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ABSTRACT: Cyanobacteria occasionally self-immobilize and
form spherical aggregates. This photogranulation phenomenon is
central for oxygenic photogranules, which present potential for
aeration-free and net-autotrophic wastewater treatment. Light and
iron are tightly coupled via photochemical cycling of Fe, suggesting
that phototrophic systems continually respond to their combined
effects. Thus far, photogranulation has not been investigated from
this important aspect. Here, we studied the effects of light intensity
on the fate of Fe and their combined effects on the photo-
granulation process. Photogranules were batch-cultivated with the
activated sludge inoculum under three photosynthetic photon flux
densities: 27, 180, and 450 μmol/m2·s. Photogranules were formed
within a week under 450 μmol/m2·s compared to 2−3 and 4−5
weeks under 180 and 27 μmol/m2·s, respectively. Batches under 450 μmol/m2·s showed faster but lower quantity of Fe(II) release
into bulk liquids compared to the other two sets. However, when ferrozine was added, this set showed substantially more Fe(II),
indicating that Fe(II) released by photoreduction undergoes fast turnover. Fe linked with extracellular polymeric substances (EPS),
FeEPS, diminished significantly faster under 450 μmol/m2·s, while the granular shape in all three batches appeared along with the
depletion of this FeEPS pool. We conclude that light intensity has a major influence on the availability of Fe, and light and Fe together
impact the speed and characteristics of photogranulation.
KEYWORDS: photogranulation, light, iron, photochemical reduction, cyanobacteria, EPS

■ INTRODUCTION
Phototrophic organisms capture light via a photosynthetic
apparatus, which has strong coupling with iron.1 The
photosynthetic electron transport chain possesses many Fe-
containing molecules, including cytochrome c, cytochrome b6f,
Fe-S protein, and ferredoxin.2,3 Furthermore, Fe is present
within the reaction centers of both photosystems I and II and
is involved in the biosynthesis of photopigments.4,5 More than
50% of metabolic Fe resides in the photosynthetic apparatus,4,6

which demonstrates the codependence of the phototrophic
community on light and Fe for metabolism. The dual
limitation of Fe and light availability will, hence, repress
phototrophic growth, whereas dual enrichment of light and Fe
availability will promote phototrophic bloom.1,7

Photochemical cycling of Fe is another crucial aspect of the
coupling of light and Fe and its impact on microbial growth in
the ecosystem. In the photochemical reduction process,
Fe(III) complexed with photolabile organic ligands, such as
polycarboxylate molecules, is reduced and released as
unchelated Fe(II), once an electron is transferred from the
ligand to the metal center under irradiation, i.e., the ligand-to-
metal charge transfer reaction.8−10 This photogenerated Fe(II)
is considered the most available form of Fe for phototrophs,

which has been supported by significantly increased biological
Fe uptake.8,11 Similarly, cyanobacterial uptake of Fe directly
increased in correspondence to the increase in levels of
photoproduced unchelated Fe(II) from the original Fe(III)-
EDTA complex.10 Interestingly, the same study showed that in
the spectrum of visible light, it was primarily the 400−500 nm
wavelength that caused both photochemical reduction of Fe
and its uptake by cyanobacteria.
Cyanobacteria are known to have a high Fe requirement

compared to other phototrophs and heterotrophic bacteria12,13

and thus have strong physiology codependence on light and Fe
availability.14 Cyanobacteria occasionally granulate, forming a
sphere-like aggregate. The occurrence of this photogranulation
phenomenon has been reported from various natural environ-
ments, including sea,15,16 lakes,17,18 and even extreme environ-
ments like glaciers.19−22 For the latter, a photogranular product
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cryoconite occurs on surfaces of glaciers around the globe and
has been linked with the expansion of surface darkening and
enhanced glacial melt.19,23 The cyanobacteria-based photo-
granulation has also been the basis for the production of
oxygenic photogranules (OPGs) in built systems.24−30 OPGs
present potential to treat wastewater without aeration, which
currently requires the highest level of energy in wastewater
treatment, and to accomplish the net autotrophy of wastewater
treatment.29,31 The seed OPG biomass can be produced by
batch incubation of activated sludge under both hydro-
static24,32−34 and hydrodynamic35 conditions with an illumi-
nation source. The former typically employs small (∼20 mL)
closed glass vials, while the latter has used 1 L glass jars open
to the atmosphere.
The importance of Fe in photogranule systems has been

