
brids (15646 and 15774) that are probably the offspring
generated from a cross between two triploid hybrids
(thu x sabT1) x (thu x sabT2) based on their SNPs. This
means that a fertilization was probably between a hap-
loid gamete (n = 1x) with a diploid gamete (n = 2x) pro-
duced by the triploid parental hybrids. Hybridization
between two triploids giving rise to a triploid hybrid is
quite rare due to the high sterility and meiotic problems
of triploid hybrids, as described in many studies [26].
However, it has been shown that triploids are not com-
pletely sterile and could produce some viable gametes of
three ploidy levels (n = 1x; n = 2x and n = 3x) [26, 42,
43]. In Juniperus, the production of reduced, partially re-
duced and unreduced male gametes has been suggested
for the triploid hybrids found in the Alps based on the
significant variation of pollen sizes [18]. Interestingly,
those hybrids, found very recently in the French Alps,
were also between J. thurifera and J. sabina var. sabina
present in a sympatric occurrence [18]. The
hybridization events found between J. thurifera and J.
sabina in the French Alps (France) and in the E Iberian
Range (Spain), suggest that the reproductive barriers be-
tween those two species are ineffective despite the differ-
ence of ploidy levels.
All triploid hybrids found in this study shared the

same chloroplast marker trnS-G which is the J. thurifera
cp Type. Preliminary analysis of four cp DNA markers
(petN-psbM, trnS-G, trnL-F and trnD-T) revealed that
all four distinguished J. sabina from J. thurifera [5, 15,
17], but cp marker trnS-G yielded the largest number of
informative SNPs. Chloroplasts appear to be inherited
via pollen in Juniperus, because the chloroplasts of
Cupressaceae species examined to date have been shown
mainly to be paternally inherited [44]. Thus, all 22 hy-
brids were derived from unidirectional crosses involving
male (pollen) J. thurifera trees. The unidirectional cross-
ing seems to imply J. thurifera has evolved a reproduct-
ive barrier against J. sabina pollen, but not vice-versa.
Unidirectional interspecific hybridization has been re-
ported in several genera in angiosperms [45–47] and in
gymnosperms, especially in Pinus L. [48] and in Juni-
perus [49]. Lepais et al. [50], suggested that unidirec-
tional gene flow in sympatry could be affected by the
relative abundance of species where introgression will be
from the more frequent species to the less frequent one.
However, it seems that this hypothesis is not valid in the
two cases of hybrids found in the French Alps and Spain,
due to the approximately similar abundance of both J.
sabina var. sabina and J. thurifera in those locations.
However, the unidirectional hybridization could be due
to the difference in timing of reproduction between
those two species. Juniperus thurifera sheds pollen in the
winter but J. sabina var. sabina sheds pollen in the late
winter till spring [6]. Usually, flowering and shedding
pollen co-occur to insure the good reproduction in dioe-
cious species which is the case of both J. sabina var. sab-
ina and J. thurifera. See section below for extensive
discussion about overlapping pollen shedding times.
Interestingly, in contrast to angiosperms where crosses

seem to be more successful when the maternal parent
has a higher ploidy level [26], in the studied Juniperus,
the paternal parent was shown to be tetraploid and the
maternal parent as diploid in all triploid hybrids. The
main factor implicated in the inter-ploidy hybridization
in angiosperms is the endosperm maternal/ paternal ra-
tio that was destructive when the paternal parent had a
higher ploidy level than the maternal parent leading to
an aborted seed [26]. The fact that there is no endo-
sperm in Juniperus this could be one of the reasons of
the interspecific hybridization success regardless of the
maternal and paternal parents’ ploidy levels. However,
this hypothesis must be taken with high caution because
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no research has been done to date to study the presence
of genetic barriers that prohibit the hybridization be-
tween a female J. thurifera (2n = 4x) and a male J. sabina
(2n = 2x). Clearly, further studies are needed in this field.

