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Research Article

Effect of organic carbon, C:N ratio and light
on the growth and lipid productivity
of microalgae/cyanobacteria coculture

Current culture methods based on monocultures under phototrophic regimes are
prone to contamination, predation, and collapse. Native cultures of multiple species
are adapted to the local conditions and are more robust against contamination and
predation. Growth, lipid and biomass productivity of a Louisiana native coculture of
microalgae ( Chlorella vulgaris) and cyanobacteria (Leptolyngbyasp.) in heterotrophic
and mixotrophic regimes were investigated. Dextrose and sodium acetate at C:N
ratios of 15:1 and 30:1 under heterotrophic (dark) and mixotrophic (400 mol m~2
s~ 1) regimes were compared with autotrophic controls. The carbon source and C:N
ratio impacted growth and biomass productivity. Mixotrophic cultures with sodium
acetate (C:N 15:1) resulted in the highest mean biomass productivity (156 g m™
d™!) and neutral lipid productivity (24.07 g m~> d~!). The maximum net specific
growth rate (U) was higher (0.97 d~!) in mixotrophic cultures with dextrose (C:N
15:1) but could not be sustained resulting in lower total biomass than in mixotrophic
cultures with acetate (C:N 15:1), with a U of 0.67 d~'. The ability of the Louisiana
coculture to use organic carbon for biomass and lipid production makes it a viable

feedstock for biofuels and bioproducts.
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1 Introduction

In the eraof the uncertainty of fossil fuel sustainability and price
instability, evidenced by the price fluctuation in the last 5 years
from $34 to $145 bbl~!, the interest in biofuels has increased.
Cellulosic biofuels are projected to provide 61 billion liters of the
136 billion liters proposed by the U.S. EPA 2012 Renewable Fuel
Standards 2. The remaining would come from other renewable
sources. Microalgae (including cyanobacteria) are a promising
feedstock for biofuels [1,2]. Microalgae has several advantages,
including their high productivity, capability of growing in non-
productive land with various water sources, and the possibility
of coproduction of biofuels and valuable coproducts without the
use of food crops [2—-6].

Although promising, the microalgae/cyanobacteria-based
biofuel production cost is high. Biodiesel based on microal-
gal neutral lipids [3, 7, 8] has an estimated cost of $3.21 L™!

Correspondence: Dr. M.T. Gutierrez-Wing (mgutie5@lsu.edu),
Department of Civil and Environmental Engineering Louisiana State
University, Baton Rouge, LA 70803, USA.

Abbreviations: ANOVA, analysis of variance; C:N ratio, carbon to nitro-
gen ratio; COD, chemical oxygen demand; Py, Volumetric productivity;
U, net specific growth rate
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with the current technologies according to an analysis by the
U.S. Department of Energy (Document numbers ANL/ESD/12-
4; NREL/TP-5100-55431; and PNNL-21437). The culture pro-
cess is one of the main technical/economic obstacles in pro-
duction of microalgal biofuels [6, 9]. One of the difficulties in
large microalgal/cyanobacterial cultivation system is maintain-
ing monocultures of the desired species in organisms other than
extremophiles [10].

Several researchers have explored symbiotic relationships par-
ticularly between microalgae and bacteria [11-15] and microal-
gae with cyanobacteria [11, 14, 16]. Higher growth rates and
nutrient uptake in mixed cultures has been reported [17, 18].
The exact mechanism of the microalgae and cyanobacteria in-
teraction is currently unknown, but the benefits of this growth
strategy could potentially be exploited for a sustained biomass
production for biofuel.

In dense microalgal/cyanobacterial cultures, light may not
be able to penetrate inside the cultures due to mutual shading
by the cells [10, 19], impairing the growth of these photoau-
totrophic organisms. Some species overcome this limitation by
utilizing organic carbon for heterotrophic growth in complete
darkness or in mixotrophic regimes, using both CO, and organic
carbon [19-23], astrategy that increases the growth rate and lipid
productivity of the organisms [21,24].
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Significant increase in microalgal/cyanobacterial growth rate,
biomass and lipid productivity with organic carbon addition,
including glucose, dextrose, glycerol, and acetate has been ob-
served and reported in literature [10, 20,22, 24-29]. In the het-
erotrophic metabolism, the assimilation of organic carbon can
be via multistep pathways such as aerobic glycolysis through
the Embden—Meyerhof Pathway and Pentose Phosphate Path-
way, and tricarboxylic acid cycle [10]. Glycerol is utilized in
the Embden—Meyerhof Pathway pathway followed by the tri-
carboxylic acid cycle [30]. Meanwhile acetate is assimilated in a
single-step catalyzed reaction to form acetyl-CoA [10,30].

