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ARTICLE

BIOTECHNOLOGY
BIOENGINEERING

The Impact of Elevated CO, Concentration on the
Quality of Algal Starch as a Potential Biofuel

Feedstock

Orn-u-ma Tanadul,! Jean S. VanderGheynst,2 Diane M. Beckles,! Ann L.T. Powell,’

John M. Labavitch!

IDepartment of Plant Sciences, University of California, Davis, California 95616;
telephone: 4530-752-0920; fax: +530-752-2278; e-mail: jmlabavitch@ucdavis.edu
“Biological and Agricultural Engineering, University of California, Davis, California 95616

ABSTRACT: Cultured microalgae are viewed as important
producers of lipids and polysaccharides, both of which are
precursor molecules for the production of biofuels. This
study addressed the impact of elevated carbon dioxide (CO,)
on Chlorella sorokiniana production of starch and on several
properties of the starch produced. The production of C.
sorokiniana biomass, lipid and starch were enhanced when
cultures were supplied with 2% CO,. Starch granules from
algae grown in ambient air and 2% CO, were analyzed by
transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). The granules from algae grown
in 2% CO, were disk-shaped and contained mainly stromal
starch; granules from cultures grown in ambient air were
cup-shaped with primarily pyrenoid starch. The granules
from cells grown in 2% CO, had a higher proportion of the
accumulated starch as the highly branched, amylopectin
glucan than did granules from cells grown in air. The rate of
hydrolysis of starch from 2% CO,-grown cells was 1.25 times
greater than that from air-grown cells and 211 times higher
than the rates of hydrolysis of starches from cereal grains.
These data indicate that culturing C. sorokiniana in elevated
CO, not only increases biomass yield but also improves the
structure and composition of starch granules for use in
biofuel generation. These modifications in culture conditions
increase the hydrolysis efficiency of the starch hydrolysis, thus
providing potentially important gains for biofuel production.
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Introduction

Microalgae are attractive candidates for alternative energy
feedstocks because of the high efficiency by which they
convert CO, to lipid and polysaccharide. Algal lipid is usually
the primary target for generating biofuels; however, in many
algal species studied, starch also accumulates, and biofuels
from both lipids and starch will influence the potential of
microalgae for bioenergy production (Radakovits et al.,
2010). It has been suggested that emissions of otherwise
harmful industrial CO, might be harvested and delivered to
algae for generating biofuels as part of a strategy that reduces
the rate of CO, accumulation in the atmosphere (Gao and
McKinley, 1994; Kadam, 1997; Patil et al., 2008). If algal
storage molecules are to be a part of the future energy picture,
it will be important to understand the impact of the changed
CO, environment on biofuel feedstocks.

This report focuses primarily on microalgal starch pro-
duction. Starch is an osmotically inert, semi-crystalline
polymer of glucose that is readily digested to its constituent
glucoses (Smith, 2008). Current bioethanol production in
the US uses maize starch as a feedstock (Smith, 2008) but
microalgal-derived starch may be more economical than that
from terrestrial plants (Dragone et al., 2010). Some studies
have examined the impacts of cell culture conditions on
synthesis and accumulation of starch by algae (Branyikova
et al., 2011; Dragone et al., 2011). In addition to changes in
the quantity of starch produced by algae, there also is interest
in how the culture environment affects starch characteristics
that impact the efficiency of starch hydrolysis (Dragone
et al., 2010). Many highly interacting factors determine the
rate and extent of breakdown of starch granules by hydrolytic
enzymes including starch granule size and morphology,
crystalline structure, the ratio of amylose to amylopectin, and
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the association of starch granules with other cellular
molecules such as lipids and proteins (Svihus et al., 2005).

Hydrolysis of starch polymers to glucose is an important
step in the production of bioethanol and other biofuels
(Dragone et al., 2010). Average granule size, size distribution
and morphology affect the specific surface area upon which
amylolytic enzymes act; generally the rate of starch hydrolysis
decreases as granule volume increases (MacGregor and
Morgan, 1980; Stevnebg et al., 2006). The starch granule
amylose: amylopectin ratio is important to consider if algal
starch is to be used for industrial processes. Although there
are exceptions, the hydrolysis of native, amylose-rich starches
proceeds at a slower rate than those with more amylopectin
(Tester et al., 2006). Because of the interconnectivity of the
structural and compositional features of starch mentioned
previously, ascribing differences in hydrolysis rate to specific
factors remains uncertain (Tester et al., 2006).

