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ARTICLE INFO ABSTRACT

Handling Editor: Jian Zuo In the last years, the production of plastics at large-scale has been an issue of great concern due to their envi-
ronmental and health impacts. Biobased and biodegradable plastics, such as polyhydroxyalkanoates (PHA), have

Keywords: emerged as a possible more ecological and sustainable alternative to those conventional plastics. PHA can be

Mixed microbial cultures (MMC) produced by mixed microbial cultures (MMC) from waste-based feedstocks. This work aimed to maximize the

Polyhydroxyalkanoates

PHA production from fermented brewer’s spent grain by selecting an efficient PHA-accumulating MMC, applying

Microbi . . . . .

jcroblome different organic loading rates (OLR, 45 or 60 Cmmolgp/(L.d)) and sludge retention times (SRT, 4 or 2 days).
Biomass reactivation .. . . . .
Productivity Additionally, the biomass reactivation capacity after storage was evaluated.

The global PHA productivity depends on the operating conditions, achieving its maximum (3.55 + 0.8 gpua/
(L.d)) at the highest OLR and SRT tested. After storage, the global PHA productivity was similar to the one
achieved before the starvation period.

Depending on the operating conditions, the microbiome has its own bacterial composition signature con-
taining various PHA-producers genera (e.g., Acidovorax, Amaricoccus, Brevundimonas, Leucobacter, Leadbetterella
and Thauera) that persisted over time, albeit at different relative abundancies.

A comprehensive overview of PHA production with data on system performance and microbiome is presented,
which thereby can further contribute to the upscale of such valorisation processes.

increase of 3.9 million tones (Mt) from 2023 to 2027 (European Bio-
plastics, 2022). Within the bioplastics group, the ones that are biobased
and biodegradable, such as polyhydroxyalkanoates (PHA), have shown
a lower environmental footprint of production than the traditional
plastics (Gurieff and Lant, 2007). In fact, like the global bioplastics
production, the PHA market size has also a rising trend with around 98
million USD projected for 2028 (Statistica, 2024).

PHA are biodegradable and biocompatible polymers produced by
pure or mixed microbial cultures (MMC) either using synthetic and pure
carbon sources or low-cost/waste feedstocks (Reis et al., 2011). Up to
now, the major drawback of the PHA production processes is its high
production costs (5.0 EUR/kg for PHA vs. 0.8-1.5 EUR/kg for oil-based

1. Introduction

Petrochemical plastics have been largely produced since their dis-
covery in the 19 century, mainly due to their interesting and easily
manipulated properties and use in a broad range of applications. How-
ever, as they are non-biodegradable materials, their accumulation in the
environment can pose threats to the ecosystems and human life (United
Nations Environment Programme, 2024). Thus, the need for more sus-
tainable plastic materials led to a huge demand for alternative options
such as bioplastics. In the coming years, the rising trend of bioplastics
production is expected to continue, with an estimated production
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Abbreviations

3HB 3-hydroxybutyrate

3HHx  3-hydroxyhexanoate

3HV 3-hydroxyvalerate

3H2MV 3-hydroxy-2-methylvalerate

DO Dissolved oxygen

EtOH Ethanol

fBSG Fermented brewer’s spent grain
F/f Feast to famine ratio

FP Fermentation products

GC Gas chromatography

HAc Acetic acid

HBut Butyric acid

HCap Caproic acid

HIsoBut Isobutyric acid

HIsoVal Isovaleric acid

HPLC  High performance liquid chromatography
HProp Propionic acid

HRT Hydraulic retention time
HvVval Valeric acid

MMC Mixed microbial cultures
OLR Organic loading rate
PHA Polyhydroxyalkanoates

-qrp Specific fermentation products consumption rate
-Qrpmax Maximum specific fermentation products consumption
rate

qpHA Specific PHA storage rate
gpHAmax Maximum specific PHA storage rate

I'pHA PHA volumetric productivity
SBR Sequencing batch reactor

SRT Sludge retention time

TS Dry weight after lyophilization
TSS Total suspended solids

VSS Volatile suspended solids

Xa Active biomass

XPR Biomass volumetric productivity

Ypua,rp  PHA storage yield on FP consumed

plastics) (Crutchik et al., 2020; Saavedra del Oso et al., 2021). Aiming at
decreasing the operational costs of PHA production processes, the use of
MMC and low-cost/waste feedstocks is a promising strategy (Carval-
heira et al., 2022; Duque et al., 2014; Matos et al., 2021a; Sabapathy
etal., 2020). The PHA production using MMC comprises three stages: (1)
conversion of the organic matter through acidogenic fermentation into a
fermentation products (FP) mixture, composed by carboxylic acids,
which are the PHA precursors; (2) selection of an aerobic microbial
community enriched in PHA-storing organisms; and (3) PHA accumu-
lation up to the maximum culture capacity, by using the selected culture
(stage 2) and the FP (stage 1) (Reis et al., 2011). The success of the entire
PHA production process by MMC is not dependent solely on the last
stage of PHA accumulation. Indeed, it can be compromised if there is not
a good selection of PHA-storers. A high and stable PHA storage ability
and a high biomass growth rate are desired to improve the global PHA
productivity (Reis et al., 2011).

