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Abstract 

The content of nonacosan-10-ol and n-alkanes in needle waxes of twelve Pinus taxa (Pinus 

halepensis, P. heldreichii, P. mugo, P. nigra ssp. nigra, P. nigra ssp. dalmatica, P. peuce, P. pinaster, 

P. pinea, P. ponderosa, P. strobus, P. sylvestris, and P. wallichiana) were examined. In eight Pinus 

taxa (except of P. halepensis, P. pinaster, P. heldreichii and P. peuce) nonacosan-10-ol contents were 

examined for the first time. In all examined pines C29, C27 or C25 were the main n-alkane 

compounds. C range was mainly 18-33. In six Pinus taxa (P. mugo, P. nigra ssp. dalmatica, P. 

sylvestris, P. pinea, P. strobus and P. wallichiana) CPI and ACL values were examined for the first 

time. In the plane of Axis 1 (PCA), P. strobus, P. mugo, and P. wallichiana were strongly separated 

from P. heldreichii and P. pinea. In the plane of Axis 2, P. peuce, P. strobus, and P. wallichiana as 

well as P. heldreichii and P. pinea diverged from other examined species. In DA P. heldreichii, P. 

strobus, P. peuce, and P. wallichiana diversed. CA divided sections Pinus and Pinaster from section 

Strobi. 

Keywords: Pinus, n-alkanes, nonacosan-10-ol, Carbon Preference Index (CPI), Average chain 

length (ACL), Principal component analysis (PCA), Discriminant analysis (DA) 
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The genus Pinus (Pinaceae), with around 110 species, is the largest and the most widespread 

genus of conifers in the Northern Hemisphere (Farjon 2001). Pines are one of the most ecologically 

important tree species as a major, often dominant component of boreal, subalpine, temperate, and 

tropical forests as well as arid woodlands (Richardson and Rundel 1998). Economically, pines are an 

important source of timber, wood pulp, turpentine, charcoal, edible seeds (pine nuts) and 

ornamentals (Le Maitre 1998). Modern classification of Pinus recognizes two major lineages: 

subgenus Pinus (Diploxylon or hard pines, with two fibrovascular bundels in the needles) and 

subgenus Strobus (Haploxylon or soft pines, with one fibrovascular bundle in the needle). Both 

subgenera are further divided into two sections consisting of two or three subsections each (Gernandt 

et al. 2005). 

The cuticular waxes are complex mixtures of very-long-chain (VLC > C20) saturated aliphatic 

compounds, bearing no functionality or only one functional group at one end of the carbon chain 

(Racovita and Jetter 2016). Most commonly encountered are homologous series of even-numbered 

fatty acids, primary alcohols, alkyl esters and aldehydes, as well as odd-numbered alkanes, 

secondary alcohols and ketones (Kunst and Samuels 2003). In addition, detail population 

investigations based on the composition of secondary alcohol nonacosan-10-ol of the needle waxes 

of P. halepensis (Matas et al. 2003), P. heldreichii (Nikolić et al. 2012a), P. peuce (Nikolić et al. 

2012b) and Picea omorika (Nikolić et al. 2013a) in different parts of their distribution were reported 

recently. 

Among the compounds constituting the cuticular waxes, n-alkanes have been most commonly 

used as chemotaxonomic markers in different plant families (Maffei et al. 1994; 1996a; 1996b). In 

conifers, the efficacy of n-alkanes as chemotaxonomic markers have been discussed by Maffei et al. 

(2004), showing the differences in n-alkane composition at the familial and subfamilial level. n-

Alkanes are usually examined in chemotaxonomic studies (Maffei et al. 2004 and refs. cited therein; 

Corrigan et al. 1978), phylogenetic studies (Bowman 1980), hybrid detection (Knight et al. 2004), air 

pollution studies (Lütz et al. 1990), etc. Variability of n-alkanes depends upon species, even within 

the same genus. In conifers, the most dominant is C31, less commonly C33 or C29 (Maffei et al. 

2014), or even C25 and C27 (Oros et al. 1999)., which are also common in deciduous species, e.g. in 

the genus Salix (Teece et al. 2008) or Populus (Cameron et al. 2000). 

It was already known that CPIs and ACLs could be use as chemotaxonomic markers (Herbin 

and Robins 1968), in environmental studies (Lockheart et al. 1998), in paleoenvironmental 

reconstructions (Corrigan et al. 1978), etc. 

Furthermore, a number of studies suggested n-alkanes as very informative markers in the 

studies of geographic variation and/or identification of infraspecific taxa of Pinus (Nikolić et al. 

2010, 2012a; 2012b; 2018a; Mitić et al. 2018a; 2018b), Picea (Nikolić et al. 2013a), Juniperus 

(Dodd and Poveda 2003; Rajčević et al. 2013), and other species (Günthardt – Goerg 1986). 

Furthermore, chemotaxonomic implications between several conifers were reported, too (Nikolić et 

al. 2013b, 2018b). 

The aim of this investigation is to compare content of nonacosan-10-ol and n-alkanes in needle 

waxes of twelve Pinus taxa: 1. Pinus halepensis Mill., 2. Pinus heldreichii H. Christ., 3. Pinus mugo 

Turret, 4. Pinus nigra subsp. nigra J. F. Arnold, 5. Pinus nigra subsp. dalmatica J. F. Arnold, 6. 

