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Abstract: Picea omorika (Panci¢) Purk., (Serbian spruce) is a relic, endemic, and vulnerable
conifer that remains insufficiently studied to date. To the best of our knowledge, this is the
first report on the morpho-anatomical and phytochemical diversity of needles from three
populations in Bosnia and Herzegovina. The length of two-year-old needles was measured
with a digital caliper. The next six properties were measured based on cross-sections of
the needles using a light microscope. An analysis of volatile compounds was carried out
using gas chromatography coupled with mass spectrometry (GC-MS) and flame ionization
detection (GC-FID). The highest values of needle traits were found in the Viogor population,
with the lowest in the Tisovljak population, which was statistically confirmed. There was
also a significant difference between needles from Bosnia and Herzegovina and those from
Serbia. Bornyl acetate, camphene, limonene, and «-pinene were identified as the major
terpene compounds. Multivariate analyses also suggested a tendency toward the separation
of the Tisovljak population. A statistical comparison of three Bosnian and Herzegovinian
and four Serbian populations (previously studied and published) revealed two distinct
groups: (1) three Bosnian populations and the Vranjak population from Serbia, and (2) three
populations from Serbia—Stula, Zmajevacki Potok, and Milegevka Canyon. The general
conclusions are that divergence in needle morpho-anatomy aligns with divergence in
needle chemistry and that Bosnian and Herzegovinian populations are distinct from nearly
all Serbian populations.

Keywords: Picea omorika; Serbian spruce; population; morpho-anatomy; terpenes; multi-
variate statistics

1. Introduction

The Serbian spruce, Picea omorika (Panci¢) Purk., is a Balkan endemit and Tertiary
relict [1]. Its ancestors, P. palaeomorika and P. omorikoides, inhabited large areas of Northern
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Europe and Asia. The present-day area of P. omorika is Bosnia and Herzegovina and Serbia,
mostly around the middle and lower courses of the river Drina. Several varieties and
horticultural forms of this species exist, and among them, var. omorika, with short branches
and a columnar shape, is the most famous. According to Mataruga and Milanovi¢ [2],
populations of P. omorika in Bosnia and Herzegovina were found in 26 small populations
and three isolated trees, while 11 populations, reported by Fukarek [3], were missed.

Morpho-anatomical investigations, along with terpene analyses, are crucial for study-
ing species population variability, relatedness, and diversity. In the genus Picea, extensive
information is available on the needle shape [1], other morphological [4-6] traits, anatomi-
cal properties [6-8], and terpene composition [9-12]. A study of several Picea species and
the differences between their terpene compounds has also been reported [13]. The relation-
ships among some Picea species have already been confirmed through hybridization [14],
phylogenetic [15], and evolutionary studies [16].

Terpene composition analyses are significant because they can quickly and cost-
effectively confirm the population divergence obtained through morpho-anatomical anal-
yses. For example, a study of the terpene composition of Pinus nigra populations on the
Balkan Peninsula confirmed the phenotypic divergence of these populations, as previously
obtained through morpho-anatomical studies [17].

To date, the morpho-anatomy and terpene variability of P. omorika needles have been
investigated in several populations in Serbia [18-20]. However, to our knowledge, this is
the first comparative study of the morpho-anatomical properties and terpene composition
at the population level in Bosnia and Herzegovina.

2. Materials and Methods
2.1. Plant Material

Twigs with two-year-old needles of P. omorika (Panci¢) Purk., from the lowest third
of adult trees were sampled in the last fall. The origins of twigs were three Bosnian and
Herzegovinian populations: Tisovljak (TIS), Viogor (VIO), and Radomislje (RAD). Ten
needles from fifteen trees were sampled at every locality (ca. 450 samples). The locations of
these populations could be seen on a map (Figure 1). The main characteristics of localities
and the technique of twig transportation were published in a previous article, where n-
alkanes were analyzed [21]. Twigs with needles were deep-frozen (—20 °C) until analyses.
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Figure 1. Locations of populations of Picea omorika (Pan¢i¢) Purk., from Bosnia and Herzegovina (TIS,
VIO, RAD), as well as from Serbia (STU, VRA, ZP, MIL).
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2.2. Morpho-Anatomical Measurements of Needles

Two-year-old needles were cut with a razor blade on the central part of the needles [22].
The needle length was measured with a digital caliper. The other characteristics (needle
height, needle width, cuticle + epidermis width, hypodermis width, number of resin
ducts, and resin duct diameter) were measured based on cross sections of needles using
a Leica Gallen III light microscope equipped with a CCD Camera model Topica TP /5001.
Measurements were made using the software Toup View version 3.7.

2.3. Isolation of Volatile Compounds

Volatile compounds were isolated simultaneously with hydrodistillation and extrac-
tion from 3-5 g of Serbian spruce needles using 5 mL of dichloromethane in a Likens—
Nickerson apparatus for 2 h [23]. The obtained DCM extract was further analyzed on a
GC-FID/MS instrument.

