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a b s t r a c t

Conventional biological treatment usually cannot achieve the same high water quality as advanced
treatment when conducted under varied temperatures. Here, satisfactory wastewater treatment effi-
ciency was observed in a microalgae-bacteria consortia (MBC) over a wide temperature range because of
the predominance of microalgae. Microalgae contributed more toward wastewater treatment at low
temperature because of the unsatisfactory performance of the accompanying bacteria, which experi-
enced cold stress (e.g., bacterial abundance below 3000 sequences) and executed defensive strategies
(e.g., enrichment of cold-shock proteins). A low abundance of amoA-C and hao indicated that conven-
tional nitrogen removal was replaced through the involvement of microalgae. Diverse heterotrophic
bacteria for nitrogen removal were identified at medium and high temperatures, implying this microbial
niche treatment contained diverse flexible consortia with temperature variation. Additionally, patho-
genic bacteria were eliminated through microalgal photosynthesis. After fitting the neutral community
model and calculating the ecological niche, microalgae achieved a maximum niche breadth of 5.21 and
the lowest niche overlap of 0.38, while the accompanying bacterial community in the consortia were
shaped through deterministic processes. Finally, the maximum energy yield of 87.4 kJ L�1 and lipid
production of 1.9 g L�1 were achieved at medium temperature. Altogether, this study demonstrates that
advanced treatment and energy reclamation can be achieved through microalgae-bacteria niche
strategies.

© 2022 Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, Harbin
Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recently, the attention to wastewater treatment has shifted
from satisfactory efficiency to achieving both water purification
and resource recovery. The growing requirements of the urban
population mean that a large amount (330 km3) of municipal
wastewater is generated worldwide annually [1]. Current waste-
water management still has challenges, such as advanced nutrient
removal, emerging pollutant control, and limited reclamation op-
tions [2]. An estimated 80% of the effluents discharged into the
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aquatic environment still pose various risks or concerns [3].
Microalgae-based wastewater treatment provides a promising
alternative because of its great prospects for carbon neutrality,
advanced treatment, and bioenergy production [4,5]. A wide range
of microalgae wastewater treatment systems have been developed
for large-scale applications, including open systems, closed sys-
tems, and biofilm systems [6]. Moreover, coupling microalgae with
bacteria for wastewater treatment usually had better efficiency and
more stable performance for nutrient removal [7].

The structure and dynamics of the microbial community could
directly influence the process performance and stability during
biological wastewater treatment. When rational interaction and
functional biodiversity are developed in the microbial community,
treatment efficacy and function will improve [8]. In natural aquatic
ecosystems, phototrophic/mixotrophic microalgae and bacteria
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predominantly occupy the producer and decomposer roles,
respectively, suggesting their different features may be employed
to maintain water quality and ecological balance [9]. Thus,
microalgae-bacteria wastewater treatment carried out by diverse
microbial niches may be an important way to achieve the desired
system performance.

Additionally, the effluents from conventional biological pro-
cesses do not satisfy the increasingly stringent standards for
nutrient discharge and can induce eutrophication in receiving
water bodies [10]. One key reason is that removing nitrogen (N) and
phosphorus (P) requires specific functional bacteria. For instance,
nitrogen is conventionally removed through two consecutive pro-
cesses: nitrification and denitrification [8]; Nitrosococcus sp.,
Nitrosomonas sp., Nitrosospira sp., Alcligenes sp., and Paracoccus sp.,
are widely known as nitrifying and denitrifying strains [11]. Phos-
phorus is removed via polyphosphate-accumulating microorgan-
isms (PAOs) and glycogen-accumulating organisms (GAOs) [12].
However, the habitats of these functional bacteria require different
redox conditions. For instance, the chemoautotrophic ammonia-
oxidizing archaea, chemoautotrophic ammonium-oxidizing bacte-
ria, and chemoautotrophic nitrite-oxidizing bacteria grow under
aerobic conditions, but heterotrophic denitrifying bacteria (DNB),
PAOs, and GAOs thrive within an anoxic/anaerobic environment
[13]. In addition, the solid retention time of the above strains and
the slow growth rate of chemoautotrophic bacteria may discourage
the practical operation of these reactors while also considering
temperature variation [11]. In contrast, satisfactory outcomes could
be achieved via a microalgae-bacteria system under awide range of
temperatures without maintaining the specific redox conditions
[14,15]. Despite the promise of this strategy, a systematic study of
nutrient removal via microalgae-bacteria consortia (MBC) from the
perspective of ecological niches in response to different tempera-
ture profiles has not been done.