In this study, a Louisiana native microalgal/cyanobacterial
coculture was tested for its ability to utilize organic carbon.
This coculture was isolated from a local lake and proven to
be resistant under extreme change of conditions such as pH,
temperature (unpublished data). Although the reasons are still
unclear, the growth of the coculture was higher than the same mi-
croalgae or cyanobacteria in monoculture. The objectives of this
study were to: (i) Determine the ability of the Louisiana native
microalgal/cyanobacterial coculture to be grown heterotroph-
ically and mixotrophically, and to (ii) determine the effect of
organic carbon addition on the growth, biomass productivity,
lipid content and lipid productivity of the Louisiana native mi-
croalgal/cyanobacterial coculture.

2 Materials and methods

The effect of organic carbon addition (dextrose and sodium
acetate) at two C:N ratios on the dry biomass concentration
(gm™?), biomass productivity (P,), specific growth rate (U;d~"),
chlorophyll-a content in the biomass (mg [g biomass] ™) and
concentration in the culture (mg m~?), lipid content (% of dry
biomass) and lipid productivity (g m= d~') were investigated
under dark (heterotrophic) and light (mixotrophic) growth con-
ditions. The results were compared with those obtained in pho-
totrophic cultures. This experiment provides baseline data for
the Louisiana native microalgae/cyanobacteria investigated as a
determinant of biotechnology application potential.

2.1 Microalgal species

The coculture examined was a mixture of a microalgal species
and a cyanobacterial species referred to as the “Louisiana
coculture” in this paper. The coculture was isolated from
College Lake, Baton Rouge, Louisiana. Identification of the
microalgae and the cyanobacteria by molecular methods was
provided the UTEX Culture Collection of Algae. The microal-
gae were identified as Chlorella vulgaris and the cyanobacteria as
Leptolyngbya sp. The composition of the coculture is approxi-
mately 97% C. vulgaris and 3% Leptolyngbya sp. by cell count
based on flow cytometry.

The stock cultures of Louisiana coculture were maintained in
Bold’s Basal medium [31]. The stock cultures were maintained
in 2 L Erlenmeyer flasks with 1 L volume of culture, under irra-
diance of 310 umol m~2 s! provided by 400 watt high-pressure
sodium lamps. Temperature of 25 £ 2°C and continuous aera-
tion at 0.47 L min~! (1 SCFH) was maintained. Carbon dioxide
was supplied daily (0.47 L min™! for 1 min) to maintain the
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culture pH between 7 and 8. Approximately one-third of the
stock culture was replenished weekly with Bold’s Basal medium
to maintain growth.

2.2 Experimental design

The batch experiment followed a randomized block three-
factorial design (two light conditions x two organic carbon
sources X two organic C:N ratios). The experiment was se-
quentially replicated three times. Two light conditions were
tested: with continuous irradiance (light) and without irradi-
ance (dark). The light conditions were used to test the possibility
of mixotrophic (light) and heterotrophic (dark) growth of the
Louisiana coculture. For the light conditions, continuous inci-
dent irradiance of 310 umol m™2 s™! equivalent to the scalar
irradiance of 400 umol m~2 s™! was provided by 400 watt high-
pressure sodium lamps. The selected irradiance was based on
results of previous studies (unpublished data). Incident irradi-
ance and scalar irradiance were measured using a Li-Cor LI-190
flat quantum sensor and a Li-Cor LI-193 spherical quantum sen-
sor, respectively. The irradiance measurements were made in a
specially prepared Erlenmeyer flask that allowed the positioning
of the sensors at the surface of the culture for incident irradiance
measurement, and completely submerged, just below the surface
for the scalar irradiance measurement. The scalar irradiance was
measured in the media without microalgae/cyanobacteria.

The two organic carbon sources tested were analytical grade
dextrose (p-glucose) and sodium acetate. Dextrose and acetate
were selected, as some authors [21,24,26,32] report microalgal
growth of several species including some from the genus Chiorella
with these carbon sources. The organic C:N mass ratios tested
were 15:1 and 30:1. These ratios are in the range reported in liter-
ature for mixotrophic microalgal growth [33,34]. The nitrogen
concentration was 41.16 g m™ as per the Bold’s Basal medium.
Dextrose concentrations of 1520 g m™ and 3040 g m™ and
sodium acetate concentrations of 2120 g m~ and 4240 g m~>
were added to obtain organic C:N mass ratios of 15:1 and 30:1
for each carbon source. The temperature was maintained at
25 £ 1°C by placing all of the treatment flasks in a circulating
water bath. Previous to the start of the experiments, the inoculum
was acclimated for 5 days to the initial experimental conditions
for each treatment.

One-liter glass Erlenmeyer flasks were used for the cultures,
capped with breathable stoppers (foam). The initial concentra-
tion of the Louisiana coculture was 100 g m~ with a culture
volume of 600 mL. Aeration was maintained at 0.24 L min™'
(0.5 SCFH) for all treatments. No additional CO, (besides the
atmospheric concentration) was added. Water loss by evapo-
ration due to aeration was compensated by adding sterilized
deionized water daily to maintain the original volumes. Cultures
in Bold’s Basal medium without organic carbon addition were
maintained in light and dark conditions as controls.

