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Abstract: Ultraviolet (UV-C) irradiation is the most important part of water filtration, which has no
side effects on the environment and has been used in water purification systems in the aquaculture
and transistor industries. In this research, the effect of UV-C on Chlorella sp. was investigated. Chlorella
sp. was irradiated 0, 1, 2 or 3 times at a fixed flow rate of 6.5 L min−1 and the effects of UV-C LED
on the apoptosis rate and death rate of Chlorella sp. were analyzed by flow cytometry after staining
cells with the nucleic acid dye SYTOX Green and the membrane-associated protein stain Annexin
V-PE Reagent. As a result of UV-C irradiation, the Chlorella sp. cells underwent phosphatidylserine
(PS) ectropion and plasma membrane damage, which resulted in death. The effect of UV-C was
proportional to the number of times of irradiation. Three doses of UV-C LED irradiation resulted in a
91.76 ± 3.33% death rate, as observed through SYTOX Green staining, with no rebound within 72 h.
This research is the first report to observe that delayed cellular apoptosis occurred in Chlorella sp.,
and we expect that our study can be used as a standard reference for future industrial applications.

Keywords: cell death; Chlorella sp.; flow cytometry; phosphatidylserine; UV-C

1. Introduction

Chlorella sp. is a unicellular microalga that is classified as Chlorophyta, Trebouxio-
phyceae, Chlorellales and Chlorellaceae [1]. This microalga is spherical in shape, with an
average diameter of 4~10 µm and high adaptability to variable environments, such as a
tolerance to higher irradiance of 6000 to 12,000 Lux [2], and temperatures ranging from 3 to
30 ◦C [3]. It is found not only in fresh or salt water, but also in soil, ponds, hot springs and
even in the Antarctic and the Arctic in planktonic form [3,4].

Chlorella sp. has a high photosynthetic efficiency and only requires carbon dioxide,
water, light and a small amount of minerals to produce energy rapidly [5]. When Chlorella
sp. is present in an optimal environment, it can increase asexually in large numbers; in the
proliferation process, 2, 4, 8 or 16 autospores are produced in the mother cell of Chlorella
sp. and released at maturity. After these autospores grow to maturity, they will reproduce
asexually again in the same replication, which makes Chlorella sp. one of the microalgae
that can increase rapidly in a short period [4]. In addition, Chlorella sp. is also rich in total
lipid and fatty acid content, which makes it a food source for nourishing rotifers [6] and a
protein source for Clarias gariepinus [7]. Because of this, Chlorella sp. is a very commercially
important species in aquaculture and feed processing industries.

Many of the existing studies have focused on the commercial purposes of Chlorella
sp., such as industrial application [8–10] or cultivation [11–13]. Although there are several
kinds of research regarding the physiology of Chlorella sp. treated by industrial chemicals
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and residue [14–16], there is no specific report which defines the phenomenon of cell death
in Chlorella sp.

Cell death has important ecological implications and it is divided into programmed
cell death (PCD) and necrosis. PCD processes including chromatin condensation, DNA
fragmentation and phosphatidylserine externalization [17] are essential for most organ-
isms [18,19] and are also used to describe a form of death different from necrosis [20].

The redistribution of phosphatidylserine (PS) to the exterior of the cell is one of the
defining features when PCD occurs in cells [21]. PS is located in the inner phospholipid
bilayer of normal cell membranes. During PCD, PS is actively transferred to the outer layer
of the membrane via the enzyme flippase [22].

In recent years, studies that attempt to determine changes in phytoplankton popula-
tions are focused on the processes of growth and grazing [23], but the models of phyto-
plankton have included a term for death, which has been poorly defined and often deemed
negligible compared to other losses [24]. Moreover, the water used in industries needs
to be clean and free of microorganisms. Out of all sterilization methods, UV treatment is
considered both efficient in killing microorganisms and environmentally friendly.