Pinus peuce Griseb., 7. Pinus pinaster Aiton (syn. P. maritima), 8. Pinus pinea L., 9. Pinus 

ponderosa Douglas ex. C.Lawson, 10. Pinus strobus L., 11. Pinus sylvestris L. (syn. P. silvestris), 

and 12.Pinus wallichiana A.B.Jacks. (syn. P. excelsa). Significance of this research is also in the fact 

that, to our knowledge, nonacosan-10-ol content and CPIs and ACLs were not investigated in seven 

of selected Pinus taxa: P. mugo, P. nigra ssp.subsp. dalmatica, P. pinea, P. ponderosa, P. strobus L., 

P. sylvestris, and P. wallichiana. 

Acc
ep

te
d 

M
an

us
cr

ipt



Materials and Methods 

Plant Material 

Fresh leaf material of twelve Pinus taxa were harvested from lower third part of tree crowns in 

four repetitions (48 samples in total). Plant species from Belgrade parks (Pinus mugo, P. nigra 

subsp. nigra J. F. Arnold, P. sylvestris, P. heldreichii, P. peuce, P. ponderosa, P. strobus and P. 

wallichiana), were harvested and identified by Dr S. Bojović and Dr B. Nikolić. Those harvested 

from island Korčula in Croatia (P. nigra ssp.subsp. dalmatica, P. halepensis, P. pinaster, and P. 

pinea), were identified by Milan Vojinović, graduated forestry engineer. Material was stored in deep 

freezer at -20°C prior to further analysis. Voucher specimens were deposited in Institute of Forestry, 

Belgrade. 

Extraction of Needle Wax for the Investigation of the Nonacosan-10-ol Content 

A concentrated sample of epicuticular wax was collected from each tree by immersing 3 g of 

needles in 10 ml of n-hexane (HPLC grade; Merck, Darmstadt) for 45 s. The samples were then 

dried under vacuum at 60°C, and aliquots of 1 ml of these samples were used to determine the 

nonacosan-10-ol content by GC/MS analysis. 

Extraction of Needle Wax for the Investigation of the n-Alkanes 

The concentrated extracts, obtained as described above, were chromatographed on small-scale 

columns using a Pasteur pipette filled with silica gel 60 (SiO2, 0.2 –0.5 mm; Merck) previously 

activated at 120°C (Mimura et al. 1998). The wax samples were obtained by elution with 5 ml of 

hexane and stored at -20°C until further analysis. 

Organic solvents like benzene, chloroform, hexane, acetone, dichloromethane, methanol, and 

ethanol have been used on a large scale for surface wax extraction. Hexane is most commonly used 

in extraction nonpolar fraction of epicuticular waxes including n-alkanes (chain-length C21– C35) 

and primary alcohols (C22–C40). There are numerous previous reports efficiency of this method 

(Erosa et al. 2002; Medina et al. 2006; Nikolić et al. 2010; Kundu and Sinhababu 2013; Mitić et al. 

2018b, etc.). 

For this both nonacosan-10-ol and n-alkanes analyses one-, and two-year and sometimes three-

year -old needles of trees, collected in spring and autumn separately (as a bulk) were used (ca. four to 

six repetitions of every taxon). 

Chemicals and Reagents 

n-Hexane (HPLC grade) and silica gel 60 (0.2–0.5 mm) were purchased from Merck 

(Darmstadt, Germany). 

GC and GC–MS analysis 

Gas chromatography (GC) and gas chromatography–mass spectrometric (GC–MS) analyses 

were performed using an Agilent 7890A GC equipped with an inert 5975C XL EI/CI mass 

spectrometer detector (MSD) and flame ionisation detector (FID) connected by capillary flow 

technology 2-way splitter with make-up. A HP-5MS capillary column (30 m×0.25 mm×0.25 μm) 

was used. The GC oven temperature was programmed from 60 to 300°C at a rate of 3°C min
−1

 and 

held for 10 min. Helium was used as the carrier gas at 16.255 psi (constant pressure mode). An auto-

injection system (Agilent 7683B Series Injector) was employed to inject 1 μL of sample. The 

Acc
ep

te
d 

M
an

us
cr

ipt



samples were analysed in the splitless mode. The injector temperature was 250°C and the detector 

temperature 300°C. MS data was acquired in the EI mode with scan range 30–550 m/z, source 

temperature 230°C, and quadrupole temperature 150°C; the solvent delay was 3 min. 

Compound Identification 

The components were identified based on their retention index and comparison with reference 

spectra (Wiley and NIST databases) as well as by the retention time locking (RTL) method and the 

RTL Adams database (Franich and Wells 1980). The retention indices were experimentally 

determined using the standard method of Van Den Dool and Kratz (Bargel et al. 2006) involving 

retention times of n-alkanes, injected after the sample under the same chromatographic conditions. 

The relative abundance of the n-alkanes was calculated from the signal intensities of the homologues 

in the GC-FID traces. 

Calculation of CPI and ACL Values 

The carbon preference index (CPI) of the total odd-numbered and even-numbered LNAs 

(CPItotal) was calculated using the equation of Mazurek and Simoneit (1997). The average chain 

length (ACL) of the total odd-numbered and even-numbered LNAs (ACLtotal) was calculated by 

using the equation of Poynter and Eglington (1990). To compare the obtained results with those from 

literature sources, CPI25–33, CPI20–36, CPI15–21, and CPI25–31 were calculated by using the 

equation of Bray and Evans (1961) and ACL23–35 by using the equation of Poynter and Eglington 

(1990). The relative proportions of short-, mid-, and long-chain n-alkanes (n-C18–20, n-C21–24, and 

n-C25–33, resp.) were calculated according to Kuhn et al. (2010). 

Statistical analyses 

Statistical analyses were carried out using Statgraphics Plus (version 5.0; Statistical Graphics 

Corporation, U.S.A.) and Statistica (version 10, Stat. Soft. Inc. 2011). 