Aiming at increasing the process productivity, some operating pa-
rameters can be manipulated over the culture selection stage. One of the
key factors is the organic loading rate (OLR) as higher values often allow
to work with a lower selection reactor volume while achieving higher
selected biomass concentrations, which might result in higher PHA
production levels (Carvalheira et al., 2022; Cruz et al., 2022). Addi-
tionally, the sludge retention time (SRT), an indicator of the microor-
ganisms’ age, also affects the process productivity by impacting the
competition between the PHA storage and growth metabolic pathways.
Generally, at lower SRT, microorganisms mostly use carbon to grow
instead of storing PHA, resulting in a selection of populations with more
ability to grow (Reis et al., 2011). Additionally, the reactor start-up for
culture selection is often long and challenging, often hindering this
process application. Therefore, the use of stored pre-selected cultures (e.
g. purged biomass from reactors) could be an interesting approach.
However, if a selected culture is stored and, thus, subjected to a star-
vation period, its microbial composition may change. Thus, the impact
of different operating conditions and storage periods on the biomass
behavior and composition, especially in terms of PHA-storers abun-
dance, should be further investigated.

In this study, the selection of an efficient PHA-accumulating MMC
was evaluated using fermented brewer’s spent grain (fBSG) as feedstock.
The impact of different operating parameters, namely the organic
loading rate (OLR) and sludge retention time (SRT), and the effect of a
starvation period on the culture performance and its PHA production
ability after resuming operation were investigated and related to
changes in the culture microbiome composition. The biomass

reactivation performance after a starvation period allows to evaluate the
impact of a long and sudden industrial plant shut down on the culture
performance during the reactor restart.

2. Materials and methods
2.1. Feedstock

A fermented brewers’ spent grain produced in a previous work was
used as feedstock (Guarda et al., 2023). The fBSG was composed by a
mixture of (% Cmol basis): acetic acid (39.8 + 5.3%), propionic acid
(2.3 £ 1.9%), isobutyric acid (4.9 + 1.4%), butyric acid (32.3 + 2.1%),
isovaleric acid (3.4 + 0.7%), valeric acid (1.5 + 0.8%), caproic acid
(14.2 £ 5.2%) and ethanol (1.5 + 1.1%). The fBSG had a C:N:P ratio of
100:9:0.1 (mol basis), being rich in ammonia (NHZ) but with a limited
phosphate content (PO%’).

2.2. Reactor set-up for culture selection

A sequencing batch reactor (SBR) of 2 L working volume was inoc-
ulated with activated sludge from a wastewater treatment plant (Mutela
in Almada, Portugal) and fed with fBSG. The reactor was operated under
12 h cycles of feast and famine periods comprising: 11.25 h of reaction
(aeration and stirring), 40 min of settling (without aeration and stirring)
and 5 min of reactor withdrawn (1 L). During the first 5 min of each new
cycle, 1 L of fresh media (fBSG and a mineral solution as described by
Wang et al. (2017)) was added. After 2 h, a phosphate-rich solution
(KH,PO4) was added to the reactor in order to assure a C:N:P ratio of
100:9:1 (mol basis). The reactor was operated at room temperature
(20-25 °C) and the pH was controlled between 7.5 and 8.5 through the
automatic addition of 0.5 M HCl or 1 M NaOH solutions. The air was
supplied through a disperser and the dissolved oxygen (DO) levels were
kept above 20% by adjusting the air flow rate (2-4 L/min) and the
stirring (100-200 rpm), using a flat blade turbine type stirrer. The length
of the feast and famine periods of the SBR cycles was monitored through
the continuous acquisition of both pH and DO data.

The reactor operation lasted for 6 months, divided into 4 phases,
according to Table 1. A starvation period of 3 months was imposed to the
system after phase III, mimicking the shutdown period of an industrial
facility, during which the biomass was stored at 4 °C. The reactor was
later reactivated on phase IV using the stored biomass, and was operated
under the same conditions of phase II for 1 month. Throughout opera-
tion, once a pseudo-steady state was achieved for each phase, the SBR
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Table 1

Journal of Cleaner Production 451 (2024) 141810

The SBR biomass performance at pseudo-steady state for each operating phase. Values presented are means

+ standard deviations.

Phase I Phase 11 Phase 11T Phase IV
Operation days (days) 0to 70 71to 119 120 to 170 259 to 288
Monitoring cycles (number) 4 4 5 2
SRT (days) 43+0.1 3.8+0.1 2.0+£0.0 42+0.2
HRT (days) 1.1£0.02 1.1+£0.02 1.1+0.06 1.0+0.01
F/f ratio (h/h) 0.08+0.02 0.07+0.01 0.08=0.01 0.05+0.01
OLR (Cmmolrr/(L.d)) 430£15 608+60 64853 60.0+ 7.6
-qrr (Cmmolrp/(Cmmolxa.h)) 0.42+0.10 0.46+0.08 0.53+0.09 0.33+0.01
qria (Cmmolpua/(Cmmolxa.h))  0.32+£0.09 0.39+0.10 0.45+0.06 0.27 +0.01
Yeuare (Cmmolpna/Cmmolrrp) 0.78+0.05 0.83+0.07 0.84+0.07 % 0.83 +0.004
=%
PHAmas_reast E
g
(% geun/grs) 192429 184+21 24538 g 148+ 17
(grnaL) 070+02 112402 1.02+02 0.95 0.1
reua (geua/(L.d)) 1.03+04 240+05 1.26+02 1.48+0.3
Xa (gxa/L) 24409  41+05  24+0.1 44407
XPR (gxa/(L.d)) 0.57+0.20 1.09+0.11 1.24+0.05 0.98+£0.14
Polymer composition (% Cmol)
3HB 78+2 751 79+4 78 £1
3HV 12+1 11£1 10£3 13+£3
3H2MV 3+2 5+1 3+1 4+1
3HHx 5+5 9+0.5 8+1 5+3
performance was monitored by analyzing the PHA, FP, NHZ, PO~ and analysis).

total and volatile suspended solids (TSS and VSS) contents. Additionally,
biomass samples were collected for DNA analysis.

