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SECRETION OF FATTY ACDS BY 
PHOTOSYNTHETIC MICROORGANISMS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims benefit of provisional appli 
cation 61/007,333 filed 11 Dec. 2007. The contents of this 
application are incorporated herein by reference. 

TECHNICAL FIELD 

0002 This invention relates to photosynthetic microor 
ganisms that convert inorganic carbon to fatty acids and 
secrete them into the culture medium, methods of production 
of fatty acids using such organisms, and uses thereof. The 
fatty acids may be used directly or may be further modified to 
alternate forms such as esters, reduced forms such as alco 
hols, or hydrocarbons, for applications in different industries, 
including fuels and chemicals. 

BACKGROUND ART 

0003 Photosynthetic microorganisms, including eukary 
otic algae and cyanobacteria, contain various lipids, including 
polar lipids and neutral lipids. Polar lipids (e.g., phospholip 
ids, glycolipids, Sulfolipids) are typically present in structural 
membranes whereas neutral lipids (e.g., triacylglycerols, wax 
esters) accumulate in cytoplasmic oil bodies or oil globules. A 
substantial research effort has been devoted to the develop 
ment of methods to produce lipid-based fuels and chemicals 
from photosynthetic microorganisms. Typically, eukaryotic 
microalgae are grown under nutrient-replete conditions until 
a certain cell density is achieved, after which the cells are 
Subjected to growth under nutrient-deficient conditions, 
which often leads to the accumulation of neutral lipids. The 
cells are then harvested by various means (e.g., settling, 
which can be facilitated by the addition of flocculants, fol 
lowed by centrifugation), dried, and then the lipids are 
extracted from the cells by the use of various non-polar sol 
vents. Harvesting of the cells and extraction of the lipids are 
cost-intensive steps. It would be desirable to obtain lipids 
from photosynthetic microorganisms without the require 
ment for cell harvesting and extraction. 
0004 PCT publication numbers WO2007/136762 and 
WO2008/119082 describe the production of biofuel compo 
nents using microorganisms. These documents disclose the 
production by these organisms offatty acid derivatives which 
are, apparently, short and long chain alcohols, hydrocarbons, 
fatty alcohols and esters including waxes, fatty acid esters or 
fatty esters. To the extent that fatty acid production is 
described, it is proposed as an intermediate to these deriva 
tives, and the fatty acids are therefore not secreted. Further, 
there is no disclosure of converting inorganic carbon directly 
to secreted fatty acids using a photosynthetic organism grown 
in a culture medium containing inorganic carbon as the pri 
mary carbon Source. The present invention takes advantage of 
the efficiency of photosynthetic organisms in secreting fatty 
acids into the medium in order to recover these valuable 
compounds. 
0005. The invention includes the expression of heterolo 
gous acyl-ACP thioesterase (TE) genes in photosynthetic 
microbes. Many of these genes, along with their use to alter 
lipid metabolism in oilseeds, have been described previously. 
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Genes encoding the proteins that catalyze various steps in the 
synthesis and further metabolism offatty acids have also been 
extensively described. 
0006. The two functional classes of plant acyl-ACP 
thioesterases (unsaturated fatty acid-recognizing Fat A versus 
saturated fatty acid-recognizing FatB) can be clustered based 
onamino acid sequence alignments as well as function. Fat AS 
show marked preference for 18:1-ACP with minor activity 
towards 18:0- and 16:0-ACPs, and FatBs hydrolyze primarily 
saturated acyl-ACPs with chain lengths that vary between 
8-16 carbons. Several studies have focused on engineering 
plant thioesterases with perfected or altered substrate speci 
ficities as a strategy for tailoring specialty seed oils. 
0007 As shown in FIG. 1, fatty acid synthetase catalyzes 
a repeating cycle wherein malonyl-acyl carrier protein (ACP) 
is condensed with a substrate, initially acetyl-CoA, to form 
acetoacetyl-ACP liberating CO. The acetoacetyl-ACP is 
then reduced, dehydrated, and reduced further to butyryl 
ACP which can then itself be condensed with malonyl-ACP, 
and the cycle repeated, adding a 2-carbon unit at each turn. 
The production of free fatty acids would therefore be 
enhanced by a thioesterase that would liberate the fatty acid 
itself from ACP. breaking the cycle. That is, the acyl-ACP is 
prevented from reentering the cycle. Production of the fatty 
acid would also be encouraged by enhancing the levels of 
fatty acid synthetase and inhibiting any enzymes which result 
in degradation or further metabolism of the fatty acid. 
0008 FIG. 2 presents a more detailed description of the 
sequential formation of acyl-ACPs of longer and longer 
chains. As shown, the thioesterase enzymes listed in FIG. 2 
liberate the fatty acid from the ACP thioester. 
0009 Taking advantage of this principle, Dehesh, K., et 

al., The Plant Journal (1996) 9:167-172, describe “Produc 
tion of high levels of octanoic (8:0) and decanoic (10:0) fatty 
acids in transgenic canola by overexpression of ChFatB2, a 
thioesterase cDNA from Cuphea hookeriana. Dehesh, K., et 
al., Plant Physiology (1996) 110:203-210, and report “Two 
novel thioesterases are key determinants of the bimodal dis 
tribution of acyl chain length of Cuphea palustris seed oil.’ 
(0010 Voelker, T., et al., Science (1992) 257:72-74, 
describe “Fatty acid biosynthesis redirected to medium 
chains in transgenic oilseed plants. Voelker, T., and Davies, 
M., Journal of Bacteriology (1994) 176:7320-7327, describe 
“Alteration of the specificity and regulation offatty acid syn 
thesis of Escherichia coli by expression of a plant medium 
chain acyl-acyl carrier protein thioesterase.” 

DISCLOSURE OF THE INVENTION 

0011. The present invention is directed to the production 
of recombinant photosynthetic microorganisms that are able 
to secrete fatty acids derived from inorganic carbon into the 
culture medium. Methods to remove the secreted fatty acids 
from the culture medium without the need for cell harvesting 
are also provided. It is anticipated that these improvements 
will lead to lower costs for producing lipid-based fuels and 
chemicals from photosynthetic microorganisms. In addition, 
this invention enables the production offatty acids of defined 
chain length, thus allowing their use in the formulation of a 
variety of different products, including fuels and chemicals. 
0012 Carbon dioxide (which, along with carbonic acid, 
bicarbonate and/or carbonate define the term “inorganic car 
bon') is converted in the photosynthetic process to organic 
compounds. The inorganic carbon source includes any way of 
delivering inorganic carbon, optionally in admixture with any 
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other combination of compounds which do not serve as the 
primary carbon feedstock, but only as a mixture or carrier (for 
example, emissions from biofuel (e.g., ethanol) plants, power 
plants, petroleum-based refineries, as well as atmospheric 
and Subterranean Sources). 
0013. One embodiment of the invention relates to a culture 
of recombinant photosynthetic microorganisms, said organ 
isms comprising at least one recombinant expression vector 
encoding at least one exogenous acyl-ACP thioesterase, 
wherein the at least one exogenous acyl-ACP thioesterase 
preferentially liberates fatty acid chains containing 6 to 20 
carbons from these ACP thioesters. The fatty acids are formed 
from inorganic carbon as their carbon Source and the culture 
contains Substantially only inorganic carbon as a carbon 
Source. The presence of the exogenous thioesterase will 
increase the secretion levels of desired fatty acids by at least 
2-4 fold. 
0014 Specifically, in one embodiment, the invention is 
directed to a cell culture of a recombinant photosynthetic 
microorganism where the microorganism has been modified 
to contain a nucleic acid molecule comprising at least one 
recombinant expression system that produces at least one 
exogenous acyl-ACP thioesterase, wherein said acyl-ACP 
thioesterase preferentially liberates a fatty acid chain that 
contains 6-20 carbons, and wherein the culture medium pro 
vides inorganic carbon as Substantially the sole carbon Source 
and wherein said microorganism secretes the fatty acid liber 
ated by the acyl-ACP thioesterase into the medium. In alter 
native embodiments, the thioesterase preferentially liberates 
a fatty acid chain that contains 6,7,8,9, 10, 11, 12, 13, 14, 15, 
16, 17, 18, 19 or 20 carbons. 
0015. In other aspects, the invention is directed to a 
method to produce fatty acids of desired chain lengths by 
incubating these cultures and recovering these secreted fatty 
acids from the cultures. In one embodiment, the recovery 
employs solid particulate adsorbents to harvest the secreted 
fatty acids. The fatty acids thus recovered can be further 
modified synthetically or used directly as components of 
biofuels or chemicals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0016 FIG. 1 is a diagram of the pathway of fatty acid 
synthesis as is known in the art. 
0017 FIG. 2 is a more detailed diagram of the synthesis of 
fatty acids of multiple chain lengths as is known in the art. 
0018 FIG. 3 is an enzymatic overview of fatty acid bio 
synthesis identifying enzymatic classes for the production of 
various chain length fatty acids. 
0019 FIG. 4 is a schematic diagram of a recovery system 
for fatty acids from the medium. 
0020 FIG. 5 shows an experimental system based on the 
principles in FIG. 4. 
0021 FIG. 6 shows representative acyl-ACP thioesterase 
from a variety of organisms. 

MODES OF CARRYING OUT THE INVENTION 

0022. The present invention provides photosynthetic 
microorganisms that secrete fatty acids into the culture 
medium, along with methods to adsorb the fatty acids from 
the culture medium and collect them for processing into fuels 
and chemicals. The invention thereby eliminates or greatly 
reduces the need to harvest and extract the cells, resulting in 
Substantially reduced production costs. 
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0023 FIG. 2 is an overview of one aspect of the invention. 
As shown in FIG. 2, carbon dioxide is converted to acetyl 
CoA using the multiple steps in the photosynthetic process. 
The acetyl-CoA is then converted to malonyl-CoA by the 
action of acetyl-CoA carboxylase. The malonyl-CoA is then 
converted to malonyl-ACP by the action of malonyl-CoA: 
ACP transacylase which, upon progressive action of fatty 
acid synthetase, results in Successive additions of two carbon 
units. In one embodiment of the invention, the process is 
essentially halted at carbon chain lengths of 6 or 8 or 10 or 12 
or 14 or 16 or 18 carbons by Supplying the appropriate 
thioesterase (shown in FIG. 2 as FatB). To the extent that 
further conversions to longer chain fatty acids occur in this 
embodiment, the cell biomass can be harvested as well. The 
secreted fatty acids can be converted to various other forms 
including, for example, methyl esters, alkanes, alkenes, 
alpha-olefins and fatty alcohols. 
(0024. Thioesterases (Acyl-ACPTEs) 
0025. In order to effect secretion of the free fatty acids, the 
organism is provided at least one expression system for at 
least one thioesterase that operates preferentially to liberate 
fatty acids of the desired length. Many genes encoding Such 
thioesterases are available in the art. Some of these are sub 
jects of U.S. patents as follows: 
(0026. Examples include U.S. Pat. No. 5,298.421, entitled 
“Plant medium-chain-preferring acyl-ACP thioesterases and 
related methods,” which describes the isolation of an acyl 
ACP thioesterase and the gene that encodes it from the imma 
ture seeds of Umbellularia Californica. Other sources for 
Such thioesterases and their encoding genes include U.S. Pat. 
No. 5,304,481, entitled “Plant thioesterase having preferen 
tial hydrolase activity toward C12 acyl-ACP substrate.” U.S. 
Pat. No. 5,344,771, entitled “Plant thioesterases. U.S. Pat. 
No. 5,455,167, entitled “Medium-chain thioesterases in 
plants.” U.S. Pat. No. 5,512,482, entitled “Plant 
thioesterases, U.S. Pat. No. 5,530,186, entitled “Nucleotide 
sequences of Soybean acyl-ACP thioesterase genes. U.S. 
Pat. No. 5,639,790, entitled “Plant medium-chain 
thioesterases, U.S. Pat. No. 5,667,997, entitled “C8 and C10 
medium-chain thioesterases in plants.” U.S. Pat. No. 5,723, 
761, entitled “Plant acyl-ACP thioesterase sequences. U.S. 
Pat. No. 5,807,893, entitled “Plant thioesterases and use for 
modification of fatty acid composition in plant seed oils.” 
U.S. Pat. No. 5,850,022, entitled “Production of myristate in 
plant cells.” U.S. Pat. No. 5,910,631, entitled “Middle chain 
specific thioesterase genes from Cuphea lanceolata.” U.S. 
Pat. No. 5,945,585, entitled “Specific for palmitoyl, stearoyl 
and oleoyl-alp thioesters nucleic acid fragments encoding 
acyl-ACP thioesterase enzymes and the use of these frag 
ments in altering plant oil composition.” U.S. Pat. No. 5,955, 
329, entitled “Engineering plant thioesterases for altered sub 
strate specificity.” U.S. Pat. No. 5,955,650, entitled 
“Nucleotide sequences of canola and soybean palmitoyl-ACP 
thioesterase genes and their use in the regulation offatty acid 
content of the oils of soybean and canola plants, and U.S. Pat. 
No. 6,331,664, entitled Acyl-ACP thioesterase nucleic acids 
from maize and methods of altering palmitic acid levels in 
transgenic plants therewith.” 
0027. Others are described in the open literature as fol 
lows: 

