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ABSTRACT: Filamentous cyanobacteria are an essential element of oxygenic
photogranules for granule-based wastewater treatment with photosynthetic aeration.
Currently, mechanisms for the selection of this microbial group and their development
in the granular structure are not well understood. Here, we studied the characteristics
and fate of iron in photogranulation that proceeds in a hydrostatic environment with an
activated sludge (AS) inoculum. We found that the level of Fe in bulk liquids (FeBL)
sharply increased due to the decay of the inoculum but quickly diminished along with
the bloom of microalgae and the advent of the oxic environment. Iron linked with
extracellular polymeric substances (FeEPS) continued to decline but reached steady low
values, which occurred along with the appearance of granular structure. Strong negative
correlations were found between FeEPS and the pigments specific for cyanobacteria.
Spectroscopies revealed the presence of amorphous ferric oxides in pellet biomass,
which seemed to remain unaltered during the photogranulation process. These results
suggest that the availability of FeEPS in AS inoculumsafter algal bloomselects cyanobacteria, and the limitation of this Fe pool
becomes an important driver for cyanobacteria to granulate in a hydrostatic environment. We therefore propose that the availability
of iron has a strong influence on the photogranulation process.

KEYWORDS: OPG, hydrostatic cultivation, activated sludge inoculum, filamentous cyanobacteria, EPS, wastewater treatment,
photosynthetic aeration

■ INTRODUCTION

Iron (Fe) is an essential micronutrient for living organisms. It
is a critical element in numerous cellular processes, including
respiration, pigment synthesis, nitrogen assimilation, nitrogen
fixation, and photosynthesis.1−3 In the photic zones of aquatic
environments, Fe is known to limit the productivity of primary
producers and affect biosynthesis of metabolites, which can
induce physiological changes in cells.1,4−6

Phototrophic prokaryote, cyanobacteria, require high-level
Fe compared to eukaryotic microalgae and heterotrophic
bacteria due to their Fe-rich photosynthetic appara-
tuses.3,7−10,76 To meet their Fe requirements and compete
against other phototrophic microbes, cyanobacteria exhibit
multiple Fe uptake mechanisms, including the Fe reductive
mechanism5,11−16 and siderophore-based mechanism.17,18

Siderophores are low-molecular-weight extracellular Fe(III)
chelators, which scavenge and transport Fe into cells.17,18

Using these siderophores, cyanobacteria can also thrive in Fe-
limited environments unlike microalgae.
Cyanobacteria can undergo numerous physiological adapta-

tions to Fe limitation in oxic environments. An example is
substituting ferredoxin, an Fe-containing electron-transfer
protein, with Fe-free flavodoxin.19 It has also been shown
that Trichodesmium N2-fixing marine filamentous cyanobac-
teria, aggregate to form puff or tuft-like colonies under Fe

limitation.20−22 These Trichodesmium colonies are known to
host heterotrophic bacterial community (i.e., bacterial
epibionts of Trichodesmium holobiont) and via their tightly
regulated relationship utilize dust-driven or mineral Fe from
the environment.23−25

Sphere-like aggregation of filamentous cyanobacteria has
been observed in different environments. Oxygenic photo-
granules (OPGs) are dense microbial aggregates growing in
wastewater systems, consisting of mat-like layers of filamentous
cyanobacteria that enclose microalgae and heterotrophic
bacteria in spherical structures.26,27 OPGs can be produced
by incubating activated sludge (AS) in a hydrostatic environ-
ment under illumination.26 These hydrostatically produced
OPGs are used as seed for bioreactors, treating wastewater
without aeration,26,28,29 which currently causes the highest
energy demand in wastewater systems.
Studies concurrently reported that in hydrostatic cultivation

of OPGs, unicellular and filamentous green algae make early

Received: October 31, 2020
Revised: July 1, 2021
Accepted: July 2, 2021
Published: July 13, 2021

Articlepubs.acs.org/est

© 2021 American Chemical Society
10672

https://doi.org/10.1021/acs.est.0c07374
Environ. Sci. Technol. 2021, 55, 10672−10683

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
M

A
SS

A
C

H
U

SE
TT

S 
A

M
H

ER
ST

 o
n 

Ju
ly

 2
5,

 2
02

2 
at

 2
1:

22
:0

4 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abeera+A.+Ansari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arfa+A.+Ansari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ahmed+S.+Abouhend"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joseph+G.+Gikonyo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chul+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.0c07374&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07374?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07374?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07374?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07374?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07374?fig=abs1&ref=pdf
https://pubs.acs.org/toc/esthag/55/15?ref=pdf
https://pubs.acs.org/toc/esthag/55/15?ref=pdf
https://pubs.acs.org/toc/esthag/55/15?ref=pdf
https://pubs.acs.org/toc/esthag/55/15?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.0c07374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf


