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This study focused on important factors including light intensity, light/dark cycles, and the
biomass of algae/bacteria to explore the relationship between algae and bacteria, aiming
to obtain the optimal performance in the algae–sludge membrane bioreactor (AS-MBR). It
was found that 3000 lux was considered to be the appropriate light intensity that could
improve algal biomass and nitrogen removal among the chosen light intensities. Further
analysis of results indicated that a higher or lower light intensity could not simultaneously
promote algal energy absorption and nitrifying bacterial activity. Moreover, the highest
average growth rate of algae (0.16 mg/L d−1) and the removal efficiency of NH4

+-N (96.4 ±
1.5%) were both observed during the 12-h light/12-h dark cycle, respectively. Meantime,
the appropriate algal proportion would mitigate membrane fouling compared with the
conventional MBR. The investigation of the mechanism suggested that light intensity,
light–dark cycle, and algal proportion were significantly associated with algal
photosynthesis (key proteins, chromophores, and nucleic acids), the characteristics of
functional bacteria, and the underlying cognition of cell-to-cell signaling between algae and
bacteria, which would further influence the reactor performance.

Keywords: algal–sludge membrane bioreactor, fundamental factors, algal–bacterial symbiosis, microbial ecology,
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1 INTRODUCTION

Algal–bacterial biomass has been preferred over conventional activated sludge for treating
wastewater due to its excellent N/P removal efficiencies, high-potential bio-product production,
and low intensity or no aeration (Godos et al., 2009; Zhen et al., 2016). These characteristics tend to
facilitate the algal–bacterial technologies for wastewater treatment from urban and industrial
activities, and livestock. However, poor settleability as a result of small algal cells would cause
the biomass washout inartificially, leading to the system failure and impairment of effluent quality,
which is the main obstructive factor for the widespread application of the algal–bacterial technology.
Therefore, an effective and sustainable strategy for keeping the algal–bacterial biomass stale is highly
desirable.

Although membrane filtration has already become a better choice for algal–bacterial biomass
washout because of its smaller membrane pore than the algae cell (Bilad et al., 2014), a few studies
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have proposed an integrated system of algal–bacterial technique
and membrane bioreactor (MBR) and obtained excellent
wastewater treatment and membrane fouling mitigation (Xu
et al., 2014; Sun et al., 2018). The relationship between algae
and bacteria was closely associated with the activity of algae and
bacteria responsible for good performance. In contrast to the
achievement in searching for suitable pollutants and operation
conditions in an algae–bacteria system, few studies focused on
understanding the underlying mechanism related to the
interaction of algae and bacteria. Especially, several factors are
worthy of special attention, such as the illumination intensity,
light/dark cycles, and algae/bacteria ratios, which are considered
as the most important factors for the formation and interaction of
algal–bacterial symbiosis (Sforza et al., 2012; Ye et al., 2018). Light
is an important factor for the growth of algae because of its ability
to absorb carbon dioxide (Agrawal, 2012). Various investigators
observed that high light intensity may promote algal growth and
pigment biosynthesis, which would influence the algal growth,
biomass accumulation, and biodiesel production (Muller et al.,
1998), while excess light absorption might cause the
accumulation of TAGs (Singh and Singh, 2015). With regard
to the important factors and further influence on the
algal–bacterial consortia, the additional insights into
manipulating the interactions between microalgae and bacteria
might provide exciting tools to improve the environmental
sustainability and economic feasibility of the algal–bacterial
system. However, knowledge of the interaction mechanisms
between the factors and the algal–bacterial symbiosis is still
lacking in previous studies and real practice.

In this study, for the first time, in a novel algal–sludge MBR
(AS-MBR) system, we aimed was (1) to determine the effect of
illumination intensity, light/dark cycles, and the ratio (algae/
bacteria) on the formation and performance of algal–bacterial
symbiosis and (2) to explore the interaction mechanism between
the factors and algal–bacterial consortia.

2 MATERIALS AND METHODS

2.1 AS-MBR
An AS-MBR combining algae and sludge membrane bioreactors
was designed to evaluate the impact of the algae on the membrane
fouling and water treatment performance. Details of the
fabrication and operation of the AS-MBR are described in the
Supporting information (SI).

