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In order to promote the photosynthetic growth rate of Chlorella in the presence of flue gas CO, from coal-
fired power plants, spermidine was first used to enhance cellular resistance to a high CO, concentration
(15%) and high light intensity (30 000 lux). It was found that low concentrations (100-300 uM) of
spermidine significantly enhanced the photosynthetic growth rate of Chlorella. The accelerated cell
division decreased the cell diameter from 3.64 um to 2.71 um and the fractal dimension from 1.60 to
1.49, and the activity of total superoxide dismutase (T-SOD) increased from 0.48 U mL™!to 5.33 U mL™2.
Expression levels of key enzymes of photosystems | and Il, ATP synthase and transportase markedly
increased, thereby enhancing the electron transport and energy supply that reduced oxidative damage.
Finally, an enhanced cellular resistance to the high CO, concentration and high light intensity increased
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1. Introduction

Polyamines are required for optimal growth in most cells. They
are involved in a variety of cellular processes, such as gene
expression, cell growth, survival, stress response and prolifera-
tion." Polyamines can indirectly regulate the expression of
related genes during stress response. In plants, exogenous
administration of various concentrations of putrescine, sper-
midine and spermine was shown to confer enhanced tolerance
to various stresses.” Zhang et al.® found that spermidine effi-
ciently alleviated the inhibitory effects of saline-alkaline stress
on plant growth and inhibited saline-alkaline stress-induced
H,0, and 0>~ accumulation. Lou et al.* found that exogenous
application of 20 uM spermidine effectively alleviated salt-
induced damage in Medicago sativa (alfalfa). Murkowski®
found exogenous spermidine alleviated salinity-alkalinity stress
damage using antioxidant enzymes and non-enzymatic systems
in chloroplasts. Additionally, exogenous spermidine supple-
mentation was confirmed to alleviate salt stress in sorghum
(Sorghum bicolor) seedlings, as well as the growth inhibition and
damage to the structure and function of the photosynthetic
apparatus caused by drought stress in Phyllostachys edulis
seedlings.*®
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the biomass yield from 0.11 g L™ to 1.71 g L™ (300 pM).

Reports on polyamine-induced stress resistance and
promotion of microalgal growth are currently insufficient.
Czerpak et al.’ studied the growth and cellular contents of
chlorophyll a and b, monosaccharides and proteins in the
alga Chlorella vulgaris Beijerinck (Chlorophyceae) under
different concentrations of agmatine, putrescine, spermidine
and spermine. However, this study did not cover in-depth the
stress resistance of microalgae or their reaction mechanisms,
nor did it investigate the effects on photosynthesis-related
proteins, fluorescence parameters, cell microstructure or
SOD. Piotrowska-Niczyporuk et al'® studied the green
microalga Chlorella vulgaris (Chlorophyceae) exposed to
heavy metal (Cd, Cu, Pb) stress and found that exogenous
application of polyamine-spermidine alleviated stress
symptoms by inhibiting heavy metal biosorption, while
restoring algal growth and primary metabolite levels. Kim
et al."* confirmed that high spermidine levels helped engi-
neered Saccharomyces cerevisiae strains to resist the toxicity of
chemicals, such as acetic acid and furfural, thereby miti-
gating the effects of acid stress. Thus, it is very crucial to
study spermidine-induced stress resistance and reaction
mechanisms in microalgae.

At present, power plant flue gas is widely used for culturing
the microalga Chlorella. There have been many studies on
Chlorella cultivation using actual power plant flue gas and
artificial simulated flue gas*>** because a high concentration
of 15% CO, results in decreased culture solution pH, which is
detrimental to cell growth. Currently, raceway ponds are
mainly used for large-scale cultivation of microalgae.'**?
Compared with laboratory conditions, the microalgal
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concentration in industrial raceway ponds is low. Further-
more, these microalgae are often exposed to adverse environ-
mental conditions, such as high light intensity and low pH,
which inhibits their growth. Polyamines play an important
role in regulating biological growth and stress resistance
under adverse conditions, including high temperature, salt
stress and high light intensity. To the best of our knowledge,
there is no literature on the effects of polyamines on micro-
algal growth under high CO, concentrations and high light
intensity, nor is there relevant research on cell surface
morphology and microstructure under these conditions. The
most common polyamines are putrescine, spermidine and
spermine. Most studies on various stress resistances have also
focused on the above three polyamines. It has been suggested
that spermidine is the most efficient of the three major poly-
amines (putrescine, spermidine, spermine) at restoring
maximum photochemical efficiency (F,/F,) to low-salt-
stressed thylakoids." It was also found that exogenous appli-
cation of spermidine to Physcia semipinnata resulted in higher
chlorophyll a content and PSII activity than application of
spermine or putrescine in plants exposed to UV-A radiation."”
Thus, this paper focused on the study of spermidine in view of
high light intensity and high concentration of CO,. It is of
great practical significance to study the effects of different
spermidine concentrations on the stress resistance of Chlor-
ella in an actual industrial environment.

