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Abstract

Photosynthetic bacteria (PSB) wastewater treatment is a new method with
great resource recovery potential. In order to improve the biomass and valua-
ble resources of bacteria in the wastewater treatment of photosynthetic bacte-
ria, the effects of different light conditions on the efficiency of Proteiniphilum
acetatigenes PSB-W in the treatment of sugar wastewater and the production
of bacteria and carotenoids in the wastewater were analyzed from three as-
pects of light source, light intensity and light period. Under the principle of
priority of pollutant removal efficiency, the red LED light was selected with
the light intensity of 4000 Lux, 16L (light):8D (dark) for light cycle, and the
best efficiency of wastewater removal and bacterial yield were obtained when
the culture time was 3d, Chemical oxygen demand (COD) removal rate was
80.9%, bacterial ODgo was 0.907 + 0.023, carotenoid yield was 7.83 + 0.27
mg/L, respectively. These results show that PSB-W strains can provide more
biomass and valuable substances in suitable environment. It provides a theo-
retical basis for the realization of wastewater recycling.
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1. Introduction

About three-quarters of the earth’s area are covered by water, which is very rich,
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but the freshwater resources that can be used by humans are only seven parts per
100,000. In today’s world, with the rapid development of economy, people’s liv-
ing standards are increasing, and the scale of cities is expanding, which is fol-
lowed by the demand for water resources, as well as the increasing discharge of
domestic and industrial wastewater, leading to increased pollution of water re-
sources, the world is facing uneven distribution of water resources and severe
shortages [1]. Although the current wastewater treatment work has achieved
phased results, there are still many deficiencies in wastewater treatment technology,
for example, the traditional physical and chemical methods have high costs, high
energy consumption, and will cause a large amount of secondary pollution such
as excess sludge and chemical reagents [2]. The International Water Association
(IWA) proposed at the 2018 Global Water and Wastewater Frontier Technology
Conference that the theme of wastewater treatment in recent years is to achieve
resource recovery. Therefore, the wastewater treatment technology of PSB has
become the first-choice strain for realizing waste water resources with its advan-
tages of high efficiency, environmental protection and abundant high-value bac-
terial cells, which has attracted wide attention from researchers [3].
Photosynthetica variety of bacteria is a type of prokaryotic microorganisms
with a primitive light energy synthesis system. They are widely distributed in
nature and are very common in waters with high concentrations of putrefactive
organic substances, and have many functions such as nitrogen fixation, dehy-
drogenation, carbon fixation, sulfide oxidation, so it has a good treatment effect
on many kinds of wastewater [4]. As early as the 1960s, Japanese scientist M.
Kobayashi studied the purification rule of organic sewage in nature and found
that PSB played a major role in the process of natural sewage self purification.
Since then, PSB wastewater treatment has developed significantly. Scientists have
found that PSB could be used to treat various types of wastewater, including
soybean wastewater, domestic wastewater, dye wastewater, shrimp farm waste-
water, poultry slaughterhouse wastewater, citric acid wastewater [5] [6]. Biomass
can accumulate when applying PSB to treat wastewater, this biomass is a good
source of valuable substances, including carotenoids and bacteriochlorophyll,
Polyhydroxyalkanoate, coenzyme Q10, 5-aminolevulinic acid protein, antimi-
crobial agents, and pantothenic acid [7]. Among these high-value products from
PSB, carotenoids are more attractive. The remarkable physiological functions of
carotenoids are as antioxidants to quench singlet oxygen and capture oxygen
free radicals, and as nutritional supplements, food pigments and feed colorants
in industry, which can be used in nutritional supplements, medicines, and ani-
mal feed, and result in great economic benefits [8] Therefore, it is attractive to
apply PSB to wastewater treatment together with biomass recycling and carote-
noid production. PSB will be able to realize the recycling of bacterial resources
while treating wastewater, and provide new ideas for wastewater treatment [9].
PSB can grow with light as energy, absorb and capture light energy by photo-
synthetic pigment system to form energy, and promote the trans-membrane

transport of materials [10]. Light conditions are the most important parameter
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for PSB growth and wastewater treatment because they can directly affect the
metabolic pathways of PSB. Sugar wastewater is a type of nutrient wastewater
with abundant substances such as carbon, nitrogen, phosphorus, etc. In other
words, it can be used as a growth medium for microorganisms, accumulate bac-
teria and synthesize valuable substances while treating sewage. Therefore, in this
study, the P. acetatigenes PSB-W was used as the experimental strain, which was
a high-yield carotenoid PSB isolated in the early stage of the laboratory [6]. The
effects of light conditions on the treatment efficiency of PSB-W strain on simu-
lated saccharide wastewater and the growth amount of bacteria and carotenoid
yield in wastewater were investigated by controlling the three factors of different
light sources, light intensity and photoperiod. It provides a theoretical basis for

the recycling of PSB wastewater treatment [7].

