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The lengthy time periods required by current spalting methods prohibit the economically viable commercialization of spalted wood
on a large scale. This work aimed to compare the effects of induced spalting in 16 Pacific Northwest woods using three common
spalting fungi, Chlorociboria aeruginosa, Scytalidium cuboideum, and Scytalidium ganodermophthorum, with the significantly less
time-consuming treatment of these woods using dichloromethane-extracted green, red, and yellow pigments from the same fungi.
For pigment extracts, the dosage required for a pigment to internally color various wood species to 30% internal coverage was
investigated. With few exceptions, treatment with pigment extracts outperformed induced spalting in terms of percent internal
color coverage. Cottonwood consistently performed best with all three pigment solutions, although chinkapin performed as well as
cottonwood with the red pigment, and Port Orford cedar performed as well with the yellow pigment. While no wood species showed
30% internal color coverage with the green pigment solution, a number of additional species, including pacific silver fir, madrone,
dogwood, and mountain hemlock showed internal color coverage on the order of 20–30% for red and/or yellow. Cottonwood was
determined to be the best suited wood species for this type of spalting application.

1. Introduction
Spalting refers to color changes in wood as a result of
penetrating fungal colonization. Spalted wood has a long
history of use in woodcraft and art, dating back at least as far
as the 15th century [1], and attempts at inducing spalting in
clear wood have been under scientific investigation since the
mid-1800s [2].
Spalting is of particular value to the woodworking community due to the unique visual nature of the wood and
is of growing interest to companies who seek a method of
mass production so that spalted wood can be made readily
available to those who utilize it. Unfortunately, although
substantial early research was conducted on the pigmenting
ascomycetes responsible for spalting [2–9], late 20th and early

21st century spalting research has focused almost entirely on
the induction of melanized zone line-type spalting, with little
regard to the more brightly colored fungal pigments [10].
Recent investigations into the induced spalting of wood,
whether to achieve zone lines or pigmentation, has relied
entirely on live fungal culture inoculations. In these methods,
either small pieces of sterilized wood [11] or larger pieces of
freshly cut wood [12] are inoculated with actively growing
malt agar cultures of a select group of fungi, incubated under
controlled heat and humidity conditions, then dried, and
tested after an average cycle of 12 weeks to determine if internal spalting has occurred. Although the 12-week standard
time period is substantially shorter and more controllable
than simply leaving freshly cut wood on the forest floor to
spalt naturally, it is still too long of a time frame to make
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induced spalting economically viable for commercialization
on a large scale.
A new method of spalting was recently investigated,
where fungi grown on malt agar plates amended with sterile,
finely ground white rotted maple [13] were extracted with
various organic solvents in an effort to collect the pigment
[14]. Dichloromethane was found to be the most effective
solvent. Pressure treating of wood samples with this extracted
pigment proved to be very successful for surface pigmentation but did not significantly produce any visible colors
internally [15]. However the application was very fast, taking
an hour to fully color the outside of the test samples.
Alternative uses for the extracted pigments have also been
investigated, namely, their potential use as fabric dyes [16].
The most effective method for coloring the test fiber strips was
found to be measured droplet application, which completely
penetrated and colored the fabric samples.
In an effort to find a method of application for the
extracted pigments that generates internal wood coloration
of at least 30% coverage (a standard set in previous laboratory
spalting research [10]), the goal of this research was to test
the drop dosage required for a pigment solution carried in
dichloromethane (DCM) to internally color various wood
species, using pigments extracted from the spalting fungi
Scytalidium cuboideum (Sacc. and Ellis) Sigler and Kang
(red/pink pigment), Scytalidium ganodermophthorum Kang,
Sigler, Y.W., Lee, and S.H., Yun (yellow pigment), and Chlorociboria aeruginosa (Oeder) Seaver (blue-green pigment called
“xylindein”). The results of this study will be of particular
value to industries looking for fast, repeatable methods for
spalting wood without the direct use of live fungal cultures or
incubators.

