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ABSTRACT: Mixotrophic culture can improve the growth of Haematococcus lacustris, an alga that can
produce the high-value carotenoid astaxanthin. However, these conditions make the culture susceptible to
bacterial contamination. Ozone gas was therefore investigated for its ability to inhibit the growth of
heterotrophic bacteria during the mixotrophic cultivation of H. lacustris. The concentration and flow rate of
ozone were then optimized. While the flow rate had no significant effect, an ozone concentration of 0.4 mg/L
allowed algal growth but inhibited bacterial growth. Additionally, different wavelengths of light exposure
were used to enhance algal growth and biomass production, and red light showed the highest increase,
followed by blue light. The addition of 0.08 mg/L ozone to light exposure improved growth for both red and
blue light. In mixotrophic culture using sodium acetate as a carbon source, the same concentration of ozone
improved growth compared to untreated mixotrophic culture or to pure autotrophic culture.
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1. Introduction

The freshwater alga Haematococcus lacustris (formerly classified as Haematococcus pluvialis) has
been used in the production of the carotenoid astaxanthin. Astaxanthin is a carotenoid pigment produced in
cells for its antioxidant activity and has been termed the “king of carotenoids” [1-3]. Under stress caused
by nutrient deficiency and intense light exposure, H. lacustris begins to produce high quantities of
carotenoids, particularly astaxanthin. Unlike synthetic astaxanthin, algae-derived astaxanthin contains a
higher proportion of the more active 3S,3’S stereoisomer, which results in a more bioactive product [4].
Additionally, algae grown in photobioreactors produce less harmful waste than those produced by chemical
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synthesis [5]. As a result, algae such as H. lacustris have been investigated as a sustainable method for
industrial production of astaxanthin [6].

H. lacustris can use both autotrophy, if exposed to light and COz, and heterotrophy, if given a source
of organic carbon [7,8]. While the presence of intense light is necessary for triggering carotenoid production,
the presence of organic carbon can improve the growth of the algae in a nitrogen-limited environment [9,10].
However, these compounds also allow the growth of heterotrophic contaminants such as bacteria and fungi,
which can reduce the growth and productivity of algal culture [11,12]. Therefore, one of the major
limitations of mixotrophic growth for algal biomanufacturing has been maintaining an axenic environment
for the algae [13,14].

A frequently used method for establishing and maintaining an axenic environment is the application of
antibiotics such as chloramphenicol, ampicillin, and penicillin [15,16]. For H. lacustris specifically,
treatment of the cultures with amoxicillin has been found to be an effective approach [17]. Sodium
hypochlorite (bleach) and calcium hypochlorite have been used to kill a variety of contaminating
microorganisms by generating reactive oxygen species (ROS), which inhibit growth through oxidative
damage [18,19]. Another approach for the production of ROS is the use of triiodide anions to inhibit bacteria
in cultures of the microalgae Nannochloropsis gaditana [20]. Triiodide anions can stabilize iodine, which
is a well-established antimicrobial molecule. Algae could also be co-cultured with mutualistic bacteria to
increase algal growth, while the symbiotic bacteria could compete with other contaminating species [21].
Advantages of this technique include simplicity of the approach, with improved growth and output.
However, this strategy would need a better understanding and control of these benign organisms, as well
as additional research into the molecular interactions between mutualistic bacteria and algae. Further,
because symbiotic bacteria and their biochemical interactions are specific to each algal species, this
approach cannot be generalized across algal species.

One approach that has not been well explored for establishing axenic algal cultures is the application
of ozone, a light blue oxidizing gas that penetrates the cell membrane of bacteria and produces ROS in cells
[22,23]. Ozone has been studied for inhibiting microbial growth in food storage [24] and to prevent the
growth of antibiotic-resistant bacteria in healthcare settings, including Gram-positive Staphylococcus
aureus and Gram-negative Pseudomonas aeruginosa [25]. Another application of ozone as a disinfectant
is in wastewater treatment [26]. An advantage of ozone disinfection is that the only byproduct released by
cells is oxygen gas, making it more environmentally friendly than other methods, such as antibiotics, which
can contaminate wastewater [27]. However, because ozone has not been adequately studied for establishing
axenic cultures of microalgae, the optimal ozone concentration to inhibit bacterial growth without
significantly affecting algal growth has not been determined.

