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Abstract
Exposing a microbial community to alternating absence and presence of carbon substrate in aerobic conditions is an effective
strategy for enrichment of storage polymers (polyhydroxybutyrate, PHB) producing microorganisms. In this work we
investigate to which extent intermediate storage polymer production is a temperature independent microbial competition
determining factor. Eight parallel bioreactors were operated in the temperature range of 20–40 °C, but intermediate storage
polymer production was only obtained at 25–35 °C. Besides PHB production and consumption, cell decay and subsequent
cryptic growth on lysis products was found to determine process properties and the microbial community structure at all
operational temperatures. At 40 °C decay processes cannot be overcome with additional energy from storage polymers, and
fast-growing microorganisms dominate the system. At 20 °C, highly competitive communities with ambiguous storage
properties were enriched. The results described here demonstrate that a rigorous experimental approach could aid in the
understanding of competitive strategies in microbial communities.

Introduction

Natural microbial communities are complex biological
matrices, which typically contain thousands of different
types of microorganisms [1]. Understanding the ecological
and evolutionary implications of this diversity is one of the

central topics in Biology [2]. With the arrival of Next
Generation Sequencing techniques, a wealth of genomic
information is now available on the composition of
microbial communities in both natural and man-made
ecosystems. While the genotypical makeup of microbial
communities can be well described, our knowledge of
phenotypical aspects like biochemical functionality
and interspecies dependencies is still wanting [3–6].
The changes in the microbial community composition
are a key research topic in fields like environmental
biotechnology, gut microbiology, and agricultural micro-
biology [7–9]. By using well-controlled bioreactors, the
development of microbial community structure and func-
tional properties can be investigated with more accurate-
ness then by studying natural habitats. A profound
limitation remains in the resolution of functional char-
acterization, mostly due to the required sampling and
analysis effort and its possible interference with bioreactor
operation. Therefore, infrequent or limited description of
the functional development often restricts the linking
of community structure dynamics to changes in function-
ality, and is thereby a bottleneck in our understanding
of microbial community development and succession
in ecosystems upon exposure to different environmental
conditions.
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The ever-present microbial diversity is of specific
importance in environmental biotechnological processes,
such as resource recovery facilities, that rely on selective
conditions to maintain stable process operations. Microbial
ecology research in many cases aims for identifying the
mechanisms driving changes in functionality [10, 11].
Functional changes are eventually reflected in the microbial
community structure that establishes. An increased under-
standing of the relationship between the functional perfor-
mance and microbial community structure will lead to
improved microbial ecosystem understanding and enables
improved process design and operation, and facilitate the
development of novel microbial community-based pro-
cesses. A significant contribution to this understanding will
come from observation-based research where a single pro-
cess condition is changed in a selective environment. By
operating multiple parallel systems, microbial community
related questions regarding inoculum, medium composition,
reproducibility, and bioreactor operation can be addressed
properly. While attempts to combine datasets from different
studies to obtain a comprehensive understanding of the
influence of process parameters on process performance are
hampered by the fact that almost all studies are performed in
a dissimilar way. The limitations in our understanding of
microbial competition and coexistence should therefore
benefit from more rigorous efforts to compare the structure
and function development of a microbial community at
specific selective conditions.

To enable this research intensification, a high-resolution
system characterization platform has been developed. In a
separate manuscript (in preparation), system characteriza-
tion by high-resolution online data consolidation in
dynamic systems is further expanded upon [12]. The study
presented here shows an implementation of research
intensification to investigate the influence of temperature on
pulse-fed enrichments of bacteria in sequencing batch
reactors (SBR). The experimental setup of this study is
analogous to previous studies [13–16], but now encom-
passes a temperature range from 20 to 40 °C in eight bior-
eactors. As is well documented in those studies, pulse-fed
SBR, operated with a single nutrient limitation establish a
feast–famine enrichment. Microorganisms can compete for
the limiting nutrient with at least two distinct ecological
strategies. ‘Growers’ directly produce catalytic biomass
from the substrate supplied, while ‘hoarders’ store the
substrate as internal storage compounds and metabolize
them later to catalytic biomass. The relative biochemical
simplicity of storage polymer production compared with
catalytic biomass production as well as the lower energy
requirements have been proposed to provide a kinetic
competitive advantage to hoarders compared with fast-
growing microorganisms. This possibility of feast–famine
systems to enrich for microorganisms that produce storage

polymers has sizeable industrial potential, especially in the
field of resource recovery from waste streams [17]. The type
of storage polymer that is formed depends on the available
substrate. Waste streams are generally rich in volatile fatty
acids, which are consumed to produce polyhydroxyalk-
anoates (PHA), which can serve as a renewable resource for
the production of bioplastics and biochemicals [18]. Poly-
hydroxybutyrate (PHB) is the most common type of PHA
that is produced by a variety of bacteria.