2. Materials and Methods
Three fungi were selected for use due to the prolific amount
of extracellular pigment produced in culture and their history
of use as spalting fungi: S. cuboideum UAMH 4802 (isolated
from treated red oak lumber, location unknown), S. ganodermophthorum UAMH 10320 (isolated from oak wood logs in
Gyeonggi Province, South Korea), and C. aeruginosa UAMH
11657 (isolated from a decaying hardwood log in Haliburton,
ON, Canada). Cultures were grown as described in Robinson
[13] on malt agar plates amended with white-rotted maple,
and pigments were extracted and solubilized in DCM as
described in Robinson et al. [14].
A wide selection of wood species was tested: ash (Fraxinus latifolia Benth.), dogwood (Cornus nuttallii Audubon),
chinkapin (Chrysolepis chrysophylla Douglas ex Hook.), cottonwood (Populus trichocarpa Torr. and A. Gray), Douglas fir
(Pseudotsuga menziesii (Mirb.)), lodgepole pine (Pinus contorta Dougl. ex. Loud), madrone (Arbutus menziesii Pursh),
mountain hemlock (Tsuga mertensiana (Bong.)), myrtle
(Umbellularia californica (Hook. and Arn.)), noble fir (Abies
procera Rehd.), Oregon maple (Acer macrophyllum Pursh),
pacific silver fir (Abies amabilis (Douglas ex Loudon)), Port
Orford cedar (Chamaecyparis lawsoniana (A. Murray)), red
alder (Alnus rubra Bong.), redwood (Sequoia sempervirens
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(Lamb. ex. Don)), sweet cherry (Prunus avium (L.)), and
sugar maple (Acer saccharum Marsh.).
As a comparison, the fungi were first inoculated onto the
wood blocks per the standard protocol described in Robinson
et al. [17], with nine replicates per wood species per fungus.
Following the eight week incubation in vermiculite jars the
blocks were dried, cut in half to expose a radial plane, scanned
at 3200 dpi on an Epson Perfection V370 Photo Scanner,
and analyzed for percent internal area coverage of color
using ImageJ and the Threshold Color plugin, following the
protocol developed in Robinson et al. [18].
Solubilized pigments were standardized based upon their
color (CIE 𝐿∗ 𝑎∗ 𝑏∗ values) using a Konica Minolta CR-5
chroma meter. Color uniformity was sought for extracts
utilized in testing. Standards used were ±2.0 from 𝐿∗ 𝑎∗ 𝑏∗
values from C. aeruginosa 𝐿∗ = 82.28, 𝑎∗ = −11.06, 𝑏∗ =
−5.40; S. cuboideum 𝐿∗ = 82.32, 𝑎∗ = 26.84, 𝑏∗ = 13.19;
and S. ganodermophthorum 𝐿∗ = 95.46, 𝑎∗ = −3.00, 𝑏∗ =
8.15. This method of standardization was utilized instead of
concentration by dry weight as the chromatic difference in
pigment produced by these fungi can vary between plates,
even within the same strain. For results that could be properly
analyzed it was important that 𝐿∗ 𝑎∗ 𝑏∗ values match as closely
as possible. A rough conversion for the 𝐿∗ 𝑎∗ 𝑏∗ values of S.
cuboideum and C. aeruginosa to dry pigment weight can be
found in Robinson et al. [14]. Uniformity was achieved by
concentrating or diluting extracts until the 𝐿∗ 𝑎∗ 𝑏∗ values fell
within the acceptable range.
To best mimic the likely conditions under which the
solubilized pigments would be utilized under commercial
settings, wood samples were kiln dried to 8% moisture
content (MC) then allowed to equilibrate to 10% MC with
ambient indoor air. The samples were cut into 14 mm cubes so
comparisons could be made in terms of pigment penetration
depth between inoculated samples and pigmented samples.
Solubilized pigments were applied with a 5.75 inch disposable borosilicate glass pipet (VWR, Radnor PA), with
the average volume of solution per drop from the pipet at
0.0165 mL. Blocks were laid out 1 cm apart, transverse side up,
on glass sheets, under a fume hood. Drops were placed at a
variable rate depending on wood species, species with smaller
vessels/tracheids, and higher extractive contents had drops
placed more slowly, so that the solution did not run down the
side of the block. Nine separate levels of solution were applied:
1, 5, 10, 20, 40, and 60 drops of straight solution; 10 drops
of unaltered DCM, pausing for ten minute, then applying 10
drops of pigment; applying 28 drops of solution, waiting 24
hours and then applying another 28 drops; applying 50 drops
of solution, waiting 24 hours and then applying another 50
drops.
After treatment all blocks were allowed to air-dry for 48
hours. They were then cut in half longitudinally, scanned, and
analyzed for percent color coverage as described above.
2.1. Data Analysis. Data were separated by fungus species. A
two-way ANOVA followed by Tukey’s HSD was performed
with wood species and test type as the independent variables
and internal color coverage as the dependent variable. All
statistics were performed on SAS version 9.3.
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3. Results
3.1. S. cuboideum. The two-way ANOVA for S. cuboideum
was significant at 𝑃 < 0.0001. Wood species, test type, and
the interaction of wood and test type were all significant at
𝑃 < 0.0001. Results are summarized in Table 1. Overall,
cottonwood and chinkapin performed the best in terms of
internal color coverage, with 60 drops on cottonwood and
the 50 pause 50 drops having significantly more internal
color coverage than any other test and wood species with the
exception of chinkapin at 60 drops, chinkapin at 50 pause 50,
and pacific silver fir at 50 pause 50.
Cherry and myrtle did not perform as well with the
drip testing as they did with direct inoculation in terms
of internal color coverage, although the difference was only
significant in myrtle. Ash, Douglas fir, lodgepole pine, red
alder, redwood, and sugar maple exhibited no significant
differences in internal color coverage regardless of treatment.
The most effective number of pigment drops varied by wood
species; chinkapin and cottonwood showed the most internal
color at 60 and 50 pause 50 drops, dogwood, madrone, pacific
silver fir and mountain hemlock at 50 pause 50, noble fir at 60
drops (although this amount was only significantly different
from 1, 5, and DCM followed by 10 drops), and Oregon maple
and Port Orford cedar at 60 drops.
Only chinkapin, cottonwood, and pacific silver fir showed
at least 30% internal color coverage, although dogwood,
madrone, and myrtle had coverage in the midtwenties.
3.2. C. aeruginosa. The two-way ANOVA for C. aeruginosa
was significant at 𝑃 < 0.0001. Wood species, test type, and the
interaction of wood and test type were all significant at 𝑃 <
0.0001. Cottonwood at 60 drops showed the most internal
color coverage, although the amount was not significantly
different from cottonwood at 50 pause 50, Port Orford cedar
at 60 drops, or chinkapin at 60 drops. Unsurprisingly, none of
the inoculated samples showed significant internal color. Ash,
cherry, dogwood, Douglas fir, lodgepole pine, and myrtle
showed no significant internal color coverage regardless of
number of drops applied.
None of the test wood species showed over 30% internal
color coverage regardless of test type. However, in every wood
species where internal green pigment occurred there was
greater coverage from the drop testing than the inoculation.
3.3. S. ganodermophthorum. The two-way ANOVA for S.
ganodermophthorum was significant at 𝑃 < 0.0001. Wood
species, test type, and the interaction of wood and test type
were all significant at 𝑃 < 0.0001. The yellow pigment
only worked well on a few species. Cottonwood at 60 drops
showed the most internal color coverage, although it was not
significantly different from pacific silver fir at 50 pause 50,
cottonwood at 50 pause 50, and Port Orford cedar at 50 pause
50 or 60 drops. Ash, cherry, chinkapin, dogwood, Douglas
fir, lodgepole pine, madrone, mountain hemlock, myrtle,
noble fir, Oregon maple, red alder, redwood, and sugar maple
showed no significant internal color coverage regardless of
test. The most effective number of pigment drops was 60 for
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cottonwood, 50 pause 50 for pacific silver fir, and 60 and 50
pause 50 for Port Orford cedar.
Only chinkapin and cottonwood showed at least 30%
internal color, although mountain hemlock, pacific silver fir,
and Port Orford cedar showed at least 20% internal coverage.
By 60 drops, the yellow pigment solution was able to
completely travel the transverse length of all the wood species
and come out the opposite side. The first occurrence of
the solution moving completely through the test blocks
differed between wood species and pigment. In chinkapin
and cottonwood with S.c, five drops of the red solution were
enough to move completely through the wood. The green
pigment was able to move completely through cottonwood,
pacific silver fir, chinkapin, ash, and sugar maple with the
pretreatment of DCM followed by 10 drops of solution.
The yellow pigment did not begin to show on the opposite
transverse side of the blocks until dosage hit 20 drops, and
even then the color only came through on cottonwood and
chinkapin.

