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Abstract 

 

Here we report the development of a high-throughput selection protocol using random 

mutagenesis and live single-cell sorting to isolate cell lines from the algae Dunaliella 

tertiolecta with reduced chlorophyll content, with the aim to optimise the antenna size 

for increased photosynthetic efficiency. Two promising cell lines (lca1 and lca2) have 

been isolated that display a truncated light-harvesting antenna, and hence improved 

photosynthetic energy conversion efficiency by increasing the light intensity at which 

photosynthesis becomes saturated (Is). lca1 and lca2 differ significantly: the lca2 

phenotype retains an ability to alter its antenna size in response to varying light 

intensity, whereas lca1 appears to have lost this ability and is ‘locked’ to a truncated 

antenna and high-light phenotype. Despite these clear differences, transcriptomic 

analysis shows that the expression profiles for differentially expressed nuclear-

encoded photosynthetic genes is similar in both lca1 and lca2, possibly suggesting 

underlying mutations in the regulation of photosynthesis are causing the observed 

changes in phenotype rather than mutations impacting specific components of the 

photosynthetic apparatus. The combination of approaches presented here offer the 

capacity to substantially improve photosynthetic efficiency from any microalgal species 

irrespective of the extent to which it has been characterised genetically or the 

availability of molecular tools for rational engineering. It thus offers the potential to 

begin to exploit the huge natural diversity of microalgae for enhanced biomass 

production. 
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Introduction 

 

The huge natural diversity of single-celled algae (microalgae) offers a massive 

potential for the generation of an array of sustainable products [1–4]. Realising the 

potential of microalgae as sustainable sources of both natural and synthetic products, 

relies on an ability to rapidly select and improve extant cell lines. Partially, this has 

been limited by: (1) the small number of published genomes, which have grown only 

slowly from 10 fully sequenced eukaryotic microalgal genomes in 2010 [5], to 28 listed 

as published as of April 2019 by the U.S. Department of Energy Joint Genome Institute 

[6]; and (2) the limited (although rapidly developing) transformation protocols and 

genetic tools for targeted genetic manipulation in relevant species [7–11]. However, 

techniques involving selection and characterisation of cells from liquid culture such as 

fluorescent-activated cell sorting (FACS1) combined with random mutagenesis 

approaches offer the ability to rapidly improve cell lines from any algal source, 

irrespective of the availability of developed genetic tools [12–15] or published genomes 

or requirement for growth on plates. Moreover, compared to targeted approaches, 

random approaches have the advantage that resultant cell lines are not classed as 

genetically modified (GM), which may be considered commercially undesirable [16]. 

Linking these random approaches with high-throughput ‘omic’ technologies enables 

 
1 Abbreviations:  FACS, fluorescent-activated cell sorting; FRRf, fast repetition rate fluorometer; lca, low 
chlorophyll antenna; ETR, electron transport rate; NPQ, non-photochemical quenching; MDS, multi-dimensional 
scaling; SDE significantly differentially expressed; GO, gene ontology; OEC, oxygen evolving complex 
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characterisation of diverse mutations and the potential to identify ‘cryptic’ genes that 

are important in the regulation of a phenotype of interest but which are currently 

unconsidered by rational targeted approaches. Such techniques can be applied 

specifically to marine microalgae species, which are of interest as they: (1) do not place 

demands on fresh water resources when grown on large scales; and (2) have huge 

natural genetic potential owing to the highly diverse marine microalgae species that 

exploit every sunlit niche in the marine environment. 

 

Optimizing the efficiency of photosynthesis is central to the commercial realisation of 

any developing biotechnological application using microalgae, irrespective of the 

selected species and/or target product [17, 18]. To a first order, the photosynthetic 

energy conversion efficiency (the efficiency at which absorbed photons are converted 

into biomass) is the primary bottleneck for downstream energy supply and has been 

identified as a fundamental target for the commercial realisation of the myriad of 

potential biotechnological applications of microalgae [19–22]. Photosynthetic energy 

conversion efficiency is affected by how well cells absorb photons and how effectively 

this potential is stored in reduced carbon bonds. A significant loss term in overall 

efficiency can result from the over-absorption of photons by light-harvesting pigment-

binding antenna complexes, which serve to transfer excitation energy to reaction 

centres that are the sites of the initial photochemical reactions of photosynthesis [23, 

24]. In natural environments, cells are continually mixed in a water column and 

exposed to variations in light intensities that can span over many orders of magnitude, 

the photosynthetic apparatus is then regulated to some integrative characteristic of the 

light intensity the cell experiences [25, 26]. When exposed to supra-optimal light, cells 
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absorb more energy than the downstream processes can handle and dissipate this 

excess excitation energy as fluorescence or heat. The resulting  loss of potential can 

be significant (up to 90% of the absorbed light) [17] and, when considering cells grown 

in mass culture, results in the rapid attenuation of available light. This, in turn, causes 

light-limitation at depth, through self-shading within the culture. Therefore, cell lines 

selected for a small light-harvesting system will theoretically be more productive than 

wild-type (WT) when grown in mass culture. Targeting this characteristic thus has the 

potential to improve the productivity of any cell line selected for growth rate, 

robustness, lipid content etc. Previous work has shown improvements in productivity 

(both biomass and hydrogen) of cell lines selected for small light-harvesting antenna 

size using both random and targeted genetic approaches [27]. In 2002 it was shown 

that a C. reinhardtii mutant (alb3) had strongly reduced LHCs and reduced amounts of 

PSII [28], while the stm3 mutant was shown to have increased levels of chlorophyll per 

cell [29]. The first truncated light-harvesting chlorophyll antenna (tla) strain, tla1, 

generated in C. reinhardtii using random DNA insertion followed by screening for low 

chlorophyll fluorescence or high Chl a:b ratio was reported in 2003 [24], followed by 

tla2 and tla3 in 2012 [30, 31], all three strains were shown to have higher 

photosynthetic activity at saturating light intensities or above in WT.  

