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Polyphosphate (poly-P), polyhydroxyalkanoates (PHAs), and
glycogen are the key functionally relevant intracellular polymers
involved in the enhanced biological phosphorus removal
(EBPR) process. Further understanding of the mechanisms of
EBPRhasbeenhamperedbythelackofcellular levelquantification
tools to accurately measure the dynamics of these polymers
during the EBPR process. In this study, we developed a novel
Raman microscopy method for simultaneous identification
and quantification of poly-P, PHB, and glycogen abundance in
each individual cell and their distribution among the populations
in EBPR. Validation of the method was demonstrated via a batch
phosphorus uptake and release test, in which the total
intracellular polymers abundance determined via Raman
approach correlated well with those measured via conventional
bulk chemical analysis (correlation coefficient r ) 0.8 for poly-
P, r ) 0.94 for PHB, and r ) 0.7 for glycogen). Raman
results, for the first time, clearly showed the distributions of
microbial cells containing different abundance levels of the three
intracellular polymers under the same environmental conditions
(at a given time point), indicating population heterogeneity
exists. The results revealed the intracellular distribution and
dynamics of the functionally relevant polymers in different
metabolic stages of the EBPR process and elucidated the
association of cellular metabolic state with the fate of these
polymers during various substrates availability conditions.

Introduction
The enhanced biological phosphorus removal (EBPR) pro-
cess, which employs biological agents (e.g., polyphosphate
accumulating organisms (PAOs)) to remove phosphorus (P)
from wastewater, is widely applied for achieving low effluent
P levels to avoid eutrophication in aquatic water systems.
Key biochemical mechanisms involved in the EBPR process
include anaerobic uptake and reduction of volatile fatty acid
(VFA) into polyhydroxyalkanoates (PHAs, either as poly-�-
hydroxybutyrate (PHB) or as polyhydroxyvalerate (PHV))
storage using the energy generated from the hydrolysis of
intracellular polyphosphate (poly-P) and the reducing equiva-
lent from glycogen (1). In the subsequent aerobic or anoxic

phase, PAOs use their stored PHAs as the energy source to
support biomass growth, recover cellular glycogen, and
restore poly-P accompanied by phosphate uptake. Net P
removal from the wastewater is then achieved via the wasting
of biomass containing high P content. Another population
group that has been found to be relevant and have impact
on EBPR process performance is known as glycogen ac-
cumulating organisms or GAOs (2). Similar to PAOs, GAOs
can uptake VFAs in anaerobic condition for PHA formation
while using glycogen as the primary source of energy rather
than poly-P cleavage like PAOs. GAOs can also oxidize PHAs
aerobically leading to biomass growth and glycogen replen-
ishment as PAOs. Since GAOs compete with PAOs for VFAs
without contributing to P removal, their presence may impact
EBPR systems (3, 13). Thus, intracellular storage polymers,
such as poly-P, PHAs, and glycogen, play vital roles in the
EBPR metabolic dynamics.

Current studies on EBPR process mostly rely on aggregated
evaluation of mixed enrichment cultures since there has been
no success in isolating pure cultures of PAOs and GAOs. P
removal kinetics and stoichiometric assessments also rely
mostly on the bulk measurements of the substrates and
polymers for the mixed populations during the EBPR process
without any quantification at any specific population or
cellular level. Evaluation of potential factors that affect the
metabolic state, and therefore the abundance and distribu-
tion of intracellular polymers, has been very difficult, if not
impossible, due to the lack of analytical methods that allow
for cellular level quantification of these important storage
polymers. Furthermore, quantification of functionally rel-
evant microorganisms, including PAOs and GAOs, have so
far been based upon evaluation through molecular tools such
as fluorescence in situ hybridization (FISH) or quantitative-
polymerase chain reaction (q-PCR) (4). Application of these
genetic-based molecular techniques, however, is only limited
to in situ observation and quantification of known PAOs/
GAOs, for which the genetic information has been retrieved
(5, 6). A number of studies have already indicated that the
diversity of PAOs and GAOs is larger than currently under-
stood, especially in full-scale EBPR processes (7, 8, 13).
Therefore, an alternative method to monitor the intracellular
storage polymers and their association with metabolic states
of diverse groups of PAOs and GAOs populations will greatly
improve our understanding of the EBPR fundamentals.