2.2 Microbial Activity Analysis
The microbial relative activity was represented by the specific
oxygen uptake rate (SOUR) (Huang et al., 2015). Detailed
methods of the SOUR are listed in the SI.

2.3 Extraction and Analysis of Extracellular
Polymeric Substances and Chlorophyll-a
2.3.1 EPS
EPSs were considered as the total of soluble EPS (S-EPS) and
bound EPS (B-EPS). The B-EPS includes the loosely bound EPS

(LB-EPS) and tightly bound EPS (TB-EPS). The EPSs were
extracted following the three-step heat treatment as
documented in Hwang et al. (2010).

2.3.2 Chlorophyll-a
The samples were centrifuged and resuspended by 90% acetone
with little CaCO3. Then, the mixture was vortex stirred and kept
in a refrigerator at 4°C for 24 h under dark conditions. After that,
the mixture was centrifuged, and the optical density (OD) value
of the supernatant was measured at 750, 663, 645, and 630 nm
using UV/V (UV-2550, Shimadzu, Japan) (Lee et al., 2015).

2.4 Water Quality Analysis
The total organic carbon (TOC) and the total nitrogen (TN) were
determined via a TOC/TN analyzer (TOC-5000, Shimadzu,
Japan). COD, NH4

+-N, and PO4
3--P were measured in

accordance with the APHA Standard Methods (2005). The
analysis was conducted in triplicate, and their average values
were reported.

3 RESULTS AND DISCUSSION

3.1 Effect of Illumination Intensity on Algal
Growth and Nitrification
Light intensity is closely associated with algal biomass and nitrate
concentration because of its necessity for algal growth and the
inhibition of the bacterial nitrification (Merbt et al., 2012).
Chlorophyll-a concentrations under different light intensities
are shown in Figure 1. Under the light intensities of 3000 and
4000 lux, the chlorophyll-a concentration increased at average
rates of 0.10/mg/L d−1 and 0.14/mg/L d−1, respectively, along with
the operation time. However, the increased rate of the
chlorophyll-a concentration started to decrease from the third
day under a light intensity of 2000 lux. (Because of inconstant
light intensity under natural conditions, an artificial light source
was used in the experiment.) According to He et al. (2015), light

FIGURE 1 | Chlorophyll-a in different illumination intensities.

Frontiers in Environmental Science | www.frontiersin.org June 2022 | Volume 10 | Article 8934122

Sun et al. Algal–Bacterial Symbiosis

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


intensity could promote the accumulation of carbon partition
among proteins, carbohydrates, and lipids, stimulating algal
biomass production. Hence, the algal average growth rate is
positively related to light intensity in a certain level.

From Table 1, the biological activity of ammonia-oxidizing
bacteria (AOB) under 2000 lux was 22.9 and 19.12% higher than
those under 3000 and 4000 lux, while with regard to nitrite
oxidizing bacteria (NOB), the biological activity increased by
8.16 and 10.42% in comparison with those under 3000 and
4000 lux. It indicated that nitrifying bacteria were inhibited
under light intensities of 3000 and 4000 lux. Accordingly, the
phenomenon might be logical to cause an increase in NH4

+-N
concentration under the light intensities of 3000 and 4000 lux.
However, NH4

+-N concentrations in the effluent under both 3000
and 4000 lux were lower than those under 2000 lux, which might
be attributed to the higher nitrogen removal activities of the algae
under 3000 and 4000 lux. In addition, weak light intensity can
induce low nutrient uptake and insufficient O2 supply of algae in
the integrated system. Extreme light exposure led to the failure of
the process due to the sensitiveness of the nitrifying bacteria.
Therefore, a higher light intensity is beneficial for algal growth,
while implies much more inhibition for nitrification. Thus, in this
study, considering the energy consumption for lighting and the
removal efficiency of ammonia nitrogen, 3000 lux was regarded
as the appropriate light intensity.