In this study, the microalgae Chlamydomonas sp. JSC4 was
selected for examination owing to its high growth rate, superior
environmental tolerance, and satisfactory bioenergy potential [16].
Three temperature conditions were used to comprehensively
investigate the relationships in the MBC. The correlation between
MBC treatment efficacy and the temperature was assessed through
nutrient removal, structural equation models, and Arrhenius plot-
fitting after non-metric multidimensional scaling (NMDS) and
ternary analysis. Next, the alterations in the microbial community
and functional metabolic profiles were analyzed using an UpSet
plot, PICRUSt interpretation, photosynthetic function, and metab-
olomics. The changes in the accompanying bacterial communities
were examined through calculations of the neutral community
model, niche breadth, and niche overlap. Finally, the potential for
biodiesel production and energy yield from this symbiotic system
was evaluated. Overall, this study aims to better understand the
role of the microalgae-bacteria niche for wastewater treatment,
accelerating its applicability for both advanced treatment and
resource reclamation.

2. Materials and methods

2.1. Cultivation of MBC and experimental set-up

Chlamydomonas sp. JSC4 (NCBI: KF383270) was pre-cultivated in
modified Bold 3 N medium, aerating at 2% CO2, and illuminating
with 150 mmol m�2 s�1 for six days, as previously reported [16].
Municipal wastewater obtained from a local wastewater treatment
plant (WWTP) in Harbin, China, was used for the subsequent ex-
periments after filtration through a 0.45 mm membrane; the
wastewater parameters were determined as: chemical oxygen de-
mand (COD) ¼ 248.147 mg O2 L�1, total nitrogen
2

(TN) ¼ 64.59 mg L�1, and total phosphorus (TP) ¼ 11.18 mg L�1.
Finally, 80 mg L�1 of strain JCS4 was inoculated into a 1 L batch
photobioreactor and cultivated at 300 rpm stirring,
200 mmol m�2 s�1 irradiance, and 2% CO2 feeding at 20, 30, and
40 �C (hydraulic retention time ¼ 6 days). All treatments were
carried out in triplicate.

2.2. Analytical methods

COD, TP, and TN were measured by potassium dichromate-
sulfuric acid digestion, ammonium molybdate spectrophotometry,
and alkaline persulfate digestion, respectively [17]. Microalgal
growth was determined by measuring the optical density at
682 nm wavelength (OD682) using a UV/VIS spectrophotometer
(UVmini-1240, Shimadzu, Tokyo, Japan) with a conversion factor of
1.0 OD682 ¼ 0.8 g L�1 biomass. Lipid content, production, and
composition of lyophilized microalgae were determined through
direct transesterification and gas chromatography-mass spec-
trometry (GC/MS, GCMS-QP2010 Plus, Shimadzu, Japan) as previ-
ously reported [18]. Biodiesel quality and energy yield potential
were calculated by empirical equations as previously reported
[18,19]. The photochemical parameter (Fv/Fm) was directly acquired
using an AquaPen fluorometer (AP-C 100, PSI, Czech Republic). As
previously reported, Carbohydrate concentration was determined
using the colorimetric method with anthrone reagents [18]. The
detailed pretreatment and calculation methods related to lipid and
carbohydrate determination are displayed in Text S1. The proline
concentration was determined using the Proline Content Assay Kit
(catalog number AKAM003C, Boxbio Science& Technology Co., Ltd.,
Beijing).

2.3. Analysis of bacterial community and microalgal metabolic
profiling

The bacterial community was investigated through 16S rDNA
amplicon sequencing. DNA extraction and data analysis were done
as previously reported, including sequencing, data analysis, oper-
ational taxonomic unit (OTU) clustering, species annotation, and
alpha diversity analysis; these details are described in Text S2.
Functional analysis was analyzed from the 16S rRNA gene-based
microbial compositions using the PICRUSt algorithm established
on the Kyoto Encyclopedia of Gene and Genomes (KEGG). Metabolic
profiling analysis was determined using capillary electrophoresis/
mass spectrometry, adopting the Agilent G6224AA LC/MSD time-
of-flight system alongside the auxiliary MassHunter software as
previously reported [16]; details can be found in Text S3.

