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Mixo/heterotrophy in Chlamydomonas reinhardtii

3 Role of carbon concentration and mode of cultivation on growth
and accumulation of lipid, starch, and photosynthetic pigments in

Chlamydomonas reinhardtii under heterotrophy and mixotrophy

3.1 Abstract

Heterotrophic and mixotrophic growth of microalgae can also lead to increased cell
density and biofuel production. In this study, a novel strategy of gradient addition of
carbon source is used in Chlamydomonas reinhardtii CC-125 to obtain better cell count
yields. Sodium acetate at 5 g/L. was found to be the best condition for good cell density
and lipid production. Gradient strategy substantially enhanced cell density. Gradient
mixotrophy yielded the highest cell density of 0.74 + 0.004 million cells/mL after 10
days of cultivation and exhibits low levels of autophagy. This approach also enhances
the chlorophyll (36.17 £ 1.74 mg/mL) and carotenoids (8.85 + 0.52 mg/mL) production
in mixotrophy. At 5 g/L sodium acetate, the gradient mode resulted in increased starch
accumulation at the stationary phase, while the single-stage produces the maximum
triacylglycerol (TAG) content at the log phase in both the trophic modes. While
heterotrophy yielded the highest content of starch, mixotrophy resulted in high TAG
production. TAG production is correlated with autophagy, de-novo lipid synthesis, and
starch degradation process. Increased autophagy seems to indicate high oxidative stress
in the single stage which results in liquid-liquid phase separation (LLPS) of TAG from
the cytosol, forming lipid droplets (LDs) for cellular redox maintenance. The LD-
cytosol phase coexistence boundary for single-stage revealed complete LD demixing
from cytosol above a saturated area fraction (psat) due to LD growth. In the gradient
mode, LDs are small and dispersed in the cytosol. These differences in LD size and
density are attributed to the cell’s proteome and thermodynamic factors. For the first
time, LLPS is observed to influence LD biogenesis in C. reinhardtii. Overall, this study
unravels the metabolic regulation of mixotrophic biofuel production in
Chlamydomonas and demonstrates the gradient strategy of hetero/mixotrophic
cultivation as a promising approach for improving the yields of various bioenergy

products.
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3.2 Introduction

Green microalgae are capable to grow non-photosynthetically in the presence of an
organic carbon source like acetate (Harris, 2001). Studies have shown that among the
three modes of cultivating microalgae, heterotrophy and mixotrophy enhance biomass
production more than the autotrophic mode (S. Kim et al., 2013) which is useful for
wastewater and agricultural waste treatment (da Silva et al., 2021; Msanne et al., 2020).

Several studies have revealed that heterotrophy results in rapid utilization of nutrients
present in the medium and hence a faster growth rate in comparison to mixotrophy (Jin
etal., 2020; Perez-Garcia et al., 2011). A study on Chlamydomonas reinhardtii suggests
that acetate assimilation is faster in heterotrophy than in mixotrophy (Singh et al.,
2014). The active metabolism of heterotrophs in the absence of light also minimizes the
number of concerns while building a fermenter (Lowrey et al., 2015). Heterotrophic
cultivation also results in enhanced lipid accumulation. In Chlorella protothecoids,
heterotrophic cultivation using 10 g/L glucose resulted in 55% lipid accumulation as
compared to only 15% under autotrophy (Miao & Wu, 2006). Scenedesmus obliquus
produced maximum lipid content with 10 g/L glucose in heterotrophic mode
(Nicodemou et al., 2022). However, due to the lack of light reaction of photosynthesis,
this mode limits the production of chlorophyll and carotenoids, and hence the high-
value phytochemicals (Lowrey et al., 2015). Loss of up to 94% chlorophyll has been
observed in heterotrophic C. protothecoids (Xiong et al., 2010). Wang et al.
demonstrate that the production of astaxanthin depends on carbon metabolism
efficiency. While supplementing glucose increases the growth rate and hence
astaxanthin accumulation, lactose, acetate, fructose, or sucrose decreases the production
(Y. Wang & Peng, 2008).

However, few reports claim otherwise, for example, the mixotrophy mode in Chlorella
minutissima and Chlamydomonas globosa causes a 2-7 times increase in biomass than
either the heterotrophy or autotrophy modes (Bhatnagar et al., 2011). Chlorella
sorokiniana yields as high as 51% lipid content during mixotrophy with glucose (Wan
et al.,, 2011). Acetate mixotrophy increases the production of astaxanthin in
Haematococcus pluvialis twice compared to heterotrophy (Cai et al., 2008). Proper
selection of the carbon source is also important. For example, sucrose in Chlorella sp.

Y8-1 and acetate in Chlamydomonas sp. increase biomass and lipid production (Lin &
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Wu, 2015; Moon et al., 2013). Mixotrophic growth of Chlorella sp. with orange peel
produces increased biomass and fatty acid methyl esters (FAMEs) (Park et al., 2014).

Majorly, the method of cultivation used to grow microalgae involves a single-stage
approach, where the media supplements start to deplete towards the stationary phase
and limit bioenergy feedstock production (R. Puzanskiy et al., 2021; Singh et al., 2014).
In the past few years, two-stage cultivation has emerged as a promising method for
high-value product formation (Aziz et al., 2020; Liyanaarachchi et al., 2021). Two-
stage mixotrophy in Chlorella vulgaris enhances the biomass by 1.6-fold in the
presence of glucose (Yen & Chang, 2013) and lutein (carotenoid) production in the
presence of sodium acetate (C. Y. Chen & Liu, 2018; J. H. Chen et al., 2021). The two-
stage heterotrophic autotrophic method improves the growth rate, cell density, and lipid
productivity in Chlorella sorokiniana (Zheng et al., 2012). Stepwise increment of
carbon source is the latest cultivation strategy adopted to further enhance production.
The stepwise addition of glucose to the heterotrophic culture of Scenedesmus
acuminatus enhances biomass production (Jin et al., 2020). Constant feeding of sodium
acetate to the mixotrophic culture of C. sorokiniana showed increased lutein
accumulation (Ma et al., 2020). So far, only a few studies have focused on these modes

of heterotrophic/mixotrophic cultivation and hence require deeper attention.

The overall increased growth rate observed in heterotrophy/mixotrophy cultures is due
to increased respiration and low photosynthetic rate (Chapman et al., 2015). In the case
of mixotrophy, upon exhaustion of the carbon supply, the culture enters the autotrophy
mode, thereby activating the photosynthetic machinery and hence starch production (J.
H. Chen et al., 2021; Ran et al., 2019). In addition, if the carbon source is acetate, it is
subjected to acetyl-CoA production followed by fatty-acid synthesis with the help of
the acetyl-CoA carboxylase enzyme (ACC) (Goncalves et al., 2016). Increased fatty-
acid production enhances the formation of neutral lipid molecules, i.e., triacylglycerol
(TAG) with the help of diacylglycerol acyltransferase (DGAT) (Li-Beisson et al.,
2015). Apart from the de-novo synthesis, catabolic pathways like autophagy and carbon
partitioning also participate in TAG production (Fan et al., 2012; Li-Beisson et al.,
2021). However, it is unclear how these enzymes and pathways respond to different
metabolic signals generated by changing the mode of cultivation when microalgae are

grown under hetero/mixotrophy.
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TAG molecules produced by microalgal cells are known to accumulate in the core of
membrane-less vesicles called lipid droplets (LD). LDs in Chlamydomonas are
primarily cytosolic, however, they undergo compartmentalization as a result of a
stressful environment (Henne et al., 2020; Li-Beisson et al., 2021). While the initial
formation of LD is regulated by an ER protein called seipin, the growth of LDs is
regulated by the combined actions of ARF1 and COP-I protein machinery present on
the ER membrane (Walther et al., 2017). Bigger LDs in the cytosol grow at the expense
of smaller droplets due to Ostwald ripening. Nucleation can also lead to droplet growth
(Hyman et al., 2014). Stressful conditions, too, dictate the size and the density of lipid
droplets (H. S. Kim et al., 2016; Walther et al., 2017). Several questions concerning the
conditions which influence the LD formation dynamics, or the mechanism of LD

growth dynamics remain unanswered.