2.4. GC-FID-MS Analysis

The analysis of volatile compounds was carried out using gas chromatography coupled
with mass spectrometry (GC-MS) and flame ionization detection (GC-FID) on an Agilent
7890A system equipped with an inert 5975C XL EI/CI mass spectrometer. A semi-polar HP-
5MS capillary column (30 m x 0.25 mm, film thickness 0.25 pm) was used for compound
separation. Helium served as the carrier gas under constant pressure conditions (16.255 psi).
The oven temperature program ranged from 60 °C to 300 °C, increasing at a rate of 3 °C per
minute, with a final hold of 10 min. Sample injection (1 uL) was performed automatically
(Agilent 7683B Series Injector, Agilent Technologies, Santa Clara, CA, USA) in split mode
(10:1), with the injector temperature set at 300 °C and the detector at 300 °C. Mass spectra
were acquired in electron ionization (EI) mode over a scan range of 40-600 11/z, with a
source temperature of 230 °C, a quadrupole temperature of 150 °C, and a solvent delay of
3 min.

The identification of components was based on a comparison of mass spectra and
retention indices (RIs), calculated relative to a series of n-alkanes, Cg—Cs,. The identification
process involved matching experimental spectra with commercial libraries (Wiley 7, NIST
17, and retention-time-locked Adams 4) using an Automated Mass Spectral Deconvolution
and Identification System (AMDIS 32 v2.73) and NIST search software (v2.3). The relative
percentages of the detected compounds were determined from the GC-FID chromatograms.

2.5. Statistical Analyses

Calculations of mean values (X) and standard deviations (SD) of the populations,
one-way analyses of variance (ANOVAs), principal-component analysis (PCA), discrim-
inant analysis (CDA), and cluster analysis (UPGA) were carried out using Statgraphics
Plus software (version 5.0; Statistical Graphics Corporation, Warrenton, VA, USA) and
STATISTICA 8 software (Statsoft, Inc., Tulsa, OK, USA).

3. Results
3.1. Morpho-Anatomical Characteristics of Needles and Population Variability

The results of descriptive statistics, ANOVA, and the LSD test are presented in Table 1.
The lowest mean needle length was found in population TIS, with the highest in population
VIO. This population also had the highest mean values of needle width, needle height
(thickness), and number of resin ducts. The hypodermis width and resin duct diameter did
not vary among populations. (ns). Strong differences among populations (***) were found
for almost all properties. The smallest differences were found for the hypodermis width (*)
(Table 1).
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Table 1. Morpho-anatomical characteristics of the studied P. omorika (Panci¢) Purk., needles from
Bosnia and Herzegovina: descriptive statistics, results of ANOVA, and LSD test.

TIS VIO RAD
No. Morpho-Anatomical Properties F p n =150 n =150 n =150
X+SD X+ SD X+ SD
1. Needle length (mm), NL 49.73 o 115+ 14a 133+ 19c¢ 122 +13b
2. Needle width (um), NW 47.56 ok 1513.7 £ 2143 a 1706.4 +198.3 b 1523.1 £ 1624 a
3. Needle height (um), NH 57.27 i 798.8 £118.65a 9454 £108.0 ¢ 906.9 & 1403 b
4, Cuticle + epidermis width (um), CTEPI 7.62 b 184 +3.8a 185+ 34a 199+3.7b
5. Hypodermis width (um), HW 3.48 * 258+43a 27.0£39Db 26.6 = 4.2 ab
6. Number of resin ducts, NRD 20.67 i 0.5+ 0.8a 1.1+£09c 0.8+ 0.8b
7. Resin duct diameter (um), RDD 69.70 ok 168.4 =494 b 107.6 £26.5a 1059 £255b
F: ANOVA F-test. p: level of significance (ns: not significant; *: p < 0.1; **: p < 0.01; ***: p < 0.001). n: the number of
analyzed individuals, X: mean, SD: standard deviation. Means with different letters within the same row (a, b, ¢)
differ significantly (95.0 percent LSD test).

Multivariate statistical analyses were performed on all (seven) needle properties. PCA
was performed to determine the overall morpho-anatomical variation of 45 individuals
from the three studied populations of P. omorika from Bosnia and Herzegovina. The first two
principal component axes represented 61.32% of the total variation, of which the first axis
accounted for 37.99% (Figure 2A). However, the scatter plot in the projection of the first two
axes revealed an overlap of all populations. CDA was performed to check the hypothesis
that the analyzed sample was composed of discrete groups that are morpho-anatomically
differentiated from each other. The CDA based on three populations of P. omorika from
Bosnia and Herzegovina showed that the first two discriminant functions participated in
100.0% of the total discrimination, of which the first function was represented by 63.74%
(Table 2, Figure 2C). The first function was mainly determined by the characteristics NL,
NW, NRD, and RDD, while NH, NW, CTEPI, and HW considerably affected the second
function (Table 3). The scatter plot obtained through CDA suggested the differentiation
of the TIS population in relation to the remaining two analyzed populations (VIO and
RAD; Figure 2C). CA separated the TIS population from the VIO and RAD populations
(Figure 2D), in agreement with the CDA.