The objective of this research was to promote the growth
rate of Chlorella by enhancing spermidine-induced resistance
to a high CO, concentration (15%) and high light intensity
(30 000 lux). Photosynthesis-related proteins, fluorescence
parameters, cell microstructure and SOD activity of Chlorella
were studied in-depth to understand how spermidine
improved the microalgal growth rate and stress resistance.
Lastly, the molecular mechanism of spermidine-induced
stress resistance of Chlorella was revealed. This research will
help improve microalgal cultivation in tubular or raceway
pond reactors that are used to treat high concentrations of CO,
from power plant flue gas.

2. Materials and methods

2.1. Microalgae and culture medium

The microalgal strain used in this study was Chlorella sp.
MS700. Optimized f/2 artificial seawater medium,'® used for
microalgal cultivation, was composed of (a) macro elements
NaCl (21.194 g L"), Na,S0, (3.55 g L"), KCI (0.599 g L™,
CaCl, (1.015 g L™1), KBr (0.0863 g L™1), H;BO; (0.0230 g L™Y),
NaF (0.0028 g L™'), MgCl,-6H,0 (9.592 g L), SrCl, 6H,0
(0.0218 g L™"); (b) enriched nutrients NaNO; (0.225 g L™ 1),
NaH,PO,-H,0 (0.025 g L™%); (c) trace metal solution (1 mL L™%);
and (d) vitamin solution (1 mL L™"). The trace metal solution
contained FeCl;-6H,0 (3.15 g L), Na,EDTA-2H,0 (4.36 g
L"), MnCl,-4H,0 (0.180 g L"), ZnSO,4-7H,0 (0.022 g L),
CoCl,-6H,0 (0.010 g L), CuSO,-5H,0 (0.0098 g L™ '), Na,-
Mo0O,-2H,0 (0.0063 g L") and NiCl,-6H,0 (0.00149 g L™%).
The vitamin solution contained vitamin B, (200 g L"), vitamin
H (1 mg L") and vitamin By, (1 mg L™'). The medium was
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sterilized in an autoclave for 30 min at 121 °C (Boxun YXQ-LS-
75811, Shanghai, China). The vitamin solution was added into
the culture medium on a clean bench after the medium was
autoclaved; the salinity was 3%.

The spermidine [N-(-3-aminopropyl)-1,4-diaminobutane]
used in the experiment was purchased from Macklin (CAS:
124-20-9; purity: 99%). Stock solution (10> M) was prepared in
H,0 and aliquots were stored at —20 °C. In the subsequent
experiments, a spermidine gradient was set according to the
desired treatment.

2.2. Experimental conditions and biomass measurements

The algae were cultivated at 27 °C in a 600 mL bioreactor
(183 mm height, 76 mm inner diameter) in an artificial green-
house. The light intensity was controlled at 30 000 lux. A
mixture of 15% CO,/85% N, was introduced into the bioreactor
at a flow rate of 60 mL min~" using a flowmeter (Seven-star
CS200, China).

The experimental process was divided into two stages. Phase
I (days 0-5) was the growth inhibition phase, in which no
spermidine was added. Phase II (days 6-14) was the treatment
phase. Different volumes of spermidine stock solution were
added at the end of day 5. The spermidine concentrations of the
treatments were 0 (control), 10, 30, 100, 200, 300 and 400 uM.
Additionally, a 100 uM NaOH treatment was set up. Each
treatment was performed in duplicate. The ODgg, of the
microalgal samples were measured with a UV/visible spectro-
photometer (Unico UV2600, USA) every 24 h during cultivation.
The microalgal samples were diluted to ensure the absorbance
reading was lower than 1.0. At the end of cultivation (day 14),
10 mL of sample was dewatered by centrifugation (Beckman
Avanti ]J26-XP, USA) at 7500 rpm for 7 min and then washed
three times with deionized water. Finally, the microalgal pellet
was collected. The dry weight was measured after drying the
microalgal pellet at 105 °C for 24 h.

