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Abstract

This study is the first to explore the influence of incident light intensity on the photosynthetic responses under mixotrophic
growth of microalga Asteracys sp. When grown mixotrophically, there was an enhanced regulation of non-photochemical
quenching (NPQ) of the excited state of chlorophyll (Chl) a within the cells in response to white cool fluorescent high light
(HL; 600 umol photons m~2 s~!). Simultaneous measurement of reactive oxygen species (ROS) production as malondialde-
hyde (MDA) and ascorbate peroxidase (APX), an ROS scavenger, showed improved management of stress within mixotrophic
cells under HL.. Despite the observed decrease in quantum yield of photosynthesis measured through the Chl a fluorescence
transient, no reduction in biomass accumulation was observed under HL for mixotrophy. However, biomass loss owing to
photoinhibition was observed in cells grown phototrophically under the same irradiance. The measurements of dark recovery
of NPQ suggested that “state transitions” may be partly responsible for regulating overall photosynthesis in Asteracys sp. The
partitioning of photochemical and non-photochemical processes to sustain HL stress was analysed. Collectively, this study
proposes that mixotrophy using glucose leads to a change in the photosynthetic abilities of Asteracys sp. while enhancing
the adaptability of the alga to high irradiances.
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Abbreviations

APX  Ascorbate peroxidase

CEF  Cyclic electron flow

Car Carotenoids

Chl Chlorophyll

DCW  Dry cell weight

EOL  Enhancement effect of light
HL High light

LL Low light

MDA Malondialdehyde
MHL Mixotrophy under high light
MLL  Mixotrophy under low light

OD Optical density

OJIP  Chl a fluorescence transient wherein O refers to
the minimum fluorescence, J and I for inflections
and P for peak

PHL  Phototrophy under high light

PLL  Phototrophy under low light

PS Photosystem

ROS  Reactive oxygen species
WW  Wet weight
Introduction

Phototrophic organisms have optimized strategies to har-
vest sunlight for growth in varying environments. Despite a
theoretical solar-to-biomass conversion efficiency of 9-10%,
microalgal yields have attained a maximum conversion of
3% (Dubinsky et al. 1978; Ben-Amotz and Avron 1990;
Melis 2009; Béchet et al. 2013) implying that a large pro-
portion of the incident energy goes unutilized. In geographi-
cal regions exposed to high light (HL) intensities, not only
the excess light energy is wasted, but also it causes damage
within the algal cells. Under optimum light intensities, a
linear electron flow (LEF) navigates electrons through the
photosystems (PSI and PSII), thereby oxidizing water to
oxygen and reducing NADP to NADPH, as well as synthe-
sizing ATP for cell metabolic functions (Munekage et al.
2004; Blankenship 2014; Shevela et al. 2018). High irra-
diance saturates photosynthetic machinery and can cause
photoinhibition of PSII leading to decreased quantum yield
and photosynthetic rates (Kasajima et al. 2009; Zhao et al.
2017). More importantly, an excess of singlet excited state
chlorophyll (Chl) is generated which reacts with oxygen
to form reactive oxygen species (ROS) within the cells
(Simionato et al. 2013). High levels of ROS generation are
attributed to delayed PSII repair processes and therefore a
detoxification of these ROS becomes crucial for cell survival
(Takahashi and Badger 2011; Cruces et al. 2017). Hence, the
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production of ROS is counteracted through the production
of ROS scavengers, which allows the maintenance of cel-
lular homeostasis for successful photoprotection under HL.
(Zhao et al. 2017).

Non-photochemical quenching (NPQ) of the excited state
of chlorophyll, which leads to harmless conversion of exci-
tation energy into thermal energy, is another coping mech-
anism adopted by plants, algae and cyanobacteria (Kasa-
jima et al. 2011; Demmig-Adams et al. 2014). The NPQ
is known to increase the dissipation of excitation energy
through non-radiative processes (heat, as implied above)
within the pigment matrices (the antenna) of PSII, conse-
quently decreasing the efficiency of energy transfer towards
PSII photochemistry (Genty et al. 1989). Hence, to enable
optimal photosynthesis under HL, the excitation energy
absorbed by the photosystems requires careful regulation
for subsequent biomass production.

In addition to its necessary role in photosynthesis, light
also affects the chemical composition of algal cells through
regulation of metabolic pathways (Norici et al. 2011; He
et al. 2015b). The interdependence of photosynthesis on
photorespiration, photoprotection, biomass generation and
lipid accumulation has been widely studied (He et al. 2015a;
Grama et al. 2016; Zhang et al. 2017). Photoinhibition, under
photodamaging irradiance, has been addressed through vari-
ous genetic modifications leading to reduction in the antenna
size and pigment content (Lichtenthaler and Burkart 1999;
Murchie et al. 2005; Zhou et al. 2015; Patil et al. 2017). In the
current research, we are interested in investigating the inher-
ent capacity of an oleaginous microalga, Asteracys sp., in
order to be able to modulate its machinery to adapt to exces-
sive incident light under mixotrophic growth. This microalga
has been explored by researchers for its bioproduct forma-
tion and fatty acid composition (Sathya and Srisudha 2013;
Kattarath and Ramani 2017). However, the photosynthetic
capabilities of this microalga remain to be studied.