Table 2. Standardized coefficients for the first two canonical axes (Cas) of variation in seven needle
morpho-anatomical properties from two discriminant functional analyses. Significant coefficients are
in boldface.
Variables CA1 CA2
Needle length (mm), NL 0.50694 —0.02020
Needle width (um), NW 0.81699 1.12565
Needle height (um), NH —0.13849 —1.41322
Cuticle + epidermis width(um), CTEPI —0.24485 0.71797
Hypodermis width (um), HW 0.28981 —0.56591
Number of resin ducts, NRD 1.89068 0.26420
Resin duct diameter (um), RDD —1.72543 —0.23710
Eigenval. 1.69895 0.96633
Cum. Prop. 0.63744 1.00000
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Figure 2. Multivariate statistical analyses based on the needle morpho-anatomical properties of
45 individuals from three populations of P. omorika from Bosnia and Herzegovina: (A) PCA analysis;
(B) projection of seven needle properties; (C) CDA analysis; (D) UPGA cluster analysis.

Table 3. Standardized coefficients for the first six canonical axes (Cas) of variation in seven needle
morpho-anatomical properties from two discriminant functional analyses. Significant coefficients are
in boldface.

Variables C1 C2 C3 C4 C5 Ceé
Needle length, NL —0.291497 —0.400480 0.02363 —0.449454 —0.360216 —0.50206
Needle width, NW —0.016916 —0.489000 —1.49153 0.333592 0.150833 —0.16168
Needle height, NH 0.174468 1.192573 0.73281 —0.685388 0.377807 —0.29397
Cuticle + epidermis width, CTEPI —0.367450 0.460102 —0.00875 0.385076 —0.745772 —0.03169
Hypodermis width, HW 0.925749 —0.042867 0.14062 0.101634 —0.368507 0.03713
Number of resin ducts, NRD —0.60236 —0.42842 —0.10944 —703417 —0.566290 0.98349
Resin duct diameter, RDD 0.057210 0.154574 0.31091 0.196992 0.035784 —1.39181
Eigenvalue 6.870889 0.767062 0.49859 0.213854 0.066353 0.00301
Cum. Prop. 0.816044 0.907146 0.96636 0.991762 0.999643 1.00000

Furthermore, we compared the obtained results with previously published data of
P. omorika needles from Serbian populations [20]. Bosnian populations have lower mean
values of NL and CTEP], but higher mean values of NW, NH, HW, and RDD, while NRD
values are approximately equal.

PCA was performed to determine the overall morpho-anatomical variation of
153 individuals from three populations of P. omorika from Bosnia and Herzegovina and
four populations from Serbia. The first two principal component axes explained 57.60% of
the total variation, of which the first axis accounted for 34.97% (Figure 3A). The scatter plot
in the projection of the first two axes suggested a slight tendency for separation between
the populations from Bosnia and Herzegovina on the one hand and the populations from
Serbia on the other. However, this separation was not sharp, since a considerable number
of individuals from the Serbian and Bosnian populations overlapped. The CDA based
on three populations of P. omorika from Bosnia and Herzegovina and four populations
from Serbia showed that the first two discriminant functions participated in 90.71% of
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the total discrimination, of which the first function was represented by 81.60% (Table 3,
Figure 3C). Only one characteristic, i.e., HW, had a significant impact on the first function,
while the second function was mainly determined by the characteristic NH (Table 3). The
scatter plot obtained through CDA indicated a clear differentiation between the populations
from Bosnia and Herzegovina on the one hand and the populations from Serbia on the
other (Figure 3C). CA clearly separated Bosnian and Serbian populations (Figure 3D), in
agreement with the CDA.
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Figure 3. Multivariate statistical analyses based on seven needle morpho-anatomical properties
of 153 individuals from three populations of Picea omorika from Bosnia and Herzegovina and four
populations from Serbia: (A) PCA analysis; (B) projection of seven needle properties; (C) CDA
analysis; (D) UPGA cluster analysis.

The presented results showed that there is significant diversity between P. omorika
needles from Bosnia and Herzegovina and Serbia. Bosnian populations had a higher mean
value in all examined needle properties (except for needle length and number of resin
ducts). As it was suggested earlier [20], population Stula (STU), positioned on the border
between these two states, showed great similarity with Serbian populations.

