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Abstract
Climate changes is one of the most serious threats facing the future of our planet, and
with is we will see drastic changes to water levels global temperatures, and atmospheric
conditions. Modeling future atmospheric conditions is crucial if we are to plan for and mitigate
the consequences of climate change – while important, these models will not be useful to future
scientists unless various parameters, such as BVOC emission to the atmosphere, are accounted
for and included in computer models. Eastern white pine (Pinus strobus) are predicted to be a
major component of future climax forests as their abundance increases naturally with succession,
and they have the ability to tolerate dry and sandy soils. Because of this, it is important to
understand what parameters effect BVOC (in the form of volatile terpenes) concentration in the
needles of white pine. Previous investigation at the University of Michigan Biological Station in
Pellston, MI indicated that understory white pine located in plots of forest experiencing
disturbance (in the form of selective stem girdling of early successional species) had elevated
levels of one compound, germacrene D-4-ol, in comparison to trees located in a control forest.
This compound is interesting as it is structurally different from other terpene components of the
pine’s needle extract; this compound is a terpene-alcohol. Because of this, and due to its large
concentration in the needles, it is important that the chemical properties of this compound be
known to accurately predict emissions to the atmosphere, and therefore aid in future climate
modeling. This poses a unique challenge as germacrene D-4-ol has no known commercially
available standard, has uncharacterized chemical properties, and is not identified in feasible
manners in the extracts of other plants. Because of the importance of characterizing the
compound, this study set out to isolate the compound from the needles of Eastern white pine,
characterize its structure and chemical properties, and propose a potential physiological role of
the compound in the tree. Several different isolation techniques were attempted including gravity
column isolation, liquid-liquid extraction, solid-phase extraction, and preparatory gaschromatography. None of the methods that were tried were able to separate the compound from
another unknown present in large quantities in the needles. A literature search confirmed that no
commercially available standard exists, and that the compound has been tentatively reported to
exist in at least 38 different species. This highlights the importance of this research and suggests
that a purified standard could be of benefit to climate change scientists, chemists, ecologists, and
botanists alike.

Introduction
1.) Climate Change
Since the beginning of the industrial revolution, atmospheric CO2 concentrations have
increased dramatically, and as a result, global average temperatures have increased throughout
the past century. Even if all human activities such as emitting greenhouse gases and deforestation
stopped today, the effects of climate change would continue. “Business as Usual” (BAU)
conditions predict increases of about 4.0˚C, persistent droughts, and extreme
precipitation/weather events (Kharin et al., 2013). Some regions will feel these effects more than
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others. For example, Northern Michigan is expected to see average increases in temperature of
5.0-6.0˚C by 2100 (Hayhoe et al., 2010). This extreme increase in temperature will certainly
cause a wide range of other climate related issues for the Great Lakes Region, including frequent
droughts, increased number of forest fires, changes to the Great Lakes watershed, and decreased
seasonal snow cover (National Climate Assessment, 2014 and Hayhoe et al., 2010).
Combined, the ecological changes to Northern Michigan are largely unpredictable and are
mainly dependent upon future carbon emissions (Hayhoe et al., 2010). Nevertheless, under a
BAU scenario, temperature increases are likely to plague the region with increased pest
outbreaks due to decreased overwintering mortality of many insect species in the area, as well as
phenological shifts in both species of insects and the predators that consume them (Bentz and
Mullins, 1999, Powell and Logan, 2005). In addition to these threats, changing abiotic
conditions such as soil moisture, precipitation, and nutrient availability are likely to favor some
species over others, thus causing range shifts and changes to regional species composition
(Iverson and Prasad, 1998). Collectively, the resulting effects of climate change will likely cause
drastic modifications to the forests of Northern Michigan, as well as other areas of the Great
Lakes Region.
2.) Changing Forest Ecosystems
Forest ecosystems tend to change over time through the process of forest succession, a
process in which shorter shrubs and groundcover are naturally replaced by more adept species.
Specifically, in Northern Michigan, widespread logging and deforestation removed most oldgrowth forests at the end of the 19th century, and the remains of forests became susceptible to
forest fires. This extreme, widespread disturbance left the Northern Michigan landscape barren
and perfect for many primary successional species to inhabit. For example, aspen (Populus
grandidentata and Populus tremuloides) and paper birch (Betula papyrifera) colonized many
areas of Northern Michigan after the disturbances of the late 1800’s.
Eastern white pine (Pinus strobus) was once a dominant species in northern forests. After
nearly one hundred years since clear-cutting, species such as white pine are beginning to grow
back. Under certain climate conditions, P. strobus would be predicted to be a major component
of future climax forests (Gannon, 2006 and Duveneck et al., 20014), mainly due to its capability
of growing in shady conditions and its ability to thrive in dry and sandy soils, which are likely to
become more prevalent under future climate scenarios. This type of changing forest composition
can have substantial effects on carbon sequestration rates (the carbon uptake by foliar biomass)
as well as atmospheric composition (Stuart-Haentjens et al., 2015 and Goldstein et al., 2004).
3.) Biosphere – Atmosphere Interactions
Foliage contributes to atmospheric composition by helping to remove atmospheric carbon
through carbon sequestration via photosynthetic processes, and globally, carbon uptake by forest
ecosystems has been estimated to be 1x1015metric tons on an annual basis (Gough et al., 2008).
Not only do forests impact the atmosphere by sequestering carbon, but also by emitting oxygen
and other volatile organic compounds (VOCs) (Constable et al., 1999). VOCs come from two
sources: anthropogenic, or human generated compounds (AVOC) which originate from the
burning of fossil fuels and industry, and biological sources (BVOC), which are emitted from
foliage. Most BVOCs are made via the mevalonic acid pathway (Lichtenthaler, 1999), and while
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the specific purpose of each individual compound has not been determined, it has been shown
that BVOCs can be used by plants for purposes such as: protection from environmental stressors,
reproduction, herbivory/pathogen defense, and plant-plant signaling (Peñuelas and Llusia, 2001,
Peñuelas and Staudt, 2010).
The mass of BVOC emitted into the atmosphere globally is larger than the mass of AVOC,
making BVOC sources of significant interest to atmospheric chemists (Fuentes et al., 2000).
BVOCs act as a source of organic peroxy radicals (RO2), which react in the presence of NOx
(sourced from human activities) to form tropospheric ozone (O3) (Atkinson, 2000, Atkinson et
al., 2003). Secondary organic aerosols (SOA) and other reactive compounds are also produced
from this reaction (Jimenez et al., 2009). The resulting SOA and tropospheric ozone that are
produced serve as major air pollutants and can have drastic effects on human health, as well as
producing hazy conditions in the lower atmosphere, and affect global radiative forcing.
Tropospheric ozone is one of the most important greenhouse gases, and although it has negative
consequences for human health (Ebi &McGregor, 2008), SOA could aid in global cooling due to
their ability to reflect light (Kroll et al., 2008; Peñuelas and Staudt, 2010; Laothawornkitkul et
al., 2009). BVOC have relatively short atmospheric lifetimes and are thus highly reactive
(Atkinson, 2000, Atkinson et al., 2003).
Terpenes are the most common type of BVOC emitted into the atmosphere. Terpenes are
structurally related to isoprene (2-methyl-1,3-butadiene), which is the dominant compound
released from most foliage, specifically deciduous trees, while almost all conifers are heavy
terpene emitters (Guenther et al., 1999, Lamb et al., 1999). Monoterpenes (MT, C10H16, MW =
136 g/mol, bp = 155-175˚C) and sesquiterpenes (SQT, C15H24, MW = 204 g/mol, bp = 240275˚C), react more quickly in the atmosphere than AVOC (C5H8, MW = 68 g/mol, bp = 34˚C)
(Holloway and Wayne, 2010).

Table 1: Common mono- and sesquiterpene components found in understory white pine.

Compound

Structure

Compound

Alpha-Pinene
(Monoterpene)

Beta-Pinene
(Monoterpene)

Camphene
(Monoterpene)

Myrcene
(Monoterpene)

Structure
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D-Limonene
(Monoterpene)

Beta-Phellandrene
(Monoterpene)

Beta-Caryophyllene
(Sesquiterpene)

Germacrene-D
(Sesquiterpene)

Dement et al. found that terpene emission is largely a function of temperature, and as
temperatures increase, terpene emissions increase as well (Dement et al., 1975). However,
Guenther et al. also found that emissions rates are highly species dependent, and species within
the same genus can have very different emission rates. Even populations of the same species can
have significantly different emission rates depending on other environmental factors (Guenther
et al., 1999).
Due to reactivity and projected increased emissions as global temperatures change, the
study of terpene emitting species is important for understanding atmospheric chemical processes
as well as for trying to predict what future atmospheric conditions may be like under various
climate scenarios. Thus, it is crucial that atmospheric chemists account for changing forest
ecology and composition to predict future emissions. Currently, the heavily deciduous forests in
Northern Michigan are a source of isoprene for the local atmosphere. As forest composition
changes, more terpene-emitting species such as white pine or more low isoprene-emitting species
such as red maple (Acer rubrum) will grow, and local atmospheric composition will be altered by
the changes in BVOCs released to the air.
Having the ability to accurately estimate emissions is crucial due to BVOCs importance
in determining regional atmospheric conditions but is quite difficult for several reasons. For one,
many terpene compounds, specifically sesquiterpenes like β-caryophyllene, react quickly with
local oxidants, and therefore do not often escape the forest canopy into the atmosphere (Ciccioli
et al., 1999). Because of the high reactivity of many sesquiterpenes, and monoterpenes such as
D-limonene, it is difficult to estimate their true emissions to the troposphere (Bouvier-Brown,
2009). Additionally, actual emission rates are measured via branch-enclosure methods (Ortega
and Helmig, 2008a, Ortega et al, 2008b) using environmental variables previously established by
past research (Guenther et al., 1995). However, branch-enclosure methods require much time and
require taking large pieces of equipment into the forest. Instead, needle BVOC concentration is
used as a proxy for emissions based on work conducted by Lerdau et al. (1994 and 1995). This
method is much simpler and allows for easy collection of samples.
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Due to the predicted abundance of white pine in future Midwest forests under “Business
as Usual” carbon emissions (Duveneck et al., 2014), The University of Michigan Biological
Station located in Pellston, Michigan serves as an opportune site to study the dynamic between
forest ecology and atmospheric chemistry. Currently, local forests are in a transition period in
which species composition is changing, adding to the heterogeneity of the forest. Figure 1 below
displays the wide range of forest cover types located just within part of UMBS property.
Bigtooth Aspen is the most dominant cover type found within the area, however, Bigtooth
Aspen-Red Oak is also a prominent cover-type.

F

Figure 1: Regional
map of forests at
UMBS with canopy
cover types. ‘A’
denotes the location
of the Ameriflux
forest while ‘F’
denotes the location
of the FASET forest.

A

4.) Plant-Predator Interactions
While species interactions among communities are often complicated, interactions between
multiple trophic levels, centered around primary producers, often show complex relationships
between plants, their insect herbivores, natural enemies, and plant pathogens. For example,
insect pests of all types frequently infest many tree species, and because of the negative nature of
herbivory, the fitness of individual trees is almost certainly lowered when they are subject to
infestation (Begon et al., 2006). Pests can cause damage to trees in a variety of ways including
consumption of reproductive parts, destruction of vascular tissues, and complete or partial
defoliation (Begon et al., 2006). While it may seem that trees are especially vulnerable, many
tree species possess the ability to defend themselves chemically, through the production of a
variety of secondary metabolites, as well as with specialization of certain anatomical
structures (Raven et al., 2005). Although anatomical specialization can be helpful in defending
against insect attacks, many tree species engage in the use of a variety of chemical defenses
which can also be beneficial for evading pathogen infection.
In response to insect herbivory, trees are thought to balance the allocation of
resources between growth and defense (Loomis, 1932; Herms and Mattson, 1992). In general,
smaller, short-lived perennials engage in the production of potent toxins, due to their need for
fast reactivity in an herbivore to maximize their defense. Trees on the other hand are longer
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lived, and more “apparent,” meaning that they are more likely to be noticed
by an herbivore (Feeny, 1976). As such, it would not be beneficial for a tree to commit all the
energy required to produce toxins each year, because it would have less energy available to
grow. Instead, many trees produce less-potent compounds which in turn require less energy
to produce and remain in their tissues for extended periods of time. In the long run, lower
potency compounds will result in herbivores avoiding a particular tree species entirely whereas
toxins typically only prevent the organism that consumed them from continuing to damage the
plant (Rhoades and Cates, 1976).
Terpenes are one prominent type of chemical defense produced by many tree species that can
directly affect the fitness of insect herbivores (Redak and Cates, 1984). In addition to the variety
of direct effects tree chemical defenses have on insect herbivores and pathogens, plant terpenes
also act as chemical signals to attract natural enemies of insect
herbivores (Peñuelas and Llusià, 2001). When plants are damaged by herbivory, they can induce
production of these volatile chemicals, which result in the recruitment of natural enemies, such
as parasitoids, to the tree under attack. Parasitoids then act as a natural controlling force for the
pest population, and indirectly provide trees with protection (Begon et al., 2006). Volatiles can
also recruit predatory insects which consume pests directly (Sznajder et al., 2010).
5.) What is Germacrene D-4-ol?