While several studies have highlighted the importance of
CO, supplementation on large-scale production of algae,
there is limited information about how the starch accumula-
tion and granule morphology, size and composition are
affected if algae are grown in an elevated CO, environment.
Here we report on the impact of elevated CO, on these
particular granule characteristics. We determined whether
the properties of the granules from algae grown in ambient
air versus in elevated CO, affect the rate of starch hydrolysis.
The use of high CO, in cultures of algal feedstocks could
affect the utility of algal starch in biofuel generation and
provide a means of recycling CO, and slowing the increase in
atmospheric CO,.

Materials and Methods

Algal Strain and Growth Condition

Chlorella sorokiniana (UTEX2805) was purchased from the
Culture Collection of Algae at the University of Texas (UTEX,
Austin, TX). The cells were cultured autotrophically in
inorganic N8 medium (Mandalam and Palsson, 1998;
Vonshak, 1986). Fresh cultures were initiated by adding a
sufficient volume of cells from a settled stock culture in an
exponential growth phase to give an ODss5y of 0.250,
indicating 5-6 x 10° cells/mL. Cells were grown in 250 mL
cylindrical glass tubes that were submerged vertically in a
water-filled rectangular glass aquarium tank to minimize
temperature fluctuations from 25°C. Magnetic stirrers placed
below the tank kept the cultured cells uniformly distributed
in the tubes. Cultures were aerated at 250 mL/min via
3.18 mm ID tubing connected to a luer lock fitting at the
cylinder’s top and then extended to the cylinder’s bottom.
Cultures were aerated with ambient air (0.038% CO,) or 2%
(“high”) CO,. The bubbling of gas also contributed to the
mixing of the cells and medium in the tubes. Cultures were
irradiated with fluorescent lights at ~10,000 Lux, with 16 h of
light and 8 h of dark per day. Cultures were harvested at four
phases of growth (late lag, middle logarithmic, late log and
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early senescence phases; days 2, 4, 6, and 8 of culturing,
respectively) by centrifugation at 5,000 xg.

Lipid and Starch Extraction

Total lipids were extracted from freeze-dried C. sorokiniana
cells, as described in Cheng et al. (2011a). Briefly, 1.5 mL of
Folch solvent (a 2:1 (v/v) mixture of chloroform and
methanol) was added to 15-20 mg of freeze-dried algae with
0.75mL Zirconia/Silica beads (0.5 mm, Biospec Products,
Inc., Bartlesville, OK). Cells were disrupted by bead beating
(Fastprep System 101, MP Biomedicals LLC, Solon, OH) at
6.5m/s for 20s, for 6 cycles with 30 s intervals on ice. Phase
separation was achieved by adding 1.2 mL 0.9% NaCl, (w/v),
vortexing and centrifuging at 6,000x g for 5 min. The lower
phase (chloroform and lipid) was used for total lipid analysis.
The pellets remaining after lipid extraction contain starch
and cell wall polysaccharides (S/CW). The S/CW samples
were washed three times each with 1 mL acetone and water.
The pellets were suspended in 1 mL of sterilized water and the
starch granules were gelatinized by heating at 80°C for
30 min. One milliliter of a starch hydrolyzing mixture of
enzymes (6U of amyloglucosidase [Roche Applied Science,
Indianapolis, IN] and 15U of a-amylase [MP Biomedicals] in
100 mM sodium acetate buffer [pH 5] containing 0.04%
NaN3, w/v) was added and incubated at 37°C with shaking at
150 rpm (Steadyshake 757 Benchtop Incubator Shaker,
Amerex Instruments, Inc., Lafayette, CA) overnight. The
incubated samples were then centrifuged at 12,000xg for
10min to pellet insoluble cell wall residues and the
supernatants (starch digests, SD) were collected for starch
content analysis.

Lipid Analysis

Total lipid determination was carried out with the colorimet-
ric method described by Cheng et al. (2011b), with some
modifications. Briefly, 30 wL of lipid extraction samples
(above) were loaded into the 96-well plate in triplicate along
with corn oil standards that contained 5-120 pg lipids.
Chloroform was evaporated off at 90°C. One hundred
microliter of concentrated sulfuric acid was added to each
well and mixed thoroughly. The plate was incubated at 90°C
for 20 min and then cooled to room temperature. Back-
ground absorbance was read at 540 nm using a microplate
reader (Softmax v 2.43, Vmax, Molecular Device, Sunnyvale,
CA). Then, 50 p.L of vanillin-phosphoric acid reagent (0.2 mg
vanillin/mL 17% (v/v) phosphoric acid) was added to each
well and mixed. After incubation at room temperature for
10 min the absorbance was again measured at 540 nm. The
net absorbance was calculated by subtracting the correspond-
ing background absorbance.

