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A B S T R A C T   

Polyhydroxyalkanoate accumulation experiments at pilot scale were performed with fullscale municipal waste 
activated sludge. Development of biomass PHA content was quantified by thermogravimetric analysis. Over 48 h 
the biomass reached up to 0.49 ± 0.03 gPHA/gVSS (n = 4). Samples were processed in parallel to characterise 
the distribution of PHA in the biomass. Selective staining methods and image analysis were performed by 
Confocal Laser Scanning Microscopy. The image analysis indicated that nominally 55% of this waste activated 
sludge was engaged in PHA storage activity. Thus even if the biomass PHA content reached 0.49gPHA/gVSS, the 
accumulating fraction of the biomass was estimated to have attained about 0.64gPHA/gVSS. The combination of 
quantitative microscopy and polymer mass assessment enabled to distinguish the effect of level of enrichment in 
PHA storing bacteria and the average PHA storage capacity of the accumulating bacteria. The distribution of 
microbial 16S rRNA levels did not follow a measurable trend during PHA accumulation.   

1. Introduction 

Polyhydroxyalkanoates (PHA) are polyesters that can be accumu-
lated as intracellular granules by many types of microorganisms espe-
cially under dynamic environmental conditions (Anderson and Dawes, 
1990; Dawes and Senior, 1973; Van Loosdrecht et al., 1997). Typically, 
these dynamic conditions are created by alternating the presence and 
absence of organic carbon sources and/or electron acceptors. Under 
dynamic conditions, PHA accumulation is a competition strategy for 
microorganisms to thrive (Majone et al., 1999; Reis et al., 2003; Van 
Loosdrecht et al., 1997). The accumulated intracellular polymers can be 
harvested and applied as biobased and biodegradable polyesters. PHAs 
are functional and suitable in many kinds of applications compared to 
fossil oil derived polyesters used ubiquitously today (Laycock et al., 
2013; Pratt et al., 2019). 

Microbial community-based PHA production processes exploit pur-
posefully imposed or inherently present environmental conditions in 
open microbiological processes that favour the growth and enrichment 
of PHA storing phenotypes (Estevez-Alonso et al., 2021; Kleerebezem 
and van Loosdrecht, 2007; Kourmentza et al., 2017). Depending on the 
source of the PHA-storing biomass, microbial community-based PHA 

production methods may be denoted as either enrichment accumulation 
or direct accumulation approaches. Enrichment accumulation refers to PHA 
production with a biomass that has been produced purposefully with 
optimised selection conditions. A majority of the selected bacteria in the 
biomass is expected to produce PHA. A direct accumulation process uses 
waste activated sludge produced in municipal and/or industrial bio-
logical wastewater treatment plants (WWTPs) (Bengsston et al., 2017; 
Morgan-Sagastume, 2016). Notwithstanding that the principal function 
of the process is to treat wastewater, selection of PHA-storing microor-
ganisms will occur due to the inherent dynamic process conditions (Van 
Loosdrecht et al., 1997). The selection could be due to the cyclic 
day-night loading regime in wastewater supply and/or a plug flow 
character in the wastewater treatment process (Werker et al., 2020). The 
wastewater treatment processes select for a microbial community that 
has broad functional diversity. As a result, there will be non-PHA storing 
microorganisms in the direct accumulation biomass essential for the 
treatment of influent contaminants (Pei et al., 2022). 

PHA production is accomplished in a side-stream fed-batch bio-
process where the supplied PHA-storing biomass is fed with volatile fatty 
acid rich substrates to reach the maximum biomass PHA content. The 
volatile fatty acid rich substrates can be derived for example from the 
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fermentation of wastewater, organic fraction of municipal solid waste or 
the primary sludge of a WWTP (Estevez-Alonso et al., 2021). The use of 
fermented primary sludge also offers the possibility of converting the 
WWTP into a PHA production facility without modifying the main 
treatment process. Over the past 10 years, different pilot scale studies 
demonstrated the technical feasibility of microbial community-based 
PHA production processes using different feedstocks (Estevez-Alonso 
et al., 2021). 

In the PHA production process, maximum biomass PHA content is a 
critical performance factor that influences the economic viability of 
commercial advancements (Estevez-Alonso et al., 2021; Paul et al., 
2020; Valentino et al., 2017). Consequently, in almost all the microbial 
community-based research literature to date, maximum achievable 
biomass PHA content has been a key parameter when assessing the 
performance of the PHA production process. Biomass PHA content is 
typically quantified by the mass of PHA accumulated with respect to the 
total volatile suspended solids (VSS). Active biomass is commonly 
approximated by the VSS minus the PHA mass in these solids. Microbial 
community-based approaches have been reported to have a maximum 
biomass PHA content between 30 and 90% gPHA/gVSS (Estevez-Alonso 
et al., 2021). Implicitly it is often assumed that improvement in PHA 
production is reflected by improvement in selection and mitigating 
flanking populations during accumulation (Tamis et al., 2014). 