3.2 Effect of Light and Dark Cycles on Algal
Biomass and Wastewater Treatment
In this study, 8-h light/16-h dark (8 hL/16 hD), 12 hL/12 hD, and
16 hL/8 hD cycles were investigated to explore the effect of the
light/dark cycle on the algal biomass and nutrient removal. From
Table 2, average algal growth rates under both 12 hL/12 hD and
16 hL/8 hD cycles were higher than those under the 8 hL/16 hD
cycle, indicating that algal growth could be promoted under long
durations of light illumination time. However, algae exhibited the
highest growth rate under the 12 hL/12 hD cycle, rather than the
16 hL/8 hD cycle. It indicated that the light illumination time
could affect algal light and dark reactions and further improve or
inhibit the algal growth under the different light/dark cycles.

As for the influence of the light/dark cycle on the nutrient
removal (Table 2), the COD removal efficiency had little change
among the three light/dark cycles. First, algae could assimilate
polysaccharides through the diffusion dynamic mode, thus
facilitating the uptake of external polysaccharides due to the
enhancement of algae respiration under long dark conditions.
Second, dissolved oxygen (DO) concentration under long
illumination time was higher than that under the short light
conditions, emphasizing the importance of DO concentration for
bacterial respiration and polysaccharide mineralization. In
consequence, with regard to light/dark cycles, the
polysaccharide assimilation by algae under long dark
conditions was more advantageous, while the mineralization of
polysaccharides by bacteria under long light illumination time
was higher, which resulted in the slight variation of COD removal
efficiency among the three light/dark cycles. The removal
efficiency of NH4

+-N under 8 hL/16 hD, 12 hL/12 hD, and
16 hL/8 hD cycles was 91.3 ± 1.1%, 96.4 ± 1.5%, and 93.7 ±
1.4%, respectively. The variation trend of NH4

+-N removal
efficiency was similar to the growth of algae, where the 12 hL/
12 hD cycle had the highest and the 8 hL/16 hD cycle had the
lowest removal efficiency. It suggested that an appropriate light/
dark cycle could enhance algae photosynthesis and promote
NH4

+-N assimilation. Moreover, the increase in DO
concentration caused by the algae photosynthesis improved
nitrification. Hence, NH4

+-N removal efficiency and algal
growth exhibited a similar variation trend. In addition, long
duration of illumination might inhibit the activities of
ammonium-oxidizing and nitrite-oxidizing bacteria, inducing
the high NH4

+-N concentration in the 16 hL/8 hD cycle
compared with the 12 hL/12 hD cycle, which is consistent with
the observation of Vergara’s study (2016). In summary, proper
light illumination time is critical to the algae growth and nutrient
removal, influencing the stable operation of the algae–bacteria
synergistic system.

3.3 Effect of Algae/Sludge on Membrane
Fouling and Microbial Metabolites
Previous studies on the effect of algae on the membrane fouling
are contradictory. Some research studies demonstrate that algae
have a positive influence on the membrane filtration (Xu et la.,
2014; Huang et al., 2015), while others support its potential to
cause dramatic membrane fouling (Qu et al., 2015; Matsumoto
et al., 2014), in which the EPS was considered as the main
principal contradiction. Thus, the algal biomass in the
algal–bacterial symbiotic was investigated as one of the most
important factors for membrane fouling in this coupled system
AS-MBR. Figure 2 shows that the reactor with the ratio (algae/

TABLE 1 | Effect of light intensities on the activity of AOB and NOB and NH4
+-N

content.

Parameter 2000 lux 3000 lux 4000 lux

AOB biological activity 7.35 ± 1.1 5.98 ± 1.0 6.17 ± 1.2
NOB biological activity 10.07 ± 1.4 9.31 ± 1.1 9.12 ± 0.9
NH4

+-N effluent concentration (mg/L) 3.2 ± 0.6 1.9 ± 0.4 2.2 ± 0.3

TABLE 2 | Effect of different light cycles (light:dark) on algal growth rate and nutrient removal.