Mixotrophy has been explored, in this paper, to understand
its effect, if any, on the overall photoprotective machinery
within the cells. Mixotrophic growth involves an interde-
pendent carbon metabolism, both photosynthetic and non-
photosynthetic (Smith et al. 2015; Zhang et al. 2017). This
metabolic flexibility makes the mixotrophic growth mode
a dynamic system to study under variable environmental
conditions. Further, mixotrophy is a well-established mode
to improve algal feedstock. It enables biomass production
through synergistic energy input from phototrophic growth
and readily available carbon sources provided in the media
(Baldisserotto et al. 2016; Subramanian et al. 2016; Sarnaik
et al. 2017; Zhang et al. 2017). To further utilize this mode
for feedstock production, several studies have explored the
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uptake of industrial wastes as a carbon source for mixotrophy
(Andrade and Costa 2007; Mitra et al. 2012). Through our
study, we have probed, for the first time, the natural capacity
of Asteracys sp. to enhance its photoprotective mechanisms
through adoption of mixotrophic growth modes. We expect
that a solution to HL stress through carbon uptake in mixo-
trophic microalga will provide a means of waste utilization
along with biomass production towards industrial applica-
tions. Our study demonstrates the impact of light intensity
on glucose uptake, thereby affecting the species response to
HL. Despite the available knowledge on the influence of light
on phototrophic growth (Schulze et al. 2014; Vadiveloo et al.
2017), studies pertaining to the effect of light on mixotrophy
have remained elusive. With the emerging preference, at the
present time, for mixotrophic growth mode and the known
significance of light on algal physiology, it is now essential
to understand the photo-physiology and growth responses
of algae under the above-mentioned regime. In a scenario
of enhanced photoprotection under mixotrophic mode, we
expect to find altered ROS production, variations in NPQ
mechanisms and subtle changes in overall cell physiology.
Thus, we began this study with the investigation of the
influence of light intensity on Asteracys sp. growth under
both phototrophic and mixotrophic modes. First, we car-
ried out experiments to understand the enhancement effect
of light (EOL) in mixotrophic batches through quantifica-
tion of biomass and nutrient assimilation profiles. Then,
to understand the extent of photodamage within cells, we
measured ROS and scavenging enzymes. Further, to obtain
detailed information on the various photosynthetic pro-
cesses, we used Chl a fluorescence as a tool to monitor

(DCW under mixotrophic growth) — (DCW under heterotrophic growth)

EOL(fold) =

development (IBSD), Manipur, India; it was cultured in mod-
ified BG-11 media (Andersen 2005) on a 12:12-h light:dark
cycle at 25 °C. Cells were cultured in 250-ml Erlenmeyer
flasks with continuous shaking and aseptic conditions and
were illuminated with white cool fluorescent light [from 100
(LL) to 600 umol photons m~2s~! (HL)]. The batch cultures
grown phototrophically in LL and HL were named PLL and
PHL, while the cultures grown mixotrophically were named
MLL and MHL, respectively. For mixotrophic treatment, the
culture was supplied with 25 mM glucose (previously opti-
mized concentration for the growth of Asteracys sp.). The
inoculum was acclimated to the light intensities and glucose
by repeated passages until no significant difference in growth
rate was observed in sequential cultures. After acclimation,
exponentially growing cells were inoculated to obtain an
optical density (OD) of 0.5 at 750 nm. Cell concentration
within each flask was monitored by measuring ODs using
a UV-Visible spectrophotometer (PerkinElmer, LAMBDA
35) after appropriate dilution to maintain the absorbance
range of 0.05-0.9 (Ho et al. 2012). A heterotrophic treatment
independent of light (HNL) was set up for comparison of
biomass accumulation in the absence of light. At the end of
the exponential phase of growth, dry cell weight (DCW) was
obtained upon drying biomass for 4 days at 60 °C (Berteotti
et al. 2016). The enhancement effect of light (EOL) was cal-
culated as a modification to the approach adopted in previous
studies (Dring and Liining 1985b; Zhang et al. 2017). It was
defined as the ratio between light-influenced mixotrophic
DCW (DCW under mixotrophic growth minus DCW under
heterotrophic growth) and the DCW accumulated under pho-
totrophic growth at the respective light intensities (Eq. 1).

ey

(DCW under phototrophic growth)

the overall response of the differently treated cells under
incremental photosynthetically active radiations (PAR). In
summary, the current work has explored the possibility of
mixotrophic regimes under HL stress to reduce photodam-
age within the cells, thereby resulting in maximum biomass
production. Our study is the first to demonstrate that mixo-
trophy using glucose alters the photosynthetic abilities of
Asteracys sp. while enhancing the adaptability of the alga
to high irradiances.

Materials and methods
Strain and culture conditions

The oleaginous microalga Asteracys sp. was a generous
gift from the Institute of bioresources and sustainable

Analysis of nutrient consumption

Residual nitrates from the media were analysed as described
previously (Collos et al. 1999). Briefly, filtered liquid sam-
ple from each flask was taken on alternate days and diluted
appropriately with deionized water to measure the OD at
220 nm. The concentration of residual nitrate in the medium
was calculated in pg/ml. The amount of glucose remaining
in the mixotrophic and heterotrophic media was measured
using the Eco-Pak Glucose kit (Accurex) to quantify glucose
uptake efficiency (Buch et al. 2010). The uptake of nutrients
was calculated as shown in Egs. 2 and 3:

N, ... —N,
Nitrate uptake(%) = <M> x 100 )
N, initial
initial Gﬁnal
Glucose uptake(%) = % 100 3)
Ginitial
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where N, ;..; and N ., are the nitrate concentrations (ug/ml)
on the initial and final days of growth, while G,;;, and Gg,,,
are the glucose concentrations (mg/ml) in the media on the
initial and final days of growth, respectively.

Estimation of pigment content

Total chlorophyll (Chl) and total carotenoid (Car) contents
were measured after the microalgal cells were pelleted down
and desalted followed by pigment extraction using methanol.
The pellets were incubated in the dark at 50 °C for 30 min
followed by centrifugation at 10,000 rpm for 5 min. The
ODs of the supernatant containing the extracted pigments
were read at 652, 665 and 480 nm, using an UV—Visible
spectrophotometer (PerkinElmer, LAMBDA 35). Calcula-
tions to quantify Chl a, b and carotenoid concentrations were
made, as described previously (Lichtenthaler and Wellburn
1983). Quantification of carotenoids was carried out accord-
ing to the protocol described by Graham and Bryant (2008).
Filtered pigment extracts were analysed on an Agilent C1 RP
column. Peaks were compared with standards as described
by Sarnaik et al. (2017).