Starch Content Analysis

The amount of starch in the SD samples was determined
using the phenol-sulfuric acid method adapted to a 96-well



microplate, according to Masuko et al. (2005). Briefly, 150 pl
of concentrated sulfuric acid was added to 50 pl of each SD
sample in a 96-well microplate. After thorough mixing, 30 wl
of 5% phenol (w/w, in water) was added and mixed in. After
incubation for 5min at 90°C and allowing the samples to
cool, the absorbance at 490 nm of each well was measured.
Glucose, at concentrations 0.05-0.5 mg/mL, was used as the
standard for the measurement of carbohydrate in the SD
samples. The starch hydrolysis enzyme mixture was used as a
blank. All tests were performed in triplicate.

Purification of Starch Granules

Starch granules were prepared from algal cells grown in
ambient and elevated CO, at different growth phases, as
described by Delrue et al. (1992), with some modifications.
Cells were harvested and suspended in lysis buffer (20 mM
Tris-HCI [pH 7.5], 5mM EDTA, 1 mM dithiothreitol) and
then disrupted using a bead-beater. The disrupted cells were
then centrifuged at 10,000 x g for 20 min. The pellets (starch
granules and cell fragments) were resuspended in cold sterile
water and centrifuged twice through a Percoll gradient at
10,000xg for 20 min to separate the high density starch
granules from the lower density cell debris. The purified
starch pellets were then washed two times with sterile water
and two times with acetone and allowed to dry in a fume
hood overnight.

Starch Granule Size Analysis

Purified starch granule size measurement was performed on
three biological replicates from high and ambient CO,
cultures at day 4 of culturing by using an LS 200 laser
diffraction Particle Size Analyzer (Beckman Coulter). The
frequencies of detection of granules of different sizes were
recorded.

Scanning Electron Microscopy of Starch Granules

Isolated starch granules were washed two times with distilled
water and acetone, and then dried at room temperature. The
dried starch samples were dusted onto carbon double stick
discs and these then were mounted on stubs and coated with
gold. The morphologies of the starch granule samples were
examined under a scanning electron microscope (model XL
30 SFEG; Phillips Electronics NV, Eindhoven, The
Netherlands).

Transmission Electron Microscopy of Algal Cells

Cells from high and ambient CO, at day 4 of culturing were
fixed in Karnovsky’s fixative using a microwave, as described
by Russin and Trivett (2001). Samples were then post-fixed
with 1% (w/v) osmium tetroxide for 2 h. The samples were
dehydrated rapidly through an alcohol series (70-100% v/v)
alcohols containing 2% (w/v) uranyl acetate). Dehydration
was continued with 1:1 and then 1:3 ethanol:propylene oxide,
10min for each step. Pure epoxy resin (Epon/Araldite)

replaced the final ethanol step and was infiltrated overnight
(Heumann, 1992). Cells were then embedded and cut with a
diamond knife (Diatome, Switzerland, EMS USA distribu-
tor). Cells were viewed and images were taken using a Philips
CM120 Biotwin TEM (FEI Company, Hillsboro, OR). Cell
preparation and imaging were completed in the Electron
Microscopy Laboratory at the Department of Pathology and
Laboratory Medicine, School of Medicine, University of
California at Davis.

Amylose/Amylopectin Ratio

The amylose and amylopectin contents of C. sorokiniana starch
were determined with three biological replicates of starch
granules purified from high CO,- and ambient air-cultured
cells harvested at day 4 of culturing using an assay kit (K-
AMYL Kit, Megazyme, Ireland), according to the manufac-
turer’s instructions.