Light cycle 8 hL/16 hD 12 hL/12 hD 16 hL/8 hD

Average algal growth rate (mg/L d-1) 0.09 0.16 0.12
COD removal efficiency (%) 93.8 ± 1.2 94.5 ± 1.1 94.1 ± 1.5
NH4

+-N removal efficiency (%) 91.3 ± 1.1 96.4 ± 1.5 93.7 ± 1.4
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bacteria) of 1:5 exhibited the lowest average increasing rate of
transmembrane pressure (dTMP/dt), while the reactor with a
ratio of 1:1 exhibited the highest rate. Hence, compared with the
control reactor (without algae), the reactor with different algal
proportions exhibited membrane fouling aggravation or
mitigation, and the influence of algae on the membrane
permeability cannot be definitively determined, which depends
on the relative content of algae and bacteria in the symbiotic
system. Membrane fouling in the reactors with algae/bacteria
ratios of 1:10, 1:5, and 1:1 and without algae all exhibited a
distinct three-stage process. Generally, stage 1 (0-3d) consisted of
a higher initial membrane fouling rate; stage 2 (intermediate
stage) reflected a long-term rise of TMP with a lower membrane
fouling rate; stage 3 occurred with the highest membrane fouling
rate that is referred to as the TMP jump. Selecting the last
membrane fouling cycle, the dTMP/dt of stages 2 and 3 in
AS-MBR with a ratio of 1:5 were 0.5 and 2.83 kPa/d. Previous
studies demonstrated that the membrane pore blockage and the
dominant foulant were themajor factors for the slow fouling stage
(stage 2) and the rapid fouling stage (stage 3) (Cho and Fane,
2002). Thus, lower dTMP/dt in AS-MBR with a ratio of 1:5
indicated that the reduction of membrane pore blocking and/or
the decrease in floc accumulation on the membrane surface may
occur, contributing to the alleviation of membrane fouling.

In summary, different inoculation ratios (algae/activated
sludge) have a significant influence on membrane fouling, and
an inoculation ratio of 1:5 was conducive to membrane
permeability.

3.4 Mechanism and Practical Implications
Light intensity, light–dark cycles, and algae/bacteria ratios were
important factors for AS-MBR, and a greater insight into the
consortia mechanism of algae and bacteria at the molecular level
may promote its broad-spectrum applicability (Figure 3).

The algal oxygenic photosynthesis process can be divided into
light and dark phases. Algal chlorophyll can absorb the photons
and drive linear and cyclic electron transfer to form adenosine
triphosphate (ATP), which powers the Calvin–Benson cycle to
produce carbohydrates in the dark phase. As one of the most
important functional units, photosystem II (PSII) is responsible
for absorbing sunlight and utilizing excitation energy to oxidize
water molecules into protons andmolecular oxygen (Vecchi et al.,
2020). Obviously, in the process of algal photosynthesis, light is
the energy source received by algae and the pigment-binding
proteins. Thus, light intensity could affect the algal energy
absorption and the activity of key protein enzymes, thus
influencing the algal light reaction (He et al., 2015). Lamare
et al. (2019) demonstrated that high light intensity implies much
more inhibition for photosystem PSII than low light intensity.
However, extremely low light intensity may diminish the light
energy absorption of algal chlorophyll. Therefore, proper light
intensities should be considered for the algal energy requirement
and activities of the key proteins of PSII process. On the other
hand, light intensity has important influence on algae growth and
activities of AOB and NOB. First, the enzyme ammonium
oxygenase and its associated porphyrin cofactors would cause
photo-oxidative damage during high light intensities (Vergara

FIGURE 2 | Profiles of dTMP/dT in the four reactors with different algae/bacteria inoculation ratios: (A) systemwithout algae, (B) 1:10 ratio of algae and bacteria, (C)
1:5 ratio of algae and bacteria, and (D) 1:1 ratio of algae and bacteria.
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et al., 2016). Second, high light intensities can affect the synthesis
of polypeptides and cytochrome-c, which are critical for the
ammonia monooxygenase system and nitrifying process
(Hyman and Arp, 1992; Guerrero and Jones, 1997). Finally, a
previous study hypothesized that a prolonged exposure to high
light intensities could also induce significant damage on key
proteins, chromophores, and nucleic acids (Guerrero and
Jones, 1997). Consequently, light tendency has contradictory
effects on the growth of algae and the activity of nitrifying
bacteria, which are closely associated with the interactions of
algae and bacteria. Unfortunately, the current knowledge lacks
convincing data of actual application for reconciling the response
of algae and nitrifying bacteria to light.