In this chapter, wanted to understand the effect of the concentration of the externally
added sodium acetate on the growth dynamics and bio-product formation in
Chlamydomonas reinhardtii CC-125 is presented. The gradient strategy of adding
sodium acetate in mixotrophy mode is developed and the impact on microalgal
metabolism is analyzed. The anabolic, as well as catabolic pathways responsible for
lipid production, were analyzed under such conditions. Our findings signify the
increased growth rate in mixotrophy compared to heterotrophy or autotrophy modes.
Finally, with the help of single-cell fluorescence microscopy, liquid-liquid phase
separation in lipid droplet biogenesis was studied. How the autophagic mechanism
alters the total cell count, starch, and lipid production in the gradient mode of
cultivation, was addressed. The dependence of droplet dynamics on the mode of
cultivation and stress application was assessed. Thus, this study focused on important
features of microalgal metabolism under single-stage and gradient modes of
mixotrophy cultivation which can help the development of large-scale production of
bioenergy feedstock.

3.3 Materials and Methods

3.3.1 Microalgal growth conditions
Chlamydomonas reinhardtii CC-125 was procured from Chlamydomonas Resource

Centre, Minnesota, USA. Microalgal cells were grown and maintained on Tris-acetate-
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phosphate (TAP) medium pH 7.0, as described in the Section 2.3.1. In this study, we
used sodium acetate (NaAc) as a carbon source for the heterotrophic (H) and

mixotrophic cultivation (M) of C. reinhardtii.

3.3.2 Heterotrophic and mixotrophic cultivation strategies of C. reinhardtii
Heterotrophic cultivation was carried out in the absence of light and the presence of
NaAc. In single-stage (SS) mode, NaAc was added only once at the beginning of
cultivation on day 0, at a final concentration of 1 g/L, 5 g/L, and 10 g/L, named SSH 1
gL?, SSu 5 gL, and SSH 10 gL, respectively. In the gradient mode (G) of cultivation,
NaAc was added in small steps of fixed concentration at a definite time interval. Three
different step sizes were chosen to understand their effect on growth and biofuel
production, viz. 1) 0.5 g/L NaAc was added on each day of growth until the final
concentration of 5 g/L was achieved (Gn 0.5_10); lowest step size of, 2) 1 g/L NaAc
was added on alternate days of growth until the final concentration of 5 g/L was
achieved (Gn 1_10), and 3) 1 g/L NaAc was added on each day of growth until the final
concentration of 5 g/L was achieved (Gn 1_5) (Figure 3.1).

In the case of mixotrophic cultivation, the single-stage addition of NaAc was performed
similarly to the heterotrophic mode. In the gradient mode (G) of cultivation, NaAc was
added in small steps of fixed concentration at a definite time interval. Here, 1 g/L NaAc
was added every 2" day of cultivation to attain the final concentration of 5 g/L, namely
Gwm 5 gLt (Figure 3.1). Here, Gm 5 gL is the same as the Gy 1_10 of the heterotrophic

cultivation.
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Figure 3.1. A schematic representation of hetero/mixotrophy cultivation strategies
employed on C. reinhardtii.

A-C. Single-stage addition of sodium acetate at a concentration of 1 g/L, 5 g/L, and 10 g/L,
respectively, was achieved at the commencement of cultivation. D-F. Gradient mode of
cultivation showing fixed steps where 0.5 g/L NaAc was added every day (D), 1 g/L NaAc was
added every 2" day of growth (E), and 1 g/L NaAc was added every day (F) until the final
concentration of 5 g/L was achieved. Here, “SS” stands for single-stage, “G” for gradient, “H”
in the subscript means heterotrophy, and “M” means mixotrophy.
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3.3.3 Measurement of cell density and growth parameters in C. reinhardtii
The microalgal cell density was performed using the universal equation (Equation 3.1)
derived using a haematocytometer, as described in the Sections 2.3.3 & 2.4.1.

Cells (X 1O6> — 0D680 - 0015

mL 3.64

Equation 3.1. Linear correlation of ODsggo and cell density in million cells/mL.

The specific growth rate () was acquired by fitting the growth curves using a sigmoidal
function in OriginPro 9.0 software. The growth lag time was obtained by extrapolating
the linear fit of the exponential phase of the growth curve on the x-axis (as shown for
the Control, Figure 3.2). This x-intercept gives the value of lag time. Also, the doubling

time of microalgal cells was calculated from p using Equation 3.2.

Doubling time (DT) = an/u

Equation 3.2. The equation to calculate doubling time of C. reinhardtii

Autotrophy

Cell density (x1 0° cells/ml)
]

I/XU = Lag time
0 T T T T T
0 5 10 15 20 25

Time (days)
Figure 3.2. Growth curve fitting of the autotrophic control to determine lag time.

The black solid line passing through the scatter plot represents the growth/sigmoidal fit. The
red line represents the linear fit of only the exponential phase of growth. This linear fit gives
the value of the specific growth rate, which is equal to the slope of the line. X-intercept, Xo,
gives the lag time of the culture.

129



Chapter 3

3.3.4 Analysis of total photosynthetic pigments

C. reinhardtii cells were harvested at definite time points and resuspended in 95%
ethanol. The carotenoids and chlorophyll (green-colored photosynthetic pigments) were
extracted in the organic solvent, and the bleached-out cells were separated by
centrifugation at 12,000 x g for 5 min (Cakmak et al., 2012). The solubilized pigments
were estimated by measuring the absorbance at 470 nm (ODa470), 648 nm (ODeass), and
664 nm (ODees), using a UV-Visible spectrophotometer (UV-1800, Shimadzu). The
total chlorophyll and total carotenoid content in mg/mL and mg/10° cells were
calculated using Equations 2.1 to 2.6 (as mentioned in the Section 2.3.4 (Khan &
Mitchell, 1987).

3.3.5 Estimation of total starch content using Lugol’s iodine

The total starch content produced by the microalgal cells was estimated using Lugol’s
iodine (Black et al., 2013). Briefly, cells were first bleached by washing with 95%
ethanol and then incubated at 100 °C along with Lugol’s solution for 15 min to
solubilize the cellular starch. After cell lysis, the cell debris was removed by
centrifugation at 10,000 x g for 2 min. The solubilized starch was estimated in the form
of starch-Lugol’s complex at 595 nm (ODsgs) in a multi-mode microplate reader
(BioTek Synergy HT, now called Agilent) with path-length correction of 1 cm. The
final starch content was obtained in arbitrary units (a.u.) per mL (a.u. /mL) and a.u. per
106 cells, after normalizing the absorbance with the experimental controls.