Enzymatic Hydrolysis of Algal and Various Cereal Grain
Starches

Algal starch hydrolysis measurements were performed on
three biological replicates of purified starch granules from
high and ambient CO,-cultures at day 4 of culturing. Purified
maize, rice and wheat starches were purchased from
Megazyme. Starch samples (5mg) were digested with o-
amylase isolated from Aspergillus niger (MP Biomedicals) at a
final concentration of 50 U/mg starch. The 1 mL digestion
volume contained 250U of enzyme in 100 mM sodium
acetate buffer (pH 5) containing 0.04% (w/v) NaNj;. The
reaction mixture was incubated at 37°C with shaking at
150 rpm. Aliquots of the incubation mixture (0.1 mL) were
taken every 30 min from 0 to 3 h and centrifuged at 15,000 xg
for 5 min. The supernatant was incubated at 90°C for 5 min
to inactivate the enzyme and the reducing sugar was
determined using the dinitrosalicylic acid reagent, as
described by Doehlert et al. (1982). A substrate control
(buffer replacing enzyme) was subtracted from the experi-
mental values and glucose concentrations 0.5-5 mg/mL were
used as the standard to construct a calibration curve.

Results and Discussion

The Effect of CO, Concentration on Cell Growth and
Biomass Productivity

The rate of growth of C. sorokiniana was greater when cultures
were grown in elevated (2%) CO, compared to ambient air.
The cultures in elevated CO, reached the stationary phase
after day 5. Air-grown cultures did not reach the 5-day
cellular mass of the high CO,-grown cultures until day 7 and
reached the stationary phase after 8 days (Fig. 1A). Biomass
productivity, that is the accumulation in cell mass (expressed
as mg increase in biomass per liter of culture per day) was
significantly greater in the high CO,-grown cultures than in
the air-grown cultures throughout the culture cycle. Under
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Figure 1. Dryweight, starch, and lipid accumulation (A, C, and E) and biomass, starch, and lipid productivity (B, D, and F) of C. sorokiniana grown in 2% CO, and air. Values are
shown as the means 4 SD of three independent replicates. *Statistically significant difference between CO, and air at P< 0.05. Different letters indicate statistically significant

differences between sampling times (ANOVA-Tukey test, P<0.05).

high CO,, biomass productivity was highest at days 2 and 4
(67 mg/L/day), and decreased thereafter. Under ambient air,
biomass productivity was similar at all stages of the culture
period (Fig. 1B). de Morais and Costa (2007) reported that
biomass productivity of Chlorella kessleri was 87 mg/L/day at
6% CO,. However, Chiu et al. (2009) found that the biomass
productivity of Nannochloropsis oculata NCTU-3 cultured in
2% CO, was 480 mg/L/day. They used a semi-continuous
system in which fresh culture medium was replaced every 24
or 72 h. The lower productivity of C. sorokiniana cultures may
have been due to the differences in algal strains and the
efficiency of the heterotrophic semi-continuous system used.

The Effect of CO, Concentration on Lipid and Starch
Accumulation and Productivity

The accumulation of starch by C. sorokiniana grown in 2%
CO, was twice that of cells grown in air at day 2 of sampling
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(Fig. 1C). Cells grown in 2% CO, accumulated starch at the
beginning of the cell cycle reaching about 80 mg/L at day 4 of
culturing; the starch levels began to decrease near the end
of the culture period. In contrast, when grown in air,
C. sorokiniana cells slowly accumulated starch, which reached
the highest concentration at day 6 (60 mg/L). No difference in
starch accumulation was observed between air and high CO,
grown cells at day 6. However, after 8 days of growth in
ambient CO,, the accumulation of starch was significantly
higher than when the cells were grown in high CO, (Fig. 1C).
Izumo et al. (2007) estimated that the amount of starch per
cell of Chlorella kessleri 11 h from ambient CO, cells was higher
than that of cells grown in high CO,; however, the starch
accumulation per milliliter culture was similar between the
two CO, environments. This conclusion contrasts with our
study, which found that the amount of starch for 2% CO,-
grown C. sorokiniana cells was higher than that of cells grown
in ambient air (supplemental data). In a subsequent study;,



Izumo et al. (2011) reported that when Chlamydomonas
reinhardtii 137C was grown under 5% CO, or under 5% CO,
until the log phase and then transferred to ambient air for 6 h
the cells accumulated 4.2 mg starch/L at the end of 6 h in air.
In contrast, cells cultured continuously in 5% CO, had
5.3 mg starch/L. Both of these levels were ca. 10% of what we
have observed in cultures of C. sorokiniana.

