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The work seeks to raise awareness of a fundamental problem

that impacts the renewable generation of fuels and chemicals

via (photo)synthetic biology. At issue is regulation of the

endogenous cellular carbon partitioning between different

biosynthetic pathways, over which the living cell exerts

stringent control. The regulation of carbon partitioning in

photosynthesis is not understood. In plants, microalgae and

cyanobacteria, methods need be devised to alter

photosynthetic carbon partitioning between the sugar,

terpenoid, and fatty acid biosynthetic pathways, to lower the

prevalence of sugar biosynthesis and correspondingly

upregulate terpenoid and fatty acid hydrocarbons production in

the cell. Insight from unusual but naturally occurring carbon-

partitioning processes can help in the design of blueprints for

improved photosynthetic fuels and chemicals production.
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The discipline of (photo)synthetic biology seeks to apply

cellular metabolic pathways toward product generation,

typically fuels and chemicals. Application of this concept,

regardless of the organism and final product, inevitably

encounters the problem of carbon partitioning in the

cellular metabolism. In simple terms, the living cell sets

highly regulated priorities in carbon partitioning, which

are directed toward biomass increase, cell propagation,

and survival. Cellular metabolic priorities are thus inher-

ently different from those required for renewable fuel and

chemicals production. This dilemma is especially pro-

nounced in the case of photosynthetic organisms, where

photosynthesis is applied directly for the generation of

renewable product. For example, the concept of Photo-
synthetic Biofuels, as applied in the lab of the author, entails

a process whereby light-absorption, photosynthesis, and

metabolism toward fuels and chemicals production all

take place in one and the same organism. In this case, the

same cell, or chloroplast, performs all the renewable
www.sciencedirect.com 
product-related functions, beginning with light-absorp-

tion and utilization, including the steps of photosynthetic

carbon fixation, and metabolic flux to specific fuels and

chemicals (Figure 1).

Organisms of oxygenic photosynthesis can convert, with

high efficiency [1], CO2 into 3-phosphoglyceric acid (3-

PGA) and glyceraldehyde-3-phosphate (G3P), leading to

biosynthesis of sugars, but also products of the terpenoid

and fatty acid biosynthetic pathways (Figure 2). The

latter have attracted attention recently because they

could be applied to generate fuels and chemicals [2��].
For example, the fatty acid biosynthetic pathway can be

directed to yield ‘biodiesel’ type molecules [3], whereas

the terpenoid biosynthetic pathway could yield terpene

type molecules that serve as ‘bio-gasoline’ and ‘jet-fuel’,

and also as feedstock for the synthetic chemistry industry

[4–7,8�]. A paramount requirement for the commercially

viable application of these pathways toward product de-

velopment is, however, the ability to convert as large a

proportion of photosynthetic carbon as possible into fuels

and chemicals, which is opposite to the cellular priority of

making sugars and biomass.

There is currently widespread interest in the use of micro-

algae and cyanobacteria, as well as land plants, for the

generation of renewable fuels and chemicals. However,

very few of these organisms constitutively synthesize and

accumulate substantial amounts of lipids or hydrocarbons.

Successful commercial application of a photosynthesis-to-

fuels approach [2��] is hindered by low yields, which are

due to a preference by the organism to direct photosyn-

thetic carbon toward sugar biosynthesis and biomass

accumulation, rather than terpenoid and fatty acid biosyn-

thesis. A metabolic flux analysis conducted in the lab of the

author [8�] showed that, during steady-state growth, the

sugar biosynthetic pathway, leading to the synthesis of

protein, cell wall, storage polysaccharide, nucleic acids, etc.

(i.e., biomass) constitutively consumes more than 80% of

the available photosynthate. The pathways of interest for

the direct production of fuels and chemicals (i.e., the

terpenoid and fatty acid biosynthetic pathways) are allo-

cated only about 5% and 10% of photosynthetic carbon,

respectively (Figure 2). This allocation is constitutive and

is applied to satisfy the growth needs of the organism.