Observed different biomass PHA content for microbial community- 
based approaches may be attributed to two main factors. One factor is 
the fraction of PHA-storing bacteria in the biomass defined as a degree of 
enrichment. The other factor is the PHA accumulation capacity of the 
active PHA-storing bacteria. The current methods for measurement of 
biomass PHA content do not provide insight to distinguish between 
these two factors. To assess the individual cellular PHA distribution, 
flow cytometry or Raman spectroscopy may be applied. In pure cultures, 
Nile red or BODIPY staining has been employed with flow cytometry to 
quantify the PHA content and to study the PHA content in single cells 
(Kacmar et al., 2006; Saranya et al., 2012; Vidal-Mas et al., 2001). 
Similarly, methods have been explored based on floc disruption and 
statistics of cell-to-cell PHA content by means of Raman spectroscopy of 
the dispersed microbial biomass (Majed et al., 2009). In microbial 
community-based PHA research, these methods are less applicable due 
to problems of dispersion of the biomass in single cells and the variation 
of cellular morphologies in microbial communities. Moreover destruc-
tion of the floc structure obscures to obtain information from the dis-
tribution of the PHA granules and PHA-storing bacteria in the 
communities. 

The aim of the present work is to develop the selective staining 
methods for a quantitative estimation of the municipal activated sludge 
degree of enrichment and, consequently, the average PHA accumulation 
capacity of the PHA storing fraction of that biomass. In the present work, 
the PHA-rich biomass was produced with a municipal activated sludge 
using the direct accumulation approach at pilot scale. The progress of 
polymer accumulation was monitored over time with grab samples for 
biomass PHA content. Recently developed selective staining for visual-
isation on parallel samples was also applied (Pei et al., 2022). Obtained 
Confocal Laser Scanning Microscopy (CLSM) images were analysed to 
quantify the PHA distribution. 

2. Material and methods 

2.1. PHA Accumulation methods and sampling 

A well-mixed 200 L jacketed stainless steel reactor with 167 L 
working volume for PHA accumulation was operated as described pre-
viously (Pei et al., 2022). The accumulation feedstock was acetic acid 
(20 gCOD/L) with added NH4Cl and KH2PO4 (VWR, the Netherlands) to 
a COD:N:P of 100:1:0.05 (by weight). The feedstock was adjusted to pH 
5.0±0.5 with NaOH pellets (VWR, the Netherlands). The substrate was 
supplied in a fed-batch feed-on-demand process controlled according to 

biomass respiration response monitored (JUMO ecoLine O-DO, JUMO 
GmbH & Co. KG, Germany) by dissolved oxygen trend as described in 
Werker et al. (2020). The source biomass that was evaluated for the 
purposes of the this study was gravity belt thickened (nominally 5.5% 
total solids) waste activated sludge from WWTP Bath, the Netherlands. 

Thickened activated sludge was diluted with tap water to target 
2.5gVSS/L and brought to operating temperature (25 ◦C) in the active 
working volume. Aeration and mixing were up to 12 h until steady state 
dissolved oxygen levels indicated a steady biomass endogenous respi-
ration level. This pre-aeration was followed by acclimation applied as a 
sequence of three feast-famine cycles (Morgan-Sagastume et al., 2017). 
At the beginning of the feast period, a pulse of substrate that targeted a 
reactor acetic acid concentration of 100 mgCOD/L was given. For each 
feast-famine cycle, the length of the feast and famine period was 
approximately 20 and 60 min, respectively. After the third famine phase, 
pulse wise feed-on-demand PHA accumulation was performed over 48 h 
with constant mixing and aeration (Pei et al., 2022). Substrate doses in 
pulse wise inputs targeted a maximum reactor acetic acid concentration 
of 100 mgCOD/L. 

At selected time points 4 x 50 mL representative mixed liquor grab 
samples were taken. Duplicate sub-samples of 5 mL were fixed with 
formaldehyde to a final concentration of 3.7% (Sigma-Aldrich, 
Netherlands), preserved in 10 mL 1X phosphate buffered saline (Pan-
Reac AppliChem, ITW Reagents, Spain) with 10 mL pure ethanol (VWR, 
the Netherlands), and stored at 5 ◦C before performing the staining. 
Afterwards, the remaining fixed sample was stored at -20 ◦C for long- 
term preservation. 

2.2. Analytical methods 

Mixed liquor sample volumes were measured (V). Mixed liquor 
suspended solids were separated by centrifugation (3248RCF and 4 ◦C 
for 20 m), and the supernatant was removed. The pellet mass was 
transferred with Milli-Q water (Merck, Germany) by rinsing into a clean 
pre-dried (105 ◦C) and tare weighed crucible. The pellet mass (m1) 
representing total suspended solids (TSS) was estimated from the dried 
weight (105 ◦C over 12 h). Afterwards, pellet fixed solids (m2) were 
determined by ashing at 550 ◦C for 2 h. The mixed liquor VSS concen-
tration was estimated as (m1 − m2)/V. 

Biomass PHA content was determined by thermogravimetric analysis 
(TGA) according to Chan et al. (2017) with minor modification. The 
mixed liquor sample was acidified to nominally pH 2 with 98% H2SO4 
(VWR, the Netherlands), mixed (10 min), and then centrifuged 
(3248RCF and 4 ◦C for 20 m). The pellet was dried (105 ◦C overnight) 
and milled to a powder after decanting supernatent. About 5 mg of 
powder samples were disposed to thermal decomposition (TGA 2, Meller 
Toledor, Switherlands) in 3 principal steps as follows: 1) isothermal 
nitrogen gas atmosphere drying at 105 ◦C for 10 min; 2) heating with 
nitrogen gas atmosphere at 10◦ / min to 550 ◦C; 3) isothermal ashing in 
air atmosphere at 550 ◦C for 30 min. 