The relationship between the dry weight and absorbance of
the microalgal biomass was established as follows (1):

Biomass dry weight (g L™") = 0.2584 x ODggo, r* = 0.9962 (1)

The dynamic growth rate of the microalgae was calculated as
shown in the following eqn (2):

In my; — In mgy
pe R @)
=1
where m;, is the dry weight at time ¢; and m,, is the dry weight at
time ¢,.

2.3. Transmission electron microscopy and scanning
electron microscopy

On day 10 of the experiment, 1 mL of algal solution under each
treatment (0, 10, 30, 100, 300 uM) was centrifuged (6000 rpm, 5
min). The supernatant was discarded and then the pellet was
stored overnight in 2.5% glutaraldehyde solution at 4 °C.

The microstructure of the samples was observed by trans-
mission electron microscopy (TEM; H-7650, Hitachi, Japan).

This journal is © The Royal Society of Chemistry 2019
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From the TEM images, dozens of cells were randomly selected
and then analyzed with Nano Measurer software (Nano Measurer
v1.2.5) to determine their cell diameter and cell wall thickness.

The cell surface microstructure of the samples was observed
by scanning electron microscopy (SEM; SU-8010, Hitachi, Japan).
Several SEM images at different magnifications were obtained
and binarized using MATLAB software (MATLAB R2017b). Fractal
Fox software was used to analyze the fractal dimension of the
microalgal cells. The fractal dimension of Chlorella cells reflected
the smoothness of the cell surface.

2.4. Measurement of T-SOD activity in microalgal cells

During the growth period, 30 mL of algal solution from each
treatment (0, 30, 100, 300 pM) was taken every other day and
then centrifugated (8000 rpm, 15 min, 4 °C) to collect the
microalgal cells. The microalgal cells were resuspended in
0.05 M phosphate buffer (pH 7.8), which was precooled in an ice
bath. After treatment for 30 minutes in an ice bath that was
placed under an ultrasonic wave (5 W output), the solution was
centrifuged at 12 000 rpm for 10 minutes. The supernatant was
then used for analysis of T-SOD activity via the WST-1 method.

The Superoxide Dismutase Detection Kit (A001; Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) was
selected for SOD measurement. One unit of SOD activity is
defined as the amount of SOD corresponding to the SOD inhi-
bition rate of 50% per mL of the reaction solution. The T-SOD
was represented as follows (3):

absorbance of control tube — absorbance of measuring tube
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2.6. Photosynthetic fluorescence parameter measurement

Chlorophyll fluorescence parameters of the microalgal cells
were tested by pulse modulation fluorometer (FMS-2, Han-
satech, Britain). The dark adaptation time in this experi-
ment was 10 minutes. F,/F,,, was calculated as eqn (6):*°

Fv/Fm:(Fm_Fo)/Fm (6)

where F, represents the minimum fluorescence parameter
(the fluorescence intensity of the fully dark-adapted photo-
synthetic mechanism when all photosystem II (PSII) reac-
tion centers are open); and F,, represents the maximum
fluorescence (the fluorescence intensity of the fully dark-
adapted photosynthetic mechanism when all PSII reaction
centers are closed).

2.7. Transcriptomic analysis

On day 10, two experimental treatments (0 pM and 100 uM)
were selected to harvest a sufficient amount of algae (dry
algae powder > 1 g). The microalgal cells were collected by
high-speed refrigerated centrifugation, quick-frozen in
liquid nitrogen, collected and then stored at —80 °C for
further analysis. The clustering of the index-coded samples
was performed on a cBot Cluster Generation System using
TruSeq PE Cluster Kit v3-cBot-HS (Illumina) and subsequent
analysis was completed as per Pei et al.**

T-SOD (U mL™) =

x dilution multiple before sample test

2.5. Analysis of chlorophyll content in microalgal cells

Algal solution (5 mL) was filtered every other day. Methanol (4
mL; purity >99.9%) was added to the algal pellet and placed in
a dark environment for 30 minutes. The solution was then
centrifuged at 6000 rpm for 5 minutes and then the absorbance
of the supernatant was measured. The pigment concentration
was calculated based on the method of Porra et al.* Briefly, the
absorbance of the extracted supernatant was measured spec-
trophotometrically at 652 nm (Ags,) and 665 nm (Aggs). Intra-
cellular chlorophyll a and b concentrations were calculated
using the following eqn (4) and (5):

