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TWO-PHASE FERMENTATION PROCESS 
FOR THE PRODUCTION OF AN ORGANIC 

COMPOUND 

0001. The invention relates to a two phase fermentation 
process for producing an organic compound, in particular an 
isoprenoid and to a bioreactor comprising a two phase fer 
mentation system for producing an organic compound. 
0002) Isoprenoids (also known as terpenoids or terpenes) 
are a large and diverse class of naturally occurring organic 
compounds that find potential utility, interalia in the produc 
tion of pharmaceuticals, cosmetics, perfumes, flavors, animal 
feed Supplements and nutraceuticals. 
0003 Conventional production methods involve, e.g., 
extraction of these compounds from plants, microbes and 
animals. However, these extraction methods suffer from 
numerous limitations such as low yield of extraction, lack of 
amenability of the source organisms to large scale cultivation 
and complicated production methods. Also, chemical synthe 
sis methods for producing isoprenoids are not lucrative due to 
the high cost of starting materials and the requirement of 
extensive product purification steps. In-vitro enzymatic 
approaches have also been explored but the exploitation of 
this approach is for instance restricted by the limited avail 
ability of the precursors. 
0004 Metabolic engineering of microorganisms for iso 
prenoid production is believed to be most promising for the 
production of large amounts of isoprenoids from cheap car 
bon Sources in fermentation processes, although some 
hurdles still have to be taken (reviewed in Ajikumaretal, Mol. 
Pharmaceutics, 2008, 5 (2), 167-190). Production of iso 
prenoid through fermentation of microorganisms is deemed 
more desirable than the traditional methods as it meets the 
requirement of sustainable production in a more economical, 
industrially scalable and productive way. Production of iso 
prenoids via fermentation methods represents an alternate 
process technology that utilized lower cost of feedstock and 
higher productivity, affording a potential for lower cost of 
manufacture. 
0005 One of the most frequently encountered problems in 
fermentation procedures is end-product inhibition, that is, the 
microorganisms responsible for the fermentation may be 
impaired by the fermentation product, e.g. because the fer 
mentation product is cytotoxic. Accumulation of the product 
beyond a critical concentration inactivates the microorganism 
and substantially diminishes the rate of productivity. This 
phenomenon is particularly relevant in the production of iso 
prenoids as most microbes are destroyed or inactivated in the 
presence of these cytotoxic compounds posing a severe limi 
tation to obtain highly productive strains. Owing to these 
compounds not being obtained beyond a critical concentra 
tion, additional steps of concentration and purification may be 
required rendering the process cumbersome and expensive. 
0006 Another major drawback is that isoprenoids, being 
highly volatile organic compounds, are poorly soluble in 
aqueous Solutions. Thus, loss of product during fermentation 
through the off-gas is a major problem in the development of 
an economically feasible process (Asadollahi et al. Biotech 
Bioengin 2007, 99(3): 666-677). In previous studies, terpe 
noids synthesized in E. coli were partly lost by evaporation 
due to their highly volatile character (Newman et al., Biotech 
nol. Bioeng. (2006).95: 684-691). 
0007 To overcome the above mentioned drawbacks, 
attempts have been made to remove the product from the 
fermentation medium as the fermentation advances such that 
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the product concentration does not rise to a point where 
product biosynthesis is inhibited, thus ensuring a Sustained 
period of high rate of productivity. One such attempt utilizes 
a liquid that is immiscible with the aqueous fermentation 
medium but is an extractant for the desired product. The target 
product partitions between the extractant and the aqueous 
fermentation medium when the two are brought into contact, 
thereby reducing the concentration of the product in the aque 
ous medium. In-situ separation of the released product being 
performed in a two-phase fermentation using an organic Sol 
vent as the secondary phase has been attempted to mitigate 
the drawbacks of conventional fermentation methods. (Mali 
nowski, Biotech Advances 2001, 19: 525-538). 
0008. In practice, two-phase extractive fermentation sys 
tems are complex owing to the unpredictable nature of these 
systems, particularly for large scale production. One of the 
most significant challenges is the selection of the right solvent 
system for a given product/microorganism combination. A 
frequently encountered difficulty, for instance is that most 
common water-immiscible solvents are toxic to the microor 
ganisms and/or hazardous rendering them unsuitable for 
commercial scale production of products Such as isoprenoids 
via fermentation. It has also been encountered that certain 
Solvents form stable emulsions with the aqueous fermenta 
tion medium causing difficulties of separation, equipment 
blockage etc. The selection of a biocompatible organic carrier 
solvent with favorable partition coefficients is thus crucial for 
the implementation of an effective bioconversion in an aque 
ous-organic biphasic system (Cruz et al.2004; León et al. 
1998). Preferably, the solvent has other desirable carrier sol 
vent characteristics, such as low emulsion-forming tendency, 
chemical, thermal, and biological stability. 
0009 Typically, addition of solvents during the fermenta 
tion process involves addition of large Volumes of an organic 
solvent within a short time interval which, e.g., involves the 
risk of introducing potential contaminants into the medium. A 
loss of sterility of fermentation has serious consequences 
impacting production costs, schedules and affecting the prod 
uct quality and quantity. Apart from the risk of introducing 
contamination, extractants seriously affect the stability of the 
signals from crucial probes, like e.g., pH-electrode and dis 
Solved oxygen probe, interfering with accurate measurement 
of important parameters such pH and dissolved oxygen con 
tent of the medium. This is more common during the employ 
ment of organic solvents as extractants since oxygen usually 
has a higher solubility in organic solvents. Therefore, addi 
tion of organic solvents during fermentation has a serious 
impact on the accurate measurement of crucial parameters 
Such as pH and dissolved oxygen that are required to control 
the fermentation. 

0010. These limitations have hindered the possibilities of 
using water-immiscible solvents during fermentation for 
industrial scale production of the target products. There is 
thus a need for an industrially scalable fermentation process 
for the production of organic compounds, in particular iso 
prenoids in the presence of a water-immiscible solvent. Fur 
ther, there is a need to produce these compounds with a good 
yield and productivity with a low tendency to build up toxic 
levels of metabolic intermediates. 