2.3. PHA accumulations assays experimental set-up

In each operating phase, when the SBR reached a pseudo-steady
state, the biomass was used to perform PHA accumulations assays.
The assays were carried out in reactors of 1 L working volume (New
Brunswick™ BioFlo®/CelliGen® 115 system) in fed-batch mode. The
assays were performed at room temperature using 500 mL of the
enriched biomass collected from the SBR at the end of the famine period
and fBSG as feedstock. The air flow rate was controlled between 2.5 and
5 L/min and the stirring at 200 rpm to assure DO levels above 20%. The
pH was controlled within the range of 7.5-8.5 by the automatic addition
of 0.5 M HCl or 1 M NaOH solutions. The PHA accumulation assays were
performed using a pulse-wise feeding strategy controlled by the DO. The
sudden DO increase corresponded to the end of a pulse, then a new pulse
of fBSG was added to the reactor. Each assay was carried out until the
metabolic activity substantially slowed down (no DO response
observed). Samples were collected over the accumulation assays for the
same parameters as for the SBR operation (excluding samples for DNA

2.4. Analytical procedures

Throughout the SBR cycles and PHA accumulation assays, samples
from the mixed liquor inside the reactor were collected and centrifuged
(11000 xg, 2 min). The resulting supernatants were filtered (0.2 pm
membrane filters) and stored at —20 °C while the pellets were lyophi-
lized. TSS and VSS were quantified according to the standard methods
(Apha, 2012). The FP quantification was performed by high perfor-
mance liquid chromatography as described by Duque et al. (2014). NHf
and PO3~ contents were determined by a colorimetric method imple-
mented in a continuous flow analyzer (Skalar San +-+, Skalar Analytical,
The Netherlands). The PHA quantification and composition were
determined through gas chromatography as described by Pereira et al.
(2023) but with some changes. In the present study, the lyophilized
pellets (1-3 mg) were hydrolyzed at 100 °C for 3.5 h in sealed tubes,
using 1 mL of 20% (v/v) sulfuric acid in methanol and 1 mL of chloro-
form containing heptadecanoate (HD) as internal standard (0.5 g/L).
Furthermore, 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV)
monomers were quantified using a commercial PHBV (Sigma-Aldrich,
88 mol% 3HB, 12 mol% 3HV) co-polymer as standard.
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2-Hydroxyhexanoic was used as standard to quantify the 3-hydroxy-2--
methylvalerate (3H2MV) monomers as previously described by Oehmen
et al. (2005), where it was reported that the relative response factor
between 2-hydroxyhexanoic acid and 3H2MV is similar in the GC
quantification, as these two molecules are isomers of each other.
Methyl-3-hydroxyhexanoate was used as standard to quantify the
3-hydroxyhexanoate (3HHx) monomers.

2.5. Performance parameters calculations

The Feast to famine ratio (F/f in h/h) was calculated by dividing the
length (h) of the feast (F) period by the length of the famine (f) period of
the SBR cycles. The PHA content in the biomass was determined in terms
of percentage of total solids (TS) (in % gpya/grs), Where the gpya was
calculated by summing all the monomers (3HB, 3HV, 3H2MV, 3HHXx)
contents and grs is the weight after lyophilization. Bulk PHA and active
biomass (X4) concentrations (in gpya/L and gxa/L, respectively) and the
specific FP consumption and PHA production rates (-qgp in Cmmolgp/
(Cmmolxa.h) and gpya in Cmmolpya/(Cmmolxa.h), respectively) were
calculated as described by Rangel et al. (2023). The PHA storage yield
on FP consumed (Ypya,pp in Cmmolpya/Cmmolgp) was assessed by
dividing the qpya by the -qgp. Biomass (XPR in gxa/(L.d)) and PHA (rppa

Journal of Cleaner Production 451 (2024) 141810

in gpya/(L.d)) volumetric productivities were determined as described
by Matos et al. (2021b) and Carvalheira et al. (2022), respectively.

For the PHA accumulation assays, the maximum specific rates and
yields for each pulse were calculated as described for the SBR operation.
The average values of each parameter for the two first pulses were
considered to assess the performance of the accumulation experiments.
The global PHA productivity (gpua/(L.d)) was assessed by multiplying
the fraction between the XPR and the SBR cycle length by the maximum
PHA concentration achieved during the accumulation assays, divided by
the time elapsed.

2.6. Biomass microbiome analysis

Biomass samples were collected from the SBR over each operating
phase. The biomass was aseptically crushed and the resulting suspension
was then used for genomic DNA extraction (DNeasy Power Soil Kkit,
Qiagen). The 16S rRNA gene Microbiome Profiling with MiSeq was
performed by Eurofins Genomics (Germany) by amplifying the hyper-
variable V3-V4 region using the primers set: 357F-TACGGGAGGCAG-
CAG and 800R-CCAGGGTATCTAATCC. The microbiome analysis was
carried out according to Paulo et al. (2021).
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Fig. 1. Typical profile of an SBR cycle of biomass enriched during phase II. The variation of the FP concentrations (@) and the DO values (o) (a) and NH} () and
PHA (a) contents (b) are presented. The dashed vertical line splits the feast and famine periods of the cycle.
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3. Results and discussion
3.1. SBR performance over the culture selection phases

The SBR was operated during 6 months under different operating
conditions, by subjecting the culture to cycles of feast (F) and famine (f)
periods, aiming at enriching the biomass in PHA-storing organisms. The
operating conditions were changed to improve the process productivity,
namely to reach the highest PHA and biomass volumetric productivities.
Throughout the selection of a PHA-storing culture, four different phases
were established (phases I, II, III and IV), varying some operating pa-
rameters. On phase I, an OLR of 43.0 + 1.5 Cmmolgp/(L.d) was applied,
which was further increased to 60.8 + 6.0 Cmmolgp/(L.d) on phase II,
while keeping the other parameters. From phase II to III the SRT was
decreased from 3.8 + 0.1 to 2.0 + 0.01 days, respectively, by main-
taining the OLR at 64.8 + 5.3 Cmmolgp/(L.d). After ca. 5-months of
operation, the SBR operation was stopped and the biomass was sub-
jected to a starvation period of 3 months, mimicking a real case scenario
of a plant shut down. Afterwards, the reactor operation was re-started on
phase IV under the same conditions of phase II, as the highest global
PHA productivity was attained on this phase, to ascertain on the ca-
pacity of the biomass to re-establish its biological activity after storage.