recently documented.32,36,37 In a closed hydrostatic batch with
the activated sludge inoculum under a photosynthetic photon
flux density (PPFD) of 18−45 μmol/m2·s, the availability of
Fe, the growth of cyanobacteria, and the appearance of
granular structure correlated.32 In this batch, a quick and
significant increase of bulk-liquid Fe�both Fe(II) and
Fe(III)�first occurred, presumably due to photochemical
reduction of Fe under illumination, initial anaerobic condition
development in closed vials, and subsequent dissociation of the
sludge biomass. During this early batch period, growth of
eukaryotic microalgae was also vivid, indicating the availability
of this bulk-liquid Fe for their growth. This microalgal growth
and reoxygenation of the batch system led to depletion of bulk-
liquid Fe. Then, significant growth of filamentous cyanobac-
teria, particularly the order Oscillatoriales, was observed.
Importantly, this cyanobacterial bloom coincided with a
substantial decrease of Fe that is bound with extracellular
polymeric substances (EPS) in inocula, FeEPS, suggesting the
Oscillatoriales’ ability to access and utilize activated sludge EPS
for the source of Fe. The study further pointed out that a
spherical structure ensued with depletion of this FeEPS pool,
suggesting that the availability of Fe has a significant impact on
cyanobacterial physiology and granulation.
Despite the important roles that Fe and light play in

cyanobacterial growth and physiology, the effect of light
conditions on the fate and availability of Fe and their coupled
effects on the photogranulation phenomenon remain unex-
plored and hence unknown. Here, we studied how different
light intensities impact dynamics of bulk-liquid Fe and the fate
of FeEPS and how they are related to the progression of the
photogranulation process. We also studied the extent of
photochemical reduction of Fe under different light intensities
by incubating activated sludge with ferrozine, a strong Fe(II)
chelator. We chose the hydrostatic batch system for this study
for its advantage in controlling experiments and tracking
changes that occur during batch reactions. The strong
resemblance of photogranulation phenomena occurring in
different batch settings and flow-through reactors as well as
their photogranular products is well-discussed in the
literature.24,31,34−36,38,39 This study is expected to further the
knowledge of the photogranulation phenomenon, helping to
develop OPGs for aeration-free and net-autotrophic waste-
water treatment and better understand other photogranular
products that occur in varying natural environments on our
biosphere.

■ MATERIALS AND METHODS
Hydrostatic Batch Cultivation Setup. Each 20 mL glass

vial was inoculated with 10 mL of activated sludge, collected
from the aeration basin of a local wastewater treatment plant
(Amherst, MA), and sealed with sterile caps. These vials were
left unmixed under three PPFD: 27 ± 9, 180 ± 36, and 450 ±
56 μmol/m2·s. LED panels with full-spectrum white light were
used to provide continuous illumination. The vials placed
under dark conditions served as a dark control. All cultivations
were conducted inside a 22 °C temperature-controlled room.

Fate and Dynamics of Fe. Over the batch period, the
concentrations of Fe in bulk liquid (0.45 μm filtrate of
samples), biomass-bound EPS, and whole biomass were
measured, which allowed us to track their changes and
conduct mass balance on Fe.32,36 For Fe in bulk liquid, we
considered two fractions: dissolved Fe (<30 kDa) and colloidal
Fe (30 kDa�0.45 μm). Filtrations were conducted in a
glovebox under continuous N2 purging, and filtrates were
quickly acidified with trace-metal grade HNO3. The total Fe
concentration in bulk-liquid filtrates was measured by
inductively coupled plasma-mass spectrometry (ICP-MS,
PerkinElmer SCIEX). The Fe(II) concentration in the same
filtrates was measured by the ferrozine reagent method.40 The
concentration of Fe(III) was then obtained by subtracting
Fe(II) from total Fe. For Fe in the extractable EPS fraction
(FeEPS), EPS of biomass was first extracted employing
sequential sonication and base treatment.32,41 Both EPS
extracts were acidified with HNO3 prior to the analysis of Fe
by ICP-MS. FeEPS was the summation of Fe present in the
sonication-extracted EPS (1st step) and the base-extracted EPS
(2nd step). Fe in the whole biomass was determined using the
standard methods (3030E),42 which involves acid digestion of
the whole biomass and analysis with ICP-MS.

