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Plants allocate carbon (C) to sink tissues depending on phenological, physiological or environmental factors. We still have little 
knowledge on C partitioning into various cellular compounds and metabolic pathways at various ecophysiological stages. We 
used compound-specific stable isotope analysis to investigate C partitioning of  freshly assimilated C into tree compartments 
(needles, branches and stem) as well as into needle water-soluble organic C (WSOC), non-hydrolysable structural organic C (stOC) 
and individual chemical compound classes (amino acids, hemicellulose sugars, fatty acids and alkanes) of  Norway spruce (Picea 
abies) following in situ 13C pulse labelling 15 days after bud break. The 13C allocation within the above-ground tree biomass 
demonstrated needles as a major C sink, accounting for 86% of  the freshly assimilated C 6 h after labelling. In needles, the high-
est allocation occurred not only into the WSOC pool (44.1% of  recovered needle 13C) but also into stOC (33.9%). Needle growth, 
however, also caused high 13C allocation into pathways not involved in the formation of  structural compounds: (i) pathways in 
secondary metabolism, (ii) C-1 metabolism and (iii) amino acid synthesis from photorespiration. These pathways could be identi-
fied by a high 13C enrichment of  their key amino acids. In addition, 13C was strongly allocated into the n-alkyl lipid fraction (0.3% 
of  recovered 13C), whereby 13C allocation into cellular and cuticular exceeded that of  epicuticular fatty acids. 13C allocation 
decreased along the lipid transformation and translocation pathways: the allocation was highest for precursor fatty acids, lower 
for elongated fatty acids and lowest for the decarbonylated n-alkanes. The combination of  13C pulse labelling with compound-
specific 13C analysis of  key metabolites enabled tracing relevant C allocation pathways under field conditions. Besides the primary 
metabolism synthesizing structural cell compounds, a complex network of  pathways consumed the assimilated 13C and kept 
most of  the assimilated C in the growing needles.

Keywords: amino acid pathways, carbohydrate turnover, carbon allocation, compound-specific isotope analysis, lipid biosynthesis, 
metabolite tracing, photosynthetic partitioning.

Introduction

Carbon (C) and nitrogen (N) cycling in forest ecosystems have 
been intensively studied during the past decades, especially 
regarding the expected climate change scenarios. Forest eco-
systems contain up to 80% of the above-ground C worldwide 

and 40% of the below-ground terrestrial C (Dixon and Turner 
1991, Körner 2003), making them either a major sink or source 
of atmospheric CO2 depending on environmental conditions 
(Malhi et al. 1999). About 60% of the total forest C is located 
in boreal and temperate forest ecosystems, of which ∼84% 
occurs in soil organic matter (Malhi et al. 1999). Högberg et al. 
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(2001) showed that recently assimilated C constitutes up to 
50% of the CO2 deriving from soil respiration in forests of the 
boreal zone. They also demonstrated that the coupling of the 
photosynthetic activity to soil C efflux is the key determinant of 
the C budget in these ecosystems. Thus, the mobile C pool, 
mainly consisting of non-structural carbohydrates such as 
sucrose, fructose, glucose and starch, is crucial for the C alloca-
tion within trees and consequently for the C balance of the entire 
ecosystem (Würth et  al. 2005). In this context, assimilates, 
especially non-structural carbohydrates, have been studied for 
several decades in terms of compositional changes and distribu-
tion to different plant organs and tissues in many plant species 
(Hoch et al. 2002, 2003). Nonetheless, our knowledge about C 
allocation patterns within the plant–soil system—regarding 
physiological processes such as growth, storage and respira-
tion—is rather patchy (Trumbore 2006).

Short-term 13C pulse labelling is a widespread approach to 
trace the fate of recently assimilated C. Here, whole plants 
(Lippu 1994, Keel et al. 2006, Sangster et al. 2010, Epron et al. 
2011, Glaser et al. 2012) or parts thereof (Nogués et al. 2006, 
Streit et al. 2013) are exposed to a highly 13C-enriched atmo-
sphere, usually for periods ranging from minutes to several 
hours. This generates strong isotope labelling, which can be 
detected within the C pools in plants and soil (see review by 
Epron et al. 2012). These techniques shed new light into many 
not yet fully understood physiological mechanisms such as 
phloem loading/unloading including transfer velocities and time 
lags between C assimilation and respiration (Plain et al. 2009, 
Kuzyakov and Gavrichkova 2010, Barthel et al. 2011), partition-
ing of C fluxes to heterotrophic and autotrophic respiration 
(Kuptz et al. 2011, Biasi et al. 2012) or translocation, storage 
and remobilization of assimilated C during the season (Kuzyakov 
and Domanski 2000, Kagawa et al. 2006, Keel et al. 2012). 
These and further isotope labelling studies traced the isotopic 
composition of certain plant tissues, non-structural carbohy-
drates, including soluble sugars and starch, and cellulose as rep-
resentative of the structural C pool, yielding important insights 
into fundamental metabolic processes (Keel et  al. 2012, 
Richardson et al. 2013).

Moreover, combining 13C pulse labelling with compound-spe-
cific 13C analyses opens up new horizons in the research on 
partitioning mechanisms of C between metabolites and meta-
bolic groups, their formation and turnover times (Brüggemann 
et al. 2011). Isotope application continues to have high poten-
tial, especially in quantifying C allocation into individual com-
pound classes (Gao et  al. 2012, Streit et  al. 2013). It can 
contribute significantly to expanding our understanding of 
mechanisms underlying the C allocation processes in plants.

In this study, we explore partitioning of recently assimilated C 
in Norway spruce (Picea abies) under field conditions in a tem-
perate climate (Fichtelgebirge, Germany), 15 days after bud 
break in May. After 6 h of in situ 13CO2 pulse labelling, we 

determined the allocation and incorporation of 13C into (i) bulk 
tissue of various tree compartments and stem segments, (ii) 
water-soluble organic C (WSOC), which contains especially low 
molecular weight carbohydrates and acts as a main transport 
form of C and precursors for many other metabolites, (iii) non-
hydrolysable structural organic C (stOC) containing lignin, cellu-
lose and structural proteins and (iv) various compound classes 
within the needles. We chose four compound classes of different 
metabolic origin to trace a broad spectrum of metabolic path-
ways (Figure 1): (i) amino acids, as basic components of protein 
synthesis, are involved in regulating almost all metabolic pro-
cesses and also represent important cellular building blocks; (ii) 
hemicellulose sugars, as structural compounds of primary and 
secondary cell walls of plants; (iii) fatty acids, as part of oils, fats, 
epicuticular waxes and membranes, which are also the precur-
sors for alkane synthesis; and (iv) alkanes, as a main component 
of epicuticular waxes (Jetter et al. 2000). For compound-specific 
analysis, we focused on fast-responding compound classes that 
represent short-term C dynamics and thus did not investigate the 
main structural, highly polymeric pools of cellulose and lignin.

For these compound classes, we hypothesize:

(i)	 a high 13C allocation into all structural compound classes 
such as amino acids and hemicelluloses, which are directly 
involved in cell wall and tissue formation during bud break;

(ii)	 a high 13C allocation into precursor fatty acids (16:0 and 
18:0) and lower allocation into their elongated/decarbonyl-
ated follow-up products synthesized for export to the cuti-
cle and wax layer;

(iii)	 a similar compound-specific isotope enrichment pattern of 
cellular and cuticular and into epicuticular lipids due to the 
formation of extracellular compounds within the epidermal 
cells.

