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ABSTRACT: Monoterpenes are a diverse class of com-
pounds with applications as flavors and fragrances,
pharmaceuticals and more recently, jet fuels. Engineering
biosynthetic pathways for monoterpene production in
microbial hosts has received increasing attention. However,
monoterpenes are highly toxic to many microorganisms
including Saccharomyces cerevisiae, a widely used industrial
biocatalyst. In this work, the minimum inhibitory concen-
tration (MIC) for S. cerevisiae was determined for five
monoterpenes: B-pinene, limonene, myrcene, y-terpinene,
and terpinolene (1.52, 0.44, 2.12, 0.70, 0.53 mM, respective-
ly). Given the low MIC for all compounds tested, a liquid
two-phase solvent extraction system to alleviate toxicity
during fermentation was evaluated. Ten solvents were tested
for biocompatibility, monoterpene distribution, phase
separation, and price. The solvents dioctyl phthalate, dibutyl
phthalate, isopropyl myristate, and farnesene showed greater
than 100-fold increase in the MIC compared to the
monoterpenes in a solvent-free system. In particular, the
MIC for limonene in dibutyl phthalate showed a 702-fold
(308 mM, 42.1 gL71 of limonene) improvement while cell
viability was maintained above 90%, demonstrating that
extractive fermentation is a suitable tool for the reduction of
monoterpene toxicity. Finally, we estimated that a limonane
to farnesane ratio of 1:9 has physicochemical properties
similar to traditional Jet-A aviation fuel. Since farnesene
is currently produced in S. cerevisiae, its use as a co-product
and extractant for microbial terpene-based jet fuel produc-
tion in a two-phase system offers an attractive bioprocessing
option.
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Introduction

Isoprenoids are a large and diverse class of natural
compounds derived from a common 5 carbon isoprene
unit (Keasling, 2010). Fermentative production of isopre-
noids using engineered microorganisms is a potential route
to deliver petroleum-compatible fuels [e.g., isopentanol
(Hull et al., 2006), farnesene (Renninger and McPhee, 2008),
bisabolene (Peralta-Yahya et al., 2011)] from simple sugars
supplied by renewable feedstocks such as lignocellulosic
biomass and sugarcane (Fortman et al., 2008; Renouf et al.,
2008). Monoterpenes are a subclass of isoprenoids built
from two isoprene (Cs) units (Fig. 1). These C;, olefins and
their derivatives are major constituents of essential oils and
find applications as flavors and fragrances (e.g., menthol and
pinene) (van der Werf et al., 1997), antiseptics (e.g., thymol)
(Lambert et al., 2001), and anticancer agents (e.g., limonene
and perillyl alcohol) (Gould, 1997). Saturated paraffins
generated from monoterpenes have properties similar to the
light end of traditional kerosene aviation fuel (Jet-A) making
them ideal components for “drop in” replacements
(Fortman et al,, 2008; Harvey et al, 2009; Renninger
et al, 2008). For example, Amyris, Inc. plans to use a
mixture of 50% limonane (C;, cycloparaffin), 10% cymene
(Cyo aromatic), and 40% farnesane (C,s branched chain
paraffin), termed AM]J-700, in test flights in 2012 (Amyris,
2009; Ryder, 2009).

Synthesis of monoterpenes in whole cell biocatalysts such
as Escherichia coli (Carter et al., 2003; Dunlop et al., 2011;
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Figure 1. d-limonene, B-pinene, y-terpinene, terpinolene and myrcene were the
five monoterpenes analyzed in this work.

Reiling et al., 2004) and S. cerevisiae (Carrau et al., 2005;
Fischer et al., 2011; Oswald et al., 2007) has been limited
(e.g., 30 pgL ™" to 60mgL ™" of monoterpene product) by
insufficient supply of the monoterpene precursor geranyl
pyrophosphate and monoterpene synthase activity (Fischer
et al., 2011; Oswald et al., 2007; Reiling et al., 2004). In
principle, engineering microbes to produce monoterpenes
should be no more difficult than the already completed
engineering of S. cerevisine to produce farnesene, a Cs
sesquiterpene replacement for diesel fuel (Renninger and
McPhee, 2008), which is produced from the same precursors
in the cell. However, unlike farnesene, monoterpenes are
generally highly toxic to microorganisms. Therefore, the
realization of microbial monoterpene production will rely
extensively on solving this core issue.