Recently, we have demonstrated successful application
of Raman microscopic method for cellular-level quantifica-
tion and evaluation of intracellular poly-P dynamics in
microbial populations during EBPR process (9). In this study,
we further developed a Raman microscopic method for
simultaneous identification and quantification of two other
functionally relevant intracellular polymers, namely PHB and
glycogen, in microbial cells during EBPR process. The method
was, for the first time, applied to evaluate the intracellular
distribution and dynamics of the functionally relevant
polymers in different metabolic stages of the EBPR process
and to elucidate the association of bacterial metabolic state
with the fate of these polymers under various substrates
availability conditions. Metabolic state-based quantitative
identification of PAOs and GAOs populations in the EBPR
system based on their intracellular polymers Raman spectrum
was proposed.

Materials and Methods
Lab-Scale EBPR System Studied. A laboratory-scale con-
tinuous flow EBPR system was established to evaluate P
removal performance and to enrich for PAOs and GAOs that* Corresponding author e-mail: april@coe.neu.edu.
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could be used for the analysis of intracellular inclusion of
poly-P, PHB, and glycogen. The reactor included an anaerobic
zone and an anoxic zone, followed by two-stage aerobic
zones; the configuration allowed for both A2O (anaerobic-
anoxic-oxic) and UCT (University of Cape Town) modes of
operation. The HRT and SRT of the system were maintained
at 18 h and 8 days, respectively. The composition of synthetic
wastewater feed was according to Schuler and Jenkins (10).
Phosphorus was added as 35.6 mg/L sodium phosphate
monobasic (NaH2PO4 ·H2O) (8 mg P/L). The organic portion
of the feeding consisted of 744 mg/L sodium acetate
(CH3COONa ·3H2O) (350 mg COD/L) and 15 mg/L of
casamino acids.

Presence of PAOs in the reactor was confirmed with
phosphate removal performance evaluation, Neisser staining,
and FISH technique. Details on staining and FISH quanti-
fication on PAO/GAO abundance and information on the
related probes can be found elsewhere (11). The FISH probes
used for PAO identification were according to Crocetti et al.
(5) and those for GAOs were according to Crocetti et al. (6)
and Kong et al. (12). The identifiable PAOs/GAOs cells in the
reactor seemed to have signature grape-like cocci morphology
and they were relatively large (3-5 µm) in comparison to
other bacterial cells.

Raman Data Acquisition. Raman spectra were acquired
using a WITec, Inc. (Ulm, Germany) model CRM 2000
confocal Raman microscope. Excitation (ca. 30 mW at 633
nm) was provided by a helium/neon laser (Melles Griot,
Carlsbad, CA). Details on the acquisition of spectra can be
obtained in Majed et al. (9). Relative quantity of poly-P content
in each individual cell was evaluated based on the Raman
intensity (peak height in the unit of charged coupled device
(CCD counts) of the PO2

- stretching band occurring around
1168-1175 cm-1 wavenumber region after background
correction. The CdO stretching band of ester linkage
occurring around 1734 cm-1 and glycogen vibration occurring
around 480 cm-1 were used for quantification of PHB and
glycogen content, respectively (see details in Results and
Discussion section).

Raman Spectrum with Standard Polymers. Raman
spectra of phosphate standards were collected as described
in Majed et al. (9). Raman spectra for PHB standard were
evaluated and identified using commercial chemical poly[(R)-
3-hydroxybutyric acid] [COCH2CH(CH3)O]n. No pure PHV
standard is commercially available and a mixture standard
that contains 12% PHV by weight mixed with PHB was used
for identifying the Raman spectra for PHB in addition to
PHV, which was poly(3-hydroxybutyric acid-co-3-hydroxy-
valeric acid), [COCH2CH(CH3)O]x[COCH2CH(C2H5)O]y. Ra-
man spectra for glycogen were determined with pure glycogen
(C6H10O5)n. All the chemicals specified above for standard-
ization purposes were obtained from Sigma Chemical
Company (St. Louis, MO).