Chlorophyll a (ug mL™") = 16.29 x Aggs — 8.54 X Ags>  (4)

CthI’Ophyll b (},Lg mL’l) = 30.66 x A652 — 13.58 x A665 (5)

This journal is © The Royal Society of Chemistry 2019

absorbance of control tube

+50% X reaction system dilution factor

(3)

3. Results and discussion

3.1. Effect of different concentrations of spermidine on
Chlorella growth

During phase I, microalgal growth was significantly inhibited,
to almost stationary (Fig. 1a). This was because the pH of the
medium rapidly decreased due to the continuous introduction
of a high CO, concentration and high light intensity that
directly caused photoinhibition of the microalgae. The F,/F,
of Chlorella decreased significantly during phase I (Fig. 2a),
indicating that the photosynthetic apparatus in the microalgal
cells was partially damaged, which resulted in a significantly
decreased utilization efficiency of light energy. Thus, the
excessive light energy could not be utilized by microalgal cells
and ROS was subsequently produced in the photosynthetic
apparatus to inhibit cell photosynthesis. During phase II (days
6-14), treatments were subjected to different spermidine
concentrations (0, 10, 30, 100, 200, 300 and 400 puM). At the
high CO, concentration and high light intensity, almost no

RSC Aadv., 2019, 9, 26495-26502 | 26497
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Fig. 1 Growth curves (a and b) and pH change (c) of Chlorella under
a high CO, concentration (15%) and high light intensity (30 000 lux).

growth promotion was observed at extremely low concentra-
tions of spermidine (10 and 30 uM), which was different than
that under air culture conditions.® It was speculated that
adding extremely low concentrations of spermidine would not
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Fig. 2 Photosynthesis (a) and chlorophyll synthesis (b) of Chlorella
under a high CO, concentration (15%) and high light intensity (30 000
lux).

sufficiently enhance the stress resistance of Chlorella to over-
come the inhibitory effects of high CO, concentrations and
high light intensity on microalgal growth.

Similarly, in order to compare the effects of spermidine and
NaOH on the growth of Chlorella, a 100 uM NaOH treatment was
set up. On the first day after the addition, the pH of the 100 uM
NaOH and 100 pM spermidine treatments were basically the
same, indicating that simply increasing the pH did not promote
microalgal growth. This was due to the fact that in addition to
the inhibitory effect of low pH, the high light intensity caused
photoinhibition of Chlorella, which together hindered Chlorella
growth. The growth rates in the 100, 200 and 300 pM spermi-
dine treatments were significantly improved (Fig. 1a). The
inhibitory effect of the high CO, concentration and high light
intensity was counteracted with a low concentration of Chlor-
ella. In the 100, 200 and 300 pM spermidine treatments, the
biomass production of Chlorella gradually increased with
increasing spermidine concentrations. This indicates that

This journal is © The Royal Society of Chemistry 2019
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higher concentrations, within the tested range, results in
a stronger spermidine effect on the stress resistance and growth
promotion of Chlorella. The addition of exogenous spermidine
enhanced the expression of key enzymes of photosystem I (PSI)
and PSII, ATP synthase and transportase in the algal cells and
enhanced the activity of antioxidant enzymes, such as SOD,
electron transport and energy supply. These changes contrib-
uted to decreased oxidative stress damage to cells, as well as
enhanced intracellular chlorophyll synthesis and photosyn-
thesis. The combined effects ultimately led to a significant
increase in biomass production in most treatments, with the
exception of the 400 uM spermidine treatment, which
decreased significantly. The excessive concentration of sper-
midine in the 400 uM treatment produced a toxic effect on
microalgal growth, resulting in a 16.96% decrease in biomass
yield when compared with the 300 pM treatment. Excessive
exogenous spermidine disrupted the existing intracellular
metabolic balance and pH equilibrium, and its interaction with
RNA/DNA inhibited normal cellular differentiation.