The biomass PHA content as gPHA / gVSS was derived from the 
background corrected characteristic polymer decomposition peak 
detectable from the derivative thermogravimetric trend as described in 
Chan et al. (2017) using in-house Matlab data processing algorithms 
(MathWorks, MA, USA). Non-PHA biomass was estimated as VSS minus 
PHA mass. Subsequently, the mass ratio of PHA and non-PHA biomass 
was calculated. 

2.3. Biomass staining and microscopy image analysis 

For the samples fixed with formaldehyde, intracellular PHA granules 
and protein staining was performed using BODIPY 493/503® (BODIPY) 
(Thermo Fisher Scientific, MA, USA) in combination with SYPRO™ Red 
(Thermo Fisher Scientific, MA, USA) as described in Pei et al. (2022). 
Glass slides with 10 reaction wells (Paul Marienfeld GmbH & Co.KG, 
Germany) were used. In each reaction well, 5 µL fixed sample was 
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loaded with 0.5 µL BODIPY at 2 ng/µL and 0.5 µL of 100 times diluted 
SYPRO Red. The loaded slides were incubated at 46 ◦C until dried. The 
dried slide was washed with Milli-Q water to remove any excess dye and 
then dried again with compressed air. Each prepared slide was mounted 

with VECTASHIELD® HardSet™ Antifade Mounting Medium 
H-1400-10 (Vectashield) (Vector Laboratories, CA, USA) and sealed. 

For the same series of the fixed samples, Fluorescence In-situ Hy-
bridization (FISH) using the bacterial probe EUB338-I (5’ GCT GCC TCC 

Fig. 1. Activated sludge after 0 h and 24 h accumulation staining image channels for PHA (green) and protein (red), plus the composite image at 10X, 20X and 63X 
magnifications. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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CGT AGG AGT3’) labelled with Cy5 was combined with PHA staining 
via BODIPY and DNA staining with DAPI. The staining was performed 
according to Llobet-Brossa et al. (1998) with modifications as described 
in Pei et al. (2022). A 0.5 µL aliquot fixed sample was heat fixed in a slide 
well then dehydrated with ethanol. Hybridization buffer, 10 µL with 
35% formamide, was added followed by 0.5 µL of EUB 338I, BODIPY 
and DAPI at, respectively, 50 ng/µL, 2 ng/µL and 250 ng/µL. The hy-
bridization was performed at 46 ◦C for 1.5 h followed by washing using 
buffer pre-heated to 48 ◦C for 15 m and cold Milli-Q water. The washed 
slide was dried with compressed air, then mounted and sealed with 
Vectashield. 

The Confocal Laser Scanning Microscope LSM 880 (Carl Zeiss, Ger-
many) was used with Plan-Apochromat 10X/0.45 M27, 20X/0.8 M27 
and 63X/1.4 Oil DIC objectives (Carl Zeiss, Germany). From each sample 
well, with 63X objective, a sequence of 11 randomly selected images 
with floc containing fields of view were acquired (digital resolution 
1584 by 1584 pixel for the images with 2 dyes and 1912 pixel by 1912 
pixel for the images with 3 dyes) after initially surveying the well for 
sample quality. Dyes were excited and dye specific captured images 
averaged from 16 scans were saved to separate file channels at 16 bit 
depth. To excite DAPI, BODIPY, SYPRO Red and Cy5, a Diode 405-30 
laser at 405 nm, an Argon laser at 488 nm, a DPSS 561-10 laser at 561 
nm and a HeNe633 laser at 633 nm were used, respectively. The same 
laser power and gain were used for each dye in each respective set of 11 
images taken, and imaging conditions were otherwise kept similar from 
well-to-well. 

Fiji Image J (ImageJ2, Ver 1.52P) was used for processing the 
captured images. Brightness levels were maximized without over-
exposing pixel data. Then for each dye specific channel with each 
respective well-series of 11 images, a cut off threshold intensity level 
was established by visual inspection. Total pixel areas of BODIPY, 
SYPRO Red, RNA FISH and DAPI were measured representing areas/bio- 
volume of PHA, proteins, 16S rRNA, and DNA. 

2.4. Data analysis and interpretation 

The trends in progress of biomass PHA content (gPHA/gVSS) over 
time were estimated by least-squares regression analysis according to 
Bengsston et al. (2017): 

Biomass PHA Content = A0 + A1
(
1 − e− t/τ) (1)  

where A0 and A1 are constants that enable the estimation of rates as a 
function of time. The accumulation time constant τ (h) represented 
process first order kinetics in reaching a maximum level of PHA content. 

From microscopy and image analysis, a characteristic relative area 
ratio for PHA to non-PHA biomass ratio (v/v) was calculated: 

PHA to non-PHA Biomass ratio (v/v)

=
PHA Area

Non-PHA Biomass Area
(2)  

where the overlay of PHA pixel area distribution on flocs were evaluated 
from the BODIPY signal. The non-PHA biomass area could be assessed 
from protein or DNA related fluorescent signals, namely Protein Area, 
and DNA Area. 