0011. It is therefore an objective of the present invention to 
provide a fermentation method for producing organic com 
pounds, in particular isoprenoids, that fulfills this need. It is 
one objective of the present invention to specifically address 
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the challenges associated with utilization of water-immis 
cible solvents in industrial scale fermentation process. 
0012. It is a particular objective of the present invention to 
provide an industrially scalable and robust method for the 
production of organic compounds which permits the utiliza 
tion of organic solvents as an extractant. 
0013. It is a further objective of the present invention to 
provide an efficient fermentation process for the industrial 
scale production of an organic compound, preferably an iso 
prenoid, employing a liquid-liquid two phase system for Sus 
tained period of high productivity. 
0014. It has now been found that this objective can be 
realized by adding a water-immiscible organic solvent to an 
aqueous medium for culturing cells to form a two phase 
system. An optimized ratio of the water-immiscible organic 
Solvent to aqueous medium facilitates the selective extraction 
of the target compound into specific organic extractants dur 
ing fermentation. 
0015. As described, the industrial scale fermentation pro 
cess is in particular Suited to be used for the production of an 
isoprenoid, as it aims at Solving the problems generally asso 
ciated with these highly volatile and cytotoxic compounds. 
However, the process is equally well suited to be used for the 
production of other organic compounds that possess similar 
process challenges. 
0016. Accordingly, the present invention provides for a 
two-phase fermentation process for the production of an 
organic compound comprising the steps of: 
0017 a) adding a water-immiscible organic solvent to an 
aqueous medium for culturing cells to form a two phase 
system, the ratio of water-immiscible organic solvent to aque 
ous medium being optimized and the total Volume of solvent 
and medium is at least 10 L; 
0018 b) providing the two phase system with an oxygen 
probe; then 
0019 c) performing a calibration of said oxygen probe; 
then 
0020 d) optimizing oxygen tension in said two phase sys 
tem; then 
0021 e) inoculating said two phase system with a micro 
organism capable of producing said organic compound in 
said oxygen optimized two phase system; then 
0022 f) measuring and optimizing oxygen tension; and 
0023 g) allowing said microorganism to produce said 
organic compound. 
0024. Herein, the term “water-immiscible” refers to the 
nature of an organic solvent or organic solvent mixture being 
incapable or Substantially incapable of mixing with the aque 
ous fermentation medium. For the purpose of this invention, 
water-immiscible refers to solvents where a significant pro 
portion of the solvent does not form a solution in water. A 
suitable water-immiscible solvent is characterized by a high 
logP value (Schewe et al. Appl Microbiol Biotechnol (2009) 
83:849-857). The water immiscible solvent preferably has a 
logP value >3, preferably a logP value >4, more preferably a 
logP value >4.5, most preferably a logP value >5. 
0025. For the purpose of the invention, the term “biphasic 
fermentation medium' or “two phase fermentation medium’ 
is meant to include a two-phase medium comprising a fer 
mentation medium with the aqueous medium forming an 
aqueous phase and a suitable amount of a water-immiscible 
organic solvent forming an organic phase. 
0026. In one particular embodiment, the calibration of the 
dissolved oxygen electrode referred to under point c) is car 
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ried out as follows: in a first step, a Zero current measurement 
is performed by using Zeroing gel or nitrogen (N2) or carbon 
dioxide (CO2) calibration gases, alternatively in a sample 
medium Saturated with one of these gases. The probe is then 
mounted into the fermenter and autoclaved, dodecane is 
added and the 100% value is determined (second calibration 
step) after Saturating with air. In this particular embodiment, 
the oxygen probe is thus provided to the fermenter before 
addition of the solvent. After addition of the solvent and 
saturation of the two-phase system with air, the calibration to 
100% dissolved oxygen is performed. 
0027. In another particular embodiment, a two point cali 
bration is performed in the two-phase system. A first calibra 
tion step is performed in the two-phase system which is 
depleted of oxygen (calibration to 0% dissolved oxygen). 
After saturation of the two-phase system with air, the second 
calibration step to 100% dissolved oxygen is performed. 
0028. The term “aqueous phase' typically relates to the 
phase of a biphasic system comprising the aqueous fermen 
tation medium which is formed by its contact with the organic 
phase. A system is considered aqueous if water is the only 
solvent or the predominant solvent (>50 wt.%, preferably 
>80 wt.%, more preferably >90 wt.%, based on total liquids), 
wherein e.g. a minor amount of alcohol or another solvent 
(<50 wt.%, preferably <20 wt.%, more preferably <10 wt.%, 
based on total liquids) may be dissolved (e.g. as a carbon 
Source, in case of a full fermentative approach) in Such a 
concentration that micro-organisms which are present remain 
active. 
0029. The term “organic phase”, typically relates to the 
phase of a biphasic mixture comprising the water-immiscible 
organic solvent which is formed upon its contact with an 
aqueous fermentation medium. The water-immiscible 
organic solvent may be any solvent. Preferred water-immis 
cible organic solvents are selected from the group of dode 
cane, lauric acid, oleic acid, n-decane, butyl Stearate, olive oil, 
corn-oil, diisononyl phthalate (DINP), or any combination 
thereof. These solvents are particularly preferred as they are 
Substantially non-toxic to most industrially employed micro 
organisms under the process conditions, tend not to form 
stable emulsions, have good partition coefficients for com 
mon fermentation products, and can be separated from these 
compounds relatively inexpensively. Hence they possess all 
the features imperative to render the fermentation viable on 
an industrial scale. In a particular preferred embodiment, the 
water-immiscible organic solvent is dodecane. 
0030. In principle, the production of the isoprenoid can be 
carried out in a manner based on methodology known perse, 
e.g. as described in the prior art mentioned herein above. The 
host cell may be used in a fermentative production of the 
isoprenoid, or it may be used to produce a monoterpene 
synthase or sesquiterpene synthase, which can thereafter then 
be used for synthesis of the desired terpenoid. 
0031 Advantageously, the isoprenoid is produced in a 
fermentative process, i.e. in a method comprising cultivating 
a host cell in a culture medium under conditions wherein 
typically a monoterpene synthase or sesquiterpene synthase 
is expressed. The actual reaction catalyzed by the monoter 
pene synthase or sesquiterpene synthase typically takes place 
intracellular. 

0032. It should be noted that the term “fermentative' is 
used herein in a broad sense for processes wherein use is 
made of a culture of an organism to synthesize a compound 
from a suitable feedstock (e.g. a carbohydrate, an amino acid 



US 2016/01 68595 A1 

Source, a fatty acid source). Thus, fermentative processes as 
meant herein are not limited to anaerobic conditions, and 
extended to processes under aerobic conditions. Suitable 
feedstocks are generally known for host cells. Suitable con 
ditions can be easily found using routine experimentation, 
using general knowledge, the present patent application and, 
optionally, other known methodology as, e.g., for Rhodo 
bacter host cells described in WO 2011/074954 (in particular 
page 68, examples, general part, shake-flask procedure) 
which is incorporated herein by reference. 
0033. In principle, the pH of the reaction medium (culture 
medium) used in a method according to the invention may be 
chosen within wide limits, as long as it is compatible with the 
host cell and the isoprenoid synthase (in the host cell) is active 
and displays a wanted specificity under the pH conditions. 
The pH is preferably selected such that the cells are capable of 
performing their intended function or functions. The pH may 
in particular be chosen within the range of four pH units 
below neutral pH and two pH units above neutral pH, i.e. 
between pH 3 and pH 9 in case of an essentially aqueous 
system at 25°C. Good results have e.g. been achieved in an 
aqueous reaction medium having a pH in the range of 6.8 to 
7.5. 

0034. In particular in case a yeast and/or a fungus is used, 
acidic conditions may be preferred, in particular the pH may 
be in the range of pH 3 to pH 8, based on an essentially 
aqueous system at 25°C. If desired, the pH may be adjusted 
using an acid and/or a base or buffered with a suitable com 
bination of an acid and a base. 

