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• Pilot scale polyhydroxyalkanoate pro-
duction with uncoupled carbon/nitro-
gen feeding.

• Similar biomass volumetric productiv-
ities for different sludge retention times.

• Lower sludge retention time favours
growth rate and yield.

• PHA storage yield directly linked with
relative abundance of putative PHA-
storers.

• Higher sludge retention time led to
higher storage kinetics/accumulation
capacity.
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The process involving mixed microbial cultures (MMCs) and waste-based substrates emerged as an alternative
solution to reduce themarket price of polyhydroxyalkanoates (PHAs). The selection of an efficientMMC that dis-
plays a significant PHA accumulation potential and a high growth rate is considered a key factor for theMMCPHA
production feasibility. This study used a pilot plant to investigate the dynamics of growth vs storage in a mixed
culture fed with fermented fruit waste under uncoupled carbon and nitrogen feeding. Varying sludge retention
times (SRTs) (2 and 4 d) and organic loading rates (OLRs) (from 2.6 to 14.5 gCOD.L−1.d−1) were imposed for
this purpose. Results showed that, regardless of the OLR imposed, cultures selected at lower SRT grew faster
andmore efficiently using stored PHA. However, they had inferior specific storage rates and accumulation capac-
ity, resulting in lower PHA productivity. Additionally, the polymer storage yieldwas independent of the SRT, and
was directly linked with the abundance of putative PHA-storers in the MMC. The high PHA productivity (4.6 ±
0.3 g.L−1.d−1) obtained for the culture selected at 4 d of SRT was 80% above that obtained for the lower SRT
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tested, underlining the importance of achieving a good balance between culture growth and accumulation capac-
ity to increase the viability of the PHA-producing process from wastes.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Sludge retention time (SRT)
Organic loading rate (OLR)
1. Introduction

The production of plastics emerged in the 1950s and exponentially
increased in the following decades, attaining a massive amount of 368
million metric tons in 2019 (Plastics Europe, 2020). Currently, more
than 60% of all produced plastics end up in landfills or in the natural en-
vironment, causing serious threats to several ecosystems (Geyer et al.,
2017). Polyhydroxyalkanoates (PHAs) are an innovative material with
great potential to replace the petroleum-derived plastics due to its bio-
degradable and thermoplastics properties (Kumar et al., 2020;Mannina
et al., 2020). The PHAmarket size is estimated to increase from 62 mil-
lion USD in 2020 to 121 million USD by 2025 (Markets and Markets,
2021), being a key polymer in the biodegradable plastic market
(European Bioplastics, 2020).

A promising PHA production strategy consists in using open mixed
microbial cultures (MMCs) and waste-based feedstocks. This approach
effectively reduces both the cost and environmental impact associated
to PHA obtained from pure cultures and first-generation biomass
(Kumar et al., 2018). The MMC process typically consists of a three
stage process: (1) fermentation of the carbon feedstock into a mixture
of soluble fermentation products (SFP) that are precursors for PHA bio-
synthesis; (2) selection of an aerobic community highly enriched in
PHA-storing bacteria; and (3) production of PHA using the previously
selected culture which is fed with the SFP under growth limiting condi-
tions to reach its maximum PHA capacity (Sabapathy et al., 2020).

The selection of a robust culturewith a significant PHAaccumulation
potential and a high growth rate is considered a key factor for the MMC
PHAproduction success. Indeed, these two parameters have a direct im-
pact on the global PHA productivity of the process (Reis et al., 2011;
Valentino et al., 2017), so culture selection is a critical step of the three
stage process. A high selective pressure towards the enrichment of
PHA-storers can be achieved by applying an aerobic dynamic feeding
(ADF) strategy, where alternating periods of feast (carbon excess) and
famine (carbon absence) are cyclically established in a sequencing
batch reactor (SBR) (De Donno Novelli et al., 2021; Sabapathy et al.,
2020). Somewaste-based feedstocks contain both carbon (C) and nitro-
gen (N) sources in sufficient amounts for PHA production and bacterial
growth. If the substrate contains both a N source and an external C, cul-
ture growthusually starts at the beginning of the feast phase, and can be
extended into the famine phase depending on the C/N ratio
(Albuquerque et al., 2007; Johnson et al., 2010; Serafim et al., 2004).
In this situation, storage and growth occur simultaneously during
feast, with competition between the twometabolisms. The long famine
phase acts then as a physiological selective pressure, inducing the mi-
crobial culture to promote storage rather than growth in the following
feast phase (Reis et al., 2011).

More recently, Oliveira et al. (2017) and Silva et al. (2017) proposed to
uncouple the availability of C and N while maintaining the feast/famine
regime during the selection process. This strategy creates a high selective
pressure by separating the storage and growthmetabolisms. Under these
conditions, PHA is stored during feast and the growth of PHA-storers is
favoured over other organisms during famine, due to their ability to
growusing the previously stored PHA, in the absence of external C source.
While the uncoupled feeding strategy can only be used with feedstocks
that are poor in nutrients, this approach was shown to be particularly in-
terestingwhenoperating theprocess at highorganic loading rates (OLRs),
since it effectively enhanced the PHA storage response by significantly
limiting the growth of flanking populations (Argiz et al., 2021;
Campanari et al., 2017; Oliveira et al., 2017).
2