Monoterpenes are lipophilic compounds and their
toxicity is attributed to the interference with membrane
properties (Andrews et al., 1980; Uribe and Pena, 1990;
Uribe et al., 1985). For instance, B-pinene inhibits the
respiration and essential ion (K™ and H™) transport in
whole yeast cells, while loss of respiratory control, ATP
synthesis inhibition and increased membrane fluidity is
observed in isolated yeast mitochondria (Uribe et al., 1985).
These observations indicate that B-pinene interferes with
mitochondrial membrane integrity and ATP production,
while release of cytoplasmic material in the presence of a-
pinene (Andrews et al., 1980) indicates that monoterpenes
can also cause severe damage to the plasma membrane.
Limonene similarly causes severe interference with cell
functions. Cell viability and ethanol production by
S. cerevisiae using enzymatically digested citrus peel waste
was significantly reduced in the presence of 0.02-0.10%
v v ! orange peel oil, which contains 95-97% limonene
(Pourbafrani et al., 2007; Wilkins et al., 2007). Although
growth inhibition by orange peel oil, limonene, and other
non-substituted monoterpenes in yeast and bacteria is well-
established (Grohmann et al., 1994; Murdock and Allen,
1960; Subba et al., 1967; Uribe and Pena, 1990; Uribe et al.,
1985; Wilkins et al., 2007), quantitative data on monoter-
pene toxicity are limited and the exact mechanism remains
poorly understood.

A physical approach used to overcome toxicity limitations
is to remove inhibitory products in situ during fermentation
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using an extractive solvent. Numerous in situ product
recovery (ISPR) techniques (e.g., pervaporation, perstrac-
tion, gas stripping) have been reported for the recovery of
aromas, alcohols, and organic acids and an extensive review
of ISPR projects and process designs have been covered by
Stark and von Stockar (2003). Liquid-liquid extraction has
shown the greatest potential because it is simple and scalable
(Janusz, 2001) and provides the cells with an efficient
product sink (Malinowski, 2001). Two-phase extractive
fermentation has been reported to enhance the production
and recovery of short-chain alcohols [e.g., ethanol (Daugulis
et al., 1987), butanol (Roffler et al., 1988)], acetone (Roffler
et al., 1988), organic acids (Bar and Gainer, 1987), and
volatile sesquiterpene products such as amorpha-4,11-diene
(Newman et al., 2006). However, this technique has not
been applied to overcome monoterpene inhibition. Solvent
selection is the first crucial step in the development of an
effective two-phase bioprocess because solvents are generally
both product and host specific (Bruce and Daugulis, 1991;
Leon et al., 1998). The solvent needs to meet the following
key criteria: Biocompatibility with the producing organism,
high product distribution coefficients, favorable phase
separation (e.g., low emulsion formation), and low cost
(Bruce and Daugulis, 1991).

A proof-of-concept two-phase extractive system for
monoterpene production with S. cerevisiae was defined in
this work. First, we quantitatively determined the inhibitory
concentrations for five common monoterpene products in a
solvent-free system. In an attempt to evolve a monoterpene
tolerant phenotype, we subjected the wild type strain to
several hundred generations of limonene challenged
chemostat cultivation without significant improvement.
We then screened ten organic solvents for biocompatibility,
monoterpene distribution, phase separation, and price to
select suitable solvent candidates to be used for extractive
fermentation. We demonstrated that using this biphasic
approach, S. cerevisine was able to withstand significantly
higher monoterpene concentrations compared to the
solvent-free system and the chemostat challenged strain.
Finally, we explored the use of the yeast product farnesene as
an extractant and a co-product for jet fuel production by
estimating fuel properties of a farnesane-limonane blend.

Materials and Methods

Strains, Media, and Chemicals

The S. cerevisiae strain S288C (MATo SUC2 gal2 mal mel
flol flo8-1 hapl) was kindly provided by the Australian
Wine Research Institute (AWRI, Adelaide, SA, Australia).
Rich medium (YPD) was used to store cultures at —80°C in
40% glycerol. The YPD medium contained 10gL ™" yeast
extract, 10gL™' polypeptone, and 20gL™' dextrose
(glucose). Cells were reactivated from frozen glycerol stocks
by streaking out on chemically defined medium (CDM) agar
plates (15gL™' agar) and incubated at 30°C. CDM



