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Abstract  1 

As a potential biofuel feedstock, the marine microalga, Heterosigma akashiwo, 2 

accumulates significant lipids, is capable of long-term growth in outdoor 3 

photobioreactors, and is an excellent candidate for the bioremediation of industrial 4 

emissions. Here, we evaluated resource partitioning in H. akashiwo growing on a CO2 5 

and NO gas mixture under three light intensities: 160, 560, or 1200 μmol quanta m-2 s-1. 6 

Light levels had no effect on growth; however, cultures in high light accumulated 2.3-7 

fold more carbohydrates and 17% fewer lipids. Light levels did not affect the percentage 8 

of saturated fatty acids, but mono-unsaturates increased by 6% and poly-unsaturates 9 

decreased by 12% in high light. The fatty acid profiles reported here suggest that H. 10 

akashiwo is a good candidate for the production of neutral lipids for biodiesel and also 11 

omega-3 fatty acids, and that the quality of biodiesel acquired from feedstocks grown 12 

under fluctuating light conditions would be relatively stable. 13 

Keywords: Heterosigma, biofuel, irradiance, carbohydrate, bioremediation 14 

 15 

1. Introduction 16 

Microalgae are receiving significant attention as a viable feedstock for the 17 

production of sustainable biofuels and bioproducts, but algae-derived commodity 18 

products are not yet cost competitive with their petroleum-derived counterparts (Davis et 19 

al., 2014). Since biomass production accounts for 73% of the final selling price for algal 20 

biofuels (Davis et al., 2012), reducing costs associated with farming algae will be 21 

essential for overcoming the barriers to economic production of algal bioproducts.  22 

CO2 supplementation is a costly requirement for commercial biomass production 23 

due to carbon limitation at atmospheric CO2 levels (Benemann 2013), so developing 24 
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innovative CO2 utilization strategies could decrease operating costs significantly. 25 

Utilizing waste CO2 from industrial emissions (i.e. flue gases) would have the dual 26 

advantage of simultaneously decreasing biomass production costs while also mitigating 27 

the effects of harmful greenhouse gas emissions. Fossil fuel-burning power plants are 28 

responsible for over 30% of total greenhouse gas emissions in the United States, and 29 

Environmental Protection Agency’s Clean Power Plan supports the use of algae-based 30 

carbon capture and reuse technologies for power plants to meet new emissions standards 31 

(EPA, 2015).  32 

In addition to CO2, flue gas also contains cytotoxic nitrogen oxides (NOx, >90% 33 

as nitric oxide), and the reaction products of NOx emissions, ozone (O3) and nitrous 34 

oxide (N2O), are also potent greenhouse gases (EPA 2014). Previously, we have shown 35 

that the marine microalga, Heterosigma akashiwo (Raphidophyceae), is an excellent 36 

candidate for the bioremediation of industrial emissions, since this alga has the ability to 37 

metabolize gaseous nitric oxide (NO) as a nitrogen source (Stewart and Coyne, 2011), 38 

and that cultivation on a model flue gas had a positive effect on the growth and 39 

productivity of biofuel intermediates in this organism (Stewart et al., 2015).  Elsewhere, 40 

H. akashiwo has been identified as a promising biofuel feedstock (Fuentes-Grünewald et 41 

al., 2009) that accumulates significant lipid reserves (Fuentes-Grünewald et al., 2012) and 42 

is capable of stable long-term growth in outdoor photobioreactors (Fuentes-Grunewald et 43 

al., 2013). Harnessing both CO2 and NOx emissions from flue gas as carbon and nitrogen 44 

nutrient sources for the growth of microalgae could theoretically reduce operating costs 45 

for biomass production by 50% (Douskova et al., 2009; Nagarajan et al., 2013), making 46 