In our commercial cultivation of Chlorella sp., we have observed that Chlorella sp. will
not die immediately after UV-C irradiation, but there will be an intriguing physiological
phenomenon, such as plasma membrane damage and PS redistribution, resulting in a
delayed cell death. Therefore, to define and determine the delayed cellular apoptosis on
Chlorella sp., the authors observed the cell death process in Chlorella sp. by flow cytometry
with two stains, nucleic acid stain SYTOX Green and apoptosis detection kit Annexin V-PE
Reagent, to increase knowledge of the physiology of Chlorella sp., a high-commercial-value
microalgal species.

2. Materials and Methods
2.1. Algal Collection and Stocking

Chlorella sp. was sourced from the freshwater aquaculture waters in National Taiwan
Ocean University and isolated by streak plating. The microalgae were cultivated with PG
medium (Table 1), which was modified from Provasoli’s ES medium and Guillard’s f/2
medium [25–27] in 500 mL triangular conical bottles under an intermediate photoperiod
(12 h light: 12 h dark), 100 µmol photons m−2 s−1 and 24 ± 0.1 ◦C in a plant incubator
(SS-980, TOMINAGA, New Taipei City, Taiwan). About 1 mL of PG medium stock solution
was added once per week. The microalgae were inoculated at about 1 × 106 cells mL−1,
cultured until the cell density reached 1 × 107 cells mL−1, which took about 3 weeks, and
then used in the experiments.

Table 1. The composition and usage of PG medium stocks.

Stock Composition Concentration (g L−1 ddH2O) Usage

Stock A

NaNO3 75.0

1 mL L−1 sterilized water
NaH2PO4·2H2O 5.6

NH4Cl 26.8
Na2EDTA 4.36

FeCl3·6H2O 3.15

Stock B

MnCl2·4H2O 0.18

1 mL L−1 sterilized water
ZnSO4·7H2O 0.023
CoCl2·6H2O 0.01
CuSO4·5H2O 0.01

Na2MoO4·2H2O 0.006

Vitamin solution stock
Vitamin B1 (Thiamine) 0.2 g

0.5 mL L−1 sterilized waterVitamin B7 (Biotin) 0.001 g
Vitamin B12

(Cyanocobalamin) 0.001 g
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2.2. Induction of Cellular Apoptosis

A UV-C LED (280 nm) from a UV light purification module (DWM1-1, NIKKISO CO.,
Ltd., Taipei City, Taiwan) with an average irradiation of 330 mJ cm−2 was used in this
research. A total of 187.5 mL of algal water with an initial concentration of 1 × 107 was filled
into a plastic container (container A; 75 × 54 × 40 cm) and 75 L of sterilized freshwater was
added and stirred well to reach a concentration of 2.5 × 104 of experimental algal water. A
submerged motor (Model A-039-3000, UP AQUARIUM SUPPLY INDUSTRIES CO., LTD.,
Taoyuan City, Taiwan) was used to circulate the algal water, such that the algal water can
flow through either the UV-C LED system (UV-C LED turned on) or the control system
(UV-C LED turned off) at a flow rate of 6.5 L min−1 for a different number of times (1, 2
or 3 times). A complete circulation through the UV-C LED system was considered 1 flow
time. Another plastic container (container B; receiving container) was used to hold the
algal water that flowed out of the system after 1 flow time. About 500 mL of algal water
was taken from the receiving container and set aside for analysis. For the 2 flow times
group, the algal water in container B would flow through the system again and be filled
into container A, which is now the receiving container. A total of 500 mL of algal water
was taken from the receiving container and set aside. The process was repeated with the
empty container as the receiving container for the 3 flow times group. Finally, 1 mL of the
algal water samples set aside for 0, 24, 48 and 72 h was used to determine and define the
cell death phenomenon induced by the inhibitory effect of UV-C on Chlorella sp., and the
algal water samples without UV-C irradiation were the control treatments.

