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ABSTRACT OF THE DISSERTATION 

From light to life: the energy conversion and storage in plants and algae 

 

by YUAN ZHANG 

 

Dissertation Director: 

Dr. G. Charles Dismukes 

 

 

Photosynthesis, the physico-chemical process converting sunlight into chemical 

energy, is the basis to feed the world and fuel the planet. To satisfy the growing demand 

for food and fuel, the efficiency of the natural photosynthesis needs to be optimized for 

maximum crop yield, while the photosynthetically assimilated carbon needs to be more 

sophisticatedly recruited for generating energy-dense renewable products. There are two 

objectives of this dissertation, the first is to explore the feasibility to boost biomass yield 

of crop plants by genetically engineering their photosystem II (PSII), and the second is to 

create robust microalgal transgenic strains with enhanced lipid content and CO2 

utilization efficiency, which will contribute to microalgal biofuel production as well as 

CO2 mitigation. 

 In Chapter 2, we explore whether the prokaryotic design principal of PSII D1 

subunit is applicable in a higher plant model Nicotiana tabacum. By introducing single 

point mutations into tobacco psbA gene (coding for the reaction center D1 subunit of 

Photosystem II) to mimic the cyanobacterial high-light and low-light D1 isoforms, the 
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tobacco mutants exhibit the biophysical traits of the prokaryotic PSII. The tobacco 

mutant expressing the engineered high light isoform exhibits higher photosynthetic 

efficiency, higher tolerance to photoinhibition and increased biomass production under 

the tested light conditions. The only benefit of incorporating the cyanobacterial low light 

mutation into tobacco D1 protein is restricted to improving the Water Oxidizing Complex 

catalytic efficiency at low light intensity, while the biomass yield was impaired at all the 

tested light conditions. 

 In Chapter 3, Nannochloropsis oceanica CCMP1779 (N.o1779), the emerging 

oleaginous model alga, is chosen for application of the “push and pull” strategy to 

enhance its lipid productivity by metabolic engineering. The regulatory importance of 

citrate synthase (CIS) in directing carbon flux towards protein synthesis pathway, and the 

functional role of glycerol 3-phosphate dehydrogenase (G3PDH) in diverting carbon 

precursors from glycolysis to TAG assembly are fully examined in the transgenic strains 

of N.o1779. Downregulation of a putative endogenous gene encoding CIS via RNA 

interference technology and expression of a yeast gene encoding the cytosolic G3PDH 

lead to higher accumulation of the storage lipid triacylglycerols (TAGs) and increased 

abundance of the lipid building block free fatty acids, advancing our understanding of the 

genetic and molecular basis of algal TAG metabolism. 

 In Chapter 4, the goal was to create a robust industrial strain that can be cultivated 

in the open culture using flue gas as carbon source. By applying insertional mutagenesis 

combined with high-throughput screening strategy to the oleaginous microalga N.o1779, 

a winning mutant was successfully identified for its advantages in photoautotrophic 

growth and intrinsic photosynthetic efficiency under both normal growth condition and 
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acidic environment. The genome sequencing project of this mutant currently in progress 

will potentially unlock the regulatory mechanism responsible for its beneficial 

phenotypes.  

 In summary, my dissertation advances the understanding of the PSII design 

principal and the central carbon metabolism in the oxygenic photosynthetic organisms. 

Novel genetic engineering strategies have also been developed throughout this 

dissertation to improve biomass productivity in a higher plant and enhance lipid 

productivity and carbon utilization in a eukaryotic microalga. 
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Chapter 1. Introduction and background 

 

1.1 Photosystem II and photochemical adaptation of the green lineage 

 

1.1.1 Photosystem II 

Photosystem II (PSII) is the main protein-pigment complex that converts sunlight 

to chemical energy in the oxygenic photoautotrophs, comprising all known species of 

cyanobacteria, algae, and higher plants (Vinyard et al., 2013a). The key components of 

the PSII complex include a peripheral antenna system, a reaction center (RC) core, the 

water oxidation complex (WOC) and a binding pocket for the reduction of plastoquinone 

(Govindjee, 2010). Following the light absorption by chlorophyll and other pigment 

molecules in the antenna complexes, the excitation energy in a photon was funneled to 

the PSII RC, powering the primary charge-separation reaction. The PSII RC 

photochemistry drives two chemical reactions: the oxidation of water into oxygen 

molecules and protons, which is catalyzed by WOC with an inorganic Mn4CaO5 cluster 

(equation 1a), and the reduction of plastoquinone (PQ) to plastoquinols (H2PQ) (equation 

1b) (Colin Gates, 2017; Govindjee, 2010; McConnell et al., 2010; Nishiyama & Murata, 

2014; Nixon et al., 2010) .  

2H2O + 4h𝜈 → 4e− + O2 + 4H+
lumen    (1a) 

2PQ + 4e− + 4H+
stroma → 2PQH2         (1b) 

The supercomplex of PSII is a dimer with a molecular mass of more than 600 kDa 

and comprises of distinct protein subunits (17 membrane proteins and 3 extrinsic 
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proteins), pigments (35 chlorophyll molecules, 2 pheophytin molecules and 12 carotenoid 

molecules), and cofactors (2 hemes, 1 non-heme iron, 2 (+1) quinones, 4 Mn ions, 1 Ca2+ 

ion and at least 1 Cl- ion, and at least 25 lipids) (Colin Gates, 2017; Ferreira et al., 2004; 

Guskov et al., 2009; Loll et al., 2005; Sugiura et al., 2010b). While the extrinsic subunits 

of PSII may vary among phylogenetically and ecologically diverse photoautotrophs, the 

PSII RC including D1, D2, CP43, CP47 and cyt b559 is remarkably conserved, providing a 

single blueprint for solar energy conversion (Vinyard et al., 2013a). The D1/D2 

(PsbA/PsbD) heterodimer make up the photochemical reaction center, ligating most of 

the redox active components of PSII, including the manganese cluster (Mn4CaO5) of 

WOC; CP43 (PsbC) and CP47 (PsbB) are the chlorophyll-binding antenna proteins that 

transfer excitation energy from the PSII peripheral antenna towards the photochemical 

reaction center; Cyt b559 (PsbE and PsbF) coordinates a heme group known to be redox-

active over slow time scales, however its role remains vague in the PSII RC (A. Cramer 

& Kallas, 2016; Kaminskaya & Shuvalov, 2016; Thompson & Brudvig, 1988). 

 

1.1.2 Natural D1 variants in cyanobacteria and eukaryotic phototrophs 

Among the PSII core proteins, the only significant variation is observed in the 

cyanobacterial D1 subunit (Vinyard et al., 2013a). All eukaryotic oxygenic phototrophs 

contain a single D1 isoform, encoded in the chloroplast genome by two identical copies 

of the psbA gene in many green algae, and by a single psbA gene in higher plants (Mulo 

et al., 2009; Vinyard et al., 2013c). However, cyanobacteria typically have a small psbA 

gene family with one to six members that are differentially expressed according to the 

environmental cues (Mulo et al., 2009). In all cyanobacteria studied to date, four classes 
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of D1 isoforms (D1m, D1:1, D1:2 and D1’) have been identified, depending on their 

expressional pattern under acclimated growth conditions and upon stress (Mulo et al., 

2012; Mulo et al., 2009). Most cyanobacterial species usually have one dominating D1 

isoform under their normal growth environment, while the expression of other isoforms 

will be induced upon shifting to adverse or stressed conditions (Mulo et al., 2012). In an 

intensively studied cyanobacterial model organism Synechococcus elongates PCC 7942, 

the D1:1 isoform encoded by psbAI gene is expressed under low or moderate light 

conditions, while the stress-induced D1:2 protein encoded by psbAII and psbAIII is 

upregulated and preferentially incorporated into PSII when shifting to high light 

conditions (Campbell et al., 1996; Clarke et al., 1993a; Clarke et al., 1993b; Sane et al., 

2002; Schaefer & Golden, 1989; Tichy et al., 2003). In another well-studied 

cyanobacterial model strain Synechocystis sp. PCC 6803, D1m encoded by the psbA2 and 

psbA3 genes is expressed under standard growth conditions, while D1’ encoded by psbA1 

gene is upregulated under low O2 or microaerobic conditions (Sicora et al., 2009; 

Summerfield et al., 2008). Further investigation of D1 protein in other cyanobacterial 

species including Thermosynechococcus elongates (Kos et al., 2008; Sander et al., 2010; 

Sugiura et al., 2010a; Sugiura et al., 2010b), Gloeobacter violaceus, (Sicora et al., 2008), 

Anabaena 7120 and Synechococcus WH 780 (Garczarek et al., 2008) have revealed the 

presence of functionally distinct D1 proteins encoded by multiple psbA genes. 

Cyanobacteria has evolved two strategies to cope with fluctuating light conditions 

in their natural habitat based on the regulation of psbA gene expression: 1) express a 

different D1 isoform under high light stress to replace the isoform present in the normal 

growth conditions; 2) increase the turn-over of the same D1 isoform upon light stress by 
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upregulating its expression (Mulo et al., 2012). However, the first strategy has been 

discarded by all known eukaryotic oxygenic phototrophs as they contain a single D1 

isoform which is structurally and functionally most similar to the cyanobacterial D1:2 

high light isoform (Mulo et al., 2009; Vinyard et al., 2013a; Vinyard et al., 2013c). To 

cope with potential damage caused by excess solar energy, plants evolved multiple 

mechanisms of photoprotection, which is discussed in the next section (Erickson et al., 

2015; Murchie & Niyogi, 2011). 

 

1.1.3 Photoprotection mechanisms in higher plants 

The natural habitats of higher plants are highly variable in light conditions, from 

very high intensities in full sunlight (approximately 2000 µmol photons m-2 s-1) to very 

dim light in heavily shaded conditions. These conditions can fluctuate rapidly on a time 

scale of seconds, days, seasons and the position of leaf within canopy (Erickson et al., 

2015; Murchie & Niyogi, 2011). Absorption of excess solar energy can lead to generation 

of high level of reactive oxygen species (ROS) that can induce photo-oxidative damage 

to the photosynthetic apparatus, causing decreased efficiency and rate of photosynthesis 

(photoinhibition) (Erickson et al., 2015). To cope with potential damage caused by excess 

energy, higher plants have evolved multiple mechanisms of photoprotection, including 

avoiding excess light absorption, dissipating excess excitation energy, photochemical 

sinks for excess electrons, and efficient antioxidant systems to remove ROS (Murchie & 

Niyogi, 2011). 

Many plants can position their leaves and optimize chloroplast movement in 

leaves to benefit light harvesting in low light and photoprotection in high light (Murchie 
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& Niyogi, 2011). Nonphotochemical quenching (NPQ) is a major mechanism of 

photoprotection via dissipating excess excitation energy harmlessly as heat. There are 3 

types of NPQ in plants: energy-dependent feedback de-excitation quenching (qE) (Muller 

et al., 2001), zeaxanthin-dependent quenching (qZ) (Nilkens et al., 2010), and 

photoinhibitory quenching (qI) (Krause, 1988). In higher plants, qE depends on the 

formation of a proton gradient (DpH) across the thylakoid membrane, and is regulated by 

two well-characterized molecules: PsbS and zeaxanthin (Murchie & Niyogi, 2011). 

While the PSII protein PsbS functions as a sensor of lumen PH for activating quenching 

(Li et al., 2004), the role of zeaxanthin is still under discussion, either a direct quencher 

or an allosteric effector (Murchie & Niyogi, 2011). Besides its function in qE, zeaxanthin 

is also involved in qZ, the DpH-independent type of NPQ. Excess light activates 

violaxanthin de-epoxidase (VDE), which converts violaxanthin to zeaxanthin (Hieber et 

al., 2000). qI quenching is related to photoinhibition of PSII, which occurs when the rate 

of D1 photodamage outpaces the rate of its replacement and PSII repair. PSII 

photoinhibition-repair cycle protects the photosynthetic machinery by controlling 

electron flow to PSI, the photodamage of which is permanent if exceeding the capacity of 

its electron acceptors (Tikkanen et al., 2014). 

There are also multiple electron transport pathways providing efficient sink for 

excess electrons produced by water splitting in PSII and reducing the risk of 

photodamage, including photorespiration, PSI cyclic electron transport and the Mehler 

reaction (water-water cycle) (Murchie & Niyogi, 2011). PSI cyclic electron flow (CEF) 

has two roles: adjusting the ATP/ NADPH ratio to meet the demands of carbon fixation 

by producing ATP only; increasing qE by elevating DpH. The predominant pathway of 



	

	

6	

CEF in flowering plants is the PGR5-dependent route (Shikanai, 2007). The water-water 

cycle is two molecules of water being produced from one molecule of O2 at the reducing 

side of PSI using electrons striped from two molecules of water in PSII. This reaction not 

only helps avoiding ROS damage by removing superoxide and hydrogen peroxide, but 

also helps dissipating excess excitation energy in PSII and excess electrons in PSI 

(Murchie & Niyogi, 2011). 

The photoprotective processes described above is essential to maintain survival, 

reproduction and fitness of plants. Elimination of photoprotection mechanism will make 

the plants less tolerant to high light stress and more easily to be photodamaged by excess 

solar energy. Arabidopsis mutants lacking essential protein or enzyme involved in the 

photoprotection mechanisms showed higher sensitivity to photoinhibition and lower 

fitness under fluctuating light conditions, e.g. mutant npq4-1 lacking PsbS (Li et al., 

2002), mutant npq1 unable to convert violaxanthin to zeaxanthin (Niyogi et al., 1998), 

and the low-NPQ mutant pgr5 (Munekage et al., 2002). Whereas the Arabidopsis mutants 

overexpressing the relevant protein may have improved photoprotection in adverse 

environments, e.g. PsbS-overexpressing mutant (Li et al., 2002). 

Environmental stress like low CO2, N deficiency and elevated O2 pressure may 

influence the photoprotection. Kramer and co-workers found that, under conditions of 

low CO2 (LC, 50 ppm CO2 and 21% O2) and limited electron acceptors (LEA, 50 ppm 

CO2 and 1% O2), the sensitivity of qE can be increased by ~2-fold and ~6-fold, 

respectively, compared to that in the ambient conditions, indicating an increasing NPQ 

(Avenson et al., 2004). qE sensitivity is defined as the response of qE to linear electron 

flow (LEF) (Avenson et al., 2004). N deficiency in plant may lead to lower capacity of 
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carbon assimilation partially due to the limitations of synthesis of Rubisco enzyme 

(Terashima & Evans, 1988), which has similar effect on plant with low CO2. Verhoeven 

and co-workers found that the N-deficient spinach exhibited increased thermal energy 

dissipation involving the xanthophyll cycle, measured as nonphotochemical fluorescence 

quenching (NPQ) (Verhoeven et al., 1997). Elevated O2 pressure may result in inhibition 

of photosynthetic biomass accumulation due to illumination, because the accumulation of 

reactive oxygen species (ROS) inhibit the recovery of photodamaged PSII by suppressing 

the de novo synthesis of D1 and other photosynthetic proteins (Kolling et al., 2009; 

Kreslavski et al., 2007).  
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1.2 Microalgae for biofuels 

 

1.2.1 Potential of microalgal biodiesel 

Climate change and depletion of the finite fossil fuel resources are not only 

threatening the global energy security but also significantly contribute to the 

anthropogenic greenhouse gas (GHG) emissions, causing the most pressing 

environmental problem, climate change (Ahmad et al., 2011; Ottmar et al., 2011). Eco-

friendly renewable energy offers the opportunity to secure energy supply, mitigate global 

warming, and reduce the negative effect of GHG on environment and human health 

(Ottmar et al., 2011). Among the various sustainable sources, photosynthetic organisms, 

the sunlight-driven cell factories that convert CO2 into biomass and storage compounds, 

appear to be an important feedstock of biodiesel. Biodiesel is a mixture of fatty acid 

methyl esters primarily produced from vegetable oils obtained from agricultural crops 

(Du & Benning, 2016; Liang & Jiang, 2013). Replacing only 50% of the transport fuel 

with biodiesel in the United States will required at least 24% of arable land being 

recruited for the cultivation of oil crop (Chisti, 2007a). The “food vs. fuel” paradigm for 

the land-based-biofuel feedstocks can be possibly solved by including biofuels derived 

from aquatic microbial oxygenic photoautotrophs (AMOPs) into the bioenergy portfolio 

(Dismukes et al., 2008b). 

AMOPs including cyanobacteria, algae, and diatoms are more efficient than land 

crops in converting sunlight to chemical energy. While the theoretical maximum 

conversion efficiency is about 4.6% for C3 plants and 6% for C4 plants, AMOPs can 

convert up to 9% of the received solar energy to chemical energy in the ideal conditions 
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(Chisti, 2013a; Chisti, 2013b; Dismukes et al., 2008b; Reich et al., 2018; Zhu et al., 

2008), and double their biomass within 24 hours (Chisti, 2007a). More importantly, it is 

very common for many microalgal species to accumulate 20–50% of their dry biomass as 

triacylglycerols (TAG), an ideal precursor for making biodiesel by transesterification (Ma 

et al., 2017a; Zienkiewicz et al., 2017b). Under certain conditions like nitrogen 

deprivation, the lipid content of some oleaginous algal species can even reach 90% of 

their dry weight (Jr Metting, 1996; Liang & Jiang, 2013; Spolaore et al., 2006). 