Results and discussion 

Variability of Nonacosan-10-ol Content 

Nonacosan-10-ol contents varied among listed Pinus species from 60.82% (P. nigra subsp. 

nigra) to 83.42% (P. strobus) in average (Table 1; Fig. 1). Besides P. nigra subsp. nigra, P. peuce 

also had low content of nonacosan-10-ol (64.53%). On the other side, P. strobus had extremely high 

content (83.42%). Significant differences of P. peuce and P. nigra ssp.subsp. nigra from other 

analyzed species were confirmed by ANOVA test (results were not presented). From the highest to 

the lowest values subsections had as following: Ponderosae (i. e. P. ponderosa) – 77.30%, Strobi – 

76.06%, Pinaster - 75.88%, and Pinus – 73.14% (Fig.1). 

In previous results of P. heldreichii and P. peuce (Nikolić et al., 2012a, 2012b) average values 

of nonacosan-10-ol contents were not so high (55.5% and 55.9%, respectively), but in some trees 

they were also very abundant (73.2% and 72.3%, resp.). Differences of five-needle P. peuce and 

two-needle P. nigra subsp. nigra (with low nonacosan-10-ol content) from other analyzed species 

were confirmed statistically. However, these two pines belonged to different subsections (Strobus 

and Pinus, resp.). 

Table 1, Fig. 1. 

Variability of n-Alkanes 
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In all examined Pinus taxa C29, C27 or C25 were the main compounds. C range was mainly 

18-35 (Table 2). In subsection Pinus C29 dominated. Domination of C29 in P. mugo was also shown 

in detail population investigation of Mitić et al. (2018b). In P. nigra ssp.subsp. nigra and P. nigra 

ssp.subsp. dalmatica C27 was also high. According to average values (Table 2) C29 and C27 were 

the most abundant. C range is mainly 18-35. 

In previous results of P. heldreichii and P. peuce (Nikolić et al., 2012a, b) average values of 

nonacosan-10-ol contents were not so high (55.5% and 55.9%, respectively), but in some trees they 

were also very abundant (73.2% and 72.3%, resp.). Differences of five-needle P. peuce and two-

needle P. nigra ssp.subsp. nigra (with low nonacosan-10-ol content) from other analysed species 

were confirmed statistically. These two pines belonged to different subsections (Strobus and Pinus, 

resp.). On the level of subsections, differences were not so great, and all were over 70%. 

In subsection Ponderosae (P. ponderosa) C29 n-alkane was the main compound (Table 2). 

Previous results with P. ponderosa (Oros et al. 1999) had narrower C range (C23-C35) and Cmax=35. 

In P. peuce and P. wallichiana C27, C29 and C31 dominated. 

Literature reports signed that different environmental factors could changed composition 

(Kerfourn and Garrec 1992), biosynthesis (Franich and Wells 1980; Gordon and Percy 1999; etc.) as 

well as morphology and ultrastructure of wax (Gellini et al. 1985; Holmes and Keiller 2002; Sauter 

and Voβ 1986; and refs cited therein, etc). This is probably the reason for differences in PCA and 

Cluster analyses among presented and previous results of the same species (microsatellites, Nikolić 

et al 2018c). 

Variability of CPI and ACL values 

For all investigated taxa mean value of CPItotal is 2.8, and ACLtotal was 15.0 (Table 2). 

Individual results of CPItotal ranged from 1.2 (P. heldreichii) to 5.1 (P. nigra ssp.subsp. dalmatica), 

and of ACLtotal from 14.8 (P. pinaster) to 17.6 (P. strobus and P. wallichiana). Taxa of section 

Pinaster had the lowest CPItotal value (2.7), while pine of section Ponderosae had the highest one 

(4.0). ACLtotal was the lowest in section Ponderosae (15.5) and the highest in sections Strobi and 

Pinus (17.4 and 17.2, resp.). 

CPI25-33 values varied from 1.0 – 1.2 with average of 1.1 (Table 3). The lowest value had P. 

ponderosa (1.0) while the highest ones had P. halepensis, P. heldreichii and P. peuce (1.2). Mean 

values of all investigated taxa were up to 1.0, which exhibits odd/even predominance (OEP; because 

a CPI<1 indicates EOP, and CPI>1 indicates OEP (Kuhn et al. 2010). 

CPI20-36 values were constant (1.0) in all analyzed taxa (Table 2). 

CPI15-21 values varied from 0.0 – 4.0 with average of 1.5 (Table 2). The lowest value has P. 

halepensis (1.3) while the highest ones have P. heldreichii and P. ponderosa (2.1). Among all 

investigated sections the highest average value (1.8) was in the section Pinus. Mean values of all 

investigated taxa are up to 1.0, which exhibits odd/even predominance (OEP). 

CPI25-31 values was predominantly 1.1, except in the case of P. peuce, P. strobus and P. 

wallichiana (section Strobi; 1.2). 

Mean ACL23-35 had the lowest value in section Ponderosa (35.7) and the highest values in 

section Strobi (38.0 in average). Relative proportions of short-, mid- and long- chain n-alkanes were 

1.4, 17.8 and 89.0 in average, respectively (Table 1). Section Pinaster had the highest value of n-

C16-20. n-C21-24 range was the highest in section Pinaster and the lowest in the section 

Ponderosae. n-C25-35 range was the highest in section Ponderosae. In presented study CPIs and 
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ACLs of seven Pinus taxa (except of P. halepensis, P. heldreichii, P. nigra ssp.subsp. nigra, P. peuce 

and P. pinaster) were examined for the first time. 

Mean ACL23-35 value was 36.9, with individual variation of 28.4 (P. halepensis) to 44.0 (P. 

mugo). The lowest value had section Ponderosa (35.7) and the highest section Strobi (38.0). 