Detection of ROS

Algal cell pellets corresponding to 107 cells were used
to quantify malondialdehyde (MDA) equivalents to sig-
nal oxidative damage in membranes (Salama and Pearce
1993; Wang et al. 2012; Ozkaleli and Erdem 2018). The
molar wavelength-dependent extinction coefficient of
1.57%10° M~ cm™! was used to calculate the amount of
MDA at 532 nm (Albro et al. 1986). Results are expressed in
terms of nmol MDA/10’ cells. Ascorbate peroxidase (APX;
EC 1.11.1.11) was extracted in phosphate buffer and the
enzyme activity was initiated with the addition of ascor-
bate and the monitoring of the decrease in absorbance at
290 nm for 90 s (Cruces et al. 2017). APX activities were
calculated using an extinction coefficient for ascorbate of
2.8 mM~! cm™! (Nakano and Asada 1981). One unit of APX
(U) was defined as the activity capable of oxidizing 1 nmol
of ascorbic acid at 1 min and 25 °C (Bonnecarrére et al.
2011). Results are expressed as APX activity (U)/107 cells.

Measurements of Chl a fluorescence as a proxy
for photosynthetic activity

Chl a fluorescence transient measurement

Chl a fluorescence signals were recorded at room tempera-
ture using the Dual-PAM-100 fluorometer (Heinz Walz,
Effeltrich, Germany). Measurements were made at the end
of the exponential phase of the growth of Asteracys sp. to
understand the light stress response in both the phototrophic

@ Springer

and the mixotrophic cells. In the OJIP transient, O denotes
the minimum fluorescence measured on the first exposure
of light and J and I denote two inflections, while P is the
maximum fluorescence measured (for details, and relation
to photosynthesis, see Stirbet and Govindjee 2011, 2012).
In order to compare measurements made on different sam-
ples, all values of fluorescence were double normalized to
obtain the relative variable Chl a fluorescence as described
by Kalaji et al. (2014):

F,—F,

Relative variable fluorescence (V) = FF, )

where fluorescence at time ¢ is denoted as F,. The fluores-
cence at 0.02 ms (20 ps) and maximum fluorescence are
denoted as F, (the O level) and F,, (the P level), respec-
tively. Three culture replicates of each treatment were used
and three separate measurements per sample were used for
obtaining the Chl a transients (n=9). The maximum quan-
tum efficiency of PSII photochemistry was inferred from the
ratio F/F,,, where F, is the variable fluorescence defined
as the difference between the maximum (F,,) and minimum
(F,y) fluorescence (Baker 2008; Zhou et al. 2015; for early
work and assumptions, see Govindjee 1995, 2004).

Non-photochemical quenching (NPQ) of excited state
of chlorophyll and partitioning of incident light

Cells of Asteracys sp. were dark adapted for 15 min, fol-
lowing which the F, measurements were made. A satu-
ration light pulse (6000 pmol photons m~2s~!; 300 ms;
A=660 nm) was used to determine the F,, value. After
~300 s, the actinic light was turned off to allow the quench-
ing of excited chlorophyll wherein the saturating pulses were
applied for another ~200 s to measure the dark recovery
of NPQ. NPQ was calculated as described by Zhou et al.
(2015). NPQ,,.x Was calculated as the NPQ at the end of
illumination period (~300 s) as described by Berteotti et al.
(2016). The quantum yields of photochemical quenching,
Y (II), non-photochemical quenching, Y(NPQ), and the
energy dissipated as heat or fluorescence, Y(NO), were cal-
culated from the fluorescence obtained at incremental PAR
to estimate the partitioning of light energy of PLL, MLL,
PHL and MHL cultures when exposed to high irradiances.
For every result set, we had three biological samples (n=3);
in all cases, we had a Chl concentration of 40 ug ml~! before
the measurements.

Statistical analysis

Data visualization and statistical investigation were done
using the Daniel’s toolbox add-in for Excel (Kraus 2014).
Means and standard deviations were calculated from at least
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three independent samples per treatment (n>3). A single-
factor analysis of variance (ANOVA) was used to compare
the data. Differences observed within the treatments were
analysed using the Tukey’s honest significant difference
(HSD) at a significance level of 5%.

Results and discussion
Effect of light on growth and nutrient assimilation

The global average solar irradiances range from 450 to
1350 umol photons m~2 s~! (lighting energy conversion
2014; Meteonorm 2016). Utilization of these irradiances for
algal cultivation is a sustainable and cost-efficient method
of biomass generation. Hence, studies pertaining to success-
ful cultivation of microalga under HL. were incorporated in
the current study. Phototrophic cultivation of Asteracys sp.
under HL produced striking variations in biomass production
when compared to LL (Fig. 1a). The DCW for phototrophic
growth under HL (1340+9.89 mg L™') was significantly
(»<0.05) reduced as compared to LL (1600 +35.5 mg L7h.
These observations are in accordance to studies with Chla-
mydomonas reinhardtii wherein a decrease in biomass
was observed with increasing light intensities, from 200 to
800 umol photons m~2 s~! (Berteotti et al. 2016). While
phototrophic growth was significantly affected by light
(16.25% decrease in HL), mixotrophic growth did not dis-
play attenuation of biomass under HL (2620 +4.95 mg L)
when compared to LL (2580 + 14.85 mg L™"). Additionally,
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Fig. 1 Dry weight of biomass generated (a; left panel) and the assim-
ilation of nutrients from the media (b; right panel) after the exponen-
tial growth phase under low and high light. In the right panel, nitrate
uptake is indicated with filled circles and glucose uptake with open
circles. Nitrate and glucose uptake was calculated as described in
Egs. 2 and 3. Black vertical bars represent the SD (n=3). Letters q,

cell numbers were compared for all samples (data not
shown) and a similar conclusion was drawn pertaining to
mixotrophic responses to light variation. Mixotrophy is not
entirely dependent on light for biomass generation; it repre-
sents a fine synergy between organic and inorganic carbon
assimilation within the cells (Chen et al. 2011). This could
be the reason for MHL not displaying a decrease in biomass
as seen in PHL (Fig. 1a).