A typical SBR cycle started by feeding the culture with the FP, which
are consumed along with oxygen during the feast period leading to the
concomitant PHA accumulation (Fig. 1). Simultaneously to carbon
exhaustion, a sudden increase of the DO level was observed, indicating
the transition from the feast (maximum PHA content was achieved) to
the famine period (Fig. 1a). During the famine period the intracellular
polymer stored during the previous feast period was consumed along
with NHf for cell growth and maintenance of the cellular viability
(Fig. 1b).

The culture performance was assessed through the kinetic and stoi-
chiometric parameters, calculated using data captured from at least 2
SBR monitoring cycles of each phase (Table 1). Through the Feast to
famine (F/f) ratio it is possible to assess the selective pressure towards
the selection of PHA-storing organisms. At the reactor start-up, during
the first 25 days of operation, the F/f ratio decreased from 0.75 to 0.12
h/h (data not shown), corresponding to the acclimatization period of the
culture. From this point onwards, the F/f ratio was quite stable (varying
from 0.05 £ 0.01 to 0.08 & 0.02 h/h) and below 0.2 h/h, the threshold
value reported in the literature that assures the right selection pressure
for the PHA-storing organisms (Duque et al., 2014). These results shows
that neither the OLR nor SRT changes impacted the culture selection,
which remained efficient towards the enrichment of PHA-storing or-
ganisms, corroborating the observations of previous works (Table 1)
(Duque et al., 2014).

The SBR operation was first carried out under a low OLR of 43.0 +
1.5 Cmmolgp/(L.d) (Phase I) in order to acclimatize the culture to the
feedstock and to avoid substrate inhibition. A specific FP consumption
rate of 0.42 + 0.10 Cmmolgp/(Cmmolxa.h) was achieved, which was
similar to the ones obtained using similar fermented streams and OLR
(0.43 + 0.05 Cmmolgp/(Cmmolxa.h); 0.38 + 0.06 Cmmolgp/(Cmmolxa.
h)) (Carvalheira et al., 2022; Duque et al., 2014). During the same period
a specific PHA storage rate of 0.32 + 0.09 Cmmolpys/(Cmmolxa.h) was
achieved, which is within the range of the ones obtained using similar
operating conditions (0.34 + 0.04 Cmmolpya/(Cmmolxa.h)) or even
higher (0.27 + 0.05 Cmmolpys/(Cmmolxa.h)) (Carvalheira et al., 2022;
Duque et al., 2014), resulting in a PHA yield of 0.78 + 0.05 Cmmol-
paa/Cmmolgp. Furthermore, a biomass volumetric productivity (XPR) of
0.57 + 0.20 gxa/(L.d)) was achieved during phase I (Table 1).

Aiming at increasing the PHA process productivity, the OLR was
increased to 60.8 + 6.0 Cmmolgp/(L.d) on phase II. Higher OLRs usually
lead to higher biomass concentrations, which in turn enables the se-
lection of higher numbers of PHA-storers microorganisms and thus,
improves PHA process productivity (Albuquerque et al., 2010; Carval-
heira et al., 2022). As observed in other studies, the kinetic parameters
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were independent of the range of OLR tested as no relevant differences
were observed on both FP consumption and PHA production specific
rates with the OLR increase (Carvalheira et al., 2022). On the other
hand, the PHA volumetric productivity (rpys) more than doubled and a
PHA yield of 0.83 + 0.07 Cmmolpys/Cmmolgp was achieved (Table 1).
Using similar operating conditions but different feedstocks, lower PHA
yields of ca. 0.66 + 0.15 and 0.78 + 0.22 Cmmolpya/Cmmolgp for fer-
mented sugar cane molasses and fermented cheese whey, respectively,
were obtained (Duque et al., 2014). Furthermore, the OLR increase
seemed to greatly impact the XPR, which increased almost 2 times from
0.57 £ 0.20 on phase I to 1.09 + 0.11 gxa/(L.d) on phase II (Table 1).
This led to an increase of the X, concentration due to the availability of
more external carbon source (Table 1). These findings were also re-
ported by some authors, where higher biomass productivities were
achieved at higher OLR due to the high biomass concentrations within
the systems (Carvalheira et al., 2022; Matos et al., 2021b). The higher
XPR means that more biomass is available to produce PHA, which can in
turn increase the PHA productivity, leading to a higher amount of PHA
produced (Cruz et al., 2022). The results corroborate this statement as a
higher PHA concentration was observed on phase II comparing to phase
I (0.70 + 0.2 and 1.12 + 0.2 gpya/L, on phase I and II, respectively)
(Table 1).