Corresponding conditions were characterized, and analyses
were performed to further reveal the relationship between the
microalgae and bacterial community. The similarities between
different groups were first described by correlation coefficients
based on the Spearman calculation. Samples from the same tem-
peratures were then combined into one group to evaluate the in-
fluence of temperature variation on the microbial community
through NMDS. Groups at the species level were collected to screen
enriched species using ternary phase diagrams after the log2
transformation of data. The enriched species were divided into
three clusters based on the temperature conditions of their growth.
Finally, the correlations among wastewater treatment efficacy,
characterization of the bacterial community, and growth status of
microalgae were evaluated by structural equation models (AMOS
21.0, IBM Corporation Software Group, USA). Arrhenius plots were
established using ln(k) against 1/T, where k is the growth status
(OTU abundance), and T is the absolute temperature [20].

The global co-occurrence patterns of the microbial community
were elicited through network analysis. The topology results of the
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network were calculated using the igraph package in R (Version
3.6.2). Species with positive correlations were further screened and
clustered by modularity analysis using Gephi (Version 0.9.2). The
contribution of the stochastic process to microbial community as-
sembly was determined by the neutral community model using
least squares regression [21]. The analysis of niche breadth and
niche overlap were carried out based on the predominant clustered
interacting microbial community. The niche breadth and niche
overlap of the microbial community were determined with the
Levins’ index using the spaa package in R (Version 3.6.2); the
detailed formulas for these analyses are described in Text S4 [22].

2.4. Statistical analysis and data visualization

The pathways comparisons among low-, medium-, and high-
temperature groups were visualized with Welch's tests using
STAMP (Version 2.1.3). Heatmaps (pheatmap package and stats
package), Sankey diagrams (ggalluvial package), Venn diagram
(VennDiagram package), and UpSet plots (UpSetR package and
yyplot package) were generated using the corresponding packages
in R (Version 3.6.2). The correlation analysis was calculated using
the psych package in R (Version 3.6.2); all data for bioinformatics
analysis were tested by the Tukey test and Wilcoxion test. A
network map was established based on the Spearman's rank cor-
relations with a screening parameter of r > 0.8 and a P-value <0.01
between two items.

3. Results and discussion

3.1. Relationship between treatment efficiency and temperature
during MBC treatment

3.1.1. Efficiency and characterization of wastewater treatment by
MBC

The desirable performance of wastewater treatment was ach-
ieved by MBC for all conditions, and the optimal temperature
conditionwas found to be themedium temperature (Fig.1aec). The
average value of residual COD was ~50 mg L�1 on day 4, which is in
accordance with the Class I discharge standard in China (Fig. 1a).
Regardless of temperature variation, COD and TP were completely
removed on day 5 and day 2, respectively (Fig. 1a and b). The quick
removal of COD and P before nitrogen removal indicated that MBC
could involve an exclusive removal mechanism, which does not
occur in activated sludge treatment [10,23]. Inorganic phosphorus
could be directly assimilated by microalgae through phosphoryla-
tion, then promptly biosynthesized into adenosine triphosphate
(ATP) and nicotinamide adenine dinucleotide phosphate oxidase
(NADPH) [8]. Therefore, the superior TP removal by MBC could be
mainly attributed to microalgae. Similarly, on day 4, 100% TN
removal was achieved at medium and high temperatures, while the
residual TN at low temperature was only ~14mg L�1 (Fig.1c), which
also satisfies the Class I discharge standard in China. TN was often
instantly removed at the same high efficiency as previous activated
sludge treatment [12,23]. However, unlike previous reports, the TN
removal rate gradually decreased during the treatment period,
implying that the involvement of microalgae might alter the
elimination pathway of TN. Therefore, the characterization of
functional features and the alterations to the microbial community
in this biological system should be comprehensively scrutinized.

