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Abstract

The carbon allocation and alterations in the photosynthetic apparatus of the red microalga,
Galdieria sulphuraria CCMEE 5587.1 were investigated under photoautotrophic,
mixotrophic and heterotrophic conditions in this paper. Photosynthetic Oz evolution values
and chlorophyll a content decreased during one week of cultivation in both hetero- and
mixotrophic cultivations. A 2.1-fold and 2.6-fold reduction was observed in phycocyanin
content under mixo- and heterotrophic conditions, respectively. TEM microscopy
confirmed that mixotrophic conditions favor carbon allocation toward starch biosynthesis
along with an increase in the size of chloroplasts. In contrast, carbon is allocated toward
lipid production under heterotrophic cultivation with apparent smaller multi-lobed
chloroplasts. These results increase our understanding of the roles of photosynthesis and

external carbon sources on bioenergy products from Galdieria.
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Ultrastructure

Introduction

During photoautotrophic growth, microalgae utilize light and inorganic nutrients to produce
biomass rich in high-value compounds. These molecules vary in chemical class such as
lipids, proteins, pigments and long-chain polyunsaturated fatty acids (Graziani et al., 2013;

Markou & Nerantzis, 2013). Microalgae are promising feedstocks because of their high
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biomass productivity and their use for biofuel, food, feed and other important bioproducts

(particularly under stress conditions) (Khan et al., 2018).

Mixotrophic algal metabolism resulting from utilization of organic carbon via respiration
and CO. via photosynthesis can substantially increase algal biomass productivity and
provide ecosystem services (Henkanatte-Gedera et al., 2017). Poly-extremophilic red
microalgae in the genus Galdieria provide a particularly promising example because their
tolerance to low pH values (0.5-5.0), elevated temperatures (35-56°C), brackish water and
toxic metals provide strong selection against most potential contaminating heterotrophic
microorganisms (Reeb & Bhattacharya, 2010). Because of the adaptation to extreme
growth conditions, Galdieria spp. are useful organisms for bioenergetics studies using
highly accessible carbon substrates. In fact G. sulphuraria can utilize over 27 different
carbohydrates making it the most versatile mixo-/heterotrophic microalgae known to date
(Gross et al., 1998; Gross & Schnarrenberger, 1995; Sloth et al., 2006). Under mixotrophic
cultivation, different organic carbons such as glucose, glycerol, and sucrose are coupled
with CO; utilization to combine the power of both photoautotrophic and heterotrophic
growth (Dragone et al., 2010). As previously demonstrated, G. sulphuraria 074G reached
the culture density of 110 g L™ when grown on glucose (Graverholt & Eriksen, 2007).
Moreover, the same strain had a higher yield (up to 166 g L) when sugar beet molasses
was utilized in heterotrophic and mixotrophic experiments (Schmidt et al., 2005). Others
have also shown that G. sulphuraria exhibits high biomass productivity when cultured

under heterotrophic conditions (Graverholt & Eriksen, 2007; Sakurai et al., 2016).
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Nevertheless, photosynthetic activity is known to be markedly affected in heterotrophically
grown Galdieria sulphuraria 107.79 using lactose as an organic carbon source by losing
their photosynthetic apparatus (Tischendorf et al., 2007), glucose addition to strain
Galdieria sulphuraria 074G behaves similarly (Oesterhelt et al., 2007). Heterotrophically
grown Galdieria sulphuraria Soos strain lost all its pigments with reduced plastids using a
wide range of organic substrates (Gross & Schnarrenberger, 1995). Here we examine
Galdieria sulphuraria CCMEE 5587.1 (hereafter G. sulphuraria 5587.1) mixotrophic
metabolism of cellulosic sugars, mainly glucose and xylose, derived from chemical
degradation of corn stover yielding a low-cost corn stover hydrolysate (CSH). CSH is a
renewable and environmentally sustainable alternative for mixotrophic metabolism due to
its high concentration of fermentable sugars (Jang et al., 2012; Lau & Dale, 2009). The aim
was to study carbon allocation and chloroplast ultra-structure changes using low-cost CSH
substrates in G. sulphuraria 5587.1 by evaluating carbon distribution among storage
molecules under photo-, mixo-, and heterotrophic conditions. In this study we present
alterations in parameters of photosynthetic activity of CSH-supplemented cells such as
chlorophyll content, phycocyanin, and O evolution values. Additionally, we present a
hypothesis for carbon allocation during CSH-supplemented mixotrophic and heterotrophic

metabolism.