This work aims to identify the role of storage polymers in
microbial competition at different operational temperatures.
The use of parallel-operated reactors combined with online
data collection with community structure analysis, this
study furthermore strives to align the structural and func-
tional development in time of the microbial community as a
function of temperature. The methodology used in this work
provides insight in microbial community structure devel-
opment and contributes to future advancements in microbial
community-based bioprocess development, of which PHB
production by mixed microbial cultures is a prime example.
This paper focuses on the implementation of high-resolution
system characterization, and specifically on the comparative
results that can be discussed due to the parallel nature of
this work.

Methods

Sequencing batch reactors

Eight bioreactors (glass, double-jacket, 1.4 L working
volume) (Applikon, the Netherlands) were operated in
parallel, under nonsterile conditions for 208 cycles, fol-
lowing the operating strategy as outlined in Supplementary
Table 1. Stirring was set to 700 rpm (SC4, DASGIP,
Germany), air gas flow was controlled by mass flow con-
trollers (MX44, DASGIP, Germany) at 400 ± 2 mln/min.
Reactors were temperature controlled by means of a water
jacket and thermostat bath (Lauda, Germany) at different
operational temperatures (20A,B, 25, 30A,B, 35 and 40A,B ±
0.5 °C, duplicates are indicated with a superscript), pH was
maintained at 7.0 ± 0.1 using 1M HCl and 0.5 M NaOH.
The 48 pumps for feeding, effluent removal and pH control
were controlled by a hardware abstraction layer (HAL, TU
Delft, Netherlands). The HAL in turn was controlled by a
PC using custom scheduling software (D2I, TU Delft,
Netherlands). D2I was also used for data acquisition of the
online measurements, i.e., dissolved oxygen (DO), pH,
acid/base dosage, feed balance, in-gas/off-gas composition.

The removal of 50% of the reactor volume at the end of
each cycle resulted in a solid and hydraulic retention time of
1 day (SRT and HRT, respectively). The reactors were
cleaned twice per week to reduce the influence of wall
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growth. The reactors were inoculated at the same time with
a mixture (Supplementary Fig. S12) of aerobic activated
sludge from the municipal wastewater treatment plant
Harnaschpolder in Delft, the Netherlands, (operational
temperature 10–20 °C), and process water from a papermill
from Hoogezand, the Netherlands, (operated at 35–45 °C).
The medium was prepared on molality (moles/kg [m]) as
dosing is performed through a balance. Each cycle a total of
680 g nutrients were dosed: 20 g acetate feed stock (1 m),
20 g nutrient feed stock (250 mm NH4Cl, 25 mm KH2PO4,
6.25 mm MgSO4.7H2O, 7.5 mm KCl, and 50 g/L trace
element solution [19]), and 640 g distilled water. With a
working volume of 1.4 L the peak concentration of acetate
at the start of each cycle is 28.5 Cmmol/L. Throughout the
cycle, pH correction results in the addition of ~20 g of 1M
HCl to the bioreactor.

Cycle and fed-batch measurements

Cycle measurements of normal SBR operations were per-
formed to fully characterize the bioreactor and verify online
measurements. Measurements are performed as described by
Johnson [13]. After 146 enrichment cycles the bioreactors
were exposed to a fed-batch experiment in order to deter-
mine the maximum PHB production capacity of the bio-
mass. After collecting the effluent of cycle 145 and storing it
at 4 °C, a fed-batch experiment was performed by adding
660 g acetate and ammonium-free medium to the remaining
biomass. After 1 h, a 28.5 Cmmol/L sodium acetate pulse
was given. For pH control, 1 M acetic acid and 0.5M NaOH
were used, thereby constructing a feed on demand strategy.
Fed-batch experiments ran for 12 h, after which the total
reactor content was replaced by the stored biomass.

