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A B S T R A C T   

Terpenoids are a large group of secondary metabolites with broad industrial applications. Engineering cyano-
bacteria is an attractive route for the sustainable production of commodity terpenoids. Currently, a major 
obstacle lies in the low productivity attained in engineered cyanobacterial strains. Traditional metabolic engi-
neering to improve pathway kinetics has led to limited success in enhancing terpenoid productivity. In this study, 
we reveal thermodynamics as the main determinant for high limonene productivity in cyanobacteria. Through 
overexpressing the primary sigma factor, a higher photosynthetic rate was achieved in an engineered strain of 
Synechococcus elongatus PCC 7942. Computational modeling and wet lab analyses showed an increased flux 
toward both native carbon sink glycogen synthesis and the non-native limonene synthesis from photosynthate 
output. On the other hand, comparative proteomics showed decreased expression of terpene pathway enzymes, 
revealing their limited role in determining terpene flux. Lastly, growth optimization by enhancing photosynthesis 
has led to a limonene titer of 19 mg/L in 7 days with a maximum productivity of 4.3 mg/L/day. This study 
highlights the importance of enhancing photosynthesis and substrate input for the high productivity of secondary 
metabolic pathways, providing a new strategy for future terpenoid engineering in phototrophs.   

1. Introduction 

Terpenoids are a large class of secondary metabolites produced in all 
living organisms. Characterized by their extensive structural diversity, 
many terpenoids are of significant interest to humans because of their 
applications as advanced biofuels, pharmaceuticals, and nutraceuticals 
(Ajikumar et al., 2008; Wang et al., 2015). Photosynthetic terpene 
production is an attractive route because of its carbon-neutral property. 
Cyanobacteria fix carbon dioxide by harnessing solar energy and 
directly convert it into various metabolites, making them promising 
biocatalysts for chemical production (Knoot et al., 2018). 

Engineering terpene pathways in cyanobacteria commenced with a 
pioneering work of isoprene (C5) production (Lindberg et al., 2010), 
followed by the photosynthetic production of longer chain terpenoids 
including limonene, bisabolene, phellandrene, manoyl oxide, and 
squalene (Davies et al., 2014; Englund et al., 2014, 2015; Formighieri 
and Melis, 2014). Limonene, a monoterpene (C10), is commercially used 
in the fragrance industry but recently has gained more attention due to 

its potential as drop-in biofuels (Chuck and Donnelly, 2014). Several 
follow-up studies focused on engineering the methylerythritol 4-phos-
phate (MEP) pathway to improve terpene titers (Choi et al., 2016; 
Englund et al., 2015; Halfmann et al., 2014; Kiyota et al., 2014). With 
the exception of one study where a high isoprene flux was achieved in 
cyanobacteria (Gao et al., 2016), all other studies showed only marginal 
increases in terpene titers (Formighieri and Melis, 2016). These studies 
demonstrated the possibility to produce terpenes in phototrophs but all 
were limited by low productivities for a scalable photosynthetic mi-
crobial production platform (Lin and Pakrasi, 2019). To attain high 
product titers, a few recent studies have attempted alternative strategies 
to boost terpene production in cyanobacteria. Guided by computational 
modeling, engineering the pentose phosphate pathway achieved a 
limonene titer of 6.7 mg/L in Synechocystis sp. PCC 6803 (Lin et al., 
2017). In another study, a fast-growing cyanobacterium Synechococcus 
elongatus UTEX 2937 was genetically modified to attain the limonene 
titer of 16.4 mg/L during a 2-day production period (Lin et al., 2021). 
Despite these efforts, the traditional pathway engineering showed 
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limited success in enhancing the MEP-derived terpene flux in 
cyanobacteria. 

A major limitation in achieving high terpene yields through the MEP 
pathway is low carbon partitioning (Melis, 2013). Both thermodynamics 
and enzyme kinetics contribute to increasing carbon flux toward target 
pathways (Noor et al., 2014, 2016; Wu et al., 2020). However, sec-
ondary metabolism such as the MEP pathway has evolved with enzymes 
of low efficiency (Bar-Even et al., 2011), limiting its “pull” capacity to 
enhance carbon flux. We argue that enhancing the MEP pathway flux 
requires a strong “push” effect in the first place, i.e. a strong thermo-
dynamic driving force determined by substrate input. However, terpene 
production in cyanobacteria is constrained by thermodynamics due to 
limited CO2 delivery to cells. Therefore, enhancing carbon fixation could 
improve the thermodynamic landscape, resulting in a productive 
pathway for synthesizing secondary metabolites. Engineering primary 
transcription factors can improve photosynthetic efficiency, potentially 
leading to overall increased carbon fixation and improved substrate 
input to target pathways. However, only a few studies reported tran-
scription factor engineering to improve chemical production in cyano-
bacteria (Kaczmarzyk et al., 2014; Osanai et al., 2013). Here in this 
study, we implement this strategy in a highly efficient 
limonene-producing Synechococcus elongatus PCC 7942 strain L1118 
(hereafter Synechococcus L1118) from our previous study (Wang et al., 
2016), to further improve limonene production. We show that sigma 
factor overexpression leads to enhanced photosynthesis in S. elongatus, 
improving the “source” capacity for efficient limonene production. 

2. Materials and methods 

2.1. Bacterial strains and growth conditions 

All recombinant plasmids were assembled and transformed in 
Escherichia coli DH5α strains that were routinely maintained on LB me-
dium with respective antibiotics. Seed cultures for Synechococcus elon-
gatus PCC 7942 strains were typically grown under 20 μmol photons 
m− 2⋅s− 1 at 30 ◦C using BG11 growth medium supplemented with 10 mM 
N-[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (TES, pH 
7.8) and 20 mM bicarbonate (NaHCO3). For limonene productivity, cells 
were grown continuously in 1-L Roux bottles containing 500 mL of BG11 
supplemented with 10 mM TES and 20 mM NaHCO3 aerated with 
ambient air under 50 μmol photons under m− 2⋅s− 1 illumination from 
cool white fluorescent light tubes for five days unless specified other-
wise. Initial growth experiments of engineered strains were performed 
in the Multi-Cultivator (Photon Systems Instruments, Czech Republic) at 
50 μmol photons under m− 2⋅s− 1 illumination with growth recorded as 
optical density (OD) 720 nm readings every 10 min. The engineered 
strains were grown in antibiotics with a final concentration of 2 mg/L 
spectinomycin/streptomycin (a neutral site I targets) and/or 5 mg/L 
kanamycin (a neutral site II target) as per the strain requirement. The 
stocks for cyanobacterial strains were maintained on BG11 solid media 
plates. All strains and plasmids used in this study are listed in Table S1. 

