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Link between microbial composition and carbon
substrate-uptake preferences in a PHA-storing
community
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The microbial community of a fermented molasses-fed sequencing batch reactor (SBR) operated
under feast and famine conditions for production of polyhydroxyalkanoates (PHAs) was identified
and quantified through a 16 S rRNA gene clone library and fluorescence in situ hybridization (FISH).
The microbial enrichment was found to be composed of PHA-storing populations (84% of the
microbial community), comprising members of the genera Azoarcus, Thauera and Paracoccus. The
dominant PHA-storing populations ensured the high functional stability of the system (characterized
by high PHA-storage efficiency, up to 60% PHA content). The fermented molasses contained
primarily acetate, propionate, butyrate and valerate. The substrate preferences were determined
by microautoradiography-FISH and differences in the substrate-uptake capabilities for the various
probe-defined populations were found. The results showed that in the presence of multiple
substrates, microbial populations specialized in different substrates were selected, thereby
co-existing in the SBR by adapting to different niches. Azoarcus and Thauera, primarily consumed
acetate and butyrate, respectively. Paracoccus consumed a broader range of substrates and had a
higher cell-specific substrate uptake. The relative species composition and their substrate
specialization were reflected in the substrate removal rates of different volatile fatty acids in the
SBR reactor.
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Introduction

Polyhydroxyalkanoates (PHAs) are biologically
synthesized polymers that have gained increasing
attention for their possible use as eco-efficient
bioplastics. These intracellularly stored polyesters
are both bio-based and biodegradable, allowing
for a closed loop carbon cycle. Furthermore, they
display a wide range of thermoplastic properties,
thus providing a high technical replacement poten-
tial versus conventional oil-based plastics (Crank
and Patel, 2005). The implementation of PHAs as

commodity plastic material has so far been limited
by their high production cost, given that, commer-
cially available PHAs are produced by pure micro-
bial culture fermentations (with high operating
costs) and from raw materials with high market
price (Choi and Lee, 1997; Crank and Patel, 2005).
Consequently, finding less expensive feedstocks are
decisive for the development of economically
effective PHA-production processes.

Wastewaters and industrial effluents have been
suggested as an economically viable and environ-
mentally sustainable alternative to the current
industrial PHA-production processes (Gurieff and
Lant, 2007), because PHA storage has been demon-
strated to have a physiological role for microorgan-
isms in biological wastewater treatment. Enhanced
PHA storage was found in activated sludge systems
subjected to alternate carbon substrate availability,
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also designated as feast and famine (FF) (Majone
et al., 1996; van Loosdrecht et al., 1997). Under FF,
microorganisms that can rapidly store the substrate
have a competitive advantage. Thus, imposing FF
conditions allows for the selection of cultures
enriched in organisms with enhanced PHA-storage
capacity.

PHA production by mixed microbial cultures from
waste or surplus-based feedstocks is usually carried
out in a three-stage process, comprising: (1) acido-
genic fermentation, where the organic content of the
feedstock is biologically converted into volatile fatty
acids (VFAs) under anaerobic conditions; (2) culture
selection, typically carried out in sequencing batch
reactors (SBRs) operated under FF conditions; and
(3) PHA production, designed to maximize PHA
accumulation in cells harvested from the enrich-
ment bioreactor.

The key to optimizing mixed microbial culture-
PHA-production processes is the maximization of
the selective pressure imposed on culture enrich-
ment. Extensive research has been carried out on the
impact of different SBR-operating conditions (Dias
et al., 2006; Serafim et al., 2008). However, sufficient
knowledge on all factors governing microbial
competition has not yet been gathered to support
comprehensive mathematical models that allow the
design of a strategy able to couple a high selective
pressure for PHA storage with a high biomass-
production rate. Indeed, both factors are crucial to
maximize the productivity of the process.

Recent studies (Johnson et al., 2009; Jiang et al.,
2011a, b) demonstrated the possibility to obtain
highly selected enrichments, through the use of FF
SBRs operated under highly controlled conditions
(chemically defined media with only one or two
carbon sources) and using a low number of cycles
per sludge retention time (SRT). The cultures thus
selected had very narrow community structures
(virtually monocultures) and were capable of reach-
ing very high PHA contents (84–92% PHA cell
content). These results show that the imposition of a
high selective pressure through a low feast-to-
famine length ratio and a low number of cycles per
SRT will select microorganisms based on their
efficiency to store PHA. However, because these
studies used only a limited number of carbon
sources, it cannot be anticipated whether the same
high FF-selective pressure would yield the same
culture simplification if in the presence of multiple
substrates. Because the mixed culture-PHA-produc-
tion process is only economically viable when using
VFA-rich feedstocks arising from wastewater treat-
ment processes (for example, fermented industrial
effluents) containing numerous carbon sources, it is
important to assess not only the impact of the
FF-selective pressure but also the impact of this
pressure when combined with the presence of
multiple substrates.

In order to encompass the goal of population
selection and that of biomass production, it is

necessary to better understand the relation between
factors influencing microbial selection and the
resultant community structure. Substrate composi-
tion is one of the major factors influencing the
microbial population structure and performance of
PHA-production systems. The relationship between
feed composition and microbial community selec-
tion is likely conditioned by the specific carbon
source preferences of each population, which is
ultimately reflected on the overall substrate-uptake
performance observed in the SBR. The aim of this
study was therefore to investigate the effect of mixed
substrates on a PHA-storing community, by asses-
sing the carbon source preferences of the PHA-
storing organisms, and, in the long run, on microbial
community changes when variations in the VFA
composition in the feed took place.