bloom, followed by a substantial growth of filamentous
cyanobacteria.26,27,29,30 Milferstedt et al.26 reported that the
order Oscillatoriales in Cyanobacteria, also known as the
subsection III cyanobacteria,31 get enriched in OPGs
regardless of the source of AS inoculum. Selection of
Oscillatoriales after algal bloom was linked with their ability
to utilize organic nitrogen following early depletion of
dissolved inorganic nitrogen (DIN).27,30 Nevertheless, the
main granulation phase was observed to occur when
cyanobacterial growth reached steady state,27 implying that
nutrient limitation and stasis in filamentous cyanobacteria are
requisite for granulation. In this aspect, some cultivations that
produced granules still contained dissolved nitrogen, including
nitrate (resulting from nitrification occurring in cultivation)
and organic nitrogen, as well as phosphate and dissolved
carbon when granulation occurred.27,30 These studies, there-
fore, suggest that there are some other resource limitations,
which could have stopped cyanobacterial growth and
promoted granulation.
Considering the significance of Fe in cyanobacterial growth

and their physiology, we hypothesize that the availability of Fe
has significant influence on the selection of cyanobacteria, and
its limitation has impact on the formation of spherical OPGs.
To examine the hypothesis, we investigated the characteristics
and fate of Fe during the transformation of AS inoculums into
OPGs in hydrostatic cultivations. We determined the quantity
and oxidation state of Fe in bulk liquids and also traced Fe that
is associated with extracellular polymeric substances (EPSs).
Various spectroscopies were employed to explore the fate of
crystalline and amorphous Fe in AS inoculums in photo-
granulation. The results of this study are expected to provide
insights on the photogranulation phenomenon, which is the
principle of a new granular process developed for aeration-free
wastewater treatment.

■ MATERIALS AND METHODS
Detailed methods are provided in the Supporting Information.

Hydrostatic Cultivation of Oxygenic Photogranules.
AS was collected from the aeration basins of three local
wastewater treatment plants (WWTP) in Amherst, Hadley,
and Springfield, MA, USA. 10 mL of AS was pipetted into 20
mL glass vials and capped. These vials were then incubated
hydrostatically for the course of 48 days under continuous
illumination of 18−45 μmol/m2 s. Illumination was provided
via LED having natural daylight spectrum (4200K). Incubation
was conducted at 22 °C in a temperature-controlled room.

Fe in Different Fractions of Biomass. Fe in bulk liquid
(FeBL), Fe linked with EPS (FeEPS), and Fe in whole biomass
(Fewhole) were determined periodically over the cultivation
period. FeBL was analyzed for two size fractions: colloidal (0.45
μm30 kDa) and dissolved (<30 kDa)32 fractions. Filtration
of bulk liquid was conducted inside a glovebox with
continuous N2 purging to avoid the oxidation of Fe. The
filtrates were acidified with conc. trace-metal grade HNO3 (2%
by vol) and stored at 4 °C till analysis. FeEPS is defined to be Fe
present in the EPS extract, which was obtained via sequential
extraction of sonication and base treatment of biomass.29,33

For this fraction of Fe, the filtered EPS extracts were acidified
with the abovementioned HNO3 and stored at 4 °C. Fewhole
was determined after subjecting the whole samples to acid
digestion.34 The acid-digested samples were filtered through a
filter paper and stored at 4 °C till further analysis. The total Fe
concentration in these samples was quantified using inductively
coupled plasma mass spectrometry (PerkinElmer SCIEX). The
pellet Fe (Fe in pellet, Fepellet) was calculated by subtracting
FeEPS and FeBL (<0.45 μm) from Fewhole.

Speciation of Fe. The oxidation state of FeBL was
determined as Fe(II) and Fe(III) using the Ferrozine reagent
method.35 Three spectroscopic techniques of electron para-
magnetic resonance (EPR), powder X-ray diffraction (PXRD),
and Fourier transform infrared (FTIR) were performed on
vacuum dried, powdered whole biomass samples. EPR was
used to identify the species of ferric iron. Its measurements
were carried out on a Bruker Elexsys-500 fitted with super high

Figure 1. Progression of photogranulation under hydrostatic conditions. Cultivation inoculums: AS from the aeration basin of (A) Amherst, (B)
Hadley, and (C) Springfield WWTPs. (D−F) Show microscopic images of outer layers (autofluorescence microscopy) and inner biomass
(brightfield microscopy) of mature photogranules produced from Amherst, Hadley, and Springfield AS, respectively. Scale bars in all microscopic
images are 400 μm.
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QE X-band cavity. PXRD was employed to distinguish
between crystalline and amorphous Fe as well as for the
identification of crystalline Fe. PXRD patterns were collected
on a Rigaku Smart Lab SE using Bragg−Brentano config-
uration and Cu K-source. FTIR was utilized for functional
group and surface chemistry analysis and was carried out on a
Bruker Alpha-P FTIR spectrometer equipped with an
attenuated total reflectance platinum diamond optic.
Analytical Measurements. Total and volatile suspended

solids (VSS) and chlorophyll content were determined using
the Standard Methods.36 The levels of phycobilin, accessory
pigments of cyanobacteria, in biomass were determined with
modification of the methods of Bennett and Bogorad37 and
Islam and Beardall.38 Background interference for phycobilin
quantification was removed using the approach by Lauceri et
al.39 Polysaccharide in bulk-liquid fractions and EPS was
measured using the phenol-sulfuric method40 with glucose as
standard. Protein was measured using the modified Lowry
method41 with bovine serum albumin as standard. Dissolved
total nitrogen (DTN) and dissolved organic carbon (DOC) in
filtered bulk-liquid fractions (0.45 μm and 30 kDa) were
determined using a TOC/TN analyzer. DIN (NO2