(0028 Dörmann, P. et al., Planta (1993) 189:425-432, 
describe “Characterization of two acyl-acyl carrier protein 
thioesterases from developing Cuphea seeds specific for 
medium-chain and oleoyl-acyl carrier protein. Dörmann, P. 
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et al., Biochimica Biophysica Acta (1994) 1212:134-136, 
describe “Cloning and expression in Escherichia coli of a 
cDNA coding for the oleoyl-acyl carrier protein thioesterase 
from coriander (Coriandrum sativum L.). Filichkin, S., et al., 
European Journal of Lipid Science and Technology (2006) 
108:979-990, describe “New FATB thioesterases from a 
high-laurate Cuphea species: Functional and complementa 
tion analyses.” Jones, A., et al., Plant Cell (1995) 7:359-371, 
describe “Palmitoyl-acyl carrier protein (ACP) thioesterase 
and the evolutionary origin of plant acyl-ACP thioesterases.” 
Knutzon, D. S., et al., Plant Physiology (1992) 100:1751 
1758, describe “Isolation and characterization of two saf 
flower oleoyl-acyl carrier protein thioesterase cDNA clones.” 
Slabaugh, M., et al., The Plant Journal (1998) 13:611-620, 
describe “Condensing enzymes from Cuphea Wrightii asso 
ciated with medium chain fatty acid biosynthesis.” 
0029. Additional genes, not previously isolated, that 
encode these acyl-ACPTEs can be isolated from plants that 
naturally contain large amounts of medium-chain fatty acids 
in their seed oil, including certain plants in the Lauraceae, 
Lythraceae, Rutaceae, Ulmaceae, and Vochysiaceae families. 
Typically, the fatty acids produced by the seeds of these plants 
are esterified to glycerol and retained inside the cells. The 
seeds containing the products can then be harvested and pro 
cessed to isolate the fatty acids. Other sources of these 
enzymes, such as bacteria may also be used. 
0030. The known acyl-ACP TEs from plants can be 
divided into two main classes, based on their amino acid 
sequences and their specificity for acyl-ACPs of differing 
chain lengths and degrees of unsaturation. The “Fat A' type of 
plant acyl-ACP TE has preferential activity on oleoyl-ACP, 
thereby releasing oleic acid, an 18-carbon fatty acid with a 
single double bond nine carbons distal to the carboxyl group. 
The “FatB” type of plant acyl-ACPTE has preferential activ 
ity on saturated acyl-ACPs, and can have broad or narrow 
chain length specificities. For example, FatB enzymes from 
different species of Cuphea have been shown to release fatty 
acids ranging from eight carbons in length to sixteen carbons 
in length from the corresponding acyl-ACPs. Listed below in 
Table 1 are several plant acyl-ACP TEs along with their 
Substrate preferences. (Fatty acids are designated by standard 
shorthand notation, wherein the number preceding the colon 
represents the acyl chain length and the number after the 
colon represents the number of double bonds in the acyl 
chain.) 

TABLE 1. 

Plant Acyl-ACP Thioesterase 

Garcinia mangosiana FatA 18:1 and 18:0 
Carthamus tinctorius FatA 18:1 
Coriandrum sativum FatA 18:1 
Cuphea hookeriana FatB1 16:O 
Cuphea hookeriana FatB2 8:0 and 10:0 
Cuphea wrightii FatB1 12:0 to 16:O 
Cuphea palustris FatB1 8:0 and 10:0 
Cuphea palustris FatB2 14:0 and 16:0 
Cuphea calophylla FatB1 12:0 to 16:O 
Umbellularia Californica FatB1 12:O 
Ulmus americana FatB1 8:0 and 10:0 

0031. The enzymes listed in Table 1 are exemplary and 
many additional genes encoding acyl-ACP TES can be iso 
lated and used in this invention, including but not limited to 
genes such as those that encode the following acyl-ACPTEs 
(referred to by GenPept Accession Numbers): 
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0032 CAA52069.1, CAA52070.1, CAA54060.1, 
CAA85387.1, CAA85388.1, CAB60830.1, CAC19933. 
1, CAC 1993.4.1, CAC39106.1 CAC80370.1, 
CAC80371.1, CAD32683.1, CAL50570.1, CAN60643. 
1, CAN81819.1, CAO17726.1, CAO42218.1, 
CAO65585.1, CAO68322.1, AAA33019.1, 
AAA33020.1, AAB51523.1, AAB51524.1, 
AAB51525.1, AAB71729.1, AAB71730.1, AAB71731. 
1, AAB88824.1, AAC49001.1, AAC49002.1, 
AAC49179.1, AAC49180.1, AAC49269.1, AAC49783. 
1, AAC4978.4.1, AAC7288.1.1, AAC72882.1, 
AAC72883.1, AADO1982.1, AAD28187.1, 
AAD33870. 1, AAD42220.2, AAG35064.1, 
AAG43857.1, AAG43858.1, AAG43859.1, 
AAG43860.1, AAG43861.1, AAL15645.1, AAL77443. 
1, AAL77445.1, AAL79361.1, AAMO9524.1, 
AAN17328.1, AAQ08202.1, AAQ08223.1, 
AAX51636.1, AAX51637.1, ABB71579.1, ABB71581. 
1, ABC473.11.1, ABD83939.1, ABE01139.1, 
ABH11710.1, ABI18986.1, ABI20759.1, ABI20760.1, 
ABL85052.1, ABU96744.1, EAY74210.1, EAY86874. 
1, EAY86877.1, EAY86884.1, EAY996.17.1, 
EAZO1545.1, EAZO9668.1, EAZ12044.1, EAZ23982. 
1, EAZ37535.1, EAZ45287.1, NP 001047567.1, 
NP 001056776.1, NP 001057985.1 
NP 001063601.1, NP 001068400.1, NP 172327.1, 
NP 189147.1, NP 193041.1, XP 001415703.1, 
Q39473, Q39513, Q41635, Q42712, Q9SQI3, 
NP 189147.1, AAC49002, CAA52070.1, CAA52069. 
1, 193041.1, CAC39106, CAO17726, AAC72883, 
AAA33020, AAL79361, AAQ08223.1, AAB51523, 
AAL77443, AAA33019, AAG35064, and AAL77445. 

Additional sources of acyl-ACP TEs that are useful in the 
present invention include: Arabidopsis thaliana (At); 
Bradyrhizobium japonicum (B); Brassica napus (Bn); Cin 
namomum camphorum (CC); Capsicum chinense (Cch); 
Cuphea hookeriana (Ch); Cuphea lanceolata (Cl); Cuphea 
palustris (Cp); Coriandrum sativum (Cs); Carthamus tincto 
rius (Ct); Cuphea Wrightii (Cw); Elaeisguineensis (Eg); Gos 
sypium hirsutum (Gh); Garcinia mangostana (Gm); Helian 
thus annuus (Ha); Iris germanica (Ig); Iris tectorum (It); 
Myristica fragrams (Mf); Triticum aestivum (Ta); Ulmus 
Americana (Ua); and Umbellularia Californica (Uc). Exem 
plary TEs are shown in FIG. 6 with corresponding NCBI 
accession numbers. 

0033. In one embodiment, the present invention contem 
plates the specific production of an individual length of 
medium-chain fatty acid, for example, predominently pro 
ducing C8 fatty acids in one culture of recombinant photo 
synthetic microorganisms. In another embodiment, the 
present invention contemplates the production of a combina 
tion of two or more different length fatty acids, for example, 
both C8 and C10 fatty acids in one culture of recombinant 
photosynthetic microorganisms. 
0034 Illustrated below are manipulations of these art 
known genes to construct Suitable expression systems that 
result in production of effective amounts of the thioesterases 
in selected recombinant photosynthetic organisms. In Such 
constructions, it may be desirable to remove the portion of the 
gene that encodes the plastid transit peptide region, as this 
region is inappropriate in prokaryotes. Alternatively, if 
expression is to take place in eukaryotic cells, the appropriate 
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plastid transit peptide encoding region to the host organism 
may be substituted. Preferred codons may also be employed, 
depending on the host. 
0035. Other Modifications 
0036. In addition to providing an expression system for 
one or more appropriate acyl-ACPTE genes, further alter 
ations in the photosynthetic host may be made. For example, 
the host may be modified to include an expression system for 
a heterologous gene that encodes a B-ketoacyl synthase 
(KAS) that preferentially produces acyl-ACPs having 
medium chain lengths. Such KAS enzymes have been 
described from several plants, including various species of 
Cuphea. See Dehesh, K., et al., The Plant Journal (1998) 
15:383-390, describe “KAS IV: a 3-ketoacyl-ACP synthase 
from Cuphea sp. is a medium chain specific condensing 
enzyme’; Slabaugh, M., et al., The Plant Journal (1998) 
13:611-620), and would serve to increase the availability of 
acyl-ACP molecules of the proper length for recognition and 
cleavage by the heterologous medium-chain acyl-ACP TE. 
Another example is that the photosynthetic host cell contain 
ing a heterologous acyl-ACPTE gene may be further modi 
fied to include an expression system for a heterologous gene 
that encodes a multifunctional acetyl-CoA carboxylase or a 
set of heterologous genes that encode the various Subunits of 
a multi-subunit type of acetyl-CoA carboxylase. Other heter 
ologous genes that encode additional enzymes or components 
of the fatty acid biosynthesis pathway could also be intro 
duced and expressed in acyl-ACPTE-containing host cells. 
0037. The photosynthetic microorganism may also be 
modified Such that one or more genes that encode beta-oxi 
dation pathway enzymes have been inactivated or downregu 
lated, or the enzymes themselves may be inhibited. This 
would prevent the degradation of fatty acids released from 
acyl-ACPs, thus enhancing the yield of secreted fatty acids. In 
cases where the desired products are medium-chain fatty 
acids, the inactivation or downregulation of genes that encode 
acyl-CoA synthetase and/or acyl-CoA oxidase enzymes that 
preferentially use these chain lengths as substrates would be 
beneficial. Mutations in the genes encoding medium-chain 
specific acyl-CoA synthetase and/or medium-chain-specific 
acyl-CoA oxidase enzymes such that the activity of the 
enzymes is diminished would also be effective in increasing 
the yield of secreted fatty acids. An additional modification 
inactivates or down-regulates the acyl-ACP synthetase gene 
or inactivates the gene or protein. Mutations in the genes can 
be introduced either by recombinant or non-recombinant 
methods. These enzymes and their genes are well known, and 
may be targeted specifically by disruption, deletion, genera 
tion of antisense sequences, generation of ribozymes or other 
recombinant approaches known to the practitioner. Inactiva 
tion of the genes can also be accomplished by random muta 
tion techniques such as UV, and the resulting cells screened 
for successful mutants. The proteins themselves can be inhib 
ited by intracellular generation of appropriate antibodies or 
intracellular generation of peptide inhibitors. 
0038. The photosynthetic microorganism may also be 
modified Such that one or more genes that encode storage 
carbohydrate or polyhydroxyalkanoate (PHA) biosynthesis 
pathway enzymes have been inactivated or down-regulated, 
or the enzymes themselves may be inhibited. Examples 
include enzymes involved in glycogen, starch, or chrysolami 
narin synthesis, including glucan synthases and branching 
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enzymes. Other examples include enzymes involved in PHA 
biosynthesis Such as acetoacetyl-CoA synthase and PHA Syn 
thase. 
0039 Expression Systems 
0040 Expression of heterologous genes in cyanobacteria 
and eukaryotic algae is enabled by the introduction of appro 
priate expression vectors. For transformation of cyanobacte 
ria, a variety of promoters that function in cyanobacteria can 
be utilized, including, but not limited to the lac, tac, and trc 
promoters and derivatives that are inducible by the addition of 
isopropyl B-D-1-thiogalactopyranoside (IPTG), promoters 
that are naturally associated with transposon- or bacterial 
chromosome-borne antibiotic resistance genes (neomycin 
phosphotransferase, chloramphenicol acetyltransferase, 
spectinomycinadenyltransferase, etc.), promoters associated 
with various heterologous bacterial and native cyanobacterial 
genes, promoters from viruses and phages, and synthetic 
promoters. Promoters isolated from cyanobacteria that have 
been used successfully include the following: 
0041 secA (secretion; controlled by the redox state of the 
cell) 
0042 rbc (Rubisco operon) 
0043 psaAB (PS I reaction center proteins; light regu 
lated) 
0044 psbA (D1 protein of PSII; light-inducible) 
0045 Likewise, a wide variety of transcriptional termina 
tors can be used for expression vector construction. Examples 
of possible terminators include, but are not limited to, psbA, 
psaAB, rbc. secA, and T7 coat protein. 
0046 Expression vectors are introduced into the cyano 
bacterial strains by standard methods, including, but not lim 
ited to, natural DNA uptake, conjugation, electroporation, 
particle bombardment, and abrasion with glass beads, SiC 
fibers, or other particles. The vectors can be: 1) targeted for 
integration into the cyanobacterial chromosome by including 
flanking sequences that enable homologous recombination 
into the chromosome, 2) targeted for integration into endog 
enous cyanobacterial plasmids by including flanking 
sequences that enable homologous recombination into the 
endogenous plasmids, or 3) designed Such that the expression 
vectors replicate within the chosen host. 
0047 For transformation of green algae, a variety of gene 
promoters and terminators that function in green algae can be 
utilized, including, but not limited to promoters and termina 
tors from Chlamydomonas and other algae, promoters and 
terminators from viruses, and synthetic promoters and termi 
natOrS. 