The decrease of the SRT from 3.8 + 0.1 days on phase Il to 2.0 £ 0.01
days on phase III seemed to achieve the highest specific FP consumption
(0.53 £+ 0.09 Cmmolgp/(Cmmolxa.h)) and PHA storage (0.45 + 0.06
Cmmolpya/(Cmmolxa.h)) rates. However, considering the standard de-
viation, the average values were within the same range of those obtained
for phases I and II (Table 1). Instead, the volumetric PHA productivity
and the X, concentration decreased (Table 1). This finding is in agree-
ment with that reported by Matos et al. (2021b), where using the same
OLR, lower X, concentrations were observed under the lower SRT (2
days versus 4 days). In fact, lowering the SRT increases the XPR but lead
to a decrease in the X concentration (Table 1). However, as the same
OLR of phase Il was applied on phase III, the PHA content increased from
18.4 + 2.1% gpua/grs on phase II to its maximum of 24.5 + 3.8%
gpHA/8rs on phase III due to the lower X, concentration, but the PHA
concentration remained similar (1.12 + 0.2 and 1.02 + 0.2 gpya/L on
phase II and III, respectively) (Table 1).

On phase IV the SBR was re-inoculated with the biomass stored for 3
months. Shortly after reinoculation, the biomass biological activity was
re-activated. After the starvation period, on phase IV the SBR was
reactivated and operated under the same conditions applied of phase II
(Table 1). Once the steady state was achieved, the SBR cycles were
monitored and the results showed that the starvation period seemed to
impact the FP consumption and PHA production specific rates as the
lowest values of 0.33 4 0.01 Cmmolgp/(Cmmolxa.h) and 0.27 + 0.01
Cmmolpya/(Cmmolxa.h) were achieved, respectively (Table 1). How-
ever, they are still in the range of the ones already reported by other
authors using similar conditions (Carvalheira et al., 2022; Duque et al.,
2014). Despite that, the same PHA yield of phase II and III was achieved
(0.83 4 0.004 Cmmolpya/Cmmolgp) and over time a re-establishment of
the X concentration was observed, which became similar to the one
attained on phase II (4.4 & 0.7 and 4.1 £ 0.5 gxa/(L.d) on phases IV and
11, respectively) (Table 1). Furthermore, the PHA concentration was also
similar to the one achieved on phases II and III (1.03 + 0.2 gpya/L on
average for phases II, III and IV), meaning that although the culture
selected on the previous phases showed a slower performance on phase
IV, it was able to recover its biological activity in terms of PHA yield and
concentration to values similar to the ones obtained in phase II,
demonstrating the robustness of the culture and its reactivation capacity
after storage (Table 1). Moreover, the ability of the culture to regain its
PHA producing activity proves that the culture storage can be a good
way to preserve the biomass in case of system shut down, avoiding the
need to perform a new culture selection process to restart the process,
which is highly time consuming.

Throughout the SBR operation, NHj was available during the entire
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Fig. 2. Typical profile of an accumulation assay performed with the operating conditions of phase II. Eight pulse feedings were performed and each pulse feeding
cycle is delimited by the dashed vertical lines. The FP concentration (Cmmolgp/L) (@) and the PHA content (% gpua/grs) (A) are presented.

cycle (feast and famine periods), meaning that in the absence of a se-
lective pressure towards the PHA-storing organisms, the carbon could be
consumed together with NHJ by the non-storing organisms to grow
during the feast period, instead of being used by the PHA-storing or-
ganisms to accumulate PHA. Contrarily, if a proper selective pressure is
applied, the PHA-storing organisms can faster uptake the substrate
rather than the non PHA-storing organisms (Albuquerque et al., 2010).
In this work, no relevant NHj consumption neither biomass growth
were observed during the feast period comparing to the famine period.
Indeed, NHj started to be relevantly consumed immediately after the
carbon depletion (beginning of the famine period), but it was not totally
consumed (Fig. 1b). The NHJ and the intracellular PHA were simulta-
neously consumed as sources of carbon, energy and nutrients needed for
cell growth and proliferation (Albuquerque et al., 2007). A similar trend
was observed by Johnson et al. (2010) using a similar C:N ratio of 11

Table 2

Cmol:Nmol, with the culture showing a carbon-limited behaviour
instead of a nitrogen-limited one.

Throughout the SBR operation and independently of the phase, a
similar pattern for the consumption of the different FP in the mixture
was observed. The culture preferentially consumed the HBut (overall
average of 0.21 + 0.06 Cmmolyg,¢/(Cmmolya.h)), followed by the HAc
(overall average of 0.13 + 0.03 Cmmolya./(Cmmolxa.h) and HCap
(overall average of 0.09 + 0.02 Cmmolycap/(Cmmolxa.h)) (data not
shown). In fact, one of the compounds faster consumed is the HBut,
whose consumption is often considered more energetically efficient than
the consumption of the other FP also present in the mixture (Carvalheira
et al., 2022; Marang et al., 2013; Matos et al., 2021b).

Regardless of the phase and thus, of the operating conditions, the
major polymer components were the 3HB monomers (75-79% Cmol),
followed by the 3HV (10-13% Cmol), the 3HHx (5-9% Cmol) and the

Kinetic and stoichiometric parameters achieved during the PHA accumulation assays conducted with
biomass enriched in each SBR phase. Values are means =+ standard deviations.