−, NO3
−,

and NH4
+), SO4

2−, and PO4
3− in 0.45 μm filtrates were

determined using a Metrohm 850 Professional Ion Chromato-
graph. Dissolved organic nitrogen (DON) was obtained by
subtracting DIN from DTN. Dissolved oxygen (DO) was
measured using a potable DO probe (Orion star A223,
Thermo Scientific) inside the glovebox under continuous N2
purge.
Microscopy. We used both brightfield and autofluor-

escence microscopy to study shift in microbial community and
structural development during the progression of photo-
granulation. Red fluorescence protein excitation (530 nm)
was used to detect the presence of filamentous cyanobacteria
which produced golden-orange fluorescence as an indicator of
phycobilin pigment phycoerythrin.42

Statistical Analysis. The Pearson correlation coefficient
(r) was determined to assess correlations among variables. The
two-sample t-test (α = 0.05) was also performed to determine
the statistical significance between variables (p-value).

■ RESULTS
Progression of Photogranulation under Hydrostatic

Conditions. The hydrostatic cultivations with three AS
sources exhibited similar progression of photogranulation
(Figure 1). After about 4 days of incubation, green layers
started to develop on settled sludge biomass, which included
unicellular and filamentous green algae (Figure S1A−F).
Motile filamentous cyanobacteria made first clear appearance,
as observed by microscopy around day 9−12 (Figure S1G−I).
Cyanobacterial growth continued in the top green layers
during day 15−18 (Figure S1J−L). By day 18, cyanobacteria
became a dominant phototrophic community in the outer
layer, which eventually surrounded the settled biomass, thereby
molding it into a mat-like structure (Figure 1). Between days
18 and 30, both macro- and microscopic observations revealed
extensive amounts of slime-like matter, which seemed to
promote biomass contraction and floatation. During these
periods, both Amherst and Springfield sets showed significant
biomass contraction, whereas the Hadley set showed slower
changes. The appearance of mature sphere-like OPGs followed
this stage in each cultivation. The produced OPGs consisted of
an outer layer of motile filamentous cyanobacteria, enclosing

aggregates of bacteria, unicellular and filamentous microalgae,
other protist organisms, including Arcella, and minerals (Figure
1D−F).
Consistent with microscopy, all cultivations showed

substantial increases in chlorophyll a, the essential pigment
for oxygenic phototrophic organisms (Figure S2A). Chlor-
ophyll b and chlorophyll c, which have been used as a surrogate
for green algae and diatoms in OPGs, respectively,43−45

generally increased until day 12 after which they either leveled
off or decreased (Figure S2B,C). In contrast to chlorophylls b
and c, phycobilin, essential accessory pigments in cyanobac-
teria,43 continued to increase till much later periods (Figure
S2D). Positive correlations existed between phycobilin and
chlorophyll a for Amherst (r = 0.94), followed by Hadley (r =
0.79) and Springfield (r = 0.70) cultivations (Table S1).
Considerably weaker correlations were found between
phycobilin and both chlorophylls b and c, especially for
Amherst and Hadley cultivations (Table S1). Despite these
significant increases in phototrophic biomass, the change in the
total biomass concentration as VSS was less than 9 ± 4% (data
not shown), congruent with earlier reports,26,27,30 indicates
recycling of carbon and nutrients within this closed cultivation.

Fate of Dissolved Macronutrients in Hydrostatic
Cultivation. The significant release of phosphate within less
than 4 days was evident for all three cultivations (Figure 2A),
indicating the decay of cells from AS inoculum under
anaerobic conditions. After this initial release, both Amherst
and Springfield sets showed substantive removal of PO4

3−, but
this was quickly followed by additional major release. Although
further removal occurred later, significant levels of PO4

3−

remained in both cultivations. In the Hadley set, on the
other hand, the released PO4

3− got nearly depleted, indicating
the development of P-limited condition in this cultivation.
The release of ammonia for the first 4 days, especially in

Hadley and Springfield sets, concurs with the initial release of
PO4

3−. Nearly all ammonia in Amherst and Springfield sets was
removed by day 6. Ammonia remained undetected for the
remaining cultivation periods. Depletion of ammonia was also
the case for the Hadley set although it took longer likely due to
greater amounts of ammonia initially present and released
during the early period. For nitrate, initial nitrate in all three
inoculums was quickly consumed and remained either at very
low level or depleted throughout the cultivations. One time
release of nitrate in the Springfield set indicates nitrification.
This was also observed in Kuo-Dahab et al.27 with Amherst AS
inoculum; in this study, however, the level of nitrate kept
increasing along with production of spherical OPGs.
In addition to inorganic species, the fate of DOC and DON

was also investigated (Figure S3). Both DOC and DON
increased from the dissolved fraction of bulk liquid (<30 kDa)
during the course of photogranulation for all three cultivations.
The increase in DOC and DON accompanying the photo-
granulation in hydrostatic cultivation was also reported
earlier.27