Materials and methods

Site description

The experiment was conducted in a clearing of a mixed conifer 
forest (49°52′55″N, 11°36′8″E), close to the city Bayreuth in the 
north-eastern part of Bavaria, Germany. Norway spruce (P. abies) 
is the dominant tree apart from very few exceptions such as birch 
(Betula pendula), beech (Fagus sylvatica) and Black pine (Pinus 
nigra). The study site was situated on a flat slope at 437 m above 
sea level. Derived from loamy to sandy deposits, soil development 
resulted in a stagnic cambisol (IUSS Working Group Reference 
Base 2014). The climate in this region is characterized by long-
term mean annual temperature of 8.2 °C and annual precipitation 
of 740 mm (Kreyling et al. 2012).

Experimental set-up

In May 2009, the experiment was carried out in the early phase 
of the vegetation period 15 days after bud break. Overall, eight 
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∼9-year-old Norway spruce trees were selected, of which five 
were labelled with 13C. The labelled trees had an average height 
of 315 ± 14 cm, a stem diameter at the base of 7.4 ± 0.3 cm 
and a needle mass of 2350 ± 250 g. The unlabelled trees 
served as δ13C references for tracer uptake calculations. 13C 
short-term pulse labelling was carried out on 2 May (three 
trees) and 3 May (two trees), respectively over a 6-h period 
from 10 am to 4 pm. The average air temperature during this 
sunny period was 19.6 ± 0.4 and 20.5 ± 0.4 °C, respectively.

13C labelling
13C pulse labelling was performed according to Glaser et al. 
(2012). In brief, the selected trees were exposed to a 
13C-enriched CO2 atmosphere under transparent gas-tight plas-
tic foil shapes. Bottles filled with 4 M H2SO4 were fixed at the 
stems at ∼150 cm height. Then glass burettes containing the 
tracer solution, i.e., 11 g of Na2

13CO3 (99 at% 13C, Cambridge 
Isotope Laboratories, Andover, MA, USA) dissolved in deionized 
water and fitted with adjustable stopcocks, were installed above 
the H2SO4 reservoirs. Small fans were placed in the middle of 
the treetops to distribute the produced 13CO2 homogeneously. 
After covering the trees with the plastic shapes, the burette stop-
cocks were opened so that the tracer solution slowly dripped 
into the acid. In general, each tree was labelled with 33 g of 

Na2
13CO3 tracer for 6 h. The tracer was applied in three equal 

portions every 2 h to improve the distribution of 13CO2 within 
the labelling chamber and to avoid high CO2 enrichment under 
the plastic cover.

Sampling and preparation of bulk plant material, 
WSOC and stOC

After 6 h of labelling, the cover was removed and the trees felled 
and cut into pieces. Immediately afterwards, representative 
mixed samples of the green needles and four samples per stem 
segment and branch type of each of the labelled as well as of 
the reference trees were frozen and freeze-dried. All samples 
were ground with a ball mill to a fine powder (Retsch M2009) 
to extract the needle compound classes. The remaining tree bio-
mass was dried at 50 °C for 6 months using special heat lamps 
to better separate the different tree compartments (stem seg-
ments, different branch types and needles) and obtain precise 
dry weights, especially of the bigger stem segments.

Water-soluble organic C was extracted following Gessler et al. 
(2004). Fifty milligrams of freeze-dried needles were incubated 
in 1 ml of deionized water at 5 °C for 1 h. After heating to 100 °C, 
keeping constant temperature for 3 min and precipitation of pro-
teins, the extracts were centrifuged for 5 min at 12,000 r.p.m. 
Prior to C quantification and further isotope analysis, supernatants 
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Figure 1.  Simplified scheme of basic C fluxes in the needle after 13C assimilation traced in this study. Boxes represent cell organelles. Processes out 
of all boxes take place in the cytosol. Diagonally hatched arrows indicate relative C flux towards the investigated compounds within the class of amino 
acids (central and lower part of the figure), hemicellulose-derived sugars (upper right part of the figure) and lipids (middle right part of the figure).
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were filtered through glass fibre filters to remove non-dissolved 
particles, freeze-dried and reweighed. Non-hydrolysable structural 
organic C was determined after sequential extraction of the com-
pound classes, i.e., total lipid extraction and strong acid hydrolysis 
with 6 M HCl for 10 h. Extractable compounds were removed by 
filtration and the residue was reweighed and freeze-dried for sub-
sequent isotope analysis.

Extraction of the needle compound classes

Hydrolysis and purification of  amino acids  Free and protein-
bound amino acids were extracted according to Amelung and 
Zhang (2001) with slight modifications. In brief, amino acids 
from each sample containing 10 mg total organic carbon (TOC) 
were gained by acid hydrolysis at 105 °C for 10 h. Subsequently, 
35 µg of l-norvalin dissolved in 100 µl of 0.1 M HCl was added 
to the hydrolysates as first internal standard. After filtration 
through glass fibre filters (MN GF-6, Macherey-Nagel, Dueren, 
Germany), HCl was removed by rotation evaporation. Extracts 
were purified on Dowex 50 WX8 ion exchange resins (100–200 
mesh, SERVA, Heidelberg, Germany) and the eluted amino acids 
were freeze-dried. Prior to derivatization, 35 µg of the second 
internal standard—trans-4-(aminomethyl) cyclohexane carbox-
ylic acid—was added to each sample. For esterification, 500 µl 
of water-free 4 M HCl was used, and for acetylation, 150 µl 
dichloromethane (DCM) and 150 µl pentafluoropropionic acid 
anhydride were added.

Hydrolysis and purification of  neutral sugars  The hemicellulose 
sugars arabinose, xylose, rhamnose and fucose were extracted 
and purified following the procedure described by Amelung et al. 
(1996). Samples containing ∼10 mg TOC were hydrolysed for 4 h 
at 105 °C after adding 100 µg of the first internal standard myo-
inositol and 10 ml of 4 M trifluoroacetic acid (TFA). The hydro-
lysed samples were filtered with a glass fibre filter (MN GF-6, 
Macherey-Nagel) to remove the plant residues from the extracted 
monosaccharides and then dried using a rotary evaporator to com-
pletely eliminate the TFA. After redissolving in distilled water, sam-
ples were purified on a column system with an adsorption resin 
(XAD-7, SERVA) and a cation-exchange resin (Dowex 50 WX8, 
SERVA). The derivatization of the freeze-dried eluates was carried 
out using the methylboronic acid method described by van Dongen 
et al. (2001). In brief, first 100 µg of 3-O-methylglucose in pyri-
dine as second internal standard was added to each sample and to 
an external standard series of the investigated monosaccharides. 
The sugars and standards were derivatized with 4.5 mg methylbo-
ronic acid in 450 µl water-free pyridine by heating to 60 °C for 1 h 
and thereafter immediately cooled down in a refrigerator to stop 
the chemical reaction. For measurement, samples were redissolved 
in 400 µl ethylacetate and transferred into vials.