Productivity also varied between CO, treatments. Cells
grown in elevated CO, had the greatest starch productivity
(18.85 mg/L/day) at day 2. However, the maximum produc-
tivity (8.16 mg/L/day) of cells grown in air was observed at
day 6 (Fig. 1D). Ho et al. (2012) performed additional
analyses of data presented by Sydney et al. (2010) and
reported starch productivities of 4.93, 16, 20, and 21.65 mg/L/
day for Botryococcus braunii SAG-30.81, Spirulina platensis LEB-
52, Dunaliella tertiolecta SAG-13.86 and Chlorella vulgaris LEB-
104, respectively. This suggests that starch productivity of C.
sorokiniana is less like that of B. braunii and more like that of the
other species studied by Sydney et al. (2010), but the
difference in “high” levels of CO, in that study and ours leaves
some uncertainty in this comparison.

The trends in lipid accumulation for air- and 2% CO,-
grown cultures paralleled those observed for starch accumu-
lation. Cultures showed a steady increase in lipid accumula-
tion over the entire 8-day culture period (Fig. 1E). Lipid
accumulation in the 2% CO,- and air-grown cells reached
similar maximum levels (38 and 37 mg/L, respectively) at day
8. Like the accumulation of starch, lipid accumulation and
productivity were significantly greater in 2% CO,-grown cells
than in air-grown cells through the first 6 days of the culture
period (Fig. 1E and F). The highest lipid productivity
(6.75 mg/L/day) was achieved in cells grown in elevated CO,
at day 2, but the maximum lipid productivity in air-grown
cultures (4.17 mg/L/day) was reached at day 6 (Fig. 1F). Lipid
productivity of C. sorokiniana when grown in air was similar
to that reported for air-grown C. vulgaris (4.5 mg/L/day)
(Widjaja et al., 2009). However, they reported lipid
productivities under elevated CO, of 9.5 and 13.3 mg/L/
day at 0.33 and 0.83% CO,, respectively, values 1.5-2 times
greater than what we observed for 2% CO,-grown C.
sorokiniana cultures. The lipid and starch productivities
observed in our study may differ from other reports because
of differences between the strains of algae studied and
because CO, levels used in those studies were 15-30% of the
levels we investigated. Differences in the metabolic capacities
of algae to adapt to different levels of elevated CO, during

growth in culture have been observed. For example, Salih
(2011) reported differences in the tolerance of microalgal
strains to increased CO,: maximum levels tolerated were 15%
for Chlamydomonas sp., 40% for Chlorella sp. and 100%
for Cyanidium caldarium. These differences suggest that
maximum starch and lipid productivities may be constrained
by both CO, concentration and the tolerance of microalgae of
elevated CO,. In addition, a metabolic trade-off between
starch and lipid productivity may occur when the concentra-
tion of CO, is modified in cultures (Cheng et al., 2013);
the accumulation of starch reached 18.85mg/L/day in this
study while lipid reached 6.75mg/L/day. Although
C. sorokiniana cultures yielded moderate starch and lipid
productivities in our hands, this species may be used in other
situations and could be affected by environmental factors not
considered in our work. For instance, de-Bashan et al. (2008)
reported that C. sorokiniana used for water bioremediation
grew faster and accumulated more ammonium when co-
cultivated with the bacterium Azospirillum brasilense and
cells were maintained under high temperature (40-42°C)
and light intensity (2,500 wmol/m?/s) for 5h daily than
when cells were maintained under moderate conditions
(28°C and 60 wmol/m/?/s). These results suggest that the
cell production environment must also be considered
when comparing the accumulation of lipid and starch by
C. sorokiniana.

Algal Starch Granule Size

Starch granules were purified from cells collected during the
middle-log phase of culturing (4 days). The size distributions
of the starch granules were determined by laser diffraction
particle size analysis (Table I) and granule morphologies were
examined by SEM (Fig. 2). There were significant differences
in the distribution of granule sizes for cells grown in air and
2% CO,. Cells grown in air had few small granules and more
granules in the larger size classes; in contrast, granules from
cells grown in 2% CO, were mostly small in size. The average
granule size from cells grown in 2% CO, was 0.96 um,
significantly smaller than that of granules from air-grown
cells (1.27 pm) (Table I). This result superficially agrees with
granule size data reported for C. kessleri 11h in which cells
grown in 3% CO, were shifted to ambient CO, and starch
granule size increased (Izumo et al., 2007); the culture growth
conditions and history were not precisely the same in our
study and theirs.

Table I.  Sizes and amylose contents of starch granules purified from cells at day 4 of culturing under air or 2% CO,.