Dynamics of Iron in Bulk-Liquid Fractions. The bulk-
liquid Fe (FeBL) in three AS inoculums was, on average, 0.37 ±
0.16 mg/L and existed primarily in the dissolved fraction (<30
kDa): Amherst, 88%; Hadley, 92%; and Springfield, 67%
(Figure 3). As cultivation proceeded, there was a sharp
increase in FeBL, both in dissolved and colloidal fractions, by
day 2. Both dissolved and colloidal Fe then quickly declined
and reached steady points after day 12. The level of dissolved
Fe became once again greater than colloidal Fe in all bulk
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liquids, which was statistically significant (Amherst, p < 0.0004;
Hadley, p < 0.0025; and Springfield, p < 0.0032).
Iron released into bulk liquids by day 2 consisted of both

ferric iron and ferrous iron (Figure 4A,B). The total Fe release
contained an average of 36, 54, and 36% Fe(II) in Amherst,
Hadley, and Springfield, respectively. During this time period,
DO became depleted (Figure 4C). The development of
anaerobic conditions should have accounted for the reduction
of a fraction of Fe(III) in AS into Fe(II) and its release into the
bulk liquid. Photochemical reduction of Fe might have also
occurred under illumination,2 thereby contributing to the
release of Fe(II) into bulk liquid. Both dissolved and colloidal
Fe(II) decreased after day 2, ultimately becoming undetectable
after day 9−12. The Fe(III) fractions also showed decrease
from day 3 to 9 (Figure 4B); however, in contrast to Fe(II),
Fe(III) remained in bulk liquids with steady values for the
reminder of cultivation period. The depletion of Fe(II)
occurred simultaneously with an increase in DO. Fe(II) is
the most preferred form of Fe for phototrophic growth, and it
is also thermodynamically unstable in the presence of oxygen,

rapidly converting into Fe(III).6,46,47 This suggests that the
growth of phototrophic community influenced the Fe
oxidation states in bulk liquid during the progression of
photogranulation.
Table 1 shows correlations of FeBL with dissolved nutrients

and the biomass’ photosynthetic pigments. FeBL, either as the
total or as a size fraction, showed moderate to strong positive
correlations with NH4

+ across the cultivations. This NH4
+ is

likely originated from the degradation of protein in AS
inoculum, which was demonstrated for high affinity for
Fe(III).48−51 Hence, as Fe(III) is reduced by anaerobic
conditions and by photochemical reactions, proteins bound
with Fe(III) could have undergone hydrolysis and degradation,
leading to the production of NH4

+. In Amherst cultivation, the
correlations of NH4

+ with colloidal and dissolved Fe were
rather similar, whereas in Hadley and Springfield sets, the
correlations were much stronger for dissolved Fe than colloidal
Fe. For phosphate, only Hadley set showed a meaningful
correlation with FeBL. Both nitrate and sulfate overall exhibited
no significant correlations with FeBL. DOC in a 30 kDa filtrate
exhibited moderate negative correlations with dissolved Fe
pool (Table S2). DON showed no significant correlation with
FeBL except for the Amherst set in which clear negative
correlations existed between colloidal DON and both colloidal
and dissolved Fe in bulk liquid.

Figure 2. Fate of DIN and phosphate in hydrostatic cultivation of
OPGs with AS inoculums from three sources. (A) Phosphate, (B)
ammonia, and (C) nitrate. Nitrite was mostly undetected throughout
the cultivation period. AM: Amherst cultivation; HD: Hadley
cultivation; SF: Springfield cultivation. Error bars represent the
range of results from duplicate cultivation samples.

Figure 3. Dynamics of dissolved Fe and colloidal Fe in bulk liquids in
hydrostatic cultivation of photogranules with AS from (A) Amherst,
(B) Hadley, and (C) Springfield WWTPs. Error bars represent the
standard deviation from triplicate samples.
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Figure 4. Dynamics of dissolved Fe(II,III) and colloidal Fe(II,III) as well as DO during the photogranulation process. Figures in column (A)
Fe(II); column (B) Fe(III); and column (C) DO. AM: Amherst cultivation; HD: Hadley cultivation; SF: Springfield cultivation. Error bars
represent the range of results from duplicate cultivation samples.

Table 1. Pearson Correlation Coefficients of Colloidal Fe and Dissolved Fe in Bulk Liquid with Dissolved Inorganic Nutrients
and Photosynthetic Pigments Produced During the Cultivation of Photogranules in a Hydrostatic Environmenta

Amherst Hadley Springfield

colloidal Fe dissolved Fe colloidal Fe dissolved Fe colloidal Fe dissolved Fe

30 kDa < Fe < 0.45 μm Fe < 30 kDa 30 kDa < Fe < 0.45 μm Fe < 30 kDa 30 kDa < Fe < 0.45 μm Fe < 30 kDa