0048 Expression vectors are introduced into the green 
algal strains by Standard methods, including, but not limited 
to, electroporation, particle bombardment, and abrasion with 
glass beads, SiC fibers, or other particles. The vectors can be 
1) targeted for site-specific integration into the green algal 
chloroplast chromosome by including flanking sequences 
that enable homologous recombination into the chromosome, 
or 2) targeted for integration into the cellular (nucleus-local 
ized) chromosome. 
0049. For transformation of diatoms, a variety of gene 
promoters that function in diatoms can be utilized in these 
expression vectors, including, but not limited to: 1) promoters 
from Thalassiosira and other heterokont algae, promoters 
from viruses, and synthetic promoters. Promoters from 
Thalassiosira pseudonana that would be suitable for use in 
expression vectors include an alpha-tubulin promoter (SEQ 
ID NO:1), a beta-tubulin promoter (SEQ ID NO:2), and an 
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actin promoter (SEQID NO:3). Promoters from Phaeodacy 
lum tricornutum that would be suitable for use in expression 
vectors include an alpha-tubulin promoter (SEQID NO:4), a 
beta-tubulin promoter (SEQID NO:5), and an actin promoter 
(SEQ ID NO:6). These sequences are deduced from the 
genomic sequences of the relevant organisms available in 
public databases and are merely exemplary of the wide vari 
ety of promoters that can be used. The terminators associated 
with these and other genes, or particular heterologous genes 
can be used to stop transcription and provide the appropriate 
signal for polyadenylation and can be derived in a similar 
manner or are known in the art. 
0050 Expression vectors are introduced into the diatom 
strains by standard methods, including, but not limited to, 
electroporation, particle bombardment, and abrasion with 
glass beads, SiC fibers, or other particles. The vectors can be 
1) targeted for site-specific integration into the diatom chlo 
roplast chromosome by including flanking sequences that 
enable homologous recombination into the chromosome, or 
2) targeted for integration into the cellular (nucleus-local 
ized) chromosome. 
0051) Host Organisms 
0052. The host cells used to prepare the cultures of the 
invention include any photosynthetic organism which is able 
to convert inorganic carbon into a substrate that is in turn 
converted to fatty acid derivatives. These organisms include 
prokaryotes as well as eukaryotic organisms such as algae and 
diatoms. 
0053 Host organisms include eukaryotic algae and cyano 
bacteria (blue-green algae). Representative algae include 
green algae (chlorophytes), red algae, diatoms, prasino 
phytes, glaucophytes, chlorarachniophytes, euglenophytes, 
chromophytes, and dinoflagellates. A number of cyanobacte 
rial species are known and have been manipulated using 
molecular biological techniques, including the unicellular 
cyanobacteria Synechocystis sp. PCC6803 and Synechococ 
cus elongates PCC7942, whose genomes have been com 
pletely sequenced. 
0054 The following genera of cyanobacteria may be used: 
one group includes 

Chamaesiphon 
Chroococcus 
Cyanobacterium 
Cyanobium 
Cyanothece 
Dactylococcopsis 
Gioeobacter 
Gloeocapsa 
Gioeothece 
Microcystis 
Prochiorococcus 
Prochioron 
Synechococcus 
Synechocystis 

0055 Another group includes 

Cyanocystis 
Dermocarpella 
Stanieria 
Xenococcits 
Chroococcidiopsis 
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-continued 

Myxosarcina 
Pleurocapsa 

0056 Still another group includes 

Arthrospira 
Borzia 
Crinaium 
Geitierinema 
Halospirulina 
Leptolyngbya 
Limnothrix 
Lyngbya 
Microcoieus 
Osciliatoria 
Pianktoihrix 
Prochiorothrix 
Pseudanabaena 
Spirulina 
Starria 
Sympioca 
Trichodesmium 
Tychonema 

0057. Still another group includes 

Anabaena 
Anabaenopsis 
Aphanizomenon 
Caiothrix 
Cyanospira 
Cylindrospermopsis 
Cylindrospermum 
Nodularia 
Nostoc 
Rivularia 
Scytonema 
Tolypothrix 

0.058 And another group includes 

Chlorogloeopsis 
Fischereiia 
Geitieria 
Iyengariella 
Nostochopsis 
Stigonema 

0059. In addition, various algae, including diatoms and 
green algae can be employed. 
0060. Desirable qualities of the host strain include high 
potential growth rate and lipid productivity at 25-50°C., high 
light intensity tolerance, growth in brackish or saline water, 
i.e., in wide range of water types, resistance to growth inhi 
bition by high O. concentrations, filamentous morphology to 
aid harvesting by Screens; resistance to predation, ability to be 
flocculated (by chemicals or on-demand autoflocculation), 
excellent inorganic carbon uptake characteristics, virus or 
cyanophage-resistance, tolerance to free fatty acids or other 
compounds associated with the invention method, and ability 
to undergo metabolic engineering. 
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0061 Metabolic engineering is facilitated by the ability to 
take up DNA by electroporation or conjugation, lack of a 
restriction system and efficient homologous recombination in 
the event gene replacement or gene knockouts are required. 
0062 
0063. The fatty acids secreted into the culture medium by 
the recombinant photosynthetic microorganisms described 
above can be recovered in a variety of ways. A straightfor 
ward isolation method by partition using immiscible solvents 
may be employed. In one embodiment, particulate adsorbents 
can be employed. These may be lipophilic particulates or ion 
exchange resins, depending on the design of the recovery 
method. They may be circulating in the separated medium 
and then collected, or the medium may be passed over a fixed 
bed column, for example, a chromatographic column con 
taining these particulates. The fatty acids are then eluted from 
the particulate adsorbents by the use of an appropriate sol 
vent. Evaporation of the solvent, followed by further process 
ing of the isolated fatty acids and lipids can then be carried out 
to yield chemicals and fuels that can be used for a variety of 
commercial purposes. 
0064. The particulate adsorbents may have average diam 
eters ranging from 0.5 mm to 30 mm which can be manufac 
tured from various materials including, but not limited to, 
polyethylene and derivatives, polystyrene and derivatives, 
polyamide and derivatives, polyester and derivatives, poly 
urethane and derivatives, polyacrylates and derivatives, sili 
cone and derivatives, and polysaccharide and derivatives. 
Certain glass and ceramic materials can also be used as the 
Solid Support component of the fat adsorbing objects. The 
surfaces of the particulate adsorbents may be modified so that 
they are better able to bind fatty acids and lipids. An example 
of such modification is the introduction of ether-linked alkyl 
groups having various chain lengths, preferably 8-30 carbons. 
In another example, acyl chains of various lengths can be 
attached to the surface of the fat adsorbing objects via ester, 
thioester, or amide linkages. 
0065. In one embodiment, the particulate adsorbents are 
coated with inorganic compounds known to bind fatty acids 
and lipids. Examples of such compounds include but are not 
limited to aluminum hydroxide, graphite, anthracite, and 
silica. 

0066. The particles used may also be magnetized or oth 
erwise derivatized to facilitate recovery. For instance the par 
ticles may be coupled to one member of a binding pair and the 
adsorbed to a Substrate containing the relevant binding part 

. 

0067. The fatty acids may be eluted from the particulate 
adsorbents by the use of an appropriate solvent Such as hex 
ane or ethanol. The particulate adsorbents may be reused by 
returning them to the culture medium or used in a regenerated 
column. The solvent containing the dissolved fatty acids is 
then evaporated, leaving the fatty acids in a purified State for 
further conversion to chemicals and fuels. The particulate 
adsorbents can be designed to be neutrally buoyant or posi 
tively buoyant to enhance circulation in the culture medium. 
A continuous cycle offatty acid removal and recovery can be 
implemented by utilizing the steps outlined above. The recov 
ered fatty acids may be converted to alternative organic com 
pounds, used directly, or mixed with other components. 
Chemical methods for such conversions are well understood 
in the art, and developments of biological methods for Such 
conversions are also contemplated 

Fatty Acid Adsorption, Removal, and Recovery 
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0068. The present invention further contemplates a variety 
of compositions comprising the fatty acids produced by the 
recombinant photosynthetic microorganisms described 
herein, and uses thereof. The composition may comprise the 
fatty acids themselves, or further derivatives of the fatty acids, 
Such as alcohols, alkanes, and alkenes which can be generated 
from the fatty acids produced by the microorganisms by any 
methods that are known in the art, as well as by development 
of biological methods of conversion. For examples, fatty 
acids may be converted to alkenes by catalytic hydrogenation 
and catalytic dehydration. 
0069. The composition may serve, for example, as a 
biocrude. The biocrude can be processed through refineries 
that will convert the composition compounds to various 
petroleum and petrochemical replacements, including 
alkanes, olefins and aromatics through processes including 
hydrotreatment, decarboxylation, isomerization and catalytic 
cracking and reforming. The biocrude can be also converted 
to ester-based fuels, such as fatty acid methyl ester (commer 
cially known as biodiesel), through established chemical pro 
cesses including transesterification and esterification. 
0070. In addition, one of skill in the art could contemplate 
a variety of other uses for the fatty acids of the present inven 
tion, and derivatives thereof, that are well known in the art, for 
example, the production of chemicals, Soaps, Surfactants, 
detergents, lubricants, nutraceuticals, pharmaceuticals, cos 
metics, etc. For example, derivatives of the fatty acids of the 
present invention include C8 chemicals, such as octanol, used 
in the manufacture of esters for cosmetics and flavors as well 
as for various medical applications, and octane, used prima 
rily as a co-monomer in production of polyethylene. Deriva 
tives of the fatty acids of the present invention may also 
include C10 chemicals, such as decanol, used in the manu 
facture of plasticizers, Surfactants and solvents, and decene, 
used in the manufacture of lubricants. 
0071 Biocrudes are biologically produced compounds or 
a mix of different biologically produced compounds that are 
used as a feedstock for refineries in replacement of, or in 
complement to, crude oil or other forms of petroleum. In 
general, but not necessarily, these feedstocks have been pre 
processed through biological, chemical, mechanical or ther 
mal processes in order to be in a liquid State that is adequate 
for introduction in a petroleum refinery. 
0072 The fatty acids of the present invention can be a 
biocrude, and further processed to a biofuel composition. The 
biofuel can then perform as a finished fuel or a fuel additive. 
0073 "Finished fuel is defined as a chemical compound 
or a mix of chemical compounds (produced through chemi 
cal, thermochemical or biological routes) that is in an 
adequate chemical and physical state to be used directly as a 
neat fuel or fuel additive in an engine. In many cases, but not 
always, the Suitability of a finished fuel for use in an engine 
application is determined by a specification which describes 
the necessary physical and chemical properties that need to be 
met. Some examples of engines are: internal combustion 
engine, gas turbine, steam turbine, external combustion 
engine, and steam boiler. Some examples of finished fuels 
include: diesel fuel to be used in a compression-ignited (die 
sel) internal combustion engine, jet fuel to be used in an 
aviation turbine, fuel oil to be used in a boiler to generate 
steam or in an external combustion engine, ethanol to be used 
in a flex-fuel engine. Examples of fuel specifications are 
ASTM standards, mainly used ion the US, and the EN stan 
dards, mainly used in Europe. 
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0074 “Fuel additive' refers to a compound or composi 
tion that is used in combination with another fuel for a variety 
of reasons, which include but are not limited to complying 
with mandates on the use of biofuels, reducing the consump 
tion of fossil fuel-derived products or enhancing the perfor 
mance of a fuel or engine. For example, fuel additives can be 
used to alter the freezing/gelling point, cloud point, lubricity, 
Viscosity, oxidative stability, ignition quality, octane level. 
and flash point. Additives can further function as antioxi 
dants, demulsifiers, oxygenates, thermal stability improvers, 
cetane improvers, stabilizers, cold flow improvers, combus 
tion improvers, anti-foams, anti-haze additives, icing inhibi 
tors, injector cleanliness additives, Smoke Suppressants, drag 
reducing additives, metal deactivators, dispersants, deter 
gents, demulsifiers, dyes, markers, static dissipaters, bio 
cides, and/or corrosion inhibitors. 
0075. The following examples are offered to illustrate but 
not to limit the invention. 

Example 1 

Secretion of Fatty Acids by Strains Derived from the 
Unicellular Photoautotrophic Cyanobacterium Syn 

echococcus elongatus PCC 7942 

0076. The Cuphea hookeriana FatB2 gene encoding an 
acyl-ACP thioesterase (ChFatB2) enzyme was modified for 
optimized expression in Synechococcus elongatus PCC 
7942. First, the portion of the gene that encodes the plastid 
transit peptide region of the native ChFatB2 protein was 
removed. The remainder of the coding region was then 
codon-optimized using the “Gene Designer Software pro 
gram (version 1.1.4.1) provided by DNA2.0, Inc. The nucle 
otide sequence of this derivative of the ChFatB2 gene (here 
after ChFatB2-7942) is provided as SEQ ID NO:7. The 
protein sequence encoded by this gene is provided in SEQID 
NO:8. 
0077. Two different versions of the trc promoter, trc 
(Egon, A., et al., Gene (1983) 25:167-178) and "enhanced 
trc (hereafter trcB. from pTrcHis A, Invitrogen) were used to 
drive the expression of ChFatB2-7942 in S. elongatus PCC 
7942. The trc promoter is repressed by the Lac repressor 
protein encoded by the lacIq gene and can be induced by the 
addition of isopropyl B-D-1-thiogalactopyranoside (IPTG). 
The trcB promoter is a derivative of trc designed to facilitate 
expression of eukaryotic proteins in E. coli and is also induc 
ible by IPTG. 
0078. The fusion fragments of ChFatB2-7942 operably 
linked to trc or trcF, together with the lacIq gene, were cloned 
into the shuttle vectorp.AM2314 (Mackey, S.R., et al., Meth 
ods Mol. Biol. (2007)362:115-129), which enables transfor 
mation of S. elongatus PCC 7942 via double homologous 
recombination-mediated integration into the “NS1 site of 
the chromosome. The constructed plasmid containing the 
trce:ChFatB2-7942 expression cassette and lacIq gene is 
designated pSGI-YC01. SEQ ID NO:9 represents the 
sequence between and including the NS1 recombination sites 
of pSGI-YC01. The constructed plasmid containing the trc: 
ChFatB2-7942 expression cassette and lacIq gene is desig 
nated pSGI-YC09. SEQID NO: 10 represents the sequence 
between and including the NS1 recombination sites of pSGI 
YCO9. 
0079. Each of the plasmids pSGI-YC01 and pSGI-YC09, 
along with the control vectorpAM2314, were introduced into 
wild-type S. elongatus PCC 7942 cells as described by 
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Golden and Sherman (J. Bacteriol. (1984) 158:36-42). Both 
recombinant and control strains were pre-cultivated in 100 
mL of BG-11 medium supplied with spectinomycin (5 mg/L) 
to late-log phase (ODzo-1.0) on a rotary shaker (150rpm) 
at 30°C. with constant illumination (60 uE m sec'). Cul 
tures were then subcultured at initial OD, 0.4–0.5 in 
BG-11 and cultivated overnight to OD, 0.7–0.9. For 
time-course study, 60 mL aliquots of the culture were trans 
ferred into 250-mL flasks and induced by adding IPTG (final 
conc.—1 mM) if applicable. Cultures were sampled 0, 48.96, 
and 168 hours after IPTG induction and then filtered through 
Whatman(R) GF/F filters using a Millipore vacuum filter mani 
fold. Filtrates were collected in screw top culture tubes for gas 
chromatographic (GC) analysis. 
0080 Free fatty acids (FFAs) were separated from filtered 
cell cultures using liquid-liquid extraction. Five mL of the 
filtrate were mixed with 125uL of 1 MHPO, and 0.25 mL of 
5 M NaCl, followed by addition of 2 mL of hexane and 
thorough mixing. For GC-FID analyze, a 0.2 ul sample of the 
hexane was injected using a 40:1 split ratio onto a DB-FFAP 
column (J&W Scientific, 15 mx250 Lumix0.25 um), with a 
temperature profile starting at 150° C. for 0.5 min, then heat 
ing at 15° C./min to 230° C. and holding for 7.1 min (1.1 
mL/min He). 
I0081 GCanalysis results indicating the levels of medium 
chain FFAs (8:0 and 10:0) in cultures containing various 
Synechococcus elongatus strains 168 hours after IPTG induc 
tion are shown in Table 1-1. 