Relative signal pixel distributions in overlay areas defined by the 
individual biomass flocs were used to give an index representing the 
fraction of the viable microorganisms as: 

Viable Microorganism Fraction =
RNA Area
DNA Area

(3) 

Similarly, an index representing a measure for the PHA-storing 
microorganism fraction within the expressed viable areas for flocs 
within each captured field of view was characterized as: 

Viable PHA-storing Microorganism Fraction =
PHA Area
RNA Area

(4) 

In order to impose a normal distribution for statistical analysis, the 
obtained v/v ratios were transformed to a logit scale (Warton and Hui, 
2011): 

x′ = ln
x

1 − x
(5)  

where x is the v/v ratios of PHA to non-PHA Biomass, Viable Microor-
ganism Fraction and Viable PHA-storing Microorganism Fraction ob-
tained by Eqs. (2)–(4), and x’ is the respective transformed v/v ratios. 

The statistical analysis including one way ANOVA, Pearson’s Chi- 
square normality test, quantile-quantile plot, and linear regression 
were performed in the logit scale. The averages and the standard de-
viations for the ratios (Eqs. (2)–(4)) were calculated with the logit 
transformed results (x’). Final results are reported with values trans-
formed back to the scale of proportions (0–1): 

X =
10x′

10x′ + 1
(6)  

where x’ is the average v/v ratios of PHA to non-PHA Biomass, Viable 
Microorganism Fraction and Viable PHA-storing Microorganism Frac-
tion in the logit scale. 

3. Results and discussion 

The potential for quantitative image analysis was evaluated from 
replicated accumulation experiments for the reproducibility and selec-
tion of image magnification. The PHA accumulation process perfor-
mance was assessed by the biomass PHA content development (Eq. (1)). 
From the optimal magnification, correlation between volume and mass 
ratios of PHA to non-PHA biomass was established. The degree of 
enrichment of PHA-storing bacteria for activated sludge from Bath 
WWTP was estimated. Subsequently, from the estimated biomass PHA 
content and the degree of enrichment, the average biomass PHA content 
for the PHA-storing fraction in the activated sludge was calculated. 
Combined staining of PHA, FISH and DNA was applied to monitor the 
trend of microbial activity during the PHA accumulation process. 

3.1. Quantification of PHA distribution 

Previously methods of selective staining were developed and applied 
to visualise the PHA storage process (Pei et al., 2022). Efforts to extend 
methods for quantitative image analysis started with the assessment of 
reproducibility alongside considerations for optimal image magnifica-
tion. For the CSLM system, available objectives with 10, 20 and 63X 
magnification using optimum settings with 2 image channels, repre-
sented image pixel dimensions of 0.26, 0.15 and 0.09 μm/pixel, 
respectively. Replicate slides (n = 3) were prepared with 4 replicate 
wells per slide on biomass samples with negligible polymer content (0 h 
accumulation) and with significant polymer content (24 h accumula-
tion). For each well, 4 to 11 fields of view were acquired at the three 
available magnifications Fig. 1. Less images were acquired with 10X 
magnification compared to 63X where 11 images were taken due to floc 
concentration and differences in coverage. This dataset was used to 
evaluate quantitative reproducibility. 

The pixel area of PHA is expected to be proportional to an integrated 
volume of PHA defined by the magnification dependent pixel area and 
CSLM focal depth. Similarly, the volume of non-PHA biomass is expected 
to be proportional to the protein area or DNA area identified with 
SYPRO Red or DAPI, respectively. These volumes relate to mass by 
respective densities of the biomass and PHA granules. If the densities 
remain constant during the accumulation process then the PHA to non- 
PHA biomass volume to volume ratio (v/v) from image analysis should 
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correspond directly with the PHA to non-PHA biomass mass to mass 
ratio (m/m) provided by TGA analysis. However, the mass ratio can 
range from 0 to infinity while the volume ratio derived from overlapping 
respective pixel areas from image analysis is constrained to range from 
0 to 1. This constrained range also affects the normality of the obtained 
results (Warton and Hui, 2011). To make the correlation between the 
volume ratio and the mass ratio, a logit transformation (Eq. (5)) was 
applied to the data of image analysis to account for the inherently 
bounded scale. 

After the logit transformation, the reproducibility of the volume ratio 
between the area of PHA and non-PHA biomass represented by the area 
of protein stain was assessed. For initial samples (0 h) or samples after 
accumulation (24 h), one way ANOVA of the averaged PHA and non- 
PHA biomass (protein) volume ratio per reaction well indicated no 
significant difference (95% CI) for analysis of replicate wells (n = 4) on 
the same slide. Similarly, no significant difference (95% CI) was found 
among the reaction wells among three replicate slides. This outcome 
suggested that one well with a representative sample could describe the 

average state of the biomass during an accumulation if sufficient fields of 
view are acquired per well. Consistent outcomes between replicate 
slides supported potential for the quantitative reproducibility of the 
methods of staining and image analysis. 

Influences of magnification on the observation of PHA-rich biomass 
were first assessed qualitatively. Details of interest including individual 
bacterial cells and PHA granules were anticipated to be in the order of 1 
μm and 0.5 μm, respectively. As shown in Fig. 1, the applied magnifi-
cation for analysis did not strongly influence outcomes of image analysis 
at the beginning of an accumulation, because biomass PHA content is 
low at start. Even with 10X magnification, the morphology of microor-
ganisms and the floc structures were clearly visible. After 24 h, with a 
pronounced degree of PHA accumulation, resolution of PHA with 
respect to biomass pixel areas was dependent on the magnification 
(Fig. 1). A lower magnification provides a greater observation area with 
greater depth of field but PHA granules and individual cells were not 
well-resolved. With increasing magnification from 0.26 μm/pixel to 
0.09 μm/pixel resolution, boundaries between cells and even between 

Fig. 2. Box plot of volume ratio (Eq. (2)) of PHA to non-PHA biomass (protein) for activated sludge in the logit scale after 0 h (gray) and 24 h (white) accumulation 
with pooled results from replicate slides (n = 3) with 4 measurement wells on each slide, and 11 fields of view for each well with 10X, 20X and 63X magnification. 
The average volume ratio of PHA to non-PHA biomass (protein) for each slide 1, 2, 3 and the ensemble average are represented by ◯, ▵, + and ◆, respectively. 