The optimal alternation of the light/dark cycle, which, similar
to the circulation cycle of anaerobic/aerobic switches in the
sequencing batch reactor (SBR), is also beneficial to the
efficient use of light energy by algae (Sforza et al., 2012). As
discussed in Section 3.2, if the light/dark cycle was not
appropriate, algae might undergo radiation damage, thus
hindering the photosynthesis process. The light and dark
phases were in charge of the conversion of light energy to
chemical energy. In the dark phase, algae utilized NADPH/

ATP from the light phase to convert the CO2 that is mostly
produced by bacterial respiration, into sugar via the
Calvin–Benson–Bassham cycle. Obviously, when cells are
exposed to high-intensity illumination, PSII may be
continually damaged and must be repaired by re-synthesis of
damaged components. Li et al. (2009) reported that harmful
reactive oxygen species (ROS) would be produced and induce
oxidative stress under excess light. Accordingly, the damage of
photosystems should be repaired and minimized. If the
illumination time is short, most photons are utilized for
photosynthesis, rather than for ROS formation. Conversely,
longer exposure may lead to the generation of ROS and
damage, and the abrupt changes in illumination are as
harmful to the photosynthetic apparatus as constant high
light. Thus, neither extremely long nor extremely short
illumination time was beneficial for algal growth and nutrient
removal under the same light intensity. Therefore, the light/dark
cycle has a critical effect on the growth and the activity of algae,
which influence the relationship between algae and bacteria,
further resulting in the variation in nutrient removal efficiency.

In the algae–bacteria system, bacteria and algal cells would
attach to each other and form a micro-environment with higher

FIGURE 3 | Schematic diagram of the factors on the performance.

Frontiers in Environmental Science | www.frontiersin.org June 2022 | Volume 10 | Article 8934125

Sun et al. Algal–Bacterial Symbiosis

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


nutrient concentrations than those in the surrounding water.
Moreover, algae provide an appropriate habitat for the
colonization of bacterial communities on their surfaces and
secrete organic substances as nutrients for bacterial
proliferation, and the associated bacteria provide effective
molecules (such as bioactive compounds and QS signaling
molecules) as feedback, which are beneficial for
morphogenesis, development, and host growth. However, in
the competitive interaction of algae and bacteria, some algal
metabolites present a bactericidal effect, and some bacteria can
secrete toxic substances and affect the algal photosynthesis-
related gene transcription. Accordingly, the microbial
community was considered to play one of the most important
roles in the relationship between algae and bacteria. Therefore, an
appropriate ratio of algae and bacteria may have a selective power
for particular membranes of bacterial communities, resulting in
the formation of more factorable conditions. These functions
include ability to degrade complex nutrients and stave off
competition and provide benefits to each other. It requires
metabolic activity linked to a complex signaling network to
maintain the relationship, backed by fluid genetic machinery.

Finally, interactions between algae and bacteria are of
potential utilization for the wastewater treatment and
membrane fouling control. In addition, light intensity, light/
dark cycle, and algae/bacteria ratio were considered to be
closely associated with algal–bacterial relationship and the
performance of AS-MBR. Unfortunately, the current
knowledge lacks convincing data for the underlying cognition
of cell-to-cell signaling between algae and bacteria. Consequently,
more molecular biology research studies (such as QS signals) on
in-depth analysis of the environment factors for algal–bacterial
interaction mechanisms are necessary in the future in order to
improve the performance of AS-MBR.

4 CONCLUSION

The influence of light and the proportion of algae on the
algal–bacterial consortia were studied. The light intensity of

4000 lux exhibited the highest algal average growth rate of
0.14/mg/L d−1, and the highest NH4

+-N removal efficiencies
of 96.4% was achieved under 3000 lux light intensity.
Moreover, AS-MBR achieved the highest algal growth rate
and COD and NH4

+-N removal efficiencies under 12 hL/
12 hD cycle. The membrane fouling was mitigated with
appropriate algae inoculation, which attributed to the
reduction of membrane pore blocking and/or the decrease
of floc accumulation on the membrane surface.
Consequently, it is crucial to understand how the factors
influence the algal and bacterial cells and further to create an
optimal photo-biological formula for each algal–bacterial
consortia.
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