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treatment. Thus, researchers have shown increasing interests in the mechanisms and applications of
algae-bacteria/fungi symbiosis in sewage treatment. There are few articles summarizing the interaction
mechanisms of different algae-bacteria/fungi symbiotic systems in sewage treatment. In this review, we
introduced the research progress on algae-bacteria/fungi symbiosis, especially the interaction
mechanisms and effects, in sewage treatment from the following three aspects: algae-bacteria,
algae-fungi, and mixed algae-mixed bacteria. Nutrient exchange is the basis of algae-bacteria/fungi
symbiosis in sewage treatment. The molecules involved in signal transduction, such as quorum sensing
molecules, can change the behavior and growth of algae or bacteria by activating gene expression or
physiological activities. Fungal-assisted bio-flocculation has an immobilization effect on algae. Finally,
we proposed the future research directions from the perspectives of mechanism, large-scale application,
and biomass recycle.

Keywords: algae-bacteria/fungi symbiosis; interaction mechanism; sewage treatment; nitrogen and

phosphorus removal; bio-flocculation; bioreactor
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Figure 1
mechanism. Adapted from reference [10,17].
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Algae-bacteria symbiotic mechanism. A: nutrient exchange mechanism; B: signal transmission
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Table 1 Optimal pelletized conditions, flocculation efficiency and sewage treatment rate of different carriers

. Pellet Optimal pelletized Flocculation Sewage treatment rate/[mg/(L-d)]
Carriers . . . References
size/mm condition efficiency COD TN TP NH,-N
Non Alginate 4.0 Not given Not given 86.00 - 1.32  8.50 [34]
biological Alginate 2.5 Not given Not given 562.12 - 12.83 49.23 [35]
Chitosan 2.8%3.2 Not given Not given - - 0.75 1.03 [36]
Macroporous Not given  Not given 100% - - 1.33  2.09 [37]
fibrous
Polyurethane Not given  Not given Not given 91.82 26.18 - 28.16 [38]
foams biofilm
Biological Aspergillus Not given 38 °C 99%, 34 h 7.50 - 1.50 1.65 [30]
fumigatus 100 r/min
Aspergillus 2.0-5.0 150 r/min 90%, 24 h - - 13.35 70.65 [31]
fumigatus
Aspergillus oryzae 2.0-5.0 100 r/min 100%, 3.5d 103.00 58.00 46.00 51.00 [21]
20 g/L glucose
Aspergillus sp. Not given 80 r/min 97%, 4 h 1725.00 54.00 537 32.00 [2]
35°C
7 g/L glucose
Ganoderma 3.04.0 28 °C Not given 97.00 16.00 1.00 - [39]
lucidum 160 r/min
Ganoderma Not given 25 °C Not given 1430  2.50 0.39 1.80 [22]
lucidum 160 r/min
—: not detected.
(4) (B) Photovoltaic panel
co, | I
- Chlorella 1 Capacitor_]
COD Biomass
Xanthomonadaceae !
Azospira :
|
Chlorella 1
NH,"-N Biomass I
|
)
Comamonadaceae Poly-p I 7
, / _Anode . ____ _Cathode .
PO-P PAOs _ Chiorella Biomass Photosynthetic alga @ Oxygen reduction bacteria

Ammonia oxidizing bacteria @ O Electroactive bacteria
@ Electro-autotrophic denitrification bacteria

B2 RER-RBREELENE

Figure 2 Mixed algae-mixed bacteria symbiosis mechanism. A: carbon, nitrogen, and phosphorus removal
process of microalgal-bacterial granular sludge. B: nitrogen removal process in algae-bacteria
photoelectrochemical system. Adapted from reference [42—43].
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Table 2 Treatment rate of mixed algae-mixed bacteria symbiosis in different reactors

Microorganisms

Sewage treatment rate/[mg/(L-d)]

Reactors - n References
Bacteria Algae COD ™ TP NH, -N

Algal-activated Activated sludge Algae 4.57 0.17 0.02 0.47 [47]

sludge-MBR system

Algal biofilm-assisted ~ Deltaproteobacteria  Scenedesmus 19.00 2.00 19.00 - [48]

microbial fuel quadricauda

Algal-sludge and Activated sludge Algae 750.00 26.00 3.00 62.00 [49]

membrane bioreactor

High rate algal pond - Microcystis aeruginosa - 5.50 - 5.60 [50]

Photo-sequencing batch  Sludge, Stichococcus Chlorella spp. - 580.00 — 560.00 [51]

reactor Chlamydomona
Tubular biofilm Activated sludge
photobioreactor

Csorokiniana 211/8k - -

15.00 91.00 [52]

—: not detected.
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Figure 3 Research prospect of algae-bacteria/fungi symbiosis in sewage treatment in the future.
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