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Heterosigma akashiwo is an excellent candidate for growth on industrial emissions
since this alga has the ability to metabolize gaseous nitric oxide (NO) into cellular
nitrogen via a novel chimeric protein (NR2-2/2HbN) and also tolerates wide fluctuations
in temperature, salinity, and nutrient conditions. Here, we evaluated biomass produc-
tivity and composition, photosynthetic efficiency, and expression of NR2-2/2HbN for
Heterosigma growing on simulated flue gas containing 12% CO2 and 150ppm NO.
Biomass productivity of Heterosigmamore than doubled in flue gas conditions compared
to controls, reflecting a 13-fold increase in carbohydrate and a 2-fold increase in protein
productivity. Lipid productivity was not affected by flue gas and the valuable omega-3 fatty
acids, eicosapentaenoic acid and docosahexaenoic acid, constituted up to 16% of total
fatty acid methyl esters. Photochemical measurements indicated that photosynthesis
in Heterosigma is not inhibited by high CO2 and NO concentrations, and increases in
individual fatty acids in response to flue gas were driven by photosynthetic requirements.
Growth rates and maximum cell densities of Heterosigma grown on simulated flue gas
without supplemental nitrogen, along with a significant increase inNR2-2/2HbN transcript
abundance in response to flue gas, demonstrated that nitrogen derived from NO gas is
biologically available to support enhanced CO2 fixation. Together, these results illustrate
the robustness of this alga for commercial-scale biomass production and bioremediation
of industrial emissions.

Keywords: bioremediation, biofuel, algae, carbon dioxide, nitric oxide, raphidophyte, biomass

Introduction

The globally distributed algal species Heterosigma akashiwo (Y. Hada) Y. Hada ex Y. Hara &
M. Chihara (Hara and Chihara, 1987) is a unicellular chromophyte alga within the class Raphido-
phyceae and is well known for forming dense blooms in coastal and estuarine systems worldwide
(Zhang et al., 2006; Martínez et al., 2010). Heterosigma has been identified as a promising candidate
for the production of high quality biodiesel and is capable of achieving a higher total lipid content
than several othermicroalgal species traditionally used in biodiesel production (Fuentes-Grünewald
et al., 2013; 2012; 2009). This robust organism tolerates wide fluctuations in temperature, salinity,
and nutrient conditions (Martínez et al., 2010), suggesting that this alga would be a viable option
for commercial-scale biomass production. Heterosigma is also an excellent candidate for growth on
industrial emissions (i.e., “flue gases”), since this alga has the ability to metabolize gaseous NO into
cellular nitrogen via a novel chimeric protein, NR2-2/2HbN (Stewart and Coyne, 2011).
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Developing innovative CO2 utilization strategies is essential
for overcoming the barriers to economic and sustainable algal
biomass production, since CO2 supplementation is a require-
ment for commercial biomass production due to carbon limi-
tation at atmospheric CO2 levels (Benemann, 2013). Utilizing
flue gas CO2 would have the dual advantage of simultane-
ously decreasing biomass production costs while also mitigating
the effects of harmful greenhouse gas emissions. CO2 accounts
for 82% of anthropogenically derived greenhouse gas emissions
in the United States (EPA, 2012), and it is widely accepted
that remediation of CO2 emissions is essential for mitigat-
ing global climate change. In addition, flue gas also con-
tains cytotoxic nitrogen oxides (NOx,> 90% as nitric oxide),
and the reaction products of NOx emissions, ozone (O3) and
nitrous oxide (N2O), are also potent greenhouse gases (EPA,
2014). Harnessing both CO2 and NOx emissions from flue
gas as nutrient sources for Heterosigma growth could the-
oretically reduce operating costs for biomass production by
50% (Douskova et al., 2009; Nagarajan et al., 2013).