2.3 Biomass productivity, net specific growth rate,
and chlorophyll-a concentration

The growth rate of the Louisiana coculture was calculated

from the dry biomass concentrations from each treatment flask
measured every other day. Dry mass was measured from 5 mL

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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samples for each treatment and replicate. The measurements
were done according to LSU Civil and Environmental Engi-
neering Water Quality Lab SOP PA 200, adapted from Standard
Method 2540D (APHA Standard Methods for the examination of
Water and Wastewater, 22nd ed) with modification of the drying
temperature (65°C) filter paper (Whatman GF/C, 1.2 um pore
size) and drying time (3 h) to avoid loss of volatile compounds.
In a preliminary test, samples of the filtrate obtained following
this method were analyzed by flow cytometry (Accuri™ C6)
and showed no cell loss through the GF/C filter. The experiment
ended when the culture reached stationary phase, determined
by a null increase in biomass concentration in two consecutive
measurements. The dry biomass concentrations were used to
calculate daily volumetric productivity (P,, g m™ d~') and the
net specific growth rate (U, d7'). The decay rate was assumed
negligible in this experiment as the cultivation time was relatively
short. The daily volumetric productivity and specific growth rate
presented is the mean value of the replicates.

Duplicate measurements of chlorophyll-a concentration
(mg m™?) for 10 mL of the initial and 5 mL of the final cul-
ture were made according to Standard Method 10200H (APHA
Standard Methods for the Examination of Water and Wastewater,
22nd Ed.) using a Turner TD4000 fluorometer. The chlorophyll-
a concentration provide information on the impact of organic
carbon addition on the coculture’s pigment production under
different light conditions.

2.4 Chemical oxygen demand (COD)

Chemical oxygen demand (COD, g m ™) was measured as a sur-
rogate to the organic carbon in the sample. Measurements of
COD were performed instead of total organic carbon since the
process is relatively quicker than total organic carbon measure-
ments. The COD can be calculated from the following Eq. [35]:

a b 3¢
C,H,OpN. + | n+ Z - E — Z 0, — nCO,

a 3c
+<5_7) H,O + ¢cNH; (1)

For dextrose (C¢H;,0g), Eq. (1) becomes:
CsH1,06 + 60, —> 6CO, + 6H,0 (2)
And for sodium acetate (NaCH;COO):
CH;COO™ + 1.750, — 2CO, + 1.5H,0 (3)

Egs. (2) and (3) can be used to estimate the initial COD of the
culture media expected from the dextrose and sodium acetate
concentrations added. The COD was measured every other day
according to Standard Method 5220 (APHA Standard Meth-
ods for the Examination of Water and Wastewater, 22nd ed).
Two mL samples from each experimental flask filtered through a
0.45-um pore size nylon membrane filter were added to the
HACH™ COD digestion vials and digested (HACH DR3800™)
for 2 h at 150°C. The COD (g m™?) concentration was deter-
mined by spectrophotometry (HACH DR/4000 UV/Vis) after
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cooling the vials to room temperature. The initial measured
COD measurements were compared with the calculated values.

2.5 Lipid content and productivity

The lipids of the coculture were extracted using the Folch’s ex-
traction method [36] modified by treatment of polar solvent
before the addition of the nonpolar solvent instead of a simul-
taneous addition of both solvents. This method was used as it
lower energy cost and higher efficiency than the Bligh and Dyer
[37] method in samples with lipid content >2% [38]. Samples
with a volume of 100 mL of final culture were collected and cen-
trifuged at a relative centrifugal force (rcf) of 1103 x g for 10 min.
The biomass pellet was collected and methanol (polar solvent)
was added at a ratio 6:1 v/v solvent:biomass. The mixture was
agitated for 20 min at room temperature and chloroform (non-
polar solvent) was added at a ratio of 12:1 v/v solvent:biomass,
for a chloroform:methanol ratio of 2:1 v/v. The solvent and
biomass mixture was shaken for an additional 20 min. After ag-
itation, one part per water per five parts of mixture was added.
The resulting mixture was centrifuged at an rcf of 1103 x g for
5 min. The mixture separated into two phases. The top phase was
discarded, and the interphase was rinsed with methanol:water
1:1 v/v. The bottom layer that contained the lipid of interest with
a small amount loss due to rinsing [36] was collected and the
solvent was evaporated with assistance of rotary evaporator and
final dry nitrogen flow. The weight of the lipids extracted was
used to determine lipid content and productivity.

2.6 Statistical analyses

Three-way ANOVA (analysis of variance) of the dry biomass and
lipid concentration and productivity, specific growth rate and
chlorophyll-a content was performed using SAS (version 9.3) to
detect any significant difference due to light conditions, organic
carbon sources, and organic C:N ratios. Post-ANOVA compar-
isons were done by least significant difference. The treatments
were compared with the controls through #-tests. All statistics
were based on a 95% confidence level and p<0.05 was consid-
ered statistically significant.