3.2. Photosynthesis and synthesis of chlorophyll in cells

Photosynthetic activity in microalgae is represented by F,/F,.”°
The F,/Fy, value has been found to be relatively constant in non-
stressed cultures, while it is lower in stressed cultures.?” Mallick
and Mohn? studied the chlorophyll fluorescence of the green
microalga Scenedesmus under different metal stresses and
concluded that the F,/F, ratio could be used as a powerful tool
in metal-stress research. In this study, F,/F,, values were used to
characterize damage to Chlorella photosynthesis and the
photosynthetic system. F,F, represents the maximum
quantum yield of PSII, reflecting the potential maximum
photosynthetic capacity. The value of F,/F,, is often used to
reflect the extent stress on microalgae.

The F,/F,, value at the beginning of microalgal cultivation
was 0.658 and it decreased continuously during phase I,
reaching the minimum value on day 6 (Fig. 2a), which was
69.00% lower than the initial value. When the microalgae were
subjected to high light intensity, the excess electrons in the
photosynthetic electron transport chain induced the generation
of numerous ROS, thereby causing photosynthesis inhibition,
pigment co-oxidation, lipid peroxidation, membrane destruc-
tion and protein denaturation. The photosynthetic structure
was damaged under the low pH and high light intensity;
therefore, the microalgal cells could not effectively utilize light
energy. After adding exogenous spermidine, the F,/F,, values of
the 30, 100 and 300 pM treatments were significantly improved,
indicating that these spermidine concentrations had a repair-
ing effect on the microalgal photosynthetic system, thereby
enabling the microalgal cells to utilize light energy normally.
However, there was no notable difference between the 10 uM
treatment and the control.

The changes in chlorophyll content were also investigated.
After spermidine addition, the chlorophyll content of the 300
and 100 pM treatments increased significantly, with peaks
observed on the third and fifth days, respectively. The chloro-
phyll synthesis rate then became slow and long-term exposure

This journal is © The Royal Society of Chemistry 2019
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to high light intensity triggered serious damage to the micro-
algal cells as the decomposition of chloroplast* resulted in
a lower chlorophyll content after the peaks. It could be observed
that the 100 puM treatment had a significant lag in the
improvement of microalgal stress resistance, indicating that
there was a significant difference in the alleviation effect along
the treatment gradient. Lower concentrations of spermidine
required a longer time to improve the stress resistance of
Chlorella cells. Furthermore, there was no obvious difference
between the 10 and 30 uM treatments and the control, indi-
cating that extremely low concentrations of exogenous spermi-
dine did not enhance the stress resistance of Chlorella cells to
high CO, and high light intensity.

It is noteworthy that the change in chlorophyll content per
unit cell and the change in F,/F,, values were basically consis-
tent with the specific growth rate of the cells (Fig. 2 and 1b). It
was speculated that chlorophyll synthesis and the higher
photosynthetic efficiency were the intrinsic drivers of
spermidine-enhanced stress resistance and increased cell
growth rate under the high CO, concentration and high light
intensity.

The expression levels of related enzymes in the photosyn-
thetic system of the spermidine treatments and the control
under high light intensity and high CO, were also investigated.
Exogenous spermidine increased the expression of most of the
key enzymes in the photosynthetic apparatus (Fig. 3). The
difference in transcript abundance between the spermidine
treatment and the control was highest for ATP synthase (EC:
3.6.3.14) with an increase of log, FC 3.2536. This enzyme
promotes ATP generation for the carbon fixation process, thus
accelerating CO, fixation. The transcript abundances of H'-
ATPases including ATPF1A and ATPFOC (F-type ATPases) and
ATPeVOA (V-type ATPases) in the spermidine treatments were
up-regulated by times of log, FC 3.2151, log, FC 3.2536 and
log, FC 4.7389, respectively. On the one hand, the up-regulation
of ATP synthase expression helped to generate more energy to
resist the adverse external environment. On the other hand,
consumption of surplus ATP (generated as a result of cyclic
electron transport by ATPase) helped the microalgal cells effi-
ciently control intracellular pH, which might be achieved by
pumping protons from the cytoplasm into vacuoles.” At the
same time, during the active growth process via nitrate uptake,
the increased pH of the culture solution gradually helped the
cells to grow better. The expression levels of related PSI and PSII
enzymes also increased significantly (Table 1), which enhanced
electron transfer in the microalgal photosynthetic systems. The
higher cyclic electron transport of PSI generated the additional
ATP necessary for support of pH homeostasis in the algal cells,
thus helping the cells to tolerate high CO, concentrations* and
to alleviate the oxidative stress effects of photoinhibition caused
by high light intensity. It is noteworthy that the expression of
psbO (PSII oxygen-evolving enhancer protein 1) was down-
regulated, with a log, FC —4.5043 difference in transcript
abundance between the spermidine treatment and control. It
was speculated that under photoinhibition conditions, a large
amount of ROS accumulated in the cells and that the lower