Phase I Phase I1 Phase II1 Phase IV
Pulses concentration (Cmmolrp/L) 16.6+£13 228+23 17.7+£2.5 23.5+5.1
“Ypppmay (Cmmolrp/(Cmmolxa.h)) 0.38+£0.08 0.49+0.07 0.64%0.10 0.42 +0.02
piamay (Cmmolpia/(Cmmolxa.h)) 0.31+0.07 0.35+0.03 0.45+0.13 0.36 % 0.04
Y priappmay. CMOlpns/Cmmolrr) 0.79+£0.02 0.71+£0.04 0.72+0.13 3 0.81+0.08
PHA . (% geua/grs) 457+£6.6 454+7.1 448+52 ZS- 43.9+0.5
Global PHA productivity (geua/(L.d)) 1.23+£03  3.55+0.8 2.57+0.1 g 3.01+04
Polymer composition (% Cmol) g
3HB 85+1 82+ 1 T7+£5 82+1
3HV 10+2 12+1 13+£2 14+1
3H2MV 1+0.1 1+£03 1+02 1+0.002
3HHx 5+1 5+1 8+2 3£0.5

* calculated for the two first pulses
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3H2MV (3-5% Cmol) monomers (Table 1). Thus, a quarter-polymer
composed by 4 different monomers was obtained, which is of great in-
terest as they can enhance the flexibility and the resistance of the final
polymer (Loo and Sudesh, 2007; Silva et al., 2022; Zhila and Shishat-
skaya, 2018). As the FP are PHA precursors, the composition of the fBSG
used as feedstock directly affects the final polymer composition. In fact,
if the fBSG composition did not vary over time, no relevant changes on
the polymer composition were expected. However, the different oper-
ating conditions applied along the SBR operation could also contribute
for the polymer composition. Nevertheless, no major changes were
observed on the polymer composition along the different phases,
meaning that the amount of each monomer and thus, the polymer
composition, are independent of the applied OLR and SRT. Furthermore,
even after the reactivation process the polymer had a similar composi-
tion to the ones observed in previous phases.

3.2. PHA accumulation assays

The PHA accumulation assays were performed with biomass
collected at the pseudo-steady state of each SBR phase. Typical FP and
PHA content profiles along an accumulation assay using a pulse feeding
strategy, where the FP consumption and concomitant PHA production
occur, is presented in Fig. 2.

The different operating conditions can lead to different culture per-
formances and thus, on each operating phase, the maximum capacity of
the biomass to accumulate PHA was assessed during the accumulation
assays (Table 2). The performance of the enriched culture on phases I
and II during the PHA accumulation assays was like the one achieved
during the culture selection (similar maximum specific FP and PHA rates
(Tables 1 and 2). The highest maximum specific FP consumption (0.64
+ 0.10 Cmmolgp/(Cmmolxa.h) and PHA storage (0.45 + 0.13
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Cmmolpya/(Cmmolxa.h) rates were achieved using biomass enriched on
phase III, which is also in accordance with the results obtained in the
culture selection (Tables 1 and 2). On phase IV, after the starvation
period, the specific rates were slightly higher than the ones observed
over SBR operation but were similar to the ones achieved on phase II
(operated under the same conditions).

Concerning the PHA yields, in opposite to the observed on phases I
and IV which had similar values of PHA yields in both selection and
accumulation stages, lower PHA yields were observed on the accumu-
lation assays from phases II and III than in the selection stage. Due to the
lack of online tools to directly monitor the PHA content, the addition of
new pulses of carbon during the PHA accumulation assays was moni-
tored through the DO values (indirect PHA monitoring), which can lead
to a lately addition of a new pulse and consequently, to some PHA
consumption during the pulses (Table 2). Nevertheless, the values ob-
tained in the present work are within the range of PHA yields or even
higher than the ones described in the literature by several authors (up to
0.70 Cmmolpya/Cmmolgp) using similar operating conditions (Carval-
heira et al., 2022; Duque et al., 2014). The maximum PHA content was
very similar in each phase, varying from 43.9 + 0.5 to 45.7 + 6.6%
gpua/grs (on average) (Table 2). Regardless of the phase, the polymer
remained mainly composed by 3HB monomers (81.5% Cmol on
average). The 3HV, 3HHx and 3H2MV monomers were also present in
the polymer composition, albeit at lower percentages (12.3, 5.3 and 1%
Cmol, on average, respectively). Comparing with the polymer compo-
sition produced during the SBR operation, the 3HB content seemed to
slightly increase, whereas the content of 3H2MV decreased.

The global PHA productivity, evaluated taking into account the se-
lection and the accumulations stages, ranged from 1.23 to 3.55 gpya/(L.
d), which are within the range of PHA productivities reported in pre-
vious studies (0.73-8.1 gppya/(L.d)) (Cruz et al., 2022; Matos et al.,
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Fig. 3. Alpha diversity of the biomass bacterial community over time represented by (a) Shannon index; (b) Simpson index and (c) Chaol index. (d) PCoA plot of
beta-diversity based on Bray-Curtis distance (PERMANOVA; F = 6.09, R? = 0.58, p < 0.001). The samples of each phase are represented as follows: @ Phase I; 4
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Fig. 4. Taxonomic composition of the bacterial community over reactor operation. (a) The relative abundance of bacterial communities at the genus level on
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genus level (LDA score >4.0; p-value<0.05). The significant genera were ranked in declining order as per their LDA scores (x-axis).

2021a, 2021b; Oliveira et al., 2017). The OLR increase, within the range
studied in the present work, positively benefits the overall process as
higher rates, biomass and PHA productivities were achieved (Tables 1
and 2). The highest global PHA productivity (3.55 + 0.8 gppa/(L.d)) was
attained on phase II with a culture selected under a SRT of 4 days. The
subsequent decrease of the SRT to 2 days led to a decrease of the global
PHA productivity to 2.57 + 0.1 gpya/(L.d), due to the decrease on the
amount of X, on phase III (Table 2). A similar trend was reported by
other authors (Matos et al., 2021b). Furthermore, after the starvation
period, although a slightly lower global PHA productivity (3.01 + 0.4
gpua/(L.d)) was achieved, which was similar within the error to the one
achieved in phase II (3.55 + 0.8 gpya/(L.d)) (Table 2), the selected
culture was able to reactivate its PHA synthetizing capacity, demon-
strating its robustness.