In addition to the OLR and the feeding strategy, the operational
sludge retention time (SRT) is also tightly bound to the competition be-
tween storage and growth. The SRT theoretically regulates the age of
microbial consortia. It can be assumed that, when feeding the C source
coupled to the N source, a lower SRT selects a populationwith increased
specific growth rate and growth yield, thus driving a higher amount of C
for growth, and less for PHA storage. Lemos et al. (2008) confirmed this
hypothesis, using acetate as the sole C source, obtaining lower storage
yields and specific PHA storage rates in the selection reactor for lower
sludge ages. However, Johnson et al. (2010), observed that the selection
and growth/storage dynamics of a culture fed under coupled C and N
and operated at different SRTs was also highly dependent on the kind
of limitation the culture is experiencing, i.e., if it selected under nitrogen
limiting (N is depleted before C) or carbon limited (N is available during
all cycle) conditions. These results do not allow to conclude if the lower
storage response usually observed for lower SRTs in the SBR is a result of
the higher C demand needed for growth (consequence of metabolism),
or if it is actually a limitation of the culture that intrinsically has a lower
storage ability (consequence of competitive selection). On the other
hand, the impact of SRT on culture selection and on PHAproduction per-
formance was never assessed with the uncoupled strategy. By
uncoupling the two processes, the actual mechanisms driving competi-
tion between storage and growth could be clarified.

This work aims to elucidate, for the first time, how the dynamics
between growth and storage mechanisms change with the SRT when
those twometabolic processes are not competing for the same C source
(PHA storage from external C in the feast and growth on internal PHA
during famine). This strategy was imposed in two pilot-scale
SBRs fed with a real nutrient-deficient feedstock – fruit waste
(FW) – which were operated at different SRTs. In addition to the
highly selective uncoupled C and N regime, the OLR was increased
step-wisely in both SBRs up to levels rarely considered in literature
(maximum 14.5 gCOD.L−1.d−1) and maximum PHA content on bio-
mass was envisaged to enhance the global PHA productivity. This
performance parameter has a strong impact in the design of the
PHA production process, therefore it is a good indicator to compare
the culture efficiency and the process viability under different
conditions.

2. Materials and methods

2.1. Experimental set-up and operation of the reactors

A three-stage pilot scale was operated for PHA production using
MMCs. The experimental setup used is schematically represented in
Fig. 1. The FWwas fed to an acidogenic fermenter (step 1), where its or-
ganic carbon was converted into a mixture of SFP. This step was
followed by a decanting stage, where the resulting SFP streamwas clar-
ified to remove the coarse solids facilitating the operation of the subse-
quent reactors. The refined SFP stream was then fed to the selection
reactor (step 2), for the enrichment of a PHA-producing MMC and to a
PHA accumulation reactor (step 3), where the previously selected cul-
ture was inoculated and fed with the fermented FW until attaining its
maximum PHA storage capacity.

2.1.1. Acidogenic fermentation
An upflow anaerobic sludge blanket (UASB) reactor with a working

volumeof 60 Lwas operated in continuousmode. For the specific period
in which the SFP were collected, the operating conditions were set as
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Fig. 1. Configuration of the pilot plant unit adopted in this study.
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follows: temperature of 29.7±0.7 °C, pH5.0±0.1, HRT of 24 h andOLR
of 30 ± 2 gCOD.L−1.d−1.

The FW feedstock (Sumol+Compal S.A., Portugal) had a high total
chemical oxygen demand (175 ± 13 gCOD.L−1) which was adjusted
with tapwater to achieve the desiredOLR. The feedstockwas comprised
of 85% ± 1% (gCOD basis) of soluble biodegradable compounds prior to
fermentation, which were fully exhausted.

The characteristics of the clarified fermented stream used as feed-
stock for the selection and accumulation reactors are listed in Table 1.
The streamwas largely comprised of PHAbioprecursors, namely volatile
fatty acids (VFAs)– acetate (HAce), propionate (HPro), butyrate (HBut)
and valerate (HVal) – lactate (HLac) and ethanol (EtOH) (Reis et al.,
2011). Additionally, it was nutrient-deficient (low ammonium and
phosphate concentrations) enabling the implementation of an
uncoupled C\\N feeding strategy in the selection reactor.

2.1.2. Culture selection reactor
Two 100 L SBRswere inoculatedwith fresh activated sludge (Mutela

WWTP, Portugal) and operated with a HRT of 1 d, at room temperature
and under uncontrolled pH. The two SBRs were operated with different
SRTs: 4 d in SBR 4d and 2 d in SBR 2d. Air was provided at 60 Lair.Lreactor−1 .
h−1, which was sufficient to ensure a dissolved oxygen (DO) above 2
mg-O2.L−1 throughout the cycle, to guarantee non-limiting conditions.

The SBR cycles had a length of 12 h, comprising: influent feeding
(0.20 h), aerated feast/famine period (10.88 h), biomass withdrawal
(0.20 h, only once a day in the case of SBR 4d), settling (0.75 h) and
Table 1
Characteristics of the clarified fermented feedstock. Ranges of the key parameters are pre-
sented as minimum/maximum values detected in the feedstock.

Parameter Min/max values

Ammonium
(mg-N.L−1)

0/9

Phosphate
(mg-P.L−1)

11/32

SFP concentration (gCOD.L−1) 22/26
SFP composition
(%, gCOD-basis)

HLac HAce HPro EtOH HBut HVal
0/2 15/31 3/13 0/9 51/68 2/12

3

withdrawal of exhausted effluent (0.17 h). A solution containing ammo-
nium and phosphate (N & P solution) was fed after 3 h or 4 h (SBR 4d or
SBR 2d, respectively) of the beginning of the cycle in order to keep the N
feeding uncoupled from the C. The C:N:P ratio was adjusted to 100:7:1
(mol-basis) (Silva et al., 2017).

The OLR was increased in four steps for both SBRs: 2.6, 5.4, 6.6, 9.3
and 12.3 gCOD.L−1.d−1 for the SBR 4d, and 2.7, 6.3, 10.6, 12.9 and 14.5
gCOD.L−1.d−1 for the SBR 2d. The clarified SFP stream was diluted
using a mineral solution to adjust the reactor OLR to the desired values,
as described by Serafim et al. (2004).