Photochemical Fe Reduction Potential. Additional
batches were prepared containing 10 mL of activated sludge
(AS) spiked with a 200 μM ferrozine (FZ) reagent. These vials
were then placed under three light conditions and dark
conditions described above. FZ is a strong Fe(II) chelator,
which forms an FeIIFZ3 complex in the first-order reaction.10

Furthermore, the FeIIFZ3 complex is not bioavailable as FZ
does not cross the plasma membrane.43,44 Therefore, it would
be reasonable to assume that the rate of FeIIFZ3 formation is
the rate of Fe(II) release from the AS inoculum. Additionally,
we attempted to estimate the extent of Fe(II) release due to
photochemical reduction using the following equation:

= + +
Fe(II) release due to photoreduction

Fe(II) in (AS FZ) Fe(II) in (AS FZ)Light Dark

(1)

Fe(II) concentrations were obtained by first measuring FeIIFZ3
absorbance of 0.45 μm bulk liquid at 562 nm and by
quantifying per the ferrous ammonium sulfate standard with
FZ. We also determined total Fe concentrations in the same
bulk liquids of AS+FZ (both light and dark) via ICP-MS.

Analytical Measurements. Total solids, volatile solids,
and chlorophyll contents of samples were determined using the
standard methods.42 The phycobiliprotein concentration was
determined following Bennett and Bogorad45 with modifica-
tion,32 which involves removing background interferences from
absorbances.46 The polysaccharide concentration in bulk
liquids and EPS was measured using the phenol-sulfuric
method with glucose as a standard.47 For measurements of the
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concentrations of protein and humic substances, we used the
Frølund adaptation48 of the Lowry method49 with bovine
serum albumin as a standard. Dissolved oxygen (DO) in
batches was monitored using a portable DO probe inside the
glovebox with continuous N2 purging.
Microscopy. Light and autofluorescence microscopy

(EVOS FL Color, AMEFC4300) was frequently employed
over the batch period. For formed photogranules, we also
conducted microscopy on the outer and inner sections of
photogranular samples. For this, photogranules were frozen at
−20 °C prior to cross-sectioning. The frozen photogranules
were placed on wax sheets and cut off at various sections with a
sterile razor blade. The presence of filamentous cyanobacteria
was confirmed via RFP excitation (530 nm), which produced
golden-orange fluorescence for a phycobilin pigment phycoer-
ythrin in cyanobacteria.50

Statistical Analysis. The Pearson correlation coefficient
(r) was determined among variables, and the two-sample t-test
(α = 0.05) analysis was conducted to evaluate the statistical
significance between variables.

■ RESULTS AND DISCUSSION
Impact of Light Intensity on Progression of Photo-

granulation. Light intensity influenced the speed of photo-
granulation (Figure 1A). Under 27 μmol/m2·s, significant
contraction and floating of biomass took place between days
15 and 18 followed by granular structures appearing on around
day 28. Progression of granulation in 180 and 450 μmol/m2·s
was faster. Under 180 μmol/m2·s, granules were seen on
around day 15, while under 450 μmol/m2·s, mature granules
already appeared before day 9. Unlike lower lighting sets,
however, continued batch under 450 μmol/m2·s resulted in the
loosened granular structure, accompanied by the loss of

cyanobacterial layers (Figure S1). These observations suggest
that there is a threshold light intensity above which formed
photogranules become dissociated if the batch period is
prolonged.
Microscopy revealed dominant phototrophic communities

over the cultivation period and their spatial distribution in the
formed granular biomass (Figure S2). Under 27 μmol/m2·s,
significant cyanobacterial growth occurred along with the
development of a peelable cyanobacterial outer layer. In this
set, Oscillatoriales were observed to migrate outward in
granules, probably to harness more light. The 180 μmol/m2·s
set, in contrast, showed the bloom of microalgae before the
abundant growth of Oscillatoriales. These cyanobacteria
eventually enveloped the microalgae and other biomass into
a granule, with only a few cyanobacteria trichomes remaining
in the center of granules. The 450 μmol/m2·s batch showed a
significant growth of microalgae during week 1, but
cyanobacteria also grew fast during the same period, coinciding
with fast formation of photogranules (Figure 1A). In this set,
Oscillatoriales were seen to migrate inward, possibly to avoid
photoinhibition.51−54 Consequently, more trichomes were
located toward inner parts of photogranules, and outer parts
exhibited a lower cyanobacterial population than those from
lower light sets (Figure S2). In the 450 μmol/m2·s batch,
again, the cyanobacterial population diminished over con-
tinued incubation, which occurred with diminished granular
integrity (Figure S1 and Figure 1A).
The results of photosynthetic pigments concurred with

macroscopic and microscopic observations. The batch under
27 μmol/m2·s led to the production of phycobilin up to 57 ± 5
mg/L, much greater than that under 180 and 450 μmol/m2·s
(Figure 1B). Cyanobacteria have phycobilin, an additional
light-harvesting pigment. Furthermore, cyanobacteria have a
lower maintenance requirement than microalgae under light-