Correlating Intracellular Polymers Quantified by Raman
with Those by Bulk Chemical Analysis. To study the
dynamics of inclusion of polymers in the cells, P release and
uptake tests were performed to allow for obtaining the
correlation between the bulk measurements of polymers and
the intracellular Raman quantifications. Details of P release
and uptake tests can be found in Gu et al. (13). For this
particular study, the batch testing consisted of 90 min of
anaerobic phase with acetate addition (50 mg acetate/L)
followed by 240 min of aerobic phase. Samples were taken
throughout the P release and uptake tests at 15-90 min
intervals. Each sample (10-15 mL) was subjected to both
Raman analysis and bulk chemical analysis for the three
polymers. The samples, filtered through 0.45-µm filter papers,
were analyzed for orthophosphate (ortho-P; (PO4

3)-) and
acetate (CH3COO-) using a DX-120 ion chromatograph
(Dionex Benelux, Belgium). PHB was measured according to

the method described in Oehmen et al (14). A 3% acidified
methanol solution was used for digestion and benzoic acid
was used as an internal standard. Standard solutions of PHB
were prepared using commercially available poly[(R)-3-
hydroxybutyric acid] [COCH2CH(CH3)O]n obtained from
Sigma Chemical Co.. Samples and standards were digested
for 4 h and then extracted according to the method specified.
Analysis was performed using a Varian 431 gas chromato-
graph (Varian, Inc., Palo Alto, CA). Particulate poly-P was
analyzed as the difference between the total acid hydrolyzed
P and total reactive P and measured according to the standard
method (4500-P) (15). Glycogen was measured according to
the method specified by Erdal (16).

Samples subjected to Raman analysis were prepared on
optically polished CaF2 windows (Laser Optex, Beijing, China)
according to Majed et al. (9). Raman spectra for at least 40-45
single cells were examined for each sample (the sample size
required to obtain statistically reliable results was previously
determined to be greater than 30 cells per sample) (9).

Results and Discussion
Characteristic Raman Spectra of Polymers. Figure 1a shows
the Raman spectrum of the commercially available PHB. The
most prominent bands in this spectrum are located at 433,
840-860, and 1725-1734 cm-1 and can be assigned to δ(CC)
skeletal deformations, ν(CC) skeletal stretches, and ν(CdO)
stretching vibrations respectively, and these are consistent
with the Raman spectra of PHB as examined by Lin-Vien
(17). The regions from 1040 to 1140 cm-1 and from 1250 to
1460 cm-1 show bands originated from ν(CC) skeletal
stretches and δ(CH), δ(CH2), and δ(CH3) deformations,

FIGURE 1. Signature Raman spectra of (a) PHB, (b) PHB-co-PHV,
and (c) glycogen. Arrows indicate the specific peaks that were
selected for quantification of the respective polymers.
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respectively (17). Figure 1b shows the Raman spectrum of
the PHB-co-PHV copolymer (with 12% PHV content) which
shows the same bands as those of PHB, except that the relative
intensity of skeletal stretches at 840 cm-1 for the copolymer
is higher with respect to ν(CdO) stretching at 1734 cm-1

than that of PHB alone. This is likely due to the additional
CH2 in the alkyl side groups of the PHV. The nature of this
predominately skeletal C-C stretching vibration has been
shown to be dependent on the number of carbons in
n-alkanes (18). Figure 1c shows the Raman spectrum of pure
glycogen, which is similar to the spectra of glycogen reported
previously (19). It is observed that the glycogen vibrations
mainly occur at the peak positions around 478-484, 840-860,
937-944, 1048-1087, 1131, 1333-1383, and 1460 cm-1

(20-22) and these regions correspond to skeletal deforma-
tion, CC skeletal stretch, ring “breathing”, ring vibration,
pseudosymmetric CdCdO stretch, CH3 symmetric deforma-
tion, and CH3, CH2 deformations, respectively (17). Identi-
fication and standardization of peak positions for poly-P of
different chain lengths have been described previously (9),
and the signature peaks associated with poly-P are P-O-P
vibrations and PO2

- stretches, with vibrations occurring at
around 690 and around 1157 cm-1, respectively.

