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Abstract 

Synechococcus elongatus PCC 7942 has been widely explored as cyanobacterial cell factory 

through genetic modifications for production of various value-added compounds. However, 

successful industrial scale-ups have not been reported for the system predominantly due to its 

obligate photoautotrophic metabolism and use of artificial light in photobioreactors. Hence, 

engineering the organism to perform mixotrophy under natural light could serve as an effective 

solution. Thus, we applied a genetically engineered strain of Synechococcus elongatus PCC 7942 

expressing heterologous hexose transporter gene (galP) to perform mixotrophy under natural 

light in a temperature controlled environmental chamber (EC). We systematically studied the 

comparative performances of these transformants using autotrophy and mixotrophy, which 

showed 3.4 times increase in biomass productivity of mixotrophically grown transformants over 

autotrophs in EC. Chlorophyll-a yield was found to have decreased in mixotrophic conditions, 

possibly indicating reduced dependency on light for energy metabolism. Although pigment yield 

decreases under mixotrophy, titer was found to have improved due to increased biomass 
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productivity. Carotenoid analysis showed that zeaxanthin is the major carotenoid produced by  

the species which is essential for photoprotection. Our work thus demonstrates that mixotrophy  

under temperature controlled natural light can serve as the viable solution to improve biomass  

productivity of Synechococcus elongatus PCC 7942 and for commercial production of natural or  

engineered value added compounds from the system.   

Keywords: galP; mixotrophy; natural diurnal light; Synechococcus; zeaxanthin  

Abbreviations: Auto, Autotrophy; EC, Environmental chamber/ laboratory (State of the art  

glass house facility at DBT-ICT Centre for Energy Biosciences); IC, Incubator; Tr,  

Synechococcus transformant; WT, Wild Type  

  

1. Introduction  

Currently, intensive global research has been aimed towards genetic engineering of  

micro-organisms for production of hydrocarbons and value-added compounds where  

photosynthetic cyanobacteria are attracting considerable interest as platform cell factories.3, 4, 6, 8, 
 

32, 33, 41, 42 The most explored species amongst these are Synechococcus elongatus PCC 7942,  

Synechocystis sp. PCC 6803 and Synechococcus elongatus PCC 7002, mainly due to availability  

of their genome databases and established genomic modification tools.54 They have been  

explored extensively for their potential as cell factories to produce industrially important  

compounds.21 However, their slower growth rate compared to other well characterized bacterial  

cell factories like E. coli poses one of the major obstacles to achieve the desired titer of the  

engineered compounds. The underlying cause of this could be their strict autotrophic mode of  

growth that encounters three important limitations; the inability of their photosystems to harvest  
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majority of the incoming light energy, the limited generation of ATP and NADPH through 

photosystems, and the poor efficiency of RuBisCo to fix CO2 .
54 

As cyanobacterial growth rate is driven by light energy, with increasing light intensity, 

rate of photosynthesis improves, enhancing biomass substantially.31 However, at higher light 

intensities that exceed photosynthetic capacity of cyanobacteria, excess photo-excitation may 

occur, ultimately causing photo-inhibition and photo-toxicity.27 Cyanobacteria combat this 

through various means such as reducing antenna size, scattering of excess irradiation through 

non-photochemical quenching, state transitions, and increasing the rate of synthesis of 

antioxidants like carotenoids.18, 22, 35, 44, 48 Autotrophy under natural light conditions may be a 

compromise between increasing the biomass productivity and cell maintenance for protecting 

against photo-oxidative damage. To overcome this, researchers have tried to alter cyanobacterial 

antenna proteins (PBS) through genetic mutations to reduce photoinhibition and improve 

biomass productivity.7, 17, 19, 27, 30, 35 Although the laboratory scale experimentations have been 

successful in demonstrating the efficiency of these mutants, their performance is not consistent 

during scale up.36,37 Moreover, none of them could effectively exhibit the natural sunlight 

sustenance of these mutants.  

Sunlight is a large source of renewable light energy that drives an energy metabolism of 

photosynthetic organisms like cyanobacteria. Hence, studying its effect on cyanobacteria would 

help in optimizing growth parameters during scale-up. However, as sunlight intensity shows 

diurnalas well as seasonal variations, autotrophic sustenance and performance can be challenging 

for the cells. Under light stress and high intensity conditions, rate of generation of reactive 

oxygen species may exceed beyond the quenching capacity of cellular antioxidants, thereby 

causing oxidative damage to the cellular components, especially targeting synthesis of D1 
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protein; ultimately causing irreparable damage toPS II activity during photosynthesis.14, 59 Thus, 

exercising mixotrophy under natural light and controlled temperature conditions would serve as 

an effective alternative to increase biomass productivity and improve titers of the products from 

them. 