3.3. Microbiome dynamics over the culture selection phases in the SBR

3.3.1. Alpha- and beta-diversity over time
To evaluate the changes of the SBR biomass microbiome over oper-
ation, the alpha- and beta-diversity metrics of the bacterial community

were investigated (Fig. 3). Alpha diversity, based on the Shannon index
that measures the diversity of species within a community, indicated
that the inoculum bacterial community was highly diverse (Fig. 3a).
Although an initial perturbation can be observed, the species diversity in
the biomass community increased progressively over phases [ and II. On
phase III and IV slightly lower Shannon indices were observed in com-
parison to phase II, indicating that the bacterial community on those
days was less diverse, which in part could be due to the biomass
specialization over time (Fig. 3a). The Simpson index is a diversity
estimator that considers species evenness more than species richness in
its measurement thus reflecting on species dominance. The variation of
the Simpson indices over time followed a similar pattern of the Shannon
indices, where samples by the end of phase II had the highest indices
values whereas the ones of phase IV had the lowest ones (Fig. 3b). This
reveals that although the biomass during phase IV was still able to
effectively produce PHA (according to Table 1), on phase II a higher PHA
volumetric productivity was achieved, which coincided with a more
even microbiome population (Table 1). The storage process could have
contributed for the selection of a less even microbiome population that
was still able to produce PHA, albeit at a lower rate as previously
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observed in the performance results (Table 1). To estimate species
richness, the Chao index which indicates the predicted total number of
microbial species within the biomass was used (Fig. 3c). The inoculum
presented a lower bacterial richness but along phases I and II, the
biomass richness progressively increased. On the other hand, the Chao
indices observed for samples of phase IV were lower in comparison with
the ones from samples of previous phases (Fig. 3c). This decrease on the
biomass richness was probably because of the storage period, as perhaps
some taxa were not able to recover its abundance in the biomass during
the reactor reactivation.

The beta-diversity of the bacterial community provides a measure of
the distance or dissimilarity between biomass samples. The Principal
Coordinates Analysis (PCoA) based on Bray-Curtis dissimilarity matrix,
performed at genus level, showed that the composition of bacterial
communities varied over time, with samples being mostly separated
along the x-axis (Fig. 3d). In general, the closer the samples are plotted,
the more similar their community compositions are. The biomass
composition at the early beginning of operation (till day 29) was clearly
different from that on the subsequent days of phase I, which were much
close to each other. This result reveals the acclimation process that the
inoculum suffered over the first month of reactor operation. For biomass
collected throughout phases II and III, samples from the same phase
clustered together. However, the samples from phase II had a shorter
Bray-Curtis distance from themselves than the samples from phase III.
The closer distance between the biomass samples from those phases
indicates that the variations in the community structure were relatively
small, whereas the close location of samples within the same phase re-
veals that the biomass of each phase has a somewhat distinct bacterial
population signature. Samples from phase IV also clustered together, but
separately from the remaining samples, indicating that the biomass
microbiome established after the reactor reactivation was slightly
different from the one present before the storage period.

3.3.2. Microbiota composition changes over the culture selection phases

The biomass microbiome composition at genus level over the SBR
operation shows that shifts in the biomass microbiome composition
were evident, especially in phase I (Fig. 4a). The bacterial community
within the inoculum was remarkably different from that on the subse-
quent days of that phase, although it became more similar by the end of
phase I (days 36 and 43). This is in accordance with the PCoA that
indicated a clear separation between the inoculum and the biomass
samples at the end of phase I. Taxa belonging to Denitratimonas, Devosia,
Diaphorobacter, Methylocaldum, Rhodobacter and Thiothrix genera were
present in the inoculum, but over operation their relative abundance
tended to decrease or to be completely vanished from the biomass. On
the contrary, taxa from the genera Acidovorax, Lautropia, Leucobacter,
Paracoccus and Pseudoxanthomonas were present in the inoculum at low
relative abundancies but over operation their relative abundance tended
to increase. This increase was especially relevant for the Pseudox-
anthomonas genus, which became one of the most abundant taxa in the
microbiome (except in phase IV) (Fig. 4a).

The analysis of the biomass taxonomic composition over operation
showed a different profile in terms of microbial composition under the
different tested conditions, indicating that in each phase a distinct
assemblage of taxa existed. Overall, after an acclimation period, the
system was able to enrich the biomass in distinct well known PHA-
storing microorganisms, such as Acidovorax (Pereira et al., 2020),
Amaricoccus (Rangel et al., 2023), Brevundimonas (Liang et al., 2023),
Stenotrophomonas (Cruz et al., 2022), Leucobacter (Clagnan and Adani,
2023), Leadbetterella (Clagnan and Adani, 2023) and Thauera (Yin et al.,
2018) genera. The biomass microbiome in each phase comprised most of
those genera known to have metabolic ability for synthesizing PHA, but
their relative abundance oscillated depending on the operating condi-
tions applied. In fact, by the end of phase I, Acidovorax was the most
common genus (16%, in average), followed by Pseudoxanthomonas
(11%), Brevundimonas (10%), Stenotrophomonas (8%), Leucobacter (7%)
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and Leadbetterella (6%) (Fig. 4a). Although the Pseudoxanthomonas
genus was the genus second most abundant in the microbiome on that
day, this genus PHA storing ability is not well documented in the liter-
ature yet. Ghribi et al. (2016) isolated from paper mill sludge a bacterial
strain of the Pseudoxanthomonas genus that exhibited PHA production
potential based on staining with Sudan black B and Nile blue A tests.
Remarkably, this genus has been found in high proportion in micro-
biomes of MMC systems, thus suggesting that its role is somehow linked
to PHA production (Clagnan and Adani, 2023; Portela-Grandio et al.,
2021).