Figure 1. Progression of photogranulation with the activated sludge inoculum in a hydrostatic environment under different light intensities. (A)
Photos of batches on different days under no light (dark control), 27, 180, and 450 μmol/m2·s. (B) Growth of cyanobacteria indicated with the
concentration of total phycobiliprotein. (C) Growth of oxygenic phototrophs indicated with the concentration of chlorophyll a. Error bars
represent standard deviation from triplicate batch samples.
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limited conditions.53 These suggest that a low light intensity of
27 μmol/m2·s posed a selection pressure toward cyanobacteria.
In the 180 μmol/m2·s set, the phycobilin concentration
increased till day 9 and remained relatively constant afterward.
In the 450 μmol/m2·s batch, the peak phycobilin concentration
was observed by week 1, but it quickly declined later,
indicating a significant loss of the cyanobacterial population.
The results of chlorophyll a exhibited a similar trend to

phycobilin (Figure 1C), supported by positive correlations
between chlorophyll a and phycobilin: most strongly under 27
μmol/m2·s (r = 0.97) followed by 180 (r = 0.86) and 450
μmol/m2·s (r = 0.85).

Influence of Light Intensity on Dynamic Changes of
Fe in Bulk Liquid. The bulk-liquid Fe concentration in the
activated sludge inoculum was, on average, 0.14 mg/L,
accounting for 0.7% of total Fe (21.5 mg/L) in the inoculum.

Figure 2. Changes in quantities and characteristics of Fe in bulk liquids of batches for the first 9 days: dark control (A,E), 27 (B,F), 180 (C,G), and
450 μmol/m2·s (D,H). (A−D) Dissolved (<30 kDa) and colloidal (30 kDa�0.45 μm) Fe in bulk liquids. (E−H) Fe(II) and Fe(III) in bulk
liquids. The results for the entire batch period (38 days) are shown in the Supporting Information (Figure S3). Note different scales used in each
figure. Error bars represent standard deviation from triplicate cultivation samples.
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Its majority (>90%) was present in the dissolved fraction (<30
kDa) (Figure 2A−D and Figure S3), while Fe(II) was
undetected (Figure 2E−H and Figure S3). As the batch
incubation proceeded, Fe(III) in bulk liquids became quickly
depleted, which corresponded with the rapid appearance of
Fe(II) (Figure 2E−H). This phenomenon was prominent
under illumination because it happened within the first
sampling point (6 h) of all light batch sets, implying
photochemical reduction of Fe(III). Furthermore, DO in the
light sets got depleted significantly faster than in the dark
control (Figure S4), indicating enhanced biotic and abiotic
reactions under illumination. This early depletion of DO might
have also facilitated reduction of Fe. The DO in batches under
450 and 180 μmol/m2·s then rapidly bounced back as
photosynthesis became prevalent.
As more Fe(II) was found in bulk liquids, indicating

reduction and release of Fe from the solid-phase inoculum,32

Fe(III) also reappeared in bulk liquids, and both Fe(II) and
Fe(III) soon reached their peak. It is very likely that the bulk-
liquid Fe(III) in the lighting sets resulted from the reoxidation
of Fe(II) due to reoxygenation by oxygenic photosynthesis
(Figure S4). In this regard, it is worth noting that when the
peak release happened, the ratio of Fe(II) to Fe(III) in bulk
liquids increased with the light intensity, implying a greater
photochemical reduction pressure under higher light intensities
and co-occurrence of reduction and reoxidation of Fe.
Meanwhile, the reappearance of Fe(III) in the dark control
could have been due to reoxidation of Fe(II) by nitrate-
dependent anaerobic Fe(II) oxidizing bacteria,55 which
produces Fe(III) and denitrification products under anoxic,
circumneutral pH conditions.56 After these peak points, Fe(II)
was rapidly removed from bulk liquids. Under 450 μmol/m2·s,
Fe(II) was undetected from day 2. Under 180 μmol/m2·s,
Fe(II) was undetected or found at extremely low levels from
day 4. Fe(II) lingered longer in the 27 μmol/m2·s batch and
dark control but was also undetected from day 9. Small
amounts of Fe(III) persisted in bulk liquids of all light sets.
There, Fe(III) of <0.1 mg/L was consistently found, and the
majority of this Fe was in the dissolved fraction, similar to the
activated sludge inoculum. These suggest that in oxic aqueous
environments, a small amount of Fe(III) exists as dissolved
complexes, likely complexes of Fe(III)-organic ligands.57