2. Materials and Methods
2.1. Materials

A PSB-W strain was isolated from water purification agent and stored in the
microbiology laboratory of Shanxi Normal University. Under the light of 60 W
tungsten filament lamp (1500 Lux), 30°C constant temperature anaerobic cul-
ture was conducted for 3 days. Ensure that bacteria in logarithmic growth period
are inoculated when used for experimentation.

The non-toxic simulated sugar wastewater can provide nutrition for the
growth of PSB, including sucrose (5 g/L), sodium bicarbonate (1 g/L), malic acid
(3 g/L), potassium dihydrogen phosphate (0.4 g/L), ammonium sulfate (2 g/L),
magnesium sulfate heptahydrate (0.2 g/L) wastewater with initial COD of 6000
mg/L and pH value of 7.0. The wastewater should be stored at 4°C before used
Yang [1].

2.2. Experimental Methods

Light Source: The PSB-W bacteria were added into the simulated wastewater
according to the proportion of volume ratio (bacteria: wastewater = 1:4) and
cultured with 6 different light sources, namely red LED, yellow LED, green LED,
blue LED, white LED and incandescent lamp.

Light Intensity: The PSB-W bacteria were added into the simulated sewage
according to the proportion of volume ratio (bacteria: waste = 1:4), the best light
source was selected, and the Lux of 1000, 2000, 4000, 6000 and 8000 was set.

Light cycle: The fermentation broth of strain PSB-W was added into the si-
mulated sewage according to the proportion of volume ratio (bacteria:waste =
1:4), the optimal Light source and Light intensity were selected, and four differ-
ent Light/Dark cycles were set. The Light duration (L):Dark duration (D) re-
spectively was set to 8L:16D, 121:12d, 16L:8D, 24L:0d in four groups.

2.3. Analysis Methods

Different samples were collected and the removal rate of COD was determined
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by potassium dichromate method. The biomass absorbance was measured at 600
nm using a spectrophotometer (722 Jinghua, China). The carotenoids were ex-
tracted from PSB with the volume ratio of organic solvent (acetone: methanol =
7:2) and measured at 473 nm using a spectrophotometer. The carotenoids con-

tent was calculated from Equation (1).
Caroteniod yield = Ays x 10,000/(250 x L x W) (1)

where A473 were the absorbencies of the extracts at 473 nm; L was the
path-length of the cuvette used in the spectrophotometer; and W was the initial

amount (g) of samples divided by the final volume (mL) of extracts obtained [1].

2.4. Statistical Methods

Each experiment was repeated three times and three parallel measurements were
made to ensure the accuracy of the data. Tukey was used to test the significance

level of the analysis data, and the P value was lower than 0.05.

3. Results and Discussion

3.1. Effect of Light Source on Treatment of Saccharide Wastewater
by PSB-W Bacteria

3.1.1. Effects of Light Source on COD Removal in PSB Wastewater
Treatment

COD reflects the degree of water pollution by reducing substances, including
organic matter, nitrite, iron salt, sulfide, COD can be used as a comprehensive
indicator of the relative content of organic matter. The COD removal rate of
wastewater treated by strain PSB-W under different light sources was tested. The
results are shown in Figure 1, which shows that different light sources have dif-
ferent effects on COD removal rate and reach the peak value at different times.
When the light source is red LED, the strain has the best treatment effect on the
simulated wastewater, and the COD removal rate reaches 77.1% on the 4th day;
when the light source is incandescent lamp, the wastewater treatment effect
takes the second place, and the COD removal rate reaches 74.6%. The COD re-
moval rate of red LED, blue LED, green LED and incandescent lamp all de-
creased in the later period, because bacteria will decompose in the wastewater,
and as time goes on, it may cause the deterioration of the wastewater environ-

ment and inhibit the growth of bacteria.

3.1.2. Effects of Light Source on Biomass in PSB Wastewater Treatment

For PSB wastewater treatment technology, biomass is one of the most important
parameters to consider, since biomass determines the capacity of resource re-
covery. The biomass concentrations under the six different light sources fol-
lowed the same trend (Figure 1) and p < 0.05 according to ANOVA, indicated
that light sources had significant influence on PSB biomass. As shown in Figure
2. Under the irradiation of red LED, blue LED and incandescent lamp, PSB-W
bacteria all grow well, and the optical density increases with time. This indicated

that PSB-W strains could use sugar wastewater as raw material for growth and
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Figure 1. Effect of different light sources on COD removal rate.
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Figure 2. Effect of different light sources on biomass of PSB-Win wastewater.

reproduction, in which, under the irradiation of red LED lamp, the biomass
reached the highest, and the light density reached 1.024 + 0.032 on the third day
of culture. Under the incandescent lamp, the growth was relatively stable, but
the difference in the final light density was not large. The growth rate of the yel-
low LED, white LED and green LED groups was significantly lower than that of
the other three groups, and the growth condition was poor. In this experiment,
the power of the red LED is 18 w, and the power of the incandescent lamp is 40
w. When the irradiation time is the same, the red LED is more energy-saving
than the incandescent lamp. Considering the growth amount and energy con-

sumption of strain, red LED is the best light source.

