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Integrated assessment of the elimination of
particle-associated fecal indicators in algal-
bacterial granule photobioreactors+

Waleed M. M. El-Sayed, @2 Tengge Zhang, ©°
Matthew E. Verbyla® and Meng Wang*?®

Two photo-sequencing batch reactors (PSBR) fed with real wastewater were evaluated to understand the
elimination and particle association of fecal indicator bacteria (FIB) and coliphages. The average logiq
removal of E. coli and Enterococcus spp. were 3.2 and 2.9, respectively, for the PSBR with a low airflow
rate of 0.2 LPM (PSBR-L), and 2.8 and 2.7, respectively, for the PSBR with a high airflow rate of 0.5 LPM
(PSBR-H). The average log;o removals of F-specific and somatic coliphages were 2.9 and 3.2, respectively,
for the PSBR-L reactor, and 2.5 and 3.1, respectively, for the PSBR-H reactor. FIB had a maximum
association on the 20-0.45 pum particles (46.1-63.3%), while the coliphages had the highest association on
the 0.45-0.03 um particles (44.7-51.2%). The dynamic adaptations in the microbial community structure
(16S rRNA gene) were also investigated during the operation period. Genera involved in nutrient removal,
such as Thauer spp., and Nitrospira spp., were detected across samples. The outcomes reveal the efficiency
of photobioreactors in removing pathogen indicators from real wastewater.

The contamination of water sources with fecal indicators is a significant public health concern, as these organisms indicate the presence of pathogens in
water. Algal-bacterial systems offer a sustainable approach for removing fecal indicator bacteria (FIB) and coliphages from wastewater. This study

investigates the particle association patterns of these indicators and identifies nutrient-removing bacteria, such as Thauer spp. and Nitrospira spp., that
enhance the ecological benefits of this technology. The research contributes to sustainable water treatment solutions and aligns with the global objective of

improving water quality through innovative photobioreactor technology. We anticipate that our findings, published in Environmental Science: Water Research

& Technology, will inspire further research and practical applications in sustainable water treatment.

1. Introduction

Algal-bacterial granular systems have shown promise as an
innovative approach for biological wastewater treatment.
The synergistic effects of algae and bacteria in these systems
can improve the treatment processes by enhancing the
settleability of the granules and removing contaminants such
as nitrogen, chemical oxygen demand (COD), heavy metals,
and pathogens from wastewater.” Through promoting algal-
bacterial aggregation and forming dense granules, biomass
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can be separated from treated water via sedimentation.>*
Despite the effectiveness of this approach in terms of
contaminant removal efficiency, the efficiency of algal-
bacterial granules in pathogen removal has yet to be fully
explored.

The World Health Organization (WHO) guidelines
recognize the critical impact that pathogenic microorganisms
have in the transmission of disease via water resources and
agricultural reuse. Enterococcus spp. and Escherichia coli are
commonly used as indicators of fecal contamination in water
resources, as well as in agricultural and aquaculture water
reuse.” However, they may not be adequate indicators of the
presence of enteric viruses, which are more tolerant to
treatment processes than bacteria.® Coliphages, specifically
somatic and F-specific coliphages, have been suggested as
appropriate indicators of the microbiological quality of
treated wastewater.® Somatic coliphages are a diverse group
of bacteriophages that can infect E. coli and other coliform
bacteria, making them the most abundant group of indicator

This journal is © The Royal Society of Chemistry 2025
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bacteriophages in environmental samples.” F-specific
coliphages, on the other hand, can infect E. coli and other
coliform bacteria through the transferable F-plasmid, which
is encoded in the sexual pili and can be transferred to enteric
bacteria via conjugation.® These coliphages are considered to
be more suitable indicators of fecal pollution in bodies of
water and may provide a more accurate and reliable means
of evaluating the safety of water resources for reuse in
agriculture and aquaculture.’

Previous studies have focused on the growth of microalgae
in photobioreactors and biofilm reactors for disinfection
purposes, but little is known about the removal of coliphages
in these systems.'®'! Most studies of wastewater pathogens
only consider the concentrations of pathogens in the fluid,
and thus underestimate the levels of pathogens in the
biomass, which can be highly contaminated.'> Wastewater
treatment processes generate biomass that is often reused for
land application.”®'* However, there is a knowledge gap
regarding the particle association behavior of potential
pathogens. Although several studies have characterized
particles in wastewater, the nature of the associations
between pathogens and particles remains unclear.">'® In
particular, little is known about the particle association with
algal-bacterial granules, whose compact structure and
biofilm layers provide an ideal environment for pathogens to
attach and become part of the ecosystem. Elucidating the
partitioning of pathogens is essential to facilitate system
optimization to improve the efficiency, stability, and
effectiveness of pathogen removal in granular reactors.

In this study, two photobioreactors with different airflow
rates were operated to facilitate the formation of algal-
bacterial granules for wastewater treatment. The specific
objectives of this research are (1) to assess the impact of
different airflow rates on the removal of fecal indicator
bacteria (E. coli and Enterococcus spp.) and coliphages; (2) to
understand the association of these microbial indicators with
particles of various sizes; (3) to reveal the relationship
between airflow rates, reactive oxygen species (ROS)
generation and indicator bacteria and coliphage removal in
wastewater treatment photobioreactors; and (4) to elucidate
the impact of airflow rates on the migration of the microbial
community compositions.

