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Abstract 10 
 11 

1-Octanol has gained interest as a biofuel candidate to supplement or even substitute 12 
diesel fuel. By harnessing the power from sunlight and CO2 as the carbon source, 13 
cyanobacteria has recently been engineered for renewable production of 1-octanol. The 14 
productivity, however, remained low. In the present work, we report efforts to further 15 
improve the 1-octanol productivity. By screening multiple thioesterases from different plant 16 
species, we successfully obtained several candidate thioesterases with improved activity and 17 
selectivity towards octanoyl-ACP. Through structure/function trials we learned that the 18 
current knowledge and/or state-of-the art computational tools to determine the most 19 
appropriate cleavage site for the chloroplast transit peptide of a thioesterases are insufficient 20 
to generate a functionally expressed thioesterase in Synechocystis. Additionally, by 21 
systematically tuning the inducer concentration and light intensity, we further improved the 22 
1-octanol titer, reaching up to 35% carbon partitioning (AB% of the theoretical limit), a carbon 23 
accumulation rate of ED% (relative to biomass) and a titer of 526 ± 5.1 mg/L 1-octanol in 12 24 
days. Long-term cultivation experiments demonstrated that the strain can be stably 25 
maintained for at least 30 days and/or over ten times serial dilution. Surprisingly, the 26 
optimized strain was genetically stable in contrast to earlier strains having lower productivity 27 
(and hence reduced chance of reaching toxic product concentrations). Altogether, optimized 28 
choice of enzymes and environmental conditions (e.g., inducer concentration and light 29 
intensity) substantially improved 1-octanol production. When cultured under continuous 30 
turbidostat conditions, the bioproduction system reached an accumulative titer of >3.5 g/L 1-31 
octanol over close to 180 days. 32 
      33 



1. Introduction 34 
 35 

In scenarios to limit global warming to 1.5 degrees C, the world will need to reach net-36 
zero CO2 emissions on average by 2050 (The United Nation Intergovernmental Panel on 37 
Climate Change (IPCC), 2018). Many mitigation strategies are needed to meet this target. A 38 
key goal has to be the replacement of fossil fuels with alternative low-carbon fuels or 39 
alternative energy systems. Intensive research efforts have aimed to develop renewable and 40 
more sustainable fuel substitutes in the last few decades. Particularly attractive is the concept 41 
to utilise photosynthetic organisms, such as cyanobacteria, for the direct conversion of CO2 42 
into precursors or ready-to-use biofuels (Choi et al., 2020; Gao et al., 2016; Khan and Fu, 2020; 43 
Lu, 2010; Miao et al., 2020; Nozzi et al., 2013; Oliver et al., 2016; Quintana et al., 2011; Savakis 44 
and Hellingwerf, 2015; Sitther et al., 2020; Wang et al., 2020). Many of these engineered 45 
strains have achieved biocatalysis, i.e. channeling more than 50% of fixed carbon into product 46 
(e.g., 2,3-butanediol (60%; (Oliver et al., 2013)), 1-butanol (60%; (Liu et al., 2019)), 47 
demonstrating the potential of cyanobacteria as an engineerable chemicals production 48 
platform. To achieve financially sustainable fuel production using photosynthetic 49 
microorganisms still remains an unmet goal due to the present high cost of production 50 
(Tredici2016), and unfair subsidised competition from the fossils fuel industry (Perin2019). 51 
Many of these biofuel molecules, and derivatives thereof (Sattayawat2020) also have other 52 
uses that merit higher prices, hence providing an opportunity for a financially feasible start to 53 
commercialization and the beginnings of a cyanobacteria-based chemicals manufacturing 54 
industry. 55 

Production of biofuel compounds, however, faces several challenges. Although 56 
compatible with current fuel infrastructure, ethanol serves as a rather poor gasoline 57 
substitute due to its hygroscopicity and low energy density. For these reasons, efforts have 58 
shifted toward longer carbon chain fuels, such as 1-butanol. 1-Butanol has higher energy 59 
density compared to ethanol. However, like ethanol, 1-butanol requires energy intensive 60 
separation steps due to its high solubility in water. To lower the product separation cost, 61 
synthetic pathways for bioproduction of insoluble biofuel compounds such as free fatty acids 62 
(Liu et al., 2011; Ruffing, 2014), hydrocarbons (Tan et al., 2011; Wang et al., 2013; Yunus et 63 
al., 2018), and 1-octanol (Yunus and Jones, 2018) have also been developed. Hydrocarbons 64 
and 1-octanol are attractive biofuel candidates as they do not require further chemical 65 
modification, unlike fatty acids which require esterification or hydrotreatment. However, 66 
attempts to produce hydrocarbons (≥C15) in engineered cyanobacteria have all resulted in 67 
intracellular accumulation of products (Yunus et al., 2018). In contrast, 1-octanol is 68 
spontaneously excreted from cyanobacteria into the liquid medium (Yunus and Jones, 2018), 69 
and combustion tests show that it can be used as a direct replacement of diesel fuel (Kremer 70 
et al., 2015).  71 

There are at least four routes for 1-octanol biosynthesis (Akhtar et al., 2015; 72 
Dellomonaco et al., 2011; Machado et al., 2012; Marcheschi et al., 2012). Fig. 1A shows the 73 
schematic diagram of the 1-octanol synthetic pathway that relies on carboxylic acid 74 
reductase. In our previous work, we first implemented this pathway in Synechocystis and 75 
demonstrated that cyanobacteria can be genetically engineered to produce 1-octanol (Yunus 76 
and Jones, 2018). However, the productivity and carbon partitioning were relatively low, 77 
reaching 7 mg/L/day and 50 mg/g cell dry weight respectively. Additionally, the chosen 78 
thioesterase (Tes3) displayed broad specificity, resulting in the production of longer-chain 79 



fatty alcohols (C10-OH to C18-OH). Protein quantification also indicated that the thioesterase 80 
was the limiting enzyme in the engineered pathway.  81 

Herein, efforts to further improve the 1-octanol titer are described (Fig. 1B). These 82 
involved screening for superior thioesterases, introduction of native porins/transporters, and 83 
optimization of the cultivation system (e.g., light intensity and inducer concentration). 84 
Additionally, we also tested if the engineered strain could be stably maintained and cultured 85 
continuously.  86 

 87 

 88 
 89 
Figure 1. Strategies to improve 1-octanol production in cyanobacteria. (A) Schematic diagram of 1-octanol 90 
biosynthesis pathway implemented in this work. This pathway begins with de novo fatty acid biosynthesis which 91 
elongates acyl-ACPs, the building block of membrane lipids. A thioesterase (Tes) is required to terminate the 92 
elongation of acyl-ACPs. Consequently, the substrate specificity of the thioesterase is important to determine the 93 
carbon chain length of the final products (i.e., fatty alcohols). A thioesterase that is highly specific toward octanoyl-94 
ACP may result in the high production of octanoic acid. A carboxyclic acid reductase (Car), with its maturation 95 
factor (Sfp; phosphopantetheinyl transferase), then converts octanoic acid into octanal. Octanal is further reduced 96 
into 1-octanol by native aldehyde reductase(s) (Ahr). (B) Summary of efforts to optimize the production of 1-octanol. 97 