The growth profiles of Asteracys cultures, obtained under
varying light intensities, were further probed for the EOL,
for which a heterotrophic treatment (HNL) was set up as a
glucose control. In view of the well-known phenomenon of
the “Emerson enhancement effect” that led to the concept
of two light reactions and two photosystems (Rabinowitch
and Govindjee 1969; Blankenship 2014; Dring and Liining
1985a, b), the term enhancement effect of light or EOL in
our study was defined as “the ratio of light driven biomass
accumulation in mixotrophy over that under phototrophy™.
While the EOL under LL was 0.44-fold, it was 0.55-fold
under HL, which is significantly higher (p < 0.05). Further,
the results presented in our paper here, using Asteracys sp.,
clearly show that mixotrophic growth has an advantage in
terms of biomass maintenance over its phototrophic coun-
terpart, when grown under HL.

Analysis of residual nutrients in media showed that
the uptake of glucose under mixotrophy was significantly
higher under HL (68 +1.92%) as compared to that in LL
(40+£2.01%) as shown in Fig. 1b. Thus, it is evident that
mixotrophic growth is capable of maintaining its biomass
production under HL through the regulation of glucose
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b, ¢ and d denote the significant difference between the treatments
(»<0.05, Tukey’s HSD). PLL phototrophic growth under low light,
MLL mixotrophic growth under low light, PHL phototrophic growth
under high light, MHL mixotrophic growth under high light, HNL
heterotrophic growth
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uptake. Further, we probed the influence of light on nitrate
uptake under mixotrophy. As seen in our experiments,
nitrate uptake under mixotrophy was not influenced by light
(Fig. 1b). Turpin et al. (1988) had established that nitrate
assimilation is regulated through the tricarboxylic acid
(TCA) cycle and that the glucose uptake is regulated by
the mitochondrial electron transport chain, both of which
are independent of each other. This explains why despite
the increase in glucose assimilation under HL, no effect on
nitrate uptake was observed in our experiments. In contrast
to cells grown under mixotrophy, phototrophically grown
cultures showed a significant variation (p < 0.05) in nitrate
uptake from the media under LL (PLL) and HL (PHL). PHL
cultures showed a 43% increase in its uptake as compared to
the PLL cultures (see Fig. 1b). However, this increase was
not reflected in the biomass generated by PHL as shown in
Fig. 1a. Usually, nitrate uptake by the microalga is directed
towards repair and maintenance of the protein machinery
under HL stress (Greenberg et al. 1987). We note that bio-
mass production in PHL was much less than that in PLL
(16.25% decrease in HL); thus, HL. may have induced an
upsurge in nitrate uptake under phototrophic growth for
the repair and maintenance of photodamaged proteins.
Our observations on nitrate and glucose uptake profiles
(see Fig. 1b) suggest a significant impact of light on the
assimilation of these nutrients. While glucose assimilation
is clearly enhanced under HL, uptake of nitrate is only influ-
enced by HL under phototrophy. To our knowledge, this is
the first study on the role of light intensity over physiological
changes under mixotrophic growth. An understanding of this
result requires a detailed probing of stress proteins to know
the extent of stress which then needs to be related to the
nitrate utilization by the cells. To understand the variation
in glucose uptake by the cells, as seen in the current study
(see Fig. 1b), our future plans are to measure the quantity of
hexose transporters under LL and HL. It is obvious from our
results on growth that the mixotrophic behaviour of Astera-
cys sp. is greatly influenced by the light intensity the culture
is exposed to (see Fig. 1). However, this phenomenon could

be specific to Asteracys sp. and requires to be established
individually for each algal species.

Effect of light on photosynthetic pigments and ROS
scavenging activity

Light intensities are known to profoundly affect the pho-
tosynthetic pigments (Pfiindel et al. 2018) and hence we
further investigated the influence of light on the concen-
trations of Chl and carotenoids. In our study, an increase
in light intensity led to an elevated content of Chl a in
phototrophic cells at the end of exponential growth (see
Table 1; compare data on PHL with PLL cells). PHL
contained 29.29 +0.820 ug mg~! DCW of Chl g, while
PLL had a much lower content (11.02+0.256 ug mg™!
DCW). In comparison with phototrophically grown cells
(PHL), mixotrophic cells (MHL) had a Chl a content of
16.54+0.017 ug mg~! DCW, 43.5% lower than PHL. The
presence of external carbon sources has been observed to
decrease the content of photosynthetic pigments (Cheir-
silp and Torpee 2012). In agreement with earlier studies on
mixotrophic cultures of Scenedesmus obliquus and Dacty-
lococcus sp. (Yang et al. 2014; Grama et al. 2016), the Chl
a production in MHL was significantly lower than that in
PHL (Table 1) despite the high biomass production attained
under this growth mode (Fig. 1a).

Similar to the Chl content, the carotenoid content was
also higher in PHL cells over PLL cells; it was more than
two times higher in PHL cells. As seen under phototrophy, a
significant increase in carotenoid content was also observed
under the mixotrophic growth mode (Table 1). Zhekisheva
et al. (2002) and Solovchenko et al. (2008) have reported that
an increase in carotenoids under high irradiances is mainly
to help in the protection of PSII against photoinhibition
(Frank et al. 1999). Overall, under phototrophic growth, an
increase in Chl a content along with increased carotenoid
content was seen under high irradiance (PHL). In contrast,
mixotrophically grown cells had decreased Chl a content
possibly to truncate the light harvesting when exposed to

Table 1 Effect of light on PLL
chlorophyll and carotenoid
contents (in pg pigment mg ™! Chla 11.01 +0.256d
O el istesoss
growth Total Car 2.11+0.018d
Lutein 0.29+0.018c
-carotene ND
Car/Chl a 0.19+0.002b

MLL PHL MHL

20.03+1.093b 29.29+0.820a 16.54+0.016¢

27.97+1.422b 39.19+0.100a 22.65+0.297¢
3.26+0.027b 5.10+0.011a 3.67+0.013c
0.47+0.057b 0.29+0.079¢ 1.22+0.093a
0.10+0.009b 0.02+0.002¢ 0.29+0.025a
0.16+0.004d 0.17+0.001c 0.22+0.008a

Chlorophyll (Chl) and carotenoid (Car) contents were determined at the end of exponential growth phase
(average values + SD for three independent replicates). Letters a, b, ¢ and d denote the significant difference
between treatments per row (p <0.05, Tukey’s HSD)