Another factor affecting the growth of algae is light exposure—specifically, various regions of the
visible spectrum which have been shown to have effects on photosynthetic efficiency [28,29]. For example,
studies have shown that red light promotes the growth of H. lacustris, while blue light induces astaxanthin
accumulation [30]. The light quality is a key factor affecting the photosynthetic efficiency and composition
of microalgae.

The aim of this research was to optimize the concentration and flow rate of ozone used to inhibit
bacterial growth in xenic cultures of H. lacustris. Additionally, different colors of light exposure were used
to enhance algal growth and biomass production. The experimental design is illustrated in Figure 1.
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Figure 1. Schematic illustration of design for the ozone treatment experiment.

2. Materials and Methods
2.1. Ozone Concentration and Flow Rate

The H. lacustris algae solution was inoculated into six 2L flasks containing 100 mL of Bold’s Basal
Medium (BBM) for three sets of parallel experiments and cultivated under white light. Continuous
illumination was applied with an intensity between 50—-60 lux, and the temperature was set to 25 + 1 °C.
Ozone was added to the culture using a CH-ZTW3G benchtop ozonator (Guangzhou Chuanghuan Ozone
Electric Appliance Co., Ltd., Guangzhou, China) connected to an air pump. For each experimental group,
the culture conditions were kept consistent, except for the ozone concentration, which was set to 0.40 mg/L,
4.00 mg/L, or 40.00 mg/L, and the ozone flow rate, which was set to 15 mL/h, 30 mL/h, or 45 mL/h. The
low dose of 0.4 mg/L is equivalent to the maximum allowable concentration set by the United States Food
and Drug Administration (FDA) for residual levels in bottled water (21 CFR 184.1563(c) [31]), while the
higher doses were intended to study the concentration-dependent effects of ozone on the algal growth. The
optical density value at 680 nm of the algae solution was measured daily using a spectrophotometer. After
seven days, the number of bacteria was measured in colony forming units (CFU) by the plate count method,
and the data were analyzed to find out the appropriate ozone concentration. The statistical analysis of data
was performed with one-way ANOV As using the IBM SPSS 27.0 software package.

2.2. Ozone and Different Light Sources

To investigate the effect of different light sources on the growth of algae and bacteria with and without
ozone, the algae were grown in BBM in the same conditions and separated into four groups: with red light
and 0.08 mg/L ozone exposure, with red light alone, with blue light and 0.08 mg/L. ozone exposure, and
with blue light alone. Illumination with red or blue light was provided by red or blue LED light strips with
a power of 20 W per strip.

2.3. Mixotrophic Cultivation

Sodium acetate was employed as an organic carbon source to supplement the BBM medium for
mixotrophic cultivation [32]. Each group consisted of two flasks of H. lacustris culture, with sodium acetate
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added to the medium, and grown for 16 days. One group was treated with a mixture of oxygen, carbon
dioxide, and ozone, while the other group was directly injected with a mixture of oxygen and carbon dioxide.
The biomass, OD value, and number of bacteria were measured every day. The biomass concentration was
measured by filtering the algal culture through 5 um glass fiber filter paper and drying it for over 24 h. The
resulting mass was then weighed and divided by the volume of culture to yield the biomass concentration.

3. Results
3.1. Ozone Concentration and Flow Rate

Table 1 shows that the growth extent of H. lacustris exposed to ozone was affected compared to that
of algae untreated with ozone. The OD values of H. lacustris showed an increasing trend for the negative
control and 0.40 mg/L ozone groups but displayed a decreasing trend at 4.00 mg/L. and 40.0 mg/L
concentrations of ozone. The algal growth curve in the control group without ozone showed a steady upward
trend, reaching a plateau on the seventh day of culture, and its OD value increased by about 47.1%. When
the ozone concentration was 0.4 mg/L, the growth curve became flat by day seven, and its OD value
increased by about 104.6% compared with the day zero value. At a concentration of 4.0 mg/L, the algal
growth curve showed an overall downward trend. The OD value increased slightly on the first day of culture,
but the OD value continued to decrease from the second day, and when it reached the seventh day of culture,
the growth curve tended to be flat, and the OD value decreased by about 39.9% by the end of the growth
period. When the introduced ozone concentration was 40.0 mg/L, the growth curve of H. lacustris
decreased most rapidly compared with the other two concentrations, and its OD value continued to diminish
from the first day, while the growth curve flattened on the seventh day, resulting in a decrease of 48.4% by
day 7.