3.3.6 Triacylglycerol estimation using Nile red fluorescence

Triacylglycerol molecules present in the form of lipid droplets inside the cells were
stained by Nile red dye. The cells were incubated for 10 min at 25 °C in dark with Nile
red dye solution in DMSO at a final concentration of 1 pg/mL (W. Chen et al., 2009;
Kou et al., 2013). The fluorescence of the Nile red-TAG complex was captured using a
filter set with Aex = 485 £ 20 and Aem = 590 + 35 in a multi-mode microplate reader
(BioTek Synergy HT, now called Agilent). The final TAG concentration was calculated
in fluorescence units (f.u.) per mL and f.u. per 10° cells after normalizing the readings

with the experimental controls.
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3.3.7 Live-cell fluorescence imaging of lipid droplets

Lipid droplets were stained with 1 pg/mL Nile red dye, as described in the previous
section. Post-staining, cells were observed with Olympus BX53F2 upright optical
microscope in epifluorescence mode, using a 130 W U-HGLGPS excitation source,
TRITC filter, and 100X (1.4 NA) Olympus oil-immersion objective. In all the
measurements, ~100 cells were imaged with an Olympus DP74 camera for SSu 5 gL
and Gm 5 gL*. An autotrophic control was also recorded for reference.

All the images were processed using Image J software (Fiji). Briefly, individual cells
were selected and analyzed for the total fluorescence intensity of a cell (pixels), size of
the lipid droplets (um?) contained in a cell, size of the cell (um?), and fluorescence
intensity of the lipid droplets occupying the cell (pixels), using a custom-made program.
The percent area of the cell occupied by lipid droplets (p) was calculated for LLPS

analysis.

3.3.8 Total RNA extraction and quantitative real-time PCR

The RNA extraction was done using the TRI Reagent from Sigma-Aldrich Pt. Ltd. as
descriped by Bell et al. (2016). Here, ~5x10° Chlamydomonas cells were
homogeneously mixed in TRI Reagent and the mixture was subsequently treated with
chloroform. The total RNA extracted in the aqueous layer was then precipitated by
isopropanol; the precipitated RNA pellet was washed with chilled 70% ethanol and
treated with DNase | (final concentration, 1 U) at 37 °C for 40 min. The total RNA was
quantified using a Nano-spectrophotometer. A total of ~1 g of RNA was converted to
cDNA using Anchored Oligo dT primers from Verso cDNA synthesis Kit,
ThermoFisher Scientific Inc. The reaction for g°PCR contained ~6 ng of cDNA sample
along with TB Green Premix Ex Taq Il (Tli RNase H Plus) from Takara Bio Inc., and
gRT-PCR was performed on the Applied Biosystems StepOne Real-Time PCR system.
Gene-specific primer pairs were designed using Primer 3 software and are given in
Table 2.1. The primer specificity is shown on gel electrophoresis, see Appendix A2.1.
RACK1 was used as a housekeeping gene and primers for DGAT and RACK1 were used
as already reported (Lv et al., 2013). All the experiments were performed in triplicates

to check reproducibility and fold change (272A¢T)was calculated as given in
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Equations 2.7 & 2.8, where Cr is the cycle threshold of the sample. The representative

amplification plots and the melt curves are shown in Appendix A2.2 and A2.3.

3.3.9 Statistical analysis

The reported values were derived from an average of three independent biological
replicates, and the errors represent the standard deviation (S.D.). Statistical significance
of the data was obtained by Student’s t-test analysis performed in MS Excel, where the
data was considered significant only if p < 0.05. The maximum significance of the data
was obtained with p < 0.0001.

3.4 Results

3.4.1 Effect of sodium acetate concentration and mode of cultivation on
hetero/mixotrophic growth of C. reinhardtii

Sodium acetate (NaAc) was used as an external organic carbon source in both
heterotrophic and mixotrophic modes of cultivation. To examine the effect of NaAc in
the single-stage method, NaAc was added in three concentrations, i.e., 1 g/L (SSm 1 gL~
1SSh1gL™Y),5g/L (SSm5gL?, SSu5gL™) and 10 g/L (SSm 10 gL %, SS 10 gL).
An additional strategy was employed where NaAc was added in gradient mode to
achieve a final concentration of 5 g/L (Gm 5 gL, Gn 0.5_10, Gu 1_10, and G 1_5) as
described in section 3.3.2 and Figure 3.1. An autotrophic control was used as the
reference. Figure 3.3 shows the growth curves for the various treatments. The growth
parameters were acquired by fitting the curves as explained in section 3.3.3 and are

summarized in
Table 3.1.

A prolonged lag time was observed with an increase in the acetate concentration in both
heterotrophy and mixotrophic growth, compared to the autotrophic control.
Interestingly, both SSk 10 gL and SSm 10 gL showed the longest lag time of 9.49
days. Under mixotrophy, SSm 10 gL entered the stationary phase at ~18" day, in
contrast to the 8" day in other cultures. Therefore, the growth of SSm 10 gL was

monitored for a longer period of 21 days as compared to 15 days for the rest of the
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cultures. In the case of heterotrophy, the stationary phase commences variably in all
conditions. While SSy 10 gL makes the late entry into the stationary phase on ~ the
20" day, gradient cultivations enter on the 12" day, in contrast to the 8" day in SSy 5
gLand the 10" day in SSn 1 gL ™. The gradient mode (Gm 5 gL reduced the lag time
by 6 h compared to the single-stage (SSm 5 gL ™) mode in mixotrophy and an increase
in the lag time was observed in heterotrophic gradient cultures. Majorly, between
heterotrophy and mixotrophy, the latter showed a reduced lag time of growth. Thus,
heterotrophy induces slow growth in the microalgal culture than mixotrophy. Further,
SSwm 1 gLt showed no significant change in specific growth rate (1) and doubling time
(DT) compared to the autotrophy control, while SSu 10 gL resulted in the lowest i of
1.04 + 0.002 day* and highest DT of 0.67 days (16.1 h). On the other hand, SSm 5 gL
Land Gwm 5 gL exhibit the highest p of ~3.44 + 0.02 day™ and lowest DT of 0.2 days,
which is ~2.8-fold higher than the autotrophy control. Similarly, the heterotrophic
cultivation showed no significant difference in the g and DT values between the single-
stage and all the gradient modes of cultivation. The change in the step size of NaAc
addition causes no significant impact on the growth rate of C. reinhardtii. These results
suggest that changing the mode of cultivation from single-stage to gradient does not
alter the microalgal growth rate. Gn 1_5 possesses the highest p of 1.33 + 0.005 day™
and the lowest DT of 0.52 days. SSy 10 gL shows the lowest p of 0.20 + 0.0004 day-
! and the highest DT of 3.47 days. Mixotrophic culture with 5 g/L NaAc showed the
highest growth rate, and heterotrophic culture with 10 g/L NaAc showed the lowest.

NaAc concentration in both heterotrophy and mixotrophy was observed to greatly
influence the growth kinetics. The optimum concentration with the highest cell density
of 0.71 + 0.01 million cells/mL was found to be 5 g/L (Gm 5 gL™) at the end of the
cultivation period of 15 days. This is 1.33-fold higher than the cell density obtained in
SSm 5 gL and 3.61-fold compared to the cell density of the autotrophy control. In
comparison, SSm 10 gL yielded only 0.53 + 0.01 million cells/mL at the end of 21
days of cultivation. The highest cell density yield in heterotrophy was obtained in Gh
1 10 with 0.41 = 0.04 million cells/mL which is 1.28-fold higher than the single-stage,
SSh 5 gL™. The lowest cell density production was obtained in SSy 1 gL with 0.15 +
0.02 million cells/mL, which is 1.3-fold lesser than the autotrophic control. Overall,

heterotrophy resulted in poor cell density than mixotrophy.
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Hence, while single-stage cultivation with 10 g/L NaAc is the least favorable for both
heterotrophic and mixotrophic Chlamydomonas reinhardtii growth, the mixotrophic

gradient cultivation with 5 g/L NaAc is the most favorable.

