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ABSTRACT

New environmentally-friendly wood protection systems based on “green” technologies are
needed to inhibit wood-inhabiting mold and decay fungi. Utilizing bioactive essential oils from
select herbaceous plants is one promising approach, but the concentrations of bioactive
compounds are somewhat variable even in the highest (therapeutic) grade essential oils.
Purified primary metabolites from four bioactive plant essential oils were evaluated for
antifungal activity in southern pine treated with those compounds. Purified carvone, citronellol,
geraniol, thymol and borneol inhibited growth of Aspergillus niger, Penicillium chrysogenum
and Trichoderma viride for 12 weeks at concentrations equal to or less than those present in
therapeutic grade essential oils. Thymol and borneol effectively inhibited two brown-rot fungi,
Postia placenta and Gloeophyllum trabeum and one white-rot fungus, Trametes versicolor, but
other metabolites tested were ineffective against the decay fungi. Select purified bioactive
metabolites of essential oils effectively inhibit fungi that inhabit wood and wood products.
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1. INTRODUCTION

Essential oils from herbaceous plants have been used most often in the food industry as flavoring, the
cosmetics industry as fragrance, and the pharmaceutical industry for their functional properties.
Essential oils are now being evaluated as fungitoxic and insecticidal wood protectants. Research on
the antifungal and insecticidal properties of essential oils from woody plants, such as juniper, cypress,
Melaleuca, eucalyptus, or yellow cedar (Park and Shin 2005, Sim et al. 2006; Yi et al. 2006, Mater et
al. 2006), has sharply increased as environmental concerns about commercial wood preservatives have
initiated interest in “green” preservatives. Several herbaceous plant essential oils have been reported
to possess inhibitory properties against mold and decay fungi (Yang and Clausen 2006; 2007; 2008;
Kartal et al. 2006; Shujun et al. 2007; Karic et al. 2006), and subterranean termites (Chang and Cheng
2002; Zhu et al. 2003; Raina et al. 2007; Clausen and Yang 2009; Clausen 2009). Utilizing essential
oils as wood preservatives causes concern over innately variable bioactivity that is likely to occur in
any natural product such as a plant extract.

Bioactivity can vary greatly because of variability in chemical composition of plant oil, which is
dependent largely on the part of the plant that is extracted, time of the year the plant is harvested,
climatic and soil variations and portion of the plant that is extracted. Certain plant species, such as
thyme, oregano, basil, rosemary and mint are consistently bioactive due to one or more of the
constituents of the oil (Isman and Machial 2006). Essential oils are complex mixtures comprised of a
large number of constituents in variable ratios (van Zyl et al. 2006). There are no regulations for
essential oils in America, however AFNOR (Association French Normalization Organization
Regulation) and ISO (International Standards Organization) certification standardizes the chemical
profile and principal constituents that differentiate therapeutic grade from lower grade (referred to as
Grade A) essential oils. Analysis of the principal constituents is reported in certified oils to ensure that
a minimal level of activity is present based on those constituents.

The objective of this study was to evaluate the purified principal metabolites of four essential oils for
bioactivity. The four essential oils demonstrate antifungal activity against decay and mold fungi.

2. EXPERIMENTAL METHODS

2.1 Essential oils

Primary metabolites from four therapeutic grade essential oils were evaluated in this study. Test
chemicals obtained from Sigma-Aldrich (St. Louis, MO) are listed in Table 1 along with the essential
oil they comprise. Ninety-five percent ethanol was used as the diluent.

2.2 Mold test

Mold fungi, Aspergillus niger 2.242, Penicillium chrysogenum PH02, and Trichoderma viride ATCC
20476, were grown on 2% malt extract agar for 2 weeks. A mixed mold spore suspension was
prepared by washing the surface of one Petri dish for each test organism with 10 mL of sterile
deionized water (DI) according to ASTM standard D4445-91 (ASTM 1998). Spores were collected,
counted and equal numbers of spores for each test organism were transferred to a spray bottle. The
spore mixture was diluted with DI water to yield approximately 3 x 107 spores ml™'. The spray bottle
was adjusted to deliver 1 ml inoculum per spray and was mixed frequently during inoculation to
ensure a homogeneous inoculum.



Table 1: Major components of 4 therapeutic grade essential oils.

Common Concentration
Botanical name name Test Chemical [%]°
Anethum graveolen Dill weed Carvone 35.2
" Limonene 12.7
Egyptian
Pelargonium graveolens geranium Citronellol 50
" Geraniol 19
Spanish
Rosmarinus officinalis rosemary Cineol 30
" Borneol 20
White
Thymus zygis thyme Thymol 38
" Cymene 20

®Approximate percent of test chemical present in therapeutic grade essential oil.