2.2. Plasmid construction 

Overexpression plasmids for all sigma factor (SF) genes and bicA 
started with PCR amplification of the Km selective marker gene, DNA 
segments encoding nine SFs, and BicA from the genome of Synechococcus 
elongatus PCC 7942 and Synechocystis sp. PCC 6803, respectively using 
Phusion polymerase (New England Biolabs, MA, USA). The purified 
DNA fragments were assembled with the backbone of pAM1579 (neutral 
site II) using the HiFi DNA Assembly master mix (New England Biolabs, 
MA, USA). All overexpression plasmids targeting the neutral site II of the 
S. elongatus genome in this study (Table S1) have LacO promoter but lack 
the LacI repressor coding DNA segment thus enabling constitutive 
expression of respective SF gene. Plasmid to express the limonene syn-
thase (LS) gene at the neutral site I in S. elongatus was designed in our 

previous study (Wang et al., 2016). 

2.3. Transformation of engineered strains 

Transformation of S. elongatus strains was accomplished following 
the protocol described previously (Golden et al., 1987). Briefly, one mL 
of the wild-type S. elongatus strain was taken from logarithmic phase 
culture grown in BG11 medium with OD730 approximately 0.7–0.8. 
Next, cells were pelleted by centrifugation and resuspended in 1 mL of 
10 mM sodium chloride. After centrifugation, the pellet was resus-
pended in 200 μL of fresh BG11 medium and mixed with 100 ng DNA of 
plasmid. The samples are mixed properly via pipette and were incubated 
in dark for about 5 h at 30 ◦C, with constant shaking at a low-speed 
rotator. Cells were then spread onto BG11 plates supplemented with 
appropriate selective antibiotics and incubated under 20 μmol photons 
m− 2⋅s− 1 light at 30 ◦C for 5–7 days to obtain transformants. S. elongatus 
contains multiple (3–6) genome copies in a cell (Rubin et al., 2015) and 
thus segregation PCR was performed to obtain a clean mutant. 

2.4. Limonene quantification by gas chromatography – mass spectrometry 
(GC-MS) 

Limonene from the engineered S. elongatus strains LrpoD, LbicA, and 
L1118 (control) was collected using an absorbent trap containing Hay-
eSep porous polymers (Sigma, USA) attached to the outlet of individual 
1-L Roux bottles. Every day, limonene was eluted from the trap with 1 
mL hexane supplemented with 10 μg/mL cedrene (Sigma, USA) as the 
internal standard. One μL of the eluted sample was analyzed by GC-MS 
in a Thermo Trace 1300 ISQ quadrupole (QD) (Thermo Fisher Scientific, 
USA) system. The samples were injected into a Zebron GC column (ZB- 
5MSplus, 30 m × 0.25 mm x 0.25 μm). The GC program was set for an 
initial hold at 40 ◦C for 3 min, followed by temperature increase to 
140 ◦C at the rate of 20 ◦C/minute and then to a final temperature of 
300 ◦C at the increment of 25 ◦C/minute. Limonene concentration was 
calculated based on an established standard curve with known limonene 
concentrations. The final limonene yield was adjusted by the trap re-
covery rate, determined by supplementing 500 mL of BG11 with various 
concentrations of limonene (Fig. S1). Limonene was collected the next 
day using the procedure described above, and a standard curve was 
generated to calculate the limonene recovery. The average limonene 
productivity for strain comparisons was calculated from the log-phase 
cells during a 3-day limonene production period. 

2.5. Shotgun proteomics 

Synechococcus L1118 and LrpoD were grown to log phase in 1 L Roux 
culture bottles as described above. Ten mL of cells with the OD730 of 
about 1.0 were collected in triplicates and centrifuged at 7200 g for 20 
min at 4 ◦C. Briefly, the sample preparation involves resuspension of cell 
pellets in 1 mL Lysis buffer (50 mM Tris-HCl, 0.1% [w/v] n-dodecyl b-D- 
maltoside, and 1X Halt™ protease and phosphatase inhibitor cocktail 
(Thermo Fisher Scientific, Rockford, IL, USA) followed by homogenous 
cellular lysis with six cycles of 10 s at 2400 rpm using a bead-beater. 
Samples were centrifuged at 13,000 g and 4 ◦C for 30 min to collect 
protein extract in the supernatant. Bradford assay (Thermo Fisher Sci-
entific, USA) was performed to determine the protein concentration. 

For each sample, 100 μg of total protein was treated with 8 M urea 
and 5 mM dithiothreitol (DTT) at 37 ◦C for 1 h, followed by incubation 
with 15 mM iodoacetic acid (IAA) at room temperature (RT) for 30 min. 
The protein sample was then diluted using Tris HCl buffer (50 mM Tris- 
HCl, 10 mM CaCl2, pH 7.6) to attain the final urea concentration of 2 M. 
The diluted protein sample was subjected to enzymatic digestion using 
Trypsin Gold (Promega, USA) with a 1:100 (w/w) of trypsin to protein 
ratio at 37 ◦C for 20 h. The digested peptides were cleaned up using a 
Sep-Pak C18 column (Waters, USA) followed by peptide fractionation 
using the Pierce High pH Reverse-Phase Peptide Fractionation Kit 
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(Thermo Fisher Scientific, USA). Eight fractions of peptides from each 
sample were subjected to liquid chromatography-tandem mass spec-
trometry (MS/MS) analysis in a Thermo LTQ Orbitrap XL mass spec-
trometer (Thermo Fisher Scientific, USA). The data-dependent mode 
was used to operate the mass spectrometer along with scanning the mass 
range of 350 to 1800 mass-to-charge ratio at a resolution of 30,000. The 
12 most abundant peaks were chosen and subjected to MS/MS analysis 
by collision-induced dissociation fragmentation. Raw data collected 
from MS/MS analysis was analyzed using the PatternLab for Proteomics 
program (version 4.1.0.17; Carvalho et al., 2016). The normalized 
spectral abundance factor (NSAF) was used to compare protein abun-
dance in different groups (Zybailov et al., 2006). The proteomics data 
have been deposited to the ProteomeXchange Consortium via the PRIDE 
(Perez-Riverol et al., 2019) partner repository with the dataset identifier 
PXD028410. 