The times for peak for both Fe(II) (Figure 2E−H and
Figure S3) and bulk-liquid Fe (Figure 2A−D and Figure S3)
and their declination speeds suggest that light intensity has a
significant impact on photochemical reduction of Fe and
subsequent reactions. The peak times under 450, 180, and 27
μmol/m2·s and no light were 0.5, 1, 2, and 3 days, respectively.
The peak concentration values, however, showed the opposite
trend, i.e., the lowest for 450 μmol/m2·s and the highest for the
dark control. These results imply faster photoreduction and
release of Fe as well as assimilation of bulk-liquid Fe under
higher light conditions. These points are corroborated by faster
growth of phototrophic microbes under stronger illuminations
(Figure 1B,C) and negative correlations between bulk-liquid
Fe and photosynthetic pigments in all light batches. The
correlation coefficient r for dissolved Fe vs phycobilin was
−0.80, −0.89, and −0.57 for 27, 180, and 450 μmol/m2·s,
respectively. The coefficients with chlorophyll a were,
respectively, −0.81, −0.78, and −0.53.
All the above results suggest that early dynamic changes of

bulk-liquid Fe in hydrostatic batches under illumination have
significant association with photoreduction of Fe. Furthermore,

the measured bulk-liquid Fe is only the net result of varying
reactions, including assimilation of the released Fe by
phototrophic communities.

Extent of Photochemical Reduction of Fe under
Different Light Intensities. To gain better insight into the
impact of light intensity on photoreduction of Fe and further
effects on photogranulation, we also conducted batches with
ferrozine addition (+FZ). All +FZ batches, including the dark
control, showed the formation of FeIIFZ3, shown by the
development of magenta color in bulk liquids, indicating the
release of unchelated Fe(II) into bulk liquids during
hydrostatic batches of activated sludge. Quantification of
Fe(II), via measurements of FeIIFZ3, in +FZ sets further
revealed important information. Most notably, levels of Fe(II)
in bulk liquids of +FZ batches (Figure 3A) were substantially

greater than both bulk-liquid Fe(II) and Fe(III) in batches
without FZ (Figure 2); measurements of the bulk-liquid Fe in
+FZ batches by ICP-MS also confirmed this (data not shown).
These results suggest that the extent of Fe(II) release in
batches without FZ should have been significantly greater than
the measured values (Figure 2). Consequently, this would also
mean that the released unchelated Fe(II) in batches was
quickly removed from the bulk-liquid phase.
Comparing the results among three light sets as well as with

the dark control reveals that light intensity has a significant
influence on photochemical reduction and release of Fe(II)
into bulk liquids. First of all, the release of Fe(II) in the dark
control, which by the way was slower than any light sets
(Figure 3A), reflects reduction and release of Fe(II) by

Figure 3. Release of Fe(II) into bulk liquids of batches with the
addition of ferrozine (+FZ). (A) Fe(II) concentration in bulk liquids.
(B) Light-induced Fe(II) release, which was obtained by subtracting
Fe(II) + FZ of the dark control from Fe(II) + FZ of batches under
different light intensities. Error bars represent standard errors from
duplicate batch samples.
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mechanisms other than photochemical reduction. Hence, the
difference between bulk-liquid Fe(II) in light sets vs the dark
control, especially during short periods like several hours of
incubation, may serve as photogenerated Fe(II) (Figure 3B). It
is clear that during the first day of batch incubation, the 450
μmol/m2·s set led to the fastest and greatest release of Fe(II)
into bulk liquids followed by 180 and 27 μmol/m2·s sets. This
strongly supports that greater light intensities led to greater
extents of Fe reduction by the photoreduction pathway, i.e.,
ligand-to-metal charge transfer. When FZ was not added, the
lowest level of bulk-liquid Fe was detected under 450 μmol/
m2·s (Figure 2). Hence, this result suggests that Fe(II)
emanating from photoreduction is quickly available to
phototrophs under illumination.8,11 Fujii et al.10 further
supports the current discussion. In this study, cyanobacteria’s
Fe uptake rate significantly increased as the concentration of
photogenerated unchelated Fe(II), from the Fe(III)-EDTA
complex, increased. Notably, both photochemical release of
Fe(II) and subsequent cyanobacterial uptake occurred
primarily under the <500 nm spectrum of visible light,
suggesting photochemical enhanced bioassimilation of Fe.
Based on our results and findings from Fujii et al.,10 we infer
that unchelated Fe(II) from photochemical reduction is useful
for cyanobacteria in photogranular cultivation because Gram-
negative cyanobacteria can utilize porins, outer membrane
transport proteins, to facilitate passive diffusion of Fe from
environments,58 whereas eukaryotic phototrophs have to use
energy-demanding active transporters, which is also 10−1000
times slower than transport via porins.10