4. Discussion
Although nearly all wood species were beginning to show
internal pigmentation by 60 or 50 pause 50 drops, the testing
was not continued to higher levels due to the excessive runoff of the solution through the opposite transverse face of the
blocks.
A plausible reason for why DCM is able to run through
the blocks so rapidly is its diffusion through the cell wall
material. Liquids can move through wood by two main
mechanisms: capillary action and diffusion. Capillary action
takes advantage of the cell lumen space and pores, while
diffusion takes advantage of the cell wall material [19]. Wood
anatomy can significantly affect capillary action and it is
fairly easy to clog lumens and pores once flow has been
established. Diffusion on the other hand is driven primarily
by chemical potential and is not stopped by anatomical
changes [20]. Compared to water, DCM has considerable
chemical potential when travelling through wood as it has
an extremely high vapor pressure, low boiling point, and
major concentration gradient and is a polar aprotic solvent
less likely to interact with cellulose than a polar protic solvent
like water [21].
Of the wood species tested, cottonwood performed the
best with all three fungal species. It is of special interest to note
that cottonwood was the only wood species to have significant
internal color coverage with all three pigments at 60 drops
and 50 pause 50. This is likely due to the low extractive content
and high porosity of cottonwood. This wood species is likely
the best suited for this type of spalting application.
Chinkapin also did well with S. cuboideum and C.
aeruginosa, while Port Orford cedar did well with all three
fungi, but did not show nearly as much internal color as
cottonwood. Anatomically these three wood species are very
different; chinkapin and cottonwood are both hardwoods
and have unicellular rays; however, chinkapin is ring porous
while cottonwood is diffuse porous [22]. Chinkapin also has
a moderate level of tyloses, while cottonwood has none.
Port Orford cedar is a conifer with a gradual earlywood
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Table 1: Mean percent internal spalting from extracted fungal pigments. Different letters represent statistically significant differences at alpha
= 0.05 within each color (red, green, or yellow).
Wood