Table 3.1. Growth parameters and cell density yield of C. reinhardtii grown under
hetero/mixotrophy

Lag time  Specific growth rate, Doubling Cell density
(days) u (day?) time (days)  (Million cells/mL)
Autotrophy 1.22 1.22 £0.01 0.57 0.18 +0.01%
Mixotrophic cultivation
SSwlgL? 1.89 1.27 £ 0.004 0.54 0.24 £ 0.03*
SSm5gL? 5.20 3.44+0.02 0.20 0.55 + 0.002*
SSu 10gL? 9.49 1.04 £ 0.002 0.67 0.53+0.01*
GmbgL? 4.95 3.45+0.01 0.20 0.71 +£0.01%
Heterotrophic cultivation

SSy1lgLt 4.14 0.52 + 0.006 1.33 0.15 £ 0.02*
SSy5¢gL? 4.87 1.23 £ 0.005 0.56 0.32 £ 0.02*
SSy10gL? 9.49 0.20 £ 0.0004 3.47 0.16 + 0.01**
Gx 0.5_10 7.64 1.28 £ 0.004 0.54 0.39 £ 0.01%
Gn1l10 5.56 0.95 +0.006 0.73 0.41 £ 0.04*
Gulb 6.83 1.33+0.005 0.52 0.39+0.01*

#Cell density at the end of 15 days of cultivation, *cell density at the end of 21 days, **cell density at the
end of 25 days
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Figure 3.3. Cell density accumulation in C. reinhardtii culture under single-stage and
gradient mode of hetero/mixotrophic cultivation.

Cell density (million cells per mL) of C. reinhardtii culture is represented under single-stage
heterotrophic cultivation (A), gradient heterotrophic cultivation (B), and single-stage and
gradient mixotrophic cultivation (C). The experimental conditions are the same as explained in
Figure 3.1. Each data point in the growth curve represents the average value, and the error bars
are the SDs obtained from three independent biological replicates.
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3.4.2 Chlorophyll and carotenoid production in C. reinhardtii under
hetero/mixotrophy

Photosynthetic pigments i.e., chlorophyll and carotenoids, were extracted from C.
reinhardtii culture using 95% ethanol and estimated spectrophotometrically, (as
described in the Methods section) as a function of the growth phase under
hetero/mixotrophy. In heterotrophic cultivation, a significant reduction in the total
chlorophyll and carotenoid content was observed, irrespective of the acetate
concentration and the mode of cultivation (Figure 3.4). Only Gy 1_5 showed a marked
increase in the carotenoid yield on day 15 of growth, with a total production of 3.53 +
0.19 mg/mL. This was the maximum carotenoid production obtained from the
heterotrophically grown cultures. Under mixotrophy, on the other hand, the net
production of pigments was observed to vary with acetate concentrations and mode of
cultivation (Figure 3.5). First of all, SSm 1 gL! showed negligible change in the total
pigment content obtained per million cells, while SSm 5 gL™ and SSu 10 gL produced
significantly reduced pigments when the cultures were in the log phase i.e., on days 4
and 6. The pigment concentration produced by SSm 5 gL was lower than Gwm 5 gL by
1.2 to 2.9-fold in the case of chlorophylls and 2.2 to 2.8-fold in carotenoids (Figure
3.5). The cellular pigment concentration was found to increase during the stationary
phase. With this regard, SSm 10 gL showed an accelerated production of pigments
from day 15 onwards (Figure 3.5). On the other hand, the content in other growth
conditions enhanced after day 10. Overall, the net production of these pigments was
maximum at the post-stationary phase. Finally, Gm 5 gL resulted in the highest yield
of chlorophyll and carotenoids, i.e., 36.17 = 1.74 mg/L and 8.85 £ 0.52 mg/mL,
respectively. While the chlorophyll production was 3.1-fold higher than the autotrophy
control, the production of carotenoids was enhanced by 3.4-fold in gradient mode.
Thus, gradient cultivation not only improves cellular pigment accumulation but also
benefits the large-scale production of these pigments from C. reinhardtii when grown
mixotrophically with sodium acetate. Heterotrophic cultivation yields poor pigment
content due to a lack of photosynthetic light reaction and hence becomes non-beneficial

for pigment-derived phytochemical production.
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Figure 3.4. Chlorophyll and carotenoid production in C. reinhardtii at different stages of
the growth phase when grown heterotrophically in presence of sodium acetate.

A. Total chlorophyll, Chl a+b, produced in mg per 10°® cells with time under single-stage
heterotrophy, B. Total chlorophyll, Chl a+b, produced in mg per 10° cells along the course of
time under gradient heterotrophy, C. Carotenoids denoted in mg per 10° cells. D. Carotenoids
obtained in mg/mL represent the yield. Legends for growth conditions are shown below the
graphs. Error bars represent standard deviation for n = 3. *p < 0.5, **p < 0.01, ***p < 0.001,
****n < 0.0001. Significance increases as the p-value decreases.
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Figure 3.5. Photosynthetic pigment accumulation in C. reinhardtii at different stages of the growth phase when grown mixotrophically in
presence of sodium acetate.

A. Total chlorophyll, Chl a+b, produced in mg per 106 cells. B. Total chlorophyll, Chl a+b produced in mg/mL representing the yield. C. Carotenoids
denoted in mg per 10° cells. D. Carotenoids obtained in mg/mL represent the yield. E-H. Chlorophyll and carotenoid production on day 21. Legends
for growth conditions are shown below the graphs. Error bars represent standard deviation for n = 3. *p < 0.5, **p <0.01, ***p < 0.001, ****p <(0.0001.
Significance increases as the p-value decreases.

138



Mixo/heterotrophy in Chlamydomonas reinhardtii

3.4.3 Starch and lipid production in C. reinhardtii under hetero/mixotrophy

Starch and triacylglycerol are the reserve sources of carbon for microalgae and aid in
survival during extreme environmental conditions. In the present study, heterotrophic
growth caused a remarkable increase in starch production under all the experimental
conditions (Figure 3.6). A positive correlation between the starch yields was observed
with the culture age and acetate concentration. The maximum starch units were
determined on day 15 with 10 g/L acetate. However, here, the mode of cultivation also
becomes an important regulating factor. Among single-stage cultivation, SSy 10 gL
yields maximum starch content of 1.15 + 0.6 a.u. /mL on the 15" day of growth
(exponential phase). Gradient heterotrophy markedly increases the starch production
irrespective of the step size, although the highest starch content of 6.24 + 1.2 a.u. /mL
was observed in Gy 1_10 on day 15 of culture growth, which is ~69-fold higher than
autotrophy and 8.7-fold higher than the corresponding single-stage, SSu 5 gL™*. The
addition of NaAc in a mixotrophic mode also enhanced the starch production compared
to the autotrophy control (Figure 3.7). An enormous 34-fold increase in starch content
(a.u. /10° cells) was obtained in Gm 5 gLt compared to the autotrophy control. A 1.8-
fold increase in starch yield was obtained in Gm 5 gL compared to that obtained in
SSm 5 gL™. Gm 5 gL also produced 4.1-fold higher yields of starch (a.u. /mL) in
comparison to SSm 5 gL obtained at the end of the cultivation period of 15 days.
However, the highest starch yield of 4.71 + 0.48 a.u. /mL was obtained from SSm 10
gL at the end of 21 days of cultivation. These results suggest that starch production is
enhanced at high acetate concentrations and depends majorly on the mode of cultivation
both in the heterotrophic and mixotrophic cultivations. The heterotrophy gradient yields

maximum starch on day 15.