2. Materials and methods
2.1. Algal strain and culture conditions
Galdieria sulphuraria strain CCMEE 5587.1 was obtained from R. Castenholz (University

of Oregon) (Toplin et al., 2008). Cultures were grown on new modified Cyanidium media
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(500 mL) (Gross & Schnarrenberger, 1995) at pH 2.5 in 1L baffle flasks with two ports:
one for sparging CO:> enriched air and the second for sampling. Cultures were cultivated
under photoautotrophic, mixotrophic and heterotrophic conditions with 12hrs light/12hrs
dark cycles, 2% CO,, and temperature varying between 35°C (lights off) and 45°C (lights
on) at an incident light intensity of 150 umol photons m= s™. The heterotrophic cultures
were wrapped in aluminum foil to exclude light and incubated together with the other
treatments to maintain the same temperature regime. Three biological replicates for each
culture condition were performed. The growth medium contained 25mM hexose equivalent
CSH as the organic carbon source. CSH was provided by the National Renewable Energy
Laboratory (NREL) as a single stock which contained sugars in the following
concentrations: glucose (200.16 g L), xylose (110.85 g L), arabinose (15.87 g L™),
galactose (15.38 g L) and cellobiose (8.8 g L™).

Heterotrophic, fed-batch fermentation was performed using a New Brunswick Bioflo 1V
20L (15L working volume) bioreactor equipped with dissolved oxygen, pH, temperature,
and antifoam control. The culture was started in Cyanidium media (CM), (Selvaratnam et
al., 2015) twice the specified nitrogen and phosphorus components and 50 g L™ glucose.
The reactor was continuously agitated at ~500 rpm with two Rushton turbines coupled with
2.5 L min'! air sparging. Temperature was maintained at 40°C and pH kept between 1.5 and
2.5 using 3N KOH, respectively. Fed batch growth was conducted via manual additions of
modified CM growth media in response to increases in dissolved oxygen. The modified,
concentrated CM medium solutions for fermenter use contained 3-fold higher
concentrations of all CM components except the following: 42-fold higher ammonium

sulfate, 50-fold higher FeCls plus 500 g Lt glucose. When the culture volume reached 15 L
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supplemental nutrient additions followed the removal of equal volumes of culture to
maintain the total volume at 15 L (Schmidt et al., 2005). These occurred 1-3 times daily
and volumes ranged from 0.5-1.0 L. Substrate yields were calculated for the 5 days of
constant-volume growth based on the sum of all the biomass fractions produced in grams

ash-free dry weight (AFDW)/sum of glucose added.

2.2. Optical density and specific growth rate measurement

Optical density (OD) was measured daily using a UV/Vis Spectrophotometer (DU 530,
Beckman Coulter, US) at 750 nm during the middle of the light cycle under all growth
conditions. Samples for analysis were taken at inoculation, log phase, and stationary phase.
The following equations were used to calculate the (1) estimated biomass density AFDW
(Selvaratnam et al., 2014), (2) maximum specific growth rate and (3) biomass yield
coefficient (Widdel, 2007):

(1) AFDW = 0.54 x OD750 + 0.023

(2) o = (In OD2— In ODy1)/(t2— t1)

(3) Yxis= (Xt-Xo) / (St-So)

2.2. Nutrient assays

Samples were centrifuged at 10,000 rpm and the supernatant was used for daily nutrient
uptake analysis and media substrate analysis. The resulting cell pellets were saved for the
chlorophyll analysis. Nutrient uptake was quantified for ammonium and phosphate with
microplate assay protocol as described by Hernandez-Lopez & Vargas-Albores (Hernandez-
Lopez & Vargas-Albores, 2003). For the ammonium sulfate analysis, 250 pL of the

supernatant was used in the reaction. The solution containing hypochlorite reacts with the
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ammonia which is formed in the solution giving the blue color. The absorbance was recorded
after 60 min incubation at room temperature at 655 nm. For the potassium phosphate analysis,
supernatant was diluted (500 fold) in distilled water, then 250 pL of dilution was used for the
analysis in the reaction mixture. The ammonium molybdate in the solution containing
ascorbic acid reacts with phosphate resulting in a blue color. After a 10 min incubation period
at room temperature the absorbance was read at 655 nm (Herndndez-Lopez & Vargas-
Albores, 2003). Standards were prepared as serial dilutions from 1.5 mM KH2PO4 and

(NH4)2SO4 stock solutions, and used to generate standard curves.