H. akashiwo an attractive candidate for large scale cultivation. 47 
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H. akashiwo is a robust organism that is found in temperate and subtropical 48 

regions worldwide (Tobin et al., 2013). Under natural conditions, this alga preferentially 49 

migrates to the water surface at mid-day (peak light), and naturally blooms in surface 50 

waters where light can exceed 2000 µmol quanta m-2 s-1 (Handy et al., 2005). H. akashiwo 51 

can grow under a wide range of salinities (5-30 psu), temperatures (4-30 °C), and nutrient 52 

regimes (Zhang et al., 2006). The ability of H. akashiwo to maintain growth under 53 

suboptimal conditions may be due in part to its high photosynthetic efficiency and its 54 

ability to rapidly exploit high-light and stratified-light environments (Hennige et al., 55 

2013).  56 

Light intensity has been shown to alter fatty acid composition (e.g. Solovchenko 57 

and Khozin-Goldberg, 2013) and starch synthesis (e.g. Li et al., 2010) in microalgae. 58 

Under saturating irradiances, many microalgae alter their lipid biosynthetic pathways to 59 

accumulate saturated and mono-unsaturated fatty acids (e.g. Hu et al., 2008). Saturated 60 

fatty acids are the precursors to quality biodiesel, but supplying maximum light intensity 61 

without inducing photodamage presents a difficult challenge. H. akashiwo resists 62 

photodamage by rapidly acclimating to high-light intensities by utilizing cellular 63 

mechanisms to induce photoprotection, such as nonphotochemical quenching and 64 

reduced PSII reaction center connectivity (Hennige et al., 2013). These photo-protective 65 

mechanisms make H. akashiwo a good candidate for the optimization of lipid quality and 66 

quantity by light manipulation. 67 

 Here, we examined the effect of light intensity on resource partitioning and the 68 

production of biofuel intermediates in H. akashiwo previously acclimated to growth on a 69 

simulated flue gas. High light intensities did not inhibit the growth of H. akashiwo, and 70 



 5 

did not significantly alter the calculated biodiesel quality of H. akashiwo-derived 71 

FAMEs. After theoretical extraction of high value eicosapentaenoic acid (EPA; 72 

C20:5n3), the calculated values for cetane number (CN) met the American Society for 73 

Testing Materials (ASTM) minimums for 100% biodiesel stocks. 74 

2. Materials and Methods 75 

2.1. Culture Conditions 76 

Stocks of Heterosigma akashiwo CCMP 2393 (NCMA; Boothbay Harbor, ME) were 77 

maintained in 20 ppt salinity f/2 (-Si) medium (Guillard, 1975) buffered at pH 7.4 with 20 78 

mM HEPES (Sigma-Aldrich, St. Louis, MO, USA) at 25 °C on a 12:12 hour light: dark 79 

cycle with an irradiance of 100 μmol quanta m-2 s–1, and bubbled with a model flue gas 80 

(12% CO2, 150 ppm NO, balanced in N2; Praxair Technologies, Danbury, CT, USA) for 81 

3 months before the experiment.  82 

 83 

2.2. Experimental Design 84 

Replicate cultures (500 mL; N=4) were acclimated to increasing PAR levels: 160, 85 

560, or 1200 μmol quanta m-2 s–1 (herein defined as low-, medium-, and high-light, 86 

respectively) on a 12:12 hour light: dark cycle. After six weeks of growth at the 87 

respective light intensity, replicate cultures were maintained semi-continuously in 88 

exponential growth. Cultures were diluted to 150,000 cells/mL every other day. Cell 89 

counts, in vivo chlorophyll a (chl a), extracted chl a, and quantum efficiency of 90 

photosystem II (Fv/Fm) were measured every other day before cultures were diluted to 91 

monitor the cultures for steady state growth. Steady state growth was reached when cell 92 

counts and extracted chl a did not vary between dilution days by 5%. Samples were 93 
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collected for analysis of total lipid content, fatty acid composition, carbohydrate and 94 

protein content, and particulate carbon and nitrogen after 10 days of steady state growth. 95 

For cell counts, cells were fixed in a 2% gluteraldehyde solution then counted on a 96 

hemeocytometer. Growth rates were calculated as: 97 

μ=Ln(N2/N1)]/(t2-t1), 98 

where N is the cell number (cells/mL) and t is the time in days.  99 

In vivo chl a fluorescence was measured using an AquaFluor handheld 100 

fluorometer (Turner Designs, Sunnyvale, CA, USA). Chl a was extracted overnight at -20 101 

