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Abstract
Algae–bacteria symbiosis can promote the growth of microalgae and improve the efficiency of wastewater treatment. Attached 
culture is an efficient culture technique for microalgae, with benefits of high yield, low water consumption and easy harvest-
ing. However, the promoting effects of bacteria on microalgae in attached culture are still unclear. In this study, different forms 
of a nitrogen-fixing bacteria, Azotobacter beijerinckii (including bacteria supernatant, live bacteria, and broken bacteria), were 
co-cultured with Chlorella pyrenoidosa in an attached culture system using wastewater as the culture medium. The results 
showed that the broken A. beijerinckii form had the best growth promotion effect on C. pyrenoidosa. Compared with the 
pure algae culture, the biomass of C. pyrenoidosa increased by 71.8% and the protein increased by 28.2%. The live bacteria 
form had the best effect on improving the efficiency of wastewater treatment by C. pyrenoidosa, with the COD,  PO4

3− and 
 NH4

+–N removal rates increased by 20.8%, 18.5% and 8.9%, respectively, in comparison with the pure algae culture. The 
attached co-culture mode promoted the growth of C. pyrenodisa better than the suspended co-culture mode. This research 
offers a new way for improving microalgae biomass and wastewater treatment by attached algae–bacteria symbiont.
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Introduction

Microalgae, as a large group of organisms with photosyn-
thetic autotrophic ability, are diverse in species and com-
ponent. The world energy crisis in the 1970s led humans to 
recognize microalgae as an ideal biomass energy source due 
to its renewable and sustainable characteristics, and promote 
numerous researches on microalgae in various fields [1]. 
However, microalgae cultivation suffers from high energy 
consumption, high cost, and low biomass, which seriously 

hindered the industrialization development of microalgae 
[2, 3].

Recently, the construction of algae–bacteria system has 
attracted much attention, to enhance microalgal biomass and 
wastewater treatment efficiency. In some cases, microalgae 
are completely dependent on bacteria for growth and divi-
sion [4, 5]. Cho et al. established an artificial bacterial com-
munity and characterized its growth pattern with microalgae, 
and found that the algae–bacteria symbiotic system contrib-
uted to both algal biomass and lipid productivity [6]. Tadashi 
et al. observed that the biomass of the following three micro-
algae, Chlamydomonas reinhardtii, Chlorella vulgaris, and 
Chlamydomonas thingy, increased by 1.5, 1.8–2.8 and 2.1 
times, respectively, compared to the pure algae culture [7]. 
Xue et al. also reported an increase in microalgal biomass 
and biodiesel quality in the algae–bacteria co-culture system 
[8]. Oswald et al. showed that the symbiotic relationship 
between microalgae and bacteria could not only keep micro-
algae from toxic compounds in wastewater, but also con-
tributed to removing harmful pollutants [9]. Obviously, the 
microalgae–bacteria co-culture system can eliminate high 
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concentration of nutrients, maintain ecological balance, as 
well as produce a large number of biological resources for 
recycling.

Suspended culture is a kind of culture in which microal-
gal cells grow in suspension state in liquid without depend-
ence on the surface of supporting material. It is the most 
common method for microalgae culture. However, there are 
some problems in suspended culture, including poor light 
transmittance, slow  CO2 dissolution rate, low biomass yield 
and high dehydration cost [10–12]. Attached culture is a 
culture method in which cells are attached to a certain solid 
surface, which can solve the above problems of suspended 
culture [13]. Liu et al. achieved biomass productivity of 
50–80 g/m2 d by cultivating microalgae in an attached mode, 
which is seven times higher than that in a normal running 
pond [14]. Ozkan et al. inoculated microalgae Botryococcus 
braunii onto a concrete surface and showed that the micro-
algae biomass concentration was significantly increased to 
96.4 g/L [15]. Moreover, microalgae biomass of biofilms 
could be harvested easily from the concrete surface by gen-
tle mechanical scraping with a squeegee, which reduce the 
energy requirement for dewatering process by 99.7%. Water 
requirement per unit of microalgal biomass production was 
decreased by 45% compared with that in an open pond [15].