RSC Adv., 2019, 9, 26495-26502 | 26499
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Fig. 3 Effects of spermidine on gene transcript expression in the photosynthetic system of Chlorella under a high CO, concentration (15%) and
high light intensity (30 000 lux). Red represents up-regulation, blue represents down-regulation, yellow represents both up-regulation and

down-regulation and others represent no change.

psbO expression could effectively reduce oxygen production in
the photosynthetic apparatus and decrease damage to the cells.

3.3. Microstructure of Chlorella cells

TEM and SEM observations were performed on samples from
the 0, 10, 30, 100 and 300 uM treatments on day 10 (five days
after exposure to exogenous spermidine) to explore the effects of
different spermidine concentrations on the microstructure and
surface morphology of microalgal cells. The average diameter of
Chlorella decreased with increasing spermidine concentrations
(Fig. 4). Compared with the control, the average diameter of
Chlorella in the 10, 30, 100 and 300 uM treatments successively

decreased by 8.70%, 12.35%, 25.15% and 25.54%, respectively.
This was because exogenous spermidine promoted cell division
and proliferation, the effect of which strengthened with
increasing concentrations, leading to a higher proportion of
small cells and a lower average cell diameter.

At the same time, the cell wall thickened with increasing
spermidine concentrations. Compared with the control, the
thickness of the 10, 30, 100 and 300 uM treatments increased by
0.28%, 16.29%, 26.68%, and 27.73%, respectively. Moreover,
the 10 uM treatment showed almost no influence on cell wall
thickness. It was speculated that higher concentrations of
spermidine (30, 100 and 300 uM) could promote the synthesis of

Table 1 Annotation of significantly different unigenes related to Chlorella photosynthesis after spermidine treatment under a high CO,

concentration (15%) and high light intensity (30 000 lux)¢

KO no. EC no. Name Definition log, FC

K02703 1.10.3.9 psbA Photosystem II P680 reaction center D1 protein 3.2796
K02705 psbC Photosystem II CP43 chlorophyll apoprotein 3.1587
K02704 psbB Photosystem II CP47 chlorophyll apoprotein 3.0463
K02707 psbE Photosystem II cytochrome b559 subunit alpha 2.1759
K02716 psbO Photosystem II oxygen-evolving enhancer protein 1 —4.5043
K03541 psbR Photosystem II 10 kDa protein 5.1544
K02689 psaA Photosystem I P700 chlorophyll a apoprotein A1l 3.3221
K02690 psaB Photosystem I P700 chlorophyll a apoprotein A2 3.6505
K08905 psaG Photosystem I subunit V 2.5495

“ log, FC is the log base 2 of the difference in transcript abundance between the spermidine treatment and control.
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Fig. 4 Effects of spermidine on the cellular microstructure of Chlor-
ella under a high CO, concentration (15%) and high light intensity
(30 000 lux).

cell protoplasts and cell wall components, thereby providing the
cells with a formidable defense against the environment. Thus,
the cells were protected against damage to their internal
structure under low pH and high light intensity, helping them
grow normally under the adverse conditions.

Mandelbrot* first proposed the concept of fractal geometry.
Fractal dimension reflects the effectiveness of space occupation
by complex objects, and it is a parameter of the irregular degree
of complex objects. In order to investigate the effects of different
spermidine concentrations on the microscopic structure of the
Chlorella cells, the concept of fractal dimension was used to
quantitatively study the surface morphology of cells treated with
different spermidine concentrations. Compared with the
control, the fractal dimension of the 10, 30, 100 and 300 uM
treatments decreased by 0.67%, 2.67%, 3.19% and 6.33%,
respectively. Under 15% CO, and high light intensity, the
surface of the microalgal cells was damaged and the cell
membrane was rough. Exogenous spermidine lightly contrib-
uted to smoothing the corrugation and deformation degree of
the cells. Therefore, it was speculated that exogenous spermi-
dine increased the cell wall thickness of the microalgae while
smoothing the cell surface by repairing parts of the damage.
The treated cells resisted H' damage as the thickening of their
cell wall helped to adapt to the low pH.