ND not detected, PLL phototrophic growth under low light, MLL mixotrophic growth under low light, PHL
phototrophic growth under high light, MHL mixotrophic growth under high light, DCW dry cell weight
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higher irradiance (Table 1). When we calculated the ratios
of Car/Chl a for phototrophically grown cells, we observed
a decrease from 0.19+0.002 to 0.17 +0.001 from LL to HL
(p <0.05). Interestingly, in mixotrophically grown cells,
while MLL displayed a Car/Chl a value of 0.16 +0.004,
MHL displayed a 37.5% increased value of 0.22 +0.008
(Table 1). The low Chl a content in MHL can also be attrib-
uted to the higher biomass production under this growth
mode as compared to PHL (Fig. 1a), thus indicating that
mixotrophic growth was not affected by light intensity.
Carotenoid content is reported to increase to protect the
photosynthetic machinery from photoinhibition induced by
high irradiances (Zhekisheva et al. 2002; Solovchenko et al.
2008; Singh et al. 2010). He et al. (2015a) have reported
an overall increase in the ratio of Car/Chl a in Chlorella
sp. and Monoraphidium sp. indicating a downregulation of
the photosynthetic activity and an upregulation of the pho-
toprotective mechanisms. This increase in Car/Chl a value
is seen in our study with MHL cells. Our results pertaining
to PHL are in agreement with an earlier theory by Murchie
et al. (2005) that leaves may sometimes have higher light
harvesting capacity (indicated through high Chl a) but low
photosynthetic and photoprotective capabilities (see Chl a
and Car values in Table 1). A detailed estimate of individ-
ual carotenoids produced under each treatment of our study
revealed significantly higher amount of photoprotective pig-
ments in MHL as compared to PHL (Table 1). Lutein content
in MHL was fourfold higher (1.22+0.093 ug mg™! DCW)
as compared to PHL (0.29 +0.079 ug mg~! DCW), while
B-carotene content was tenfold higher (0.29 +0.025 g mg~!
DCW in MHL and 0.02 +0.002 ug mg~' DCW in PHL).

a,,

o 1

)

(&) a

0.8 z

8 o6

S

= 04 - b

3 c -
d

Eozl B =

PLL MLL PHL MHL

Fig.2 Changes in the content of malondialdehyde (MDA) concen-
tration (a) and the difference in antioxidant enzyme activity ascor-
bate peroxidase (APX) (b) in the cells of Asteracys under low and
high light. Vertical bars represent the SD (n=3). Letters a, b, ¢ and
d denote the significant difference between the treatments (p <0.05,

Wei et al. (2008) have reported an increase in lutein yield
in heterotrophically grown Chlorella sp. through induction
with hydrogen peroxide and sodium hypochlorite (ROS).
An increase in ROS induces the cells to generate antioxidant
pigments to prevent cell damage. However, the study also
reports a decrease in lutein content at very high levels of
ROS (Wei et al. 2008). Our findings of the low lutein content
in PHL and high lutein in MHL are in tune with the findings
of this study. In the current study, PHL displayed very high
ROS as shown in Fig. 2a. This accumulation of ROS in PHL
may have resulted in a decrease in lutein content despite
the overall increase in carotenoids in the cells (see Fig. 2a;
Table 1). Further, the lower content of p-carotene in PHL
when compared to MHL agrees with the finding of Mojaat
et al. (2008). Their study reports an influence of organic
carbon sources on carotenoid ratios and increased p-carotene
contents in photoheterotrophy when compared to the auto-
trophic counterparts. However, the mechanism of this influ-
ence remains to be studied through labelling of molecules to
understand the pathways and assimilation mechanism. Dem-
mig-Adams (1990) and Johnson et al. (2008) have reported
the vital roles of lutein and p-carotene in regulating the
switch between light harvesting and photoprotective modes
of the photosynthetic machinery. Our results (as shown in
Table 1) thus display an apparent upregulation in photopro-
tective mechanisms under mixotrophy when Asteracys sp.
was subjected to HL stress.

To quantitatively analyse this photoprotective ability, the
lipid peroxidation (measured in terms of MDA) and the anti-
oxidant ability of the cells (measured as APX activity U per
107 cells) was evaluated (Fig. 2a, b). Under LL, the MDA
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concentrations were calculated as described by Wang et al. (2012)
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production ranged from 0.24 +0.019 nmol per 107 cells in
phototrophy to 0.21 +0.009 nmol per 107 cells in mixotro-
phy (p <0.05). An increase in ROS levels, under abiotic as
well as biotic stress, has been reported by several researchers
(Apel and Hirt 2004; Suzuki et al. 2012; Cruces et al. 2017;
Zhao et al. 2017); these redox species are known to contrib-
ute towards the damage of cell organelles and proteins under
stress conditions. Our results showed an increase in MDA
production under phototrophic growth (0.82+0.012 nmol
per 107 cells) in PHL. However, MHL produced significantly
lower amounts of MDA (0.36 +0.009 nmol per 107 cells),
when compared to PHL, indicating lower chances of cell
damage under HL. While the natural response of Asteracys
sp. towards HL was an increase in ROS accumulation in
PHL cultures, it is evident through the MDA levels (Fig. 2a)
that a modulation in this natural response was seen under
mixotrophy.

A high degree of high-light-induced damage is caused
by the production of free radicals in the chloroplast and the
mitochondria and hence requires efficient ROS scavenging
mechanisms. This defence and regulatory system is highly
dynamic and balances the levels of free radicals within the
cells (Singh et al. 2010; Sharma et al. 2012; Gwak et al.
2014). In our experiments, PLL- and MLL-grown Asteracys
cells demonstrated a similar scavenging capability measured
in terms of APX activity by the cells (Fig. 2b). APX activity
under LL was limited to 0.78 +0.021 U per 107 cells (PLL)
to 0.927 +0.038 U per 107 cells (MLL). Under HL, APX
activity was similar with PHL producing 0.42+0.012 U per
107 cells and MHL producing 0.32+0.021 U per 10 cells.
Despite the increased production of free radicals under PHL,
an inability to naturally scavenge the excess free radicals was
observed in these cells. Our results on PHL demonstrate an
increase in both Chl a and lipid peroxidation (measured as
MDA) by over 60% as compared to PLL production. These
findings agree with those of Zhao et al. (2017) who reported
a20% increase in MDA levels in their high-chlorophyll con-
tent genotype of rice. Further, Zhao et al. (2017) reported
an inability for scavenging the increased ROS which is the
case seen in our results with Asteracys cells. Thus, it seems
to us that the pigment content may play a crucial role in our
understanding of the mitigation of HL stress in Asteracys
sp. He et al. (2015a) have reported that B-carotene can act
as a molecule that assists in scavenging ROS; our results
on MHL cells display a significantly higher generation of
this pigment (Table 1). Hence, in addition to the lower lipid
peroxidation seen by MHL cells, there is an additional HL.
stress management through the regulation of pigment con-
tent under mixotrophy (Table 1). Our study shows the natu-
rally enhanced capability of Asteracys sp. to photoprotect its
cells (as shown in Fig. 2a, b; Table 1) under a mixotrophic
growth mode.
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Effect of light on photosynthetic activity