Allopatric introgression in the Sierra de Baza population
Allopatric hybridization and introgression in Juniperus
have been frequently reported [9–12, 15, 51–54]. So, it is
not surprising to find the DNA data clearly supports
introgression by pollen from allopatric J. thurifera into J.
sabina var. balkanensis, Type 1 (Figs. 3, 4) in the Sierra
de Baza population. In the present population, based on
the ploidy and the results of trnS-G and ITS, those tetra-
ploid hybrids may arise from a fertilization between nor-
mally reduced diploid gamete (n = 2x) from the
tetraploid taxa J. thurifera and J. sabina var. balkanensis.
We couldn’t distinguish between male and female paren-
tal taxa because J. thurifera and J. sabina var. balkanen-
sis have the same chloroplast sequences [15, 29, 38]. We
expected to find triploid hybrids between J. sabina var.
sabina (2x) and J. sabina var. balkanensis (4x) at Sierra
de Baza in an analogous fashion as we found in the E
Iberian Range populations where there were triploid hy-
brids between J. sabina var. sabina and J. thurifera. In E
Iberian Range populations, J. thurifera and J. sabina var.
sabina grew intermingled on hillsides, and triploids were
found scatter among them. At the Sierra de Baza popu-
lation, J. sabina var. sabina and J. sabina var. balkanensis
grew intermingled. Yet no triploids were found. There
may have developed some isolating mechanism(s) to
prevent hybridization between these varieties which
could be a strategy to speciation in the case of J. sabina.
In fact, reproductive isolation was shown to play a cen-
tral role leading to speciation with pre or post-zygotic
barriers [26, 55–57].
In contrast to the E Iberian Range populations, where

it appears that most hybrid individuals were holding
highly similar ITS sequences suggesting being first
generation, at Sierra de Baza, most tetraploid hybrids
showed genetic diversity suggesting to be more as F2
or higher generation level backcrossed to J. thurifera
as obviously observed in 15671–15674 and 15678 hy-
brids. This could be due to the high gametes abortion
in triploid hybrids due to unbalanced meiotic chromo-
some segregation and numerous meiotic abnormalities
we cite the precocious cytokinesis found in allotriploid
poplar [43]. Meiosis might be more stable or reaching
faster a stable condition in allo-tetraploid than in allo-
triploid. This would be one of the reasons to find
more diversity in allo-tetraploid hybrids produced in
“one step” between two tetraploid parental species
than the allo-triploid hybrids that could have more ser-
ious problems in meiosis. Interestingly, in this population
we found backcrosses of the hybrids with J. thurifera
and none with J. sabina suggesting an unidirectional
gene flow as observed in E Iberian Range populations.
Unfortunately, we don’t have data for pollen and flow-
ering periods of J. sabina var. balkanensis and the hy-
brids found, to check possible pre-zygotic reproductive
barriers. However, further work will be dedicated to
discover the reproductive barriers between this group
of taxa.

Overlapping pollen shedding/ receptive female cones
seasons
Literature reports of pollen shedding times for J. thuri-
fera vary from: winter [6]; flower(s) by January [58];
flower(s) at the end of winter period [59]; late winter-
early spring [60], between January and May [61, 62].
Pollen shedding time for J. sabina has been reported

as late winter-spring [6], April ([61, 62], mid-March-
April (French Alps, pers. comm. Thierry Robert), April–
May (Bulgaria, pers. comm., Alex Tashev). A summary
for J. thurifera depicts (Table 4) the prime or most likely
pollen shedding times are in red (January, February).
Less likely pollen shedding times are in orange and
rarely occurring times in yellow (Table 4) and likewise
for J. sabina. Note that the overlapping times of major
pollen release (J. thurifera) and major receptive cones of
J. sabina are February–March (Table 4). Thus, clearly
these taxa have an overlapping season for gene exchange
(as demonstrated by the production of hybrids in the E
Iberian Range populations).
Even if pollen shedding times scarcely overlap, given

many years of seasons and that pollen shedding times
vary from year to year, occasionally, pollen shedding will
likely overlap. An exceptional study on variation in
pollen shedding times for J. virginiana airborne pollen
over a 10-year period [64] found (Fig. 5) that the start of
pollen shedding varied from 2 February (1990) to 13
February (1992). The termination of pollen shedding
was very variable from March 11 to April 10 (Fig. 5).
Notice that 1988 was an unusual year in having a very
short pollen shedding time (February 21–March 11, 19
days of airborne J. virginiana pollen). And, 1993 had an
exceptionally long season from February 3–April 10, 67
days of airborne pollen. Pollen shedding (release) in late
winter and spring is dependent on two temperature fac-
tors [64]: chilling requirement to end dormancy [65] and
accumulation of heat units above a threshold
temperature [65, 66]. Pollen is released from junipers on
warm, dry days and often one will see a sudden yellow,
pollen cloud rising above a juniper tree as the morning
sun warms and dries the air and pollen cones.
Pertinent to this discussion is the fact that a significant

amount of Juniperus pollen can travel very long dis-
tances by wind. For example, major concentrations of J.
ashei J. Buchholz pollen (shed in December–January) are