2.3. Media substrate analysis

Concentrations of saccharides of CSH in the growth medium was analyzed using a gas
chromatography time of flight mass spectrometry (GCTOF-MS) composed of a 7890A GC
System (Agilent Technologies, US) and a Leco Pegasus HT High Throughput TOF-MS
(Leco, US). The supernatant was derivatized as previously described by Lee and Fiehn
(2008) and analyzed within 24hrs (Lee & Fiehn, 2008). Briefly, 200uL of supernatant dried
in a speed vac and 2uL of fatty acid methyl ester mix (Sigma Aldrich, Product No0.49453-
U) was added as an internal retention index to the dried samples along with 10uL of a
solution of 20 mg/mL of methoxyamine hydrochloride (Sigma-Aldrich, St. Louis, MO, US)
in pyridine (Sigma-Aldrich, St. Louis, MO, US) and shaken at 30°C for 90 min. Then 45 pL
of MSTFA 0.1%TMCS (Pierce, Rockford, IL) was added to the samples and shaken at
37°C for 30 min. Serial dilutions of carbohydrate standards of glucose, xylose, arabinose,
cellobiose and galactose, (Sigma-Aldrich, St. Louis, MO, US) were generated for the

quantification of saccharides in the samples. The spectral data from each carbohydrate were
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processed after data acquisition with their unique characteristic ions. These data were
search against the Fiehn metabolomics library. Peak integration and alignment was
performed in MET-IDEA V2.08 (Noble Foundation, Oklahoma, US) for both the samples

and standard carbohydrate mix.

2.4. Chlorophyll a & Phycocyanin measurements

Chlorophyll a (Chl) was extracted from the pellets saved from nutrient analysis using 80%
(v/v) acetone. Chl content in the extracts was measured spectrophotometrically (DU 530,
Beckman Coulter, US) and further quantified using coefficients as described previously by
Ritchie (Ritchie, 2006). Phycocyanin (PC) measurements were made from cell pellets,
samples were centrifuged at 4,000xg for 10 min and subsequently washed with distilled
water twice and frozen at -20°C for analysis. The cells were lyophilized, resuspended in
0.10 M Na;HPO4/NaH2PO4 (MilliporeSigma, St. Louis, MO, US) pH 7.0 and disrupted
with 0.1 mm silica beads in a homogenizer (Precellys 24, Bertin Technologies) at 6,500
rpm (3x 30 seconds) followed by centrifugation at 16,000xg for 60 min. The PC
concentration was determined at 618 nm from in vivo absorbance spectra as described by

Kursar and Alberte (Kursar & Alberte, 1983).

2.5. Oxygen evolution
For the direct Oz evolution measurement, the data were collected at the 1% (log phase), 4"
(exponential phase) and 7" day (stationary phase) from each conditions (n =3) and

measured using a Firesting O meter (Pyro Science, US) with respiration vials. For the



10

11

12

13

14

15

16

17

18

19

20

21

gross Oz evolution, the net O, evolution was measured for 5 min at 150 umol photons m2s-

! followed by the O, consumption immediately in the dark for 1 min.

2.6. Electron microscopy

Aliquots of cultured cells in both exponential and stationary phases were chemically-fixed
by addition of glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA) with rapid
mixing to a concentration of 2.5%, and the cells were harvested by centrifugation at
3,000x%g. The resulting cell pellets were embedded in 4% low-melt agarose (Sigma-Aldrich,
St. Louis, MO, US) and subsequently processed by post-fixation in 2% osmium tetroxide
(Electron Microscopy Sciences, Hatfield PA) solution buffered with 0.1 M imidazole-HCl,
pH 7.2. The cells were washed in de-ionized water, dehydrated with a graded series of
ethanol solutions and embedded in Spurr’s epoxy resin (Low viscosity embedding Kit,
Electron Microscopy Sciences, Hatfield, PA) before oven curing at 60°C for 48hrs. Digital
images of selected cell profiles were captured with a model XR611 mid-mount digital

camera (Advanced Microscopy Techniques, Woburn, MA).
2.7. Fatty acid methyl ester determination (FAME)

For the analysis of total fatty acid content, the cells were harvested by centrifugation and
then lyophilized. Approximately 15 mg of dry biomass were added in vials, and extracted
using 200 pL of chloroform:methanol (2:1 v/v). Fatty acids were esterified using 300 pL
0.6M hydrochloric acid:methanol (Van Wychen & Laurens, 2013) and placed on dry
heating blocks at 85°C for an hour. Then 0.5 mL hexane was added to each of the vials for

extraction and subsequently analyzed by Varian 3900 GC FID (Varian, US). FAMEs were
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separated chromatographically using a DB-23 capillary column (60m x 0.25 mm x 0.25
um). The injector temperature was kept at 250°C with the sample injection of 2 pL. The
oven temperature setting was as followed; 100°C for 1 min, ramping at 25°C min™! up to
200°C, held at 200°C for 1 min, from 200°C to 250°C at the rate of 3°'C min™* with a hold of
7 min. Hexane with an internal standard solution (C23:0, methyl tricosonate, at 50 pg mL™?)
and standard curve from a serial diluted Supelco FAMEs mix (Sigma-Aldrich, St. Louis,

MO, US) was used to quantify peaks in samples.