3.1.3. Effects of Light Source on Carotenoid in PSB Wastewater
Treatment

Carotenoids have a very important application value. The effect of different light
sources on the production of carotenoids in PSB-W waste water was studied.

The results are shown in Figure 3. As a whole, the order of the effect of light
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Figure 3. Effect of different light sources on the yield of carotenoids in wastewater.

sources on the content of carotenoids from the highest to the lowest is: yellow
LED > blue LED > incandescent lamp > white LED > red LED > green LED.
Under the yellow LED light, the carotenoid content is the highest, reaching 7.91
+ 0.11 mg/L. under the red light and green light, the pigment content is low,
which is not suitable for the accumulation of pigment in the wastewater treat-
ment by PSB-W.

3.2. Effect of Light Intensity on Treatment of Saccharide
Wastewater by PSB-W Bacteria

3.2.1. Effects of Light Source on COD Removal in PSB Wastewater
Treatment

As shown in Figure 4, when the red LED light is selected as the light source,
PSB-W has a better treatment effect on sugar simulated wastewater in the light
intensity range of 2000 - 6000 Lux, and the COD removal rate increases with the
extension of time. Under 4000 Lux light, the COD removal rate reaches the
highest value, reaching 79.4%. However, due to the photoinhibition of photo-
synthetic bacteria, COD removal rate decreased with the continuous increase of

light intensity, and the treatment effect was the worst at 8000 Lux.

3.2.2. Effects of Light Source on Biomass in PSB Wastewater Treatment

The effect of different light intensity of red LED as light source on the growth of
strain PSB-W in simulated sugar wastewater was studied [11]. The results are
shown in Figure 5. Too low or too high light intensity will inhibit the growth of
strain PSB-W, and the light intensity will increase from 1000 Lux to 6000 Lux,
the biomass of PSB-W increased with the increase of light intensity, which was
because more light energy provided more energy for photosynthetic cells. How-
ever, the growth of PSB-W decreased sharply under the light intensity of 8000
Lux, indicating that there was a certain light threshold when PSB stopped grow-
ing due to photoinhibition. Under the light intensity of 1000 Lux and 8000 Lux,
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Figure 4. Effect of different light intensity on COD removal rate.
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Figure 5. Effect of different light intensity on biomass of in wastewater.

the biomass was significantly lower than that under the light intensity of 2000,
4000 and 6000 Lux; under the light intensity of 4000 Lux, the biomass reached
the highest, and the optical density value was 1.146 £ 0.052. Under the light in-
tensity of 8000 Lux, on the third day, the highest value of light density was only
0.439 + 0.021, and the final biomass was also lower than that of 1000 Lux. Ob-

viously, strong light was more unfavorable to the growth of PSB-W.

3.2.3. Effects of Light Source on Carotenoid in PSB Wastewater
Treatment

Carotenoids determines the number of it can capture light energy, a direct im-
pact on the growth of photosynthetic bacteria, under different light intensity
on the carotenoid content of PSB-W was analyzed, and the influence of can be
seen from the Figure 6, in all light conditions, the output of carotenoids are
within 2 d before there is a growing trend, carotenoid production in 2000 Lux
minimum and maximum yield under 8000 Lux light intensity reached 8.03 +

0.07 mg/L, 2 times that of 2000 Lux group. This may be because the phenomenon
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Figure 6. Effect of different light intensity on the yield of carotenoids in wastewater.

of light inhibition caused by excessive light intensity was not conducive to the
growth of the strain and stimulated the production of carotenoids by PSB-W for
photochemical protection, which resulted in the continuous increase of carote-

noids yield under strong light intensity.

3.3. Effect of Light Source on Treatment of Saccharide Wastewater
by PSB-W Bacteria

3.3.1. Effects of Light Source on COD Removal in PSB Wastewater
Treatment

The light received by PSB growing in the nature changes with the change of sun-
light, and the natural light is discontinuous. Therefore, different light (L)/dark
(D) duration directly affects the energy metabolism pathway of bacteria. Under
the condition that the red LED is the light source and the light intensity is 4000
Lux, the influence of different light periods on the sewage treatment efficiency of
PSB-W is further investigated. The results are shown in Figure 7. With the ex-
tension of light cycle time in different light cycle, the effect on COD removal rate
is different. It reaches the maximum when the photoperiod is 16L:8D, and the
COD removal rate reaches 80.9%. However, on the whole, the effect of light dark

cycle is better than continuous light.