In a previous study, Albuquerque et al. (2010a)
operated a FF SBR fed with fermented molasses,
comprising four VFAs: acetate, propionate, butyrate
and valerate. The optimization of this system resulted
in a microbial enrichment able to reach a PHA cell
content of 78%. In the present study, the microbial
community selected in the same system, after under-
going oscillations in the substrate composition, was
characterized through clone library studies and
quantitative fluorescence in situ hybridization (FISH)
in order to identify the dominant microbial groups,
particularly those with PHA-storage properties. The
link between the phylogenetic classification of the
different populations and their functionality was
done through microautoradiography (MAR)-FISH,
which also enabled detection of the substrate pre-
ference of each of the probe-defined populations.
To the best of our knowledge, this last aspect has
never been reported for PHA-producing mixed
culture systems.

Materials and methods

Experimental setup
The experimental setup consisted of three bench-
scale reactors and a hollow fiber membrane filtration
module (Albuquerque et al., 2007). The molasses
acidogenic fermentation (stage 1) was carried out in
a continuous stirred tank reactor operated under
anaerobic conditions. The conditions used to oper-
ate the acidogenic continuous stirred tank reactor
are described in detail in Albuquerque et al. (2007).
The fermented molasses was clarified by microfil-
tration and used as a feedstock for subsequent
culture selection and PHA accumulation. Selection
of a PHA-accumulating culture (stage 2) was carried
out in a SBR subjected to FF conditions. PHA
accumulation (stage 3) took place in a batch reactor
inoculated with sludge from the culture-enrichment
SBR and fed with clarified fermented molasses. The
SBR was inoculated with a PHA-accumulating
mixed culture acclimatized to the fermented
molasses feedstock (Albuquerque et al., 2010a).
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Culture selection in SBR. A SBR (working volume
of 800 ml) was operated using the conditions reported
in Albuquerque et al., 2010a: 10-day SRT, 1-day
hydraulic retention time (HRT), 12 h cycle length,
organic loading rate of 90 Cmmol VFA l� 1 d�1. The
SBR 12-h cycles consisted of four discrete periods:
fill (5 min); aerobiosis (FF) (11 h); settling (45 min);
and draw (10 min). The SBR was fed with clarified
fermented molasses produced in stage 1 (200 ml per
cycle) at an initial SBR substrate concentration of
45 Cmmol l� 1 VFA, which corresponded to 80–85%
of the soluble chemical oxygen demand. A mineral
nutrient solution containing both ammonia (NH4Cl)
and phosphate (KH2PO4) was also added during
the fill phase (200 ml per cycle) so as to make up
initial reactor concentrations of 3.75 mmol N l�1 and
0.48 mmol P l� 1, thereby keeping the C/N/P molar
ratios at 100/8/1. Thiourea was added to inhibit
nitrification. At the end of the reaction phase,
a purge of mixed liquor (40 ml) was withdrawn
in order to keep the SRT at 10 days. Following
the settling phase, the exhaust supernatant was
withdrawn (400 ml per cycle). Air was supplied
through a ceramic diffuser. Stirring was kept
at 400 r.p.m. pH was left uncontrolled. Pumping
(fill and draw), aeration and mixing were auto-
matically controlled by a software program. In
addition, the software was also used to acquire
pH and dissolved oxygen data. The reactor was
placed in a temperature-controlled room (23–25 1C).

Batch PHA-production assays. PHA-accumulation
assays were carried out to determine kinetic
and stoichiometric PHA-storing parameters of the
SBR-selected culture. These assays were carried out
in batch mode, feeding the clarified fermented
molasses produced in stage 1 to SBR excess sludge
(that is, without nutrient suplementing). Air was
supplied through a ceramic diffuser and mixing
was provided by magnetic stirring (400 r.p.m.).
Feed pH was adjusted to 8 before reactor feeding
and the pH in the reactor was left uncontrolled
during the reaction phase. Temperature was kept
at 23–25 1C.

The sludge PHA content is given as a percentage
of volatile suspended solids (VSSs) on a mass
basis. Active biomass (X) is defined as the VSS
concentration minus the intracellular PHA content.
The maximum specific substrate uptake (� qS in
Cmol VFA/(Cmol X.h)) and PHA-storage rates (qP in
Cmol PHA/(Cmol X.h)) are specific rates of substrate
consumed or PHA stored per amount of active
biomass per time. The yields of PHA (YP/S in Cmol
PHA/Cmol VFA) and active biomass (YX/S in
Cmol X/Cmol VFA) on substrate consumed are
respectively defined as the ratios between the
amount of product produced (either PHA or active
biomass) and the amount of substrate consumed.
These stoichiometric and kinetic parameters
were calculated as described in Albuquerque et al.
(2010a, b).

Analytical procedures
Biomass concentration was determined using the
VSS procedure described in the standard methods
(APHA, 1998).

Volatile fatty-acid (acetate, propionate, butyrate and
valerate) concentrations were determined by high-
performance liquid chromatography using a Merck–
Hitachi chromatographer (Merck–Hitachi, Manchester,
UK) equipped with a refractive index detector and
Aminex HPX-87 H pre-column (Aminex, Hercules,
CA, USA) and column from Bio-Rad (Hercules,
CA, USA). Sulphuric acid 0.01 M was used as an
eluent at a flow rate of 0.6 ml min�1 and 50 1C. The
organic-acid concentrations were calculated using
a standard curve of 25–1000 mg l�1.

PHAs were determined by gas chromatography
using the method described in Albuquerque et al.
(2010b). Hydroxybutyrate (HB) and hydroxyvalerate
(HV) concentrations were calculated using the
P(HB-HV) (88%/12%) (Sigma) standards and
corrected using an heptadecane internal standard.

Ammonia concentration was determined using an
ammonia gas-sensing combination electrode Thermo-
Orion 9512 (ThermoOrion, Karlsruhe, Germany).
A calibration curve was obtained with the NH4Cl
standards (0.01–10 mmol N l�1).