Nitrogen is indispensable for the growth of microal-
gae and is the main source for protein synthesis. When 
co-culturing nitrogen-fixing bacteria with microalgae, the 
nitrogen-fixing bacteria can assimilate nitrogen in the air 
for use by microalgae. One study found that the co-culture 
of Chlorella vulgaris with Azotobacter Mesorhizobium sp. 
in nitrogen-deficient conditions increased the biomass and 
lipid of Chlorella vulgaris by 66.3% and 47.7%, respectively 
[16]. Juan-Pablo et al. made immobilized colloidal balls 
composed of a nitrogen-fixing bacteria and Chlorella vul-
garis, and found that Chlorella vulgaris could grow well in 
nitrogen-free medium [17]. Xu et al. co-cultured Azotobacter 
chroococcum with Chlamydomonas reinhardtii, and found 
that the biomass, lipid accumulation and cellular activity 
of Chlamydomonas reinhardtii were all increased [18]. The 
current studies on the co-culture of nitrogen-fixing bacteria 
and microalgae are mainly focused on the impact of live 
nitrogen-fixing bacteria on microalgae in suspended culture. 
However, there is no report on the impact of different forms 
of nitrogen-fixing bacteria on microalgae in attached mode.

In this study, a nitrogen-fixing bacteria A. beijerinckii was 
used to investigate the impact of its different forms (bacte-
ria supernatant, live bacteria, and broken bacteria) on the 
promotion of C. pyrenoidosa growth as well as the removal 
of pollutants in wastewater. The purpose was to investigate 
the promotion impact of different forms of A. beijerinckii 
addition on C. pyrenoidosa in attached cultivation, and to 
provide reference for its application in microalgae scale cul-
ture and wastewater treatment.

Materials and methods

Microalgae species and culture conditions

The microalgae used in this study was Chlorella pyrenoi-
dosa (FACHB-9), obtained from Institute of Aquatic Biol-
ogy, Chinese Academy of Sciences. The microalgae were 
cultured in BG11 medium at (25 ± 1) °C, with a light cycle 
of 12 h:12 h and a light intensity of 9600 lx.

Bacteria strain and culture conditions

The nitrogen-fixing bacteria strain was Azotobacter beijer-
inckii (CGMCC 1.9044), obtained from the National Micro-
biology Resource Center, China. Luria–Bertani medium was 
used for bacteria cultivation, after sterilized at 121 °C for 
20 min. The bacteria were cultured in a shaker (THZ-320, 
China) at 30 °C and 200 r/min.

Culture system construction

As shown in Fig. 1A, the attached culture device was con-
structed by placing sponge in a rectangular plastic box as 
absorbent and supporting medium. The surface of the plastic 
box was sealed with plastic wrap to keep the inner environ-
ment stable. Quantitative culture medium was poured into 
the rectangular box to make the sponge fully soaked. The 
culture medium was simulated brewery wastewater with 
the following ingredients:  C6H12O6 1.0 g/L, Yeast 1.0 g/L, 
 KH2PO3 1.0 g/L,  CaCl2 0.5 g/L,  MgSO4·7H2O 0.01 g/L, 
 NaHCO3 1.0 g/L,  NH4Cl 1.0 g/L,  MnSO4·H2O 0.01 g/L, and 
 FeSO4 0.02 g/L. The experiments were carried out indoors 
at an ambient temperature of (22 ± 1) °C. Natural light was 
used as the light source and carbon dioxide in the air was 
used as the inorganic carbon source for microalgae growth.

As shown in Fig. 1B, conical flack sealed with para-
film was used as the suspended culture device. The culture 
medium was placed into the conical flask and shaken regu-
larly. The culture conditions were the same as the attached 
culture.