 

In this paper, we report the application of a high-throughput pipeline and 

characterisation protocol for the selection of random mutants from Dunaliella tertiolecta 

(a motile, single-celled green algae, lacking a cell wall, for which there is currently no 

published genome). D. tertiolecta is a suitable candidate for commercial algal 

biotechnology development as it is halo-tolerant and grows well in a wide range of 
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conditions, helping to reduce the impact on freshwater supplies and the environment 

[32]. Here we isolated and characterised two new cell lines of D. tertiolecta with 

truncated light-harvesting antenna. We complemented this approach with next-

generation transcriptomics and bioinformatics to characterise the molecular basis of 

gene regulation that determines the selected phenotype. This approach, that does not 

rely on the availability of a published genome or require growth on plates, provides a 

protocol that can potentially be applied to the selection and improvement of any 

microalgae, enabling the development of previously poorly characterised marine 

microalgae and enabling exploitation of the huge genetic potential these cells lines 

offer. 

 

 

Results 

 

Isolation of cell lines with reduced pigment content 

Previous studies have established a linear relationship between the functional light 

harvesting antenna size and the light saturated rate of photosynthesis (Pmax), such that 

strains with truncated antenna typically have a higher maximum photosynthetic 

efficiency per unit pigment  [23, 33]. Further, cell lines with truncated antennae have 

previously been shown to have an overall reduced chlorophyll content [24, 34]. It 

therefore seemed reasonable to assume that selection for cells with a reduced total 

chlorophyll content could be exploited as a proxy for cells with truncated antennae and 

increased photosynthetic efficiency.  
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WT D. tertiolecta were exposed to chemical mutagenesis and then screened using 

flow cytometry (see methods), resulting in 3502 sorted cells with reduced chlorophyll 

content (based on chlorophyll autofluorescence) without a significant change in cell 

size (SI Figure 1). Cultures that maintained WT growth rate at 100 µmol photons m-2 

s-1 while displaying a reduced chlorophyll fluorescence (SI Figure 2) were retained and 

subjected to in-depth photophysiological characterisation using fast-repetition-rate 

fluorometry (FRRf). FRRf was used as a real-time in vivo tool to measure both the 

functional size of the light-harvesting antenna associated with photosystem II (σPSII), 

thus confirming that the reduced chlorophyll content had resulted in a truncated 

antenna of PSII while the apparent photosynthetic efficiency of PSII (Fv/Fm) was 

maintained (SI Table 1). From this analysis, two cell lines were successfully 

established that showed a dramatic reduction in σPSII. These lines, termed low 

chlorophyll antenna 1 (lca1) and lca2, displayed σPSII values that were 56.7% and 

66.6% of WT, respectively.  

 

Physiological characterisation of lca1 and lca2 

A detailed analysis of lca1 and lca2 compared to WT cells grown in batch culture under 

varying light levels (high 1000, medium 100 and low 20 µmol photons m-2 s-1) was 

conducted to assess the physiology of the newly isolated cell lines. Growth rate (µ) 

increased with irradiance in all three cell lines and there was no significant difference 

between cell lines at any specific light intensity (Figure 1A and Table 1) although lca1 

showed a reduced growth rate under low light possibly reflecting the lower chlorophyll 

content in this cell-line. The photosynthetic efficiency (Fv/Fm) decreased with irradiance 

but was comparable to WT under most light levels (a significantly higher Fv/Fm was 
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observed in lca1 under medium light) (Figure 1B, Table 1). In contrast, in lca1, both 

chlorophyll a per cell and σPSII were significantly smaller than WT at all light levels 

(Figure 1C-D and Table 1). σPSII of lca2 was smaller than that of WT at medium- and 

high-light levels, but comparable to WT at low light; chlorophyll per cell was only 

significantly less than WT at low light (Figure 1C-D and Table 1). Measurements of the 

rate of electron transport from PSII and the rate of oxygen evolution for medium light 

grown cells over an imposed light gradient (0 - 2000 µmol photons m-2 s-1) provides 

further insights into the physiology of photosynthesis. In both lca1 and lca2, the 

average rate of oxygen evolution normalised to chlorophyll a (Figure 2A) and the 

electron transport rate (ETR) per reaction centre (Figure 2B) were comparable to or 

higher than in WT. The calculated maximum rate of photosynthesis (Pmax) for 

chlorophyll normalised oxygen evolution and PSII ETR were both higher than WT for 

both lca1 and lca2, with values significantly higher in lca1 (Table 2). Correspondingly 

the calculated light intensity at which photosynthesis was saturated (Is) was 

significantly higher than WT in lca1, while the initial slope of the curve (α) was 

significantly lower in both lca1 and lca2 for ETR (Table 2). Both WT and lca2 displayed 

a drop in both the minimum (F´o) and maximum fluorescence (F´m) and a reduction in 

the functional cross section (σPSII),  (Figure 2C-E) with substantial non-photochemical 

quenching (NPQ) (Figure 2F) when exposed to actinic light above saturating levels 

over the duration of the progressive light exposure experiments (~45 min). Combined 

with the calculated ETR, this suggests activation of an NPQ mechanism alongside the 

increased closure of active PSII at an irradiance around 1000 μmol photons m-2 s-1 in 

both strains. No similar response was observed in lca1, with F´o and F’m as well as 

σPSII remaining near constant at an irradiance above 100 μmol photons m-2 s-1. 
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Consequently, while ETR plateaued out in both WT and lca2 at around 1000 μmol 

photons m-2 s-1, it continued to increase in lca1 throughout the imposed light gradient, 

resulting in the significantly higher observed Pmax values (Table 2). 

 

Pigment composition and protein abundance 

Accessory pigment abundance normalised to chlorophyll a (Figure 3A) revealed the 

presence of significantly increased amounts of violaxanthin in lca1 under low (187%) 

and medium (481%) light compared to WT, while some other pigments were below 

detection limits (especially in lca1 grown under low light). The amount of chlorophyll b 

per cell was significantly reduced in lca1 and lca2 compared to WT at all light levels, 

and could not be detected at all in lca1 under low light (Figure 3B). The chlorophyll a/b 

ratio was therefore significantly higher than WT in both lca1 and lca2 under medium 

(8.82±1.10 and 9.94±0.12 vs 4.55±0.43) and high light (8.91±0.06 and 12.6±1.55 vs 

4.43±0.73). 