The SBRs working sequence (pump filling, aeration, mixing and
withdrawal) was automatically controlled by a software developed
within the research group, which also recorded in real time the values
of DO and pH. The DO trends allowed to identify the length of the
feast phase, which is a parameter used to easily assess the performance
of the feast-famine regime. During the feast phase, the DO is low due to
microbial consumption for substrate oxidation. At the end of the feast
phase, a sharp increase in theDO concentration profile occurs indicating
the depletion of the organic carbon thus corresponding to the start of
the famine phase.

The profiles of total suspended solids (TSS), PHA content on biomass
and available SFP, nitrogen and phosphorus were assessed for each OLR
tested.

2.1.3. PHA accumulation fed-batch assays
The maximum storage capacity of the MMCs selected at the highest

OLR valueswas assessed in fed-batch accumulation assays carried out in
a 60 L reactor. The assays (performed in duplicate) consisted on feeding
the SFP without nutrient supplementation to 25 L of biomass collected
from each one of the SBRs at the end of famine phase. The reactor was
operated at room temperature, oxygen was supplied by sparging air at
60 Lair.Lreactor−1 .h−1, and the pH was controlled at 8.5 by automatically
adding the acid SFP stream (pH-stat mode).

2.2. Analytical methods

LCK 914 Hach Lange kits (Hach-Lange, Germany) were used to de-
termine chemical oxygen demand (COD) following the manufacturer's
instructions.
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TSS and volatile suspended solids (VSS) were determined using the
protocol described in Standard Methods (APHA, 1998).

SFP concentrations of filtered samples were determined through
high performance liquid chromatography (HPLC) using a VWR
Hitachi Chromaster chromatographer as described by Oliveira et al.
(2017).

Ammoniumandphosphate concentrationswere determined using a
colorimetricmethod implemented in a segmentedflowanalyser (Skalar
San++ system, Skalar Analytical).

Lyophilised biomass pellets were processed using the method de-
scribed by Lanham et al. (2013) to quantify 3-hydroxybutyrate (3-HB)
and 3-hydroxyvalerate (3-HV) monomer concentrations by gas chro-
matography (GC) using a Bruker 430-GC gas chromatographer.

Molecular mass distribution (Mw) and polydispersity indices (PDI) of
the produced PHA were determined by size exclusion chromatography
(SEC) (Waters Millennium system) as described by Pereira et al. (2019).

A detailed description of these methodologies can be found in
Appendix A.

2.3. Microbiological analyses

Biomass samples were collected in both SBR 4d and SBR 2d
throughout the operational period and were phylogenetically
characterised based on high throughput sequencing of the 16S
rRNA gene. DNA was extracted with the FastDNA Spin kit for soil
(MP Biomedicals, USA), using the standard protocol with a few
exceptions: sample of 500 μL, 480 μL of Sodium Phosphate Buffer
and 120 μL of MT Buffer were added to a tube of Lysing Matrix. 16S
rRNA gene amplicon sequencing and bioinformatic processing was
carried out using Illumina technology by DNASense (Aalborg,
Denmark).

Principal component analysis (PCA) was performed to visually
detect the dynamics of the microbial communities throughout the
study. Prior to the analysis, operational taxonomic units (OTUs)
that are not present in more than 0.1% relative abundance were re-
moved. The data was transformed by applying the Hellinger trans-
formation (Legendre and Gallagher, 2001). The distance between
the data points plotted is indicative of the similarity of the microbial
composition of the samples.

Putative PHA-storers were identified using the references reported
in Appendix C (Table C3).

2.4. Calculations

Feast to famine length ratio (FF ratio, h.h−1) was calculated as the
fraction between the time lengths of the feast and the famine phases.

The percentages of PHA content in biomass (%, w/w) were assessed
by dividing the PHA content by the measured VSS determined at the
same time of the assay. The active biomass (Xa, g.L−1) concentrations
were calculated by the difference between VSS concentration (g.L−1)
and PHA concentration (g.L−1) (at the same reaction time).

Biomass volumetric productivity (PX) was calculated by the fraction
between Xa concentration (g-Xa.L−1) and the SRT (d).

Specific substrate uptake rates (-qSFP, gCOD-SFP.gCOD-Xa
−1.L−1),

specific PHA storage (qPHA, gCOD-PHA.gCOD-Xa
−1.h−1) and consump-

tion (-qPHAfamine
, gCOD-PHA.gCOD-Xa

−1.h−1) rates, and maximum spe-
cific growth rates (μmax, h−1) were calculated from the slope of the
linear regression of total SFP, PHA and Xa specific concentrations, re-
spectively, over time. The goodness-of-fit of each linear regression
was assessed by the R2 (R2 > 0.80).

Storage yields (YPHA/SFP, gCOD-PHA.gCOD-SFP−1)were calculated by
dividing the qPHA by the -qSFP. Growth yields on PHA (YX/PHA, gCOD-Xa.
gCOD-PHA−1) were determined as the ratio between μmax and -qPHAfamine.

Concentrations of all carbon compounds (3-HB, 3-HV, SFP and Xa)
were converted into CODunits in accordancewith the oxidation stoichi-
ometry presented in Appendix A.
4

3. Results

Two PHA-storing cultureswere selectedwith SRT of either 4 d or 2 d
and gradually increased OLR. The performance and population dynam-
ics were evaluated in the SBR and through assays in the accumulation
fed-batch reactor to characterise and compare the two cultures.