2.8. Starch and B-glucan analysis

Approximately 20 mg of lyophilized tissue was used for analysis of total starch content.
Glucose was first removed from samples with 80% (v/v) ethanol, the residual starch was
hydrolyzed to glucose following incubation with a-amylase and amyloglucosidase at 50°C
for 30 min (Total starch assay, Megazyme, Wicklow, IRELAND). For the B-glucan
analysis, the (1,3)/(1,6)-B-glucans were measured with Glucazyme enzyme incubation
(Enzymatic yeast Beta-glucan assay, Megazyme Wicklow, IRELAND). Free glucose was
quantified spectrophotometrically at 510 nm as described in the Megazyme protocol.

2.9. Statistical analysis and experimental replication

All statistical analyses was performed in SAS version 9.4 software (SAS Institute, Cary,
NC, USA). Three experimental conditions were performed on three plates to represent three
biological replicates of each treatment. The effects of growth conditions on starch, PC and
FAME profile in a 7-day period were analyzed using ANOVA with post hoc (LSD test)
analysis. The letters A and B were used only for the graphs with statistical significance

between variables (p < 0.05). The graphs with no letters were not statistically significant.

10
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3. Results and discussion

3.1. Specific growth rate and biomass yield

The biomass productivity was significantly higher in the mixotrophic (M) and heterotrophic
(H) cultures from exponential to stationary phase when compared to the photoautotrophic
(A) cultures (Fig. 1A). Cells rapidly increased to 1.23 + 0.06 and 1.29 + 0.05 at OD750
after day 4 in in their exponential phase in hetero- and mixotrophic cultures respectively,
while it reached 0.81 £ 0.07 under photoautotrophic conditions. Cultures grown
mixotrophically performed similarly to those grown heterotrophically (Fig.1A). The cells
maximum specific growth rate (Lmax) under mixo- and heterotrophic conditions were 0.228
+ 0.04 and 0.23 £ 0.03 respectively, and only slightly higher than photoautotrophic
cultivation (u=0.158 £ 0.07). However, Lammers et al. (2018, unpublished data) showed a
2-3 fold increase in mixo- and heterotrophic productivity relative to photoautotrophic
productivity. The difference is likely due to lower oxygen availability in this study.
Increased growth rates of acidophilic G. sulphuraria and G. partita under mixotrophic
growth condition were previously reported (Oesterhelt et al., 2007; Stadnichuk et al., 1998).
One possible explanation for our lower productivity is the combined effects of the

limitations on oxygen mass transfer and light in 1L baffle flasks used in our experiment.

3.2. G. sulphuraria nutrient uptake

To test whether or not nutrition limitation is playing role in the biomass growth, nutrient
uptake was measured using ammonium and phosphate. Ammonium levels in the culture

decreased during the 7-day growth period in all growth conditions. Total ammonium

11
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content decreased by 5.6%, 38.2% and 38.5% after day7 under photoautotrophic,
mixotrophic and heterotrophic conditions respectively (Fig. 1B). Moreover, total phosphate
concentration was reduced under all treatments with the highest uptake under the
heterotrophic condition with over 40% and 50% reduction in mixo- and heterotrophic
cultures. Despite the higher biomass production, there was a minor reduction in ammonium
uptake with hetero- and mixotrophic conditions, as other researchers also showed the
similar results with nitrogen availability and limitation (Schmidt et al., 2005; Sloth et al.,
2006). Higher biomass growth obtained under heterotrophic cultivation might be the reason
we observe more ammonium uptake rates under such condition. Moreover, increased
phosphate uptake was noticed in the cultures grown in heterotrophic than mixotrophic
condition on the last day of the 7-day growth period. Our data suggested higher phosphate
uptake than nitrogen in Galdieria sulphuraria that is supported by the phosphate to
nitrogen ratios which decreased over 7-day cultivation conditions mixo- and
heterotrophically. These results showed that there was no significant reduction in
ammonium concentration in both mixo- and heterotrophic cultures. Moreover,
photoautotrophic cultures were not ammonium-limited during the stationary phase of

growth.,

3.4. Corn stover hydrolysate uptake.

G. sulphuraria cultures were analyzed for CSH sugars (glucose, xylose, galactose,
arabinose, and cellobiose) throughout the growth period. Substrate yields were 0.36 and
0.27 g-biomass g-sugar * for the mixotrophic and heterotrophic cultivation respectively

during the maximum growth period between day3 and 4 (Fig. 2A). These values are less