Temperature disturbance

From cycle 150 till cycle 200 several temperature disturbance
experiments were performed with the enriched biomass. The
bioreactors continued their normal SBR operations, with the
exception that the bioreactor temperature was increased or
decreased by 5 °C after extracting the effluent. Within 1 h, the
desired temperature in the bioreactor was reached and the
28.5 Cmmol/L acetate pulse was given. The disturbance ran
for two cycles, after which the temperature was restored to
normal. The reactors were allowed to stabilize for ten cycles
before another disturbance experiment was performed.

Analytical methods

Online measurements consisted of pH, DO (Mettler Toledo,
USA) as a percentage of air saturation, acid and base dosage
through integrated revolution counter (MP8, DASGIP,
Germany), feed balance (LE34001S, Sartorius, Germany),

and high frequency in-gas and off-gas composition analysis
through mass spectrometry (PRIMA BT Benchtop, Thermo
Scientific, UK). Offline measurements were performed for
acetate, ammonia, PHB, total suspended solids, and volatile
suspended solids (VSS) as described by Johnson [13].
Catalytic biomass is determined by subtracting PHB from
VSS measurement. Catalytic biomass is assumed to have a
composition of CH1.8O0.5N0.2 [20].

Functionality characterization from online data

Identification of functional changes is performed by observing
dynamics in key indicators, which are calculated for each
12-h cycle. Indicators were derived from principle system
characterization of online measurements. Online measure-
ments can, under well-defined conditions, be used for a full
system characterization (manuscript in preparation) [12].

An important indicator in feast–famine systems is the
end of the feast phase, where external substrate is depleted.
The feast length is indicative of the substrate uptake rate and
allows for further characterization of the behavior of the
biomass in the feast and famine phase. The feast length is
derived from the inflection point of the oxygen transfer rate
(OTR), which is a strong indicator for the depletion of
extracellular substrate [21].

The here proposed key functionality indicators are spe-
cific to the aerobic feast–famine system. Both indicators are
normalized values, making it possible to compare bior-
eactors with different process parameters. O2,feast%: the
fraction of oxygen consumed in the feast phase (O2,feast/
(O2,feast+O2,famine)). OTRratio: the ratio of the initial to the
maximum OTR in the feast phase (OTRstart-feast/OTRmax).
The sharp transition of the feast to the famine phase suggests
that the biomass has a high substrate affinity as expressed by
a low Km value. How O2,feast% and OTRratio are related to
different functionalities is illustrated in Fig. 1. Shifts in
functionality are identified by observing changes throughout
the enrichments of these characteristic indicators.

Parameter identification

Cycle experiments were used to identify biomass specific
parameters according to the approach proposed by Johnson
[21]. After sampling and physicochemical corrections, the
carbon and electron balances closed for 95% (±5). The cor-
rected data was evaluated in a metabolic model to determine
the biomass specific reaction rates and other kinetic para-
meters, as described by Marang [22]. A biomass viability
parameter (kd [h−1]) was added to the model to allow mod-
eling of biomass decay [23]. Weighing factors in the squared
errors were made proportional to measurement errors [24].
Adaptations to the model of Johnson can be found in Sup-
plementary Materials.
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Community structure analysis by 16S rRNA gene
amplicon sequencing

Microbial community composition analysis was performed by
taking a 15ml sample from the bioreactor at the end of a cycle
and centrifuging it for 10min at 5000 g. The pellet was
transferred to a 2ml Eppendorf tube and stored at −80 °C,
awaiting further treatment. Genomic DNA of 146 samples (18
time points for eight bioreactors+ two replicates of the
inoculum) was extracted with the PowerSoil DNA Isolation
Kit (Mo Bio Laboratories, Inc., Carlsbad, CA, USA) accord-
ing to the protocol as described by the manufacturer. The
extracted DNA was quantified using absorption spectro-
photometry at 280 nm. 16S rRNA gene amplicon sequencing
was performed on an Illumina Miseq sequencer by the com-
pany MR DNA. The sequences have been stored in GenBank
under project number PRJNA448046.

Focus of sequencing data for this study

This study aims at comparing the developments in micro-
bial community structure and functional behavior of the

reactors upon exposure to a selective environment. To that
end the 16S rRNA gene amplicon sequencing data is pro-
cessed by the following QIIME pipeline.