Establishment of algae–bacteria co‑culture system

C. pyrenoidosa (algae) and A. beijerinckii (bacteria) were 
separately cultured to logarithmic growth phase. The inoc-
ulum density of C. pyrenoidosa and A. beijerinckii were 
0.35 g/L and 1 ×  108 cfu/mL, respectively. The supernatant 
of A. beijerinckii was obtained by centrifugation. Broken A. 
beijerinckii was obtained by adding lysis buffer to bacteria, 
and then breaking the bacteria with ultrasound. C. pyrenoi-
dosa and different forms of A. beijerinckii was mixed to form 
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the algae–bacteria mixture in accordance with the ratio of 
10:1 (v:v). The algae–bacteria mixture was filtered onto ace-
tate fiber filter membrane with pore size of 0.45 μm. Then, 
the filter membrane was attached to the surface of the sponge 
to complete the inoculation of the attached culture system. 
As for the inoculation of the suspended culture system, the 
algae culture was centrifuged to remove the supernatant. 
Then, the algae precipitation and different forms of bacteria 
with the ratio of 10:1 were mixed and poured into conical 
flasks to complete the inoculation. Each system was set up in 
four groups, respectively: (1) pure algae, (2) algae + bacteria 
supernatant, (3) algae + live bacteria, and (4) algae + broken 
bacteria. These were incubated in a chamber for 16 days, 
with the pure algae culture as the control.

Determination of microalgae growth parameters

Biomass determination

Dry weight method was used to determine the biomass of 
C. pyrenoidosa [14]. Attached culture: algae attached to the 
membrane was rinsed off with distilled water and resus-
pended in liquid, and then re-filtered onto a pre-weighed 
3 μm diameter membrane (W0) and dried at 105 °C to a 
constant weight (Wn). Suspended culture: algae biomass was 
determined using the same method as the attached culture. 
Algae liquid was filtered onto a pre-weighed 3 μm filter 
membrane and dried at 105 ℃ to a constant weight. The 
diameter of the A. beijerinckii cell is approximately 2 μm 
and the diameter of C. pyrenoidosa cell is greater than 3 μm. 
The re-filtration onto the 3 μm membrane was designed to 
remove salts and bacteria (A. beijerinckii) sticking to the 
microalgal cell surface. The medium volume used in the 
attached culture was the same as the suspended culture sys-
tem. In order to compare with the suspended culture system, 
the biomass unit in attached culture system was converted 
from g/m2 to g/L. The calculation method of biomass dry 
weight is as follows:

The calculation method of C. pyrenoidosa specific growth 
rate (μ) is as follows:

where W refers to the dry weight (g/L) of cells at the 
initial (m) time or final (n).

Chlorophyll extraction

Methanol extraction method was used to measure chlo-
rophyll [19]. The microalgae solution was centrifuged at 
10,000 rpm for 5 min in a high-speed refrigerated centrifuge. 
After removing the supernatant, the microalgae mud was 
resuspended in the centrifuge tube by adding methanol, and 
then the microalgae mud was placed in a water bath for 24 h 
at 45 °C in the dark. The solution to be tested after the water 
bath was centrifuged in a high-speed refrigerated centrifuge 
at 10,000 rpm for 5 min, and then the supernatant was taken 
to measure the absorbance (OD value) at 470 nm, 652.4 nm, 
and 665.2 nm, respectively.

Biochemical component analysis

The Bradford method was used to determine protein con-
tent [20]. 50 mg algal powder was weighed, 5 ml NaOH 
(0.5 mol/mL) solution was added and extracted in 100 °C 
water bath for 10 min, cooled to room temperature, the 
supernatant was then transferred by centrifugation, and 

(1)W = W
n
−W

0

(2)� = (lnW
n
− lnW

m
)∕(t

n
− t

m
)

(3)Chlorophyll − a = 16.72OD
665.2

− 9.16OD
652.4

(4)Chlorophyll − b = 34.09OD
652.4

− 15.28OD
665.2

(5)
Carotenoids = (1000OD

470
− 1.63Chla − 104.9Chlb)∕221

Fig.1  Construction of culture 
apparatus: A attached culture; B 
suspended culture
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the above operation was repeated 2–3 times until complete 
extraction, supernatant was combined, and standard curve 
was made with bovine serum protein.