Figure 2: 2D molecular
structure of germacrene D-4-ol
(PubChem).

Previous study of the forests at UMBS has revealed that
several terpenes typically make up a majority of the components
of white pine extract, such as α-pinene and β-caryophyllene.
Additionally, Germacrene D-4-ol made up a large proportion of
total BVOC concentration in previous years (Toma and Bertman,
2012, Bergh, 2013). Germacrene D-4-ol is actually a terpene
alcohol (Formula: C15H26O, MW: 222.372 g/mol) (Figure 2),
whereas most other components of the extract of white pine
needles are just mono- or sesquiterpenes. The biosynthetic
pathways that form Germacrene D-4-ol, as well as its biological
function in white pine is not currently known. In fact, germacrene
D-4-ol has been reported to exist in at least 38 different species,
with various relative concentrations in each species. Species for
which this compound has been reported to be synthesized extend
beyond plants – synthesis has been reported in some fungi and

bacteria as well (Table 8).
As mentioned previously, germacrene D-4-ol was reported to be produced by a yeast species,
Lignosus rhinocerotis. This particular species has 12 different STS (sesquiterpene synthase)
genes. Of the three expressed genes that were tested in the study, germacrene D-4-ol was
produced by two of them and was the major compound produced by the gene GME3634 (HuiYeng et al., 2017). Because of this, it is interesting that several other studies suggest evidence
that germacrene D-4-ol may serve as an antifungal defense. In Buddleja perfoliata, germacrene
D-4-ol was the third largest terpenoid component of its essential oil (16.09%) (Juarez et al.,
2016). The oil extract itself had antifungal properties, however the researchers were not able to
test components of the extract individually to determine if any one particular component
accounted for the antifungal properties. Two other studies have also linked sesquiterpene
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concentration to more potent antifungal properties (Falasca et al., 2016; Zhao et al., 2010). Picea
abies, Norway spruce, inoculated with C. polonica fungus had increased levels of germacrene D4-ol compared to control trees, however the value was not statistically significant (Zhao et al.,
2010). Similarly, another study found that fungal growth was lowered in Juniper berry extracts,
which contained more sesquiterpenes than a pure Juniper berry oil standard, and coincidentally
the level of germacrene D-4-ol was elevated in ripening berries which had antifungal properties
(Falasca et al., 2016). These studies strongly indicate that germacrene D-4-ol may serve as an
antifungal in some plants.
Germacrene D-4-ol has also been
implicated as a defense against bacteria and
parasites (Castro-Nizio et al., 2018; Sarac
et al., 2014). A 2018 study evaluated the
ability of Varronia curassavica essential
oil to kill the parasite which causes
freshwater white spot fish disease (CastroNizio et al., 2018). The essential oil at
natural concentration was able to kill 100%
of the parasites; this essential oil also had
germacrene D-4-ol as one of the major
components. The two other major
components were tested individually and
Figure 3: Germacrene D-4-ol shown fitting into the
showed 100% moratility rate for the
active site of the FtsZ enzyme, preventing bacterial
parasites, however germacrene D-4-ol was
cell division (Sarac et al., 2014).
unable to be tested due to the standard not
being commercially available. More direct evidence for germacrene D-4-ol’s potential
antibacterial capabilities was demonstrated in a 2014 study which evaluated components of the
essential oil of Pinus nigra (Sarac et al., 2014). Germacrene D-4-ol was the most abundant
terpenoid compound found in the essential oil of all three Pinus nigra varieties that were tested.
The researchers focused on the FtsZ enzyme which is critical for bacterial cell division. By using
protein modeling they were able to determine (with relative confidence) that germacrene D-4-ol
is capable of fitting into the active site of the FtsZ enzyme, thus inhibiting its activity and
contributing to potential antimicrobial functions (Figure 3) (Sarac et al., 2014).
Based on current evidence, it is also likely that germacrene D-4-ol may function as an
insect defense mechanism for many plants (Markovic et al., 2016; Pavela and Govindarajan,
2017; Wang et al., 2015; Zhao et al., 2010). In the same study indicating that germacrene D-4-ol
may possess some antifungal properties, methyl jasmonate (MeJA), a common chemical used to
mimic insect herbivory, was applied to Norway spruce as well (Zhao et al., 2010). The study
showed that the amount of germacrene D-4-ol in the needles of the treated spruce increased
relative to the control spruce, potentially suggesting that plants could release germacrene D-4-ol
as a defense against insect herbivory. Similarly, it has also been shown that the leaves of the
plant Zanthoxylum dissitum, which contain germacrene D-4-ol, are toxic to some storage pests
(Wang et al., 2015).
An interesting study conducted on Solanum tuberosum investigated how simulated
contact between two plants effected the physical and chemical defenses of the plant (Markovic et
al., 2016). The simulated contact occurred over a period of thirty days, and in that time,
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stimulated plants showed evidence of elevated stem and leaf mass as well as altered volatile
emission profiles. In fact, the amount of sesquiterpenes in the leaves of test plants was higher
than in controls, and specifically the amount of germacrene D-4-ol was higher in contacted
plants; the relative amount of germacrene D-4-ol in control plants was 0.49% whereas it was
10% in test plants. The study also found that aphids preferred the volatile profile of test plants
less than controls which indicates that germacrene D-4-ol my aid in deterring pests from
attacking plants that are stressed (Markovic et al., 2016). Lastly, a more recent study has claimed
to have purchased an authentic germacrene D-4-ol standard from Sigma-Alrdrich (Germany)
which allowed them to test whether the compound was toxic to three different types of mosquito
larvae (Pavela and Govindarajan, 2017). Zanthoxylum monophylum, has a relative concentration
of 19.4% germacrene D-4-ol in its tissues. The study found that germacrene D-4-ol was
significantly more toxic to the larvae of the three tested species, A. subpictus, A. albopictus, and
C., tritaeniorrhychas, than other components of the plant’s essential oil (Pavela and
Govindarajan, 2017). These studies strongly indicate that germacrene D-4-ol likely does have a
biological function related to plant protection from insects.
A potential biological function of terpenes that is largely unstudied is their potential
ability to act as antioxidants and antimutagens. A study conducted on the essential oil extract of
Monodora tenuifolia evaluated the extract’s ability to perform as an antioxidant (Tchobo et al.,
2014). By using a conjugated autoxidizable triene (CAT) assay, the researchers found that the
essential oil performed moderately well at preventing lipid oxidation when placed in a waterlipid emulsion. The relative concentration of germacrene D-4-ol in this extract was 16.8%, which
suggests that germacrene D-4-ol could function as an antioxidant in M. tenuifolia (Tchobo et al.,
2014). Additionally, the essential oil isolated from the leaves and flowers of Ferula orientalis
showed potential antimutagenic properties when tested in-vivo with Salmonella and E. coli
bacteria (Ozkan et al., 2014).
Less direct evidence for germacrene D-4-ol’s biological activity could be rooted in
evidence suggesting that the concentration of the compound has been found to vary between
different populations of the same plant (Arrabal et al., 2012; Lukas et al., 2015, Nikolic et al,
2014; Nikolic et al., 2015; Venskutonis et al., 2000). In some cases, the difference in germacrene
D-4-ol relative concentrations between regions was not significant (Nikolic et al., 2014; Nikolic
et al., 2015). However, in one case, even though the value was not significant, the relative
percentage of germacrene D-4-ol in one population of Pinus peuce was double that of the other
population (with an average concentration of 0.9%) (Nikolic et al., 2014). Variability was
different for many plants and regions that were studied. For example, one study looked at 12
different regions across Europe and found that the percentage of germacrene D-4-ol in Origanum
vulgare varied from not being present at all to being present in concentrations of around 5.8%.
One notable study observed a wide range of germacrene D-4-ol concentrations in 15 populations
of Pinus sylvestris (Veskutonis et al., 2000). The relative percentage of germacrene D-4-ol varied
from 0%-13.2%, and in that particular case, germacrene D-4-ol became one of the dominant
components in the terpene profile of that population of trees (Veskutonis). Lastly, one study used
germacrene D-4-ol acetate quantity in needles to classify two chemotypes of Pinus pinaster, such
as in the differentiation between two chemotypes of white pine based on D-limonene
concentration (Toma and Bertman, 2010; Arrabal et al., 2012). Similar terpenes were present in
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both chemotypes, however only one chemotype had the germacrene D-4-ol acetate. Regional and
population variability could be indicative of genetic variation in the synthases which produce
these compounds, however it is also possible that environmental factors could cause germacrene
D-4-ol variability amongst different populations…especially populations that are in close
proximity yet have different environmental conditions.
A.) Is germacrene D-4-ol related to forest disturbance?
UMBS is host to two highly monitored forests, the Ameriflux and FASET (forest
accelerated Succession ExperimenT) forests. Both forests have a similar design; a flux tower is
located at the center of each forest with transects radiating outward from the center. Along each
transect, 0.08 hectare plots are intensively studied, and are typically a distance of 100-150m
apart. The “Ameriflux” forest serves as an undisturbed control, while the FASET forest, where
primary successional species like aspen and paper birch were selectively stem-girdled, mimics
ecological succession in the wake of forest disturbance. Here at UMBS, a study by Toma and
Bertman found that chemotypic variation among trees in a forest may have a significant impact
on local atmospheric chemistry. They found that among the Ameriflux and FASET sites, two
types of trees, Mode I and Mode II, existed. Mode II trees had elevated D-limonene
concentrations. D-limonene reacts at a much faster rate than other terpenes (Toma and Bertman,
2012). However, from their work, they were not able to determine if forest disturbance in the
FASET site had an effect on terpene concentration. After the girdled trees in FASET had fully
senesced, Bergh discovered that a statistical difference between the Ameriflux (control) and
FASET forests did exist. She found that trees in the FASET forest had elevated terpene
concentrations, thus suggesting that forest disturbance causes elevated terpene concentrations in
the needles of understory white pine (Bergh, 2013). The detailed relationship between forest
structure and terpene pool in white pine is difficult to assess with the experimental design that
Bergh used.
Because of the potential ties to terpene production and forest disturbance, in 2017 I
designed a different study to test the relationship between BVOC concentration and forest
disturbance. Samples were taken from two forest sites; the first forest, the Ameriflux forest,
served as an undisturbed site while the FASET (Forest Accelerated Succession Experiment)
served as the experimental site because of its disturbance gradient. Stuart-Haëntjens et al. 2015
characterized the level of disturbance in each plot of the FASET forest by recording the fraction
of basal area senesced since the time of disturbance. Of the 21 total plots located in the FASET
forest, 10 were selectively chosen for further study due to their place on the established
disturbance gradient (Stuart-Haëntjens et al., 2015). Table 2 below shows the level of
disturbance for each plot as well as its dominant cover-type (Stuart-Haëntjens et al., 2015).
Needle samples were taken from 10 trees in each disturbance plot, frozen on dry ice in the field,
and taken back to the lab for processing. Needles were extracted in hexane and their BVOC
concentration was analyzed via GC-MS calibrated with terpene standards.
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Table 2: A summary of sampled plots as well as their relative disturbance level and dominant canopy cover-type.

Plot (FASET)

Fraction of Basal Area
Senesced

Cover Type

A1
A2
B1

0.58
0.54
0.47

C1
D1
D2
F1
F2
G2
G3
Plot (Ameriflux)

0.64
0.38
0.67
0.13
0.09
0.19
0.53
Fraction of Basal Area
Senesced

A1
F2
G4-5
Bryant Rd.