Table 4 Data for wind direction, frequency (freq.) (%), and velocity (kph = km/h) along with major (red) and minor (yellow) pollen
shedding times for J. sabina and J. thurifera. Wind data from city of Baza, Spain [63]. Times of receptive cones are highly correlated
with pollen shedding (time) in Juniperus [60]. na = not applicable. North-northeast (NNE), east-northeast (ENE), east-southeast (ESE),
south-southeast (SSE), south-southwest (SSW), west-southwest (WSW), west-northwest (WNW) and north-northwest (NNW).
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blown to Tulsa, Oklahoma from the nearest major
pollen source, 320 km south, in southern Oklahoma and
Texas.
Levetin [64] notice (Table 5) that in 1993–94 and 1995–

96, maximum concentrations of J. ashei pollen were
greater than for the local J. virginiana. This shows that
even after traveling more than 320 km, the concentration
of distant pollen can be on the same level as local pollen.
Fig. 5 Start and ending dates for airborne pollen of local J. virginiana at Tu
virginiana pollen captured and Red rectangle encompasses the ending dat
Recently, it has been proven by DNA analysis of individual
pollen grains, that J. ashei from Texas traveled to and was
collected in Ontario, Canada, approximately 2400 km [67].
Several other studies in conifers have reported long

distance transport (LDT) of pollen from a few km to
several hundred km [68–74]. Importantly, several studies
have reported that LDT pollen has maintained its viabil-
ity [75–77]. Pollen from Juniperus communis L., in the
lsa, OK for ten years. Green box includes all the start dates of J.
es. Adapted from data in [64]



Table 5 Comparison peak concentrations of airborne J. ashei pollen (December–January) to J. virginiana pollen (February–March)
captured at Tulsa, OK. * = concentration of invasive pollen higher than local pollen

Peak concentration, pollen grains/m3

year
(season)

J. ashei, from southern Oklahoma, Texas J. virginiana from local Tulsa area foreign (J. ashei) vs.
vs. local (J. virginiana) pollen

1987–88 175 655 0.27:1

1988–89 546 1057 0.51:1

1989–90 257 1115 0.23:1

1990–91 333 4442 0.07:1

1991–92 158 1156 0.14:1

1992–93 802 1248 0.64:1

1993–94 2027 1311 1.55:1*

1994–95 947 1485 0.64:1

1995–96 2411 2027 1.19:1*
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western Alps, was stored at ambient conditions and
found to be 40–90% viable in fresh pollen, 20–40% vi-
able after 2 weeks and 0–10% viable after 2 months stor-
age [78].
At present, very few field studies in conifers have

shown that LDT viable pollen is effective (that is, able to
fertilize receptive strobili). However, in a small isolated
population of Pinus sylvestris L., in Spain, effective
pollen was discovered 100 km from the source at a rate
of 4.4% [79, 80]. Molecular markers (4 chloroplast and
nuclear microsatellites (SSR) were used to perform pa-
ternity tests on 813 seeds. Although 778 seeds had fa-
thers of local origin, 4.3% (35) seed fathers were from
immigrant LDT pollen [80].
Finally, it should be mentioned that in a preliminary

study on LDT pollen viability, Levetin (per. Comm.) has
found viable Juniperus (J. ashei) LDT airborne pollen in
Tulsa after having traveled at least 320 km from south-
ern Oklahoma, Texas.

Potential source of J. thurifera nearby the Sierra de Baza
J. sabina var. balkanensis population
Examination of distributions of J. thurifera and J. sabina
in the area (Fig. 6) reveals several J. thurifera populations
Northeast of Sierra de Baza and a significant population
of J. thurifera in the Alamedilla area, west-northwest
(WNW) of Sierra de Baza. Although FAME database
contained only 57 records from the Alamedilla area,
there are likely many more trees around Alamedilla than
57. In the cases of Guadix (1) and Hoya de Baza (1),
these sites each have only a single, isolated tree (personal
observation, Carlos Salazar-Mendias (CSM)). The near-
est large population of J. thurifera is Alamedilla that is
approximately 26 km from J. sabina var. balkanensis, Si-
erra de Baza (Fig. 6).
Wind direction and velocity are essential factors for