3.4. Intracellular antioxidant enzyme activity in Chlorella

To reveal the extent of microalgal resistance against oxidative
stress induced by high light intensity, the activity of ROS scav-
enging enzymes was measured. One of the major roles of
polyamines in the cell is to provide resistance to intracellular
and environmental stress, including that caused by ROS,
temperature changes, osmotic pressure or other toxic
compounds.* The activity of T-SOD in the cells of the control
decreased by 87.23%, from the initial 0.47 U mL™" to 0.06 U
mL " (Fig. 5). This indicates that the activity of the intracellular
antioxidant enzymes was inhibited under the continuous
influence of 15% CO, and high light intensity. The oxidative
stress triggered by low pH and photoinhibition of cells further

This journal is © The Royal Society of Chemistry 2019
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damaged the cell structure and destroyed the normal growth
and metabolic pathways. After treatment with spermidine, the
intracellular T-SOD activity improved compared to the control.
The T-SOD activity in the 100 and 300 uM treatments increased
by 34.92% and 107.94%, respectively, compared with day 5, and
steadily increased thereafter. The lowest concentration of
spermidine (10 pM) was not enough to compensate for the
oxidative stress damage caused by the high light intensity and
high CO, concentration so the intracellular T-SOD activity
continued to decrease. On day 10 of the experiment, the activity
of the 30 uM treatment increased by 10.43% compared with the
initial T-SOD activity, while the activities of the 100 and 300 uM
treatments were 8.77 and 10.23 times higher, respectively. The
exogenous spermidine significantly enhanced the intracellular
T-SOD activity, which helped to alleviate the oxidative stress
caused by the high light intensity and high CO, concentration,
thus enhancing the stress resistance of the Chlorella cells. The
high CO, concentration and high light intensity gave rise to
oxidative stress in the cells. Excess ROS triggered damaging
effects to the membrane system and finally inhibited growth of
the cells. SOD, an important antioxidative enzyme that uses free
radicals as substrates, can convert 0>~ to H,0, and O,, thereby
preventing the generation of superoxide anion radicals.*® Sper-
midine is one of the polyamines involved in the regulation of
a substantial number of metabolic reactions that are presum-
ably related to the survival of plants in stressful environments.?
Spermidine can enhance the activity of antioxidant enzymes to
decrease the intensity of oxidative stress.*®*' In this case, it
mainly enhanced antioxidant activity, which effectively removed
free radicals in cells. Therefore, oxidative damage was reduced
and resistance to high light intensity and high CO, concentra-
tions were promoted, which allowed cells to return to normal
growth.

When cells experienced photoinhibition, O, acted as an
oxidant to accept electrons from the PSI reducing side to form
0”", which is toxic to cells. The increased T-SOD activity helped
the cells to maintain a certain level of photosynthetic electron

Spermidine concentration:
64 —e—300uM

& 100uM :
51 —a—30pM

. —a— 0uM *

4

g 4

2

5

@ o Addi idi .
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Fig.5 Enhanced activity of total antioxidant enzymes in Chlorella cells
with spermidine under a high CO, concentration (15%) and high light
intensity (30 000 lux).
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flow while eliminating this toxic effect, thereby reducing the
toxicity of excess light energy to the photosynthetic system.** As
a result, light suppression was alleviated and the F,/F,, value
subsequently increased. Moreover, enhancement of antioxidant
enzyme activity was beneficial for repairing the damage caused
by ROS.

4. Conclusions

Exogenous spermidine (100-300 pM) enhanced the resistance
of Chlorella to a high CO, concentration and high light intensity
and increased the biomass yield from 0.11 gL ™" (0 uM) to 1.71 g
L~' (300 uM). Compared with the 0 uM group the fractal
dimension of the 300 pM treatment decreased by 6.33%.
Additionally, the accelerated cell division decreased the cell
diameter from 3.64 pm to 2.71 um and the activity of total
superoxide dismutase (T-SOD) increased from 0.48 U mL ™" to
5.33 UmL™". Finally, no obvious promotion effect was observed
when the spermidine concentration was extremely low (=30
uM).
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