2. Materials and methods
2.1. Reactor operation and sample collection

The design and operation of the algal-bacterial granular
photobioreactors was detailed by Zhang et al.'” Briefly, two
laboratory-scale photo-sequencing batch reactors (PSBRs)
with a 2.5 L working volume were operated at room
temperature (25 + 2 °C). The airflow rates for PSBR-L and
PSBR-H were set at 0.2 L min' and 0.5 L min},
respectively. The PSBRs were fed with real wastewater
collected from the Penn State Water Reclamation Facility
(WRF) every week and stored in a refrigerator at 4 °C for
further feed. The NH," concentrations of the influent were
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measured using an ion chromatography (IC) system
(DIONEX AQUINO, Thermo Scientific). The COD was
determined using Orbeco-Hellige mid-range (0-1500 mg L™)
COD kits following standard method 5200B, while the total
suspended solids (TSS) and volatile suspended solids (VSS)
were measured according to standard methods.'® The
influent wastewater had average TSS and VSS concentrations
of 59.5 + 34.5 mg L', and 39.4 + 15.1 mg L', respectively.
The average COD and NH,'-N concentrations were 155.6 +
48.8 mg L™ and 52.4 + 18.2 mg L', respectively. Three
stages of operations (set-up stage, stage 1, and stage 2) were
implemented with varying light phases and feeding
conditions. FIB and viruses were monitored during stage 2
(day 75-day 198), when the reactors achieved complete
denitrification. Influent and effluent samples were collected
weekly for FIB and virus analysis. 18 samples were collected
for FIB analysis and 9 for virus analysis. All samples were
stored at 4 °C and analyzed within 24 hours of collection.
Each measurement was conducted in triplicate.

2.2. Quantification of fecal indicator bacteria and coliphages

The quantification of E. coli and Enterococcus spp. was
conducted using membrane filtration based on
Environmental Protection Agency (EPA) Methods 1103.1 and
1600, respectively. Coliphages were evaluated using a double
agar plaque assay based on the protocols described in
Standard Methods 9224B and 9224C. The host bacteria E. coli
Famp (ATCC#700891) and E. coli CN13 (ATCC#700609) were
used for F-specific and somatic coliphages, respectively. The
details of the quantification of FIB and coliphages are
provided in the ESLf

The log,, removal of the four indicator groups was
calculated from the difference between their concentrations in
the wastewater influent and the effluent according to eqn (1).

N-liq
Co liq.i> )
Mean of log,, removal values = — lo == 1
810 N; ( 810 (Ce‘liq,i (1)

where C, iq is the pathogen concentration in the influent, C. iq
is the pathogen concentration in the effluent, and N-liq is the
number of samples (number of influent samples = number of
effluent samples). Statistical comparisons were performed
using paired t-tests to compare the log;, removal rates between
both PSBRs. The standard deviations of the log,,-transformed
concentrations and log;, removal values were calculated based
on paired samples collected simultaneously from both
reactors."’

2.3. Particle association and size fraction of the fecal
indicator bacteria and coliphages in the photobioreactor

Samples collected from PSBRs were filtered via cascade
filtration for the particle association study (Fig. S1t).>%?!
Briefly, 10 mL of each sample was sequentially filtered
through 180 um and 20 pm nylon net filters (Millipore) and
0.45 pm and 0.03 pum polyethersulfone membrane filters
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(Sterlitech). The qualified influence of each size portion was
obtained by dividing the FIB and coliphage concentrations
on each filter by the totality of the concentrations on all the
filters for that sample.

2.4. Detection of reactive oxygen species

The presence of ROS was detected using the K936-100-250
ROS detection assay kit (BioVision) according to the
manufacturer's protocol. The method is briefly described in
the supplementary material, and the results using
fluorescence microscopy are illustrated in Fig. S2 and S3.f
Additionally, the quantification of the ROS “superoxide” was
determined by adding 0.5 mL of acetonitrile to a cuvette
containing a wastewater sample. The mixture's absorbance
was determined using a UV spectrophotometer at a
wavelength of 255 nm. The molar concentration of superoxide
was determined using Beer's law*” according to eqn (2):

A
0:5 (2)

where A is absorbance (no units), ¢ is the molar absorptivity
with extinction coefficient units (L mol™ em™), b is the path
length of the sample expressed in cm and C is the
concentration of superoxide in solution, expressed in mol L.

2.5. Impact of wastewater on reactive oxygen species
production

Batch experiments of ROS production by algal-bacterial
consortia in real and synthetic wastewater systems were set
up to evaluate the kinetics of ROS production. Algal-bacterial
consortia collected from a stock culture (originally obtained
from the settling tank of the Penn State WRF and grown in
BG11 medium for over a year), which was also the inoculum
for the PSBRs, were inoculated in real wastewater and
synthetic wastewater under light with an intensity of 200 + 15
umol m™> s~ and dark conditions on a shaking table at 120
rpm for 48 h. The synthetic wastewater composition is
detailed in the ESL} Superoxide was monitored as an
indicator of ROS levels, and the data was collected in
triplicate. The kinetics of the ROS production were evaluated
using a first-order reaction model (eqn (3)) and the Gompertz
model (eqn (4)) implemented by Matlab (R2023b).

[A] = a - be ™" (3)

[A] = Aexp(—exp(B - kyt)) (4)

where [A] is the concentration of superoxide, a, b, A, and B
are constants in the equations, and k; and k, are the
production rate coefficients (h™) for the two equations,

respectively.