Table 1. Multiple comparisons of the effects of different ozone concentrations on OD values of H. lacustris.

Ozone Concentration (mg/L) ODeso
0.00 0.286 +0.0429 ©
0.40 0.359 +0.0862 ©
4.00 0.191 £0.0348 ©
40.00 0.180 £0.0415 ©

Note: All OD values are mean =+ standard deviation (n = 2). Different letters in superscript indicate statistically significant
differences (p < 0.05) between groups.

The ozone flow rate (which was controlled by the speed of the ozone pump) was also varied to
determine the effect on algal growth. For an ozone concentration of 0.40 mg/L, an upward trend in ODsso
was observed by the end of the growth period at all three flow rates, which was notably higher than that of
the untreated control group. The increases were ~97.8% for 15 mL/h, ~99% for 30 mL/h, and ~105% for
45 mL/h, compared to the starting values. Without the addition of ozone, the algae growth was lower, with
an increase in the OD value of only ~51%, likely due to the presence of contaminating bacteria. The increase
in OD value corresponded to the increase in ozone flow rate, although the overall effect is minor. At a
concentration of 4.0 mg/L, when the flow rate was 15 mL/h, the OD of H. lacustris decreased by day seven
by about 30%. As the rate increased, the OD values continued to decrease, by ~34% for 30 mL/h and ~39%
for 45 mL/h. For the highest ozone concentration of 40.00 mg/L, when the flow rate was 15 mL/h, the OD
of H. lacustris decreased by day seven by about 39%. As the flow rate increased, the OD values continued
to decrease, by ~43% for 30 mL/h and ~48% for 45 mL/h. For the negative control without ozone, the final
ODeso value increased by about 50% from day 0. Therefore, for 4.0 and 40.0 mg/L ozone, the growth curve
decreases for all flow rates, showing that concentrations above 4.0 mg/L ozone inhibit the algal growth
with no significant changes caused by the flow rate.
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3.2. Antibacterial Activity

To evaluate the bacterial growth in the cultures, dilutions of 1:10° 1:10°, and 1:107 were made from
the 0.40 mg/L, 4.00 mg/L, and 40.00 mg/L ozone-treated groups and then cultured on agar plates. When
the dilution factor was 100,000%, a larger CFU number on the bacterial plate was observed (Figure S1). As
can be seen from Figure 2, the number of bacteria growing on the agar plates was much smaller after the
ozone treatment than the number of bacteria growing on the bacterial plate without ozone, indicating that
ozone can effectively kill bacteria. Further, as the ozone concentration increased, the number of bacteria
decreased. Compared with the colony number of the control group, all bacterial strains decreased the most
when the ozone concentration was 40.0 mg/L, as all miscellaneous bacteria were killed. At an ozone
concentration of 0.40 mg/L, the number of bacteria decreased by ~85%, while a 4.00 mg/L. concentration
caused a ~97% reduction in the number of bacterial colonies.

40
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CFU (X10¢mL)
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W

=L
0.4 mg/L 4.0 mg/L 40.0 mg/L
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Figure 2. Number of bacteria (x10%) measured in CFUs/mL at different ozone concentrations (n = 2).

3.3. Different Light Sources

For all following experiments, an ozone concentration of 0.08 mg/L was used to optimize the bacterial
inhibition while minimizing the algal impacts. The effects of different light sources on the OD values are
shown in Figure 3. Two 10 mL samples from each flask were selected and measured at a wavelength of
680 nm. The highest OD was observed for algae grown under red light, followed by blue light. The cultures
all began at a comparable level of growth but exhibited observable differences after a few days (by day
three for red light and by day five for blue).
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Figure 3. Effect of different sources of illumination on the ODggo value for H. lacustris culture (n = 2). Standard deviations for
all points are shown as error bars.

The growth extent of the algae was also measured using the biomass concentration, as seen in Figure
4. While the biomass concentration was similar for the first few days, differences for each condition were
observed after day six of cultivation. Red light produced the greatest biomass, followed by blue light. By
the end of the cultivation period, the biomass of algae grown under red light was 0.02 g/L higher than that
of algae grown under blue light. It can therefore be concluded that red light is the best light source for
cultivating H. lacustris.
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Figure 4. Effects of different light sources on the biomass of H. lacustris. Standard deviations for all points are shown as error bars.