 

The abundance of core photosynthetic complexes PSII, PSI and Rubisco was 

estimated using Western blots and antibodies against the PSBA, PSAC and RBCL 

peptides in cultures acclimated to medium light [35, 36]. The results (SI Figure 3A-B) 

showed a significant (ANOVA, Tukey HSD, p < 0.01) reduction of PSAC relative to WT 

in both lca1 (23.0%) and lca2 (61.7%), possibly suggesting greater capacity for cyclic 

electron flow in this strain.  The level of PSBA relative to WT was comparable for lca1 

(99.2%) and reduced in lca2 (72.1); the difference was not significant (ANOVA, Tukey 

HSD, p > 0.05) in either strain. The amount of RBCL was not significantly (ANOVA, 

Tukey HSD, p > 0.05) reduced in either lca1 or lca2 relative to WT. 
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Transcriptome analysis 

Transcriptomes in the form of 27 Super-SAGE libraries (see methods) from triplicate 

WT, lca1 and lca2 cultures grown under three different light levels, were analysed for 

differential expression and gene enrichment. The use of SuperSAGE enabled 

multiplexing of all libraries within a single sequencing run with maintained precision in 

terms of transcript representation [37]. The short-read SAGE libraries consisting of 26 

base pair (bp) mRNA sequences representing 382846 unique tags (unitags) from 

32331173 sequences (tags), with an average of approximately 1.2 M tags per library, 

were mapped against previously published expressed sequence tags (ESTs) from D. 

tertiolecta [56] to extend the effective read-length. These extended reads were 

annotated and filtered to include only nuclear encoded genes, resulting in a final set of 

9065 unitags with extended annotations that contained 16.6% of the original tags. 

Further filtering of this set for explicit high-confidence annotations with tag counts 

passing the cut-off filters for the statistical analysis (> 1 count per million in 9 libraries) 

resulted in a small list of 1312 unitags covering 14.4% of the total reads, which were 

in turn used for the higher-level analysis and to assign gene functions. A subset of 

genes with functions related to photosynthetic processes were selected for 

quantitative-PCR validation of the SuperSAGE results (FER2, CSP, FSA, LHCII-2.1, 

LHCB5, LHCII-3, PHOA and RPI).  A significant positive correlation in differential gene 

expression was observed (Pearson r=0.7; p=1.7x10-27) (SI Figure 4).  

 

Multi-dimensional scaling of TMM-normalised (see methods) tag expression separated 

the replicate groups by light and strain (Figure 4A). The lca strains were less separated 
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on the first dimension compared to WT, indicating a similar reduction in light response. 

There was a clear divergence on the second dimension for lca2, indicating a different 

mode of light response. In contrast, lca1 scaled with WT on the second dimension and 

medium/high light on the first dimension, suggesting a low degree of light response 

that largely overlaps with WT under higher light. This pattern shows a strong qualitative 

agreement with the observed phenotypic differences across strains and light levels (SI 

Figure 5A and 5D). Global expression profiles (Figure 4B), demonstrated a marked 

difference in the number of significantly differentially expressed (SDE) tags with false 

discovery rates (FDR) below 0.05 between WT and the lca strains over different light 

conditions. In WT as many as 26% of all tags are SDE when comparing low to high 

light, this was reduced to 6.6% in lca1 and 7.8% in lca2.  

 

This overall reduction in light regulation of genes in lca1 and lca2 was further defined 

by mapping the function of SDE tags using gene ontology (GO). A strong reduction in 

the number of SDE tags with GO terms assigned to cellular components was observed 

in both lca strains (Figure 4C), indicating a general reduction in the response to light in 

both lca mutants and specifically a dramatic reduction in the regulation of chloroplast 

(plastid and thylakoid) components. In lca1, none of the tags with GO terms assigned 

to plastid components were SDE when comparing low to high light. In lca2 the number 

was reduced by 50% for thylakoid and 73% for plastid components compared to WT. 

This further clarifies that the reduction in light regulation in the lca mutants is closely 

linked to processes associated with the chloroplast. 

 

Regulation of photosynthetic genes 
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Genes identified as involved in photosynthesis by the assigned KEGG KO were 

investigated for average fold-change and numbers of low versus high light SDE genes 

(FDR < 0.05). There was a reduction in the average fold-change from 3.0 in WT to 1.6 

and 2.0 in lca1 and lca2, respectively, and a reduction in the number of SDE genes 

from 15 in WT to 3 and 9, respectively (Figure 5A).  

 

The expression profiles for genes assigned to PSII, the oxygen-evolving complex 

(OEC), PSI, and the light harvesting complex (LHC) of each photosystem (LHCII and 

LHCI) show few significant changes between lca strains and WT under high light 

(Figure 5B-C). Expression profiles then diverge at lower light levels (Figure 5B-C). The 

majority of these SDE photosynthetic genes show reduced expression in lca strains 

compared to WT. The most significant reduction in gene expression was seen when 

comparing lca1 to WT under low light (Figure 5B), with a ~2 to 4-fold reduction in many 

genes assigned to PSII, OEC, PSI and LHCII gene expression, with further ~2-fold 

reductions in many genes under medium light. The expression profile changes were 

more modest when comparing lca2 to WT (Figure 5C), with a lower number of SDE 

genes under low and medium light than between lca1 and WT, and reduced variation 

in gene expression with light. The reduced expression of LHC genes compared to WT, 

particularly LHCII linked genes, in both lca1 and lca2 under low and medium light 

compared to WT has the potential to result in a decreased amount of chlorophyll a/b-

binding proteins and a reduced chlorophyll binding capacity under low and medium 

light, mirroring the results observed in the lca phenotypes with a reduced chlorophyll 

content per cell and reduced σPSII. 
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Discussion 

 
Reductions in the size of LHCs in microalgae have previously been shown to result in 

increased photosynthetic efficiency or productivity through reduced energy loss via 

fluoresced light or heat dissipation under saturating light conditions [38]. Compared to 

WT the two lca strains characterized in this study have an increase in chlorophyll a:b 

ratio, (Figure 3B) (indicative of a reduction of pigment associated with LHC) [39], 

reduced total chlorophyll per cell (SI Figure 5B-C), a decrease in the measured 

functional size of PSII antenna (Figure 1D) and a reduction in expression of genes 

associated with light harvesting proteins (Figure 5). Combined, these characteristics 

indicate that our two novel lca strains have truncated light harvesting antenna that 

result in an increase in the light intensity (Is) at which photosynthesis saturates (Pmax) 

in both strains; in lca1, this increase was significant compared to WT (Table 2). While 

results from other truncated antenna phenotypes from different algal species in large-

scale experiments have been variable [40, 41], the phenotypes of lca1 and lca2 could 

theoretically result in increased biomass if grown on a large scale. Indeed, it is 

conceivable that randomly selected stable mutants in which maintenance of growth 

rate is a selection criteria will outperform WT cell lines; this is in contrast to reports with 

rationally engineered strains in which growth rate may have been compromised [42].  