Microbial characterization

16 S rRNA gene cloning and sequencing. Bacterial
DNA was extracted from SBR biomass using
the Ultraclean Soil DNA isolation kit (MO BIO
Laboratories Inc., Carlsbad, CA, USA), following the
manufacturer’s instructions. DNA quantification
was performed by spectrophotometric readings at
260 nm (NanoDrop 1000, ThermoScientific, Rock-
ford, IL, USA). Bacterial 16 S rRNA gene fragments
were amplified by PCR using primers 27f and
1492rBac (Lane, 1991). The reaction mixture (25 ml)
contained 2 ng ml�1 of template DNA, 1 mM MgCl2,
1� PCR buffer, 2.2 mM of each dNTP, 2.2 U Taq DNA
polymerase (Invitrogen, Carlsbad, CA, USA) and
1mM of each primer. The cycle program comprised:
5 min at 94 1C, 30 cycles of 30 s at 94 1C, 30 s at 48 1C
and 2 min at 72 1C, followed by a final extension at
72 1C for 5 min. The PCR products were cleaned with
the QIAquick PCR Purification Kit (Qiagen GmbH,
Hilden, Germany) before proceeding with cloning.

Cloning was performed using the pGem-T easy
vector system I (Promega, Madison, WI, USA)
and the JM109 High efficiency competent cells
(Promega). The 16 S rRNA gene fragments from
selected clones (71) were amplified and grouped
into operational taxonomic unit (OTU) according to
restriction fragment length polymorphism analysis.
The restriction enzymes used were AluI and Sau3
AI, following the manufacturer conditions (Jena
Bioscience GmbH, Löbstedter, Germany). Represen-
tatives from each OTU were amplified with SP6 and
T7 primers and the PCR products were purified with
the QIAquick PCR Purification Kit (Qiagen GmbH)
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and sequenced (STAB VIDA Lda, Lisbon, Portugal)
using the 27f as the sequencing primer. The
sequences were deposited in the GenBank database
under accession numbers JQ658298–JQ658336.

Phylogenetic position of the clones (amplicons of
713 bp in average) was performed with the MEGA5
software (Tamura et al. 2011) using reference
sequences obtained from NCBI (http://blast.ncbi.
nlm.nih.gov/Blast.cgi). Cluster analysis was performed
using the neighbor joining method with bootstrap
test of 1000 replicates (significant clustering consi-
dered 470%). Similarity matrices were obtained in
MEGA5. Clones with X97% sequence similarity
were considered to belong to the same species.

FISH. Fixation of SBR biomass samples in 4%
paraformaldehyde and FISH analysis were per-
formed according to Amann (1995). The fluores-
cently labeled oligonucleotide probes used were as
follows: EUBmix, for all Bacteria (a mixture of
probes EUB338 (Amann et al., 1990), EUB338-II
and EUB338-III (Daims et al., 1999), Azo644 for most
members of the Azoarcus cluster (Hess et al., 1997),
THAU832 for Thauera (Loy et al., 2005), PAR651 for
Paracoccus (Neef et al., 1996), CF319a for most
Flavobacteria, some Bacteroidetes and some Sphingo-
bacteria (Manz et al., 1996) and ALF968 for most
bacteria belonging to the class Alphaproteobacteria
(Neef et al., 1997). Hybridized samples were viewed
with a Zeiss LSM 510 Meta confocal laser scanning
microscope (Zeiss, Oberkochen, Germany). FISH
quantification of Cy3-labeled Azoarcus, Thauera and
Paracoccus in respect to all Bacteria (Cy5-labeled) was
done by image analysis (30 images of each sample)
with the Daime software (Daims et al., 2006), which
determines the biovolume fraction of the specifically
labeled target population relative to the biovolume of
the total bacteria. The s.e.m. was calculated as the s.d.
divided by the square root of the number of images.

Post-FISH staining with Nile blue. PHA was
stained by Nile blue after FISH was carried out by
FLUOS-labeled probes on biomass in suspension
and spread out on gelatine-coated slides as
described by Thomsen et al., 2004. Examination of
probe-positive bacteria (PAR651 and ALF968) was
done using a confocal laser scanning microscope
with automatic stage controller. Different probe-
defined bacteria of interest were detected on
the slide and their exact position on were
marked. The slides were stained according to
the protocol by Ostle and Holt, 1982, and the
automatic stage controller enabled the relocation
of the probe-defined bacteria following the Nile blue
staining.

MAR and FISH
Biomass was harvested from the SBR reactor
(Portugal), and kept at 4 1C while transported to
Aalborg, Denmark, within 72 h. The biomass first

was acclimatized at 20 1C for 2 h in mineral nutrient
solution (used to feed the SBR, see above) without
carbon sources. Prior to the MAR studies, a washing
step was done to remove any residual substrate and
the biomass was resuspended in fresh medium that
mimicked that in the SBR, consisting of a mixture
of exhausted SBR supernatant, collected at the end
of the famine phase and mineral nutrient solution
(ratio 0.75:0.25). The MAR experiments were carried
out slightly modified from the protocol by Lee et al.
(1999).

In total, four substrates radiolabeled with either
3H or 14C were investigated: acetate, butyrate,
propionate and valerate, to determine which sub-
strates alone and in combination resulted in sub-
strate uptake for probe-defined Azoarcus, Thauera,
Paracoccus and other unidentified heterotrophs
present. All the experiments were conducted
under aerobic conditions, with minor pH variation
(average pH increase in single substrate tests was
0.07 and in mixed substrate tests was 0.05). Final
radioactivity per vial was 5–20 mCi. The amount of
substrate added at the biomass concentration used
(approximately 1 g l�1) ensured that all substrates
were available during the entire 2-h incubation time
and no substrate limitation occurred. After fixation,
a thorough homogenization of the biomass was
needed in order to separate the very dense flocs
into individual cells, so that uptake could be
monitored as silver grain formation on single cells
after the MAR procedure. Silver grains indicate cell
uptake of the labeled substrate, and results are from
the cumulative activity during the 2-h experiment.
MAR results were thus interpreted in a scale from no
uptake to strong uptake, based on the density of the
MAR signal (Supplementary Figure S1).