After increasing the OLR in phase II, changes in the abundance of the
main genera were observed. The genus Acidovorax lost its predominance
in the biomass composition, achieving a relative abundance of 2% by the
end of that phase and giving place to the genera Pseudoxanthomonas and
Brevundimonas which became the most abundant taxa, each represent-
ing about 14% of the relative abundance of the total abundance. The
Micavibrio genus slightly increased in abundance whereas Leadbetterella,
Leucobacter and Stenotrophomonas decreased (Fig. 4a). The Acidovorax
genus is a well-known PHA producer that was found in high abundance
in a mixed microbial culture system dedicated to the production of PHA
using fermented waste streams from a pulp and paper factory as feed-
stock (Pereira et al., 2020). Interestingly, similarly to that we observed
in the present study, the relative abundance of this genus also decreased
with the increase of the OLR. Furthermore, the genus Amaricoccus,
which was underrepresented in phase I (less than 1%), augmented its
relative abundance to about 8% by the end of phase II. In a study con-
ducted by Rangel et al. (2023), a similar trend in which this genus
relative abundance increased in consequence of the OLR increase was
observed, suggesting that this organism proliferation within the overall
microbiome is favoured by higher organic loads.

After shortening the SRT to 2 days in phase III, the Pseudox-
anthomonas genus maintained its relative abundance on the overall
community, whereas the one of the Brevundimonas genus initially
increased but by the end of that phase it was reduced to about half in
comparison to phase II. On the contrary, several other bacterial genus
taxa increased their relative abundances (e.g., Lautropia, Leadbetterella,
Leucobacter, Luteimonas and Thauera) (Fig. 4a). On phase IV, although
the OLR and SRT applied were like those on phase II, the biomass
microbiome by the end of this phase was dominated by two bacteria
genera: Brevundimonas (33%) and Micavibrio (17%) (Fig. 4a). Although
the high proportion of members of the Micavibrio genus on phase IV, to
the best of our knowledge there are no reports on their PHA production
ability. Indeed, this genus has been reported as an obligate epibiotic
predator for many Gram-negative bacteria, capable to attach to the outer
membrane of their prey, completely or partly consuming prey cells
(Pasternak et al., 2014). Taxa closely related to the Micavibrio-like
bacterium were identified in biomass from reactors and in freshwater,
soil, and extreme environments (Dolinsek et al., 2013). Nevertheless, the
biomass still has in its bacterial composition several known
PHA-accumulators such as the Brevundimonas genus in high abundance,
and members affiliated with the Acidovorax, Amaricoccus, Leadbetterella
and Thauera genera were also found in the microbiome, albeit at lower
relative abundance (up to 7%). The high abundance of the Micavibrio
genus over phase IV could have contributed for the slightly lower PHA
volumetric productivity during culture selection, thus corroborating the
performance results. A more detailed analysis of the genus taxa profile
on both phases, based on their relative abundance, revealed the preva-
lence of a distinct taxonomic composition pattern (Fig. 4b). After reactor
reactivation (phase IV), a more specialized community was developed
with Brevundimonas and Micavibrio genera dominant in terms of relative
abundance, which is in line with the alpha diversity indices, that showed
that the community diversity and richness decreased. This shift on the
biomass composition could be explained by the storage process, as
perhaps during the biomass reactivation some taxa, including some
PHA-accumulators, were not able to thrive in the community, triggering
changes in diversity.
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Additionally, a linear discriminant analysis effect size (LEfSE) was
performed to investigate the statistically significant differences in the
biomass bacterial community (at genus level) among the operating
phases. The LEfSE allowed to identify the bacterial fingerprint of each
phase (i.e., the phase-specific taxa by comparing the taxa abundances
between different phases) (Fig. 4c). For instance, the genus Amaricoccus
was significantly abundant in phase II (LDA of 5.63, p = 0.004) in
comparison to other phases and thus, was the most prominent biomarker
of this phase. Nevertheless, there are other taxa which also characterize
this phase, namely the Sphingobacterium, Cloacibacterium, Ferrugini-
bacter, Taibaiella, Neomegalonema, Cupriavidus and Erythrobacter,
although at lower LDA score. On phase III, the genera Lautropia, Leu-
cobacter and Luteimonas were the most prevalent features that differ-
entiate this phase from the others (Fig. 4c). Concerning phase IV, among
the 7 representative genera pinpointed as potential biomarkers for this
phase, the Brevundimonas, Micavibrio and Thauera genera were the ones
that best characterize this phase (Fig. 4c). Although LEfSE highlighted
the specific bacterial taxa that most characterize each phase, most of
those genera were shared between the different phases, but their
abundance differed. The identification of the specific taxa which were
significantly enriched in each phase, helps to understand the adaptive
response of the bacterial community to the different operating
conditions.

In general, the microbiome of the biomass of the culture selection
reactor harbours multiple genera of PHA producers and, in each phase
most of those genera persisted in the microbiome, but their relative
abundance oscillated depending on the operating conditions applied. In
fact, the changes of the operating conditions shifted the proportion of
the various PHA-producers in the biomass, thus creating a specific
signature for each phase, which in turn affected the global PHA
productivity.

4. Conclusions

An efficient PHA-accumulating MMC was enriched using fermented
brewer’s spent grain as feedstock. The maximum global PHA produc-
tivity (3.55 + 0.8 gpya/(L.d) was achieved at an OLR of 60.8 + 6.0
Cmmolgp/(L.d) and a SRT of 3.8 + 0.1 days. After storage, the biomass
restored its PHA-synthetizing activity, achieving a similar productivity
to that obtained before in similar conditions. The microbiome structure
and composition changed according to the operating conditions.
Although most genera related to PHA production persisted in the
microbiome, their relative abundance varied. Each phase has its own
biomarkers and thus, a distinct bacterial population signature.
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