In photosynthetic organisms, ROS are constantly formed
by the leakage of electrons to the molecular oxygen from
the electron transport within the chloroplast and mitochon-
dria (Foyer et al. 1997; Asada 1999; Deblois et al. 2013;
Rochaix 2016). Under high light, the removal of hydrogen
peroxide by the scavenging peroxidases is essential within
the chloroplast to avoid the inhibition of the Calvin—Ben-
son cycle enzymes (Tanaka et al. 1982). The pathways
regulating ROS production are regulated by NPQ of the
excited state of chlorophyll within the thylakoid mem-
branes to alleviate photodamage under stress conditions
(Demmig-Adams et al. 2014; Zhao et al. 2017). Hence, a
variation in ROS production or scavenging is expected to
affect the photosynthetic machinery of the cells.

Non-photochemical quenching as an indicator
of photoprotection ability

A major regulator of over-excitation is a set of induc-
ible mechanisms referred to as NPQ that induce lumen
acidification under excess light thereby triggering qE,
the most rapid component of NPQ (Walters and Horton
1991; Demmig-Adams et al. 2014). This involves exci-
tation energy transfer to zeaxanthin or lutein, two pig-
ments crucial to NPQ (Dominici et al. 2002; Wilk et al.
2013); the excess energy is lost as heat. However, in our
experiments, despite the increased lutein content under
MHL, the NPQ recovery curves did not show any sig-
nificant variation through lumen acidification (Rohacek
et al. 2014). As shown in Fig. 3a, all dark recovery curves
of NPQ were characterized by a fast rise followed by no
change within ~ 100 s of light exposure. The NPQ,,,.,
the maximum level of NPQ reached after ~300 s of light
treatment was compared as described by Berteotti et al.
(2016). Even though the trend of NPQ recovery was simi-
lar in all samples, NPQ,,,, in MHL was higher than that
in PHL by 18% (Fig. 3b). High NPQ capacity is known
to decrease the excitation pressure on PSII under excess
light by increased heat loss, and thus reduction in energy
funnelled towards photochemistry (Deblois et al. 2013;
Demmig-Adams et al. 2014). This mechanism also mini-
mizes ROS formation (Maclntyre et al. 2002), observed
in our study for MHL cells (Fig. 2a). Moreover, the NPQ
continued to rise in all the samples even after the actinic
light was turned off at ~300 s. The continued rise in NPQ
after 10 min of dark recovery suggests the induction of
other components of NPQ, namely, qT (state I to state
IT) and qI (photoinhibition), which require longer time
to relax, as has been described in other microalgae and
dinoflagellates (Allorent et al. 2013; Rochaix 2016; Ruban



Photosynthesis Research (2019) 139:553-567

a PLL MLL ——PHL MHL

0.8

0.6
g
z 0.4

0.2

0 T T T T 1
0 100 200 300 400 500
Time (s)

Fig. 3 Non-photochemical quenching (NPQ) kinetics of phototrophic
and mixotrophic cells grown for several generations in low and high
light (a; left panel) and the NPQ,,, measured at the end of the illumi-
nation period (b; right panel). The white bar (in the left panel) indi-
cates the illumination period, while the black bar indicates the dark
period. Data reported are the mean of three independent replicates for
each treatment (n=3) with the vertical bars indicating the SD. Letters

2016; Cui et al. 2017). In mixotrophic cells, along with
the variations in the photoprotective pigments and ROS
generation, we have observed higher NPQ ability.

Chl a fluorescence transient

A comparison of Chl a fluorescence transients provides
a rapid, accurate and non-invasive way to decipher varia-
tions in photosynthetic activities (Govindjee et al. 1986;
Govindjee 2004; Baker 2008; Kalaji et al. 2018). The JIP
test is extensively used to understand the dynamics of the
Chl fluorescence signals during the light-phase reactions of
photosynthesis (Strasser et al. 2000, 2004). In dark-adapted
photosynthetic samples, the first plastoquinone electron
acceptor of PSII (Q,) is fully oxidized at F, (the O level).
The photochemical phase wherein Q, is reduced to Q,~ cor-
responds to the O-J fluorescence rise. The phase involving
the reduction of the PQ pool and the electron acceptor side
of PSI is represented by J-I and I-P (Munday Jr and Govind-
jee 1969; Stirbet and Govindjee 2011; Schansker et al. 2014;
Kodru et al. 2015). Under saturating light, all electron carri-
ers between the PSII reaction centres and NADP are reduced
at the P step. In this paper, we have characterized the PSII
performance of the microalga grown in PLL, MLL, PHL and
MHL based on their OJIP curve responses.

When grown under LL, both phototrophically and mixo-
trophically grown cells display three characteristic steps
in their fluorescence transient: O-J, J-I and I-P (Fig. 4a).
Despite the similar transient curves under LL, differences
were observed between MLL and PLL samples, the former
showing a higher I level. Usually, the J-I phase is corre-
lated with the PQ pool’s redox status wherein electrons are
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a, b and c in the right panel denote the significant difference between
treatments (p <0.05, Tukey’s HSD). PLL phototrophic growth under
low light, MLL mixotrophic growth under low light, PHL phototro-
phic growth under high light, MHL mixotrophic growth under high
light. NPQ was calculated as described by Zhou et al. (2015). NPQ
was calculated as described by Berteotti et al. (2016)

max

shuttled between PSII and PSI through the cytochrome b6/f
complex (Kirchhoff et al. 2000; Stirbet and Govindjee 2012).
The rise in I level suggests a slower rate of plastoquinol
(PQH,) oxidation by PSI which could be due to decreased
PSI/PSII ratio (Ceppi et al. 2012; Stirbet et al. 2014).

