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The antimalarial drug artemisinin and the specialty chemical β-farnesene are examples of 
natural product isoprenoids that can help solve global challenges, but whose usage has previously 
been limited by supply and cost impediments. This review describes the path to commercial 
production of these compounds utilizing fermentation of engineered yeast. Development of 
commercially viable yeast strains was a substantial challenge that was addressed by creation and 
implementation of an industrial synthetic biology pipeline. Using the engineered strains, production 
of β-farnesene from Brazilian sugarcane offers several environmental advantages. Among the many 
commercial applications of β-farnesene, its use as a feedstock for making biodegradable lubricants 
is highlighted. This example, along with others, highlight a powerful new suite of technologies that 
will become increasingly important for production of chemicals, spanning from pharmaceuticals 
through commodity chemicals. 
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1. Introduction

Brazil is endowed with great biodiversity, resulting in a 
huge variety of natural products.1-3 Investigation of natural 
products has huge value, and a subset of these chemicals 
from nature will have evident uses, perhaps as medicines 
or within the realm of functional materials. An inherent 
difficulty of many natural products is that they are secondary 
metabolites present at such low concentrations that isolation 
of sufficient quantities of pure material for testing, let alone 
commercial production, is often difficult, impossible, or 
environmentally destructive. This review describes the 
path to commercial production of two natural products, 
both plant isoprenoids, by Amyris, Inc., a renewable 
products company headquartered in California, USA, 
with laboratories and commercial production in São Paulo 
State, Brazil.4 The first product, semi-synthetic artemisinin, 
is an essential anti-malarial drug currently manufactured 
by the French pharmaceutical company Sanofi, using an 
engineered yeast strain developed and provided by Amyris. 

At the start of production, Sanofi pursued supplementing 
the agricultural supply of artemisinin with semi-synthetic 
artemisinin. Progress in manufacturing ACTs (Artemisinin 
Combination Therapies, the World Health Organization 
recommended anti-malarial treatment) using semi-synthetic 
artemisinin has been recently summarized.5 After delivery 
of the manufacturing strain to Sanofi in 2008, the yeast 
strains developed for this project were further modified and 
improved for the production of another isoprenoid, trans-
β-farnesene [(6E)-7,11-dimethyl-3-methylidenedodeca-
1,6,10-triene; CAS RN No. 18794-84-8, hereafter referred 
to as simply β-farnesene], a molecule with many uses as a 
specialty chemical and petroleum substitute. β-Farnesene 
is now commercially produced by fermentation of Brazilian 
cane sugar in São Paulo State using engineered yeast. 
Development of lubricants from β-farnesene is described 
as an example of advances in functional materials that can 
be derived from the large-scale industrial production of a 
natural product via fermentation.

Isoprenoids are members of a large class of natural 
products with over 55,000 members.6 Biological synthesis 
of isoprenoids proceeds by the successive assembly of 
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5-carbon isoprene (2-methyl-1,3-butadiene) units according 
to the biogenic isoprene rule.7 The common biochemical 
precursor of all isoprenoids is the 5-carbon intermediate 
isopentyl diphosphate (IPP). There are two known pathways 
for the biosynthesis of isoprenoids: the mevalonate pathway 
(MVA)8,9 and the methylerythritol phosphate (MEP) 
pathway.10 This review covers microbes engineered to 
produce isoprenoids via the MVA pathway; to date the 
MVA pathway has enabled production of considerably 
higher isoprenoid titers than the MEP pathway.11

2. Developing Commercial Production of 
Semi-Synthetic Artemisinin

The rationale for developing microbial isoprenoid 
production using large-scale fermentation of microbes 
engineered to manufacture these compounds is that 
the product will cost less, supply will be more reliable 
and plentiful, and production will be more ecologically 
sustainable. An example of this strategy is provided by 
the semi-synthetic artemisinin project. Artemisinin is 
a sesquiterpene lactone endoperoxide (Figure 1) with 
potent anti-malarial activity produced by the plant 
Artemisia annua.12 It is the key component of artemisinin 
combination therapies (ACTs), recommended in 2004 by 
the World Health Organization (WHO) for the first line 
treatment of malaria.13 Following the adoption of ACTs by 