Phenol–sulfuric acid method was used to determine car-
bohydrate [21]. 50 mg algal powder was weighed, 5 mL 
 H2SO4 (0.5 mol/L) was added, and the supernatant was 
placed in a 100 °C constant temperature water bath for 
4 h. The supernatant was transferred by centrifugation. 
Phenol and concentrated sulfuric acid were quickly added 
and shaken, and the absorbance value was measured at 
490 nm after cooling.

Chloroform–methanol method was used to extract lipid 
[22]. The microalgae powder was ground, and a certain 
amount of chloroform–methanol (1:2, V:V) was added in 
the grinding process to extract lipid. After being shook 
overnight, the solution was added with a certain amount 
of trichloromethane and distilled water, stratified by cen-
trifugation, and then nitrogen was blown into remove 
the organic phase, and the lipid layer was measured by 
weighing.

Determination of superoxide dismutase activity

20 mL of algae culture was centrifuged for 10 min at 4 °C, 
10,000 rpm, and then the supernatant was discarded. 1 mL 
0.02 M PBS buffer was added to the algae mud, and ultra-
sonic treated for 30 min under the condition of ice water 
bath. After the algae cells were fully broken, the algae solu-
tion was centrifuged again at 10,000 rpm for 10 min, and the 
supernatant was the microalgae crude enzyme liquid. The 
SOD activity was measured with the SOD kit.

Wastewater nutrients’ analysis

The  NH4
+–N in wastewater was measured by the Nessler’s 

reagent spectrophotometric method;  PO4
3− was measured by 

the ammonium molybdate spectrophotometric method [23]. 
The potassium dichromate method was applied to determine 
COD [24].

Cell viability assay

The 3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-di-phenytetrazoli-
umromide (MTT) assay was adopted for determining the cell 
viability [25]. With the purpose of forming MTT dye (5 mg/
mL), MTT was dissolved in PBS. Then MTT dye was added 
to microalgal solution and incubated at 37 °C for 4 h. After 
removal of the MTT dye by centrifugation, 1:1 isopropanol 
and dimethyl sulfoxide were added. Absorbance was then 
measured at 570 nm.

Data analysis

Three groups in parallel were set for all experiments, and 
SPSS 17.0 was used to analyze the differences between 
the groups by ANOVA method. When P < 0.05, the dif-
ferences between the groups were significant.

Results

Impact of different forms of A. beijerinckii 
on the promotion of C. pyrenoidosa growth 
in attached culture

Biomass

Different forms of A. beijerinckii had different impacts on 
the biomass of C. pyrenoidosa. Based on Fig. 2, the bio-
mass of C. pyrenoidosa entered a rapid growth phase from 
the fourth day and stabilized after 14 days. As shown in 
Fig. 3, at the end of the culture, the biomass of co-culture 
systems was higher when compared with the pure algae 
culture system (P < 0.05). Specifically, the biomass of C. 
pyrenoidosa reached 34.9 g/L with the addition of broken 
bacteria, and the specific growth rate was 0.3 g/d. The 
biomass was found to be increased by 71.8% (P < 0.05) 
in comparison with the pure culture, which was the larg-
est among the four groups. The biomass of bacteria and 
bacteria supernatant group enhanced by 64.6% and 16.2%, 
respectively, in relative to pure algae culture group.

Fig.2  Impact of different forms of A. beijerinckii on the biomass of 
C. pyrenoidosa in attached culture



711Bioprocess and Biosystems Engineering (2023) 46:707–716 

1 3

Photosynthetic pigments

The change of photosynthesis in microalgae cells is usu-
ally reflected by the change in photosynthetic pigments. 
As can be seen in Fig. 4, The Chlorophyll-a and b contents 
of the algae + broken bacteria group were 0.8 mg/g and 
0.7 mg/g, respectively, which were the highest among the 
four groups. Compared with the pure culture of C. pyre-
noidosa, they increased by 23.1% and 14.1%, respectively. 
Changes in Chlorophyll content can represent the photosyn-
thetic strength of microalgae, and the ratio of Chl-a/Chl-b 
can represent the ability of capturing light energy [26]. The 
ratio of Chl-a/Chl-b in the pure culture of C. pyrenoidosa 
was 1.01. The ratios of algae + bacteria supernatant group, 
algae + live bacteria group, and algae + broken bacteria 