In contrast to the cellular production of starch at the stationary phase of the culture,
TAG accumulation was observed to be maximum during the logarithmic phase of
growth. Here, single-stage cultivation with 5 g/L acetate showed maximum cellular
accumulation of TAG on day 6 of both heterotrophy and mixotrophy growth. SSH 5 gL~
! produced ~29-fold higher TAG content than the autotrophic control on day 6 (Figure
3.6). However, due to increased cell density in heterotrophy (Figure 3.3), the net yield
of TAG increased further with maximum production on day 15. SSy 5 gL yields a
maximum TAG of 285.52 + 14.3 f.u. /mL on day 15, only marginally higher than
232.98 + 42.4 f.u. /mL on day 6. In the case of mixotrophy, SSu 5 gL produced
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maximum TAG, 70.8-fold higher than Gm 5 gL, 13-fold higher than the autotrophy
control and 2.6-fold more than SSu 10 gL* (Figure 3.7). The highest yield of TAG in
SSm 5 gL was observed to be 359.57 + 47.55 f.u. /mL. Thus, mixotrophy single-stage
cultivation yields maximum TAG content during the log phase of cultivation. Overall,
these results signify that starch and TAG productions are mutually exclusive and
temporally well-separated. The starch content varies as a function of the carbon
concentrations in the environment, while TAG production is maximum only at an
optimum value. Further, gradient cultivation benefits starch production, and the single-
stage favors triacylglycerol accumulation under both heterotrophy and mixotrophy

modes of cultivation.
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Figure 3.6. Starch and triacylglycerol production in C. reinhardtii at different
concentrations of sodium acetate and mode of heterotrophic cultivations.

A. Starch content in absorbance units, a.u. per 106 cells. B. Total starch yield in a.u. /mL. C.
TAG measured in fluorescence units, f.u. per 10° cells. D. TAG produced in f.u. /mL represents
the yield. Legends for growth conditions are shown below the graphs. The rightmost bar chart
in each panel represents the production on the 25" day of growth. Error bars represent standard
deviation forn = 3. *p < 0.5, **p <0.01, ***p <0.001, ****p < 0.0001. Significance increases
as the p-value decreases.
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Figure 3.7. Starch and triacylglycerol accumulation in C. reinhardtii at different stages of growth phase under mixotrophy in presence of
sodium acetate.

A. Starch content in absorbance units, a.u. per 10° cells. B. Total starch yield in a.u. /mL. C. TAG measured in fluorescence units, f.u. per 106 cells. D.
TAG produced in f.u. /mL represents the yield. Legends for growth conditions are shown below the graphs. E-H. Starch and TAG production obtained
on day 21 of mixotrophic cultivation. Error bars represent standard deviation for n= 3. *p < 0.5, **p <0.01, ***p <0.001, ****p < 0.0001. Significance
increases as the p-value decreases
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3.4.4 Study of genes affecting growth, autophagy, and lipid production in C.
reinhardtii under mixotrophy

The biochemical analysis shows that mixotrophy yields highest cell density and lipid
accumulation in C. reinhardtii as compared to heterotrophy and autotrophy. It,
therefore, became interesting to uncover the role of metabolic genes involved in TAG
production under mixotrophy cultivation with the help of gene expression study using
real-time qPCR. A total of 6 genes were studied i.e., ATG4, ATG8, DGAT, ACC, PhoA,
and RPS6, at the log phase (day 4) and the stationary phase (day 10) of growth. ATG4
and ATGS8 are the autophagic genes responsible for coding AuTophaGy-related
proteins, ATG4 and ATG8. Together, they assist in autophagosome formation induced
by stress and result in the catabolic breakdown of membrane lipids, thereby increasing
the carbon pool (M. Pérez-Pérez et al., 2017). These autophagic activities are well-
known to upregulate the lipid accumulation process under oxidative stress, nutrient
limitation, or heterotrophic cultivation (Kajikawa & Fukuzawa, 2020; Z. Zhang et al.,
2018; Zhao et al., 2014), but only a little is known about mixotrophy (Upadhyaya &
Nagar, 2018). RPS6 codes for ribosomal protein S6, a component of the smaller
ribosomal subunit, which plays a vital role in cell growth and is an indicator of
autophagic flux. In this study, downregulation of ATG4 and ATG8 at the log phase (day
4) and upregulation at the stationary phase (day 10) in SSm 5 gL by 7.8 and 2.3-fold,
respectively (Figure 3.8) are observed. These results suggest accelerated autophagy in
single-stage at stationary phase. Downregulated levels of RPS6 at day 10 in SSm 5 gL-
! denote increased autophagy-induced protein degradation in single-stage. Gm 5 gL,
on the other hand, showed downregulated ATG4 and ATG8 expression on both days
and upregulated RPS6 expression (5.3 and 3.6-fold on day 4 and day 10, respectively)
suggesting increased resistance of the microalgal cells to stress-induced autophagy in

gradient mode of cultivation.

The expression of the genes responsible for lipid synthesis such as DGAT encoding
diacylglycerol acyltransferase (DGAT) which catalyzes the acylation of the DAG
molecule to form TAG, and represents the de-novo TAG synthesis (Li-Beisson et al.,
2015) and ACC which encodes acetyl-CoA carboxylase, the rate-limiting enzyme
which adds the carboxyl moiety to the acetate molecule (Johnson & Alric, 2013) was
also examined. After the ACC step, the carboxy-acetylated molecule is fluxed into the

de-novo fatty acid synthesis pathway. Another gene examined, PhoA encodes starch
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phosphorylase A, which leads to starch degradation and the formation of glucose-1-
phosphate (the first step in lipid synthesis). Starch-to-lipid switching is a well-known
phenomenon that aids in the lipid accumulation process under stress (Ho et al., 2017).
In the case of C. reinhardtii cells, it is observed that Gm 5 gL induces an upregulated
expression of DGAT and ACC on day 4 (3.1- fold each), which gets downregulated on
day 10. PhoA was upregulated on both day 4 and day 10 (6.6 and 3.7-fold, respectively),
however, the levels get reduced on day 10, implying a decrease in lipid production and
an increase in starch formation in the stationary phase. The highest fold change was
observed in the expression of genes DGAT, ACC, and PhoA in SSm 5 gL, 9.6, 35.3,
and 711.2-fold, respectively (the intensity of the green color on the scale). This suggests
an enhanced lipid production and starch degradation in single-stage cultivation at day
10. Overall, de-novo lipid synthesis along with carbon sequestration from starch
degradation and autophagic activities were found to be highly upregulated in single-
stage cultivation, accounting for the enhanced TAG accumulation. Low autophagy
levels in the gradient mode of cultivation account for better cell count and reduced lag
time, as noted in the Section 3.4.1.
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Figure 3.8. Fold change in expression of genes affecting growth, autophagy, and lipid
production in C. reinhardtii when grown mixotrophically in presence of sodium acetate.

