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Figure 16. pCpcC1C2-PR integrative expression vector for Synechocystis. The plasmid 

contains PR with an N-terminal psaF targeting sequence.  
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Figure 17. pCpcC1C2-PR-Myc integrative expression vector for Synechocystis. The 

plasmid contains PR with an N-terminal psaF targeting sequence and a C-terminal myc-tag.  
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Figure 18. pCpcBAC1C2-PR integrative expression vector for Synechocystis. The plasmid 

contains PR with an N-terminal psaF targeting sequence.  
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Figure 19. pCpcBAC1C2-PR-Myc integrative expression vector for Synechocystis. The 

plasmid contains PR with an N-terminal psaF targeting sequence and a C-terminal myc-tag.  
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Figure 20. Plasmids were verified by testing insert sizes following digestion. Each plasmid 

was constructed in duplicate. Plasmids were digested with EcoRI and BamHI and the products 

run on a 1% agarose gel. Expected size of plasmid backbone was 2659 bp. Expected insert 

sizes are as follows: pCpcC2-PR-Myc (Lanes 1-2), 2729; pCpcC2-PR (Lanes 3-4), 2684; 

pCpcC1C2-PR-Myc (Lanes 5-6), 2643; pCpcC1C2-PR (Lanes 7-8), 2598; pCpcBAC1C2-

PR-Myc (Lanes 9-10), 2725; pCpcBAC1C2-PR (Lanes 11-12), 2680. Inserts containing myc-

tags were further cleaved into the following sizes: 1692 and 1037 (Lanes 1-2); 1692 and 951 

(Lanes 5-6); 1774 and 951 (Lanes 9-10. Lane ‘M’ contains molecular size standards. 
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4.5.2 Generation of mutant strains 

Unmarked, PR expressing, mutants of Synechocystis with two PC hexamers per rod, one PC 

hexamer per rod, and no PC were constructed by disruption of cpcC2, cpcC1C2, and 

cpcBAC1C2, respectively, with PR with or without a C-terminal myc-tag, via a two-step 

homologous recombination protocol. Marked knockouts were generated by replacing portions 

of the cpc operon with a npt1/sacRB, using plasmids pCpcC2-2, pCpcC1C2-2 and 

pCpcBAC1C2-2. Marked knockouts with one or two hexamers of PC per rod were generated 

from a strain with reduced PC expression, pcpcT->C. Transformed cells were plated and 

selected for by addition of kanamycin (Lea-Smith, Vasudevan and Howe, 2016). Following 

complete segregation, markerless constructs containing PR (with or without a myc-tag) and 

flanked by the appropriate portions of the cpc operon, were introduced. The cells were 

cultured in the presence of sucrose to select for recombination-mediated replacement of the 

cassette with the PR. Complete segregation was confirmed by PCR assays with primers 

upstream and downstream of the respective genes (Figure 21). Further validation was carried 

out by sequencing. 

 Figure 21. Verification of Synechocystis mutant strains. Contents of each lane and expected 

length of product: Lane 1, wild-type + cpcC2for/cpcC2rev, 999bp; Lane 2, ∆CpcC2: pcpcT->C: 

PsaFTSPR + cpcC2for/cpcC2rev, 945bp; Lane 3, ∆CpcC2: pcpcT->C:  PsaFTSPR  +  

PRcheckfor/PRcheckrev, 464bp; Lane 4, wild-type + cpcC2for/cpcC2rev, 999bp; Lane 5, 

∆CpcC2: pcpcT->C: PsaFTSPR-Myc + cpcC2for/cpcC2rev, 990bp; Lane 6, ∆CpcC2: pcpcT->C: 

PsaFTSPR-Myc + PRcheckfor/PRcheckrev, 464bp; Lane 7, wild-type + cpcC1C2for/cpcC2rev, 

2045bp; Lane 8, ∆CpcC1C2: pcpcT->C: PsaFTSPR + cpcC1C2for/cpcC2rev, 1070bp; Lane 9, 

wild-type +  cpcC1C2for/cpcC2rev, 2045bp; Lane 10, ∆CpcC1C2: pcpcT->C: PsaFTSPR-Myc 

+ cpcC1C2for/cpcC2rev, 1115bp; Lane 11, wild-type + cpcC1C2for/cpcOPErev, 3605bp; 

Lane 12, Olive: PsaFTSPR + cpcC1C2for/cpcOPErev, 1398bp; Lane 13,  wild-type + 

cpcC1C2for/cpcOPErev, 3605bp; Lane 14, Olive: PsaFTSPR-Myc + cpcC1C2for/cpcOPErev, 