Relative proportions of short- mid- and long- chain n-alkanes were 1.4, 17.8 and 89.0 in 

average, respectively. Section Pinaster had the highest value of n-C16-20 (1.4), while section Strobi 

had the lowest value (0.9). Among Pinus taxa limited values had P. sylvestris (2.3) and P. nigra 

ssp.subsp. dalmatica (0.5). n-C21-24 range was the highest in section Pinaster (19.9) and the lowest 

in the section Ponderosae (14.4). Among Pinus taxa limited species were P. halepensis (4.3) and P. 

heldreichii (34.2). n-C25-35 range was the highest in section Ponderosae (84.4) and the lowest in the 

section Pinus (81.2). Among taxa limited species were P. halepensis (95.1) and P. heldreichii (63.7). 

CPItotal of P. ponderosa reported in literature (Oros et al., 1999) was much higher (4.9) than in 

our investigations (4.0). The previous results were much higher in the case of Pinus heldreichii 

(Nikolić et al. 2012a), P. peuce (Nikolić et al. 2012b), and P. nigra (Bojović et al. 2012), (1.8, 2.3 

and 2.7, resp.). ACLtotal of P. ponderosa reported in literature (Oros et al. 1999) was much higher 

(29.5) than in presented investigations (15.5). Our previous results were much higher in the case of 

P. heldreichii (Nikolić et al. 2012a), P. peuce (Nikolić et al. 2012b), and P. nigra (Bojović et al. 

2012), (26.1, 25.7 and 26.6, resp.). 

Table 2. 

PCA analysis 

The first two axes of Principal component analysis (PCA) explained 60.4% of total 

information (Fig. 2). For this analysis nine n-alkanes, C23-C31, mostly abundant in all samples, were 

used. PCA showed the classification of elements into the two main groups. In the plane of Axis 1 P. 

strobus, P. mugo, and P. wallichiana, were strongly separated from P. heldreichii and P. pinea. In 

the plane of Axis 2, P. peuce, P. strobus, and P. wallichiana as well as P. heldreichii and P. pinea 

diverged from other examined species. 

Fig. 2. 

DA analysis 

The DA (Discriminant analysis), based on nine n-alkanes, had shown that the first two axes 

explained 65% of the total information (Table 3). The first axis explained 48% of discrimination. 

The graetest influence on Root 1 was the distribution of C25, C30 and C31. The second 

discriminated (Root 2) was mainly determined by the values of C24, C25, C26, C27, C29 and C31. 

On the scatter plot (Fig. 3), first root showed that five needle pines (P. peuce, P. stobus and P. 

wallichiana) were separated from all two – and three- needle pines (except from P. heldreichii). 

Fig. 3. 

CA analysis 

The CA (Cluster analysis, Fig. 4) based on the same nine n-alkanes as in previous multivariate 

methods, showed that section Strobus (five needle pines) were the most separated from other 

investigated Pinus taxa. Sections Pinus and Pinaster partially diversed, and P. halepensis was in 

dividing position between section Strobus and sections Pinus and Pinaster. According to 
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microsatellites analysis sections and subsections of the same 12 taxa of Pinus also diversed (Nikolić 

et al. 2018c and refs. cited therein). 

Fig. 4. 

Conclusions 

Nonacosan-10-ol contents varied among listed Pinus species from 56.6% (P. peuce) 60.82% 

(P. nigra subsp. nigra) to 83.5% 83.42% (P. strobus). Contents of nonacosan-10-ol of eight Pinus 

taxa were examined in presented study for the first time. In all examined Pinus taxa n-alkanes C29, 

C27 or C25 were the main compounds. For all investigated taxa mean value of CPItotal was 2.8, and 

ACLtotal was 15.0. CPI15-21 values varied from 0.0 – 4.0 with average of 1.5. CPI25-31 values was 

predominantly 1.1. Mean ACL23-35 value was 36.9, with individual variation of 28.4 (P. halepensis) 

to 44.0 (P. mugo). CPIs and ACLs of seven Pinus taxa were examined for the first time. 

All three multivariate analyses showed that five needle pines were separated from two- and 

three- needle pines. P. pinaster, P. heldreichii and P. pinea were sometimes closer to section Strobus 

than to their own section (section Pinaster). This is not the case with the microsatellite analysis (of 

the same species) where analyzed pines of sections Strobus, Pinus, and Pinaster were clearly 

separated (Nikolić et al. 2018c). So, we could conclude that the taxonomic studies of n-alkanes are 

less significant than the genetic analysis. 

Acknowlegments 

This work was supported by Grants No 200027, 200178, 200168, 200124 and 200007 by the 

Ministry of Education, Science and Technological Development of the Republic of Serbia. 

Disclosure statement 

No potential conflict of interest was reported by the authors. 

References 

Bargel H, Koch K, Cerman Z, Neinhuis C. 2006. Evans Review No. 3: Structure-Function 

Relationships of the Plant Cuticle and Cuticular Waxes—A Smart Material. Funct. Plant Biol. 

33:893-910. 

Bojović S, Šarac Z, Nikolić B, Tešević V, Todosijević M, Veljić M, Marin PD. 2012. Composition 

of n-alkanes in natural populations of Pinus nigra from Serbia - chemotaxonomic 

implications. Chem. Biodiv. 9:2761-2774. 

Bowman RN. 1980. Phylogenetic implications from cuticular wax analyses in Epilobium sect. 

Zauschneria (Onagraceae). Am. J. Bot. 67:671-685. 

Bray EE, Evans ED. 1961. Distribution of n-paraffins as a clue to recognition of source beds. 

Geochim. Cosmochim. Acta. 22:2-15. 

Cameron KD, Teece MA, Bevilacqua E, Lawrence B. 2000. Diversity of cuticular wax among 

Salix species and Populus species hybrids. Phytochemistry 60:715-725. 

Acc
ep

te
d 

M
an

us
cr

ipt



Corrigan D, Timoney RF, Donnelly DMX. 1978. n-Alkanes and ω– hydroxyalkanoic acids from the 

needles of twenty – eight Picea species. Phytochemistry 17:907-910. 