3  Results and discussion

3.1 Biomass productivity, net specific growth rate,
and chlorophyll-a concentration

The Louisiana coculture demonstrated the capability to growth
under dark (heterotrophic) and light (mixotrophic) regimes.
Representative examples of growth curves for acetate, dextrose,
and control are presented in Fig. 1. The control without organic
carbon did not grow under dark conditions. Sodium acetate
addition, promote heterotrophic growth at both organic C:N ra-
tios tested (15:1 and 30:1). For the cultures with dextrose growth
were observed at organic C:N ratio of 15:1 but not at organic
C:N ratio of 30:1.

Eng. Life Sci. 2014, 14, 47-56 49
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Figure 1. Representative growth curves of cultures. The examples represent treatments with dextrose and acetate at a 15:1 ratio of organic
carbon: nitrate nitrogen and the controls with no organic carbon: (A) treatments under 400 umol m=2 s='; (B) treatments in dark condition.
The experiments were performed in triplicate following randomized three-factor design.

ANOVA analyses showed that light condition, organic car-
bon source, and organic C:N ratio had statistically signifi-
cant effect on the final biomass concentration (p = 0.002,
0.0470, and 0.0018, respectively; Table 1). Cultures exposed to
light/irradiance had higher final biomass concentrations com-
pared to cultures in the dark. The organic carbon type and the
organic C:N ratio also affected the final biomass concentration.
Statistically significant lower growth and biomass concentration
was observed for the cultures with dextrose at organic C:N 30:1.
The highest average final biomass concentration of 2113 g m~>
was obtained with sodium acetate at organic C:N 15:1 under
light (mixotrophic growth regime), but was not significantly
higher than sodium acetate at organic C:N 30:1 under light or
the control with no organic carbon due to the high variance of
the replicate results (Table 1).

The cultures in dark conditions with organic carbon showed
a higher final biomass concentration compared to the control,
except the dextrose in the 30:1 organic C:N ratio (Table 1),
demonstrating the capability of the Louisiana coculture for het-
erotrophic growth.

ANOVA results for the specific growth rate (Table 2) showed
that the organic C:N ratio has a significant effect on the net
specific growth rate (p<0.0001), but not the light condition and
organic carbon source (p = 0.0610 and 0.2246, respectively).
For the biomass productivity, both the organic carbon source
and organic C:N ratio effects were significant (p = 0.0109 and
0.0090, respectively) but not the light condition (p = 0.0894).
The net specific growth rate and biomass productivity of the
coculture are of interest for the design of large scale continuous
biomass production [39]. These two variables will impact the
design, particularly flow rate, and harvest of the continuous flow
systems.

The higher biomass productivity observed in mixotrophic
(light) compared with heterotrophic (dark) cultures is consis-
tent with the results reported by other authors in single species
cultures [19,21,27]. The highest biomass productivity was ob-
tained in mixotrophic culture with acetate 15:1 and 30:1. No

50 Eng. Life Sci. 2014, 14, 47-56

net specific growth rate and biomass productivity increase was
observed when the acetate organic C:N ratio was increased from
15:1 to 30:1. With dextrose, growth rate, and biomass productiv-
ity were inhibited with an increase of organic C:N ratio from 15:1
to 30:1. The inhibition of microalgal growth has been reported
by several authors when organic carbon was supplied in high
concentration [19,32,34,40]. With higher concentrations of or-
ganic carbon, the ATP demand for organic carbon assimilation
may inadvertently limit the photosynthetic carbon reduction re-
sulting in growth inhibition [40]. Chen [32] suggested that the
high sodium concentration may be a factor in the inhibition
when using sodium acetate.

Mixotrophic cultures with sodium acetate at organic C:N
15:1 and 30:1 and dextrose 15:1 showed a higher specific growth
rate than the control under light, with a maximum value for
dextrose 15:1 (Table 2). This demonstrates possibility of the
Louisiana coculture to grow in mixotrophic conditions. Al-
though the maximum specific growth rate was higher for the
treatments with organic carbon, their biomass productivity was
not statistically different with the light control. This may be
due to a fast consumption of the carbon that did not sus-
tain the high growth rates for long periods of time. For het-
erotrophic cultures, significantly higher maximum net specific
growth rate and biomass productivity compared to dark con-
trol with sodium acetate and dextrose 15:1 but not for the 30:1
treatments.