1443bp; Lanes marked ‘M’ contain molecular size standards. 
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4.6 Absorbance of green light is not substantially increased in PR mutant during 

logarithmic growth 

In order to determine whether PR expression alters the light absorption of Synechocystis, the 

absorbance spectra of whole cells of PR expressing strains, harvested during logarithmic phase, 

were analyzed. The strain PsaFTSPR exhibited no difference in absorption of light at 520 nm, 

the λmax of PR, compared to wild-type. The TLA-PR strains, ∆CpcC1C2: pcpcT->C: PsaFTSPR 

and Olive: PsaFTSPR also exhibited no difference in absorption at 520nm compared to 

∆CpcC1C2: pcpcT->C and Olive, respectively. 

Figure 22. PR expressing strain did not show significantly increased absorbance of light 

at 520nm during logarithmic growth. Absorbance spectra of wild-type (green) and PsaFTSPR 

(red). Values are averages of three biological replicates and three technical replicates and are 

standardized to 750 nm. 
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Figure 23. Expression of PR, in strains with two and three removed PC hexamers per 

rod, did not increase absorbance of light at 520nm during logarithmic growth. Absorbance 

spectra of TLA (green), TLA-PR (red) and TLA-PR-Myc (blue) strains, with two hexamers 

removed per rod (a) or three hexamers removed per rod (b). Values are averages of three 

biological replicates and three technical replicates and are standardized to 750 nm.  
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4.7 PR expression increases the photosynthetic rate of the Olive mutant 

In order to determine whether photosynthesis and respiration was altered in the engineered 

strains, an oxygen electrode was employed. Changes in the median oxygen content were 

measured over periods of increasing light intensity, with intermittent dark periods. The rate of 

oxygen depletion in the dark periods was added to the rate of oxygen evolution in the light 

periods to give the gross oxygen production at each light intensity. This generates a light 

saturation curve. In such curves, the rate of gross oxygen evolution levels off as saturating light 

intensity is approached, with the maximum rate of photosynthesis designated as Pmax. The 

strains ΔCpcC2, ΔCpcC1C2, ΔCpcC2: PsaFTSPR, ΔCpcC1C2: PsaFTSPR, ΔCpcC2: PsaFTSPR-

Myc and ΔCpcC1C2: PsaFTSPR-Myc did not differ significantly in their Pmax values to wild-

type. They did, however, reach Pmax at a higher light intensity, 150 µmol photons m-2 s-1, 

compared to 60 µmol photons m-2 s-1 for wild-type. The Olive strains reached their Pmax at 

350 µmol photons m-2 s-1. PR expression in the Olive strains had a pronounced effect on the 

Pmax value. The Pmax of Olive was significantly lower than wild-type, and the Pmax of Olive: 

PsaFTSPR/ Olive: PsaFTSPR-Myc was significantly higher than wild-type. Paired Student’s t-

tests (P<0.05) were used for statistical analysis. 
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Figure 24. PR expression in the strain Olive significantly increased maximum 

photosynthetic rate above that of wild-type. Comparison of gross O2 production over a range 

of light intensities of wild-type (green circles) against TLA (blue squares), TLA-PR (red 

triangles) and TLA-PR-Myc (yellow diamonds) strains, with two hexamers per rod (a), one 

hexamer per rod (b) or no hexamers per rod (c).  Error bars indicate standard error of between 

two and five biological replicates. 
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5 Discussion 

A control strain, ΔPhaAB, was generated to confirm whether deletion of the PHB pathway was 

affecting growth in the strain PsaFTSPR. The growth characterisation results of this study, as 

well as those from Baers et al., implies that PR expression does not improve ATP production 

during exponential phase but does so during late logarithmic/stationary phase if light remains 

the limiting factor and if cultures are at high density in larger volumes. Under high light 

intensity, air bubbling and long pathlength conditions, PsaFTSPR obtained a higher maximum 