Dodd RS, Poveda MM. 2003. Environmental gradients and population divergence contribute to 

variation in cuticular wax composition in Juniperus communis. Biochem. Syst. Ecol. 

31:1257-1270. 

Erosa FE, Gamboa-León MR, Lecher JG, Arroyo-Serralta GA, Zizumbo-Villareal D, Oropeza-Salín 

C, Peña-Rodríguez L. 2002. Major components from the epicuticular wax of Cocos nucifera. 

Revista de la Sociedad Química de México 46: 247-250. 

Farjon A. 2001. World Checklist and Bibliography of Conifers, ed. 2. Kew: Royal Botanic Gardens. 

Franich RA, Wells LG. 1980. Inhibition of Pinus radiata primary needle epicuticular wax 

biosynthesis by trichloracetate. J. Exp. Bot. 31:829-838. 

Gellini R, Pantani F, Grossoni P, Bussoti F, Barbolani E, Rinallo C. 1985. Further investigation on 

the causes of disorder of the coastal vegetation in the park of San Rossore (central Italy). Eur. 

J. For. Path.15:145–157. 

Gernandt DS, Geada López G, Ortiz García S, Liston A. 2005. Phylogeny and classification of 

Pinus. Taxon. 54:29-42. 

Gordon DC, Percy KE. 1999. Effect of UV - B dose on biosynthesis of epicuticular waxes in blue 

spruce (Picea pungens Engelmann.) primary needles: preliminary investigation. W. A. S. P. 

116:429-436. 

Günthardt – Goerg MS. 1986. Epicuticular wax of needles of Pinus cembra, Pinus sylvestris and 

Picea abies. Eur. J. Forest Pathology. 16:400-408. 

Herbin GA, Robins PA. 1968. Studies on plant cuticular waxes - III. The leaf wax alkanes and ω–

hydroxy acids of some members of the Cupressaceae and Pinaceae. Phytochemistry. 7:1325-

1337. 

Holmes MG, Keiller DR 2002. Effects of pubescence and waxes on the reflectance of leaves in the 

ultraviolet and photosynthetic wavebands: a comparison of a range of species. Pl. Cell 

Environ. 25: 85-93. 

Kerfourn C, Garrec JP. 1992. Modifications in the alkane composition of cuticular waxes from 

spruce needles (Picea abies) and ivy leaves (Hedera helix) exposed to ozone fumigation and 

acid fog: comparison with needles from declining spruce trees. Can. J. Bot. 70:861-869. 

Knight TG, Wallwork MAB, Sedgley M. 2004. Leaf epicuticular wax and cuticle ultrastructure of 

four Eucalyptus species and their hybrids. Int. J. Plant Sci. 165:27-36. 

Kuhn TK, Krull A, Bowater A, Grice K, Gleixner G. 2010. The occurrence of short chain n-alkanes 

with an even over odd predominance in higher plants and soils. Org. Geochem. 41:88-95. 

Kundu S, Sinhababu A 2013. Analysis of n-alkanes in the cuticular wax of leaves of Ficus 

glomerata. J.Appl. Nat. Sci. 5: 226-229. 

Acc
ep

te
d 

M
an

us
cr

ipt



Kunst L, Samuels AL. 2003. Biosynthesis and secretion of plant cuticular wax. Prog. Lipid Res. 

42:51-80. 

Le Maitre DC. 1998. “Pines in cultivation: a global view,” in Ecology and Biogeography of Pinus, 

ed. DM. Richardson, Cambridge, Cambridge Univ. Press, 407-431. 

Lockheart MJ, Poole I, Van Bergen PF, Evershed RP. 1998. Leaf carbon isotope compositions and 

stomatal characters: important considerations for palaeoclimate reconstructions. Org. 

Geochem. 29:1003-1008. 

Lütz C, Heinzmann U, Gulz PG. 1990. Surface and epicuticular wax composition of spruce needles 

after long-term treatment with ozone and acid mist. Environ. Pollut. 64:313-326. 

Maffei M. 1994. Discriminant analysis of leaf wax alkanes in the Lamiaceae and four other plant 

families. Biochem. Syst. Ecol. 22:711-728. 

Maffei M. 1996a. “Chemotaxonomic significance of leaf wax alkanes in the Compositae,” in 

Compositae: Systematics, eds. D.J.N. Hind, and H.J. Beentje (Proceedings of the 

International Compositae Conference. Vol. 1.) Kew: Royal Botanic Gardens, 141-158. 

Maffei M. 1996b. Chemotaxonomic significance of leaf wax n-alkanes in the Umbelliferae, 

Cruciferae and Leguminosae (Subf. Papilionoideae). Biochem. Syst. Ecol. 24:531-545. 

Maffei M, Badino S, Rossi S. 2004. Chemotaxonomic significance of leaf wax n-alkanes in the 

Pinales (Coniferales). J. Biol. Res. 1:3-19. 

Matas AJ, Sanz MJ, Heredia A. 2003. Studies on the structure of the plant wax nonacosan-10-ol, the 

main component of epicuticular wax conifers. Int. J. Biol. Macromol. 33:31-35. 

Mazurek MA, Simoneit BRT. 1997. “Higher molecular weight terpenoids as indicators of organic 

emissions from terrestrial vegetation”, in Molecular Markers in Environmental Geochemistry, 

ed. R.P. Eganhouse (ACS Symposium Series 671), American Chemical Society, Washington, 

D.C., Chapter 7:92-108. 

Medina E, Aguiar G, Gomez M, Aranda J, Medina JD, Winter K .2006. Taxonomic significance of 

the epicuticular wax composition in species of the genus Clusia from Panama. Biochem. Syst. 