 98 
2. Results and Discussion 99 

 100 
2.1 Screening of C8-preferring acyl-acyl carrier protein thioesterases 101 

 102 
Acyl-acyl carrier protein (acyl-ACP) thioesterase is an enzyme responsible for catalyzing 103 

the hydrolysis of a thioester bond that links an acyl chain to the sulfhydryl group of the 104 
phosphopantetheine prosthetic group of ACP. The acyl-ACP thioesterase terminates the acyl-105 
ACP elongation process and plays an important role in determining the chain length of free 106 
fatty acid-derived products. For example, E. coli thioesterase ‘tesA has broad specificity for 107 
C12-C18 acyl-ACP and has been used for fatty acid, fatty alcohol, fatty acid ethyl ester, and 108 
fatty alkane production in several microorganisms (Akhtar et al., 2013; Cho and Cronan, 1995; 109 
Liu et al., 2011; Xu et al., 2013; Zhou et al., 2016). FatB1 thioesterase from Umbellularia 110 
californica has preferential activity on lauryl-ACP (Voelker et al., 1992) and has been used for 111 
production of lauric acid (Work et al., 2015) and methyl laurate (Yunus et al., 2020) in 112 
cyanobacteria. Similarly, FatB3 from coconut plant Cocos nucifera L. which has a rather broad 113 
specificity of C12-C16 acyl-ACP has been expressed in Arabidopsis and altered the content of 114 
C12:0-C16:0 fatty acids (Yuan et al., 2017). Although a number of plant acyl-ACP thioesterases 115 
which are highly specific to C8-ACP have also been identified using E. coli (Jing et al., 2011), 116 
the outcome of plant-based thioesterase expression in a microbial host, however, has not 117 
always resulted in the desired metabolic phenotype. For example, attempts to produce C8:0 118 
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and C10:0 fatty acids in Synechocystis sp. PCC 6803 by expressing  FatB2 thioesterase from 119 
Cuphea hookeriana resulted in a substantial increase in the accumulation of C12:0 fatty acid 120 
instead (Liu et al., 2011). Similarly, expressing a C12-preferring thioesterase from 121 
Umbellularia californica or a C14-preferring thioesterase from Cinnamomum camphorum in 122 
Synechocystis sp. PCC 6803 did not drastically change the free fatty acid composition (Liu et 123 
al., 2011). As many plant thioesterases are localized in the chloroplast, we speculated that 124 
the plant-based thioesterase might have not been functionally expressed in cyanobacteria 125 
when the chloroplast transit peptide was not truncated properly.  126 

Three plant thioesterases which are known to show activities toward octanoyl-ACP, 127 
namely CaFatB3 from Cuphea avigera var. pulcherrima, ChoFatB2 from Cuphea hookeriana, 128 
and CpFatB1 from Cuphea palustris were selected to evaluate this hypothesis in Synechocysts 129 
sp. PCC 6803. All thioesterases encoding genes contain a putative chloroplast transit peptide 130 
in the N-terminal amino acid sequence. Previous studies have shown that the cleavage site of 131 
the chloroplast transit peptide might vary between plant thioesterases (Dehesh et al., 1996a, 132 
1996b; Voelker et al., 1992). This complicates metabolic engineering dependent on 133 
thioesterases. To find a desirable method that can be used to determine the cleavage site of 134 
plant thioesterases, we evaluated different methods for prediction of truncation locations 135 
based on: (1) chloroplast transit peptide prediction method (ChloroP, 136 
http://www.cbs.dtu.dk/services/ChloroP/) (Emanuelsson et al., 1999), (2) identification of 137 
the putative plastid-targeting peptide cleavage site located at LPDW amino acid sequence 138 
(Jha et al., 2006; Kim et al., 2015; Moreno-Pérez et al., 2011; Sánchez-García et al., 2010), and 139 
(3) established knowledge from previously published articles (Dehesh et al., 1996a, 1996b; 140 
Jing et al., 2011; Voelker et al., 1992). In some cases, we also performed site-directed 141 
mutagenesis to modify the amino acid sequence according to Lozada et al., 2018. The list of 142 
all tested modifications are shown in Table 6.1. The resulting thioesterases were cloned in a 143 
broad-host range RSF1010 plasmid under a cobalt-inducible promoter Pcoa (Peca et al., 2008) 144 
(Fig. 2A (i)) and expressed in Synechocystis sp. PCC 6803 strain lacking the acyl-ACP synthetase 145 

encoding gene (hereafter aas) (Kaczmarzyk and Fulda, 2010) for free fatty acid (FFA) 146 

production. For fatty alcohol production, the plasmids were transformed into the aas strain 147 
harboring integrated sfp and car in the DNA chromosome that had been constructed in a 148 
previous study (Sattayawat et al., 2020) (Fig. 2A (ii)).  149 
 150 
Table 1. Details of thioesterase modification 151 

Organism Thioesterase 

Modification  

The first amino acid 

residue after truncation 
Changes in amino acid 

sequence 
Truncation Reference 
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CpFatB1 - - Wild-type sequence 

‘CpFatB1.1 A58 - ChloroP§ 

‘CpFatB1.2 L90 - LPDW cleavage site 

‘CpFatB1.3 R120 - Dehesh et al., 1996b 

‘CpFatB1.4 F114 N122S, I169M Lozada et al., 2018 
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 CaFatB3 - - Wild-type sequence 

‘CaFatB3.0 K21 - This work 

‘CaFatB3.1 A58 - ChloroP§ 

‘CaFatB3.2 L89 - LPDW cleavage site 

‘CaFatB3.3 R118 - Following Dehesh et al., 1996b 

‘CaFatB3.4 V102 - ChloroP§ 

‘CaFatB3.5 H112 D120S, I157M This work 
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ChoFatB2 - - Wild-type sequence 

‘ChoFatB2.1 A58 - ChloroP§ 

‘ChoFatB2.2 L89 - LPDW cleavage site 
‘ChoFatB2.3 R118 - Following Dehesh et al., 1996b 

 The first amino acid residue as compared to the wild-type sequence 152 
§ http://www.cbs.dtu.dk/services/ChloroP/ 153 