The photosynthetic photon flux density (PPFD) between 400 and 700 nm was measured using a
quantum sensor light meter. As illustrated in Figure 5, red light showed enhanced optical quantum flux for
the H. lacustris cultures. The PPFD for red light was 596.112 + 53.650 umol-m2-s™!, and for blue light
was 476.148 £ 42.853 pmol-m 2-s™ .
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Figure 5. Optical quantum flux (PPFD) of H. lacustris cultures under red and blue light exposure (n = 2).

3.4. Ozone and Light Exposure

A combination of ozone and light exposure was applied to the algae, and the resulting ODeso values
and biomass concentrations were measured, as shown in Figure 6a,b, respectively. The ODeso values
measured on the first day were similar, but by day eight, algae grown under red light showed higher growth
than those under blue light, with or without ozone. However, exposure to ozone gas improves algal growth
under red or blue light compared to conditions with no ozone pumped into the system. For red light, the
ODsso values were 0.396 + 0.00283 with ozone and 0.370 + 0.00141 without, while for blue light, the ODeso
values were 0.349 with ozone + 0.00141 and 0.328 + 0.00212 without. Similar to the results for ODsso,
algae grown under red light show greater growth on day eight as measured by biomass concentration than
blue light, with or without exposure to ozone. On the other hand, exposure to ozone improves algal biomass
under red or blue light compared to conditions with no ozone pumped into the system. For algae grown
under red light, the final biomass was 0.250 + 0.00566 g/L with ozone exposure and 0.233 + 0.00212 g/L.
without, while for blue light, the final biomass was 0.216 + 0.000707 g/L with ozone exposure and 0.190
+0.00141 g/L without.

To detect bacterial growth in the cultures, 100 uL of the algal cultures grown either with or without
ozone was then diluted and inoculated on Nutrient Agar plates, and the CFUs of bacteria growing on the
diluted algae solution of 100,000% were observed after one day of incubation. As can be seen in Figure 7,
it was found that ozone caused a large bactericidal effect in H. lacustris cultures as the bacterial number
dropped from 33 x 10°+ 1.1 x 10° CFU/mL to 2 x 10+ 0.3 x 10° CFU/mL.

As expected, the addition of sodium acetate to the growth media allowed the algae to use the
heterotrophic mode, which therefore showed improved growth compared to the negative control (Figure 8).
The addition of 0zone improved overall biomass production to 0.325 + 0.00424 g/L for the sodium acetate
and ozone group compared to the sodium acetate group alone (0.301 + 0.000707 g/L), and both showed a
notable improvement compared to the negative control (0.269 + 0.00283 g/L), likely as a result of inhibited
bacterial growth, allowing improved algal proliferation.
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Figure 6. Effect of ozone on (a) ODgso and (b) biomass (in g/L) of H. lacustris with exposure to red or blue light (n = 2).
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Figure 8. Effects of sodium acetate and ozone on the biomass of H. lacustris (n = 2).
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4. Discussion

The ozone concentration of 0.40 mg/L greatly promoted the growth of H. lacustris, while the ozone
concentrations of 4.00 mg/L and 40.00 mg/L had different degrees of inhibition on its growth. The reason
for this result may be that, above a certain concentration, ozone has an inhibitory effect on both bacteria
and algae. The concentration of 0.40 mg/L ozone is too low to inhibit the growth of bacteria in the flask,
while the 40.00 mg/L concentration of ozone can not only kill bacteria, but also inhibit the algal growth,
resulting in a gradual decrease in the OD value. In addition, regardless of the presence of ozone, the growth
curve of H. lacustris reaches the stationary phase flat on the seventh day of culture, indicating that the
overall growth cycle is unaffected. Ozone flow rates of 15 mL/h, 30 mL/h, or 45 mL/h were also examined
for their effect on algal growth. The higher the rate, the more obvious the effect of ozone, and the effect of
ozone is strongest when the flow rate is 45 mL/h, but it is not significant compared to other flow rates.

Axenic cultures of H. lacustris are commonly established using antibiotic treatment, which has been
examined for a range of antibiotics, and the most effective were found to be chloramphenicol, ampicillin,
and penicillin [16]. For chloramphenicol, a 1.40-fold increase in cell number was observed, while for
ampicillin, it was a 2.56-fold increase. For penicillin, the cell number increased by 3.59-fold. In our system,
the addition of 0.40 mg/L ozone caused a ~1.38-fold increase in ODeso, compared to the untreated control.
Further, the addition of 0.08 mg/L ozone to cells cultivated under red or blue light resulted in a ~1.07-fold
or a ~1.06-fold change, respectively, in ODe¢so values compared to the cells grown under the same light
without ozone. A disadvantage of the antibiotic approach compared to the ozone treatment includes the
higher cost of the antibiotics, especially given the relatively high concentrations required for improving
algae growth, which were 500 mg/L for penicillin and 250 mg/L for ampicillin and chloramphenicol.
Additionally, antibiotic usage in industrial algal cultivation can incur undesirable environmental side effects,
such as the spread of antibiotic resistance genes.