Utilization of industrial CO2 for algal growth has been investi-
gated for a variety of algal species, including Spirulina sp. (Chen
et al., 2012), Chlorella sp. (Doucha et al., 2005; Douskova et al.,
2009; Borkenstein et al., 2011; Chiu et al., 2011), and Dunaliella
sp. (Harter et al., 2013). The green alga, Scenedesmus sp., is able
to grow in high CO2 and NOx environments and is currently
being evaluated for growth on industrial emissions (Jin et al.,
2008; Santiago et al., 2010; Basu et al., 2013; Jiang et al., 2013;
Lara-Gil et al., 2014;Wilson et al., 2014). Continued identification
and characterization of algal species that thrive in these harsh
conditions is a critical step toward economically viable production
of algal biofuels and bioproducts. To address this critical research
gap, we evaluated biomass productivity, cellular composition,
photosynthetic efficiency, and expression of NR2-2/2HbN for H.
akashiwo growing on simulated flue gas containing 12% CO2 and
150 ppm NO. Results of this work will support the development
of commercial platforms for cultivating algal biomass on flue gas
for the biofuels and bioproducts industries.

Materials and Methods

Strains and Experimental Culture Conditions
H. akashiwo CCMP 2393 (NCMA; Boothbay Harbor, ME, USA)
was maintained in seawater diluted to a salinity of 20 ppt and
amended with f/2 nutrients (-Si) (Guillard, 1975), buffered with
20mM HEPES (pH= 7.35), and grown at room temperature and
an irradiance of ~80 µmol quanta m-2 s-1 on a 12:12 h light:dark
cycle. Light provided by cool white fluorescent bulbs was mea-
sured using an LI-250A lightmeter (LI-CORBiosciences, Lincoln,
NE, USA) placed against the external wall of the culture ves-
sel at a point closest to the light source. Cultures were grown
in 1 L narrow-mouth polycarbonate bottles (diameter= 99mm;
Thermo Fisher Scientific, Waltham, MA, USA) sealed with screw
caps retrofittedwith inlet and outlet ports attached to PTFE tubing
(3/16′′ ID, 1/4′′ OD, 1/32′′ wall). Cultures were bubbled contin-
uously (2mLmin-1) with compressed air (control) or a simulated
flue gasmixture consisting of 12%CO2 and 150 ppmNObalanced
in N2 through rigid PTFE tubing that extended to the bottom of

the vessel. The headspace was vented through a short piece of
PTFE tubing stuffed with cotton fitted to the outlet port.

Cultures were maintained in batch growth under experimental
conditions for five cycles (35 days) by replacing culture with fresh
media every 7 days to achieve an initial density of 180,000 cells/mL
at the start of each batch cycle. During the sixth cycle, replicate
cultures (500mL; n= 4) were sampled during mid-log growth
for analysis of total carbohydrate, protein and lipid content, lipid
profiles, gene expression, seawater chemistry, particulate carbon
and nitrogen, and photochemistry as described below.

In a separate experiment, cells acclimated to growth on either
air or simulated flue gas for five cycles were used to seed replicate
cultures (500mL; n= 4) and cultivated in modified f/2 media
containing either 0 or 220 µM sodium nitrate (NaNO3). Growth
was monitored daily for 12 days using an improved neubauer
hemocytometer (Thermo Fisher Scientific) to calculate cell den-
sity. Specific growth rate (µ) was calculated using the following
equation:

µ = [Ln (N2 ÷ N1)]÷ (t2 − t1) (1)

where N2 and N1 are cell densities (cells/mL) at t2 and t1,
respectively.

Cell Counts, Cell Size, and Cell Weight
Cell counts and cell sizes were determined using a Multisizer 3
Coulter Counter (Beckman Coulter, Indianapolis, IN, USA). Dry
weight (DW) was determined from a calibration curve of DW
(mg/L) versus cell counts (cells/mL) of serially dilutedH. akashiwo
harvested during exponential growth. Specifically, triplicate sam-
ples of each dilution were filtered onto pre-combusted and pre-
weighed GF/F glass fiber filters (Whatman/GE Lifesciences, Pitts-
burg, PA, USA) and washed with 0.5M ammonium bicarbonate
to remove salts. Samples were dried at 90°C to constant weight to
obtain DW. Cell concentrations (cells/mL) obtained during the
experiment were then converted to DW (mg/L) equivalents. Vol-
umetric productivity (mg L-1 day-1) for biomass and biochemical
constituents was calculated using the following equation:

Productivity = (N2 − N1)÷ (t2 − t1) (2)

whereN2 andN1 are biomass or biochemical constituent concen-
trations (mg L-1) at t2 and t1, respectively.