Southern pine (7 x 20 mm cross section by 7 cm long) cut from kiln-dried lumber was soaked for 24
hr before testing. Average moisture content was 20% by weight prior to testing. Five random replicate
specimens were dip-treated for 30s in individual test solutions. Treated specimens were held in a
covered container overnight according to ASTM standard test method D4445-91. Five specimens for
each treatment were arranged over 4 layers of blotting paper that was saturated with 30 mL DI water
and a polyethylene mesh spacer in sterile disposable Petri dishes (150 x 25mm) (B-D Falcon, Los
Angeles, CA). Ethanol-treated wood blocks served as a diluent control. Untreated specimens dipped in
DI water served as a positive control. After spraying with 1 mL mixed mold-spore inoculum, plates
containing specimens were sealed in polyethylene bags to prevent drying and were incubated at 27°C
and 70% RH. Specimens were individually visually rated for mold growth at 4, 8, and 12 weeks on a
scale of 05, with 0 denoting no mold growth and 5 representing heavy mold growth.

2.3 Decay test

Soil block culture bottles were prepared according to AWPA E-10-09 (American Wood Protection
Association (AWPA 2009). Southern pine feeders were inoculated with the brown-rot fungi Postia
placenta (Fries) Lars. & Lomb. MAD 698, and Gloeophylum trabeum (Pers:Fries) Murrill, MAD 617,
and yellow poplar feeders were inoculated with the white-rot fungus, Trametes versicolor (L.: Fr.)
Quel. MAD 697. Bottles were incubated at 27°C and 70% RH for 3 weeks until the fungus completely
colonized each feeder. Pre-weighed 1 x 1 x 1 cm southern pine blocks conditioned at 27°C and 70%
RH, were vacuum-treated for 40 min at 172 kPa with each treatment concentration listed in Table 1
(n=5 per fungus). Blocks were conditioned at 27°C for 14 days and reweighed to determine chemical
retention. Following conditioning, blocks were gas-sterilized with propylene oxide and placed on
actively growing feeders in soil bottle cultures. Soil bottles were incubated at 27°C, 70% RH for 10
weeks. Following incubation, surface mycelium was brushed from each block before the blocks were
oven-dried at 60°C for 24h, and reconditioned at 27°C and 70% RH to a constant weight. Average
chemical retention and percentage weight loss were calculated.



3. RESULTS AND DISCUSSION

3.1 Mold test

Yang and Clausen previously reported that select therapeutic grade essential oils demonstrated
bioactivity against mold fungi in laboratory tests (Yang and Clausen 2006; 2007; 2008). They also
reported that thyme oil diluted 1 to 4 was an effective mold inhibitor for up to 22 weeks. The
concentration of the primary metabolites in those essential oils, based on GC analysis of the
therapeutic grade oils, served as the starting point for determining efficacy of the individual
components. A summary of mold inhibition ratings is given in Table 2. At the concentrations found in
therapeutic grade essential oils, all individual test chemicals completely inhibited the mold fungi used
in this study for the 4-week duration of the ASTM D4445 laboratory test. The test was incubated for
12 weeks to evaluate long-term bioactivity due to the volatility of these compounds.

Table 2: Average mold ratings for southern pine dip-treated with purified essential oil constituents.

Essential Oil Concentration :
Constituents Tested Average Mold Rating
[%]* 4 wk 8 wk 12 wk
Carvone 10 0 0 0.2
5 0 0 1.2
2.5 0 0.3 2.3
1.25 0 1.3 2.2
Limonene 10 2.4 4 4
Citronellol 2.5 0 0 0
1.25 0 0.7 2.8
Geraniol 2.5 0 0 0
1.25 0.2 0.2 0.7
Cineol 30 0.7 3 32
Borneol 20 0 0 0.5
10 0.8 0.8 1.4
Cineol/Borneol 30/20 0 0 0
Thymol 40 0 0 0
10 0 0 0.2
Cymene 100 0 4.2 34
20 0 2.5 2.3
10 2.4 4.3 3.8
5 0.3 3 42
Thymol/Cymene 10/5 0 0.2 0
Control 0 2.8 3 4.8

®Percent dilution from the concentrated oil

Dill weed oil is primarily comprised of carvone (~35%) and limonene (12%). Purified carvone was a
very effective mold inhibitor at 5% for 12 weeks and 1.25% for 8 weeks. However, purified limonene
was not effective at 10% after 4 wk incubation.

Egyptian geranium oil is primarily comprised of citronellol (50%) and geraniol (19%). In their
purified form, 1.25% of the individual constituents effectively inhibited all mold fungi tested after 8
weeks incubation.



The two major constituents of Spanish rosemary, cineol (Eucalyptol) (30%) and borneol (20%) gave
mixed results for the mold test. Cineol was ineffective at inhibiting the mold test fungi beyond 4
weeks, but borneol was highly effective for 12 weeks or more at10%. A cineol/borneol mixture in the
same proportion as they are found in Spanish rosemary showed complete inhibition of mold on
southern pine, suggesting these two components are working synergistically.