Extraction of  cellular and cuticular and of  the epicuticular free 
wax lipids  Freeze-dried spruce needles (1.1–3.0 g) were 

weighed in extraction ferrules and submerged in DCM picograde 
for 1 min (Kreyling et al. 2012) to obtain the epicuticular wax 
lipids. After separation of the epicuticular wax lipids, the needles 
were dried and ground by a ball mill (Retsch M200) and extracted 
by standard Soxhlet extraction for 36 h using a solvent mixture of 
DCM/methanol (93 : 7; v : v) (Wiesenberg et al. 2010). Then, 
dried internal (mixture of cellular and cuticular lipids) as well as 
epicuticular lipid extracts were purified by an identical method: 
fatty acid and alkane fractions were sequentially separated using 
solid-phase extraction. Aliquots of both extracts were redissolved 
in DCM and transferred to KOH-coated silica gel columns. The 
neutral lipid fraction was eluted by rinsing the columns with DCM 
and the acid lipid fraction by using a solvent mixture of DCM/for-
mic acid (99 : 1; v : v) (Wiesenberg et al. 2010). To separate 
alkanes from polycyclic aromatic compounds, ketones and alco-
hols, the neutral lipid fraction was dissolved in hexane, transferred 
to columns filled with activated silica gel (100 Å, Supelco, Sigma-
Aldrich, Taufkirchen, Germany) and rinsed with hexane.

While for alkanes no further preparations were necessary, 
fatty acids were derivatized by methylation with boron trifluo-
ride-methanol solution (BF3, 10%, FLUKA, Sigma-Aldrich) for 
15 min at 60 °C and subsequently separated from the 
derivatization reagent by liquid–liquid extraction with DCM after 
adding deionized water (Wiesenberg et  al. 2010). After 
repeated extraction, the combined DCM phases were trans-
ferred to columns filled with sodium sulphate to remove the 
water and directly collected in autosampler vials. Prior to mea-
surements, the deuterated internal standards D39C20 and D50C24 
were added to each sample and to external standard series of 
the fatty acid and the alkane fractions.

Stabile isotope analyses

Bulk, WSOC and stOC measurements  Solid samples were 
finely ground with a ball mill. Freeze-dried samples of the tree 
compartments and freeze-dried aliquots of the WSOC and stOC 
were weighed into tin capsules for isotope ratio mass spectrom-
etry analysis. δ13C and total C were determined using a combi-
nation of an elemental analyser (EA, Carlo Erba NC 2500) and 
an isotope ratio mass spectrometer (DeltaPlus), which were con-
nected via a Conflo III interface (all instruments from Thermo 
Finnigan, Bremen, Germany). Helium (99.996% purity; Riess-
ner, Lichtenfels, Germany) served as carrier gas. Calibration was 
carried out with certified standards: sucrose (IAEA-CH-6, IAEA, 
Vienna, Austria), polyethylene (IAEA-CH-7), glutamatic acid 
(USG-41, IAEA) and acetanilide (Carlo Erba Instruments, Milan, 
Italy). Within a measurement sequence, all standards were mea-
sured repeatedly together with the samples.

Compound-specific isotope analysis  Compound-specific iso-
tope measurements of the needle-derived substance classes 
were carried out with a gas chromatograph-combustion-isotope 
ratio mass spectrometer (GC-C-IRMS) consisting of a Trace GC 
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2000 gas chromatograph coupled via a GC combustion III inter-
face to a DeltaPlus isotope ratio mass spectrometer (all instru-
ments from Thermo). Samples were injected into the gas 
chromatograph with a 10-µl syringe (Hamilton, Switzerland) by 
an AS 2000 autosampler (Thermo Finnigan). Chromatography 
was performed by an Agilent J&W DB-5MS column 
(60 m × 0.25 mm × 0.25 µm film thickness) with helium 
(99.996% purity; Riessner) as carrier gas.

The different compound classes were measured with individ-
ual temperature and injector programmes as follows: amino acid 
measurements were performed according to Sauheitl et  al. 
(2009) and hemicellulose measurements according to Sauheitl 
et al. (2005). For fatty acids, a measurement programme for 
PLFA (Gunina et al. 2014) was slightly modified by decelerating 
the final ramp from 185 to 290 °C at a rate of 2.5 °C min−1 to 
enable baseline separation of the very long-chain fatty acids 
(VLCFAs, 20:0–30:0). Alkane measurements were performed 
according to Zech and Glaser (2008). To quantify various com-
pounds, external standard dilution series were prepared in five 
concentrations covering the sample range, derivatized and mea-
sured identically to the samples. The quantification was cali-
brated by the external standard line according to Gunina et al. 
(2014). δ13C values were calibrated online by measuring sev-
eral CO2 reference gas pulses (99.7% purity; Riessner) and cor-
rected for derivatization C and amount dependency based on 
the external standards as described by Glaser and Amelung 
(2002). Therefore, δ13C values of all individual external stan-
dard compounds were measured as underivatized compounds 
by EA-IRMS with the instrumental set-up used for the bulk mea-
surement mentioned above.

Calculations

For all the following calculations, the δ13C values obtained by the 
isotope measurements were converted to at% 13C according to 
Craig (1953). Based on the assumption that the trees took up 
13CO2 of known isotopic composition (99 at% 13Ct), the 13C 
uptake into the different tree compartments was calculated 
according to a two end-member mixing model described by 
Gearing (1991) as

	 C C C at C C at Cm m b b t t× = × + ×at% % %13 13 13
	 (1)

	 C C Cm b t= + 	 (2)

Cm, Cb and Ct are the amount of C in the labelled sample (m), 
background sample (b) and taken up amount of  C of the 
applied tracer (t) (mol g−1), respectively, and at% 13Cm, at% 
13Cb and at% 13Ct = abundance of the isotope 13C in the mix-
ture, background and tracer (%). Solving Eq. (1) to Ct after 
substitution of Cb by Eq. (2) gives the amount of tracer-C taken 
up into a sample.

The relative uptake into individual tree compartments was cal-
culated by the uptake of tracer-C as the portion of the applied 

tracer (Eq. (3)). The applied tracer is the amount of 13C carbon-
ate, which was converted under the foil shapes quantitatively to 
13CO2. 13Cup of the individual tree compartments represents the 
portion of tracer-C taken up from the applied tracer-C (Capp) in 
per cent:

	

13
up

t

app
C

C
C

= × 100%
	

(3)

13C allocation into tree compartments was calculated based on 
the portion of 13C taken up into an individual tree compartment 
to the total amount of 13C taken up into the entire above-ground 
tree biomass. Similarly, allocation into individual compound 
classes was calculated by dividing the amount of tracer taken up 
into an individual needle compound class by the amount of total 
tracer-C taken up by all measured compound classes. 13C alloca-
tion between individual compounds of a certain compound class 
was calculated by dividing the allocation of C taken up into an 
individual compound by the sum of the uptake Ct of all com-
pounds measured for this class. Thus, in each case, the alloca-
tion describes the relative distribution of the assimilated C 
between tree compartments, leaf compound classes or individ-
ual compounds.

Additionally, a parameter describing the percentage of a cer-
tain C pool de novo synthesized from the assimilated 13C was 
calculated and named 13C enrichment (13Cenrich) throughout this 
study (Eq. (4)).

	
13 100C

C
Cenrich

t

c
= ×

	
(4)

Ct is the amount of 13C and Cc the C pool size of the individual tree 
compartments, compound classes and compounds, both in mol.