OD750nm than wild-type by 12.3% and ΔPhaAB by 16.7% (Figure 11). This is consistent with 

the results observed by Baers et al. comparing wild-type and PsaFTSPR (Figure 6). Though 

currently inconclusive without further replicates, the result fits the hypothesis that PR is most 

effective when other (non-green) wavelengths of visible light are not penetrating dense 

cultures. However, this study did not observe an increase in logarithmic growth when PsaFTSPR 

was compared to wild-type under green light (Figure 10). Baer’s et al.’s green light study 

required repetition for several reasons. An increase in growth on only days 4 and 6 was 

observed, which is not sufficient evidence that PR expression increases logarithmic growth and 

there were also issues with the photobioreactor setup, in that the cells were exposed to small 

amounts of white light. Our green light study is more conclusive and implies that there is a 

second reason that increased growth is not observed during exponential phase, other than low 

cell density. This may be that during exponential phase Synechocystis produces significantly 

less retinal than in other growth phases (Chen, van der Steen, et al., 2018), resulting in a large 

portion of the PR in these cultures not being bound to retinal. 

Absorption spectrophotometry found that PR expression did not result in a significant increase 

in green light absorption by the cell during exponential phase (Figure 22; Figure 23). This 

means that the quantity of active PR in the cells is lower than would be expected. The molar 

extinction coefficient of PR is approximately 5 times lower than that of a PC αβ subunit (Béjà 

et al., 2001; AnaSpec, 2015) and, therefore, an absorption peak, ~5 times smaller the PBS peak, 

should have been visible. It could be that, due to low levels of retinal in the cells, the peak is 

small enough to be masked by carotenoid absorbance. This could be investigated by measuring 

the absorbance of cultures that are showing a difference in growth, during stationary phase 

when retinal levels are higher. The disparity between the level of PR and retinal in the cells 

could also be investigated by measuring the absorbance of PR expressing cultures with 

saturating levels of retinal. If this does lead to increased absorption of green light, further 

studies may set out to increase retinal synthesis (or reduce degradation) in PR expressing 
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strains. However, it is not evident that this low level of green light absorption by the PR 

expressing strains is a disadvantage. It may be allowing green light to penetrate deeper into 

cultures while still generating a PMF to drive cellular processes, so that higher densities can be 

reached. 

As expected, all the PBS truncated strains required a higher light intensity to reach Pmax 

(Figure 24), likely due to the cells not being able to absorb as much light. Expressing PR in the 

PBS truncated strains, with one or two PC hexamers per rod, did not significantly alter their 

Pmax (Figure 24AB). This suggests that PR expression does not affect the rate of 

photosynthesis. Different groups have theorized that PR expression would either increase or 

decrease the rate of photosynthesis. Chen et al. suggested that the increased proton 

concentration in the thylakoid lumen would inhibit the photosynthetic components 

(Mullineaux, 2014; Chen, Arents, et al., 2018) via a ‘backpressure effect’ (Cook et al., 2014). 

Baers et al. suggested that the opposite should occur (Baers et al., manuscript in preparation), 

specifically that the increased production of ATP would relieve the need for cyclic electron 

flow. Cyclic electron transport occurs around PSI to further increase the proton gradient when 

the ATP:NADPH ratio is not optimal for cellular requirements (Lea-Smith et al., 2016). 

Perhaps these two mechanisms are counteracting each other, or the effect of expressing PR on 

oxygen evolution is too small to be noticeable. 

Expression of PR in the Olive strain greatly increased the strains Pmax, from a rate significantly 

lower than wild-type in the Olive strain to a rate significantly higher than wild-type (Figure 

24C). This further substantiates the idea that severe reduction of the PBS results in a deleterious 

widespread upregulation of genes. Here, the expression of PR in Olive relieves the excess 

capacity for protein production, similar to the expression of a resistance marker in the Olive 

strain generated by Kirst et al., which resulted in the strain not being photosynthetically 

impaired. However, this does not explain why Olive: PsaFTSPR had an increased Pmax, by 

33.2%. Previous studies of Olive mutants have not found that PBS truncation resulted in 

increased photosynthetic efficiency of individual cells. The reasoning behind increased 

photosynthetic efficiency of Olive: PsaFTSPR warrants further investigation. Irrespective, this 

may lead to Olive: PsaFTSPR having an increased growth rate during exponential phase. 

The generation of a very promising strain, Olive: PsaFTSPR, is a primary outcome of this work. 

Characterisation carried out in this study, as well as characterisation of similar mutants in 

previous studies, suggests that Olive: PsaFTSPR will have several traits which optimise it for 



46 
 
 

growth under the condition of high light intensity, air bubbling and long pathlength – the 

condition of a photobioreactor. Characterisation of the growth properties of Olive: PsaFTSPR 

will need to be performed in larger photobioreactors to determine its suitability for 

biotechnological applications.   
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