The comparison of total dry biomass and net specific growth
rate from this work with values reported in literature are rep-
resented in Table 3. Literature values vary widely, but all re-
port significant increase of total dry biomass and growth rate
with the addition of organic carbon [19-23, 27], with glucose
as the most common source. The result from this experiment
shows a higher total dry biomass with acetate as the organic
carbon compared to dextrose (p-glucose). Some authors report
higher total dry biomass than the results obtained in this work
with higher glucose concentrations, for example, Xie et al. [23]
(3680 g m™ with 24 g L' glucose) and Heredia-Arroyo et al.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Final biomass concentration* (g m—) of the Louisiana coculture at different light condition, organic carbon source, and organic
C:N ratios and controls at each light condition

Light condition Organic carbon Organic p-Value for Final biomass Comparison
C:N ratio final biomass concentration* with
(gm~3) control***

* Final biomass concentration for control, light = 1580 + 530 g m™>

Light Acetate 15:1 0.4397 2113 £ 938 NS
Light Acetate 30:1 0.8897 1153 + 92 NS
Light Dextrose 15:1 0.4034 1293 =+ 42° NS
Light Dextrose 30:1 0.0096 153 + 314 Lower, S
*Final biomass concentration for control, dark = 140 + 20 g m™>

Dark Acetate 15:1 0.0011 433 + 58¢ Higher, S
Dark Acetate 30:1 0.0003 440 =+ 40°¢ Higher, S
Dark Dextrose 15:1 0.0014 433 £ 61¢ Higher, S
Dark Dextrose 30:1 0.7247 133 £ 23¢ NS

*Significant difference (S) is detected when P-value is <0.05.
**Mean = standard error. Different superscript letters represent significant difference (p<0.05) among treatments.
NS = Not significant, S = significant.

Table 2. Net specific growth rate* (U, d~') and biomass productivity* (P,, g m=> d~') of the Louisiana coculture at different light condition,
organic carbon, and organic C:N ratio levels. The light and dark controls were maintained with no organic carbon

Light condition Organic carbon Organic C:N ratio Maximum net Volumetric
specific growth biomass
rate (U, d1) productivity
(gm=3d7h
Light Control — 0.23 £ 0.02 91 + 30
Light Acetate 15:1 0.67 £ 0.10°, 134 + 19%
Light Acetate 30:1 0.56 + 0.08" 136 + 117,
Light Dextrose 15:1 0.97 £ 0.06%; 113 £ 15%,
Light Dextrose 30:1 0.03 + 0.014; 4+ 29
Dark Control — 0.14 + 0.07 19+ 6
Dark Acetate 15:1 0.54 + 0.11°; 66 + 19
Dark Acetate 30:1 0.34 £ 0.15% 66 £ 519
Dark Dextrose 15:1 0.66 £ 0.05°; 93 + 15b°,
Dark Dextrose 30:1 0.02 + 0.019, 3+ 29,

*Mean =+ SD. Different superscript letters represent significant difference (p<0.05) among treatments. Subscript numbers represent the results of the
t-tests between the control and the treatments: 1 = statistically significant difference; 2 = no statistically significant difference. The lines in italics represent
the control for each light condition.

[22] (4000 g m~> with 40 g L™ glucose), compared with 1.5 gL™! significant difference with the light control. Under heterotrophic
of dextrose (1293 g m— ). The Louisiana coculture had higher conditions, a significant increase in chlorophyll-a content with
total dry biomass (2110 g m~ with 2.1 g L™! of sodium ac- sodium acetate 15:1, 30:1 and dextrose 15:1 addition compared
etate) compared to the result by Liang et al. [19] with C. vulgaris to control under light (phototrophic) was observed. Although
(987 ¢ m~ with 10 g L™! acetate) and higher biomass produc- the chlorophyll-a pigments are produced to capture light en-
tivity (134 gm™ d™! compared to 87 g m—> d™!). The net spe- ergy during autotrophic growth, the production increases in low
cific growth rates from this experiment are comparable to those light [41]. Contrary to the results of this work, some authors
obtained by Garcia et al. [21] and Heredia-Arroyo et al. [22] have found a decrease of the chlorophyll content in the dark [42]
(Table 3). The growth rate and productivity results show that the after 1 or 2 days for several species. Grant and Hommersand [43]
Louisiana coculture can use dextrose and acetate for mixotrophic found that Chlorella protothecoides cells were “bleached” yellow
growth. after transferring from autotrophic to heterotrophic conditions,

The chlorophyll-a concentration (Table 4) was measured as and proposed that chlorophylls are catabolically degraded and
indicator of the physiological state of the coculture. No anal- result in excretion of phycoerythrin. The differences observed in
yses were done for the control under dark and with dextrose the coculture may result from the capability of the cyanobacteria
30:1 as little to no growth were observed in this treatment. There to can survive and grow in lower light conditions [44]. Some mi-
chlorophyll-a concentration and content of mixotrophic cultures croalgal and cyanobacterial species can produce large quantities
with acetate 30:1 and dextrose 15:1 had lower values compared of other photosynthetic pigments such as lutein [45], astaxan-
to the control under light. The treatment of acetate 15:1 had no thin [46], and phycocyanin [33,47] under low light conditions.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Eng. Life Sci. 2014, 14, 47-56 51
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Table 3. Comparison of other microalgae growth experiments with organic carbon addition