LDT of pollen grains that are dispersed by wind which is
the case in Juniperus. Analyses of wind directions and
velocities for January, February, March, April and May
show (Table 4) the major directions are from: WNW,
48.4%, 10.0 kph (January); south-southwest (SSW),
37.9%, 3.9 kph (February); south-southeast (SSE), 30.0%,
4.7 kph (March), SSW, 43%, 8.8 kph (April) and WNW,
23.3%, 7.3 kph (May). Overall the wind velocities were
not very large, ranging from 2.2 to 10.0 kph.
Graphical wind directional analyses reveal the prevail-

ing winds for January and February are similar being
from the west, northwest and southwest (Fig. 7). A sec-
ond pattern emerges in March, but considerable winds
blow from WNW (23.3%) and west-southwest (WSW)
(23.3%), but with 30% of the winds from SSE (Fig. 7). In
April, the prevailing wind pattern is clearly different as
wind blows (43%) from the SSW.
The major times for pollen release from J. thurifera

are January–February-March (note Table 4) and this co-
incides with the prevailing winds from Alamedilla to Si-
erra de Baza. Given the overlap pollen shedding (and
receptive female cones), it would seem that all the fac-
tors align to support the DNA data of allopatric intro-
gression via J. thurifera pollen upon receptive female
strobili of J. sabina var. balkanensis, Type 1 (Fig. 4) to
produce backcrossed progeny towards J. thurifera.

Potential factors that interfere in the hybridization and
polyploidy of the Spanish populations
Polyploidy and hybridization have been shown to be in-
fluenced by environmental and geographical factors. As
an example, plant species migrate to new niches with
more favorable environmental factors, thus providing a
new sympatric occurrence with a sister species, which
could lead to new opportunities for interspecific
hybridization [82, 83]. In addition, extreme temperatures
have been proven to induce unreduced gametes forma-
tion [84, 85],which is a major mechanism leading to



Fig. 6 Distribution of J. thurifera and J. sabina in the region around
Sierra de Baza (S. de Baza). Data from Anthos Spanish Plants
Information System (http://www.anthos.es/index.php?lang=en) and
FAME database [81]. Numbers in parenthesis are the number of
records in FAME database for that location (ex. Alamedilla (57)
denotes 57 records at that location)
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polyploidy [1, 26]. In the present case, the polyploid taxa
(J. thurifera and J. sabina var. balkanensis) are tetraploid
in all populations studied to date [29, 86]. In the Spanish
populations studied, interspecific hybridization was
shown to be the driver for polyploid formation (triploid
hybrids in the E Iberian Range and tetraploid hybrids in
Sierra de Baza). Sierra de Baza area is subjected to LDT
of J. thurifera pollen blown into this population appears
to have led to the formation of tetraploid hybrids with J.
sabina var. balkanensis. The E Iberian Range, where the
populations of hybrids between J. thurifera and J. sabina
occur in this study, is characterized in its central region
by extreme variation in its continental climate, with wide
thermal gradients between day and night (17 to 20 °C on
average) and frequent thermal inversion phenomena
[87]. The lowest temperatures ever recorded in inhabited
areas in Spain have occurred in this geographical envir-
onment, with episodes of very cold weather that recur
over periods of 6–8 years on average, in which the mini-
mum temperatures can drop to − 20 °C, with a record
low of − 30 °C in December 1963 [88]. These facts may
have influenced the facilitation of hybridization pro-
cesses. Normally, the optimum altitude of J. sabina, in
the E Iberian Range is above 1600m. However, the
phenomena of thermal inversion (accumulation of cold
air at the bottom of valleys in calm periods) could have
favored the migration of J. sabina to lower altitudes
(1300–1400m) and, thus, may led to sympatric popula-
tions with J. thurifera in several wide-spread areas. This
sympatry has facilitated interspecific hybridization be-
tween J. sabina and J. thurifera. In addition, environ-
mental factors may interfere in the phenology of the
species as reported in several studies [89, 90], and thus,
led to a longer time period of reproductive overlapping.
Further studies are needed on the biogeography and
phenology related to environmental factors in the Span-
ish populations to investigate these hypotheses.