0035 Microorganisms often need high levels of oxygen 
for effective aerobic growth. On the other hand, exposure to 
high oxygen levels can pose oxidative stress upon microor 
ganisms, leading to low productivity and growth. Therefore it 
is often necessary to carefully control the level of dissolved 
oxygen in the fermentation broth. For Rhodobacter spaeroi 
des, for instance, a strain that can be used for the production 
of isoprenoids, it is advantageous to use high levels of oxygen 
saturation in an early phase of a fermentation process to 
generate biomass and low oxygen Saturation in later stages to 
promote production of the isoprenoid. Therefore oxygen ten 
sion in the broth needs to be maintained at distinct levels at all 
times, typically between 10% and 100% saturation, prefer 
ably 20%-60% in the early phase offermentation and 0% and 
50%, preferably 0% to 25% in the later phase of the fermen 
tation. 

0036. In a preferred embodiment, therefore, the oxygen 
tension (dissolved oxygen (DO)), is between 50-100%, pref 
erably between 80-100%, more preferably about 100% at the 
time of inoculation. Preferably the oxygen tension is allowed 
to decrease to between 10-60%, preferably between 20-50%, 
more preferably between 30-40%, most preferably about 
35% shortly after inoculation, and kept at this level during 
production of biomass. During production of the organic 
compound of interest, the dissolved oxygen tension is pref 
erably kept between 0-50%, more preferably between 5-25%, 
more preferably between 10-15%, most preferably about 
12.5%. 

0037. In a working example, the inventors have shown that 
these conditions are achieved when performing a process 
according to the invention. A comparable example wherein 
dodecane was added after inoculation shows that these con 
ditions are not achieved and that addition of dodecane after 
inoculation has a negative effect on the fermentation process. 
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0038 Anaerobic conditions are herein defined as condi 
tions without any oxygen or in which substantially no oxygen 
is consumed by the cultured cells, in particular a micro 
organism, and usually corresponds to an oxygen consumption 
of less than 5 mmol/lh, preferably to an oxygen consumption 
of less than 2.5 mmol/lh, or more preferably less than 1 
mmol/lh. Aerobic conditions are conditions in which a suf 
ficient level of oxygen for unrestricted growth is dissolved in 
the medium, able to Support a rate of oxygen consumption of 
at least 10 mmol/lh, more preferably more than 20 mmol/lh, 
even more preferably more than 50 mmol/l-h, and most pref 
erably more than 100 mmol/l-h. 
0039. Oxygen-limited conditions are defined as condi 
tions in which the oxygen consumption is limited by the 
oxygen transfer from the gas to the liquid. The lower limit for 
oxygen-limited conditions is determined by the upper limit 
for anaerobic conditions, i.e. usually at least 1 mmol/lh, and 
in particular at least 2.5 mmol/lh, or at least 5 mmol/l-h. The 
upper limit for oxygen-limited conditions is determined by 
the lower limit for aerobic conditions, i.e. less than 100 mmol/ 
1h, less than 50 mmol/lh, less than 20 mmol/lh, or less than 
to 10 mmol/l-h. 

0040. Whether conditions are aerobic, anaerobic or oxy 
gen-limited is dependent on the conditions under which the 
method is carried out, in particular by the amount and com 
position of ingoing gas flow, the actual mixing/mass transfer 
properties of the equipment used, the type of micro-organism 
used and the micro-organism density. 
0041. In principle, the temperature used is not critical, as 
long as the isoprenoid synthase (in the cells), shows Substan 
tial activity. Generally, the temperature is at least 0°C., in 
particular at least 15°C., more in particular at least 20°C. A 
desired maximum temperature depends upon the isoprenoid 
synthase and the host cell used. Depending on the cells and/or 
the isoprenoid synthase used, the temperature is 70° or less, 
preferably 50° C. or less, more preferably 40°C. or less, in 
particular 37°C. or less. Organisms like Thermus thermophi 
lus have a temperature optimum for growth between 49° C. 
and 72°C., Escherichia coli of about 37°C., and many fungal 
microorganisms like yeasts and bacterial microorganisms 
like Rhodobacter spaeroides have temperature optima 
around 30°C. In case of a fermentative process, the incuba 
tion conditions can be chosen within wide limits as long as the 
cells show sufficient activity and/or growth. This includes pH 
ranges, temperature ranges and aerobic, oxygen-limited and/ 
or anaerobic conditions. 

0042. In one embodiment of the invention, the water-im 
miscible organic solventis introduced in the aqueous medium 
in an amount effective to facilitate the in-situ extraction of the 
produced organic compound into the organic phase and to 
increase the rate and/or yield of its production by the micro 
organism in the aqueous phase. According to a preferred 
embodiment of the invention, the ratio of water-immiscible 
organic Solvent to aqueous medium is between 0.5% (v/v) and 
60%(v/v), preferably between 2% (v/v) and 40%(v/v) and 
more preferably between 5%(v/v) and 20% (v/v). 
0043. A solvent to be utilized as an extractant in a process 
according to the invention preferably meet the following 
requirements for use in a commercial two-phase extractive 
fermentation process: low solubility in water, non-toxic to the 
producing microorganism, large partition co-efficient for the 
product, low partition-coefficient for nutrients, high selectiv 
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ity, low emulsion forming tendency, high chemical and ther 
mal stability, non-biodegradability, non-hazardous and/or 
low cost. 