The microalgal biomass was almost equivalent on day 2 at low
temperature (2 g L�1) andmedium temperature (2.1 g L�1) (Fig. 1d).
In contrast, on day 2, the abundance of bacterial communities
(<3000 sequences) at low temperature was approximately 95%
lower than at medium temperature (>50000 sequences) and 92.5%
lower than at high temperature (>40000 sequences) (Fig. 1e). The
3

distinctly different growth tendencies of eukaryotic microalgae and
prokaryotic bacteria suggest that microalgae could contribute more
to COD elimination at low temperature. Overall, the microalgal
species in this study were more suitable for decentralized waste-
water applications because the time for COD removal was longer.
Additionally, the predominant bacterial species were different for
each condition (Fig. 1e). Chryseobacterium indologenes (Label-2 in
Fig. 1e) were dominant at low temperature, while Bacillus cohnii
(Label-1 in Fig. 1e) and Ralstonia pickettii (Label-3 in Fig. 1e) were
the dominant species at high temperature. Therefore, the temper-
ature was an important factor for the different symbiotic relation-
ships betweenmicroalgae and bacteria, also suggesting that related
functions might be altered at different temperatures.

The microalgal biomass was enhanced until day 6 of the
experiment (Fig. S1), and the microbial community abundance was
strongly decreased (Fig. 1e), indicating that the eukaryotic micro-
algae and prokaryotic bacteria might have separate roles during
treatment. The alpha diversity indices varied significantly across
the samples, demonstrating that the structural differences in the
microbial community were affected by different temperatures
(Table S1). Additionally, the alpha diversity indices were lower than
those commonly found in municipal-activated sludge treatment
systems [22,24]. For instance, the Shannon index in this experiment
was only 1.6e2.9 (Table S1), indicating that some specific functional
or accompanying bacteria were enriched with microalgal growth.

3.1.2. Relationship between treatment efficiency and MBC
Analogous to the alpha diversity results, the similarity exami-

nation based on Spearman correlation also indicated that the spe-
cies composition significantly differed among samples (Fig. S2).
Furthermore, the NMDS analysis based on Bray-Curtis calculations
further confirmed the difference among the species compositions
(stress value¼ 0.0001) when the samples were divided by different
temperature conditions (Fig. 2a). The coremicrobial species at low-,
medium-, and high-temperature conditions were further screened
by a ternary plot (Fig. 2b) and assigned as Cluster I, Cluster II, and
Cluster III, respectively (Table S2). To explore this treatment system,
structural equation models were further adopted to dissect the
relationship between microbial activity and wastewater treatment
efficacy at different temperatures [25].

In terms of microbial activity, temperature alteration was
negatively associated with the core microbes (Cluster I) under low
temperature (blue line with a value of �0.66). The positive corre-
lation of core microbes (Cluster II) at medium temperature (red line
with a value of 0.74) was significantly higher than (Cluster III) at
high temperature (red line with a value of 0.37) (Fig. 2c). Compar-
atively, a non-significant relationship was observed for microalgae
(gray line with a value of 0.05), further confirming that microalgae
were better able to grow than bacteria under low temperature.
Furthermore, as the Arrhenius equation manifested, the growth
status of microalgae under different temperatures was superior to
that of bacteria (Fig. 2d). This indicates that the involvement of
microalgae could improve the stability of wastewater treatment
when considering low-temperature and temperature-variable
systems.

For treatment efficiency, microalgae obviously contributed to-
ward COD removal (red line with a value of 0.89) (Fig. 2c), which
indicated the biodegradation of organic pollutants. The cellular size
of Chlamydomonas sp. JSC4 is larger than 15 mm [18], implying that
additional biological functions like endocytosis and binding
protein-dependent transport could promote treatment efficiency
[26]. Therefore, to improve the performance of wastewater treat-
ment by MBC, a careful selection of a microalgal strain with the
potential for assimilating organic matter could be important [27].
Comparatively, the biological functions of the bacterial community



Fig. 1. aec, Effect of temperatures on COD removal (a), TP removal (b), and TN removal (c) by MBC treatment. dee, Effect of temperatures on microalgal biomass (d) and the
abundance of the core microbial community (e) on day 2 and day 4.