Ort et al. have previously suggested that four different parameters, namely the size of 

the LHC, the concentration of functional photosystems, the quantum yield of 

photosynthesis and its relation to the functional antenna size, are useful for assessing 

the potential for truncated light antenna (tla) strains to outperform WT strains [43, 44]. 

While lca1 meets many of these criteria (Table 3), with the exception of the relative 
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reduction in PSI to PSII, lca2 does so only at certain light intensities, which reflects 

differences in the underlying physiology of the selected strains. 

 

lca1 had reduced chlorophyll content and smaller antenna size at all measured light 

intensities. lca2 displays a more dynamic physiology, increasing the chlorophyll 

content and antenna size at low light in a manner which more closely resembles WT 

physiology (Table 3). Therefore, while lca1 seems to be largely ‘locked’ into a truncated 

antenna and pseudo-‘high-light’ phenotype (although see below), lca2 has retained the 

ability to more fully photoacclimate to altered irradiance. Further differences in 

phenotype can be seen in the trend of the size of the functional antenna of PSII and in 

the pigment profiles of lca1 and lca2 at different light intensities (SI Figure 5). WT and 

lca2 both increase the size of σPSII (SI Figure 5A) and the amount of chlorophyll a and 

b per cell (SI Figure 5B-C) in response to growth under low light; however, while the 

increase is proportional in WT, the increase in chlorophyll b in lca2 is reduced 

compared to chlorophyll a, which results in an increase in the chlorophyll a/b ratio (SI 

Figure 5D). The chlorophyll b levels in lca1 are low under medium and high light and 

indeed below detection at low light. The proportional increase in chlorophyll a and b in 

WT and lca1 and the lack of a change in σPSII suggest that this strain primarily adjusts 

to changes in light by increasing or decreasing the number of photosystems (n-type 

acclimation) [45]; this is in contrast to lca2, which changes the size of antennae (σ-type 

acclimation). When grown in mass culture, the ability to photoacclimate and increase 

the size of σPSII and pigment content under low light and sub-saturating light as seen 

in lca2 may be beneficial when under relatively constant low light conditions. However, 

mixing rate, depth and cell (pigment) density within the culture will all combine to dictate 
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the frequency of light fluctuations, which may be rapid in many cases.  Indeed, within 

a rigorously mixed mass culture with rapid to strong fluctuations in light intensity, the 

consistently small antenna of (lca1) may be beneficial. However, the lower apparent 

capacity for rapidly inducible NPQ within this strain (Figure 2) may be disadvantageous 

in such a situation.  

 

At a gene expression level, the transcriptomic analysis shows that both lca strains 

display a reduced ability to regulate photosynthesis-associated genes 

(photoacclimate) in response to changes in light compared to WT. More than three 

times as many tags are differentially expressed in WT versus the lca strains when 

comparing the expression under low to high light (Figure 4B) and fewer tags linked to 

the chloroplast and the thylakoid membrane were significantly (FDR < 0.05) 

differentially expressed in cultures grown under low light versus high light in lca1 and 

lca2 compared to WT (Figure 4C); therefore, a far lower number of tags linked to the 

chloroplast were upregulated in response to low light in either lca1 or lca2. In lca1 not 

a single tag assigned to the plastid was SDE, while in lca2 the number was reduced 

by 75%. The WT, as expected, displayed a strong upregulation of gene expression 

when grown under low light. The greater overall similarity of expression profiles for lca2 

and lca1 compared to WT, even given the differences in phenotype would also suggest 

that both lca1 and lca2 mutants share a common factor associated with the overall 

ability to either sense or regulate photosynthesis in regard to changes in light, rather 

than for example a simple knockout of a LHC gene. This could suggest that the 

mutations in lca1 and lca2 target a generic upstream mechanism for altering the 
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antenna size of photosynthetic species, which, if identified, could be targeted using 

sophisticated gene editing technologies such as CRISPR [9, 46].  

 

Several mutations affecting the composition of the LHC have previously been reported. 

The transcriptomes were searched against these genes where possible to determine 

if the observed phenotypes resulted from known mutations. Several matches were 

detected, including the genes associated with the tla1, tla2 (CpFTSY) and tla3 

(CpSRP43) [24, 30, 31] truncated antenna mutants as well as the stm3 mutant 

(increased chlorophyll per cell) [29]. These genes were found in low or moderate 

numbers, but neither were found to be SDE compared to WT with the exception of 

CpSRP43 that was found to be moderately upregulated in lca2 under low and medium 

light and in lca1 under medium light, in contrast to the tla3 mutant that result from a 

deletion of CpSRP43.  Hence, while the genetic basis of lca1 and lca2 may be different 

to that in the tla mutants [24, 28, 29], from a physiological perspective lca1 shares the 

phenotype (a strong reduction in the size of the functional antenna of PSII) with the 

tla1 mutant [15], as well as the D. salina mutant dcd1 [34]. In tla1, the amount of CP26 

protein was strongly reduced [24]. This protein is encoded by the LHCB5 gene, which 

was significantly (FDR < 0.05) down-regulated in both of the lca strains, consistent with 

the similarity of the phenotypes. Similar molecular phenotypes may thus be achievable 

through the genetic alteration of multiple different genes. The dcd1 of mutant D. salina 

[25] displayed a similarly irregular xanthophyll profile to lca1 (Figure 3A); however, 

while dcd1 accumulates zeaxanthin under high light and stores normal amounts of 

violaxanthin under low light, the opposite was observed in lca1. Interestingly, CP26 is 

also thought to play a role in the qI (slower photoinhibition) component of NPQ [47], 
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linked to conformational changes after alternative binding of zeaxanthin or violaxanthin 

to the inner allosteric site L2, which also result in changes to the fluorescent yield [48]. 

This suggests that the observed xanthophyll profile in lca1 with specific changes to 

these two pigments, and potentially the reduced NPQ capacity, could result from a 

mutation that has affected this binding site or simply from a reduction in the amount of 

available CP26 through the down-regulation of LHCB5. The PSBS gene, also 

associated with the interface [49, 50] between PSII and the LHCII, thought to play a 

key role in qE (the fast component of NPQ) [51, 52], was detected and was either equal 

to or increased in both lca mutants compared to WT under medium light (Figure 5B-

C), while no matches were found for genes encoding LHCSR, the protein typically 

associated with qE in green algae [53]. 