 154 
 155 
 156 

 157 
Figure 2. Expression of different variants of thioesterases for production of free fatty acids and fatty alcohols in 158 
Synechocystis sp. PCC 6803. (A) The thioesterase (tes) was cloned into a RSF1010 plasmid under a Pcoa 159 
promoter (i) whilst a phosphopantetheinyl transferase (sfp) and a carboxylic acid reductase (car) were integrated 160 
into the Synechocystis genome (ii). (B) CpFatB1 from Cuphea palustris (UniProt: Q39554). (C) CaFatB3 from 161 
Cuphea avigera var. pulcherrima (Uniprot: R4J2L6). (D) ChoFatB2 from Cuphea hookeriana (Uniprot: Q39514). 162 
For fatty acid analysis (Fig. 2B-D (i)), all samples were induced on day 2 with 5 µM cobalt and free fatty acids were 163 
extracted on day 10 from the whole liquid culture by a hexane extraction method. For fatty alcohol analysis (Fig. 164 
2B-D (ii)), all liquid cultures were overlaid with 30% isopropyl myristate and samples from the overlay were taken 165 
for analysis on day 10. Liquid cultures were induced on day 2 with 5 µM cobalt to induce the expression of the 166 
thioesterase and/or 15 µM nickel to induce the expression of Sfp and Car. Error bars represent standard deviations 167 
of three biological replicates 168 
 169 
 FatB1 from Cuphea palustris (CpFatB1) is arguably one of the most well-studied C8-170 
preferring thioesterases, especially when compared to the other two thioesterases. We, 171 
therefore, began the study by truncating the chloroplast transit peptide of CpFatB1. 172 
‘CpFatB1.3, truncated according to Dehesh et al. (1996), showed the highest free fatty acid 173 
titer, reaching 106 ± 13 mg/L octanoic acid 8 days after induction (Fig. 2B (ii)). This was almost 174 
a two-fold increase in the octanoic acid titer compared to Tes3, the thioesterase we used 175 
previously (Yunus and Jones, 2018). Additionally, octanoic acid accounted for more than 90% 176 
of the total FFAs with ‘CpFatB1.3, whereas the C8 chain-length represented only 177 
approximately 40% of the total FFAs synthesised by Tes3-expressing cells. The truncation of 178 
the predicted cleavage site given by the ChloroP prediction tool, however, failed to improve 179 
the titer (‘CpFatB1.1; Fig. 2B (i,ii)). Similarly, cleaving the thioesterase at the LPDW site did 180 
not significantly improve the titer (‘CpFatB1.2; Fig. 2B(i,ii)). It must be pointed out, however, 181 
that we did not confirm whether any of the truncations resulted in variation or a loss of 182 
protein synthesis. ‘CpFatB1.4, which was truncated by following a study by Lozada and 183 
colleagues (Lozada et al., 2018), yielded the highest C8-specificity (>95%), albeit with lower 184 
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titer compared to ‘CpFatB1.3. It was noticeable that under 5 µM cobalt induction, the strain 185 
carrying ‘CpFatB1.4 grew poorly compared to the other strains (Supplementary Fig. 1B). This 186 
was in agreement with what had been observed in previous studies when excessive inducer 187 
concentration was used (Sattayawat et al., 2020) or when the thioesterase was expressed in 188 
a higher copy number plasmid (Lozada et al., 2018).  189 

Another plant known to accumulate medium chain free fatty acids is Cuphea avigera 190 
var. pulcherrima. The seeds from Cuphea avigera var. pulcherrima plant accumulate >90% of 191 
C8:0 and C10:0 fatty acids (Graham and Kleiman, 1992). It has also been revealed that 192 
CaFatB3 cDNA is the predominantly expressed thioesterase in the Cuphea avigera var. 193 
pulcherrima seeds (Kim et al., 2015). Additionally, heterologous expression of CaFatB3 in 194 
Camelina sativa and Arabidopsis thaliana resulted in the accumulation of C8:0 and C10:0 fatty 195 
acids in Camelina oil and in Arabidopsis seeds (Kim et al., 2015; Tjellström et al., 2013). 196 
Heterologous expression of CaFatB3 in E. coli has been demonstrated (Sattayawat et al., 197 
2020), however the composition of C8:0 in comparison to other FFAs was unclear. Similarly 198 
to ‘CpFatB1.1, which was truncated according to ChloroP prediction tool, expressing 199 
‘CaFatB3.1 and ‘CaFatB3.4 (Supplementary Fig. 2A) in Synechocystis resulted in a low titer of 200 
free fatty acids and fatty alcohols (Fig. 2C (i,ii)). In contrast with ‘CpFatB1.2 (Fig. 2B (i,ii)), 201 
truncating CaFatB3 thioesterase at the LDPW site (‘CaFatB3.2) resulted in a higher titer of free 202 
fatty acids and fatty alcohols, reaching 106 mg/L (Fig. 2C (i)) and 163 mg/L (Fig. 2C (ii)) in 10 203 
days, respectively. Surprisingly, truncating CaFatB3 at the same cleavage site as ‘CpFatB1.3 204 
drastically reduced the fatty acid and fatty alcohol titer (compare ‘CpFatB1.3; Fig. 2B and 205 
‘CaFatB3.3; Fig. 2C). To understand whether a similar modification of CaFatB3 like that of 206 
‘CpFatB1.4 (Fig. 2B) would result in a similar outcome (i.e., a growth defect upon 5 µM cobalt 207 
induction), we also created ‘CaFatB3.5. Interestingly, the strain did not show any growth 208 
defect when induced with 5 µM cobalt (Supplementary Fig. 2B) and the free fatty acid (Fig. 209 
2C (i)) and fatty alcohol (Fig. 2C (ii)) titer were relatively comparable with the other 210 
thioesterases. These results suggest that the optimum truncation of one thioesterase might 211 
not be applicable to other plant thioesterases.     212 

 Whilst Cuphea hookeriana seeds accumulate 50% of C8:0 and 20%: of C10:0 (Graham 213 
and Kleiman, 1992), the expression of its FatB2 thioesterase (designated as ChoFatB2) in 214 
several genetically engineered plants or microbes resulted in various outcomes. For example, 215 
Brassica napus plant transformed with ChoFatB2 yielded 11% of C8:0 and 27% of C10:0 fatty 216 
acids in seeds (Dehesh et al., 1996b). Expression of ChoFatB2 in E. coli resulted in 50% C16, 217 
25% C18, 15% C8, and 10% C10 fatty acid ethyl esters (Steen et al., 2010). Cyanobacteria 218 
expressing ChoFatB2 unexpectedly produced 20.5% C12:0 and 2.5% C10:0 fatty acids. (Liu et 219 
al., 2011). Recently, ChoFatB2 was also expressed in engineered E. coli and the strain 220 
produced 85% C8:0 fatty acid (Feng et al., 2018). A single residue mutation at amino acid 221 
residue number 198, from isoleucine to glutamic acid (I198E), shifted the enzyme substrate 222 
preference to C10:0, resulting in the production of 57.6% C10:0 fatty acid (Feng et al., 2018). 223 
Here, similar to the previous two thioesterases, ChoFatB2 was truncated at different locations 224 
(Supplementary Fig. 3A) and tested for the production of free fatty acids and fatty alcohols. 225 
The expression of ‘ChoFatB2.1 increased the titer of both C8 and C10 fatty acids (Fig. 2D (i)) 226 
and fatty alcohols (Fig. 2D (ii)) compared to the wild-type thioesterase (ChoFatB2), with 46% 227 
C8-OH and 54% C10-OH products. Truncating the thioesterase at the LPDW motif not only 228 
resulted in the highest fatty acid titer (181 mg/L) and fatty alcohol titer so far (250 mg/L) but 229 
also shifted the product chain length to 63% C8-OH and 37% C10-OH (‘ChoFatB2.2; Fig. 2D 230 
(ii)). This came at expense of biomass accumulation, however (Supplementary Fig. 3B). Lastly, 231 



the truncation of chloroplast transit peptide like the truncation of ‘CpFatB1.3, forming 232 
‘ChoFatB2.3 thioesterase, did not further improve the product titer (Fig. 2D). 233 