the WHO, the price of plant-derived artemisinin increased 
dramatically and has fluctuated ever since between ca. 
$1,000 per kg and less than $200 per kg, with supply 
shortages in some years.14 An alternative to the plant‑derived 
production of artemisinin was desired to stabilize the 
supply and reduce the price of this essential drug. Total 
chemical synthesis is infeasible within the economics 
required for a medicine used broadly in the developing 
world.12 Thus, a plan was developed to produce artemisinin 
using biotechnology, specifically by fermentation using 
engineered microbes.15 The metabolic pathway for the 
production of artemisinic acid, a presumed late-stage 
precursor of artemisinin in A. annua, was elucidated 
during the 2000s, leading to a decision to first produce 
amorphadiene,16 the alkene precursor of artemisinin, 
then to develop the three-step oxidation of amorphadiene 
to artemisinic acid in yeast followed by chemical 
conversion to artemisinin (Figure 1).17 The path followed 
by the semi‑synthetic artemisinin project, with particular 
emphasis on the development of fermentative production 
of late-stage precursors has been recently reviewed.14 

Two recent schemes for conversion of artemisinic acid 
to artemisinin have been described, both based on the 
original synthesis by Roth and Acton.18 Amyris chemists 
published a non-photochemical route with a lab-scale yield 
of 23%,17 though the process was not optimized. However, 
the industrial conversion used by Sanofi uses large-scale 

Figure 1. Production of artemisinic acid or β-farnesene by engineered yeast. The sesquiterpene alkenes β-farnesene and amorphadiene are both derived 
from FPP (farnesyl diphosphate) by the action of specific enzymes introduced from plants: amorphadiene synthase (ADS) generates amorphadiene and 
β-farnesene synthase (FS) generates β-farnesene. Production strains express either ADS or FS, not both. Oxidation of amorphadiene to artemisinic acid is 
accomplished by the action of five plant enzymes expressed in the engineered yeast.17 Conversion of purified artemisinic acid to artemisinin is accomplished 
by in vitro organic chemistry. Isoprenoid production strains make little ethanol.
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photo-Schenk ene-chemistry with specially designed and 
constructed large-scale photoreactors. The final optimized 
process delivered a 55% total yield of pure isolated 
artemisinin on a batch scale starting with 600 kg of pure 
fermentation-derived artemisinic acid. This process was 
used for production of 35 t of semi-synthetic artemisinin in 
2013 and 60 t in 2014.19 The reaction scheme is described 
in Figure 2.

3. Synthetic Biology and the Development of 
Commercial β-Farnesene Production Strains

Semi-synthetic artemisinin is a pharmaceutical with 
a price point comparable to plant-derived artemisinin,20 
namely above $150 per kg. β-Farnesene, however, is 

a specialty chemical with multiple uses (more details 
below); most specialty and commodity chemicals have 
significantly lower price points, often below $10 per kg. 
For these product categories, it is of paramount importance 
that fermentative production be as efficient as possible, 
with high yields (namely, grams of product made per gram 
of feed substrate), productivities (grams of product/liter 
of culture/hour) and concentration (also known as titer; 
grams of product per liter of culture). Developing yeast 
strains capable of the yield, productivity and titer required 
for chemical production requires extensive development, 
and has been enabled over the last decade by the new 
discipline of synthetic biology. Synthetic biology seeks 
to extend approaches and concepts from engineering and 
computation to redesign biology for a chosen function;21 

Figure 2. Sanofi industrial semi-synthesis of artemisinin. The process starts with a moderate pressure catalytic diastereoselective hydrogenation of 
artemisinic acid to produce a high (95:5) ratio of the desired (R)-isomer. To avoid formation of a lactone byproduct, dihydro-epi-deoxyarteannuin B, 
during the photooxidation, the carboxylic acid is protected as a mixed anhydride. The final step combines formation of the intermediate hydroperoxide 
via photoxidation using a Hg vapor lamp and commercially available tetraphenylporphyin (TPP) as sensitizer with a Hock cleavage and rearrangement 
catalyzed by trifluoroacetic acid to give, after workup, the best yield reported to date of pure isolated artemisinin (55%). 
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recent advances in the application of design automation, 
i.e., the use of software, hardware and robotics22 have 
enabled the creation and screening of hundreds of thousands 
of strain variants (created by both design and random 
mutagenesis) for the properties required for commercial 
production of β-farnesene. Notable enabling technologies 
developed for routine usage include rapid and reliable 
assembly of large (i.e., multiple kilobase) deoxyribonucleic 
acid (DNA) constructs;23-25 high throughput, cost effective, 
verification of structural DNA assemblies by both initial 
restriction digest26 and by low-cost DNA sequencing;27 and 
whole genome sequencing of yeast strains.28 In addition, 
there is a need to effectively identify the best new strains 
(akin to panning for gold!) through high throughput, rapid, 
and accurate methods to screen thousands of strains. Further, 
the results of small-scale (< 1 milliliter) tests must correspond 
to the results of large-scale (> 50,000 liter) production. 
Development and implementation of these technologies 
required considerable investment by Amyris. The outcome is 
a robust pipeline for efficient, cost-effective strain generation 
allied with screening for the properties required for 
commercial production of β-farnesene by fermentation (i.e., 
at a price point required for its use as a specialty chemical). 
A video compilation summarizing the uses and benefits of 
the above technologies is available online.29