Fig. 3. The Monte Carlo simulated average volume ratio of PHA to non-PHA biomass (protein) (a) and standard deviation of the simulated volume ratio of PHA to 
non-PHA biomass (protein) (b) using random selection (3, 7, 10, 15, 20 and 25 fields of view) of the pooled replicate data for 63X magnification and accumulated 
activated sludge after 24 h. 
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the intracellular PHA granules became increasingly more discernible. 
For example, considering filamentous microorganisms (Fig. 1) the area 
occupied by PHA is smaller than biomass area defined by protein 
staining. It was observed that with lower magnification, interpreted 
extracellular polymeric substances surrounding flocs diffuse the signal 
by scattering signal from PHA. This reduced image quality and resulted 
in harder to determine area boundaries. 

The potential for an influence from magnification on the quantitative 
image analysis was considered (Fig. 2). At low biomass PHA content, 
even if average values may suggest a drift of underestimation, one way 
ANOVA results on the logit scale suggested no significant difference of 
the means (95% CI). For the PHA-rich biomass after 24 h accumulation, 
the average volume ratio of PHA to non-PHA biomass (protein) on the 
logit scale suggests a trend of a significant overestimation at lower 
magnification (DF=2, Residue= 26, F = 27.48, p < .001). Such bias 
may be due to pixel areas over representing the underlying PHA granule 
area with the decreased resolution. The normality of the PHA to non- 
PHA biomass volume ratio of 24 h samples obtained with different 
magnifications was tested using Pearson’s Chi-square test. The ratios 
obtained when using 63X objective (p = .67) showed a better normality 
compared to 10X (p = .07) and 20X (p = .02) objectives were used. 
Therefore, considering the resolution and the outcomes for a normal 
distribution of the obtained results, 63X magnification was selected in 
subsequent development for a quantitative analysis. 

A disadvantage of using higher magnification for the image acqui-
sition and quantitative analysis was that each field of view captures a 
smaller absolute area. Due to an observed heterogeneity in floc to floc 
PHA granule distribution, sufficient fields of view were required towards 
obtaining a representative average value (Pei et al., 2022). Monte Carlo 
simulation was performed for random selection of the pooled replicate 
data for 63X magnification and 24-h accumulation (Fig. 3). Results of 
Monte Carlo simulation, Fig. 3(a) suggested an increasing number of 
fields of view estimated PHA to non-PHA biomass ratios distributed in 
smaller ranges. Fig. 3(b) shows the standard deviation of the simulated 
results given in Fig. 3(a) when using different numbers of fields of view. 
The standard deviation indicated that increasing the acquired number of 
fields of view resulted in progressive reduction in the uncertainty of an 
estimated volume ratio of PHA to non-PHA biomass (protein). The trend 
suggests that for 63X magnification, at least 10 fields of view were 

required for reaching a low and steady standard deviation. When the 
numbers of fields of views increased from 3 to 10, the standard deviation 
decreased from 0.15 to 0.06. When the numbers of fields of view further 
increased from 10 to 20, the standard deviation decreased from 0.06 to 
0.05. Considering the trade off between the workload, the benefits, and 
the necessary redundancy, 11 fields of view were implemented in the 
following sections for a robust estimate of the average v/v distribution in 
the biomass. 

3.2. PHA Accumulation processes performance 

To assess if the staining method could follow the development of the 
PHA accumulation process quantitatively, 4 replicate 48-h PHA accu-
mulation experiments were conducted and evaluated. As shown in 
Fig. 4, the trends of TGA measured biomass PHA content exhibited the 
robust performance with minor differences in accumulation extent even 
for these different batches of full-scale waste activated sludge collected 
on different days over 5 weeks. The trend in biomass PHA content 
development in time could be described according to Eq. (1) with A0, A1 
and τ equal to 0.02 gPHA/gVSS, 0.48 gPHA/gVSS and 9.1 h with the 
standard errors of 0.009, 0.010 and 0.720, respectively (on average with 
pooled data). From this development it was estimated that the biomass 
PHA content became essentially constant by 27 h (3τ). An average 
estimated biomass PHA content in replicate accumulations after 27 h 
was 0.49±0.03 gPHA/gVSS. The average maximum biomass PHA con-
tent was similar to what has been previously reported for this particular 
activated sludge (Bengtsson et al., 2017). The average observed yield on 
substrate from the 4 accumulation experiments was also similar and 
equal to 0.27±0.03 gPHA/gAcetate (COD basis). 