 

1.2.2 Strain improvement by metabolic engineering 

While the world production of palm oil is nearly 40 million tons, with a market 

value of $0.52/L (Chisti, 2007a; Sun et al., 2011; Wijffels & Barbosa, 2010), the 

microalgal manufacturing infrastructure only enable ~5000 tons dry biomass production, 

yet with the estimated cost between $2.88/L-$3.52/L. Therefore, despite its potential as a 

promising alternate renewable source, some key improvements on microalgae must occur 

to minimize the cost before its successful commercialization for biofuel production, 

especially strain improvement for enhanced lipid content (Zhu et al., 2014a). Substantial 

accumulation of triacylglycerols (TAGs), the major precursor for biodiesel production, 

usually occurs when microalgae are exposed to environmental stresses, such as nutrient 

starvation, and high light illumination (Wijffels & Barbosa, 2010; Zienkiewicz et al., 

2016a). However, the adverse environment will also reduce their proliferation and 

biomass productivity, leading to a decrease in the overall yield of lipid (Tan & Lee, 

2016a).   
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Our current understanding on the genetic and molecular basis of algal TAG 

metabolism heavily relies on the knowledge obtained from higher plants (Zienkiewicz et 

al., 2016a). Therefore, advancing our knowledge of algal lipid accumulation mechanism 

by whole genome sequencing and genetic manipulation may open new opportunity of 

developing efficient strategies to induce lipid accumulation instead of imposing 

physiological stress (Wijffels & Barbosa, 2010). Among the 300 microalgal species 

identified by the US “Aquatic Species Program” as promising biofuel producers, full 

genome sequence is only available to a few species, such as Thalassiosira pseudonana 

(Armbrust et al., 2004), Phaeodactylum tricornutum (Bowler et al., 2008), 

Nannochloropsis gaditana (Radakovits et al., 2012), Nannochloropsis oceanica (Vieler et 

al., 2012), and Chlorella vulgaris (Guarnieri et al., 2018). Efficient transformation 

method and advanced molecular toolkit for genetic engineering are even more limited to 

algal species, probably due to the broad evolutionary diversity of microalgae (Walker et 

al., 2005). Removing such limitations in the future is crucial for rational strain 

development in oleaginous microalgae (Hlavova et al., 2015; Wei et al., 2017c). 

Based on the general understanding of the central carbon metabolism and lipid 

metabolism in microalgae as shown in Figure 1.1, three different strategies of metabolic 

engineering have been developed so far to enhance the neutral lipid accumulation in 

microalgae with mixed results being achieved: 1) overexpressing enzymes involved in 

the fatty acid (FA) biosynthesis pathway; 2) overexpressing rate-limiting enzymes for 

TAG assembly; 3) partially blocking competing pathways (Liang & Jiang, 2013). 
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Figure 1.1 Simplified scheme of central carbon metabolism in microalgae. 
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The first strategy of metabolic engineering targeting the FA biosynthesis genes 

has shown to be inefficient to enhanced FA or TAG production. The first committed step 

of FA biosynthesis is catalyzed by acetyl-CoA carboxylase (ACCase), which diverts 

photosynthetic fixed carbon from the central carbon metabolism towards FA by 

catalyzing the formation of malonyl-CoA from acetyl-CoA. However, overexpression of 

ACCase in two transgenic diatoms, Cyclotella cryptica and Navicula saprophila, only led 

to increase in the enzymatic activity, but no improvement in FA production (Dunahay et 

al., 1996; Dunahay et al., 1995; Roessler et al., 1994; Roessler & Ohlrogge, 1993). 

Besides ACCase, another five genes involved in the FA biosynthesis have been 

investigated in Haematococcus pluvialis, a green microalga as a potential biodiesel 

feedstock. While the content of total FA has no significant change with the 

overexpression of any of these genes, the expressional level of acyl carrier protein (ACP), 

3-ketoacyl-ACP-synthase (KAS), and acyl-ACP thioesterase (FATA) only led to 

marginal, if any increase in monounsaturated FA (MUFA) and polyunsaturated FA 

(PUFA) (Lei et al., 2012).  

Compared to the targets in the FA biosynthesis pathway, genes involved in the 

downstream TAG assembly pathway have triggered more interest in general. Among the 

four enzymes involved in the TAG synthesis, including glycerol-3-phosphate 

dehydrogenase (G3PDH), lysophosphatidic acyltransferase (LPAAT), diacylglycerol 

acyltransferase (DGAT), and glycerol-3-phosphate acyltransferase (GPAT) (Griffiths & 

Harrison, 2009), the most successful attempt has been achieved by the amplification of 

diacylglycerol acyltransferase (DGAT), the crucial enzyme catalyzing the final and 

committed step of TAG synthesis. Though the overexpression of three DGAT 



	

	

13	

homologues genes in the model organism of green algae, Chlamydomonas reinhardtii, 

failed to enhance TAG accumulation (La Russa et al., 2012), it has been proved as a 

successful strategy in several oleaginous algal species. Genes encoding both type-1 and 

type-2 DGAT have been manipulated in Nannochloropsis oceanica strains. Wei et al 

reported that overexpression of type 1 DGAT in Nannochloropsis oceanica IMET1 

promoted TAG accumulation in the transgenic strain by ~2.4 fold under nitrogen replete 

condition and by ~39% under nitrogen deplete condition (Wei et al., 2017b). In another 

N. oceanica strain CCMP1779 with 12 type-2 DGAT genes, Zienkiewicz et al reported 

that NoDGTT5 is the most promising target for engineering TAG synthesis among the 12 

genes, and its overexpression in the transgenic line led to an 164% increase in the TAG 

content (Zienkiewicz et al., 2016a). In the same strain, overexpression of a different type-

2 DGAT gene increased the cellular TAG content by 62.1% in the transgenic line (Li et 

al., 2016a). Another promising gene target is G3PDH, which supplies the fundamental 

glycerol backbone glycerol 3-phospate (G3P) for TAG assembly. By catalyzing the 

formation of G3P from dihydroxyacetone phosphate (DHAP), G3PDH is believed to 

channel the photosynthetic assimilates from the upper glycolysis pathway towards lipid 

biosynthesis in microalgae (Tan & Lee, 2016b). The overexpression of G3PDH in a 

diatom species Phaeodactylum tricornutum led to a 60% increase in neutral lipid content 

during stationary phase (Yao et al., 2014). Besides DGAT and G3PDH, the heterologous 

expression of the Brassica napus LPAAT driven by a promoter which is inducible by 

heat shock also resulted in an 44.5% increase in the total FA in the transgenic 

Chlamydomonas reinhardtii with treatment heat shock (Wang et al., 2018). 
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Based on the substrate competition hypothesis proposed by Sugimoto et al 

(Sugimoto et al., 1989), knocking down competing pathways, such as protein 

biosynthesis and starch biosynthesis, may also divert more metabolic fluxes to TAG 

biosynthesis (Liang & Jiang, 2013). It has been repeatedly observed in different 

microalgal species that the improved productivity of lipid induced either by genetic 

manipulation or stress conditions is always accompanied by decreased level of protein 

when data is available. Downregulation of two gene targets relevant to protein synthesis 

in microalgae have been proved as efficient strategies to benefit De novo FA synthesis by 

supplying abundant acetyl-CoA. The first gene target encodes Citrate synthase (CIS), 

which catalyzes the first step in the TCA cycle by condensing acetyl-CoA with 

oxaloacetate to generate citrate. Attempt to knockdown CIS has been made in the model 

green alga Chlamydomonas reinhardtii by Deng et al, resulting in a 169.5% increase in 

TAG content of the transgenic line (Deng et al., 2013b). The second target is 

phosphoenolpyruvate carboxylase (PEPC), which converts phosphoenolpyruvate (PEP) 

into oxaloacetate. However, PEP can also be converted into pyruvate, which can then be 

transformed by pyruvate dehydrogenase into acetyl-CoA for the anabolism of FA. The 

repression of PEPC has been found to increase the lipid content by 46.9% in a 

cyanobacterial species, Anabaena sp. (Hou et al., 2008). 

Starch is another major sink for photosynthetic assimilated carbon. Attempts to 

block the starch biosynthesis pathway has been made in Chlamydomonas reinhardtii by 

downregulating ADP-glucose pyrophosphorylase (AGPase), which catalyzes the 

conversion from glucose 1-phoshate and ATP to ADP-glucose and Pi, the first committed 

step in this pathway (Li et al., 2010). A 10-fold increase of TAG in the transgenic strain 
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indicates the potential of this strategy to manipulate the lipid biosynthesis pathway (Li et 

al., 2010; Liang & Jiang, 2013). 

To sum up, though numerous attempts have been made to manipulate individual 

key genes in several species of either conventional model algae or emerging oleaginous 

algae, only a few successes have been achieved to enhance their lipid productivity. It was 

recognized only recently that the key characteristics of oleaginous microalgae are 

inherently correlated and interact with each other, sometimes making the independent 

manipulation of single trait futile (Wang et al., 2012). The apparent conflicts between 

algal growth rate and lipid content is one of the examples.  

In the future, applying genomic, transcriptomic and metabolomics analysis to 

more oleaginous algal species is important to advance our understanding on the 

complicated metabolic network and regulatory mechanisms underlying the microalgal 

lipid production. With more advanced molecular toolkits developed, the inter-trait 

crosstalk in microalgae can also be further investigated by simultaneous manipulation of 

multiple genes involved in different pathways (Wang et al., 2012). 
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1.2.3 Strain selection by random mutagenesis 

In addition to the algae themselves, CO2 is another major input for large-scale 

cultivation of microalgae for biofuel production (Wijffels & Barbosa, 2010). Production 

of 1 ton algal biomass requires 1.8 tons of CO2, representing up to 60% of the costs along 

with nutrients, utilization (Kliphuis et al., 2010; Wijffels & Barbosa, 2010). Exhaust 

gases from power plants contribute to ca. 40% of the U.S. annual CO2 emission in 2010 

(Liu et al., 2013). Therefore, utilizing the flue gas from industrial plants to feed the 

microalgae in the raceway open pond could serve as an effective strategy not only to 

reduce costs but also to mitigate the release of greenhouse gas (Zhu et al., 2014a). Flue 

gases released from the power plants is composed mainly of 10-15% (v/v) CO2, after the 

traces of harmful acid gases such as sulfur oxides and nitrogen oxides being removed by 

the post-combustion gas capture processes (Martelli et al., 2011; Wall, 2007; Zeiler et al., 

1995). Compared to the limited CO2 level in the natural habitat of the aquatic 

photosynthetic organisms, flue gas with substantially enriched CO2 usually exert 

deleterious effects on growth and photosynthesis (Cheng et al., 2016a; Koberg et al., 

2011; Solovchenko & Khozin-Goldberg, 2013). All cyanobacteria and most eukaryotic 

algae rely inorganic carbon concentrating mechanisms (CCMs) to elevate the CO2 

concentration near the Rubisco enzyme for fixation (Jungnick et al., 2014; Raven, 2010). 

It is believed that CCM was evolved by the aquatic phototrophs to adapt to the declined 

atmospheric CO2 level on earth over the past 30 million years (Jungnick et al., 2014; 

Raven et al., 2011). Therefore, the majority of microalgae will be saturated with 2-5% 

CO2 (Solovchenko & Khozin-Goldberg, 2013). While more efforts have been dedicated 

to investigate the mechanism and function of CCM in diverse microalgal species under 
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low CO2 environment, the underlying mechanism responsible for tolerance to elevated 

CO2 levels are still poorly understood (Solovchenko & Khozin-Goldberg, 2013). It is 

believed that maintaining the cellular pH homeostasis is critical for the microalgae’s 

tolerance to the flue gas supplied environment, which is not only enriched with dissolved 

inorganic carbon (DIC), but also substantially acidified (Solovchenko & Khozin-

Goldberg, 2013). To prevent acidification of the cytoplasm and chloroplast stromal 

compartment under such conditions, microalgae may developed several mechanisms 

including: photosynthetic apparatus state transitions that increase ATP generation; 

upregulation of H+-ATPases pumping protons out of the cell; rapid shutdown of CCM, 

and adjustment of membranes’ FA composition (Solovchenko & Khozin-Goldberg, 

2013). 

Due to the limited knowledge on physiological effects and mechanisms of high-

CO2 tolerance in microalgae, it’s very difficult to modify the wild strain for flue gas 

cultivation by reverse mutagenesis with sophisticatedly chosen gene targets. Therefore, 

attempts on forward mutagenesis of oleaginous microalgae and mutant screening have 

been inspired to isolate promising strain exhibiting tolerance to elevated CO2 level, which 

is suitable for industrial application. Some successful attempts have been made in several 

microalgal species to isolate random mutants showing enhanced flue gas tolerance as 

well as advantages in growth and lipid productivity. By applying the random mutagenesis 

strategy of g irradiation from 60Co or 137Se on several microalgal species including 

Chlorella pyrenoidosa, Chlorella sp., and Spirulina sp., Cheng and his colleagues have 

generated random mutant library for each species and been able to isolate winning strains 
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that can not only outcompete the wild strains under air bubbling conditions, but also 

tolerate up to 15% CO2 (Cheng et al., 2013; Cheng et al., 2017; Cheng et al., 2016b).  

Random mutagenesis has been proved to be an efficient approach to rapidly 

developing new strains with novel phenotypes. However, the radiation mutagenesis as 

mentioned above and another widely used strategy chemical mutagenesis usually induces 

multiple point mutations, making the identification of the mutated gene(s) responsible for 

the observed phenotype complicated and laborious (Perin et al., 2015b). From this 

perspective, the insertional mutagenesis approach using a drug resistance cassette offers 

many advantages in terms of greater control of the number of genes mutated, the density 

of mutations (alleles) and ease of identification of the locus of insertion. Recently, a 

robust strategy for high-throughput genotyping of the random mutant library has been 

developed for Chlamydomonas reinhardtii (Zhang et al., 2014). The Mme1-based 

insertion site sequencing (MmeSeq) can massively identify the mutation site of thousands 

random mutants by the 20-21 bp sequences immediately flanking the insertional cassettes 

(Li et al., 2016b; Zhang et al., 2014). This mapping strategy developed for C. reinhardtii 

can be adapted for more industrial relevant strains with available transformation protocol 

and holds great promise to unlock the regulatory mechanism responsible for the high CO2 

tolerating phenotype in the screened mutants. 
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Chapter 2. PSII engineering inspired by cyanobacterial design enhances 

photosynthesis in higher plants 

	

Summary 

The D1 polypeptide of the photosystem II (PSII) reaction center complex encodes 

domains that regulate the yield of primary photochemistry. All eukaryotic oxygenic 

phototrophs (algae and higher plants) encode a single isoform of D1 that functions at all 

light intensities, while many prokaryotic oxygenic phototrophs contain two or more D1 

isoforms that are differentially expressed in response to changes in solar intensity. D1:1 

and D1:2 confer functional advantages for growth at low or high light intensities, 

respectively. Here we report that the Synechococcus high light mutation (HL, A152S) in 

the tobacco D1 protein increased PSII primary charge separation yield, resulting in 11% 

increase in fresh weight and 9.9% increase in dry weight. The low light mutation (LL, 

E130Q) improved the efficiency of water oxidation, but this photonic improvement did 

not yield more biomass at low light. Replacement of the plastid psbA gene with the 

engineered form was achieved by selection for the spectinomycin resistance conferred by 

the aadA gene. This marker gene was subsequently removed to eliminate potential 

metabolic burden imposed by aadA expression. Our findings indicate that at all light 

intensities increasing charge separation yield and photochemical conversion produces 

more biomass in a higher plant, and that photosynthetic designs from prokaryotic 

phototrophs can be employed to improve the productivity of crop plants. 
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2.1 Introduction 

The improvement of primary productivity of terrestrial crops used for agriculture 

and energy (biomass) has a long history of advances based on plant breeding and, more 

recently, genetic engineering. This strategy has recently been applied to improving the 

primary light energy capture in the antenna complex of a higher plant model (Kromdijk et 

al., 2016), but has not yet been demonstrated for conversion of captured light energy into 

chemical energy (charge separation) in reaction centers.  

Photosystem II (PSII) is the main protein-pigment complex that converts sunlight 

to chemical energy in all oxygenic phototrophs by splitting water in the Mn4CaO5 water-

oxidizing complex (WOC) and reducing plastoquinone (PQ) to plastoquinols (H2PQ) 

(Nishiyama & Murata, 2014; Nixon et al., 2010). The D1 protein is one of six core 

polypeptides that make up the PSII reaction center performing the primary 

photochemistry of light-driven charge separation and water oxidation (Mulo et al., 2009). 

While the photosynthetic apparatus of prokaryotic oxygenic phototrophs evolved 

multiple D1 isoforms to optimize photosynthetic efficiency under different light 

conditions, this mechanism was discarded by all eukaryotic oxygenic phototrophs as they 

contain a single D1 isoform. Photoprotection at high light intensities in algae and higher 

plants relies upon other mechanisms to function efficiently (Erickson et al., 2015; 

Murchie & Niyogi, 2011). In the model organism Synechococcus elongatus PCC 7942, 

D1:1 encoded by psbAI gene is expressed under low or moderate light conditions, while 

D1:2 encoded by psbAII and psbAIII is upregulated and preferentially incorporated into 

PSII when shifting to high light conditions (Schaefer & Golden, 1989). The plastid 

genome of green algae and higher plants carries a single psbA gene encoding the high 
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light D1 isoform, which is structurally and functionally most similar to the D1:2 isoform 

in cyanobacteria. 

Evolutionary conservation of the PSII D1 subunit enabled experimental 

replacement of the native D1 protein in Chlamydomonas reinhardtii with the 

Synechococcus elongatus 7942 D1 isoforms (Vinyard et al., 2013c; Vinyard et al., 2014). 

The Synechococcus D1:1 isoform in Chlamydomonas showed a functional advantage 

when cells were grown in low light, whereas the D1:2 isoform had higher photosynthetic 

efficiency and biomass yield when cultures were grown at high light. The D1:1 isoform, 

encoded by psbAI gene, and the D1:2 isoform, encoded by psbAII and psbAIII genes, 

differ by 25 out of 360 amino acids (Golden et al., 1986; Holtman et al., 2005) (GenBank 

Accession No. NC_007604.1). To determine which amino acid residues contribute to the 

functional properties of the two isoforms, (Vinyard et al., 2014) analyzed seven 

Chlamydomonas strains carrying one, two or three amino acid substitutions in the high-

light D1:2 protein which are unique to the D1:1 low-light isoform. The E130Q point 

mutation converted the high-light isoform into a low-light functional isoform. Glutamate 

(E) occupies site D1-130 in high-light D1:2 isoforms in all cyanobacteria as well as in 

green algae and higher plants, whereas glutamine (Q) is highly conserved at site D1-130 

in the D1:1 low-light isoform of cyanobacteria. The D1-130 residue hydrogen bonds to 

Pheophytin (Phe), an electron transport co-factor in the PSII reaction center, and the 

presence of E or Q significantly affects the midpoint potential of Phe (Mulo et al., 2009). 