Two types of experiments were conducted: (1)
determination of uptake of single substrates and (2)
determination of uptake of multiple substrates. For
the experiments with multiple substrates, the
relative proportion between substrates mimicked
that of the SBR. The composition of labeled and
non-labeled substrates in the experiments is shown
in Table 1. All experiments were carried out in
duplicates. The length of all the experiments was 2 h
and they were terminated using 4% paraformalde-
hyde. The samples were washed three times to
remove excess tracer, homogenized and plated out
on gelatin-coated cover slips (approximately 20 ml
from each sample). After the FISH procedure, slides
were coated with film emulsion and exposed for 3
and 6 days before development and examined under
the microscope. Silver grain density was assessed
using light microscopy, and epifluorescence micro-
scopy (Zeiss AxioScope 2) was simultaneously used
for the FISH identification by examining at least 20
fields of view. The ALF968 probe was used for
examination of the MAR slides instead of the
PAR651 probe to identify Paracoccus due to pro-
blems with probe precipitation. This was possible
because nearly all ALF968-positive bacteria were
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also targeted with the probe specific for Paracoccus
(data not shown).

Results

Characterization of SBR performance
The SBR fed with fermented molasses was operated
under FF conditions using the operation conditions
optimized by Albuquerque et al. (2010a). A typical
SBR cycle of operation is shown in Figure 1 and
average values of kinetic and stoichiometric para-
meters for the time period of the microbial char-
acterization and MAR-FISH studies are shown in
Table 2. Typical initial VFA concentrations of
acetate, propionate, butyrate and valerate fed to the
SBR were: 14.6, 1.6, 2.8 and 0.2 mM, respectively
(as can be seen in Figure 1c).

The selected culture had a high PHA storage and
low growth response during the feast period of the
SBR operation cycles: a high PHA-storage yield on
substrate of 0.68 Cmol PHA/Cmol VFA and a cell
growth yield of 0.13 Cmol X/Cmol VFA (Figure 1a
and Table 2). The high polymer yield on substrate
was directly correlated to the internal growth
limitation induced by the low feast-to-famine length
ratio of 0.22, as can be infered from the low cell
growth yield on substrate, despite excess nutrient
availability. This is also confirmed by the lag phase
observed in the ammonia-uptake curve (Figure 1b),
and suggests, as already observed by Albuquerque
et al. (2010a), that following the long famine period,

cells undergo physiological adaptation before
reaching their maximum growth rate. Thus, under
these conditions, substrate was mainly diverted to
PHA storage.

The observed storage yield is consistent with the
fast substrate depletion (qVFA of 0.34 Cmol VFA/
(Cmol X.h)) and PHA-storage rate observed (qPHA of
0.22 Cmol PHA/(Cmol X.h)), particularly in the
beginning of the SBR cycle (first 40-min period)
(Figure 1c and Table 3). After about 40 min of feast
phase, these rates decreased to about 0.19 Cmol
VFA/(Cmol X.h) and 0.10 Cmol PHA/(Cmol X.h),
respectively, either denoting a loss of the physiolo-
gical adaptation effect (which decays after reple-
nishement of intracellular growth requirements
allowing cells to resume their maximum growth
rates) or a lower substrate consumption and PHA-
storage efficiencies from the carbon sources for
which the uptake was slower. Although decreased
substrate uptake and PHA-storage rates can also be
observed as a result of proximity to the saturation
level (because the PHA synthesis reaction is inhi-
bitted by high intracellular PHA concentrations),
this cannot be the case in the SBR cycles discussed
here because the maximum PHA content reached
per cycle is in the range of 25% (gPHA/g TSS),
whereas the saturation level was shown by the batch
accumulation studies to be above 60%.

In fact, the substrate-uptake profile (Figure 1c) seems
to indicate that there are clear substrate preferences by
the SBR-selected culture. Butyrate was consumed at
the highest rate (0.18 Cmol/(Cmol X.h)), followed by
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Figure 1 SBR cycle of operation: (a) VFA and ammonia uptake, PHA storage and active biomass (X) growth; (b) ammonia uptake as
estimate of cell growth, estimated VSS and active biomass concentrations and experimental VSS values; (c) VFA-uptake profile during
the feast phase. *Marks the point of inflexion of the acetate-uptake curve.

Table 1 Overview of incubation setup with single and multiple substrates, corresponding concentrations of cold substrates and final
radioactivity in incubation vials

Experiments with single substrates Experiments with multiple substrates

Tracer Substrate concentration
and final radioactivity

Tracer Substrate concentrationa and final radioactivity

3H-Acetate 4 mM, 20mCi 3H-Acetate Ace (4 mM, 20mCi)þProp (2 mM)þBut (2 mM)þVal (1 mM)
14C-Propionate 2 mM, 10mCi 14C-Propionate Prop (2 mM, 10mCi)þAce (4 mM)þBut (2 mM)þVal (1 mM)
14C-Butyrate 2 mM, 10mCi 14C-Butyrate But (2 mM, 10 mCi)þAce (4 mM)þProp (2 mM)þVal (1 mM)
14C-Valerate 1 mM, 5 mCi 14C-Valerate Val (1 mM, 5 mCi)þAce (4 mM)þProp (2 mM)þBut (2 mM)

aAce, acetate; But, n-butyrate; Prop, propionate; Val, valerate.
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acetate (0.07 Cmol/(Cmol X.h)), then propionate
(0.03 Cmol/(Cmol X.h)) and valerate (0.02 Cmol/
(Cmol X.h)) (Table 3).