Another methodology employed for the establishment of axenic microalgal cultures that involved the
generation of ROS was anoxia combined with Rose Bengal, a dye that produces ROS using a photosensitive
mechanism [33]. Complete decontamination (i.e., pure axenic cultures) was observed at a concentration of
3 uM Rose Bengal for four microalgal species (Tetradesmus obliquus, Desmodesmus armatus, Chlorella
vulgaris, and Nannochloropsis limnetica). Notably, while more effective at decontaminating the cultures
compared to antibiotics, the lack of oxygen was also equivalently harmful to the algae. By contrast, our
ozone experiments showed that low doses of ozone (<4.00 mg/L) could inhibit bacterial growth without
decreasing the algal growth or final biomass.

Hongxia et al. used chlorine dioxide to treat several pathogens, including the bacterium Escherichia
coli, the fungus Monilinia fructicola, and the yeast Kazachstania exigua [34]. With the increase of chlorine
dioxide concentration, the survival rate of bacteria gradually decreased, and chlorine dioxide had the
strongest inhibitory effect on M. fructicola among the species. At a 0.1 mg/L concentration of chlorine
dioxide, M. fructicola has the lowest survival rate of 1.6%. The inhibition effect on E. coli was the weakest,
with a survival rate of about 2.8% at 0.1 mg/L, followed by K. exigua, with a survival rate of about 2.2%.
Although the inhibitory effect of chlorine dioxide on all three organisms is stronger than the antibacterial
effect of ozone in our experiment, it should also be noted that we observed the effect on algae to be minimal,
while chlorine dioxide has been also used for its algicidal activity [35]. This may make chlorine dioxide
less attractive as a potential treatment method for algal culture.

5. Conclusions

This study used ozone gas to inhibit bacterial growth during mixotrophic cultivation of H. lacustris.
Ozone at 0.4 mg/L promoted the growth of H. lacustris by inhibiting bacterial growth, while ozone at 4.0
mg/L and 40.0 mg/L had inhibitory effects on the growth of the algae itself. The appropriate ozone
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concentration, therefore, could not only kill the bacteria in the culture medium but also have minimal effect
on the algal growth. The flow rate of the metering pump had little impact on the effectiveness of ozone
inhibition at all three speeds and concentrations examined. Red light was shown to be the best source of
illumination for both strains of H. lacustris, followed by blue light, although the overall change caused by
ozone is small. A combination of the changes in light exposure and addition of ozone improved the growth
of the algae, with the algae grown under red light and with ozone pumped into the culture exhibiting the
highest growth. To test the effect of ozone in mixotrophic culture, sodium acetate and ozone both increased
the growth of H. lacustris and showed an additive effect. This research demonstrated the potential use of
ozone for mixotrophic cultivation of H. lacustris in combination with cultivation under red light. These
findings may therefore be useful as a potential cost-effective alternative to the addition of antibiotics to
establish an axenic environment in the biosynthesis of astaxanthin or other algal bioproducts.

Supplementary Materials

The following supporting information can be found at: https://www.sciepublish.com/article/pii/1075,
Figure S1: Contamination of nutrient agar plates (a) inoculated with algal culture with ozone introduced
(diluted 10,000x) and (b) inoculated with control algal culture (diluted 10,000x); Table S1: Experimental data
corresponding to Figure 3. Effect of different sources of illumination on the ODeso value for H. lacustris
culture; Table S2: Experimental data corresponding to Figure 4. Effects of different light sources on the
biomass of H. lacustris; Table S3: Experimental data corresponding to Figure 6a. Effect of 0zone on ODeso
of H. lacustris with exposure to red or blue light; Table S4: Experimental data corresponding to Figure 6b.
Effect of ozone on biomass (in g/L) of H. lacustris with exposure to red or blue light; Table S5: Experimental
data corresponding to Figure 8. Effects of sodium acetate and ozone on the biomass of H. lacustris.
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