 

The pattern of gene regulation in lca2 is indicative of a supressed light response, which 

results in less increase in PSII LHC genes compared to WT under decreasing light as 

well as a lack of up-regulation of PSI LHC under low light. The photoacclimation 

response in lca1 is further limited, with a large reduction in expression of genes related 

to PSII LHC and PSI LHC compared to WT. This gene regulation matches the 

observed phenotype closely. While direct changes in regulatory genes may be 

involved, another possibility is that the strains have fully or partially lost the ability to 

sense changes in light conditions. In D. salina it has been proposed that 

photoacclimation due to changes in irradiance results from two different signal 

transduction pathways that regulate the expression of CAO and LHCB [54]. The gene 

encoding CAO was not detected in the extended annotation presented here due to the 

lack of a matching EST. Also, the C. reinhardtii cbs3 mutant, which lacked a functional 
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CAO gene [55], was fully chlorophyll b deficient, which again may suggest that the 

mutations have targeted a regulatory mechanism rather than the actual gene. Based 

on the similar phenotype and expression profile in the lca strains presented here a 

gene involved in the regulation of photosynthesis may well be the basis of one or both 

of the mutations responsible for the lca1 and lca2 phenotypes.  

 

 

Conclusions 

 

The approach presented in this study, using random mutagenesis of a microalgal strain 

coupled with high-throughput selection for truncated antenna strains via a chlorophyll 

proxy, efficiently selected for the targeted phenotype. Detailed evaluation of two 

selected strains showed that the observed phenotypes displayed differences that were 

qualitatively paralleled by changes in the expression of nuclear-encoded genes directly 

involved in photosynthesis. The method described can conceivably be applied to any 

culturable microalgal species without the need for detailed characterisation of the 

individual genome, meaning that new species, more suitable for a specific niche, can 

be exploited for commercial or scientific purposes.  

 

 

Methods 

 

Strains, culturing and long-term maintenance 
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Samples of Dunaliella tertiolecta CCMP364 were ordered from the NCMA culture 

collection. Cultures were maintained in triplicate under 100-200 µmol photons m-2 s-1 

of white light under a 12hr light, 12 hr dark cycle at 22-24ºC in duplicate locations, both 

in liquid f/2 - Si media as well as on f/2 - Si agar plates [56, 57]. Sub-culturing was 

performed every second week for liquid cultures and every second month for plated 

cultures. During experiments, 25 mL of fresh liquid media were inoculated to a 

concentration of 25000 cells per mL in 40 mL canted and vented cell culture flasks, 

from starter cultures pre-acclimated to the experimental light conditions and incubated 

in AG130 growth chambers (PSI, Drasov, Czech Republic). The bottles were shaken 

and repositioned on a daily basis to increase aeration and minimize potential variation 

in light exposure.  In addition, WT and mutant strains were cryopreserved following the 

techniques of Tanniou et al. by encapsulation in sodium alginate beads and 

successfully resurrected after long-term (> 6 month) suspended storage in liquid 

nitrogen vapour [58]. 

 

Mutagenesis and flow-cytometry based cell sorting 

Pigment mutants were generated using chemical mutagenesis using ethyl 

methanesulfonate (EMS). WT cells grown to exponential phase under 100 µmol 

photons m-2 s-1 of white light (12-hour light, 12-hour dark cycle) in f/2 - Si media were 

incubated with 0.01% of EMS for 2 hr in the dark after which the cells were pelleted by 

centrifugation and washed three times with fresh media. Washed cells were then 

transferred into 20 mL of liquid media and regrown under the conditions described 

above for 10 days. Fluorescence-activated sorting of surviving cells was done by a 

MoFlo cytometer (DakoCytomation Ltd.) at a pressure of 60 psi of sheath fluid (0.1 % 
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NaCl w/v in MilliQ water) using a 70 µm nozzle. The sorter was aligned following a 

standard manufacturer procedure using 3.0 µm yellow-green microspheres 

(Polysciences, Germany). The laser (Innova 90C-A4 UV, Coherent) was tuned to 488 

nm and aligned through the first pinhole. Light scatter at  90o (SSC) of analysed cells 

was detected using the 457 ± 25 nm optical filter and cellular chlorophyll red 

autofluorescence was detected using the 670 ± 15 nm optical filter. The Summit 5.3 

software was used to sort the cells with the lowest relative chlorophyll fluorescence 

while maintaining cell-size (SI Figure 1). Sorted cells were collected in 96-well plates 

containing 100 µL of media using the CyCLONE component of the MoFlo Sorter. 

Following incubation any viable cell lines with high cell density and low chlorophyll (SI 

Figure 2) were inoculated into larger 25 ml culture volumes and then further screened 

for photophysiological parameters as described below. 

 

Growth rate/cell count 

Cell density and size were monitored daily on fresh culture samples with a Beckman 

Coulter counter (Multisizer 3, Beckman Coulter) using 100-500 µL of sample and 9.5-

9.9 mL of 3% (w/v) NaCl solution as diluent and electrolyte. The specific growth rate 

(µ) was calculated by fitting a linear regression to the natural log of the measured cell 

count versus the time for the exponential phase (with the slope corresponding to the 

growth rate) as suggested in [59]. The doubling time was calculated as the natural log 

of 2 divided by the specific growth rate (µ). 

 

Pigment analysis  
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Chlorophyll a content was measured by filtering 1.0 mL of liquid culture using a hand-

held pump on to MF 100 microfiber filters (Fisher Scientific UK Ltd, Loughborough, 

UK). The filtered content was re-suspended in 4 mL of 90% acetone in plastic tubes 

under low light, immediately covered in aluminium foil and kept in the cold overnight 

(4ºC). The extracted dissolved chlorophyll was analysed on a Turner Designs TD-700 

fluorometer (Turner Designs, Sunnyvale, CA, USA) [60]. Total pigment analysis was 

achieved using high-performance-liquid-chromatography (HPLC) following the 

methods of Barlow et al., yielding information on the absolute photosynthetic pigment 

complement of cell lines [61]. Samples were prepared by filtering down the equivalent 

of 1 mL of cells onto MF 100 microfiber filters (Fisher Scientific UK Ltd, Loughborough, 

UK), followed by re-suspension in 1 mL of 90% acetone. The cells were then disrupted 

using sonication for 30 s using an Ultrasonics W-380 sonicator with a C3 probe (Heat 

Systems Ultrasonics). Samples were kept on ice and carefully protected from light 

during all stages of the preparation. 