NH4
+ 0.86 0.70 0.15 0.66 0.24 0.77

0.68 0.62 0.13 0.55 −0.25 0.94
0.86 0.72 0.11 0.72 0.47 0.17

NO3
− 0.24 −0.04 −0.12 0.0.3 0.02 0.31

0.31 −0.12 0.18 −0.19 −0.44 −0.24
0.18 0.02 −0.23 0.44 0.48 0.69

PO4
3− 0.05 0.24 0.84 0.26 −0.21 −0.48

−0.25 0.20 0.49 0.09 −0.33 −0.36
0.20 0.27 0.74 0.53 −0.10 −0.34

SO4
2− 0.38 −0.49 −0.32 −0.49 −0.04 −0.12

0.33 −0.50 0.04 −0.34 0.17 0.04
0.36 −0.46 −0.40 −0.65 −0.15 −0.22

phycobilin −0.6 −0.62 −0.40 −0.47 −0.43 −0.74
−0.63 −0.51 −0.32 −0.34 −0.07 −0.45
−0.52 −0.69 −0.31 −0.6 −0.54 −0.62

chorophyll a −0.71 −0.73 −0.55 −0.73 −0.75 −0.98
−0.69 −0.66 −0.61 −0.57 −0.44 −0.65
−0.65 −0.76 −0.34 −0.86 −0.76 0.77

chorophyll b −0.66 −0.64 −0.57 −0.73 −0.70 −0.95
−0.63 −0.59 −0.62 −0.55 −0.41 −0.63
−0.61 −0.66 −0.35 −0.88 −0.72 −0.75

chorophyll c −0.52 −0.57 −0.52 −0.63 −0.72 −0.92
−0.53 −0.5 −0.58 −0.49 −0.39 −0.66
−0.47 −0.6 −0.32 −0.74 −0.75 −0.68

aTop, middle, and bottom values are for total Fe, Fe(II), and Fe(III), respectively. The bold numbers are indicated for r > ±0.70.
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FeBL, especially dissolved Fe, showed moderate to strong
negative correlations with chlorophyll a, chlorophyll b, and
chlorophyll c (Table 1). Correlations between FeBL and
phycobilin were also negative but considerably weaker than
with chlorophylls b and c. Consistently, the total FeBL, the sum
of dissolved Fe and colloidal Fe (not shown in Table 1),
mostly exhibited stronger negative correlations with chlor-
ophyll b (Amherst, r = −0.68; Hadley, r = −0.72; and
Springfield, r = −0.82) and chlorophyll c (Amherst, r = −0.56;
Hadley, r = −0.64; and Springfield, r = −0.82) compared to
phycobilin (Amherst, r = −0.63; Hadley, r = −0.49; and
Springfield, r = −0.55). These results tend to indicate higher
reliance of microalgae on bulk-liquid Fe for growth as
compared to cyanobacteria.
Fate of Iron Linked with EPS and Its Association with

Phototrophic Growth. All three cultivations progressed with
significant decreases in Fe linked with EPS (FeEPS) (Figure
5A−C), indicating that the pool of Fe present in EPS
underwent significant changes in cultivation. The Amherst,
Hadley (from day 4), and Springfield cultivations showed the
decrease in FeEPS, which could be described as a second-order
decay. The second-order reaction rate constant k for Amherst,
Springfield, and Hadley cultivations was 0.064 L/mg d (R2 =
0.96), 0.059 L/mg d (R2 = 0.95), and 0.033 L/mg d (R2 =
0.92), respectively (Figure S4).
Protein in EPS (EPS-PN) showed very similar trend to FeEPS

(Figure 5D−F). Indeed, strong positive correlations were
found between FeEPS and EPS-PN (Amherst, r = 0.96; Hadley,
r = 0.76; and Springfield, r = 0.95) (Table 2). By the end of

cultivation, total EPS-PN was decreased by, on average, 58 ±
5%. In contrast to protein, polysaccharide in EPS (EPS-PS)
showed a gradual increase from 37 ± 11 to 76 ± 6 mg/L in
Amherst, 35 ± 19 to 139 ± 31 mg/L in Hadley, and 51 ± 18
to 87 ± 11 mg/L in Springfield by the end of cultivation
(Figure 5D−F). These results are consistent with Kuo-Dahab
et al.27 who reported that the progression of photogranulation
is accompanied with decrease in EPS-PN but increase in EPS-
PS. These results also indicate that the pool of Fe linked with
initial EPS in AS was utilized for photogranulation and became
less available as the cultivation continued.
There were strong negative correlations between the levels

of FeEPS and photosynthetic pigments in the biomass (Table
2). The degree of correlations among different pigments

Figure 5. Fate of Fe linked with EPS (FeEPS) and EPS in hydrostatic cultivation of photogranules. FeEPS in (A) Amherst, (B) Hadley, and (C)
Springfield cultivation sets. EPS-proteins and EPS-polysaccharides in (D) Amherst, (E) Hadley, and (F) Springfield cultivation sets. Error bars
represent the standard deviation of triplicate samples.