Synechococcus elongatus PCC 7942 (hereafter referred as Synechococcus) has been 

widely exploited as a cyanobacterial factory through genetic modification for production of fatty 

acids, alcohol, antioxidants, isobutyraldehyde, etc.4, 32, 33, 41 Modifying these cells as 

demonstrated by McEwen et al to uptake externally supplied glucose by expressing glucose 

transporter protein and to perform mixotrophy is one of the promising ways to improve their 

biomass and so the product titers. Hence, we integrated hexose/H+ symporter (galP) into the 

Synechococcus genome and performed comparative analysis of the transformants (Tr) with the 

wild type (WT) strains under different light conditions using autotrophy and mixotrophy.26 The 

strategy can be efficiently used for industrial production of various value added products from 

Synechococcus.25 This investigation focuses on vital aspects of mixotrophic cultivation of 

Synechococcus under natural light conditions and evaluation of their pigment profiles. 

 

2. Materials and methods 

2.1. Culture conditions 

E.coli Top10F cells (ThermoFisher Scientific) were grown at 37 0C in Luria Bertani (LB) 

broth (HiMedia) and LB supplemented with 100µg/ml spectinomycin in case of transformants.  

The unicellular cyanobacterium Synechococcus elongatus PCC 7942 was grown in BG-

11 medium under incubator as well as environmental chamber conditions, using atmospheric 

CO2. In incubator (IC), artificial cool white light with an intensity of 55 ± 0.5µmol/m2/s was 
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used for continuous illumination and the temperature was maintained at 28 ± 10C. Light and 

temperature values were manually recorded every 2 hrs. (Light and temperature conditions in IC 

for all the experiments are plotted in Supplementary Information, SI: 1B). Environmental 

chamber (EC) is a state of the art facility, set at DBT-ICT Centre for Energy Biosciences, 

Mumbai, India. The facility is a glass house which facilitatessunlight penetration and thus allow 

to undertake experiment under diurnal and seasonal variations of natural light (sunlight). The 

temperature in EC was maintained at 28 ± 2 0C using air conditioners and ventilators. Light and 

temperature values were manually recorded in every 2 hours.  Cultures grown in EC were 

exposed to natural light that could raise upto 1200 ± 100µmol/m2/s at noon. (Light and 

temperature conditions in EC for all the experiments were similar and are plotted in 

Supplementary Information, SI: 1A) 

For all the experiments, cultures were grown in 100ml BG-11 medium without or with 

(only during acclimatization and/or induction of the transformants) 30µg/ml spectinomycin on 

shakers at the speed of 120rpm, in 500ml Erlenmeyer flasks.6, 26 Cell growth was monitored by 

measuring optical density and dry cell weight. Culture absorbance was measured at 750nm 

(Abs750).
6 For determining dry cell weight, cells were dewatered and harvested by centrifugation 

at 10,000 rpm for 15 min. The biomass was washed thrice with water for desalting and dried at 

60-65 0C for 18 hrs.47 

All the cultures were examined for the contamination by plating 50µl of the culture at the 

regular time interval on Luria-Bertani (LB) agar plates and incubating at three different 

conditions, 37 0C incubator, IC and EC for 24-48 h where no growth was observed in any of the 

plates. 
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2.2. Plasmid construction and transformation  

The cloning protocol for construction of recombinant plasmid pGalP48 has been adopted  

from McEwen et al, 2013. The galP gene was amplified from E. coli W3110 genomic DNA  

using the primers GalPM_F: CTAACAATTGATGCCTGACGCTAAAAAACAGGGGCG,  

GalPB_R: GGATAGATCTTTAATCGTGAGCGCCTATTTCG, digested with MfeI and BglII  

respectively, and then ligated in plasmid pAM2991 (AddGene #40248), digested with EcoRI and  

BamHI.
26  

Transformation of wild type Synechococcus was carried out, where a liquid culture of  

Synechococcus was grown to the Abs750 of 0.7. Cells were centrifuged and suspended in 10ml of  

10mM NaCl solution and re-centrifuged. Pellet was then suspended in 300µl BG-11 medium  

with 1µg of recombinant plasmid. The tube was wrapped in aluminum foil and incubated at 28  

0C overnight with gentle agitation. Transformants were directly selected on BG-11 plates  

supplemented with 30µg/ml of spectinomycin. Transformants were grown in liquid batch  

cultures supplemented with 40µg/ml of spectinomycin after four passages on antibiotic  

containing plates. Gene integration was confirmed using colony PCR.6  

5’NSI_F (CGGCTTCAGCAATTCGG) primerwas used along with GalPB_R as  

confirmation primers to check precise gene integration at the neutral site (NS I) in  

Synechococcus genome.   