°C in 90% acetone and measured using a 10AU field fluorometer (Turner Designs, 102 

Sunnyvale, CA, USA).  103 

2.3. Fast Repetition Rate Fluorometry 104 

Maximum quantum yield of PSII fluorescence (Fv/Fm) was measured from a 1 ml 105 

sub-sample of culture using a Fast Repetition Rate fluorometer (FRRf, FastOcean FRR 106 

plus FastAct Laboratory System, Chelsea Technologies Group Ltd, United Kingdom). 107 

Samples were low-light acclimated for 20 min then dark acclimated for 2 min prior to 108 

measuring Fv/Fm as previously optimized for photosynthetic measurements of H. 109 

akashiwo (Hennige et al., 2013). For determination of electron transport rates, a bank of 110 

white LEDs within the FastAct was set to deliver an irradiance of 150, 500, or 1200 μmol 111 

quanta m-2 s–1 for a 5 min interval prior to the measurement. The electron transport rate 112 

(ETR) through photosystem II (PSII) in µmol e- m-2 s-1 was calculated as: 113 

ETR(PSII) = Fq’/Fm’ x E 114 
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where Fm’ is the maximal fluorescence yield in the light acclimated state, Fq’ is the 115 

difference between Fm’ and the steady state fluorescence measured under actinic light 116 

(i.e. F), and E is the incident photosynthetically active radiance (PAR).  117 

2.4. Transesterification and Analysis of Fatty Acids 118 

Fatty acid methyl esters (FAMEs) were prepared by acid catalyzed direct 119 

transesterification and analyzed by gas chromatography as previously described by 120 

Stewart et al. (2015).  121 

2.5. Total Lipid, Carbohydrate, and Protein Quantification 122 

Total lipids, carbohydrates, and proteins were quantified by colorimetric methods 123 

as previously described by Stewart et al. (2015). 124 

2.6. Particulate Carbon and Particulate Nitrogen 125 

Particulate carbon and particulate nitrogen were quantified using a particulate 126 

autoanalyzer (Costech Elemental Analyzer, Costech Analytical Technologies) and 127 

standard techniques (Hutchins, 2002). Briefly, the algal cultures were filtered onto 128 

precombusted GF/F Whatman glass-fiber filters, stored at -80 °C then dried in an 80 °C 129 

oven prior to analysis. Phenylalanine and ethylenediaminetetraacetic acid were used as 130 

standards.  131 

2.7. Estimation of Biodiesel Parameters 132 

The saponification number (SN), iodine number (IN), and cetane number (CN) 133 

were estimated using empirical formulas from Lei et al. (2012) as previously described 134 

by Stewart et al. (2015). 135 
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2.8. Statistical Analysis 136 

The experiment was performed in replicate (N=4) for each light level. Data 137 

represents means ± standard deviations.  Statistical analysis was performed using JMP 138 

Pro v12 software (SAS, Cary, NC, USA). Prior to comparison of means, data were 139 

assessed for normality and equality of variance. Raw data that did not meet assumptions 140 

of equal variance (by Levene’s test) and/or normality (by the Shapiro-Wilk W test) were 141 

transformed prior to statistical analysis. A p-value < 0.05 was used as the standard for 142 

statistical significance. One-Way Analysis of Variance (ANOVA) was used to determine 143 

statistical significance among the light levels followed by Tukey’s HSD post hoc 144 

analysis. For non-parametric analyses, the Kruskal-Wallis Rank Sums test was applied 145 

followed by Steel-Dwass post hoc analysis. 146 

3. Results and Discussion 147 

3.1. Growth Rates and Photosynthesis 148 

In this study, H. akashiwo was cultured with a model flue gas under light 149 

intensities ranging from 160 to 1200 μmol quanta m-2 s–1. Previous studies on algae have 150 

shown that irradiance above the level of light saturation will cause a decrease in growth 151 

rate due to photoinhibition (Rawat et al., 2013).  In contrast, there were no significant 152 

differences in growth rates or biomass among the light intensities used in this study 153 