Nonetheless, greater Fe availability under higher light
intensities, thus promoting faster phototrophic growth, would
result in faster utilization of Fe, ultimately creating a faster Fe-
limited environment. In this regard, it is worth noting that the
speed of disappearance of FeIIFZ3 in batches was also

proportional to light intensity (Figure 3A). These imply that
generation of higher Fe-chelating powers, which led to
dissociation of Fe from FeIIFZ3 and which is indicative of
Fe-limited environments, also took place in the order of light
intensity. Under 450 and 180 μmol/m2·s, photogranules were
formed in similar timing with and without FZ. Under 27
μmol/m2·s with FZ, the photogranular formation was about a
week faster than without FZ (data not shown).

Fate of Fe Linked with EPS (FeEPS) under Different
Light Intensities. The above results indicate that there is a
pool of Fe(III) in the solid phase of activated sludge, which is
susceptible to photochemical reduction. The earlier hydrostatic
batch study (PPFD of 18−45 μmol/m2·s) with three different
sources of activated sludge revealed that EPS proteins in
activated sludge solids and Fe linked with EPS (FeEPS) became
labile as photogranulation progressed.32 The mass balance in
the same study indicated that FeEPS in activated sludge inocula
accounted for 3−8% of total Fe, while the intracellular Fe was
also <10% of total Fe. These indicated that a significant
amount of Fe in activated sludge is present as nonextractable
FeEPS and Fe precipitates (predominantly ferric oxyhydr-
oxides), which are much less likely available for microbial
growth. Consequently, the study found that FeEPS and
phycobilin strongly correlated, indicating that FeEPS is an
important source of Fe for cyanobacteria. Importantly,
spherical structures of photogranules appeared as the levels
of FeEPS became steadily low, implying that the availability of
FeEPS has a significant influence on cyanobacterial physiology
and granulation. Thus, we aimed to examine the effect of light
intensity on the fate of FeEPS and its relationship with the
dynamics of bulk-liquid Fe and the speed of photogranulation
observed under different light conditions (Figures 1 and 2).
Prior to analysis on FeEPS, we first checked how major

organic fractions of EPS, polysaccharides, proteins, and humic

Figure 4. Changes in biomass-bound EPS and Fe linked with EPS (FeEPS) in batches. (A) EPS polysaccharide. (B) EPS humic substances. (C) EPS
protein. (D) FeEPS.
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substances (EPS-PS, EPS-PN, and EPS-HU), changed under
different light intensities. EPS-PS initially decreased by day 2
with the following increases in all light sets (Figure 4A). After
day 2, the batch under 27 μmol/m2·s showed a gradual
increase to the highest point among the three light sets. An
increase in EPS-PS in photogranule cultivation is indicative of
the growth of motile filamentous cyanobacteria,32,34 as they
produce extracellular slime or mucilage for their motility.59

Under 450 μmol/m2·s, EPS-PS increased to day 8 but
significantly decreased afterward, which concurs with the
pattern of phycobilin (Figure 1B). Significant differences
existed between the dark control and all light conditions for
EPS-PS (p < 0.002). For EPS-PN and EPS-HU (Figure 4B,C),
those that are nitrogenous organic-matter EPS, significant
decreases over the course of all batches were obvious,
indicating lability of these EPS pools during the hydrostatic
batch of activated sludge regardless of light conditions. Yet, the
results clearly illustrate that it was the 450 μmol/m2·s set that
led to the fastest and greatest declines in both EPS-HU and
EPS-PN, indicating enhanced access and availability of these
EPS fractions under strong light conditions.
The concentration of Fe present in the extracted EPS

(FeEPS) was found to be on average 1.75 mg/L, 8.1% of total
Fe in the inoculum. By the end of batch, the fraction of FeEPS
decreased to 1.1−1.3% in the light sets compared to 4.4% in
the dark control. A much larger amount of FeEPS remaining in
the dark control suggests that this pool of Fe was not as
available as in light batches. Congruent with the earlier study,32