3.3. Quantitative image analysis 

Samples were taken during all accumulation experiments, fixed, and 
stained according to developed methods (Pei et al., 2022). The images 
were at 63X magnification assessed by CSLM with 11 random fields of 
view per well. The average of these 11 images was taken to represent 
average PHA to non-PHA biomass volume ratio. Floc to floc PHA dis-
tribution was found to be heterogeneous and variable. The correlation 
between the PHA to non-PHA biomass volume ratio and mass ratio was 

Fig. 4. TGA measured biomass PHA content at different time point in 4 PHA accumulation replicated runs. Blue□, yellow ◯, red ▵ and purple + represent Run1, 
Run2, Run3 and Run4, respectively. The dash line (y = 0.02+ 0.48× (1 − e− t/9.1)) is the PHA content trend on average from 4 experiments with Eq. (1). 
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assessed by Pearson correlation test. The Pearson correlation test 
showed that the ratio of PHA to non-PHA biomass volume represented 
by protein area (Cor = 0.90, DF = 46, p < 0.001) and DNA area (Cor =
0.81, DF = 45, p < 0.001) gave correspondence with PHA to non-PHA 
biomass mass ratio (Figs. 5 and 6). 

The slope of the correlations is expected to be related to both mea-
surement related factors as well as a density ratio conversion factor from 
v/v to w/w measurements. Different fluorophores have different char-
acteristic imaging properties such as quantum yields. The outcome is 
that the more intense a signal the higher the probability that the fluo-
rescence signal will diffuse and illuminate other surrounding Z stack 
layers of the floc structures. By CLSM, thin slices of the specimen are 
analyzed, with 1 Array unit setting for the CLSM, the integrated slice 
thickness depends directly also on the applied laser wavelength. Thus, as 
estimated in the appendix, the depth resolution decrease is in order of 
DAPI (258 nm), BODIPY (296 nm), SYPRO Red (355 nm) and Cy5 (388 
nm). Measurement related factors may impose a systematic bias on the 
correlation, and they can also contribute to amplification of the 
observed variability depending on floc to floc differences in 

compactness. 
Another factor that can affect the slope of the correlations is density 

differences between the PHA and non-PHA biomass. These differences 
generate a correction factor between the expressed mass ratio by TGA 
and the bio-volume ratios. The density of dried PHB powder is expected 
to be 1.25g/cm3 and non-PHA biomass had a density of around 1.01g/ 
cm3 (Andreadakis, 1993; Peeters and Reynaers, 1994). However, the 
amorphous PHA and the nature of the PHA-rich biomass structures when 
hydrated is expected to influence density significantly. Neglecting the 
above mentioned laser dependent effects, volume ratio of PHA to 
non-PHA biomass (protein) correlation coefficient suggests that the PHA 
granules would be about half the density of the non-PHA biomass 
(Fig. 5). The suggested density difference would infer that for the 
downstream processing, the PHA-rich fraction of the biomass could be 
separated selectively by for example gradient centrifugation. More 
importantly, it suggested that the PHA could be harvested from the 
lighter fraction which agreed with Oshiki et al. (2010) where more PHA 
was recovered from the light fraction using buoyant density separation. 

DNA staining and protein staining showed significant but also 

Fig. 5. Typical representations of staining image 
channels for PHA (green) and protein (red), plus the 
composite image at 63X magnifications (a) for acti-
vated sludge with low PHA to non-PHA biomass ratio 
(0 h) and high PHA to non-PHA biomass ratio (>27 h) 
accumulation. The average PHA to non-PHA biomass 
mass ratio and the volume ratio of PHA to non-PHA 
biomass (protein) measured by staining and Confocal 
Laser Scanning Microscope (CLSM) in 4 PHA accumu-
lation replicated runs (b). Blue□, yellow ○, red ▵ and 
purple + represent Run1, Run2, Run3 and Run4, 
respectively. The black line is the linear regression (y =

0.51x+ 0.06, R2 = 0.86) between PHA to non-PHA 
biomass mass ratio and the volume ratio of PHA to 
non-PHA biomass (protein). (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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different correlation constants in the v/v to w/w relationship. The PHA 
to non-PHA biomass ratio was considered to be more closely reflected by 
PHA area and protein area because cell protein is more abundant and is 
distributed more widely. Interestingly, development of intracellular 
PHA granules could be observed to take space in the cell cytoplasm and 
displace DNA (Pei et al., 2022). This effect was considered to be 
important especially when observing thicker floc structures. In these 
cases, PHA and DNA features were not well captured within the same 
focal plane affecting the representation the respective stained areas. 
However, overall, both the DNA and protein staining methods were 
capable of following the relative importance of v/v PHA accumulation in 
the biomass. 

3.4. Degree of enrichment for PHA-storing microorganism 

Both PHA to non-PHA biomass mass and volume ratios increased 
over time during the PHA accumulation process. At the later stage of the 

accumulation, stained PHA almost occupied the whole cell area to 
almost completely overlap with the biomass signal (Pei et al., 2022). 
Therefore, the volume ratio of PHA to non-PHA biomass at later stage 
was used to approximate the degree of enrichment for the PHA-storing 
biomass fraction. 

Since the mass of PHA approached its extant maximum after 27 h 
accumulation (Fig. 4), results of v/v were pooled for an improved esti-
mate of the degree of enrichment for PHA-storing microorganisms in the 
activated sludge. The degree of enrichment for PHA-storing microor-
ganisms was estimated based on the applied staining pair, BODIPY with 
SYPRO Red or BODIPY with DAPI. The degree of enrichment estimated 
based on protein and DNA after 27 h, was found to be described by a 
normal distribution on the logit scale (Fig. 7). The average degree of 
enrichment (logit scale statistics) estimated based on protein for waste 
activated sludge from Bath WWTP was 55%. The range from the back 
transformed logit based standard deviation was between 47% to 62% v/ 
v. 