The merged 16S Illumina reads file (.fastq) together with
the mapping file (.txt) were processed and sorted using a
phred threshold of 29 and read length between 398 and 450
base pairs on QIIME version 1.9.1 (split_libraries_fastq.py)
[25]. Chimera identification was performed with USEARCH
[26] and the RDP reference database [27]. Quality filtered
reads were clustered to OTUs at 97% similarity (pick_otus.
py) [28], singletons were dropped. Sequence alignment is
performed with the MUSCLE [29] aligner, and taxonomy
was assigned with the RDP classifier with a confidence of 0.9.

Brooks [30] and Sinha [31] showed that biases in 16S
studies due to sample handling, DNA extraction and PCR
amplification strongly restricts the quantitative interpreta-
tion of sequencing results. The processing steps affect dif-
ferent bacteria in different ways, resulting in amplified and
suppressed observed proportions of a community. The high
technical reproducibility does allow visualization of relative
community dynamics in time throughout enrichments.
Plotting the natural logarithm of the relative abundance of

Fig. 1 Overview of three distinct functional responses of different
microbial communities to a new feed pulse at t= 0 after half of the
biomass is removed. The colored regions indicate the feast period in
which external substrate is available, all systems have a comparable
feast length of 1 h, but different functional responses. Response A
(red) shows a significant increase in respiration activity, indicating that
either inactive biomass takes time to reactivate, or a relatively large
fraction of biomass has decayed and needs to be replenished. Response
B (blue) shows a doubling in respiration activity, which is associated
with high cell viability and production of new catalytic biomass.

Response C (yellow) shows a constant respiration activity, indicating
that no new catalytic biomass is produced in the feast phase. The
normalized change in oxygen transfer rate (OTR) throughout the feast
phase is referred to as OTRratio. The area under the graphs represents
the total oxygen consumption, which can be divided in oxygen con-
sumption in the feast O2,feast and famine O2,famine. Oxygen is consumed
in the famine phase for growth on storage polymers and cell main-
tenance. Substrate (S) is either directly converted to biomass (X) or
first to PHB, and consequently to biomass
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species allows for a clearer interpretation of community
shifts. The sequencing results yielded between 48.000 and
117.000 paired-end reads per sample. Community dynamics
that occur below 1000 reads cannot be represented in a
classical stacked bar plot as these dynamics occur within
1% of the relative abundance. Logarithmic representations
utilize the whole measurement range of the 16S sample
reads, leading to deeper visualizations of community
dynamics, and thereby capture the gradual dynamics that
can occur in communities (Supplementary Fig. S11).

Correlations between community composition and
functionality were performed using Pearson’s method
(Supplementary Table 2). The relative abundance of each
OTU for each bioreactor is correlated against the feast
length, O2,feast%, and OTRratio for that bioreactor at the
18 sampling time points.

Results

Characterization of microbial community function
from online data

Eight bioreactors, pulse-fed with acetate and operated under
aerobic conditions for 100 days, were seeded with activated
sludge and operated identically, except for the operational
temperature. Bioreactors were operated at 20, 25, 30, 35, and

40 °C. Duplicate reactors were operated at 20, 30, and 40 °C.
The development of the functional properties of the micro-
bial communities in the bioreactors was determined by
online measurements during the enrichments. Online mea-
sured variables were O2 and CO2-off gas, base and acid
dose, bioreactor temperature, DO and pH. O2-off gas mea-
surements were used to functionally characterize the process,
whereas DO measurements were used to verify O2-off gas
data. CO2-off gas measurements were used for solving the
carbon balance over each operational cycle, where acid and
base dose were used for identifying the stoichiometric factor
for protons in the metabolic stoichiometry.

Two variables calculated from O2-off gas data were
found to correlate well with offline functionality char-
acterizations: the fraction of oxygen consumed in the feast
phase (O2,feast%), and the normalized change in OTR
throughout the feast phase, expressed as the ratio of max-
imum and initial OTR (OTRratio). These process variables
correlate with the growth and hoarding strategies as follows:

The growing strategy is characterized by the production of
catalytic biomass during the feast phase, and relatively little
respiratory activity in the famine phase. The biomass in
bioreactor A operated at 20 °C (R20A) exhibited a char-
acteristic growing strategy as shown in Fig. 2. The growth
strategy was identified by online measurements (Fig. 2a) and
confirmed by offline cycle measurements (Fig. 2b). In line
with the growth strategy, oxygen uptake in the cycle shown in