Simultaneous Observation of Intracellular Polymers in
EBPR Process. It is recognized that all Raman-active bio-
molecules in a cell will contribute to the resulting spectrum
and their signals may overlap (23). Thus, it is crucial to identify
one representative peak of each polymer which is unique
and representative of the specific polymer without any or
with minimal interference from the others. Raman band
positions of the polymers in the reference (standard)
spectrum and in the bacterial spectra may differ by several
wavenumbers, because of the different physicochemical state
of the polymer and a different matrix in bacteria (23). We
found that the band position around 1734 cm-1 representing
CdO stretching vibrations of the ester linkage could be the
potential marker for PHB (23) and the best indicator for
glycogen is the glycogen vibration occurring around 480 cm-1

peak position (21). The intensities of these mentioned peaks
were then used to quantify the cellular PHB and glycogen
content, respectively. Since there was no commercially
available PHV, we used PHB/PHV copolymer for observing
signature spectrum for the presence of PHV. We found that
PHV presence caused the increased intensity of peak at 840
cm-1 and led to a higher ratio (>1) of the intensity of ν(CC)
skeletal stretches at 840 cm-1 to the vibrations at 1734 cm-1

(intensity860 cm
-1/intensity1734 cm

-1), which is approximately 1
for spectrum for PHB only. The Raman band of PO2

-1

vibrations occurring around 1168-1177 cm-1 was considered
as the potential indicator and quantifiable peak for poly-P
(9).

We observed diverse and different combinations of
intracellular polymeric inclusions inside individual cells
obtained from different anaerobic and aerobic stages of EBPR
processes (Figure 2). Eight types of cellular Raman spectra
(assuming each represents one metabolic state of a cell) have
been identified and they include cells with none of the
signature peaks for any of the three polymers, cells with only
one of the polymer inclusion, and cells with different
combinations of the three polymers, as shown in Figure 2.

Note that for cells that contained both PHB/PHV and
glycogen, we found that the overlapping of the 840 cm-1

band region from PHB/PHV with the 840-860 cm-1 band
region from glycogen made it difficult to differentiate the
PHB from PHB/PHV coexistence. Thus, PHV cannot be
accurately quantified for cells that contain relatively high
levels of both PHAs and glycogen. Cells having PHAs without
any glycogen inclusion can be evaluated for the presence of
both PHB and PHV based on the relative peak intensities of
the bands at 840 and 1734 cm-1 according to the standards.

It has been shown that the PHB or PHV content depends on
the substrate type; when fed with acetate, PAOs produce
mainly PHB (generally <10% PHV production) (24, 25), while
GAOs produce approximately 75% PHB and 25% PHV (26).
Therefore, for our acetate-fed EBPR system, PHB is expected
to be the dominant type of PHA. This is also true for most
full-scale EBPR processes since VFAs in the wastewater
influent are mostly acetate unless supplemented with others
(13, 27). However, it should be recognized that PHV is the
primary PHA fraction produced by GAOs when fed with
propionate (28). Based on the metabolic pathways and
involvement of these polymers in PAOs and GAOs, the spectra
as shown in Figure 2 may potentially allow for identification
of PAOs and GAOs based on their metabolic state. For
example, spectra shown in Figures 2b, e, f, and h likely
represent PAO cells and those in 2d and g likely present GAO
cells. Endeavors are underway in our lab to further investigate
the identification of relevant PAOs and GAOs based on their
Raman spectra.