3.2. Terpene Composition of Needles and Population Variability

The terpene composition of three populations of P. omorika from Bosnia and Herzegov-
ina is given in Table 4. Out of 128 compounds, 112 were identified. In the overall terpene
profile, monoterpenes were the dominate terpene classes, comprising 89.1% of the essential
oil. One oxygenated monoterpene, bornyl acetate (56), and three monoterpene hydrocar-
bons, camphene (7), limonene (18), and x-pinene (6), were the most abundant, with average
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contents of 29.3%, 15.6%, 11.4%, and 8.7%, respectively. Together, they comprised 64.7% of
the total terpene extract. The average profile of major terpene compounds was as follows:
bornyl acetate >> camphene > limonene > a-pinene (symbols denote differences according
to Petrakis et al. [24]). Population TIS had the most abundant camphene and x-pinene
(Table 4, Figure 4), while population VIO had the most abundant limonene. Population
RAD had the most abundant bornyl acetate and the less abundant o-pinene (Figure 4). In
addition to a-pinene, 21 compounds also had medium-to high amounts (0.5%-10%) [24]:
hexanal (1), trans-hex-2-enal (2), santene (4), tricyclene (5), 3-pinene (10), myrcene (11),
a-phellandrene (14), terpinolene (22), n.i. 1 (23), n-nonanal (27), camphene hydrate (34),
borneol (37), citronellol (48), geraniol (52), geranyl acetate (67), -cadinene (84), T-cadinol
(95), a-cadinol (97), octadec-9-enal (111), phytol (117), and nonacosan-10-ol (128).

Table 4. Terpene compositions of three Bosnian and Herzegovinian populations of P. omorika (in %).

No. RT Compound RI TIS VIO RAD
X £SD X+ SD X+ SD

1 3.223 Hexanal 798 0.8 +0.6 03£05 02=£02
2 4.061 (E)-hex-2-enal 847 14409 04+05 0.6 +0.6
3 4.283 n-Hexanol 860 02+01 02+03 01+£01
4 4.643 Santene 881 32+06 50+09 41408
5 5.511 Tricyclene 919 1.5+0.3 1.3+0.3 12403
6 5.801 «-Pinene 930 9.7 £ 3.7 9.4+ 2.6 7.0 £ 1.9
7 6.212 Camphene 945 16.8 + 2.2 14.7 £ 1.7 15.4 £ 2.6
8 6.551 Benzaldehyde 961 03+£0.2 tr 01+0.1
9 6.909 Sabinene 969 01+01 tr

10 7.011 [-Pinene 972 1.2+03 14+04 1.3+0.6
11 7.389 Myrcene 985 40+13 29+09 23+06
12 7.529 Mesitylene 991 tr

13 7.735 n-Octanal 999 01+01

14 7.859 a-Phellandrene 1002 1.3+04 14406 11403
15 8.068 5-Car-3-ene 1007 03+02 0.1£0.0 01=£0.1
16 8.301 x-Terpinene 1013 01+£0.1 tr 01401
17 8.555 p-Cymene 1021 02+0.1 02+0.1 02+01
18 8.699 Limonene 1025 9.3+ 3.0 155+ 7.0 93+79
19 8.786 1,8-Cineole 1027 tr 01+02 04£03
20 9.342 trans-B-Ocimene 1040 tr

21 9.805 y-Terpinene 1054 01+0.1 tr

22 10.940 Terpinolene 1085 0.6 +02 05£0.2 04=£0.1
23 10.993 72 (100), 71 (100), 43 (78); MW 140 1086 04+01 0.7+02 05+0.1
24 11.095 108 (100), 93 (47), 109 (13); MW 152 1089 0.1+0.0 01+01 0.1£0.0
25 11.381 Linalool 1096 02+01 01+01 01+01
26 11.465 79 (100), 94 (88), 91 (23); MW 138 1099 01+01 02+01 02+01
27 11.476 n-Nonanal 1099 0.7+£0.7

28 11.946 endo-Fenchol 1110 01+01 02401 02401
29 12.064 3-Methylbut-3-enyl 3-methylbutanoate 1114 tr

30 12.276 cis-p-Menth-2-en-1-ol 1118 01+01 02401 01401
31 12.476 a-Campholenal 1122 02=+0.1 02=£0.1 02=£0.1
32 13.016 trans-Pinocarveol 1135 01+01 03+0.1 02401
33 13.283 Isopulegol 1141 01+0.1 01+£01 01+£01
34 13.387 Camphene hydrate 1143 05+04 09+0.6 09+05
35 13.594 Citronellal 1148 07+04 1.0+ 0.6 1.1+0.6
36 13.751 Isoborneol 1152 01+0.1 02=£0.1 02=£0.1
37 14.130 Borneol 1161 22+12 43+15 41+11
38 14.669 Terpinen-4-ol 1173 03+02 02=£0.1 02=£0.1
39 15.040 p-Cymen-8-ol 1181 tr tr tr

40 15.234 a-Terpineol 1186 04+02 05+02 04£02
41 15.391 cis-Piperitol 1192 tr tr

42 15471 Dihydro carveol 1191 tr

43 15.499 y-Terpineol 1192 tr

44 15.702 Homomyrtenol 1198 01+01 02+01 01401
45 15.996 trans-Piperitol 1204 tr tr tr

46 15.999 Verbenone 1204 tr

47 16.469 endo-Fenchyl acetate 1214 02+02 02£0.1 02£0.1
48 16.821 Citronellol 1223 14407 24+12 21+13
49 17.493 Neral 1237 tr 01+£01 tr

50 17.498 Nojigiku acetate 1237 0.1+£0.0 0.1+0.0 tr
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Table 4. Cont.