0044. In particular suitable (for extraction from an aque 
ous reaction medium) is extraction with a liquid organic Sol 
vent, such as a liquid hydrocarbon. From initial results it is 
apparent that this method is also suitable to extract the iso 
prenoid (or further product) from a reaction medium com 
prising cells according to the invention used for its produc 
tion, without needing to lyse the cells for recovery of the 
isoprenoid (or further product).In particular, the organic Sol 
vent may be selected from liquid alkanes, liquid long-chain 
alcohols (alcohols having at least 12 carbon atoms), and liq 
uid esters of long-chain fatty acids (acids having at least 12 
carbon atoms). Suitable liquid alkanes in particular include 
C6-C16 alkanes, such as hexane, octane, decane, dodecane, 
isododecane and hexadecane. Suitable long-chain aliphatic 
alcohol in particular include C12-C 18 aliphatic alcohols, like 
oleyl alcohol and palmitoleyl alcohol. Suitable esters of long 
chain fatty acids in particular include esters of C1-C4 alco 
hols of C12-C18 fatty acids, like isopropyl myristate, and 
ethyl oleate 
0045. In an advantageous embodiment, isoprenoid (or a 
further product) is produced in a reactor comprising a first 
liquid phase (the reaction phase), said first liquid phase con 
taining cells according to the invention, wherein the iso 
prenoid (or a further product) is produced, and a second liquid 
phase (organic phase that remains essentially phase-sepa 
rated with the first phase when contacted), said second liquid 
phase being the extracting phase, for which the formed prod 
uct has a higher affinity. This method is advantageous in that 
it allows in situ product recovery. Also, it contributes to pre 
venting or at least reducing potential toxic effects of iso 
prenoid (or a further product) to the cells, because due to the 
presence of the second phase, the isoprenoid (or a further 
product) concentration in the reaction phase may be kept 
relatively low throughout the process. Finally, the extracting 
phase contributes to extracting the isoprenoid (or further 
product) out of the reaction phase. 
0046. In a preferred method of the invention the extracting 
phase forms a layer on top of the reaction phase or is mixed 
with the reaction phase to form a dispersion of the reaction 
phase in the extracting phase or a dispersion of the extracting 
phase in the reaction phase. Thus, the extracting phase not 
only extracts product from the reaction phase, but also helps 
to reduce or completely avoid losses of the formed product 
from the reactor through the off-gas, that may occur if iso 
prenoid is produced in the (aqueous) reaction phase or 
excreted into the (aqueous) reaction phase. Isoprenoid is 
poorly soluble in water and therefore easily volatilizes from 
water. It is contemplated that isoprenoid solvated in the 
organic phase (as a layer or dispersion) is at least Substantially 
prevented from volatilization. 
0047 Suitable liquids for use as extracting phase combine 
a lower density than the reaction phase with a good biocom 
patibility (no interference with the viability of living cells), 
low volatility, and near absolute immiscibility with the aque 
ous reaction phase. Examples of Suitable liquids for this 
application are liquid alkanes like decane, dodecane, isod 
odecane, tetradecane, and hexadecane or long-chain aliphatic 
alcohols like oleyl alcohol, and palmitoleyl alcohol, or esters 
of long-chain fatty acids like isopropyl myristate, and ethyl 
oleate (see e.g. Asadollahi et al. (Biotechnol. Bioeng. (2008) 
99: 666-677), Newman et al. (Biotechnol. Bioeng (2006).95: 
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684-691) and WO 2009/042070). In a preferred embodiment, 
a process according to the invention is provided, wherein the 
water-immiscible organic solvent is a liquid alkane or a long 
chain aliphatic alcohol or an ester of a long-chain fatty acid or 
an isoprenoid. In a preferred embodiment, the organic solvent 
is dodecane, lauric acid, oleic acid, n-decane, butyl Stearate, 
olive oil, corn oil or DINP. most preferably dodecane. 
0048. In a process of the invention, the water-immiscible 
organic Solvent is added prior to the start of the fermentation, 
i.e. before inoculating the two phase system with a microor 
ganism capable of producing the organic compound. It is an 
advantage to add the solvent before the initiation of fermen 
tation since introducing the solvent during fermentation car 
ries the risk of introducing contaminants into the medium 
which could be detrimental to the outcome of the fermenta 
tion process. Additionally, oxygen has a higher solubility in 
organic solvents which complicates the accuracy of the mea 
surement if the solvents are added afterwards. Therefore, 
addition of organic solvents during fermentation bears a cru 
cial impact on the accurate measurement of operational 
parameters such as pH and dissolved oxygen required to 
control the fermentation. One additional advantage is that the 
point in time of introducing the Solvent in a conventional 
method is dictated by the fermentation process. 
0049. If desired, isoprenoids produced in a method 
according to the invention, or a further compound into which 
isoprenoid has been converted after its preparation (such as 
nootkatone), is recovered from the reaction medium, wherein 
it has been made. A suitable method is liquid-liquid extraction 
with an extracting liquid that is non-miscible with the reaction 
medium. 
0050 A particular strategy of conducting the fermentation 

is by adding the organic solvent prior to the start of the 
fermentation, enabling in-situ sterilization of the medium and 
Solvent in the absence of the producing microorganism. The 
concurrent sterilization of the two phases further evades the 
need for multiple sterilization steps of the individual phases. 
In addition, the calibration of the crucial probes such as the 
oxygen probe must be undertaken in the presence of the 
organic solvent. Therefore, the oxygen probe must be suitable 
for measuring oxygen tension in the two phase system, thus in 
the presence of the organic solvent. By adding the Solvent 
beforehand and optimizing the oxygen tension in the two 
phase system, the disadvantages associated with the interim 
addition of the solvent duringfermentation are circumvented. 
In a preferred embodiment, the invention provides a process 
according to the invention, wherein the process further com 
prises sterilizing the two phase system prepared in step a). 
preferably by sterilizing the two phase system at at least 1 bar 
overpressure for at least 20 minutes at at least 120° C., pref 
erably between 20-40 minutes at about 121°C. at at least 1 bar 
overpressure. Preferably the sterilization step takes place 
before step e), more preferably before step c). In one particu 
lar embodiment, instead of sterilizing the two phase system, 
sterile medium is used as the aqueous phase, typically steril 
ized before or after adding the medium to the bioreactor, and 
sterile solvent is added thereto. It is possible to add sterile 
Solvent for instance by passing the Solvent through a steril 
ization filter (e.g. a 0.22 Lum filter) or by using pre-sterilized 
Solvent. Methods for adding a solvent to an aqueous phase, 
Such that the resulting two-phase system remains sterile are 
known in the art. 