2.6. Microbial community analysis

Biomass samples from both bioreactors, and influent and
effluent samples were collected on day 189 for 16S rRNA
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analysis. The method for DNA extraction and sequencing is
described in the ESL{ Alpha diversity indices, including
Alpha Shannon, Simpson, Chaol, and ACE, were used to
estimate within-species diversity.”> The “Venn diagram”
package was used to visualize the relationships among
distinct samples of the microbial community at the genus
level (Chen and Boutros, 2011). The Silva 138.1 database was
used as a reference database for taxonomic classification. All
sequence data was submitted to the Sequence Read Archive
(SRA) database at the NCBI under the accession number
PRJNA1100726.

2.7. Data analysis

The obtained data were compared via ¢-test using Microsoft
Office Excel 2019, or one-way analysis of variance (ANOVA) at
an alpha statistical significance level of 0.05 using Minitab
statistical software. Using SPSS 26.0, the correlation
coefficient between ROS production and pathogen indicators
in mixed liquor samples was checked using Spearman's rank
correlation coefficient (r > 0.5, p < 0.05).

3. Result and discussion

3.1. Removal of fecal indicator bacteria and coliphages in the
PSBRs

The effects of airflow rates on photobioreactor performance
and microbial communities were reported in Zhang et al.'’
In summary, higher air flow rates enhanced the nitrification
rate and promoted the formation of compact, stable granules
by increasing shear forces within the reactor. A nitrification
rate of 4.3 mg N L' h™" was achieved for PSBR-H (0.5 LPM),
which was associated with an increase in the relative
abundance of Nitrospira spp. and a decrease in the relative
abundances of cyanobacteria and Chlorella spp. The average
particle sizes for PSBR-L and PSBR-H were 0.29 + 0.07 mm
and 0.25 + 0.1 mm, respectively. However, no significant
differences were observed (p > 0.05).

The coliphage and FIB concentrations in the raw
wastewater  (influent) remained constant over the
experimental period (day 75-day 198) (Table 1). In the
influent, E. coli had the highest average concentration,
followed by Enterococcus spp. and then F-specific and somatic
coliphages (Table 1). The concentrations of coliphages in raw
wastewater have been observed to be in the range of 1.00 x
10* to 1.00 x 10° PFU per 100 mL.>***® The concentration of
E. coli and Enterococcus spp. in raw wastewater ranges from
1.00 x 10 to 1.00 x 10° CFU per 100 mL,"*?*”*® depending on
the evaluation method, geographic location, population, and
wastewater characteristics.

The mean concentrations of the FIB and coliphages in the
effluent of PSBR-L were slightly lower than those in the effluent
of PSBR-H and exhibited a statistically significant difference,
with p-values of 8.72 x 107, 5.07 x 107>, 4.49 x 10™%, and 6.11 x
10™® for E. coli, Enterococcus spp., F-specific and somatic
coliphages, respectively. The PSBR-L had a higher
concentration of chlorophyll and more diverse algae

This journal is © The Royal Society of Chemistry 2025
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Table 1 Microbial concentrations and log;o removal throughout the distinct stages of the wastewater treatment system
Microbial concentrations CFU/100 ml or
PFU/100 ml logro
Stage Pathogen indicator Mean Maximum Minimum removal N
Influent (raw wastewater) Escherichia coli 5.10 x 107 4.61 x 10° 8.10 x 10° — 18
Enterococcus spp. 1.36 x 107 3.63 x 107 2.75 x 10° — 18
F-specific coliphages 1.11 x 107 2.06 x 107 4.35 x 10° — 9
Somatic coliphages 1.05 x 107 1.82 x 107 5.56 x 10° — 9
Effluent PSBR-L Escherichia coli 9.46 x 10* 5.50 x 10° 2.50 x 10? 3.2 +0.39 18
Enterococcus spp. 9.62 x 10* 5.20 x 10° 1.00 x 10° 2.9+ 0.19 18
F-specific coliphages 2.01 x 10* 1.05 x 10° 3.67 x 10° 2.9+ 0.19 9
Somatic coliphages 4.8 x10° 9.50 x 10° 2.00 x 10° 3.4 +0.07 9
Effluent PSBR-H Escherichia coli 1.82 x 10° 1.65 x 10° 6.67 x 10° 2.8 +0.36 18
Enterococcus spp. 1.08 x 10° 5.05 x 10° 1.50 x 10° 2.7 +0.21 18
F-specific coliphages 4.64 x 10" 2.53 x 10° 9.00 x 10° 2.5 +0.15 9
Somatic coliphages 7.28 x 10° 1.15 x 10* 1.00 x 10° 3.2 +0.05 9

N = number of measurements. Means reported are the geometric means of the concentrations (mean + SD).

composition,'” which may contribute to the removal of FIB and
viruses. E. coli and Enterococcus spp. removal may be impacted
by the secondary metabolites generated by algae, including
fatty acids, peptides, polysaccharides, and alkaloids.>® Based
on 18S amplicon sequencing analysis,"” two species found in
the PSBR, Scenedesmus spp. and Chlorella spp., are well-known
to have robust antibacterial activity against both Gram-
negative and Gram-positive bacteria.>® The relative abundance
of Chlorella spp. ranged from 8-12% for PSBR-L and 1-6% for
PSBR-H,*” while the relative abundance of Desmodesmus spp.
was 32% and 74% for PSBR-L and PSBR-H, respectively.'” The
air flow rate significantly affects the relative abundance of the
dominant microalgae species (Chlorella spp. and Desmodesmus
spp.). Increased aeration enhances oxygen availability and
influences microbe-algae interactions, which are essential for
nutrient cycling and pathogen removal. The bactericidal
activity of Chlorella spp. and Desmodesmus spp. can be
attributed to their production of reactive oxygen species and
organic compounds, which contribute to the overall pathogen
removal efficiency of the photobioreactor system.