% of smallest % of mid-size % of large % of very Amylose
Average granule granules granules granules large granules content
Condition size (pum) (<0.7 pm) (0.7-1.4 pm) (1.4-2.1 pm) (>2.1 pm) (%)
Air 1.27 £0.12° 51.2 +2.85° 42.57 +2.60° 4.50 £0.51° 1.07 £0.33° 28.99 +0.95°
2% CO, 0.960.09 62.8540.39° 34.64 £0.15" 2.08+0.28 0.42+0.25 23.40£0.75"

Values are mean = standard errors of three different biological replicates. Means with different letters within the same column show statistically significant
differences (P < 0.05) by Tukey’s test (n=3) while means with the same letter do not.
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Figure 2. TEM observation of C. sorokiniana cells at 4 days of culture under air and 2% CO, (A and B, respectively). SEM observation of C. sorokiniana starch granules isolated
at 4 days of culture under air and 2% CO, (C and D, respectively). The bars represent 0.5 and 2m, respectively. P, pyrenoid; PS, pyrenoid starch; and SS, stromal starch.

Algal Starch Amylose Content and Morphology

The ratio of amylose and amylopectin in starch granules is a
characteristic that has important impacts on options for the
end uses of granules derived from higher plants and algae.
Therefore, the relative amounts of amylose and amylopectin
in the starch granules purified from C. sorokiniana cells grown
in air and 2% CO, were determined. The amylose (i.e.,
unbranched «-1,4-glucan) contents of C. sorokiniana algal
starches are shown in Table I. Granules from cells grown
under 2% CO, showed significantly lower amylose content
than did granules from cells grown in air. This may be related
to the difference in granule size and morphology of cells from
the two culture conditions. Blanshard et al. (1991) reported
that amylose is preferably accumulated in the amorphous
zones of starch granules and there is often a positive
relationship between amylose content and granule size;
however, this relationship is not absolute (MacGregor and
Morgan, 1980). For example, Stevnebg et al. (2006) showed
that high- and normal-amylose barley varieties had a higher
proportion of small granules than low-amylose varieties, but
reported no significant granule size differences between the
high- and normal-amylose accumulating lines. This, and
several other studies illustrate that starch granule architecture
and composition can be determined by many interacting
factors (Tester et al., 2006).
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The SEM observations indicate that starch granules from
C. sorokiniana cells grown in 2% CO, were disk-shaped, while
those from air-grown cells were cup-shaped (Fig. 2). Izumo
et al. (2007), who compared the sizes and morphologies of
C. kessleri 11h starch granules in cells from the linear to
stationary phases of cultures grown in air and 3% CO,,
observed similar differences. However, in another study,
Izumo et al. (2011) reported that the morphology of
Chlamydomonas reinhardtii 137C starch granules may be altered
mid-culture. Cells grown in 5% CO, had disk-shaped starch
granules, but when grown in elevated CO, until log phase and
then transferred to ambient CO, for 6 h, the granules became
cup-shaped, morphological characteristics similar to those of
the granules from air-grown cultures in our study (Fig. 2). It
should be noted that in our experiment starch granules were
purified from cells harvested during the middle of the
logarithmic phase.

Algal Starch Hydrolysis

The morphology, surface area-to-volume ratio and relative
amylose:amylopectin composition of starch granules are
determinants of granule hydrolysis rate, a key process
dictating the efficiency of starch as a biofuel feedstock
(Svihus et al., 2005; Tester et al., 2006). Native starch granules
isolated from cultured C. sorokiniana cells and starch samples



from maize, rice and wheat were incubated with A. niger
a-amylase, an inexpensive and ubiquitous enzyme that
efficiently hydrolyses starch without an energy-intensive pre-
gelatinization step (Tester et al., 2006). The subsequent rates
of starch hydrolysis, based on the generation of glucose
reducing equivalents, were compared. Interestingly, after
30 min of hydrolysis, starch granules from both the air- and
2% CO,-grown algal cells were significantly more susceptible
to hydrolysis than the cereal starch samples and this
difference in the extent of digestion persisted through
180 min of incubation (P <0.05) (Fig. 3). Furthermore, the
starch granules from cells cultured in high CO, were digested
1.2 times more rapidly than those from air-grown cells
throughout the 180 min incubation period. In addition, the
initial hydrolysis rates of algal starch were significantly higher
than those of maize, rice and wheat starches and rates for
starch granules from 2% CO,-grown cells were significantly
higher than were the rates for granules from air-grown cells
(Table II). Our analysis does not support a more specific
conclusion about how relative granule amylose and amylo-
pectin contents and sizes affect hydrolysis rate. For these
assays, we have used starch granules from 4-day air and 2%
CO, cultures. The compositions and size distributions of the
two granule populations are not distinctly different, rather
they are overlapping (Table I).