The high PHA-storage capacity of the enriched
culture was demonstrated in a batch accumulation
study, using a pulse-feeding addition of the fermen-
ted molasses (5� 60 Cmmol l�1 VFA) as carbon
source, in which a maximum intracellular PHA
content of 60% was attained (Table 2). Growth was
prevented because ammonia concentration in the
feed was limiting. The substrate-uptake profile
observed for each pulse (Figure 2 and Table 3) was
similar to that observed in each SBR operation cycle

(Figure 1 and Table 3), where butyrate was con-
sumed at the highest rate and the acetate-uptake rate
showed a sudden rise when other VFA substrates
were exhausted. A copolymer P(HB-co-HV) with a
composition of 87:13 (Cmol HB:Cmol HV) was
obtained at the end of the accumulation assay.

Characterization of the microbial community
A clone library was generated and 15 different
species were detected (Table 4). The phylogenetic
groups comprising the highest number of clones
from the phylum Proteobacteria belonged to the
genera Paracoccus (two species, 14% of clones) and
Thauera (one species, 13% of clones), and another
group was identified as belonging to either Thauera
or Azoarcus (14% of clones). Two other microbial
groups had a high number of clones (Sphingobac-
teria and Flavobacteria). However, FISH assessment
of these communities using the CF319a probe
showed that they were present in low abundance
(o5%), suggesting that the high representativeness
in the clone library is due to artifacts of PCR
amplification (Kanagawa, 2003) or any other artifact
of the cloning process.

Quantitative FISH showed that Azoarcus
represented about 26% of the microbial community,
and Thauera constituted approximately 8%
(Table 5), which was less than previously found in
this system, where the sum of the two populations
added up to 88% (Albuquerque et al., 2010a).
Paracoccus constituted 50% of the community

Table 2 PHA-storage efficiency in the enrichment SBR and the batch accumulation assay

VFA initial
(Cmmol l�1)

VFA profile
Ace/Prop/But/
Val (Cmol per
100 Cmol VFA)

NH4i
(mmol N l� 1)

PHAi
(%)

PHAmax
(%)

PHA composition
(Cmol HB:
Cmol HV)

YPHA/VFA

(Cmol PHA/
Cmol VFA)

YX/VFA

(Cmol X/
Cmol VFA)

SBR 47.7 (±1.4) 63/11/24/2 3.7 (±0.3) 5.7 (±2.2) 21.5 (±1.5) 80 (±2):20 (±2) 0.68 (±0.03) 0.13 (±0.04)
Batch 59.0±4.6

(5 pulses of B60)
62/11/21/6 2.5 4.0 60.5 87:13 0.62 0.10

Abbreviations: Ace, acetate; But, n-butyrate; HB, hydroxybutyrate; HV, hydroxyvalerate; Prop, propionate; PHA, polyhydroxyalkanoate;
SBR, sequencing batch reactor; Val, valerate; VFA, volatile fatty acid.

Table 3 Kinetic parameters (with s.d. in between brackets) determined for one SBR operation cycle and the first pulse of the batch
accumulation study

VFA initial
(Cmmol l� 1)

Substrate-uptake rates (Cmol/(Cmol X.h)) PHA-storage rates (Cmol/(Cmol X.h))

qVFA qHAce qHProp qHBut qHVal qHB qHV qPHA

SBR (Albuquerque
et al., 2010a)

— — 0.12 (0.01) 0.03
(0.01)

0.06
(0.03)

0.02
(0.003)

— — —

SBR (this study) 50 0.34 (0.01)/
0.19 (0.006)a

0.07 (0.003)/
0.17 (0.02)a

0.03
(0.001)

0.18
(0.02)

0.02
(0.01)

0.19 (0.004)/
0.09 (0.002)

0.03 (0.002)/
0.01 (0.001)

0.22 (0.003)/
0.10 (0.001)a

Batch 64 0.64 (0.03)/
0.29 (0.01)a

0.10 (0.007)/
0.29 (0.04)a

0.05
(0.001)

0.33
(0.01)

0.11
(0.01)

0.21 (0.02)/
0.12 (0.004)

0.06 (0.004)/
0.007(0.003)a

0.27 (0.007)/
0.13 (0.001)a

Abbreviations: Ace, acetate; But, n-butyrate; HB, hydroxybutyrate; HV, hydroxyvalerate; Prop, propionate; PHA, polyhydroxyalkanoate;
SBR, sequencing batch reactor; Val, valerate; VFA, volatile fatty acid.
aFirst rate is the initial rate; second rate is the rate determined from the point of inflexion of the acetate-uptake curve onward.
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Figure 2 PHA batch accumulation study using the SBR-selected
culture fed with fermented molasses using a pulse-wise feeding
strategy. *Marks the point of inflexion in the acetate-uptake curve.
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(Table 5). These three probe-defined populations
covered 84% of all bacteria (Figure 3). Post-FISH
staining with Nile Blue on the PAR651-hybridized
samples showed that Paracoccus were PHA-storing
organisms.