3.1. Culture selection

3.1.1. SRT of 4d
For the SBR operated at 4d of SRT (SBR 4d), the OLR was initially set

to 2.60 gCOD.L−1.d−1, then increased in four steps up to 12.3 gCOD.L−1.
d−1 (see Fig. B1 A in Appendix B for more details). The performance of
the culture was assessed for each OLR tested, and the results are
summarised in Table 2.

The observed FF ratio did not increase significantly along the operation
period despite the increase in OLR (Fig. B1 A in Appendix B). In fact, the FF
decreased after an initial value of 0.16 during start-up, and remained con-
sistently below 0.1 during the rest of the operation period (Table 2). On
the other hand, the increase of OLR had a high impact on the active bio-
mass (Xa) concentration, which raised from 1.75 to 7.9 g-Xa.L−1.

The specific substrate uptake (-qSFP) and storage (qPHA) rates
showed an unexpected trend. Both rates increased sharply with the
OLR up to maximum values of 1.1 gCOD.gCOD-Xa

−1.h−1 and 1.01
gCOD.gCOD-Xa

−1.h-1, respectively, for an OLR of 6.6 gCOD.L−1.d−1,
while further increase of OLR to 12.3 gCOD.L−1.d−1 caused a decrease
to 0.55 gCOD.gCOD-Xa

−1.h−1 and 0.41 gCOD.gCOD-Xa
−1.h−1, respec-

tively (Table 2). The same trend was observed for the storage yield
(Y PHA/SFP), which attained maximum values of 0.90 gCOD.gCOD−1 at
the middle-range OLRs (5.4–6.6 gCOD.L−1.d−1) and tended to decrease
for higher OLR values (Table 2).

The performance parameters relative to the famineperiod (e.g.max-
imum specific PHA consumption (-qPHA

famine), maximum growth rates
(μmax) and growth yield on PHA (YX/PHA)) were relatively stable despite
the increase inOLR, excluding thefirst OLR periodwhich coincidedwith
the acclimation period (Table 2).

The PHA obtained in the process throughout this experiment was a
copolymer of 3-HB and 3-HVmonomers, with a 3-HV content that var-
ied between 14.0% and 24.6% on a Cmol-basis.

3.1.2. SRT 2d
Similarly to the SBR 4d, in the reactor operated at SRT of 2 d (SBR 2d)

the OLRwas initially set to 2.7 gCOD.L−1.d−1 and increased in four steps
up to 14.5 gCOD.L−1.d−1 (see Fig. B1 B in Appendix B for more details).
The results are summarised in Table 2.

The FF ratio varied slightly with the OLR increments, ranging be-
tween 0.24 and 0.39 in the stable periods (Table 2).

The Xa concentration increased linearly with the increasing OLR up
to a value of 4.67 g-Xa.L−1 at the maximum OLR tested (14.5 gCOD.
L−1.d−1) (Table 2).

The performance of this culture was quite different from that of the
culture selected in SBR 4d. The -qSFP and qPHA increased with the OLR
reaching maximum values of 0.65 gCOD.gCOD-Xa

−1.h−1 and 0.50
gCOD.gCOD-Xa

−1.h-1, respectively, at OLR 14.5 gCOD.L−1.d−1. Also, the
YPHA/SFP increased from 0.41 gCOD.gCOD−1 to 0.77 gCOD.gCOD−1.
After the initial variations observed during the first OLR step, which
were likely due to acclimatisation, no significant fluctuations were ob-
served for the parameters determined during the famine period, such
as the -qPHAfamine, the μmax and the YX/PHA (Table 2).

The copolymer produced had a 3-HV content ranging between 10.8%
and 23.2% (Cmol-basis) in this experiment.

3.2. PHA accumulation assays

The storage response of the cultures selected at the highest OLRs in
each of the SBRs was evaluated in two fed-batch accumulation assays



Table 2
Main parameters monitored and determined for SBR operation at SBR 4d and SBR 2d for each OLR tested. Values presented are mean (standard deviation).

SBR 4d SBR 2d

OLR
(gCOD.L−1.d−1)

2.60
(0.01)

5.4
(0.1)

6.6
(0.5)

9.3
(0.1)

12.3
(0.1)

2.7
(0.2)

6
(1)

10.6
(0.5)

12.9
(0.2)

14.5
(0.6)

FF ratio (h.h−1) 0.16
(0.02)

0.056
(0.009)

0.035
(0.005)

0.056
(0.006)

0.09
(0.01)

0.30
(0.03)

0.24
(0.01)

0.35
(0.02)

0.39
(0.03)

0.27
(0.03)

Xa (g.L−1) 1.75
(0.05)

4.84
(0.02)

5.09
(0.09)

6.97
(0.06)

7.9
(0.3)

1.24
(0.05)

2.5
(0.3)

3.6
(0.2)

4.2
(0.6)

4.67
(0.06)

Δ PHA feast
(%, w/w)

22.4
(0.02)

18.2
(0.3)

19.6
(0.7)

18.9
(0.1)

22
(1)

32
(3)

24.2
(0.9)

22.6
(0.5)

27
(1)

26
(3)

-qSFP
(gCOD.gCOD-Xa

−1.h−1)
0.44
(0.01)

1.04
(0.04)

1.1
(0.1)

0.75
(0.05)

0.55
(0.07)

0.45
(0.03)

0.47
(0.05)

0.52
(0.03)

0.58
(0.03)

0.65
(0.03)

qPHA
(gCOD.gCOD-Xa

−1.h−1)
0.209
(0.005)

0.93
(0.03)

1.01
(0.05)

0.61
(0.04)

0.41
(0.07)

0.18
(0.02)

0.29
(0.01)

0.34
(0.04)

0.40
(0.02)

0.50
(0.01)

YPHA/SFP

(gCOD.gCOD−1)
0.47
(0.02)

0.90
(0.04)

0.90
(0.09)

0.81
(0.08)