Carbon Chemistry
Culture samples were collected in glass vials fitted with conical
caps, preserved with 5% HgCl2, and stored at 4°C until anal-
ysis. Dissolved inorganic carbon (DIC) was determined by the
method of Sharp et al. (2009) using a custom built acid sparging
instrument described in Friederich et al. (2002) fitted with a high
precision flow control infrared analyzer (LI-COR Biosciences).
Partial pressure of CO2 was calculated fromDIC and pH using the
CO2calc application version 1.0.3. Calculations were preformed
using the GEOSECS (Li et al., 1969) option for acidity constants,
the borate acidity constant of Dickson (1990), and the seawater
pH scale.
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Expression of NR2-2/2HbN
Cultures were filtered on 3-µm polycarbonate membrane fil-
ters and immediately submerged in Buffer RLT (Qiagen, Ger-
mantown, MD, USA) for gene expression analysis. Total RNA
was extracted using the RNEasy Plant Mini Kit (Qiagen) and
resuspended in RNase-free water. The purity of total RNA was
analyzed spectroscopically (Nanodrop, Thermo Fisher Scientific)
and RNAwas treated with DNase I (Invitrogen/Life Technologies,
Grand Island, NY, USA) as previously described (Coyne and
Cary, 2005). Approximately 1 µg of DNase-treated total RNA was
reverse transcribed with oligodT primer using the Superscript
III First Strand Synthesis System (Invitrogen). Duplicate reac-
tions for each DNase-treated RNA sample without reverse tran-
scriptase were also evaluated by PCR. Transcript abundances for
nitrate reductase (NR2-2/2HbN) and glyceraldehyde 3-phosphate
dehydrogenase (HaGAP, as a reference gene) were determined
by quantitative real time-PCR using the Stratagene MX3005P
Sequence Detection System (Agilent Technologies, Santa Clara,
CA, USA) as previously described (Stewart and Coyne, 2011).

Total Lipid, Protein, and Carbohydrate
Quantification
Culture was centrifuged for 5min at 4000 RPM using a swinging
bucket rotor centrifuge (Thermo Fisher Scientific). Total lipid
content was determined using the colorimetric sulfo-phospho-
vanillin assay for microalgae as described by Cheng et al. (2011)
and optimized during this study for H. akashiwo. Lipids were
extracted from centrifuged algal cells using themethod developed
by Folch et al. (1957). Briefly, the frozen algal pellet was homog-
enized with a 2:1 chloroform-methanol mixture then washed
with 0.2 volumes of 0.05 M NaCl in deionized water, making a
final critical ratio of 2:1:0.8 chloroform-methanol-sodium chlo-
ride solution. For the assay, 100 µL of the lower phase containing
the pure lipid extract or corn oil standards containing 5–160 µg
lipids in chloroform were added directly to a 96-well PCR plate.
Methanol was added to each well to obtain a 2:1 chloroform-
methanol ratio. The solvent was evaporated by placing the plate in
a warm water bath, and then 100 µL of concentrated sulfuric acid
was added to each well. The plate was then incubated at 90°C for
20min and cooled on ice for 2min. Equal volumes of samples and
standards were transferred to a 96-well polypropylene microplate
(Costar, Corning Life Sciences, Tewksbury, MA, USA) and back-
ground absorbance was measured at 540 nm. Vanillin-phosphoric
acid reagent (0.2mg/mL vanillin in 17% phosphoric acid) was
immediately added to obtain a final vanillin concentration of
0.06mg/mL. After 5min of color development, the absorbance
was measured at 540 nm on an Omega Star Microplate Reader
(BMG LABTECH, Ortenburg, Germany) and total lipid content
was determined by linear regression using corn oil standards.