TABLE 1-1 

Medium-chain fatty acid secretion in various strains 
of S. elongatus 

Fatty Acids 
Parent Plasmid mg/L. 

Strain Strain Added Transgenes 8:O 10:0 

SGC-YC2-5 PCC 7942 p.AM2314 Ole ND IND 
SGC-YC1-2 PCC 7942 pSGI-YCO1 trcE:ChFatB2- 1.5 3.5 

7942 
SGC-YC14-4 PCC 7942 pSGI-YCO9 trc:ChFatB2- 5.1 10.1 

7942 

Note: 
ND represents “not detected (<1 mg/L). 

Example 2 

Secretion of Fatty Acids by Strains Derived from the 
Unicellular Photoheterotrophic Cyanobacterium Syn 

echocystis sp. PCC 6803 

0082. The trcF::ChFatB2-7942 and trc:ChFatB2-7942 
fusion fragments, together with the lacIq gene, were cloned 
into the shuttle vector pSGI-YC03 (SEQ ID NO:11), which 
enables transformation of Synechocystis sp. PCC 6803 via 
double homologous recombination-mediated integration into 
the “RS1 site of the chromosome (Williams, Methods Enzy 
mol. (1988) 167:766-778). The constructed plasmid contain 
ing the trcE::ChFatB2-7942 expression cassette and lacIq 
gene is designated pSGI-YC08. SEQ ID NO:12 represents 
the sequence between and including the RS1 recombination 
sites of pSGI-YC08. The constructed plasmid containing the 
trc::ChFatB2-7942 expression cassette and lacIq gene is des 
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ignated pSGI-YC14. SEQID NO:13 represents the sequence 
between and including the RS1 recombination sites of pSGI 
YC14. 

I0083. Each of the plasmids pSGI-YC08, pSGI1-YC14, 
and the control vectorpSGI-YC03, was introduced into wild 
type Synechocystis PCC 6803 cells, as described by Zang, X. 
et al., J. Microbiol. (2007) 45:241-245. Both recombinant and 
control strains were pre-cultivated in 100 mL of BG-11 
medium Supplied with kanamycin (10 mg/L) to late-log phase 
(ODzo -1.0) on a rotary shaker (150 rpm) at 30° C. with 
constant illumination (60 uEm' sec'). Cultures were then 
subcultured at initial ODzo -0.4–0.5 in BG-11 and culti 
vated overnight to OD, 0.7–0.9. For time-course stud 
ies, 60-mL aliquots of the culture were transferred into 250 
mL flasks and induced by adding IPTG (final conc.—1 mM) 
when applicable. Cultures were sampled 0,72, and 144 hours 
after IPTG induction and then filtered through Whatman(R) 
GF/B filters using a Millipore vacuum filter manifold. Fil 
trates were collected in screw top culture tubes for gas chro 
matographic (GC) analysis. Free fatty acids (FFA) were sepa 
rated from the filtered culture supernatant solutions by liquid 
liquid extraction. For each sample, 2 mL filtered culture was 
extracted with a mixture of 50 ul phosphoric acid (1 M), 100 
ul NaCl (5 M) and 2 mL hexane. A 0.2 ul sample was injected 
using a 40:1 split ratio on to a DB-FFAP column (J&W 
Scientific, 15 mx250 umx0.25um), with a temperature pro 
file starting at 150° C. for 0.5 min, then heating at 15°C./min 
to 230° C. and holding for 7.1 min (1.1 mL/min He). 
0084 GCanalysis results indicating the levels of medium 
chain FFAs (8:0 and 10:0) in cultures 144 hours after IPTG 
induction are shown in Table 2-1. 

TABLE 2-1 

Medium-chain fatty acid secretion in various strains 
of Synechocystis. 

Fatty Acids 
Parent Plasmid Ing/L 

Strain Strain Added Transgenes 8:O 10:0 

SGC-YC9-8 PCC 6803 pSGI-YCO3 none ND IND 
SGC-YC10-5 PCC 6803 pSGI-YCO8 trcE::ChFatB2- 61.3 52.7 

7942 
SGC-YC16-2 PCC 6803 pSGI-YC14 trc:ChFatB2- 2.7 5.8 

7942 

Note: 
ND represents “not detected (<1 mg/L). 

Example 3 

Secretion of Fatty Acids by Strains Derived from the 
Filamentous Cyanobacterium Anabaena variabilis 

ATCC 29413 

0085. The trc::ChFatB2-7942 and trcE::ChFatB2-7942 
fusion fragments, together with the lacIq gene, were PCR 
amplified using primers RS3-3F (SEQID NO:14) and 4YC 
rrnBter-3 (SEQ ID NO:15) from pSG1-YC14 and pSGI 
YC08, respectively, and then cloned into the shuttle vector 
pEL17, which enables transformation of A. variabilis ATCC 
29413 via double homologous recombination-mediated inte 
gration into the niful locus of the chromosome (Lyons and 
Thiel, J. Bacteriol. (1995) 177:1570-1575). The constructed 
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plasmids are designated pSG1-YC69 and pSG1-YC70 for 
trc:ChFatB2-7942 and trcB::ChFatB2-7942, respectively. 
I0086) Each of the plasmids pSG1-YC69, pSG1-YC70, 
along with the control vector p L17, are introduced into 
wild-type A. variabilis ATCC 29413 cells via tri-parental 
conjugation, as described by Elhai and Wolk (Methods Enzy 
mol. (1988) 167:747-754). Both recombinant and control 
strains are pre-cultivated in 100 mL of BG-11 medium sup 
plied with 5 mM NHCl and spectinomycin (3 mg/L) to 
late-log phase (ODo 1.0) on a rotary shaker (150 rpm) at 
30°C. with constant illumination (60 uEm°sec'). Cultures 
are then subcultured at initial OD, 0.4–0.5 in BG-11 
and cultivated overnight to OD, 0.7–0.9. For time 
course studies, 60-mL aliquots of the culture are transferred 
into 250 mL flasks and induced by adding IPTG (final conc. 
=1 mM) if applicable. Cultures are sampled every 72 hours 
and then filtered through Whatman(R) GF/F filters using a 
Millipore vacuum filter manifold. Filtrates are collected in 
screw top culture tubes for gas chromatographic (GC) analy 
sis as described in Example 1. 

Example 4 

Secretion of Fatty Acids in Strains Derived from 
Synechococcus elongatus PCC 7942 Containing an 

Inactivated Acyl-ACP Synthetase Gene 

0087. A putative acyl-ACP synthetase gene in S. elongatus 
PCC 7942, synpcc7942 0918 (Cyanobase gene designa 
tion), was disrupted via replacing of an internal 422-bp por 
tion of its coding region with a 1,741-bp DNA sequence 
carrying the chloramphenicol resistance marker gene, cat 
(which encodes chloramphenicol acetyltransferase). Primer 
pairs 918-15 (SEQID NO:16)/918-13 (SEQID NO: 17) and 
918-25 (SEQID NO:18)/918-23 (SEQID NO:19) were used 
to amplify two DNA fragments corresponding to a 5" portion 
(1-480 bp) and a 3' portion (903-1521 bp) of the coding region 
of synpcc7942 0918, respectively. The cat fragment was 
amplified from plasmid paM1573 (Mackey et al., Methods 
Mol. Biol. 362:115-29) using PCR with primers NS21-3 Cm 
(SEQ ID NO:20) and ter-3 Cm (SEQ ID NO:21), which 
overlap primers 918-13 and 918-25, respectively. The recom 
binant chimeric PCR technique was then used to amplify the 
complete disruption cassette with the three aforementioned 
PCR fragments, as well as primers 918-15 and 918-23. The 
resulting 2,840-bp blunt-end PCR fragment (SEQID NO:22) 
was then ligated into puC19 (Yanisch-Perron et al., Gene 
33:103-119), which has been digested with both HindIII and 
EcoRI to remove the multiple cloning sites and Subsequently 
blunted with T4 DNA polymerase, to yield plasmid pSGI 
YCO4. 

I0088 Plasmid pSG1-YC04 was introduced into S. elon 
gatus strain SGC-YC1-2, which harbors a copy of trcF:: 
ChFatB2-7942 integrated into NS1 (see Example 1). The 
resulting strain was designated SGC-YC4-7. Fatty acid pro 
duction assays and GC analyses were performed as described 
in Example 1. The results of GCanalyses indicating the levels 
of FFAs in cultures of various S. elongatus strains 168 hours 
after IPTG induction are shown in Table 4-1. It is possible that 
inactivation of the acyl-ACP synthetase gene has a larger 
impact on secretion of long-chain fatty acids than on Secretion 
of medium-chain fatty acids. 
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TABLE 4-1 
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Medium-chain fatty acid secretion in various strains of S. elongatus. 

Plasmid 

Strain Parent Strain Added Transgenes Deletions 

SGC-YC2-5 PCC 7942 pAM2314 none Ole 
SGC-YC1-2 PCC 7942 pSGI- trcE::ChFatB2- none 

YCO1 7942 

Note: 
ND represents “not detected (<1 mg/L). 

Example 5 

Secretion of Fatty Acids in Strains Derived from 
Synechocystis sp. PCC6803 Containing an Inacti 

vated Acyl-ACP Synthetase Gene 
0089 A -b. 1.7-kbp DNA fragment spanning an area 
upstream and into the coding region of the acyl-ACP syn 
thetase-encoding gene, slr1609 (Cyanobase gene designa 
tion), from Synechocystis sp. PCC 6803 was amplified from 
genomic DNA using PCR with primers NB001 (SEQ ID 
NO:23) and NB002 (SEQ ID NO:24). This fragment was 
cloned into the pCR2.1 vector (Invitrogen) to yield plasmid 
pSG1-NB3 and subsequently cut with the restriction enzyme 
Mfel. A chloramphenicol resistance marker cassette contain 
ing the cat gene and associated regulatory control sequences 
was amplified from plasmid pAM1573 (Andersson, et al., 
Methods Enzymol. (2000) 305:527-542) to contain flanking 
Mfel restriction sites using PCR with primers NB010 (SEQ 
ID NO:25) and NB011 (SEQ ID NO:26). The cat gene 
expression cassette was then inserted into the Mfe site of 
pSG1-NB3 to yield pSG1-NB5 (SEQ ID NO:27). 

trcE::ChFatB2- sympcc7942 0918 

Fatty Acids (mg/L. 

8:O 10:O 16:O 16:1 

ND IND IND 1.4 
1.4 42 ND 1.6 

1.O 3.1 1.1 3.9 

inoculate 100 mL BG-11 medium in 250 mL polycarbonate 
flasks to ODzo O.4-0.5 and incubated overnight. 45 mL 
of overnight culture at OD, 0.7–0.9 were added to new 
250 mL flasks, inducing with 1 mM IPTG or using as unin 
duced controls. 5 mL samples were taken at 0, 72 and 144 
hours post induction and processed as described in Example 
2. 

(0091 Free fatty acids (FFA) were separated from the fil 
tered culture Supernatant solutions by liquid-liquid extraction 
for GC/FID (flame ionization detector) analysis. For each 
sample, 2 mL filtered culture was extracted with a mixture of 
50 ul phosphoric acid (1 M), 100 ul NaCl (5 M) and 2 mL 
hexane. A 0.2 ul sample was injected using a 40:1 split ratio 
on to a DB-FFAP column (J&W Scientific, 15mx250 umx0. 
25um), with a temperature profile starting at 150° C. for 0.5 
min, then heating at 15°C/min to 230° C. and holding for 7.1 
min (1.1 mL/min He). 
0092 GC results indicating secreted levels of free fatty 
acids after 144 hours are shown in Table 5-1. 

TABLE 5.1 

Medium-chain fatty acid secretion in various strains of Synechocystis. 

Strain 

Note: 
ND represents “not detected (<1 mg/L). 

0090. The pSGI-NB5 vector was transformed into trcF: 
ChFatB2-7942-containing Synechocystis strain SGC 
YC10 (see Example 1) according to Zang et al., J Microbi 
ology (2007) 45:241-245. Insertion of the chloramphenicol 
resistance marker into the Slr1609 gene through homologous 
recombination was verified by PCR screening of insert and 
insertion site. The resulting strain was designated SGC 
NB10-4, which was tested in liquid BG-11 medium for fatty 
acid secretion. All liquid medium growth conditions used a 
rotary shaker (150 rpm) at 30°C. with constant illumination 
(60 uEm-sec"). Cultures were inoculated in 25 mL of 
BG-11 medium containing chloramphenicol and/or kanamy 
cin (5ug/mL) accordingly and grown to a Sufficient density 
(minimal ODzo -1.6-2). Cultures were then used to 

Fatty Acids 
Plasmid mg/L. 

Parent Strain Added Transgenes Deletions 8:O 10:0 

PCC 6803 pSGI-YCO8 trcF:ChFatB2-7942 none 58.3 67.7 
SGC-YC10-5 pSGI-NB5 trcE::ChFatB2-7942 slr1609 57.7 73.7 

Example 6 

Expression of Cuphea lanceolata Kas-IV and 
Helianthus annuus Kas-III genes in Synechocystis 

Sp. 