No. RT Compound RI TIS VIO RAD
51 17.986 Piperitone 1249 0.1+0.2 0.1£0.1 0.1£0.1
52 18.010 Geraniol 1249 03+0.2 0.6 +0.4 05+04
53 18.743 69 (100), 41 (68), 119 (30); MW 152 1266 02402 02+0.2 tr
54 19.075 (Z)-Undec-6-en-2-one 1273 02+0.2 01+0.1
55 19.228 cis-Verbenyl acetate 1276 tr tr tr
56 19.525 Bornyl acetate 1285 282+ 4.5 26.6 £ 4.1 33.1+£49
57 20.010 107 (100), 43 (62), 150 (59); MW 150 1294 tr tr
58 20.038 trans-Pinocarvyl acetate 1295 tr 01£01 02£0.1
59 20.219 6-Hydroxycarvotanacetone 1300 tr
60 20.706 69 (100), 41 (69), 95 (52); MW 170 1310 tr 02+0.1 0.1£0.1
61 20.955 81 (100), 67 (29), 153 (26); MW 153 1316 tr tr
62 21.591 121 (100), 93 (62), 108 (56); MW 196 1331 tr tr 02+0.2
63 22.295 a-Terpinyl acetate 1346 0.2+0.1 0.3 +0.1 0.5+0.2
64 22.470 Citronellyl acetate 1350 02+0.1 0.3+0.2 0.3+0.1
65 22.569 Neric acid 1353 tr tr
66 22.987 Neryl acetate 1362 tr tr tr
67 23.802 Geranyl acetate 1382 0.6 £0.6 1.0+ 0.8 224+1.0
68 24.167 B-Elemene 1390 tr
69 24.821 Dodecanal 1403 tr tr
70 25.337 (E)-Caryophyllene 1417 0.1+0.1 tr tr
71 25.688 (E)-o-Ionone 1426 0.1+0.1 tr 0.1+0.2
72 25.847 cis-Cinnamic acid 1429 tr tr
73 26.784 a-Humulene 1452 tr tr
74 27.135 cis-Muurola-4(15),5-diene 1461 tr
75 27.585 trans-Cadina-1(6),4-diene 1470 tr tr
76 27.757 y-Muurolene 1475 0.1+£0.0 tr 0.1+0.1
77 27.940 Germacrene D 1479 02+0.1 04 +0.6 02+0.2
78 28.111 (E)-B-Ionone 1484 02+0.1 0.1 £0.0 02+£0.1
79 28.406 trans-Muurola-4(14),5-diene 1491 tr
80 28.460 «-Selinene 1492 tr tr
81 28.501 epi-Cubebol 1493 tr
82 28.738 o~-Muurolene 1498 02+0.1 0.1+0.1 0.1+0.1
83 29.303 v-Cadinene 1512 0.1+0.1 0.1£0.1 02+0.1
84 29.685 5-Cadinene 1522 0.7+0.2 05+0.2 0.7+0.2
85 30.117 177 (100), 159 (82), 220 (70); MW 220 1532 tr tr
86 30.253 «-Cadinene 1536 tr tr
87 31.177 (E)-Nerolidol 1559 02+0.1 tr
88 31.231 Dodecanoic acid 1560 tr
89 31.776 Germacrene D-4-ol 1573 0.1+0.1 0.3+0.3 02+0.1
90 31.849 Spathulenol 1575 0.1+0.1 0.1£0.1 0.1 £0.0
91 32.092 93 (100), 147 (96), 105 (96); MW 222 1580 tr
92 33.229 43 (100), 119 (68), 109 (52); MW 254 1609 tr tr tr
93 33.343 1,10-di-epi-Cubenol 1612 tr tr
94 33.860 1-epi-Cubenol 1626 0.1+0.1 tr 0.1 +0.0
95 34.380 t-Cadinol 1638 1.3+05 0.8+0.3 1.1+03
96 34.553 a-Muurolol 1644 03+0.1 0.1+0.1 02+0.1
97 34.874 «-Cadinol 1652 22409 1.2+05 1.8+ 0.6
98 35.103 191 (100), 119 (37), 121 (24); MW 234 1658 tr tr 0.1+0.0
99 36.091 Eudesma-4(15),7-dien-1-f3-ol 1684 tr
100 36.745 177 (100), 159 (76), 220 (36); MW 220 1701 tr 01+0.1 01+0.1
101 37.527 (2Z,6E)-Farnesol 1723 0.1£0.1
102 38.014 Oplopanone 1736 0.2+0.1 02+0.1 03+0.1
103 38.810 Tetradecanoic acid 1757 tr tr
104 40.854 Hexadecanal 1813 04+0.3 tr tr
105 41.058 93 (100), 81 (86), 95 (83); MW 220 1819 tr tr
106 41.664 Neophytadiene 1836 tr
107 44.420 Heptadecanal 1915 01+01
108 45.836 Hexadecanoic acid 1836 02+0.2 tr tr
109 46.471 Hex-5-enyl dodecanoate 1976 tr tr
110 46.452 Hexyl dodecanoate 1979 tr tr
111 46.802 Octadec-9-enal 1986 0.5+0.5 tr
112 46.952 Manool oxide 1990 0.1+0.1 tr tr
113 47.688 13-epi-Manool oxide 2012 01+£02 tr
114 47.839 Octadecanal 2018 0.3+0.5
115 48.147 (E,E)-Geranyl linalool 2026 tr
116 48.944 81 (100), 105 (83), 55 (81); MW 272 2051 tr
117 50.925 Phytol 2114 1.2+1.0 0.5+0.3 0.9 +0.8
118 54.131 83 (100), 95 (34), 55 (33); MW 286 2219 tr
119 54.575 Palustral 2235 tr
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Table 4. Cont.
No. RT Compound RI TIS VIO RAD
120 55.469 Dehydroabietal 2266 tr
121 55.968 109 (100), 149 (98), 119 (91); MW 290 2283 tr
122 56.350 Tricosane 2296 01+01 tr 01+0.1
123 60.019 95 (100), 69 (98), 181 (95); MW 306 2429 tr
124 61.745 Pentacontane 2500 01+01 tr tr
125 63.588 Dodecyl dodecanoate 2564 01401
126 70.084 Squalene 2823 02+02 01+02 01401
127 75.972 Nonacosan-10-one 3082 01+01 tr
128 76.622 Nonacosan-10-ol 3114 1.1+1.0 03+03 1.0+0.9
Total 100.0 100.0 100.0
Monoterpenes 84.8 92.6 90.0
Monoterpene hydrocarbons 48.6 52.8 42.8
Oxygenated monoterpenes 36.2 39.8 47.2
Sesquiterpenes 6.2 3.9 5.5
Sesquiterpene hydrocarbons 17 12 1.6
Oxygenated sesquiterpenes 4.5 2.7 3.9
Diterpenes 14 0.5 0.9
Diterpene hydrocarbons tr
Oxygenated diterpenes 14 0.5 0.9
Triterpenes 0.2 0.1 0.1
Triterpene hydrocarbons 0.2 0.1 0.1
Aliphatic aldehydes and alcohols 5.6 13 1.9
Others * 1.0 0.1 0.3
Non identified (n.i.) 0.8 15 1.3