0051. For the purpose of the invention, the terms “fermen 
tation medium' and “medium' are meant to include the liquid 
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medium in which the microorganisms are grown. In a par 
ticular embodiment it is preferred to use a semisolid medium. 
A typical fermentation medium commonly includes a Sub 
strate and nutrients. The fermentation medium additionally 
contains the microorganism, the product produced by the 
microorganism, metabolic intermediates and other compo 
nents such as salts, vitamins, amino acids, co-factors and 
antibiotics. Substrates are commonly Sugars or more complex 
carbohydrates that are metabolized by the microorganism to 
obtain energy and basic structural components, but can also 
be lipids and/or proteins. 
0052. The two-phase fermentation process of the present 
invention is particularly suitable for the industrial scale pro 
duction of an organic compound, preferably an isoprenoid. 
Accordingly, in a preferred embodiment of the invention, the 
total volume of the solvent and medium is at least 30 L, 
preferably at least 100L, more preferably at least 1,000 L, 
more preferably at least 10,000 L, most preferably at least 
30,000 L or more. 
0053. In a preferred embodiment, a process according to 
the invention is provided, wherein the organic compound is an 
isoprenoid. Herein, the term "isoprenoid refers to a large and 
diverse class of naturally occurring organic compounds typi 
cally composed of two or more units of hydrocarbons, with 
each unit consisting of five carbon atoms arranged in a spe 
cific pattern. Isoprenoids are built from isoprene units (2-me 
thyl-1,3-butadiene) and the biological precursor for all natu 
ral isoprenoids is isopentenyl diphosphate (IPP). Isoprene 
(2-methyl-1,3 butadiene is a branched-chain unsaturated 
hydrocarbon. Non-limiting examples of Suitable isoprenoids 
include hemiterpenes (derived from a single isoprene unit) 
Such as isoprene, monoterpenes (derived from two isoprene 
units) Such as mycrene, sesquiterpenes (derived from three 
isoprene units) such as amorpha-4,11-diene, diterpenes (de 
rived from four isoprene units) such as taxadiene, triterpenes 
(derived from six isoprene units) such as squalene, tetrater 
penes (derived from eight isoprene units) Such as 3-carotene 
and polyterpenes (derived from more than eight isoprene 
units) Such as polyisoprene or a mixtures of these. Terpenoids 
are also included as terpenes for the purposes of the present 
invention. In a particular preferred embodiment, the iso 
prenoid is a monoterpene or a sesquiterpene, diterpene or 
triterpene, more preferably a monoterpene or iridoid selected 
from the group consisting of Ascaridole, Bornane, Borneol. 
Camphene, Camphor, Cantharidin, Carene, Carvacrol, Car 
Veol, Carvone, Carvonic acid, Chrysanthemic acid, Chrysan 
thenone, Citral, Citronellal, Citronellol, Cuminaldehyde, 
P-Cymene, Cymenes, Epomediol, Eucalyptol, Fenchol, Fen 
chone, Geranic acid, Geraniol, Geranyl acetate, Grapefruit 
mercaptan, Halomon, Hinokitiol, (S)-Ipsdienol, Levover 
benone, Limonene, Linalool, Linallyl acetate, Lineatin, 
P-Menthane-3,8-diol, Menthofuran, Menthol, Menthone, 
Menthoxypropanediol, Menthyl acetate, 2-Methyl 
isoborneol, Myrcene, Myrcenol, Nerol, Ocimene, Perilla 
ketone, Perillaldehyde.Perillartine, Phellandrene, Picrocro 
cin, Pinene, Alpha-Pinene, Beta-Pinene, Piperitone, Pule 
gone, Rhodinol, Rose oxide, Sabinene, Safranal, Sobrerol, 
Terpinen-4-ol. Terpinene, Terpineol. Thujaplicin, Thujene, 
Thujone, Thymol, Thymoquinone, Umbellulone, and Ver 
benone, and/or 
0054 a sesquiterpene or a sesquiterpene lactone selected 
from the group consisting of Abscisic acid. Amorpha-4,11 
diene, Andrographolide, Aristolochene, Artemether, Artemo 
til, Artesunate, Bisabolene, Bisabolol, Botrydial, Cadalene, 
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Cadinene, Alpha-Cadinol, Delta-Cadinol, Capnellene, Cap 
sidiol, Carotol, Caryophylene, Cedrene, Cedrol, Copaene, 
Cubebol, Elemene, Farnesene, Farnesol, Furanolactone, Ger 
macrene, GuaiaZulene, Guaiene, Guaiol, Gyrinal. Hernan 
dulcin, Humulene, Illudin, Indometacin farnesil, Isocomene, 
Juvabione, Longifolene, Mutisianthol, Nerolidol, Nootka 
tone, Norpatchoulenol. Onchidal, Patchoulol, Periplanone B. 
Petasin, Phaseic acid, Polygodial, A-Santalol, B-Santalol, 
Santonic acid, Selinene, Sterpuric acid, Thujopsene, Valen 
cene, Velleral, Verrucarin A, VetivaZulene, A-Vetivone, and 
Zingiberene, and/or 
0055 a diterpene, a pleuromutilin or a taxane selected 
from the group consisting of Abietane, Abietic acid, Age 
lasine, Aphidicolin, Beta-Araneosene, Bipinnatin J. Cafestol, 
Carnosic acid, Cembrene A, 10-Deacetylbaccatin, Ferrugi 
nol, Fichtelite, Forskolin, Galanolactone, Geranylgeraniol, 
Gibberellin, Ginkgolide, Grayanotoxin, Guanacastepene A, 
Ingenol mebutate, Isocupressic acid, Isopimaric acid, Kah 
weol, Labdane, Lagochilin, Leelamine, LeVopimaric acid, 
Menatetrenone, Momilactone B, 18-Norabietane, Panicud 
ine, Phorbol, Phorbol 12,13-dibutyrate, Phytane, Phytanic 
acid, Phytol, Pimaric acid, Pristane, Pristanic acid, Prostratin, 
Pseudopterosin A, Quassin, Retinol, Sclarene, Sclareol, 
Simonellite, Stemarene, Stemodene, Steviol, Steviol glyco 
side, Taxodone, 12-O-Tetradecanoylphorbol-13-acetate, Tet 
rahydrocannabinol-C4, Tetrahydrocannabinolic acid, 
Totarol, and Triptolide, and/or 
0056 a triterpene selected from the group consisting of 
Absinthin, Acetoxolone, Aescin, Ambrein, Amyrin, Balsami 
napentaol, Balsaminol A, Balsaminol B, Betulin, Betulinic 
acid, Bevirimat, Boswellic acid, Bryoamaride, Carbenox 
olone, Celastrol, Corosolic acid, Cucurbalsaminol A, Cucur 
balsaminol B, Cucurbitane, Cycloartenol, Cycloastragenol, 
Dammarane, Endecaphyllacin, Ganoderic acid, Ginsenoside, 
Glycyrrhetinic acid, Glycyrrhizin, Hederagenin, Hemslecin, 
Hopane, Hopanoids, Karavillagenin E, Lanostane, Lanos 
terol, Lepidolide, Lupeol, Malabaricane, Maslinic acid, 
Momordicilin, Momordicin I, Momordicin-28, Momordici 
nin, Moronic acid, Neokuguaglucoside, Oleanane, Oleanolic 
acid, 2.3-Oxidosqualene, Panaxatriol, Perseapicroside, Pro 
topanaxadiol, Protopanaxatriol, Sapogenin, Squalane, 
Squalene, Tetranortriterpenoid, Triterpenoid saponin, Urso 
lic acid, and Yamogenin. 
0057 According to a preferred embodiment of the inven 
tion, said micro-organism, when cultivated in said aqueous 
phase is capable of producing said isoprenoid in an amount 
Sufficient to reach a saturated concentration thereof in said 
aqueous phase. 
0058. The present fermentation processes are useful with 
almost any type of microorganism used for fermentation. The 
microorganism could be any microorganism that is capable of 
producing an organic compound, preferably an isoprenoid. 
By way of example, the microorganism can be a yeast, bac 
teria, fungi, or a mixture of any of these. In a particular 
preferred embodiment, the microorganism is optimized for 
production of said organic compound, for instance by genetic 
modifications. 