In contrast, the A152S mutation in the D1:2 protein confered substantially greater 

photoprotection at high light intensity (Vinyard et al., 2014). Thus, primary charge 

separation and charge recombination rates are traded-off between the D1:1 and D1:2 
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isoforms in the PSII reaction center, and are most sensitively correlated with the amino 

acid residues at positions 130 and 152. 

To test if the functional role of E130Q and A152S amino acids is conserved in 

higher plants, we introduced these point mutations at a cognate position in the tobacco 

D1 sequence. We isolated homoplastomic transgenic tobacco plants and tested for 

primary light energy conversion in whole leaves (PSII charge separation and water 

oxidation), whole plant growth rate and biomass yield. Our findings indicate that 

increased photosynthetic charge separation rate results in more biomass, and that the 

photosynthetic designs of prokaryotic phototrophs, the evolutionary precursors to higher 

plants, can be employed to improve the productivity of crop plants. 

  



	

	

23	

2.2 Material and Methods 

	
2.2.1 Construction of transformation vectors 

            The pYZ14 and its two derivatives pYZ15 and pYZ16 were constructed as plastid 

transformation vectors. Plasmid pYZ14 derives from pYZ4, the synthetic tobacco ptDNA 

fragment containing psbA, trnH, rpl2 and rpl23, cloned in the BlueHeron pUC minus 

vector. Plasmid pYZ14 is a pYZ4 derivative into which the excisable aadA gene flanked 

by 215 bp attP and 54 bp attB has been introduced into the StuI site. pYZ15 carries a 

point mutation replacing glutamate with glutamine at position 130 of D1 protein 

(E130Q), while in pYZ16, alanine is replaced by serine at position 152 (A152S). 

            The c-myc tagged aadA marker gene is expressed in a cassette with the 

PrrnLatpB+DB promoter and His/Thre attenuator. The aadA expression cassette is 

flanked by directly oriented non-identical bacterial attB (54 bp) and phage attP (125 bp) 

attachment sites (Kittiwongwattana et al., 2007). Since AAD content is found to vary 

considerably with leaf age, leaf material for soluble protein isolation was taken from the 

first fully expanded true leaf of 30-days plantlets. On the Coomassie brilliant blue R250 

stained SDS-PAGE gel, two extra bands near 32 kDa were present in Nt+aadA, 

NtHL+aadA and NtLL+aadA lines, while being absent in the soluble protein of Nt-WT 

tobacco leaves (Fig. 2.2 A). The dense higher band and the faint lower band are every 

close to each other, and together account for ~7% of the total soluble cellular protein. It is 

confirmed by the immunoblot analysis probing with c-Myc antibody that both bands are 

AAD protein (Fig. 2.2 B). 

            The transformation vectors carry a 3588 bp synthetic DNA fragment as plastid 

targeting sequence including a 1741 bp synthetic segment encoding psbA variant gene as 
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the left targeting region (LTR) and a 1847 bp synthetic segment encoding trnH, rpl2 and 

rpl23 as the right targeting region (RTR). A selectable spectinomycin resistant marker 

gene (aadA) is flanked by the LTR at the 5’ end and the RTR at the 3’ end. Besides the 

single amino acid substitution in the variant psbA gene, silent mutations were also made 

on the psbA gene and the rpl2 gene of the transformation vector to provide restriction 

markers differentiating the synthetic vector DNA from the wild-type plastid DNA, as 

well as improve DNA handling convenience. 6 restriction sites in the psbA gene and 6 

restriction sites in the coding region of rpl2 gene were removed by silent mutations. 

            In the transplastomic clones with aadA insertion, the psbA point mutation carried 

in the transformation vector may or may not be incorporated into the plastid genome, 

depending on the sites of homologous recombination (Fig. 2.1 A). Transgenic lines 

carrying the point mutation were first screened by diagnostic digestion of psbA amplicons 

and then confirmed by sequencing. Transgenic lines expressing different D1 variants 

were successfully obtained: control line Nt+aadA expressing native tobacco D1 protein; 

NtLL+aadA expressing the mutated low-light (LL) D1 isoform encoded by a synthetic 

psbA gene with E130Q point mutation; and NtHL+aadA expressing the engineered high-

light (HL) D1 isoform encoded by a synthetic psbA gene with A152S point mutation 

(Fig. 2.1). 

            Altogether 20 transplastomic events were obtained. The presence of restriction 

markers flanking the point mutation in the synthetic psbA gene predicted the 

incorporation of point mutation in the plastid genome, which was subsequently confirmed 

by sequencing PCR-amplified ptDNA. By DNA sequencing, it was found that the E130Q 

point mutation was present in one of four transplastomic events, and the A152S point 
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mutation was present in four of eight independent events, where recombination took 

place at the LTR site distal to aadA gene. Interestingly, none of the clones derived from 

the 20 transplastomic events carried the synthetic RTR. 

Uniform transformation of the plastid genome was confirmed by DNA gel blot 

analysis, probing with the psbA probe (Fig. 2.1 B). In AccI digested total leaf DNA of Nt-

WT, a 1.6 kb and a 0.5 kb fragment were detected. In transplastomic clones with aadA 

insertion, the psbA probe can detect either one fragment of 3.7 kb or two fragments which 

are 3.2 kb and 0.5 kb respectively, depending on where the homologous recombination 

took place. The homoplastomic marker gene control, low-light (LL) and high-light (HL) 

tobacco mutants were successfully achieved. 

 

2.2.2 Plastid transformation 

Plastid transformation was carried out by the biolistic protocol, as previously 

described (Lutz et al., 2006; Svab & Maliga, 1993). Briefly, sterile Nicotiana tabacum 

leaves were bombarded with gold microprojectiles coated with pYZ14, pZY15 and 

pYZ16 vector DNA respectively by the PDS-1000 biolistic gun (Bio-Rad, Hercules, CA, 

USA). Transplastomic clones were selected by spectinomycin resistance manifested as 

formation of green shoots on the selective RMOP plant regeneration medium containing 

500 mg/l spectinomycin dihydrochloride. Leaf pieces from the primary shoots were 

applied for the first round of purification by regenerating secondary shoots on the 

selective RMOP medium containing 500 mg/l spectinomycin dihydrochloride. Leaf 

sections of the secondary shoots were transferred to for the second round of purification 

by shoot regeneration on the spectinomycin selective medium. Uniform transformation of 
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the plastid genome in the resulting shoots from the second purification was confirmed by 

DNA gel blot analysis of total leaf DNA. The homoplastomic plants were rooted on RM 

plant maintenance medium in sterile culture and transferred to greenhouse later. 

 

2.2.3 DNA gel blot analysis of ptDNA 

DNA gel blot analysis was carried out as described (Svab & Maliga, 1993). Total 

cellular DNA extracted from tobacco leaf was digested with the restriction endonuclease 

AccI. The DNA fragments were separated by electrophoresis in 1% agarose gel and 

transferred to Hybond-N membranes (GE Healthcare, Piscataway, NJ) by capillary 

transfer. A double-strand DNA probe was prepared by random-primed 32P-labeling. The 

template for probing is a 3584 bp KpnI-SacI fragment prepared from the targeting region. 

Hybridization with the probe was carried out in Church buffer at 65 oC for overnight. 

 

2.2.4 Agrobacterium-mediated transformation of the plant nucleus with the int gene 

A binary plasmid pKO117 carrying an engineered integrase gene (int) that can be 

expressed in the plant nucleus is available in the Agrobacterium strain EHA101 

(Kittiwongwattana et al., 2007; Lutz et al., 2004). Leaf pieces of the Nt+aadA, 

NtLL+aadA and NtHL+aadA transplastomic plants were co-cultivated with Agrobacterium 

carrying binary plasmid pKO117 for two days, then transferred onto RMOP medium 

containing 100 mg/l gentamycin and 500 mg/l carbenicillin (Kittiwongwattana et al., 

2007). The shoots can only regenerated on the selective medium if transformed with the 

gentamycin resistant plant marker gene (aacCI) linked to the int gene carried in the 
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pKO117 plasmid (Kittiwongwattana et al., 2007). Carbenicillin was supplied for killing 

the Agrobacterium. 

 

2.2.5 Antibiotic resistance in seed progeny 

Seeds were sterilized with 20% bleach in a 1.5ml Eppendorf tube for 5 minutes. 

Bleach was discarded and seeds were rinsed 3 times with deionized water. Surface-

sterilized seeds were plated onto RM solid medium containing 500 mg/l spectinomycin 

and incubated in the culture room. 

 

2.2.6 SDS-PAGE and immunoblotting 

            SDS-PAGE and immunoblotting were carried out to detect the expression level of 

the psbA gene and the c-Myc tagged spectinomycin resistance marker gene (aadA). 

Leaves for protein extraction were taken from greenhouse plants 30 days post 

germination. About 200 mg leaf was used for total soluble protein and membrane-bound 

protein extraction as described (Kittiwongwattana et al., 2007). Briefly, leaf was 

homogenized in 0.1 ml Extraction Buffer containing 50 mM Hepes/KOH (pH 7.5), 10 

mM potassium acetate, 5 mM magnesium acetate, 1 mM EDTA, 10 mM DTT and 2 mM 

PMSF. After centrifugation, total soluble protein went into the supernatant, while 

insoluble membrane-bound protein precipitated into the pellet. Insoluble protein was 

solubilized from the pellet by adding 0.1 ml Solubilization Buffer containing 50 mM 

Hepes/KOH (pH 7.5), 2% sodium dodecyl sulfate (SDS) and heating for 10 min at 95 oC. 

The insoluble cell debris was then removed by centrifugation. Soluble protein 

concentrations were quantified with the Bradford Protein Assay Reagent kit (Bio-Rad, 
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Hercules, CA); membrane-bound protein were determined by the bicinchonic acid (BCA) 

method (Pierce, Rockford, IL). 

Protein were separated by SDS-PAGE (15% acrylamide gel) and stained in 

Comassie brilliant blue R-250 solution. Immunoblot analysis of D1 protein and 

aminoglycoside 3’’-adenylyltransferase (AAD) was carried out as described using 

commercial D1 C-Term antibody (1:11,000) purchased from Agrisera Antibodies 

(Sweden) and c-Myc antibody (1:1,100) purchased from Santa Cruz Biotechnology, Inc. 

(Santa Cruz, CA). 

 

2.2.7 RNA gel blot analysis 

RNA gel blot was carried out as described (Silhavy & Maliga, 1998; Sinagawa-

Garcia et al., 2009). Briefly, total cellular RNA was extracted from leaves (Stiekema et 

al., 1988) and 5 mg RNA was electrophoresed on 1% agarose/formaldehyde gels, and 

then transferred to Hybond-N membranes (GE Healthcare, Piscataway, NJ) by capillary 

transfer. Hybridization to random-primed labeled fragment was carried out in a modified 

Church hybridization buffer (0.5 M phosphate buffer, pH 7.2, 10 mM EDTA, 7% SDS) at 

65 oC for overnight. Radioactive probes were prepared by random primed 32P-labeling of 

PCR amplified DNA fragments of psbA gene and aadA gene. 

 

2.2.8 Fast Repetition Rate (FRR) Fluorometry 

FRR fluorometry measurements were performed on a home-built instrument as 

described previously (Ananyev & Dismukes, 2005). Tobacco plants were grown in the 

greenhouse, where the natural sunlight was supplemented with sodium lights for 16 hours 
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(about 0 to 700 μE m-2 s-1). 6 mm leaf disc sampled from 60 days old tobacco were dark-

adapted for 2 min and then subjected to 50 single turnover flashes (STFs) applied at 0.5-

100 Hz. The Chl-a variable fluorescence yield, Fv/Fm, was measured on each STF using 

60 µs pulses at 656 nm. Fv/Fm was calculated from the dark-adapted value (Fo) and the 

light-saturated value (Fm) from each flash in the train of flashes, with Fv = Fm – Fo.  

 

2.2.9 Isolation of thylakoid 

Thylakoid membranes were isolated from tobacco using a modified method by 

Robinson et al (Robinson & Yocum, 1980) and Ünnep et al (Ünnep et al., 2014). 

Tobacco plants were grown in the greenhouse under natural sunlight conditions for 45 

days. 20 g of tobacco leaves were ground using a blender in 200 ml chilled 

Homogenization Buffer containing 20 mM Tricine (pH 7.6), 5 mM MgCl2, 5 mM KCl, 

and 0.4 M sorbitol. The homogenate was filtered through 2 layers of miracloth. After 

removing the remaining debris by centrifugation at 200 xg for 2 min, the supernatant was 

centrifuged at 4000 xg for 10 min. The chloroplast pellet was resuspended using a soft 

paintbrush in 10 ml chilled osmotic shock medium containing 20 mM Tricine (pH 7.6), 5 

mM MgCl2, and 5 mM KCl. The suspension was then centrifuged at 4000 xg for 10 min 

to spin down the thylakoids. The resulting pellet was washed twice with 4 ml chilled 

Homogenization buffer (4500 xg, 10 min) and then resuspended in Storage Buffer 

containing 20 mM Tricine (pH 7.6), 5 mM MgCl2, 5 mM KCl, and 10% (v/v) glycerol. 

The thylakoid suspension was flash-frozen in liquid nitrogen at ~2 mg/ml of Chl/ml by 

dilution with the Storage Buffer. Thylakoid samples were kept at -80 °C prior to assay. 

All steps were carried out at 4 °C under dim green light. 
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2.2.10 O2 evolution rates 

Steady-state O2 evolution rates from thylakoid membrane were measured using a 

commercial Clark-type electrode (Hansatech) at 25 oC as previously described (Vinyard 

et al., 2013c). Isolated membrane was diluted to 400 µg of Chl/ml. Freshly prepared 2 

mM K3Fe(CN)6 and 0.25 mM DMBQ were added immediately before each experiment 

began. Continuous saturating illumination was provided by a red LED (600 µE m-2 s-1, 

lmax = 627 nm). O2 evolution rates were measured as µmol of O2 (mg of Chl)-1 h-1.  

 

2.2.11 Photoinhibition 

Sensitivity to photoinhibition was determined by temporal tracking of Fv/Fm 

losses during exposure to 700µE m-2 s-1 light intensity over a period of 60 hours in the 

presence of 1 g/L lincomycin. the chloroplast protein synthesis inhibitor as described by 

Tyystjarvi et al (Tyystjarvi & Aro, 1996). Seeds from Nt-WT and transgenic lines were 

germinated in soil and grown for 50 days in the greenhouse. The leaves were harvested at 

the end of the dark period and incubated in darkness for 6 hours in lincomycin solution. 

In some case, water was used instead of lincomycin as indicated. After the dark 

incubation, tobacco leaves were illuminated by a 2000 µE m-2 s-1 light source in a 22 oC 

chamber. The tobacco leaves were in the lincomycin solution during the whole 

illumination period. The actual light intensity received by the tobacco leaves was 700 µE 

m-2 s-1 and the temperature of the illuminated leaves was around 27 oC. During the 

illumination, 6 mm disc were taken from the leaves for fluorescence measurements. The 

leaf discs were dark adapted for 1 hour, after which Fv/Fm was measured by a 
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commercial PAM fluorometer (Photon Systems Instruments, Brno, Czech Republic). 

This process was repeated over a 60-hour period. The decreasing values of Fv/Fm over 

time were fit to a one-component exponential function. 

 

2.2.12 Biomass accumulation measurement 

For the greenhouse full sunlight growth assay, tobacco seed were sown in the 

green house. Seed germination was synchronized by storing wet seed for three days at +4 

0C prior to planting. The seed was spread on soil and allowed to germinate in 2” deep 

plastic trays (12’x12’). 20 days post-planting (dpp) seedlings were transferred to cells (54 

per 1’ x 2’ plastic trays) and grown under normal greenhouse conditions, when the 

natural light was supplements with sodium lights for 16 hrs (about 700 µE m-2 s-1). After 

30 dpp, seedlings were transferred to 5’x5’x5’ plastic pots and grown until harvesting for 

fresh and dry weight measurement. After 60 dpp, dry weight of 15 plants of Nt-WT and 

each transgenic line were measured. 

For the low light growth assay, tobacco seed were germinated on soil in a growth 

chamber under 40 µE light intensity at 22C. After 30 dpp, seedlings were harvested for 

fresh and dry weight measurement. 

 

2.2.13 Statistics 

Data are presented as mean ± s.e.m. The significance between data sets was 

measured using two-tailed unpaired Student's t-test. P values were not considered 

significant when P > 0.05 and significant when P < 0.05 and P < 0.01. 
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2.3 Results 

 

2.3.1 Incorporation of the point mutations in the psbA gene 

We constructed dedicated vectors to replace the native psbA gene with mutant 

forms. In the control plasmid pYZ14, the selectable spectinomycin resistance gene 

(aadA) is cloned downstream of the psbA gene, so that insertion of aadA is targeted via 

the psbA coding region (left targeting region, LTR) and the plastid DNA fragment 

encoding the trnH, rpl2 and part of the rpl23 genes (right targeting region, RTR) (Fig. 

2.1 A). Vector pYZ15 carries the E130Q amino acid exchange that confers low light 

adapted photochemistry, while vector pYZ16 carries the A152S point mutation 

conferring high light beneficial photochemistry. The plastid transformation vectors were 

introduced into tobacco leaves by the biolistic process and transplastomic clones were 

selected by spectinomycin resistance. Spectinomycin resistance was obtained as the result 

of incorporation of the aadA gene downstream of psbA via the targeting LTR and RTR 

regions. The transplastomic Nicotiana tabacum (Nt) plants were designated by the 

plasmid name and a serial number, such as Nt-pYZ14-3. 

 Integration of aadA may occur at any place via the LTR and RTR regions. 