Proteins were extracted from the centrifuged algal cells by son-
ication in 200mM potassium phosphate buffer. Total protein was
measured using the BCA Protein Assay Kit (Pierce, Rockford, IL,
USA) according tomanufacturer instructions and protein content
was determined by linear regression analysis.

Carbohydrate content was determined using the phenol-
sulfuric acid colorimetric method described by Dubois et al.
(1956). Centrifuged algal cells were re-suspended in deionized

water, and phenol and sulfuric acid were added to give a final
concentration of 0.66% and 13.0M, respectively. Samples were
incubated in a room temperature water bath for 30min, and then
transferred to a 96-well plate and the absorbance was measured at
482 nm on an Omega Star Microplate Reader (BMG LABTECH).
Carbohydrate content was determined by linear regression using a
standard curve of known glucose concentrations (range 0–3mM).

Particulate Carbon and Nitrogen Analysis
Particulate organic carbon and particulate organic nitrogen were
quantified using a particulate autoanalyzer (Costech Elemental
Analyzer, CostechAnalytical Technologies, Valencia, CA,USA) as
described by Hutchins et al. (2002). Briefly, 5mL of culture were
filtered onto pre-combusted GF/F Whatman glass-fiber filters,
stored at -80°C and dried in an 80°C oven prior to analysis.
Phenylalanine and ethylenediaminetetraacetic acid were used as
standards.

Photosynthetic Physiology
Cultures were filtered ontoGF/A glass fiber filters and chlorophyll
a (chl a) was extracted in 5mL of 90% acetone for 24 h at −20°C.
Chl a fluorescence was measured on a Turner 10-AU fluorometer.
A 1mL subsample of culture was held under low light conditions
for 20min and dark adapted for 2min (Hennige et al., 2013), prior
to measuring fluorescence with a Fast Repetition Rate Fluorome-
ter (FRRf; Chelsea Technologies Group, West Molesey, UK). The
following photosynthetic parameters were quantified (Cosgrove
and Borowitzka, 2011): maximum photochemical efficiency of
PSII (Fv/Fm), the functional absorption cross section of PSII (σ),
energy transfer between PSII units (p), the time constant for reox-
idation of QA acceptor in the PSII reaction center (τ), minimum
fluorescence (Fo), and maximum (Fm) fluorescence.

FAME Analysis
Fatty acid methyl esters (FAMEs) were prepared by acid cat-
alyzed direct transesterification (Ichihara and Fukubayashi, 2010).
Briefly, the lyophilized cells were re-suspended in 0.2mL toluene.
Then 1.5mL methanol and 0.3mL 8% (w/v) HCl in methanol
solution were added to the mixture. This solution was incu-
bated at 45°C overnight. FAMEs were subsequently extracted
in 1mL hexane. Tridecanoic acid (C13:0; final concentration of
30.1 µM) was added as an internal standard. Extracted FAMEs
were stored at -20°C until analysis. FAMEs were analyzed by gas
chromatography on a Hewlett Packard HP 5890 Series equipped
with a flame ionization detector and a Zebron ZB-Wax column
(60m× 0.32mm× 0.25 µm, Phenomenex, Torrance, CA, USA).
Supelco 37 component FAMEmix (Sigma Aldrich, St. Louis, MO,
USA) was used as a standard for fatty acid identification and
quantification. FAMEs were resolved using splitless injection and
heating the column as follows: initial oven temperature 190°C,
increased by a 15°C/min to 250°C, and held at 250°C for 25min.

Estimation of Biodiesel Parameters
The following equations were used to estimate saponification
number (SN, Eq. 3), iodine number (IN, Eq. 4), and cetane
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number (CN, Eq. 5) (Lei et al., 2012):

SN =
∑

(560× Pi)÷MWi (3)

IN =
∑

(254× D× Pi)÷MWi (4)

CN = 46.3+ 5458÷ SN− 0.225× IN (5)

where Pi is the weight percent of each FAME, MWi is the molec-
ular weight of each FAME, and D is the number of double bonds
in each FAME.