0.00
0.00
0.00
0.00

Bigtooth Aspen
Northern Hardwood-Hemlock
Bigtooth Aspen-Trembling
Aspen
Bigtooth Aspen
Red Oak-Bigtooth Aspen
Red Oak-Bigtooth Aspen
Bigtooth Aspen-Red Oak
Bigtooth Aspen-Red Oak
Bigtooth Aspen-Red Oak
Bigtooth Aspen-Red Oak
Cover Type
Bigtooth Aspen
Trembling Aspen
Bigtooth Aspen
Bigtooth Aspen

A linear regression was conducted between the fraction of basal area senesced and the
average concentration of individual BVOC components, as well as with the average of all BVOC
components for all trees in every disturbance plot. Because of the use of mass spectrometry, 25
total terpene species were identified in live tree samples from both FASET and Ameriflux (Table
3). 10 monoterpenes and 15 sesquiterpenes were found in nearly all samples, and alpha-pinene
was the overall dominant component comprising approximately 41% of the total concentration of
BVOC in live needles. Germacrene-D-4-ol was the next major component, comprising
approximately 12% of the total BVOC concentration (Figure 4).
Table 3: Terpene components identified via GCMS analysis in 2017, their retention times, and their average
concentration (umol/DWg) ± one standard deviation from the mean of each compound.

Compound
Tricyclene
α-Pinene
Camphene
β-Pinene
β-Myrcene
α-Phellandrene
3-Carene
D-Limonene
β-Phellandrene
Terpinolene
α-Copaene
α-Bourbonene

Retention
Time (min.)
7.340
7.650
8.119
9.020
9.327
9.867
10.085
10.708
10.732
12.826
22.490
22.760

Average Concentration
(µmol/DWg)
0.20 ± 0.09
12.99 ± 5.17
1.94 ± 1.06
2.82 ± 1.35
10.32 ± 7.66
0.47 ± 0.30
0.34 ± 0.42
0.61 ± 0.37
0.90 ± 0.50
0.20 ± 0.08
0.05 ± 0.01
0.09 ± 0.04
12 | P a g e

Unidentifiable Sesquiterpene 1
β-Caryophyllene
β-Copaene
α-Humulene
Unidentifiable Sesquiterpene 2
Germacrene-D
Cadinene
Unidentifiable Sesquiterpene 3
γ-Amorphene
Unidentifiable Sesquiterpene 4
Unidentifiable Sesquiterpene 5
Germacrene-D-4-ol
Trans-Farnesol

22.870
23.629
23.840
24.424
24.880
25.020
25.193
25.360
25.700
25.850
26.160
26.950
29.346

0.15 ± 0.07
0.43 ± 0.20
0.05 ± 0.01
0.09 ± 0.03
0.09 ± 0.03
3.31 ± 1.50
0.41 ± 0.52
0.93 ± 0.41
0.39 ± 0.27
0.42 ± 0.24
0.07 ± 0.05
5.03 ± 4.15
0.18 ± 0.07

Figure 4: The relative percentage of the major BVOC components in live understory white pine needles at UMBS
in 2017. Alpha-Pinene was the dominant component (40.6%), followed by Germacrene D-4-ol (12.07%), and BetaPinene (8.8%).

An independent t-test of all components found that the absolute concentration of many
sesquiterpene components as well as the absolute concentration of total BVOCs were
significantly different between FASET and Ameriflux (p=0.025). In fact, on average, 13 of
15 sesquiterpene components had higher absolute concentrations in Ameriflux, and the
absolute concentrations of 8 total sesquiterpene components were significantly different
between FASET and Ameriflux (Table 7). Germacrene-D-4-ol was the only C15 component
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Concentration of Germacrene
D-4-ol (umol/DWg)

that had a relatively higher proportion in FASET than in Ameriflux (p=0.058). When
germacrene D-4-ol was plotted against the fraction of basal area senesced (forest disturbance
severity) for all 84 samples, a statistically significant correlation was seen (Figure 5) (p
<0.001). A similar experiment was also repeated in 2018 - the results also supported that
germacrene D-4-ol concentration increased in trees located in areas with higher disturbance
severity (p = 0.011) (deHagen, 2018).
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Figure 5: Correlation between forest disturbance severity (fraction of basal area senesced) and germacrene D-4-ol
concentration in 84 understory white pine sampled at the University of Michigan Biological Station in 2017.
Germacrene D-4-ol concentration positively and significantly correlates with forest disturbance severity.

Due to insufficient knowledge surrounding germacrene D-4-ol’s role in any plant, it is
interesting that the compound increased in concentration in trees experiencing stress in the form
of disturbance. This information makes it more pertinent that researchers learn more about this
obscure terpinol.
To our knowledge, no commercial standard for this compound exists. Until a standard
becomes commercially available, it is difficult to make any direct conclusions regarding the
biological activity of germacrene d-4-ol, especially in white pine. However, the body of existing
evidence strongly suggests that the compound functions as a chemical defense against fungi,
bacteria, and/or herbivorous insects, as do many other terpenes. If this is the case, variability
amongst populations of the same species could potentially be used to evaluate the health of
plants in any given population, if the compound is indeed indicative of stressors.
6.) Current Analytical Methods – Germacrene D-4-ol Identification
In almost all studies of plant extracts, germacrene D-4-ol is identified using gas
chromatography-mass spectrometry (GC-MS) alone. Without advanced mass spectrometry
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equipment, it can be difficult to determine the structure of some isomeric compounds. Therefore,
use of standards is ideal for identifying compounds when using chromatographic techniques. The
NIST library reports the most abundant ion to be m/z = 81, with m/z = 43 and m/z = 123 to be
the next most abundant ions (Figure 6A). The molecular ion (M+ = 223.37) is not usually
present, indicating that the molecule likely fragments readily in the source.
In general, studies reporting MS data for germacrene D-4-ol often show some discrepancies
in the fragmentation patterns (Figure 6). For example, an extracted protein from C. pratensis and
a synthesized protein from a mutated G. hirsutum gene produced germacrene D-4-ol that
displayed fragmentation patterns that differed slightly from the Reported NIST spectrum. The
compound produced by the C. pratensis protein showed a difference in the third most abundant
ion, m/z = 161 (Figure 6B), as did the compound from one of the mutated cotton synthases, m/z
= 161 (Figure 6C) (Yoshikuni et al., 2006; Rinkel et al., 2016). A second mutated cotton
synthase produced a compound (supposedly germacrene D-4-ol) that did not have the same most
abundant ion, in this case m/z = 161 instead of m/z = 81 (Figure 6D) (Yoshikuni et al., 2006).
These types of discrepancies make it difficult to say whether or not studies have incorrectly
identified a different isomer of MW 222.372 g/mol as germacrene D-4-ol.
Two studies that also reported MS data for germacrene D-4-ol did however have spectra that
closely matched the NIST library. Germacrene D-4-ol produced by an isolated enzyme from S.
album and germacrene D-4-ol found in the needles of P. strobus appear to be closely related, if
not identical, to the NIST library (Figure 6E and F).
As no authentic standard for germacrene D-4-ol is currently known to exist, several studies
have sought to isolate the compound from natural sources and confirm its structure using Nuclear
Magnetic Resonance (NMR) spectroscopy. One particular study extracted 1kg of needles from
Pinus sylvestris and used the extract to isolate and characterize the structure of germacrene D-4ol (Nordin et al., 1999). The H and C NMR chemical shifts are listed below in Tables 4 and 5.
All data presented in this study suggested the double bonds in the compound were parallel and
existed in the ‘chair-chair’ conformation (Nordin et al., 1999). Therefore, if germacrene D-4-ol
were to be isolated from Pinus strobus, one might be able to compare the spectra in Figure 7C to
confirm the correct coupling pattern was occurring.
Isolation and positive identification of the structure of germacrene D-4-ol from the needles of
P. strobus is crucial for several reasons, but most importantly to determine the compound’s
chemical properties. Determination of vapor pressure and boiling point will help aid in
determination of the volatility of the compound, and thus will allow proper calculation of
germacrene D-4-ol’s atmospheric potential. Additionally, relative concentration and amount of
germacrene D-4-ol dry mass cannot be determined for without a standard because calibration
curves are required when analyzing GC data. Lastly, a standard would provide an avenue for
accurately testing the compound’s ecological function in white pine, as well as the other
countless species for which the compound has been reported, and especially those for which it
comprises a large proportion of the terpenes in the plant’s tissue extract. Accurate prediction of
BVOC emission is critical for climate change modeling and forecast of future regional air quality
too. This cannot be done accurately without being able to determine emission rate of germacrene
D-4-ol from the needles of white pine, which again will require a pure standard.
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Figure 6: Reported mass spectra of germacrene D-4-ol analyzed via GC-MS. NIST spectrum with top 3 peaks displayed
(A) (U.S. Secretary of Commerce, 2014). Germacrene D-4-ol produced by an isolated C. pratensis protein (B) (Rinkel et
al., 2016) and mutated G. hirsutum cadinene synthase enzymes (C and D) (Yoshikuni et al., 2006; Loizzi et al., 2017).
All three compounds show differences in the molecular fragmentation patterns and do not match the NIST library.
Germacrene D-4-ol produced by an isolated synthase protein from S. album (E) (Jones et al., 2008) and germacrene D-4ol located in the needle extract of white pine (F) (Toma and Bertman, 2008).

A

B

D

E

F
C
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Table 4: H NMR chemical shifts for (-)-1,6-germacradiene-5-ol from Nordin et al., 1999.

Table 5: C13 NMR chemical shifts and DEPT for
(-)-1,6-germacradiene-5-ol from Nordin et al.,
1999.

Figure 7: Simulated HNMR spectrum
of the ‘boat-chair’ (A) and ‘chair-chair’
(B) conformations of germacrene D-4ol compared to a section of the HNMR
spectrum of the isolated P. sylvestris
germacrene D-4-ol (C) (Nordin et al.,
1999).

Study Objectives
•

Determine if the biosynthesis of Germacrene-D-4-ol, a major terpene component in white
pine needles, is induced via damage to the tree when sampling, or is potentially a
component of the outer coating of white pine needles.
• Isolate germacrene D-4-ol from the needles of white pine and positively characterize the
structure using NMR spectroscopy and mass spectrometry.
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• Determine the chemical properties of germacrene D-4-ol isolated from the needles of
white pine.
• Determine if germacrene D-4-ol may function in tri-trophic signaling, or if insects prefer
the compound.
Experimental Materials and Methods
1.) Sampling site
Samples collected to determine if germacrene D-4-ol formation was an artifact of needle
sampling method were taken from the University of Michigan Biological Station (UMBS)
(45˚30’N, 84˚42’W) in Pellston, MI.
2.) Basic live needle harvesting method
Flat-ended steel forceps were used to collect approximately 50 second-year needles from the
south side of each tree, as close to arm height (approximately 1.3m from the ground) as possible.
The forceps used were rinsed in HPLC grade hexane before and after each sample was taken by
dipping them into a 100ml plastic screw-cap vial. The needles were placed in a plastic Ziploc
sampling bag (Thermo Scientific Sample Bags, LDPE, 10.2 x 15.2 cm, Product# 6255-0406).
Pine needles are attached by what is called a fascicle, and Eastern white pine has 5 needles
attached to each fascicle (Barnes and Wagner, 2011). For sampling purposes, 10 bundles of 5
needles each were removed from the tree and placed in the bag. Field blanks were taken between
every 10 tree samples by opening the sample bag and placing the steel forceps into the bag 10
times to mimic real sampling. All samples were stored on dry ice immediately after collection in
the field and were moved to a -80˚C freezer until processing to halt emissions because tissue
damage has been shown to change VOC release from foliage (Lorento and Schnitzler, 2010).
3.) Validation of sampling method for live trees
On 7/2/17, one singular tree was sampled at UMBS to evaluate whether or not the location
on the tree of needles sampled from understory white pine had an effect on the terpene
concentration for that specific tree. From this tree, one whorl 0.75m off of the ground and one
whorl at DBH (approximately 1.4m). From each whorl, 2 samples were taken from each branch.
The top whorl had four branches while the lower whorl only had three branches, so a total of 14
samples were taken in total. From each branch, one needle sample was taken from the interior of
the tree near the trunk while the other sample was taken from the exterior, farthest from the
trunk. Samples were removed in rapid succession and processed for terpene analysis on the same
day.
4.) Experimental Sampling Description
To further explore the nature of Germacrene-D-4-ol formation, an experimental sampling
method was developed to examine the role that sampling induced damage may play in the
formation of this species. Four medium sized understory white pine trees were selected on
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UMBS Property from behind Lakeside Lab, as well as the trail leading from the lab to the UV
Field, and sampling occurred on 7/30/2017. From each tree, 2 branches were selected for
sampling on the south side of each tree. On “Branch 1” of each tree, one entire lateral branch on
the right side of the main branch was dipped into a one liter dewar filled with liquid nitrogen
until the needles were clearly frozen (indicated by extreme reduction of boiling by the liquid
nitrogen). Once frozen, the sampling method used for live needles collected from FASET and
Ameriflux was used. On that same branch, 50 needles were then collected from a different lateral
branch on the right side of the tree in the same method without freezing. Needles on a third
lateral branch on the right side of the main “Branch 1” were wiped with a Kimwipe that was
dipped into HPLC grade hexane (transported into the field in a plastic screw cap vial), to remove
the outer coating of the needle. These needles were then removed in the same fashion as all other
samples. On “Branch 2” of the same tree, the same sampling methods were used, however they
occurred in a different order. The table below illustrates this sampling method (Table 6).
Table 6: This table illustrates how one of the four experimental replicates would be sampled.