RT—retention time; RI—retention index; tr—traces; X—mean value; SD—standard deviation (in parentheses);
*—aromatic aldehydes, benzene derivatives, methyl esters, saturated fatty acids and their esters, unsaturated
carboxylic acids, n-alkanes, and dialkyl ketones.

TIS VIO RAD

y 4

B Bornyl acetate Limonene M Camphene M «-Pinene Others

Figure 4. Main terpenes in three populations of P. omorika from Bosnia and Herzegovina (TIS,
VIO, RAD).

Out of 112 detected compounds, seven distributions that correspond to the normal (x2,
p > 0.05) were selected for multivariate statistical analyses: tricyclene, x-pinene, camphene,
[-pinene, bornyl acetate, 5-cadinene, and T-cadinol.

The principal component analysis (PCA) based on three populations of P. omorika from
Bosnia and Herzegovina revealed overlap among all populations, so it was not presented.
On the other hand, the canonical discriminant analysis (CDA) showed that the first two
axes accounted for 100.00% of the total discrimination, with the first axis (CA1) contributing
64.47% (Table 5). Four compounds, i.e., T-cadinol, d-cadinene, tricyclene, and bornyl acetate,
had a significant impact on CA1, while T-cadinol and bornyl acetate also significantly
influenced CA2 (Table 5). The scatter plot obtained from this CDA (Figure 5A) suggested
a tendency for the separation of the TIS population (whose individuals predominantly
showed negative values for CA1) from the VIO and RAD populations (whose individuals
mainly showed positive values for CAl). The agglomerative hierarchical clustering (AHC)
clearly separated the TIS population from the VIO and RAD populations (Figure 5B), in
agreement with the CDA results.
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Table 5. Standardized coefficients for the first two canonical axes (Cas) of variation for seven terpene
compounds from two discriminant functional analyses. Significant coefficients are in boldface.