  

2.3. Experimental design  

2.3.1. Growth assay with wild type (WT)   

Growth studies were performed with WT Synechococcus by exposing it to EC and IC  

conditions under autotrophy mode. The experiment was performed in biological triplicates for 6  
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days. Parameters such as photosynthetic pigment yields and biomass productivity were measured 

to evaluate the effect of different light conditions on Synechococcus growth. 

 

2.3.2. Growth assay with transformant (Tr)  

The transformants were exposed to different growth conditions and were induced with 

1mM IPTG. Two different aspects were assessed during these growth assays. First was 

mixotrophic performance of the transformants over wild type, wherein, induced Tr and WT were 

grown in BG-11 (autotrophic) and BG-11 supplemented with 0.5% and 1% w/v glucose 

(mixotrophic), and were assessed for their performances (Fig 1).26 The assay was performed in 

biological triplicates for 6 days. 

Secondly, the effect of acclimatization of Tr to different light conditions was also 

investigated to evaluate its effect on their mixotrophic growth. Cultures were acclimatized to IC 

or EC light conditions for 3 days and then exposed to different conditions in biological 

triplicates. One set of Tr was acclimatized in IC and was induced with 1mM IPTG during the 

exponential growth phase. These Tr were then grown in three different light conditions i.e. 

natural diurnal conditions in EC, continuous light conditions where cultures were maintained in 

EC for 8hrs when the light intensities are more than that in IC (9:00AM to 5:00PM) following 

which the cultures were transferred to IC for 16hrs (hereafter referred as 8:16) and the high-low 

light transition was repeated throughout the experiment to analyze the effect of different 

photoperiods on cell growth, and the third set was continuously maintained in IC as a ‘control’ 

(Fig 1,Supplementary information SI: 1A and 1B). Similarly, another set of Tr was acclimatized 

to natural diurnal light in EC and induced with 1mM IPTG during exponential growth phase. 

This set of EC based Tr was then exposed to two different conditions; natural diurnal condition 

Page 7 of 38

John Wiley & Sons

Biotechnology Progress

This article is protected by copyright. All rights reserved.



8 

 

in EC and continuous light condition (8:16) as IC based Tr. Fig 1 summarizes details of different 

growth conditions of WT and Tr in each experiment.  

 

2.4. Nutrient consumption studies 

2.4.1. Glucose consumption 

 Amount of residual glucose and absolute glucose uptake rates (mmol of glucose/ g 

dry cell weight/ h) were measured to trace the functionality of the cloned transporter protein. 1ml 

culture was centrifuged at 10,000 rpm for 10 min and the supernatant was tested for residual 

glucose using GOD-POD (Accurex) kit; a substrate specific and sensitive enzymatic 

technique.5,53 

 

2.4.2. Nitrate consumption 

 Nitrate estimation was performed according to standard methods for examination of 

water and wastewater as prescribed by American Public Health Association (APHA) manual.2 

1ml culture was centrifuged at 10,000 rpm for 10 min, the supernatant was diluted 1:100 in 

deionized water and the absorbance was read at 220nm. The concentration of residual nitrate in 

the medium (µg/ml) was calculated using equation of the standard curve.2 

 

2.5 Pigment analysis 

2.5.1. Pigment measurement 

Cyanobacterial pigment content was determined using spectrophotometric method. 1ml 

of the culture was centrifuged and cell pellet was extracted in 1ml absolute methanol for 1hr with 
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sonication in dark. Chlorophyll a (Chl-a) and total carotenoid concentrations were determined 

using following equations:39 

Chl-a (µg/ml) = 16.5169 (Abs665) - 8.0962 (Abs652)      

Total carotenoids (µg/ml) = 4 x Abs480 

 

2.5.2. Carotenoid analysis 

Filtered pigment extracts were used for HPLC analysis of carotenoids with Agilent C18 

RP column. Mobile phase A was methanol: acetonitrile: water (21:16.5:62.5) with 10mM 

ammonium acetate and B was Methanol: Acetonitrile: Ethyl acetate (50:20:30). The solvent B 

gradient program (time [min], %B, flow rate [ml min-1]) employed was as follows: 0, 20, 0.750; 

10, 70, 1.0; 40, 100, 1.0 and 60, 100, 1.0; taking absorbance at 480 nm.11 Peaks were compared 

with the standard zeaxanthin (Sigma-Aldrich) and β-carotene (Sigma-Aldrich). Equations of the 

standard curves were used to calculate concentration of these two carotenoids from the methanol 

extracts of the cultures. (Supplementary information, SI 2)  

 

2.6. Flux balance analysis 

Photon uptake rates of autotrophic WT and mixotrophicTr grown with 1% glucose 

supplementation were determined using iJN678 genome-scale metabolic network model 

(http://bigg.ucsd.edu/models/iJN678).31 Although the model is designed for Synechocystis sp 

PCC 6803 that can naturally uptake glucose; we have used it for Synechococcus, modified to 

uptake extracellular glucose under mixotrophy. We used linprog in MATLAB R2016b to solve 

the linear optimization problem. Here, the experimentally calculated variables i.e. growth rates, 

glucose and nitrate uptake rates were utilized to predict the values of CO2 uptake rates (mmol of 

Page 9 of 38

John Wiley & Sons

Biotechnology Progress

This article is protected by copyright. All rights reserved.