contained the following components per liter of solution:
5g sucrose, 1g (NH,),HPO,, 2g (NH,),SO, 0.99 g KCl,
0.15g CaCl,-2H,0, 7.8 g NaH,PO,, 7.1g Na,HPO,, 0.5¢
MgSO,-7H,0, trace metals: 4.5mg ZnSO4-7H,0, 15mg
EDTA, 0.84 mg MnCl,-2H,0, 0.3 mg CoCl,-6H,0, 0.3 mg
CuS0,-5H,0, 0.4 mg Na,Mo0,-2H,0, 4.5 mg CaCl,-2H,0,
3 mg FeSO,-7H,0, 1 mg H3BO;, 0.1 mg KI, vitamins: 0.05
d-biotin, 1 mg Ca pantothenate, 1 mg nicotinic acid, 1 mg
myoinositol, 25 mg thiamine hydrochloride, 1 mg pyridoxal
hydrochloride, 0.2 mg p-amino benzoic acid. All experi-
ments were carried out aerobically in CDM. Chemicals
where obtained from Sigma Aldrich (Castle Hill, NSW,
Australia) and were analytical grade (>99%) except for the
following purities: d-limonene (93%), terpenolene (>85%),
oleyl alcohol (85%), farnesene (mixture of isomers),
isopropyl myristate (90%).

Growth Conditions

Single colonies from CDM solid media were used as inocula
for the pre-cultures. Pre-cultures in 10 mL of CDM were
incubated in 100 mL baffled shake flasks in a shaking
incubator (Multitron, Infors, Bottmingen, Switzerland) at
200 rpm (Orbit 25 mm) and 30°C. Pre-cultures were grown
overnight until mid-log phase and then appropriate aliquots
of the pre-culture broth were used to inoculate 25 mL of
fresh CDM medium to a target ODge of 0.2, respectively.
Cultures were grown at 30°C aerobically in 250 mL baffled
screw top shake flasks sealed with Teflon™ lining to avoid
any monoterpene evaporation. Monoterpene evaporation
in sealed versus non-sealed shake flasks was determined
hourly for 12h and significant monoterpene losses
occurred in non-sealed flasks. For sealed and non-sealed
flasks we observed similar growth rates (0.35+0.01h7",
respectively) and biomass yields after 12h of growth
(0.22 £ 0.02 gpcw Geprose> TeSPectively), showing that suffi-
cient oxygen was available in the headspace of sealed flasks
to ensure aerobic conditions. At 5h after inoculation
(~ODggp=1.0) varying amounts of monoterpene were
added aseptically into the culture medium using a 10 pL
glass-syringe. Cell growth was determined by measuring the
optical density at 660 nm against water in a spectrophoto-
meter (Libra S4, Cambridge, England) and all growth
experiments were performed in triplicate. Specific growth
rates were determined from ODgy, values during the
exponential growth phase after the addition of monoter-
pene. For aqueous-organic two-phase growth conditions
an equal volume (10.2mL) of organic solvent-limonene
mixture was added to exponentially growing cultures at 5h
and growth was monitored as described. The following
amounts of limonene in the solvent mixture were tested: 1,
2.5, and 5% (Viimonene Veolvent_limonenemix)- EVaporation of
limonene from the solvents butyl oleate, dioctyl phthalate,
dibutyl phthalate, isopropyl myristate, and farnesene was
tested by measuring limonene concentration before and
after two-phase cultivation by GC/MS as described below.

Organic Solvent Biocompatibility

Ten organic solvents were tested for biocompatibility with
S. cerevisiae. A 10% (Vsolvent Voyluure) YOlume of solvent was
added to exponentially growing cultures at 5h and growth
was monitored as described previously. The growth rate of
cultures with solvent was compared to a control with no

solvent and the ratio was reported as p . .

GC/MS analysis

Monoterpenes in the organic and aqueous phases were
quantified in GC/MS. For this the organic and aqueous
phases were separated using centrifugation. The aqueous
phase underwent a liquid-liquid extraction using hexane.
Equal volumes of hexane and aqueous phase (0.5 mL) were
mixed, vortexed for 5 min and allowed to phase-separate at
25°C. Aliquots of the hexane extract of the aqueous phase
and of the organic phase were diluted in hexane prior to
quantification in order for the signals to fall within the
calibration curve. A linear standard curve was achieved for
standard solutions of known monoterpene stocks in hexane
(100, 250, 500, 750, 1,000 wM). Menthol was used as an
internal standard and was added to the hexane samples and
the standards with a 10 pL glass-syringe (Gerstel, Mulheim,
Germany) to achieve a final concentration of 500 WM prior
to injection. For quantification, 3 pL sample was injected
into the GC program temperature vaporizer (PTV) inlet in
splitless mode at 250°C using helium as a carrier gas with a
constant flow rate of 1mLmin~'. Compounds were
separated using a Varian factorFOUR capillary column
(VF-5ms: 0.25mm inner diameter, 0.25um film, 30 m
length with a 10m fused guard column) on an Agilent
7890A gas chromatograph attached to an Agilent 5975C
MSD. Initially the oven temperature was set to 40°C and was
held for 5min followed by a temperature ramp of
7.5°Cmin"! to 100°C, then 35°Cmin ' to 350°C and
held for 5 min. Detection was achieved in scan mode at 9.26
scanssec ' from 30 to 300 amu.