2.6. Full absorbance spectra for engineered S. elongatus strains 

Whole-cell absorbance wavelength scans were performed for Syn-
echococcus L1118 and LrpoD, growing in BG11 supplemented with 20 
mM NaHCO3 under continuous light of 50 μmol photons m− 2⋅s− 1 at 
30 ◦C. For the assay, 200 μl of cells were used to measure the absorbance 
for a spectrum ranging from 300 nm to 700 nm with data points 
collected every 10 nm using a SpectraMax iD5 microplate reader (Mo-
lecular Devices). The absorbance scans were normalized by cell density 
(OD730). All measurements were determined by averaging triplicates of 
independent cultures. 

2.7. Oxygen evolution measurements 

Two mL of limonene-producing cells, Synechococcus L1118 and 
LrpoD, from biological triplicates were used each day for photosynthesis 
activity measurement. Whole-cell oxygen evolution was measured dur-
ing a 9-min window at room temperature with saturation light illumi-
nation in a Clark-type oxygen electrode (Qubit systems, Ontario, CN). 
No additional bicarbonate was supplemented in the electrode chamber 
as the growth medium contained 20 mM NaHCO3. The data was 
analyzed using Logger Pro software supplied with the instrument. The 
collected cells were pelleted and used for chlorophyll estimation using a 
previously described protocol (Zavřel et al., 2015). The final oxygen 
evolution rate was corrected with the dark respiration rate and 
normalized to chlorophyll content. 

2.8. Determination of dry cell weight (DCW) 

The cell dry biomass weight was determined by following a previ-
ously published protocol (Broddrick et al., 2016). Briefly, 10 mL of 
Synechococcus L1118 and LrpoD cells growing at 30 ◦C and 50 μmol s− 1 

m− 2 continuous light was collected by filtering through a pre-weighed 
0.45-μm hydrophilic polypropylene filter (25-mm). Following filtra-
tion, the filters containing cells were dried at 90 ◦C for 1 h and weighed 
again after cooling to room temperature to determine the dry cell 
weight. Filters were further dried for additional time and weighed again 
to ensure complete drying. The correlation between OD and DCW was 
determined by plotting DCW against OD730 measured in the range of 
0.03–1.0. 

2.9. Determination of glycogen content 

Five mL of cells from the exponential growth phase cultures of Syn-
echococcus L1118, LrpoD, and LbicA were collected, centrifuged at 6000 
g and 4 ◦C for 10 min, and washed with 1 mL of 50 mM Tris-HCl buffer, 
pH 8.0 twice with a final resuspension in 500 μL of Tris-HCl buffer. All 
samples henceforth were maintained on ice. The resuspended cells were 
lysed with bead beating cycles of 10 s on and 2 min off on ice at 2400 
rpm for a total of twelve cycles. The cell lysate was collected by 

centrifugation at 6000g and 4 ◦C for 10 min and used for protein esti-
mation by Bradford assay (Thermo Fisher Scientific, USA). The values 
were used to normalize the glycogen content on a protein content basis. 
Following protein estimation, glycogen in 100 μL of the lysate was 
precipitated following a previously described protocol (De Porcellinis 
et al., 2017). Briefly, the samples were treated with 900 μL of 96% (v/v) 
ethanol in 2 mL screw-cap test tubes, heated at 90 ◦C for 10 min, and 
incubated on ice for 30 min to remove chlorophyll. Samples were then 
centrifuged at 20,000 g and 4 ◦C for 30 min to obtain the pellet con-
taining glycogen. The pellet was air-dried for 5 min at room tempera-
ture, solubilized in 100 μL of 50 mM sodium acetate (pH 5), and 
hydrolyzed to glucose by the addition of 50 μL of 8 U/mL amylogluco-
sidase and 2 U/mL α-amylase, respectively. The mixture was vortexed 
vigorously to ensure proper solubilization and heated at 60 ◦C on a 
heating block for 2 h. The samples were centrifuged at 10,000×g for 5 
min and the supernatant was used to estimate the glucose concentration 
using Glucose oxidase peroxidase (GOD-POD) reagent (Megazyme, USA) 
in a 96-well plate assay format. Specifically, 100 μL of the supernatant 
was mixed with 150 μL of GOD-POD while 100 μL of 50 mM sodium 
acetate (pH 5) was used to serve as a negative control. The plate was 
incubated at 25 ◦C for 30 min and absorbance was recorded at 510 nm 
using SpectraMax iD5 microplate reader (Molecular Devices). The 
glucose concentration in the samples was estimated using a calibration 
curve obtained from the glucose standards made in 50 mM sodium ac-
etate (pH 5). Glycogen measurements were normalized to dry cell 
weight (DCW) based on the OD-DCW standard curve of the L1118 strain 
determined above. 

2.10. Intracellular sucrose measurements 

The cells for Synechococcus L1118, LrpoD, and LbicA strains were 
collected from cultures growing at 30 ◦C and 50 μmol s− 1 m− 2 contin-
uous light every 24 h for five days and stored in − 20 ◦C. Samples were 
used to perform sucrose assays in 96-well plate format. In the assay 
plates, 50 μL of culture was mixed with 25 μL of lysis solution (2% DTAB 
in 0.4 M NaOH) followed by 10 min incubation at room temperature. 
Following the lysis of the cells, 25 μL of 0.4 M HCl was added to 
neutralize the solution. One set of technical replicates served as a 
negative control by addition of 50 μL of sodium acetate buffer while 
another set of technical replicates was used for sucrose hydrolysis by 
addition of 50 μL premixed invertase solution (45 μL of sodium acetate 
buffer and 5 μL of 8 U/mL invertase). The assay plate was incubated for 
45 min at 50 ◦C in the dark. Next, 100 μL of GOPOD reagent (Megazyme, 
USA) was added to each well, the plate was incubated at 50 ◦C for 20 
min and the absorbance was read at 510 nm using SpectraMax iD5 
microplate reader (Molecular Devices). Sucrose content was normalized 
to dry cell weight (DCW) based on the OD-DCW standard curve of the 
L1118 strain determined above. 