0.74
(0.02)

0.41
(0.05)

0.62
(0.04)

0.66
(0.08)

0.69
(0.06)

0.77
(0.02)

-qPHAfamine

(gCOD.gCOD-Xa
−1.h−1)

0.128
(0.006)

0.07
(0.01)

0.083
(0.002)

0.063
(0.001)

0.068
(0.006)

0.122
(0.003)

0.145
(0.003)

0.12
(0.01)

0.12
(0.01)

0.141
(0.006)

μmax (h−1) 0.10
(0.01)

0.047
(0.004)

0.054
(0.008)

0.042
(0.003)

0.044
(0.003)

0.103
(0.008)

0.109
(0.004)

0.087
(0.006)

0.08
(0.01)

0.103
(0.006)

YX/PHA

(gCOD.gCOD−1)
0.80
(0.06)

0.7
(0.1)

0.7
(0.1)

0.67
(0.05)

0.66
(0.05)

0.84
(0.07)

0.75
(0.01)

0.74
(0.08)

0.76
(0.01)

0.73
(0.07)
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performed in duplicate in the accumulation reactor: the Acc 4d (inocu-
latedwith SBR 4d biomass) and the Acc 2d (with biomass from SBR 2d).
The assays were performed with no N addition, thus no microbial
growth was enabled. The concentration of SFP in the reactor (CSFP)
was quite stable in the period when the specific rates and yields were
calculated (3.80 ± 0.04 gCOD.L−1 and 4.43 ± 0.07 gCOD.L−1 for Acc
4d and Acc 2d, respectively (Table 3)). The supply of external carbon
was practically continuous due to the operation with pH-stat control
using the SFP solution to correct the pH. Due to this, no polymer was
consumed during the accumulation assays. Both cultures were fed and
aerated until a stable PHA content was attained, corresponding to
their maximum PHA accumulation capacity.

Table 3 summarises the averagemaximum specific substrate uptake
(-qSFP) and storage (qPHA) rates, storage yields (YPHA/SFP) and PHA con-
tent on biomass and the PHA characteristics obtained for the different
assays.

In general, the storage response of the Acc 2d was lower than that
observed in the Acc 4d. Despite the similar YPHA/SFP, the culture selected
Table 3
Main parameters determined in the accumulation reactor inoculatedwith culture selected
at themaximumOLR tested in SBR 4d (Acc 4d) and SBR 2d (Acc 2d). Values presented are
mean (standard deviation).

Reactor Acc 4d Acc 2d

Inoculum source SBR 4d SBR 2d
Culture selected at OLR
(gCOD.L−1.d−1)

12.3
(0.1)

14.5
(0.6)

CSFP
a

(gCOD.L−1)
3.80
(0.04)

4.43
(0.07)

SFP composition
[HLac/HAce/HPro/EtOH/HBut/HVal]

(%, gCOD-basis)

0/23.7/8.4/6/57.6/4.0
(0/0.2/0.2/1/0.2/0.7)

0/19/3.9/7.8/67/2.2
(0/2/0.3/0.4/1/0.6)

-qSFPb

(gCOD.gCOD-Xa
−1.h−1)

1.31
(0.09)

0.6939
(0.0004)

qPHAb

(gCOD.gCOD-Xa
−1.h−1)

0.97
(0.04)

0.53
(0.03)

YPHA/SFP
b

(gCOD.gCOD−1)
0.74
(0.02)

0.76
(0.05)

Max. PHA content
(%, w/w)

69
(2)

49.2
(0.4)

Polymer 3-HV content
(%, w/w)

16.8
(0.8)

13.21
(0.02)

Polymer Mw (kDa) 451 453
Polymer PDI 2.38 2.47

a Average SFP concentration on reactor at the period where the specific rates and yield
were calculated.

b Maximum values.
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at the lower SRTwas only capable to accumulate amaximumamount of
49.2 ± 0.4% (w/w) of PHA, contrasting with the 69 ± 2% (w/w) ob-
tained for SBR 4d biomass. In addition, the specific storage rate in Acc
2d (0.53 gCOD.gCOD-Xa

−1.h−1) was nearly half of that observed in Acc
4d (0.97 gCOD.gCOD-Xa

−1.h−1) (Table 3). This difference in perfor-
mance by the two cultures contrasted with the behaviour observed in
the SBRs (in the phase of maximum OLR), where the cultures had sim-
ilar qPHA (0.41 and 0.50 gCOD.gCOD-Xa

−1.h−1 respectively for SBR 4d
and SBR 2d) and YPHA/SFP (0.74 and 0.76 gCOD.gCOD−1 respectively
for SBR 4d and SBR 2d).

The polymer produced during the accumulation assays had a 3-HV
fraction of 16.8 ± 0.8% and 13.21 ± 0.02% (w/w), for the cultures
enrichedwith SRTof 4d and2d, respectively, both of themdisplaying sim-
ilar molecular weights (Mw) and polydispersity indices (PDI) (Table 3).

3.3. Microbial community analysis

Biomass samples collected at different OLRs (6.6 and 12.3 gCOD.L−1.
d−1 from SBR 4d and 6.3, 12.9 and 14.5 gCOD.L−1.d−1 from SBR 2d)
were analysed through high throughput sequencing of the 16S rRNA
gene, and compared with the profile of the full-scale activated sludge
used as inoculum.