Monoterpene Partitioning Coefficients

The partitioning coefficient Ky, is defined as the ratio of
monoterpene concentration in the organic phase to aqueous
phase. In order to determine Ky, equal volumes (0.5 mL) of
aqueous CDM media and each organic solvent were
vortexed vigorously overnight at 30°C. Known amounts
of monoterpene were added directly into the organic solvent
prior to mixing and each monoterpene Ky was determined
in triplicate for each solvent. Samples were allowed to phase
separate for 5min after mixing at 30°C. Due to emulsion
formation, samples with corn oil, oleyl alcohol, and
dodecanol were centrifuged at 5,900 rcf for 5min at 25°C
(Eppendorf centrifuge 5415R, rotor: FA-45-24-11) to
separate the two phases. After phase separation, monoter-
pene quantification in the aqueous and organic phases was
determined by GC/MS as described above.
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Viability Assessment

Propidium iodide (PI) was used to measure cell viability and
membrane integrity. During limonene treated growth
experiments, aliquots from the culture broth were analyzed
at 2, 4, and 6 h after the addition of limonene or limonene-
solvent mixtures. The final PI concentration in the sample
was 2.5 wgmL ™" and samples were shaken as set by Quanta
Cell Lab software well-prep mode in 96-well plates for 0.5 h
at 25°C before analysis. As positive controls non-limonene
treated cells were incubated in 70% ethanol at 30°C for 0.5 h,
washed and resuspended in PBS. This caused 99.5% of the
cells to be stained with PI. Cell suspensions were analyzed
using a Beckman Coulter Cell Lab SC MPL flow-cytometer
with an argon-ion laser emitting 488 nm beam at 22 mW.
The intensity of fluorescence at FL3 (red fluorescence,
620 nm) was recorded using a logarithmic scale and the

sample flow rate was 30 pL min .

Jet fuel Physicochemical Property Estimation

Physicochemical properties of limonane and limonane-
farnesane fuel blends were estimated using suitable
modeling software and compared to previously reported
(Renninger et al., 2008) fuel specifications. Modeling in
AspenPlus®™ (AspenTech, 2000) was used for transport and
vapor liquid equilibrium properties (e.g., density, flash
point, enthalpy of combustion, and viscosity) while the
Dortmund Data Bank software (Onken et al., 1989) was
used for freezing point calculations. The UNIFAC group
contribution method (Fredenslund et al., 1977) was used for
thermodynamic properties.

Chemostat Adaptation

A sucrose limited continuous fermentation was carried out
in a 1.4L Multifors benchtop bioreactor (InfrosHT,
Bottmingen, Switzerland) attached to a HPR-20 QIC gas
analysis system (Hiden, Warrington, England). Synthetic
media (CBS) containing 2gL~' sucrose, 5gL~'
(NH,), SO, 3gL™' KH,PO, 0.5gL ™' MgSO,7H,0,
and identical concentrations of vitamins and trace metals
of CDM, were used for chemostat experiments. An aerobic
culture of 350 mL was run at 30°C, 500 rpm and was sparged
with air at 0.35Lh™". The pH was maintained at 5 by
automatic addition of 2M NaOH. A dilution rate of 0.2h~"
was used with an inlet feed of 72mLh™'. Limonene was
continuously fed at 125uLh™" directly into the culture
using an electronic syringe pump (New Era Pump System
Inc., Farmingdale, NY) controlled by the Syringe Pump Pro
software program (Version 1.54, Gawler, South Australia).
The limonene concentration in the chemostat was deter-
mined directly. 1 ml of culture was removed and harvested
by centrifugation at 5,900 rcf for 1min at 25°C. The
supernatant was separated from the cell pellet and
immediately overlayed with 200 nL of hexane and then
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vortexed for 30s. The limonene concentration in the hexane
layer was analyzed by GC/MS. The steady state limonene
concentration was measured to be 0.53 & 0.04 mM (n = 3).
Culture purity was routinely monitored by light microsco-
py. Culture from the reactor was used to inoculate shake
flask cultures as described in the growth conditions section
to determine the MIC for limonene.

