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Hibernating mammals change between active
and inactive phases, which is accompanied

by functional alterations in their microbiota that
support prehibernation fattening or nitrogen
recycling. This discovery may lead to potential
targets for microbiota-directed therapies for
human muscle-wasting conditions.

frogs, gut microbes encode an increased po-
tential for nitrogen salvage (6). Using metage-
nomic sequencing, Regan et al. found that
the gut lumen of squirrels contains micro-
organisms with urease genes, which enable
the microorganisms to produce enzymes (i.e.,
ureases) that metabolize urea into carbon
dioxide and ammonium. The ammonium is
then used by the same microbiota as a source
of nitrogen to produce amino acids, some
of which are then absorbed by the host. As
a result of this process, nitrogen loss dur-
ing protein catabolism and urea formation
is compensated, which counteracts muscle
wasting. Although the process of urea nitro-
gen salvaging has been known in ruminants
such as cattle, goats, and sheep (7), the iden-
tification and molecular delineation of urea
nitrogen salvaging in hibernating mammals
add another central role for intestinal micro-
organisms within the coordination of host
physiological adaptations.

Muscle wasting is prevalent in humans,
for example, during protein malnutrition,
which affects millions of people worldwide,
especially children in developing countries.
The low intake of protein is known to trigger
not only muscle wasting but also other health
problems, such as various neurological and
growth defects, inflammatory episodes, and
increased susceptibility for pathogenic in-
fections. Muscle wasting is also prevalent in
the elderly owing to age-related muscle loss,
which greatly affects quality of life. The ex-
ploitation of microbial processes for produc-
ing essential amino acids could potentially
benefit those whose diets are deficient in
protein or those who display impaired food
intake or digestion, for example, members of
the elderly with sarcopenia (8).

The identification of a microbial contribu-
tion to urea nitrogen salvaging in hibernat-
ing mammals provides potential targets for
developing new treatments for muscle wast-
ing and related conditions. The gut micro-
biota is plastic in its composition and func-
tion and can be shaped by external factors
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such as diet (9). Microbiota-directed thera-
pies have already been used successfully for
malnutrition (Z0, I1). These approaches seem
promising, especially for treating or prevent-
ing muscle wasting, because physiological
responses to low-protein conditions similar
to those observed in hibernating mammals
have been observed in humans, that is, an
increase in nitrogen recycling under low-
protein conditions (12, 13). The addition of
bacteria that produce ureases, for example,
from the genus Alistipes, which increased in
abundance during hibernation in squirrels,
could represent potential next-generation
probiotics. Successful probiotic supplementa-
tion was recently shown when Lactobacillus
plantarum was administered to malnour-
ished mice, which prevented body weight
loss and fostered normal bone development
(14). However, it is unclear whether L. plan-
tarum increased nitrogen recycling. Another
approach would be to develop genetically
manipulated bacteria, which colonize the hu-
man gut, to express urease, thus providing
an alternative avenue to increase nitrogen
recycling. The feasibility of this approach
was recently demonstrated using engineered
Escherichia coli Nissle to produce enzymes
that enabled phenylalanine degradation in
patients with phenylketonuria (15).

The findings of Regan et al. add to previ-
ous research demonstrating the microbial
function in energy harvest of hibernating
mammals. Collectively, these studies high-
light the importance of the microbiota for
nutritional and metabolic adaptions in mam-
malian hosts. Muscle wasting is prevalent in
those suffering from age-related sarcopenia,
protein malnutrition, or prolonged inactiv-
ity such as during space travel or hospital-
izations related to severe diseases. Because
mechanisms for nitrogen salvaging from
urea seem to be functional in humans, mi-
crobiota-directed interventions for urea recy-
cling could be a potential therapy for treating
such conditions.
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Intensifying
existing urban
wastewater

Aerobic granular sludge
offers improvements
to treatment processes

By M.-K. H. Winkler
and M. C. M. van Loosdrecht?

s the population continues to grow,
increasing engineering challenges are
associated with the sustainable life
cycle of consumption and produc-
tion of safe, reusable water. The water
industry has identified wastewater
as a viable and sustainable source for not
only quality water, but also for recovering
resources while minimizing footprint and
energy demand. A recent innovation that
targets all of these key issues is the aerobic
granular sludge (AGS) technology, which al-
lows for the simultaneous removal (or recov-
ery) of nitrogen, carbon, and phosphate while
reducing the footprint by up to 75%.

Today, 55% of the world’s population
lives in urban areas, and that number is ex-
pected to increase to 68% by 2050, making
cosmopolitan square footage more arable.
As a result, metropolitan wastewater treat-
ment plants (WWTPs) are constrained in
space while having to treat higher flow rates
(I). Additionally, recent regulations demand
nutrient removal (e.g., in the US) and recov-
ery (e.g., in Europe), but WWTPs were not
designed to easily add on functionalities to
accommodate treating increased flows with
more-stringent discharge limits. This prob-
lem is exacerbated by an aging infrastruc-
ture. Amid an economic crisis fueled by the
coronavirus pandemic, investment in aging
water infrastructure has to remain of prime
importance for growth (2). The US, for ex-
ample, was underinvesting in its wastewater
systems but has recently passed a massive
bill to renew infrastructure (3). This pushes
for innovative technologies to offer cost- and
space-effective treatment solutions.