FeEPS (Figure 4D) showed similar patterns with EPS-HU and
EPS-PN. Indeed, strong correlations were found between FeEPS
and both EPS-HU and EPS-PN (Table 1), indicating that
these nitrogenous EPS pools are the primary source of FeEPS.
The results further suggest that, although extremely low levels
of bulk-liquid Fe remained past its initial peak (from day 2 or
3, Figure 2), Fe from EPS-HU and EPS-PN was made available
for significant durations of batches. Additionally, the early
release of bulk-liquid Fe most likely originated from FeEPS,
concurring with the results of +FZ batches (Figure 3A).
For decreases of FeEPS over batch periods, significant

differences between light sets vs the dark control (p < 0.009
for the sets of 180 and 450 μmol/m2·s; p = 0.149 for 27 μmol/
m2·s) again signify that FeEPS in activated sludge is susceptible
to photochemical reactions absent in the dark control. In other
words, a given fraction of FeEPS in activated sludge solids does
not undergo reduction simply by the development of anaerobic
conditions but is prone to photochemical reduction.
Importantly, the rate of removal of this Fe pool in light
batches followed the order of light intensity. Decreases of FeEPS
for the first 12 days were well-described as second-order
decays: the reaction rate constants k for 450, 180, and 27

μmol/m2·s and the dark control were 0.26 (R2 = 0.94), 0.13
(R2 = 0.94), 0.06 (R2 = 0.95), and 0.03 L/mg day (R2 = 0.81),
respectively. Faster dissociations of both FeEPS and nitrogenous
EPS under 450 μmol/m2·s suggest that EPS organic ligands
complexed with Fe are good targets to photolysis, leading to
the oxidation of EPS and reduction of Fe, under higher light
intensities. Strong negative correlations between FeEPS and
photosynthetic pigments (Table 1) suggest that this photo-
labile Fe became the source of phototrophic growth occurring
in photogranule formation. Hence, stronger light and faster
availability of Fe under such light conditions should have
posed combined effects and led to faster phototrophic growth
(Figure 1). This eventually causes faster limitation of Fe in
batch systems, which of the period appears to correspond to
the appearance of a granular morphology, suggesting
physiological changes of microbes dealing with the limitation
of essential nutrient Fe in the system. As mentioned above,
under a high light intensity of 450 μmol/m2·s, the established
photogranule system also collapsed by losing cyanobacteria.
Hence, the limited Fe under persistent high irradiation likely
caused the eventual loss of cyanobacteria and granular integrity
of photogranules.
Regardless of the rate of removal per light intensity, this

FeEPS pool got eventually utilized in all light batches as it
basically converged on the same lowest point. The slowest yet
selective growth of cyanobacteria under 27 μmol/m2·s and the
slowest depletion of FeEPS in the same batch imply that a
significant fraction of FeEPS was accessed by cyanobacteria
during the photogranulation process. Under 27 μmol/m2·s,
FeEPS showed stronger correlations with phycobilin and
chlorophyll a than chlorophyll b and chlorophyll c (Table 1),
showing agreement of selection of cyanobacteria in this low-
light cultivation set and their link with this Fe pool. On the
other hand, correlations were similar for all measured pigments
in 180 and 450 μmol/m2·s sets, suggesting enrichment of both
cyanobacteria and microalgae in photogranule formation under
higher light sets. These results again suggest that the limitation
of FeEPS has a strong influence on physiology of microbes,
especially cyanobacteria, inducing the formation of granular
aggregates.

■ IMPLICATIONS
This study presents that the photogranulation process is
strongly influenced by light intensity, the availability of Fe,
which is itself impacted by light intensity, and, thus, the
combined effects of light and Fe. A greater light intensity
enhances the speed of photogranulation not only by making
more photons available for photosynthesis but also by
accelerating the availability of Fe. Faster formation of
photogranules under 450 μmol/m2·s occurred with faster

Table 1. Pearson Correlation Coefficients of FeEPS with Different Fractions of EPS and Photosynthetic Pigments of Biomass
during the Hydrostatic Cultivation under Varying Light Intensitiesb

dark control 27 μmol/m2·s 180 μmol/m2·s 450 μmol/m2·s 450 μmol/m2·sa

EPS-polysaccharide 0.67 −0.76 −0.26 0.44 −0.14
EPS-humic sub. 0.87 0.93 0.89 0.91 0.93
EPS-proteins 0.76 0.90 0.85 0.83 0.82
phycobilin 0.69 −0.98 −0.86 −0.29 −0.88
chlorophyll a 0.78 −0.95 −0.89 −0.58 −0.84
chlorophyll b 0.18 −0.78 −0.89 −0.58 −0.84
chlorophyll c 0.11 −0.74 −0.38 −0.13 −0.87