Algae in aquatic environments have been reported to trap
fine particles, which might include pathogenic bacteria (Fig.
S4t). Filamentous algae might produce exopolysaccharides,
which facilitate the adhesion of microbes to the algal filaments.
This process is considered to be one of the potentially
significant mechanisms for pathogen removal from wastewater
in PSBR. Additionally, filamentous algae have been observed to
harbor enteric bacteria, suggesting that these bacteria can
survive for extended periods, sustained by algal exudates and
shielded from UV radiation.*”

The log;, removals of F-specific and somatic coliphages in
PSBR-L were higher than that those in PSBR-H. There was a
significant difference between the log;, removal of E. coli,
F-specific and somatic coliphages between the two PSBRs,
with p-values of 8.65 x 107, 1.17 x 107, 8.80 x 107,
respectively. However, there was no significant difference in
Enterococcus spp. removal between the two PSBRs (p-value =
5.98 x 1072).

This journal is © The Royal Society of Chemistry 2025

One of the potential removal mechanisms of indicators in
the PSBRs is biological predation by protozoa organisms. 18S
rRNA sequencing analysis illustrated an increase in the
abundance of parasites such as rotifers and ciliated taxa
during the operation of these algal-bacterial granular
PSBRs."” Predation might affect coliphages and FIB, and a
further biological removal mechanism might occur for FIB,
namely, cell lysis due to the use of E. coli or Enterococcus spp.
as potential hosts for bacteriophage replication.**

Previous studies have demonstrated the efficacy of algae-
based and other wastewater treatment systems for pathogenic
indicator removal (Table 2). For example, Espinosa et al.,**
used high-rate algal ponds (HRAPs) for the post-treatment of
an up-flow anaerobic sludge blanket reactor (UASB) effluent
and achieved 4.06log;, removal of E. coli, which is higher
than that in the current study. However, the present study
achieved higher log;, removals of FIB and coliphages
compared to other HRAP studies.***> The higher FIB and
coliphage log;, removal units in the present study could be
attributed to the better-controlled environmental conditions,
which allowed for optimal growth and activity of the algal-
bacterial consortia.*® Furthermore, the granular structure in
the PSBRs facilitated the formation of biofilms, which
effectively absorbed and removed pathogens from the
wastewater. The high surface-area-to-volume ratio of the
granules provided ample opportunities for adsorption and
subsequent inactivation or removal of FIB and coliphages.
Additionally, the variations in influent strength, with the
possibility of a lower strength in the present study compared to
other field studies, may have influenced the observed results.

We also compared the FIB and coliphage removal of the
PSBRs with those of other biological wastewater treatment
systems (Table 2). The PSBRs in the current study
demonstrated competitive performance in pathogen removal,
particularly for coliphages. For F-specific coliphages, PSBR-L
achieved a 2.9log;, removal, while PSBR-H achieved a 2.5
log;o removal, both of which exceeded the membrane
bioreactor (MBR) system rate of 1.7log;o.>* For somatic

Environ. Sci.: Water Res. Technol., 2025, 11, 994-1006 | 997
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Table 2 Comparison of pathogen removal efficiency in effluents of different wastewater treatment systems, (* mean + SD)
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Pathogen Influent conc. log;, logio
Indicator Treatment system Size/scale Source of wastewater pathogen 100 mL™*" removal Ref.
E. coli UASB Pilot-scale (343 L) Domestic sewage 7.84+1.1 1.09 32
HRAP Two HRAPs, each 205 L Effluent from UASB 4.69 + 0.63 4.06 32
HRAP Two HRAPs, each 860 L Domestic wastewater 6.7 £ 0.42 1.77 33
HRAP Loop raceway 30 m length  Septic tank treated 6.35 + 0.37 1.75 34
and 2.5 m width effluent
HRAP Loop raceway 30 m length  Facultative pond treated  3.71 + 0.53 2.75 34
and 2.5 m width effluent
Horizontal flow constructed ~ 470-1800 m> Decentralized wastewater  7.45 + 0.21 2.70 37
wetlands (HFCW)
Vertical flow constructed 16-90 m> Decentralized wastewater 5.8 + 0.7 3.35 37
wetlands (VFCW)
Biological sand filters (BSF) 26 m” Decentralized wastewater 5.7 + 0.28 4.12 37
Biofilters (BF) 50 m* Decentralized wastewater ~ 5.75 + 0.49 4.06 37
CAS Full-scale Pre-treated effluent 6.85 + 0.44 2.3 24
(domestic wastewater)
Membrane bioreactor (MBR) Full-scale Pre-treated effluent 6.85 + 0.44 6.8 24
(domestic wastewater)
CAS 27 m? Domestic wastewater — 3.2 38
PSBR-L Lab-scale 2.5 L Domestic wastewater 7.41 + 0.33 3.2 Current
study
PSBR-H Lab-scale 2.5 L Domestic wastewater 7.41 +0.33 2.8 Current
study
Enterococcus HFCW 470-1800 m” Decentralized wastewater 6.0 + 0.28 2.3 37
spp- VFCW 16-90 m> Decentralized wastewater  5.23 + 1.44 2.41 37
BSF 26 m? Decentralized wastewater 4.9 + 0.98 2.91 37
BF 50 m?* Decentralized wastewater 5.4 + 0.28 3.16 37
CAS Full-scale Pre-treated effluent 5.90 + 0.22 1.4 24
(domestic wastewater)
MBR Full-scale Pre-treated effluent 5.90 + 0.22 5.8 24
(domestic wastewater)
CAS 27 m? Domestic wastewater — 3.2 38
PSBR-L Lab-scale 2.5 L Domestic wastewater 7.03 £ 0.23 2.9 Current
study
PSBR-H Lab-scale 2.5 L Domestic wastewater 7.03 £ 0.23 2.7 Current
study
F-specific UASB Pilot-scale (343 L) Raw sewage 5.21 + 0.39 0.56 32
coliphages HRAP Two HRAPs, each 205 L Effluent from UASB 4.87 £ 0.59 1.70 32
HRAP1 Loop raceway 30 m length  Septic tank treated 3.88+ 0.5 0.07 35
and 2.5 m width effluent
HRAP2 Loop raceway 30 m length  Effluent from HRAP2 2.43 +1.06 0.24 35
and 2.5 m width
CAS Full-scale Pre-treated effluent 5.94 + 0.43 3.1 24
(domestic wastewater)
MBR Full-scale Pre-treated effluent 5.94 + 0.43 1.7 24
(domestic wastewater)
CAS 27 m? Domestic wastewater — 3.5 38
PSBR-L Lab-scale 2.5 L Domestic wastewater 6.74 + 0.27 2.9 Current
study
PSBR-H Lab-scale 2.5 L Domestic wastewater 6.74 £ 0.27 2.5 Current
study
Somatic UASB Pilot-scale (343 L) Raw sewage 5.67 + 0.53 0.40 32
coliphages HRAP Two HRAPs, each 205 L Effluent from UASB 5.28 + 0.53 1.15 32
CAS Full-scale Pre-treated effluent 6.02 + 0.41 2.7 24
(domestic wastewater)
MBR Full-scale Pre-treated effluent 6.02 + 0.41 2.7 24
(domestic wastewater)
PSBR-L Lab-scale 2.5 L Domestic wastewater 6.16 + 0.36 3.2 Current
study
PSBR-H Lab-scale 2.5 L Domestic wastewater 6.16 + 0.36 3.1 Current
study
coliphages, PSBR-L achieved a 3.2log;, removal, and PSBR-H  which demonstrated a 2.7log;, removal.>® The MBRs