We speculate that mixotrophic cells may even have a
differently regulated electron flow between the two photo-
systems, which requires further investigation under varying
light intensities. However, it can be observed from Table 2
that the maximum fluorescence (F,,) was relatively similar
in PLL (0.224 £0.027) and MLL (0.204 +0.012). A higher
F,/F_, ratio seen in PLL (4 61.4%) over that on MLL would
be usually interpreted to mean higher photosynthetic per-
formance (Zhou et al. 2015). We note that mixotrophy in
general would lead to a pool of reducing powers through
photochemistry in addition to the reducing powers gener-
ated through respiratory routes leading to higher growth
rates. Further, it can be observed from Fig. 4a, b that the
cells exposed to HL displayed OJIP transients with much
less pronounced steps with delayed J and I steps, a typical
response seen in stress-treated cells of other organisms (see,
e.g., Strasser et al. 2004).

While it is evident from Table 2 that HL in phototro-
phic growth, as compared to LL, decreased the F,,, F,/F,,
and F/F, values, mixotrophic growth did not show much
variation in these parameters. The decrease in these param-
eters is usually correlated with photo-inhibition and lowered
PSII excitation cross section (Strasser et al. 2000; Zhou et al.
2015). Further, PHL cells exhibited lower F,/F,, (—68.8%)
and F/F values (—79.5%) when compared with MHL cells.
Our results on Chl a fluorescence transients and calcula-
tions of parameters, which relate to photosynthesis, clearly
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Fig.4 Chl a fluorescence tran- a
sient (up to 1 s) in phototrophic 1.2 1
and mixotrophic growth under -PLL
low and high light (a; top
panel). Data are double normal-
ized as described in “Materials
and methods” and the transient
is plotted on the logarithmic
time scale range between 0 and
1 (=1000 ms). Data points are
an average of nine independ-
ent measurements. Difference
curves of fluorescence for
(MLL-PLL) [dark grey] and
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tions between the two extremes.
PLL phototrophic growth under
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light, MHL mixotrophic growth
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Table2 Comparison of

. PLL
fluorescence parameters in

MLL PHL MHL

Asteracys cells grown under low F*

. . m
and high light FJF,

FJF,’

0.224+0.027a
1.752+0.072a
0.636+0.081a

0.204+0.012a
0.652+0.073¢
0.394+0.058b

0.150+0.018b
0.153+0.061d
0.133+0.077c

0.197+0.019a
0.746 +0.055b
0.427+0.061b

Values determined at the end of exponential growth phase (average values+ SD for three independent rep-
licates). Letters a, b, ¢ and d denote the significant difference between the treatments in rows (p <0.05,

Tukey’s HSD)

PLL phototrophic growth under low light, MLL mixotrophic growth under low light, PHL phototrophic
growth under high light, MHL mixotrophic growth under high light

*See list of abbreviations and the “Materials and methods” section

suggest that Asteracys cells undergo different physiological
changes under phototrophy and mixotrophy and that the mix-
otrophic, as compared to phototrophic, growth has advan-
tages under HL conditions.

Partitioning of incident light energy
Although OJIP measurements have provided important
information on Asteracys cells, light intensity dependence

of several parameters is a powerful means of understanding
the overall flow of electrons within the cells. Although the

@ Springer

quantum Yyields of photochemical (Y (II)) and non-photo-
chemical (Y(NPQ)) quenching have been extensively used
and discussed in the literature, insufficient information exists
on the significance of Y(NO), which reflects the energy that
is passively dissipated in the form of both heat and fluo-
rescence when the PSII reaction centres are closed. This
quantum yield demonstrates the partitioning of energy in
PSII and allows for a deeper understanding of the organ-
ism’s capacity to cope with excess light (Klughammer and
Schreiber 2008a). Thus, a detailed analysis of the quenching
of excess energy enables us to resolve the excitation energy
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flux into the light-induced and non-light-induced quench-
ing processes (Hendrickson et al. 2004). With the above
understanding, we probed the capacity of phototrophically
and mixotrophically grown cells to cope with high irradi-
ances (see Fig. 5). Our analysis involved the resolution of
the energy fluxes into the quantum yields of photochemical
quenching, Y(II), non-photochemical quenching involv-
ing the light-induced process, Y(NPQ), and the non-light-
induced energy dissipated as heat or fluorescence, Y(NO)
at varying PAR (0-2000 umol photons m~2 s™!) as shown
in Fig. 5.

We base our analysis on the partitioning of light when
cells were subjected to the highest PAR (~ 1980 pmol pho-
tons m~2 s~!) and comparison of these results with their
predicted behaviour under high irradiance. The quantum
yield of PSII, Y(II), was significantly affected in PHL- and
MHL-grown cells (p <0.05), while no apparent effect was
observed in LL-adapted cells (i.e., PLL. and MLL). Absorp-
tion of light, under phototrophy, is higher than in cultures
grown with glucose, since the former have higher Chl
a content than the latter (Yang et al. 2000; also shown in
Table 1). Liu et al. (2009) have further shown that mixotro-
phy changes the chloroplast ultrastructure, in Phaeodacty-
lum tricornutum, in a manner that reduces light absorption
by PSII, reducing the photosynthetic efficiency. Hence, we
suggest that a further investigation of changes in chloro-
plast ultrastructure for MLL and MHL may provide further

information on Asteracys cells, used in our research. Our
Y (II) values for PHL suggest that Asteracys sp. is capable of
adaptation under higher irradiances as reported in Chlorella
sorokiniana (De-Bashan et al. 2008) and various benthic
marine microalgae (King and Schramm 1976). However,
this adaptation leads to lower microalgal biomass genera-
tion (Berteotti et al. 2016; shown in Fig. 1a) and hence any
comment on phototrophic adaptation of Asteracys sp. to HL
seems unsuitable at this time. Mixotrophy is a combination
of carbon uptake through photosynthesis and glycolytic
pathways (Smith et al. 2015; Zhang et al. 2017) and thus
the Y(II) values cannot solely indicate biomass production
tendency under this regime.