Statistical Analysis
Statistical analysis was performed using JMP Pro v11.2 software
(SAS, Cary, NC, USA). Prior to comparison of means, data were
assessed for normality and equality of variance. Raw data that did
not meet assumptions of equal variance (by Levene’s test) and/or
normality (by the Kolmogorov-Smirnov test) were transformed
prior to statistical analysis. Differences were determined to be
statistically significant when P< 0.05.

For mean comparisons of total carbohydrate, protein and lipid
content, lipid profiles, gene expression, seawater chemistry, par-
ticulate carbon and nitrogen, and photochemistry between air and
simulated flue gas cultures, SDs were calculated from the average
of replicates (n= 4) andmeans were compared using the Student’s
t-test. In cases where transformed data did not meet assumptions
of equal variance and normality, the non-parametric Wilcoxon
Rank-Sum test was used to compare means.

For mean comparisons of growth rate and maximum cell den-
sity between combinations of air, flue gas, 0 µM NaNO3, and
220 µM NaNO3, interaction effects were tested using a full fac-
torial two-way ANOVA. There were no significant interaction
effects for this dataset, so means were compared using a one-way
ANOVA with Tukey HSD post hoc analysis.

Results

Carbon Chemistry
pH was significantly lower for flue gas (6.916± 0.037) versus
air (7.336± 0.155) cultures (P< 0.01), which increased the pro-
portion of dissolved CO2 in the total DIC pool from 4.0% to
9.6% (Table 1). Flue gas treatment resulted in a large increase in
both DIC and pCO2 levels in cultures. Maximum pCO2 levels in
cultures treated with a model flue gas (12% CO2) were 82-fold
higher than cultures treated with atmospheric levels of CO2.

Expression of NR2-2/2HbN
Relative expression of the NR2-2/2HbN transcript significantly
differed between air grown cultures (1.4± 0.8) and flue gas cul-
tures (6.2± 1.8), resulting in a 4.4-fold increase in transcript
abundance in response to treatment conditions (P< 0.02).

Productivity
Total biomass productivity was significantly higher for flue
gas cultures [18.2 (±2.6)mg L-1 day-1] versus air cultures [7.0
(±1.9)mg L-1 day-1, P< 0.001). In addition to an increase in
growth rate, a significant increase in average cell diameter from

TABLE 1 | Carbon chemistry of Heterosigma akashiwo cultures bubbled
with air (control) or a simulated flue gas containing 12% CO2 and 150ppm
NO.

Air Flue Gas

DIC (µM) 223 (±53) 7767 (±259)
pCO2 (µatm) 282 (±112) 23,247 (±1317)
HCO−

3 (µmol/kgSW) 210 (±49) 6980 (±276)
CO2−

3 (µmol/kgSW) 3 (±1) 38 (±5)
CO2 (µmol/kgSW) 9 (±4) 748 (±42)

FIGURE 1 | Carbohydrate, lipid, and protein productivity for
Heterosigma akashiwo bubbled with air (control) or simulated flue gas
containing 12% CO2 and 150ppm NO. Data plotted are mean values±SD
(n= 4).

10.5 µm in air to 12.0 µm in flue gas cultures was also observed
(P< 0.03). The effect of flue gas on the productivity of biochemical
constituents varied (Figure 1). While there was a 13-fold increase
in carbohydrate (P< 0.001) and a 2-fold increase in protein
(P< 0.001), both total lipid productivity and cellular lipid compo-
sition (pg/cell basis, data not shown)were unaffected. Chlorophyll
a content also increased in flue gas cultures compared to controls
(1.09± 0.05 and 0.92± 0.09 pg/cell, respectively, P< 0.001). The
simultaneous increase in both carbohydrates and proteins was
reflected in the maintenance of C:N ratios between air (7.2± 0.7)
and flue gas (7.8± 0.9) cultures.