Branch
Number
1
1
1
2
2
2

Lateral
Branch
Number
1
2
3
1
2
3

Order of
Sampling
1
2
3
1
2
3

Removal Method

Freeze needles then remove them from the tree
Remove needles without freezing them (Control)
Remove needle coating and then remove needles
Remove needles without freezing them (control)
Freeze needles then remove them from the tree
Remove needle coating and then remove needles

5.) Sample processing – Needles harvested at UMBS
From each frozen sample, the fascicles were removed from each bundle of needles, and the
needles were placed back into the sampling bag. Approximately 0.2g of randomly selected
needles were removed from the sampling bag and cut into 5mm pieces and placed into an
extraction vial (Fisherbrand Glass Tooled-Neck Vials with Polyethylene Closures; 21 x 50 mm
OD x H; 3 dr. 11.1 mL) with 2.0 mL of HPLC grade hexane with a 50µM tridecane internal
standard. Each vial was capped and wrapped in parafilm to prevent sample loss, and samples
were incubated in a 23.0˚C water bath for 24 hours.
After incubation, the solution was placed in an auto-sample vial (Thermo Scientific 12 x
32mm Amber target DP ID Vials) via glass transfer pipette. Samples were stored in a freezer
until GCMS analysis. Analysis was accomplished within 12 hours of being placed into
autosampler vials. Repeated injections showed that the hexane extracts did not degrade after 12
hours at room temperature on the autosampler tray. The extraction vials with the needles were
placed in a drying oven and dried for 24 hours at 60˚C. Dry mass was then recorded.
6.) Sample analysis – Needles harvested at UMBS
Instrumentation used for analysis:
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GC: Thermo Scientific Trace 1310
Mass Spectrometer: Thermo Scientific ISQ LT Single Quadrupole Mass Spectrometer
GC Column: Thermo Scientific DB-5 column (TG-5MS)
Length: 30m
I.D.: 0.25mm
Film: 0.25µm
Maximum Temp.: 330/350˚C
Part Number: 26098-1420
Thermo Scientific DB-5 column (TG-SQC)
Length: 30m
I.D.: 0.25mm
Film: 0.25µm
Maximum Temp.: 330/350˚C
Part Number: 26070-1300
*Both columns were spliced together with a Restek press-tight union. The 15m column
was attached to the mass spectrometer while the 30m column was attached to the GC
inlet.
a. Standards used for calibration:
Monoterpene Standards:
• (1R)-(+)-α-Pinene (98 %, ALDRICH)
• Camphene (98.5 %, SUPELCO)
• (1S)-(-)-β-Pinene (99 %, ALDRICH)
• β-Myrcene (≥95.0 %, Fluka)
• α-Phellandrene (≥85.0 %, ALDRICH)
• R-(+)-Limonene (≥99.0 %, Fluka)
• Terpinolene (≥95.0 %, Fluka)
• 3-Carene (≥90.0 %, ALDRICH)
Sesquiterpene Standards:
• β-Caryophyllene (≥80.0 %, SAFC)
• α-Humulene (≥96.0 %, ALDRICH)
• Trans-Farnesol (≥96.0 %, ALDRICH)
b. Standards used for retention time determination
•
•
•
•

Cadinene (Unlisted purity (code 504607), Vigon International)
Gamma-Terpinene (Unlisted purity (code 500386), Vigon International)
Germacrene D (natural 40 %, GLCC, CO.)
Angelica seed oil (60 % of β-Phellandrene, SKK, ltd.)
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c. Internal Standard
i. Tridecane (99 %, ALDRICH)
d. GCMS Method Program – Thermo Scientific Trace 1310
GC Inlet Settings:
Temperature: 240˚C
Operating Mode: Split
Split Flow: 11.0 (mL/min.)
Purge Flow: 0.500(mL/min.)
Gas Saver Control: Off
Vacuum Correction: On
Flow at Equilibration Time: 1.750 (mL/min.)
Autosampler Settings:
Draw Speed: Slow
Fill Strokes: 3
Air Volume” 1.00µl
Sample Depth: Bottom
Pre-washes: 2 per solvent (A and B)
Sample-washes: 2
Post-washes: 2 per solvent (A and B)
Solvent A: Acetone
Solvent B: Hexane
GC Oven Settings:
Retention
Time (min)
0.000
4.000
19.000
29.000
30.000

Rate (˚C/min.) Target Value (˚C)

Hold Time (min.)

Run
0.000
4.000
7.000
Stop Run

4.00
0.00
0.00

70.0
130.0
200.0

Run Time: 30 minutes
*Note: this same oven program was used on the HP 6890 Series GC-FID
at WMU for many of the initial gravity column fraction analyses (See section 9b
for details).
Mass Spectrometer Settings:
Scan Start Time: 5.00 min.
Mass Range (amu): 20-250
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Scan Time: 0.2 sec.
Transfer Line Temperature: 280˚C
Ion Source Temperature: 320˚C
e. Software and Processing Method – Thermo Scientific Trace 1310
Retention
Parameter Name
Parameter Value
Injection
Channel
Time (min.)
Type
Initial
Consider Void Peak Off
All
TIC
Initial
Smoothing Width
0.117 min.
All
TIC
Initial
Baseline Noise
5.001….5.126
All
TIC
Range
5.001
Minimum Area
20000 [Signal]*min
All
TIC
10.600
Minimum Rider
10%
All
TIC
Ratio
10.600
Detect Shoulder
On
All
All Channels
Peaks
10.657
Rider Detection
On
All
All Channels
10.663
Baseline Type
Valley to Valley
All
All Channels
10.830
Detect Shoulder
Off
All
All Channels
Peaks
•
•

GCMS Software: Chromeleon 7.2
Processing method:

f. GCMS Calibration Method – Thermo Scientific Trace 1310
The GCMS was calibrated using a series of calibration solutions containing alpha-pinene,
camphene, beta-pinene, beta-myrcene, alpha-phellandrene, D-limonene, terpinolene, betacaryophyllene, alpha-humulene, and trans-farnesol (See section (a) above: Standards used for
Calibration). Five terpene solutions of differing concentrations were made, and the
concentrations were as follows: 500uM, 250uM, 100uM, 50uM, and 5uM. A 50uM tridecane
internal standard was added to each concentration, and solutions were made from serial dilution
of the 500uM and 250uM stocks. Each calibration solution was run three times. To create
calibration curves, the area in Counts*minutes was recorded for the internal standard peak as
well as each terpene component peak in each sample. A calibration curve was formed using the
ratio of the peak area/internal standard area, and an orthogonal distance regression was formed
for each compound. An orthogonal distance regression is useful for calculating a best fit line
based on the assumption that errors exist in both x- and y- values. There are definitely
uncertainties associated with calibrating the GCMS using calibration solutions, for example the
uncertainty in micro pipetting volumes of standards, the error associated with volumetric flasks
and serial dilutions, and the precision of the GCMS itself. The orthogonal distance regression
calculates errors perpendicular to the best-fit line. After calibration curves were formed, the
equation of the best fit line was then used to determine the concentration present of each
component in actual samples. In total, 27 terpene components were recorded, but because a
standard was not commercially available for many of them, the relative concentration of un22 | P a g e

calibrated components was determined based on calibration curves created for other compounds.
Tricyclene was calibrated for using camphene because both are monoterpenes that are solid at
room temperature. Beta-phellandrene and gamma-terpinene were calibrated for using the best fit
line for alpha-phellandrene because of the similar structure shared by all three compounds.
Finally, all sesquiterpenes (not counting beta-caryophyllene, alpha-humulene, and transfarnesol), were calibrated for by using the average slope and intercept between the best fit lines
for alpha-humulene and beta-caryophyllene.
Appendix B has two sample chromatograms: one from a 250uM calibration solution, and one
from sample N1B2-A, showing the components and their retention times.
7.) Sample analysis – Needles harvested at WMU
Instrumentation used for analysis:
GC (with FID) – HP 6890 Series
GC Column: Jand W Scientific DB-5HT
Length: 30m
I.D.: 0.25mm
Film: 0.10µm
Maximum Temp.: 400C
Part Number: 122-5731
a. GC-FID method program – HP 6890 Series
GC Inlet Settings:
Temperature: 300˚C
Operating Mode: Split
Split Ratio: 6:1
Split Flow: 11.2 (mL/min.)
Gas Saver Control: On, 20.0mL/min for 2.0 min.
Total Flow: 15.2mL/min.
Column Flow: 1.9mL/min.
Autosampler Settings:
Draw Speed: Slow
Fill Strokes: 3
Injection Volume: 1.0µL
Sample Depth: Bottom
Pre-washes: 2 per solvent (A and B)
Sample-washes: 2
Post-washes: 2 per solvent (A and B)
Solvent A: Acetone
Solvent B: Hexane
GC Oven Settings:
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Retention
Time (min)
0.0
4.0
24.0
34.0
45.67

Rate (˚C/min.) Target Value
(˚C)
0.000
50
4.000
130.0
7.000
200.0
15.0
300
Stop Run