2.11. Flux balance analysis 

The previously constructed genome-scale model (GEM) iJB785 
(Broddrick et al., 2016) was adopted for the simulation of the metabolic 
network in our study. A new reaction by limonene synthase was added to 
iJB785 to construct our model. All constraints of the model iJB785 were 
kept in the new model, including flux constraint of enzymes (trans-
hydrogenase, ornithine transaminase, cytochrome oxidase, and lactate 
dehydrogenase), oxygen evolution constraint, maximum PSII flux 
constraint, and metabolite channeling constraint of phosphoketolase 
pathway. The objective function was set to maximize the biomass. The 
biomass components in model iJB785 were slightly adjusted by adding 
limonene as an additional component with its weight coefficient esti-
mated based on the measured limonene flux in this work. Flux balance 
analysis was run using the settings where the irradiance was 30 μmol s− 1 

m− 2 (Low light, LL) and 50 μmol s− 1 m− 2 (High light, HL) respectively. 
The fluxes of all reactions throughout 240 time points were recorded 
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into a matrix and saved in separate files for further data analysis. The 
first column of the matrix which represents the fluxes of the outermost 
layer of cultures in the flask at time point 0 was selected for the flux 
comparison between two conditions. Fluxes under both LL and HL 
conditions, as well as their flux ratio, were visualized using Escher. In 
addition, Flux Variability Analysis (FVA) for maximum growth was 
conducted to reveal the flux boundaries of reaction steps related to 
photosynthesis. 

2.12. Growth optimization for limonene production 

Cultures of Synechococcus L1118 and LrpoD (50 mL) were grown in 
triplicates in Multi-Cultivator MC 1000-OD (Qubit systems, Ontario, CN) 
connected to DASGIP gas mixing module MX4/4 (DASGIP, Jülich, 
Germany). Throughout the experiment, cultures were cultivated in a CD 
medium, prepared as described in (Rodrigues and Lindberg, 2021) 
aerated with 5% CO2 with a constant flow rate of 2.5 L/h at 37 ◦C with 
incremental light illumination. Specifically, an initial OD730 of 0.45 cells 
were used as the starting culture and grown with the light illumination 
of 250 μmol s− 1 m− 2 and 500 μmol s− 1 m− 2 on day 1 and day 2, followed 
by an increased light intensity to 1000 μmol s− 1 m− 2 and 1400 μmol s− 1 

m− 2 on day 3 and day 4 respectively. Cultures were grown at the 
maximal light (1400 μmol s− 1 m− 2) for the remaining duration of the 
experiment. Growth and limonene production were monitored as pro-
cedures described in the above section. 

3. Results and discussion 

3.1. Overexpression of essential sigma factors enhances limonene 
production in S. elongatus 

Limonene is a non-native monoterpene for Synechococcus elongatus 
PCC 7942 (hereafter S. elongatus). To determine the influence of sigma 
factors (SF) on limonene production, nine known sigma factors from 

S. elongatus (Table S2) were individually inserted into the neutral site II 
of Synechococcus L1118 genome under the control of the Plac promoter. 
The transformants were confirmed by segregation PCR for insertion of 
SF and limonene synthase (LS) genes at the neutral site II and I, 
respectively. The growth of all SF strains was monitored by absorbance 
at 720 nm in comparison to the strain Synechococcus L1118. These SFs 
showed a varied effect on cell growth. Specifically, overexpression of 
genes encoding RpoD, RpoE, SigD, and SigA had minimal impact on cell 
growth whereas SigB, SigC, SigF1, SigF2, and SigI lowered cell growth 
considerably (Fig. 1A and B). The observed growth behaviors agree with 
the roles of these SFs in S. elongatus. RpoD is the sole essential SF that 
regulates the expression of housekeeping genes (Imamura et al., 2003). 
A homolog of RpoE (SigG) in Synechocystis sp. PCC 6803 was identified 
to be important for cellular growth as knockout mutants exhibited 
decreased growth (Huckauf et al., 2000). SigD is known to cause 
light-induced expression of photosynthetic genes encoding proteins 
associated with phycocyanin, cytochrome b6, PSII, and PSI complexes 
(Yoshimura et al., 2007). RpoD, RpoE, and SigD are SFs that could 
potentially benefit cell growth when a threshold level of expression is 
reached. The observed minimal impact on cell growth is thus likely due 
to their expression levels not being high enough to support faster growth 
in the engineered strains. 

Sig A, B, C, and F2 form a sigma factor cascade to modulate the 
complex circadian gene network depending on environmental cues 
(Fleming and O’Shea, 2018). Any perturbations in the levels of these SFs 
can potentially alter the metabolism and growth of cyanobacteria. 
However, the exact role of SigA is still elusive, thus hard to pinpoint its 
effect on cell growth. SigB, on other hand, is a stress-responsive SF 
triggered by stressors like high light and high salt (Kanesaki et al., 2002; 
Tuominen et al., 2003). When growing under high light and salt con-
ditions, a Synechocystis sp. PCC 6803 mutant containing only the SigB 
from the non-essential group 2 SFs showed downregulated expression of 
genes related to chlorophyll and phycobilin synthesis while upregulat-
ing expression of genes involved in carotenoids and flavodiiron proteins 