Correlation between the Polymers Abundance Quanti-
fied via Raman Microscopy and Those Measured by
Chemical Analysis. To validate the intracellular polymer
identification and quantification by the Raman microscopy
method developed, we simultaneously measured and com-
pared the polymer content in the biomass via both Raman
analysis and conventional chemical analysis. Correlation plots
of Raman measurements versus chemical analyses for all
the polymers are provided in Supporting Information
(SFigure 1) and they showed that measurements of the three
polymers by the two methods are consistent with determined
correlation factors (r) of 0.80, 0.94, and 0.70 for poly-P, PHB,
and glycogen, respectively. Figure 3a, b, and c show the
profiles of poly-P, PHB, and glycogen content determined
via both Raman method and bulk chemical measurement,
respectively, during the P release and uptake testing time
period. Figure 3a shows that the profile of poly-P intensities
determined by Raman method correlated well with the
ortho-P profile (correlation coefficient, r ) -0.93) and it
correlated with the bulk particulate poly-P profile as well (r
) 0.8). Acetate was consumed within 30 min of the anaerobic
period (data not shown), concomitantly with the P release
at a rate of 10.1 mg -P/g VSS ·h. Total intracellular poly-P
intensity decreased significantly from 3406 to 1709 CCD
counts, and so did the bulk poly-P, during the first 30 min
of anaerobic period concurring with the phosphate release.
The extended anaerobic phase after the complete consump-
tion of acetate represents substrate starvation situation for
the PAOs, during which a very low release of P (net release
of 0.47 mg P/L from 45 to 90 min) was observed likely
attributed to the cell maintenance release (29). P uptake
occurs in the subsequent aerobic phase at a rate of 4.26 mg
P/g VSS ·h and reaches zero at the end of the aerobic period.
One interesting observation (from multiple experiments) is
that at the end of the extended aerobic phase (>300 min time
period), intracellular poly-P level (by Raman analysis) started
to decline (Figure 3a). Secondary aerobic P release due to
poly-P utilization for cell maintenance at depletion of stored
PHB during extended aeration has been suggested previously
(26). However, the reason for why the intracellular poly-P
decreases, as indicated by our Raman analysis, did not witness
the concurrent increase in the bulk ortho-P concentration
in the liquid is puzzling and requires further investigation.

The total Raman intensity profile for PHB correlated well
with the bulk PHB measurements via chemical analysis
(Figure 3b, SFigure 1b), and they showed continuous cellular
replenishment simultaneously with poly-P break down and
ortho-P release for the first 60 min of the anaerobic period.
The end of the anaerobic phase (60-90 min) witnessed PHB
depletion probably due to starvation condition, suggesting
that cellular PHB could be consumed under anaerobic
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conditions upon complete consumption of acetate and when
P release almost ceases. PHB utilization continued in the
following aerobic phase for 180 min and seemed to reach a
plateau when the internal poly-P utilization occurred (as
discussed above).

The total glycogen associated with biomass determined
by Raman also correlated relatively well with that measured
by chemical analysis (Figure 3c, SFigure 1c). With the quick
ortho-P release and PHB replenishment in the cells during
the initial anaerobic period (<45 min), glycogen content
declined as shown by both the Raman glycogen intensity
and by the measured glycogen profiles (Figure 3c). During
the later anaerobic period, level of glycogen showed slight
increment probably due to PHB depletion in the absence of
VFAs. Then in the subsequent aerobic period, glycogen
recovered rather rapidly until the 250-min time point, and
the overall glycogen profiles seemed to plateau until the end
of the aerobic period. This seemed to coincide with the
depletion of PHB during the extended aeration period as
discussed above. Previous studies on EBPR with PAO enriched
systems (4, 30) have reported continuous depletion of
glycogen in a prolonged anaerobic phase (∼120 min) followed
by continuous replenishment in the aerobic phase where

the level became fairly constant beyond 2 h of aeration.
However, an important point to note is that the total glycogen
profiles here reflect the combined glycogen content in both
PAOs and GAOs. Above results demonstrated and validated
that the developed Raman method can successfully quantify
the abundances of cellular poly-P, PHB, and glycogen in an
EBPR system at both individual and population levels.