Despite the similarly of the inoculum, the community enriched in the
SBR 2d highly diverged from the one obtained in the SBR 4d, as evidenced
by their distance in the PCA plot (Fig. 2). Additionally, the microbial pro-
file clearly changed with the increase in OLRs in each of the reactors, as
can be observed by the distances of the corresponding points in the PCA
results (Fig. 2). Detailed high throughput sequencing results obtained
for the SBR 2d and SBR 4d are presented, respectively, in Tables C1 and
C2 in Appendix C. In the SBR 2d culture, the putative PHA-accumulating
organisms consistently increased with the OLR, achieving 71.8% for the
highest OLR. In contrast, a maximum relative abundance of putative
PHA-storers of 93.0%was detected for the SBR 4d enrichmentwhen oper-
ated at 6.6 gCOD.L−1.d−1. This value decreased to 60.0% at the maximum
OLR but the putative PHA-storers concentration remained stable thereaf-
ter (Table 4), suggesting that above 6.6 gCOD.L−1.d−1 the increase of Xa

reflected growth of flanking microorganisms.

4. Discussion

4.1. Growth vs storage response

The determined specific rates and yields were very similar between
the two SBRs for the first OLR tested (Table 2). This similarity in the



Fig. 2. PCA ordination highlighting the differences in OTUs abundance between the
microbial communities selected in SBR 4d and SBR 2d (data labels correspond to the
operational OLR). The relative contribution (eigenvalue) of each axis to the total inertia
in the data is indicated in percent at the axis titles.
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culture response can be attributed to the short period of acclimatisation
time at this point (Fig. B1 in Appendix B),which is unlikely to be enough
to enrich a PHA-storing community. For this reason, and considering
that both reactors showed distinct yields and kinetic profiles through-
out the rest of the study (Table 2), the parameters calculated for this ini-
tial operational period were not used as a mean of comparison between
the assays.

Themaximum specific growth rate (μmax), calculated during famine,
was not affected by the OLR. As expected, the μmax was driven by the
SRT, being 2.1 times higher, on average, for SBR 2d than for SBR 4d
(Table 2). The same trend was observed for the -qPHA

famine, which was
the double for the SBR 2d than for the SBR 4d. The similar proportion
in μmax and -qPHAfamine for SRT 4d and SRT 2d confirms that, in the famine
phase, PHA and growth are fully correlated. The YX/PHA were also not
significantly different between OLR values for each SBR. However,
these values were on average 15% higher for the SBR 2d than for the
SBR 4d (see Table 2), indicating that when the uncoupled strategy is
used, cultures selected at a lower SRT can use the accumulated PHA
for growthmore efficiently, independently of the OLR applied. Contrast-
ing to what happens when using the traditional coupled feeding ap-
proach, the OLR did not affect the culture growth performance. In fact,
in the traditional approach, growth and storage metabolisms compete
with each other for the external substrate concentration (which is usu-
ally directly linked to the OLR) while in the uncoupled feeding the bio-
mass grows from the stored PHA. Thus, in this case, if the culture is able
to accumulate enough polymer to ensure unlimiting conditions, theOLR
will have a low impact on the growth rate. The fact that, for the same
SRT, the -qPHAfamine was constant for all the OLR tested, confirms that
assumption.
Table 4
Relative abundance (% of total reads) and concentration of putative PHA-storers calculated
for the cultures present in SBR 4d and SBR 2d. Values of putative PHA-storers concentra-
tion are mean (standard deviation).

Reactor OLR
(gCOD.L−1.
d−1)

Relative abundance of
putative PHA-storers
(% of total reads)a

Concentration of putative
PHA-storers
(g.L−1)b

SBR 4d Inoculum 18.9
6.6 93.3 4.8 (0.1)
12.3 60.2 4.8 (0.2)

SBR 2d Inoculum 12.3
6.3 21.9 0.55 (0.07)
12.9 47.4 2.0 (0.3)
14.5 71.8 3.36 (0.04)

a According to the relative abundance of sequences affiliatedwith knownputative PHA-
storers (more details can be found in Appendix C).

b Estimated using the corresponding Xa presented in Table 2.
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The YPHA/SFP followed different trends in the two SBRs as theOLRwas
increased, tending to decrease in SBR 4d and to increase in SBR2d (Fig. 3
A). Itwashypothesised that those differences in theYPHA/SFP could be re-
lated with the abundance of PHA-storing bacteria selected at each con-
dition. In fact, as shown in Fig. 3 B, theYPHA/SFP trends seem to bedirectly
related with the enrichment of the culture in putative PHA-storers indi-
cating that, independently of the OLR and SRT, an efficient microbial se-
lection seems to be the driving force to obtain a high storage yield. If a
deeper characterization of themicrobial population is required, it is rec-
ommended to analyse the PHA synthase gene to effectively determine
the abundance of PHA-storing organisms and validate this hypothesis.

The genus Paracoccus significantly dominated the MMC at SBR 4d
(see Table C1 in Appendix C), however as the OLR increased beyond
6.6 gCOD.L−1.d−1 a sudden decrease in the abundance of Paracoccus
was observed. Paracoccus growth has previously been reported to be
potential inhibited by high OLR values (Wen et al., 2018), which may
have happened in this case. Additionally, a substrate inhibition period
observed at this phase (as further discussed below) may have given
the opportunity of flanking populations to thrive, making the relative
abundance of putative PHA-storers to significantly decrease from the
93.3% to 60.2% at the maximum OLR (Table 4). For the SBR 2d the in-
creasing OLR favoured the growth of other putative PHA-storers,
which may not have been as susceptible to substrate inhibition
(Table 4).

The highest relative abundance of putative PHA-storers (93.3%) and
high storage yield (0.90 gCOD.gCOD−1) were observed for the SBR 4d
operated at 6.6 gCOD.L−1.d−1 (Fig. 3 B). This value was quite high
when compared with studies where the coupled feeding approach
was used. For example, Moretto et al. (2020), who studied the effect
of SRT using the coupled strategy, obtained a maximum abundance of
putative PHA-storers of only 64% using an SRT of 1 d and an OLR of 4.0
gCOD.L−1.d−1. This demonstrates that, as expected, the uncoupled
strategy in this study worked as an effective mesure to increase the se-
lective pressure to enrich for PHA-accumulating organisms.