Conclusion
This study reports the evidence of gene flow between
diploid and tetraploid juniper taxa in sympatric occur-
rence in Spain. The populations of E Iberian Range pre-
sented triploid hybrids between the diploid J. sabina var.
sabina and the tetraploid J. thurifera. Those hybrids
were most probably of first generation. The population
of Sierra de Baza showed just tetraploid hybrids, sug-
gested to be between the two tetraploid taxa J. sabina
var. balkanensis and J. thurifera based on ITS sequences.
In this population, hybrids showed to be genetically di-
verse and suggested to be of F2 or higher generation
level and making backcrosses with the parental species J.
thurifera.
The studied taxa showed diversity in polyploidy path-

ways between the two populations; via “triploid bridge”
as suggested in E Iberian Range populations and “One
step polyploidy” as suggested for Sierra de Baza hybrids.
However, future work on population genetics especially
for Sierra de Baza population is needed using
hybridization based target enrichment and NGS sequen-
cing to study the largest number of low copy genes and
to have more clear results on the hybrids backcrosses
and gene flow. In addition, this further work will help in
the detection of the positive selection genes and their
relative functions which could be related in the adapta-
tion and regulation of polyploid junipers.
Moreover, we showed evidence of unidirectional gene

flow in both studied populations. In the E Iberian Range
populations, the unidirectional gene flow showed from J.
thurifera to J. sabina suggests pre-zygotic barriers re-
lated to different phenology favoring always (till now)
the hybridization from J. thurifera to J. sabina. In Sierra
de Baza population, the unidirectional gene flow was
shown between the hybrids and one of the parental spe-
cies J. thurifera suggesting reproductive barriers devel-
oped in the hybrids towards the parental species J.
sabina. Yet, further work is needed to discover the
mechanisms of reproductive barriers involved in the
studied taxa shaping their gene flow and evolution.

http://www.anthos.es/index.php?lang=en


Fig. 7 Frequencies of wind directions, Baza, Spain for January, February, March, and April. The most dominant directions were from WNW, 48.4%
(January) and SSW, 43% (April). Source: (Wind data from city of Baza, Spain [63])
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Methods
Plant collections
Leaf samples were made from natural populations (see
additional file 2). One gram (fresh weight) of the foliage
was placed in 20 g of activated silica gel and transported
to the lab, thence stored at -20o C until 70 mg of the sil-
ica gel dried leaves was used for ploidy determination by
flow cytometry. In addition, genomic DNA (10–12 mg of
the silica gel dried leaves) was extracted for sequencing.

DNA analyses
DNA was extracted from juniper leaves by use of a Qia-
gen mini-plant kit (Qiagen, Valencia, CA) as per manu-
facturer’s instructions. Amplifications were performed in
30 μl reactions using 6 ng of genomic DNA, 1.5 units
Epi-Centre Fail-Safe Taq polymerase, 15 μl 2x buffer E
(trnS-trnG) or K (nrDNA) (final concentration: 50 mM
KCl, 50 mM Tris-HCl (pH 8.3), 200 μM each dNTP, plus
Epi-Centre proprietary enhancers with 1.5–3.5 mM
MgCl2 according to the buffer used) and 1.8 μM each
primer. The primers for ITS (nrDNA) and cp trnS-trnG
regions have been previously reported [91, 92]. The PCR
reaction was subjected to purification by agarose gel
electrophoresis. In each case, the band was excised and
purified using a Qiagen QIAquick gel extraction kit
(Qiagen, Valencia, CA). The gel purified DNA band with
the appropriate sequencing primer was sent to McLab
Inc. (San Francisco) for sequencing. 2.31 (Technelysium
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Pty Ltd.). Principle Coordinates (PCOR) and Minimum
spanning networks software follows the formulations
Veldman [20] Ordination and Adams [93].

Genome size analyses
Sample preparation
Nuclear DNA amounts were assessed by flow cytometry
using silica gel dried leaves of Juniperus samples and
fresh leaves of the internal standard (IS) Hordeum vul-
gare L., cv. ‘Sultan’ (2C value = 9.81 pg) [94]. Around 30
mg of the IS and juniper leaves were simultaneously
chopped in 600 ul of cold Gif nuclear isolation buffer-
GNB [95]. The nuclei suspension was filtered using a
nylon mesh (50 μm) and stained with 100 μg/ml propi-
dium iodide (PI).

Flow cytometry analyses
DNA contents (~ 3000 stained nuclei) were determined
using CytoFLEX S flow cytometer (Beckman Coulter-
Life Science United States). Each sample studied was re-
peated twice and fluorescence signals from stained nu-
clei were acquired with 561 nm laser line and 610/20 nm
emission filter using CytExpert 2.3 software. Analyses
were performed using Kaluza Analysis 2.1 software
(Beckman Coulter).To calculate the 2C DNA value, we
used the formula below that study the linear relationship
between fluorescence signals from stained nuclei of the
IS and juniper samples.

2C DNA content pgð Þ ¼
Sample 2C peakmean
Standard 2C peakmean

� �
� Standard 2C DNA pgð Þ
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