Fig. 2 Online and offline data of R20A (a, b) and R30A (c, d). System
characterizations by online measurements are based on key indicators,
represented by text labels and dashed lines in the online data (a, c):
oxygen transfer rate (OTR) and oxygen consumption in the feast and
famine (O2). These characterizations align with offline (b, d) mea-
surements. Clear differences are observed between growing

bioreactors (R20A—a, b) and hoarding bioreactors (R30A—b, d)
allowing for online characterization of functional behavior without
offline measurements. Solid lines in offline data represent the fitted
model based on [21, 22], where ammonium measurements are used to
determine the biomass production
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Fig. 2b occurs mainly in the feast phase, and the O2,feast% is
high (87%). Minor amounts of respiration occurring in the
famine phase can be attributed to completion of the growth
cycle, maintenance, and/or endogenous respiration. The
growth strategy is confirmed by the increase in respiration rate
during the feast phase. In absence of storage compounds, the
doubling of the biomass during the feast phase as imposed by
the exchange ratio of 50% corresponds to an OTRratio of 0.5,
as is observed for R20A and shown in Fig. 2a.

The hoarding strategy is characterized by the produc-
tion of PHB during the feast phase, and growth on PHB
throughout the famine phase. The biomass in bioreactor A
operated at 30 °C (R30A) developed into a characteristic
hoarding strategy within 30 days of operation as shown in
Fig. 2. This hoarding strategy can directly be observed
from online measurements (Fig. 2c) and was confirmed by
offline cycle measurements (Fig. 2d). Respiration in the
famine phase is dominated by the oxidation of PHB,
coupled to biomass production as confirmed by offline
measurement of PHB degradation and biomass produc-
tion. Carbon and electron balances close within 95%. The
cycle of R30A shown in Fig. 2c has an O2,feast% of 50%,
signifying that more than 95% of the catalytic biomass is
produced in the famine phase (see Supplementary Mate-
rial for details on the calculation). Furthermore, the
absence of growth during the feast phase is confirmed by
the constant OTR in the feast phase as reflected by an
OTRratio of 1.0.

The online determined feast length, OTRratio, and the O2,

feast% were found to correlate well with the functionalities
identified from offline cycle measurements as shown in Fig. 2.
It was concluded that online characterization could effectively
be used as identifier of the dominant competitive strategy as
well as the process development and stability in time.

Comparing structural and functional development
over time

Eight reactors were operated for 208 cycles. For brevity,
only a detailed overview of the development of the feast
length, O2,feast%, OTRratio, and microbial community struc-
ture, for bioreactor R30A is presented here (Fig. 3). The full
datasets for the other seven bioreactors are available in
Supplementary Figs. S1–S8.

The competition for the limiting substrate is reflected by
a downward trend of the feast length throughout the
enrichment (Fig. 3a). The reduction of the feast length in
time does not elude which competitive strategy dominates
or when a functionality shift occurs. The plot of the O2,feast

% shows a clear decrease from 80 to 50% from cycle 50–65
approximately (Fig. 3b). The plot of the OTRratio shows a
shift towards a value of 1 in the same period (Fig. 3c). This

demonstrates a clear shift from the growth to hoarding
competitive strategy, as confirmed by the PHB fraction
measured at the end of the feast phase (green squares in
Fig. 3c representing gPHB/gVSS).

Eighteen biomass samples were collected from each
bioreactor for microbial community composition analysis.
The relative abundance of eight OTUs is displayed in
Fig. 3d. The bar plot representation allows for identifi-
cation of community dynamics and stability of relatively
abundant OTUs. The natural logarithm plot of the relative
abundance (Fig. 3e) gives a clearer interpretation of
time-dependent community shifts by visualizing the
whole measurement range of 16S amplicon sequencing
(see ‘Methods’ section).

Comparison of the O2,feast% and OTRratio data with the
natural relative abundance plot shows that the upcoming of
Plasticicumulans acidivorans in bioreactor R30A is corre-
lated with a shift in functionality from growth to hoarding
(Pearson r= 0.920, p « 0.001, n= 18, see Supplementary
Table 2). The culture that established within the first 50
cycles was starting to be washed out from the moment that
P. acidivorans became dominant. The rate of exponential
washing-out or growing-in results in trends in Fig. 3e. The
slopes reflect the difference in substrate uptake rate com-
pared with its competitors. P. acidivorans increased its
relative abundance approximately with 30% each cycle,
during its in-growing period. Acinetobacter sp. slowly
washed out at less than 5% every cycle (see Supplementary
Materials).