Results

Growth Inhibition by Monoterpenes

The toxicity of pure monoterpenes was determined by
adding different amounts of the monoterpene to yeast
measuring the growth rate over the ensuing 5 hr (Fig. 2). The
monoterpene was added to yeast cells already in mid-
exponential growth, in order to avoid confounding by lag
phase phenomena. The minimum inhibitory concentration
(MIC) was defined as the amount of monoterpene required
to reduce the specific growth rate by 50% compared to
control cultures with no monoterpene present. As shown in
Figure 3, very low concentrations (MIC 0.4-2 mM, 0.0075-
0.033% v v~ ') for all five monoterpenes caused growth
inhibition. Limonene was the most toxic (MIC = 0.44 mM)
while the acyclic terpene myrcene was the least toxic
(MIC=2.12mM). Even when growth is completely
inhibited by limonene (0.6 mM), viability remains high
6 h after addition; it requires another magnitude increase in
concentration to see substantial loss of viability, e.g., 73%
reduction in viability at 6 mM (Fig. 2B). In contrast, if
limonene is added to cultures immediately after inoculation,
significant reduction in viability is seen even at MIC (data
not shown).

Though low, the MIC of limonene is approximately an
order of magnitude higher than its aqueous saturation point
0.045mM (Schmid et al., 1992) (Spimonene in Fig. 2 B).
Cultures with limonene present in amounts beyond its
solubility point (e.g., in Fig. 2 B, the 2nd and 3rd data points
are 0.14 mM and 0.34 mM, respectively) were able to grow
within 97% of the maximum growth rate with no limonene
present. In fact, all five monoterpenes had MICs well above
their solubility points (Table I).

An unsuccessful attempt was made to alleviate monoter-
pene toxicity via cell adaptation. After 885h (225 genera-
tions) of continuous cultivation in the presence of
0.54mM limonene, no significant improvement in the
MIC (0.45mM) was observed. Shown in Figure 2 B,
identical limonene concentrations for the mutant and wild
type had very similar impact on growth.

Solvent Selection for a Two-Phase Bioprocess to
Reduce Monoterpene Toxicity In situ

In order to alleviate the observed monoterpene toxicity, 10
organic solvents were chosen from the literature based on
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Figure 2. Growth and viability of limonene dosed cultures. A: Cultures were
grown exponentially and then various amounts of limonene (] control, A 0.14mM, O
0.34mM, W 0.43mM, A 046 mM, @ 0.51 mM) were added exogenously at t=5h.
B: Growth rate versus increasing limonene concentration (4 wild-type, <& mutant);
the aqueous solubility of limonene (Siimonene) is 0.045 mM (Schmid et al., 1992). A 50%
reduction in growth rate compared to the control without monoterpene is approxi-
mately 0.175h~", this concentration is defined as the MIC. The mutant represents the
limonene challenged chemostat strain after 885h of continuous cultivation. C: Cell
viability > was determined for the wild type after 6 h of imonene exposure. Error bars
for growth rate and viability represent one standard deviation of biological triplicates
(viability deviations were less than 0.02 and therefore are not visible).

04

MIC

Growth rate (h')

S
0 0.0 002 003 0.04

Maonoterpene % (Vmonoterpene \eulture™)

Figure 3. Growth rates of monoterpene dosed cultures ([J-Limonene,
/\-Terpinolene, O-vy-Terpinene, @-B-pinene, A-Myrcene) versus increasing mono-
terpene concentration. Growth was monitored as described for limonene in the
Figure 2. Error bars represent one standard deviation for biological triplicates.

their log P,,,, coefficients, which is defined as the logarithm
of the ratio of a compound’s equilibrium concentration in
the octanol phase to the aqueous phase (Laane et al., 1987;
Vermue and Tramper, 1995). Although it is highly
dependent on the microorganism, it is generally supported
that an organic compound with log P,, >5 should be
biocompatible with S. cerevisiae (Bruce and Daugulis, 1991).
Using a 10% (v v ') solvent phase, as described previously
for similar experiments (Schewe et al., 2009), we confirmed
that all 10 solvents met the criterion for biocompatibility
with S. cerevisiae (. p., values 0.65-1.0, see Table II).
All five monoterpenes partitioned preferentially into the
organic phase over the aqueous media (log K4 1.8-2.7, see
Table IIT). However, corn oil, oleyl alcohol, and dodecanol,
caused emulsions that required separation by centrifugation
(Table II). These solvents were excluded from the remaining
experiments, since interference with biomass quantification
could not be ruled out. Considering these characteristics,
along with the solvent price, butyl oleate, dioctyl phthalate,

Table I. Monoterpene minimum inhibitory concentrations.