Similarly, thymol, comprising 38% of white thyme oil, was a very effective mold inhibitor even at
10% for 12 weeks, but cymene, comprising only 5% of white thyme oil was ineffective at twice that
concentration (10%) in the purified form. A thymol/cymene mixture in the same proportion as they

are found in white thyme oil provided nearly complete protection against mold growth on the dip-
treated pine specimens, suggesting possible synergy. While it appears that the primary metabolite(s) of
thyme and rosemary oils used in this study were more effective in combination than alone, bioactive
synergism cannot be verified. Thymol and borneol may be individually responsible for a majority of
the bioactivity of white thyme and Spanish rosemary oils, respectively. The contribution of minor
metabolites was not evaluated in this study.

Klaric et al. (2006) characterized essential oil of thyme and pure thymol, the primary constituent of
thyme oil, for the minimum inhibitory concentration needed to inhibit mold isolated from damp
dwellings of Slovakia. They concluded that the vaporous phase of thyme oil exhibited long-lasting
suppressive activity on molds (60-d exposure), suggesting that thymol or thyme essential oil could be
used to disinfect mold on walls at low concentration. They also reported that pure thymol exhibited
approximately three times stronger inhibition of molds than thyme oil. Our results in this study agree
with Karic et al. For the mold fungi tested in this study, thymol is present in white thyme oil at 4 times
the concentration needed to inhibit the test fungi, carvone is present in dill weed oil at 14 times the
concentration needed to inhibit the test fungi, and geraniol and citronellol are present at 15 to 20 times
higher concentration, respectively in Eyptian geranium oil than needed to inhibit mold fungi for 12
weeks. Only borneol, comprising 20% of Spanish rosemary was not efficacious at lower
concentrations. However, a borneol and cineol mixture (20:30) in the proportions found in Spanish
rosemary appeared to be more efficacious in combination; cineol alone was unable to inhibit the test
fungi at 30%.

3.2 Decay test

Only chemical constituents that individually demonstrated bioactivity against mold fungi were further
tested for inhibition of decay fungi. The five primary constituents of bioactive essential oils were
evaluated for decay resistance at the same concentrations that inhibited the mold fungi. Results of
vacuum-treated wood blocks challenged with two brown-rot fungi and one white-rot fungus are shown
in figure 1. While inhibition of mold spore germination is considerably more difficult than inhibition
of decay fungi, only two of the five metabolites, thymol (10%) and borneol (8%) inhibited the three
decay fungi used in this study.
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Figure 1: Percentage weight loss in wood blocks treated with 5 bioactive essential oil metabolites and
challenged with three decay fungi in soil bottle culture.

Aromatic compounds of dill have been reported to retain 40 constituents that were identified as
essential volatiles after more than 35 years storage (Jirovetz et al. 2003). Jirovetz and others (2003)
found that the two primary aromatic compounds identified from dill, D-carvone (50.1%) and D-
limonene (44.1%), retained their bioactivity against the mold fungus, Aspergillus niger. To prevent
inactivation of the volatile bioactive compounds in this study, propylene oxide was used to sterilize
treated specimens for the decay test.

Previous findings of Yang and Clausen (2006; 2007; 2008) described mold-inhibiting properties of
select therapeutic grade essential oils as dip treatments of southern pine in laboratory tests. Egyptian
geranium and white thyme oils demonstrated mold-inhibitory properties as a surface treatment for
wood, and volatile components of dill weed and Spanish rosemary oils demonstrated mold inhibition
as fumigants. Utilizing purified forms of the bioactive metabolites in essential oils could have broad
applications for wood protection, particularly if they retain long-term bioactivity and are efficacious as
surface treatments and fumigants.

3.3 Chemical retention

Table 3 summarizes chemical retentions for individual essential oil constituents that demonstrated
bioactivity against mold fungi. The percent active ingredient represents the effective concentration
against mold fungi and a 1:2 dilution of the effective concentration. A linear dose-response was
observed between percent active ingredient and retention in the wood blocks.



Table 3: Chemical retention rates for five metabolites from bioactive essential oils.

Retentions

Chemical  AI[%]* PCF’ kg/m’
Carvone 5 1.35 21.63
2.5 0.66 10.49

Citronellol 2.5 0.64 10.19
1.25 0.34 5.37

Geraniol 2.5 0.67 10.72
1.25 0.32 5.14

Thymol 10 2.86 45.75
5 1.36 21.77

Borneol 20 5.76 92.12
8 2.69 43.03

®Al; active ingredient
*PCF, pounds per ft*

4. CONCLUSIONS

Primary metabolites, carvone, citronellol, geraniol, thymol and borneol, from four bioactive plant
essential oils, were effective inhibitors of mold spore germination for 12 weeks in their purified form.
Thymol and borneol inhibited 2 brown-rot fungi and 1 white-rot fungus at the same concentration that
inhibited the mold test fungi, but the remaining metabolites did not effectively inhibit the decay fungi.
The high price of therapeutic grade plant essential oils is offset by their low effective dose as mold
inhibitors. However, purified components of these oils would be more economical, readily available,
and subject to even higher quality control than therapeutic essential oils. Utilizing purified forms of
select bioactive metabolites from essential oils could have broad applications for wood protection,
particularly if they retain long-term bioactivity and are efficacious as surface treatments and
fumigants.
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