10 

 

CO2/ g dry cell weight/ h) by the cultures. These CO2 uptake rates were then used to determine 

the photon uptake rates (mmol of photons/ g dry cell weight/ h) by Synechococcus grown under 

autotrophy and mixotrophy in EC conditions. 

 

3. Results 

3.1. Engineering Synechococcus for cloning galP 

galP gene from E. coli W3110 was cloned into pAM2991 under the control of Ptrc 

promoter to generate recombinant plasmid (pGalP48). The plasmid was successfully 

transformed first into E. coli Top10F to increase its copy number. Following cyanobacterial 

transformation, Synechococcus transformants with pGalP48 were successfully obtained after 

four passages under selective antibiotic pressure. Clones generated through homologous 

recombination were confirmed for the gene integration using colony PCR. Supplementary 

information, SI 4 shows the agarose gel picture of 5’NS I_galP amplicon amplified from 

Synechococcus Tr using confirmation primers showing DNA bands corresponding to 3.5 kbps 

from colony PCR.  

 

3.2. Growth profiles 

3.2.1. Effect of natural light on Synechococcus: 

Synechococcus WT were studied for difference in their responses to different light 

intensities in EC and IC under autotrophy (Supplementary information, SI: 1A and 1B). As 

shown in Fig 2A, there was 50% decrease in Chl-a content for cells grown under EC as 

compared to IC with concomitant 50% increase in their biomass productivity. Different light 

conditions also influenced the carotenoid yield. The weight ratio of carotenoid: Chl-a (mg of 
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carotenoid/g of biomass: mg of Chl-a/g of biomass) was found to have increased from 0.58 ±  

0.002 in IC to 0.97 ± 0.1 in EC and it was evident through different colors of the cultures (Fig  

2B). This signifies that EC as compared to IC favors the growth of Synechococcus thereby  

increasing the biomass productivity.   

  

3.2.2. Mixotrophic performance of Synechococcus Tr  

Synechococcus Tr were primarily evaluated for functioning of the hexose transporter by  

comparing their glucose uptake with those of WT. Glucose consumption profiles of  

Synechococcus Tr showed glucose uptake under mixotrophy while WT could not (Table 1B,Fig  

3C). This indicates successful transformation and functioning of the cloned hexose transporter  

protein. Mixotrophy imparted positive effect on the growth of Tr where the productivity with 1%  

glucose supplementation was found to be 3.4 times higher than that with autotrophic Tr and WT  

(Table 1A,Fig 3A and 3B).   

Further, the nitrate consumption profiles indicated that WT and Tr cultures consume  

nitrate at comparable rates however the absolute nitrate uptake rate (mmol of nitrate/ g dry cell  

weight/ h) varies inversely with glucose supplementation i.e. degree of mixotrophy (Table  

1A,Fig 3D). Thus, nitrate uptake was found to be 31% reduced in case of Tr supplemented with  

1% glucose as compared to autotrophically grown Tr (Table 1A).   

  

3.3. Effect of light conditions on mixotrophy  

Studying the effect of different light acclimatization and growth conditions (as depicted  

in Fig 1) was essential to optimize biomass productivity of the Tr. Table 2 shows growth rates of  

all the cultures acclimatized in IC and EC. Least growth rate was observed with the ‘control’  

cultures acclimatized and maintained under continuous low light in IC under autotrophic and  
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mixotrophic conditions. Fig 4A shows that the cultures acclimatized in EC give higher biomass  

productivity over that under IC. Moreover, EC acclimatized cultures grown mixotrophically  

under natural diurnal conditions shows significantly higher biomass productivity than those  

under continuous light (8:16) where alternating periods of artificial lights have been employed.   

  

3.4. Pigment quantitation and profiling  

Chlorophyll and carotenoids have significant role in photosynthesis and photoprotection  

in cyanobacteria. Typically, Synechococcus displays two major carotenoids, zeaxanthin and β- 

carotene.10 The pigment profiling studies under current investigation showed difference in  

carotenoid and Chl-a contents with respect to the conditions. IC acclimatized cultures showed  

Chl-a yield of 7.3 ± 0.2 and 6.9 ± 0.2 mg/g under autotrophy, and 6.4 ± 0. 2 and 4.8 ± 0.1mg/g  

with mixotrophy when cultivated under natural diurnal and continuous (8:16) light respectively.  