Hold Time (min.)
4.00
0.00
0.00
5.0

GC Detector Settings:
Detector Temperature: 300℃
Hydrogen Flow: 40.0mL/min.
Air Flow: 450.0mL/min.
Helium Makeup Flow: 45.0mL/min.
b. Software – GC-FID HP 6890 Series
ChemStation GC software
8.) Statistical analysis – Samples taken at UMBS
The significance level for all tests was 0.05 and all statistical analyses were conducted using
SPSS software (IBM).
9.) Isolation of germacrene D-4-ol at WMU
a. Large scale needle extraction
Needles were collected from white pine trees located on WMU’s campus, and only
second-year needles were used. Approximately 50g of needles were collected and cut into 5mm
pieces, and the needles were then placed into a 500ml Erlenmeyer flask. 200ml of hexane was
added to the flask – If needle volume was slightly larger, an additional volume of hexane was
added to ensure that all needles were submerged. The flask was allowed to sit on the bench at
ambient temperature for 24 hours. The following day, the needle extract was filtered into a
500ml round bottom flask using glass wool and a funnel, and a small portion was retained to
provide a base spectrum for the extract (Figure 6). The extract was then rotovapped until only
about 0.5ml of liquid remained in the flask.
b. Gravity column isolation
50g of Sigma Aldrich (high purity grade) 60Å, 70-230 mesh, 63-200µm silica for column
chromatography was wetted with hexane and added to a 50ml (24/40) gravity column. The
column was then equilibrated with pure hexane, and a thin layer of sand was added to the top of
the silica to aid in sample loading. Approximately 3ml of solvent (depends on how much hexane
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is left in the round bottom flask), was then added to the round bottom flask to reconstitute the
condensed extract. The condensed extract was loaded onto the column via glass transfer pipette.
After loading, a 500ml solvent reservoir was jointed to the apparatus. 200ml of pure
hexane was then added to the reservoir. The stopcock was then opened, and the first 100 mL of
solvent were collected into a 250ml Erlenmeyer flask and were denoted “Fraction A1.” The
second 100ml of solvent was then collected and denoted “Fraction A2.” The stopcock was closed
and 300ml of 50/50 (v/v) hexane and ethyl acetate was then added to the solvent reservoir. The
stopcock was opened, and a fraction was then collected every 100ml, denoted “Fraction A3,”
“Fraction A4,” and “Fraction A5.” The fractions were analyzed via GC-FID (See “Experimental
materials and methods” section 6d*) to determine which fractions contained germacrene D-4-ol.
Germacrene D-4-ol containing fractions were then chromatographed for a second time.
These fractions were then transferred to a 250mL round bottom flask and were rotovapped to
dryness. The column was prepared as described above. The solvent reservoir was placed onto the
top of the apparatus, and 200ml of pure hexane was added. This step is more precautionary – the
aim is to remove any residual mono- or sesquiterpenes that may have been present in the
fractions from column A. Fractions were again collected every 100ml and denoted “Fraction B1”
and “Fraction B2”. 100ml of a 10/90 (v/v) diethyl ether and hexane mixture was then added to
the reservoir, and the next 100ml fraction was collected and denoted “Fraction B3”. Next, 100ml
of a 20/80 (v/v) diethyl ether and hexane mixture was loaded into the solvent reservoir, and the
next 100ml fraction was collected and denoted “Fraction B4.” Lastly, 100ml of a 30/70 (v/v)
diethyl ether and hexane mixture was added to the reservoir. The next 100ml of mobile phase
was collected and denoted “Fraction B5.” The remaining mobile phase was drained into a
separate Erlenmeyer flask – this last fraction was denoted “Fraction B6.” All fractions from
column B were subsequently analyzed via GC-FID (See “Experimental materials and methods”
section 6d*) to determine which of the six fractions contained the germacrene D-4-ol.
After discovery of an unknown peak that appeared in final fractions using the gravity
column isolation procedure described above, another column was run with fractions collected at
differing time points. Column A was run as described above, and Fraction 4 was condensed for
secondary chromatography using Column B. The mobile phase composition for Column B,
including the solvent addition size, remained the same. Instead of collecting 5-100mL fractions,
the first 100mL fraction was collected as usual, and then 40-10mL fractions were collected to try
and determine if there was any separation at all between germacrene D-4-ol and the unknown
compound that was not seen due to large fraction size. Fractions were collected into 15mL
plastic test tubes with rubber stoppers. 2mL of each fraction was transferred to an HPLC vial via
glass transfer pipette for analysis using the GC-FID program specified in section “Experimental
materials and methods” section 7a.
c. Solid phase extraction
A small-scale solid phase extraction experiment was conducted using Waters Sep-Pak
short body silica cartridges. The stationary phase was wetted using 10ml of DI water. A 6ml
plastic, disposable syringe was used to pump mobile phase through the cartridge, and a flow rate
of approximately one drip per second was used. After wetting the sorbent, the cartridge was
equilibrated with 10ml of hexane. 5ml of needle extract (prepared in the same manner as
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previously described) was then loaded onto the cartridge. During the loading process, the sample
did not appear to be retained; a green front moved through the cartridge. To prevent any loss of
analyte, fraction collection began prior to the end of the sample loading process. The first 5ml of
solvent was collected and denoted “Fraction 1.” After sample loading, 5ml of pure hexane was
forced through the cartridge, and the next 5ml of eluent was collected and denoted “Fraction 2.”
Lastly, 5ml of 50/50 (v/v) ethyl acetate and hexane was forced through the cartridge, and the
remining solvent was collected (approximately 7ml).
d. Liquid-liquid extraction
A small-scale liquid-liquid extraction experiment was designed using pine needle extract
(prepared in the same way as previously described) and methanol. Methanol and hexane are
immiscible solvents, so the idea behind this experiment was that the wax would have a higher
affinity for the hexane due to its highly non-polar nature, and perhaps the germacrene D-4-ol
would have a higher affinity for the methanol as it has a polar hydroxyl group. 20ml screw cap
glass vials were used to house the experiment, and five milliliters of pine needle extract in
hexane was added to each vial. Differing amounts of methanol were added to each vial to
determine if the amount of methanol added effected the separation. Two replicates of each vial
were made.
Vial 1: (Control) 5ml of pine needle extract in hexane
Vial 2: (Control) 5ml of pine needle extract in hexane
Vial 3: 5ml of pine needle extract in hexane and 3ml of MeOH
Vial 4: 5ml of pine needle extract in hexane and 3ml of MeOH
Vial 5: 5ml of pine needle extract in hexane and 5ml of MeOH
Vial 6: 5ml of pine needle extract in hexane and 5ml of MeOH
Vial 7: 5ml of pine needle extract in hexane and 8ml of MeOH
Vial 8: 5ml of pine needle extract in hexane and 8ml of MeOH
Vial 9: (Blank) 5ml of clean hexane and 5ml of MeOH
Vial 10: (Blank) 5ml of clean hexane and 5ml of MeOH
All samples were shaken for two minutes to allow adequate mixing of the solvents for the
extraction process. Samples were then placed in a -10℃ freezer for 24 hours. Upon removal
from the freezer, it was noted that a cloudy, solid-looking substance was present between the
hexane and methanol layers in all applicable cases. This area between the two layers will be
referred to as “the interface.” The next day, odd numbered vials were transported to a -66℃
freezer for 5 minutes and were then transported to a 37℃ cold room. Approximately one
milliliter of the hexane and methanol layers of each sample was then carefully transferred to a
GC vial. Collection of the interface was avoided to prevent contamination of either layer. Even
numbered vials were placed on the bench to thaw overnight to see if the interface re-dissolved
into either solvent layer and to determine if the freezing process altered the amount of
germacrene D-4-ol present in the samples. The next day, 1ml of both the hexane and methanol
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layers of each sample was removed and placed in a GC vial (again care was taken to prevent
collection of the interface). All samples were analyzed via Method 2 using a GC-FID.
A small-scale liquid-liquid extraction experiment was also designed using pine needle
extract (prepared in the same way as previously described) and acetonitrile, as these two solvents
are also immiscible. As in the liquid-liquid extraction with methanol, it was presumed that the
wax would have a higher affinity for the hexane and the germacrene D-4-ol would have a higher
affinity for the acetonitrile. 15ml screw cap glass vials were used to house the experiment, and
five milliliters of pine needle extract in hexane was added to each vial. Differing amounts of
acetonitrile were added to each vial to determine if the amount of acetonitrile added effected the
separation. Two replicates of each vial were made.
Vial 1: (Control) 5ml of pine needle extract in hexane - frozen
Vial 2: (Control) 5ml of pine needle extract in hexane - ambient
Vial 3: 5ml of pine needle extract in hexane and 3ml of Acetonitrile - frozen
Vial 4: 5ml of pine needle extract in hexane and 3ml of Acetonitrile - ambient
Vial 5: 5ml of pine needle extract in hexane and 5ml of Acetonitrile - frozen
Vial 6: 5ml of pine needle extract in hexane and 5ml of Acetonitrile - ambient
Vial 7: 5ml of pine needle extract in hexane and 8ml of Acetonitrile - frozen
Vial 8: 5ml of pine needle extract in hexane and 8ml of Acetonitrile - ambient
All samples were shaken for two minutes to allow adequate mixing of the solvents for the
extraction process. Odd numbered “frozen” samples were then placed in a -10℃ freezer for 36
hours while the even numbered “ambient” samples remained on the bench during this time.
Upon removal from the freezer, it was noted that a cloudy, solid-looking substance was present
between the hexane and acetonitrile layers in all applicable cases. This area between the two
layers will be referred to as “the interface.” After removal from the freezer, odd numbered vials
were transported to a -66℃ freezer for 5 minutes and were then transported to a 37℃ cold room.
Approximately one milliliter of the hexane and acetonitrile layers of each sample was then
carefully transferred to a GC vial. Collection of the interface was avoided to prevent
contamination of either layer. Unlike samples with the methanol that had been frozen and
allowed to thaw on the bench, the “ambient samples” never formed and/or retained a cloudy
interface between layers. All samples were analyzed via Method 2 using a GC-FID.
e. Extraction solvent experiment
To determine if using a different extraction solvent with the pine needles aided in either
increasing the amount of extracted germacrene D-4-ol of decreasing the amount of extracted
excipients, several small-scale extractions were prepared. Approximately 0.4g of prepared
needles were placed into separate GC vials. The needles were then submerged in 2.0mL of one
of the following solvents: hexane (control), ethyl acetate, methanol, or acetonitrile. Samples were
allowed to sit at room temperature for a week (GC injector needle breakage postponed sample
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analysis). Samples were run using the method specified in “Experimental materials and
methods” section 7a on the HP 6890 GC-FID.
f. Preparatory Gas Chromatography
f1.) GC configuration
A 6-port valve (Vici Valco) was attached to the HP 6890 Series GC that was used
for analysis at WMU. The column was removed from the detector and exited the GC
oven through the top of the instrument. The valve was located outside the instrument, and
the column inlet was attached to port 2. The column was not directly attached to port 2- it
was joined to a short (approximately 3cm) piece of inert silica with the same dimensions
as the regular column with a Restek press-tight fitting, and this shorter piece of column
was joined to the valve with a graphite ferrule. Port 6 was used as a vent. Port 5 had a
piece of Teflon tubing attached to a gas flow controller which flushed the set-up with
compressed argon gas. Port 3 was attached via graphite ferrule to another short
(approximately 3cm) piece of column that was also joined to another length of column
via Restek press-tight fitting. This longer piece of column then entered the GC oven
through the same opening through which the first piece of column exited, and was
attached to the FID.
Ports 1 and 4 were connected by a piece of IDEX Teflon 1/16 x 0.040 in (part no.:
384436) tubing that was about 70cm long. This closed system functioned as the trapping
system for the germacrene D-4-ol peak. The argon gas flowed through the tube and
functioned in a similar manner to the make-up flow provided to a mass-spectrometer
when doing preparative HPLC. The 6-port valve was attached to a manual switch. In the
“Load” position, ports 2 and 3 were connected, allowing the carrier gas and sample to
flow through the valve and directly into the FID – the usual flow path. In the “Inject”
position, ports 1 and 2 were connected, allowing the sample and carrier gas to flow from
the column and into the Teflon tube attached to ports 1 and 4, and eventually back into
the valve, out of port 3, and into the detector.
The Teflon tubing, designated the “trap,” was submerged in a dewar of liquid
nitrogen to ensure the sample was collected. Additionally, a valve heater was attached to
the 6-port valve and was heated to approximately 150C. A heat gun was used to keep the
exposed column warm to prevent the sample from condensing, and a fan was pointed at
the valve motor to keep it cool and functioning properly.
f2.) Sample preparation
Needles were extracted as in section 9a above, however approximately 80g of
needles were extracted instead of 50g. The solution was transferred to a 500mL round
bottom flask and rotovapped until almost no liquid remained. The extract was then
brought up in 20mL of hexane. All 25mL of extract was then transferred to a 50mL round
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bottom flask, and the process was repeated. The extract was then brought up in 5mL of
hexane to reconstitute it. This was denoted the “neat” needle extract.
f3.) GC-FID preparatory method program
GC Inlet Settings:
Temperature: 300˚C
Operating Mode: Splitless
Split Flow: 11.2 (mL/min.)
Gas Saver Control: Off
Total Flow: 15.2mL/min.
Column Flow: 1.9mL/min.
Manual injection procedure:
- Rinse needle (15uL) in acetone 3 times
- Rinse needle (15uL) in hexane 3 times
- Rinse needle (10uL) with sample twice
- Manually inject 10uL of sample
- Rinse needle (15uL) in acetone 2 times
- Rinse needle (15uL) in hexane 2 times
GC Oven Settings:
Retention
Time (min)
0.0
4.0
35.25
34.0
45.50

Rate (˚C/min.) Target Value
(˚C)
0.000
50
4.000
175
100
300
100
300
Stop Run

Hold Time (min.)
4.00
0.00
0.00
9.0

GC Detector Settings:
Detector Temperature: 300℃
Hydrogen Flow: 40.0mL/min.
Air Flow: 450.0mL/min.
Helium Makeup Flow: 45.0mL/min.

f4.) Germacrene D-4-ol collection
A total of 11 collections occurred. Using the new oven program and new GC
configuration, germacrene D-4-ol eluted from 31.9-33.4 minutes and was subsequently
collected from 31.0-34.0 minutes. To make the collection, the valve switcher was moved
from the “Load” to the “Inject” position at 31 minutes, and then moved back to the
“Load” position at 34 minutes.
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f5.) NMR Spectroscopy
After all collection runs had ended, the Teflon trap was removed from the 6-port
valve. 1.0mL of deuterated methylene chloride was then slowly added to the trap from
one end via glass syringe. The other end of the tube was placed into a 5.0mL glass screwcap vial to collect the isolate.
The isolate did not appear to go into solution – some clear, oily substance still
remained on the inside of the vial. The sample was concentrated under nitrogen gas to
dryness and then brought up in 165uL of deuterated DMSO. Again, some clear substance
still remained on the inside of the vial. The solution was transferred to a 3mm NMR tube,
and a preliminary proton spectrum was collected on a 500MHz NMR. The spectra
showed that nothing had been dissolved in the solvent, so again, the isolate was brought
to dryness under nitrogen gas.
One final attempt was made to dissolve the clear, oily substance. 165uL of
deuterated hexane was added to the vial of dried isolate. The substance still did not go
into solution. The sample was transferred to a 3mm tube for a preliminary proton NMR
spectrum. Nothing was present in the hexane solution. Due to the inability to find a
suitable solvent, NMR was not attempted again.