0093. A DNA fragment comprising a functional operon 
was synthesized such that it contained the following elements 
in the given order: the trc promoter, the Cuphea lanceolata 
3-ketoacyl-acyl carrier protein synthase IV gene (ClKas-IV. 
GenBank Accession No. CAC59946) codon-optimized for 
expression in Synechococcus elongatus PCC 7942, and the 
rps 14 terminator (SEQ ID NO:28) from Synechococcus sp. 
WH8102. The nucleotide sequence of this entire functional 
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operon, along with various flanking restriction enzyme rec 
ognition sites, is provided in SEQID NO:29. 
0094. Another DNA fragment comprising a functional 
operon was synthesized Such that it contained the following 
elements in the given order: the trc promoter, the Helianthus 
annuus 3-ketoacyl-acyl carrier protein synthase III gene (Ha 
Kas-III, GenBank Accession No. ABP93352) codon-opti 
mized for expression in both Synechococcus elongatus PCC 
7942 and Synechocystis sp. PCC 6803, and rps 14 terminator 
from Synechococcus sp. WH8102. The nucleotide sequence 
of this functional operon, along with various flanking restric 
tion enzyme recognition sites, is provided in SEQID NO:30. 
0095 Codon optimization was performed by the use of the 
“Gene Designer' (version 1.1.4.1) software program pro 
vided by DNA2.0, Inc. The functional operon (expression 
cassette) containing the codon-modified ClKas-IV gene as 
represented in SEQID NO:29 was digested by the restriction 
enzymes Spel and Xbal and inserted into plasmid pSGI 
YC39 between the restriction sites Spel and Xbal to form 
plasmid pSGI-BL26, which enables integration of the func 
tional operon into the Synechocystis sp. PCC 6803 chromo 
some at the “RS2’ recombination site (Aoki, et al., J. Bacte 
riol (1995) 177:5606-5611). The plasmid pSGI-BL27 
containing the DNA fragment represented in SEQID NO:30 
was constructed in the same way. 
0096 Plasmid pSGI-BL43 contains the trcE promoter, the 
codon-optimized ClKas-IV gene, and the rps 14 terminator as 
represented in SEQID NO:31 and was made by inserting a 
Spe/NcoI trcF fragment from pTrcHis A (Invitrogen) into 
Spe/Nco-digested pSGI-BL26. An additional plasmid, 
pSGI-BL44, contains the trcF promoter, the optimized 
ClKas-IV gene, the S. elongatus PCC 7942 kaiBC intergenic 
region, the optimized HaKas-III gene, and the rps 14 termi 
nator as represented in SEQ ID NO:32 and was made by 
inserting a BamHI/SacI fragment (containing the S. elonga 
tus kaiBC intergenic region, the HaKas-III gene, and the 
rps 14 terminator) generated via PCR amplification into BglII/ 
SacI-digested pSGI-BL43. The PCR primers used to generate 
the DNA fragment containing the kaiBC region, HaKas-III, 
and rps 14 terminator are provided as SEQID NO:33 and SEQ 
ID NO:34. 

0097 Wild-type Synechocystis PCC 6803 cells and trans 
genic Synechocystis strain SGC-YC10-5, which contains the 
ChFatB2-7942 gene, were transformed with plasmids pSG1 
BL26, pSG1-BL27, pSG1-BL43 and pSG1-BL44 as 
described by Zang, X. et al. J. Microbiol. (2007) 45:241-245. 
Both recombinant and wild-type control strains were pre 
cultivated in 20 mL of BG-11 medium to mid-log phase 
(OD 0.7–0.9) on a rotary shaker (150 rpm) at 30° C. 
with constant illumination (60 uEm’ sec'). Kanamycin (5 
ug/mL) and/or spectinomycin (10 g/mL) were included in 
recombinant cultures as appropriate. Cultures were then Sub 
cultured at initial ODzo -0.4–0.5 in BG-11 and cultivated 
overnight to ODo 0.7–0.9. For a time-course study, 
45-mL aliquots of the culture were transferred into 250 mL 
flasks and induced by adding IPTG (final conc.—1 mM) when 
applicable. Cultures were sampled 0, 72, and 144 hours after 
IPTG induction and then filtered through Whatman(R) GF/B 
filters using a Millipore vacuum filter manifold. Filtrates were 
collected in Screw top culture tubes for gas chromatographic 
(GC) analysis as described in Example 2. 

Dec. 3, 2009 

0.098 Results indicating the levels of secreted octanoic 
acid and decanoic acid in culture Supernatants 144 hours after 
culture inoculation are shown in Table 6-1. The ClKas-IV and 
HaKas-III genes present in the indicated Strains were under 
the control of the trc promoter. 

TABLE 6-1 

Medium-chain fatty acid secretion in (in mg/L) various 
Synechocystis sp. strains 

Fatty Acids 
Parent Plasmid (mg/L) 

Strain Strain Added Transgenes 8:O 10:0 

PCC 6803 na na None ND IND 

SGC-YC10-5 PCC 6803 pSGI-YCO8 trcE-ChFatB2- 69.8 68.4 
7942 

SGC-BL26-3 PCC 6803 pSGI-BL26 trc-CIKas-IV ND IND 
SGC-BL26-5 SGC- pSGI-BL26 trcB-Chfath32- 69.S 71.9 

YC10-5 7942 

trc-CIKas-IV 

SGC-BL27-1 PCC 6803 pSGI-BL27 trc-HaKas-III ND IND 
SGC-BL27-2 SGC- pSGI-BL27 trcB-ChFatB2- 65.7 66.6 

YC10-5 7942 

tro-HaKas-III 

Note: 

ND represents “not detected (<1 mg/L). 

0099 For a more optimized measurement of fatty acid 
secretion in these strains, the fatty acid secretion data shown 
in Table 6-1 were normalized to cell culture density, measured 
as optical density at 730 nm (ODzo); these data are pre 
sented in Table 6-2. Other experiments described in this appli 
cation could be normalized in a similar fashion. 

TABLE 6-2 

Normalized medium-chain fatty acid secretion (mg/LODzo) 
in various Synechocystis sp. strains 

Parent Plasmid Fatty Acids 

Strain Strain Added Transgenes 8:O 10:0 

PCC 6803 na na None ND IND 
SGC-YC10-5 PCC 6803 pSGI-YCO8 trcE-ChFatB2- 11.7 11.4 

7942 
SGC-BL26-3 PCC 6803 pSGI-BL26 trc-CIKas-IV ND IND 
SGC-BL26-5 SGC- pSGI-BL26 trcB-Chfath32- 11.7 12.1 

YC10-5 7942 
trc-CIKas-IV 

SGC-BL27-1 PCC 6803 pSGI-BL27 trc-HaKas-III ND IND 
SGC-BL27-2 SGC- pSGI-BL27 trcB-ChFatB2- 12.2 12.3 

YC10-5 7942 
tro-HaKas-III 

Note: 
ND represents “not detected (<1 mg/L). 

0100 Results indicating the levels of secreted octanoic 
acid and decanoic acid in culture Supernatants of additional 
strains 120 hours after culture inoculation are shown in Table 
6-3. The ClKas-IV and HaKas-III genes present in the indi 
cated strains were under the control of the trcF promoter. 



US 2009/0298143 A1 

TABLE 6-3 

Medium-chain fa 

11 

Plasmid 

Strain Parent Strain Added Transgenes 

SGC-YC10-S PCC 6803 pSGI-YCO8 trcE-ChFatB2-7942 
SGC-BL44 PCC 6803 pSGI-BL44 trcF-CIKAS-IV + HaKAS-III 
SGC-YC10- SGC-YC10-5 pSGI-BL43 trcE-ChFatB2-7942 
S-BL43 trcE-CIKas-IV 
SGC-YC10- SGC-YC10-5 pSGI-BL44 trcF-Chfate:2-7942 
5-BL44 trcE-CIKAS-IV + HaKAS-III 

Note: 
ND represents “not detected (<1 mg/L). 

0101 For a more optimized measurement of fatty acid 
secretion in these strains, the fatty acid secretion data shown 
in Table 6-1 were normalized to cell culture density, measured 
as optical density at 730 nm (ODzo); these data are pre 
sented in Table 6-4. 

TABLE 6-4 

Dec. 3, 2009 

acid secretion (in mg/L) in various Snechocystis sp. strains 

Fatty Acids 
Ing. L. 

8:O 10:0 

34.8 43.5 
ND IND 
40.O 48.1 

38.5 47.1 

0103) To produce an expression vector for T. pseudonana, 
the ChFatB2-Thal gene was placed between the T. pseud 
Onana alpha-tubulin promoter and terminator regulatory 
sequences. The alpha-tubulin promoter was amplified from 
genomic DNA isolated from T. pseudonana CCMP 1335 by 

Normalized medium-chain fatty acid secretion (mg/LODzo) in various 
Synechocystis Sp. Strains 

Plasmid 

Strain Parent Strain Added Transgenes 

SGC-YC10-S PCC 6803 pSGI-YCO8 trcE-ChFatB2-7942 
SGC-BL44 PCC 6803 pSGI-BL44 trcF-CIKAS-IV + HaKAS-III 
SGC-YC10- SGC-YC10-5 pSGI-BL43 trcE-ChFatB2-7942 
S-BL43 trcE-CIKas-IV 
SGC-YC10- SGC-YC10-5 pSGI-BL44 trcE-Chfatb2-7942 
5-BL44 trcE-CIKAS-IV + HaKAS-III 

Example 7 

Introduction of a Heterologous Acyl-ACP 
Thioesterase Gene into a Diatom 

0102) A synthetic gene that encodes a derivative of the 
ChFatB2 enzyme with specificity for medium-chain (8:0-10: 
O) acyl-ACPs is expressed in various diatoms (Bacillari 
ophyceae) by constructing and utilizing expression vectors 
comprising the ChFatB2 gene operably linked to gene regu 
latory regions (promoters and terminators) that function in 
diatoms. In a preferred embodiment, the gene is optimized for 
expression in specific diatom species and the portion of the 
gene that encodes the plastid transit peptide region of the 
native ChFatB2 protein is replaced with a plastid transit pep 
tide that functions optimally in diatoms. The nucleotide 
sequence provided as SEQ ID NO:35 represents a synthetic 
derivative of the ChFatB2 gene that has been optimized for 
expression in Thalassiosira pseudonana and in which the 
native plastid transit peptide-encoding region of the gene has 
been replaced with the plastid transit peptide (including 
coupled signal sequence) associated with the gamma Subunit 
of the coupling factor portion (CF1) of the chloroplast ATP 
synthase from T. pseudonana (JGI Identifier gi/Thaps3/ 
4.0156/est Ext gwp gwl.C. chr 40019). The protein 
encoded by this gene, referred to hereafter as ChFatB2-Thal.) 
is provided in SEQID NO:36. 

Fatty Acids 

8:O 10:0 

6.8 8.5 
ND IND 
7.4 8.9 

8.3 10.2 

use of primers PR1 (SEQ ID NO:37) and PR3 (SEQ ID 
NO:38), whereas the alpha-tubulin terminator was amplified 
by use of primers PR4 (SEQ ID NO:39) and PR8 (SEQ ID 
NO:40). The KpnI/BamHI fragment from the alpha-tubulin 
promoter amplicon, the BamHI/Xbal fragment from the 
alpha-tubulin terminator and the large fragment from Kipn/ 
Xbal-cut puC118 (Vieira and Messing, Meth. Enzymol. 
(1987) 153:3-11) were then combined to form pSG1-PR5. 
The NcoI/BamHI fragment from ChFatB2-Thal gene was 
then inserted into NcoI/BamHI-digested pSG1-PR5 to form 
pSG1-PR16. In addition, a codon-optimized gene that 
encodes the nourseothricin acetyltransferase (NAT) enzyme 
from Streptomyces noursei (SEQ ID NO:41) (Krugel, et al., 
Gene (1993) 127:127-131) was synthesized and the NcoI/ 
BamHI fragment from this NAT-encoding DNA molecule 
was inserted into the large NcoI/BamHI fragment from 
pSG1-PR5 to form pSG1-PR7, which upon introduction into 
T. pseudonana and other diatoms can provide resistance to the 
antibiotic nourseothricin. 

0104 pSGI-PR16 and pSGI-PR7 were co-transformed 
into T. pseudonana CCMP 1335 by means of particle bom 
bardment essentially as described by Poulsen, et al., (J. Phy 
col. (2006) 42:1059-1065). Transformed cells were selected 
on agar plates in the presence of 100 mg/L nourseothricin 
(ClonNAT, obtained from Werner BioAgents, Germany). The 
presence of the ChFatB2-Thal gene in cells was confirmed by 
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the use of PCR. Transformants were grown in ASW liquid 
medium (Darley and Volcani, Exp. Cell Res. (1964) 58:334) 
on a rotary shaker (150 rpm) at 18°C. with constant illumi 
nation (60 uE-m°.sec.). Samples were removed seven days 
after inoculation and the culture medium was tested for the 
presence of FFAs as described in Example 1. 
0105. Although no fatty acid secretion was detected under 
these particular experimental conditions, optimization of the 
ChFatB2-Thal gene and diatom host strain can be performed 
to achieve fatty acid secretion in diatoms, which are known to 
have relatively impervious cell walls. 

Example 8 

Secretion of Fatty Acids by Green Algae 
0106 A synthetic gene that encodes a derivative of the 
ChFatB2 enzyme with specificity for medium-chain (8:0-10: 
0) acyl-ACPS is expressed in green algae (Chlorophyceae) by 
constructing and utilizing expression vectors comprising the 
ChFatB2 gene operably linked to gene regulatory regions 
(promoters and terminators) that function in green algae. The 
gene is optimized for expression in specific green algal spe 
cies and the portion of the gene that encodes the plastid transit 
peptide region of the native ChFatB2 protein is replaced with 
a plastid transit peptide that functions optimally in green 
algae. The nucleotide sequence provided as SEQID NO:42 
represents a derivative of the ChFatB2 gene optimized for 
expression in Chlamydomonas reinhardtii and in which the 
native plastid transit peptide-encoding region of the gene has 
been replaced with the plastid transit peptide associated with 
the gamma subunit of the coupling factor portion (CF1) of the 
chloroplast ATP synthase from C. reinhardtii (GenPept 
Accession No. XP 001696335). The protein encoded by this 
gene is provided in SEQID NO:43. 