A. Fold change (224¢7) in gene expression was calculated keeping the autotrophy control as
the reference, represented by a gray-colored dashed line at fold change = 1. RACK1 is the
internal control. Green bars represent SSy 5 gLt and red bars represent Gy 5 gL™. B. A heat
map representation of fold change (in log scale) in gene expression. The color scale at the
bottom represents the natural logarithm values from lowest (red) to highest (green). Autotrophy
control is represented by the dashed line at In (1) = 0, all the values lying below O represent
gene down-regulation and those above represent up-regulation. DGAT- Diacylglycerol
acyltransferase, ACC- Acetyl-CoA carboxylase, PhoA- Starch phosphorylase A, ATG4-
autophagy-related protein ATG4, ATG8- autophagy-related protein ATG8, RPS6- ribosomal
protein subunit. Day 4 represents the log phase and day 10 represents the stationary phase of
the culture
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3.4.5 Morphological changes and lipid droplet biogenesis in C. reinhardtii under
mixotrophy

Since mixotrophic growth results in maximum lipid production, it was interesting to
observe how the lipid droplets are distributed inside these microalgal cells. The high-
resolution single-cell study was performed with the single-stage mixotrophy, SSm5 gL
1 and the corresponding gradient, Gm 5 gL (Figure 3.9). The chlorophyll distribution
as revealed by the bright-field microscopy indicates the presence of two kinds of cells
in mixotrophy, day 6 onwards. Due to the adversity of stress, the cells begin to lose
chlorophyll and appear to be bleached out. The size of the bleached population is
observed more in SSm 5 gLt than in Gm5 gL™™. The cells arrange themselves in a group
of 4 cells or higher, surrounded by the palmelloid as observed in the salt stress-exposed
cells (Figures 2.14 & 2.18). This form of organization is observed in both single-stage
and gradient methods of cultivation, from day 4 onwards. The order of organization
goes up to 8-celled in SSu 5 gL and 7-celled in Gm 5 gL, on the 6™ and 10" day of
growth, respectively (shown by black arrows in Figure 3.9). Further, the cells in single-
stage were observed to be non-flagellated versus the cells in gradient, for up to 6 days
of growth (shown by red-colored arrow). These results suggest that single-stage
imposes more adverse effects on cell morphology as compared to the gradient.

Stressful conditions lead to reactive oxygen species (ROS) production in cells, causing
oxidative damage and cell death. Nutrient deficiency or salinity stress induces hypoxic
conditions in a cell, increasing ROS production. Under such conditions, the liquid-
liquid phase separation (LLPS) of lipid droplets (LDs) plays a major role in maintaining
cellular redox and homeostasis by protecting polyunsaturated fatty acids from
peroxidation-induced damage (Saito & Kimura, 2021). The effect of external carbon
sources in the medium and the role it plays in influencing phase-separated LD states is
largely unexplored. In this study, we examined the presence of LLPS in mixotrophic C.
reinhardtii cells and performed the single-cell LD analysis with fluorescent
microscopy. Since mixotrophic cultivation produced maximum lipid content,
heterotrophic cultivation was omitted from the single-cell analysis. Remarkable
differences were observed among cells grown under autotrophy, single-stage, or
gradient mixotrophy (Figure 3.10). In the autotrophy control, there was hardly any
change in the number or size of LDs and the percentage of cell area occupied by LDs

(p), as the cells progress from the log phase to the stationary phase of growth. In the
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case of SSm5 gLt, the number, as well as the size of LDs, increase as cells age towards
the stationary phase, as a result of which the LDs occupy a large volume fraction in the
cell. On the other hand, enhancement in size and the number of LDs was not as
pronounced in Gm 5 gL as observed in the SSm 5 gL culture. A striking difference
between SSw 5 gL*and Gm 5 gL was that in the former, an increase in the number of
big LDs was observed, whereas, in the latter, an increase in the number of small LDs
was observed during the stationary phase. In the case of SSm5 gL, the cells showed
growth of LDs with culture age. In Gm 5 gL, although there was an enhancement in
the number of LDs, the size of these droplets was very small. As the lipid production
increased in SSm 5 gL* culture during the stationary phase (Figure 3.7), the growth of
LD size beyond a area fraction gsat ~ 40% (calculated from the phase diagram, Figure
3.10) facilitated complete demixing. This resulted in LD spanning almost the entire
cytosolic region of the cell at the stationary phase in SSu 5 gL cells. To conclude, in
addition to the differences in size and density of droplets, the droplet growth dynamics

proceed by a different mechanism in SSm 5 gL cells compared to Gm 5 gL cells.

When the area fraction occupied by the LDs in the cell, represented as ¢, or the
percentage area occupied by LDs, is plotted as a function of the culture age, a phase
boundary could be demarcated. This boundary roughly separates the demixed state,
where liquid-liquid phase separation (LLPS) was observed between the LDs and the
cytosol. The phase boundary represents the coexistence of two phases in the cells or the
most energetically feasible configuration for a particular area fraction. The area inside
the phase boundary (blue-colored area in the Figure 3.10D), representing the demixed
states, was more in the SSm 5 gL cells compared to the Gm 5 gLt cells. In autotrophy,
demixed states span a tiny area fraction. The development of LLPS depends on the
growth condition the cells are subjected to. Altogether, these results point towards the
sensitivity of LLPS to the concentration of neutral lipids in the cells and the proteins
expressed, the concentration of carbon source in the media, and the chemical

components of the cytosol, which vary with the growth conditions studied here.
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Figure 3.9. Bright field and Nile red fluorescence images showing morphological
features of mixotrophic C. reinhardtii cells.

148



Mixo/heterotrophy in Chlamydomonas reinhardtii

Autotrophy 8s,, 5L G, 5gL" 120
" 45‘ i 0 Autotrophy
|
! 45
% |1 Log phase 80
10 | 30
i 15 4§
B lml 15 -
£t ! lu ° o 0 ullh 40 4
& 30 fam
— 1 ey -
50 0| - e - e -
i jf' L o) 1 Stationary phase 0 - I ; E —E
i i | T T T
15 4 | 15 A 10 d } 4 6 10
o Ll . AH . i Time (days)
0.0 02 04 08 00 02 04 08 00 02 04 08 120
1
B No. of droplets/Area of the cell SSM 5 g'—
A
80 | s
A 4 p
st Autotrophy o 88, 5gl o G, 59l - )
120 |1 80 o
i 40 A e — g
400 100 i ‘ 3 [ ]
&0 Log phase ‘_ﬁ': j
L8 h
v » , A
3 o o Ll o T T
O w0 o o] | ] 8 10
04 : 20 1 Time (days)
30 i Stationary phase 120
A5 El
il
N N .|
0 20 40 80 80 0 20 40 B0 80 0 20 40 80 60
Size of lipid droplets -
C 40 ¢ A
Autotrophy S8, 5 gL’ Gy, 5 gL’ A - I
| T I _7,_,,"
0] i a0 ‘i‘ 90 04 \t o -
] 60 - i‘ 80 Log phase 4 6 10
] | §
@ a0 - ”I 30 E Time (days)
§ 0 - o it el L —
O 30 g T (5 . [kt

80

40 Stationary phase

) 40 ‘I BR ._?:? e n
‘.I‘ [ < E .
L 20 { [[{
0 M £ o jf"'»;-ff— —

[ E—— il
0 20 40 B0 80 100 0 20 40 60 80 100 0 20 40 60 80 100
10 pm

¢

20

Lipid concentration

Figure 3.10. Liquid-liquid phase separation in lipid droplet biogenesis in C. reinhardtii
under mixotrophy.