Results
1.) Experimental Sampling Method: Germacrene-D-4-ol Formation
To determine if Germacrene-D-4-ol production was an artifact of sampling method, an
independent T-test was conducted to determine if the order in which frozen, plucked, and washed
samples were taken had a significant difference for any major components (Alpha-pinene, Dlimonene, Beta-caryophyllene, Germacrene-D, and Germacrene-D-4-ol) as well as total
monoterpene, sesquiterpene, and BVOC concentration. Next, a paired t-test was conducted
between Frozen and Plucked samples, Plucked and Washed samples, and Frozen and Washed
samples to determine if there was a difference between components for each method. Species
that were analyzed included alpha-pinene, D-limonene, beta-caryophyllene, Germacrene-D,
Germacrene-D-4-ol, total monoterpene concentration, and total BVOC concentration.
The paired t-test between sampling methods yielded that there was no significant difference
between the order of sampling for any component, and Germacrene-D-4-ol was still present in
all samples. From comparing different sampling methods, I found that a statistical difference
between methods only existed for alpha-pinene and D-limonene. Between, the normal removal
(plucking) and needle washing methods, alpha-pinene was present in significantly higher
concentrations in plucked needles than in washed needles (p=0.003). Alpha-pinene
concentrations were also significantly higher in frozen vs. washed samples (p=0.032), and
interestingly, D-limonene was found in significantly higher concentrations in washed vs. plucked
needles (p=0.019). No significant differences for any components were found between frozen
and plucked needles.
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Table 7: Table of p-values for paired t-tests between: Plucking and Washing, Freezing and Washing, Plucking and
Freezing. Significant values are bolded.

Compound
Alpha-Pinene
D-Limonene
Beta-Caryophyllene
Germacrene-D
Germacrene-D-4-ol
Total Monoterpenes
Total Sesquiterpenes
Total BVOCs

Plucking vs.
Washing
0.003
0.579
0.439
0.174
0.214
0.550
0.182
0.782

Freezing vs.
Washing
0.032
0.019
0.074
0.066
0.144
0.415
0.126
0.286

Plucking vs.
Freezing
0.342
0.121
0.224
0.061
0.676
0.394
0.211
0.320

2.) Instances of Occurrence of Germacrene D-4-ol in Other Species
I was able to confirm that germacrene D-4-ol had been reported in at least 38 different
organisms, including one fungus (Lignosis rhinocerotis) and one bacterium (Collimonas
pratensis) (Table 3). While plants reported to contain germacrene D-4-ol came from a wide
range of plant families, several families appeared to have more species reported than others. For
example, 18 of the 36 plants reported to contain germacrene D-4-ol belonged to only three plant
families; 4 belonged to the Asteraceae (Daisy family), 7 belonged to the Lamiaceae (Mint
family), and 7 belonged to the Pinaceae (Pine family). It is interesting that these families, all
notorious for having very fragrant plant tissues, comprise a majority of the plants I was able to
find that contained the compound of interest. The other 18 plants belonged to 15 different
families. A summary of the organisms I found to contain germacrene D-4-ol, their common
name (if applicable), the family they belong to, and the paper containing this information is
summarized in Table 8.
Germacrene D-4-ol was found in various plant tissues, but production appeared to be
mostly exclusive to leaves, flowers and fruits of plants. The relative concentration of germacrene
D-4-ol reported in the listed organisms also varied greatly across species, as well as between
individuals of a single species within different populations. A total of 8 plants produced the
terpenoid in relative concentrations of about 2-9% (Arrabal et al., 2012; Bhatt et al., 2009; Joshi
and Pande, 2010; Lukas et al., 2015; Ozkan et al., 2014; Rather et al., 2012; Thakuri et al., 2008;
Veskutonis et al., 2000; Wang et al., 2015). Several species/individuals on the other hand
produced very little germacrene D-4-ol, with relative concentrations not exceeding 2% (Amiel et
al., 2012; Bhatt et al., 2009; Lukas et al., 2015; Markovic et al., 2016; Nikolic et al., 2014;
Nikolic et al., 2015; Orav et al., 2010; Veskutonis et al., 2000). While many plants did not have
relatively high levels of the terpenoid in their tissues, some plants actually had relative
concentrations exceeding 10% of total terpenoid content, and in many cases germacrene D-4-ol
was one of the major components of the plant’s essential oil, if not the single largest component
(Albuquerque et al., 2006; Bezerra et al., 2018; Bhatt et al., 2009; De Oliviera et al., 2008; HuiYeng et al., 2017; Joshi and Pande, 2009; Juarez et al., 2016; Lis et al., 2014; Markovic et al.,
2016; Martins et al., 1999; Ozkan et al., 2014; Pavela and Govindarajan, 2017; Quijano-Celis et
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al., 2014; Simeone et al., 2011; Szafranek et al., 2005; Tchobo et al., 2014; Toma and Bertman,
2012).

Table 8: A comprehensive list of all organisms included in this review that have been reported to
produce/contain germacrene D-4-ol.

Organism
Amorpha canescens
Buddleja perfoliata
Collimonas pratensis
Colquhounia coccinea
Commiphora gileadensis
Craniotome furcata
Eugenia nitida
Ferula orientalis
Helichrysum splendidum
Juniperus communis
Lantana camara
Lignosus rhinocerotis
Mentha spicata
Monodora tenuifolia
Nepeta raphanorhiza
Origanum vulgare
Persea americana
Phlomis bracteosa
Picea abies
Pinus heldreichii
Pinus nigra
Pinus peuce
Pinus pinaster
Pinus strobus
Pinus sylvestris
Piper amalago
Piper hispidum
Ribes nigrum
Santalum album
Senecio rufinervis
Solanum juglandifolia
Solanum tuberosum
Thymus serpyllum
Varronia curassavica
Verbesina diversifolia
Verbesina macrophylla
Zanthoxylum dissitum
Zanthoxylum monophyllum

Common Name
Leadplant
*Bacteria
Evergreen shrub
Arabian balsam tree
Multicolored catmint

Common juniper
West Indian Lantana
*Fungus
Brazilian spearmint

Oregano
Criollo avocado
Norway spruce
Bosnian pine
European black pine
Macedonian pine
Maritime pine
Eastern white pine
Scots pine

Black currant
Indian sandalwood

Potato (10 varieties)
Breckland thyme
Black sage

Yellow prickle

Family

Citation

Fabaceae
Scrophulariaceae
Oxalobacteraceae
Lamiaceae
Burseraceae
Lamiaceae
Myrtaceae
Apiaceae
Asteraceae
Cupressaceae
Verbanaceae
Polyporaceae
Lamiaceae
Anonaceae
Lamiaceae
Lamiaceae
Lauraceae
Lamiaceae
Pinaceae
Pinaceae
Pinaceae
Pinaceae
Pinaceae
Pinaceae
Pinaceae
Piperaceae
Piperaceae
Grossulariaceae
Santalaceae
Asteraceae
Solanaceae
Solanaceae
Lamiaceae
Boraginaceae
Asteraceae
Asteraceae
Rutaceae
Rutaceae

(Lis et al., 2014)
(Juarez et al., 2016)
(Rinkel et al., 2016)
(Bhatt et al., 2009)
(Amiel et al., 2012)
(Joshi and Pande, 2009)
(Martins et al., 1999)
(Ozkan et al., 2014)
(Marongiu et al., 2006)
(Orav et al., 2010)
(De Oliveira et al., 2008)
(Hui-Yeng et al., 2017)
(Scherer et al., 2013)
(Tchobo et al., 2014)
(Rather et al., 2012)
(Lukas et al., 2015)
(Torres-Gurrola et al., 2011)
(Joshi and Pande, 2010)
(Zhao et al., 2010)
(Nikolic et al., 2015)
(Sarac et al., 2014)
(Nikolic et al., 2014)
(Arrabal et al., 2012)
(Toma and Bertman, 2008)
(Venskutonis et al., 2000)
(Simeone et al., 2011)
(Simeone et al., 2011)
(Stevic et al., 2010)
(Jones et al., 2008)
(Thakuri et al., 2008)
(Quijano-Celis et al., 2014)
(Szafranek et al., 2005)
(Lozione and Venskutonis, 2006)
(Castro Nizio et al., 2018)
(Albuquerque et al., 2006)
(Bezerra et al., 2018)
(Wang et al., 2015)
(Pavela and Govindarajan, 2017)
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3.) Large-scale needle extraction
The three largest known components of the large-scale needle extract were components that
are typical of white pine (at least in the ones previously studied by myself) – Alpha-pinene,
germacrene-D, and germacrene D-4-ol. Using the new extended method (see section
“Experimental materials and methods” section 7a), germacrene D-4-ol had a retention time of
26.4 minutes, indicated by the blue star in Figure 6. Surprisingly, the single-largest component
by peak area was an unknown compound eluting at 38.1 minutes, as indicated by the red star in
Figure 6.
FID1A, (GERM_D4OL_SEPARATION_16OCT2018_SJH2018-10-1617-21-48\102F0401.D)
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Figure 6: (Sequence: GERM_D4OL_SEPARATION_16Oct2018_SJH) Chromatogram of the pine needle
extract (Sample name: SMP-NeedleExtract-15Oct2018-SP-SJH-02) prior to chromatography using the new GC
method developed by TdeHagen. The blue star indicates the presence of germacrene D-4-ol which has a
retention time of 26.4 minutes, and the red star indicates the presence of an unknown compound eluting at 38.1
minutes.

4.) Gravity column isolation
Fractions that were analyzed via GC-FID revealed that fraction 4 from column A contained
germacrene D-4-ol, as well as some other sesquiterpenes. This fraction was denoted “Fraction
A4.” The solvent mixture used to elute germacrene D-4-ol was relatively polar and was a 50/50
(v/v) hexane and ethyl acetate blend. Figure 7 below indicates germacrene D-4-ol (blue star)
which elutes at 26.4 minutes.
Because fraction A4 contained the germacrene D-4-ol and some other unwanted
sesquiterpenes, it was condensed and re-chromatographed. In this second step of
chromatography, GC-FID showed that in column B, germacrene D-4-ol also eluted in fraction 4
(Figure 8). This was denoted “Fraction B4.” The solvent mixture used to elute fraction 4 was a
20/80 (v/v)
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diethyl ether and hexane blend. Integration of the peaks suggested the isolate had a purity >90%,
as only trace amounts of other peaks were detected.
FID1A, (GERM_D4OL_SEPARATION_6_4_4_182018-04-0610-49-20\105F0501.D)
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Figure 7: (Sequence: GERM_D4OL_SEPARATION_6_4_4_18) Chromatogram of Fraction A4 (Vial 105,
“Fraction 4”) showing germacrene D-4-ol as one of the main components isolated in this fraction. Germacrene D-4ol elutes at approximately 26.4 minutes, indicated by the blue star on the chromatogram. This sample was analyzed
using an older GC oven program that reached a maximum temperature of 200C.
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Figure 8: (Sequence: GERM_D4OL_SEPARATION_6_4_4_6_18) Zoomed GC-FID chromatogram of Fraction 4
from column B (Fraction B4). This sample was analyzed using an older GC oven program that reached a maximum
temperature of 200C. Germacrene D-4-ol elutes at 26.4 minutes using this method, indicated by the blue star.
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After the final step of chromatography, fraction B4 was condensed and several
characterization techniques were used to determine the structure of the isolated compound. GCMS was the only method that was able to show the isolated compound was germacrene D-4-ol,
and the elextron impact (EI) mass spectrum is shown in Figure 9 below. The most abundant peak
was mass to charge (m/z) = 81, followed by m/z 43, 123, and 161. These four fragments are the
most abundant peaks in all mass spectra reported in the literature for germacrene D-4-ol (Figure
6).Nuclear magnetic resonance spectroscopy (NMR) did not yield any interpretable results, so
infrared spectroscopy (IR) was performed. IR suggested the presence of an alkyne, indicated by a
stretch around 2120nm.