However, EC induced cultures showed Chl-a yield of 8 ± 0.1 and 8.2 ± 0.2 mg/g under  

autotrophy and 4.1 ± 0.2 and 5 ± 0.1 mg/g with mixotrophy when cultivated under natural  

diurnal and continuous (8:16) light respectively. Both results indicated the Chl-a yield (mg/g)  

was significantly higher under autotrophy than mixotrophy. In contrast, Chl-a titers (mg/L) have  

found to have reduced under autotrophy compared to those with mixotrophy. As higher biomass  

productivities and Chl-a yields were obtained with cultures acclimatized and induced in EC,  

further pigment evaluations have been restricted to EC acclimatized cultures (Fig 4B).  

Carotenoid analysis also exhibited similar pattern where the yields were significantly  

high under autotrophy than mixotrophy, however the titers were higher under mixotrophy than  

autotrophy; owing to higher biomass productivity of mixotrophs. Carotenoid analysis of EC  

acclimatized cultures showed that the zeaxanthin yields were 2 ± 0.1 and 1.9 ± 0.1 mg/g under  
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autotrophy while 0.8 ± 0.02 and 0.84 ± 0.04 mg/g with mixotrophs cultivated under natural 

diurnal and continuous light conditions respectively. On the other hand, β-carotene yields were 

1.31 ± 0.02 and 1.32 ± 0.02 mg/g under autotrophy whereas 0.6 ± 0.03 and 0.75 ± 0.03 mg/g 

under mixotrophy cultivated under natural diurnal and continuous light conditions respectively 

(Fig 4C).  

As chlorophyll and carotenoid concentrations are indicators of cell’s response to light 

stress, it was necessary to correlate both these parameters as their weight ratios (mg of 

carotenoid/ g of biomass: mg of Chl-a/ g of biomass).9 In all EC acclimatized samples, the 

weight ratio of zeaxanthin: Chl-a was significantly higher in autotrophic cultures than 

mixotrophic cultures. However, there was no prominent difference in the weight ratios of β-

carotene: Chl-a amongst any of the samples (Fig 4D).  

 

3.5 Flux balance analysis 

Flux balance analysis (FBA) using iJN678 model was performed using average 

experimental growth rates, and glucose and nitrate uptake rates of autotrophically grown WT and 

mixotrophically grown Tr. On the basis of phenotypic phase planes, PhPP (Supplementary 

information, SI 3) and model predictions; CO2 and photon uptake rates of autotrophic cultures 

were found to be 0.4 mmol of CO2/ g dry cell weight/ h and 10 mmol of photons/ g dry cell 

weight/ h respectively. However, the uptake rates were found relatively less i.e. 0.3 mmol of 

CO2/ g dry cell weight/ h and 5 mmol of photons/ g dry cell weight/ h respectively in case of 

mixotrophic cultures (Table 3). (Supplementary information, SI 3A and 3BPhPP).   

 

4. Discussion: 
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Synechococcus owing to its natural competency and high transformation efficiency has 

been studied as an efficient cyanobacterial host system for the production of commercially 

valuable hydrocarbons like ethanol, isobutyraldehyde, 2,3-butanediol, fatty acids, fatty alcohols 

through genetic modifications.3, 4, 6, 8, 32, 33, 41, 42 Despite such promises, industrial scale 

developments have not been reported for Synechococcus. This could be attributed to the obligate 

photoautotrophic mode of energy metabolism of Synechococcus. Strict autotrophy has several 

limitations like inefficient CO2 fixation by RuBisCo and limited generation of ATP and 

NADPH.54 Hence, providing the cells with additional energy source like organic carbon and 

reducing their sole dependency on light could serve the purpose of increasing the biomass 

productivity. Thus, our study was primarily focused on improving the productivity of 

Synechococcus through mixotrophy by using the cells engineered for expressing glucose 

transporter protein to uptake externally supplied organic sugar and use inorganic carbon i.e. CO2, 

simultaneously. Both, light and organic carbon, have independent as well as interdependent 

influence on the cell growth and biomass productivity. Under mixotrophy, supply of organic 

carbon, CO2 and light conditions drive the energy metabolism of the cell.50, 54 Hence, it was 

imperative to evaluate the influence of light on Tr at every stage of experimentation including 

induction phase. 

McEwen et al. has successfully transformed Synechococcus with galP gene, thus 

enabling cells to consume externally supplemented organic C under simulated diurnal conditions. 