Ash

Cherry

Chinkapin

Cottonwood

Dogwood

Douglas fir

Test
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28
40 drops
50 pause 50
60 drops
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28
40 drops
50 pause 50
60 drops
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28
40 drops
50 pause 50
60 drops
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28
40 drops
50 pause 50
60 drops
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28
40 drops
50 pause 50
60 drops
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28

Mean % internal spalt red
0 (L)
0 (L)
0 (L)
0.1 (L)
0 (L)
1.0 (KL)
0.3 (KL)
3.0 (IJKL)
4.3 (HIJKL)
18.1 (DEFGHIJ)
0 (L)
0 (L)
0 (L)
0 (L)
0 (L)
0 (L)
2.3 (IJKL)
2.7 (IJKL)
3.3 (HIJKL)
0 (L)
0 (L)
1.7 (JKL)
4.5 (HIJKL)
2.7 (IJKL)
1.0 (KL)
48.5 (B)
49.1 (B)
6.1 (HIJKL)
0 (L)
3.3 (HIJKL)
9.1 (EFGHIJKL)
4.5 (HIJKL)
5.3 (HIJKL)
3.9 (HIJKL)
50.3 (AB)
66.1 (A)
0.3 (KL)
0 (L)
0 (L)
0 (L)
0 (L)
1.0 (KL)
0.8 (KL)
24.0 (DEFG)
10.7 (EFGHIJKL)
0.4 (KL)
0 (L)
0 (L)
0 (L)
0 (L)
0.8 (KL)

Mean % internal spalt green
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
7.8 (BCDEF)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
11.7 (ABC)
16.7 (A)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)