Figure 9: EI-MS of germacrene D-4-ol isolate (See Figure 8 above). The most abundant ion had m/z 81, with
m/z 43, 123, and 161 being the next most abundant fragments. This fragmentation pattern is very similar to
other spectra of germacrene D-4-ol reported in the literature (see Figure 6).

The inability to characterize the isolated germacrene D-4-ol was puzzling, considering
the GC-FID results suggested it was highly pure. It was later revealed by another researcher
that our GC oven program did not go high enough, and that not all compounds in the extract
were being baked off of the column. After the new oven program was created (See
“Experimental materials and methods”, Section 7a), the gravity column procedure was rerun, and fractions were analyzed via GC-FID. Using the new method revealed that the
isolated fractions were actually not as pure as once thought – Figure 10 below shows
Fraction A4 and Figure 11 shows Fraction B4 after analysis with the new oven method. As
can be seen from the chromatograms, there is a large peak eluting towards the end of the run
that was not present when the oven only went up to 200C. This peak retention time of 38.1
minutes and is indicated by a red star on the chromatograms. Specifically, fraction B4 went
from being >90% pure to likely less than 10% germacrene D-4-ol (it was difficult to
determine peak areas and relative percentages as the peak shape was very poor for this
particular compound).
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Figure 10: (Sequence: GERM_D4OL_SEPARATION_16Oct2018_SJH) Chromatogram of Fraction A4 (Sample
name: SMP-Fraction4-SP-SJH-02) showing germacrene D-4-ol as the main known terpene component (blue star,
RT 26.4min), as well as the unidentified compound which is the main constituent of this fraction (red star, RT 38.1
min).
FID1A, (GERM_D4OL_SEPARATION_17OCT2018_SJH2018-10-1710-35-51\107F1401.D)
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Figure 11: (Sequence:

GERM_D4OL_SEPARATION_17Oct2018_SJH) Zoomed chromatogram
of Fraction B4 (Sample name: SMP-Fraction4-SP-SJH-01) showing that unknown compound
(red star, RT 38.1min.) as the main constituent of the sample, with germacrene D-4-ol (blue star,
RT 26.4min.) as the main terpene component.
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Figure 12: EI-MS spectrum of unknown from fraction B4. The most abundant ions are m/z = 81, 95, and 137. The
molecular ion is m/z=304.

Investigational GC using electron impact (EI) mass spectrometry (MS) of Fraction B4
allowed provided some insight as to the identity of the unknown compound. Many of the peaks
in the MS spectrum are similar to those found in other terpenes – for example, m/z = 81, 123,
and 137. Additionally the molecular ion was large, at m/z=304 (Figure 12).
To determine if there was any separation between germacrene D-4-ol and the large
unknown peak at any point using the regular column procedure, 40-10mL fractions were
collected instead of the final 4-100mL fractions of column B. Both germacrene D-4-ol and the
large unknown peak appeared at the end of fraction 3. Specifically, both compounds began to
elute in fraction 3.9 and continued to elute in fraction 3.10. Zoomed chromatograms show
germacrene D-4-ol in these fractions in Figure 13A and the unknown in Figure 13B. Elution of
both compounds continued over a 100mL window, from fraction 4.1-4.10. Both germacrene D4-ol (Figure 14A) and the unknown peak (Figure 14B) are present in all 10 fractions. Both
compounds appear to decrease at approximately the same ratio in each subsequent fraction.

37 | P a g e

A

B

Figure 13: (Sequence:

07FEB2019-COLUMNB-SJH-V1) Zoomed chromatograms of the
germacrene D-4-ol peak (Panel A) and unknown peak (Panel B); Fraction A4 (in blue) prior to
the second step of chromatography, Fraction B3.9 (in red), and Fraction B3.10 (in green). Both
peaks begin to elute at approximately the same solvent strength.
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A

B

Figure 14: (Sequence:

08FEB2019-COLUMN07FEB2019-SJH-V1) Zoomed chromatograms of
the germacrene D-4-ol peak (Panel A) and unknown peak (Panel B); Fraction B4.1-B4.10,
overlaid. Both the unknown and germacrene D-4-ol are present in all of the same fractions,
indicating there is no separation between them using the current gravity column procedure.
5.) Small-Scale Isolation of Germacrene D-4-ol
a. Solid-phase extraction
Fraction 1 contained the highest amounts of all analytes. The column was likely
overloaded so the sample was not retained. Fraction 2 contained smaller amounts of all of the
analytes, again suggesting that the column had been overloaded. Fraction three only contained
the unknown compound with trace amounts of some sesquiterpenes, but not germacrene D-4-ol.
All three fractions are overlaid in Figure 15.
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FID1A, (14NOV2018_SPE_TRIAL1_SJH2018-11-1412-08-23\103F0601.D)
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Figure 15: (Sequence: 14Nov2018_SPE_TRIAL1_SJH) Chromatograms of all three collected fractions from the
solid phase extraction experiment overlaid. The germacrene D-4-ol is denoted with the blue star and the wax peak is
denoted with a red star. The visible peaks are of the first fraction, while the concentration was very low in both of
the other fractions which makes it difficult to see the chromatograms.

b. Liquid-liquid extraction
In general, there did not appear to be a drastic difference between the concentrations of
methanol added to the needle extract. In all cases, the unknown appeared to favor the methanol
layer, while still present in some capacity in the hexane layer (Figure 16). When the samples
were left to thaw, the unknown still mostly remained in the methanol layer. In all cases, there is
some germacrene D-4-ol that was not accounted for (Figure 17). There was a peak at about RT
25.0 min. that appeared in samples taken from the methanol layers.
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FID1A, (01DEC2018_LIQUIDEXTRACTION_FROZEN_SJH_V12018-12-0120-04-46\105F0501.D)
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Figure 16: (Sequence: 01DEC2018_LIQUIDEXTRACTION_FROZEN_SJH_V1) Zoomed chromatograms of the
hexane layer (Sample name: SMP-Hlayer8mlF-SP-30Nov2018-SJH-01) and methanol layer (Sample name: SMPMlayer8mlF-SP-30Nov2018-SJH-01) of the trial in which 8ml of methanol was added to 5ml of pine needle extract
and then frozen. The blue star marks germacrene D-4-ol, the red star marks the unknown compound, and the green
star marks an unidentified degradant. The degradant is only present in the large amount in the methanol layer.
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Figure 17: (Sequence: 02DEC2018_LIQUIDEXTRACTION_THAWED_SJH_V1) Zoomed chromatograms of
the hexane layer (Sample name: SMP-Hlayer8ml-Thaw-SP-20Nov2018-SJH-01) and methanol layer (Sample name:
SMP-Mlayer8ml-Thaw-SP-30Nov2018-SJH-01) of the trial in which 8ml of methanol was added to 5ml of pine
needle extract and then frozen and thawed. When thawed, the germacreneD-4-ol is not really present in either layer.
The degradant is still present in the methanol layer.

The two temperature treatments appeared to change the analyte composition of both layers.
When samples were frozen, the germacrene D-4-ol appeared to favor the acetonitrile layer while
the unknown appeared to favor the hexane layer…although some of each compound was present
in each layer (Figure 18). At room temperature, the unknown also favored the acetonitrile layer,
meaning that freezing may help to separate the two compounds (Figure 19).
FID1A, (11DEC2018_LIQUIDEXTRACTION_ACN_SJH_V12018-12-1112-07-31\104F0601.D)
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Figure 18: (Sequence: 11DEC2018_LIQUIDEXTRACTION_ACN_SJH_V1) Zoomed chromatograms of the
hexane layer (Sample name: SMP-HexaneLayer5ml09Dec2018-01) and acetonitrile layer (Sample name: SMPAcnLayer5ml09Dec2018-01) of the trial in which 5ml of acetonitrile was added to 5ml of pine needle extract, and
then frozen. As can be seen from the chromatogram, the germacrene D-4-ol (blue star) favors the acetonitrile layer
when frozen while the unknown (red star) favors the hexane layer.

42 | P a g e

FID1A, (11DEC2018_LIQUIDEXTRACTION_ACN_SJH_V12018-12-1112-07-31\102F1201.D)
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Figure 19: (Sequence: 11DEC2018_LIQUIDEXTRACTION_ACN_SJH_V1) Chromatograms of the hexane layer
(Sample name: SMP-HexaneLayer5ml09Dec2018-Ambient-01) and acetonitrile layer (Sample name: SMPAcnLayer5ml09Dec2018-Ambient-01) of the trial in which 5ml of acetonitrile was added to 5ml of pine needle
extract, and then left on the bench at ambient temperature for 36 hours. At ambient temperature the unknown (red
star) favors the acetonitrile layer, as does germacrene D-4-ol (blue star).

6.) Preparatory Gas Chromatography
After re-configuring the GC oven and creating a new oven program, germacrene D-4-ol had
a retention time of about 32.5 minutes (difficult to determine as the column was very overloaded,
resulting in poor peak shape) (Figure 20). Overall, retention times for all compounds were about
5 minutes longer than when the valve was not part of the oven configuration. The germacrene D4-ol peak was collected from 31.0-34.0 minutes, as indicated by the flat spot on the
chromatogram in figure 21. This extremely flat baseline indicates that nothing was actually
making it to the FID, thus suggesting it was trapped and collected in the Teflon tubing. The
isolate that was rinsed from the trap tubing was evaluated with NMR using three different
solvents. Nothing was present in any of the NMR spectra taken.
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Figure 20: (Sequence: 15APR2019_RTCHECK_SJH_V10) GC-FID spectrum showing new chromatography after
oven alterations and changes to the GC oven method. Germacrene D-4-ol’s new elution time was about 32.5
minutes, as indicated by the circle on the figure.