Ecol.34: 319-326. 

Mimura MRM, Salatino MLF, Baumgratz JFA. 1998. Alkanes from epicuticular waxes of Huberia 

species: taxonomic implications. Biochem. Syst. Ecol. 26: 581-588. 

Mitić ZS, Zlatković BK, Jovanović SČ, Nikolić JS, Nikolić BM, Stojanović GS, Marin P.D. 2018a. 

Diversity of needle n-alkanes, primary alcohols and diterpenes in Balkan and Charpatian 

native populations of Pinus nigra J.F. Arnold. Biochem. Syst. Ecol. 80:46-54. 

Mitić ZS, Nikolić JS, Zlatković BK, Milanovici SJ, Jovanović SČ, Nikolić BM, Stojanović GS, 

Marin PD. 2018b. Epicuticular waxes provide insights into phytochemical differentiation of 

natural populations of Pinus mugo Turra sensu stricto. Chem. Biodiv. 15: e1800378. 

Nikolić B, Tešević V, Đorđević I, Jadranin M, Todosijević M, Bojović S, Marin PD. 2010. n–

alkanes in needle waxes of Pinus heldreichii var. pančići. J. Serb. Chem. Soc.: 75,1337-1346. 

Acc
ep

te
d 

M
an

us
cr

ipt



Nikolić B, Tešević V, Đorđević I, Todosijević M, Jadranin M, Bojović S, Marin PD. 2012a. 

Chemodiversity of nonacosan-10-ol and n-alkanes in the needle wax of Pinus heldreichii. 

Chem. Biodiv. 9:80-90. 

Nikolić B, Tešević V, Đorđević I, Todosijević M, Jadranin M, Bojović S, Marin PD. 2012b. 

Population variability of nonacosan-10-ol and n-alkanes in needle cuticular waxes of 

Macedonian pine (Pinus peuce Griseb.). Chem. Biodiv. 9:1155-1165. 

Nikolić B, Tešević V, Đorđević I, Todosijević M, Jadranin M, Bojović S, Marin PD. 2013a. 

Variability of n-alkanes and nonacosan-10-ol in natural populations of Picea omorika. Chem. 

Biodiv. 10:473-483. 

Nikolić B, Tešević V, Bojović S, Marin PD. 2013b. Chemotaxonomic implications of n-alkanes 

composition and nonacosan-10-ol content in Picea omorika, Pinus heldreichii and P. peuce. 

Chem. Biodiv. 10:677-686. 

Nikolić B, Todosijević M, Ratknić M, Đorđević I, Stanković J, Cvetković M, Tešević V, Marin PD. 

2018a. Terpenes and n-alkanes in needles of Pinus cembra. Nat. Prod. Commun. 13:1035-

1037. 

Nikolić BM, Mitić ZS, Tešević VV, Đorđević IŽ, Todosijević MM, Bojović SR, Marin PD. 2018b. 

Chemotaxonomic considerations of the n-alkane composition in Pinus heldreichii, P. nigra 

and P. peuce. Chem. Biodiv. 15: e1800161. 

Nikolić B, Kovačević, D., Mladenović Drinić S., Nikolić, A., Mitić Z, Bojović, S., Marin PD. 2018c. 

Relationships among some pines from subgenera Pinus and Strobus revealed by nuclear EST-

microsatellites. Genetika (Belgrade) 50:69-84. 

Oros DR, Standley LJ,Chen X, Simoneit BRT. 1999. Epicuticular wax compositions of predominant 

conifers of western North America. Z. Naturforsch. 54c:117–124. 

Poynter JG, Eglinton G. 1990. “Molecular composition of three sediments from hole 717C: the 

Bengal Fan, “in Proceedings of the Ocean Drilling Program, eds. J. R. Cochran, D.A.V. Stow 

et al. (Eds.), Scientific Results 116:155–161. 

Racovita RC, Jetter R. 2016. Identification of in-chain-functionalized compounds and methyl-

branched alkanes in cuticular waxes of Triticum aestivum cv. Bethlehem. PLoS One 11: 

e0165827. 

Rajčević N, Janaćković P, Bojović S, Tešević V, Marin PD. 2013. Variability of the needle essential 

oils of Juniperus deltoides R.P. Adams from different populations in Serbia and Croatia. 

Chem. Biodiv. 10:144-156. 

Richardson DM, Rundel PW. 1998. “Ecology and biogeography of Pinus: an introduction,” in 

Ecology and Biogeography of Pinus, ed. DM. Richardson (Cambridge, Cambridge Univ. 

Press):3-46. 

Sauter JJ, Voβ JU. 1986. SEM – observations on the structural degradation of epistomatal waxes in 

Picea abies (L.) Karst.- and its possible role in the “Fichtensterben”. Eur. J. For. Path. 

16:408–423. 

Acc
ep

te
d 

M
an

us
cr

ipt



Teece MA, Zengeya T, Volk TA, Smart LB. 2008. Cuticular wax composition of Salix varieties in 

relation to biomass productivity. Phytochemistry 69:396-402. 

  

Acc
ep

te
d 

M
an

us
cr

ipt



 

Fig. 1. Nonacosan-10-ol leaf contents of twelve Pinus taxa: 1. PMU (Pinus mugo), 2. PNI (P. nigra 

subsp. nigra), 3. PND (P. nigra subsp. dalmatica), 4. PSI (P. silvestris), 5. PHA (P. halepensis), 6. 