group were 1.15, 1.05 and 1.09, respectively, which showed 
no significant difference from the C. pyrenoidosa pure cul-
ture. Therefore, the addition of different forms of A. beijer-
inckii did not generate significant changes in Chlorophyll 
fractions, i.e., the different forms of A. beijerinckii had little 
effect on the light-response phase, while the effect on photo-
synthesis of microalgae mainly existed in the dark-response 
phase, improving the Calvin cycle and the carbon sequestra-
tion ability of microalgae [27].

Notably, the proportion of carotenoids increased in the 
changes of photosynthetic pigments (Fig. 4). Carotenoid 
synthesis is an innate cellular defense mechanism against 
oxidative stress, which is caused by adverse environmental 
conditions. Therefore, changes in stress biomarkers associ-
ated with oxidative stress in cells were also examined in this 
study to further reveal the role of different forms of A. beijer-
inckii in the attached culture system. Superoxide dismutase 
(SOD) is an important antioxidant enzyme present in living 
organisms that regulates oxidative and antioxidant systems, 
repairs damaged cells and restores free radicals, and plays a 
crucial role in microalgae [28, 29]. Compared with the pure 
algae culture, SOD activity increased in co-culture system. 
In the four groups, the SOD activity of the pure algae group, 
algae + bacteria supernatant group, algae + bacteria group, 
algae + broken bacteria group was 10.8 U/mg prot, 11.8 U/
mg prot, 20.1 U/mg prot, 23.3 U/mg prot, respectively. It 
indicated that different forms of A. beijerinckii activated the 
defensive responses of microalgae cells, reduced oxidative 
stress capacity, enhanced antioxidant enzyme activity and 
stimulated the growth of C. pyrenoidosa cells.

Cell viability

To study the impact of different forms of A. beijerinckii on 
the cell activity of C. pyrenoidosa, the MTT method was 
used for the assay. As shown in Fig. 5, the  OD570 increased 
with the addition of different forms A. beijerinckii, in which 
the broken A. beijerinckii group had the highest  OD570, fol-
lowed by algae + live bacteria group, while the effect of the 
addition of bacteria supernatant on the cell activity of C. 
pyrenoidosa was not very significant. Therefore, broken 
bacteria were the best in enhancing the cellular activity of 
C. pyrenoidosa.

Biochemical components

The components of C. pyrenoidosa were analyzed, and 
the results are shown in Fig. 6. The analysis of cellular 
composition indicated that the C. pyrenoidosa components 
of the pure algae group consisted of 48.3% protein, 24.4% 
lipids, and 11.3% carbohydrate. Both the addition of live 
bacteria and broken bacteria promoted the protein accumu-
lation of C. pyrenoidosa. The addition of broken bacteria 

Fig.3  Specific growth rate and biomass of C. pyrenoidosa in attached 
culture after 16-day cultivation

Fig.4  Effect of different forms of A. beijerinckii on photosynthetic 
pigment content in C. pyrenoidosa in attached culture
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significantly increased the protein content of C. pyrenoi-
dosa, with an increase of 28.2% in relative to the pure 
algae culture. The addition of bacteria supernatant did not 
cause changes in protein content. The lipids’ content of all 
the co-culture groups decreased when compared with the 
pure algae culture. But the carbohydrate content in co-
culture were all higher than that of pure algal culture. In 
summary, the protein and carbohydrate contents increased, 
but the lipid contents decreased in the co-culture system.