A. Lipid droplet density in SSu 5 gL, single-stage and Gu 5 gL}, gradient mode of cultivation
compared to the autotrophy control at the log phase (day 4) and stationary phase (day 10) of
growth. B. Dynamical changes in lipid droplet size (in um?) with the age of culture compared
across the three growth conditions. C. Percentage area occupied by lipid droplets for the cell
size (¢) compared across different growth conditions for the log phase and stationary growth
phase. The dashed blue-colored vertical lines in panel a-c represent the population means and
the curves define the distribution. D. Phase coexistence boundaries enclosing the coexistence
of the demixed lipid droplet states with the cytosol, generated from the dependence of ¢ on the
day of observation. Blue-colored area defines the demixed state of LDs. E. Representative
bright-field (BR) and fluorescent (FL) microscopic images showing the progress of lipid droplet
accumulation as the lipid concentration increase.
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3.5 Discussion

This study focused on the differential effects imposed by the heterotrophic and
mixotrophic environment on the cell density and associated production of starch and
lipids by Chlamydomonas reinhardtii. Among the three cultivation modes, mixotrophy

offers the maximum cell density output (

Table 3.1). Ge et al. have shown that the autotrophic-mixotrophic mode results in higher
biomass productivity in Chlorella vulgaris than the autotrophic-heterotrophic mode (Ge
etal., 2018). However, these two modes yield similar increments in the biomass content
in Chlorella protothecoides (Heredia-Arroyo et al., 2010). Gradient administration of
light, salt, or temperature stress has been shown to result in higher biomass yields in
Scenedesmus sp., in comparison to autotrophic growth (Maneechote & Cheirsilp,
2021). This study provides new insights into biofuel production and the biomolecular
mechanisms under the gradient mode of heterotrophic and mixotrophic cultivation of
C. reinhardtii. Both heterotrophic and mixotrophic gradients with the intermediate step
size (1g/L NaAc added after every 2 days) were found to enhance cell density
production by ~1.3 fold as compared to their respective single-stage counterparts. The
single-stage heterotrophy demotes cell density production in comparison to autotrophy.
Two-stage heterotrophy in Chlorella sorokiniana leads to a 3.3 times higher cell density
than autotrophy (Zheng et al., 2012). While the heterotrophy gradient raises the
production by only 1.7-fold compared to autotrophy, mixotrophy leaps by 3.6-fold
(Table 3.1). This is the maximum fold change obtained so far in acetate-induced
mixotrophy in C. reinhardtii. Other studies have documented either no increase in
biomass (Heifetz et al., 2000) or a minor increase of 1.1-fold in batch mixotrophy
(Boyle & Morgan, 2009) and ~2-fold in fed-batch mixotrophy (Fields et al., 2018) when
compared to the autotrophy control. The lag phase of the growth increases at higher
sodium acetate concentrations (Bogaert et al., 2019). The acetate concentration in the
medium greatly influences the growth rate of C. reinhardtii. 5 g/L of sodium acetate
produces maximum cell density and 10 g/L results in growth inhibition. Bogaert et al.
have recently reported maximum biomass production from C. reinhardtii culture when
grown in presence of 5 g/L sodium acetate and 50 umol photons m™ s light (Bogaert
et al., 2019). Moon et al. shows that 20 g/L is the inhibiting concentration when C.
reinhardtii is grown under a high light intensity of ~200 umol photons m s (Moon et

al., 2013). The light intensity used during culture growth has been shown to stimulate
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acetate uptake through activities of photophosphorylation in the Chlamydomonas
(Johnson & Alric, 2013; Smith & Gilmour, 2018). Light intensity is also a stress factor
that causes oxidative stress-induced autophagy and hence retarded microalgal growth
(Chouhan et al., 2022). Although there is no direct evidence of the correlation between
light intensity and acetate utilization, these studies together dictate that high light
decreases the tolerable acetate concentration in microalgae. Thus, light intensity
becomes a crucial factor in acetate-driven microalgal growth and can be a subject of

future investigations.

Acetate availability is shown to suppress photosynthesis when the mixotrophic culture
is in the log phase (Figure 3.5). This is a well-known phenomenon observed in acetate
mixotrophy when Chlamydomonas are grown in batch cultivation (Johnson & Alric,
2013; Roach et al., 2013; Smith & Gilmour, 2018). Puzanskiy et al. also illustrates that
this reduction in the rate of photosynthesis occurs in the log phase of cultivation (R. K.
Puzanskiy et al., 2020). In the log phase, when acetate is available in the surrounding,
it is directly fluxed into the mitochondrial respiration pathway by suppressing carbon
dioxide fixation in the chloroplast. This downregulates the photosynthetic pathway, not
observed otherwise in the autotrophy mode (Boyle & Morgan, 2009; Chapman et al.,
2015; Roach et al., 2013). According to Pang et al., synergetic gaseous exchange
between respiration and photosynthesis together contributes to higher biomass in
mixotrophy (Pang et al., 2019). Once the carbon source is completely utilized,
environmental CO> gets fixed by the Calvin cycle elevating the rate of photosynthesis.
This explains the concomitant increase in the pigment concentration once the culture
enters the stationary phase. The increase in the rate of photosynthesis after the log phase
is attributed to the need for culture maintenance due to the increased cell density
achieved in the culture medium (R. Puzanskiy et al., 2021). This behavior is evident in
single-stage cultivation with 5 and 10 g/L acetate. In the gradient mode of cultivation,
on the other hand, a gradual acclimation of the culture to the incrementing acetate
concentration results in ~2.9-fold increased pigment accumulation compared to the
single-stage. Since gradient cultivation produces a maximum cell density at the end of
cultivation, it also generates maximum chlorophyll, 36.12 + 1.74 mg/mL as well as
carotenoids, 8.85 = 0.52 mg/mL. The increase in the pigment yield observed in this
study is higher than the one reported for fed-batch cultivation of Chlorella sp. FZU60,

where biomass production has been shown to increase without significant impact on
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the carotenoid content (Xie et al., 2019). The reduced pigment concentration observed
in the heterotrophic culture is due to the lack of light-induced photosynthetic activity
(Figure 3.4). Studies have shown that oxidative respiration contributes to the growth
of heterotrophic microalgae in the presence of acetate as the metabolite (Bouarab et al.,
2004). In the heterotrophic culture, the absence of light in the environment disrupts the
photosynthetic activity of the cell and hence results in a significant drop in chlorophyli
and carotenoid synthesis (Perez-Garcia et al., 2011). In the present study, the gradient
strategy not only yields a higher cell count but also increased pigment accumulation,

which can later be processed to obtain nutraceuticals and other high-value compounds.

Autophagy is known to be an effect of high light, nutrient stress, or pathogen infection
(Perez-Perez et al., 2012). Interestingly, the changing modes of cultivation could also
trigger autophagy in microalgae. High autophagy levels and low carotenoid content
were detected in single-stage mixotrophy (Figures 3.5 & 3.8) suggesting an inverse
relationship between the two, as observed earlier by Pérez Pérez et al. (M. E. Pérez-
Pérez et al., 2012). This relationship is also evident in the gradient mode of cultivation,
where high carotenoid accumulation results in low levels of expression of autophagy
genes. Reduced autophagy under gradient cultivation justifies the good growth and
increase in cell density. To the best of our knowledge, this is the first report to highlight
cell density enhancement due to the lack of autophagy under gradient mixotrophic
cultivation. Although there are many studies on the two-stage cultivation of other
microalgae showing enhanced productivity of high-value compounds (Aziz et al.,
2020; Liyanaarachchi et al., 2021; Yen & Chang, 2013), the information on gradient
mixotrophy is only limited. The present study paves the way for the industrial adoption

of gradient mixotrophy for the production of bioenergy feedstock.

Starch and triacylglycerol are the most commonly obtained metabolites from
microalgal cultivation by biofuel industries. Starch synthesis is the default outcome of
photosynthesis. Channeling acetate into the gluconeogenesis pathway leads to the
production of storage carbohydrate compounds like starch (Chapman et al., 2015). In
dark conditions, the assimilation of acetate by oxidative respiration increases which
usually leads to storage compounds like starch (Perez-Garcia & Bashan, 2015). The
present study signifies the maximum starch production under heterotrophy. Gradient
heterotrophy (Gn 1_10) yields maximum starch content (Figure 3.6) on day 15 of
growth. Acetate availability during the log phase is known to slow down the
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photosynthetic pathways (J. H. Chen et al., 2021; Ran et al., 2019). As a result, starch
accumulates only in the stationary phase of growth around pyrenoids in the form of
granules (Figures 3.6 & 3.7). In mixotrophy, low expression levels of PhoA justify the
significantly higher starch content in the gradient mode of cultivation. Furthermore, this
content is also directly related to the acetate concentration. The highest amount of starch
(81-fold compared to autotrophy) was obtained in the presence of 10 g/L acetate, which
also produced an increased quantity of chlorophyll at the stationary phase. Cell wall-
less mutant of C. reinhardtii has previously been shown to produce increased starch at
high acetate concentrations fueled by photosynthetic reactions (Fan et al., 2012).
However, the main metabolic pathways were not distinguished. Overall, a step-wise
increment of acetate in a gradient strategy helps the cells to combat stress, which in the
future could benefit industries producing bio feed, nutraceuticals, bioethanol, biogas,

and high-value compounds.