Recombination via the L1 site distal to aadA results in the incorporation of point 

mutations in the psbA gene, while recombination proximal to aadA (L2 site) introduces 

the aadA marker gene, but not the point mutations (Fig. 2.1 A). Identification of plants 

carrying the A152S mutation (pYZ16 vector) was simple, because the amino acid 

exchange creates a novel PvuII site that could be readily identified by digesting PCR-

amplified ptDNA. The E130Q amino acid exchange (pYZ15) does not create a novel 
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restriction site. To facilitate tracking of incorporated DNA, we introduced 12 silent 

mutations in the LTR and RTR of the vectors. Transplastomic plants potentially carrying 

the E130Q mutation were identified by the presence of adjacent AlwNI- (site removed in 

vector) and SspI+ (site created in vector) restriction sites in vector pYZ15. Incorporation 

of the E130Q mutation in the psbA gene was confirmed by sequencing PCR-amplified 

DNA.  

 Uniform transformation of plastid genomes was confirmed by DNA gel blot 

analyses (Fig. 2.1 B) and uniform spectinomycin resistance of the seed progeny (not 

shown). We then grew plants to assess changes conferred by mutations in the engineered 

D1 proteins by measuring biomass and characterizing photochemical properties. Lines 

with wild-type psbA are referred to as Nt+aadA (for control), and those carrying the LL 

(E132Q) or HL (A152S) mutations as NtLL+aadA and NtHL+aadA lines. This designation 

applies when the aadA marker gene is present. When aadA has been removed, +/-aadA is 

used as an extension instead, such as Nt+/-aadA.  
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Figure 2.1 Construction of tobacco plants with psbA mutations. A) Map of the 

targeted region of the plastid genome (Nt-ptDNA) included in the plastid transformation 

vectors, and the targeting regions of plastid transformation vectors. Note the psbA, trnH, 

rpl2, and rpl23 plastid genes; the aadA spectinomycin resistance gene and attB/attP sites 

(black boxes) for the excision of aadA gene. The pYZ14, pYZ15 and pYZ16 vectors 

carry a wild type psbA gene, and its low light E130Q and high light A152S variants, 

respectively. L1 and L2 are alternative sites for homologous recombination in the left 

targeting region (LTR); R denotes one of the potential recombination sites in the right 

targeting region (RTR). Recombination via L1 and R results in the incorporation of the 

psbA point mutations. Recombination via L2 and R incorporates only the aadA gene but 

not the point mutations in psbA. On top are shown the restriction sites by which the 

vector DNA can be distinguished from native ptDNA. B) DNA gel blots to confirm 

uniform transformation of plastid genomes. Total cellular DNA was digested with the 

AccI restriction endonuclease and probed with the psbA coding region and part of the 

psbA-trnH intergenic region marked in Figure 2.1 A.  
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2.3.2 Transplastomic plants are impaired in growth and development 

We evaluated the impact of D1 mutations by growing wild type (Nt-WT), and 

transplastomic tobacco carrying aadA genes in the greenhouse. The plants were grown 

under three light conditions: normal greenhouse conditions, when the natural sunlight 

was supplemented with sodium lights for 16 hours (about 60 to 700 μE m-2 s-1) and under 

shading nets with 50% and 90% cutoff. Delay in plant growth and flowering were 

observed in all transgenic lines compared to Nt-WT. Among the three transplastomic 

lines, the NtHL+aadA high-light plants yielded he highest biomass, followed by the 

Nt+aadA control and NtLL+aadA low-light plants. Under normal greenhouse conditions, 

Nt-WT flowered in 68 days. The transplastomic plants developed slower: the control 

plants and the high-light plants flowered in 72 days, while the low-light plants flowered 

in 76 days. 

We hypothesized that impaired growth and development of transplastomic plants 

were caused by the metabolic burden imposed by the expression of the aadA marker 

gene. Therefore, we tested aadA expression in the transplastomic plants. Protein gel 

stained with Coomassie Brilliant Blue confirmed AAD accumulation at a high (~7%) 

level (Fig. 2.2 A). The identity of the 32-kDa band as AAD was confirmed by western 

blot analysis, using antibody recognizing the AAD c-Myc tag (Fig. 2.2 B).  Interestingly, 

D1 protein accumulation in the transplastomic plants was not affected by aadA 

expression, as shown by probing protein gel blots with D1 antibody (Fig. 2.2 C). This 

observation indicates that AAD does not interfere with PSII assembly or stability, but 

may impose a metabolic burden on growth. 
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Figure 2.2 Expression of the AAD and the D1 proteins in transplastomic plants. A) 

Separation of total cellular protein in SDS-PAGE gels stained with Coomassie Brilliant 

Blue R250. The positions of Rubisco large (LSU) and small (SSU) subunits and AAD, 

the aadA gene product are marked. Data are shown for the Nt+aadA, NtHL+aadA, 

NtLL+aadA transplastomic lines carrying the aadA gene (T+), and the aadA deletion 

derivatives Nt+/-aadA, NtHL+/-aadA and NtLL+/-aadA plants (T-). Note absence of AAD 

after the excision of the aadA gene. B) Immunoblot analyses confirm the identity of AAD 

using c-myc antibody. C) D1 antibody detects the psbA gene product on Western blots.   
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2.3.3 Excision of marker gene restores growth of control plants and reveals 

increased biomass potential of Nt-HL plants  

Anticipating potential interference of AAD with plant growth, we incorporated 

recombinase target sites for marker gene excision. In the vectors, the aadA gene is 

flanked by the PhiC31 phage integrase (Int) attB/attP sites, which were incorporated in 

the plastid genome along with the aadA gene. The plastid genome has been stable in the 

absence of the Int site-specific recombinase (Kittiwongwattana et al., 2007). To assess 

the impact of aadA expression on growth, we excised the aadA marker gene.  Marker 

gene excision was achieved by transforming the transplastomic plants with an 

Agrobacterium vector carrying a plastid-targeted Int gene in binary plasmid pKO117 

(Lutz et al., 2004). The presence of the aadA gene in the parental transplastomic lines 

was confirmed by DNA gel blot analyses after digesting total cellular DNA with the AccI 

restriction enzyme (Fig. 2.3 A, B). The psbA probe detects a 1.6-kb fragment in the wild-

type plastid genome and 3.2-kb fragment in the Nt+aadA and NtLL+aadA plants due to 

inclusion of the aadA gene. The psbA fragment in NtHL+aadA plants is 3.7 kb because the 

AccI- mutation from vector pYZ16 is present in the plastid genome. Excision of aadA 

reduced the hybridizing fragment size to 1.8 kb in the Nt+/-aadA and NtLL+/-aadA lines, 

and to 2.3 kb in the NtHL+/-aadA line. Marker gene excision has also been confirmed on 

RNA gel blots using the aadA and psbA probes (Fig. 2.3 C).  

We evaluated the impact of marker gene excision and the consequences of D1 

mutations by growing 20 plants of each line in the greenhouse under full sunlight (0 to 

700 μE m-2 s-1) and 24 plants of each line in a growth chamber under low light (40 µE, 16 

hrs). Plant height, fresh weight and dry weight were evaluated after 60 days growing in 
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the greenhouse. Fresh weight and dry weight measurements indicated that normal growth 

and development is restored in the control plants Nt+/-aadA after the excision of the 

aadA gene, confirming that the aadA gene impairs plant growth and development (Fig. 

2.4). The marker-free NtHL+/-aadA high-light plants grown in the greenhouse exceeded 

the Nt-WT plants in both fresh weight by 11% and dry weight by 9.9 %. The marker-free 

NtLL+/-aadA low-light plants were handicapped under both greenhouse and low light (40 

µE) conditions as compared to Nt-WT. In both greenhouse environment and the low light 

conditions, the higher fresh weight and dry weight values for the high-light plants w/o the 

maker gene were not statistically significant. Other light conditions were not examined. 
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Figure 2.3 Excision of the aadA gene from the plastid genome. A) Schematic maps of 

the targeted region of plastid genome (WT), the targeted region with the aadA gene (T+), 

and after aadA excision with the attB/attP junction (T-). B) DNA gel blot confirms aadA 

excision using the psbA probe. Predicted fragment sizes are given in Figure 2.3 A. C) 

RNA gel blot confirms aadA excision using the psbA and aadA probes. 
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Figure 2.4 The impact of D1 mutations on plant growth and biomass. A) Tobacco 

plants grown in greenhouse for 60 days illuminated with full sunlight. Note increased 

height after excision of the aadA marker gene. B) Fresh weight and dry weight of 

greenhouse-grown plants. Error bars show s.e.m. centered at mean (n = 15 biological 

replicates). Asterisks indicate significant differences (a=0.05) between the control plant 

Nt+aadA and the low significant differences (a=0.05) between Nt-WT and the marker 

free low light plant NtLL+/-aadA on the right panel. C) Fresh weight and dry weight of 

plants after 30 days grown in growth chamber under low light (40 µE). Error bars show 

s.e.m. centered at mean (n = 24 biological replicates). Asterisks indicate significant 

differences (a=0.05) between Nt-WT and the marker free low light plant NtLL+/-aadA. 
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2.3.4 Photochemical changes conferred by the D1 point mutations  

The efficiency of the primary photoreaction and subsequent chemical conversion 

by water oxidation (net production of O2 and reduced PQH2) were measured to determine 

if the cyanobacterial phenotypes were introduced in the tobacco mutants. To do so, we 

measured in vivo chlorophyll-a fluorescence yield, light-saturated oxygen evolution rate 

and photoinhibition rate (D1 photoinactivation) of the marker free tobacco plants under 

various light conditions (Ananyev & Dismukes, 2005; Vinyard et al., 2013b). The Chl-a 

variable fluorescence yield, Fv/Fm, measures the fraction of light emitted by chlorophyll 

that competes with photochemical conversion (Fv), divided by the maximum emission 

yield (Fm).  The steady-state yield of Fv/Fm is proportional to the quantum yield of PSII 

charge separation (0 < Fv/Fm <1), while its transient period-4 oscillations, produced 

using single turnover pulses, are proportional to those charge separations that go on to 

accomplish O2 evolution (Ananyev & Dismukes, 2005). Data in Figure 2.5 A taken at 1 

Hz flash rate, indicates that the A152S mutation (NtHL+/-aadA) results in higher 

efficiency of PSII charge separation, while the E130Q mutation (NtLL+/-aadA) is 

significantly less efficient as compared to both the control (Nt+/-aadA) and the wild type 

(Nt-WT) plants. By contrast, the amplitude of the period-4 oscillations of Fv/Fm, differ in 

precisely the opposite way, with lower amplitude in the high-light plant (less 

photochemical conversion) than in both the control plant and Nt-WT, and significantly 

more amplitude in the low-light plant (Fig. 2.5 D). The same phenotype is observed at 10 

and 100 Hz flash rates, with charge separation in the high-light plant outperforming both 

the control and Nt-WT plants, and the low-light plant performing even less efficiently at 

progressively higher light fluxes (Fig. 2.5 B). The opposite remains true of the amplitude 
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of period-4 Fv/Fm oscillations at these higher light fluxes, with the high-light plant 

invariably lower and the low-light plant invariably higher than both the control plant and 

Nt-WT (Fig. 2.5 D). These differences in Fv/Fm follow precisely the two cyanobacterial 

D1:1 and D1:2 phenotypes. 

Greater PSII charge separation also results in more efficient oxygen evolution 

catalyzed by the water oxidation complex. We observe that when supplemented with 

artificial electron acceptors, isolated thylakoid membrane of the high-light plant 

generated oxygen at 15.5% faster rate than Nt-WT under saturating light conditions, 

indicating more efficient photosynthesis (Fig. 2.6). Under the same conditions, oxygen 

evolution by the low-light mutant is 21.9% slower rate than Nt-WT. 

 Photoinhibition results from photodamage to the D1 subunit (Nishiyama & 

Murata, 2014), and was measured by recording steady-state Fv/Fm after a fixed but 

extended illumination time at high light intensity in the presence of a protein synthesis 

inhibitor (Vinyard et al., 2014). Figure 2.6 shows that the high-light plant has a longer 

half-life of photoinhibition (t1/2 = 33.5 hours) than Nt-WT and the control plant (t1/2 = 30 

hours), indicating greater photoprotection. The low-light plant showed an increased 

sensitivity to photoinhibition, with a half-life of only 25 hours. 
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Figure 2.5 Photochemical characteristics of the tobacco D1 mutants. A) 

Representative oscillation trace at 1 Hz flash frequency. B) Steady state variable Chl-a 

fluorescence yield (Fv/Fm) over 30 flashes. C) Period-1 (inverse peak period) of 

oscillations of Fv/Fm in tobacco leaf disc as determined by the peak of the Fourier 

transformation. D) Peak amplitude of the period-4 oscillations taken from the Fourier 

transform. Error bars show s.e.m. centered at mean (n=3 biological replicates) in B, C 

and D. 
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Figure 2.6 The PSII photochemical quantum yield (Fv/Fm) of D1 variants is 

inversely proportional to A) WOC turnover inverse period at a low flash rate (0.5 Hz; 

top), while proportional to B) light-saturated O2 evolution rate (middle) and C) the half-

life of photoinhibition (bottom). Data were fit to linear trend lines with the following 

equations: A, y = -0.031x + 0.253, R² = 0.71; B, y = 6.686x + 0.727, R² = 0.81; and C, y 

= 36.172x + 11.992, R² = 0.82. Error bars show s.e.m. centered at mean (n = 3 

independent replicates). 
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2.4 Discussion 

 

2.4.1 PSII trade-off between photosynthetic efficiency and photoprotection 

            A previous study in Chlamydomonas, investigating cyanobacterial D1 isoforms 

including two natural variants (D1:1 (LL) and D1:2 (HL)), plus 7 point mutants 

intermediate between these two D1 isoforms, revealed a continuous trade-off between 

several photochemical performance metrics beneficial at low light versus high light 

intensities (Vinyard et al., 2014). In Figure 2.7 A, two such metrics are plotted for all 9 

strains as a function of the PSII Quantum Yield (Fv/Fm), the probability of WOC 

turnover (O2 evolution) at light limiting intensity and the light saturated O2 evolution rate. 

Here, we find the same relative trade-off is observed in Nt-WT (and Nt+/-aadA) with 

native D1, and the two genetically modified D1 variants, NtHL+/-aadA (the marker free 

high-light plant) and NtLL+/-aadA (the marker free low-light plant), with single amino 

acid point mutations. As shown in Figure 2.7 B, relative to Nt-WT, the high-light plant 

exhibits a higher yield of light-saturated O2 evolution and has less efficient 

photochemical turnover at light-limiting intensity, measured either as the lower period-4 

oscillation amplitude or a longer WOC cycle period. The high-light plant also exhibits 

better photo-protection against photoinhibition under light-saturating intensity. 

Conversely, the low-light plant with its lower PSII charge separation quantum yield has a 

higher WOC cycling efficiency under light-limiting intensity, while at high light intensity 

it has lower O2 evolution rate and poor tolerance to photoinhibition. In conclusion,  PSII 

charge separation serves two purposes that cannot be independently optimized, either 

better photochemical yield (O2 and PQH2) or protection against PSII photoinhibition 
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(Vinyard et al., 2014). The design of the PSII reaction center is a trade-off between these 

two consequences of photon conversion lifestyles at high and low solar intensities.  

More specifically, this trade-off can be understood as competition between 

forward electron/hole transfer between PSII cofactors terminating in capture by the PQ-

pool and WOC, respectively, versus charge recombination that serves in photoprotection 

at high light intensity. PSII reaction centers can be designed to operate better at high light 

intensity by having faster charge recombination as it affords better photoprotection, or for 

optimal operation at low light intensity by having slower charge recombination which 

results in more efficient capture of holes by the WOC and ultimately water oxidation. 
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Figure 2.7 PSII trade-off between photosynthetic efficiency and photoprotection in 

A) the nine Synechococcus D1 variants investigated by (Vinyard et al., 2014), and in B) 

the tobacco D1 variants. It is shown in both cases that the PSII photochemical quantum 

yield (Fv/Fm) is inversely proportional to the WOC turnover efficiency measured at low 

flash rate where charge recombination contributes, while directly proportional to the 

light-saturated O2 evolution rate. Error bars show s.e.m. centered at mean (n = 3 

independent replicates). 
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2.4.2 Structure-function analyses of D1 isoforms and evolutionary implications 

            In the Chlamydomonas D1 variants expression model, it was hypothesized that 

modulation of the PSII reaction center primary photochemistry in the two cyanobacterial 

natural D1 isoforms and seven D1 point mutants results from a shifted free energy level 

of the primary electron acceptor Phe, and possibly also the secondary electron acceptor 

QA (Vinyard et al., 2014). Consistent with this interpretation, we see the same phenotype 

for the two tobacco D1 mutants with point mutation E130Q and A152S, which are 

specifically localized to interactions around Phe and QA. 

            The amino acid residue at D1-130 has caught much attention. It has been 

confirmed by EPR (Dorlet et al., 2001) and FTIR (Shibuya et al., 2010) studies that the 

side-chain of the D1-130 residue acts as the hydrogen bond donor to the 131 keto group 

of Phe. The side chain of residue Glu-130 (E) provides a stronger H-bond compared to 

Gln-130 (Q) to the 131 keto group of Phe (Merry et al., 1998). Consequently, E130Q 

results in a more negative midpoint potential (Em) of Phe. By contrast, the A152S point 

mutation on the Synechococcus 7942 D1:2 isoform expressed in Chlamydomonas 

produces the opposite effect on the efficiency of PSII, and postulated complementary 

influence in altering the Em of Phe (Vinyard et al., 2014). The methyl side chain of Ala-

152 (A) on D1 and the phenyl group of Phe-435 on CP43 support a hydrophobic 

interaction between the two PSII subunits. It is hypothesized that when Ala is substituted 

with Ser on D1-152, the D1-CP43 interface becomes less hydrophobic, causing 

movement of the D1 a helix. Due to the presence of Pro-150 trans to Ser-152, the Phe 

binding pocket would be altered and the Em of Phe becomes less negative (Vinyard et al., 

2014). 
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            We postulate a more negative Em (Phe/Phe-) in the low-light plant expressing D1-

E130Q, which decreases the charge separation efficiency due to a smaller free energy gap 

between P680
* and Phe. Given the increased charge separation quantum yield observed in 

the high-light plant, it is reasonable to expect a more positive Em (Phe/Phe-), and a larger 

energy gap between the primary radical pair. In addition to its impact on charge 

separation rate, Em (Phe/Phe-) has also been found to regulate the rate of the 1[P680
+Phe-] 

à P680 direct charge recombination. The increase of Em (Phe/Phe-) and larger radical 

pair energy gap in the high-light plant expressing D1-A152S should increase the rate of 

the radiative pathway of charge recombination, thereby protecting PSII against 

photodamage. Conversely, the low-light plant expressing D1-E130Q has the opposite 

effect with slower recombination arising from a smaller radical pair energy gap and 

resulting in higher sensitivity to photoinhibition. 