aCorrelation coefficients for the data for the period of day 0 to day 9 only. bThe bold numbers are indicated for r > ±0.80.
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photoreduction of Fe, in both liquid and solid phases of
activated sludge, and faster depletion of bulk-liquid Fe and
FeEPS. Slower yet still reaching the same lowest points of FeEPS
in the two lower light sets and, importantly, the main granular
structure appearing along with depletion of this particular pool
of Fe in all three light sets strongly suggest that light and Fe
cocontrol the photogranulation process.
For wastewater treatment, there is obvious interest in

treating wastewater faster or in larger quantities. In this
context, operating OPGs under high light intensities, thus
achieving faster photogranulation, would be important.
Furthermore, high light conditions are more relevant for
OPG reactors operated under sunlight. This study suggests
that it should be possible to pursue a “high-rate” OPG system
under high light intensities, but it should be carefully
approached due to the potential imbalance of light and Fe
that it may bring.
Although photogranulation occurred faster under 450 μmol/

m2·s, this set also showed the loss of grown cyanobacteria and
the rupture of the formed photogranules when batch was
continued. This seems to make sense when considering the
physiology of cyanobacteria, which has a high Fe requirement
compared to other phototrophs and heterotrophic bacte-
ria.12,13 Under high light conditions with low Fe availability,
cyanobacteria downregulate the biosynthesis of pigments and
photosystems to avoid absorption of excess light energy.
However, continued exposure to high-light/low-Fe conditions
would lead to generating reactive oxygen species, causing
photodamage to their cellular components.1,60 In contrast,
under low light conditions, cyanobacteria can grow and
maintain with multiple Fe uptake mechanisms, including
diffusive transport via porins and active transport involving
siderophores,61 and via enhanced phycobilin production.60

Findings from Arcila and Buitroń,62 who studied the effect of
light intensity on a microalgae-bacterial system treating
municipal wastewater in an 80 L high-rate algal pond, might
be relevant to the current discussion. When this system was
operated under high solar radiance (>1000 W/m2), neither
floc aggregation nor granulation was obtained but planktonic
growth of green algae. However, when the light intensity was
lowered to 479−665 W/m2, with greenhouse nylon screens
put on, the system ensued with bloom of filamentous
cyanobacteria, which coincided with algal-bacterial granulation
and effective treatment. These lines of literature and our
observations suggest that to sustain OPG-based wastewater
treatment under high light intensities, adequate reactor
operating conditions should be implemented so that the loss
of the cyanobacterial population can be avoided based on the
imbalance in Fe and light levels.
In the earlier hydrostatic batch study in which the range of

light intensity was 18−45 μmol/m2·s, the main granular
structure emerged as the FeEPS pool got depleted.32 A very
similar observation was also made from hydrodynamic batches,
which occurred in a 1 L vessel with mixing and illumination at
126 μmol/m2·s.35 Per the current study, these observations
apply to much higher light intensities. This study also showed
that FeEPS in all batches became depleted along with the
extensive growth of cyanobacteria, supported by strong
correlations (Table 1). These observations tend to suggest
that substantive growth of cyanobacteria on labile Fe (bulk-
liquid Fe and FeEPS) and successive limitation of Fe induce
granulation of cyanobacteria. This “feast−famine-like” nature
may be relevant to the common use of a sequencing batch

reactor (SBR) for granulation processes although the current
hydrostatic batch does not involve repetitive feast−famine
cycles as does the SBR.31 This implies that reactors other than
the SBR can be utilized to promote photogranulation if the
feast−famine-like conditions can be induced. Indeed, we
recently found that OPGs manifested in a 120 L continuous-
flow completely stirred tank reactor (CSTR), which effectively
treated organic matter in municipal wastewater in hydraulic
retention of 6−24 h.63,64 In this kind of situation, although no
substrate gradient is expected to be present in the bulk liquid
of the CSTR, it might be possible that different light and redox
conditions developing along the depth of granules, especially in
larger granules, induce a feast−famine pressure on Fe. This
postulation seems to be supported by the observations made
by Abouhend65 that as the OPG biomass in SBR treating real
wastewater grew in size (i.e., progression of granulation), both
the concentration of FeEPS and its fraction in total Fe in the
biomass substantially decreased.
This study thus reveals an important aspect of light/Fe

coupling for photogranulation, a phenomenon that occurs
across vastly different environments on our biosphere. For
scale-up and sustaining OPGs in real continuous wastewater
treatment, we propose that a better understanding of
interactions of light and Fe and maintaining their balance by
adequate reactor operations would be important. For the latter,
we anticipate that various strategies including biomass wastage,
biomass size control, scheme of mixing in deep reactors
(dealing with both photoinhibition and photolimitation
issues),35,54 and/or the addition of Fe could be involved.
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