Table 2. Pearson Correlation Coefficients of Fe Linked with
EPS (FeEPS) with Different EPS Components and
Photosynthetic Pigments Produced During the Progression
of Photogranulationa

Amherst Hadley Springfield

EPS fractions EPS-PN 0.96 0.76 0.95
EPS-PS −0.90 −0.63 −0.45
EPS-PS/PN −0.95 −0.73 −0.93

pigments phycobilin −0.92 −0.76 −0.86
chlorophyll a −0.96 −0.77 −0.90
chlorophyll b −0.83 −0.67 −0.87
chlorophyll c −0.74 −0.38 −0.82

aThe bold numbers are indicated for r > ±0.70.
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showed similar pattern across the three cultivation sets:
chlorophyll a > phycobilin > chlorophyll b > chlorophyll c.
Among these pigments, phycobilin showed much stronger
correlation with FeEPS than FeBL: Amherst (−0.92 vs −0.63),
Hadley (−0.76 vs −0.49), and Springfield (−0.86 vs −0.55).
These findings demonstrate that the growth of cyanobacteria
was more influenced by FeEPS than FeBL, the latter of which
showed greater influence on microalgae (Tables 1 and 2).
Distribution of Iron in Photogranules.Measurements of Fe

in bulk liquid, EPS, and the whole biomass allowed for
determining the distribution of Fe in biomass during
photogranulation (Figure S5). The total Fe in the AS
inoculums was 20.3 ± 3.7 mg/L (14.4 ± 2.0 mg/g), 24.4 ±
2.4 mg/L (8.2 ± 1.3 mg/g), and 32.4 ± 2.3 mg/L (14.4 ± 1.6
mg/g) for Amherst, Hadley, and Springfield, respectively. In
these inoculums, the majority of Fe was present in biomass’
pellet (Amherst, 91%; Hadley, 96%; and Springfield, 93%)
followed by EPS extract (Amherst, 8%; Hadley, 3%; and
Springfield, 5%) and bulk liquid (Amherst, 1%; Hadley, 1%;
and Springfield, 2%). In all cultivations, the fraction of FeEPS
decreased to, on average, 1.3 ± 0.2%, while the fraction of
Fepellet increased to 97.9 ± 0.1%. In contrast, FeBL showed an
increase till day 2 to 5.2 ± 1.9% and later decrease to 0.8 ±
0.2%. These results therefore indicate that the formation of
OPGs occurred with the change in the distribution of Fe,
primarily from extractable FeEPS to the pelletized Fe fraction.
The Fepellet fraction is expected to contain intracellular Fe,
unextracted FeEPS, and Fe precipitates (predominantly ferric
oxyhydroxides), which are formed under oxic, circumneutral
pH environments.
Speciation of Iron in the Biomass. We used multiple

spectroscopic techniques to investigate the presence of
possible Fe precipitates/minerals in AS inoculum and the
formed photogranular biomass. In EPR spectroscopy (Figure
6), the characteristic broad peak at 160 mT, which
corresponded to a g-value = 4.2, belongs to paramagnetic
high-spin iron states (Fe3+, S = 5/2),52 indicating the presence
of ferric oxides (FexOy). Amherst and Springfield OPGs
showed a slight increase in EPR intensity, as compared to their
inoculums, whereas Hadley showed no difference between the
inoculum and OPG. These observations imply that ferric
oxides in AS did not undergo dissociation by the photo-
granulation process. Furthermore, a relative increase in OPG-
associated EPR peaks in Amherst and Springfield sets might
suggest the formation of some new ferric oxides. It should be
noted that drying of biomass for EPR analysis could have
converted the present ferric oxyhydroxides/hydroxides into
ferric oxides. Therefore, the generated EPR spectra are
potentially a combination of ferric oxyhydroxide, hydroxide,
and oxides.
To probe the phase crystallinity of present ferric oxides, we

employed PXRD measurements (Figure S6). The PXRD
spectra seemed to suggest the presence of crystalline forms,
such as hematite, goethite, and magnetite; however, we did not
find a complete diffraction pattern for any of these ferric oxides
in both AS and OPG samples. Furthermore, many oxides have
overlapping diffraction patterns, which presents a challenge in
PXRD analysis without proper standards. The only conclusive
statement we could make from PXRD patterns is that most of
ferric oxides existed in the amorphous form in both AS
inoculums and the formed OPGs.
FTIR analysis (Figure S7) depicted O−H broad stretching

peak centered at 3300 cm−1 (peak 1), which potentially

suggests the presence of ferric oxyhydroxide Fe(O)OH and/or
ferric hydroxides Fe(OH)3 in both AS and OPGs. The
progression of OPG occurred, after initial anaerobic con-
ditions, in oxic (Figure 4C) and circumneutral pH environ-
ments, which is known to favor the formation of insoluble
ferric hydroxides. Swanner et al.53 stated that cyanobacterium
Synechococcus oxidized Fe(II) to ferric oxyhydroxide via
chemical oxidation using photosynthetic oxygenation. The
O−H group stretches can also potentially belong to the
carboxylic group of polysaccharides. Cyanobacteria have been
reported to accumulate Fe precipitates on their outer
polysaccharide sheath.54,55 Besides polysaccharide, FTIR
spectra also depicted potential interactions between Fe(III)
and protein due to the presence of amide carbonyl, amide II,
and carboxylic groups56,57 (Figure S7). These FTIR results,
along with literature findings and correlations between EPS
fractions and Fe (Table 2), might indicate possible complex-
ation between Fe(III) and EPS fractions (PN and PS).