Figure 21: (Sequence: 15APR2019_COLLECT_SJH_V8) GC-FID chromatogram showing the 31.0-34.0 time
frame during which germacrene D-4-ol was collected into the tubing submerged in liquid nitrogen (trap). This time
frame is indicated by the green circle. The flat baseline indicates that no sample made it to the detector during this
time.
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Discussion
Sampling method was looked at in this study as a possible source of the compound
Germacrene-D-4-ol. Germacrene-D-4-ol was the third most dominant BVOC component in
needles harvested in 2017 at UMBS (approximately 12.1%), and has been a major component in
previous and future years as well (Bergh, 2013, Toma and Bertman, 2012, deHagen, 2018),
however very little is known about its role in tree physiology, or the biosynthetic processes that
form it in white pine. I found that when live needles were frozen to halt metabolic processes, or
their outer coating was stripped with hexane before sampling, Germacrene-D-4-ol was still found
in all samples in relatively similar amounts as plucked needles. These results initially suggest
that Germacrene-D-4-ol is in fact not an artifact of damage induced by sampling, however, this
finding conflicts with studies that have been done on Masson pine (Pinus massoniana). One
particular study found that Germacrene-D-4-ol was induced in Masson pine by physical shearing
of needles as well as predation by caterpillar larvae (Su et al., 2009). Studies have shown that
terpenes and their concentrations are highly species dependent (Ortega et al., 2008), and so it is
possible that while Germacrene-D-4-ol is induced by damage in Masson pine, it may in fact be a
regular component in undamaged needles, as my study suggests.
Additionally, one aspect of methodology that was not looked at was how incubation of
samples could potentially effect formation of Germacrene-D-4-ol. Without also testing this
feature of the sampling and processing method, it is difficult to conclude whether GermacreneD-4-ol is actually synthesized by the needles or not. Interestingly though, Germacrene-D-4-ol
did comprise a higher proportion of BVOCs in the FASET forest overall compared to the
Ameriflux forest (p=0.058), only adding to the ambiguous nature of the compound. FASET’s
association with forest disturbance could suggest a potential purpose of Germacrene-D-4-ol as a
response to some unknown environmental stressor in understory white pine. If it is true that
Germacrene-D-4-ol is induced in white pine by physical damage via insect predation or is a byproduct of some type of forest disturbance, it is possible that in a future with climate change and
predicted increases in pest outbreaks and other forest disturbances, it is possible that we could
see higher concentrations of Germacrene-D-4-ol in afflicted understory white pine. However,
due to its likely low volatility, it is uncertain how potential changes to Germacrene-D-4-ol levels
(if not an artifact of sample processing), would change local atmospheric chemistry.
Additionally, germacrene D-4-ol has been reported to exist in at least 38 different species – as
such, it is crucial that more work be done to determine if this compound forms endogenously in
all of the other listed plants as well, or if it is an artifact of other researchers’ sampling methods.
It is interesting that germacrene D-4-ol was present in plants from a variety of families,
was present in different tissue types, and was present in variable amounts amongst plants in
which the compound has been reported. Because it is not present consistently in one species and
considering that fungi and bacteria also possess the capability of producing the compound could
suggest that at one point all plants may have had the ability to synthesize germacrene D-4-ol
and/or other terpenoid compounds. The variability of the compound’s presence, location, and
concentration in plants also makes it difficult to propose a plausible role of the compound in
regular plant physiology, and therefore makes it even more difficult to propose a potential
ecological role for the compound. Determining what biosynthetic pathway is used by plants to
produce this compound serves as a potential next-step to determine why it is formed and how it
is used by plants. It is unlikely that this step can be taken without obtaining a pure standard of
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germacrene D-4-ol and highlights the importance of isolation and synthesis work on the
compound.
Liquid chromatography is another way (in addition to gas chromatography) to separate
compounds based on their chemical properties and is one way to effectively collect a compound
in a purified form. The gravity column isolations conducted in this study were unfortunately not
able to separate germacrene D-4-ol from other components of the white pine needle extract. The
gradient elution procedure defined here was effective at separating germacrene D-4-ol from all
monoterpenes but was not 100% effective at separating the compound from sesquiterpenes and
other unknowns. In fact, based on the results described above, it is not recommended that the
“column B” procedure be used to purify germacrene D-4-ol. It is interesting that germacrene D4-ol and the large unknown compound have very different boiling points, indicated by their
separation using gas chromatography, but seem to be inseparable in a liquid medium. No
separation was seen between the two compounds in the procedure in which small, 10mL
fractions were collected. This is surprising and highlights that the two compounds differ greatly
in size but may have extremely similar polarities. Investigational EI-MS using gas
chromatography may give some insight into the identity of the unknown compound (Figure 22).
The EI spectrum in figure 22 shows one potential hit in the MS library. Based on the
fragmentation pattern in the spectrum, the unknown is likely a very large terpene – potentially a
diterpene. The library that was used did not give many promising hits. It is possible that with a
newer library and more MS method development that a plausible structure for the unknown
could be devised. If the identity of the unknown is determined, gravity column method
development could be greatly enhanced. Knowing if any special functional groups are present on
the compound would allow for the selection of a more suitable stationary and mobile phase for
use with liquid-chromatography. Unless the compound is an isomer of germacrene D-4-ol, it is
highly likely that a suitable method could be developed to separate the two compounds from
white pine needle extract.

Figure 22: EI-MS of a potential hit in the MS library for the large unknown compound present in white pine needles
at RT 38.1 minutes. This fragmentation pattern (but not overall ion ratios) was similar to the EI-MS of the large
unknown shown in figure 12. M/z = 81 and 137 are indicative of a terpene-like compound, and the large molecular
weight is suggestive of a large terpene, potentially a diterpene.
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Like the gravity column isolation, the small-scale solid-phase extraction was also
unsuccessful at separating germacrene D-4-ol from the unknown. Despite the lack of separation
using this procedure, this method still may hold some promise considering that the early elution
of terpenes suggests that the solid sorbent phase overloaded with needle extract. Overloading the
stationary phase would not result in any separation, even if the two compounds did have
differing affinities from the stationary and mobile phase. Because so many solid-phase extraction
columns are available, it is possible that one of the phase-chemistries may result in adequate
separation of germacrene D-4-ol from the unknown. A more carefully designed and controlled
study is needed to determine if solid-phase extraction is a plausible method for purifying
germacrene D-4-ol.
The similar polarities of germacrene D-4-ol and the unknown were also evidenced by
their presence together for all attempts at separating them with a liquid-liquid extraction. When
either acetonitrile or methanol were mixed with hexane, germacrene D-4-ol and the unknown
were always found in both solvent layers. The reasoning behind this methodology was that
germacrene D-4-ol may prefer the more polar solvent (acetonitrile or methanol) and therefore
might be able to separate itself from the other terpenes. The fact that the unknown was present in
relatively the same ratio as in the original needle extract suggests that germacrene D-4-ol and the
unknown likely have very similar polarities – this means that a liquid-liquid extraction will likely
be unsuccessful no matter which solvents are used. One promising method, however, was the use
of temperature change in the liquid-liquid extraction.
When the needle extract in hexane was mixed with methanol and then chilled in a -40C
freezer, germacrene D-4-ol and the unknown appeared to separate slightly. While this is suggests
a possible mechanism for separation, the use of methanol in this procedure will likely not yield
good results. Because there was overall less germacrene D-4-ol and the presence of another peak
at a close retention time, it is possible that germacrene D-4-ol either degraded due to interaction
with the methanol, or it is stuck at the interface between the two solvent layers. If the compound
degraded, methanol would not be a suitable extraction solvent. However, if the compound was at
the interface, finding some way to isolate and re-dissolve the compound could yield separated
germacrene D-4-ol.
Similar results were also seen when the hexane extract was mixed with acetonitrile – both
compounds were present in both layers. However, both compounds did favor the acetonitrile
layer over the hexane layer at room temperature. It’s possible that subjecting this extract to cold
temperatures might also yield some separation between the two compounds without causing the
germacrene D-4-ol to degrade. Therefore, while this method is not perfect, it may be a good
starting point for future research. For example, if the column chromatography procedure were to
be performed and then the liquid phase extraction, it is possible that the two analytes might
behave differently in the solution and separate into different layers.
Preparatory gas chromatography, the last method attempted to isolate germacrene D-4-ol
from white pine needle extract, seemed as though it might be a promising method based on the
indicated collection and isolation shown in figure 21. After dissolving the isolate in several
different deuterated solvents and analyzing the substance via NMR, it was clear that nothing was
present in the solution. There was also a viscous substance that attached itself to the rinse vial
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that did not seem to dissolve in any of the solvents that were tried. It is possible that the viscous
substance was residue from inside the Teflon tubing, thus not allowing it to readily dissolve in
any of the solvents that were used. However, if that is not the case, this indicates one of three
things: either the isolated germacrene D-4-ol was the viscous substance and was not soluble in
any solvent, the germacreneD-4-ol was not soluble in methylene chloride and still remains in the
trap tube, or there was a flaw in the trapping system, allowing for germacrene D-4-ol to be
released to the atmosphere prior to condensation in the liquid nitrogen. Because the pine needles
are extracted in hexane, we would presume that germacrene D-4-ol is soluble in hexane. Because
of this, it is possible that if any germacrene D-4-ol remains in the Teflon trap that rinsing the trap
with hexane could wash the compound out. If nothing were to appear in a GC-FID of this
solution, it is more likely that there was a hole in the system somewhere before the trap, causing
germacrene D-4-ol to be lost to the atmosphere. For example, the valve being repeatedly heated
and cooled seemed to have loosened some of the fittings attaching the column and tubing to the
valve. If the fitting from the valve to the trap was too loose, gas could have escaped instead of
flowing through the liquid nitrogen. This would explain why nothing could be rinsed from the
trap.
After collections had ceased, the inlet liner on the GC was removed and replaced. The
column was still very contaminated with the extract as many terpene peaks appeared in blank
injections that followed collection. While preparatory GC is a promising method and a unique
isolation tool, it would be worth using a much larger column that has more loading capacity. This
might help to improve peak shape, increase time between peaks, and result in a more clean
collection without damage to the instrument or column. Future collections may also benefit from
configuring the apparatus in a way in which the column never leaves the GC oven. The column
leaving the oven caused issues as the terpenes condensed without being constantly heated. The
use of heating gun was required which is not ideal due to a lack of safety and inconsistent
heating temperature/exposure area. Inconsistent heating may have caused slight retention time
shifts as well, which makes isolating peaks difficult if they elute closely to other compounds.

Conclusions
Germacrene D-4-ol remains an uncharacterized compound present in the tissues and
essential oil extracts of over 38 different species (Table 8), including the needle extracts of
Eastern white pine (Pinus strobus). Extensive literature review has indicated that while reported
to be present in the tissues of many species, the compound has no known physiological role, nor
a commercially available standard. This highlights a gap in our knowledge that needs addressing.
Several attempts were made throughout the course of this study to isolate the compound
from the needles of white pine, to no avail. Despite not being able to isolate the compound, and
therefore not being able to determine its isomeric structure or physical properties, some
promising methods for isolation were developed. Based on what was attempted, gravity column
chromatography using a different mobile phase composition or stationary phase is the most
reasonable future path towards purifying the compound. If the technology is available,
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preparatory gas chromatography would be the most straight-forward way to collect the
germacrene D-4-olbut may be difficult for poorly equipped labs to perform. While no pure
germacrene D-4-ol was isolated, this study did reveal the presence of other compounds in the
needle extract of white pine. The identity of these compounds still remains unknown, meaning
that it is important that future work focus on also determining the identity of these compounds so
standards can be purchased for accurate instrument calibration and quantitation of absolute
concentration in the needles. Accurately quantitating both germacrene D-4-ol and the other
unknowns present in the needles will allow scientists to more effectively model emissions under
future climate change scenarios, which is the main goal of this research.
Additionally, isolation of the compound may provide scientists with a way to more
successfully investigate the physiological role of germacrene D-4-ol in species for which it has
been reported. For Eastern white pine, understanding the role the compound plays in the tree’s
physiology may also help scientists to make more realistic predictions about what may happen to
the concentration of germacrene D-4-ol over time (and under climate change scenarios), which in
the end will also aid in modeling future atmospheric conditions.
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Known Chemical Properties of Germacrene D-4-ol
-

-

Pubchem ID: 5352847
NIST ID: 384010
IUPAC Name: (2E,7E)-1,7-dimethyl-4-propan-2-ylcyclodeca-2,7-dien-1-ol
Molecular Formula: C15H26O
Molecular Weight: 222.372 g/mol
Vapor pressure: Unable to confirm as no authentic standard exists.
Boiling point: Unable to confirm as no authentic standard exists.
UV absorbance: No available UV data. If the compound is indeed yellow/green as it
appeared to be upon isolation, I would hypothesize that it might absorb anywhere between
240 and 380nm, with a UV max somewhere around 340nm.
Appendix A – Calibration Curves for GCMS analysis

Calibrations for terpenes at UMBS using Thermo GCMS Summer 2017
Fits done with IGOR using orthogonal distance regression (total least squares analysis)
First Calibration: Samples FH01-FH60, AH01-AH24, T01-B17
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Compound
a-pinene
camphene
b-pinene
myrcene
a-phellandrene
3-carene
D-limonene
terpinolene
caryophyllene
alpha-humulene
trans-farnesol
germacrene-D
Second
Calibration:
Samples T18B21, N1B1-A –
N4B2-C

slope
139.26
167.07
117.52
1048.8
140.89
134.93
159.07
153.82
61.331
63.178
176.34
164.1

slope error
8.81
2.31
7.37
73.6
11.5
9.61
10.1
9.92
5.63
4.01
12.2
38.3

intercept
-0.29984
-1.1181
-0.16136
0.14977
0.10768
0.068604
0.28106
0.45457
0.9957
1.124
3.8265
11.047

intercept error
0.862
0.137
0.835
0.997
1.01
0.894
0.916
0.816
0.943
0.742
0.773
9.18

Compound
a-pinene
camphene
b-pinene
myrcene
a-phellandrene
3-carene
D-limonene
terpinolene
caryophyllene
alpha-humulene
trans-farnesol
germacrene-D

slope
140.93
172.35
119.46
997.97
148.49
143.55
165.23
169.73
66.492
71.004
143.69

slope error
8.75
1.73
7.4
68.3
11.2
9.67
10.4
10.7
5.52
4.78
9.79

intercept
-0.91088
-0.84089
-0.47906
0.087177
-0.27561
-0.43939
-0.19814
-0.10909
0.12152
0.84588
2.044

intercept error
0.879
0.98
0.843
1.4
0.953
0.868
0.854
0.832
0.919
3.07
1.3

Appendix B – Example Chromatograms
250uM Calibration Solution:
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Live Tree Sample: N1B2 – A
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