Under current investigation we have generated these transformants to study their metabolic 

changes over autotrophs and also to increase their biomass productivity under natural diurnal 

conditions (max. 1200µmol/m2/s).26 
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Majority of the reports on Synechococcus employ artificial light to simulate natural light  

conditions for their growth, but as we move to industrial scale, studying the effect of actual  

natural light and its diurnal variations on cell growth becomes crucial. Growth of Synechococcus  

WT under sunlight was thus assessed, through its comparative growth under artificial  

continuous, low light. Results indicated that the biomass productivity of WT cultures grown in  

EC was 50% higher than that under IC. As the temperatures in EC and IC were similar (28 0C)  

(SI 1), difference in the productivities was due to the different light conditions in EC and IC (Fig  

2). Moreover, chlorophyll tends to be photo-oxidized at high irradiance and carotenoids can  

prevent it efficiently through dissipation of excess energy of excited chlorophyll and the  

elimination of reactive oxygen species.9, 45 Consequently, relationship between carotenoids and  

Chl-a may be used as a potential indicator of photo-oxidative damage that could be caused under  

high irradiance like in EC.9 Thus, we correlated yield of these carotenoids to that of Chl-a.  

Pigment analysis revealed that the Chl-a yield was reduced, whereas carotenoid: Chl-a ratio was  

increased in cultures grown in EC as compared to IC (Fig 2B). This could be attributed to the  

fact that cyanobacterial photosynthesis occurs in narrow spectrum of the visible light and the  

light intensity in IC is comparatively low, thus cells grown in IC display more photosynthetic  

reaction centers i.e. Chl-a to harvest maximum light available in the incubator. On the other  

hand, light intensity in EC goes beyond the photosynthetic capacity of the species where the cells  

have reduced Chl-a yield, thereby high amount of excitation energy might be lost under  

fluctuating irradiance.21, 45 This modulation capacity has thus helped Synechococcus cells to  

acclimatize to light stress in EC; shielding the cells from harvesting excessive light photons and  

prevent photo-damage and photo-oxidation.20Thus, Synechococcus growth studies were then  

performed in EC.  
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Mixotrophy was considered to further improve the biomass productivity significantly.  

However, it cannot be exercised in Synechococcus as the cells cannot natively uptake externally  

supplied simple sugars like glucose, xylose, etc.26 Therefore, we sought to engineer  

Synechococcus strain that was able to utilize externally supplemented glucose. Colony PCR and  

glucose uptake profiles showed that successful homologous recombination and expression has  

been achieved (Fig 3C, Supplementary Information SI 4).    

Growth studies performed with these Tr using mixotrophy in EC exhibited promising  

increase in the biomass productivity over WT. Under mixotrophy, Tr grown with 1% glucose  

supplementation gave highest productivity that was 3.4 times higher than autotrophically grown  

Tr (Fig 3A and 3B). Glucose uptake profile showed only Tr could effectively consume glucose  

while WT could not (Fig 3C). This signifies efficient functioning of the cloned transporter  

protein in Synechococcus. Results were also supported by the nitrate consumption profiles.  

Nitrate uptake in cyanobacteria appears to be regulated by the system that integrates  

photosynthetic N and C assimilatory metabolism.13 Nitrate uptake rate increases proportionally  

with increasing light intensity and this parallels photosynthetic activity.15 Almost 30% of the  

electrons generated through photosynthetic water oxidation are utilized for nitrate reduction to  

ammonium, making nitrate assimilation a genuine photosynthetic process.43 Thus, in our study  

Synechococcus nitrate uptake was also analyzed and correlated to their autotrophic and  

mixotrophic growth regimes.15 As the number of photosynthetic reaction centers reduce under  

mixotrophy, rate of nitrate assimilation will consequently decrease. Thus, we observed that the  

absolute nitrate uptake rate (mmol of nitrate/ g dry cell weight/ h) was higher under autotrophy  

than under mixotrophy (Fig 3D). Glucose supplementation in the medium showed improved  
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nitrate uptake by WT (Fig 3D). This might be attributed to different N:C ratio in the medium that 

could be perceived by the cells for nitrate assimilation, however it needs further investigation.  

Our work further involved the study of effect of light and/or photoperiod on the growth 

of Tr. Despite undertaking combinations of EC/IC acclimatization conditions and 

diurnal/continuous (8:16) photoperiods, Synechococcus Tr showed higher productivities with 

mixotrophs acclimatized and induced in EC (Fig 4A). Results ascertained that culture 

acclimatization conditions play a significant role in natural light tolerance of the cells. Further 

comparison of biomass productivities under diurnal and continuous light (8:16) revealed that 

alternating period of low artificial light does not result in any substantial variation in the growth 

rate of Tr (Table 2). Natural diurnal conditions in EC were thus found to be the most conducive 

for acclimatization and cell growth using mixotrophy giving improved biomass productivity. 