2.3. Plasma Membrane Damage on Chlorella sp.

In this experiment, SYTOX Green (S34860, Invitrogen Ltd., Massachusetts, United
States) was used to stain the cells of Chlorella sp. in order to observe plasma membrane
damage in the microalga. A total of 1 mL of algal water was mixed with 1 µL of SYTOX
Green and left to react in the dark for about 30 min for subsequent analysis.

The analysis using flow cytometry was set to stop after detecting five thousand cells.
The samples were analyzed by forward scatter (FSC) and side scatter (SSC). The Chlorella sp.
stained by SYTOX Green was stimulated by the 488 nm, 50 mW laser. The BL1 (530/30 nm)
filter, which can filter out unwanted wavelengths and collects light at specific wavelengths,
was used to receive the fluorescence emitted from the Chlorella sp. stained by SYTOX Green.

To differentiate between normal and plasma membrane-damaged cells, a boundary line
was set based on the control group. The recorded number of cells to the right of the boundary
line was considered the positive cells number (PCN1), and to the left was negative. The
plasma membrane damage rate (PMDR) of Chlorella sp. was calculated from Equation (1):

PMDR (%) = PCN1/5000 cells × 100 (1)

2.4. Phosphatidylserine Redistribution on Chlorella sp.

In this experiment, Annexin V-PE Reagent (#1014, BioVision, Massachusetts, United
States) was used to quantify the apoptosis of Chlorella sp. with PS redistribution. In the
study, a buffer (pH 7.4) consisting of 0.1 M HEPES, 1.4 M NaCl and 25 mM CaCl2 was
prepared to bind Annexin V-PE Reagent to PS. For each group, 400 µL of algal water was
mixed with 100 µL of buffer, and 1 µL of Annexin V-PE Reagent was added and left to react
in the dark for 30 min.

Five thousand cells per sample was set as the condition for analysis by forward scatter
(FSC) and side scatter (SSC) at a fixed voltage using flow cytometry, and the stained
Chlorella sp. by Annexin V-PE Reagent was stimulated by the 488 nm, 50 mW laser. The BL2
(574/26 nm) filter that can filter out unwanted wavelengths and collects light at specific
wavelengths was used to identify the Chlorella sp. stained by Annexin V-PE Reagent.

To define normal and PS redistribution (apoptotic) cells, a boundary line was set
based on the control group. The recorded number of cells to the right of the boundary
line was considered the positive cell number (PCN2), and to the left was negative. The
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phosphatidylserine redistribution rate (PSRR) of Chlorella sp. was calculated from the
equation of PSRR as follows:

PSRR (%) = PCN2/5000 cells × 100 (2)

2.5. Statistical Analysis

The results were imported into Statistical Product and Service Solution (SPSS) (IBM,
Taipei City, Taiwan) and analyzed by one-way ANOVA. If results exhibited significant
differences, comparison of the mean values was conducted using the Tukey’s Honestly
Significant Difference test (Tukey HSD). The significance level was set as α = 0.05 for
all analyses.

