










likely arose from the movement of pinosylvins from cell to cell via pit
connections, as has been observed with the HW extractives of other
wood species (Kuo and Arganbright, 1980; Streit and Fengel, 1994;
Nagasaki et al., 2002; Zhang et al., 2004). The movement of unspecified
coloring matter from cell to cell via pits has also been previously re-
corded in Scots pine (Fengel, 1970).

In contrast to the small deposits, the lumen-filling material within

MHW and KHW samples contained significantly lower amounts of pi-
nosylvins, as evidenced by the reduced relative intensity of the pino-
sylvins-derived bands. Instead, the spectra were characterized by an
intense band at 1649 cm−1, which corresponds to abietic acid (Fig. 2)
and other abietane-type resin acids (Nuopponen et al., 2004a). A
second prominent band was observed at 1612 cm−1, attributed to the
symmetric aromatic ring stretch of dehydroabietic acid (Nuopponen

Fig. 4. Raman imaging of unextracted and extracted outer heartwood (OHW), middle heartwood (MHW), and knot heartwood (KHW), showing the distributions of cellulose (integration
over 1065–1102 cm−1) (a,e,i,m,q,u), lignin (1104–1173 cm−1) (b,f,j,n,r,v), lignin + extractives (1538–1690 cm−1) (c,g,k,o,s,w), and pinosylvins (985–1009 cm−1) (d,h,l,p,t,x). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2004a). The resin acids probably originated from resin canals
after the death of the epithelial cells, flowing into the lumens of trac-
heids whose pits were not blocked by aspiration or extractives in-
crustations (Hillis, 1987). As no resin acids could be detected in the CW
or CC, it is possible that they occurred exclusively within cell lumina
where they serve to further reduce the permeability of HW and KHW.

3.5. Analysis of ray cell contents

Heartwood extractives such as pinosylvins are formed in par-
enchyma cells, such as those that constitute the wood rays. Thus, the
rays of HW and KHW were also analyzed for the presence of extractives.
Raman images of MHW and KHW rays (Fig. 6a,b), obtained by in-
tegration of the combined lignin and extractives spectral region
(1550–1700 cm−1), showed the presence of large amounts of ex-
tractives within the rays. The distribution of extractives was uneven in
both the MHW and KHW rays, and detailed analysis of the Raman
spectra (Fig. 6c,d) revealed local differences in composition. The
spectra of both MHW and KHW possessed bands at 995, 1597, and
1634 cm−1, confirming that pinosylvins were present within the rays.
However, an additional band at 1649 cm−1 showed that resin acids
were also present. The presence of resin acids in the rays is not sur-
prising, considering that many Scots pine rays contain embedded resin

canals. Due to their connection to the resin canal network, the rays are
likely to be a means of distribution for the resin acids, which are known
to be formed in the SW (Lim et al., 2016) but accumulate in large
quantities in the HW and KHW.

4. Conclusions

In this work, the cellular level distributions of Scots pine HW and
KHW extractives were studied by confocal Raman spectroscopy ima-
ging. Pinosylvins were found in the CW, CC/CML, and lumina of trac-
heids, and their distribution suggested that their deposition into the cell
walls can proceed via the CML or the lumen. Similarities were seen in
the distribution of pinosylvins and lignin, pointing towards an inter-
action between the two components. The potential interaction of pi-
nosylvins with lignin, in combination with their relatively low con-
centration in HW cells walls, could explain why the average decay
resistance of Scots pine HW is only moderate. In contrast to the pino-
sylvins, resin acids were only detected within tracheid and ray cell
lumina. In addition to understanding the properties of HW and the
origins of natural durability, knowledge of the distribution of ex-
tractives will also prove valuable in wood preservation, modification,
and functionalization activities, which often rely on the impregnation
of wood cell walls with reactive molecules.

Fig. 5. Extractives deposits in middle heartwood
(MHW). Light microscopy (a) and Raman (integra-
tion over the 1550–1700 cm−1) (b) images of un-
extracted IHW, showing the presence of filled lumens
(red arrows) and small deposits (orange arrows), and
Raman spectra of filled lumens and small deposits (c
and d). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)
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