The expression of thioesterases in aas and aas-PnrsB-sfp-car resulted in the 234 
production of different compositions of free fatty acids and fatty alcohols. Truncation of the 235 
thioesterase at the LPDW motif was successful in ‘CaFatB3.2 (Fig. 2C) and ‘ChoFatB2.2 (Fig. 236 
2D), however a similar approach failed to yield a desired result in ‘CpFatB1.2 (Fig. 2B). 237 
Similarly, truncation of ‘CpFatB1.3 at the RPNM sequence according to Dehesh et al., 1996b 238 
was successful in ‘CpFatB1.3 (Fig. 2B), however it was not successful in ‘CaFatB3.3 (Fig. 2C) 239 
and ‘ChoFatB3.3 (Fig. 2D). Finally, additional amino acid mutations on the ‘CaFatB3.5 (Fig. 2D) 240 
did not further improve its performance as well as ‘CpFatB1.4 (Fig. 2B). Altogether, it could 241 
be concluded that the truncation of plant thioesterases is crucial for their functionality in 242 
Synechocystis. The only question is where to make the truncation? Although ChloroP has been 243 
commonly used to predict the chloroplast transit peptides and their cleavage sites of proteins 244 
in rice, barley, Arabidopsis, and several eukaryotic algae such as Chlamydomonas (Lee et al., 245 
2019; Lupette et al., 2019; Wanniarachchi et al., 2018), this prediction tool failed to create a 246 
functionally expressed thioesterase, at least in three different tested thioesterases. This study 247 
highlights that improvements in the algorithms underlying truncation site predictions would 248 
be desirable to more accurately inform where optimal cleavage sites of proteins should be 249 
made.   250 
 251 
2.2 Tuning the ‘CpFatB1.4 protein expression level improves 1-octanol titer 252 
 253 

On the basis of the previous results shown in Figure 2, we identified that ‘CpFatB1.3 254 
and ‘CpFatB1.4 were the two thioesterases showing the highest specificity for 1-octanol 255 
production (Fig. 2B (ii)). We also noticed the strain carrying ‘CpFatB1.4 grew poorly compared 256 
to the other strains, both in fatty acid- and fatty alcohol-producing strains (Supplementary 257 
Fig. 1B). The observed growth defect might be the reason for the low product titer achieved 258 
from this strain and 5 µM of cobalt was probably not the optimum inducer concentration for 259 
the strain carrying ‘CpFatB1.4. To understand this better, the strain carrying ‘CpFatB1.4, were 260 
subsequently induced with different concentrations of cobalt inducer (0 – 5000 nM). 261 
Induction of ‘CpFatB1.4 strain with lower cobalt concentration resulted in increased 262 
production of 1-octanol (Fig. 3A). The highest 1-octanol titer (241 ± 13.7 mg/L) and yield (201 263 
± 8.3 mg/g biomass) were achieved from the strain expressing ‘CpFatB1.4 induced with 625 264 
nM of cobalt (Fig. 3A and B). The titer, yield, and cell density, however, decreased whenever 265 
the strain was induced with a higher cobalt concentration (Fig. 3C). Many metabolic 266 
bottlenecks are still likely to persist but several potential physiological issues may also hinder 267 
further improvement. Some of the latter include: (1) product toxicity caused by poor 1-268 
octanol transport from cells to the liquid medium, (2) metabolic burden caused by excessive 269 
carbon partitioning to 1-octanol, and (3) insufficient acyl-ACP supply for biosynthesis of 270 
carbon skeletons required for building a well-functioning cell membrane. To test these 271 
hypotheses, two further experiments were carried out. In the first experiment, the potential 272 
native Synechocystis porins/transporters with the highest homology to the well-established 273 
E. coli AcrA, AcrB, and TolC proteins were identified and co-expressed with the 1-octanol 274 
synthetic pathway to promote product excretion and reduce product toxicity. In the second 275 
experiment, the 1-octanol pathway was introduced into the Synechocystis wild-type strain to 276 
avoid excessive carbon distribution to 1-octanol product as a result of cells inability to recycle 277 
free fatty acids back to acyl-ACPs in the Δaas strain.  278 



 279 
 280 

 281 
Figure 3. Tuning the expression level of ‘CpFatB1.4 to improve the 1-octanol production. (A) Fatty alcohol titer, (B) 282 
yield, and (C) growth profile of the strain expressing ‘CpFatb1.4 under different concentrations of cobalt (0 – 5000 283 
nM). (D) Schematic diagram of plasmids expressing native Synechocystis transporters. (E) 1-Octanol titer obtained 284 
from strains expressing plasmids shown in Fig. 3D in comparison with a control experiment (‘CpFatB1.4 only). (F) 285 
Futile cycle conversion of octanoyl-ACP to and from octanoic acid by ‘CpFatB1.4 and Aas. (G) Biomass 286 
accumulation (g/L) and 1-octanol titer obtained from expression of ‘CpFatB1.4 in the wild-type strain carrying Sfp 287 
and Car under different concentrations of cobalt. All liquid cultures were overlaid with 30% isopropyl myristate and 288 
samples from the overlay were taken for analysis using GC-MS on day 10. Liquid cultures were induced on day 2 289 
with 5 µM cobalt (Fig. 3E) or different concentration of cobalt (Fig. 3F) to induce the expression of the thioesterase, 290 
and 15 µM nickel to induce the expression of Sfp and Car. Error bars represent standard deviations of two to three 291 
biological replicates. 292 
   293 

Expression of resistance-nodulation-cell (RND) efflux pumps such as AcrAB-TolC and 294 
MdlB has been shown to improve E. coli tolerance toward limonene and 3-methyl-2-buten-1-295 
ol (Dunlop et al., 2011; Foo et al., 2014). In addition, alleviating growth inhibition in some 296 
cases also results in increased production of n-butanol, limonene, and isopentenol 297 
(Mukhopadhyay, 2015). To identify the acting transporters of 1-octanol in cyanobacteria, the 298 
disruption of several putative porins/transporters was attempted in Synechocystis sp. PCC 299 
6803 lacking an acyl-ACP synthetase gene (Δaas strain). Several genes such as sll0180, slr2131, 300 
and slr1270 were identified as the closest homologous proteins to E. coli AcrA, AcrB, and TolC 301 
(Kato et al., 2015) which have been identified as the transporters responsible for 1-octanol 302 
efflux in this heterotroph (Akhtar et al., 2015; unpublished data). Suicide vectors to disrupt 303 
the genes with a gentamicin or spectinomycin selection marker cassette were created. 304 
Transformation with the plasmids resulted in several viable colonies. Upon increasing the 305 
antibiotic concentration to 20 mg/L, however, the colonies did not survive and after several 306 
rounds of restreaking on BG11-Co agar plates containing 10 mg/L antibiotic, it was not 307 
possible to isolate a fully segregated mutant. It has been reported in a previous study that 308 
knocking out the tolC gene in Synechocystis increases cells susceptibility to selected 309 
antibiotics (Oliveira et al., 2016). A possible explanation for the failure to knock out tolC in 310 
this study is that the Δaas mutation results in the accumulation of free fatty acids which also 311 
likely are exported by the same transporter complex and that this was lethal to the cells. 312 
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Recently, Bellefleur and co-workers also reported the characterization of a free fatty acid 313 
active transportation mechanism in Synechocystis. Curiously, they were able to isolate and 314 
characterize a null mutant of Δaas lacking acrA or acrB gene (Bellefleur et al., 2019). 315 