■ DISCUSSION
The present study aimed to understand the impact of the
availability of Fe on conversion of AS into OPGs, which occurs
in a hydrostatic environment with a source of light. As the
main approach, we chose to investigate and describe the fate of
Fe in this hydrostatic photogranulation process, which has
remained veiled until this study.
In AS inoculums, Fe present in bulk liquids was less than 2%

of the total Fe. This FeBL, comprising dissolved and colloidal
Fe, increased significantly as the hydrostatic cultivation was
initiated (Figures 3 and 4). This sharp Fe release was observed
to occur simultaneously with the decrease in FeEPS and EPS-

Figure 6. Room-temperature EPR spectra of AS and OPG
(photogranule) in hydrostatic cultivations of (A) Amherst, (B)
Hadley, and (C) Springfield sets.
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PN, and the decreases of these two AS components became
more pronounced as the cultivation continued (Figure 5).
At the peak release of Fe, 42 ± 10% of FeBL was found as

Fe(II). As all ASs were collected from the aeration basin and
showed DO at the beginning of cultivation, the release of
Fe(II) along with the decreases in FeEPS and EPS-PN reflects
the reduction and solubilization of Fe and associated sludge
decay. This observation is congruent with earlier postulations
that Fe(III) has affinity for protein in AS EPS,48−51 and that
this Fe(III)-linked protein is released (and degraded) in
anaerobic digestion as Fe(III) is reduced to Fe(II).48,50 The
reduction of Fe during this early cultivation period should have
been caused by the development of anaerobic conditions
(Figure 4) and also by photochemical Fe reduction. Although
the latter was not directly covered in the current study, our
later study showed that higher light intensity has greater Fe
reduction potential compared to lower light intensity.58 The
same study also showed that when ferrozine, a strong Fe(II)
chelator, was included in hydrostatic cultivation, Fe(II) in bulk
liquids was up to eight times higher than that without
ferrozine, implying that the amount of Fe(II) released could
have been far greater than what was observed in the current
study. This suggests, and it is well known from the
literature,59,60 that Fe(II) in the aquatic environment is highly
labile, susceptible to and undergoing various abiotic and biotic
reactions.
With the presence of light energy, the released Fe and

increased PO4
3−, NH4

+, DOC, and DON (Figures 2 and S3)
should have caused substantial changes in nutritional states of
the system, transforming an initial fasting condition to a
feasting condition (Gikonyo et al.61). Then, the following
phototrophic growth was evident (Figures S1 and S2), which
was accompanied by replenishment of DO (Figure 4). By day
9, DO in all cultivation sets increased above 2 mg/L. These
changes were preceded by apparent decreases in FeBL (Figures
3 and 4). Analyses of microscopy (Figure S1), phototrophic
pigmentation (Figure S2), and correlations between FeBL and
pigments (Table 1) suggest that the main phototrophic group
enriched during this period (prior to ∼12 d) is microalgae,
which seems to take advantage of the early release of Fe.
After day 12, microalgae growth reached plateau, around

which all dissolved and colloidal Fe(II) got removed and
remained undetected till the end of cultivation (Figure 4A).
The majority of bulk-liquid Fe(III) was also removed by the
same period, but there was still some significant amount of
both dissolved and colloidal Fe(III) remaining (Figure 4B).
According to the literature, up to 99% of dissolved Fe is
complexed with dissolved organic matter in aquatic environ-
ments.10,62 Likewise, most colloidal Fe is also complexed with
organic ligands.63 If Fe(III) is strongly bound with organic
ligands at a low Fe/ligand ratio, then Fe(III) needs to undergo
biological and/or photochemical dissociation to unchelated
Fe(II) for cells’ effective uptake.64−67 In contrast, high Fe/
ligand conditions can induce rapid production of unchelated
Fe(III) and Fe(II) from Fe(III)−ligand complexes.68 In this
study, the descending dissolved and colloidal Fe after a short
peak period created substantially low Fe/DOC ratios in bulk
liquids (data not shown). This finding and the literature made
us infer that the advent of oxic conditions by algae-driven
photosynthesis led to the formation of strong Fe(III)−organic
complexes, which in turn affected the availability of FeBL to
microalgal community. During this period, transition in
dominant phototrophic community from microalgae to

cyanobacteria occurred across all studied hydrostatic culti-
vations (Figures S1 and S2D).
Phycobilin showed weaker correlations with FeBL compared

to chlorophylls b and c (Table 1) but stronger correlations with
FeEPS compared to the counterparts (Table 2). These results
suggest that cyanobacteria could utilize Fe bound with AS EPS
(FeEPS) and grow despite the earlier algal bloom and minimal
FeBL remaining. This is a quite feasible scenario considering
that many cyanobacteria can utilize organic carbon and organic
nitrogen from their extracellular environments69,70 and
scavenge Fe bound with these organic matter.27,71 Strong
correlations found between FeEPS and nitrogenous EPS (i.e.,
EPS-PN) and their correlations with phycobilin corroborate
this statement. Fewer amounts of FeEPS became available as the
cultivation continued. It is important to note that significant
biomass contraction and granulation occurred when phycobilin
and FeEPS leveled off (Amherst: days 18−30; Hadley: days 30−
48; and Springfield: days 18−30) (Figures 1, 5; S2). It can be
therefore inferred that the limitation of available Fe affected
the growth of cyanobacteria, causing their physiology change,
leading to forming a spherical aggregate.
Fe in the pellet increased from 92 to 98% by photo-