Several characteristics of stored starch have been investi-
gated as factors affecting starch hydrolysis. Skrabanja et al.
(1999) investigating pea and Noda et al. (2003) investigating
rice starches, agreed that starch granules from genotypes with
low-amylose content were more susceptible to digestion
than those from genotypes with a normal amylose content.
Sharma et al. (2010) and Yangcheng et al. (2013) studied
bioethanol production from corn starch and reported that
corn sources that accumulated starch reserves with a lower
amylose content were more efficiently converted to ethanol
than those that accumulated starches with a higher amylose
content. In our study, when the rates of hydrolysis for the
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Figure 3. Enzymatic hydrolysis of purified algal starch at day 4 of culturing and
maize, rice, and wheat starches containing different percentages of amylose. Values
are mean =+ standard errors of three replicates.

Table Il. Hydrolysis rates of various starches containing different
percentages of amylose.

Initial rate of

Source of Amylose starch hydrolysis

starch percentage (mM reducing sugar/min) R
Algal starch Air 29 2.0240.11° 0.99
Algal starch CO, 23 2.52£0.13" 0.96
Maize 0 1.16 +£0.02° 0.99
Maize 24 0.76 £0.08° 0.97
Maize 64 0.22 £0.03° 0.85
Rice 20 0.58 +0.02¢ 0.93
Wheat 27 1.07 £0.03¢ 0.93

Values are mean = standard errors of three replicates. Means with
different letters within the same column show statistically significant
differences (P < 0.05) by Tukey’s test (n = 3) while means with the same letter
do not.

three maize starch samples were compared, increasing
amylose content correlated with decreased digestion
(Table II).

Vasanthan and Bhatty (1996) reported that in addition to
the amylose contents of granules, granule size also influenced
the rate of starch hydrolysis and this could be a factor that
affected algal starch granule digestion in our study. Algal cells
grown in air were smaller on a percentage volume basis by
laser diffraction analysis (LDA; Table II). This method rapidly
determines the size distribution of millions of particles in a
solution but suffers from the drawback in that it assumes all
particles are spherical (Wilson et al., 2006). The pyrenoid
starch, although larger by LDA, is cup-shaped and likely has a
greater surface area to volume ratio for depolymerisation by
a-amylase than the discoid stromal starch (Fig. 2).

Our studies indicate that C. sorkiniana cells grown in high
CO, accumulated smaller starch granules with a lower
percentage of amylose than did cells grown in air and that the
smaller granules were more effectively digested by a-amylase.
Although these observations suggest a relationship between
the granule characteristics we have measured and the more
efficient hydrolysis of their starch glucans, other factors,
including the compactness of the starch as affected by the
distribution of amylopectin glucan chains (Luengwilai
et al., 2010), the possible accumulations of lipids or proteins
on the granule surfaces (Stevnebe et al., 2006; Svihus
et al,, 2005), and the presence and density of pores on the
surfaces of the granules (Dhital et al., 2010) should be studied
before definitive conclusions can be drawn.

Conclusion

We have demonstrated that culturing C. sorokiniana cells in 2%
CO, enhances both lipid and starch accumulation and affects
the structural properties of the starch that is produced. No
trade-off between starch and lipid accumulation was noted in
2% CO,-treated cultures through the first 4 days of the
culture period when the dry weight of cells was increasing
rapidly. In 2% CO,, starch granules were disk-shaped and
contained mainly stromal starch; granules from air-cultured
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cells were cup-shaped, containing primarily pyrenoid starch
and were larger than granules from cells grown in 2% CO,.
The granules from cells grown in high CO, contained more
amylopectin than granules from air-grown cells and were
more readily hydrolyzed. Thus, several of the starch granule
properties that were influenced by the CO, in the culture
environment could be utilized to enhance the efficiency and
economics of using microalgal starch for biofuel production.
Because the productivity of other microalgal species and
strains has been shown to be enhanced by tests involving
various elevated levels of CO,, it now is important to
determine what CO, level is optimal for C. sorokiniana’s starch
and lipid production. This will be of value as commercial
strategies for microalgal production of biofuel precursors
such as starch and lipids evolve.
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