 

Fluorescent kinetics 

Variable chlorophyll fluorescence was measured using a Chelsea Scientific 

Instruments FastTracka Mk II Fast Repetition Rate fluorometer (FRRf) integrated 

with a FastAct Laboratory system. All samples were dark acclimated for 30 min and 

FRRf measurements were blank corrected using filtered growth media. Rapid light 

curves were acquired at 14 light intervals ranging from 7 to 2046 µmol photons m-2 s-

1, every 4 sec over a 45 min period, with 24 sequences per acquisition, each sequence 

consisting of 150 flashlets in the saturation phase (1 µs duration) and 25 flashlets in 

the relaxation phase (84 µs duration). Data from the FRRf were analysed to derive 
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relative values of the minimal and maximal fluorescence (F0 and Fm) and hence Fv/Fm, 

as well as the functional absorption cross-section of PSII (σPSII) [62, 63]. Minimum 

fluorescence yield under actinic light ( F’o) was calculated using the measured Fo, Fm 

and F’m [64],  NPQ was defined using the normalised Stern-Volmer coefficient [65], while 

the electron transport rate was calculated based on Kolber and Falkowski (1993) [66] 

and Gorbunov et al. (2001) [67] following Fujiki et al. (2007) [68]. 

 

Western blot analysis 

Photosynthetic protein abundances were quantified using techniques similar to those 

described elsewhere [69–71]. Samples for protein extraction were collected by 

concentrating 35 mL of liquid culture down to 1 mL using centrifugation. Processing of 

the sample was performed according to the protocol described by Brown et al. (2008) 

[69]. Quantification was performed using primary antibodies designed against peptide 

tags from protein subunits that are both representative of the functional photosynthetic 

complex and are conserved across all oxygenic photosynthetic species namely: PSBA 

(PSII), PSAC (PSI), RBCL (RuBisCO) [72]. Samples were run alongside peptide 

standards (Agrisera) following the procedure described by Brown et al. (2008) [69]. 

Protein levels on immunoblots were quantified using QuantityOneTM and Image LabTM 

software using independent standard curves specific to each blot (Brown et al. 2008) 

[69]. Results were only used when samples fell within the linear range of loaded 

standards.  

 

PE curves 
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The rate of oxygen evolution (P) was measured as a function of light intensity (I) using 

an Oxylab unit and a DW1 electrode chamber (Hansatech Instruments, Norfolk, UK).  

To measure the oxygen evolution rate, a 2 mL sample was adjusted to a concentration 

of approximately 1 million cells to assure absence of cell self-shading and transferred 

to the electrode chamber maintained at room temperature. Change in dissolved 

oxygen concentration was first measured as a function of time in the absence of light 

(dark respiration) and then at 10 different light intensities ranging from 25 to 2000 µmol 

photons m-2 s-1. Oxygen evolution rates were determined in sequence from low to high 

light intensity and each measurement was taken for a period of 3 min after allowing for 

stabilization of the signal for 2 min.  

 

SAGE library preparation 

RNA was extracted using the cetyltrimethylammonium bromide (CTAB) method [73] 

using 35 mL of samples from cultures of WT, lca1 and lca2 grown under low, medium 

and high light (20, 100 and 1200 mmol photons m-2 s-1). The cells were disrupted on a 

Tissue Lyser II bead beater (Qiagen, Valencia, CA, USA) using 250 mL of beads at 20 

RPM for 5 min with 1.5 mL of CTAB added per sample. The extracted RNA was 

transcribed into cDNA using the ImProm-II Reverse Transcription System (Promega 

Corporation, Madison, WI, USA) according to the manufacturer’s instructions. SAGE 

libraries were prepared and sequenced at Iwate Biotechnology Research Centre, 

Kitakami, Iwate, Japan, following the SuperSAGE method [74] using a more recent 

protocol (HT-SuperSAGE) as described in [75]. The cDNA was digested using the 

NLAIII restriction enzyme, ligated with adapter sequences and further cleaved using 

EcoP15I linked to a second set of adapter sequences, including 4-bp index sequences. 
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Pooled samples were sequenced on an Illumina Genome Analyzer II. The resulting 

reads were processed using a Perl script [75] to extract and assign tags to libraries 

based on the index sequences. The final data in the form of a combined count table 

and the original sequence reads were registered in the NCBI Gene Expression 

Omnibus under accession number GSE129614. 

 

Statistical analysis 

Results reported as significant are based on the results from the analysis of variance 

(ANOVA) and the pairwise means from Tukey HSD using the AOV and TukeyHSD 

functions in R respectively, together with an interaction model for the two experimental 

conditions, strain and light or by strain only (single light level). The homogeneity of 

variances and normality assumptions was tested using Levene’s test (leveneTest) in 

the R car package and by inspecting the residuals in a Q-Q plot. 

 

Transcriptome analysis 

To improve the annotation of the short tags, all sequences were mapped against 

409789 previously published expressed sequence tags (EST's) from D. tertiolecta [76] 

using GFESSA [77]. Each of the mapped EST’s were subsequently re-annotated using 

BlastX (e-value < 1E-3, BLOSUM-62 matrix) running on the open cluster on the Oslo 

Bioportal against NCBI's non redundant (NR) protein database as well as the Swiss-

Prot database [78]. Processing of the resulting files were performed using original and 

modified scripts from the guide by De Wit et al., 2012 [79], with final removal of any 

hits with an e-value above 1E-6. In cases where multiple ESTs were matched against 
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a unitag, the EST with the lowest e-value from the NCBI annotation was chosen as the 

representative sequence. 

 

The statistical analysis was carried out using the edgeR packet [80]. Tags not meeting 

a criterion of at least one count per million in a minimum of nine libraries were filtered 

and removed from the analysis. Scaling factors for the library sizes of the remaining 

filtered tags were calculated using the weighted trimmed mean of the log expression 

ratios (trimmed mean of M values (TMM)) [81] as part of the package. Testing for 

differential expression was done using generalized linear models (GLM) likelihood ratio 

tests. Further validation of individual genes and associated tags was done by manual 

alignments against downloaded sequences from described genes.  