3. Results
3.1. Plasma Membrane Damage on Chlorella sp.

As shown in Figures 1 and 2, the PCNs after 72 h for treatment groups increased
compared with the initial results, while the PCNs of control groups remained similar.
As observed in Figure 3, the initial (0 h) PMDRs of Chlorella sp. in control groups were
8.68 ± 0.04% for one flow time, 8.52 ± 0.29% for two flow times and 9.12 ± 0.66% for three
flow times through the UV-C LED system. On the other hand, the initial PMDRs after
UV-C treatment for one flow time, two flow times and three flow times were 8.65 ± 0.20%,
9.43 ± 0.33% and 16.10 ± 0.90%, respectively. After 24 h, the PMDRs of control groups
were 3.79 ± 0.23%, 3.37 ± 0.24% and 3.60 ± 0.20%, while the PMDRs of treatment groups
were 10.76 ± 1.08%, 12.76 ± 0.46% and 33.00 ± 1.20% for one, two and three flow times,
respectively. After 48 h, the PMDRs of control groups were 4.72 ± 0.42%, 3.70 ± 0.29% and
3.35 ± 0.06%, and the results of treatment groups were 11.76 ± 0.29%, 11.08 ± 0.18% and
38.71 ± 0.71%. After 72 h, the PMDRs of control groups were 5.42 ± 0.47%, 5.32 ± 0.44%
and 4.79 ± 0.27%, and the results of treatment groups were 34.53 ± 0.99%, 69.85 ± 2.75%
and 91.76 ± 3.33% for one, two and three flow times, respectively.
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Figure 2. After 72 h, the results of plasma membrane damage (A) without and (B) with UV-C irra-
diation on Chlorella sp. The Arabic numerals (1–3) represent thre flow times of UV-C system. The 
range of R8 was used to represent cells of Chlorella sp. which were stained by Sytox green. 

Figure 1. The initial results of plasma membrane damage (A) without and (B) with UV-C irradiation
on Chlorella sp. The Arabic numerals (1–3) represent the flow times of UV-C system. The range of R8
was used to represent cells of Chlorella sp. which were stained by Sytox green.
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Figure 3. The plasma membrane damage rate of Chlorella sp. with and without UV-C LED. Data are
presented as mean (±S. D.) of PMDRs in Chlorella sp. “ft” in graph legend means the flow times
of Chlorella sp. through UV-C LED system. Different letters (a, b, c and d) represent significant
differences (p < 0.05) among groups at the same sampling time (hours).

Statistical analysis showed that UV-C treatment for three flow times resulted in the
highest (p < 0.05) PMDR right after UV-C treatment. Moreover, the highest PMDR at each
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subsequent time point, which was significantly higher than other groups (p < 0.05), was
also observed in this group. The PMDRs of groups with UV-C treatment for one and two
flow times showed statistical significance compared with control groups starting from the
24 h time point.

3.2. Phosphatidylserine Redistribution on Chlorella sp.

As shown in Figures 4 and 5, the PCNs after 72 h for the treatment groups increased
compared with the initial results, while the PCNs of control groups remained similar. As
observed in Figure 6, the initial (0 h) PSRRs of Chlorella sp. without irradiation using UV-C
were 1.29 ± 0.18% for one flow time, 2.40 ± 0.34% for two flow times and 2.26 ± 0.18% for
three flow times through the UV-C LED system. On the other hand, the initial PSRRs of
the UV-C irradiated Chlorella sp. were 1.93 ± 0.26%, 2.27 ± 0.19% and 2.78 ± 0.50% for
one flow time, two flow times and three flow times, respectively. After 24 h, the PSRRs
of control groups were 2.65 ± 3.30%, 1.22 ± 0.06% and 0.98 ± 0.00%, while the PSRRs
of treatment groups were 2.85 ± 0.48%, 3.12 ± 0.56% and 4.21 ± 0.16% for one, two and
three flow times, respectively. After 48 h, the PSRRs of control groups were 3.41 ± 0.27%,
3.98 ± 0.27% and 5.21 ± 0.72%, while the results of treatment groups were 11.02 ± 1.16%,
20.90 ± 1.64% and 15.32 ± 0.71% for one, two and three flow times, respectively. After 72 h,
the PSRRs of control groups were 0.04 ± 0.00%, 0.18 ± 0.02% and 0.03 ± 0.01%, while the
results of treatment groups were 31.24 ± 1.08%, 25.47 ± 1.66% and 16.74 ± 1.24% for one,
two and three flow times, respectively.
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Figure 4. The initial results of phosphatidylserine redistribution (A) without and (B) with UV-C
irradiation on Chlorella sp. The Arabic numerals (1–3) represent the flow times of UV-C system.
The range of R10 was used to represent cells of Chlorella sp. which were stained by Annexin V-
Phycoerythrin.
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system. The range of R10 was used to represent cells of Chlorella sp. which were stained by Annexin
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Figure 6. The phosphatidylserine redistribution rate of Chlorella sp. with and without UV-C LED.
Data are presented as mean (±S. D.) of PMDRs of Chlorella sp. “ft” in graph legend means the number
of flow times of Chlorella sp. through UV-C LED system. Different letters (a, b, c and d) represent
significant differences (p < 0.05) among groups at the same sampling time (hours).