Fig. 2. a, Non-metric multidimensional scaling analysis of the bacterial community
under different temperature conditions. b, Ternary plot at the order level using
phylogenetic data in response to different temperatures. c, Effect of temperature on
microbial activity and wastewater treatment efficiency based on structural equation
models. d, Arrhenius plot of the relationship between growth status of microalgae and
bacteria and temperature. The numbers below indices indicated the standardized path
coefficients. *P < 0.05, **P < 0.01, and ***P < 0.001. Gray, blue, and red lines represent
non-significant, negative, and positive relationships, respectively.
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were remarkably varied and were influenced by temperature, as
indicated by treatment efficacy. For instance, the core microbes
(Cluster II) at medium temperature had a high capacity for the
removal of COD (red line with a value of 0.62), TN (red line with a
4

value of 0.56), and TP (red line with a value of 0.53) (Fig. 2c). In
comparison, the core microbes (Cluster I) at low temperature only
contributed to COD removal (red line with a value of 0.11), further
confirming that temperature was a critical element to alter the
bacterial functions. Consequently, MBC may have more endurance
and resilience to meet wastewater treatment requirements.

3.2. Alterations of microbial community and functional metabolism

3.2.1. Flexible countermeasure responses to medium and high
temperature

Variations in the microbial community and biological functions
were scrutinized to disclose the relationship between microalgae
and bacteria. At the class level, the microbial community could be
divided into four taxa: Alphaproteobacteria (20%), Bacilli (24%),
Bacteroidia (20%), and Gammaproteobacteria (36%) (Fig. 3a), which
are principally heterotrophic bacteria under aerobic conditions
[28]. Surprisingly, the common genera known for nutrient re-
movals, such as Accumulibacter Candidatus, Nitrosomonas sp.,
Nitrobacter sp., and Nitrospira sp. [29], were absent, suggesting a
new pattern of nitrogen and phosphate removal. Notably, Caulo-
bacteraceae sp. and Burkholderiales sp. can remove nitrogen via
heterotrophic nitrification [30] and heterotrophic denitrification
[31] under aerobic conditions, respectively, indicating that nitrogen
removal might be achieved through straightforward aerobic pro-
cesses when microalgae are involved. Weeksellaceae sp. were also
detected at medium temperature (Fig. 3a); these are widely
deemed as potential pathogens [32]. Xanthomonadaceae are
frequently found on fouled membranes because of their function in
secreting extracellular polymeric substances [28]. The predominant
organisms shifted from Weeksellaceae (73% on day 2) to Xantho-
monadaeae (51% on day 4), indicating that the involvement of
microalgae could facilitate the elimination of pathogenic bacteria.
This shift also indicated that an intimate interaction between



Fig. 3. a, Succession diagram based on the relative abundance of enriched microorganisms at different temperatures on days 2 and 4 using a Sankey plot (at class, order, genus, and
species level). b, The total overlap of the number of microorganisms at different temperatures on days 2 and 4 using UpSet and Venn plots at the species level. c, Chlorophyll
fluorescence parameters of microalgae at different temperatures on days 2 and 4.
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microalgae and bacteria could develop through the compact
aggregatedmicrobial flocs. Therefore,MBC could be used to achieve
some of these specific biological functions through this superior
econiche phenomenon.

At the species level, the changes in the microbial community
were evaluated through UpSet and Venn plots. The non-
intersecting objects and intersecting objects are exhibited as gray
dots, and colored dots, respectively, and the intersecting objects are
interlinked via point lines (Fig. 3b). On day 2, there were 41 non-
intersecting objects and 86 intersecting objects at medium tem-
perature (Fig. 3b), indicating a vigorous microbial community. The
number of specific strains (non-intersecting objects) reached a
maximum at medium temperature, indicating that this tempera-
ture was the most favorable condition for both specific and general
bacteria to execute their biological functions. Comparatively, for
high temperature, there were 24 non-intersecting objects and 119
intersecting objects on day 2 (Fig. 3b), suggesting the microbial
community developed a distinct structure at the species level
because of the influence of temperature.