Given the failure in obtaining a fully segregated and viable mutant of the transporter 316 
encoding genes mentioned above, a reverse strategy was instead tried. Three RSF1010 317 
plasmids encoding either AcrA, AcrB, or TolC (from Synechocystis), in all cases combined with 318 

‘CpFatB1.4, were used to transform the aas-Sfp-CAR strain (Fig. 3D). The resulting strains 319 
were induced on day 2 with 625 nM cobalt and 15 µM nickel, and cultured with an isopropyl 320 
myristate solvent overlay for 8 days and the overlay was sampled for GC-MS analysis on day 321 
10. Fig. 3E shows the 1-octanol titer obtained from the samples. If Synechocystis AcrAB-TolC 322 
was involved in 1-octanol efflux, the over-expression of only one of its members could be 323 
expected to influence this process either positively or negatively. None of the strains differed 324 
in the titer of 1-octanol compared to the control strain (‘CpFatB1.4) (Fig. 3E) suggesting that 325 
native AcrA, AcrB, and TolC possibly have no role to play in fatty alcohol excretion in 326 
Synechocystis sp. PCC 6803, or that expression of the protein was not sufficient. It is also 327 
possible that 1-octanol excretion to the liquid medium in Synechocystis occurs by passive 328 
diffusion rather than active transport (i.e., does not requires transporters). In contrast, 329 
Bellefleur and co-workers reported that expression of E. coli AcrB in their free fatty acid-330 
producing strain significantly increased the titer of extracellular free fatty acid and rescued 331 
the sensitivity of the strain to chloramphenicol (Bellefleur et al., 2019), suggesting that efflux 332 
of both fatty acids and chloramphenicol in cyanobacteria could be promoted by a membrane 333 
transporter. 334 

Previous studies show that acyl-ACP synthetase (aas) is active on 8-bromooctanoic 335 
acid or 8-phenyloctanoic acid (Beld et al., 2014). Therefore, it is also possible that aas is able 336 
to convert octanoic acid produced by ‘CpFatB1.4 back into octanoyl-ACP as a building block 337 
for cell membrane biosynthesis. Although this would result in a futile cycle (Fig. 3F), it may 338 
help to alleviate some of the stress caused by excessive carbon re-distribution of octanoyl-339 
ACP into 1-octanol. To test this hypothesis, we also introduced the 1-octanol synthetic 340 
pathway into the Synechocystis sp. PCC 6803 wild-type strain and compared it with the 341 

equivalent strain in the aas background. The sfp and car genes were integrated into the 342 
chromosome as described previously (Fig. 2A (ii)) (Sattayawat et al., 2020), whilst ‘CpFatB1.4 343 
was introduced in the RSF1010 plasmid with a Pcoa promoter (Fig. 2A (i)). Fig. 2G shows that 344 
induction of the liquid cultures above 5000 nM had a slight effect on growth, whereas 345 
induction below 5000 nM did not cause a growth defect. Interestingly, no 1-decanol was 346 

detected from the overlay, although it was observed in the aas strain. Six hundred and 347 
twenty-five nM cobalt still gave the highest 1-octanol titer (28.16 mg/L), consistent with the 348 

previous results obtained in the aas deletion strain (Fig. 2A). However, the highest titer was 349 

almost 10 times lower than the 1-octanol titer achieved from the aas-Sfp-Car-‘CpFatB1.4 350 
strain. This indicated that a futile cycle had most likely formed with both acyl-ACP synthetase 351 
and the carboxylic acid reductase competing for octanoic acid. Since only <30 mg/L 1-octanol 352 
was achieved from the wild-type strain expressing ‘CpFatB1.4, sfp, and car, implementing the 353 
1-octanol pathway in the wild-type strain was not a satisfactory option to explore further. 354 
However, evidence supporting the initial hypothesis (i.e., the reason for the negative growth 355 
caused by high induction of ‘CpFatB1.4 was mainly due to excessive removal of octanoyl-ACP 356 
from native FAS required for growth) was obtained. 357 

 358 
 359 



2.3 Optimization of cultivation condition improves cell growth, titer, and carbon 360 
partitioning of 1-octanol accordingly 361 

 362 
     As the induction of the wild-type strain carrying the 1-octanol pathway above the 363 

optimum inducer concentration (e.g., 625 – 5000 nM) did not cause metabolic stress (i.e., 364 
growth defect) and co-expression of the native porins/transporters did not improve cell 365 
growth or product titer, this suggested that the growth defect shown in Fig. 3C was caused 366 
by insufficient supply of acyl-ACP for cell membrane biosynthesis rather than product toxicity. 367 
At a certain induction level, the introduction of the improved 1-octanol synthetic pathway 368 
likely resulted in a limitation in available cellular resources (primarily carbon source) for 369 
growth, thus imposing a cellular metabolic burden. To find a remedy for this issue, one 370 
possibility is to provide a greater carbon flux to fatty acid metabolism overall or to better 371 
optimize the balance of resources between the introduced pathway and metabolism required 372 
for growth. Some form of dynamic sensor as reported for E. coli (Xu et al., 2014) could be 373 
useful if such a system would work in cyanobacteria. An alternative to this concept is to 374 
identify conditions that would allow metabolism to continue with no or minimal growth, i.e., 375 
a quiescent state of growth. Unfortunately, to date, there has been no study that we are 376 
aware of that examine these possibilities in cyanobacteria.  377 

Light also plays an important role in controlling cyanobacterial growth (Cuellar-378 
Bermudez et al., 2015; Iasimone et al., 2018; Jahn et al., 2018). As cyanobacteria harvest 379 
energy from light (e.g., sunlight) to convert carbon dioxide into organic carbon molecules (e.g. 380 
acetyl-CoA) thereafter used as precursor for the fatty acid biosynthesis pathway, one 381 
mechanism to boost the carbon flux to fatty acid metabolism may be to enhance the input of 382 
energy and force the cell to dissipate it into other end-products other than biomass (i.e., 383 
excreted carbon products) by increasing the inducer concentration. To increase carbon flux 384 
to the fatty acid metabolism pathway, the improved 1-octanol strain was cultivated at a 385 
higher light intensity. At first, the 1-octanol titer was compared between liquid cultures grown 386 
in two different light conditions (Fig. 4A, Condition 1 and 2). Both liquid cultures were grown 387 
at 60 μmol photons/m2.s for 48 hours, following induction with 625 nM cobalt. After 48 hours, 388 
one of the liquid cultures was cultivated at 120 μmol photons/m2.s, whilst the other remained 389 
at 60 μmol photons/m2.s. The liquid cultures grown under higher light condition (120 μmol 390 
photons/m2.s) produced a significantly higher 1-octanol titer (Fig. 4B). However, the strain 391 
also accumulated higher biomass (Fig. 4C), leading to a relatively lower carbon partitioning of 392 
1-octanol per g cell dry weight (Fig. 4D). Compared to the strain grown under Condition 1, the 393 
biomass of strains grown under Condition 2 increased by nearly 320 mg/L, whilst the 1-394 
octanol titer only increased by 71 mg/L (compare Condition 1 and Condition 2 in Fig. 4B and 395 
C). This suggests that more carbon flux was diverted to cell membrane biosynthesis at 396 
increased light intensities rather than to 1-octanol synthesis and an adjustment of cobalt 397 
inducer concentration was needed. 398 