Mean % internal spalt yellow
0.4 (OPQ)
0 (Q)
0 (Q)
0.8 (MNOPQ)
0 (Q)
4.7 (IJKLMNOPQ)
2.7 (JKLMNOPQ)
14.7 (EFGHIJKLMNO)
5.7 (IJKLMNOPQ)
0 (Q)
0 (Q)
0 (Q)
0 (Q)
0 (Q)
0.3 (PQ)
0.3 (PQ)
3.0 (JKLMNOPQ)
4.0 (JKLMNOPQ)
4.0 (JKLMNOPQ)
0 (Q)
0.3 (PQ)
1.0 (MNOPQ)
2.2 (JKLMNOPQ)
13.8 (FGHIJKLMNOPQ)
5.7 (IJKLMNOPQ)
12.3 (GHIJKLMNOPQ)
33.0 (ABCD)
0.4 (OPQ)
1.0 (MNOPQ)
0 (Q)
1.7 (LMNOPQ)
1.0 (MNOPQ)
11.2 (GHIJKLMNOPQ)
6.3 (HIJKLMNOPQ)
41.3 (AB)
44.3 (A)
0 (Q)
0 (Q)
0 (Q)
0.2 (Q)
0 (Q)
8.2 (HIJKLMNOPQ)
1.4 (LMNOPQ)
2.0 (LMNOPQ)
10.0 (GHIJKLMNOPQ)
12.7 (FGHIJKLMNOPQ)
0 (Q)
0 (Q)
0.3 (PQ)
0 (Q)
7.5 (HIJKLMNOPQ)
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Table 1: Continued.
Wood

Lodgepole pine

Madrone

Mountain hemlock

Myrtle

Moble fir

Test
40 drops
50 pause 50
60 drops
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28
40 drops
50 pause 50
60 drops
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28
40 drops
50 pause 50
60 drops
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28
40 drops
50 pause 50
60 drops
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28
40 drops
50 pause 50
60 drops
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28
40 drops
50 pause 50
60 drops

Mean % internal spalt red
1.9 (JKL)
12.3 (EFGHIJKL)
14.7 (EFGHIJKL)
1.0 (KL)
0 (L)
0 (L)
0.2 (KL)
0 (L)
3.8 (HIJKL)
3.1 (HIJKL)
8.3 (FGHIJKL)
7.6 (GHIJKL)
0.6 (KL)
0 (L)
0 (L)
0 (L)
0 (L)
0 (L)
0 (L)
25.0 (DE)
0 (L)
0 (L)
0 (L)
0 (L)
1.9 (JKL)
0 (L)
2.5 (IJKL)
3.5 (HIJKL)
31.7 (CD)
15.3 (DEFGHIJKL)
24.3 (DEF)
0 (L)
0 (L)
0 (L)
0 (L)
0 (L)
0 (L)
2.3 (IJKL)
4.1 (HIJKL)
0.2 (KL)
0 (L)
0 (L)
0.8 (KL)
0 (L)
1.7 (JKL)
4.3 (HIJKL)
16.3 (DEFGHIJKL)
16.7 (DEFGHIJK)

Mean % internal spalt green
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
1.0 (EF)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
7.3 (BCDEF)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
6.7 (BCDEF)
0 (F)
0 (F)
0 (F)

Mean % internal spalt yellow
3.1 (JKLMNOPQ)
13.3 (FGHIJKLMNOPQ)
8.3 (HIJKLMNOPQ)
0.1 (Q)
0 (Q)
0 (Q)
0.2 (Q)
0 (Q)
3.5 (JKLMNOPQ)
2.9 (JKLMNOPQ)
9.3 (HIJKLMNOPQ)
8.0 (HIJKLMNOPQ)
0 (Q)
0 (Q)
0 (Q)
0 (Q)
0 (Q)
0.6 (NOPQ)
2.2 (JKLMNOPQ)
3.7 (JKLMNOPQ)
0 (Q)
0.8 (MNOPQ)
0 (Q)
0 (Q)
0 (Q)
0 (Q)
18.5 (EFGHI)
14.8 (EFGHIJKLMN)
26.7 (CDEF)
3.3 (JKLMNOPQ)
0 (Q)
0 (Q)
0 (Q)
0 (Q)
0 (Q)
0.6 (NOPQ)
0 (Q)
1.3 (LMNOPQ)
0 (Q)
1.8 (LMNOPQ)
0 (Q)
0 (Q)
0 (Q)
0 (Q)
8.7 (HIJKLMNOPQ)
12.6 (FGHIJKLMNOPQ)
18.3 (EFGHI)
16.3 (EFGHIJ)

6

Journal of Coatings
Table 1: Continued.