(Table 1), showing that H. akashiwo (CCMP 2393) is not photoinhibited at intensities 154 

equal to or below 1200 μmol quanta m-2 s-1. For each treatment, the maximum electron 155 

transport rate through photosystem II (ETR(PSII)) increased with exposure to increasing 156 

PAR settings in H. akashiwo (Fig. 1), similar to the response of another closely related 157 

raphidophyte, Chattonella subsalsa (Warner and Madden, 2007). Notably, ETR(PSII) 158 
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values for low-light acclimated cultures were significantly higher than or equal to those 159 

for cultures acclimated at medium- and high-light levels when exposed to any of the three 160 

PAR settings (P < 0.02). For a given PAR intensity (150, 500, or 1200 μmoles quanta m-2 161 

s-1), there were no significant differences between ETR(PSII) for the medium- and high-162 

light acclimated cultures. Within treatments, ETR(PSII) peaked when exposed to 500 163 

μmoles quanta m-2 s-1 for both the low-light and high-light acclimated cultures (P < 0.01), 164 

while ETR(PSII) was highest when exposed to 1200 μmoles quanta m-2 s-1 for the medium 165 

light acclimated culture (P < 0.001). These results corroborate previous work, which 166 

showed that this strain of H. akashiwo rapidly acclimates to shifts in light intensity by 167 

utilizing novel photoprotection strategies that enable the alga to exploit high-light 168 

regimes in order to rapidly increase growth rates (Hennige et al., 2013). Since light 169 

saturation was not observed for the light levels used in the current study, further studies 170 

on the photobiology of H. akashiwo at very high light intensities (>1200 μmoles quanta 171 

m-2 s-1) would be valuable. 172 

Stable growth rates and rapid ETR responses across light levels are key attributes 173 

for successful large-scale cultivation of microalgae in an outdoor commercial setting, 174 

where light intensity fluctuates with the weather. Open raceway ponds are commonly 175 

used during the mass cultivation of microalgae for biodiesel; however, light limitation 176 

due to shading in dense cultures contributes to the low productivities typically seen in 177 

open ponds (Rawat et al., 2013). Presumably, the ability of H. akashiwo to rapidly exploit 178 

fluctuating light intensities contributes to the formation of high-density algal blooms in 179 

the natural environment (Hennige et al., 2013). Our study indicates that H. akashiwo 180 

could be equally productive at the pond surface where irradiance is very high, as well as 181 
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below the surface where irradiance is attenuated, and would also be able to exploit the 182 

rapidly changing light levels that are characteristic of turbulent mixing conditions. 183 

3.2. Resource Partitioning 184 

The biochemical composition (protein, lipid, and carbohydrate) of H. akashiwo 185 

varied with light intensity (Fig. 2). Carbohydrate content (pg/cell) was the predominant 186 

biochemical constituent for all light treatments, which is not surprising as β-1, 3-glucans 187 

are the main storage products of photosynthesis in H. akashiwo (Takahashi et al., 2013). 188 

Compared to H. akashiwo grown in low light, the cultures grown in high light 189 

accumulated 2.3-fold more carbohydrates (P < 0.05) and 17% fewer lipids (P < 0.01; Fig. 190 

2). The decrease in lipids observed here is in contrast to the general trend for microalgae, 191 

where lipid content increases with light intensity.  Our data reinforces the hypothesis that 192 

carbohydrates are the preferred energy storage molecules in H. akashiwo when neither 193 

light nor CO2 are limiting. Carbohydrate accumulation is a more efficient energy storage 194 

strategy because less ATP and NAD(P)H per carbon are required for carbohydrate 195 

synthesis versus TAG synthesis (reviewed in Subramanian et al., 2013). Although TAGs 196 

have a higher energy density than storage carbohydrates, it is not enough to compensate 197 

for the energy invested in TAG synthesis (Subramanian et al., 2013).  198 

The particulate carbon to particulate nitrogen ratio (C/N) in the high-light 199 

treatment was significantly higher than in the low-light treatment (6.33 ± 0.2 and 5.48 ± 200 