Photosynthetic Physiology
Dark-adapted photosynthetic measurements are summarized in
Table 2. Maximum photochemical efficiency of PSII (Fv/Fm) and
the rate of PSII re-oxidation (t) were both significantly lower
in flue gas cultures (P< 0.001), while the functional absorption
cross section (SPSII) did not change in response to flue gas. Both
minimum (Fo) andmaximum (Fm) raw fluorescence significantly
increased in flue gas cultures (P< 0.001), which coincided with a
significant increase in chl a content as previously noted.

FAME Analysis
The following fatty acids were the predominant constituents in
all growth conditions: C18:4, C16:0, C20:5n3, and C16:1. In
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TABLE 2 | Maximum photochemical efficiency of PSII (Fv/Fm), functional
absorption cross section (SPSII), rate of PSII re-oxidation (t), minimum (Fo)
and maximum (Fm) fluorescence measured in the dark for Heterosigma
akashiwo grown on air (control) or simulated flue gas (treatment).

Air Flue Gas

Fv/Fm 0.498 (±0.009) 0.458 (±0.002)
SPSII (Å

2 quantum-1) 1.10 (±0.03) 1.10 (±0.02)
t (µs) 708 (±8) 621 (±20)
Fo (RFU) 6144 (±1) 11,758 (±1)
Fm (RFU) 12,250 (±1) 21,764 (±1)

Error represents SD (n=4).

FIGURE 2 | Classification of fatty acid saturation as a percentage of
total fatty acid methyl esters (FAMEs) for Heterosigma akashiwo
bubbled with air (control) or simulated flue gas containing 12% CO2

and 150ppm NO. SAFA, saturated fatty acids; MUFA, monounsaturated
fatty acids; PUFA, polyunsaturated fatty acids. Data plotted are mean
values±SD (n= 4).

response to flue gas, the proportion of saturated fatty acids
(SAFA) significantly increased (P< 0.01), the proportion of
mono-unsaturated fatty acids (MUFA) significantly declined
(P< 0.001), while the proportion of polyunsaturated fatty acids
(PUFA) remained constant (Figure 2). The proportional compo-
sition of individual FAMEs in the total FAME pool showed that
the significant increase in total SAFA was driven by a 1.8-fold
increase in C14:0 (P< 0.001; Figure 3A). Conversely, the signifi-
cant decrease in total MUFAwas attributable to a decline in C17:1
and C22:1n9 (P< 0.02 in both cases). Total PUFA remained con-
stant due to balanced increases and decreases in several individual
PUFAs. Notably, the presence of C18:2n6 was only detected at a
low concentration in one air (control) replicate, but represented
2.2 (± 0.3)% of total FAMEs in response to flue gas. In addition,
the proportion of C18:4 also increased in response to flue gas
(P< 0.05) while both C20:5n3 and C22:2 declined (P< 0.005 and
P< 0.04, respectively).

When FAMEs are plotted on a cellular basis, additional patterns
emerged (Figure 3B). The predominant fatty acids (C18:4, C16:0,
C20:5n3, and C16:1) are all significantly increased on a per cell
basis in response to flue gas. There was a 1.83-fold increase in

FIGURE 3 | Fatty acid methyl ester (FAME) profile for Heterosigma
akashiwo bubbled with air (control) or simulated flue gas containing
12% CO2 and 150ppm NO. (A) Individual FAMEs are reported as mean
percent of total FAMEs±SD (n= 4). (B) Individual FAMEs are reported on a
per cell basis as mean pg/cell±SD (n= 4).

TABLE 3 | Calculated values for estimated biodiesel quality based on FAME
profiles for Heterosigma akashiwo grown on air (control) or simulated flue
gas (treatment).