From the previous research on natural D1 isoforms in Thermosynechococcus, Em 

(QA/QA
-) was found to be more positive in D1:2 (Ogami et al., 2012) than in D1:1 

(Shibamoto et al., 2009). A more positive Em (QA/QA
-) in the high-light plant would 

increase the energy gap (Phe-QA), suppressing the efficiency of the thermally-activated 

backward step: P680
+QA

- to P680
+Phe-, thereby suppressing the formation of 3[P680

+Phe-] 

and 3P680-mediated singlet oxygen (1O2) that accompany D1 photodamage. Meanwhile, 

because of the smaller energy gap between P680
+QA

- in the high-light plant, the direct 

recombination pathway from P680
+QA

- to P680QA gains higher efficiency which provides 

better photoprotection (Vass & Cser, 2009). Taken together, the high-light plant with 

more positive reduction potentials of Phe and QA achieve higher charge separation 
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quantum yield and faster overall charge recombination rate, while the low-light plant has 

the opposite energetic and photochemical phenotypes. 

 

2.4.3 The intrinsic PSII photochemical advantage in tobacco D1 high light mutant 

benefit biomass accumulation in the high solar intensities. 

            Besides the higher PSII charge separation efficiency and the faster charge 

recombination rate that benefit the photosynthetic efficiency under high light condition, 

the high-light plant also shows a higher intrinsic efficiency of PSII by normalizing the 

light-saturated O2 evolution rate to D1 concentration. These various photochemical 

advantages of the high-light plant in high light conditions resulted in a modestly higher 

biomass accumulation rate. Compared to Nt-WT and the control plant, the high-light 

plant exhibits a 9.9% increase in average dry weight after 60 days post planting in the 

greenhouse conditions.  

In a previous study, the Chlamydomonas strain expressing the Synechococcus 

7942 D1:1 (LL) isoform not only showed more efficient WOC cycling, but also achieved 

higher biomass accumulation at low light intensities, compared to the control strain and 

the D1:2-PSII strain (Vinyard et al., 2013c). By mutating the tobacco native high light D1 

isoform into the low light isoform in NtLL+/-aadA by single point mutation E130Q, 

although a higher WOC cycling efficiency at low light intensity is successfully achieved, 

unexpectedly it was handicapped in growth. Compared to Nt-WT and the control plant, 

the low-light plant shows a 19% decrease in biomass under greenhouse conditions. The 

physiological result indicates that although the presence of Glu or Gln at position 130 

plays a crucial role in regulating the redox potential of Phe and QA, amino acid residues 
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at other positions likely also contribute to the overall beneficial properties at low light 

intensity of the cyanobacterial low light isoform D1:1.  

 

2.4.4 Removal of the antibiotic marker gene is necessary for reliable evaluation of 

physiological performance 

The high-level expression of the spectinomycin and streptomycin resistant marker 

gene aadA not only delayed the growth rate and developmental phase of the transgenic 

lines, but also partially masked the impact of the D1 point mutation on the plant growth. 

After aadA excision, the slight growth advantage of the high light plant NtHL+/-aadA 

over the control plant Nt+/-aadA increased from 5.1% to 9.9% more dry biomass. The 

physiological benefit still doesn't show up in the low-light plant NtLL+/-aadA after aadA 

removal. Since the maker gene becomes dispensable after obtaining the 

homotransplastomic plant, removal of it will better reveals the intrinsic influence of 

genetic modifications on the transgenic plants and enable more reliable evaluation of the 

physiological performance of the mutant plants. 
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2.5 Conclusion 

We have shown the prokaryotic design principal of PSII D1 subunit is applicable 

in higher plants. Slight change of the redox potential of Phe and QA caused by D1 point 

mutation could have a great impact on the primary PSII photochemistry of charge 

separation and charge recombination. By introducing the single point mutation into 

tobacco psbA gene at A152S mimicking the cyanobacterial HL D1:2 strain, we created a 

high light mutant exhibiting higher photosynthetic efficiency, higher tolerance to 

photoinhibition and modestly increased biomass potential under high light conditions. By 

contrast, the only benefit of incorporating the E130Q point mutation mimicking the LL 

isoform is restricted to improving WOC cycling efficiency at low light intensity, while 

the biomass yield was impaired at low light intensity. The intrinsically lower light 

utilization efficiency of this point mutation (Fv/Fm) appears to generate insufficient 

primary energy (PQH2 and pH gradient) to allow adequate growth at the low light tested 

(40 µE m-2s-1).  Either lower growth light intensity may be needed or the entire 

Synechococcus 7942 D1:1 sequence may need to replace the tobacco D1 to achieve the 

biomass advantage at low light intensity. This hypothesis could be further tested by 

substituting the native tobacco isoform with the whole sequence of Synechococcus 7942 

D1:1. Excision of the antibiotic marker gene aadA is necessary for reliable evaluation of 

the biophysical and physiological performance on the transgenic plants and likely reflects 

removal of the metabolic burden of marker gene expression/translation. The most 

advantageous strategy for photochemical fitness in light shifting environments remains 

the differential expression of D1 isoforms. 
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Chapter 3. Metabolic engineering of central carbon metabolism for enhanced TAG 

accumulation 

 

Summary 

Little attention has been paid to investigate the influence of photosynthetically 

assimilated carbon intermediates on the downstream steps of fatty acid biosynthesis and 

accumulation of triacylglycerides (TAGs). In the present study, the importance of citrate 

synthase (CIS) in partitioning the photosynthetic assimilates through the TCA cycle and 

the functional role of glycerol 3-phosphate dehydrogenase (G3PDH) in diverting carbon 

precursors from glycolysis to TAG assembly are fully examined in transgenic strains of 

Nannochloropsis oceanica CCMP 1779 (hereafter N.o1779). By targeting these key 

enzymes of two carbon metabolism pathways, four robust lipid production strains were 

generated. Inhibiting protein synthesis by downregulating Citrate Synthase, and 

improving TAG assembly by heterologous expression of the yeast gene encoding the 

cytosolic G3PDH are proved to be effective strategies for enhancing microalgal lipid 

production. However, biomass yield and the photosynthetic carbon fixation rate were 

slightly sacrificed in all the oil mutants. Therefore, improving the photosynthetic 

efficiency and the carbon assimilation rate to supply abundant photosynthetically 

assimilated carbon precursor is critical to optimize the impact of metabolic engineering. 
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3.1 Introduction 

Eco-friendly fuels (Rajagopal et al., 2009; Stephens et al., 2010; Tan & Lee, 

2016b), like biodiesel, derived from phototrophic microalgae, is considered a promising 

renewable fuel that has generated significant R&D in the energy markets (Ahmad et al., 

2011; Lv et al., 2013; Rajagopal et al., 2009). The challenges to commercialization are 

economics and sustainability, with a main shortcoming being the low solar to biodiesel 

precursor conversion efficiency intrinsic to natural microalgae (Dismukes et al., 2008a). 

Natural strains of microalgae are capable of accumulating as much as 20–50% of their 

dry biomass as triacylglycerols (TAG), an ideal precursor for making biodiesel by 

transesterification (Ma et al., 2017; Zienkiewicz et al., 2017b). Despite this potential, the 

lipid productivity from the naturally occurring algal strains fall well short of this upper 

limit, owing to the slower growth rate of TAG accumulating microalgae. This trade-off 

has triggered substantial efforts to improve TAG productivity by metabolic engineering 

of heterologous pathways and genetic manipulation of native pathways, based on the 

current understanding of the mechanisms of lipid metabolism (Wei et al., 2017a). 

Prior studies of several model organisms have focused on regulation of the 

presumed rate-limiting enzymes involved in de novo fatty acid (FA) synthesis and TAG 

biosynthesis, with mixed results being achieved. One of the most widely investigated 

enzymes is acetyl-CoA carboxylase (ACCase), which catalyzes the first step in FA 

biosynthesis pathway: forming malonyl-CoA via carboxylation of acetyl-CoA using a 

molecule of bicarbonate and requiring ATP. However, manipulation of this gene led to 

only minor, if any, increased lipid content in a higher plant and a diatom (Tan & Lee, 

2016b). Other genes involved in the downstream TAG assembly pathway have been 
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given more attention, with the most successful attempt achieved by the amplification of 

diacylglycerol acyltransferase (DGAT), the crucial enzyme catalyzing the final and 

committed step of TAG synthesis.  

De novo FA synthesis can only be maintained at a high rate with continuous 

supply of acetyl-CoA, the carbon precursor also competed by protein synthesis 

(Rawsthorne, 2002; Sugimoto et al., 1989; Tan & Lee, 2016b). Therefore, one way to 

overcome this competition could be to selectively downregulate the activity of citrate 

synthase (CIS), which catalyzes the first step in the TCA cycle by condensing acetyl-CoA 

with oxaloacetate to generate citrate. It has been repeatedly observed in different 

microalgal species that the improvement in neutral lipids production, induced either by 

genetic manipulation or environmental stress, is always accompanied by a decreased 

level of protein accumulation, where data are available. However, there is only a single 

report on the influence of CIS downregulation on lipid accumulation by Deng et al. in 

Chlamydomonas reinhardtii (Deng et al., 2013a). 

Another obvious target is glycerol 3-phosphate dehydrogenase (G3PDH), which 

converts dihydroxyacetone phosphate (DHAP) into glycerol 3-phospate (G3P), the 

glycerol backbone needed for TAG formation. The proposed functional importance of 

G3PDH has been supported by a transcriptome analysis of Chlamydomonas reinhardtii, 

which revealed the upregulation of g3pdh gene expression when neutral lipids were 

highly accumulated, as well as the previous successful attempts to enhance lipid 

production by overexpression of endogenous g3pdh in the green alga Chlamydomonas 

reinhardtii (Wang et al., 2018), and the diatom Phaeodactylum tricornutum (Yao et al., 
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2014), or heterologous expression of g3pdh in the higher plant Brassica napus (Vigeolas 

& Geigenberger, 2004). 

The highly diverse evolution across the algal realm leads to different regulation of 

lipid metabolism between oleaginous and non-oleaginous microalgae (Liu & Benning, 

2013; Zienkiewicz et al., 2016b; Zienkiewicz et al., 2017a). Therefore, though functional 

analysis of cis and g3pdh genes have been carried out in the model organism 

Chlamydomonas reinhardtii, a poor lipid-producing green alga, the functional roles of 

these gene on lipid synthesis need to be further investigated in the oleaginous microalgal 

species. With a fully sequenced and assembled genome, an efficient transformation 

protocol, and advanced genetic tools, Nannochloropsis oceanica CCMP1779 (hereafter 

N.o1779), a highly oleaginous heterokont, serves as an ideal platform for applying 

strategies of metabolic engineering to enhance TAG accumulation (Tan & Lee, 2016b). 

Here we investigate the effect of decreased CIS abundance by RNAi-mediated silencing 

and elevated G3PDH dosage by expressing an exogenous yeast G3PDH on the lipid 

metabolism in N.o1779 (Vieler et al., 2012). Furthermore, with the advanced genetic 

engineering toolkit recently developed by Poliner and his colleagues, the endogenous cis 

gene and the yeast g3pdh gene can be co-regulated under the control of an endogenous 

bidirectional promoter on a stacking vector (pNOC-stacked vector), allowing the 

application of the “push and pull” strategy in N.o1779 (Poliner et al., 2018; Tai & 

Stephanopoulos, 2013). This report demonstrates the promising role of CIS and G3PDH 

in regulating the substrate supply for lipid biosynthesis and provides insights into 

metabolic engineering of photosynthetically driven cell factories for trait improvement 

and biofuel production. 



	

	

59	

3.2 Material and methods 

 

3.2.1 Algal strain and cultivation conditions 

Nannochloropsis oceanica CCMP1779 (N.o 1779) was obtained from the 

Bigelow National Center for Marine Algae and Microbiota (NCMA, 

https://ncma.bigelow.org/). All strains described in this manuscript were derived from 

this parental background. 

Cells were cultivated in a 45ml working volume in a 250ml culture flasks at 22 °C 

under the cool-white fluorescent lights (85 µmol/m2/s) with 16-h light, 8-h dark diel 

period. Air (0.04% CO2) was directly supplied to the culture. Cultures were inoculated at 

an OD750nm of 0.1 measured by the Neo2 microplate reader with 200 µl culture. 

 

3.2.2 Vector construction 

To construct the S.cG3PDH expression vector, the full sequence of yeast g3pdh 

was amplified with the primers containing MluI and HpaI restriction sites. An 

intermediate S.cG3PDH overexpression construct pNOC-ox-g3pdh was generated by 

cloning the gel-purified and the MluI/HpaI digested PCR product into the AscI-HpaI site 

of the pNOC-OX-NanoLuc vector by T4 DNA ligase. To achieve the pNOC-stacked-

GOX-AS vector, the DNA fragment containing the coding sequence of S.cG3PDH linked 

to the HA-tagged Nano-Luciferase reporter gene by the glycine-serine-glycine encoded 

linker was amplified by primers containing MluI and EcoRV restriction sites and sub-

cloned into the pNOC-stacked vector between the AscI and StuI site where the green 

fluorescence protein (eGFP) was removed. To achieve the pNOC-stacked-GOX-PA 



	

	

60	

vector, the same fragment was amplified by primers containing the PspOMI and EcoRV 

sites and sub-cloned into the pNOC-stacked vector downstream of the BleR-P2A(60) 

sequence. 

To construct the CIS RNAi vector, the 3’ end of cis exon 2 was chosen to be the 

target of the RNAi inverted repeat. Based on the CIS sequences retrieved from Benning 

Lab GBrowse v. 2.00, a 227 bp sense fragment and a 382 bp hairpin plus antisense 

fragment were amplified by PCR using the primers with overlapping sequences for 

Gibson assembly. The two fragments share 227 bp sequence as inverted repeats. The 

hairpin junction is from the intergenic region between cis and nanno_1035: 

65895..66842. The pNOC-411 vector containing Zeocin resistant cassette was PCR 

amplified using primers providing the overlapping sequence to orient the short and long 

fragments to form an inverted repeat in the appropriate direction and generate the 

intermediate construct pNOC-411-CISi. To achieve the pNOC-stacked-CISi-AS vector, 

the cis RNAi inverted repeat fragment was digested from pNOC-411-CISi by MluI/AfeI 

and sub-cloned into the AscI-StuI site of the pNOC-stacked vector. 

Finally, to construct the push and pull stacking vector pNOC-stacked-GOX+CISi-

AS (GOX+CISi-AS hereafter), the cis RNAi inverted repeat was obtained from digestion 

of pNOC-411-CISi with XhoI/AfeI and cloned into the XhoI-AfeI site of the pNOC-

stacked-GOX-AS vector downstream of the BleR-P2A(60) sequence. 

 

3.2.3 Nuclear transformation by electroporation 

The transformation of N.o1779 was performed as described previously in Vieler 

et al. (2012) (Vieler et al., 2012). N.o1779 cells were harvested at a density of 1–2 x 107 
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cells/mL, washed with ice cold 375 mM sorbitol three times and resuspended in a final 

volume of 0.2 mL to a concentration of 5 x 108 cells/mL. 2–10 µg ScaI linearized 

Plasmid DNA mixed with a 10-fold excess of salmon sperm DNA (Invitrogen, 

http://www.invitrogen.com) was supplied into the 2 mm electroporation cuvette. 

Electroporation was performed using a Bio-Rad (http://www.bio-rad.com) GenePulser II 

set to 600 resistance at a field strength of 11 kV/cm leading to time constants of 20 to 25 

ms. After the pulse the cells were resuspended in 5 mL f/2 media and allowed to recover 

for 48 h in continuous light with shaking before they were spread on selection agar 

containing 5 µg/mL Zeocin using warm top agar (f/2 media, 0.05% Phytoblend (Caisson 

Laboratories, http://www.caissonlabs.com) in 1:1 dilution (vol:vol). Resistant colonies 

were observed as early as 10–14 days after electroporation; colonies were usually 

transferred after about 4 weeks. 

 

3.2.4 Luminescence assay 

The luminescence assay was performed as described previously in Poliner et al. 

(2018) (Poliner et al., 2018). N.o1779 culture was mixed with f/2 supplemented with 

NanoLuciferase substrate (Promega), at a final volume of 200 µL, with 10,000 x dilution 

of NanoLuciferase substrate. Luminescence of 1 million cells from each line was 

measured with a Centro XS3 LB960 luminometer (Berthold Technologies) over a 0.3-s 

exposure. 
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3.2.5 Fluorometric measurements with Nile Red 

The Nile Red staining method reported by Cirulis et al. (2012) (Cirulis et al., 

2012) was optimized for N.o1770 to ensure its accuracy and reproducibility. Nile red (9-

diethylamino-5-benzo [α] phenoxazinone, Sigma-Aldrich) stock solution was prepared in 

200 µg/mL in absolute acetone, and store in the dark at 4 °C. The stock solution was 

replenished every month. To start the measurement, the working solution of Nile Red at 

the concentration of 8 µg/mL was made from diluting the stock solution with deionized 

water, and then equilibrated in the dark for 30 minutes. Algal culture or growth medium 

and the Nile Red working solution were mixed at 1:1 ratio by vortex and incubated in 

dark for 30 minutes at room temperature. Fluorescence signals were read and recorded 

with Synergy Neo2 Hybrid Multi-Mode Reader (Biotek) with a wavelength of 530 nm 

for excitation and a 575 nm for emission. After removing the background fluorescence 

from the growth medium, the cellular lipid content of each line was calculated and 

expressed as Nile Red fluorescence intensity normalized to OD750. 