Experience in the lab of the author has shown that the

living cell stringently regulates this carbon partitioning and

has often frustrated efforts to substantially alter carbon

allocation ratios.

Constitutive partitioning of �5% photosynthetic carbon

into the terpenoid biosynthetic pathway and �10%
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Schematic of a direct photosynthesis to fuels and chemicals production

process. The photosynthetic apparatus can serve as both catalyst and

processor, absorbing sunlight, photosynthesizing, generating, and

secreting ready-made duel and chemical-type molecules. The issue

addressed in this opinion paper is how best to alter photosynthetic

carbon partitioning and direct flux toward fuels and chemicals instead of

metabolites leading to biomass propagation.
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Photosynthetic carbon partitioning pathways in plants, algae, and

cyanobacteria. In the vast majority of photosynthetic systems, carbon

partitioning is primarily directed toward sugars ( p = 80–85%) leading to

biomass accumulation, with terpenoid ( p = �5%) and fatty acid

biosynthesis ( p = �10%) consuming a minor aliquot of the

photosynthetically generated organic substrate. Photosynthetic carbon

partitioning in the colonial green microalgae Botryococcus braunii var

Showa (the Berkeley strain) is naturally different with a diminished

carbon flux toward sugars (bb = 40–45%) leading to slower rates of

biomass accumulation, while terpenoid (bb = �45%) and fatty acid

biosynthesis ( p = �10%) together account for the majority of C-flux in

the cell. B. braunii, offers example of a naturally occurring substantial

alteration in chloroplast constitutive carbon partitioning.
photosynthetic carbon into the fatty acid biosynthetic

pathway does not translate into 5% free terpene or

10% free fatty acid accumulation in the cell. Rather,

chloroplasts and cells use this carbon flux to meet their

own needs in carotenoid, phytol, quinone prenyl tail

(terpenoids), and fatty acids needed for primarily digly-

ceride and some triglyceride formation. Little endogen-

ous metabolic flux can thus be directed toward free fuel or

chemical product accumulation. This was evidenced in

recent work from this lab [7,8�], where heterologous

transformation of cyanobacteria with the Pueraria mon-
tana (kudzu) isoprene synthase gene [9] succeeded in the

constitutive production of isoprene. However, carbon-

partitioning measurements showed that, without any

further modification in metabolic flux, only about 0.8%

of photosynthetic carbon was partitioned toward isoprene

synthesis, with 4.2% (i.e., 84%) of the flux in the terpe-

noid biosynthetic pathway serving the growth needs of

the organism. A similar conclusion was reached upon

heterologous transformation of Saccharomyces cerevisiae
(budding yeast) with the Pueraria montana (kudzu) iso-

prene synthase gene, where constitutive production of

isoprene was achieved. Yields, however, were low, con-

sistent with the notion of cellular terpenoid carbon parti-

tioning toward biomass accumulation rather than isoprene

synthesis [10].

Organisms of oxygenic photosynthesis operate the pro-

karyotic deoxy-D-xylulose-phosphate/methyl-erythritol

phosphate (DXP/MEP) pathway for the generation of

cellular terpenoids (Figure 2) [11–13], whereas archaea

and eukaryotes employ the substantially different meva-

lonic acid (MVA) pathway [14,15�]. Observations above,

showing the severe rate-limiting and yield-limiting

aspects of the DXP/MEP pathway in photosynthetic

systems, and of the MVA pathway in eukaryotic systems

are consistent with the notion of cell-imposed limitation

in flux toward terpenoids, which are independent of the

prokaryotic DXP/MEP or eukaryotic MVA pathways.
Current Opinion in Chemical Biology 2013, 17:453–456 
A technoeconomic analysis (Melis unpublished)

suggested that a constitutive product-to-biomass carbon

partitioning ratio of 20%, or greater, is needed with a high

productivity photosynthetic system to make a photosyn-

thetic biofuels process commercially viable. Product to

biomass carbon partitioning ratios greater than 20%, when

achieved, would favorably impact the overall economics

of the process. It is thus evident that achieving commer-

cially viable fuels and chemicals production demands a

substantially different constitutive photosynthetic carbon

partitioning in the cell, such that bio-product yield is

enhanced at the expense of biomass accumulation. Pre-

cursor flux amplification, coupled with enhancement in

the rate of the terminal step [16,17,18�] and removal of

the final desirable product [15�] has succeeded to improve

yields in model bacterial systems, such as Escherichia coli.
Such improvements, however, have not yet been demon-

strated with photosynthetic systems.