achieved a 3.1log;, removal, which were comparable to those
of the conventional activated sludge (CAS) and MBR systems,
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achieved even higher removal efficiencies for E. coli and

Enterococcus spp.>*?®

The performance of the MBRs can be
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attributed to the physical separation provided by the
membrane filtration system, which effectively removes
pathogens and other contaminants through size exclusion
and adsorption onto the membrane surface. Moreover,
MBRs operate with an extended solid retention time
(SRT), allowing for the development of a more diverse and
abundant microbial community capable of effectively
degrading organic matter and inactivating pathogens.
Although PSBRs may not achieve the same level of
bacterial removal as MBRs, they perform competitively and
frequently more effectively than many other systems,
particularly in coliphage removal. This suggests that PSBRs
could be advantageous in situations in which the costs or

operational complexities of MBRs are prohibitive,
particularly when viral pathogen removal is a major
concern.

3.2. Particle association of fecal indicator bacteria and
coliphages

E. coli and Enterococcus spp. demonstrated the highest
association with the particles in the size fraction 20-0.45
pum (46% and 57% for PSBR-L and 49% and 63% for
PSBR-H), followed by the 180-20 um, >180 pum, and 0.45-
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0.03 um size fractions (Fig. 1). Prior study showed that 95%
of FIB were attached to particles in the 30-0.45 um size
range, while less than 5% were retained on filters with
particles >30 pum.*° Similarly, a study by Walters et al*’
illustrated that 91% of E. coli and 83% of Enterococcus spp.
were associated with particle sizes <12 pm in the water
column. There were no significant differences in the
concentrations of E. coli and Enterococcus spp. among the
180-20 pm, >180 um, and 0.45-0.03 pum particle size
fractions for either reactor (p-value > 0.05).

F-specific and somatic coliphages exhibited the highest
concentrations on the 0.45-0.03 um size fraction (48% and
51% for PSBR-L, and 47% and 44% for PSBR-H) compared to
the particles retained on the other three filters. For both
reactors, F-specific and somatic coliphages demonstrated a
significant difference between the 20-0.45 pm and 180-20
um size fractions. The current study highlights that most FIB
were retained on filters with a 0.45 um pore size, while
coliphages were mainly retained on filters with pore sizes as
small as 0.03 um. Coliphages are smaller than bacteria and
can pass through the pores of a 0.45 pm membrane unless
they adsorb to the membrane or are associated with larger
particles. Additionally, FIB and coliphages were not detected
in the filtrate of the 0.03 um membrane (<0.03 pm).

100

§>180 pm B2180-20 pm
90 £20-0.45 pm H0.45-0.03 pm

Pathogen associated with various =
particle sizes (%)

PSBR-H

Enterococcus spp.

100

§>180 pm B180-20 pm
90 20-0.45 pm 80.45-0.03 pm
80
70

Pathogen associated with various =)
particle sizes (%)

PSBR-L

PSBR-H

Somatic coliphage

Fig. 1 Particle association of (A) Escherichia coli, (B) Enterococcus spp., (C) F-specific coliphages and (D) somatic coliphages. Pathogen indicators

were not detected in the filtrate of the 0.03 um membrane.