Fig. 1. Impact of sigma factor overexpression on 
S. elongatus growth and limonene production 
under continuous light. A and B: Growth profile of 
sigma factor overexpression strains along with Syn-
echococcus L1118 strain as a control. The study in-
volves individual overexpression of endogenous SF 
genes. Each strain was tested with four biological 
replicates. C: Specific productivity of limonene in all 
nine Synechococcus sigma factor overexpression 
strains relative to the L1118 strain. All strains were 
grown under continuous 50 μmol photons m− 2⋅s− 1 

light at 30 ◦C with 20 mM bicarbonate as the sub-
strate for 7 days. Error bars indicate the SD; two- 
tailed Student’s t-tests were used to compare spe-
cific productivity of limonene *, P < 0.05 and **, P 
< 0.005.   
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(FDPs) synthesis (Hakkila et al., 2013). Carotenoids and FDPs are 
involved in photoprotective mechanisms in cyanobacteria (Bersanini 
et al., 2014; Masojídek et al., 2013). Thus, overexpression of sigB in 
S. elongatus likely triggered a stress-response behavior, lowering 
photosynthesis and leading to slower growth as observed here. In 
S. elongatus, SigC is a negative regulator of psbA1, encoding one form of 
the photosystem II (PSII) core protein D1 (Martins et al., 2016). Over-
expression of sigC is thus likely to downregulate photosynthesis, leading 
to slower growth as shown here (Fig. 1B). The negative impact on 
growth caused by SigF2 overexpression is likely caused by a disrupted 
sigma factor cascade network (Srivastava et al., 2021), leading to slower 
growth mimicking a stress response phenotype in S. elongatus (Fig. 1B). 

Limonene production was also affected by SF overexpression. Spe-
cifically, overexpression of rpoD, rpoE, and sigD resulted in statistically 
higher specific limonene productivity, showing an approximate 1.7-, 
1.6-, and 1.5-fold increases than the Synechococcus L1118 strain, 
respectively. On the other hand, overexpression of sigB and sigA 
increased limonene production moderately whereas sigF1, sigI, sigF2, 
and sigC considerably decreased the production levels (Fig.1C and 
Fig. S1A). These data highlight a trend that higher limonene yield is 
observed in SF engineered strains that had no or minimal changes in 
growth when compared to Synechococcus L1118. The only exception to 
this is the SigB overexpression strain with moderately increased limo-
nene and significantly slower growth. Being a stress-responsive SF, a 
higher abundance of SigB most likely increased the production of ca-
rotenoids, a terpenoid molecule, via the MEP pathway. Limonene syn-
thesis thus could have benefited from the increased MEP flux in the SigB 
overexpression strain. Higher limonene production in this study also 
aligns with sigma factor engineering in Synechocystis sp. PCC 6803 to 
enhance target compound yields. For example, one study overexpressed 
the SigE gene to accumulate polyhydroxybutyrate (PHB) as SigE is 
known to control sugar metabolism and increase the abundance of PHB 
precursor acetyl-CoA (Osanai et al., 2013). 

3.2. Higher photosynthetic efficiency supports increased limonene 
production 

Engineering essential sigma factors leads to improved limonene 
biosynthesis in S. elongatus. To understand how SF overexpression 

supports higher limonene productivity, we focused on one of the high- 
limonene producers, the strain Synechococcus LrpoD, for a comparative 
proteomics study. The RpoD abundance in the LrpoD strain was 
approximately 1.7-fold of the L1118 strain (Fig. S2A), confirming the 
successful overexpression of RpoD. Furthermore, both L1118 and LrpoD 
strains had similar LS levels that are in the top ten most abundant pro-
teins in their proteome, suggesting that the limonene increase was not 
from increased LS expression in the LrpoD strain (Fig. S2B). On the other 
hand, many proteins belonging to the photosynthesis process are highly 
abundant in the LrpoD strain (Fig. 2 and S2C). Phycobilisomes (PBSs) are 
highly organized structures made of core and radical rods for light- 
harvesting in cyanobacteria (Zhao et al., 2017). The PBS core consists 
of pigmented allophycocyanin (APC) proteins (Apc A, B, D, and F) to 
which chromophores get attached and non-pigmented proteins (ApcC 
and ApcE) that hold the APC structure together and anchor it to the 
thylakoid membrane. All APC subunit proteins and PBS rod proteins 
(CpcA1, B1, C1, C2, D, and G) are highly abundant in the LrpoD strain 
with significant differences observed in ApcB, ApcC, CpcA1, CpcC2, and 
CpcG (Fig. 2A). Additionally, proteins involved in PBS degradation 
(CpcE, S, and NblB) (Zhao et al., 2017) were either not detected or had 
decreased abundance in the LrpoD strain (Fig, 2A). This indicates that 
the LrpoD strain potentially had increased light absorption to fulfill 
higher energy requirements. To confirm this, we measured the full light 
absorbance spectra of both L1118 and LrpoD cells consecutively for 4 
days at 24-h intervals. The LrpoD cells showed a steady and significant 
increase in phycobilin and carotenoid levels with unaltered chlorophyll 
levels each day (Fig. 2B and S3), corroborating with proteomics results 
of higher PBS proteins in LrpoD and supporting our conclusion of higher 
energy absorption in the LrpoD strain. 

In the reaction center, some of the PSII proteins were found more 
abundant in the LrpoD strain (Fig. S2C). The LrpoD cells have a higher 
abundance of accessory proteins Psb27, PsbU, and PsbN. The most sig-
nificant difference in abundance was observed for PsbU protein 
(Fig. 2A). Multiple studies have highlighted the diverse roles of PsbU in 
cyanobacteria. Lack of PsbU decreases oxygen evolution capacity (Shen 
et al., 1997), making cells prone to photodamage (Balint et al., 2006) 
and affecting the coupling of PBSs to PSII complex (Veerman et al., 
2005). A study in S. elongatus showed that lack of PsbU affected the 
electron transport in the PSII complex and potentially led to light 