The changes in microbial population structure
observed in this study (corresponding to a period of
operation between 600 and 630 days after inocula-
tion) in respect to Albuquerque et al. (2010a)
(between days 120–150 of enrichment) were prob-
ably the result of a temporary variation in the VFA
composition of the feed. Before the current study,
the concentrations of the two major carbon species
present (acetate and butyrate) varied in the fermen-
ted molasses composition during a period of about
60 days, where butyrate increased to up to 50% of
the Cmol/Cmol VFA at the expense of acetate. After
that period, the VFA composition of the fermented
molasses shifted back (over a period of approxi-
mately 20 days) to a higher acetate than butyrate
concentration. These two consecutive shifts in
substrate composition resulted in a substantial
rearrangement in the PHA-storing population struc-
ture, with an increase of the Paracoccus from o1%
to 50%, and a decrease in Azoarcus and Thauera to
less than half and about one-third of their initial
numbers, respectively, clearly demonstrating the

direct impact of carbon source composition on
population selection in PHA-storing systems.

Substrate-uptake preferences by probe-defined
populations
Substrate-uptake preferences by the probe-defined
populations were investigated by the use of MAR-
FISH (Figure 4). The potential for uptake of single
substrates is shown in Table 6a. Interestingly,
propionate was taken up efficiently by all probe-
defined populations, whereas other substrates could
only be consumed by some populations. In addition
to propionate, Azoarcus showed also a moderate-to-
high uptake of acetate and valerate, but not butyrate.
Thauera did not take up any acetate and only
moderately took up butyrate and valerate. Paracoc-
cus was able to take up all substrates tested,
although the uptake of acetate was only moderate
compared with other substrates.

The uptake of specific labeled substrates in the
presence of multiple unlabeled substrates was
carried out to mimic their simultaneous presence
in the FF reactor. The results showed a slightly
different uptake pattern compared with the experi-
ments performed with a single-labeled substrate
(Table 6b). All the populations were able to take up
several substrates simultaneously, as indicated by
the positive MAR signal for different specific
labeled substrates in the presence of all other
unlabeled substrates. However, the level of uptake
of the different substrates as assessed by the
silver grain density on top of the single cells was
different from the relative uptake when taken up as
single substrates. A certain niche differentiation
or substrate specialization could be observed,
where acetate was primarily taken up by Azoarcus
and Paracoccus, propionate by Paracoccus, but-
yrate by Thauera and Paracoccus and valerate by
Paracoccus.

Table 4 Phylogenetic position of the clones retrieved from the SBR

Phylum Class Family Genus Number
of

speciesa

Clones
(% of total)

Boostrap
valueb

Proteobacteria Alphaproteobacteria Rhodobacteraceae Paracoccus 2 14% 100%
Phyllobacteriaceae — 1 1% 95%

Betaproteobacteria Rhodocyclaceae Thauera 1 13% 100%
Thauera/Azoarcus 1 14% 86%

Comamonadaceae Lampropedia 1 3% 98%
— — 1 1% 88%

— — — 1 1% 92%
Bacteroidetes Sphingobacteria Sphingobacteriaceae — 2 12% 92%

Flavobacteria Flavobacteriaceae Flavobacterium 1 33% 72%
— — — 3 4% 84%

Acidobacteria — — — 1 1% 100%

(—) not possible to classify to this level.
aClones with similarity o97% were considered to belong to different species.
bBootstrap values supporting the inclusion of the clones in the phylogenetic group.

Table 5 Quantification of microbial populations in the SBR
reactor by FISH and corresponding s.e.m.

Abundance
(% of EUBmix)a

s.e.m.
(% of EUBmix)

Congruency
(%)a

Azoarcus 26% 2% 99%
Thauera 8% 1% 98%
Paracoccus 50% 2% 97%

aAbundance determined as biovolume fraction of total bacteria and
congruency between the population and general probes, as per the
software Daime.
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Discussion

Microbial population characterization

PHA-storing organisms. The clone library detected
the presence of organisms belonging to the Azoarcus
and Thauera genera, which were also confirmed by
FISH. Both genera have been shown to be responsible
for PHA storage in FF-operated microbial enrichments
fed with acetate, propionate and/or lactate (Lemos
et al., 2008). Bacteria from the genus Thauera
were also reported as PHA-storing organisms in a
FF-operated SBR fed with a mixture of acetate,
propionate and lactate (Dionisi et al., 2005) or a
mixture of acetate and lactate (Jiang et al., 2011b).

Furthermore, the clone library and quantitative
FISH allowed identifying Paracoccus as the domi-
nant microorganism in the present SBR-enriched
culture. Though the genus Paracoccus has not been
identified in other FF systems, Paracoccus denitri-
ficans is a known PHA producer in nitrogen-limited
pure culture fermentations (Yamane et al., 1996;
Gao et al., 2001; Maehara et al., 2001; Ueda et al.,
2002; Kojima et al., 2004). Another Paracoccus sp.
has been identified as denitrifying polyphosphate
accumulating organism, capable of taking up
acetate and producing PHA (Lee and Park, 2008).

a b

Figure 4 MAR-FISH images: (a) Azoarcus and labeled propionate and (b) Paracoccus and labeled butyrate.

a b c

Figure 3 Microbial community characterization by FISH. Specific probes for Azoarcus (a), Thauera (b) and Paracoccus (c) are in
magenta and other bacteria in blue. Bar¼20 mm. The colour reproduction of this figure is available at The ISME Journal online.

Table 6a Overview of single substrate uptake by probe-defined
populations determined by MAR-FISH

Tracer Azoarcus Thauera Paracoccus

3H-Acetate þ � (þ )
14C-Propionate þ þ þ þ þ þ
14C-Butyrate � (þ ) þ þ
14C-Valerate þ (þ ) þ

� , no substrate uptake (approximately 10–30% of the population
showed a small uptake but most were negative); (þ ), moderate substrate
uptake (minimum 50% took up a small amount); þ , moderate-to-high
substrate uptake (80–90% took up substrates); þ þ , strong uptake
(80–90% very positive).

Table 6b Overview of substrate uptake by probe-defined
populations determined by MAR-FISH together with multiple
unlabeled substrates.