Wood

Oregon maple

Pacific silver fir

Port Orford cedar

Red alder

Redwood

Sugar maple

Test
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28
40 drops
50 pause 50
60 drops
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28
40 drops
50 pause 50
60 drops
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28
40 drops
50 pause 50
60 drops
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28
40 drops
50 pause 50
60 drops
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28
40 drops
50 pause 50
60 drops
Inoculation
1 drop
5 drops
10 drops
dcm +10
28 pause 28

Mean % internal spalt red
3.1 (HIJKL)
0 (L)
0 (L)
0 (L)
0 (L)
0.5 (KL)
0.3 (KL)
2.3 (IJKL)
18.8 (DEFGHI)
0 (L)
0 (L)
1.4 (KL)
1.6 (JKL)
3.4 (HIJKL)
2.3 (IJKL)
1.8 (JKL)
46.7 (BC)
19.7 (DEFGH)
1.8 (JKL)
0 (L)
1.8 (JKL)
3.4 (HIJKL)
1.0 (KL)
6.0 (HIJKL)
5.1 (HIJKL)
19.7 (DEFGH)
25.4 (DE)
0 (L)
0 (L)
0 (L)
0 (L)
0 (L)
0.3 (KL)
0.7 (KL)
6.7 (HIJKL)
6.7 (HIJKL)
1.9 (JKL)
0 (L)
0 (L)
0 (L)
0 (L)
9.3 (EFGHIJKL)
6.0 (HIJKL)
0 (L)
9.8 (EFGHIJKL)
2.1 (JKL)
0 (L)
0 (L)
0 (L)
0 (L)
0 (L)

Mean % internal spalt green
0.3 (F)
1.7 (DEF)
2.0 (DEF)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
14.0 (AB)
6.7 (BCDEF)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
9.7 (ABCD)
8.7 (ABCDE)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
1.0 (EF)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
0 (F)
4.7 (CDEF)
0.7 (EF)
4.3 (CDEF)
0 (F)
0 (F)

Mean % internal spalt yellow
9.8 (HIJKLMNOPQ)
0 (Q)
0 (Q)
0.7 (NOPQ)
0 (Q)
1.8 (LMNOPQ)
1.4 (LMNOPQ)
5.7 (IJKLMNOPQ)
15.7 (EFGHIJK)
0.2 (Q)
0 (Q)
0 (Q)
2.0 (LMNOPQ)
3.2 (JKLMNOPQ)
15.1 (EFGHIJKLM)
14.6 (EFGHIJKLMNOP)
28.3 (BCDE)
28.3 (BCDE)
0 (Q)
0 (Q)
0.2 (Q)
1.7 (LMNOPQ)
1.0 (MNOPQ)
24.2 (CDEFG)
20.1 (DEFGH)
12.3 (GHIJKLMNOPQ)
37.7 (ABC)
0 (Q)
0 (Q)
0 (Q)
0.2 (Q)
0 (Q)
3.0 (JKLMNOPQ)
3.4 (JKLMNOPQ)
3.3 (JKLMNOPQ)
15.3 (EFGHIJKL)
0 (Q)
0 (Q)
0 (Q)
0.3 (PQ)
0 (Q)
3.6 (JKLMNOPQ)
3.7 (JKLMNOPQ)
6.7 (HIJKLMNOPQ)
16.3 (EFGHIJ)
0.2 (Q)
0 (Q)
0 (Q)
0.5 (OPQ)
0. (PQ)
8.1 (HIJKLMNOPQ)
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Table 1: Continued.