0.06, respectively; P < 0.01; Table 1). Neither carbon nor nitrogen content (pg/cell) 201 

varied significantly between low- and high-light treatments, but H. akashiwo grown in 202 

low-light produced 2.8-fold more chl a (P < 0.03; Fig. 2) and the accumulation of 203 

carbohydrates in H. akashiwo grown under high light coincided with a trend in 204 
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decreasing protein content. These results suggest that H. akashiwo may be partitioning 205 

nitrogen into nitrogen-containing carbohydrates rather than protein at higher irradiances 206 

(e.g. Chizhov et al., 1998). Additionally, Hennige et al. (2013) noted that one of H. 207 

akashiwo’s strategies for photoprotection in response to high-light might occur through a 208 

shift in metabolic demands, where the cell maintains a high carbohydrate to protein ratio 209 

and high respiration rate to compensate for low non-photochemical quenching (NPQ). 210 

Therefore, the extreme accumulation of carbohydrates in response to increasing light seen 211 

here may be a contributing factor to the success of the alga at 1200 μmoles quanta m-2 s-1 212 

and the apparent lack of light saturation at this level. 213 

3.4. Fatty Acid Analysis and Biodiesel Quality 214 

Fatty acid profiles were determined to assess the effects of light intensity on the 215 

biodiesel potential of H. akashiwo (Fig. 3). The major fatty acids (>5% total FAMEs) in 216 

all three treatments were myristic (C14:0), palmitic (C16:0), palmitoleic (C16:1), 217 

linolenic (C18:3), stearidonic (C18:4), and eicosapentaenoic (C20:5n3, EPA). Light 218 

levels did not affect the percent of SAFAs, but MUFAs increased by 6% (P < 0.03) and 219 

PUFAs decreased by 12% (P < 0.05) from low-light to high-light (Table 2). At the 220 

individual fatty acid level, a significant increase in the synthesis of C14:0 (5.1%), C16:0 221 

(5.5%) and C16:1 (4.3%) and a concurrent significant decrease in C18:4 (7.0%) and 222 

C20:5n3 (3.9%) was observed with increasing light levels (P < 0.05). These results agree 223 

with other studies that have shown that PUFAs are reduced under high-light conditions, 224 

since they are the major structural lipids of thylakoid membranes, while SAFAs and 225 

MUFAs are stored as triacylglycerol in cytosolic lipid bodies (Richmond and Hu, 2013). 226 

Additionally, the significant increase in C14:0 with increasing light can be explained by 227 
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its requirement for the synthesis of C16:0, since C14:0 is linked to the fatty acid synthase 228 

enzyme prior to the two carbon elongation cycle that produces C16:0. Here, it appears 229 

that the significant changes in individual fatty acid content are driven by the 230 

photosynthetic requirements of cultures growing under different light regimes. 231 

In microalgae, only fatty acids that form triacylglycerides are easily converted 232 

into biodiesel, and the fatty acid composition of these neutral lipids determines biodiesel 233 

quality. Therefore, FAME profiles and empirical formulas may be used to estimate a 234 

cetane number (CN), which is the primary indicator of diesel quality that measures the 235 

ignition delay when diesel is injected into a combustion chamber (Lei et al., 2012). A 236 

higher CN indicates a shorter ignition time. The American Society for Testing Materials’ 237 

minimum CN requirement is 40 for blended (6% to 20%) biodiesel and 47 for 100% 238 

biodiesel (ASTM, 2014). In the present study, light levels did not significantly affect CN, 239 

and the CNs for FAMEs derived from medium- and high-light cultures were appropriate 240 

for blended biodiesel stocks (Table 3). Since CN increases with increasing fatty acid 241 

chain length and decreases with increasing degree of unsaturation, EPA (C20:5n3), which 242 

was the third most abundant fatty acid in all three treatments, decreased the estimated CN 243 

for H. akashiwo-derived FAMEs.  EPA is an economically valuable omega-3 fatty acid, 244 

and it is commercially feasible to recover about 70% of the EPA fraction (Molina Grima 245 

et al., 2003). Based on this assumption, removal of EPA would increase the CN value to 246 

between 48-53 for all treatments, which is above the US standard for 100% biodiesel 247 