Species Condition Organic carbon Cultivation days Net Specific Reference
growth rate
(U,d™")
Platymonas Mixotrophic, 95 pmol Glucose, 24 g L 7! 14 0.55 [23]
subcordiformis m~2s7lin5-L
bioreactor
Nannochlorop-sis sp. Mixotrophic, 73 pmol Glucose, 5.4 g L7} 8 0.30 [27]
m~2 s~ ! in 250-mL
Erlenmeyer flask
Phaeodactylum Mixotrophic, 165 umol Glucose, 5gL™! 21 0.96 [21]
tricornutum m~2slin1-L
Erlenmeyer flask
Spirulina platensis Mixotrophic, 45.5 pmol Molasses, 0.75 g L~ 25 0.064 [20]
m~2slin2-L
Erlenmeyer flask
Chlorella vulgaris Mixotrophic, fluorescent Acetate, 1% w/v 12 0.37 [19]
light in 1-L bottle Glucose, 1% w/v 12 0.25
Chlorella Mixotrophic, fluorescent Glucose, 15 g L! 6 0.96 [22]
protothecoides light in 250-mL flask
Louisiana Coculture Mixotrophic, 400 umol Acetate, 2.1 g L7t 20 0.67 This work
-2 1
moes Dextrose, 1.5 g L™ 12 0.97

Table 4. Chlorophyll-a concentration* (mg m~—3) and content* (mg (g biomass) ") of the Louisiana coculture for all experimental treatments.
The control was maintained in light and with no organic carbon added

Light condition Organic carbon Organic C:N ratio Chlorophyll-a Chlorophyll-a
concentration content
(mgm™3) (mg [gbiomass™!])
Light Acetate 15:1 2179 + 1724%4, 1.0 £ 0.99,
Light Acetate 30:1 854 + 8549, 0.5 + 0.59
Light Dextrose 15:1 186 + 30°, 0.1 + 0.0,
Dark Acetate 15:1 4593 + 2,163%, 11.8 + 2.2%,
Dark Acetate 30:1 3533 + 498, 8.1 + 1.6
Dark Dextrose 15:1 7035 4+ 970%; 16.3 £ 2.2%

*Mean =+ standard error. Different superscript letters represent significant difference (p<0.05) among treatments. Subscript numbers represent the results

of the t-tests between the control and the treatments: 1 = statistically significant difference; 2 = no statistically significant difference.

These pigments can represent a source of valuable compounds
that could potentially reduce the economic pressure in the pro-
duction of microalgal biofuels.

3.2 COD

The measured initial COD (Table 5) had no significant differ-
ence compared to the initial COD calculated from the amount
of organic carbon added (p = 0.170), showing that COD
is a good estimate of the organic carbon in the microalgal
culture.

For the culture with dextrose at a ratio C:N of 15:1, the
COD was exhausted early in the culture (day 2—4) for both
heterotrophic and mixotrophic culture. With dextrose addition,
the COD consumption rate for mixotrophic was 697 g m™> d™!
(the first 2 days) and for heterotrophic was 311 gm~> d~' (the
first 4 days). The higher COD consumption rate in the early days
might coincide with a high specific growth rate that was achieved

52 Eng. Life Sci. 2014, 14, 47-56

by mixotrophic culture with dextrose addition. This result are
opposite of reported in literature, where dextrose metabolic flux
was higher in dark compared to light conditions [10]. These ap-
parent contradictions may be because the irradiance level effect
is lower for cyanobacteria [48]. Cyanobacteria are part of the
Louisiana coculture.

The COD of heterotrophic culture with sodium acetate (for
both C:N 15:1 and 30:1) was also exhausted in the early stage of
the culture. The COD consumption rate for heterotroph culture
with sodium acetate C:N 15:1 was 323 gm > d ™! (the first 4 days)
and for C:N 30:1 COD consumption rate was 438 g m™> d™"
(the first 4 days). Meanwhile, for the mixotrophic culture with
sodium acetate addition, both C:N 15:1 and 30:1 had lower but
steadier COD consumption throughout the cultivation duration.
Mixotrophic culture with sodium acetate C:N 15:1 had a COD
consumption rate of 67 g m™> d~! (for 14 days), and cultures
with sodium acetate C:N 30:1 had a COD consumption rate of
108 gm~ d~! (for 20 days). These results indicate that although
the Louisiana coculture can use sodium acetate for growth, the
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Table 5. Comparison between the initial COD values calculated from Egs. (2) and (3) and from the actual measurement by the digestion

method

Organic carbon source added

Organic carbon (g m~)

Initial COD (g m~3)

Calculated Actual*

1520 g m~3 Dextrose (C:N 15:1) 617 1646 1458 + 25
3040 g m—3 Dextrose (C:N 30:1) 1235 3292 2971 £ 55
2120 g m~3 Sodium acetate (C:N 15:1) 617 1441 1380 £ 96
4240 g m~3 Sodium acetate (C:N 30:1) 1235 2882 2793 £ 166
*Mean =+ SD.
e ing inhibition that could occur. Adding organic carbon at lower
:EH 3500 amounts could also prevent bacterial contamination due to the
& 3000 * 2 1::::::: E: }:} :}"T]r: availability of organic matter for heterotrophs. In some microal-
8 ﬁ oz 0 Sodim Acetate C:N 1511, Light gal cultures grown with a light/dark cycle, organic carbon are
=~ 2500 = Sodium Acetate CN 15:1, Dark added only during daytime hours, as bacteria could grow faster
g } RIS S compared to microalgae under dark heterotrophic conditions
= 2000 1 A Sodium Acetate C:N 30:1, Dark

E { . [51,52].