Example 9 

Secretion of Fatty Acids in Strains of Synechocystis 
sp. Containing a Disrupted 1,4-alpha-Glucan 

Branching Enzyme Gene 
0107. A 1.4-kbp DNA fragment spanning an area 
upstream and into the coding region of the 1,4-alpha-glucan 
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restriction enzyme Aval. A spectinomycin resistance marker 
cassette containing the aadA gene and associated regulatory 
control sequences was digested by HindIII from plasmid 
pSGI-BL27. Both of the linear fragments were treated with 
the Quick BluntingTM Kit (New England Biolabs). The aadA 
gene expression cassette was then inserted into the Aval site 
of pSGI-BL32 to yield pSGI-BL33. The portion of pSGI 
BL33 that inserts into and inactivates the glgB gene is pro 
vided as SEQID NO:46). 
0108. The pSGI-BL33 vector was transformed into wild 
type Synechocystis PCC 6803 and into trcE::ChFatB2-7942 
containing Synechocystis strain SGC-YC10-5 (see Example 
1) according to Zang, et al., J. Microbiology (2007) 45:241 
245. Insertion of the spectinomycin resistance marker into the 
S110158 (glgB) gene via homologous recombination was 
verified by PCR screening of insert and insertion site. Verified 
knockout strains were tested in liquid BG-11 medium for 
secretion offatty acids. All liquid medium growth conditions 
used a rotary shaker (150 rpm) at 30° C. with constant illu 
mination (60 uEm’ sec'). Cultures were inoculated in 25 
mL of BG-11 medium containing spectinomycin (10 ug/mL) 
and/or kanamycin (5 ug/mL) accordingly and grown to a 
sufficient density (minimal OD, 1.6-2). Cultures were 
then used to inoculate 100 mL BG-11 medium in 250-mL 
polycarbonate flasks to OD, 0.4-0.5 and incubated 
overnight. Forty-five mL of overnight culture at ODzo 
an=0.5 were added to new 250-mL flasks; some cultures were 
induced with 1 mM IPTG or used as uninduced controls. 
Samples (0.5 mL) were taken at 0,72, 144, and 216 hours post 
induction and processed as described in Example 2. 
0109 Free fatty acids (FFA) were separated from the fil 
tered culture Supernatant solutions by liquid-liquid extraction 
for GC/FID analysis. For each sample, 2 mL of filtered cul 
ture were extracted with a mixture of 50 uL phosphoric acid 
(1 M), 100 uL NaCl (5 M) and 2 mL hexane. A 0.2 ul sample 
was injected using a 40:1 split ratio on to a DB-FFAP column 
(J&W Scientific, 15mx250 umx0.25um), with a temperature 
profile starting at 150° C. for 0.5 min, then heating at 15° 
C./min to 230° C. and holding for 7.1 min (1.1 mL/min He). 
0110 GC results indicating secreted levels of free fatty 
acids after 216 hours are shown in Table 9-1. 

TABLE 9-1 

Medium-chain Fatty Acid Secretion (in mg/L) in Various Synechocystis sp. Strains 

Plasmid Fatty Acids 

Strain Parent Strain Added Deletion Transgenes 8:O 10:0 

PCC 6803 na na None None ND IND 
SGC-BL33-1 PCC 6803 pSGI-BL33 Sllo 158 (glgB) None ND IND 
SGC-YC10-S PCC 6803 pSGI-YCO8 None trCE-CFatB2-7942 70.O 68.7 
SGC-BL33-2 SGC-YC10-5 pSGI-BL33 Sllo 158 (glgB) trcF-ChFatB2-7942 66.2 68.1 

Note: 

ND represents “not detected (<1 mg/L). 

branching enzyme gene (glgB, Cyanobase gene 
designation=s110158) from Synechocystis sp. PCC6803 was 
amplified from genomic DNA using PCR with primers 
glgB-5 (SEQID NO:44) and glgB-3 (SEQ ID NO:45). This 
fragment was cloned into the pCR4-Topo vector (Invitrogen) 
to yield plasmid pSGI-BL32 and subsequently cut with the 

0111 For a more optimized measurement of fatty acid 
secretion in these strains, the fatty acid secretion data shown 
in Table 9-1 were normalized to cell culture density, measured 
as optical density at 730 nm (ODzo); these data are pre 
sented in Table 9-2. Other experiments described in this appli 
cation could be normalized in a similar fashion. 



US 2009/0298143 A1 

TABLE 9-2 
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Normalized Medium-chain Fatty Acid Secretion (mg/LOD 730) in Various 
Synechocystis sp. Strains 

Plasmid Fatty Acids 

Strain Parent Strain Added Deletion Transgenes 8:O 10:0 

PCC 6803 na na None None ND IND 
SGC-BL33-1 PCC 6803 pSGI-BL33 Sllo 158 (glgB) None ND IND 
SGC-YC10-S PCC 6803 pSGI-YCO8 None trcE-ChFatB2-7942 9.8 9.7 
SGC-BL33-2 SGC-YC10-5 pSGI-BL33 Sllo 158 (glgB) trcF-ChFatB2-7942 10.4 10.7 

Note: 
ND represents “not detected (<1 mg/L). 

Example 10 
Capture of Free Fatty Acids from Model Solutions 

with Hydrophobic Adsorbent Resins 
0112 A spike solution was formulated by dissolving 75 
mg/L octanoic acid and 75 mg/L decanoic acid in BG-11 
medium supplemented with 300 mM NaCl and adjusting the 
pH to 5.8.50 mg of each of the resins listed in Table 1 were 
weighed into a 50 mL centrifuge tube and combined with 1.0 
mL of methanol and shaken gently. The excess methanol was 
decanted and the resins were dried under a 25 in Hg vacuum, 
room temperature, overnight. 50 mL of the spike Solution was 
then added to each of the resins and incubated with gentle 
shaking at 31° C. for 24 hours. Following incubation, the 
resins were removed by filtering over a Whatman(R) GF/F 
glass fiber filter and the filtrates were analyzed for octanoic 
acid and decanoic acid content by gas chromatography as 
described in Example 2. The capacity of each resin for 
octanoic and decanoic acid could then be determined by the 
difference in the concentration of each fatty acid before and 
after incubation with each resin. The results are shown in 
Table 10-1 below. 

TABLE 10-1 

methanol per mg of adsorbent and shaken gently at room 
temperature for 4 hours. The methanol eluates and post-ad 
Sorption spikes were analyzed for free fatty acid concentra 
tion by gas chromatography. The results are listed in Table 
10-2 below. 

TABLE 10-2 

Desorption of free fatty acids in methanol 

%. Desorption 

mL MeOH/mg Resin 0.1 mL/mg 0.5 mL/mg 1.0 mL/mg 

Dowex Optipore (R) V503 92% 84% 100% 
CBV 28O14 53% 76% 84% 
CBV901 78% 76% 57% 
Norit (RROW 44% 85% 770, 

0114. The effect of pH on adsorbent capacity was studied 
utilizing DoweX(R) Optipore(RV503. 40 mg of the resin were 
combined with 40 mL of BG-11 media spiked with 150 mg/L 
of octanoic and decanoic acid and adjusted to a pH of 10.0, 
7.5, 4.8, or 2.8. The pH 10 spike was buffered with 5 mM 

Adsorption capacities of Several commercially-available adsorbents 

Adsorption Capacity (mg/g 

Octanoic Decanoic 
Description Resin type Acid acid 

Dowex Optipore (R) Post cross-linked macroporous 26.3 69.8 
V503 (Dow Chemical) polystyrene divinyl benzene 
Lewatt 1064 MD Macroporous polystyrene 1.1 46.7 
(Lanxess) divinyl benzene 
Zeolyst CBV 28O14 Very low-alumina zeolite 17.4 74.7 
(Zeolyst) 
Zeolyst CBV 901 Low-alumina Zeolite 5.4 64.8 
(Zeolyst) 
Hisiw 3000 Silicalite Hydrophobic silicalite 15.3 23.7 
(UOP Honeywell) 
Lipidex 5000 (Packard Alkylated Sephadex gel O.OO 18.6 
Instrument Co.) 
Norit ROW 0.8 (Fluka) Extruded activated charcoal 40.2 71.8 

0113 Elution of free fatty acids from the hydrophobic 
adsorbents was also investigated. DoweX(R) Optipore(RV503, 
Zeolyst CBV 28014, Zeolyst CBV 901, and NoritR ROW 
were incubated with 1.0 mL of spike solution per mg of 
adsorbent as described above. After the incubation period, the 
adsorbents were rinsed and combined with 0.1, 0.5, or 1.0 mL 

Total free 
fatty acids 

96.O 

47.8 

92.0 

70.1 

39.1 

18.6 

112.1 

CAPS. The pH 7.5 and 2.8 spikes were buffered with 5 mM 
phosphate, and the pH 4.8 was buffered naturally by the 
dissolved fatty acids, with 5 mM NaCl added to maintain 
consistent conductivity. The spikes were incubated with resin 
as described above. Free fatty acid concentrations were mea 
Sured with an enzymatic assay purchased from Zen-bio. The 
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results are displayed in Table 10-3 below. From these results, 
it is clear that hydrophobic adsorption of free fatty acids is 
possible over a wide range of pH. 

TABLE 10-3 

Adsorption capacity of Dowex (R) Optipore (RV503 
at various pH values 

pH Adsorption Capacity (mg FFAg resin) 

10 42 - 13 
7.5 644 
4.8 1724 
2.8 259 1 

0115 Reported values are the mean of two experimental 
replicates, +/-one standard deviation. 

Example 11 
In Vivo Capture of Free Fatty Acids from Cultures of 

Synechocystis Strain SGC-YC10-5 
0116 Synechocystis sp. strain SGC-YC10-5, which con 
tains the ChFatB2-7942 gene as described in Example 1, was 
cultured in BG-11 with and without DoweX(R) Optipore(R) 
V503 resin. 400 mL of fresh culture was induced with 5 mM 
IPTG and incubated at room temperature for 1 hour to allow 
for uptake of the inducer. The culture was then divided into 
four 1,000 mL baffled Erlenmeyer flasks with PTFE vent 
caps. To two of the flasks, approximately 400 mg of DoweX(R) 
Optipore(RV503 were added. The adsorbent resin in the test 
flasks was recovered and exchanged for fresh resin daily for 
10 days. The recovered resin was washed liberally with 
deionized water and eluted with 2 mL of methanol. Samples 
of culture medium from the test flasks and control flasks were 
also taken daily. The samples were measured for ODzo 
and filtered over a Whatman(R) GF/B glass fiber filter and 
analyzed for octanoic acid and decanoic acid content by gas 
chromatography as previously described in Example 2. The 
results are presented in Table 11-1. 

TABLE 11-1 

In vivo capture of free fatty acids from 
Synechocystis SGC-YC10-5 cultures 

Avg. Specific Average Free Fatty 
Growth Rate Acid Productivity 

(d) (mg L. d) 
Without DoweX O.O90 O.OOS 16 - 0.8 
With DOWex O.O90 O.O1O 313 

0117 Reported values are the mean of two biological 
duplicates +/-one standard deviation. 

Example 12 
Integration of CO, Delivery and Product Recovery as 
a Means for Enhancing the Efficiency and Economy 

of Both 

0118 Table 10-3 above reveals a clear relationship 
between free fatty acid adsorption capacity and pH. This 
relationship results from the inefficiency of extraction of the 
ionized form of the free fatty acids. Many potential produc 
tion hosts require a pH significantly higher than the pKa of 
free fatty acids in order to survive and reproduce. An extreme 
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example of this would be the alkalophilic cyanobacteria such 
as those belonging to the genera Synechococcus, Synechocys 
tis, Spirulina, and many others, which prefer a pH between 9 
and 11 for optimum growth. FIG.5 outlines an embodiment 
of the invention wherein this problem is solved by recycling a 
portion of the culture first through a vessel where it is con 
tacted with concentrated CO gas to lower the pH, then 
through a stationary adsorbent column wherein the proto 
nated free fatty acids are captured. 
0119 The CO-enriched, free fatty acid-depleted suspen 
sion is then returned to the bulk culture. The pressure inside 
the gas-liquid contactor can be controlled independently to 
provide a constant pH in the stream exiting the adsorption 
column. Further, the pressure of the post-column flash vessel 
can be controlled so as to provide a supply of CO which is 
titrated to the CO, consumption rate of the bulk culture 
through PID control of pH, dissolved CO, off-gas CO or 
any combination of the three. The excess CO can then be 
recycled. 
I0120 In order to demonstrate proof of concept for the 
invention described above, an experimental system was con 
structed as displayed in FIG. 5. 
I0121 Vessel E-1 was filled with 4L of a spike solution 
containing 700 mg/L octanoic acid dissolved in 100 mM 
NaCl, pH 11.1. Column C1 was filled with 45.2 g of DoweX(R) 
Optipore(R) V503 polymeric resin. The resin was activated 
with two column volumes of methanol, followed by a wash of 
three column volumes of 100 mM NaCl, pH 11.1. Liquid-gas 
contact vessel E2 was then filled with 200 mL of spike solu 
tion and 34.7 psia of CO. When the pH of the spike solution 
inside E-2 had decreased to between 5 and 6 (as determined 
by a slip of pH paper contained within E-2) peristaltic pumps 
P-1 and P-2 were set to the same flow rate and column loading 
was initiated. Valve V-2 was adjusted as needed to increase 
the column pressure and prevent the formation of gas bubbles. 
0.122 Fractions of the flow through were taken at periodic 
intervals of 70-100 mL and assayed for octanoic acid by a 
commercially-available free fatty acid assay purchased from 
Zen-Bio. Two superficial linear flow rates were evaluated: 
16.3 cm/min and 6.1 cm/min. For both flow rates, a control 
run was performed whereby vessel E-2 was bypassed and the 
column was loaded directly at a pH of 11.1. Table 12-1 below 
displays the results of this experiment. For both flow rates, 
column dynamic binding capacity was approximately 4-fold 
greater when CO was used to lower the pH of the load. 