Relative Distribution of the Polymers among the Cells.
Figure 4 and SFigure 2 show the abundance distribution of
cells containing different levels of intracellular poly-P, PHB,
and glycogen in the samples taken at different time points
during the P uptake and release testing. At any given time
point during the EBPR process, there is a distribution of
microbial cells containing different abundance levels of
intracellular polymers among individual cells even under
the same environmental conditions, indicating that hetero-
geneity exists in the cellular metabolic state and storage
products. This heterogeneity could result from either the
phylogeny or the biomass division or other kinetic parameters
(e.g., P release or acetate uptake rates) (32). From all the
Raman analyzed cells, the glycogen intensities ranged from
5 to 144 CCD and the PHB intensities ranged from 5 to 110

FIGURE 2. Raman spectra of microbial cells that contained different combinations of the three polymers, representing various
metabolic states of cells during EBPR process. These include cells containing (a) no polymer; (b) only poly-P; (c) only PHB; (d) only
glycogen; (e) poly-P and PHB; (f) poly-P and glycogen; (g) glycogen and PHB; and (h) poly-P, PHB, and glycogen.
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CCD, suggesting that there might be a “maximum” saturation
level of these polymers in each cell. The “saturation” levels
of these polymers affect the metabolic state of cells. Whether
these saturation levels vary among different PAOs in various
EBPR systems and what factors may affect these saturated
polymeric inclusion levels can be further investigated with
the Raman microscopy method developed here. These
distributions of EBPR storage polymers among microbial cells
suggest that an agent-based modeling to capture the

heterogeneity among individual biological agents can more
accurately reflect the microbial functions in the EBPR system
(31, 32).

In general, the distribution and fractions of cells with
different levels of polymeric inclusions were consistent and
reflective of the specific metabolic stage during the EBPR
process. For example, at the initial anaerobic stage, more
than 50% of the cells in the culture had poly-P content greater
than 30 CCD and this fraction decreased from 50% to 20%

FIGURE 3. Correlation of various intracellular polymer abundance determined by Raman analysis with those measured by chemical
analysis during the anaerobic/aerobic P uptake and release batch testing. Correlation of (a) intracellular poly-P measured by
Raman analysis with particular poly-P measured by chemical analysis and with soluble ortho-P in solution; (b) PHB measured by
Raman analysis with those measured via chemical analysis; (c) glycogen measure by Raman analysis with those measured via
chemical analysis. Correlation coefficients are shown in the figures.
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at the end of the anaerobic phase as poly-P being utilized
and released as ortho-P. The maximum level of intracellular
poly-P content decreased from >400 to <200 CCD. The
subsequent aerobic P uptake phase led to the overall increase
in the poly-P content in the population, with more than 58%
of the cells containing poly-P higher than 30 CCD. An
interesting observation is that with the extended aeration
period (>330 min), overall abundance of poly-P seemed to
decline again, as indicated by decrease in both the highest
level of poly-P observed and fractions of cells containing
higher level (>50 CCD) of poly-P. A possible explanation for
this observation related to aerobic secondary release of P
was discussed earlier.

For intracellular distribution of PHB, only 20% of the
population had detectable PHB inclusion (>0 CCD counts)
at the beginning of the anaerobic phase, and it increased to
45% at the end of the anaerobic uptake of acetate and PHB
formation. The following aerobic phase led to consumption
of PHBs and corresponding decease in the percentage of
cells containing PHB to 11%. Interestingly, with extended
aeration, there seemed to be a slight increase in the fraction
of cells containing PHB inclusion, which is not clearly
understood. Distribution of cells with various levels of
glycogen also showed corresponding shifts as the population
underwent the anaerobic and aerobic cycles during the EBPR
process. The fraction of cells containing glycogen >10 CCD
counts decreased from 40% to 30% from the beginning to
the end of the anaerobic phase, and then again increased to
60% at the end of the aerobic phase. Extended aeration

seemed to lead to a slight increase in the percentage of cells
possessing glycogen polymer as well.