granulation. The VSS of AS inoculum is mainly composed of
bacterial cells (with negligible amounts of phototrophic
community) and EPS, with the latter constituting 50−80%
of VSS.72,73 Fe within bacterial cells (i.e., intracellular Fe) is
reported to be approximately 0.2% of the dry biomass.74 The
average VSS of AS was 1109 ± 78 mg/L (Amherst), 2178 ±
181 mg/L (Hadley), and 1569 ± 91 mg/L (Springfield). If we
assume that 50% of AS VSS was attributed from bacterial cells,
the intracellular Fe in each inoculum would be then 1.1, 2.2,
and 1.6 mg/L in Amherst, Hadley, and Springfield cultivations,
respectively. This means that the majority of Fe in inoculums
existed in the extracellular milieu of AS, possibly as FeEPS,
adsorbed/trapped Fe minerals, and/or other ways of existence.
Congruent with previous reports,26,27 the change in VSS

concentrations during cultivation was insignificant although a
substantive phototrophic growth occurred. This indicates that
a significant fraction of organic carbon and nutrients in AS was
turned over and recycled for phototrophic growth. Insignificant
changes in VSS imply that still limited amount of Fe was
present as intracellular Fe in formed OPGs. It should be,
however, pointed out that cyanobacteria are reported to
require five to eight times higher cellular Fe/C ratio than
microalgae for growth.75,76 Hence, it may be possible that
significantly more Fe was present as intracellular Fe in OPGs
compared to AS inoculums; however, even this consideration
is not expected to change the order of magnitude for
intracellular Fe versus extracellular Fe in OPGs.
Fe in the extracellular matrix of the formed OPGs could

contain Fe precipitates/minerals and Fe bound with EPS
which could not be extracted by the methods used. EPR
(Figure 6) and PXRD (Figure S6) analyses revealed the
presence of amorphous Fe oxides, which remained almost
unchanged from the inoculums to OPGs. Insoluble Fe
particulate/minerals cannot be directly acquired by micro-
organisms23 and need to undergo a series of biological or
photochemical dissociation processes to become avail-
able.77−79 According to Wahid and Kamalam,80 amorphous
Fe oxides are more accessible than crystalline Fe oxides, and
they can undergo reductive dissolution by bacteria under
anaerobic conditions. It might be possible that an equilibrium
was established between the formation and utilization of
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amorphous Fe oxides, which could result in overall no change
during the photogranulation process. Contrarily, it is also
possible that amorphous Fe oxides in AS was not readily
available for bacteria during the photogranulation process, due
to the lack of feasible mechanisms. Recently, Basu et al.24

provided evidence for symbiotic interactions between
filamentous cyanobacteria Trichodesmium and their associated
heterotrophic bacteria for the acquisition of Fe from dust. The
study showed that tuft or puff form of Trichodesmium colonies
captured dust-bound Fe and shuffled it to the colony core
where bacteria resided. These bacteria aided in the dissolution
of Fe by producing siderophores. The dissolved siderophore−
Fe complex was later acquired by both Trichodesmium and
their resident bacteria. Hydrostatically formed OPGs have a
distinct dark, anaerobic region which contains facultative and
obligate anaerobic bacterial community.26 Bacteria can convert
Fe(III) minerals to dissolved Fe(II) via reductive dissolution
under dark anaerobic conditions.81 Hence, there is a possibility
that by forming a spherical aggregate, filamentous cyanobac-
teria can establish a mutualistic relationship with bacterial
community and, thereby effectively utilize a unconventional Fe
pool. This condition could encourage bacteria to make Fe
accessible for cyanobacteria, in exchange for photosynthesis-
induced organic matter.
Filamentous cyanobacteria can also directly scavenge Fe

under Fe-limited conditions using their own siderophores.
Filamentous cyanobacteria, such as Anabaena and Oscillatoria,
are known to exhibit the siderophore-mediated Fe uptake
mechanism.5,17 The literature suggests that filamentous
cyanobacteria aggregate to promote close proximity between
their filaments and Fe particles, thereby preventing diffusive
loss of siderophore−Fe complexes to the surrounding water.24

This study therefore reaches the conclusion that the access
and utility of FeEPS selects cyanobacteria in hydrostatic
cultivations, but the limitation of this Fe pool causes their
physiological changes, which seems to become an important
driver for the formation of granular structures. This way,
filamentous cyanobacteria may access unutilized Fe partic-
ulates/minerals within a spherical aggregate. Dissolution of
these Fe resources may occur over an extended length of
period and can potentially explain why mature OPGs retain
their morphology and function even years after their formation.
Future studies are warranted to validate the cause-and-effect
relationship between the development of OPGs and Fe
limitation. Studies may use AS inoculum supplemented with
Fe (to prevent Fe limitation) or treated with an Fe scavenger
(to induce Fe limitation). Similarly, AS can also be cultivated
in a defined media with different amounts of Fe to test the
impact of varying Fe levels on OPG formation. We expect that
studying the physiology of filamentous cyanobacteria associ-
ated with the availability of Fe under these various cultivation
conditions would enhance our knowledge of photogranulation.
Improved understanding of photogranulation will be useful to
advance its engineering for aerobic but aeration-free waste-
water treatment.
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