4. Commercial Production of β-Farnesene 
from Brazilian Sugar

β-Farnesene, like amorphadiene, is a sesquiterpene 
aklene. The only change required from production of 
amorphadiene by yeast16 is to replace the plant-derived 
terpene synthase enzyme that catalyzes the last step, from 
amorphadiene synthase to β-farnesene synthase (Figure 1). 
This simple change was followed by multiple cycles of 
strain improvement using the tools of synthetic biology 
described above, along with fermentation and recovery 
process optimization, to increase the efficiency of the 
fermentation and thereby decrease the cost of β-farnesene 
production. In addition to strain performance, an important 
driver of the final price point of a specialty chemical such 
as β-farnesene is the availability and cost of sugar (i.e., 
the fermentation carbon source). A further consideration is 
life-cycle greenhouse gas (GHG) emissions for a product 
that will replace petroleum products as both specialty 
chemicals and fuels.30 The combination of cost and GHG 
evaluation led to the selection of Brazilian sugar cane 
as the preferred carbon feedstock, and construction of a 
1,200 m3 fermentation plant in Brotas, SP, Brazil (Figure 3). 
In May 2014, Amyris was granted the highly sought-after 
Roundtable on Sustainable Biomaterials31 sustainability 

certification for its production of β-farnesene at the Brotas 
plant.32

β-Farnesene is a 15-carbon branched-chain alkene 
(sesquiterpene) with a conjugated double-bond pair at its 
terminus, which facilitates a large diversity of chemical 
modifications. The isomers of farnesene are naturally 
produced as an alarm pheromone emitted by aphids,33,34 
as a natural coating on apples (α-farnesene),35 and as a 
major component of essential oils.36 Prior to its production 
by fermentation it was commercially available only as 
an expensive chemical derived from isoprene37 or the 
degradation of sesquiterpene alcohols;38 both of these 
preparation methods produced low-purity mixtures of 
isomers (β-farnesene and α-farnesene) and other by-
products. By virtue of its biological production route 
from engineered yeast, β-farnesene is produced as a pure 
enantiomer, dictated by the final enzyme in the metabolic 
production pathway, β-farnesene synthase. 

5. β-Farnesene Use as a Specialty Feedstock 
Chemical

β-Farnesene has many uses as a specialty feedstock for 
chemical transformations that can produce a wide variety 
of consumer and industrial products, amongst which are 
cosmetic oils (e.g., squalane),39 polymers,40,41 lubricants,42 
surfactants,41 and fuels.41 These large and growing markets 
pose significant opportunities in Brazil and abroad to utilize 
β-farnesene to replace petroleum-derived ingredients in 
numerous products that consumers use worldwide. 

The technology for production of β-farnesene and its 
fully hydrogenated derivative, farnesane (2,6,10-trimethyl-
dodecane), for use as a renewable hydrocarbon for 
diesel and jet fuel43 by Amyris was recognized with a 
United States Environmental Protection Agency (EPA) 
Presidential Green Chemistry Challenge Award in 2014.44 

Figure 3. Amyris fermentation plant located in the city of Brotas, SP, 
Brazil. The 200,000 liter fermentation tanks are shown at the right of 
the picture.
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Blends of farnesane with petroleum diesel meet or exceed 
the existing ASTM D975-11 Standard Specifications for 
Diesel Fuel Oils. In Brazil, Amyris renewable diesel has 
been accepted for commercial use by the ANP authority 
(Brazilian National Agency for Petroleum, Natural Gas 
and Biofuels) under Resolution No. 19. Among its many 
advantages as a diesel fuel farnesane provides at least an 
80% reduction of greenhouse gas emissions relative to 
petroleum-based diesel (based on California Air Resources 
Board metrics), zero sulfur content to meet today’s stricter 
emissions requirements, and a demonstrated reduction of 
tailpipe emissions such as NOx, particulate matter, and 
carbon monoxide, when blended with ultra-low sulfur 
diesel (ULSD).41 It has been tested by several OEMs 
(engine and vehicle manufacturers) and received OEM 
engine warranties from the Cummins Engine Company and 
Mercedes Benz Truck and Bus Company (Brazil). 