Impact of co‑culture of C. pyrenoidosa and different 
forms of A. beijerinckii on wastewater treatment

Using nutrients such as nitrogen and phosphorus in brew-
ery wastewater for microalgal culture can save the cost of 
microalgae cultivation and improve the economic benefit. 
Table 1 presents the removal rates of COD,  PO4

3− and 
 NH4

+–N in wastewater treated by the attached co-culture. 
In relative to the pure algae culture system, the co-culture 
systems all had higher purification efficiency for wastewa-
ter. The COD removal rate by the algae pure culture sys-
tem was 60.5%. The addition of bacteria supernatant and 
broken bacteria did not improve the removal rate of COD 
very significantly, which were 61.7% and 63.4% respec-
tively. But the addition of live bacteria made the removal 
rate of COD reach 73.1%, which was 20.8% higher com-
pared with the pure algae culture system.  NH4

+–N and 
 PO4

3− are nutrients necessary for the growth and metab-
olism of microalgae. As can be seen from Table 1, the 
addition of different forms of bacteria all improved the 
removal rates of  NH4

+–N and  PO4
3− in the wastewater. 

The removal rates of  NH4
+–N,  PO4

3− reached 83.0% and 
89.1% with the addition of live bacteria, which were the 
highest among the four groups.

Fig.5  Effect of different forms of A. beijerinckii on cell viability of C. 
pyrenoidosa in attached culture

Fig.6  Effect of different forms of A. beijerinckii on biochemical com-
position of C. pyrenoidosa in attached culture

Table 1  COD,  PO4
3− and 

 NH4
+–N removal rates of 

the attached algae–bacteria 
co-culture

Indicators Groups Initial value (mg/L) Final value (mg/L) Removal 
rate (%)

COD Algae 1510 ± 9 597 ± 9 60.5
Algae + bacteria supernatant 1510 ± 9 578 ± 9 61.7
Algae + live bacteria 1510 ± 9 406 ± 18 73.1
Algae + broken bacteria 1510 ± 9 552 ± 16 63.4

PO4
3− Algae 55 ± 0.4 14 ± 0.4 74.5

Algae + bacteria supernatant 55 ± 0.4 11 ± 0.2 80.0
Algae + live bacteria 55 ± 0.4 6 ± 0.5 89.1
Algae + broken bacteria 55 ± 0.4 8 ± 0.9 85.5

NH4
+–N Algae 135 ± 0.6 32 ± 0.2 76.3

Algae + bacteria supernatant 135 ± 0.6 29 ± 0.5 78.5
Algae + live bacteria 135 ± 0.6 23 ± 0.6 83.0
Algae + broken bacteria 135 ± 0.6 24 ± 0.2 82.2
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Comparison on the growth of C. pyrenoidosa 
co‑cultured with different forms of A. beijerinckii 
between attached and suspended culture

Biomass comparison of C. pyrenoidosa in the two cultiva-
tion modes were shown in Fig. 7. Compared with the sus-
pended culture mode, the biomass of C. pyrenoidosa in the 
attached culture mode was higher. In the pure algae group, 
the biomass of C. pyrenoidosa in attached culture mode was 
1.22 times higher than that of suspended culture mode. The 
addition of broken bacteria caused C. pyrenoidosa to reach 
a maximum biomass and resulted in a times of 1.32 between 
the two culture modes. The addition of live bacteria and 
bacteria supernatant also expanded the times between the 
two culture modes to 3.77 times and 1.27 times, respectively. 
It meant that the difference between the two culture modes 
could be enhanced by the microalgae–bacteria co-culture 
system.

Discussion

Impact of different forms of A. beijerinckii 
on the promotion of C. pyrenoidosa growth 
in attached culture

As presented in this study, different forms of A. beijerinckii 
significantly stimulated the accumulation of C. pyrenoidosa 
biomass. During the growth of C. pyrenoidosa, the micro-
algal cells need to absorb nutrients from the surrounding 
environment to synthesize organic substances. The addi-
tion of different forms of A. beijerinckii may regulate the 