Specifically, at medium temperature, the dominant species
shifted from C. indologenes (61%) to Pseudoxanthomonas mexicana
5

(44%) and Brevundimonas intermedia (30%) (Fig. 3a and S3).
C. indologenes is an antibiotic-resistant pathogenic species found in
hospital sewage effluents [33] that primarily biodegrades organic
pollutants [34]. P. mexicana and B. intermedia can heterotrophically
remove carbon [35] and aerobically remove nitrogen [36], respec-
tively. Here, microalgal photosynthesis could elevate the oxygen
level in wastewater (Fig. 3c), eliminating pathogenic bacteria and
generating an aerobic environment [37,38]. The observed transition
of dominant species indicated that a desirable performance
without the risk of pathogens could be accomplished through this
innovative treatment. However, at high temperature, different
regulation was observed compared with that observed at medium
temperature, where the dominant species changed from B. cohnii
(75% on day 2) to R. pickettii (64% on day 4) (Fig. 3a and S3).
Interestingly, B. cohnii and R. pickettii are commonly seen to remove
organic pollutants [39] and nitrogen [40,41] under heterotrophic
and aerobic environments. Therefore, similar biological functions,
such as the heterotrophic removal of carbon and nitrogen, could be
achieved by different dominant species at different temperatures,
implying that flexible scenarios could be available for MBC
treatment.
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3.2.2. Bacterial defensive status and microalgal roles at low
temperature

At low temperature, the bacterial community was significantly
different from the medium- and high-temperature communities
(Fig. 3a). To dissect the response mechanisms at low temperature,
the typical metabolic pathways and key functional genes were
predicted by PICRUSt based on the KEGG database. Generally, the
crucial pathways associated with membrane transport, carbohy-
drate metabolism, amino acid metabolism, and lipid metabolism
were enriched (blue), whereas the signaling molecule interactions,
enzyme family activities, and nucleic acid ribosome translation
were downregulated (red) (Fig. 4a), representing a characterized
cold stress response of the bacterial community [42,43]. DNA repair
proteins [44] and DNA gyrase [45] are pivotal components that
restore DNA damage induced by cold stress. Here, eight genes (alkB,
rmuC, radC, recO, recN, and radA encoding DNA repair proteins; gry
A-B encoding DNA gyrase) were highly upregulated at low tem-
perature (Fig. 4b and Table S3), indicating the corresponding bac-
teria were defensively resisting cold stress. Nine other genes (holA,
dnaX, dinG, recQ, dnaB, recG, ruvA-B, and rep) encoding two en-
zymes (DNA helicase (EC:3.6.4.12) and DNA polymerase
(EC:2.7.7.7)) were significantly increased (Fig. 4b and Table S3) as
the microbial community attempted to sustain DNA expression.
This defensive status could be the principal cause of inhibition of
the bacterial community at low temperature (Fig. 1e).

As expected, the abundance of four genes (cspA, pspA, and pspC-
D) encoding cold-shock proteins (Fig. 4b and Table S3) were
elevated to accommodate cellular metabolism [46]. Additionally,
Fig. 4. Typical metabolic pathways (a) and key functional genes (b) of t
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because cold can trigger reactive oxygen species generation
through oxidative stress [47], the abundances of genes (SOD1-2,
catG, catE, gpx, prxQ, cycP, and cpo) encoding superoxide dismutase
(SOD), catalase (CAT), and peroxidase (POD) (Fig. 4b and Table S3)
weremarkedly increased, allowing the community to scavenge free
radicals. Thioredoxin and thioredoxin reductase [48,49] are
important defensive signaling molecules to maintain the cellular
equilibrium of oxidation-reduction pertaining to cold stress. The
abundances of four genes (trxC, ybbN, and trxA-B) encoding these
proteins (Fig. 4b and Table S3) were also increased. The abundance
of eight genes (clpP, clpX, clpS, clpA-C, clpE, and clpL) encoding the
ATP-dependent Clp protease (Fig. 4b and Table S3) were also
significantly augmented, which could aid the bacterial resistance to
cold stress [50]. In general, the enrichment of these twenty-nine
genes verifies that the microbial community was implementing a
defensive response at low temperature.