In the area of fuels, which is one of the largest 
commodity markets in the world, longer term when more 
attractive economics prevail, the advantageous global 
impact of a biofuels solution is evident in supporting a 
healthier planet. However, in the interim, there are a number 
of attractive, focused markets that are being pursued for 
β-farnesene. An example of one such market, lubricants, 
is given below. 

6. β-Farnesene-Derived Lubricants

The use of β-farnesene as a lubricant feedstock is of 
particular interest, given the need for environmentally 
friendly lubricants that can be used as drop-in substitutes 
for petroleum-derived products.42 β-Farnesene is a unique 
biologically-derived lubricant feedstock as it is a pure 
hydrocarbon olefin. The lubricants industry is based on 
petroleum-derived hydrocarbons; β-farnesene can be 
used in many olefin processes already developed in the 
lubricants industry and can be treated similarly to linear 
alpha olefins (LAOs) in the production of polyalphaolefins 
(PAOs). Thus, production of β-farnesene-derived base 
oils (FDBOs) does not require the development of new 
process technology and infrastructure, which is a significant 
advantage in the path to commercialization.42 FDBOs are 
made chemically by reacting petroleum-based LAOs with 
β-farnesene to create a 50% renewable base oil.42 Being 
hydrocarbons, FDBOs are drop-in products in terms 
of usage, for example handling, compatibility, seals, 
specifications, disposal and rerefining when compared to 
petroleum products. β-Farnesene and isoprene have similar 
chemical structures and many of the routes to higher-
molecular weight isoprene polymers can be applied to 
β-farnesene. A variety of β-farnesene polymer processes 

and compositions have been developed.42,45,46 The American 
Petroleum institute (API) classifies lubricant base oils into 
five groups (I-V) based on the proportion of saturates, 
sulfur content, and viscosity index:47 FDBOs possess the 
physical characteristics of Group III base oils.42 Other 
than the renewability credentials conferred by production 
from sugar, an important property of FDBOs are their 
ecological and biodegradability properties. FDBOs meet 
the requirements of the European Union (EU) Ecolabel48 
which is the most stringent regulatory system developed for 
industrial lubricants, and are readily biodegradable when 
tested using the OECD 301B method, demonstrating far 
greater degradation than PAOs.42,49 Additionally, FDBOs 
exhibit low toxicity and are classified as white oils by 
the National Sanitation Foundation (NSF), suitable for 
incidental food contact.50 Extensive ecotoxicity testing has 
shown FDBOs to be nontoxic in key environmental areas.42 
With the environmental and performance properties 
described above, FDBOs have been developed for an 
extensive range of applications. Lubricants are formulated 
for specific applications by the addition of performance 
additives to base oils; FDBOs, being hydrocarbon-based, 
can use off-the-shelf additive technology developed for 
petroleum oils, endowing the same properties that they 
confer on synthetic or mineral base oils. FDBOs have 
been formulated into high-performance hydraulic fluids, 
transformer oils, compressor oils, industrial gear oils, 
greases, automotive engine oils, and two-cycle air and 
marine engine oils.42,51 In summary, FDBOs have allowed 
the development of environmentally friendly lubricants 
with the performance properties of petroleum-sourced 
oils.

7. Conclusion and Outlook

As the world’s population and economies grow, the 
demand for a wide variety of specialty, commodity, 
and pharmaceutical chemicals will outpace the supply 
available from current sources. There is an urgent need to 
develop alternative, sustainable sources of many existing 
chemicals and to develop abundant sources of currently 
scarce chemicals with novel beneficial properties. Synthetic 
biology and industrial fermentation, combined with 
synthetic chemistry, will be an increasingly important 
source of chemicals in the decades ahead; artemisinin and 
β-farnesene provide good examples of this relatively new 
approach to chemical production. Brazil’s plentiful sugar 
cane feedstock and fermentation expertise make it an 
excellent location for this type of manufacturing, which 
can expand and diversify the nation’s industrial base and 
international importance.
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