process of nutrient absorption, thus stimulating C. pyrenoi-
dosa cell growth as well as various physiological activities. 
Studies have shown that lipopolysaccharides from Aero-
monas hydrophila and polysaccharides from Hydrangea 
can improve the immune function of the host [30]. The bio-
mass improvement of the broken bacteria group was shown 
to be the highest in this experiment, which meant that the 
polysaccharides in broken bacteria may have certain effect 
[31]. Moreover, a certain concentration of indole-3-acetic 
acid (IAA) could improve the photosynthetic efficiency of 
microalgae and significantly increase microalgae biomass, 
and also could generate a certain promotion impact on the 
accumulation of microalgae pigments [32]. It was reported 
that the nitrogen-fixing bacteria had the ability to secrete 
IAA, which could regulate various physiological and bio-
chemical processes in microalgae cells, such as relieving 
algal cell stress, reducing oxidative damage and improving 
antioxidant enzyme activity, and, therefore, had a good pro-
motion impact on the growth of microalgae [33]. In this 
study, broken A. beijerinckii increased the biomass of C. 
pyrenoidosa better than live A. beijerinckii, which suggested 
that some active substances from the internal components 
of the bacteria, such as lipopolysaccharides, polysaccharides 
and IAA promoted the C. pyrenoidosa growth, while the 
specific cytoplasmic inclusion were still needed for further 
study.

As can be seen from Fig. 6, compared with the algae 
pure culture system, the content of protein and carbohydrate 
increased, and the content of lipid decreased with the addi-
tion of different forms of A. beijerinckii. It has been reported 
that nitrogen-fixing bacteria can secrete indole-3-acetic acid 
(IAA), which has a significant effect on the synthesis of 
protein and other biomolecules in Chlorella vulgaris [34]. 
Carbon was fixed into algae cells through the Calvin cycle 
of photosynthesis, and competition between carbohydrates 
and lipid for carbon has been discovered. It was reported 
that the lipid content in C. sorokiniana began to increase at 
the same time as the carbohydrate content decreased [35]. 
In this study, carbohydrate and lipid also showed opposite 
trends, suggesting that there was competition between the 
synthesis pathways of lipid and carbohydrate in cells, and 
more carbon fixed by photosynthesis flowed to the synthesis 
pathway of carbohydrate.

Impact of co‑culture of C. pyrenoidosa and A. 
beijerinckii on wastewater treatment

Microalgae provided  O2 to facilitate the aerobic bacteria to 
oxidize and remove organic substances, and could use the 
 CO2 produced from the bacteria respiration, thus made the 
algae + live bacteria group had the highest COD removal 
rate [36]. The production of large amounts of C. pyrenoidosa 
biomass also led to the transfer of large amounts of nutrients 

Fig.7  Comparison of different forms of A. beijerinckii on C. pyrenoi-
dosa biomass between attached culture and suspended culture
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from wastewater to C. pyrenoidosa cells. In addition, the 
cell viability of algae + live bacteria group tested by MTT 
method was also the higher among the four groups. The 
higher the cell viability, the higher the ability of microal-
gae cells to absorb nutrients from the wastewater. As the 
number of microalgae cells and cell viability increased, the 
demand for nutrients continued to increase, leading the COD 
in wastewater to decrease more significantly.

There are two main ways of  NH4
+–N and  PO4

3− removal 
from wastewater by microalgae–bacteria system. One way 
is consumption by the growth of microalgae and bacteria, 
and another is volatilization of  NH4

+–N and the precipita-
tion of  PO4

3− as insoluble salts caused by high pH. From the 
MTT test results (Fig. 5), it can be seen that the addition of 
A. beijerinckii increased the vigor value of C. pyrenoidosa 
from 0.12 to 0.18, which significantly improved the vigor of 
C. pyrenodisa and stimulated its growth rate. The increase 
of C. pyrenoidosa biomass led to an increase in the demand 
for nutrients, and the reproduction of A. beijerinckii also 
absorbed nitrogen and phosphorus in water, thus leading to 
an improvement of the  NH4

+–N and  PO4
3−removal rates. 

Second, when microalgae performed photosynthesis, the pH 
of the culture medium rose, which led to the volatilization of 
 NH4

+–N and precipitation of  PO4
3− [36, 37]. In this study, 

the pH of algae + live bacteria group increased to 8.5 at day 
16, which accelerated  NH4

+–N volatilization and  PO4
3− pre-

cipitation as insoluble salts, thus improving the removal rate 
of  NH4

+–N and  PO4
3−.