Fig. 2. Enhanced photosynthetic performance 
drives limonene production in the LrpoD strain. 
A: Differentially regulated proteins in Synechococcus 
LrpoD vs L1118 cells are depicted in the volcano plot. 
Blue and orange dots represent proteins with their 
abundances significantly different in these two 
strains. Gray dots are proteins showing no significant 
abundance changes in two strains, B: Normalized 
and averaged full absorbance spectra of cultures 
from Day 2–5 (individual day measurements are 
depicted in Fig. S3), and C: Oxygen evolution rates of 
Synechococcus L1118 and LrpoD. Cultures were 
grown continuously under 50 μmol photons m− 2⋅s− 1 

light at 30 ◦C with 20 mM bicarbonate as the sub-
strate for 5 days and all measurements were taken 
every 24 h. Error bar indicates SD; multiple unpaired 
Student’s t-test was used to compare protein abun-
dances and oxygen evolution rates *, P < 0.05; **, P 
< 0.01; ***, P < 0.001; and ****, P < 0.0001. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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sensitivity due to the production of reactive oxygen species (ROS) 
(Abasova et al., 2011). The highly abundant proteins in the LrpoD strain 
include Psb27, Psb28, CP43, CP47, PsbN, and PsbH. These proteins 
participate in PSII biogenesis, assembly, and proper functioning 
(Bečková et al., 2017; Dobáková et al., 2009; Komenda et al., 2005, 
2012; Torabi et al., 2014). Taken together, the proteomics results sug-
gest enhanced light absorption and photosynthetic efficiency in the 
LrpoD strain. We further measured whole-cell oxygen evolution rates of 
Synechococcus L1118 and LrpoD strains grown under 50 μmol photons 
m− 2⋅s− 1 at 30 ◦C. As expected, the LrpoD cells exhibited consistently 
higher oxygen evolution rates compared to the L1118 cells (Fig. 2C), in 
agreement with the proteomics results. 

The comparative proteomics further suggests a more robust carbon 
metabolism in the LrpoD strain to leverage the high light energy con-
version. Both the large and small subunits of Rubisco (CbbL and CbbS) 
were found to be significantly more abundant in the LrpoD strain 
(Fig. 2A and S2D). Glyceraldehyde 3-phosphate dehydrogenase (Gap2), 
the key enzyme in the reduction phase of the Calvin-Benson cycle 
(Koksharova et al., 1998), was also found to be significantly more 
abundant in LrpoD strain (Fig. 2A), Collectively, the proteomics data is 
indicative of higher carbon fixation in LrpoD strain, resulting in higher 
photosynthate output that benefits limonene production. Interestingly, 
the higher photosynthetic rate in the LrpoD strain does not seem to be 
enough to drive more cell divisions as similar growth was observed in 
LrpoD and L1118 cells. The increased carbon fixation in the LrpoD strain 
thus most likely led to more abundant carbon sink molecules such as 
glycogen or more pigment molecules (Fig. 2B). 

3.3. Limonene synthesis serves as a non-native carbon sink for enhanced 
photosynthesis 

The higher limonene production in the LrpoD strain suggests that 
limonene synthesis can serve as a non-native carbon sink for enhanced 
photosynthesis. However, it is not clear how limonene biosynthesis was 

able to compete for photosynthates with native carbon sinks such as 
glycogen and sucrose synthesis. Glycogen is the main storage compound 
in S. elongatus and is essential for cell survival in various stress condi-
tions (Luan et al., 2019; Shinde et al., 2020). A basal level of sucrose is 
also observed in low salt-tolerant cyanobacteria like S. elongatus (Kirsch 
et al., 2019). To understand whether limonene synthesis can actively 
compete for photosynthates with native carbon sinks, we first conducted 
computational modeling to simulate how limonene flux changes with 
enhanced photosynthate output from the Calvin-Benson cycle. A previ-
ously published Genome-Scale Model (GEM) iJB785 of S. elongatus 
(Broddrick et al., 2016) was modified by introducing the limonene 
synthase reaction to generate the new model. Since the GEM cannot 
reflect regulatory roles such as sigma factor overexpression, we 
approximated the enhanced photosynthesis by simulating increased 
light intensity. Specifically, flux balance analysis (FBA) and flux vari-
ability analysis (FVA) were performed with the irradiance set to 30 μmol 
photons m− 2⋅s− 1 and 50 μmol photons m− 2⋅s− 1, respectively. Under the 
higher light, the obtained optimal solution reveals an increased carbon 
fixation and higher photosynthate output. Interestingly, the higher 
photosynthate output (e.g., glyceraldehyde 3-phosphate flux) has led to 
an increased flux toward both the native carbon sink glycogen synthesis 
and the non-native sink limonene synthesis, which is reflected by an 
upward shift of flux boundaries for key reactions in both glycogen 
synthesis (GLCS3) and limonene synthesis (1-deoxy-D-xylulose 5-phos-
phate synthase (DXPS) reaction) (Fig. 3A, Fig. S4, and Dataset S1). On 
the other hand, sucrose synthesis shows no flux in the in silico analysis 
because it is not part of the objective function for growth maximization. 
The simulation results support the conclusion that limonene synthesis 
can serve as a non-native carbon sink for enhanced photosynthesis. 

To further validate the modeling results, we determined glycogen 
and sucrose contents in Synechococcus L1118 and LrpoD strains during 
their growth. The results showed notable decreases in sucrose content in 
the Synechococcus LrpoD strain compared to the Synechococcus L1118 
(Fig. 3B and S1). On the other hand, glycogen content was significantly 

Fig. 3. Native and non-native carbon sinks 
compete for carbon intermediates in engineered 
S. elongatus strains. A: Carbon flux changes, repre-
sented as [minimum flux, maximum flux], along with 
the specific steps in carbon metabolic pathways. 
Relevant steps are labeled by the enzyme name, flux 
values (mmol⋅gDW− 1⋅h− 1) at 30 μmol photons 
m− 2⋅s− 1 (orange) and 50 μmol photons m− 2⋅s− 1 