TABLE 12-1 

Dynamic binding capacity with and without 
CO2-mediated load acidification 

Dynamic Binding Capacity (mg/g 

Flow velocity (cm/min) +34.7 psia CO, Control (pH 11.1) Opsia CO, 

6.1 43.5 1O.S 
16.3 7.2 1.9 

Example 13 

Secretion of Oleic Acid by Photosynthetic Microor 
ganisms 

I0123. A synthetic gene that encodes a derivative of a Fat A 
type plant acyl-ACPTE enzyme with specificity for oleoyl 
ACP is expressed in various photosynthetic microorganisms 
by constructing and utilizing expression vectors comprising a 
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FatA gene operably linked to gene regulatory regions (pro 
moters and terminators) that function in the host photosyn 
thetic microorganism. The gene is optimized for expression in 
the host photosynthetic microorganism and the portion of the 
gene that encodes the plastid transit peptide region of the 
native FatA protein is removed for expression in cyanobac 
teria or replaced with a plastid transit peptide that functions 
effectively in the host eukaryotic photosynthetic microorgan 
1SS. 

SEQUENCE LISTING 

<16 Oc NUMBER OF SEO ID NOS: 46 

<210 SEQ ID NO 1 
<211 LENGTH: 723 
&212> TYPE: DNA 

<213> ORGANISM: Thalassiosira pseudonana 

<4 OO SEQUENCE: 1 

Dec. 3, 2009 

0.124 Genes that could be used for this purpose include, 
but are not limited to, those that encode the following acyl 
ACP TEs (referred to by GenPept Accession Numbers): 
NP 189147.1, AAC49002, CAA52070.1, CAA52069.1, 
193041.1, CAC39106, CAO17726, AAC72883, AAA33020, 
AAL79361, AAQ08223.1, AAB51523, AAL77443, 
AAA33019, AAG35064, and AAL77445. 
0.125. The following is a sequence listing of all sequences 
referred to above. SEQID NO:1 

at atcgtgga gtatat caat ggtggggagg ttggtgtag tagttgcgag caaagatgac 60 

acttggtaala Ctgatgcgac gtggatact.g. cacgaagat tgc.cgtaca cacgt.cggat 12O 

ttgaatgaac atatgtgttt tatt caaacc aatttgact a gtttgaggaa cctt cacgtg 18O 

titt cqct ct c aaactittgag acaacagcct cogaatccaa atgaatgact tittaaacaca 24 O 

agctaggagc tiggtgatata taatatgct g gttgtatgaa agagactaat cqtgtgaaat 3 OO 

aaatgatggc ticgcc ctagt gaatgct cot cagagacgct catt cqtcca agtgttcgtc 360 

actitctgtca ttgttt cct C caggccaag gtggtcgagt aggtagatac Cagctatt ct 42O 

cittgcttctt ttactittatc. tccct ct acc aaaaacagoa cqtt attatc. tcctitt coat 48O 

to cacgcaat aacaagaggc aatcggit aaa gaggcacalaa Caagagaaca aagaccc.cgg 54 O 

ctgcttct ct cqtc.cgt.ccg cc.gc.ccctaa acttcaagtt ttacttcaag ttcaatctgt 6 OO 

tttittggcgc aaaaag.cgcc gttgctic cqc cqtcctic cqc acttitt cagt totctgtcgt. 660 

cgaggactgt tat caacttic caagatc toc at ct cittctic citat cotc.cc ctaacaaagt 72O 

acg 723 

<210 SEQ ID NO 2 
<211 LENGTH: 7OO 
&212> TYPE: DNA 

<213> ORGANISM: Thalassiosira pseudonana 

<4 OO SEQUENCE: 2 

gttcaatgcc tittggtgttgtcgtcaatag go actt.cgac tittgct cittg gttc.cgittat 60 

Cccaaacttgaacgagcgcc acggit cotct cq9tttcggit ggitatic ccag gacct Ctcgt. 12O 

agttgatgca gggttcagaa to gagataac to atgttgtc gtttgttgtt ttgttgattt 18O 

taccttgctt coagctitt.cg gtctgtaatt acagtgacac gotgtactag aaatgatgta 24 O 

cgtttgatgg aatct ctaaa attatgagct atttatgaac acaggagttc. tcatcaactt 3 OO 

to catcgaaa to cqtaggag aattictaatg tcct ctitcgg acgagagaca gacgitat cag 360 

gag to acttig aaggttccaa gattictatot to atgaggit c toggatatgac agt cct gcct 42O 

tdgaggcaag cc ctgtcact gtgacct titt cqcgt.cgt.ca at aattittag galacgcaagg 48O 

at agggattic to catagitaa ggact attgt ttgacccct g aaacttcaac ctitt accc.ca 54 O 
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Glin Ile Llys 
145 

Asn Thr Arg 

Lieu. Ile Ser 

Ala Tyr Ala 
195 

Tyr Glu Val 
21 O 

Ile Glu Asp 
225 

Asp Ser Ile 

ASn Gln His 

Met Pro Thir 
27s 

Glu Tyr Arg 
29 O 

Ala Met Asp 
3. OS 

Lieu. Arg Lieu. 

Arg Pro Llys 

Ser Asn Gly 
355 

Val Asn Arg Tyr Pro 
150 

Phe Ser Arg Lieu. Gly 
1.65 

Asp Cys Asn Thr Gly 
18O 

Met Met Asn Gln Lys 

His Glin Glu. Ile Wall 
215 

Ser Asp Lieu Lys Val 
23 O 

Gln Lys Gly Lieu. Thr 
245 

Val Ser Asn. Wall Lys 
26 O 

Glu Wall Leu Glu Thir 

Arg Glu. Cys Gly Arg 
295 

Pro Ser Lys Val Gly 
310 

Glu Asp Gly. Thir Ala 
3.25 

Asn Ala Gly Ala Asn 
34 O 

Asn. Ser Wal Ser 

<210 SEQ ID NO 9 
&2 11s LENGTH: 7259 
&212> TYPE : DNA 

Ala Trp Gly 
155 

Lys Ile Gly 
17O 

Glu Ile Lieu. 
185 

Thir Arg Arg 

Pro Leu Phe 

His Llys Phe 
235 

Pro Gly Trp 
250 

Tyr Ile Gly 
265 

Glin Glu Lieu. 

Asp Ser Val 

Val Arg Ser 
315 

Ile Wall Asn 
330 

Gly Ala Ile 
345 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 
&223> OTHER INFORMATION: 

<4 OO SEQUENCE: 9 

cgc.cggggct 

tttgatctitt 

ggtcaagggc 

gaccalacatg 

gactgttgaa 

gatcgagcgg 

cgaaggcaac 

aattgc ctitt 

agtic ct cqat 

tggacgcaag 

ggctgcct ct 

tcgcgatgta 

ggcagottag 

gctggcagta 

ggcago agcc 

at cattgagt 

ggcgttgc.ca 

Ctgcttggca 

ttgcgtggtg 

gcc aaaagtic 

acgctgcaag 

Cagcgggctg 

gcgatcCaaa 

gcgatcgc.cc 

tcc tigcgcaa 

tgcggg tacc 

tgcgc.gtttic 

at atcaagat 

aaaac cqtaa 

ttittagc.cag 

tgctggaaga 

tccagaacat 

atctgcagcg 

cggc.cgaaaa 

aag.ccgaggc 

Synthetic construct 

t ct c tact act 

tagtgatggc 

tctgctggaa 

caatgcc titc 

tgctggggala 

ggaaatcgag 

cct cacgc.cg 

ggcggaggat 

titc.cgatgag 

agatgc.ccga 

tgacaagatc 

cgagcgc.cgg 

19 

- Continued 

Asp 

Met 

Wall 

Lell 

Wall 
22O 

Asn 

Trp 

Lell 
3 OO 

Glin 

Gly 

Ser 

Thir 

Gly 

Arg 

Ser 

Asp 

Wall 

Asp 

Ile 

Ser 
285 

Glu 

Ala 

Thir 

Wall 

Arg 

Ala 
19 O 

Ser 

Luell 

Luell 
27 O 

Luell 

Ser 

Glin 

Thir 

Gly 
35. O 

atctgccaac 

cgc.cgagttg 

aaag.cgct cc 

tccaagggcg 

gaaccgacca 

caaattgc.ca 

gag cagat.ca 

gaccttgagc 

gtcggittatic 

attgctgaag 

acggc cctgc 

att Caggatg 

Glu Ile 
160 

Asp Trp 
17s 

Thir Ser 

Leul Pro 

Pro Wall 

Thr Gly 
24 O 

Asp Wall 
255 

Glu Ser 

Ala Lieu 

Wall. Thir 

His Lieu. 
32O 

Glu Trp 
335 

Lys Thr 

Ccagtgaaat 

gctat cqctt 

gcatggat.ct 

gcatt cocct 

tccacaacgc 

aggaga.ccct 

acgaggacaa 

agctgggtct 

t ct cqgctag 

ccgatgcc.ca 

gtcggat.cga 

6 O 

12 O 

18O 

24 O 

3OO 

360 

54 O 

660 

72 O 
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36 

- Continued 

<210 SEQ ID NO 15 
<211 LENGTH: 21 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Synthetic construct 

<4 OO SEQUENCE: 15 

tgcttctttg Ctgacgagtgg 

<210 SEQ ID NO 16 
<211 LENGTH: 19 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 
&223> OTHER INFORMATION: Primer 

<4 OO SEQUENCE: 16 

gtgactggaa cc.gc.ccticg 

<210 SEQ ID NO 17 
<211 LENGTH: 44 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 
&223> OTHER INFORMATION: Primer 

<4 OO SEQUENCE: 17 

c catcgagca gtaacgtggc cgatagtgac gctaalaccag gctg 

<210 SEQ ID NO 18 
<211 LENGTH: 4 O 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 
&223> OTHER INFORMATION: Primer 

<4 OO SEQUENCE: 18 

cgagtggcgg acgggtgagt ctacgagggc gtgcagaa.gc 

<210 SEQ ID NO 19 
<211 LENGTH: 21 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 
&223> OTHER INFORMATION: Primer 

<4 OO SEQUENCE: 19 

caccaagttg cct tcaccga c 

<210 SEQ ID NO 2 O 
<211 LENGTH: 44 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 
&223> OTHER INFORMATION: Primer 

<4 OO SEQUENCE: 2O 

Cagcctggitt tagcgt cact atcggccacg ttactgctic atgg 

<210 SEQ ID NO 21 
<211 LENGTH: 4 O 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 

21 

19 

44 

4 O 

21 

44 
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- Continued 

aggittaatag at accc.ggcc tigggcgata cagtagaaat caatact agg ttcagcagac 660 

ttggtaagat cqg catgggt Cagattggc ticattagcga Ctgcaat acc ggtgagatcC 72 O 

tcgt cagggc aaccagcgcc tacgc.catga tigaat cagaa gaccc.gaaga Citcticgaagc 78O 

titc.cgitacga got coaccaa gagattgtcc cccttitttgt cqact coccc gtaattgaag 84 O 

attcggat.ct Caaggit coac aaattcaaag ttaaaacggg tacagcatc Cagaagggac 9 OO 

ttactic ct gg ttggaacgac ct catgtga accaa.catgt titcgaacgtgaaatatat cq 96.O 

gctggattct tagagtatg cca accgagg tacttgagac goaggaattgtc.tc.gttgg 1 O2O 

cattggagta t cqtcgtgag ttgggcgag act cagt cct caaagtgta acagcaatgg 108 O 

acccaa.gcaa agttggtgtt cqtt cacagt atcaacacct c ct cogt ct c gaggatggaa 114 O 

Cagc cattgt gaacggggcc acagagtgga ggccaaagaa cqctggcgct alacggagcta 12 OO 

tctic cacagg aaagaccagc aatggtaact Ctgtgagtta atgataggat CC 1252 

<210 SEQ ID NO 36 
<211 LENGTH: 412 
&212> TYPE: PRT 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Synthetic construct 

<4 OO SEQUENCE: 36 

Met Llys Phe Lieu Val Val Ala Val Ser Ala Lieu Ala Thr Ala Ser Ala 
1. 5 1O 15 

Phe Thir Thir Ser Pro Ala Ser Phe Thir Thir Wal Ser Ser Pro Ser Wall 
2O 25 3O 

Asn Asn Val Phe Gly Glin Glu Gly Asn Ala His Arg Asn Arg Arg Ala 
35 4 O 45 

Thir Ile Val Met Asp Gly Ala Asn Gly Ser Ala Val Ser Lieu Lys Ser 
SO 55 6 O 

Gly Ser Lieu. Asn Thr Glin Glu Asp Thr Ser Ser Ser Pro Pro Pro Arg 
65 70 7s 8O 

Thir Phe Lieu. His Glin Lieu Pro Asp Trp Ser Arg Lieu. Lieu. Thir Ala Ile 
85 90 95 

Thir Thr Val Phe Wall Lys Ser Lys Arg Pro Asp Met His Asp Arg Llys 
1OO 105 11 O 

Ser Lys Arg Pro Asp Met Lieu Val Asp Ser Phe Gly Lieu. Glu Ser Thr 
115 12 O 125 

Val Glin Asp Gly Lieu Val Phe Arg Glin Ser Phe Ser Ile Arg Ser Tyr 
13 O 135 14 O 

Glu Ile Gly Thr Asp Arg Thr Ala Ser Ile Glu Thir Lieu Met Asn His 
145 150 155 160 

Lieu. Glin Glu Thir Ser Lieu. Asn His Cys Llys Ser Thr Gly Ile Lieu. Lieu. 
1.65 17O 17s 