% 1500 g % Finding organic carbon sources that are available for little or
2 T 8 3 } no cost can reduce the overall cost of mixotrophic/heterotrophic
21000 - } % :Jl‘ cultivation. Municipal wastewater, which contains organic car-
Q 1 £ i bonaceous matter, can be utilized for the growth of mixotrophic
S 5001 ' £ } i % % o 8 microalgae and has been reported in various research articles
E 0 o . (3 | . il ] X [53-56]. The COD amount of wastewater varies between sources.
(&} 0 5 10 15 20 25 For comparison, the synthetic wastewater regulated by ASTM has

Time (d) COD value of 3500 g m~?, the primary effluent collected from

Figure 2. Chemical oxygen demand (COD) versus time for dex-
trose and acetate as organic carbon sources at C:N ratios
of 15:1 and 30:1. The experiments were performed in tripli-
cate following randomized three-factor design. Results for light
(400 pmol m=2 s7') and dark conditions in triplicate are pre-
sented. COD values decrease with time indicating that the or-
ganic carbon is being consumed by the microalgae/cyanobacteria
coculture.

metabolic cost may be higher than with dextrose, shifting the
preferred carbon source to CO,.

In this experiment, organic carbon source was added only
at the start of the experiment and was exhausted early (Fig. 2),
especially with the addition of dextrose. The high growth rates
observed in the initial stages of the culture suggest that a steady
supply of organic carbon, instead of only an initial dose could
maintain the culture growth rate for longer periods. Continu-
ous organic carbon dosing has been used for the heterotrophic
growth of microalgae [47,49, 50] showing improved total dry
biomass production and growth rate. The objective of fed-batch
culture systems, where the substrate (in this case organic carbon)
is dosed after the initial substrate is consumed to maximize the
growth and biomass of microalgae while avoiding the inhibition
that can occur when organic carbon is present in high concen-
trations at the start of the culture. In this experiment, addition
of sodium acetate at ratio C:N 30:1 resulted in lower total dry
biomass and growth rate compared to the 15:1 ratio, indicating
that some inhibition occurred when sodium acetate was added at
higher amounts. With fed-batch culture, sodium acetate can be
added at lower amounts during a period of time, thus prevent-

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Baton Rouge south wastewater treatment plant in November
2010 has a COD value of 1865 g m™~>, and the primary effluent
collected from Saint Paul (Minnesota) metropolitan wastewater
treatment plant has COD value of 224 g m™— [55]. Further inves-
tigation for the growth of Louisiana coculture in wastewater ef-
fluent containing organic carbon should be done. If the Louisiana
coculture is able to utilize organic carbon in the wastewater ef-
fluent it will be more interesting as it combines two processes
together, the coculture cultivation concurrently with wastewater
treatment. A preliminary experiment was performed to investi-
gate the ability of the Louisiana coculture to grow in the primary
and final effluent collected from Baton Rouge South wastew-
ater treatment plant. The preliminary results showed that the
Louisiana coculture cultivated in the primary and final efflu-
ent was able to achieve growth and final biomass concentration
similar to culture in Bold’s Basal medium.

3.3 Lipid content and productivity

Based only on the biomass productivity, addition of organic car-
bon to the Louisiana coculture is not justified as mixotrophic
growth did not yield significantly higher biomass productivity
compared to phototrophic growth. To determine if the extra
cost is justified, the lipid content and productivity were calcu-
lated and compared with those obtained in phototrophic growth
(Table 6). No analysis was done for the control in the dark and
dextrose 30:1 as no sufficient biomass was available to perform
the extraction in biomass for this treatment, as the culture did
not grow. The lipid content for culture with dextrose C:N 15:1
was not significantly different than the control under light for
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Table 6. Lipid content* and productivity* of the Louisiana coculture at different light condition, organic carbon, and organic C:N ratio levels.