To re-balance the carbon partitioning of 1-octanol per g CDW of biomass, the 399 
concentration of cobalt inducer was therefore re-evaluated. Under the revised environmental 400 
conditions, the highest titer (526 ± 5.1 mg/L 1-octanol and 54 ± 2.7 mg/L 1-decanol) and 401 
carbon partitioning (336 ± 9.2 mg/g CDW or 33.6% carbon partitioning) of 1-octanol was 402 
achieved when the culture was induced with 625 nM cobalt repetitively on day 2, 3, and 4 403 
(Condition 4; Fig. 4D). When induced with additional 625 nM on day 5 and/or day 6, however, 404 
the strains accumulated lower overall fatty alcohols titer (Condition 5 and 6; Fig. 4B). Ten days 405 
after induction, these strains (i.e., strain grown under Condition 5 and 6) turned pale blue, 406 



indicating toxicity from 1-octanol. A similar phenotype had also been observed when 407 
cyanobacterial strains were fed with 1-octanol in the absence of overlay (Yunus and Jones, 408 
2018). Nevertheless, these experiments illustrated that 1-octanol production could be 409 
improved by optimizing the cultivation condition (e.g., higher light intensity and higher 410 
inducer concentration). However, a more elaborate cultivation system and metabolic 411 
engineering strategy would be needed in order to achieve strains with greater culture stability 412 
and consequently higher 1-octanol titer and carbon partitioning. Overall, these simple but 413 
powerful experiments highlight the complexity of the systems involved and that exploitation 414 
of the full potential may not be reached without combinatorial optimization of many 415 
parameters. It does, however, illustrate the flexibility of the system with promise of 416 
substantial improvement as a reward.   417 

 418 

 419 
Figure 4. Re-evaluation of inducer concentration together with optimizing light intensity for 1-octanol production of 420 
strain Δaas-Sfp-Car-Pcoa-‘CpFatB1.4. (A) Different conditions used to cultivate the strain. The fatty alcohol titer 421 
(B), biomass accumulation (C), and carbon partitioning (D) achieved from the strains grown under different 422 
conditions. Overlay was sampled on day 12 and analyzed by GC-MS. Error bars represent standard deviations of 423 
three biological replicates. 424 
 425 
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2.4 1-Octanol producing strain displays stability and robustness upon environmental 427 
pertubations in long-term cultivation 428 

 429 
Our previous study indicated that a serial dilution of the Δaas-Pcoa-4-TPC3 (tes3, sfp, 430 

and car) strain displayed reproducible genetic instability characterized by complete loss of 431 
metabolic phenotype and random mutations in the tes3 gene (Yunus and Jones, 2018). 432 
Further evaluation of the strains developed in this study (Fig. 5A) showed that the ability to 433 
produce 1-octanol was not always lost. For example, strain Δaas-Sfp-Car-‘CpFatB1.4 could be 434 
stably maintained for at least ten serial dilutions. In comparison to the first sample, the 1-435 
octanol produced by the subsequent samples ranged from 73% to 111% of 1-octanol titer of 436 
the first sample (Fig. 5B). The fluctuation in the 1-octanol titer might be attributed to the 437 
variations in the growth profile (Fig. 5B). To understand if the 1-octanol strains developed in 438 
this study could also be stably maintained in a semi fed-batch experiment, we cultivated 439 
several strains over 30 days with medium replenished twice, on day 10 and 20 (Fig. 5C). Fig. 440 
5D shows that the Δaas-Sfp-Car strain expressing ‘CaFatB1.0, ‘CpFatB1.3, and ‘CpFatB1.4, 441 
could still maintain the production of 1-octanol over at least two rounds of serial dilution 442 
during a 30-day cultivation period although there was a slight decrease in productivity 443 
following the second dilution (Fig. 5D). The highest titer was 743.08 ± 53.82 mg/L 1-octanol 444 
and 56.75 ± 2.67 mg/L 1-decanol in 30 days from the strain expressing ‘CpFatB1.4 (Fig. 5B). 445 
Altogether, these experiments demonstrated that the potential of the 1-octanol producing 446 
strains had not yet reached its limit. However, upon long term cultivation, the productivity 447 
decreased, presumably due to the long contact of 1-octanol with cyanobacterial cells. This 448 
issue could be partially solved by converting 1-octanol into its respective ester, octyl acetate, 449 
which has been shown to be less toxic towards cyanobacteria than 1-octanol as described in 450 
our previous study (Sattayawat et al., 2020). HERE SOMEWHERE WE NEED TO COMMENT ON 451 
THE GENETIC STABILITY - I think this is one of the more interesting observations in this paper 452 
- i.e. why are these strains more stable than the first ones? We need to at least speculate on 453 
this. 454 
   455 



 456 
Figure 5. Evaluation of strain stability over long cultivation period. (A) Schematic cultivation diagram of Δaas-Sfp-457 
Car-‘CpFatB1.4 strain over ten serial dilutions. Preculture with OD730 2-3 was prepared to inoculate liquid culture 458 
with a starting OD730 ~0.2 (25 ml). One set of liquid cultures was incubated for ten days (induced on day two) for 459 
1-octanol production experiment, whilst the other was incubated for four days and used for the preculture of 460 
production experiment of sample n. The experiment was repeated until Sample No. 10 was obtained. (B) Cell 461 
density (OD730) and relative 1-octanol titer of sample n compared to the first sample measured on day ten. (C) 462 
Schematic cultivation diagram of strains shown in Figure 5D. Liquid culture (25 ml) with initial OD730 0.2 was 463 
prepared. On day two, the cultures were induced and incubated for eight days. On day 10, solvent overlay was 464 
sampled for GC-MS analysis and 12.5 ml of liquid culture was replaced with fresh BG11-Co medium followed by 465 
induction with half concentration of inducers added on day two. This experiment was continued until day 30 (D30). 466 
(D) Fatty alcohols profile obtained from day 10 (D10), day 20 (D20), and day 30 (D30) from different strains. For 467 
the strains carrying ‘CaFatB1.0 or ‘CpFatB1.3, the liquid cultures were re-induced with 2.5 M cobalt and 7.5 M 468 
nickel. For the strains carrying ‘CpFatB1.4, liquid cultures were re-induced with 312.5 nM cobalt and 7.5 M nickel. 469 
Samples from the overlay were taken on day 10, day 20, and day 30 (D30). Error bars represent standard 470 
deviations of three biological replicates. 471 
 472 