Results were also supported by flux balance analysis (FBA) of the cultures on the basis of 

experimentally evaluated data. Simulation results from FBA models showed that CO2 and 

photon uptake rates of autotrophic cultures were higher than those of mixotrophs. But not all 

photons harvested by photosynthetic pigments are productively used for ATP and NADPH 

generation.46 Excess light could be non-photochemically quenched via heat dissipation or state 

transition in cyanobacteria.29, 46 However under high light stress, survival of the cell is crucially 

dependent on preventing over-reduction of photosystems during electron transport due to excess 

photo-excitation, D1 protein turnover, and efficient repair of photo-inhibited PS II.38, 51 Hence, 

under natural diurnal high light conditions, cell needs to compromise between cell maintenance 

for survival and increasing the biomass productivity, when grown autotrophically. Also in case 

of cyanobacteria, respiratory electron transport pathways intersect with photosynthetic electron 

flow in the same thylakoid membrane, as they share common pool of plastoquinone and Cyt b6f 
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complex.48, 52 Thus, rate of photosynthetic electron flow could affect respiratory electron  

transport and vice-versa. As mixotrophic cultures have externally supplied glucose as alternative  

source of C and energy, and due to synergistic effect of photosynthesis and respiratory glucose  

oxidation, even with relatively lower CO2 and photon uptake rates, they display higher growth  

rates than autotrophs under natural diurnal conditions.58  

Photosynthetic pigment comparisons between autotrophs and mixotrophs acclimatized in  

EC indicated that their titers (mg/L) are inversely proportional to their yields (mg/g of biomass)  

(Fig 4B and 4C). Now, in batch cultures of Synechococcus, with increasing cell densities there is  

continual decrease in the effective light intensity, as a result of which the cells shade each  

other.28,32 This effect was observed more with mixotrophic cultures than autotrophic, as  

mixotrophs had comparatively higher cell densities. Pigment titers were significantly higher  

under mixotrophy than those of autotrophic cultures, owing to their higher biomass  

productivities.   

The pigment profiles indicated that mixotrophic cultures had lower yields of Chl-a as  

compared to photoautotrophic cultures (Fig 4B). Apart from self-shading, mixotrophic  

metabolism could itself be the cause of reduced yield of Chl-a. Here glucose, in addition to light,  

operates the energy metabolism of Synechococcus. Hence under mixotrophy, cells can  

compromise on number of photosynthetic reaction centers, as decreasing the chlorophyll content  

is one of the ways to relieve photoinhibition and improve productivity.56 This supports our  

hypothesis that under mixotrophy photo-reliance of Synechococcus Tr reduces and biomass  

productivity increases as compared to those of autotrophy under natural light conditions.  

Conversely, mixotrophs showed higher titer of Chl-a which can be attributed to their higher  

biomass productivities. In Synechococcus, carotenoid biosynthesis is up-regulated in response to  

Page 18 of 38

John Wiley & Sons

Biotechnology Progress

This article is protected by copyright. All rights reserved.



19 

 

light stress.49, 59 However due to self-shading, yield of carotenoids was lower under mixotrophy 

and the titers were higher attributing to improved biomass than autotrophs (Fig 4C). 

Current work also involved profiling of the carotenoids from the EC acclimatized 

cultures exposed to diurnal and continuous (8:16) light conditions, grown under autotrophy and 

mixotrophy, as their productivities were comparatively higher than those acclimatized under IC. 

Essentially Synechococcus does not possess xanthophyll cycle which is an important 

photoprotecting mechanism in eukaryotic photoautotrophs.24 Hence, the organism needs to stay 

solely dependent on zeaxanthin synthesized slowly from β-carotene.46 Secondly, it lacks other 

carotenoid pathway enzyme genes like those for the synthesis of lutein, astaxanthin and 

canthaxanthin.23 Both these conditions ultimately lead to accumulation of β-carotene as well as 

zeaxanthin in the cells.  Carotenoid profiles showed that zeaxanthin content was higher under all 

growth regimes than β-carotene (Fig 4D). Weight ratios of zeaxanthin: Chl-a were also higher 

than β-carotene: Chl-a (Fig 4D). In addition, zeaxnthin: Chl-a ratios increased under autotrophy 

and reduced under mixotrophy while β-carotene: Chl-a ratios remained almost unchanged (Fig 

5D). This showed that zeaxanthin plays a role in photo-protection under natural light and these 

results also uphold antioxidant potential of zeaxanthin over β-carotene in Synechococcus.16 

In conclusion, Synechococcus, genetically modified to express heterologous hexose 

transporter protein, gives improved biomass productivity when grown mixotrophically in EC 

under natural diurnal light and controlled temperature conditions. Results suggested that 

acclimatization of cultures under natural light conditions plays significant role in improving 

biomass productivity of Synechococcus. Comparative pigment profiles showed, under 

mixotrophy as glucose serves to be an alternative C and energy source, Synechococcus displays 

reduced light dependency by reducing the number of Chl-a molecules. Specific nitrate uptake 
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rate under mixotrophy is significantly reduced as compared to autotrophy, owing to reduced 

photosynthetic reaction centers. Glucose uptake from the medium, change in nitrate uptake rate, 

altering antenna pigment density and thereby modulating light dependency of cell makes 

mixotrophy under natural light a promising mode of operation for industrial scale up of 