(blue). B: Sucrose content, and C: Glycogen content in 
Synechococcus LrpoD cells compared to Synechococcus 
L1118. Cultures were grown continuously under 50 
μmol photons m− 2⋅s− 1 light at 30 ◦C for 5 days and all 
measurements were taken every 24 h. Error bar in-
dicates SD; multiple unpaired Student’s t-test was 
used to compare the carbohydrate levels *, P < 0.05; 
**, P < 0.01; ***, P < 0.001; and ****, P < 0.0001. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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higher in the Synechococcus LrpoD strain, resulting in an approximately 
15% increase in biomass at the end of 3 days (Fig. 3C and D). In addition, 
the proteomics results also support the carbon flux diversion toward 
glycogen rather than other cell metabolites. Phosphoglycerate mutase 
(Pgm), the enzyme in the lower part of glycolysis to convert 3-phospho-
glycerate (3PGA) to 2-phosphoglycerate (2PGA), is a key flux- 
controlling enzyme in cyanobacteria to divert carbon flux toward 
either glycogen or pyruvate. A recent study in Synechocystis sp. PCC 
6803 showed that under nitrogen deprivation, a newly annotated pro-
tein PirC inhibits the enzyme activity of Pgm, restricting carbon flux 
toward pyruvate and leading to the accumulation of glycogen (Orthwein 
et al., 2021). Our proteomics results show that Pgm1 and pyruvate ki-
nase were both significantly decreased in LrpoD cells (Fig. 2A and S2D), 
suggesting a lower flux toward pyruvate. In the meantime, several en-
zymes downstream of pyruvate metabolism including those in the lipid 
biosynthesis and TCA pathway were also significantly decreased in 
LrpoD cells. Specifically, abundances of acetyl-CoA carboxylase complex 
subunits (AccA, AccC, and AccD) were significantly decreased, sug-
gesting a lower flux toward lipid biosynthesis (Fig. S2D). Fumarase 
(Synpcc7942_1007) and malic enzyme (Synpcc7942_1297) in the TCA 
pathway also showed significantly lower levels in the Synechococcus 
LrpoD than the L1118 strain (Fig. S2D). The proteomics results support 
the observed glycogen accumulation by restricting carbon flux toward 
the lower part of glycolysis. Concomitantly, α-1,4-glucan phosphorylase 
(GlgP), the enzyme involved in glycogen degradation, had significantly 
decreased levels in Synechococcus LrpoD cells (Fig. S2D) suggesting 
down-regulation of glycogen mobilization. Sucrose-phosphate synthase, 
a key enzyme for sucrose synthesis, was also significantly lower in 
Synechococcus LrpoD cells. These results show that glycogen accumula-
tion serves as a major outlet for enhanced photosynthesis. 

In the meantime, the abundance of IspG, a key enzyme in the MEP 
pathway, was found to be significantly lower in the Synechococcus LrpoD 
strain compared to Synechococcus L1118 (Fig. 2A), which suggests a 
lower flux toward the MEP-derived limonene biosynthesis. The 
increased limonene production in the LrpoD cells in comparison to 
L1118 seems to contradict the enzyme expression necessary for pyruvate 
generation through glycolysis. It is thus likely that pyruvate is generated 
through an alternative route to serve as one of the starting substrates for 
the MEP pathway. Carbon flux is determined by both enzyme kinetics 
and thermodynamics. Enhanced photosynthesis leads to a higher output 
of the photosynthate G3P, the key substrate for the MEP-derived terpene 
biosynthesis. The higher limonene titer in Synechococcus LrpoD cells 
suggests that thermodynamics has a stronger impact on terpene flux. 
Previous research in E. coli showed that increased G3P rather than py-
ruvate concentration could drive a higher terpene flux, presumably due 
to the decarboxylating mechanism of the 1-deoxy-D-xylulose-5-phos-
phate synthase, DXS (Farmer and Liao, 2001). Another study also 
tested the influence of thermodynamics on carbon flux in yeast, in which 
they show that enhancing substrate concentrations has a much stronger 
impact than enzymes on pathway flux (Hackett et al., 2016). We argue 
that for low-flux pathways such as terpene biosynthesis, the thermody-
namic effect has a much stronger impact in enhancing pathway flux due 
to the inherent low enzyme activities in the terpene pathways (Bar-Even 
et al., 2011). 

3.4. Enhancing terpene flux requires a strong thermodynamic driving 
force 

Enhancing photosynthesis through sigma factor overexpression can 
lead to higher limonene production, suggesting a strong impact of 
“source” improvement in supporting high terpene production in cya-
nobacteria. Compared to terrestrial plants, CO2 delivery in aquatic 
photosynthetic organisms such as cyanobacteria is further limited by 
low CO2 solubility in water. To bypass this limitation, cyanobacteria 
evolved a carbon concentrating mechanism (CCM) to accumulate bi-
carbonate in the cytosol via bicarbonate transporters and convert it into 

CO2 in carboxysomes to spatially enrich the environment harboring 
Rubisco with CO2 (Nishimura et al., 2008; Price et al., 2008). 

To validate our thermodynamics hypothesis, we sought to explore 
the efficacy of enhancing limonene production by increasing CO2 
availability in cells. Overexpressing BicA, a low-affinity high flux bi-
carbonate transporter has been associated with enhanced biomass 
(Kamennaya et al., 2015), increased growth rate, and higher accumu-
lation of glycogen (Gupta et al., 2020). We thus overexpressed the bicA 
gene from Synechocystis sp. PCC 6803 in the Synechococcus L1118 strain 
and monitored limonene production. Our data indicate higher limonene 
productivity in Synechococcus LbicA strain compared to Synechococcus 
L1118 (Fig. 4A) with no significant growth alteration (Fig. 4B), sup-
porting our hypothesis that enhanced “source” capacity could lead to 
higher limonene titer, also exhibited by higher specific productivity in 
LbicA strains (Fig.S5A). It is worth mentioning that the productivity 
increase of LbicA was not as high when compared to Synechococcus 
LrpoD strain, presumably due to the strong flux competition by the 
native carbon sink glycogen, evidenced by a significant increase of 
glycogen rather than sucrose in the LbicA strain (Fig. 4C and D). 

The CO2 gas could directly diffuse into cells without using the 
energy-consuming bicarbonate pump in the cell membrane. We thus 
tested limonene production with 5% CO2 at elevated light and temper-
ature conditions to leverage a high photosynthetic efficiency for robust 
CO2 fixation. Under the optimal growth condition, Synechococcus LrpoD 
cells showed significantly higher limonene productivity in comparison 
to L1118 (Fig. 4E and S5B), whereas their growth was comparable, and 
considerably faster in comparison to the growth under standard condi-
tions (Fig. 4F). At the end of 7 days, LrpoD accumulated limonene to a 
titer of about 19 mg/L with a maximum productivity of 4.3 mg/L/day on 
day 5 (Fig. 4G). 