Fig. 6. Typical representations of staining image 
channels for PHA (green) and DNA (blue), plus the 
composite image at 63X magnifications (a) for acti-
vated sludge with low PHA to non-PHA biomass ratio 
(0 h) and high PHA to non-PHA biomass ratio (>27 h) 
accumulation. The average PHA to biomass mass m/m 
ratio versus the v/v ratio expressed by PHA area and 
DNA area (b). Blue□, yellow ○, red ▵ and purple +
represent Run1, Run2, Run3 and Run4, respectively. 
The black line is the linear regression (y = 0.39x+
0.07, R2 = 0.74) between PHA to non-PHA biomass 
mass ratio and the volume ratio of PHA to non-PHA 
biomass (DNA). (For interpretation of the references 
to colour in this figure legend, the reader is referred to 
the web version of this article.)   
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The interpreted degree of enrichment for PHA-storing microorgan-
isms of waste activated sludge from Bath WWTP indicates that only 55% 
of the biomass was accumulating PHA. This level is a significantly lower 
degree of enrichment compared to results reported for enrichment 
accumulation where the degree of enrichment was indicated up to almost 
100% (Crognale et al., 2019). Therefore, waste activated sludge would 
perform better with direct accumulation if more of the organisms would 
accumulate PHA. 

It has been suggested that possibilities to produce a better functional 
biomass in municipal activated sludge readily exist by methods to 
improve the stringency of disposing the biomass to periodic feast envi-
ronments during the WWTP process (Morgan-Sagastume et al., 2014). 
Improvements in selection pressure without need for major process 
upgrades are expected to bring significant improvements in degree of 
enrichment without impacting on the core contaminants removal 
function of a WWTP. For example, it has been shown at pilot scale how 
more stringent anoxic feast (pre-denitrification for a BNR process) 
increased biomass PHA content from 0.15 gPHA/gVSS to 0.49 
gPHA/gVSS (Bengsston et al., 2017). However, in this past work a 
distinction was not made between feast pressures to induce microbial 
community changes for PHA-storing microorganism enrichment versus 
performance of the PHA-storing microorganisms in the biomass. The 
methods of the present investigation enable to evaluate enrichment 
distinct from accumulation potential. 

The observed heterogeneous nature of distribution of PHA in the 
sludge flocs is also informative towards development of efficient process 
strategies to recover the polymers. This work found that 45% of the 
biomass was void of polymer. Research efforts have been applied pre-
viously to upgrade a PHA-rich biomass based on density differences. 
Selective protein digestion, or mild non-specific oxidative treatment of 
the floc structures may also be expected to be effective pre-treatment if 
the non-PHA biomass fractions are more selectively influenced. At the 
same time, stress imposed on the biomass is known to promote polymer 
degradation. This risk for losses must be considered at the same time 
(Obruca et al., 2018). The advantage of selective staining methods is 
that such pre-treated biomass may also be evaluated towards a quali-
tative or quantitative impression of the morphological influence as a 
function of pre-treatment severity. 

3.5. The PHA-storing fraction 

The estimated average PHA content in PHA-accumulating fraction 
was defined as follows: 

Biomass PHA content
Biomass PHA content + DE⋅Non-PHA biomass

(7)  

where Biomass PHA content after 3τ is used and DE is the degree of 
enrichment defined by Eq. (2). In the present study, average biomass 
PHA content for the PHA-storing fraction in the activated sludge was 
equal to 0.64 ± 0.04 gPHA/gVSS. 

The estimated average PHA accumulation capacity for the PHA- 
storing fraction in these direct accumulation experiments was higher 
than the PHA accumulation capacity found for enrichment accumulation 
reported by Valentino et al. (2019). However, the average PHA accu-
mulation capacity for the PHA-storing fraction found in these direct ac-
cumulations was still lower than the more functionalized enrichment 
accumulation methods that select for Plasticicumulans acidivorans 
(Johnson et al., 2009). Therefore, the PHA accumulation capacity for the 
selected PHA-storing bacteria also influences the PHA accumulation 
potential. 

These differences of the PHA accumulation capacity in both enrich-
ment and direct accumulation suggested that selection of PHA-storing 
microorganisms does not necessarily mean the selection of the accu-
mulators with high PHA accumulation potential. Therefore, the function 
of the selection needs to be further understood and clarified without 
ambiguity with respect to effects of both degree of enrichment and PHA 
accumulation capacity for the PHA-storing fraction in the biomass. 

Selection and resultant phenotype potential is one aspect of 
expressing a high biomass PHA content in a microbial community. 
Physiological state has also been reported to be of influence to the 
expressed biomass PHA content for given microorganisms or microbial 
communities (Morgan-Sagastume et al., 2017; Obruca et al., 2017). A 
given feast-famine regime or feed on demand strategy may be applied 
which induces optimum response for PHA accumulation. Often there are 
small differences in operational conditions that are not considered 
explicitly in reported comparisons of results. These differences may 
include biomass history in the WWTP before the accumulation process. 
Specific details also include the substrate supply during the 

Fig. 7. Quantile-quantile plot for the pooled data of degree of enrichment identified with protein (blue□) and degree of enrichment identified with DNA (red ○)levels 
after 27 h on the logit scale. 
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accumulation process, background substrate levels during the accumu-
lation process, the sizes or concentration of the pulses, and acclimation. 
Insights from evaluations based only on the end-point biomass PHA 
content are limited without reference to degree of enrichment. There-
fore, it is important to incorporate the methods like selective staining to 
elucidate deepened understanding of operational conditions on the 
maximum biomass PHA content. 