The substrates for cellular proliferation (four nucleotides in
Fig. S4) and energy cycle (five compounds related to the TCA cycle
in Fig. S4) in microalgae at low temperature were not influenced by
temperature variation; therefore, microalgae could play an impor-
tant role in treating wastewater, complementing the bacterial
community deficiency. More importantly, some microbial meta-
bolic processes were upregulated to resist cold stress. For instance,
the genes encoding the synthesis of trehalose and proline (ostA-B,
thuE, and thug; proV, proX, putA, pip, opuD, and prdF), confirmed as
storage compounds [51] and osmo-protectants [52] against cold
stress were elevated (Fig. 4b and Table S3). The proline concen-
tration at low temperature was 4.3- and 1.7-fold higher than at
he microbial community in response to low temperature on day 2.
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medium and high temperatures, respectively (Fig. S5). Additionally,
the abundances of genes for alteringmembrane structure (cco, crtH,
cruP, cruA, idi, crtB, idsA, ggps, and desA) and synthesis of related
proteins (greA-B, pnp, rbfA, rpoZ, rpoA-C, dbpA, rhlB, rhlE, deaD, and
ropH) (Fig. 4b and Table S3) were also increased. Overall, the
metabolic mechanisms of the microbial community at low tem-
perature showed a prominently defensive profile, which explained
the declined cell growth and microbial abundance under this
condition (Fig. 1).
3.2.3. Pivotal role of the microalgal ecological niche
In this study, the removal pattern of nutrients and the structure

of the microbial community were markedly different from those in
conventional activated sludge. Currently, the stochastic and deter-
ministic processes are the two main patterns describing microbial
community assembly [53]. Stochastic processes occur when the
microbial community formation can be established based on
overlooking the overlapping niches, even if the co-occurring
competitive capacities are closely matched [54]. Conversely,
deterministic processes illustrate that distinct niches are influenced
by ecological selection [55]. The neutral community model is the
prevalent method to evaluate the stochastic processes during the
microbial community formation. When this was assessed, the
resulting R2 value was 0.499, revealing that most microorganisms
were not determined by random drift because of the leading in-
fluence of microalgae. Therefore, the calculation of niche breadth
and niche overlap was adopted to reveal the pivotal role of
microalgal involvement.

After further modularizing the global co-occurrence network
among themicrobial community (Fig. S6), two obviousmodules (16
nodes with blue background and 18 nodes with a red background,
average clustering coefficient ¼ 0.648) were determined to be the
Fig. 5. a, Neutral community model of the bacterial community at different temperatures. b
colored by taxonomy. c, Correlation interactions based on niche breath calculation elicited by
Chlamydomonas sp. JSC4. e, Key functional genes involved in nitrogen metabolism at differe
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core positive bacteria (Fig. 5b). The blue assemblages were mainly
composed of heterotrophic bacteria involved in nitrogen removal
(such as Ralstonia sp. and Burkholderia sp.), while the red assem-
blages weremainly involved in heterotrophic COD removal (such as
Bacillus sp. and Pseudomonas sp.). Species with wider niche breadth
are generalists because of the wide range of nutritional resources
they can use [56]. After analysis, microalgae achieved the
maximum niche breadth of 5.21 among these predominant bacte-
rial species (Fig. 5c and the last yellow point in Fig. S7), further
confirming that the microbial community niche response to tem-
perature variation was predominated by microalgae. Additionally,
niche overlap can describe function and resource competition
among microbial species [10]. The average niche overlap in this
biological system was 0.38 (dashed red line in Fig. 5d), illustrating
reasonable reciprocity between eukaryotic microalgae and pro-
karyotic bacteria in terms of nutrient removal. The lower niche
overlap sufficiently explained the lower a-diversity mentioned
above (Table S1). The involvement of microalgae could trigger a
deterministic distribution of the microbial community, making it
suitable for advanced treatment. Assuring the predominance of the
microalgal ecological niche could be the prerequisite to achieving
preferable wastewater treatment efficiency when artificially con-
structing the MBC.

Additionally, the bacteria responsible for heterotrophic nitrogen
removal under aerobic conditions, such as B. intermedia (the 7th
point with a value of 0.13 in Fig. 5d) and Burkholderiales multivorans
(the 9th point with a value of 0.22 in Fig. 5d), were below the
average value of niche overlap. Accordingly, two exclusively char-
acteristic phenomena appeared in the bacterial community during
nitrogenmetabolism. First, the abundance of most genes associated
with nitrogen metabolism increased at medium temperature and
declined at low temperature, indicating that microalgae play an
, Co-occurrence patterns of core bacterial taxa elicited by network analysis. Nodes are
a network diagram. d, Profiles of niche overlap for predominant species compared with
nt temperatures.