Pre-extraction Post-extraction (70%) Post-extraction (100%)

Air Flue gas Air Flue gas Air Flue gas

SN 197 (±1) 200 (±1) 178 (±2) 185 (±2) 170 (±2) 179 (±2)
IN 177 (±4) 175 (±5) 133 (±4) 141 (±2) 114 (±5) 126 (±1)
CN 34 (±1) 34 (±1) 47 (±1) 44 (±0.2) 53 (±2) 48 (±0.1)

SN, saponification number; IN, iodine number; CN, cetane number were calculated for
biomass under three scenarios: without EPA/DHA extraction, with 70% extraction recovery
of EPA/DHA, and with total recovery of EPA/DHA. Error represents SD (n=4).

C18:4 (P< 0.001), a 1.70-fold increase in C16:0 (P< 0.002), a
1.25-fold increase in C20:5n3 (P< 0.05), and a total 1.97-fold
increase in total isomers of C16:1 (P< 0.01).

Estimation of Biodiesel Parameters
Calculated values for estimated biodiesel quality are summarized
in Table 3. Both air and flue gas cultures have an estimated cetane
number (CN) of 34. Eicosapentaenoic acid (EPA) and docosahex-
aenoic acid (DHA) are long chain, polyunsaturated fatty acids, and
their presence resulted in high estimated saponification number
(SN) and iodine number (IN) values, which contributed to a
decrease in estimated CN. Therefore, CN was also calculated after
extraction of EPA/DHA.

Effect of Nitrate Levels on Growth in Air Versus
Simulated Flue Gas
Figure 4 summarizes specific growth rate (µ) and maximum cell
density (cells/mL) achieved in cultures grown under the following
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FIGURE 4 | Specific growth rate (µ) and maximum cell density
(cells/mL) for cultures grown under the following conditions: air and
0 µM NaNO3 (Air-0), air and 220 µM NaNO3 (Air-220), flue gas and 0 µM
NaNO3 (FG-0), and flue gas and 220 µM NaNO3 (FG-220). Data plotted
are mean values±SD (n= 4). Letters denote significant differences at the
P<0.05 level.

conditions: air and 0 µMNaNO3 (Air-0), air and 220 µMNaNO3
(Air-220), flue gas and 0 µM NaNO3 (FG-0), and flue gas and
220 µMNaNO3 (FG-220). There was not a significant interaction
effect of gas type and nitrate concentration on growth rate or
maximum cell density. FG-0 grew at the same rate as both Air-
220 and FG-220 cultures. All cultures grew faster than Air-0,
which was observed to be the only treatment to form resting cysts
during stationary phase. FG-220 achieved the highest maximum
cell density, while maximum cell densities for FG-0 and Air-220
were not significantly different.

Discussion

Growth on a simulated flue gas with relevant NOx levels more
than doubled the biomass productivity of H. akashiwo. Flue gas
treatment drastically increased the amount of bioavailable carbon
in the media (Table 1), and the accumulation of large amounts
of storage carbohydrates suggests that Heterosigma is effective at
fixing this excess CO2. Maintenance of the C:N ratio along with

an increase in protein content suggests that CO2 assimilation in
flue gas cultures was not limited by nitrogen availability. Pho-
tochemical measurements also indicated that photosynthesis in
Heterosigma is not inhibited by high CO2 and NO concentrations
(Table 2). For example, the rate of PSII re-oxidation (t) was
87 µs faster, suggesting that photosynthetic electron transport was
enhanced during growth on flue gas and that cells maintained
overall photosynthetic efficiency despite an observed decline in
dark-acclimated Fv/Fm. Growth rates and maximum cell densi-
ties of Heterosigma grown on simulated flue gas without sup-
plemental nitrogen (FG-0) demonstrated that nitrogen derived
from NO gas is biologically available to support enhanced CO2
fixation (Figure 4). In addition, the increase in NR2-2/2HbN
transcript abundance observed here supports the hypothesis that
this chimeric enzyme is involved in maintaining cell growth in
the presence of NO (Stewart and Coyne, 2011). Collectively,
these results support the hypothesis that Heterosigma is an ideal
candidate for the commercial production of algal biomass using
industrial emissions containing high levels of CO2 and NO.