Significant differences between the PSRRs of treatment groups and those of the control
groups were present starting from the 48 h time point. After 48 h of incubation, the highest
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PSRR was observed in the group that had had UV-C treatment for two flow times (p < 0.05).
After 72 h, the highest PSRR was observed in Chlorella sp. treated with UV-C for one flow
time (p < 0.05).

4. Discussion

UV is known to be effective in suppressing the growth of cyanobacteria, such as
Microcystis aeruginosa and Anabaena flos-aquae, and microalgae [28–32]. In addition, UV-C
has been widely studied as a means of preventing harmful algal blooms [33]. In this study,
we confirmed that UV-C LED lights can effectively inhibit the growth of Chlorella sp. and
induce delayed cellular apoptosis in this species. We expect that this report will be useful
for future research on the physiology of Chlorella sp. or other microalgae species.

Although there are many studies on the physiological effects of UV irradiation on
Chlorella sp., such as reports about the production of polyphenols in Chlorella sp. [34],
Chlorella-derived peptides against UV-C-induced cytotoxicity through inhibition of caspase-
3 activity [35], the effects of UV-C on Chlorella vulgaris [36], and competitive alteration
of Chlorella pyrenoidosa and two other microalgae species under UV-B radiation [37], our
research is the first report that describes and quantifies the cell death process in Chlorella sp.
after UV-C LED light exposure.

Previous reports have demonstrated the effectiveness of SYTOX Green, which has
excitation/emission (Ex/Em) wavelengths at 504/523 nm, in tracing the plasma membrane
integrity of microalgae that exhibit a red autofluorescence, such as Pseudokirchneriella
subcapitata [38]. On the other hand, Annexin V-PE Reagent, which has Ex/Em wavelengths
at 488/578 nm, was reported as a means of evaluating the loss of plasma membrane
asymmetry during apoptosis. However, the use and interaction of SYTOX Green and
Annexin V-PE Reagent with Chlorella sp. microalgal cells in flow cytometry in this report
has never been conducted before. The dyes were chosen because both of them can be excited
using a wavelength of 488 nm. Moreover, their emission wavelengths can be differentiated
from the red autofluorescence emitted by chlorophyll-a that is detected through a separate
channel (BL3; 695/40 nm) in flow cytometry. According to the results of our two staining
treatments, the authors determined that UV-C can effectively induce apoptosis in Chlorella
sp. cells and observed PCD of Chlorella sp. after UV-C irradiation using flow cytometry after
staining the cells with SYTOX Green and Annexin V-PE Reagent. Therefore, this research
contributes to the definition and determination of delayed cellular apoptosis in Chlorella
sp., and we also contribute to the physiological knowledge of this microalga, which could
even be applied to future physiological studies of other microalgae species.

In this research, we provide a detailed quantitative report of microalgal PCD expressed
as apoptosis, which had not yet been reported. The cellular membrane is known as a
critical target of the action of toxins, because it is one of the first structures with which
they come into contact, and the integrity of membrane is also a criterion for defining
the cell viability [38]. Thus, we expect that our research could be a useful reference
for the quantitative evaluation of the disruption of cell membranes of the algae species
(algicidal effect), by either physical or chemical treatments, in the future. Besides that,
UV-C irradiation is found to induce delayed apoptosis, which leads to delayed cell death,
in Chlorella sp.
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