12
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than previous reports in cultures grown on glucose and waste hydrolysates (Sakurai et al.,
2016; Sloth et al., 2017). Previously, heterotrophic substrate yields of 0.42-0.52 have been
reported for G. sulphuraria O74G grown in aerobic fermenters (Graverholt & Eriksen,
2007). Additionally, our previous research showed mixotrophic substrate yields of 0.6-1.0
in flat-panel and tubular photobioreactors (Lammers et al., 2018, unpublished data) with G.
sulphuraria 5587.1 using glucose, sucrose or the same batch of CSH used here. G.
sulphuraria 5587.1 was grown in an aerobic fermenter, yielded a heterotrophic substrate
yield of 0.43, thus eliminating genetic differences between G. sulphuraria O74G and

5587.1 as the cause of the lower than expected response to sugars.

We conclude the deviations from previous reported substrate yields were likely caused by
sub-optimal O levels due to the combined effects of the long light path in Erlenmeyer
flasks (11.4 cm at bottom) and limitations on mass transfer of oxygen in half-full, baffled

shake flasks.

The Galdieria cells metabolized glucose and xylose completely by day 7 heterotrophically
with glucose, and galactose being the most preferentially used saccharides (Fig. 2B). The
concentration of cellobiose was lowest with respect to other saccharides in the CSH.
Interestingly cells under heterotrophic cultivations used up cellobiose completely (Fig. 2B)

while mixotrophic cells used only half of the cellobiose (Fig. 2C).

3.3. Chlorophyll, oxygen evolution & phycocyanin measurements

Photosynthetic O evolution, evaluated by the direct measurement of photosystem Il (PSII)

activity, increased under photoautotrophic conditions compared to mixo- and heterotrophic

13
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conditions (Fig. 3A). Heterotrophic cultures were deplete of Oz by 24 hrs. Since there is no
light, extra Oz provided by PSII is not readily available in these cultures. While the cultures
cultivated under mixotrophic conditions exhibited a significant drop in O evolution, levels
of O stabilized in the cultures from day 4 (exponential phase) on. This indicates the O>
production (PSII) is in equilibrium with O2 consumption (respiration; sugar consumption).
Chl content dropped in a similar rate when comparing the two treatments (Fig. 3B), while
there is a stark difference in the drop in O evolution rate with the heterotrophic cultures.
The slower decline in the mixotrophic cultures suggest that they are still evolving O2 and
barely matching respiration (glucose metabolism). Without light in the heterotrophic
cultures, PSIl would be completely down-regulated. There is no light in the heterotopic
conditions so photosynthesis is already down regulated. The decrease in O. evolution seen
in the first day is essential for the cells taking up the available O found in the
culture/media. Finally, normalized O evolution values (umol O, [mg ChI]* min) also
showed similar upward trends under photoautotrophic condition while it decreased rather
slowly under mixotrophic condition relative to rapid reduction heterotrophically (Fig. 3C).
These data together confirmed the reduced performance of photosynthesis under
mixotrophic condition which has been previously described in other G. sulphuraria strains
cultivated under mixotrophic conditions with glucose supplementation (Oesterhelt et al.,
2007; Stadnichuk et al., 1998; Tischendorf et al., 2007). However, the comparison of gross
O evolution showed that the photosynthetic O> evolution does to some extent occur in
cells under mixotrophic conditions later during the stationary phase of growth. However, in

order to validate the idea of the net conversion from respiration to photosynthesis in

14
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mixotrophic condition, it would be interesting to observe the Oz evolution changes in post-

stationary phase.

Growth, O evolution and carbohydrates analysis illustrate the physiology of cellular
carbohydrate uptake in mixotrophic and heterotrophic cultures. During the period of high
growth, heterotrophic cells use the carbohydrates with an increase in growth and a decrease
in gross Oz evolution as expected. During the light periods of mixotrophic growth, algal
cells demonstrate photosynthetic activity as evidenced by the slower drop in O. under the
mixotrophic condition compared to the heterotrophic condition. The GC/MS analysis of the
CSH and O- evolution data showed that as the sugar concentrations approached zero the
respiration rate decreased which further showed less probability of respiration event in
heterotrophic cultures. Photoautotrophic cultures exhibited higher O evolution rate, which

IS suggestive of increase in photosynthetic activity (Fig. 3A).