To investigate the robustness of the 1-octanol producing strain upon environmental 473 
pertubations (e.g., pH, light intensity, and feed flow rate), we also cultivated the Δaas-Sfp-474 
Car-‘CpFatB1.4 strain in a flat plate photobioreactor under batch (Fig. 6A), chemostat (Fig. 475 
6B), and turbidostat (Fig. 6C) mode. Figure 6D and 6E show the growth profile and 1-octanol 476 
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productivity of the 1-octanol producing strain, respectively, upon cultivation in the 477 
photobioreactor for 165 days. Initially, the liquid culture (700 ml) was maintained in a batch 478 

mode and bubbled with air under continuous and constant light intensity (50 E). On day two, 479 

liquid culture was induced with 625 nM cobalt and 15 M nickel and overlaid with 200 ml 480 
hexadecane. After the strain could be stably maintained for XXX~14 days[Athena please 481 
confirm the number of days here] reaching 1-octanol productivity of approximately 20 482 
mg/L/day, the batch mode was switched to a chemostat mode where 0.2 ml/min fresh 483 
medium was pumped in to the photobioreactor whilst other parameters were kept constant 484 
(Fig. 6B). To maintain the same volume of liquid culture in the photobioreactor, 0.2 ml/min 485 
liquid culture was also removed from the photobioreactor to the effluent collection 486 
container. The cell biomass was kept constant until day 66. To understand the effect of pH on 487 
1-octanol production, we perturbed the pH value by pumping in 1-5% CO2/Ar. The pH was 488 
altered from 10 to 9.6-9.8, which resulted in an increase of both biomass and 1-octanol 489 
production. However, when the pH reached 9.4, we observed a reduction in the 1-octanol 490 
productivity as well as in the cell biomass accumulation. The productivity was recovered when 491 
the pH was adjusted back to 9.6. To understand the effect of feed/effluent flow rate and light 492 
intensity on 1-octanol productivity, we varied the flowrate (0.24 – 0.27 ml/min) and also light 493 

intensity (35 – 45 E). Upon applying a higher flow rate (0.27 ml/min; day 113), both cell 494 
biomass and 1-octanol productivity were significantly reduced. Likewise, we also observed a 495 
lower 1-octanol productivity as well as cell biomass when the light intensity was lowered from 496 

50 E to 35 E (day 125 – 130). This implies that the 1-octanol productivity was largely 497 
influenced by the amount of cell biomass in the liquid culture. Nevertheless, 1-octanol 498 
productivity could be recovered when the flow rate or light intensity was re-adjusted. 499 

To achieve higher biomass accumulation in the liquid culture, we then operated the 500 
photobioreactor in a turbidostat mode. An additional recirculation loop was added to the 501 
photobioreacor setup, involving pumping the culture through a cross flow flitration 502 
membrane (hollow fiber membrane). This membrane retained the cells within the 503 
photobioreactor, with only filtered medium going to the effluent reservoir. Since the biomass 504 
was retained in the PBR, we observed an increase in the biomass accumulation (1.5 g/L; Fig. 505 
6D) and 1-octanol productivity (~70 mg/L/day; Fig. 6E). To supply more nutrient to the 506 
photobioreactor, we subsequently increased the feed flow rate (0.27 – 0.3 ml/min). This 507 
turbidostat operation lasted for 10 days and it demonstrated almost three times 508 
improvement in 1-octanol productivity compared to the chemostat mode. It is likely that 509 
applying a higher flow rate and light intensity to the turbidostat system might further enhance 510 
the 1-octanol productivity. 511 

 512 
      513 



 514 

 515 
 516 
Figure 6. Evaluation of Δaas-Sfp-Car-‘CpFatB1.4 strain in a flat plate photobioreactor under (A) batch, (B) 517 
chemostat, (C) turbidostat mode. (D) Effect of different mode of operation, pH, flow rate, and light intensity on the 518 
accumulcation of biomass and 1-octanol. (E) 1-octanol productivity profile of the engineered strain for over 165 519 
days.  520 
 521 

3. Conclusion 522 
 523 

In this work, three plant thioesterases which are known to show activities toward 524 
octanoyl-ACP, namely CaFatB3 from Cuphea avigera var. pulcherrima, ChoFatB2 from Cuphea 525 
hookeriana, and CpFatB1 from Cuphea palustris were screened and modified to improve the 526 
1-octanol production in the engineered Synechocystis sp. PCC 6803 strain. It was 527 
demonstrated that the truncation of the thioesterases is crucial for their functionality. 528 
Approximately 10-fold improvement in the 1-octanol titer was achieved by expressing 529 
‘CpFatB1.4 from Cuphea palustris, the best-performing thioesterase. By adjustment of the 530 
light intensity and inducer concentration, up to 520 mg/L 1-octanol was produced in 10 days 531 
after induction. Additionally, adding additional copies of ‘CpFatB1.4 further improved the 1-532 
octanol production. Up to 743.08 ± 53.82 mg/L 1-octanol was produced in 30 days. Long-term 533 
experiments also indicated that the strain could be stably maintained over at least 10 serial 534 
dilutions. Chemostat operation of 1-octanol strain coud be stably maintained for over 165 535 
days under the tested conditions. The 1-octanol concentration reached to about 3750 mg/L 536 
at an average rate of 20-25 mg/L/day. In turbidostat mode, the productivity was further 537 
improved to well above 60 mg/L/d. Further optimization on light intensity might result in even 538 
higher productivity. 539 
 540 
 541 
4. Materials and Methods 542 
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 543 
4.1 Plasmid construction 544 
 545 

E. coli DH5α (Thermo Fisher Scientific) was used for propagation of all the plasmids 546 
used in this study. The strain was  cultivated in lysogeny broth (LB) medium (LB Broth, Sigma 547 
Aldrich), 37oC, 180 rpm,  supplemented with appropriate antibiotic(s) (final concentration: 548 
spectinomycin 50 μg/mL, carbenicillin 100 μg/mL, chloramphenicol 37 μg/mL, and 549 
erythromycin 200 μg/mL). All plasmids used in this study were constructed using Biopart 550 
Assembly Standard Idempotent Cloning (BASIC) as described previously (Storch et al., 2015; 551 
Yunus et al., 2018; Yunus and Jones, 2018). Primers used to modify the thioesterases are listed 552 
in Supplementary Table 1 and 2. The amino acid sequences of all thioesterases used in this 553 
study are listed in Supplementary Table 3. ‘CaFatB3.0 to ‘CaFatB3.5 thioeseterases have a 554 
single point mutation at amino acid number 261 from serine to cysteine. 555 
 556 
4.2 Cultivation condition for Synechocystis sp. PCC 6803 557 
 558 

In this study, Synechocystis sp. PCC 6803 glucose-tolerant wild-type strain (obtained 559 
from Prof. Klaas Hellingwerf ,University of Amsterdam, The Netherlands), Synechocystis sp. 560 

PCC 6803 strain lacking acyl-ACP synthetase (aas) (previously constructed, Yunus and Jones, 561 