 

3.2.6 Lipid extraction and gravimetric quantification 

To compare the correlation between the Nile Red fluorescence intensity and the 

accurate neutral lipid content, cultures measured for Nile Red fluorescence were also 

harvested for extraction and gravimetric quantification of the neutral lipids. The Bligh-

Dyer type methanol:chloroform phase extraction method was modified in house for lipid 

extraction (Bligh & Dyer, 1959; Lee et al., 2010; Mitra et al., 2016; Surendhiran & Vijay, 

2014; Thawechai et al., 2016; Zhu et al., 2014b). 150 ml air bubbled N.o1779 WT or 

randomly selected transgenic cultures were pelleted down by centrifugation (4000 x g, 10 
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min). After discarding the supernatant, pellet was resuspended in remaining supernatant 

and dried in the oven (65 oC) for overnight. The dry pellet was ground thoroughly into 

power by mortar and pestle, and around 0.1 g of powdered biomass was weighed out for 

lipid extraction. The biomass powder was suspended in 6 mL lipid extraction solvent 

(methanol:chloroform:formic acid, 2:1:0.1). After vortexing, the mixture was incubated 

in oven (65 oC) for 30 min with occasional shaking. Then the mixture was supplied with 

2 ml ionic phase buffer (1 M KCl, 0.2 M H3PO4) and vigorously vortexed. Cell debris 

was removed by centrifugation for 3 min at 13,780 x g. The lower organic phase 

containing crude lipid extracts were dried under argon gas and then weighed by scale. 

The ratio of dry lipid mass to dry culture mass was defined as the lipid content. 

 

3.2.7 Western blot analysis 

The expression of S.cG3PDH in the selected target mutants was examined by 

protein extraction and western blot analysis as described previously in Poliner et al. 

(2018) (Poliner et al., 2018). Briefly speaking, 5 mL culture was pelleted down by 

centrifugation and then ball-milled by a TissueLyser II (Qiagen) after frozen. Total 

protein was extracted with buffer containing 100 mM Tris (pH 8.0), 2 mM PMSF, 2% b-

mercaptoethanol and 4% SDS, and then quantified by the RCDC assay (Bio-Rad). Equal 

quantity of protein from each line was loaded for SDS-PAGE and then transferred to 

PVDF membranes (Bio-Rad) overnight at 4 °C. Blots were blocked in TBST with 5% 

milk for 1 h at room temperature and washed six times with TBST. The a-HA-HRP 

antibody solution (Roche 3F10) at 1:1000 in TBST with 5% milk was used for HA 

detection. Signals were detected using clarity chemiluminescence reagent (Bio-Rad). 
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Intensity of the detected protein bands was quantified using Image Lab software (Bio-

Rad).  

 

3.2.8 RNA extraction and transcriptional analysis by qRT-PCR 

For each biological replicate, 30 mL culture from the exponential phase were 

harvested for RNA extraction using Trizol reagent following the guidelines provided 

(Invitrogen). Contaminating DNA was removed by DNase treatment (Roche Applied 

Science) and was further cleaned up using an RNeasy kit (Qiagen). Total RNA was used 

for cDNA synthesis following the manufacturer’s instructions (Roche Applied Science) 

using poly(dT) primers. Synthesized cDNA was then subjected to quantitative RT-PCR 

analysis using SYBR Green Premix (Takara) using an ABI 7000 Real Time PCR System 

(Applied Biosystem) to determine the transcript level of S.cG3PDH. The housekeeping 

gene encoding Actin was used as internal reference. 

 

3.2.9 Fluorescence and confocal microscopy analyses 

For microscopy analysis, cell pellet was suspended in phosphate-buffered saline 

(PBS) and fixed with 4% formaldehyde at 4 oC for overnight. The fixed cells were 

washed with PBS three time and then stained with Nile Red at a final concentration of 4 

µg/mL (from a stock of 200 µg/mL in acetone) for 30 minutes in dark. The Nile Red 

stained cells were pellet down, washed with PBS buffer, and resuspended in residual PBS 

buffer. The 5-10 µl cell resuspension was mixed with a drop of the ProLong™ Diamond 

Antifade Mountant with DAPI, and cure for 24 hours at room temperature in the dark 

before observing under the microscope. 
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For fluorescence microscopy analysis, the fluorescence of Nile Red staining 

neutral lipids and of DAPI staining nuclear DNA were detected using a UV light source. 

By counting the number of Nile Red positive cells and of DAPI positive cells using 

Image J software, the percentage of cells with lipid droplets over the total population was 

calculated. 

For confocal microscopy analysis, a Leica TCS SP8 microscope was used. Nile 

Red and DAPI treated cells were viewed with a 100 x oil immersion lens objective. Post-

acquisition image handling was done with LAS X and Image J software. 

 

3.2.10 Dry weight determination 

To quantify the dry biomass, algal cells from each line were collected by filtering 

the culture through pre-weighed and pre-dried Whatman GF/F filter paper. Then, the 

filter paper harboring the algal cells was dried in a 65 °C oven for overnight. The biomass 

of the culture was determined gravimetrically. 

 

3.2.11 Quantification of carbohydrates 

The content of carbohydrates in N.o1779 WT and transgenic lines was determined 

by an acid-hydrolysis method (Passonneau & Lauderdale, 1974) combined with glucose 

quantification using the commercial Amplex Red glucose assay kit (Invitrogen, Cat# 

A22189). To hydrolyze carbohydrates into monosaccharides, cell pellet harvested from 1 

mL culture was resuspended with 1 mL 4 M HCl in a 2 mL Eppendorf tube. The tube 

was sealed tightly with locking lid and boiled on the heat block for 1 hour. To achieve 

complete hydrolysis, the tube was vigorously vortexed every 10 min during the whole 
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process. After cooling to room temperature, the hydrolysis sample was neutralized with 

~1 mL 4 M NaOH and its concentration can be quantified by the Amplex Red glucose 

assay kit according to the manufacturer’s instructions. Briefly, to generate the glucose 

standard curve, standards with concentrations of 0-180 µM were prepared by appropriate 

dilutions of the 10g/L glucose stock solution. A volume of 50 µl of each standard and 

experimental sample was pipetted into the 96-well plate. Fifty-microliter of Amplex Red 

working solution was then added to each well and mixed with the glucose standards and 

experimental samples. After a dark incubation of the plate for 30 min, absorbance at 560 

nm was measured by a microplate reader and used for calculating the glucose 

concentration according to the standard curve. 

 

3.2.12 Statistical analysis 

All experiments were determined in biological triplicate to ensure the 

reproducibility. Experimental results were presented as the mean ± standard error. The 

significance of differences between mean values were determined with student t-test. 

Differences at P<0.05 were considered significant. 
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3.3 Results 

 

3.3.1 Generation of N.o1779 transgenic lines expressing S.cG3PDH and/or 

downregulating N.oCIS 

The gene stacking system developed by Poliner et al provides an excellent 

platform for co-regulation of multiple gene targets (Poliner et al., 2018). The pNOC-

stacked vector contains an endogenous bidirectional promoter (Ribi) driving the 

expression of a reporter gene encoding the green fluorescent protein (eGFP) on one side 

and the coding sequence linking the bleomycin selection marker and P2A (BleR-

P2A(60)) on the other side. It was used for construction of all the expression vectors (Fig. 

3.1).  

Two transformation vectors were constructed for solely expressing S.cG3PDH in 

N.o1779: pNOC-GOX-AS (GOX-AS hereafter) is generated by replacing eGFP with the 

coding sequence of S.cG3PDH and the HA-tagged NanoLuciferase (Nlux), while pNOC-

GOX-PA is created by placing the coding sequence of S.cG3PDH-Nlux-HA downstream 

of BleR-P2A(60). In order to knockdown N.oCIS via the RNAi mediated gene silencing 

approach, the transformation vector pNOC-CISi-AS (CISi-AS hereafter) was created by 

replacing eGFP with an inverted repeat targeting the 3’ end of the N.oCIS exon 2. 

Furthermore, the push and pull stacking vector pNOC-GOX+CISi-AS (GOX+CISi-AS 

hereafter) was generated by cloning the N.oCIS RNAi sequence into GOX-AS and 

placing it downstream of BleR-P2A(60).  
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Transformation of N.o1779 with vectors GOX-AS, GOX-PA, CISi-AS and 

GOX+CISi-AS was carried out via electroporation, yielding 150, 12, 339 and 273 Zeocin 

resistant clones, respectively. 
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Figure 3.1 Schematic diagram of transformation vectors for expression of the 

Saccharomyces cerevisiae G3PDH (S.cG3PDH) or/and downregulation of the 

N.o1779 CIS (N.oCIS). 
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3.3.2 High-throughput screening for winning industrial strains 

 The randomly selected resistant clones from GOX-AS, GOX-PA and 

GOX+CISi-AS were first analyzed for their expressional level of S.cG3PDH by the assay 

detecting luminescence from the NanoLuciferase reporter, the epitope tag that was 

translationally fused to the N terminus of S.cG3PDH. The top 10-20 candidates with the 

highest luminescence intensity together with the randomly selected CISi-AS mutants 

were inoculated into 24-well plates and subsequently analyzed by PCR using three sets of 

primers that respectively amplify the full length coding sequence of S.cG3PDH, the 

forward repeat and the reverse repeat of the N.oCIS RNAi sequence. The transgenic lines 

yielded from each construct showing successful integration of the transformation vectors 

were selected for further analysis of their lipid content. 

In order to efficiently identify transgenic lines with robust phenotype in lipid 

production, the Nile Red staining method was optimized for screening all the genetically 

validated mutants based on the fluorescence intensity. To evaluate the accuracy of this 

method for estimating lipid content in N.o1779, we established the correlation between 

the dry biomass normalized lipid content determined by lipid extraction and gravimetric 

quantification and the OD750nm normalized Nile Red fluorescence intensity measured by 

the microplate reader. Six wild type culture and five randomly picked mutant culture 

were chosen to ensure the coverage and reflect the in situ staining situation. The resulting 

regression curve with an R square of 0.90 indicated the existence of a positive correlation 

between the Nile Red fluorescence intensity and the actual oil content of N.o1779.  

All the PCR validated transgenic lines together with the empty vector control 

were inoculated into culture flasks and bubbled with filtered building air to provide 
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carbon source as well as agitation to maintain the uniform distribution of cells in the 

growth medium. After 4 days of growth, the OD750nm and the Nile Red fluorescence 

intensity of each line were measured using a microplate reader. The level of OD750nm 

normalized Nile Red fluorescence intensity was considered as an indicator of the cellular 

oil content, and used to select the most promising robust lipid producer from each 

construct for further analysis. 
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Figure 3.2 Experimental outline of the four-step screening procedure for isolating 

oil mutants. 1. Random selection of the Zeocin resistant colonies into 96 well plates; 2. 

Luciferase (Nlux) screening of mutants into 24 well plates; 3. Genetic verification by 

PCR into culture flask; 4. Nile Red fluorescence screening to identify the robust lipid 

producers. 
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3.3.3 Nile Red fluorometric analysis by microplate reader and fluorescence 

microscope 

The winning strain yielded from each construct together with the empty vector 

control line were inoculated into culture flasks at the initial OD750nm of 0.1 in a total 

volume of 45 mL. After 4 days of growth, each culture was sampled for measurements of 

OD750nm and Nile Red fluorescence intensity using a microplate reader. The total Nile 

Red intensity of all the selected mutant strains are higher than the empty vector control, 

indicating higher total lipid yield on a per volume basis (Fig. 3.3 A). Meanwhile, the 

level of OD750nm normalized Nile Red fluorescence intensity is also higher in all the 

mutant strains than the control line, estimating higher cellular lipid content (Fig. 3.3 B). 

The enhanced lipid content in the selected target mutants was also validated by 

the abundance of the Nile Red fluorescent cells of the total population observed by the 

fluorescence microscope as well as the size and number of the lipid body within the 

individual cell visualized by the confocal microscope. It is clearly showed that the Nile 

Red positive cell count per total cell count (%) is 60.7 to 235.8% higher in the selected 

target mutants than the WT and control strain (Fig. 3.3 C), and also showed that the 

transgenic cells have higher number and bigger size of the lipid droplets than the WT and 

control cells (Fig. 3.3 D). 
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Figure 3.3 Nile Red fluorometric analysis of oil mutants. A) Total Nile Red 

fluorescence intensity of equal volume algal culture; B) Nile red fluorescence intensity 

normalized to OD750; C) Percentage of Nile Red positive cell number per total cell 

number detected by the fluorescence microscope. The average of three replicates and 

standard error are shown. Statistical analysis was performed using student t test. Asterisks 

indicate P<0.05. D) Representative confocal images of lipid bodies stained with Nile Red 

(yellow) in the target mutants. Green color shows chlorophyll auto-fluorescence. Scale 

bar, 5 µm. 
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3.3.4 Quantitative lipid analysis by GC-FID 

The productivity and composition of the total intracellular lipid in the selected 

target mutants were further validated by FAME analysis using GC-FID. Total lipids were 

extracted from each target mutant and the empty vector control harvested at the end of 

growth period and separated by thin-layer chromatography (TLC). Then the fatty acid 

methyl esters (FAMEs) were quantified by gas chromatography and flame ionization 

detection (GC-FID) to quantify TAGs, free fatty acids (FA) and polar lipids on a per cell 

basis. It was shown that the cellular TAG content in all the target mutants besides G-PA-

5A were increased by 94.5 to 187.5%, the cellular free FA in all the mutants achieved 

18.6 to 63.4% increase, while the polar lipid content either stay unchanged or only 

showed marginal increase in the mutants compared to the control strain (Fig. 3.4 A-D). 
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Figure 3.4 Quantitative lipid analysis of N.o oil mutants. A) Cellular TAG content; B) 

Cellular free fatty acid content; C) Cellular polar lipid content; D) TAG mole percentage 

over total lipids. TAG was isolated from lipid extracts by TLC separation and both TAG 

and total lipid were subjected to the transesterification reaction and then quantified by 

GC-FID. Quantification results are normalized based on cell number. The average of 

three measurements and standard error are shown. Statistical analysis was performed 

using student t test. Asterisks indicate P<0.05. 
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3.3.5 Transcriptional and translational changes in the target mutants 

The transcriptional level of S.cG3PDH, N.oG3PDH and N.oCIS in all the selected 

mutants was quantified by qRT-PCR (Fig. 3.5). The calculated relative transcriptional 

level of S.cG3PDH is highly correlated with the target protein abundance estimated by 

the Nlux luminescence intensity and quantified by the western blot, with the highest in 

GOX-PA, followed by GOX+CISi-AS, and the lowest in GOX-AS. The transcriptional 

level of N.oCIS is only significantly decreased in CISi-AS (~45%), while stay unchanged 

in the two GOX lines and GOX+CISi-AS. Interestingly, at the presence of S.cG3PDH, 

the mRNA abundance of the endogenous N.oG3PDH was also slightly increased in the 

two GOX lines and GOX+CISi-AS. 

The expressional level of S.cG3PDH was first estimated by the reporter gene 

NanoLuciferase (Nlux), which is translationally fused to S.cG3PDH by a glycine-serine-

glycine encoded linker. It is shown in Figure 3.5 that all the target mutants harboring 

S.cG3PDH have higher level of Nlux luminescence than the WT, with the highest in 

GOX-PA, followed by GOX+CISi-AS, and the lowest in GOX-AS. The estimated 

protein abundance of S.cG3PDH in the transgenic lines was further confirmed by 

immunoblotting with antibodies detecting the hemagglutinin (HA) tag at the C terminus 

of S.cG3PDH. In GOX-PA, in which the Viral-derived P2A(60) peptide is used to tie the 

BleoR resistant marker (BleoR) to the target protein S.cG3PDH-Nlux, two bands with 

equal intensity were detected for each line, representing the BleR-2A-S.cG3PDH-Nlux 

and the S.cG3PDH-Nlux proteins (Fig. 3.5). Therefore, the ribosomal skipping efficiency 

was ~50%, similar to the that reported by Poliner et al (Poliner et al., 2018). A very faint 

single band representing the S.cG3PDH-Nlux protein was detected in GOX+CISi-AS, 



	

	

79	

but was absent in GOX-AS, indicating the abundance of the target protein was not high 

enough to be detected by the western blot in the loaded total protein. 
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Figure 3.5 Transcriptional and translational analysis of the target mutants. The 

mRNA abundance of A) S.cG3PDH, B) N.oG3PDH and C) N.oCIS determined by 

quantitative RT-PCR. D) Luminescence intensity was measured to verify the successful 

transformation and in-frame transgene expression. E) Expression of the S.cG3PDH 

detected by western blot with the HA antibody in the selected mutants. The average of at 

least three replicates and standard error are shown. Statistical analysis was performed 

using student t test. Significance is indicated as P<0.05. 
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3.3.6 The effect of target mutagenesis on protein and carbohydrate 

As the other two major sinks for photosynthetic fixed carbon besides lipid, the 

abundance of protein and carbohydrates were also quantified in the target mutants. It is 

shown in Figure 3.6 that while the total protein content decreased in all the transgenic 

lines, the carbohydrate content was not significantly affected. 
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Figure 3.6 Quantification of carbohydrate and protein contents. A) total protein 

content (% dry biomass), B) total soluble sugars hydrolyzed from the storage 

carbohydrates (% dry biomass) in the target mutants and empty vector control by the end 

of the growth period. The average of three replicates and standard error are shown. 