Production of PC was investigated in all treatment conditions. The PC concentration
decreased significantly from 7.5 mg g* DW under photoautotrophic cultivation to 3.5 mg g
1 DW and 2.84 mg g DW under hetero- and mixotrophic conditions, respectively (Fig.
3D). PC content in the photoautotrophic cultures was significantly higher than the CSH
supplemented cells in both exponential and stationary growth phases which further
validates down-regulation in photosynthetic activity in such cells (Fig. 3D). Factors such as
the limited carbon and nitrogen availability and also lower light intensity increase the PC
synthesis in G. sulphuraria (Sloth et al., 2006). Although the nutrient and carbon limitation
was not observed in both mixo- and heterotrophic cultures (exponential phase) in our study,

PC concentration was equally low in both the culture conditions. Even though sugar
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sources such as glucose increase the biomass and PC productivity (Eriksen, 2018; Sloth et
al., 2006), it has been shown that sugar represses the PC content and synthesis in Galdieria
(Oesterhelt et al., 2007; Stadnichuk et al., 2000). The reported higher PC content after
complete depletion of sugar (Eriksen, 2008; Schmidt et al., 2005; Sloth et al., 2006) further
highlights the important role of carbon limitation while nitrogen is still available and
suggests a likely role for PC as a nitrogen storage compound in Galdieria. We found the
CSH repression of light-induced PC synthesis effect in G. sulpuraria 5587.1. These results
demonstrated the G. sulphuraria 5587.1 as a variant of a red alga that represses PC
synthesis under the CSH regardless of nitrogen availability that is supported by significant
reduction levels of PC under CSH supplementation. These data correspond to the previous
studies on the negative effect of glucose on pigment biosynthesis in G. sulphuraria 074 G
(Gross & Schnarrenberger, 1995). Therefore, the presence of CSH leads to the down-
regulation of the photosynthetic O2 evolution, as well as to reduced levels of PC content.
PC content analysis after CSH depletion in the cultures in a post stationary phase will
improve understanding of its role in G. sulphuraria 5587.1. The reduction in PC content in
the presence of CSH most likely suggests the PC degradation as the cell’s response to

maintain cell viability until favorable growth conditions return.

3.5. Ultrastructure of G. sulphuraria cells

Images of thin sections contained evidence of many structures related to potential sites of
carbon allocation as well as minor structural variations in the ultrastructure of chloroplasts
within cell profiles. Cells in samples of auto- and mixotrophic cultures contained bigger

chloroplasts with regular thylakoid membranes (Fig. 4A-D) whereas chloroplasts in cells
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grown under heterotrophic conditions were smaller in size (Fig. 4E, 4F). In previous studies
of Galdieria, the observed size of chloroplasts was smaller than heterotrophic conditions
while under autotrophic conditions, a prominent chloroplast occupied most of the cell
volume (Gross et al., 2002). Although in all the growth conditions studied, the chloroplast
was pleomorphic or multilobular in mature and old-aged cells, usually we observed smaller
lobed chloroplasts along with several vacuoles within larger cells (6-7um) under
heterotrophy. In the present study, cell sizes in heterotrophic and mixotrophic cultures were
variable under CSH supplementation. Profiles of smaller cells contained starch and lipid
structures while cells greater than 7um (and groups of cells separated by cell walls) were
dividing and displayed little or no evidence of organelles typically related to stored energy

reserves (i.e., starch granules or lipid droplets).

Heterotrophically grown cells consistently contained numerous electron-dense circular
profiles located between membranous lamellae chloroplasts, possibly representing lipid
bodies (Fig. 4E, 4F) as opposed to larger circular electron-lucent areas or granules which
could probably represent floridean starch accumulations under mixotrophic growing
conditions (Fig 4C, 4D). In our study, these electron-dense circular bodies that are larger
under heterotrophic condition than mixo- and photoautotrophic cultivations might be
identified as plastoglobules (PG). PG are seen attached to thylakoids margins involved in
lipid channeling (Bréhélin et al., 2007). Lipid remodeling in plants illustrated PG
enlargement with thylakoid degradation as an adaptation to stress conditions (Rottet et al.,
2015). PG are required for proper function of the thylakoid membrane and most of its

components exist in green and red algae (Lohscheider & Bartulos, 2016). A research on

17



10

11

12

13

14

15

16

17

18

19

20

21

22

green algae Dunaliella concluded that the PG elevated under nitrogen limitation as a stress
factor (Davidi et al., 2015). The presence of PG with electron dense aggregates in the
stroma was also observed in Galdieria (Pinto et al., 2003). Thus it is possible that these
lipophilic droplets represent PG in Galdieria under CSH supplementation. Because of the
energy store profiles observed in our images, we concluded that the CSH supplementation
favored starch production in mixotrophic condition while the heterotrophic nutritional

conditions were more favorable toward lipid production.