Asp Gly Phe Gly Arg Thr Lieu. Glu Met Cys Lys Arg Asp Lieu. Ile Trp 
18O 185 19 O 

Val Val Ile Llys Met Glin Ile Llys Val Asn Arg Tyr Pro Ala Trp Gly 
195 2OO 2O5 

Asp Thr Val Glu Ile Asn. Thir Arg Phe Ser Arg Lieu. Gly Lys Ile Gly 
21 O 215 22O 

Met Gly Arg Asp Trp Lieu. Ile Ser Asp Cys Asn Thr Gly Glu Ile Lieu. 
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225 23 O 235 24 O 

Val Arg Ala Thir Ser Ala Tyr Ala Met Met Asn Gln Llys Thr Arg Arg 
245 250 255 

Lieu. Ser Lys Lieu Pro Tyr Glu Val His Glin Glu Ile Val Pro Leu Phe 
26 O 265 27 O 

Val Asp Ser Pro Val Ile Glu Asp Ser Asp Lieu Lys Wal His Llys Phe 
27s 28O 285 

Llys Val Llys Thr Gly Asp Ser Ile Glin Lys Gly Lieu. Thr Pro Gly Trp 
29 O 295 3 OO 

Asn Asp Lieu. Asp Val Asn Glin His Val Ser Asn. Wall Lys Tyr Ile Gly 
3. OS 310 315 32O 

Trp Ile Leu Glu Ser Met Pro Thr Glu Val Lieu. Glu Thr Glin Glu Lieu. 
3.25 330 335 

Cys Ser Lieu Ala Lieu. Glu Tyr Arg Arg Glu. Cys Gly Arg Asp Ser Val 
34 O 345 35. O 

Lieu. Glu Ser Val Thr Ala Met Asp Pro Ser Llys Val Gly Val Arg Ser 
355 360 365 

Glin Tyr Gln His Lieu. Lieu. Arg Lieu. Glu Asp Gly Thr Ala Ile Val Asn 
37 O 375 38O 

Gly Ala Thr Glu Trp Arg Pro Lys Asn Ala Gly Ala Asn Gly Ala Ile 
385 390 395 4 OO 

Ser Thr Gly Lys Thr Ser Asn Gly Asn Ser Val Ser 
4 OS 41O 

<210 SEQ ID NO 37 
<211 LENGTH: 26 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 
&223> OTHER INFORMATION: Primer 

<4 OO SEQUENCE: 37 

Caggat.ccgg gaggtgttgg titagt 26 

<210 SEQ ID NO 38 
<211 LENGTH: 43 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 
&223> OTHER INFORMATION: Primer 

<4 OO SEQUENCE: 38 

taggat.ccag tdtgcc.cat ggtactttgt taggggagga tag 43 

<210 SEQ ID NO 39 
<211 LENGTH: 27 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 
&223> OTHER INFORMATION: Primer 

<4 OO SEQUENCE: 39 

Caggat.cctic actictgtc.gc gctgttg 27 

<210 SEQ ID NO 4 O 
<211 LENGTH: 27 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
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a catcggctg gattctggag ticgatgcc.ca ccgaggtgct ggagacgcag gagctgtgct 96.O 

CCCtggcgct ggagtatcgc cgc.gagtgcg gcc.gc.gactic cqtgctggag ticcgt caccg 1 O2O 

cgatggaccc gtcgalaggtg ggtgtc.cgca gcc agtacca acacctgctg. c9cct Cagg 108 O 

acggcaccgc cattgttgaac ggcgcgacgg agtggcggcc gaagaacgcg ggcgctaacg 114 O 

gcgc.catcto cacgggcaag acctic caacg gcaacticggit gagctaatga taggat CC 11.98 

<210 SEQ ID NO 43 
<211 LENGTH: 394 
&212> TYPE: PRT 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Synthetic construct 

<4 OO SEQUENCE: 43 

Met Ala Ala Met Lieu Ala Ser Lys Glin Gly Ala Phe Met Gly Arg Ser 
1. 5 1O 15 

Ser Phe Ala Pro Ala Pro Llys Gly Val Ala Ser Arg Gly Ser Lieu. Glin 
2O 25 3O 

Val Val Ala Gly Ala Asn Gly Ser Ala Val Ser Lieu Lys Ser Gly Ser 
35 4 O 45 

Lieu. Asn Thr Glin Glu Asp Thr Ser Ser Ser Pro Pro Pro Arg Thr Phe 
SO 55 6 O 

Lieu. His Glin Lieu Pro Asp Trp Ser Arg Lieu. Lieu. Thir Ala Ile Thir Thr 
65 70 7s 8O 

Val Phe Wall Lys Ser Lys Arg Pro Asp Met His Asp Arg Llys Ser Lys 
85 90 95 

Arg Pro Asp Met Leu Val Asp Ser Phe Gly Lieu. Glu Ser Thr Val Glin 
1OO 105 11 O 

Asp Gly Lieu Val Phe Arg Glin Ser Phe Ser Ile Arg Ser Tyr Glu Ile 
115 12 O 125 

Gly. Thir Asp Arg Thr Ala Ser Ile Glu Thir Lieu Met Asn His Lieu. Glin 
13 O 135 14 O 

Glu Thir Ser Lieu. Asn His Cys Llys Ser Thr Gly Ile Lieu. Lieu. Asp Gly 
145 150 155 160 

Phe Gly Arg Thir Lieu. Glu Met Cys Lys Arg Asp Lieu. Ile Trp Val Val 
1.65 17O 17s 

Ile Llys Met Glin Ile Llys Val Asn Arg Tyr Pro Ala Trp Gly Asp Thr 
18O 185 19 O 

Val Glu Ile Asn. Thir Arg Phe Ser Arg Lieu. Gly Lys Ile Gly Met Gly 
195 2OO 2O5 

Arg Asp Trp Lieu. Ile Ser Asp Cys Asn Thr Gly Glu Ile Lieu Val Arg 
21 O 215 22O 

Ala Thir Ser Ala Tyr Ala Met Met Asn Glin Llys Thr Arg Arg Lieu. Ser 
225 23 O 235 24 O 

Lys Lieu Pro Tyr Glu Val His Glin Glu Ile Val Pro Leu Phe Val Asp 
245 250 255 

Ser Pro Val Ile Glu Asp Ser Asp Lieu Lys Val His Llys Phe Llys Val 
26 O 265 27 O 

Llys Thr Gly Asp Ser Ile Gln Lys Gly Lieu. Thr Pro Gly Trp Asn Asp 
27s 28O 285 

Lieu. Asp Wall Asin Glin His Val Ser Asn. Wall Lys Tyr Ile Gly Trp Ile 
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29 O 295 3 OO 

Lieu. Glu Ser Met Pro Thr Glu Val Lieu. Glu Thr Glin Glu Lieu. Cys Ser 
3. OS 310 315 32O 

Lieu Ala Lieu. Glu Tyr Arg Arg Glu. Cys Gly Arg Asp Ser Val Lieu. Glu 
3.25 330 335 

Ser Val Thr Ala Met Asp Pro Ser Llys Val Gly Val Arg Ser Glin Tyr 
34 O 345 35. O 

Glin His Lieu. Lieu. Arg Lieu. Glu Asp Gly. Thir Ala Ile Val Asin Gly Ala 
355 360 365 

Thr Glu Trp Arg Pro Lys Asn Ala Gly Ala Asn Gly Ala Ile Ser Thr 
37 O 375 38O 

Gly Lys Thr Ser Asn Gly Asn Ser Val Ser 
385 390 

<210 SEQ ID NO 44 
<211 LENGTH: 25 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 
&223> OTHER INFORMATION: Primer 

<4 OO SEQUENCE: 44 

ggtggaaaat gcc tatgtgt taacg 25 

<210 SEQ ID NO 45 
<211 LENGTH: 25 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 
&223> OTHER INFORMATION: Primer 

<4 OO SEQUENCE: 45 

cgtaggcagt gtgcaiaccag gag cc 25 

<210 SEQ ID NO 46 
<211 LENGTH: 3418 
&212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Synthetic construct 

<4 OO SEQUENCE: 46 

ggtggaaaat gcc tatgtgt taacggat ct acaaaccago accaaactict attacgaacc 6 O 

ccacggitttc. cactict cocc aactgcaaga cittgggg.ccc attgatgtgg ttitta accc.c 12 O 

cgt.cattggc atcaat atco toggattic ct gcc.ggtgctic aatggccaga aaaccaccct 18O 

ggagctttgt cqc actgtcc at CCC caggc gatcgtc.ccc acctctggag cc.gcaga att 24 O 

gaactatago ggitt tact aa citaaagttitt acgtttagac gg.cgatcto a gttcaattitcg 3OO 

Ccagtic ccta attgacgaag ggatacaa.gc titc cc tatgg galacc cc agg toggagtgcc 360 

Cct caatgtg CCC caatcca ccgttggcta ggttggaatgttcaaat cac ttgcggtgt 42O 

gatgcttgat aaatacagtg agcCagggala aactgcaaaa aagtgtataa agtaggttta 48O 

acttgaatca aaatcCtttc. tcc.gcagt ca tagcc aggag taggaagatt accagcgaag 54 O 

caagttgtct tcc cctagot ttggg.cgggc aaaccoctitg cagtattgcc aacgtcaaaa 6OO 

aatcaccata gcc gaatgac ctacaccatc aacgctgacc aagtic catca gattgtc. cat 660 
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- Continued 

cc caaactga cqgattittga cct coatgtg tttggggaag gcaaccacca ccg tatttac 

gaaaaactic gtgct cacct gatgacggtg gatggagitta aaggggttta 

tgggcc.ccca atgc.cc.gcaa C9ttt coatt ttgggggatt toaacaactg 

ttgcaccalaa toggaaacg caacaacatg gtgtgggaat tattt at CCC 

gtgggc actt Cttatalagta tagattalaa aactgggaag ggCacat ct a 

gacc cctacg gtttittacca agaagtacgc cccaaaacco citt coattgt 

gacggittacc aatggcacga caagattgg ttggaagcta ggcgcaccag 

agcaaacccg titt cogttta cqaacticcat ttaggct cott ggttgcacac 

1. A cell culture of a recombinant photosynthetic microor 
ganism, said microorganism modified to contain a nucleic 
acid molecule comprising at least one recombinant expres 
sion system that produces at least one exogenous acyl-ACP 
thioesterase, 

wherein said acyl-ACP thioesterase preferentially liberates 
a fatty acid chain that contains 6-20 carbons, and 

wherein the culture medium provides inorganic carbon as 
Substantially the Sole carbon source and 

wherein said microorganism secretes the fatty acid liber 
ated by the acyl-ACP thioesterase into the culture 
medium. 

2. The culture of claim 1, wherein the at least one exog 
enous acyl-ACP thioesterase is a Fat B thioesterase. 

3. The culture of claim 1, wherein the at least one exog 
enous acyl-ACP thioesterase is a Fat B thioesterase derived 
from the genus Cuphea. 

4. The culture of claim 1, wherein the at least one exog 
enous acyl-ACP thioesterase is ChFatB2. 

5. The culture of claim 1, wherein the recombinant photo 
synthetic microorganism has further been modified to pro 
duce an exogenous B-ketoacyl synthase (KAS). 

6. The culture of claim 5, wherein the exogenous KAS 
preferentially produces acyl-ACPs having the chain length 
for which the thioesterase has preferred activity. 

7. The culture of claim 1, wherein the recombinant photo 
synthetic microorganism is further modified so that one or 
more genes encoding beta-oxidation pathway enzymes are 
inactivated or downregulated, or said enzymes are inhibited. 

8. The culture of claim 1, wherein the recombinant photo 
synthetic microorganism is further modified so that one or 
more genes encoding acyl-ACP synthetases are inactivated or 
downregulated, or said synthetases are inhibited. 

9. The culture of claim 1, wherein the recombinant photo 
synthetic microorganism is further modified so that one or 
more genes encoding an enzyme involved in carbohydrate 
biosynthesis are inactivated or downregulated, or said 
enzymes are inhibited. 

10. The culture of claim 9, wherein the enzyme involved in 
carbohydrate biosynthesis is a branching enzyme. 

3 OOO 

ttittgctgtg 3 O 6 O 

ggacggCaga 312 O 

tgagttgggg 318O 

cgaaaagact 324 O 

ggcagacittg 33 OO 

cgatc.ccctg 3360 

tgcct acg 3 418 

11. A method to convert inorganic carbon to fatty acids, 
said method comprising: 

incubating the culture of claim 1 such that the recombinant 
photosynthetic microorganism therein secretes the fatty 
acid into the culture medium; and 

recovering the secreted fatty acids from the culture 
medium. 

12. The method of claim 11, wherein the fatty acids are 
recovered from the culture by contacting the medium with 
particulate adsorbents. 

13. The method of claim 12, wherein the particulate adsor 
bents circulate in the medium. 

14. The method of claim 12, wherein the particulate absor 
bents are contained in a fixed bed column. 

15. The method of claim 14, wherein the pH of the medium 
is lowered during said contacting. 

16. The method of claim 15, wherein said pH lowering 
process comprises adding CO. 

17. The method of claim 16, wherein the medium is recir 
culated to the culture. 

18. The method of claim 12, wherein the particulate adsor 
bents are lipophilic. 

19. The method of claim 12, wherein the particulate adsor 
bents are ion exchange resins. 

20. A composition comprising a fatty acid produced by the 
culture of claim 1. 

21. The composition of claim 20, wherein the composition 
is used to produce another compound. 

22. The composition of claim 20, wherein the composition 
is a biocrude. 

23. A composition comprising a derivative of a fatty acid 
produced by the culture of claim 1. 

24. The composition of claim 23, wherein the composition 
is a finished fuel or fuel additive. 

25. The composition of claim 23, wherein the composition 
is a biological Substitute for a petrochemical product. 

26. The composition of claim 23, wherein the derivative is 
an alcohol, an alkane, or an alkene. 

c c c c c 