There is, however, a naturally-occurring process, whereby

a 45% terpenoid-to-biomass carbon-partitioning ratio
www.sciencedirect.com
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is constitutively achieved (Figure 2). This has been

documented in the colonial green microalgae Botryococcus
braunii, race-B, and especially so in the strain Showa (also

known as the Berkeley strain; [19,20]). It is of interest to

note that in Showa, as in all other photosynthetic systems,

5% of the flux through the terpenoid biosynthetic path-

way is directed toward the synthesis of intracellular

carotenoids, phytol, quinone prenyl tails and other

endogenous cell-required compounds. The additional

40% of the flux through the terpenoid biosynthetic path-

way is specifically directed toward the synthesis of the

aberrant C30H48 triterpene known as ‘botryococcene’

along with a small complement of the carotenoid

‘botryoxanthin’ [21], both of which form intracellular

lipophilic vesicles, followed by vesicle excretion from

the cell, ending up in the extracellular space. The cell

biology of botryococcene synthesis, intracellular seques-

tration, and eventual excretion and accumulation in the

extracellular space of the colonial microalgae constitute

concept validation in support of the notion of constitutive

synthesis and accumulation of fuels and chemicals, ema-

nating directly from the photosynthesis of cyanobacteria,

algae, and plants.

The above discussion and analysis pertains to constitu-

tive growth and fuels–chemicals production processes.

There are examples of inducible processes in which

terpenoid and fatty acid-based molecules accumulate

under conditions of no biomass increase or in the station-

ary phase of growth. Selective overexpression of the

terpenoid biosynthetic pathway for product accumu-

lation is known to occur in certain unicellular green

algae, for example, Dunaliella bardawil and Haematococcus
pluvialis, under a variety of environmental stress con-

ditions [22]. Nutrient deprivation and irradiance stress

bring about a prompt down regulation of sugar biosyn-

thesis and growth in these green microalgae, and con-

comitant enhancement of endogenous carbon flux

through the terpenoid biosynthetic pathway. Such

physiologically occurring alterations in metabolic flux

are not mechanistically or genetically understood.

Nevertheless, they result in a >30-fold increase in the

cellular content of b-carotene in Dunaliella and astax-

anthin in Haematococcus, respectively [23,24]. Similarly,

nutrient (nitrogen) deprivation in combination with irra-

diance stress causes certain microalgae, for example,

typically of the genus Chlorella and Nannochloropsis, to

accumulate high levels of triacylglycerols, rich in poly-

unsaturated fatty acids [25,26]. This phenomenon offers

an example of a naturally occurring stress-regulated

alteration in metabolic carbon flux and regulated

increase in the activity of the terpenoid and fatty acid

biosynthetic pathways, respectively. It offers concept

validation for the proposed constitutive or inducible

over-expression of terpenoid and fatty acid hydrocar-

bons, emanating directly from the photosynthesis of

cyanobacteria, algae, and plants.
www.sciencedirect.com 
It is currently unknown how any biological system

regulates carbon partitioning among the various biosyn-

thetic pathways in the cell; either constitutively or indu-

cibly, when cellular metabolic activity is altered as a result

of stress. The fact that photosynthetic and nonphotosyn-

thetic systems allot a rather small fraction of endogenous

carbon toward the two biosynthetic pathways (terpenoid

and fatty acid), which are of interest in the generation of

fuels and chemicals, constitutes a barrier to commercial

exploitation. Realization of this shortcoming and the

analysis presented in this paper is a call to action, to help

overcome this flux barrier in the commercial generation of

biofuels and renewable chemicals.
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