3.6. Alterations in starch and Fatty acid methyl esters (FAME)

There are different types of starches such as glycogen-type and amylopectin-type (floridean
starches) in Rhodophyta. The a-glucan starches in red algae proceed from UDP-glucose
which is similar to ADP-glucose in glycogen synthesis pathway in prokaryotes (Viola et al.,
2001). These starches are used as the primary source of energy storage and lipids as
secondary storage compounds. They are significant elements of red algal cells, vital for cell
growth, development and biodiesel production as well as a substrate for resistant polymer
production (Martinez-Garcia et al., 2017; Shimonaga et al., 2008). These storage compounds
can be overproduced using nutrient starvation, high salt and iron concentrations, and
heterotrophic/mixotrophic culture conditions (Branyikova et al., 2011; Dragone et al., 2011;
Liu et al., 2008; Martinez-Garcia et al., 2016; Sakurai et al., 2016; Takagi & Yoshida, 2006).
Sulfur limitation caused starch-rich biomass in Chlorella and Chlamydomonas whereas
nitrogen and phosphorus limitation increased higher starch content but their viability
decreased over time (Branyikova et al., 2011; Zhang et al., 2002). Other researchers showed

that the excess carbon is diverted into TAG and starch production under nitrogen starvation.
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Nitrogen derived from amino acid catabolism was converted to intermediates and excess
carbon diverted into starch mixotrophically and to storage lipid production heterotrophically
(Scott et al., 2010). Lipid content in Chlorella sorokiniana reached to 51% under mixotrophic
growth on glucose (Wan et al.,, 2011). Moreover, Chlorella pyrenoidosa produced
significantly higher lipid productivity under mixotrophic cultivation using piggery wastewater
(Wang et al., 2012). A previous report on G. sulphuraria SAG 108.79 showed higher
glycogen production heterotrophically using the glycerol as the external carbon source
(Martinez-Garcia et al., 2016). The red microalga, Galdieria sulphuraria 074W grown on
various carbohydrate sources, produced higher starches mixotrophically whereas it produced

higher lipids heterotrophically under glucose supplementation (Sakurai et al., 2016).

In our study, the amounts of a-glucan, B-glucan and FAME were analyzed during the
exponential (Day 4) and stationary (Day7) phases (Fig. 5A-C). The starch granules increased
significantly under the exponential phase of mixotrophic and heterotrophic conditions while it
decreased during the stationary phase of the growth in all treatments with no significant
differences between the treatments (Fig. 5A). The apparent decrease in starch during the
stationary phase might be due to the cell’s response during cellular division to favor the
energy consumption (Vitova et al., 2011). Thus starch degradation during the stationary phase
of the growth in all treatment condition is independent of light as also proposed by
(Branyikova et al., 2011). The higher starch and lipid production, especially at the exponential
phase, was further confirmed with our TEM microscopy (Fig. 4C-D). Moreover, we observed

other storage carbohydrates which are found as a form of soluble dietary carbohydrate; j-
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glucans. The B-glucans content increased at the stationary phase of mixotrophic condition, but

there was no statistical difference between the treatments (Fig. 5B).

Our FAME results showed higher total FAME at the stationary phase of heterotrophic
(5.06%) and autotrophic cultivations (5.45%) than mixotrophic cultures (3.55%) (Fig. 5C).
The carbohydrate stored during the exponential phase in heterotrophy gets channeled
toward the lipid production with more nutrient availability. The abundant availability of
nutrients might have facilitated the less growth with higher lipid production in
heterotrophic cultures at their exponential phase. Whereas, the apparent higher nutrient
uptake, channeled the excess carbohydrate toward the higher starch production in
mixotrophic cultivation (Fig. 5A-C). There was a significant reduction in lipid content
under mixotrophic condition in the stationary phase compared to autotrophic and
heterotrophic cultivations. C16:0 and C18:2 are the most dominant fatty acids present in
fatty acid pool in all culture conditions while C18:3 are present in hetero- and mixotrophic
cultivations (Fig. 5D-F). Overall, total fatty acid content was higher under heterotrophic
cultivation relative to mixotrophic cultivation which is consistent with the previous
research using glucose as the carbon source (Sakurai et al., 2016). Thus, mixo- and
heterotrophically-grown cells resulted in higher biomass yield over the photoautotrophic
samples during the 7-day period. Heterotrophic cells utilized the carbohydrates by day7,
thus we concluded that CSH sugars primarily support energy production, cell division and
favor lipid accumulation under heterotrophic condition. The increased biomass productivity
under mixotrophic condition was characterized by higher growth and O evolving capacity