Statistical analysis was performed using student t test. Significance is indicated as 

P<0.05. 
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3.3.7 Cell growth and photosynthesis 

Biomass productivity of the selected target mutants in the exponential phase was 

determined by the dry weight measurement of the harvested culture. As shown in Figure 

3.7, all the selected target mutants have slightly lower biomass accumulated than the 

control line, though not statistically significant. Therefore, it is of interest to investigate 

whether the up- and/or down-regulation of the target gene(s) would affect the 

photosynthetic efficiency in terms of carbon fixation rate in the transgenic lines. A novel 

CO2-dependent variable chlorophyll a fluorescence technique was developed for this 

purpose, allowing the probing of in vivo kinetics of the whole electron transport chain 

from oxygen evolution catalyzed by water oxidizing complex (WOC) in PSII through 

CO2 fixation catalyzed by RuBisCO in the Calvin-Benson cycle. Algal culture sampled at 

the exponential growth phase was dark incubated for 5 min to quench all reaction centers, 

and then subjected to 220 flash trains consisting of 50 sequential single turnover flashes 

(11,000 flashes in total) at a fixed frequency of 100 Hz. A typical variable chlorophyll 

fluorescence response after dark adaptation displays 4 distinct time-resolved features: a 

sharp decline arising from reduction of the PQ pool, followed by a small broad peak 

arising from reduction of NADP+, and then a continuous slope arising from CO2 fixation 

by the Calvin-Benson cycle, and finally the plateau representing the steady state CO2 

fixation. For the examined N.o1779 WT and transgenic culture, only 3 features were 

observed: a sharp decline encompassing the PQ pool turnover, followed by a continuous 

slope arising from NADP+ reduction and initiation of CO2 fixation, and lastly the plateau 

indicating the maximized rate of CO2 fixation catalyzed by RuBisCO functioning at the 

steady state. As shown in Figure 3.6, the overall variable chlorophyll fluorescence 
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kinetics, denoted as Fv/Fm, is higher in WT than all the target mutants in phase 2 and 3. 

The slower rise of Fv/Fm in phase 2 followed by the lower steady state level in phase 3, 

indicate the slower CO2 fixation rate and a less efficiency turnover of Calvin cycle 

achieved in the selected oil mutants. 
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Figure 3.7 Biomass productivity and CO2 dependent chlorophyll fluorescence 

kinetics. A) Dry biomass; B) Fv/Fm kinetics of the representative target mutants and the 

control line over 220 flash trains after carbon fixation inhibited baseline normalization; 

C) Saturating Fv/Fm of the representative target mutants at the steady state after carbon 

fixation inhibited baseline normalization. Statistical analysis was performed using student 

t test. Significance is indicated as P<0.05.  
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3.4 Discussion 

 

3.4.1 Effects of N.oCIS knockdown on TAG accumulation 

From the increasing reports on the metabolic engineering of microalgae for lipid 

production, it is worth noting that regardless of the specific target gene, the enhancement 

of neutral lipid accumulation is always coupled with the restricted protein synthesis. It is 

suggested that the availability of acetyl-CoA, the essential carbon precursor competed by 

both pathways, might be a crucial bottleneck for lipid biosynthesis. Acetyl-CoA 

carboxylase (ACCase) and Citrate Synthase (CIS) are the key enzymes catalyze the first 

step in the de novo fatty acid biosynthesis and TCA cycle, respectively. While a lot of 

attempts have been made to “push” acetyl-CoA towards free fatty acids (FA) by 

overexpressing ACCase in diatoms and plants (G. Dunahay et al., 2008; Kindle, 1990; 

Tan & Lee, 2016b), the role of CIS on lipid accumulation in microalgae remains 

ambiguous. Deng et al has reported that the silencing of CIS enhanced the lipid 

production in Chlamydomonas reinhardtii (Deng et al., 2013a). Here in our study, by 

employing the RNAi-mediated gene silencing approach, we created CIS knockdown 

mutant with elevated fraction of cellular TAG quantified by GC-FID, enhanced Nile Red 

fluorescence intensity either detected by the microplate reader or visualized by the 

fluorescence microscope, and increased number and size of the lipid body observed by 

the confocal microscope. These lipid phenotypes together with the decreased abundance 

of the CIS transcripts corroborated the functional role of CIS in N.o1779. The decreased 

protein content and the enlarged free fatty acid pool clearly suggested the photosynthetic 

assimilated carbon was shunt from TCA cycle for protein synthesis to de novo fatty acid 
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biosynthesis. It is also demonstrated that the “push” strategy applied here by artificially 

blocking TCA cycle, can more efficiently divert the carbon precursors to the FA pool 

than by overexpressing ACCase, which has achieved little success for enhancing the lipid 

production (Radakovits et al., 2010).  

 

3.4.2 Effects of S.cG3PDH expression on TAG accumulation 

Glycerol-3-phosphate dehydrogenase (G3PDH) catalyzes the formation of 

glycerol-3-phosphate (G3P) and NAD+ from the reduction of dihydroxyacetone 

phosphate (DHAP) and NADH (Herrera-Valencia et al., 2012). While the importance of 

G3P as the precursor of glycerol has been greatly investigated in the osmoregulation, the 

functional role of G3P in TAG biosynthesis has been mostly studied in higher plants 

(Vigeolas & Geigenberger, 2004), but limited in microalgae. 

The transcriptome analysis of Chlamydomonas reinhardtii reported by Lv et al 

highlighted the remarkable up-regulation of G3PDH after the start of neutral lipid 

accumulation (Lv et al., 2013), suggesting its engineering potential in microalgae. 

Recently, it is also reported by Wang et al that overexpression of the codon optimized 

yeast G3PDH under the control of an inducible heat shock promoter led to enhanced lipid 

synthesis in Chlamydomonas reinhardtii after intermittent heat shock (Wang et al., 2018). 

In the present work, by introducing the full length coding sequence of the yeast cytosolic 

G3PDH (S.cG3PDH) under the control of an N.o1779 endogenous bidirectional 

promoter, the TAG content was found to be significantly increased in the transgenic lines 

by 95% to 188% compared to the control line. The elevated TAG content in the target 

mutants are in accordance with the higher Nile Red fluorescence intensity detected by the 
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microplate reader and the fluorescence microscope, as well as the increased number and 

size of the lipid body observed by the Confocal microscope. These results together with 

the abundant S.cG3PDH transcripts as revealed by quantitative RT-PCR, demonstrate the 

functional role of G3PDH in elevating the TAG accumulation in the target mutants of 

N.o1779. In addition to TAG, the increase of free FA was also observed in the target 

mutants, indicating the contribution from the de novo fatty acid biosynthesis instead of 

the degradation of the membrane polar lipid.  

 

3.4.3 The simultaneous regulation of N.oCIS and S.cG3PDH does not lead to an 

additive effect 

In the stacking mutant with the simultaneous regulation of N.oCIS and 

S.cG3PDH, though the lipid productivity was also promoted compared to the control line, 

however not beyond the level of the transgenic lines with the single gene manipulation. 

The absence of an additive effect might be explained by the inefficient knockdown of 

N.oCIS as revealed by qRT-PCR. It can be either due to the well-known drawbacks of 

the RNAi technology itself, in which the specific knockdown effect can be easily masked 

by its off-target signature, or due to the complicated interplay and crosstalk of the 

metabolic pathways in microalgae. Microalgae may defend themselves against the 

attempt to drain the TCA cycle and divert the limited carbon precursors into the lipid 

biosynthesis pathway. To guarantee enough proteins being synthesized for maintaining 

healthy cell status, it might upregulate the CIS level to cancel out the knockdown effect 

from the transgene. 
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3.4.4 The dilemma for balancing growth and lipid productivity 

In the present work, elevated cellular TAG accumulation was achieved by 

manipulating the two key enzymes, however at the expense of slightly sacrificing the 

biomass yield and the photosynthetic carbon fixation rate. Such dilemma exists in most of 

the metabolic engineering attempts for improving biofuel production, since both biomass 

and lipid synthesis pathways compete for the same photosynthetic assimilates (Tan & 

Lee, 2016b). In the CIS knockdown line, the central carbon metabolites acetyl-CoA is 

more efficiently diverted into the de novo FA biosynthesis pathway instead of TCA cycle, 

while in the heterologous S.cG3PDH expression lines, dihydroxyacetone phosphate 

(DHAP) is shunted away from glycolysis, and utilized to form glycerol 3 phosphate 

(G3P), the backbone for TAG assembly. Furthermore, the compromised growth is not 

only caused by the limitation of carbon precursors for biomass production, but also due to 

the availability of reducing power in the form of NADPH for CO2 fixation by the Calvin 

Cycle. In the oil mutants, more reducing power are recruited for lipid biosynthesis, 

leading to the decreased rate of CO2 fixation as revealed by the CO2 dependent 

fluorescence technique. Therefore, to achieve enhanced lipid productivity without 

compromising the photosynthetic growth capacity, it is critical to improve photosynthesis 

for generating abundant carbon assimilates as well as reducing power. 
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Chapter 4. Random mutagenesis of the heterokont Nannochloropsis oceanica 

CCMP1779 for screening of acidophilic microalgae 

 

Summary 

Aquatic microbial oxygenic photoautotrophs (AMOPs) are by far the most 

productive photosynthetic organisms at solar energy conversion. The marine heterokont 

Nannochloropsis oceanica CCMP1779 (N.o1779 hereafter) is drawing considerable 

interests as a resource for biodiesel production due to its robust growth in open cultures 

and naturally high lipid content. Currently, the only practical means for delivering CO2 at 

large scale is to site algal production facilities near fossil power plants and utilize flue gas 

for algal cultivation. Therefore, it is necessary to identify robust algal strains that can 

tolerate the resulting acidic environment resulted from excessive dissolved CO2 in the 

culture, while performing efficient carbon sequestration and utilization at the presence of 

high abundance of dissolved inorganic carbon (DIC). In the present study, the strategy of 

insertional mutagenesis was employed to create a N.o1779 random mutant library 

consisting of 1,200 strains, which were subjected to high-throughput screening for 

identifying promising candidates with desired phenotypes, namely robust growth at 

acidic pHs (pH = 5.5 and 6.4). LpH23, the winning strain outcompeting WT in the 

screening process, was further evaluated for its growth potential and photosynthetic 

capacity using a number of biophysical approaches. Showing advantages in 

photoautotrophic growth and intrinsic photosynthetic efficiency in terms of water 

oxidation and CO2 fixation rates in both the standard laboratory growth condition and 

acidic environment, LpH23 has great potential to be utilized in the flue gas supplied 
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cultivation system. Going forward, the mutation site in LpH23 will be genetically 

localized to identify the mutated gene(s) responsible for the observed phenotype. 
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4.1 Introduction 

Climate change and depletion of the finite fossil fuel resources are not only 

threatening the global energy security but also significantly contribute to the 

anthropogenic greenhouse gas (GHG) emissions, causing the most pressing 

environmental problem, climate change (Ahmad et al., 2011; Ottmar et al., 2011). 

Renewable energy offers the opportunity to secure energy supply, mitigate global 

warming, and reduce the negative effect of GHG on environment and human health 

(Ottmar et al., 2011). Among the various renewable sources, microalgae appear to be an 

important feedstock of biodiesel that has great potential to displace a substantial amount 

of fossil fuels over the next few decades (Chisti, 2007b; Fulton, 2004; Rajagopal et al., 

2009). 

Despite its potential as a promising alternate renewable source, some key 

improvements including culture cost minimization and oil-rich strain development must 

occur for microalgae before their successful commercialization for biofuel production 

(Zhu et al., 2014a). Since adequate supply of carbon source required by the mass 

cultivation of microalgae represents up to 60% of the costs along with nutrients, 

utilization of the flue gas from industrial plants could serve as an effective strategy to 

reduce costs (Zhu et al., 2014a). Flue gas released from the power plants is composed 

mainly of 10-15% (v/v) CO2, after the traces of harmful acid gases such as sulfur oxides 

and nitrogen oxides being removed by the post-combustion gas capture processes 

(Martelli et al., 2011; Wall, 2007; Zeiler et al., 1995). Though successful attempts in flue 

gas cultivation have been achieved in a handful of photoautotrophs, the overwhelming 

majority of microalgae will risk deleterious effects on growth and photosynthesis when 



	

	

93	

sparged with CO2 enriched flue gas (Cheng et al., 2016a; Koberg et al., 2011; 

Solovchenko & Khozin-Goldberg, 2013). While the underlying mechanism responsible 

for tolerance to elevated CO2 levels are still poorly understood (Solovchenko & Khozin-

Goldberg, 2013), it is generally believed that maintaining the cellular pH homeostasis is 

critical for the microalgae’s tolerance to the flue gas supplied environment, which is not 

only enriched with dissolved inorganic carbon (DIC), but also substantially acidified 

(Solovchenko & Khozin-Goldberg, 2013). Therefore, oleaginous microalgal strains that 

can tolerate acidic environment have great potential to actively grow and efficiently 

produce lipids in the flue gas supplied open culture. 

The oleaginous heterokont, Nannochloropsis oceanica CCMP1779 (hereafter 

N.o1779), has drawn considerable attention from the researchers for its robust growth, 

natural capability of accumulating triacylglycerol (TAG) in high abundance and tolerance 

to broad environmental and culture conditions (Wang et al., 2012). With the well-

established transformation method in this species, insertional mutagenesis approach 

utilizing a drug resistant DNA cassette can be easily applied to N.o1779 to rapidly 

develop new strains with novel phenotypes. In the present study, N.o1779 is selected as 

the parental strain for generation of a random mutant library via insertional mutagenesis. 

With a newly developed high-throughput screening strategy utilizing agar solidified 

growth medium buffered at gradient pHs (5.5, 6.1, 6.4, 7.2 and 8.2), we have successfully 

isolated an insertional mutant strain, LpH23, showing enhanced tolerance to low pH 

compared to WT. Demonstrating advantages in photoautotrophic growth and intrinsic 

photosynthetic efficiency in acidic environments, LpH23 has great potential to be utilized 

in the flue gas supplied cultivation system. Going forward, genetic characterization will 
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be employed to pinpoint the mutation site, allowing a deeper understanding of the 

regulatory mechanism responsible for the low pH tolerating phenotype in N.o1779. 
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4.2 Material and Methods 

 

4.2.1 Microalgal strain and cultivation condition 

Nannochloropsis oceanica CCMP1779 (N.o1779) was used in this study as a 

parental strain to generate the insertional mutant library. It was obtained from the 

Bigelow National Center for Marine Algae and Microbiota (NCMA, 

https://ncma.bigelow.org/). N.o1779 and the mutant library derived from it were 

maintained on agar plates containing A+ medium supplemented w/o 50 µg/mL of 

hygromycin B and arrayed in a 96-colony format. 

	

4.2.2 Generation of a random mutant library of N.o1779 

A library of insertional mutants was generated via transformation of N.o1779 WT 

strain with a DNA cassette carrying the Streptomyces hygroscopicus aph7 gene, which 

confers resistance to hygromycin B. The DNA cassette was randomly inserted into the 

nuclear genome of N.o1779 via electroporation as previously described (Vieler et al., 

2012). After electroporation, the cells were allowed to recover for 48 hours in f/2 medium 

on shaker under continuous illumination before they were spread on selection agar-

solidified f/2 medium containing 50 µg/mL of hygromycin B. Resistant colonies were 

observed about two weeks after electroporation and were transferred into liquid f/2 

medium in 96-well plates after another 2 weeks. After growing up in the liquid media for 

another month, all the independent transformants were further transferred onto agar-

solidified A+ medium containing 50 µg/mL of hygromycin B and arrayed in a 96-colony 

format for maintenance. 
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4.2.3 High-throughput screening of the random mutant library 

4.2.3.1 OD750nm and Chlorophyll fluorescence-based screening 

1,200 random mutants were inoculated into liquid A+ medium in 96-well plates 

and grown at 22 oC under 40 µE/m2/s illumination in a 16:8 light/dark regime under 2% 

CO2 atmosphere. Growth curve of each individual strain was obtained by measuring 

OD750nm and Chlorophyll content during a growth period of 8 days. About 5.5% (66) of 

the mutants with the fastest growth rates, and consequently shortest doubling times, were 

selected for the next round of screening. 

4.2.3.2 Low pH tolerance base screening 

The 70 mutants selected from the primary screening were inoculated on agar-

solidified A+ medium buffered at 5 different pHs (5.5, 6.1, 6.4, 7.2 and 8.2). After 10 

days of cultivation under the same growth environment as the primary screening, two 

mutants that survived and developed denser colonies than WT on the pH 6.1 plate were 

selected for final confirmation in the 24 well plate with A+ liquid medium buffered at 5 

different pHs. The standard A+ medium at pH 8.2 contains Tris (1 g/L, pH 8.2), KH2PO4 

(0.05 g/L), NaEDTA-2H2O (0.03 g/L), FeCl3-6H2O (3.89 x 10-3 g/L, 0.1N HCl), NaCl 

(18 g/L), KCl (0.6 g/L), NaNO3 (1 g/L), MgSO4-7H2O (5 g/L), CaCl2-2H2O (0.27 g/L), 

H3BO3 (0.034 g/L), MnCl2-4H2O (0.004 g/L), ZnCl2 (0.315 x 10-3 g/L), Na2MoO4-2H2O 

(0.043 x 10-3 g/L), CuSO4-5H20 (0.003 x 10-3 g/L) and CoCl2-6H2O (0.012 x 10-3 g/L). 

To prepare A+ medium at pH 7.2, MOPS (2.09 g/L, pH 7.2) was used to replace Tris (1 

g/L, pH 8.2) in the standard A+. To prepare A+ medium at pH 5.5, 6.1 and 6.4, MES 
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(2.13 g/L) buffered at pH 5.5, 6.1 and 6.4 was used respectively to replace Tris (1 g/L, 

pH 8.2) in the standard A+ medium. 

	

4.2.4 Chlorophyll extraction and quantification 

The chlorophyll pigments were extracted through a 90% methanol extraction 

procedure. Algal culture was spin down into cell pellets and resuspended in equal volume 

of 90% methanol. After 30 min dark incubation to ensure efficient disruption of the cell 

wall and complete extraction of Chl into the solvent, the solution was centrifuged at the 

maximum speed for 5 min and the supernatant was used to determine the absorbance at 

665 nm via the spectrophotometer.  