Statistical analysis

Data were presented as mean values of at least three replicates 
and standard error (SE). As our data were not normally distrib-
uted, Kruskal–Wallis analysis of variance was conducted to test 
for significant differences using the Statistica 7.0 package (ver-
sion 7.0, StatSoft Inc., Tulsa, OK, USA). Whenever a significant 
difference was detected, multiple comparisons of mean rank dif-
ferences were analysed using the method of Conover (1980) as 
post hoc test at a 0.05 significance level.

Results
13C uptake and distribution within tree compartments

After 6 h of pulse labelling, 75.7% of the applied tracer-13CO2, 
i.e., the added carbonate-derived 13CO2, was detected in the 
above-ground tree biomass. Be aware that this proportion is 
relative to net assimilation, i.e., may be even higher if a signifi-
cant amount of C was first assimilated and then respired in the 
course of 6 h. Most (85.5%) of this assimilated 13C was local-
ized in the needles, while 12.9% were allocated to various 
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branch types and 1.6% into the stem (Figure 2a). This 1.6% 
stem 13C showed a clear allocation pattern with height: relative 
stem 13C allocation increased significantly from the top (4.9%) 
to a stem height of 50 cm (30.5%), while in the bottom stem 
segment (0–50 cm) farthest away from the needles, only ∼4.9% 
incorporated 13C was detected (Figure 2b).

The allocation describes the fate of tracer-13C. In contrast, the 
13C enrichment demonstrates the relative contribution of assim-
ilated 13C for the respective C pool. Considering not entire stem 
biomass but assuming 13C enrichment only in the active stem 
tissue, i.e., the outer 4 mm (Franceschi et al. 2000, Gall et al. 
2002), the 13C enrichment pattern follows the allocation pattern 
(Figure 2b).

Comparing over all tree compartments (needles, various 
branches, stem), the 13C enrichment was highest for the nee-
dles, where 0.21% of the needle C was comprised of recently 
assimilated tracer-C. The 13C enrichment increased with decreas-
ing branch size and thus a decreasing C pool of the branch 
(Figure 2a; Table 1).

Allocation and enrichment of 13C in needle  
compound classes

The contents of the investigated compound classes in the nee-
dles covered a wide range: the largest compound class we 

quantified by compound-specific isotope analysis was the 
amino acids (96 mg g−1), whereas the needle-derived alkanes 
amounted to only 0.017 mg g−1 (Figure 3a). Generally, needles 
contained, besides stOC, higher contents of water-soluble com-
pound classes such as WSOC, hemicellulose-derived sugars 
and amino acids than of fatty acids and alkanes. Comparing 
cellular and cuticular with the epicuticular layer, ∼10 times less 
fatty acids but two times more alkanes were detected in the 
epicuticular layer (Figure 3a).

In total, 52.9% of the 13C incorporated in the whole needle 
biomass during the 6-h labelling period was recovered in the 
WSOC, stOC and the four compound classes (Table 2). Most of 
the assimilated 13C was allocated to WSOC (44.1%) and stOC 
(33.9%), followed by amino acids (20.6%) > hemicellulose sug-
ars (1.0%), compared with quantitatively small lipid classes such 
as fatty acids and alkanes (0.3 and 0.0002% 13C, respectively) 
(Figure 3b). Some 47.1% of the bulk needle 13C could not attrib-
uted to one of the investigated pools and has to be attributed to 
pools that got lost or were not considered (ribonucleotides, sev-
eral lipid classes like aromatic compounds, terpenes, etc.) in the 
described sequential extraction procedure. While a similar alloca-
tion of 13C was observed for the cellular and cuticular alkanes on 
the one hand and epicuticular alkanes on the other, the allocation 
of 13C into the fatty acids differed significantly by a magnitude of 
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Figure 2.  (a) Allocation of 13C (% of 13C recovery in above-ground tissue) taken up by the tree compartments (dark grey bars) and 13C enrichment 
(% of compartment biomass C) of individual tree compartments (light grey bars). (b) Allocation of 13C into stem segments (% of 13C recovered in 
stem) and 13C enrichment (% of active stem tissue C). Letters indicate significant differences between tree compartments (a) and stem segments (b) 
(P < 0.05), with capital letters representing allocation and lower case letters representing 13C enrichment data. Given are mean values of at least five 
replicates ± SE.

Table 1.  C pool sizes of the different tree compartments and stem segments. Data show mean ± SE (n = 5).

Tree compartment Stem segment (cm above ground)

Needles Young 
branches

Elder 
branches

Old 
branches

Stem Top–250 250–200 200–150 150–100 100–50 50–0

C pool (g C per compart-
ment or stem segment)

1176.4  
± 122.5

194.8  
± 15.8

227.5  
± 35.3

220.3  
± 24.0

584.7  
± 15.7

40.8  
± 8.3

70.3  
± 4.1

89.1  
± 6.9

102.5  
± 6.0

120.2  
± 5.2

161.7  
± 8.4
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36 between the cellular and cuticular pool (0.29%) and the epi-
cuticular layer (0.008%; Figure 3b).

The 13C enrichment per C pool differed significantly between 
the compound classes (Figure 3b). The highest 13C enrichment 
was detected in the WSOC, where 0.3% of the C pool was 
comprised by assimilated 13C. In contrast, stOC and hydrolys-
able, structural hemicelluloses had rather low enrichment 
(<0.1%).

The disproportionally high 13C enrichment of the cellular and 
cuticular fatty acids compared with the 13C allocation into this 
compound class demonstrates the active de novo synthesis 
and fast turnover of  this compound class. In contrast, the 
alkanes showed the lowest portion of 13C enrichment, reflect-
ing slow biosynthesis and turnover of this pool. For both lipid 
compound classes, the 13C enrichment was significantly lower 
in the epicuticular layer than in the cellular and cuticular pool 
(four and two times for fatty acids and alkanes, respectively, 
Figure 3b).

Allocation and enrichment of 13C in individual  
amino acids

The content of amino acids differed within a magnitude of 16: 
methionine had the lowest and alanine the highest contents (1.0 
and 15.9 mg g−1, respectively, Figure 4a). Most 13C was allocated 
into the highly abundant amino acids alanine, glycine and gluta-
mine. Together with serine, ∼73% of the 13C was allocated into 
these four amino acids (Figure 4b). In contrast, comparatively little 
13C (∼16.8%) within the amino acid pool was allocated to leucine, 
valine, proline and phenylalanine, which occurred in relatively high 
quantities, too (Figure 4a). Consistent with its low abundance, 
methionine had the lowest portion of 13C allocation (0.7%).

Not only tracer-13C allocation but also the 13C enrichment was 
highest for serine, glycine and alanine with 0.72, 0.53 and 0.5% 
of the amino acid C, respectively (Figure 4b). Compared with the 
low allocation of the assimilated tracer-13C into methionine, the 
13C enrichment was relatively high, i.e., assimilated 13C comprised 
0.2% of the methionine pool. In contrast, the 13C enrichment of 
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Figure 3.  (a) Contents of individual compound classes in spruce needles (* shows value adapted from Springer and Lehner 1952). (b) Allocation of 
13C (in % of 13C recovered in all compound classes) in the compound classes (dark grey bars) and 13C enrichment per total C of each compound class 
(in % of compound class C) (light grey bars). Capital and lower case letters show significant differences between compounds (P < 0.05). WSOC, stOC, 
hemic., c./c. and epic. are abbreviations for water-soluble organic C, non-hydrolysable structural organic C, hemicellulose, cellular/cuticular and epicu-
ticular, respectively. Means of at least three replicates ± SE are presented.