(Table 3). These estimated values are on par with the CN of soybean oil (51), currently 248 

used for biodiesel in the United States (Hu et al. 2008).  249 
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4. Conclusions 250 

Overall, the fatty acid profiles reported in this study suggest that H. akashiwo is a 251 

good candidate for the production of biodiesel and EPA as a valuable co-product. 252 

Additionally, the quality of biodiesel acquired from H. akashiwo grown under fluctuating 253 

light conditions would be relatively stable. Cultures were not photoinhibited, nor did they 254 

reach light saturation at 1200 μmoles quanta m-2 s-1, indicating that H. akashiwo would 255 

perform well in outdoor conditions. Our results also reinforce that carbohydrates are the 256 

preferred energy storage molecules in H. akashiwo, which may be a good source of 257 

fermentable carbon for bioethanol production. 258 
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Figure Captions 

Fig. 1. Electron transport rates for cultures of H. akashiwo previously acclimated to 160, 

560, or 1200 μmol quanta m-2 s–1 after dark acclimation and a subsequent 5 min exposure 

to 150, 500 or 1200 μmol quanta m-2 s–1.  

 

Fig. 2. Carbohydrate, lipid, protein, and chl a contents of H. akashiwo acclimated to 160, 

560, or 1200 μmol quanta m-2 s–1.  

 

Fig. 3. Fatty acid profiles of H. akashiwo acclimated to 160, 560, or 1200 μmol quanta m-

2 s–1.  
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Tables and Figures 

 

Table 1 

Growth rates, biomass, and cellular carbon and nitrogen contents in H. akashiwo 

acclimated to 160, 560, or 1200 μmol quanta m-2 s–1.  

  160 560 1200 

Growth Rate (µ) 0.20 ± 0.04 0.22 ± 0.04 0.18 ± 0.02 

Dry Weight (g/L) 0.27 ± 0.12 0.20 ± 0.11 0.26 ± 0.08 

Carbon (pg/cell) 819 ± 40 (a) 500 ± 60 (b) 952 ± 270 (a) 

Nitrogen (pg/cell) 174 ± 9 (a) 98 ± 18 (b) 176 ± 55 (a) 

C/N (mol/mol) 5.48 ± 0.06 (a) 5.96 ± 0.6 (ab) 6.33 ± 0.2 (b) 

*Values within rows followed by different letters are significantly different (P < 0.05, 

Tukey’s HSD test) 

 

 

 

 

 

 

Table 2 

Fatty acid saturation type as a percentage of total fatty acid methyl esters in H. akashiwo 

acclimated to 160, 560, or 1200 μmol quanta m-2 s–1.  

  160 560 1200 

Saturated 41 ± 5  46 ± 6 47 ± 1  

Monounsaturated 15 ± 3 (a) 17 ± 1 (ab) 21 ± 3 (b) 

Polyunsaturated 44 ± 5  (a) 37 ± 7 (ab) 32 ± 4  (b) 

*Values within rows followed by different letters are significantly different (P < 0.05, 

Tukey’s HSD test) 
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Table 3 

Calculated parameters for potential biodiesel quality of FAMEs derived from H. 

akashiwo acclimated to 160, 560, or 1200 μmol quanta m-2 s–1.  

  160 560 1200 

Iodine Number 172 ± 18 148 ± 24 131 ± 11 

Saponification Number 204 ± 2 (a) 207 ± 3  (ab) 210 ± 1 (b) 

Cetane Number 34 ± 4 39 ± 5 42 ± 2 

Cetane Number without 20:5n3* 48 ± 2 52 ± 3 53 ± 2 

*Assuming 70% recovery efficiency of 20:5n3  

**Values within rows followed by different letters are significantly different (P < 0.05, 

Tukey’s HSD test) 

 

 

 