0059. In a particular preferred embodiment, the microor 
ganism is a bacterium or a fungal or a plant cell. In a preferred 
embodiment, the microorganism is a bacterial cell selected 
from the group of Gram negative bacteria, Such as Rhodo 
bacter; Agrobacterium, Paracoccus, or Escherichia, 
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0060 a bacterial cell selected from the group of Gram 
positive bacteria, Such as Bacillus, Corynebacterium, Brevi 
bacterium, 
0061 a fungal cell selected from the group of Aspergillus, 
Blakeslea, Penicillium, Phafia (Xanthophyllomyces), Pichia, 
Saccharamoyces, Yarrowia, and Hansenula, 
0062 a transgenic plant or culture comprising transgenic 
plant cells, wherein the microorganism is of a transgenic plant 
selected from Nicotiana spp., Cichorum intybus, lacuca 
sativa, Mentha spp., Artemisia annua, tuber forming plants, 
oil crops and trees; or 
0063 a transgenic mushroom or culture comprising trans 
genic mushroom cells, wherein the microorganism is selected 
from Schizophyllum, Agaricus and Pleurotisi. In a most pre 
ferred embodiment, the microorganism is a Rhodobacter 
sphaeroides bacterium. 
0064. In one embodiment, a process according to the 
invention is provided, wherein the process further comprises 
the isolation of the organic compound from the two phase 
system. As the organic compound preferably accumulates in 
the water-immiscible organic solvent, the organic compound 
is preferably isolated from said organic solvent. Extraction 
methods of organic compounds are known by the skilled 
person and include, but are not limited to liquid-liquid extrac 
tions, distillation, pervaporation, etc. In a preferred embodi 
ment, the organic compound is extracted by pervaporation. 
Pervaporation is a membrane technical method for the sepa 
ration of mixtures of liquids by partial vaporization through a 
non-porous or porous membrane. It is preferred that before 
the organic compound is isolated, the microorganism is 
allowed to produce said organic compound for a sufficient 
amount of time, preferably for at least 2 days and not more 
than 7 days. 
0065. The process may be performed in a batch mode, in a 
fed-batch mode or in a continuous mode. The terms “batch 
mode”, “fed-batch mode” and “continuous mode” are known 
to one skilled in the art. A process according to the invention 
can easily be performed Such that it is run in a batch mode, 
fed-batch mode or continuous mode. 
0066. The invention further provides a bioreactor, which is 
a vessel or a device for containing medium and for carrying 
out a fermentation process. The bioreactor is capable of car 
rying out a two phase fermentation process of the invention 
and preferably is capable of providing the optimum growth 
conditions for the microorganism. 
0067. In one embodiment, the invention provides a biore 
actor comprising at least 10 L of a two phase system com 
prising a water-immiscible organic solvent and an aqueous 
medium for culturing cells, wherein the ratio of water-immis 
cible organic solvent to aqueous medium is between 0.5% 
(v/v) and 60%, preferably between 2% (v/v) and 40% (v/v), 
more preferably between 5% (v/v) and 20% (v/v), most pref 
erably between 10% (v/v) and 20% (v/v). The bioreactor may 
be of any shape, generally tubular, Suitably may be a cylin 
drical shaped vessel. it is desirable that the bioreactor is made 
of a material that is inert to the two-phase medium, for 
example stainless steel or a Suitably lined metallic vessel, or 
optinally an inert plastic material. 
0068. The design of the bioreactor could be of batch-type 
or fed-batch type. The bioreactor of the invention preferably 
comprises the majorportions that include a vessel comprising 
a reaction port and a harvesting port. 
0069. In a preferred embodiment, the bioreactor com 
prises at least 30 L, more preferably at least 100 L, more 

Jun. 16, 2016 

preferably at least 1000L, most preferably at least 10000 L of 
a two phase system comprising a water-immiscible organic 
Solvent and an aqueous medium for culturing cells. 
0070 The bioreactor preferably comprises a means for 
introducing the aqueous medium into the vessel and means 
for introducing the water-immiscible organic solvent for con 
tact with the aqueous medium to form a two-phase system. 
Such water-immiscible organic solvents are selected from the 
group consisting of dodecane, lauric acid, oleic acid, n-de 
cane, butyl stearate, olive oil, corn oil, and DINP or any 
combination thereof. 
0071. Because the bioreactor according to the invention is 
intended for producing an organic compound, preferably an 
isoprenoid, using a process according to the invention, in a 
preferred embodiment, the bioreactor according to the inven 
tion, further comprises a microorganism capable of produc 
ing an organic compound. Preferably said organic compound 
is an isoprenoid. 
0072. In order to measure oxygen tension, pH and tem 
perature in the two-phase system present in said bioreactor, in 
a preferred embodiment, a bioreactor according to the inven 
tion further comprises one or more probes, capable of mea 
Suring these parameters in the two phase system. The biore 
actor according to the invention preferably comprises at least 
one probe capable of measuring oxygen (oxygen probe). 
0073. In one particular embodiment, an organic solvent is 
present in said bioreactor. Preferably, the organic solvent is a 
liquid alkane or a long-chain aliphatic alcohol or an ester of a 
long-chain fatty acid or an isoprenoid, preferably selected 
from the group consisting of dodecane, lauric acid, oleic acid, 
n-decane, butyl stearate, olive oil, corn oil and DINP. In a 
most preferred embodiment, the organic solvent is dodecane. 
0074 Preferably the microorganism present in said biore 
actor is: 
0075 a bacterial cell selected from the group of Gram 
negative bacteria, Such as Rhodobacter; Agrobacterium, 
Paracoccus, or Escherichia, 
0076 a bacterial cell selected from the group of Gram 
positive bacteria, Such as Bacillus, Corynebacterium, or 
Brevibacterium, 
0077 a fungal cell selected from the group of Aspergillus, 
Blakeslea, Penicillium, Phafia (Xanthophyllomyces), Pichia, 
Saccharamoyces, Yarrowia, and Hansenula, 
0078 a transgenic plant or culture comprising transgenic 
plant cells, wherein the microorganism is of a transgenic plant 
selected from Nicotiana spp., Cichorum intybus, lacuca 
sativa, Mentha spp., Artemisia annua, tuber forming plants, 
oil crops and trees; or 
0079 a transgenic mushroom or culture comprising trans 
genic mushroom cells, wherein the microorganism is selected 
from Schizophyllum, Agaricus and Pleurotisi. In a most pre 
ferred embodiment, the microorganism is a Rhodobacter 
sphaeroides bacterium. In a particular preferred embodiment, 
the microorganism is optimized for production of said 
organic compound, for instance by genetic modifications. 
0080. The following examples describe specific embodi 
ments of the present invention and are not intended to limit the 
invention in any way. 

LEGEND TO THE FIGURES 

I0081 FIG. 1: Oxygen profile during fermentation of 
Valencene in a 4.0 L fermenter adding n-dodecane prior to 
inoculation. Prior to addition of the seed culture, the oxygen 
electrode was carefully calibrated at 0% and 100% oxygen 
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saturation. After inoculation, the dissolved oxygen (DO) was 
allowed to decrease to 35% and was kept constant thereafter. 
At 70h the DO was set to 12.5% and kept constant until the 
end of the fermentation. 
0082 FIG. 2: Oxygen profile during fermentation of 
Valencene in a 4.0 L fermenter adding n-dodecane after inocu 
lation. Prior to addition of the seed culture, the oxygen elec 
trode was carefully calibrated at 0% and 100% oxygen satu 
ration. After inoculation, the dissolved oxygen (DO) was 
allowed to decrease to 35% and was kept constant thereafter. 
At 10h after inoculation n-dodecane was slowly added, caus 
ing a rapid increase in dissolved oxygen. 

EXAMPLES 

Example 1 

Seed Medium 

0083 

TABLE 1. 