Table 2.  Absolute 13C recovery in the compound classes (in % of total needle-assimilated 13C). WSOC, stOC, c./c. and epic. are abbreviations for 
water-soluble organic C, non-hydrolysable structural organic C, cellular/cuticular and epicuticular, respectively. Additionally, 15N recovery in the water-
soluble organic fraction and the non-hydrolysable structural organic fraction is presented (in % of total needle-assimilated 15N). Data show mean ± SE 
(n = 3).

Compound class

WSOC stOC Amino 
acids

Hemicellulose 
sugars

c./c. fatty 
acids

epic. fatty 
acids

c./c. alkanes epic. 
alkanes

13C recovery (% of 
total 13C taken up 
into the needle)

23.6  
± 0.5

18.2  
± 0.3

10.3  
± 0.4

0.6  
± 0.05

0.18  
± 0.03

0.005  
± 0.001

0.00007  
± 0.00001

0.00006  
± 0.00001

15N recovery (% of 
total 15N taken up 
into the needle)

Water-soluble 
organic fraction 
14.0 ± 0.7

Structural organic 
fraction 
27.4 ± 0.8
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isoleucine, leucine, valine and phenylalanine was low, comprising 
<0.1% of the respective amino acid C (Figure 4b).

Allocation and enrichment of 13C in individual  
pectin- and hemicellulose-derived sugars

Pentoses dominated the hemicellulose fraction in needles, with 
arabinose reaching twice the content of  xylose (17.2 and 
9.8 mg g−1) and ∼20 and 10 times the content of the deoxy-
hexoses fucose and rhamnose with an average of 0.9 mg g−1 
(Figure 5a).

The 13C allocation into the individual sugars followed mostly 
the order of their abundance (Figure 5b): ∼85% of hemicellulose 
13C was allocated into arabinose and only 2.9% into rhamnose. 
Only a low 13C allocation, however, was found for xylose (∼7% of 

the total 13C in hemicelluloses) even though it was the second 
most common sugar. Consequently, the 13C enrichment of xylose 
was also lowest, not exceeding 0.01% of the xylose-C pool (Fig-
ure 5b). In contrast, the small pools of deoxyhexoses showed a 
high 13C enrichment exceeding 0.05% of their C pool size; this 
was in the same range as the 13C enrichment of the most abun-
dant hemicellulose-derived sugar arabinose.

Allocation and enrichment of 13C in individual fatty acids

Within the cellular and cuticular fatty acids, a clear even-over-odd 
predominance is evident for the short-chain (14:0–15:0) and 
mid-chain (16:0–18:0) fatty acids, whereas this pattern is less 
pronounced for the VLCFAs (Figure 6a). The two biosynthetic 
precursor fatty acids, palmitic acid (16:0) and oleic acid (18:1), 
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Figure 5.  (a) Contents of pectin and hemicellulose sugars in spruce needles. d.w., dry weight. (b) Allocation of 13C into the individual hemicellulose (h.c.) 
sugar monomers (% of 13C recovered in h.c. sugars) (dark grey bars) and 13C enrichment of the individual h.c. sugar pools (% 13C per h.c. sugar C) (light 
grey bars). Capital and lower case letters show significant differences between compounds (P < 0.05). Means of at least three replicates ± SE are presented.

Figure 4.  (a) Amino acid contents in spruce needles. d.w., dry weight. (b) Allocation of 13C into individual amino acids (% of 13C recovered in amino 
acids) (dark grey bars) and 13C enrichment of the individual amino acid pools (% 13C per amino acid C) (light grey bars). Results for the 11 proteino-
genic amino acids are represented: Ala (alanine), Leu (leucine), Val (valine), Gln (glutamine), Pro (proline), Asp (asparagine), Ile (isoleucine), Met 
(methionine), Phe (phenylalanine), Gly (glycine) and Ser (serine). Capital and lower case letters show significant differences between compounds 
(P < 0.05). Means of at least three replicates ± SE are presented.
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were the most abundant fatty acids. Very long-chain fatty acids 
occurred in significantly lower amounts than short- and mid-
chain saturated fatty acids.

Most (∼81%) of the assimilated 13C of all fatty acids were 
present in palmitic and oleic acids (Figure 6b). Considerably 
less 13C was allocated in all other fatty acids, decreasing con-
tinuously with increasing chain length (Figure 6b). Besides pal-
mitic and oleic acids, a high percentage of stearic acid C (18:0) 
was enriched by assimilated 13C, reflecting the role of stearic 
acid as intermediate between palmitic and oleic acids and thus 
having a similar 13C dynamic.

In the epicuticular layer, VLCFAs constitute the dominant 
group of the investigated fatty acids (Figure 6a), except for 
myristic acid (14:0) and palmitic acid (16:0), which were in the 
range of the VLCFAs.

About 72% of the 13C detected in the epicuticular fatty acids 
was allocated to palmitic and myristic acids (Figure 6c). Within 
VLCFAs, 13C allocation was highest in lignoceric acid (24:0) and 
decreased with increasing chain length. Despite the high abun-
dance of VLCFAs in the epicuticular layer, the 13C allocation into 
the epicuticular VLCFAs was 10 times lower compared with pal-
mitic and myristic acids.

1184  Heinrich et al.

Figure 6.  (a) Contents of cellular and cuticular (grey bars) and epicu-
ticular fatty acids (dark grey bars) in spruce needles. d.w., dry weight. 
Allocation of 13C into individual cellular and cuticular (b) and into epicu-
ticular (c) fatty acids (% of 13C recovered in fatty acids) (dark grey 
bars). 13C enrichment of individual cellular and cuticular (b) and in epi-
cuticular (c) fatty acids (% 13C per fatty acid C) (light grey bars). Capital 
and lower case letters show significant differences between compounds 
(P < 0.05), and ω indicates position of double bond. Means of at least 
three replicates ± SE are presented.

Figure 7.  (a) Contents of cellular and cuticular (grey bars) and epicu-
ticular alkanes (dark grey bars) in spruce needles. d.w., dry weight. Allo-
cation of 13C into individual cellular and cuticular (b) and into epicuticular 
(c) alkanes (% of 13C recovered in alkanes) (dark grey bars). 13C enrich-
ment of individual cellular and cuticular (b) and in epicuticular (c) 
alkanes (% 13C per alkane C) (light grey bars). Capital and lower case 
letters show significant differences between compounds (P < 0.05). 
Means of at least three replicates ± SE are presented.
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Similar to the cell interior, the highest 13C enrichment per 
amount of  C was detected in palmitic, myristic, stearic and 
oleic acids, indicating an exchange between the cellular and 
cuticular and the epicuticular pool already within the 6-h labelling 
(Figure 6c).

Allocation and enrichment of 13C in individual alkanes

A tendency towards an odd-over-even predominance was 
detected in the cellular and cuticular alkanes, which got lost with 
increasing chain length (Figure 7a). Even within the short-chain 
alkanes, however, this odd-over-even predominance was not 
reflected in the allocation of assimilated 13C: 13C was similarly 
allocated between odd- and even-numbered alkanes with chain 
lengths between 24 and 31 C atoms; only C23, C32 and C33 
alkanes received significantly higher amounts of 13C (Figure 7b).