Aqueous solubility”

Monoterpene MIC* (mM) (mM, 25°C) Log Po..°
Limonene 0.44 0.045 4.4
Terpinolene 0.53 0.068 4.47
v-Terpinene 0.70 0.064 4.5
B-Pinene 1.45 0.052 4.42
Myrcene 2.12 0.043 4.5

*The MIC is defined as the amount of terpene required to cause a 50%
reduction in growth rate compared to the control with no monoterpene
present. Although the aqueous solubility is exceeded, concentration units
(mM) are used for explanatory reasons.

bAqueous solubilities and log P,,, are taken from literature (Schmid
et al., 1992).
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Table Il. Solvent selection criteria.

Solvent w po L £SD Log Pow Log K4 timonene £ SD Phase separation Price USD L™*
Corn oil 1.0£0.09 7.4 2.154+0.23 - 7.4
Dodedecane 0.65+0.09 6.6 2.2040.22 + 50.2
Hexadecane 0.90 +0.08 8.8 2.57 +0.06 + 67.1
Oleyl alcohol 0.90 £0.01 5.6 2.50+0.16 — 17.2
Butyl oleate 0.95+0.05 9.8 2.294+0.15 + 6.1
Dibutyl phthalate 0.71£0.12 4.63° 1.60 +0.01 + 12.0
Dodecanol 0.65+0.09 5.32 2.47£0.15 — 8.5
Dioctyl phthalate 0.73 £0.06 7.54* 2.53£0.11 + 7.1
Farnesene 0.81+0.08 7.1¢ ND + —
Isopropyl myristate 0.95+0.04 7.4 ND + 12.8

W B, Was determined for biocompatibility by comparing the growth rate in the presence of 10% (v/v) solvent addition to cultures with no solvent (max);
log P, is the standard partitioning coefficient in an octanol-water system and values are from the previous report (Bruce and Daugulis, 1991); (—) indicates
poor phase separation and centrifugation was required, (4+) no centrifugation needed; bulk solvent price values were taken from (Spectrum, 2011). Standard

deviations (£SD) are given (n=3).
*Mattiasson and Holst (1991).
bStales et al. (1997).
“Kishimoto et al. (2005).

dibutyl phthalate, isopropyl myristate, and farnesene were
selected for further analysis.

The five selected solvents were then investigated in a
limonene-solvent two-phase system. Limonene was the
most inhibitory monoterpene (Fig. 3) and thus was chosen
to screen the selected solvents for their ability to reduce
toxicity. Based on the relative MICs for all five mono-
terpenes, we assumed that solvent candidates that were
successful with limonene could be applied as extractants for
the other four monoterpene products. The maximum
amount of limonene that could be loaded into the solvent
mixture before growth was severely inhibited was deter-
mined. In Figure 4, at 5% (v v~ ') limonene in dibutyl
phthalate, growth was reduced by 50% (MIC 308.7 mM)
with the amount of limonene present (42.1gL™" aqueous
culture) being 702-fold higher than the MIC for limonene in
solvent-free cultures (Table IV). Butyl oleate was the least
effective solvent with the growth rate being reduced by 80%
in a 1% limonene load (Fig. 4). However, solvents dioctyl
phthalate, isopropyl myristate, and farnesene also signifi-
cantly reduced limonene toxicity with MICs over two-orders

of magnitude higher than the MIC for limonene with no
solvent present (Table IV). Cell viability at these critical
concentrations for each limonene-solvent system was
measured using the PI staining method described above.
Viability at each of the reported MICs was over 90%
(Table IV).

Modeling Mono and Sesquiterpene Jet Fuel Blends

The fermentation products, limonene and farnesene, require
an additional processing step to be used as jet fuels. For
example, chemical hydrogenation is used to saturate C-C
double bonds that exist in terpene compounds to produce
alkane fuel targets such as limonane and farnesane (Ryder,
2009). In order demonstrate that our thermodynamic model
accurately predicted fuel properties, we used our model to
predict the previously published properties of a 97.1%
limonane fuel composition (AM]-300 in Table V) that was
tested using industry standard (ASTM) methods (Renninger
etal., 2008). Our predicted properties of AMJ-300 (UNIFAC

Table Ill. Monoterpene-solvent log K4 values.