 

Filtering for nuclear-encoded genes 

The GI identifier for all proteins identified as either chloroplast or mitochondrial in 

GenBank or Swiss-Prot was downloaded from NCBI (for a total of 2162128 identifiers) 

and then searched against the mapped ESTs to remove any matches. Follow-up 

filtering was also done using a separate annotation against the Arabidopsis thaliana 

TAIR 10 protein database. 

 

Quantitative polymerase chain reaction 

Real-time PCR was carried out on an Opticon qPCR system (Bio-Rad, Hercules, 

California, USA) using Precision 2x real-time PCR Master Mix with SYBR green 

(Primerdesign Ltd, Southampton, United Kingdom) using the following thermal profile: 

initial denaturation at 95ºC for 10 min followed by 40 cycles of denaturation for 15 s at 
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95ºC and combined annealing/elongation for 1 min at 60ºC. This was followed by a 

final extension for 10 min at 72ºC. Dissociation curves were recorded from 60 to 95ºC 

using a ramp speed of 2ºC s-1. Samples were analysed using duplicate technical 

repeats together with triplicate biological repeats for a total of six measurements per 

strain and light level. The samples were analysed using the Livak (ΔΔCT) method using 

the D. tertiolecta S11 rRNA gene as the reference and WT low-light sample as the 

calibrator [82, 83]. 
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Tables 

 

Table 1. Photophysiological parameters. Growth rate, chlorophyll a content per cell, 

chlorophyll a:b ratio, functional cross section of PSII (σPSII) and photosynthetic 

efficiency (Fv/Fm) in WT, lca1 and lca2 strains grown under low, medium and high light 

(20, 100, 1200 µmol photons m-2 s-1). Errors are one standard deviation from biological 

triplicates. 

Growth parameters 

Low light Medium light High light 

WT lca1 lca2 WT lca1 lca2 WT lca1 lca2 
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Growth rate (d-1) 0.30±0.02 0.22±0.01 0.28±0.01 0.69±0.11 0.62±0.16 0.68±0.10 0.85±0.04 
 
0.83±0.08 0.96±0.02 

Chl a per cell (pg cell-1) 1.86±0.25 0.34±0.04 1.06±0.06 1.26±0.13 0.65±0.05 1.18±0.08 0.97±0.05 0.63±0.02 0.68±0.04 

Chl a:b ratio 3.98±0.20 N/A 4.68±0.25 4.55±0.43 8.82±1.10 9.94±0.12 4.43±0.73 8.91±0.06 12.6±1.55 

σPSII (nm2) 0.89±0.02 0.72±0.03 0.89±0.03 1.06±0.02 0.75±0.02 0.86±0.02 0.93±0.02 0.65±0.03 0.66±0.02 

Fv/Fm 0.55±0.01 0.56±0.00 0.54±0.00 0.51±0.01 0.56±0.01 0.51±0.00 0.52±0.01 0.53±0.01 0.53±0.00 

 

 

Table 2. Oxygen evolution and electron transport rate parameters. The calculated 

Pmax,  and Is for the chlorophyll a normalised rate of oxygen evolution and the electron 

transport rate of PSII (Pf) in WT, lca1 and lca2 strains grown under medium light (100 

mmol photons m-2 s-1). Errors are one standard deviation from biological triplicates, 

values that are significantly different from WT (ANOVA, p < 0.05) are shown with 

asterisks corresponding to the p-value (*** 0.001, ** 0.01 or * 0.05) from a Tukey HSD 

post-hoc test. 

  Oxygen evolution Electron transport rate 

Strain 
Pmax mmol O2 
(mol Chl a)-1 s-1 

 mmol O2 (mol 
Chl a)-1 s-1 x (μmol 
photons m-2 s-1)-1 

Is μmol photons 
m-2 s-1 

Pmax μmol e (μmol 
RC)-1 s-1 

 μmol e (μmol 
RC)-1 s-1 x (μmol 
photons m-2 s-1)-1 

Is μmol photons 
m-2 s-1 

WT 55.07±3.23  0.115±0.05  523.6 ±205.1  481.4±47.1  0.884±0.034  543.9±33.1  
lca1 159.42±22.10 (**) 0.209±0.073 803.33±190.00 811.0±62.1 (***) 0.757±0.010 (***)  1071±69.1 (***) 

lca2 71.70±16.01 0.146±0.054  517.96±169.60 533.3±27.2  0.817±0.014 (*) 652.8±34.4 

 

 

Table 3. Truncated light antenna parameters. The relative percent change 

compared to WT in functional PSII antenna size, proportion of reaction centres per cell, 

maximum electron transport rate (Pf (PSII) Pmax) and the rate of photosynthesis (O2 

evolution Pmax) suggested to impact the photosynthetic conversion efficiency. 

Question lca1 (% of WT)  lca2 (% of WT) Parameter 

Reduction in antenna size  70.8 80.6  σPSII 

Reaction centres per cell 99.2:23.0  72.1:61.7 PsbA:PsaC 

Maximum electron transport rate 168 111 Pf (PSII) Pmax 

Rate of photosynthesis  289 131 O2 evolution Pmax 
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Figures 

 

Figure 1. Growth rate, chlorophyll a content and PSII parameters.  (A) Growth rate, 

(B) photosynthetic efficiency, (C) chlorophyll a content per cell, and (D) functional cross 

section of PSII in WT, lca1 and lca2 strains grown under low, medium and high light 

(20, 100, 1200 µmol photons m-2 s-1). Error bars are one standard deviation from 

biological triplicates, values that are significantly different from WT (ANOVA, p < 0.05) 

within a light level are shown with asterisks corresponding to the p-value (*** 0.001, ** 

0.01 or * 0.05 from a Tukey HSD post-hoc test. 

 

 

Figure 2. Oxygen evolution, electron transport rate and photosynthetic 

parameters. (A) The rate of oxygen evolution in WT, lca1 and lca2 as measured under 

increasing irradiance from 0 to 2000 mmol photons m-2 s-1 and normalised to 

chlorophyll a and (B) the electron transport rate of PSII (Pf), (C) the minimum 

fluorescence under actinic light (F´o), (D) the maximum fluorescence under actinic light 

(F´m), (E) the functional cross section under actinic light (σPSII), (F) non-photochemical 

quenching (NPQ) as measured by rapid light curves from 0 to 2048 µmol photons m-2 

s-1. Cultures were grown under medium light (100 µmol photons m-2 s-1). Error bars are 

one standard deviation from biological triplicates. 
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Figure 3. Accessory pigment and chlorophyll ratios. (A) The amount of accessory 

pigments (violaxanthin, antheraxanthin, zeaxanthin, lutein and β-carotene) and (B) 

chlorophyll a:b ratios in WT, lca1 and lca2 strains grown under low, medium and high 

light (20, 100, 1200 µmol photons m-2 s-1). Error bars are one standard deviation from 

biological triplicates, values that are significantly different from WT (ANOVA, P < 0.05) 

are shown with asterisks corresponding to the p-value (*** 0.001, ** 0.01 or * 0.05) 

from a Tukey HSD post-hoc test. Not detected (n.d.). 