The lowest 13C enrichment within the cellular and cuticular 
alkanes was detected in the odd-numbered alkanes C27, C29 and 
C31 (Figure  7b). Interestingly, these are the most abundant 
alkanes in the epicuticular alkane pool but not in the cellular and 
cuticular pool.

The contents of the individual alkanes in the epicuticular 
waxes differed significantly and showed a clear odd-over-even 
predominance, with the highest contents for C27, C29 and C31 
(Figure  7a). Within both odd- and even-numbered alkanes, 
alkanes with the shortest chain lengths had lowest contents in 
each case.

In line with the predominance of the odd-numbered alkanes, 
the 13C allocation within the epicuticular alkanes was 13 times 
higher in odd- versus even-numbered alkanes and peaked in C29 
(Figure 7c). The pattern of 13C allocation (Figure 7b) resembled 
the pattern of its abundance (Figure 7a). This demonstrates that 
those alkanes with high contents in the epicuticular waxes were 
also highly enriched with freshly assimilated C.

Discussion

Uptake and allocation of assimilated C  
into tree sink tissues

About 84% of the assimilated C remained in the needles after 
the 13C labelling (Figure 2a), indicating investment for growth 
15 days after bud burst. The metabolic C demand in spring is 
exceptionally high in the tree canopy for many physiological pro-
cesses such as bud break, shoot sprouting and needle growth 
(Hansen and Beck 1994). This high C demand can be covered 
by stored reserves (mainly starch) or assimilated C (Ericsson 
1978). Studies on other conifers such as Scots pine also 
showed that 1-year-old as well as current year needles and 
shoots were the main sinks of photosynthates during and after 
bud break (Lippu 1994, Pumpanen et al. 2009).

A smaller portion (16%) of assimilated 13C was allocated to 
branches and stem 6 h after start of labelling (Figure 2a), sug-
gesting fast translocation of assimilates with phloem sap. Small 

portions of recently assimilated C in the twigs have also been 
associated with photosynthetic activity of the twig cortex rather 
than assimilate export by the needles because various tree spe-
cies show detectable stem photosynthesis in young green twigs 
and stems (Damesin 2003). In this study, however, the small but 
detectable proportion of 13C allocated to the basic stem seg-
ment clearly indicates phloem transport of the assimilated C 
(Figure 2b) because this segment had no branches and was 
excluded from fumigation with 13CO2. The observed transport 
distance after 6 h is in agreement with transport rates for conif-
erous trees (Brandes et al. 2006, Dannoura et al. 2011). The 
high allocation of assimilated 13C into the WSOC of the needles 
(Figure 3b) also confirms that a significant portion of the assim-
ilated C is used for the synthesis of transportable molecules and 
not for immediate incorporation into polymeric cellular tissue 
(i.e., the stOC and hemicellulose pool). The pronounced high 
allocation of recently assimilated C to needles could also partly 
be due to the relatively short duration between labelling and 
sampling. In summary, most of the assimilated C remained in the 
needles, while only a minor portion was transported towards 
stems and possibly to roots. This may be used for continued root 
growth, which in conifers already starts before bud break 
(Konôpka et al. 2005).

Incorporation and allocation of 13C into individual  
needle compound classes

Six hours after 13C labelling, ∼52.9% of the total incorporated 
13C of the needle was recovered in the analysed compound 
classes. The remaining 47.1% could not be assigned to specific 
compounds and were presumably incorporated into the not con-
sidered compound classes like ribonucleotides, terpenes and 
aromatic lipids. Similar allocation patterns of 13C between the 
investigated compound classes and their abundance (Figure 3b) 
indicate de novo synthesis of all relevant compound classes 
required for needle tissue growth.

In contrast, the incorporation of 13C into the compound 
classes is inconsistent with the pool size of the compound 
classes: hemicellulose sugars and stOC show a rather low 
enrichment of their rather large pools by newly assimilated 13C, 
even though a high amount of 13C was allocated into these 
pools (Figure 3b). This does not necessarily indicate a lower de 
novo synthesis of these compound classes. It can also be attrib-
uted to the allocation of old, stored C into the cell walls of young, 
growing needles because the cell wall formation of sprouting 
needles is supported by the photosynthesis products of the pre-
vious year’s needles (Hansen and Beck 1994). Similarly, C allo-
cation from stored C pools is likely to occur and may dilute the 
recently assimilated C in the Norway spruce hemicellulose and 
stOC fraction (Figure 3b).

The high 13C allocation into amino acids demonstrates that 
amino acids are a fast-reacting pool with rapid turnover in grow-
ing plant tissue. High incorporation of 15N into the water-soluble 
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organic fraction of the needles (6 h after stem labelling, Table 2) 
also confirms the fast de novo synthesis of amino acids, which 
are the major N transport compounds in plants (Herschbach 
et al. 2012).

Even though the absolute amount of 13C allocated into fatty 
acids is lower than into amino acids, the smaller pool size of 
fatty acids causes a similar enrichment of the fatty acid pool by 
recently assimilated C. This is common because lipids serve 
many functions within plant cells, including C storage or struc-
tural compounds of membranes and wax layers. Furthermore, 
the cellular fatty acids, especially 16:0 and 18:0, are the precur-
sors of most lipid compounds in plant tissue (Kolattukudy 1970, 
Harwood and Russell 1984, Samuels et al. 2008).

The recovery of significant 13C amounts in the epicuticular 
fatty acids and alkanes clearly demonstrates that biosynthesis 
and transport of fatty acids from their biosynthetic origin inside 
the cell towards the epicuticular layer is a fast process, taking 
<6 h (Samuels et al. 2008, Hurlock et al. 2014). The unexpect-
edly higher enrichment of the epicuticular fatty acids compared 
with the hemicellulose-derived sugars by 13C can have several 
reasons: (i) turnover of epicuticular fatty acids is higher than 
turnover of cell wall hemicelluloses because of rapid de novo 
synthesis of cuticles of growing needles; (ii) regeneration of 
damaged wax layers of older needles is a fast process mainly 
involving recently assimilated C; and/or (iii) hemicellulose bio-
synthesis uses old, stored C as a C source.

Our data show that the use of freshly assimilated C plays a 
considerable role in fuelling the intensive metabolic demand of 
needle growth after bud break, but with clear differences in its 
allocation to different metabolite classes. Nevertheless, we were 
able to trace recently assimilated C in quantifiable amounts in 
each compound class, which is crucial for cell maintenance and 
growth. Consequently, the C allocation pattern we found can be 
used to trace the individual pathways of C metabolism in grow-
ing needle tissue.

Tracing major metabolic pathways by 13C allocation  
into monosaccharides and amino acids

Monosaccharides and amino acids are monomeric compounds 
closely associated with the basic C metabolism of plants, i.e., 
photosynthesis and glycolysis (Heldt and Piechulla 2008) 
(Figure 1). Therefore, C allocation into these compounds can be 
used to specifically trace individual metabolic pathways at a cer-
tain stage of plant tissue development. While carbohydrates are 
direct products of photosynthesis, amino acids branch off all 
central glycolysis intermediates (Figure 1). Thus, metabolite 
tracing with compound-specific 13C analyses of amino acids 
enables tracing C allocation within the basic metabolic network 
(You et al. 2012).