PHE (P. heldreichii), 7. PMA (P. pinaster), 8. PPI (P. pinea), 9. PPO (P. ponderosa), 10. PPE (P. 

peuce), 11. PST (P. strobus), and 12. PWA (P. wallichiana). 
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Fig. 2. Principle-component analysis (PCA) of nine selected n-alkanes (C23-C31) isolated from 48 

pine-tree samples of twelve Pinus taxa.  (for the names of species see caption of Fig.1). 
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Fig. 3. Canonical discriminant analysis (CDA) based on the contents of nine selected n-alkanes 

(C23-C31) isolated from 48 samples of twelve Pinus taxa (for the names of species see caption of 

Fig.1). 
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Fig. 4. Dendrogram based on a "nearest-neighbor method" (square Euclidean distance) of the studied 

nine n-alkanes (C23-C31) of twelve Pinus taxa (for the names of species see caption of Fig.1). 
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Table 1. Mean value (X) and standard deviation (SD) of nonacosan-10-ol of twelve Pinus taxa. 

 TAXA  X   ±  SD 

1. Pinus halepensis PHA 76.98 ± 3.44 

2. Pinus heldreichii PHE 73.47 ± 4.67 

3. Pinus mugo PMU 80.46 ± 4.08 

4. Pinus nigra subsp. nigra PNI 60.82 ± 5.63 

5. Pinus nigra subsp. dalmatica PND 74.48 ± 6.84 

6. Pinus peuce PPE 64.53 ± 21.32 

7. Pinus pinaster PMA 77.13 ± 5.91 

8. Pinus pinea PPI 76.25 ± 4.91 

9. Pinus ponderosa PPO 77.30 ± 12.29 

10. Pinus strobus PST 83.42 ± 2.59 

11. Pinus sylvestris PSI 79.54 ± 6.63 

12. Pinus wallichiana PWA 77.92 ± 2.71 
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Table 2. Variability of the most abundant n-alkanes, Carbon preference indices (CPIs), Average chain length (ACLs), and Relative proportions of Short-

, Mid- and Long-Chain n-alkanes in the needle wax of twelve Pinus taxa. 

Taxon
a
) 

Crange Cmax
b
) CPI total

c
) 

CPI25-

33
d) 

CPI20-

36
e
) 

CPI15-

21
f
)
 

CPI25-

31
g)

 
ACLtotal

h
) 

ACL 23-

35
i)
 

n-C16-20 

Short-

chain 

n-C21-24 

Mid-chain 

n-C25-35 

Long-

chain 

         In % of total n-alkanes (C18-35) 

P. mugo 
Range 

18  –  

35 
29 2.0 – 3.8 1.0 - 1.1 1.0 1.7 – 2.0 1.1 

14.0 – 

18.0 

36.1 – 

44.0 
0.5 – 4.2 9.2 – 39.1 

77.0 – 

90.3 

Average  29 3.0 1.1 1.0 1.8 1.1 17.2 38.9 1.8 18.9 79.3 

P. nigra 

subsp. 

nigra 

Range 
18  –  

35 
27, 29 2.7 – 5.5 1.1 1.0 1.3 – 1.9 1.1 

16.0 – 

18.0 

33.7 – 

38.8 
1.7 – 4.7 

10.8 – 

29.0 

69.0 – 

86.5 

Average  27, 29 3.6 1.1 1.0 1.6 1.1 17.0 36.8 3.0 22.5 74.5 

P. nigra 

subsp. 

dal-

matica 

Range 
18  –  

35 
27, 29 2.8 – 8.2 1.1 1.0 0.8 – 2.6 1.1 

17.0 – 

18.0 

31.1 – 

40.6 
0.4 – 0.6 3.1 – 12.8 

86.8 – 

96.4 

Average  29 5.1 1.1 1.0 1.6 1.1 17.5 35.1 0.5 7.1 92.4 

P. syl-

vestris 

Range 
18  –  

35 
25, 29 2.2 – 4.1 1.1 1.0 1.1 – 1.7 1.1 

14.0 – 

18.0 

37.0 – 

41.6 
1.2 – 3.7 9.2 – 24.5 

70.1 – 

89.2 

Average  29 3.0 1.1 1.0 1.4 1.1 17.2 38.4 2.3 19.3 78.4 

P. hale-

pensis 

Range 
18  –  

35 
27, 29 3.2 – 24 1.1 – 1.2 1.0 0.0 – 2.2 1.1 – 1.2 

14.0 – 

18.0 
28.4– 36.2 0.0 – 1.9 1.5 – 8.5 

89.6 – 

98.5 

Average  29 2.4 1.1 1.0 1.3 1.1 17.2 32.6 0.6 4.3 95.1 

P. hel-

dreichii 

Range 
18  –  

33 
27, 29 2.0 – 3.4 1.1 – 1.2 1.0 1.8 – 2.4 1.1 – 1.2 

15.0 – 

16.0 

35.5 – 

43.6 
1.5 – 3.3 

21.7 – 

48.9 

63.5 – 

68.9 

Average  27, 29 1.2 1.1 1.0 2.1 1.1 15.2 40.7 2.1 34.2 63.7 

P. pina-

ster 

Range 
18  –  

35 
27, 29 2.6 – 5.6 1.1 1.0 0.9 – 2.1 1.1 

14.0 – 

15.0 

31.6 – 

38.0 
0.5 – 1.4 

13.5 – 

25.5 

73.6 – 

85.2 

Average  29 4.0 1.1 1.0 1.5 1.1 14.8 34.8 0.9 18.9 80.2 
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P. pinea 
Range 