Tracer Azoarcus Thauera Paracoccus

3H-AcetateþULa þ þ � þ
14C-PropionateþUL (þ ) (þ ) þ þ
14C-Butyrateþ UL þ þ þ þ þ
14C-ValerateþUL (þ ) (þ ) þ þ

� , no substrate uptake; (þ ), moderate substrate uptake; þ , moderate-
to-high substrate uptake; þ þ , strong uptake.
aUL, all unlabeled substrates added (acetate, propionate, butyrate and
valerate).
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The PHA-storing capacity of other members of the
Paracoccus genus is still unknown, but Nile blue
staining confirmed that most of the PAR651-targeted
bacteria stored PHA in this study, although not all
with the same capacity.

Microbial diversity and function. FISH quantifica-
tion identified PHA-storing organisms as covering at
least 84% of the community, which correlated well
with a relatively high PHA-accumulation efficiency
(maximum 60% PHA content). On the other hand,
the number of different species (15) included in the
clone library suggests a certain microbial diversity.
A fairly diverse microbial population is not contrary
to a high functional specialization (apparent
from the high PHA-storage efficiency). Diversity
can result from multiple PHA-storing organisms,
because there are multiple VFA precursors for PHA
storage, and/or from the presence of a significant
flanking population. FF conditions are designed to
ensure VFA exhaustion during the feast phase, but
nonetheless other carbon sources (non-VFA organic
compounds present in the feed, exopolymeric
material, lysed cells or hydrolysis products) could
be taken up more slowly during the remaining cycle
length by non-PHA-storing organisms.

FF systems operated with a low number of cycles
per SRT (for example, two cycles per SRT, Jiang
et al., 2011a,b,c) and single substrates have shown
to be a very high selective pressure for PHA storage
because this strategy forces the microorganisms to
grow exclusively on the stored PHA. The operating
conditions used in our system, with a high number
of cycles per SRT (20) and the use of a complex
fermented feed, loosens the selective pressure for
PHA-storing organisms, allowing for a flanking
population to establish.

Substrate-uptake preferences

Substrate preferences by probe-defined populations.
The substrate-uptake capabilities of probe-defined
Azoarcus and Thauera were largely in agreement
with those present in full-scale water treatment
plants, consuming acetate and propionate, and
propionate but not acetate, respectively (Hagman
et al., 2008; Thomsen et al., 2007). An additional
difference was that Azoarcus did not uptake
butyrate as a single substrate. On the other hand,
Paracoccus seemed to be more of a generalist,
showing a strong uptake of all but one VFA, acetate,
which was consumed moderately. Interestingly,
when multiple substrates were added, this differ-
entiation of substrate-uptake pattern was more
pronounced. Possibly, when a single substrate was
supplied, all the populations that were able to take it
up competed for the same substrate. However, in the
presence of other substrates, each population will
likely show a stronger uptake of its preferred
substrate, leaving the remaining carbon sources
available for the other microbial groups. This could

explain the increased acetate uptake by Azoarcus in
the presence of other substrates, for which the other
acetate-consuming population, Paracoccus, showed
a stronger preference (propionate, butyrate and
valerate). Similarly, more butyrate would be avail-
able for Thauera when the other population capable
of taking it up, Paracoccus, extended their uptake
to other carbon sources (propionate and valerate)
for which they demonstrated equal preference.

Another plausible explanation to the differences
observed when feeding one or multiple substrates
could be the activation of PHA-storage by co-
substrate metabolism. For example, Azoarcus
seemed to be incapable of taking up butyrate unless
it was in the presence of other substrates. This
suggests that butyrate was used as a co-substrate
by Azoarcus, requiring the uptake of another carbon
source to activate butyrate consumption.

When butyrate or valerate are added as sole
carbon sources, they have to undergo b-oxidation
to acetylCoA (or acetylCoA and propionylCoA) to be
available for the cell growth through the TCA cycle,
whereas the remaining fraction can be used for PHA
storage (either through b-oxidation or be activated
directly to hydroxybutyrylCoA and hydroxyvaler-
ylCoA). When other substrates are available for cell
growth (such as acetate), microorganisms can use
butyrate and valerate for PHA synthesis more
efficiently by not going through the b-oxidation
pathways but only through direct activation fol-
lowed by polymerization (Dias et al., 2006). For
instance, if both butyrate and acetate are available
and consumed by the microorganisms, and both are
used for cell growth as well as PHA storage, the
metabolic flux from butyrate toward the TCA cycle
has to go through the formation of acetoacetylCoA
and then acetylCoA. The metabolic flux from acetate
toward PHA storage has to go through acetylCoA to
form acetoacetylCoA and then hydroxybutyrylCoA
to form PHB. This means that if both substrates are
used for both ends, the enzymatic reaction between
acetylCoA and acetoacetylCoA will run in both
directions. It can be suggested that the acetate will
be preferably used for cell growth, whereas butyrate
can be more efficiently stored as PHB directly. This
hypothesis has been suggested by Pardelha et al.
(2010) to explain the gradual increase of external
substrate-uptake rates of butyrate and valerate
(in the simultaneous presence of acetate and
propionate) concurrently with increased HB and
HV synthesis rates.

Little is known about uptake of multiple sub-
strates of uncultured bacteria in natural or engi-
neered systems, so the observations here are novel
and seem to demonstrate a highly flexible physiol-
ogy allowing them to coexist in the community.