Heterosigma biomass was subsequently analyzed for its poten-
tial to become a biofuel feedstock. In the conventional algae to bio-
fuel pathway, algal lipids are extracted and upgraded to biodiesel
(Davis et al., 2012). The residual biomass, which accounts for
50–75% of the total biomass, is then processed into non-fuel prod-
ucts, such as animal feeds and high value chemicals, or is subjected
to anaerobic digestion (Davis et al., 2012). In the present study,
growth on simulated flue gas did not reduce total lipid yields, so
changes in lipid profiles were investigated to assess the potential
for converting this lipid fraction to quality biodiesel. The Ameri-
can Society forTesting andMaterials standards specify that theCN
must be aminimumof 47 for B100 biodiesel and aminimumof 40
for blended B6 to B20 biodiesels (ASTM International, 2014). CNs
based on total lipid composition for both air and flue gas cultures
were well below this standard unless at least 70% of EPA/DHA
was theoretically extracted prior to the transesterification of lipids
(Table 3). The omega-3 fatty acids, eicosapentaenoic acid (EPA,
C20:5n3) and docosahexaenoic acid (DHA, C22:6n3), are poten-
tial value-added products from this species with an estimated
bulk wholesale value of $12,540/kg for >70% pure oil (J Edwards
International, Inc., personal communication). In this study, EPA
and DHA constituted approximately 12–16% of total FAMEs.
Since the removal of these polyunsaturated fatty acids from the
lipid mixture before conversion to biodiesel also enhances the
quality of the resulting fuel, purification of these lipids prior to
further processing could be economically feasible (Molina Grima
et al., 2003; Chauton et al., 2014).

Interestingly, the predominant fatty acids profiled here (C18:4,
C16:0, C20:5n3, and C16:1) are the main fatty acyl substituents of
the thylakoid sulfolipid, sulfoquinovosyl diacylglycerol (SQDG),
which is produced at high levels in Heterosigma (Keusgen et al.,
1997). Enhanced synthesis of these fatty acids in the presence
of high CO2 and NO (Figure 3) likely functioned to support an
increase in thylakoid number or surface area as suggested by a
significant 17% increase in chlorophyll content (Benning, 1998;
Minoda et al., 2002). This subsequently explains the increase
in C14:0, which is linked to the fatty acid synthase enzyme
prior to the two carbon elongation cycle that produces C16:0,
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where C16:0 is then released from fatty acid synthase as the pre-
cursor to long chain saturated and unsaturated fatty acid synthesis.
Here, it appears that changes in individual fatty acid content on a
cellular basis were driven by photosynthetic requirements.

In this study, lipid production did not benefit from growth
on flue gas, whereas carbohydrate and protein output was sig-
nificantly enhanced. A recent advancement in algal biomass
processing provides an alternative to focusing solely on lipids
as the primary feedstock for biofuel production. Whole algae
hydrothermal liquefaction can produce fuels using the entire
biomass in lieu of separating its biochemical components and
has been characterized as a technically and economically feasi-
ble processing scheme (Biddy et al., 2013). Under this scheme,
the primary goal is to maximize overall biomass productivity,
with increases in growth rates and/or increases in the storage
of any cellular product contributing to the target outcome. With
hydrothermal liquefaction, the large increase in carbohydrates
and protein in response to flue gas observed in the present study
(Figure 1) is advantageous for increasing total biofuel yields.
In contrast to green algae, Heterosigma stores photosynthetic
energy not only in the form of lipids, but also as water-soluble
carbohydrates stored within vacuoles (Chiovitti et al., 2006),

and the dramatic increase in carbohydrates seen here indicates
that Heterosigma is metabolically suited to fix large amounts
of anthropogenic CO2 into valuable biomass. Together, these
results illustrate the robustness of this alga and support contin-
ued efforts to assess the viability of this species for commercial-
scale biomass production and bioremediation of industrial
emissions.
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