Granules are a specific form of biofilm
structure (see the figure) because they do not
grow on a carrier but are self-aggregating,
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spherical particles with diameters of 0.5 to 2
mm that settle 10 to 15 times as fast as the con-
ventional floc. Flocs can be selectively wasted
from the system, enriching for granules and
accelerating solid separation substantially.
The fast-settling and high-thickening proper-
ties of AGS allow integration of the settling
process inside only one treatment unit oper-
ated at increased solids inventory, thereby by-
passing the space-consuming secondary clar-
ifiers and greatly reducing footprint
and intensifying reactor operation
without energy-intensive recycle
flows and mixers (4).

In conventional systems, sludge
flocs must be pumped across mul-
tiple tanks to allow N, C, and P re-
moval, and they are separated from
the water in extremely space-de-
manding clarifiers. Granules consist
of a spatially ordered consortium of
nitrifiers, phosphate-accumulating
organisms (PAOs), glycogen-accu-
mulating organisms (GAOs), and
associated microorganisms (5). The
nitrifiers aerobically oxidize am-
monium to nitrate and are confined
to grow on the oxygenated granule
periphery. The PAOs may grow aerobically
but preferentially localize to the granule in-
terior, where they reduce nitrate to nitrogen
gas and store phosphate. Together, both func-
tional groups (nitrifiers, PAOs and GAOs) are
coupling transformations of C, N, and P to
allow water purification. Enhanced biologi-
cal phosphate removal (EBPR) systems form
denser and stronger granules than systems
based on ordinary heterotrophs (6).

To out-select the fast-growing heterotrophs
and promote the growth of slow-growing
PAOs and GAOs (that form smoother bio-
films), the reactor must be operated with
alternating anaerobic and aerobic reactor
conditions with influent feeding during the
anaerobic period. This task can be accom-
plished by anaerobically feeding the waste-
water directly through the settled granular
sludge bed. The concurrent nutrient removal
and easy separation of granules allows one to
operate the whole process in a single sequenc-
ing batch reactor (SBR) at reduced footprint.
When three parallel reactors are present, the
pre- and posttreatment processes can be op-
erated at continuous flow (CF), as in conven-
tional floc-based processes (4).

Nutrient recovery has similar poten-
tial for flocs and granules, but granular
sludge is special in that it enables 5 to 10
kg of glycoprotein recovery per person per
year, which has good economic value in the
chemical and agricultural industry (7). The
high-thickening characteristics of AGS may
also be used to produce a phosphorus-rich
stream by simple anaerobic holding of the
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waste granular sludge, offering the promise
of P recovery without an anaerobic digester.
AGS technology is therefore an attractive
alternative for future expansions at many
wastewater facilities serving an increasing
population with space constraints.

Despite the success story of AGS, which
has already reached 70 plants worldwide
within the first few years of market introduc-
tion, the SBR-based technology does not eas-

Assliced granule of an aerobic granular sludge system (left) includes nitrifiers
(red) and denitrifying polyphosphate-accumulating organisms (PAOs) (blue).
Granules are shown from a continuous-flow system (right).

ily integrate in existing, mostly shallow CF
infrastructure that relies on solid separation
in a clarifier. This makes retrofitting an ex-
isting plant cumbersome without decommis-
sioning. Recently, a high abundance of PAO-
based granules was unexpectedly observed at
existing, full-scale CF-EBPR plants, suggest-
ing that widespread adaptation of AGS in
existing wastewater facilities might be easier
than expected (8). Therefore, the implemen-
tation of a granule-floc separator in CF-EBPR
systems to enhance granulation by leveraging
an anaerobic phase to select for slow-growing
bacteria capable of internally storing carbon
(such as PAOs and GAOs) may be a way to
integrate AGS technology into CF, which is
currently considered the crowning glory for
sustainable wastewater treatment (9).

A fully aerobic feast-famine regime is
sometimes easier to implement in existing
infrastructure (10, 1I). This strategy can
also result in granular sludge, but it needs
a stronger selection force for granules than
for anaerobic feeding. The main selection
pressure used thus far for cultivating gran-
ules in CF has been settling velocity based,
where fast-settling particles are continu-
ously separated from the slow-settling
particles and retained in the system using
equipment such as a solids-liquid separa-
tor, an external settler, or other designs of
similar concept (12). These CF configura-
tions can have varying floc-granule separa-
tion methods, but many share the common
strategy of favoring the growth of GAOs
and PAOs in the granules by recycling

larger particles to the anaerobic zone from
the separator.

Challenges remain in uncoupling floc
and granule retention time as an essential
requirement to establish granules in CF.
Additional challenges include the genera-
tion of enough biologically available carbon
(through hydrolysis and fermentation) and
directing it to select efficiently for storage
(GAOs and PAOs) (13); sludge aeration and
mixing strategies for floc-granular
biomass systems; the impact of floc
and granule size fractions on dif-
fusive transport (74) and microbial
competition to manage nitrification
and denitrification (I5); and the in-
tegration of resource recovery, espe-
cially phosphate and biopolymers,
in the water treatment process.

Overall, the paradigm of waste-
water treatment to protect public
health and improve environmental
quality has begun to shift—after a
century of municipal wastewater
treatment—from flocculent to gran-
ular sludge, which offers an exciting
opportunity for upgrading existing
infrastructure while making waste-
water treatment more sustainable. SBR-AGS
is the best option for plants that require a
major infrastructure upgrade, whereas CF-
AGS is best suited for plants that are still in
good enough shape to allow a retrofit for in-
tensifying existing infrastructure. AGS tech-
nology will be of great importance to the wa-
ter profession to provide high-quality water
in constantly growing urban areas combined
with efficient resource recovery.
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