Solvent vy-Terpinene Terpinolene Myrcene B-Pinene d-Limonene
Corn oil 2.63+£0.13 ND 2.18+0.24 1.21£0.18 2.15+0.23
Dodedecane 2.64+0.12 ND 2.16+0.20 2.1240.09 2.20+0.22
Hexadecane 2.73+£0.10 ND 2.45+0.03 1.89 £0.08 2.57£0.06
Oleyl alcohol 2.714+0.05 ND 1.924+0.30 2.08+0.12 2.50£0.16
Butyl oleate 2.54+0.24 ND 1.84£0.54 2.01£0.18 2.29+0.15
Dibutyl phthalate 2,46 +0.18 2.18+0.46 2.06 £0.39 1.55+0.14 1.60 +£0.01
Dodecanol 2.72+£0.01 2.14+£0.40 2.30+0.14 2.16 £0.06 2.47 £0.15
Dioctyl phthalate 2.64+0.03 ND 2.33+0.17 1.96 £0.26 2.53+0.11
Farnesene ND 2.854+0.21 2.60£0.26 ND ND
Isopropyl myristate ND ND ND ND ND

Ky is the ratio of monoterpene in the organic solvent phase to the aqueous media phase. Standard deviations are given (n = 3). ND, no monoterpene was

detected in the aqueous phase.
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Figure 4. Growth rate versus limonene loading in butyl oleate, dioctyl phthalate,
dibutyl phthalate, isopropyl myristate and farnesene. Limonene was loaded at 1, 2.5,
5% (Vimonene Viinonens_solventmix) iN @ limonene-solvent mixture. The % of viable cells is
given above each growth rate value. Growth was monitored as described in the
Figure 2. Error bars are one standard deviation above the mean for biological
triplicates.

AM]J-300 in Table V) were comparable with those previously
reported (<10% error). Due to limonene’s toxicity, we then
used this model to find the minimum limonane load in
farnesane that met Jet-A properties. The physicochemical
properties of a 10% (v v ') blend of limonane in farnesane
are very similar to Jet-A specifications.

Discussion

Monoterpenes are known fungicidal agents, but the exact
mechanisms of action are not well understood. For solvent-
caused toxicity in microbes, two types of toxicity have been
distinguished: Molecular and phase (Bar, 1987). Molecular
toxicity has been described as compounds that are soluble in
the aqueous phase and due to their hydrophobicity,
intercalate within the lipid bilayer and deteriorate mem-
brane function (Sikkema et al., 1995). Increases in
membrane fluidity, membrane damage, denaturation of
membrane-bound proteins, and loss of energy transduction
are some of the consequences of a solvent’s impact at the

molecular level (Inoue and Horikoshi, 1991; Leén et al.,
1998; Sikkema et al., 1994b; Vermue et al., 1993).
Alternatively, phase toxicity occurs when the amount of
solvent present in the culture medium exceeds the
compounds solubility point and a distinct second phase
exists. The presence of a second phase means that
thermodynamically, the aqueous phase is fully saturated
as well as the different compartments of the biomass (e.g.,
cytoplasmic membrane) (Ledn et al., 1998; Osborne et al.,
1990; Sikkema et al., 1994b). Phase toxicity could be caused
by extraction of outer-cellular components during cell-
solvent contact, extraction of nutrients from the media, or
cell-coating (Bar, 1987). We observe severe toxicity for all
five monoterpenes only well beyond their aqueous
solubilities (Table I) and in addition, the most toxic
monoterpene found in this work (limonene) caused no
growth inhibition when the aqueous media was saturated
with limonene (Fig. 2B). It was previously suggested that
monoterpene toxicity in microbes occurs at the molecular
level causing structural damage to the plasma membrane
and interfering with its normal function (Sikkema et al.,
1994a; Uribe et al., 1985). In contrast, we observed no loss of
viability at the MIC of limonene (Fig. 2B). Only at very high
limonene loadings (6.2mM) was membrane damage
observed, resulting in 73% of the total population being
no longer viable (Fig. 2B). We did observe significant loss of
viability at the MIC of limonene, when added to the culture
immediately after inoculation, and this may explain why
previous studies (Andrews et al., 1980) have observed
molecular toxicity. We conclude that toxicity observed when
limonene is added (or slowly accumulating) during
S. cerevisiae culture must be due to phase effects.

The observation of phase toxicity has implications for
strain optimization. We have shown that although growth
stops, the cells are still viable. Controlling strains to begin
monoterpene production after the initial growth phase is a
potential route to address toxicity constraints. For example,
the highest production of lactic acid (100 to 154gL™'),
which is also considered a toxic end product, in Lactobacillus
occurs during the stationary phase of cell growth (Wee et al.,
2005). Another important implication of phase toxicity is
with respect to engineering tolerance in the biocatalyst. For
instance, engineering efflux systems to export compounds
from the membrane, as described recently for limonene and
the other biofuel targets n-butanol and a-pinene in E. coli
(Dunlop et al., 2011), should not alleviate monoterpene
toxicity in S. cerevisae because, as demonstrated here, the

Table IV. Solvent-limonene mixture MICs and cell viability.