The control was maintained in light and with no organic carbon added

Light condition Organic carbon Organic C:N ratio Lipid content Lipid productivity
(% of dry mass) (gm=>d71)

Light Control — 8.67 £ 0.93 7.7 £ 22

Light Acetate 15:1 18.20 £ 3.42%; 24.1 + 2.3%;
Light Acetate 30:1 13.13 + 3.21% 18.0 + 5.1%
Light Dextrose 15:1 8.67 + 0.21%, 9.8 + 1.15
Dark Acetate 15:1 19.60 + 2.29%; 12.9 + 1.6°,
Dark Acetate 30:1 13.59 & 2.70° 9.2 & 74,
Dark Dextrose 15:1 8.77 + 0.12% 8.2 + 1.3%

*Mean =+ standard error. Different superscript letters represent significant difference (p<0.05) among treatments. Subscript numbers represent the results
of the t-tests between the control and the treatments: 1 = statistically significant difference; 2 = no statistically significant difference.

both mixotrophic and heterotrophic growth regime. Meanwhile
with sodium acetate, the lipid content had significantly higher
values for both mixotrophic and heterotrophic growth regime
and C:N 15:1 and 30:1 (13.13 to 19.60% of dry biomass) com-
pared to the control under light (8.67%). No significant dif-
ference was detected between the C:N ratios for acetate, with
the lipid content at C:N 15:1 (18.90% average) higher than at
C:N 30:1 (13.36% average). The lipid productivity was signif-
icantly increased with sodium acetate 15:1 under mixotrophic
condition to 24.1 g m~® d~!, which was 3.1 times higher than
the control under light. However, no difference was detected
for mixotrophic cultures with dextrose 15:1 and control under
light.

Increase of lipid content has been reported for several mi-
croalgae species with addition of organic carbon including
such as Nannochloropsis sp. with glucose and ethanol [27],
C. vulgaris with glycerol [19], or Chlorella protothecoides with
acetate [22]. One of the theories for mixotrophic growth is that
the energy requirements for cell growth are mostly met by the
photosynthetic process by fixing inorganic carbon, leaving the
excess organic carbon in the medium to be directed more to-
ward intracellular lipid storage [57]. Based on this experiment,
addition of sodium acetate resulted in higher lipid content com-
pared to the addition of dextrose. The metabolism of acetyl-CoA
might be the key of the increase of fatty acid content that is the
basic building block of fatty acid synthesis. Acetate can be di-
rectly activated to acetyl-CoA by a one-step reaction catalyzed by
acetyl-CoA synthase, while glucose/dextrose needs several steps
to reach the same point [10,40]. The dextrose consumed by
the coculture may not be used for fatty acid synthesis, as Tan-
ner [58] reports that more than 85% of glucose assimilated by
microalgae is converted to sucrose and polysaccharides (mainly
starch).

As the mixotrophic culture with sodium acetate addition en-
hanced the lipid content and productivity, it is the choice of
organic carbon for the production of the Louisiana coculture
as a biodiesel feedstock. Although the cost of microalgae-based
biodiesel production depends on various factors such as infras-
tructure, nutrients, harvesting, oil extraction, etc., the cultivation
component of the cost could be reduced by utilizing relatively
inexpensive and available agro-industrial coproducts containing
organic carbon (including acetate) that contributes in enhancing
the lipid production of the Louisiana native coculture. Increased

54 Eng. Life Sci. 2014, 14, 47-56

lipid content can also reduce the extraction cost as more lipids
will be obtained in the same process.

4  Concluding remarks

This study demonstrated the capability of the Louisiana na-
tive coculture to grow in either heterotrophic or mixotrophic
regime with the addition of dextrose or sodium acetate. How-
ever, only mixotrophic growth with sodium acetate addition at
C:N 15:1 had higher biomass productivity (134 gm™ d™') and
lipid productivity (24.07 g m™> d!') compared to autotrophic
growth of the control (1.47 and 3.10 times, respectively). The
Louisiana coculture lipid content was also significantly higher
for mixotrophic growth with sodium acetate addition (18.20%)
compared to autotrophic growth (8.67%). Thus, based on this
experiment, mixotrophic growth with sodium acetate (C:N 15:1)
is the preferred cultivation conditions for the Louisiana coculture
for lipid production.

The COD available is consumed faster in heterotrophic cul-
tures than in mixotrophic cultures. In mixotrophic cultures, the
COD in the microalgal cultures with sodium acetate was con-
sumed steadier throughout the cultivation duration compared
to the microalgal cultures with dextrose that are exhausted at the
earlier culture phase. A daily dosing of organic carbon (batch-
fed) may be better than adding a single dose of organic carbon at
the beginning of the cultivation to minimize contamination and
exhaustion of the organic carbon source. It could also prevent
inhibition of culture growth as experienced when sodium acetate
was increased from C:N 15:1 to C:N 30:1.

Further analysis on the ability of the Louisiana coculture
growth in the presence of inexpensive and readily available agro-
industrial coproducts as organic carbon source in larger scale and
continuous production should be executed as an opportunity to
reduce the cost of the Louisiana native coculture cultivation for
biodiesel production.
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Practical application

The use of native cocultures in mixotrophic regimes for
the production of biofuels and bioproducts can overcome
some of the problems observed in traditional monocul-
tures. Mixed species cultures (cocultures) can have higher
resistance to contamination and can use a wider range
of resources compared with monocultures. The use of
mixed species cocultures native to the production area
reduces the risks associated with nonindigenous species.
The coculture studied is capable of photoautotrophic and
mixotrophic growth, thereby, opening the door for the use
of organic carbon waste streams as a supplement to CO,
injection.
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