In the current work, the two C-uptake mechanisms (storage and
growth) are separated and use different carbon sources (SFP and stored
PHA, respectively), thus the YPHA/SFP was maximal for each operating
condition and was only dependent on the relative abundance of puta-
tive PHA-storers. This response differs from the cultures fed with the
coupled strategy in which YPHA/SFP is conditioned by either the PHA-
storers abundance or the growth kinetics. For instance, in SBR 4d at
OLR 12.3 gCOD.L−1.h−1, 60.2% of the enriched community was com-
prised of putative PHA-storers (Table 4), a value that was very similar
to that obtained by Moretto et al. (2020) for their best-case scenario
(64% of putative PHA-storers for an SRT of 1 d and OLR of 4.0 gCOD.
L−1.d−1). However, the YPHA/SFP obtained in the current study was sub-
stantially higher (0.74 gCOD.gCOD−1, Table 2, vs 0.46 gCOD.gCOD−1,
Moretto et al. (2020)), likely because in the latter study, growth and
storage occurred simultaneously at the expense of the external carbon
feed, decreasing its availability for storage.

The storage rates trends were also highly affected by the OLR (Fig. 4
A). The qPHA in SBR 4dwere initiallymore than 3-fold higher than in SBR
2d, although from OLR 6.6 gCOD.L−1.d−1 onwards the qPHA tended to
decrease in the SBR 4d and to increase in SBR 2d, converging to similar
values (Fig. 4 A).

The decreased qPHA observed in SBR 4d seemed to be a clear conse-
quence of substrate inhibition rather than the result of culture selection.
This hypothesis is validated by the results obtained in the accumulation
reactor Acc 4d (Fig. 4 B), inwhich a lower SFP concentrationwas applied
(SFP in the reactor of 3.80 gCOD.L−1, Table 3), similar to the one im-
posed when the maximum qPHA was observed (OLR 6.6 gCOD.L−1.d−1,
which corresponds to a SFP concentration in the reactor of 3.3 gCOD.
L−1). It was found that the SBR 4d culture selected at OLR 12.3 gCOD.
L−1.d−1, and then used as inoculum in Acc 4d, showed a qPHA value sim-
ilar to that maximum obtained for the OLR 6.6 gCOD.L−1.d−1 (Fig. 4 A –
orange rectangle). This result indicates that higher qPHA could also be



Fig. 3. Storage yields (YPHA/SFP) as a function of (A) the different OLR values applied and (B) the relative abundance of known putative PHA-storers, determined in the SBR 4d and SBR 2d.

M. Matos, R.A.P. Cruz, P. Cardoso et al. Science of the Total Environment 799 (2021) 149363
achieved by the culture selected at the maximum OLR when no sub-
strate inhibition conditions are applied, as occurred in Acc 4d.

Interestingly, the inhibition effect was not observed for the SBR 2d.
As shown in Fig. 4 A (yellow rectangle), the culture selected at themax-
imumOLR in SBR2d showed similar qPHA valueswhen inoculated in Acc
2d at a lower SFP concentrations (7.25 gCOD.L−1 in SBR 2d and 4.43
gCOD.L−1 in Acc 2d – Table 3). Additionally, the qPHA increased with
the OLR throughout the whole experiment, suggesting that, when
using the uncoupled strategy, cultures selected at lower SRT are less
sensitive to high SFP concentrations. In sum, comparing the real qPHA
(i.e., when no substrate inhibition is observed) of the cultures selected
at the different SRTs it is possible to conclude that, regardless of the
amount of putative PHA-accumulators, the cultures selected at the
highest SRT (SBR 4d) had faster intrinsic storage kinetics at all OLRs
tested (Fig. 4 B).

When the coupled feeding strategy is used, the growth kinetics of a
PHA-producing MMC is favoured at lower SRT for both carbon and ni-
trogen limited cultures. However, the cultures selected under nitrogen
limited conditions always showed higher ammonia uptake rates than
the carbon limited ones, independently on the SRT used (Johnson
et al., 2010). Regarding the storage mechanism, Johnson et al. (2010)
did not report detailed measurements on the specific storage rates ob-
tained in the accumulation assays. Thus, no clear correlation was
made between the operating condition imposed in the SBR (different
SRT and/or type of limitation) and the intrinsic storage kinetics of the
culture (i.e., when the selected MMC is subjected to C excess under
nutrient-limiting conditions to ensure no competition between growth
and storage). From the best of the authors knowledge, there are no
other studies in the literature that allow to infer about the relationship
between the culture intrinsic growth and storage behaviour and the se-
lection SRT. Lemos et al. (2008) studied the SRT on nitrogen-limited cul-
tures but also did not reported detailed data of accumulation assays. On
the other hand, Chen et al. (2017) reported the accumulation measure-
ments, but did not specify the type of limitation at which the cultures
Fig. 4. Specific storage rates (qPHA) obtained in the SBRs and accumulation assays as a function
putative PHA-storers of the cultures selected at the different OLRs in SBR 4d and SBR 2d. The
the SBR and Acc reactors.
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were being selected, making impossible to compare their growth be-
haviour. Lastly, Moretto et al. (2020) also did not show the type of selec-
tion limitation and neither kinetic results obtained in accumulation
assays under nutrient-limiting conditions.

When operating under the uncoupled feeding approach, there is no
competition between the growth and storage mechanism. Thus, it can
be assumed that the culture growth and storage intrinsic responses
are driven only by the applied SRT, which physically selects PHA-
storers with distinct abilities. Higher SRTs favoured the growth of or-
ganisms that have a high affinity towards the external substrate and
faster storage kinetics. In contrast, applying a lower SRT favoured the se-
lection of populations which are characterised by having higher maxi-
mum specific growth rates and lower storage rates.