Fig. 6. a, Biomass, cellular composition, and energy yield at medium temperature. b, Metabolic profiling of microalgal energy-storage compounds at medium temperature. c,
Microalgal lipid production at different temperatures. *P < 0.05, **P < 0.01, and ***P < 0.001.
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effective role in nitrogen removal at low temperature (Fig. 5e and
Table S4). Second, the genes encoding nitrogen metabolism were
detected with a disproportionate distribution.

For instance, the abundances of common genes associated with
ammonia oxidation (amoA-C and hao) were the lowest (Fig. 5e),
possibly because of the deficiency in the common autotrophic ni-
trifying bacteria (such as Nitrosomonas sp. andNitrosospira sp.) [57].
However, the genes associated with nitrogen assimilation and
organic metabolism (hcp and glnA for ammonia assimilation; gluD,
gdhA, gudB and ureA-C for cellular organic nitrogen synthesis) and
genes related to heterotrophic denitrification (nirK and norB) were
most abundant (Fig. 5e), indicating nitrogen may be mainly
removed through heterotrophic bacterial assimilation and deni-
trification [2].

3.3. Profiles of microalgal lipid and resource reclamation

Carbon sequestration and biomass bioenergy production are
vital to achieving carbon neutrality [9]. In this study, the maximum
energy yield was 87.4 kJ L�1 at medium temperature on day 6
(Fig. 6a), which was 1.5- and 2.0-fold higher than that obtained at
low and high temperatures, respectively (Fig. S8). An obvious shift
of starch to lipid was observed, resulting in a 2.8-fold increase of
lipid content from day 2e4 (blue block to red block in Fig. 6a). This
could be verified from the corresponding metabolic profiling. At
early stages, the metabolites associated with starch synthesis, such
as guanosine diphosphate glucose (GDP-glucose), glucose-6-
phosphate (G6P), fructose-6-phosphate (F6P), glucose-1-
phosphate (G1P), and uridine-diphosphoglucose (UDP-glucose)
were increased (Fig. 6b), indicating favorable carbon fixation
(Fig. 3c). After that, primary metabolites correlated to lipid
8

biosynthesis such as phosphoenolpyruvate (PEP), pyruvic acid,
glyceric acid, and acetyl coenzyme A (acetyl-CoA) increased until
the end of the experiment (Fig. 6b). The most favorable biomass of
3.6 g L�1 was achieved at medium temperature, contributing to a
maximum lipid production of 1.9 g L�1 on day 6 (Fig. 6c).

Microalgal biofuel could be an important renewable fuel for
carbon-neutral energy systems [58]. The lipid production in this
experiment at low temperature was 1.3-fold higher than that at
high temperature, further confirming that this biological system is
suitable for the advanced treatment of wastewater at low temper-
ature (Fig. 6c). Additionally, the calculations of fatty acid compo-
sition to determine biodiesel quality, such as kinematic viscosity
and cetane number, were in accordance with the requirements of
European and United States standards (Fig. S9 and Table S5). This
demonstrates that advanced treatment and resource reclamation
could be achieved using a microalgae-bacteria niche wastewater
treatment.

4. Conclusion

This study comprehensively demonstrated that an appropriate
microalgae-bacteria niche treatment could result in flexible sce-
narios with similar biological functions through the enrichment of
different dominant species in response to temperature variation. To
our knowledge, this is the first study to corroborate the establish-
ment of a bacterial community associated with microalgae by
deterministic processes rather than stochastic processes. The niche
breadth and niche overlap of microalgae in the microalgae-bacteria
wastewater treatment were 5.21 and 0.38, respectively. At low
temperature, microalgae contributed more to wastewater treat-
ment to compensate for the cold stress experienced by the bacteria.
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Moreover, heterotrophic bacteria capable of nitrogen removal were
enriched with microalgae at medium and high temperatures.
Pathogenic bacteria could be eliminated by microalgae photosyn-
thesis. A satisfactory energy yield (87.4 kJ L�1) and lipid production
(1.9 g L�1) were achieved at medium temperature, indicating both
advanced wastewater treatment and resource reclamation could be
achieved using this method.
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