Extracting monosaccharides from bulk needle tissue by our 
method results in a co-extraction of free and hemicellulose-derived 
monosaccharides. Comparing our results with metabolome analysis 

of free monosaccharides in needles of Norway spruce (Riikonen 
et al. 2012) and other conifers (Jansen et al. 2014) showed no 
dominance of arabinose, which is the dominant monosaccharide in 
our samples. In contrast, arabinose is the most abundant sugar in 
pectin and hemicelluloses of white spruce (Renault and Zwiazek 
1997) and has further higher abundance than xylose in hemicel-
luloses of growing Norway spruce needles (Schädel et al. 2009). 
This hemicellulose-derived sugar pattern resembles strongly the 
pattern we observed in our hydrolysable sugar fraction and thus 
indicates that the monosaccharides in this study are indeed mainly 
hemicellulose derived.

Arabinose was not only the major compound but was also 
intensively synthesized de novo after bud break. This high de 
novo synthesis can be attributed to hemicellulose side-branch 
formation as well as to the biosynthesis of arabinogalactan pro-
teins (AGPs), which contained ∼30 mol% arabinose and up to 
3 mol% fucose (Gaspar et al. 2001). Previous studies reported 
that hemicelluloses such as (arbino)glucuronoxylans, glucoman-
nans and xyloglucans are the predominant types in primary and 
secondary cell walls of coniferous softwood (Timell 1967, 
Ebringerová 2005). This suggests a dominance of xylose as the 
main backbone monomer of the xylans. Incorporation of 13C into 
xylose was significantly lower than into the monosaccharides of 
the side chains (arabinose, fucose and rhamnose) (Figure 5b). 
This indicates a higher formation or turnover of the hemicellu-
lose side chains compared with the backbone. Moreover, AGPs 
may also be synthesized de novo in significant amounts, as they 
play crucial roles in plant development for embryogenesis, cell–
cell interactions and cell proliferation (Burget et al. 2003). The 
high portions of 13C incorporated into arabinose as well as into 
fucose (Figure 5b) indicate a fast formation of AGPs to facilitate 
needle growth and cell wall development, especially after bud 
break.

The highest 13C portions were allocated into alanine, glycine 
and serine (Figure 4b), which suggests a fast formation of these 
amino acids. Interestingly, glycine and serine can be synthesized 
during photorespiration, in which phosphoglycolate formed by 
the oxygenase reaction of rubisco is recycled (Moroney et al. 
2013). In an intermediate step, the amino group either of ala-
nine or glutamate is transferred to glyoxylate, producing glycine, 
which is further converted to serine (Figure 1). The released 
ammonia of the latter reaction is then re-assimilated by gluta-
mine (Moroney et al. 2013). The high content and 13C incorpo-
rated into glutamine in this study underlines the importance of 
this pathway in this labelling experiment (Figure 4a and b). An 
increased oxygenase activity of rubisco during the labelling 
potentially reflects not only the young age of the foliage but also 
an increasing temperature and decreasing CO2 to O2 ratio under 
the plastic shape (Moroney et al. 2013).

In contrast, alanine was probably not produced during photo-
synthesis but is closely linked to the general C metabolizing 
pathway of glycolysis (Figure 1). As alanine is the aminated 
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form of pyruvate, one of the central C intermediates in metabo-
lism, the fast formation of 13C alanine indicates a rapid cycling 
of assimilated C through the basic C distributing pathways 
branching off from glycolysis. This is indicative for plant growth, 
where the fast formation of various precursor compounds is 
essential for biomass production. However, pyruvate is also a 
precursor for isoprenoids and thus for secondary metabolite bio-
synthesis (Priault et al. 2009). This pathway is known to be 
important for terpene synthesis in conifer needles (Ghirardo 
et al. 2010). Those authors even reported that 33% of emitted 
volatile monoterpene C is replaced by assimilated 13C in P. abies 
needles 5 h after labelling. Thus, high 13C enrichment in alanine 
may also point to a fast and highly active secondary metabolism.

A comparatively small 13C portion was allocated to phenylala-
nine (Figure 4b). Nonetheless, considering the rather complex 
biosynthetic pathway of aromatic amino acids, the portion of 
incorporated 13C is rather high. Phenylalanine acts not only as 
a proteinogenic amino acid but is also an important precursor 
of  lignin biosynthesis as well as a precursor of secondary 
metabolism (Vogt 2010). The necessity for cell wall formation 
for needle growth, however, also suggests a high demand of 
phenylalanine for the formation of lignin monomers. Definitively 
distinguishing the fate of phenylalanine 13C will require com-
pound-specific analysis of volatile secondary metabolites as well 
as of lignin monomers.

The least abundant amino acid, methionine, shows interest-
ingly high 13C enrichment, i.e., >0.2% of the methionine pool 
was enriched by freshly assimilated C within 6 h (Figure 4b). 
This demonstrates that presumably a large portion of the cellular 
methionine is not bound in slow-cycling proteins, but rather has 
a precursor or intermediate function. Methionine is known to 
play an important role in C-1 metabolism, i.e., for methylation 
reactions such as methylation of DNA, formation of polyamines, 
vitamins, cofactors, osmoprotectans and hormones (Wirtz and 
Droux 2005). Its high turnover rate in the spruce needles com-
pared with other amino acids (Figure 4b, see also Brückner and 
Westhauser 2003) can be attributed to the high methionine 
demand in these biosynthetic pathways, required for biomass 
production during intensive needle growth.

Lipid metabolism and export in growing needles

The most abundant fatty acids of the present study—palmitic acid 
(16:0), oleic acid (18:1) and stearic acid (18:0)—are the central 
precursors for all acetyl-CoA-derived lipids (Samuels et al. 2008) 
(Figure 6a). Their formation by the fatty acid synthase complex 
occurs in the plastids of all plant cells and is not restricted to spe-
cific tissues or organs (Li-Beisson et al. 2013). High contents of 
palmitic and oleic acids could reflect the degradation of the stor-
age lipids triacylglycerols (Li-Beisson et al. 2013). Nonetheless, 
the high incorporation of freshly assimilated 13C into palmitic and 
oleic acids we observed provides no indication for high mobiliza-
tion of stored C. Instead, our study showed intensive de novo 

synthesis of fatty acids (Figure 6b), confirming previous studies 
(Bao et al. 2000, Gao et al. 2012). Forty percentage of these de 
novo formed fatty acids are reported to remain in the plastids to 
form intracellular membranes, while 60% are transported to the 
endoplasmatic reticulum (ER) for further modifications such as 
elongation, desaturation or hydroxylation. Here, they contribute to 
intracellular membrane formation or become exported to the cuti-
cle (Li-Beisson et al. 2013).

The present study reported highest 13C allocation into the cel-
lular and cuticular palmitic, stearic and oleic acids (Figure 6b). 
Besides their role as precursors for all other fatty acids, they are 
also present in diacylglycerols, which apparently accumulate in 
current-year needles of Scots pine (Pinus sylvestris L.) (Fischer 
and Höll 1991). This compound class is responsible for the 
formation of thylakoid membranes, i.e., the photosynthetic mem-
branes of chloroplasts (Li-Beisson et al. 2013). The develop-
ment of new photosynthetic membranes in growing needle 
tissue (Hansen et al. 1996) probably accounts for the high 13C 
allocation into these fatty acids. This is supported by the high 
13C enrichment of serine (Figure 4b), a precursor of sphingolip-
ids, which have key functions in intracellular membranes 
(Markham et al. 2011).