2018) and aas strain expressing a phosphopantetheinyl transferase (Sfp) and carboxylic acid 562 

reductase (Car) (aas-Sfp-Car) (previously constructed, Sattayawat et al., 2020) were used. 563 
All strains were cultivated in BG11 medium without cobalt (BG11-Co) and supplementedwith 564 
appropriate antibiotic(s) (final concentration: kanamycin 50 μg/mL, spectinomycin 50 μg/mL, 565 
chloramphenicol 37 μg/mL, and erythromycin 20 μg/mL). The liquid cultures were grown in 566 
100-ml flasks in an AlgaeTron AG 230 (Photon Systems Instruments (PSI), Czech Republic) at 567 
30 oC with continuous warm-white LED illumination at 60 μmol photons m−2 s−1 and continuos 568 
shaking at 180 rpm (Unimax 1010 shaker, Heidolph Instruments). The AlgaeTron AG 230 was 569 
equipped with a CO2 sensor and controller (Ecotechnics, UK) to control and monitor the 570 
concentration of CO2 (1% (v/v)) inside the growth chamber. Liquid cultures were induced with 571 
5 μM cobalt (stock solution: 20 mM Co(NO3)2.6H2O) and/or 15 μM nickel (stock solution: 20 572 
mM NiSO4.6H2O) unless stated otherwise. To capture the fatty alcohols (e.g., 1-octanol and 573 
1-decanol), an isopropyl myristate solvent overlay (30% v/v) was added to the liquid cultures 574 
during cultivation. 575 
 576 
4.3 Transformation methods for Synechocystis sp. PCC 6803 577 

 578 
Synechocystis sp. PCC 6803 was transformed by triparental conjugation. Firstly, 579 

RSF1010 plasmids were transformed into E. coli HB101, a cargo strain carrying the pRL623 580 
plasmid (Elhai et al., 1997) and plated on LB agar containing chloramphenicol (37 μg/mL) and 581 
erythromycin (200 μg/mL) to isolate colonies carrying the pRL623 and RSF1010 plasmids, 582 
respectively. Individual colonies were picked and inoculated  overnight. A conjugal strain, E. 583 
coli ED8654 (Elhai et al., 1997), was grown in LB medium containing carbenicillin (100 μg/mL). 584 
Overnight grown cargo strain and conjugal strain, were mixed with the Synechocystis strain 585 
(OD730 1) and incubated for two hrs (30oC, 60 μmol photons m−2 s−1). Prior to mixing, all three 586 
strains were washed with fresh LB medium and BG11-Co medium, as appropriate , to remove 587 
the antibiotics. After 2 hrs of incubation, the mixed cultures were plated onto BG11 agar 588 
plates without antibiotics and incubated for two days (30oC, 60 μmol photons m−2 s−1). After 589 



this incubation, cells were scraped from the agar plate, resuspended in 500 µL of BG11-Co 590 
medium, and transferred onto a new agar plate containing 20 μg/mL erythromycin. Cells were 591 
grown for one week until colonies appeared. Individual colonies were restreaked onto a new 592 
plate containing 20 μg/mL erythromycin and used for subsequent experiments. All plasmids 593 
and strains used in this study are listed in Supplementary Table 4. 594 
 595 
4.4 Free fatty acid and fatty alcohol analysis 596 
 597 

Free fatty acid analysis was performed as described previously (Yunus et al., 2020). In 598 
brief, 100 μL of 10 M H3PO4 was added to acidify 1 ml of cyanobacteria liquid culture. The 599 
mixed solution was vortexed briefly to homogenize the sample. To extract the free fatty acids 600 
from the liquid culture, 2 ml of n-hexane (VWR Chemicals) was added. Solutions were 601 
vortexed vigorously and the hexane layer was separated from the liquid culture by 602 
centrifugation at 3,500 x g for 2 min. The upper hexane layer was then collected and 603 
transferred into a fresh PyrexTM round bottom threaded culture glass tube (Corning 99449-604 
13, Thermo Fisher Scientific) and closed with a CorningTM phenolic threaded screw cap 605 
(Corning 9998-13, Thermo Fisher Scientific). To maximize the extraction of free fatty acids, 606 
the liquid culture was extracted with 2 ml hexane one more time. After centrifugation, the 607 
upper hexane layer was transferred and combined with the previously collected hexane layer. 608 
Pentadecanoic acid (100 μg) was added as internal standard. The hexane solvent was allowed 609 
to evaporate completely under a stream of N2. The dried samples were esterfied using 500 μL 610 
of 1.25 M HCl in methanolic solution (Sigma Aldrich) and incubated at 85oC for 2 hr. After 611 
methyl esterification, the samples were cooled down to room temperature and 500 μL of n-612 
hexane was added to extract the FAMEs. The FAMEs were then analyzed using gas 613 
chromatography-mass spectrometer (GC-MS). One microliter of sample was injected into 614 
using Hewlett Packard (HP) 6890 Series Gas Chromatograph (GC) equipped with a 5973 Mass 615 
Selective Detector and a DB-WAXetr column (Agilent, 122-7332). The injector temperature 616 
was 250 oC and helium was used as the carrier gas. The oven temperature was initially held 617 
at 100oC for 30 s, followed by a ramp at 30oC.min-1 to 250oC and hold for 3 min. The free fatty 618 
acids were then quantified by comparing the peak area of FAMEs in the samples with serrially 619 
diluted external FAME standard.  620 

For fatty alcohol analysis, 10 L of isopropyl myristate solvent overlay was sampled, 621 

mixed with 10 L of 1-nonanol (1 g/L dissolved in isopropyl myristate), and derivatized with 622 

90 L N, O-Bistrifluoroacetamide (BSTFA) at 65 oC for 2 hr for derivatization. A serial dilution 623 
of 1-octanol and 1-decanol standard was also prepared to quantify the concentration of 1-624 
octanol and 1-decanol in the samples. Samples were analyzed using GC-MS. One microliter of 625 
sample was injected into Hewlett Packard (HP) 6890 Series Gas Chromatograph (GC) 626 
equipped with a 5973 Mass Selective Detector and a DB-WAXetr column (Agilent, 122-7332). 627 
The injector temperature was set to 250 oC and helium was used as the carrier gas. The oven 628 
temperature was initially held at 70oC for 30 s, followed by a ramp at 30oC.min-1 to 250oC and 629 
hold for 1 min. 630 
 631 
4.5 Measurement of cell dry weight 632 
 633 

Cell biomass (cell dry weight (CDW)) was calculated from OD730 using the conversion 634 
factor of 0.36 gCDW/L per OD730 (Yunus et al., 2020). 635 
 636 



4.6 Photobioreactor experiment 637 
 638 
 The 1 L flat plate PBR used in these experiments was previously described in detail 639 
Tamburic et al., (2011). The PBR consists of two compartments. The first compartment was 640 
used to culture liquid cyanobacteria and was equipped with a pH probe (Consort, Belgium), a 641 
dissolved oxygen probe (Consort, Belgium), a photodiode for optical density measurements 642 
and a K-type thermocouple (Omega, United Kingdom). The mixing was achieved through a 643 
gas lift system (air/CO2) which was connected to a gas diaphragm pump (KNF Neuberger, 644 
United Kingdom) and a stainless steel sparger at the bottom of the first compartment. The 645 
second compartment was connected to a water bath unit (Grant Instruments, United 646 
Kingdom) where the temperature was pre-set and water was continuously recycled using a 647 
liquid diaphragm pump (KNF Neuberger, United Kingdom). The PBR system was also equipped 648 
with 24 V DC Brightest Day Light White LED array (LED Wholesalers). The PBR could be 649 
modified to operate as chemostat to investigate the best separation strategy, taking into 650 
account the physical properties of the targeted products. For 1-octanol extraction, 651 
hexadecane overlay was used and samples were taken periodically. 652 
 653 
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