3.3.2. Effects of Light Source on Biomass in PSB Wastewater Treatment

As shown in Figure 8, the biomass of PSB-W in wastewater reached the highest
at 121:12d of light dark cycle on the 3rd day, and the light density value reached
1.239 + 0.044, showing a downward trend with the extension of time. At the 5th
day, the final biomass of PSB-W in 16L:8D group was the maximum, the light
density was 0.907 + 0.023, and the light/dark cycle increased from 8 h/16h to 16
h/8h. The biomass of the bacteria showed an increasing trend, indicating that
more light duration provided more energy for the growth of PSB, which was
basically consistent with the removal rate of COD, indicating that the appropri-
ate photoperiod was more conducive to the growth of PSB and the treatment of

wastewater.
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Figure 8. Effect of different photoperiods on biomass in wastewater.

3.3.3. Effects of Light Source on Carotenoid in PSB Wastewater
Treatment

The effects of different light/dark periods on the carotenoid yield of PSB were
studied. The result is shown in Figure 9. The highest yield was 8.96 + 0.52 mg/L
at the photophase of 24L:0D at the 3rd day, and the highest yield was 7.83 + 0.27
mg/L at the 5th day in the 16L:8D group. Carotenoids production increased with
the increase of light duration in the first three days, indicating that the role of
carotenoids in capturing and transmitting light energy played an important role
in the growth of photosynthetic bacteria. At the later stage of wastewater treat-
ment, the output of carotenoids decreased to different degrees, and it was specu-
lated that the role of photophosphorylation pathway began to decrease in the
later stage of wastewater treatment. Comprehensive consideration sewage treat-

ment effect and bacterial yield, 16L:8D was selected as the optimal light cycle.

4. Conclusion

PSB wastewater treatment process is a new biological wastewater treatment
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Figure 9. Effect of different photoperiods on the yield of carotenoids in wastewater.

technology with great potential compared with the traditional wastewater treat-
ment process. There are many kinds of photosynthetic bacteria, which can pro-
duce many kinds of high-value substances [12]. Carotenoid is the most impor-
tant one, which is a natural pigment with high application value. The research
on the synthesis of biological carotenoid was previously conducted in the culture
medium. In addition, the cost of the culture medium accounts for a considerable
proportion in the production of PSB and the synthesis of carotenoids [10]. The
method of replacing the culture medium with harmless wastewater can not only
reduce the cost, but also realize the removal of pollutants and the synthesis of
carotenoids by wastewater. PSB also has strong adaptability to the environment,
and can flexibly change the metabolic pathway according to the growth envi-
ronment [13]. According to the principle of bacterial photosynthetic process, in
the early stage of culture, the energy and metabolic intermediates in cells are
usually used for cell growth [14]. Light is an important factor affecting the phy-
siological activity of photosynthetic bacteria, which proves that these are impor-
tant for the physiological activity of PSB factors [6]; however, the impact on the
treatment of PSB-W wastewater is unclear. Therefore, this paper explores the
feasibility of high carotenoid strain PSB-W in the wastewater treatment from
three aspects of light source, light intensity and light cycle. The results show that
these three light factors have a certain impact on the treatment of PSB wastewa-
ter [15] [16]. In wastewater treatment under the principle of efficiency first,
choose red LED lights, light intensity of 4000 Lux, light dark cycle for 16L:8D,
when training time for the 3d strain biomass and COD removal rate as the op-
timal light conditions, The wastewater treatment efficiency also obtains valuable
products [17]. In Lee study, carotenoid yield decreased with the increase of
light/dark cycle, but in this study, pigment yield and wastewater treatment effect
under light/dark cycle irradiation were better than under continuous light [9].
Kuo’s studied the effect of light source on the growth of PSB. Their research
shows that blue LED is the best for PSB growth, and the possible explanation is
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that different strains of PSB have different characteristic absorption spectra [14].
Blue light can be emitted in the range of 400 - 495 nm and is absorbed by caro-
tenoids, which are the main pigments in PSB [17]. The difference in the absorp-
tive capacity of the pigment may determine the optimal light source, which may
be caused by the culture time, the use of different strains and the medium [18].
We believe that the results of our research will help promote the development
and application of PSB-W wastewater treatment technology and bring other en-
vironmental benefits, such as reducing surface and groundwater pollution, and
transforming waste into treasure. Therefore, PSB-W bacteria have the potential
to improve the wastewater treatment process without any additional costs, use
biomass for energy production, and realize wastewater recycling.
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