Incorporation of 13C into VLCFAs was generally low and 
decreased continuously with increasing chain length (Figure 6b). 
This can indicate two things. Either their biosynthesis by elonga-
tion of palmitic, stearic and oleic acids in the ER by the fatty acid 
elongases is a rather slow process (>6 h) or their demand in the 
cuticle was rather low. Very long-chain fatty acids represent a 
major constituent of the epicuticular waxes in Norway spruce 
needles (Prügel and Lognay 1996). Nevertheless, a traceable 
allocation of 13C into the VLCFAs of the epicuticular layer 
(Figure 6c) of this species demonstrates that biosynthesis of 
precursors, transport to ER, elongation and export from the ER 
to the epicuticular layer can take place even within 6 h (Gao 
et al. 2012). The higher allocation of 13C into the epicuticular 
VLCFAs (Figure 6c) than into VLCFAs of cellular and cuticular 
pools (Figure 6b) demonstrates that the former are nearly exclu-
sively synthesized for the formation of epicuticular waxes and 
rapidly exported after elongation.

The composition of the epicuticular fatty acid fraction of the 
needles shows, in agreement with previous studies (Günthardt- 
Goerg 1986), that—besides VLCFAs—also mid-chain (16:0) 
and short-chain (14:0) fatty acids are characteristic for the epi-
cuticular layer of Norway spruce. Interestingly, similar patterns of 
13C enrichment of cellular and cuticular fatty acids and of epicu-
ticular ones were detected (Figure 6b and c). This suggests that 
despite the complex network of biosynthetic pathways and 
transport mechanisms (Ohlrogge and Browse 1995), similar 
formation and export rates occur for fatty acids of various chain 
lengths.

In Norway spruce, besides VLCFAs, major compounds of 
cuticular waxes include primary alcohols, aldehydes, ketones 
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and triterpenoids, and alkanes (Samuels et  al. 2008, Van 
Maarseveen et al. 2009). Their abundance depends on leaf 
development stage. The distribution pattern of the individual 
alkanes in the cuticle, with a clear dominance of C29 (Figure 6a), 
was also found in other conifers (Maffei et al. 2004, Zech et al. 
2009, Nikolić et al. 2012, 2013). As alkanes are produced from 
fatty acid precursors in the ER exclusively for export (Samuels 
et al. 2008), it is logical that the alkane concentration in the cel-
lular and cuticular pool is ∼55 times lower than the fatty acid 
concentration (Figure 3a).

The odd-over-even predominance in the homologous series of 
the alkanes (Figure 7a) clearly indicates alkane formation by 
decarbonylation from the respective fatty acid precursors (Bognar 
et al. 1984, Samuels et al. 2008). Thus, the decreasing 13C 
incorporation into the cellular and cuticular fatty acids 24:0–30:0 
(Figure 6b) accounts for a similar decrease in 13C incorporation 
in the cellular and cuticular alkanes with chain lengths from C23 to 
C29 (Figure 7b). Nevertheless, 13C incorporation into epicuticular 
alkanes (Figure 7c) was measurable even after 6 h, pointing to 
their rapid de novo synthesis in the ER and subsequent export to 
detectable levels even after short time periods. This corroborates 
Kahmen et al. (2011) and Van Maarseveen et al. (2009), who 
found that wax alkanes are formed rapidly during cuticle develop-
ment even in very early ontogeny stages of young leaves.

Gao et al. (2012) conducted similar studies of leaf lipid turn-
over based on deuterium labelling. They found on average 10 
times higher regeneration rates (which corresponds to the 
incorporation in our study) of fatty acids and alkanes for the 
grass Phleum pratense. This observation clearly shows that C 
allocation and turnover in herbaceous species cannot be com-
pared with woody plants, and that C allocation studies must be 
performed for individual plant types and growth stages. How-
ever, higher turnover based on deuterium labelling could also 
reflect deuterium exchange during lipid recycling at the terminal, 
activated positions of the acyl chain (i.e., the C atom, where the 
Coenzyme A is attached). Therefore, dual-isotope labelling stud-
ies combining deuterium and 13C labelling are urgently required 
to enable comparison of metabolic pathway studies based on 
only one of the two labelling approaches. Nevertheless, some 
basic metabolic principles seem to be similar: Gao et al. (2012) 
found a five times higher regeneration rate of VLCFAs compared 
with precursor fatty acids (16:0 and 18:0) and a 5–10 times 
higher regeneration rate of VLCFAs compared with the alkanes 
formed from them. These ratios are similar to the ratios of 13C 
enrichment we found, indicating that basic metabolic principles 
of lipid metabolism can be investigated by deuterium as well as 
C isotope labelling.

Conclusions and outlook

This study is, to our knowledge, the first to couple field pulse 
labelling of entire trees with a detailed tracing of the allocation 

of photosynthetically fixed 13C into individual substance classes 
by compound-specific isotope analysis. C allocation several days 
after bud break is clearly dominated by the investment of freshly 
assimilated C into direct needle growth. Within the needles, the 
fast-responding sugar and amino acid pools received the highest 
13C allocation. Metabolic tracing based on amino acids demon-
strated that serine and glycine point to a high photorespiratory 
activity, phenylalanine to intensive C allocation in secondary 
metabolism and methionine to a high demand for C-1 groups for 
methylations required in many important biosynthetic pathways 
after bud break. The detectable and significant allocation into 
epicuticular VLCFAs and alkanes 6 h after labelling demonstrates 
that even complex biosynthetic processes involving many 
biosynthetic, transformation and transport steps can take place 
within short periods. 13C enrichment did, however, clearly 
decrease along the biosynthetic pathway of lipid formation 
with 16:0 and 18:0 precursors > elongated long-chain fatty 
acids > decarbonlyated alkanes. However, 13C dynamics in slow- 
versus fast-cycling pools is dominated by different processes 
such as net de novo synthesis or degradation of certain tissue 
compounds. In addition, C allocation towards de novo synthesis 
can occur not only from freshly assimilated 13CO2 but also from 
reallocated, old C. This complex network of processes and C 
sources restricts an unambiguous tracing of C allocation path-
ways, which would require either sampling at various time inter-
vals after labelling or position-specific labelling of  plant 
metabolites in situ.

Finally, our approach combining in situ pulse labelling with 
compound-specific 13C analysis of key metabolites significantly 
improves our understanding of C allocation in plant tissues at a 
certain growth stage and elucidates the underlying metabolic 
pathways (Figure 1). Both those pathways directly involved in 
the formation of structural compounds, and many minor path-
ways (which are side reactions, have regulatory functions or 
synthesize secondary metabolites) are highly relevant for C allo-
cation during intensive needle growth. For a more detailed 
reconstruction of metabolic pathways, we suggest (i) extending 
the structural cellular compounds to include cellulose and lignin 
precursors, (ii) extending the investigated compounds to include 
secondary metabolites, e.g., terpenes, especially if  conifer 
metabolism is being investigated and (iii) combining 13C with 
deuterium labelling studies for a more detailed view on lipid 
metabolism.
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