This journal is © The Royal Society of Chemistry 2025
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The association of bacterial cells with particles protects
the cells from environmental stressors and provides them
with organic matter and/or nutrients, enabling their survival
and growth.”’ As Chahal et al'® demonstrated, larger
particles settle due to gravity. The larger size of E. coli and
Enterococcus spp. (0.5-5 pm) explains their retention on the
0.45 pum membrane.

On the other hand, coliphages, whose sizes range
between 24-200 nm, are considerably smaller than bacteria
and are typically associated with much smaller
particles."®** The association of coliphages with particles is
influenced by environmental factors, such as the pH, which
affects the isoelectric point of their capsids. The significant
portion (44-51%) of the viruses retained on membrane
filters with a pore size of 0.03 um indicated that the virus
could remain in the liquid effluent after treatment,
suggesting that their functional hydrodynamic diameter
would be larger than that of the free coliphage particles.*
The functional hydrodynamic diameter phenomenon,
known as apparent size, refers to the size of particles in
fluid dispersions, which can differ from their individual
size when they are associated with other materials and
aggregates.”> Bacteria may be drawn toward nutrients
released from the surfaces of various particles, leading
them to migrate, attach, and ultimately colonize the
surfaces of those particles.'®

The absence of a difference in the 0.45-0.03 um fraction
between the two PSBRs, as shown in Fig. 1C, can be
attributed to the similar operating conditions. Both reactors
were exposed to comparable environmental parameters,
such as temperature, light intensity, and nutrient
availability. Although the differing aeration flow rates of
PSBR-L and PSBR-H induced different dynamics in their
microbial communities, no significant differences in the
size or the settling ability of the granules of the two reactors
were observed. The average particle sizes of PSBR-L and
PSBR-H were 0.29 (SD = 0.07) mm and 0.25 (SD = 0.1) mm,
respectively.'”” Although the average particle size of PSBR-L
was higher than that of PSBR-H, no significant differences
were observed over long-term operation (P > 0.05). The size
distribution indicated that over 80% of the particles in
PSBR-L and PSBR-H were within the 0.1-0.5 mm range
during long-term operation. These observations highlight
the complex interactions between the operational
parameters and granule morphology in PSBRs. 45.6% and
35.9% of the granules had a diameter of over 0.2 mm in
PSBR-L and PSBR-H, respectively, while these granules
contributed less than 20% of the FIB and coliphage
indicator removal in both reactors. This signals that the
flocs with smaller sizes (<0.2 mm) may have exhibited
higher microbial adsorption capacity, which can be
attributed to their higher specific surface area (m> m™).
This increased surface area enhances the mass transfer rate
of substrates and promotes
adsorption capacity, contributing
removal of FIB and coliphages.

more effective microbial
significantly to the
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3.3. Superoxide production in PSBRs

The superoxide anion production was monitored from Day
130 to the end of the experiment. The average
concentrations of superoxide in PSBR-L and PSBR-H were
0.179 (SD = 0.024) mmol L™ and 0.206 (SD = 0.011) mmol
L™", respectively, which were nearly six times higher than
those in the influent. The elevated aeration in PSBR-H
resulted its having significantly higher ROS concentrations
than PSBR-L. The increased airflow rate in PSBR-H
enhanced the dissolved oxygen levels, stimulating metabolic
activity and leading to increased production of ROS, such
as superoxide and hydrogen peroxide.*»**> The superoxide
concentrations varied with the operation time, from 0.110
to 0.213 mmol L' and 0.194 to 0.225 mmol L' for PSBR-L
and PSBR-H, respectively. Ugya et al.*® reported superoxide
production values of 0.261 (SD = 0.039) and 0.251 (SD =
0.148) mmol L™ in Chlorella vulgaris and Aphanizomenon
flos-aquae dominated biofilms, which are comparable to the
high superoxide accumulation observed for PSBR-L and
PSBR-H in the current study. The significant variation
observed during treatment could be attributed to the
complex microbial community, which stimulated superoxide
generation through synergistic relationships between the
algal-bacterial granules and endogenous microorganisms in
real wastewater."’

The FIB and coliphage concentrations showed relatively
weak positive relationships with the ROS production in the
reactors (Table S2t). Although no statistically significant
correlations were found, these investigations contribute to
our understanding of the complex interactions within the
treatment process. The complex microbial ecologies lead to
intricate interactions influencing reactive oxygen species
production and pathogen indicators. While ROS can
damage lipids, proteins, and DNA, leading to cell death,
there is no direct evidence yet of their selectivity towards
certain microorganisms over others. Previous studies
revealed that algal-bacterial granules serve as inducible
defenses against pathogens treatment
systems via ROS.*®

Recent research shows that microalgae in wastewater
produce antibacterial ROS under stresses such as nutrient
deprivation.”® Moreover, ROS could suppress the growth of
pathogens retained in the granules through oxidative
damage. The treatment process may involve mechanisms that
consume ROS or result in ROS-independent inactivation of
pathogens.’® Further investigations are needed to understand
the specific mechanisms governing ROS dynamics and their
impact on pathogen inactivation.

in wastewater

3.4. Impact of light conditions and exposure to wastewater
on ROS production in algal-bacterial consortia

Time-phased experiments were set up in real wastewater
and synthetic wastewater for 48 h to examine the kinetics of
ROS production. The initial algal-bacterial biomass
concentration was standardized to ensure consistency

This journal is © The Royal Society of Chemistry 2025
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between experiments, with an inoculum concentration of
1.2 x 107 cells per mL, while the mixed liquor suspended
solids concentrations were 780 + 53 mg L. The superoxide
concentrations produced in real wastewater at 48 h were
0.159 (SD = 0.012) mmol L™" and 0.124 (SD = 0.014) mmol L™*
under light and dark conditions, respectively. The ROS
concentrations in synthetic wastewater were 0.067 (SD =
0.007) mmol L™ and 0.026 (SD = 0.003) mmol L under
light and dark conditions, respectively (Fig. 2).