Substrate-uptake pattern in SBR as a function of
microbial composition. SBR operation cycles show
that the mixed culture selected in this study
demonstrated a preference for butyrate, which was
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consumed at the highest rate, followed by acetate,
then propionate and valerate (Table 3). A similar
substrate-uptake pattern was observed during the
pulse-wise feeding batch accumulation assay
(Figure 2 and Table 3). Though the low uptake rates
of propionate and valerate could be associated
with limiting concentrations of these carbon sources
(as suggested in Albuquerque et al. (2010b)), the
same argument cannot justify the lower uptake rate
of acetate, because this was the most abundant
carbon compound (Table 2). Furthermore, a sudden
increase of the acetate- and propionate-uptake rates
was observed once the remaining VFA substrates
were depleted (Figures 1c and 2), suggesting that the
lower acetate- and propionate-uptake rates were not
associated to inhibiting concentrations of these
carbon sources but that, while present, other carbon
sources were preferred in detriment of acetate and
propionate.

Given the presence of multiple VFA substrates in
different concentrations, each SBR cycle starts with
a mixture of substrates and gradually a reduction in
number of VFA takes place, so all bacteria experi-
ence a shift from multiple to fewer or a single
substrate. Thus, the increase in propionate uptake
rate when butyrate and valerate are depleted
(Figures 1 and 2) could be explained by a shift
by both Azoarcus and Thauera from butyrate to
propionate because both can consume this substrate
fast (as demonstrated in the single substrate MAR
experiment with propionate). Then, as propionate
becomes exhausted, Azoarcus and Paracoccus
speed up the acetate consumption by shifting to
acetate.

Overall, the VFA-uptake profile observed in the
SBR is consistent with the substrate-uptake pattern
observed in the MAR study in the presence of
multiple substrates. The population in the highest
abundance, Paracoccus (50% of the bacteria), was
found to prefer butyrate, valerate and propionate
over acetate, which justifies the lower uptake rate of
acetate in the initial part of the SBR cycle.
Furthermore, Thauera did not take up acetate at
all. Only Azoarcus preferred acetate over the
remaining VFA, thus the rate of acetate uptake
measured at the beginning of the cycle may be
attributed primarily to the activity of Azoarcus.
Considering that acetate was the most abundant
VFA and that Azoarcus only represented a quarter of
the bacterial population, it is not surprising that the
uptake rate of this substrate was slower than the
others. The increase of the acetate-uptake rate
following the exhaustion of the remaining substrates
indicates a substrate shift of Paracoccus, caused by
unavailability of their preferred substrates. This
also explains that in Albuquerque et al., 2010a,
acetate was consumed at the highest specific uptake
rate as compared with the other substrates
(0.12 Cmol/CmolX.h), whereas the present biomass
initially consumed acetate slower (0.07 Cmol/
CmolX.h, about 60% of the rate observed in that

study), because Azoarcus abundance was reduced
from 65% to 26% (that is, about 40% of the numbers
in Albuquerque et al., 2010a) and the other popula-
tions preferred to take up other carbon sources first
(Table 6b).

Impact of substrate-uptake preferences on microbial
population
The microbial population structure in the PHA-
production system in this study differed remarkably
from the community in Albuquerque et al. (2010a),
despite the same operating conditions being used:
Albuquerque et al. (2010a) reported that Azoarcus
(65%) and Thauera (25%) covered 88% of the
bacterial population, whereas in the current study,
those two populations covered only 34% of the
bacterial population, with Paracoccus making up
another 50%. This different microbial enrichment
was likely a direct consequence of an important
variation in the feed composition that took place in
between the two studies, during which butyrate was
the most abundant carbon source.

Interestingly, in the MAR-FISH experiments, the
Paracoccus population showed a rather strong
substrate uptake for several substrates, as well as a
broader range of substrates, as compared with
Azoarcus and Thauera, which seemed to be more
specialized in acetate and butyrate, respectively.
This can justify the increase of the Paracoccus
fraction, because variations in the VFA compo-
sition fed to the SBR may have created a greater
advantage to generalists like Paracoccus rather than
very specialized populations, which would be less
fit to adapt when their preferred substrate became
scarce.

The change in community structure was likely the
cause for the differences in substrate-uptake pattern
observed in the SBR in this study as compared with
that reported by Albuquerque et al. (2010a), because
the feed supplied to the SBR had by then shifted
back to a composition very similar to that study. In
Albuquerque et al. (2010a), all four carbon sub-
strates were simultaneous taken up, and acetate (the
most abundant carbon species) was consumed at
the highest rate, which can be explained by the
higher abundance of Azoarcus in that period.
Indeed, Azoarcus was shown by MAR to have a
strong preference for acetate. The simultaneous
uptake of butyrate reported in that study is also
consistent with the MAR results obtained in the
present study, because both Azoarcus and Thauera
were shown to take up butyrate in the presence of
other VFA.

It is also interesting to note that the copolymer
P(HB-co-HV) composition obtained in the batch
accumulation study carried out with the current
enrichment (87:13 CmolHB:CmolHV) is quite dis-
tinct from the composition obtained by Albuquerque
et al. (2010a) of 80:20 CmolHB:CmolHV. Because
the fermented molasses feedstock supplied in both
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studies had a similar VFA profile, the difference
in HV content is most likely associated with the
observed difference in community structure
(decreased Azoarcus and Thauera fractions and
increased Paracoccus). However, the causes for such
a cause-effect correlation are not obvious and should
be the subject of further research.

Future prospects
Information regarding the substrate preferences
of each dominant microbial population will in the
future allow the development of segregated meta-
bolic models taking into account the microbial
composition. Previously developed metabolic mod-
els for PHA production by mixed cultures consid-
ered average metabolic activity (Dias et al., 2008;
Pardelha et al., 2010). Improved models could
now be developed, incorporating the fraction of
each PHA-producing population and their corre-
sponding substrate preferences, which would allow
more specific metabolic flux analysis. Furthermore,
the link between microbial population structure and
polymer composition could be a valuable additional
asset for the selection of operating conditions that
result in a polymer with specific characteristics.
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