Ingredient g/L 

Yeast extract 20.8 
MgSO 7H2O 10.3 
ZnSO,7H2O O.O86 
MnSOH2O O.O29 
CaCl2HO 1.08 
FeSO7H2O O.96 
KH2PO 1.44 
KHPO 1.44 

I0084 pH is adjusted to 7.0 with 5N NaOH 
0085 Components (except glucose) are dissolved in 
water, adjusted to pH 7 and autoclaved. 

Example 2 

Main Fermentation Medium 

0086 

TABLE 2 

Ingredient g/L 

Yeast extract 25 
MgSO 7H2O 1.5 
ZnSO,7HO O.1 
MnSOHO O.O3 
CaCl2.H2O 1.1 
FeC6H2O O.15 
KHPO. 1.5 
KH2PO 1.5 
(NH4)2Fe(SO4)•6H2O 1.2 
(NH4)2SO 2.4 
(NH4)HPO. 1 
MgC16H2O 1.7 

Example 3 

Two Point Calibration of the Oxygen Electrode 
0087. The fermentation medium is prepared according to 
recipe (Table 2) and autoclaved inside the fermenter. Sterile 
glucose solution is added to a final concentration of 30 g/L 
and neomycin (100 mg/ml) is added. Then 20 vol% of sterile 
n-dodecane is added. The stirrer is agitated at the maximum 
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speed applied duringfermentation run and the airflow is set to 
least 1 VVm (volume/volume per minute). Overpressure is 
kept as low as possible and constant over the fermentation 
run. pH and temperature are set to fermentation values. Nitro 
gen gas is sparged into the fermenter at 1 VVm until the reactor 
is fully depleted of oxygen. When the value read in the elec 
trode is stable, that electrode value is fixed as 0%. 
I0088 Alternatively, for large fermenters with volume 
>1001, calibration to 0% oxygen is performed outside of the 
main fermenter in a small vessel and the calibrated electrode 
is then transferred to the main fermenter. 
I0089. The main fermenter is then sparged with air at the 
maximal gas-flow applied during fermentation run. When the 
value read in the electrode is stable, that electrode value is 
fixed as 100%. Other fermentation parameters (pressure, air 
flow, rpm) are set to fermentation start point and the fermenter 
is inoculated with a Rhodobactersphaeroides preculture with 
a cell density corresponding to ca. 40OD620 nm units with an 
inoculation ratio of 5%. 

Example 4 

Comparative Example Adding n-dodecane during 
Fermentation 

I0090. The main fermentation was performed in a 35 m 
vessel that is charged with 10000 kg medium containing 22 
g/L initial glucose at a temperature of 30° C., a pH of 7.0 
(controlled with 28 wt % NH solution), an aeration of 2 
Nm/minandan overpressure of 0.5 bar. At 0 hours the main 
fermentation was inoculated using 1 m seed culture (see 
example 7). The dissolved oxygen (DO) is kept constant at 
35% by adjusting the stirrer speed between 60 and 90 RPM 
and adjusting the aeration between 0.2 and 1.8 VVm. After 12 
hours of batch fermentation the pC) value decreased strongly 
to a value of 15% and started to increase rapidly after that. 
Also the pH increase rapidly from pH 7.0 to pH 7.7. Analysis 
shows that all glucose was consumed and glucose feeding 
was started, keeping the pH at 7.0. After 26 hours 2000 L 
n-dodecane was slowly added to the fermenter via a sterile 
filter, with a dosing rate of 500 L/hour. During addition of 
n-dodecane it was observed that the pC) signal was very 
unstable and difficult to control. Finally, after all n-dodecane 
was added the pC), value had increased from 35% to about 
80%. Regularly residual glucose checks demonstrated that 
the process was proceeding in glucose limitation. After about 
60 hours the respiration rate started to decrease and glucose 
accumulation started to occur. After 78 hours glucose was no 
longer consumed and the concentration rapidly increased. 
Analysis of the Valencene concentration indicated that the 
biomass was no longer active. 

Example 5 

Valencene Fermentation in a 40 L. Fermenter Adding 
n-dodecane Prior to Inoculation 

0091 Afrozen stock vial containing 1 mL of Rhodobacter 
sphaeroides Valencene production strain containing genes 
encoding the mevalonate pathway of Paracoccus denitrifi 
cans and a Valencene synthase gene (see Example 9) was 
cultivated in a 2000 mL shake flask containing 500 mL 
medium as described in example 1 and an additional 100 
mg/L neomycin. The shake flask was incubated on an orbital 
shaker at 180 rpm and an amplitude of 4 cm for 46 hours at 30° 
C. The culture was transferred into a 4.0 L stainless steel 
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Techfors-S fermentor from Infors that containing 9 kg of 
medium with the following composition: 21 g/l yeast extract, 
1.73 g/l MgSO.7H2O, 0.104 g/l ZnSO.7H2O, 0.035 g/1 
MnSOHO, 1.3 g/l CaCl2HO, 1.73 g/l KHPO, 1.73 g/1 
KHPO 33 g/l dextrose, 1.2 g/l (NH), Fe(SO4).6H2O, 0.17 
g/l FeC1.6HO, 2.76 g/l (NH)SO, 0.94 g/l (NH)HPO, 
1.6 g/l MgCl6H2O and 125 g/l n-dodecane. Prior to addition 
of the seed culture the medium was sterilized, adjusted to pH 
7 with NH-OH 25 wt % and the oxygen electrode was care 
fully calibrated at 0% and 100% oxygen saturation, according 
to the procedure described in example 2. After inoculation the 
fermentation runs in batch mode at 30° C. and pH at 7.0 for 
16.5 hours, allowing the DO to decrease initially to 35% and 
keeping in constant thereafter. After this batch phase the 
glucose feed is started by adding 17.2 kg of a solution con 
taining 55 wt % glucose. During this phase the pH was kept 
constant at 7.0 and the DO at 35%. At 70 hours the pC), 
setpoint was put on 12.5% and kept constant until the end of 
fermentation by adjusting the stirrer speed. The oxygen pro 
file duringfermentation was recorded and is presented in FIG. 
1. 

Example 6 

Comparative Example Valencene Fermentation in a 
40 L. Fermenter 

0092. The experiment described in example 5 was 
repeated except that the medium of the main fermentation did 
not contain n-dodecane. After preparation, sterilization and 
cooling of the medium the oxygen electrode was carefully 
calibrated at 0% and 100% oxygen saturation. The fermenter 
was then inoculated by adding 500 ml of a seed culture 
prepared according to the procedure described in example 4 
and run in batch mode at 30° C. and pH 7.0 for about 10 hours, 
allowing the DO to decrease to 35%. At 10 hours after inocu 
lation the glucose feed was started, followed by the slow 
addition of 1500 ml n-dodecane via a sterile filter, with a 
dosing rate of 400 ml/hour. After adding the n-dodecane the 
DO rapidly increased as shown in FIG. 2. Analysis of the 
residual glucose showed that after about 20 hours of fermen 
tation glucose started to accumulate. Analysis of the amount 
of biomass indicated that cell growth had stopped. 