The total population level and distribution of cells
containing different levels of glycogen and PHB is more
complicated compared to poly-P, because both PHB and
glycogen play roles in metabolic pathways for both PAOs
and GAOs. Since our reactor contained both PAOs and GAOs
(based on FISH results and the Prelease/HAcuptake ratio of 0.30
P-mol/C-mol which also suggests coexistence of PAOs/GAOs
(13)), the cellular glycogen distribution during the EBPR
process is the combination effect of both PAOs and GAOs.
Because of the involvement of glycogen in both PAOs and
GAOs metabolism, separate characterization of intracellular
glycogen content between PAOs and GAOs will be useful to
understand the overall glycogen abundance trend and
distribution among the two groups of population, which
warrants further investigation.

Implications of Intracellular Polymers Quantification
in EBPR. Cellular storage products play key roles in the
basic EBPR mechanism and therefore the ability to quantify
their abundance dynamics at cellular level is crucial for
fundamental understanding of the EBPR process. Cur-
rently, EBPR studies are mostly conducted with enriched
mixed culture due to the absence of availability of isolates.
Usually, bulk measurements representing the overall
average state of the EBPR sludge matrix pertaining to a
particular condition and at a given time point are applied
to determine the kinetics and stoichiometry of the process.
However, the combined effect of mixed populations in the

FIGURE 4. Intracellular polymer abundance (intensity) distribution among population cells for polyphosphate, PHB, and glycogen
quantities (as CCD counts), repectively, at various time points of anaerobic and aerobic phases during the phosphate release and
uptake test: anaerobic start ) 0 min; anaerobic end ) 90 min; aerobic end ) 240 min; and extended aerobic end ) 330 min. X axis:
fractions of cells that contained equal or higher amount of the specific level of polymeric inclusion at any given time point.
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system on the kinetics data often makes the interpretation
difficult. Investigation of the EBPR mechanisms at the
population level, especially at full-scale EBPR systems, has
been limited so far because of the inability of the available
molecular techniques to capture PAOs and GAOs beyond
those identified from lab-scale, often acetate-fed systems.
In addition, it is often difficult to associate the genotype
identification with phenotype state, considering that
phylogenetic characterization does not always correlate
with the metabolic states of microorganisms. For example,
PAOs quantified by FISH do not necessarily reflect the
active population that contributes to EBPR. Advanced
techniques such as FISH combined with microautorad-
iography are useful to identify and understand the in vivo
physiology, diversity, and activity of functional microbial
groups in biological processes (33), but those are also
restrained by the FISH probes available. Intracellular
identification and quantification of poly-P, PHB, and
glycogen polymers, as shown in this study, allowed for the
observation of distributed states of storage polymers at
cellular level in functionally relevant microbial populations
pertaining to EBPR under different environmental condi-
tions. This would allow further study to gain more
fundamental understanding of the metabolic pathways
involving the various polymers, as well as the process
kinetics relating to the EBPR performance. Furthermore,
our preliminary results suggest that simultaneous iden-
tification of all three intracellular polymers in each
individual cell may potentially enable us to identify PAO
and GAO cells based on their unique polymers’ Raman
spectrum and consequently their metabolic state. This will
ultimately provide us with the opportunity to differentiate
the levels of polymeric inclusions in different populations,
which is not possible currently by relying on bulk chemical
analysis only. Because most full-scale EBPR processes have
mixed populations of PAOs and GAOs (11, 12, 13) and
their relative abundance and related activities impact the
stability and efficiency of EBPR process, it is crucial to be
able to monitor the population dynamics and associated
functions and performance for diverse populations beyond
those identifiable by available genetic markers only. This
study demonstrated the potential application of Raman
microscopy to quantitatively investigate the dynamics of
the functionally relevant polymers linked with population
metabolic state, which can elucidate the behavior of an
EBPR system at a much more detailed and fundamental
level.
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