Both the first-order model and the Gompertz model fit the
experimental data for ROS production in synthetic
wastewater well (Fig. 3), with R* values of 0.98. However, in
real wastewater, the Gompertz model demonstrated a better
fit to the experimental data than the first-order reaction
model (Fig. 3 and Table 3), with R* values of 0.97 and 0.90,
respectively. The reaction rate coefficients for real wastewater
obtained from both models were higher than those for
synthetic wastewater (Table 3), indicating that the complex
substrates in real wastewater promoted superoxide
production.

Significant amounts of ROS were produced under light
conditions. Light-induced ROS production in algal-bacterial
consortia is mainly due to algae photosynthesis. In a
photobioreactor, light-induced ROS from algae occurs via
generation of electrons during photosynthesis, forming
superoxide radicals in the thylakoid membrane.”
Simultaneously, oxygen is produced as a byproduct when
water molecules split. Several studies have shown that
exposure to light, especially high-intensity visible light and
ultraviolet radiation, can trigger oxidative stress and ROS
accumulation in photosynthetic organisms, including
microalgae and cyanobacteria.>?

Exposure to real wastewater induced significantly higher
ROS production under both light and dark conditions (Fig. 2
and 3). Algae and bacteria have mechanisms, including
enzymes like superoxide dismutase and catalase, to detoxify
ROS and protect cells.**** These insights highlight how the
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raw wastewater during the stage 2 experimental period of reactor
operation.
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wastewater composition profoundly impacts algal-bacterial
oxidative stress and ROS responses.’>”°

3.5. Microbial community analysis

3.5.1. Diversity of microbial communities. The microbial
community in the photobioreactors demonstrated changes in
composition across different treatment stages while
maintaining some genera constituents. There was a
substantial overlap in the microbial genera in the influent,
PSBR-L, PSBR-H, effluent-PSBR-L, and effluent-PSBR-H, with
77 shared genera (Fig. 4), indicating the presence of a core
microbial community that was consistent throughout the
treatment process and influenced both particle association
dynamics and oxidative stress responses.

The influent samples had a diverse microbial population,
with 38 distinct genera that were not detected in the other
stages. In PSBR-L, there was a change in community
composition, with 6 distinct genera detected. At a low airflow
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Fig. 3 Sequential evolution of superoxide production by algal-
bacterial consortia in real and synthetic wastewater systems over 48 h.
Superoxide production curves fit by the (A) first-order reaction model
and (B) Gompertz model.
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Table 3 Kinetic models calculated for ROS production in real and synthetic wastewater

First-order reaction model

Gompertz model

Media a (mmol L™) b (mmol L) k (h™) R? A (mmol L") B (mmol L™) k, (h™) R?
Real wastewater 0.67 0.55 0.002 0.90 0.16 —-0.96 0.06 0.97
Synthetic wastewater 0.67 0.65 0.002 0.98 0.09 0.43 0.04 0.98

rate, the complex multilayered structure of the algal-bacterial
granules provides varied microenvironments for different
bacterial species, enabling the maintenance of microbial
diversity and potentially improving the system's capacity to
eliminate a wide range of particle-associated fecal indicators.

Interestingly, the PSBR-L effluent shared 50 genera with
the sludge in the PSBR-L reactor, indicating that a significant
portion of the microbial community was carried over from
the PSBR-L reactor to the effluent. Similarly, the effluent-
PSBR-H stage shared 17 genera with the PSBR-H stage, but
also had 5 unique genera. The presence of shared genera
across multiple stages indicates that certain microbial
populations were able to adapt and thrive under the varying
conditions encountered during the treatment process.

Alpha diversity and richness were evaluated using the
Shannon and Chaol indices (Table S1f). The analysis
indicated that all samples had diverse and complex microbial
communities, as supported by high OTU counts (32 847-50
241). The Shannon diversity indices ranged from 4.97 to 5.29.
The influent sample had the highest OTU count of 50241
and richness. The sludge in PSBR-L showed the highest
Shannon diversity, while the PSBR-H sludge sample had the
lowest estimate.

3.5.2. Dynamics of the microbial community. The 16S
rRNA amplicon sequencing showed notable microbial
dynamics in the wastewater treatment process (Fig. 5).
Cyanobacteria, specifically Nodosilinea spp. and Leptolyngbya
spp., dominated in PSBR-L and PSBR-H with varied