Collectively, terpene production is both “source” (substrate avail-
ability) and “sink” (terpene synthesis capacity) limited. The source 
limitation cannot be overcome solely by strengthening the terpene sink 
due to slow enzyme kinetics in the terpene synthesis pathway (weak 
“pull” capacity). In heterotrophic terpene engineering, when substrate 
(carbohydrate) is not limited, a relatively high terpene flux is attainable 
by further improving enzyme kinetics in the terpene synthesis pathway. 
However, the source limitation in cyanobacteria is hard to overcome due 
to the low photosynthetic efficiency for CO2 fixation. This could explain 
why cyanobacterial terpene engineering focusing on kinetics improve-
ment has not been successful in the field. Our results show that 
improving bicarbonate transport (Synechococcus LbicA) or using high 
percentage CO2 to increase overall substrate availability (strong “push” 
effect) could improve the source limitation and enhance limonene pro-
duction in cyanobacteria. 

4. Conclusion 

Engineering cyanobacteria holds great promise for carbon-neutral 
terpenoid production in an emerging bioeconomy. However, the field 
has been troubled by the low productivity associated with photosyn-
thetic terpenoid production. In this study, engineering sigma factors in 
S. elongatus led to enhanced photosynthetic efficiency as evidenced by 
higher light reaction efficiency and increased biomass in the engineered 
strain. The increased photosynthate output was shared by both the 
native glycogen carbon sink and the non-native carbon sink limonene 
biosynthesis. Although enzyme levels in the MEP pathway were lowered 
in the engineered strain, a significant improvement in limonene pro-
duction was achieved in S. elongatus, most likely through increased 
substrate input to the MEP pathway supported by increased light reac-
tion efficiency. We conclude that enhancing the productivity of low-flux 
pathways such as terpenoid biosynthesis requires a strong “push” effect 
determined by thermodynamics. With a strong “source” capacity, 
improving pathway enzyme kinetics could lead to further improvement 
of pathway carbon flux. This conclusion corroborates with the finding 
that high limonene productivity (8.2 mg/L/day) could be achieved in 
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the fast-growing cyanobacterium S. elongatus UTEX 2973 with high 
photosynthetic efficiency (Lin et al., 2021). In addition, a more recent 
study utilized a low-volume high-cell-density cultivation system to 
leverage high light to enhance photosynthetic efficiency in Synechocystis 
sp. PCC 6803, achieving 180 mg/L bisabolene titer after a 10-day growth 
(Rodrigues and Lindberg, 2021). In heterotrophic terpenoid engineer-
ing, an overall high substrate amount, normally attained through the 
fed-batch experiment, is required to attain high titers of end terpenoid 
products. In photosynthetic terpenoid production, leveraging high 
photosynthetic efficiency to enhance overall carbon substrate input thus 
resembles the high substrate input in heterotrophs, representing a 
promising strategy to reach high titer of terpenoids in metabolic engi-
neering efforts. 

Author contributions 

Shrameeta Shinde: Methodology, Investigation, Visualization, 
Writing- Original Draft; Sonali Singapuri: Methodology, Investigation; 
Zhenxiong Jiang: Methodology, Software, Visualization, Writing – Re-
view & Editing; Bin Long: Investigation, Validation; Danielle Wilcox: 
Investigation; Camille Klatt: Investigation; J. Andrew Jones: Resources, 
Writing - Reviewing & Editing; Joshua S. Yuan: Resources, Funding 
acquisition; Xin Wang: Conceptualization, Methodology, Formal Anal-
ysis, Resources, Supervision, Project administration, Funding acquisi-
tion, Writing - Reviewing & Editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgment 

We would like to thank Xiaohui Zhang for constructing the 

Synechococcus LbicA strain used in this study. We also thank Andor Kiss 
and Xiaoyun Deng of the Center for Bioinformatics and Functional Ge-
nomics at Miami University for providing access to various instruments 
used for data collection in this study. We thank Rachael Morgan-Kiss for 
providing access to the Multi-Cultivator MC 1000-OD. This work was 
supported by the start-up fund to X.W. from Miami University and 
partially supported by the National Science Foundation grant number 
2042182. J.A.J. would like to acknowledge start-up funding from the 
College of Engineering and Computing at Miami University. J.S.Y. 
would like to thank Dr. John Hood’s generous donation of Hood Fund 
for Sustainability. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.mec.2022.e00193. 

References 

Abasova, L., Deák, Z., Schwarz, R., Vass, I., 2011. The role of the PsbU subunit in the 
light sensitivity of PSII in the cyanobacterium Synechococcus 7942. J. Photochem. 
Photobiol. B Biol. 105, 149–156. https://doi.org/10.1016/J. 
JPHOTOBIOL.2011.08.004. 

Ajikumar, P.K., Tyo, K., Carlsen, S., Mucha, O., Phon, T.H., Stephanopoulos, G., 2008. 
Terpenoids: opportunities for biosynthesis of natural product drugs using engineered 
microorganisms. Mol. Pharm. 5, 167–190. https://doi.org/10.1021/mp700151b. 

Balint, I., Bhattacharya, J., Perelman, A., Schatz, D., Moskovitz, Y., Keren, N., 
Schwarz, R., 2006. Inactivation of the extrinsic subunit of photosystem II, PsbU, in 
Synechococcus PCC 7942 results in elevated resistance to oxidative stress. FEBS Lett. 
580, 2117–2122. https://doi.org/10.1016/J.FEBSLET.2006.03.020. 

Bar-Even, A., Noor, E., Savir, Y., Liebermeister, W., Davidi, D., Tawfik, D.S., Milo, R., 
2011. The moderately efficient enzyme: evolutionary and physicochemical trends 
shaping enzyme parameters. Biochemistry 50, 4402–4410. https://doi.org/10.1021/ 
bi2002289. 
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Zavřel, T., Sinetova, M.A., Červený, J., 2015. Measurement of chlorophyll a and 
carotenoids concentration in cyanobacteria. Bio-protocol 5, e1467. 
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