Variables Root 1 Root 2
Tricyclene —0.81228 0.291029
x-Pinene 0.06454 0.091758
Camphene —0.02618 —0.387539
-Pinene 0.48200 —0.065597
Bornyl acetate 0.55503 —0.505837
5-Cadinene 0.88663 0.059749
7-Cadinol —1.18635 —0.623445
Eigenval. 0.85073 0.468831
Cum. Prop. 0.64471 1.000000

The PCA, based on three populations of P. omorika from Bosnia and Herzegovina
and four previously investigated populations from Serbia [19], again revealed overlap
among all populations, so it was not presented. However, the CDA showed that the first
two axes accounted for 90.04% of the total discrimination, with the first axis contributing
69.68% (Table 6). Five compounds, i.e., x-pinene, bornyl acetate, T-cadinol, tricyclene,
and o6-cadinene, had a significant impact on CA1, while -cadinene and bornyl acetate
also significantly influenced CA2 (Table 6). The scatter plot (Figure 5C) suggested a
tendency for the formation of two distinct population groups. Specifically, two groups
of populations were separated along the CA1, which explained the highest percentage of
discrimination. The first group consisted of individuals belonging to populations from
Bosnia and Herzegovina (T1S, RAD, and VIO) and Serbia (VRA), showing negative values
for CA1, while the second group, with positive values for CA1, included individuals
from the remaining Serbian populations (STU, ZP, and MIL). Within the first group, some
separation of the Serbian population (VRA) from the Bosnian populations (T1S, RAD, and
VIO) was evident, but this trend along the CA2 was weaker than the main trends already
described in the CDA.

Table 6. Standardized coefficients for the first five canonical axes (Cas) of variation for seven terpene
compounds from two discriminant functional analyses. Significant coefficients are in boldface.

Variables Root 1 Root 2 Root 3 Root 4 Root 5
Tricyclene 0.591065 —0.083273 —0.016057 —0.420899 —0.506909
o«-Pinene 1.016893 —0.011394 —0.178902 —0.337778 —0.767944
Camphene 0.247062 —0.294177 0.012248 0.942534 0.829394
B-Pinene —0.187520 0.106547 —0.205821 —0.303272 0.221453
Bornyl acetate 0.910007 —0.510325 0.603289 —0.566169 —0.039241
d-Cadinene 0.558879 0.841102 0.462885 0.108121 0.153127
t-Cadinol 0.899374 —0.462104 —0.847024 —0.370009 0.447749
Eigenvalue 5.626603 1.644619 0.724582 0.055664 0.023865
Cum. Prop. 0.696757 0.900414 0.990141 0.997034 0.999989
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Figure 5. Multivariate statistical analyses based on seven terpene compounds of 45 individuals from
three populations of P. omorika from Bosnia and Herzegovina: (A) CDA analysis; (B) UPGA analysis,
as well as on 153 individuals from seven populations of P. omorika from Bosnia and Herzegovina and
Serbia; (C) CDA analysis; (D) UPGA cluster analysis.

Similarly, within the second group, which included only Serbian populations, some
separation of the STU population from the ZP and MIL populations along CA2 was evident.
The AHC results largely confirmed the CDA findings (Figure 5D) but separated the Serbian
population into three clusters: (1) STU; (2) ZP and MIL; and (3) VRA along with the
Bosnian populations.

4. Discussion
4.1. Morpho-Anatomy of Serbian Spruce Needles

Bosnian and Herzegovinian populations of P. omorika have a lower mean value of
needle length (NL, 13.3 mm) in comparison with Serbian ones (13.6 mm) [20], but higher
in comparison with the result of MileSevka Canyon (9.9 mm) [25]. Bosnian P. omorika
needles are still shorter than those of Picea sitchensis [4]. In the case of needle width (NW),
Bosnian-population needles have a higher mean value (1.58 mm) than needles from Serbia
(1.49 mm) [20] and artificial populations (as well as needle height (thickness), NH (0.88 and
0.80 mm, respectively). In some artificial sites [26,27], needles were longer (16.4 mm and
14.0 mm, respectively) and shorter (1.49 mm and 1.4 mm, resp.), as well as thinner [28,29]
(0.94 mm and 0.90 mm, resp.). P. glechnii [8] has smaller needles than P. omorika from
Bosnia and Herzegovina and Serbia. Serbian populations have higher mean values than the
Bosnian population of CT + EPI (22.8 pm and 18.9 um, resp.), but lower for HW (17.5 pm
and 26.8 um, resp.). The CT + EPI mean values of the presented results are higher than at
Mt. Tara [30] and one of the artificial sites [29]. In the case of NRD, both man values are
the same (0.74 and 0.80, resp.). The third resin duct was first reported in 1995 [28] in a very
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polluted area. Variability in NRD could also be explained by discontinuous (intermittent)
resin ducts, which are well known in some North American spruces (P. glauca, P. engelmanni,
P. mexicana, P. pungens, and P. sitchensis) [6]. The RDD (resin duct diameter) is lower in
Serbia than in Bosnia and Herzegovina but higher than in one natural population [30]
(51.8 um, 61.2 pum, 37 um, and respectively). P. sitchensis has a higher RDD (70 pm [7] in
comparison with P. omorika from Serbia [20] and Bosnia and Herzegovina (51.8 pm and
61.5 um, respectively).