Example 7 

Seed Culture 

0093. A 2500 L fermenter is charged with 1000 kg seed 
medium. The medium composition is shown in table 1. After 
sterilization at 121°C. for 30 minutes, neomycin is added via 
a sterile filter to a final concentration 100 mg/kg and 68 kg 55 
wt % glucose. Next, the oxygen probe is calibrated followed 
by inoculation of the fermentor with 500 mL of a cell culture. 
The fermentation is operated in batch mode for 48 hours at 
30° C. pH 7.0 using 25 wt % NH solution, an aeration of 1 
VVm, an overpressure of 0.3-0.4 bar, and an DO of 35%. The 
DO is kept constant by agitation. 
0094) Example 8 

Main Fermentation Adding n-dodecane Prior to 
Inoculation 

0.095 The main fermentation runs in fed-batch mode 
using a 35 m vessel that is charged with 10000 kg medium. 
The medium composition is shown in table 2. To prepare 
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10000 kg of medium, medium components are dissolved in 
water, sterilized by autoclaving at 121°C. for 30 minutes in 
the bioreactor. 
0096. After sterilization and cooling of the medium the pH 

is adjusted to 7 with NH-OH 25%. After sterilization 600 kg 
55 wt % glucose is added. Next 2000 L (1666 kg) n-dodecane 
is added via a sterile filter. The oxygen probe is calibrated (see 
example 3). The fermentation starts by adding 1000 L culture 
obtained from a seed. After inoculation the fermentation runs 
in batch mode at 30° C. and pH at 7.0 for 20 hours, keeping the 
DO at 35%. The OD is kept constant at 35% by adjusting the 
stirrer speed between 60 and 90 RPM and adjusting the aera 
tion between 0.2 and 1.8 VVm. After 20 hours the glucose feed 
is started, keeping the pH at 7.0 and the DO at 35%. At 70 
hours the pC) setpoint was put on 12.5% and kept constant 
until the end of fermentation by adjusting the stirrer speed. 
The fed-batch mode runs for approximately 120 hours at 30° 
C. and pH at 7.0. 
0097. Regularly residual glucose checks demonstrated 
that the process was proceeding in glucose limitation. The 
respiration rate remained high over the whole course of the 
fermentation and no glucose accumulation was observed. 
Analysis of the valencene concentration showed that the bio 
mass was still producing Valencene 140 h after inoculation. 

Example 9 

Valencene Producing Rhodobacter Strain 
I0098 Rhodobacter sphaeroides strain Rs265-9c was 
obtained from Rhodobacter sphaeroides strain ATCC 35053 
purchased from the American Type Culture Collection 
(ATCC Manassas, Va., USA www.atcc.org); number 
35053; Rhodobacter sphaeroides (van Niel) Imhoff et al., 
isolated from a sewage settling pond in Indiana and deposited 
as Rhodopseudomonas Sphaeroides van Niel after two 
rounds of mutagenesis and was used as the base host for 
construction of recombinant strains having improved produc 
tion of isoprenoid. For details about this strain, see 
WO20110749654, which is incorporated herein by reference. 

1. A two-phase fermentation process for the production of 
an organic compound, preferably an isoprenoid, comprising 
the steps of: 

a) adding a water-immiscible organic solvent to an aqueous 
medium for culturing cells to form a two phase system, 
wherein the ratio of water-immiscible organic solvent to 
aqueous medium is between 0.5% (v/v) and 60% (v/v) 
and the total volume of solvent and medium is at least 10 
L.; 

b) providing the two phase system with an oxygen probe; 
then 

c) performing a calibration of said oxygen probe; then 
d) optimizing oxygen tension in said two phase system; 

then 
e) inoculating said two phase system with a microorganism 

capable of producing said isoprenoid in said oxygen 
optimized two phase system; then 

f) measuring and optimizing oxygen tension; and 
g) allowing said microorganism to produce said organic 

compound. 
2. Process according to claim 1, wherein the total volume 

of solvent and medium is at least 30 L, preferably at least 100 
L. more preferably at least 1,000 L, more preferably at least 
10,000 L, most preferably 30,000 L or more. 



US 2016/01 68595 A1 

3. Process according to claim 1, wherein the process fur 
ther comprises sterilizing the two phase system prepared in 
step a), preferably by sterilization for at least 20 minutes at at 
least 120°C., wherein the sterilization takes place before step 
e), preferably before step c). 

4. Process according to claim 1, wherein the process fur 
ther comprises the isolation of the organic compound from 
the two phase system, preferably from the water-immiscible 
organic solvent. 

5. Process according to claim 1, wherein the water-immis 
cible organic solvent is a liquid alkane or a long-chain ali 
phatic alcohol or an ester of a long-chain fatty acid or an 
isoprenoid. 

6. Process according to claim 1, wherein the water-immis 
cible organic solvent is dodecane, lauric acid, oleic acid, 
n-decane, butyl stearate, olive oil, corn oil or DINP prefer 
ably dodecane. 

7. Process according to claim 1, wherein the microorgan 
ism is a Gram positive bacterial cell, a Gram negative bacte 
rial cell, a fungal cell, a transgenic plant or culture comprising 
a transgenic plant cell or a transgenic mushroom or culture 
comprising a transgenic mushroom cell. 

8. Process according to claim 1, wherein the percentage of 
water-immiscible organic solvent in the two-phase system is 
between 2% (v/v) and 40% (v/v), preferably between 5% 
(v/v) and 20% (v/v), most preferably between 10% (v/v) and 
20% (v/v). 
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9. Process according to claim 1, wherein the organic com 
pound is an isoprenoid, preferably a monoterpene, a sesquit 
erpene, a diterpene or a triterpene. 

10. Process according to claim 1, wherein the dissolved 
oxygen during the production phase step (f) never exceeds 
80%, preferably 60%, more preferably 40%, most preferably 
20%. 

11. Bioreactor comprising at least 10 L of a two phase 
system comprising a water-immiscible organic solvent and an 
aqueous medium for culturing cells, wherein the ratio of 
water-immiscible organic solvent to aqueous medium is 
between 0.5% (v/v) and 60%. 

12. Bioreactor according to claim 11, further comprising a 
microorganism capable of producing an organic compound, 
preferably an isoprenoid. 

13. Bioreactor according to claim 11, further comprising 
an oxygen probe. 

14. Bioreactor according to claim 1, wherein the organic 
Solvent is a liquid alkane or a long-chain aliphatic alcohol or 
an ester of a long-chain fatty acid oran isoprenoid, preferably 
dodecane, lauric acid, oleic acid, n-decane, butyl Stearate, 
olive oil, corn oil or DINP. more preferably dodecane. 

15. Bioreactor according to claim 1, wherein the microor 
ganism is a Gram positive bacterial cell, a Gram negative 
bacterial cell, a fungal cell, a transgenic plant or culture 
comprising a transgenic plant cell or a transgenic mushroom 
or culture comprising a transgenic mushroom cell. 

k k k k k 