 

 

Figure 4. Overview of libraries after dimensional reduction and SDE tags by light 

condition or cellular components. (A) The difference in leading (maximum) fold 

change (FC) between the top 500 differentially expressed tags as shown by multi-

dimensional scaling (MDS) plots of the filtered data. Each ellipse encircles three 

replicates from the same condition with the calculated centre for each replicate group 

within one strain linked together with dashed lines. The plot shows the results for all 

27 libraries, with replicates of WT, lca1 and lca2 strains under low, medium and high 

light). (B) The total number of significantly (FDR < 0.05) up or down-regulated 

annotated tags in WT, lca1 and lca2 between light levels (low vs. medium light, medium 

vs. high light and low vs. high light). (C) Enrichment in the mapping to cellular 

components within tags that are significantly differentially expressed (FDR < 0.001) 

based on the fold change comparing low to high light in WT, lca1 or lca2. GO identifiers 

linked to tags with a negative fold-change (down-regulated) are shown in red, while 

tags with a positive fold-change (up-regulated) under the compared conditions are 
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shown in blue. 

 

 

Figure 5. Differential expression of core photosystem and light harvesting 

complex genes. The number of SDE genes (FDR < 0.05) and the mean fold-change 

in WT, lca1 and lca2 strains when comparing the expression under low (20 µmol 

photons m-2 s-1) versus high light (1200 µmol photons m-2 s-1) (A). Differential gene 

expression under low, medium and high light (20, 100, 1200 µmol photons m-2 s-1) in 

(B) lca1 versus WT, and (C) lca2 versus WT. Significantly up-regulated genes are 

coloured green while significantly down-regulated genes are coloured red, with a dark 

colour signifying a FDR of <0.001 and a lighter colour a FDR of < 0.05. The expression 

is shown as the log fold change. Genes linked to the oxygen evolving complex are 

shaded light green, remaining PSII-related genes are shaded darker green, PSI genes 

are shaded pink, while LHCII- and LHCI-related genes are shaded purple and yellow, 

respectively. 

 

 

Supplemental tables 

 

Supplemental Table 1. Post-selection cell lines with truncated PSII functional 

antenna. The top ten cell lines with most truncated photosystem II functional antenna 

(σPSII) compared to WT from post-sorting of mutated cells grown under medium light 

(100 µmol photons m-2 s-1). The photosynthetic efficiency (Fv/Fm), and the difference of 

σPSII and Fv/Fm to WT are also shown. Some strains failed to grow consistently 
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(including #8) and was therefore removed from in-depth analysis. 

Strain σPSII (nm2) σPSII (% of WT) Fv/Fm Fv/Fm (% of WT) 

#1 0.87 78.3 0.51 102.4 

#2 0.87 78.3 0.48 95.6 

#3 0.87 78.3 0.54 107.8 

#4 0.86 77.4 0.54 108 

#5 0.86 77.4 0.48 96 

#6 0.83 74.7 0.52 104.6 

#7 (lca2) 0.74 66.6 0.52 104 

#8 0.72 64.8 0.56 112 

#9 0.68 61.2 0.51 102 

#10 (lca1) 0.63 56.7 0.53 106 

 

 

Supplemental figures 

 

Supplemental Figure 1. Selection of low chlorophyll mutagenized D. tertiolecta 

cells using FACS. Each sorting event represents a single cell and is marked by a 

black dot. The rectangular outline in red shows the selection window gated by the 

chlorophyll fluorescence as measured by the FL3-H channel and the estimated cell 

size by the SSC-H side scatter channel. 

 

 

Supplemental Figure 2. Post sorting screening of low chlorophyll cells. The cells 

were analysed for cell density using the absorbance at 350 nm and chlorophyll 

fluorescence at 685 nm as a measure of total chlorophyll content using a plate reader 

two weeks after the original selection. Selected cells are shown as blue triangles, while 

cells not passing the selection are shown as red circles. 
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Supplemental Figure 3. Abundance of photosynthetic reaction centres and 

carbon fixation proteins. The relative proportions (A) of PSBA, PSAC and RBCL 

proteins in the lca1 and lca2 strains compared to WT as measured by Western blots 

(B) from protein extractions of cultures grown under medium light (100 mmol photons 

m-2 s-1). Error bars are one standard deviation from biological triplicates. 

 

 

Supplemental Figure 4. The correlation in gene expression as measured using 

SuperSAGE and quantitative-PCR (qPCR). For each gene, FER2 (Ferredoxin-2), 

CSP (Chloroplast stem-loop-binding protein), FSA (Fructose-6-P aldolase), LHCII-2.1 

(Major light-harvesting chlorophyll a/b protein 2.1), LHCB5 (Chlorophyll a-b binding 

protein CP26), LHCII-3 (Major light-harvesting chlorophyll a/b protein 3), PHOA (Starch 

phosphorylase) and RPI (Ribose-5-phosphate isomerase) the average result (N = 3) 

under low, medium and high light for WT, lca1 and lca2 is shown relative to WT under 

low light. The qPCR results are normalised against the S11rRNA gene. The result from 

a linear (least square) regression to all results is shown as a solid line together with 

the calculated Pearson correlation coefficient and p-value. The shaded area indicates 

the 95% confidence interval while the dashed lines indicate the 95% prediction interval. 

 

 

Supplemental Figure 5. Trended PSII functional cross-section and chlorophyll 

content.  (A) Functional cross-section of PSII, (B) chlorophyll a content per cell, (C) 

chlorophyll b content per cell, (D) chlorophyll a:b ratio in WT, lca1 and lca2 strains 



Johansson et al. 2020 

 44 

grown under low, medium and high light (20, 100, 1200 µmol photons m-2 s-1). Trended 

changes (dashed line) were calculated from linear regressions to the average result 

for biological triplicates under each light level. Error bars are one standard deviation. 
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