18  –  

35 
27, 29 2.7 – 3.5 1.1 1.0 1.0 – 1.9 1.1 

16.0 – 

18.0 

35.0 – 

38.1 
0.7 – 5.3 

14.1 – 

27.3 

70.4 – 

85.2 

Average  27, 29 3.2 1.1 1.0 1.5 1.1 17.0 36.5 2.1 22.5 75.4 

P. pon-

derosa 

Range 
19  –  

35 
29 3.6 – 4.6 1.0 - 1.1 1.0 1.0 – 4.0 1.1 - 1.2 

14.0 – 

17.0 

34.6 – 

36.7 
0.5 – 1.9 

11.2 – 

20.5 

79.0 – 

87.2 

Average  29 4.0 1.1 1.0 2.1 1.1 15.5 35.7 1.2 14.4 84.4 

P. peuce 
Range 

19  –  

35 
25, 29 2.5 – 5.9 1.1 – 1.2 1.0 1.2 – 1.9 1.1 – 1.3 

16.0 – 

18.0 
32.1-34.2 0.6 – 1.5 

17.9 – 

24.2 

75.2 – 

81.3 

Average  25, 29 3.6 1.1 1.0 1.4 1.2 17.0 36.5 1.0 21.3 77.7 

P. stro-

bus 

Range 
18  –  

35 
27, 29 2.5 – 3.3 1.1 1.0 1.1 – 1.8 1.1 – 1.3 

17.0 – 

18.0 

36.1 – 

41.1 
0.5 – 0.7 8.1 – 20.3 

79.2 – 

91.4 

Average  29 2.9 1.1 1.0 1.6 1.2 17.6 38.4 0.6 13.9 85.5 

P. walli-

chiana 

Range 
18  –  

35 
25, 27, 29 2.1 – 3.3 1.1 1.0 1.1 – 1.8 1.1 – 1.2 

17.0 – 

18.0 

36.2 – 

42.3 
0.7 – 1.5 

12.4 – 

24.1 

74.4 – 

86.4 

Average  25, 29 2.7 1.1 1.0 1.6 1.2 17.6 39.1 1.0 17.4 81.6 

Section 

Pinus 

Range 
18  –  

35 
25, 27, 29 2.0 – 8.2 1.0 - 1.1 1.0 0.8 – 2.6 1.1 

14.0 – 

18.0 

31.1 – 

44.0 
0.4 – 4.7 3.1 – 39.1 

69.0 – 

96.4 

Average  27, 29 3.7 1.1 1.0 1.8 1.1 17.2 37.3 1.9 16.9 81.2 

Section 

Pinaster 

Range 
18  –  

35 
27, 29 2.0 – 24 1.1 – 1.2 1.0 0.0 – 2.4 1.1 – 1.2 

14.0 – 

18.0 

31.6 – 

43.6 
0.0 – 5.3 1.5 – 48.9 

63.5 – 

98.5 

Average  27, 29 2.7 1.1 1.0 1.6 1.1 16.0 36.1 1.4 19.9 83.8 

Section 

Strobi 

Range 
18  –  

35 
25, 27, 29 2.1 – 5.9 1.1 – 1.2 1.0 1.1 – 1.9 1.1 – 1.3 

16.0 – 

18.0 

32.1 – 

42.3 
0.5 – 1.5 8.1 – 24.2 

74.4 – 

91.4 

Average  25, 29 3.1 1.1 1.0 1.5 1.2 17.4 38.0 0.9 17.5 81.6 

1 – 12 
k
) 

Range 
18  –  

35 
25, 27, 29 2.0–24.0 1.0 – 1.2 1.0 0.0 – 4.0 1.1 – 1.3 

14.0 – 

18.0 

28.4 – 

44.0 
0.0 – 5.3 1.5 – 48.9 

63.5 – 

98.5 

Average  29 2.8 1.1 1.0 1.5 1.1 15.0 36.9 1.4 17.8 89.0 
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a 
)Twelve species and subspecies and their sections are given.

b
)Cmax:

.
The most abundant n-alkane is given in the row Average and two to three other dominant one in the row Range.

  c
) 

CPItotal=∑odd Cn/∑even Cn (Mazurek and Simoneit, 1984, after Oros et al. 1999), Cn is the concentration of n-alkane containing n carbon atoms;
 d
) CPI25-33=[∑(C25 – 

C33)odd/∑(C24 – C32)even+∑(C25 – C33)odd/∑(C26 – C34)even]/2 (Bray and Evans, 1961); 
e
) CPI20-36=[∑(C20 – C36)odd/∑(C19 – C35)even+∑(C20 – C36)odd/∑(C21 – C37)even]/2 (Bray 

and Evans, 1961);
 f
) CPI15-21=[∑(C15 – C21)odd/∑(C14 – C20)even+∑(C15 – C21)odd/∑(C16 – C22)even]/2 (Bray and Evans, 1961); 

g
) CPI25-31=[∑(C25 – C31)odd/∑(C24 – C30)even +∑ 

(C25 – C31)odd/∑(C26 – C32)even]/2 (Bray and Evans, 1961); 
h
) ACLtotal=(∑Cn x n)/∑Cn (Poynter and Eglington, 1990);  

i
ACL23-35=(23xC23+25xC25 +27xC27+29xC29 +31x C31 

+33xC33+35xC35 )/(C23+C25+C27+C29+C31+C33+C35) (Poynter and Eglington, 1990).  Short-, mid- and long-chain n-alkanes are calculated according to Kuhn et al.(2010). 
k
) Range and 

average of all Pinus 12 taxa. 
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Table 3. Standardized coefficients for the first two canonical axes (CA) of variation in 9 epicuticular 

wax compounds from the discriminant functional analysis of nine a priori groups. 

 Root 1 Root 2 

C23 0,559927 0,643121 

C24 0,179590 -0,942090 

C25 1,177589 -0,786646 

C26 0,073834 1,052820 

C27 -0,263850 1,402519 

C28 -0,136557 -0,328993 

C29 -0,217422 -0,811722 

C30 0,821572 -0,565530 

C31 0,722108 0,772641 

Eigenvalue 6,169935 2,316560 

Cum.Prop. 0,475022 0,653373 

Significant coefficients are in boldface. 
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