In population studies of the morpho-anatomy of Picea abies needles, significant dif-
ferentiations were observed both between mountain regions and among populations, as
well as within populations [31]. NL was strongly influenced by genetic factors; the needle
width was determined by both genetic and environmental factors, while for other needle
traits, the environmental component of variability prevailed.

4.2. Terpene Composition of Serbian Spruce Needles

The terpene profile of Picea species is a key determinant of their ecological fit-
ness and physiological resilience. Individual terpenes play distinct yet interconnected
roles in defense, metabolism, and environmental adaptation. Monoterpenes such as
x-pinene, 3-pinene, and 3-carene function as volatile chemical defenses, deterring herbi-
vores and inhibiting pathogenic fungi while mediating plant-plant and plant-microbe
interactions [32,33]. Sesquiterpenes, including longifolene and 3-caryophyllene, are of-
ten inducible upon biotic stress and contribute to both direct toxicity and signaling in
defense-related responses [34]. Diterpenes like abietic and levopimaric acids, though less
volatile, form critical components of the oleoresin, creating physical and chemical barriers
against invading organisms and mitigating abiotic stresses, such as drought [35]. Profiling
these compounds is vital for understanding the metabolic plasticity of Picea, their adaptive
strategies in boreal ecosystems, and the molecular basis of resistance to environmental chal-
lenges. Recent advances in metabolomics and genomic tools have revealed the complexity
of terpene biosynthesis in conifers, including highly specialized terpene synthase gene
families and regulatory networks underlying species-specific chemical defenses [36]. This
knowledge is increasingly important for forest-management strategies, breeding programs,
conservation, and the sustainable utilization of conifer resources.

Bosnian and Herzegovinian populations have a higher total number of essential oil
compounds (128 compounds) compared to Serbian populations (78) [19]. Bosnian and
Herzegovinian populations also contain a greater proportion of total monoterpenes (89.1%
on average) than the Serbian populations (74.3% on average), except for the population
from MileSevka Canyon (MIL) (88.5%) [19].

However, comparing Serbian and Bosnian and Herzegovinian populations via multi-
variate statistical analyses, population Stula (STU) is found to be the most distant. Further-
more, population Vranjak (VRA) is a Serbian population that is the most similar to Bosnian
and Herzegovinian populations.

The needle leaf oil of Bosnian P. omorika populations has the following average terpene
profile, bornyl acetate >> camphene > limonene > x-pinene, while in Serbian populations,
the average terpene profile was bornyl acetate >> camphene > x-pinene. The main terpene
profiles of other sites of Serbian spruce also had bornyl acetate, limonene, camphene, and
a-pinene, sometimes in a slightly different arrangement [13,37,38].

According to von Ruddlof [39], bornyl acetate is the highest compound in P. omorika
as well, with the profile bornyl acetate >>> limonene > x-pinene > camphene. In Picea
mariana and P. rubens (section Eupicea) terpene profiles were similar to Serbian populations,
but with more abundant bornyl acetate (bornyl acetate >>> camphene > x-pinene), while
in P. breweriana (section Omorika), myrcene was the most abundant (myrcene > bornyl
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acetate > o-pinene > 3-pinene) [39]. The terpene profile of P. orientalis (section Eupicea)
was bornyl acetate >>> camphene and limonene/ 3-phellandrene [13]. The most abundant
compounds of P. jezoensis (section Casicta) were camphene = limonene/ 3-phellandrene >
myrcene > bornyl acetate, while in P. sitchensis (section Casicta), the terpene profile was
unique (myrcene > piperitone > camphor > limonene/ 3-phellandrene) [13].

The significant variability in and diversity of P. omorika populations can undoubtedly
be explained by historical changes in ancient times ([19] and references cited therein).
The Dinaric Alps are geomorphologically complex due to tectonic disturbances dur-
ing the Pliocene and the formation of ecological niches during the Pleistocene glacia-
tion, factors that have contributed to the biodiversity and divergences found in some
P. omorika populations.

5. Conclusions

The differences and diversity observed among the analyzed populations are important
for understanding the variability of this relic and endemic species. This article presents
several new terpene compounds of Picea omorika that were identified.

Almost complete separation of the populations of Bosnia and Herzegovina from the
Serbian ones was confirmed in terms of the morpho-anatomy. Multivariate terpene anal-
yses did not show differentiation between populations of the left and right coast of the
river Drina, which is the natural border between the countries Bosnia and Herzegovina
and Serbia. Population VRA from Serbia is closer to Bosnian and Herzegovinian popu-
lations, while population STU, which lays on the border between two countries, was the
most distant.

Extending our analyses to all P. omorika populations in Bosnia and Herzegovina could
provide a more comprehensive understanding of the morpho-anatomical characteristics
and terpene profile in needles. This would help clarify the phenotypic diversification of
P. omorika throughout its natural distribution.
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