Contrary to starch, which was obtained maximally at the stationary phase of the culture,
TAG accumulation is highest at the log phase. This observation conflicts with the earlier
reports claiming that TAG accumulates after starch production in the growth cycle (Fan
etal., 2012; Ran et al., 2019). TAG production is highest at an optimum concentration
of 5 g/L acetate (Figures 3.6 & 3.7). Although, increasing the acetate concentration to
80 mM from 60 mM produced an insignificant change in TAG content in C. reinhardtii
(Fan et al., 2012). Gradient strategy did not help improve lipid production upon
changing trophic modes and single-stage mixotrophy yields the highest triacylglycerol
content. On the contrary, two-stage fed-batch heterotrophy in Chlorella protothecoids
enhances lipid accumulation (T. Wang et al., 2016). A combined influence of de-novo
fatty acid synthesis, TAG formation pathway, starch degradation, and autophagic flux
(Figure 3.8) in single-stage mixotrophy together yields a ~3-fold higher content of
TAG (Figure 3.7). The observed fold change is twice as high as the increase obtained
from C. reinhardtii in presence of 10 g/L acetate and high light intensity (Moon et al.,
2013). This makes the current method more economical and productive. Previous
reports show how an increase in autophagic flux (Couso et al., 2018; Z. Zhang et al.,
2018) and starch degradation in starch-less mutants drive the synthesis of lipid
molecules in microalgae (Li et al., 2010; Ramanan et al., 2013). Liyanaarachchi et al.
has summarized the phenomenon of enhanced lipid synthesis in the case of two-stage

microalgal cultivation (Liyanaarachchi et al., 2021). In addition to uncovering the
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advantages of gradient mixotrophy in biofuel production, this study also analyzes the

metabolic pathways involved in these cultivation methods.

Chlamydomonas cells undergo palmelloid formation as a layer of protection from
abiotic stress factors (Bazzani et al., 2021). An arrangement of 4-8 celled structures is
a common phenomenon observed in presence of high salt concentrations i.e., 150 mM
(Figures 2.14 & 2.18) or above (L. Y. Zhang et al., 2022) and heavy metal stress
(Sabatini et al., 2011). The presence of an 8-celled structure in the present study is a
unique feature observed in single-stage mixotrophy on the 6™ day of growth in presence
of 5 g/L sodium acetate. This formation slowed down in the gradient cultivation and
hence features the 7-celled organized structure on the 10" day of growth (Figure 3.9).
Loss of flagellar motility and reduction in cell size are other morphological
characteristics of stress-induced microalgal cells (Boyd et al., 2017). The presence of
intact flagella in the 6™-day culture of gradient cultivation further signifies the leniency

of carbon concentration on the cell’s ability to undergo phototaxis (Boyd et al., 2017).

TAG molecules produced in single-stage mixotrophy accumulate in the form of lipid
droplets (LDs) inside the cell (Figure 3.10). These droplets are spatially separated in
the cell due to the liquid-liquid phase separation (LLPS) phenomenon. Although LLPS
of LDs has been studied in various cell types (Upadhyaya & Nagar, 2018), where they
are linked to various diseases, it has not been explored in microalgal cells before. The
tendency of phase separation is observed in the present study to be lower in gradient
mode compared to single-stage mixotrophy. The differences in the LLPS phase
boundary and LD growth dynamics observed in the single-stage and gradient modes
are attributed to the differential expression of regulatory proteins and lipid
concentration. The enzyme involved in the final step of TAG formation, i.e., DGAT is
directly linked to LD biogenesis (Walther et al., 2017). Increased TAG concentration
and DGAT expression in the single-stage justify this inter-relation. The growth of LDs
is regulated by a combination of thermodynamic and biological factors. LDs
supposedly grow due to Ostwald ripening as a result of the coalescence of smaller
droplets with bigger ones, in addition to nucleation processes (Hyman et al., 2014;
Walther et al., 2017). A protein, seipin, has been observed to regulate the size of LDs
in animals, plants, and fungi (Henne et al., 2020; Zoni et al., 2020). The effects of seipin
have been recently studied in the microalgae, Phaeodactylum tricornutum (Lu et al.,

2017). Simulations show that LD formation also depends on the chemical composition
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of neutral lipids and the membrane curvature of the endoplasmic reticulum membrane
(Zoni et al., 2020), where they are synthesized. The number of carbon atoms and
unsaturation content of fatty acid defines the chemical composition of neutral lipid
molecules. This composition varies from one environmental condition to another and
changes biodiesel quality (Moser, 2009; Yu et al., 2011). It is, therefore, possible that

droplet morphology and their physical properties can affect biodiesel quality.

LLPS of LDs is utilized by cells to deal with oxidative stress (Saito & Kimura, 2021).
Since LLPS is more prominent in single-stage mixotrophic cells, it signifies that the
single-stage imposes more oxidative stress on the cells compared to the gradient mode.
This is also evident in the increased autophagy levels in the single stage. Overall, this
part of the study highlights the necessity for a thorough investigation of the link between
LLPS in microalgal cells and redox metabolism, transcriptional regulation, and signal

transduction to handle oxidative stress.

In summary, while gradient heterotrophy is superior at starch production, gradient
mixotrophy substantially helps in achieving the highest yields of cell density,
photosynthetic pigments, and a comparative increase in starch content than the
corresponding single-stage (Figure 3.11). Considerably low autophagy levels in
gradient mixotrophy make this approach more potent in large-scale industrial
production of bioenergy feedstock. High autophagy in single-stage benefits lipid
production and oxidative stress causes liquid-liquid phase separation of lipid droplets,
affecting their biogenesis. Thus, single-stage profits the TAG accumulation most. This
previously unreported phenomenon of LLPS is observed to affect LD growth dynamics,
which can cause changes in LD composition. This can potentially influence biofuel

quality and open new prospects in biofuel research.
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Salient features of bioenergy production under hetero/mixotrophy in C. reinhardtii \
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Figure 3.11. Salient features of bioenergy feedstock production in Chlamydomonas
reinhardtii under hetero/mixotrophy.

Here, gradient mixotrophy denotes Gm 5 gL with final sodium acetate as 5 g/L, achieved after
adding 1 g/L every alternate day; single-stage mixotrophy means SSv 5 gL with sodium
acetate as 5 g/L, achieved after adding 5 g/L at the commencement of cultivation; gradient
heterotrophy denotes Gy 1_10 which is the heterotrophic analogue of Gy 5 gL where final
sodium acetate of 5 g/L is achieved after adding 1 g/L every alternate day.
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3.6 Conclusion

This study presents a comparative analysis of the role of heterotrophy and mixotrophy
in bioenergy feedstock production in Chlamydomonas reinhardtii. The gradient
strategy of adding sodium acetate emerges to be the most suitable method for
cultivation and metabolite production. The details of the lipid droplet morphology and
growth dynamics explain the potential influence of liquid-liquid phase separation on
biodiesel quality. Together, the mode of cultivation and physical characteristics of lipid
droplets open new prospects in biofuel research and offer great potential for

optimizations of industrial-scale production.
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