3.6. Quantification of the dynamics of microbial activity expressed by 
16S rRNA 

Dynamics of microbial activity were assessed by FISH targeting at 
16S rRNA incorporated with PHA staining and non-PHA biomass 
counter staining. The area ratio between RNA and DNA was used to 
represent the viable bacteria fraction (Eq. (3)). In the direct accumulation 
process, the viable bacteria fraction identified from individual fields of 
view at 63X magnification showed significant differences during the 
accumulation process (DF = 12, Residue = 568, F = 12.04, p < .001). 
This significant difference suggested that within the biomass, the mi-
crobial activity is distributed heterogeneously among flocs. 

The average activity for the biomass was calculated by making an 
average of the RNA to DNA ratio for 11 fields of view from one well with 
63X magnification. This average activity for the biomass did not follow a 
measurable trend during the whole accumulation process (DF = 12, 
Residue = 34, F = 1.503, p = 0.171). The interpreted average microbial 
activity levels for the biomass were stable, without correlation to time 
within the precision of these evaluations. A specific activity level in-
fluence of acclimation before accumulation was also not found. To in-
crease the resolution of the methods, it is necessary to identify PHA 
accumulation activity level at the cellular level. This level of identifi-
cation would require techniques such as applying qPCR to the expressed 
PhaC gene, FISH targeting at mRNA of PhaC, or BONCAT-FISH targeting 
at expressed PHA polymerise proteins. 

The staining tools in combination with FISH could be applied to 
follow the dynamic nature of the biomass and discriminate between 
active PHA-accumulating, active non PHA-accumulating and non-active 
organic fractions of the activated sludge. In the waste activated sludge 
collected from Bath WWTP, based on the replicate experiments of 
distinct batches, the activated sludge was fractionated. The average 
viable biomass fraction during the whole accumulation process (evalu-
ated on the logit scale) was 70% with a range from the back transformed 
logit standard deviation of 52% to 83% RNA/DNA. The area ratio be-
tween PHA and RNA was used to represent the PHA-accumulating 

fraction of the viable biomass (Eq. (4)). It was found that 68% (PHA/ 
RNA) of the active biomass was accumulating PHA. Combining the size 
of active biomass fraction and its PHA-accumulating fraction, it was 
estimated that 48% of non-PHA biomass (based on DNA staining) was 
actively accumulating PHA. Therefore, as shown in Fig. 8, the non-PHA 
biomass for activated sludge from Bath WWTP could be fractionated into 
48% of active PHA-accumulating fraction, 22% of active non PHA- 
accumulating fraction and 30% non-active organic fraction. The active 
non PHA-storing fraction dilutes not only the biomass PHA content but 
also consumes substrates and oxygen. This active flanking population 
could contribute to lowering PHA yield, and overall process perfor-
mance/productivity. 

4. Conclusions  

• Quantitative image analysis methods for evaluating PHA storing 
microbial communities have been developed. They allow for the 
estimation of the PHA storing bacteria fraction and the average PHA 
content of the PHA storing bacteria. 

• The waste activated sludge used in these direct accumulation experi-
ments expressed a degree of enrichment of 55% (47%-62%).  

• The PHA in the activated sludge was diluted by flanking biomass. 
The estimated average biomass PHA content for the PHA-storing 
biomass fraction was 0.64 ± 0.04 gPHA/gVSS.  

• Enrichment accumulation approach has higher degree of enrichment 
but is not necessarily enriching bacteria that express a higher PHA 
accumulation capacity compared to direct accumulation.  

• Selection has two components: to improve the degree of enrichment 
and to promote conditions to select PHA-storing bacteria with a 
higher PHA accumulation capacity.  

• Microbial activities in the total biomass were relatively constant 
during the accumulation process and 68% of active bacteria were 
estimated to be accumulating PHA. This outcome confirmed the 
existence of viable flanking microbial population which may 
consume added substrate and generate additional oxygen demand in 
a PHA accumulation process. 
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Fig. 8. The PHA-rich biomass fractionation based on the staining of PHA (green), RNA (red) and DNA (blue). The figure was created with BioRender.com.  
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Appendix A 

According to the manual of Zeiss for LSM 880, while using 1 Array Unit, the optical slice thickness and axial resolution are identical. This is often 
referred as depth resolution and can be calculated with the following equation with a correction factor of 0.87: 

0.64 × λ
n −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n2 − NA2

√

Where, λ =
̅̅̅
2

√ λEx+λEm̅̅̅̅̅̅̅̅̅̅̅̅
λ2
Ex+λ2

Em

√ , could be simplified as λ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
λEx × λEm

√
; 

n: refraction index; 
NA: numerical aperture. 
The depth resolution was estimated for the dyes while using objective 63X/1.4 Oil DIC M27 that NA = 1.4. In this case, the applied immersion oil 

Immersol 518 F (Carl Zeiss, Germany) had a refraction index n = 1.518. For the estimation of the λ, the wavelength of the laser for exciting the 
respective dye was used as λEx and the maximum emission reported by the manufacture was used as λEm. The estimated λ and depth resolution are 
summarized in the following Table A.1: 
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