Effluent-PSBR-H

Effluent-PSBR-L

Influent

Fig. 4 Venn diagram of the microbial communities at the genus level,
showing the relationships among the microbial community
compositions in the different samples (influent, PSBR-L, PSBR-H,
effluent-PSBR-L, and effluent-PSBR-H).
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abundance (26% and 4%, and 23% and 8%, respectively),
contributing to granule formation and associated FIB and
coliphage removal. These genera were not detected in the
influent, effluent-PSBR-L, or effluent-PSBR-H, indicating that
these cyanobacteria were mainly retained in the reactor
through settling. Nodosilinea spp. play a crucial role in
promoting algal-bacterial flocculation through extracellular
polymeric substance (EPS) secretion, enhancing settleability
and potentially improving the capture of particle-associated
fecal indicators in the treatment process.”’”® This aligns
with our findings in section 3.2, where we observed that
flocs with smaller sizes (<0.2 mm) demonstrated higher
microbial adsorption capacity. Nodosilinea spp. may exhibit
antibacterial properties against pathogenic bacteria, such as
Staphylococcus  aureus and E. coli*®*®  Additionally,
Leptolyngbya spp. has been reported to produce secondary
metabolites with antimicrobial activity against some
pathogenic bacteria.®® The symbiotic relationships within
the  algal-bacterial  granules, particularly  between
cyanobacteria (Nodosilinea spp. and Leptolyngbya spp.) and
heterotrophic bacteria, created microenvironments that
enhanced both particle capture and pathogen inactivation.
This is evidenced by the higher removal rates observed in
the smaller size fractions (section 3.2) and the elevated ROS
production in both reactors compared to the influent
(section 3.3). Arcobacter spp. were present in effluent-PSBR-H
at 7%, compared to 1% in the influent and less than 0.1% in
PSBR-L, PSBR-H and effluent-PSBR-L. Arcobacter spp. has
previously been recorded in several wastewater treatment
plants as the most dominant bacteria in the influent.®>*
Thauera spp. were present in the PSBR-L and PSBR-H
samples with 10% and 4% relative abundance, respectively,
while their abundance was only 0.5% in the influent and
effluent-PSBR-H, and 11% in effluent-PSBR-L. The limited
airflow rate in PSBR-L may have promoted the growth of
Thauera spp. due to the lower oxygen levels. Thauera spp.
have been found in several wastewater treatment plants,®
and can perform simultaneous nitrification, denitrification,
and phosphate removal from wastewater.®® Trichococcus spp.
was detected in effluent-PSBR-H at 16% relative abundance,
compared to 11% in the influent, and even lower abundance
in the PSBR-L, PSBR-H and effluent-PSBR-L samples (ranging
from 0.01% to 2.6%).

Flavobacterium spp. and Solibacillus spp., which have been
identified as significant players in potential pathogen
removal, showed relative abundances of less than 1% in all
samples.®>*® Flavobacterium causes fish diseases, but also
exhibits  antagonistic =~ properties against pathogens.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Microbial community composition plots at the phylum level (left) and genus level (right) as determined by 16S rRNA amplicon sequencing

of influent, PSBR-L, PSBR-H, effluent PSBR-L and effluent PSBR-H.

Flavobacterium can inhibit the growth of human pathogen
bacteria by producing antibiotics, bacteriocins, or
siderophores.®” Earlier studies revealed that Flavobacterium,
an EPS-secreting bacterium with strong self-agglomeration
ability, could assist in the removal of nitrogen and phosphate
as a denitrifying phosphate-accumulating organism.®*®® On
the other hand, Solibacillus spp. exhibits antimicrobial
activity, indicating its potential contribution to the
elimination of particle-associated fecal indicators.®®
Noteworthily, the presence of genera such as Escherichia,
Enterococcus spp., Streptococcus spp., Aeromonas spp., and
Clostridium spp., was detected in the influent, PSBRs, and
their effluents with relative abundances below 1.0%.
Algal-bacterial granules make contributions to wastewater
treatment, including the elimination of particle-associated
fecal indicators. These granules facilitate symbiotic
relationships within the microbial community, enhancing
the capture and inactivation of fecal indicators.”® For
instance, the interaction between cyanobacteria (as
Nodosilinea spp. and Leptolyngbya spp.) and the coexistence
of nitrifying and denitrifying bacteria within the granules

may have permitted efficient nitrogen cycling and
elimination of FIB.”"">
Furthermore, based on 18S amplicon sequencing

analysis,'”” the abundance of algae as Chlorella spp.,
Desmodesmus spp. and Scenedesmus spp. are vital for the
effective decomposition of complex organic matter as well as
pathogen removal. The effective exchange of O, and CO,
between algae and bacteria in these interactions is vital for
enhancing the removal efficiency of organics in the
photobioreactor. The impact of the symbiotic interactions

This journal is © The Royal Society of Chemistry 2025

and the metabolic activity of the algal-bacterial granules on
the environmental conditions of the photobioreactor, such as
pH, might impact the elimination or inactivation rates of the
FIB and coliphages. These microbial interactions and
species-specific contributions are closely linked to the
observed trends in particle association, pathogen removal,
and ROS production, emphasizing the critical role of
community structure in determining photobioreactor
performance. However, further investigation is required to
fully understand the mechanisms of pathogen removal using
algal-bacterial granules and to characterize the nutrient
dynamics.

4. Conclusion

PSBRs with different airflow rates effectively removed fecal
bacteria and viral indicators from wastewater, and it was
revealed that the airflow rate had no significant impact on
the removal of pathogen indicators. FIB was primarily
retained on 0.45 pm pore size membranes, while viruses were
retained on 0.03 pum pore size membranes. Association with
particles plays a crucial role in the persistence and
transportation of FIB in the environment. The superoxide
levels produced in the PSBRs were higher than in the influent
due to complex microbial interactions during treatment.
Furthermore, under light conditions, the levels of superoxide
in real wastewater were significantly higher than those in
synthetic wastewater. The microbial community structure
shifted at different stages of the treatment in the
photobioreactors, while the key nutrient-removal genera
remained consistent. PSBRs have the potential to produce
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high-quality effluents with reduced pathogens, indicating
promising applications in water reuse. Further research is
necessary to optimize the community structure-function
relationships in photobioreactors.
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