4.2. Impact of the operational conditions on PHA production process

The physiochemical properties of PHA are highly influenced by the
monomeric composition and Mw (Lorini et al., 2020b; Philip et al.,
2007). In current work, the polymer 3-HV monomeric production var-
ied linearly with the fraction of 3-HV precursors (propionate and valer-
ate) in the feed, for all the SBR and accumulation assays (see Fig. D1 in
Appendix D). Additionally, no significant differences were observed
within the linear correlations obtained for the two cultures selected at
the different SRTs (Fig. D1 in Appendix D), and the polymers obtained
in the accumulation assays had similar Mw and PDI (Table 3) indicating
that similar polymers can be produced with different selected cultures.
The Mw observed (451 and 453 kDa, respectively for the polymers pro-
duced in Acc 4d and Acc 2d) was in the same order of magnitude than
those reported in previous studies for commercial PHA produced from
pure cultures (200–660 kDa) and for PHA produced from MMCs and
waste-based feedstocks (220–650 kDa) (Albuquerque et al., 2011;
Duque et al., 2014; Lorini et al., 2020b). A polymer with a Mw higher
than 400 KDa and with a 3-HV monomeric composition between 7%
and 20% (w/w), which was the case of the polymers obtained within
of (A) the different OLR values applied in SBRs and (B) the relative abundance of known
orange and yellow rectangles highlight qPHA obtained for the same culture inoculated in
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this work, is considered to have good mechanical properties, lower
melting temperature, increased flexibility and enhanced gas barrier
properties when compared with pure PHB, making it suitable e.g. for
food packaging applications (Lorini et al., 2020b; Philip et al., 2007).

The global productivity of the PHA process can be used as indicator
of overall performance. It can be calculated considering the biomass vol-
umetric productivity (PX) in the SBR and themaximumculture accumu-
lation capacity in accumulation assays, thus reflecting the balance
achieved between the growth and storage response. As expected, the
PX evolution was very responsive to the OLR in both SBR 4d and SBR
2d. For each OLR, the SRT did not impact the biomass productivity
(Fig. 5).

On the other hand, despite the higher relative abundance of putative
PHA-storers in SBR 2d at the maximum OLR tested (Table 4), this cul-
ture had inferior PHA accumulation capacity. At the end of the Acc 2d,
the MMC was only capable to accumulate a maximum amount of 49.2
± 0.4% (w/w) of PHA, contrasting with the 69 ± 2% (w/w) obtained
for Acc 4d (Table 3). This behaviour seemed to be an intrinsic limitation
associated to themicrobial composition, confirming that, in fact, the cul-
ture selected in SBR 2d had a lower storage capability than the one se-
lected at 4 d of SRT. Although the PX was similar for both cultures, the
superior accumulation capability of the culture selected at SRT 4 d
greatly increased the global PHA productivity, which was almost 80%
higher for the SBR 4d culture (4.6 ± 0.3 g.L−1.d−1) than for SBR 2d
(2.6 ± 0.2 g.L−1.d−1). The process productivity has a high impact on
the operating and investment costs, therefore it can be anticipated
that the final PHA manufacturing cost will be lower for the higher SRT,
demonstrating the potential of using the SRT in combination with OLR
as tuning design parameters to increase theMMCPHA-process viability.
Lorini et al. (2020a) operated a SBR system similar to the SBR 4d in this
study in terms of OLR (12.725 gCOD. L−1.d−1) and C, N feeding strategy,
although at different SRT (1 d). This study reported a PHA productivity
of 2.4 ± 0.1 g.L−1.d−1 as a result of the lower PHA accumulation capac-
ity of the culture (53 ± 3%, w/w), which may have been a consequence
of the low SRT imposed.

It should also be noted that a period of substrate inhibition in SBR 4d
may have affected the selection of PHA-storers. So it can be
hypothesised that, if this substrate inhibition could have been avoided,
thus maintaining the PHA-storers relative abundance, an even higher
global PHA productivity could have been reached using the SRT of 4d
and the high OLR tested. To avoid this substrate inhibition, continuous
or fed batch SBR feeding should be studied in order to assess the conse-
quent impact on the overall process performance (maximumaccumula-
tion capacity and global storage yield and productivity).

The work herein discussed underlines the importance of in-depth
understanding the impact of the SRT and OLR on the culture perfor-
mance (growth/storage kinetics and accumulation capacity) to further
optimising the PHA production process increasing its viability.
Fig. 5. Influence of theOLR values in the biomass volumetric productivity (PX) obtained for
the SBR 4d and SBR 2d.

8

5. Conclusions and prospects

This work assesses, for the first time, the impact of the SRT and the
OLR on the growth and storage dynamics of PHA-storers selected
under uncoupled C and N availabilities.

The OLR works essentially as a means to increase the biomass pro-
ductivity, which is similar for each OLR regardless the SRT. A maximum
biomass productivity of 2.3 g-Xa.L−1.d−1 was achieved in this study.
Both tested SRTs seemed to result in highly enriched PHA-
accumulating cultures but the higher-SRT culture was more easily
inhibited by high substrate concentrations. However, this culture had
faster storage kinetics (83% faster) and enhanced accumulation capacity
(40% higher), resulting in a global PHA productivity almost 80% above
that observed for the lower-SRT community.

The study herein presented opens the possibility of, when using a
nutrient-deficient substrate that allows the implementation of an
uncoupled feeding strategy, maximising the process performance by
tuning the SRT of the selection reactor in combination with the OLR
applied.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.149363.
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