Solvent Limonene MIC (mM) Limonene (g L™ Fold increase vs. solvent free system Cell viability (%)
No solvent 0.44 0.06 — 99
Dibutyl phthalate 308.7 42.1 702 92
Dioctyl phthalate 154.3 21.0 351 98
Isopropyl myristate 154.3 21.0 351 99
Farnesene 61 8.4 140 99
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Table V. Predicted jet fuel thermodynamic and physicochemical properties.

Property Units Jet A (ASTM) AMJ-300 (ASTM) AM]J-300 (UNIFAC) UQJ-1 (UNIFAC)
Flash point® °C Min. 38 43 44.37 56.45
Density (at 15°C/288.15K) Kgm™ 775-840 800.9 768.27 778.75
Freezing point” °C Max —40 <70 —97.65 —40.36
Viscosity (at —20°C/253.15K) mm?s™" Max 8.0 2.849 3.818 7.714

dH® combustion (NET) MJkg ! Min 42.8 43.4125 43.3341 43.9351

AM]J-300 values are from the previous report (Renninger et al., 2008) and contain limonane 97.1 wt% and p-cymene 1.6 wt%; UQ]J-1 contains 10% v vl

limonane and 90% v v~ ' farnesane.
*Riazi (1986).
®Constantinou and Gani (1994).

monoterpene aqueous concentration and consequently, the
membrane concentration, is saturated well before we
observe any growth inhibition (Table I). Furthermore, we
showed that simply evolving the cells over time, which is one
of the most straightforward methods for generating
improved phenotypes (Kwon et al., 2011), showed negligible
improvement in limonene tolerance, MIC increased from
0.44 to 0.45 (see mutant in Fig. 2B).

In contrast to the limited success of cellular engineering,
manipulating phase properties by introducing an inert
solvent phase shows substantial potential (e.g., MIC for
limonene with the solvent dibutyl phthalate is 702-fold
higher than the MIC with no solvent). The monoterpene
partitioning coefficients (Ky) (Bruce and Daugulis, 1991) for
the 10 biocompatible solvents studied are several orders
of magnitude higher (log K4 =2-2.85, see Table III) than
those (log K4=0.78) reported for an economically feasible
extractive ethanol fermentation plant (Maiorella et al,
1984), indicating the commercial potential of such a process.
Furthermore, high limonene loads can be achieved in the
solvent phase without compromising cell viability. This
means that the solvent can act as an effective product sink in
situ without negatively impacting the producing organism.
As shown in Table IV, cultures with 42.1gL~" of limonene
in dibutyl phthalate can maintain 92% cell viability. Dibutyl
phthalate showed the highest limonene load and this may be
explained by its similar hydrophobicity to limonene (log P,,,
is 4.63 in Table II and 4.5 for limonene in Table I) compared
to the other solvents tested. To our knowledge this is
the highest monoterpene concentration reported during
fermentation with baker’s yeast.

The use of a solvent that does not require separation from
the monoterpene products would simplify this technique.
Although Figure 4 suggests that farnesene is not the best
solvent option to reduce limonene toxicity, farnesene is of
particular interest as an extractive solvent since it can be
synthesized by yeast during fermentation (Renninger and
McPhee, 2008) and, as shown above, a blend of 10% (v v~ ')
limonane in farnesane exhibits physicochemical properties
similar to Jet-A (Table V). Using farnesene as an extractant
and a co-product will ultimately require careful process
engineering that balances both monoterpene toxicity and
desired fuel properties. An organism with an ability to
produce both the extractant and monoterpene product in
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situ will positively impact raw-material and downstream
processing costs. This is likely to outweigh toxicity
advantages of the other solvents tested. By holding the
10% (v v ') terpene fuel blend constant, we found that by
reducing the ratio of organic to culture volume from 0.05,
where we observed no growth and 88% loss in cell viability,
to 0.005, both fast cell growth (80% of pmax) and high
viability (99%) can be achieved (data not shown). The
amount of limonene in the latter system (2.8 mM,
380mgL "), is 6.3-fold higher than the MIC without any
solvent present.

Conclusion

End product inhibition is a critical problem for the
microbial synthesis of monoterpene-dervied fuels and
chemicals. We have provided quantitative data for the
inhibitory limits of five common monoterpene products
and shown that in S. cerevisiae, the mechanism of toxicity is
likely to be a phase effect. As an alternative to cellular
engineering, we have demonstrated that a biphasic extractive
system can significantly enhance fermentation by alleviating
monoterpene toxicity in situ. To make this process even
more efficient, we have shown that by using farnesene as the
extractant, one could obtain a terpene mix that could be
directly used for hydrogenation into jet fuel. Depending
on the other components of the organic phase this could
at the same time reduce the downstream processing cost
(e.g., distillation).
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