relative to heterotrophic condition. The slower reduction of the O, evolution rate in
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mixotrophic cells is interpreted as simultaneous photosynthesis and respiration leading to
increased production of intracellular O2, NADPH, and ATP over heterotrophic cultures.
The O evolving capacity of cells grown mixotrophically decreased at a similar rate to that
of Chl and PC reduction. Our results led us to conclude that CSH caused the photosynthetic
down-regulation in G. sulphuraria 5587.1 under the experimental conditions here. In
addition, CSH is stored as starches particularly during the exponential growth phase that
can be metabolized later via pentose phosphate pathway in the light. Our hypothesis was
that mixotrophic cells would use the power of both CSH and photosynthesis to produce
significantly higher biomass and energy reserves than photoauto- and heterotrophic cells.
Our results showed higher biomass yield during the exponential growth phase under
mixotrophic cultivation. However, we did not observe significantly higher energy reserves
in mixotrophic cultivation compared to heterotrophic cultivation. Under the conditions used
here CSH uptake likely activates glucose catabolism and photosynthetic decline via
catabolite repression of photosynthesis (Oesterhelt et al., 2007). Catabolite repression of
photosynthesis has also been proposed in higher plants, where an excess supply of carbon

can repress photosynthesis, and storage carbon reserves (Paul & Pellny, 2003).

4. Conclusions

Our results demonstrate that G. sulphuraria metabolizes CSH mono-saccharides to increase
biomass productivity and carbon reserves. CSH supplementation resulted in a reduction of the
photosynthetic pigments. Mixotrophic cells were able to maintain their O, evolving capacity
to some extent while decreasing throughout the growth period. The fatty acid C18:3

concentrations increased in the cells grown heterotrophically at the stationary phase. Since
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photosynthetic membranes contain significant levels of unsaturated fatty acids, low levels of
unsaturation and higher saturation in mixo- and heterotrophically grown cells at the stationary

phase might be in part associated with lipid remodeling in photosynthetic membrane.
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Figure Captions

Figure 1. Growth curve and nutrient determination. A. Culture growth in G. sulphuraria under
autotrophic (A) mixotrophic (M) and heterotrophic (H) conditions. B. Ammonium uptake and C.
Phosphate quantification from the supernatant. The supernatant was collected daily and analyzed
for the ammonium and phosphate uptake in a microplate assay. The initial concentration of
ammonium was 350 ppm and the phosphate concentration was188 ppm. Error bars indicate SE
(n=3).

Figure 2. Biomass yield and substrate uptake. A. Biomass yield in both growth conditions H
(heterotrophy) and M (mixotrophy). B. Corn stover saccharide uptake rate in heterotrophic and C.
mixotrophic cultures. Error bars indicate SE (n=3).

Figure 3. Photosynthetic measurements. A. Oz evolution of autotrophic (A) mixotrophic (M) and
heterotrophic (H) cultures in G. sulphuraria. B. Micrograms of Chlorophyll a per culture volume of
A, M and H cultures. C. Oz evolution per mg of chlorophyll per min (values were normalized to mg
of chlorophyll). D. Phycocyanin production (mg g* AFDW) under A, M and H growth conditions.
Cells were harvested in the exponential (Day4) (E), and stationary phases (Day7) (S). Letters
represent the statistical significance between the treatments. Error bars indicate SE (n=3).

Figure 4. Electron micrographs of ultrastructure of G. sulphuraria. The cells are in the A.
Exponential phase and B. Stationary phase of autotrophic, C. Exponential and D. Stationary phase
of mixotrophic, E. Exponential and F. Stationary phase of heterotrophic culture conditions. Labels:
CP — Chloroplast; N — Nucleus; LB — Lipid Bodies; FS — Floridean Starch; CW — Cell Wall.

Figure 5. Biochemical analysis of carbon allocation. A. Accumulation of starch and B. B-glucan in
G. sulphuraria. C. Total fatty acid content from autotrophic (A), mixotrophic (M) and heterotrophic
(H) cultures. D. Fatty acid profiles of photoautotrophic, E. mixotrophic and F. heterotrophic
conditions. Cells were harvested in the exponential (E), stationary (S) phases and quantified per dry
weight. Letters represent the statistical significance between the treatments. Error bars indicate SE
(n=3).”
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