Synechococcus and production of natural or engineered value added compounds from them.  
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Figures 

 

Fig 1: Representation of the overall experiment performed for Synechococcus growth study 

under different light conditions. Experiment 1 was performed to ensure natural light tolerance 

of the wild type (WT) Synechococcus and to study its effect on biomass and photosynthetic 

pigments. Experiment 2 was performed under natural diurnal conditions (in EC) to analyse 

the comparative growth performances of WT and galP transformants (Tr) under autotrophy 

and mixotrophy. Experiment 3 was performed with Tr to study the effect of different 
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photoperiods on their biomass and pigment production. EC, Environmental chamber (max.  

light intensity 1200 ± 100µmol/m
2
/s); IC, Incubator (light intensity 55 ± 0.5µmol/m

2
/s).  

  

  

Fig 2: Artificial and natural light performances of Synechococcus WT.(A) IC and EC exhibit  

different light, but similar temperature conditions. Effect of these conditions on growth and  

photosynthetic pigment yields of Synechococcus WT was studied to investigate the most  

favorable condition supporting higher biomass productivity (α=0.05). (B) This pigment  

modulation can be prominantly observed by the colour of the cultures in IC and EC (side  

panel). (EC, Environmental chamber (max. light intensity 1200 ± 100µmol/m
2
/s); IC,  

Incubator (light intensity 55 ± 0.5µmol/m
2
/s)).  
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Fig 3: Growth and nutrient uptake profiles of Synechococcus WT and Tr under EC. (A)  

Comparative growth studies of WT and Tr were performed in EC under autotrophic and  

mixotrophic conditions (B) Dry cell weights (g) for all the WT and Tr cultures grown in EC  

under autotrophy and mixotrophy for 6 days were determined and represented as their  

biomass productivities (g/L/d) (α = 0.05). (C) Glucose uptake profiles of WT and Tr grown in  

BG-11 media supplemented with glucose (0.5% and 1% w/v) were determined daily as  

concentration of residual glucose (mg/dl) in the medium. (D) Absolute nitrate uptake rate  

(mmol of nitrate/g dry cell weight/ h) of the WT and Tr cultures. (Auto, Autotrophy; 0.5G,  

BG-11 + 0.5% glucose; 1G, BG-11 + 1% glucose)  
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Fig 4: Effect of different acclimatization conditions and photoperiods on biomass 

productivity and pigment profiles of Synechococcus Tr. (A) Comparative biomass 

productivities for Tr acclimatized in IC and EC and grown under diurnal and continuous 

(8:16) light conditions under autotrophic and mixotrophic conditions for 8 days. “Control” 

culture of Tr was acclimatized and maintained in IC to validate the effect of acclimatization 

on growth performance of the Tr. (α = 0.05) (B) Comparative Chl-a yield (mg/g) and titer 

(g/L) for IC and EC acclimatized cultures (C) Comparative Carotenoid yield (mg/g) and titer 

(g/L) for EC acclimatized cultures.(D) Weight ratios (mg of carotenoids: mg of Chl-a per g of 

cells) for zeaxanthin and β-carotene extracted from EC acclimatized Tr cultures. (α = 0.05)   

(Auto, Autotrophy; 0.5G, BG-11 + 0.5% glucose; 1G, BG-11 + 1% glucose; EC, 

Environmental chamber; IC, Incubator) 
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Tables 

Table 1: Comparative performances of WT and Tr under autotrophic and mixotrophic 

regimes. (A) Growth rates (h
-1
), biomass productivities (g/L/d) and (B) absolute glucose 

uptake rates (mmol of glucose/g dry cell weight/h) of WT and Tr grown in EC.(Auto, 

Autotrophy; 0.5G, BG-11 + 0.5% glucose; 1G, BG-11 + 1% glucose). 
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Table 2: Comparative growth rates (h
-1
) of Tracclimatized in IC and EC for 2 days and 

grown under different light conditions for 8 days. (Auto, autotrophy; 1G, BG-11 + 1% 

glucose). 

 

 

 

 

 

 

 

 

 

 

Page 37 of 38

John Wiley & Sons

Biotechnology Progress

This article is protected by copyright. All rights reserved.



3 

 

 

Table 3: Experimental evaluations and corresponding FBA predictions. Experimentally 

evaluated values of growth rate (h
-1
) and nutrient uptake rates (mmol/ g dry cell weight/ h) 

were used to simulate FBA model. The table has average experimental values of the 

experimentally determined variables and the corresponding FBA predicted variables, 

atmospheric CO2 and photon uptake rates.  
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