 

4.2.5 In vivo variable Chl-a fluorescence measurement by Fast-Repetition Rate 

Fluorometry (FRRF) 

In vivo variable Chl-a fluorescence measurements were carried out using a home-

built laser fast repetition rate (FRR) fluorometer as described previously (Ananyev & 

Dismukes, 2005). Fifty microliter algal liquid culture sampled from the mid-log phase 

was dark-adapted for 5 min and then subjected to 50 single turnover flashes (STFs) 

applied at 100-1000 Hz. The variable Chl emission yield (Fv/Fm=(Fm-Fo)/Fm) was 

measured on each flash of 20 µs duration and a laser intensity of 80,000 µE/m2/s. 

 

4.2.6 In vivo flash O2 measurement by Clark-type electrode 

To measure O2 yield per flash in algal cells, a home-built Clark-type Pt-Ir 

electrode equipped with a 5 W red LED was used as described previously (Ananyev et 



	

	

98	

al., 2017). 10 µl algal liquid culture sampled from the mid-log phase was loaded into an 

aerobic “wet” chamber, dark adapted for 3 min and then subjected to 50 single turnover 

flashes (STFs) applied at 0.5 Hz. The oxygen yield was measured on each flash of 50 µs 

duration and a laser intensity of 32,000 µE/m2/s. By coupling to a high gain preamplifier 

with active signal filter, the electrode enable an overall sensitivity of about 1 x 10 − 15 

mol O2/s and time resolution of about 100 ms. The flash induced oscillations of O2 yield 

were analyzed by 1) model-independent analysis via Fourier transformation and 2) 

model-dependent analysis by VZAD, an advanced WOC cycle model as described in 

prior work.(Ananyev et al., 2016; Vinyard et al., 2013d) 

 

4.2.7 CO2-dependent in vivo variable Chl-a fluorescence measurement 

The CO2 dependent Chl-a fluorescence technique is an extension of the 

aforementioned “FRRF”, which allows the probing of in vivo kinetics of the whole 

electron transport chain. Fifty microliter algal liquid culture sampled from the mid-log 

phase was dark-adapted for 5 min, and then subjected to 220 flash trains of 50 sequential 

single turnover flashes (11,000 flashes in total) applied at 100 Hz. The variable Chl 

emission yield (Fv/Fm=(Fm-Fo)/Fm) was measured on each flash of 20 µs duration and a 

laser intensity of 80,000 µE/m2/s. 

 

4.2.8 Time-resolved O2 evolution 

Time-resolved O2 evolution of the low pH growing cultures were measured using 

a home-built bare platinum electrode controlled by Labview software as described 

previously (Krishnan et al., 2015). Ten microliter culture sampled from its growth 
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condition was immediately loaded onto the electrode, dark-incubated for 5 min, and 

illuminated with red light (800 µE m-2 sec-1). The full kinetics of O2 evolution were 

recorded over 2 min. 
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4.3 Results and discussion 

 

4.3.1 Generation of a random insertional mutant library for N.o1779 

Various methods have been reported to generate random mutants of 

Nannochloropsis spp., including UV, chemical mutagenesis or insertional mutagenesis 

(Beacham et al., 2015; Perin et al., 2015a). Since chemical mutagenesis usually creates 

multiple point mutations that makes identification of the gene(s) responsible for the 

observed phenotype complicated and time consuming, we generated the random mutant 

library by insertion of a DNA cassette conferring resistance to Hygromycin B (Perin et 

al., 2015a). Two kinds of insertional DNA cassette were prepared from the pNOC401 

plasmid, which harbors an apha7 gene (from Streptomyces hygroscopicus) conferring 

resistance to Hygromycin B. The linearized full plasmid was obtained by digesting 

pNOC401 with AhdI, while the Hygromycin B resistant cassette with the MmeI cutting 

sites containing only the selection marker driven by the Elongation Factor (EF) promoter 

and terminated by the LDSP termination was PCR amplified from pNOC401. Using the 

electroporation method as previously described, 800 individual transformants were 

obtained from the linearized full plasmid, while 400 mutants were obtained from the PCR 

fragment with MmeI cutting sites. The survived antibiotic resistant colonies contained at 

least one copy of the transgene randomly integrated into their genome. Considering the 

high gene density in N.o1779 nuclear genome (11,973 annotated protein-coding genes in 

28.7 Mbp, approximately 417 genes/Mbp), the resulting mutants should have a higher 

chance of gene disruption (Perin et al., 2015a). 
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Figure 4.1 Generation of N.o1779 mutant library by insertional mutagenesis. A) 

Transformation of N.o1779 is performed via electroporation with an insertional DNA 

cassette conferring Hygromycin B resistance. B) Electroporated cells were screened on 

agar-solidified f/2 medium supplemented with 50µg/ml hygromycin. C) 1,200 

independent antibiotic resistant transformants were picked into a collection of arrays of 

96 colonies on agar plates for maintenance and further analysis. 
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4.3.2 High throughput pH screening of the mutant library 

To identify robust growers that are resilient to the acidic environment with low 

pH, the random mutant library was subjected to a three-step screening procedure: 1) 

primary screening for robust growth under standard growth conditions; 2) secondary 

screening for enhanced tolerance to acidic environments; 3) confirmation step of the low 

pH tolerance. In the primary screening, 1,200 independent random mutants were grown 

in the 96 well microplates with the standard A+ medium (pH 8.2) under 2% CO2 

atmosphere. During a growth period of 8 days, 66 mutants (5.5%) with the highest 

intrinsic growth rates, and consequently the shortest doubling times, were identified via 

the time course measurements of OD750nm and Chl fluorescence intensity using a 

microplate reader. In the secondary screening, agar-solidified A+ medium buffered at low 

pHs were prepared to mimic the acidified environment induced by flue gas delivery, and 

used to examine the tolerance of the selected robust growers to low pH. The A+ medium 

pHs at 6.4, 6.1 and 5.5 were selected based on the actual equilibrium pHs when the 

growth medium was purged with 5%, 10% and 15% CO2 gas. Serving as controls in the 

low pH screening procedure, pH 8.2 was selected to mimic the sea water environment as 

the natural habitat of N.o1779, and pH 7.2 was also chosen to simulate the environment 

aerated with 2% CO2, the concentration reported to achieve the maximal biomass 

productivity in a lot of microalgal species including Nannochloropsis oculata (Chiu et al., 

2009). After cultivating the selected mutants on the pH buffered medium for 10 days, a 

pH dependent growth pattern was clearly observed for most strains including WT, with 

decreasing pH leading to increasing inhibitory effect on their photoautotrophic growth. 

As shown in Figure 4.2, on the two control plates, all the strains grew into high density 
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on the pH 8.2 plate, while a few of them were less healthy with less cell proliferation on 

the pH7.2 plate. On the three experimental plates, 21% of the selected mutants didn’t 

survive the pH 6.4 treatment, and only 4 strains remained viable on the pH 6.1 plate, 

while no strain survived on the pH 5.5 plate. By the end of the secondary screening, the 

two strains showing stronger tolerance and better growth on the pH 6.1 plate than WT 

were picked for the final confirmation step of their low pH tolerance. Together with WT, 

they were inoculated into the 24 well plate with A+ medium buffered at the 5 different 

pHs. After 8 days’ cultivation, while all three strains showed healthy growth and 

comparable cell density at the two control pHs (7.2 and 8.2), only the strain LpH23 

survived well at the three low pHs (5.5, 6.1 and 6.4) (Fig. 4.2 C). 
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Figure 4.2 High throughput screening of random mutant library for robust growth 

and enhanced tolerance to low pH. A) Primary screening of the random mutant library 

for robust growth. 1,200 random mutants were inoculated into A+ liquid medium in 96-

well plates and grown at 22 oC under 40 µE/m2/s light in a 16:8 light/dark regime under 

2% CO2 atmosphere. Growth curves were obtained by measuring OD750nm and 

Chlorophyll content on a daily basis during a growth period of 7 days. Sixty-six (5.5%) 

mutants with the fastest growth rates were selected for the secondary screening. B) 

Secondary Screening of the robust growers for enhanced tolerance to low pH. The 66 

mutants selected from the primary screening were inoculated on agar-solidified A+ 

medium buffered at 5 different pHs (5.5, 6.1, 6.4, 7.2 and 8.2) and cultivated under the 

same growth environment as the primary screening. C) Confirmation step of the low pH 

tolerance. The low pH tolerance of the mutant LpH23 was confirmed in 24 well plate 
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with liquid growth medium under the same growth environment as the two rounds of 

screening. 
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4.3.3. Growth analysis under standard laboratory cultivation condition 

The growth potential and photosynthetic efficiency of LpH23 was further 

evaluated under standard laboratory cultivation condition. WT and LpH23 were grown in 

a batch culture (17 mL working volume in the standard A+ medium) at 22 oC under 70 

µE/m2/s illumination in a 16:8 light/dark regime. The algal culture was supplied with a 

continuous delivery of humidified air. During the growth period of 7 days, LpH23 

achieved an marginally increased growth rate compared to WT based on the time course 

measurements of OD750nm and Chlorophyll content (Fig. 4.3).  
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Figure 4.3 Growth curve under optimal growth conditions. Growth kinetics 

determined by A) optical density at 750 nm and by B) chlorophyll content (µg/ml). 
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4.3.4. Photosynthetic efficiency determined under standard laboratory cultivation 

condition 

To further investigate the photosynthetic characteristics of LpH23 using WT as 

control, culture of both strains grown under the standard laboratory cultivation condition 

for 6 days were subjected to the in vivo flash O2 measurement. With the home built 

Clark-type Pt-Ir electrode, the efficiency of photosynthetic turnover can be directly 

measured by the oxygen production on a per-flash basis, since oxygen release occurs 

when 4 successful charge separations are completed by 4 successful adsorptions and use 

of quanta for photochemistry. A period 4-type oscillatory pattern was observed as the 

water oxidizing complex (WOC) cycles through each progressive oxidation states due to 

the sequential flashing of light (Ananyev et al., 2016; Dasgupta et al., 2008; Gates et al., 

2016). As shown in Figure 4.4 A, the amplitude, the number of oscillations, and the 

relative oxygen quantum yield at the steady state are very similar in LpH23 and WT on a 

per 10^6 cells basis. The Fourier transform of these flash oxygen oscillatory kinetics 

revealed that the WOC cycle period for oxygen production at 0.5 Hz (PFT) is 4.3 in both 

LpH23 and WT, indicating little difference between the functional efficiency of WOC in 

the two strains (Fig. 4.4 B). Fitting the same data to VZAD model (Vinyard et al., 2013d) 

provided the best-fit WOC cycle efficiency parameters in Table 1, showing normal 

misses (alpha), small double-hits (beta), backward transition (delta), and 

photoinactivations (epsilon) in both WT and LpH23. The so-called quality factor of the 

two strains were also calculated as the inverse of the sum of all inefficiencies [Q=1/(a+b 

+d +e)) (Ananyev et al., 2017). Compared to WT with Q = 5.06, LpH23 with Q = 5.25 
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suggested a slightly more efficient synchronization of S states through the WOC cycle, 

possibly due to less backward transitions. 

An equally powerful tool to assess the functionality of the primary photosynthetic 

machinery photosystem II (PSII) is the in vivo variable Chl-a fluorescence technique. The 

home built Fast-Repetition Rate Fluorometry (FRRF) allows the PSII charge separation 

quantum yield to be determined via Fv/Fm, the ratio of variable to total yield of 

chlorophyll fluorescence (Ananyev & Dismukes, 2005; Ananyev et al., 2016; Dasgupta et 

al., 2008). FRRF data obtained for the 6-day old WT and LpH23 cultures sampled from 

the standard laboratory cultivation condition revealed that, in general, LpH23 was able to 

perform charge separation more efficiently than WT at all the tested flash frequencies 

(100 Hz, 500 Hz and 1000 Hz). As shown in Figure 4.5, the higher level of steady state 

Fv/Fm in LpH23 compared to WT is most significant at 100 Hz, while become less and 

less prominent as the flash frequency increased to 1000 Hz. The same trend was also 

observed for the period-four oscillations of Fv/Fm, which retained much longer in LpH23 

than in WT at the 100 Hz flash frequency, however damping very fast in the higher flash 

frequencies 500 Hz and 1000 Hz in both strains. 
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Figure 4.4 Relative flash oxygen yield of N.o1779 WT and Lph23 cultures grown at 

standard laboratory cultivation condition for 6 days. A) The relative oxygen 

production on a per 10^6 cells basis over 40 single turnover flashes. B) Fourier transform 

of the oscillatory flash oxygen kinetics. 

	

Table 4.1 WOC cycle parameters and dark S-state populations. Flash rate 0.5 Hz; 

dark pre-incubation time 180 s. 
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Figure 4.5 Single turnover flashes (STF) induced oscillations in Fv/Fm at A) 100 Hz, 

B) 500 Hz and C) 1000 Hz in WT (black) and LpH23 (red) cultures sampled from 

optimal growth conditions. 
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4.3.5 Growth and photosynthetic characteristics of LpH23 under acidic 

environment 

In order to investigate the growth and photosynthetic characteristics, especially 

the carbon fixation efficiency of LpH23 under acidic environment, batch culture of 

LpH23 was grown in A+ liquid medium buffered at pH 5.5 and 6.4 under 2% CO2 

atmosphere with WT as control. During a growth period of 4 days, LpH23 showed 

photoautotrophic growth advantage over WT in the tested low pH medium as determined 

by the time course measurements of OD750nm (Fig. 4.6 A). It was also observed that both 

strains entered the stationary phase at pH 5.5 on day 4 while still actively proliferated at 

pH 6.4 by the same time. By the end of the growth period, both strains were analyzed by 

various home-developed Fluorometry and Oximetry techniques with WT as control. The 

in vivo variable Chl-a fluorescence of the two strains from both conditions were 

measured by the aforementioned “FRRF” technique. As shown in Figure 4.6 B, a higher 

charge separation quantum yield of LpH23 is suggested by the elevated steady state 

Fv/Fm, while a more efficient WOC cycling is indicated by the slower damping of Fv/Fm 

oscillation compared to WT. 

The CO2 dependent FRRF technique, an extension of the regular FRRF, allows 

the probing of in vivo kinetics of the whole electron transport chain using the home built 

FRR fluorometer. After a 5 min dark incubation to quench all the reaction centers, 50 µl 

algal sample was subjected to 220 flash trains of 50 sequential single turnover flashes 

(11,000 flashes in total) at a fixed frequency of 100 Hz. A typical variable chlorophyll 

fluorescence response after dark adaptation displays 4 distinct time-resolved features: a 

sharp decline from reduction of the PQ pool, followed by a small broad peak arising from 
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reduction of NADP+, and then a continuous slope arising from CO2 fixation by the 

Calvin-Benson cycle, and finally the plateau representing the steady state CO2 fixation. 

For the examined N.o1779 WT and LpH23 cultures, only 3 features were observed: a 

sharp decline resulting from the PQ pool turnover, followed by a continuous slope arising 

from the NADP+ reduction and the initiation of CO2 fixation, and lastly the steady state 

Fv/Fm indicating that the CO2 fixation rate is maximized and stabilized when the 

equilibrium of the whole electron transport chain is reached. As shown in Figure 4.6 C, 

the overall variable chlorophyll fluorescence kinetics, denoted as Fv/Fm, is higher in 

LpH23 than WT at both pHs, while also higher for both strains at pH 6.4 than at pH 5.5 

in all 3 phases. The faster rise of Fv/Fm in the second phase followed by the higher 

steady state level in the plateau, indicate that the faster CO2 fixation rate and a more 

efficiency turnover of Calvin cycle are achieved in LpH23 compared to WT. 

The higher efficiency of carbon fixation in LpH23 at low pHs was also confirmed 

by the Oximetry analysis on the time-resolved oxygen evolution. A home built bare 

platinum electrode allows the kinetic resolution of the transit time to electron acceptor 

pools downstream of PSII (PQ, NADP+ and CO2) (Krishnan et al., 2015). After a 5 min 

dark incubation, 10 µl algal sample was subjected to a 90 sec illumination with a red 

LED light (800 µE m-2 sec-1) followed by a 30 sec darkness, during which the full 

kinetics of oxygen evolution were monitored. As shown in Figure 4.6 D, two distinct 

phases were observed in both strains, a small spike representing the PQ pool reduction, 

followed by a continuous slope indicating the carbon fixation. The overall relative 

oxygen yields over the illumination period was higher for both strains in pH 6.4 than in 

pH 5.5. Consistent with the results from CO2 dependent FRRF measurements, it was also 
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observed that at both pHs, LpH23 achieved steeper slope and thus bigger area under the 

curve, which is directly proportional to the CO2 dependent water oxidation rate. 
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Figure 4.6 Growth and photosynthetic characterization of LpH23 under acidified 

environments. A) Growth curves of N.o1779 WT (Black) and LpH23 (Red) cultivated in 

A+ medium at pH 6.6 (Solid symbols) and pH 5.5 (Empty symbols). N.o1779 WT 

(Black) and LpH23 (Red) were sampled at the end of growth period (day 4) and analyzed 

for their B) Single turnover flashes (STF) induced oscillations in Fv/Fm determined by 

FRRF, as well as their photosynthetic carbon fixation rate determined by C) CO2 

dependent chlorophyll fluorescence showing Fv/Fm kinetics over 220 flash trains after 

carbon fixation inhibited baseline normalization and D) transient oxygen evolution during 

90 s illumination (white window), followed by 30 s dark incubation (gray window). 
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4.4 Conclusion 

By combining the insertional mutagenesis with acidic pH screening, we isolated 

an acidic pH tolerant mutant, LpH23, demonstrating photoautotrophic growth advantage 

in the standard laboratory growth condition as well as the acidic environment. It is highly 

promising to outperform WT in the cultivation system with the flue gas delivery. The 

insertional site of antibiotic resistant cassette will be localized, allowing a deeper 

understanding of the regulatory mechanism responsible for the low pH tolerating 

phenotype in N.o1779. 
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