Comparison of the growth of C. pyrenoidosa 
co‑cultured with different forms of A. beijerinckii 
between attached and suspended culture modes

Light is one of the most important factors for microalgae 
growth. Within a certain light intensity range, the growth 
rate of microalgae increases with the increase of light inten-
sity, while insufficient light will inhibit the pigment absorp-
tion and light energy conversion efficiency in algal cells 
and affect the anabolism of algal cells themselves [38], thus 
reducing the growth rate of microalgal cells. Light penetra-
tion of the attached culture system is better in relative to 
the suspended culture. Study found that 40% of the algal 
cells in attached culture system would be effectively irra-
diated, while only 2.5% were effectively irradiated at the 
same cell density in suspended culture [36].  CO2 provides a 
carbon source for algal cells. In suspended culture system, 
 CO2 must overcome the air–liquid interface, so as to transfer 
to the liquid medium for being used by algal cells. How-
ever, in attached culture mode, algal cells are exposed to air 
and can directly contact with  CO2, instead of using the dis-
solved  CO2 in liquid. Thus, the  CO2 utilization efficiency is 
improved due to more efficient mass transfer [37]. Therefore, 
light transmittance and  CO2 transfer efficiency are better in 

attached culture mode. Besides, the local concentration of 
probiotics is higher which maybe more conducive to the C. 
pyrenoidosa growth in attached culture.

Potential of attached algae–bacteria system 
in microalgae cultivation and wastewater treatment

Compared with suspended culture system, the attached 
culture system can significantly improve the environmen-
tal tolerance, decontamination ability and light utilization 
efficiency of microalgae. The construction of algae–bacteria 
symbiotic system can further improve the accumulation of 
microalgae biomass and the removal of nutrients in waste-
water [39]. As shown in this study, the effect of microalgae 
growth and wastewater purification was obvious. In attached 
culture, the algae cells are separated from the medium, and 
the light can directly irradiate on the surface of the cell bio-
film without light attenuation. The light utilization rate of 
unit algae cells is increased, which accelerates the growth of 
algae cells and also improves the utilization of nutrients such 
as nitrogen and phosphorus by algae cells [40]. More impor-
tantly, after the treatment of wastewater by the attached cul-
ture, the algae cells can be collected without centrifugation 
and simply scraped away, which can save energy consump-
tion, improve the efficiency of algae production and reduce 
the cost of wastewater treatment.

At present, the wastewater treatment process of 
algae–bacteria symbiotic system is mainly in the laboratory 
research stage [41]. The attached algae–bacteria system in 
this study has certain potential for commercial production 
due to its high algae growth rate, easy construction, low 
harvest cost and so on. But the system may also face some 
challenges in practical application, such as the long-term sta-
bility of large-scale symbiotic culture of algae and bacteria, 
the interference of other organisms (such as zooplankton) 
in the actual wastewater, the influence of different wastewa-
ter components, the optimal design and cost of large-scale 
bioreactor configuration, and further utilization of algae 
biomass.

Conclusion

In conclusion, different forms of A. beijerinckii all stimu-
lated the C. pyrenodisa growth and the effect of wastewater 
treatment. The broken A. beijerinckii had the best promot-
ing effect for the accumulation of C. pyrenodisa biomass 
and protein, with the biomass increased by 71.8% and 
protein increased by 28.2%, in comparison with the pure 
algae group. It indicated that some active substance com-
ponents inside the A. beijerinckii had the effect of promot-
ing the growth of microalgae cells. The algae + live bacteria 
group has the best wastewater treatment efficiency, with the 
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removal rates of COD,  PO4
3− and  NH4

+–N increased by 
20.8%,18.5% and 8.9%, respectively, in relative to the pure 
algae group. The algae–bacteria co-culture system was more 
conducive to the growth of C. pyrenodisa in the attached cul-
ture system than the suspended culture system. The current 
work offers a new method for improving microalgae biomass 
and wastewater treatment by algae–bacteria co-cultivation.
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