It can be observed from Fig. 5 that energy dissipation
through Y(NO) is significantly different (p <0.05) among
PLL, PHL, MLL and MHL cells. PLL demonstrated high
values of Y(NO) when subjected to ~ 1980 umol pho-
tons m~2 s~! (Fig. 5a), while significantly lower values were
seen in MLL (Fig. 5b). This observation indicates a modula-
tion within mixotrophic cells to function ‘better’ than photo-
trophic cells during a high-light exposure. Furthermore, as
opposed to PLL cells, MLL cells are able to safely dissipate
excess energy as attested by high values of Y(NPQ) (Lazar
2015). Y(NO) is often described as a simple indicator of
the reduction state of plastoquinones within the photosyn-
thetic membranes (Grieco et al. 2012). Under exposure to
high irradiances, plants and algae are known to minimize

Fig. 5 Quantum yields of a 12, mY(l) “Y(NO) mY(NPQ) b 12
photochemical quenching (Y (II)
represented in dark grey bars), w 'meepeeeERERBE w '1EEE=EE YR
non-photochemical quench- = 08 tE8 = 08 | T
ing (Y(NPQ) represented in S U7 I =l .
grey bars) and the non-light- g 0.6 2 0.6 A -
induced energy dissipated as 5 ® -
heat or fluorescence (Y(NO) o) 0.4 1 o) 0.4 1 F
represented in light grey bars) o 02 1 o 0.2 4
in PLL (a; top left panel), MLL
(b; top right panel), PHL (c; 0 - o~ < oo oo o ©
bottom left panel) and MHL oggggggﬁggg modBLILVISS
(d; bottom right panel). Data - - - -
reported are the mean of three PAR (umol photons m2 s') PAR (umol photons m2 s™')
independent replicates for each
treatment (n=23) with the verti-
cal bars indicating the SD. PLL C 124 d 12
phototrophic growth under low 1o - oo - i
light, MLL mixotrophic growth ] 2 EEE T E
under low light, PHL phototro- g S 0.8 1 I
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1gh lig & & 0.4 =
0.2 A
ONT—TOO MWD — © ONT—TOO MWL O~ ©
®©O©oOWTF OWT =~ ®©O©OWT OWY =~
CTNOW D00 SO0 D00
PAR (umol photons m2 s1) PAR (umol photons m-2 s-1)
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the reduction state of these plastoquinone (Klughammer and
Schreiber 2008b). From this standpoint, mixotrophic cells
successfully regulated the photosynthetic electron transport
chain when compared to phototrophic cells.

As shown in Fig. 5, the extent of light-induced NPQ under
high PAR was similar in both mixotrophy-adapted cells of
MLL and MHL (~ 0.65), while a reduction was observed in
PHL (0.44 +0.003) and PLL (0.205 +0.005). The activation
of energy dissipation as Y(NPQ) in phototrophy (Fig. 5¢)
may be a survival strategy that results in a reduction in
biomass under HL (cf. Berteotti et al. 2016). In agreement
with observations made by Berteotti et al. (2016) for Chla-
mydomonas reinhardtii, our study on Asteracys sp. likewise
suggests preference for photoprotection over productivity,
when grown in HL (PHL). NPQ had been identified to have
a close association with the generation and scavenging of
ROS within cells (Munekage et al. 2004). Our research on
Asteracys sp., presented in this paper, fully supports this
concept. In our work, higher NPQ activation ability in MHL
(Fig. 3b) resulted in low ROS production under HL (Fig. 2a).
Additionally, the Car/Chl a ratio of MHL was indeed higher
(Table 1), thereby suggesting an enhanced photoprotective
capability. Hence, despite the reduction in photosynthetic
efficiency, the addition of glucose in our study may have
resulted in increased carbon fixation through “pressure”
exerted by respiration as observed by Grama et al. (2016)
(seen in our study as a reduction in Y(II) for MHL, compare
Fig. 5c, d; and higher biomass for MHL as compared to
PHL in Fig. 1a). Taking all our results together, we conclude
that mixotrophy, using glucose, leads to enhanced biomass
accumulation through increased tolerance of Asteracys sp.
to high irradiance.

Concluding remarks

The role of light intensity in mixotrophy in the oleagi-
nous microalga Asteracys sp. has been probed here under
two irradiances: LL (100 umol photons m~2 s~!) and HL
(600 pumol photons m~2 s~!). Biomass generation and nutri-
ent assimilation abilities of this microalga improved signifi-
cantly under mixotrophy in comparison to its phototrophic
counterpart (cf. Fig. 1). While phototrophic cells upregulated
ROS generation under HL thereby leading to lower biomass
production, the same was not true for mixotrophic growth.
Despite the upregulation in photoprotective mechanisms
under mixotrophy, no compromise on biomass was observed,
perhaps due to the compensation of biomass through glu-
cose assimilation. Further, an improved photoprotection effi-
ciency (cf. in terms of MDA production Fig. 2a; pigments
produced in Table 1; fluorescence parameters in Table 2 and
Y(NPQ) in Fig. 5b, d) was observed under mixotrophy with
regulated non-photochemical quenching of excess energy.

@ Springer

This phenomenon was evidenced by the ROS production
and scavenging capabilities of cells under HL. This feature
of mixotrophy provides an advantageous tweak towards bio-
mass generation wherein harsh natural light may be experi-
enced due to topographical and seasonal changes. Addition-
ally, our study provides a probable solution to the persistent
impact of photoinhibition towards the decrease in biomass
productivity for photosynthetic algal (or cyanobacterial)
species under large-scale cultivation. Studies pertaining to
the metabolic fluxes and the metabolites involved in this
fascinating interdependent phenomenon of photosynthesis
and carbon assimilation remain elusive and require further
investigation.
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