Wood

Test
40 drops
50 pause 50
60 drops

Mean % internal spalt red
2.0 (JKL)
0 (L)
11.3 (EFGHIJKL)

to latewood transition. All have average specific gravities in
the 0.4 range and none have particularly visually distinct
latewood. Anatomically there is little reason why these three
species would outperform the others in terms of internal
pigmentation.
Assuming that DCM’s ability to travel through the specimens so quickly is due to diffusion related to its chemical
potential in this matrix and not due to wood anatomy, then
further explanation is possible for why certain wood species
pigment better than others when utilizing a DCM extract.
Diffusion through the cell wall material will bring the DCM
extract directly into contact with the components of the cell
wall and as a result, the extractive, lignin, and hemicellulose
profiles of the woods tested would have a significant effect
on both the speed of the diffusion as well as the level of
color addition. Potential effects of cell wall composition on
the speed of DCM diffusion and the level of color addition
are supported by solvent-solute exchange dynamics that are
frequently witnessed when performing liquid-liquid extractions, antisolvent crystallizations, and precipitation crystallizations [23–25]. As an organic solvent-solute solution, the
DCM extract is not in a fixed state and is actually a changing
mix of solute-solvent complexes that are constantly forming
and dissociating on picosecond timescales as they struggle to
maintain thermal equilibrium conditions. This equilibrium is
ultimately composed of varying concentrations of free solute,
solute-solvent complexes, and solvent that change based on
the conditions the organic solvent-solute solution is exposed
to [23].
One of the conditions that can dramatically change the
equilibrium is the addition of new solutes to the solvent.
When a solvent begins complexing with a new solute that is
thermodynamically preferable there will be more association
with the new solute and less association with the old. This can
either result in more solute-solute reactions and precipitation
like that witnessed in salting out or it can result in a solvent
exchange similar to liquid-liquid extractions whereby the old
solute will preferentially leave the solvent and associate with a
more thermodynamically favorable liquid or solid [24, 25]. As
a result, in the case of the DCM extract, a wood’s particular
extractive, lignin, and hemicellulose profile will affect both
the number of solutes and the solute balance in the extract,
potentially rejecting the dye compounds to the wood matrix
in favor of more thermodynamically favorable solutes.
Previous work on extracting spalting fungal pigments
has shown that DCM will efficiently remove dye compounds
and other extractives from wood and wood/fungal cultures
[14]. This means that DCM extracts can form a fairly stable
equilibrium with the dye compounds and remain unaffected
by the components of the wood cell wall matrix. However, it
does not mean that this will be the case with every species

Mean % internal spalt green
0 (F)
0 (F)
0 (F)

Mean % internal spalt yellow
6.4 (HIJKLMNOPQ)
0 (Q)
0 (Q)

of wood and these results suggest that certain wood cell
wall compositions are capable of affecting that equilibrium
and causing the solvent to deposit the dye compounds in
the wood. This also means that extracting dye compounds
from wood/fungal cultures composed of these woods may be
ineffective or require significantly more solvent to account
for the increased level of desirable solutes. While it is also
possible to change the balance of solutes by changing the
temperature or pressure to swing the thermodynamics in the
preferred direction [24, 25], in these experiments pressure
and temperature were fairly stable, so the most reasonable
explanation for the DCM extract to deposit the dye compounds in the wood is solute exchange from the addition of
new solutes that changed the equilibrium conditions.
Future work may investigate the different DCM extract
profiles of the wood species that dyed well compared to wood
species that did not dye well to try and identify wood specific
solutes that cause dye compounds to leave the DCM extract.
It is also possible that this solute exchange, dye deposition
process, is occurring at some level with other wood species
as well but is most visible on those with lighter colored wood.

5. Conclusions
Cottonwood and chinkapin performed best in terms of
internal red pigment coverage, with the most optimal results
from the 60 drops and 50 pause 50 drops applications. For
the green and yellow pigments, cottonwood again performed
the best of the wood species test at the 60 drops application.
A number of other wood species showed only slightly
less internal pigment than cottonwood and chinkapin and
were not significantly different in terms of internal pigment
amount. Most notably, Port Orford cedar and cottonwood
showed significant amounts of internal color with all three
pigments.
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