A family of microorganisms that is not commonly
associated with fast growth or the production of storage
polymers, but is abundantly present in all bioreactors, is the
Flavobacteriaceae. This family is well known for the
degradative abilities of macromolecules such as proteins
and polysaccharides [32]. Most other relatively abundant
bacteria are associated with acetate metabolism, e.g.,: Aci-
netobacter [33], Comamonas [34], Sphingomonas [35],
Plasticicumulans [36], and Zoogloea [37]. A literature-
supported overview of the functional capabilities of abun-
dant genera is included in the Supplementary Materials.
This information is indicative of the roles that microbes can
play in the rather restrictive environment.

Categorizing enrichments based on displayed
functionality

The kinetic performance of the enriched biomass in all eight
systems was evaluated in detail by cycle measurements at
the end of the enrichment when a functionally steady pro-
cess was established. An overview of the observed and
model-derived parameters is given in Table 1. The eight
bioreactors can be divided in three groups, based on the

Temperature as competitive strategy determining factor in pulse-fed aerobic bioreactors 3117



functionality displayed at the end of the enrichment:
Growers: R20A, R40A, R40B; Hoarders: R25, R30A,
R30B, R35; and Mixed: R20B. The results of representative

feast–famine cycles for growers and hoarders are shown in
Fig. 2. For full experimental data on all bioreactors the
reader is referred to the Supplementary Figs. S1–S8.

Fig. 3 208 enrichment cycles of R30A: overview of characteristic
values (a: feast length, b: O2,feast%, c: OTRratio and PHBfraction) and
community structure (d: relative abundance, e: natural logarithm of
relative abundance of selected species). Upward triangles in subfigure
a indicate cycles where the reactor was cleaned. Red circles indicate
cycles where reactor operation was disturbed by excessive foaming,
pH disturbance or other manual interventions. The grayed-out region
indicates the time period in which temperature shift experiments were

performed. Dashed vertical lines indicate specific temperature dis-
turbance experiments (blue: temperature decrease, red: temperature
increase). In subfigure c, the intermittently measured PHB fraction
(gPHB/gVSS) at the end of the feast phase is plotted as solid green
squares. The relative abundance plot shows the eleven most abundant
species that makeup over 90% of all reads, other species are not plotted
and are reflected as the missing fractions in plot D
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Overview of structural and functional development
of the microbial communities

An overview of the development of the respiration ratio
(OTRratio) for all bioreactors is shown in Fig. 4. The
respiration ratio correlates well with the observed func-
tionality (distinguishing growing and hoarding strategies),
thereby also serving as a process stability indicator. R25 and
R30B show very comparable dynamics and community
structure as is described for R30A, with a clear shift towards
the hoarding strategy in P. acidivorans dominated systems
that furthermore are functionally and microbially very stable
systems (Pearson r= 0.908 and r= 0.800, respectively,
with p « 0.001 and n= 18). R35 has a slower transition
towards the hoarding strategy. The gradual increase in the
hoarding strategy aligns with the appearance of Nesioto-
bacter and Alicycliphilus (Pearson r= 0.637 and r= 0.611,
respectively, with p < 0.01 and n= 18). The rapid shift
towards the hoarding strategy after 120 cycles was unfor-
tunately not covered by the 16S amplicon sequencing.

The bioreactors operated at 40 °C show a stable and
comparable community structure from cycle 10 onward. A

gradual functional shift takes place over 150 cycles, in
which the feast length decreases and the respiration ratio
increases, but no change in the O2,feast% is observed.
Throughout the enrichment, no PHB is detected at the end
of the feast phase in both bioreactors. Despite the absence of
PHB, R40A consumes more oxygen in the famine phase
(20–32%) than a community with a typical growth strategy.
Furthermore, a significant amount of ammonium is released
(30–55% of ammonia taken up in the feast phase) and the
low OTRratio indicates a low cell viability at the beginning
of the operational cycle. The data suggest abundance of a
third competitive strategy characterized by an important role
of cell decay and endogenous respiration.

Minor amounts of PHB were observed in the bioreactors
operated at 20 °C. The increase in the OTRratio after 100
cycles indicates a shift towards the hoarding strategy for
both bioreactors. From cycle 120 onwards, the two bior-
eactors diverge into different functional states; R20A
transitions back to the growth strategy and R20B reaches a
pseudo-steady state where the hoarding and growing
strategy co-occur. The observed feast length for the cul-
tures at 20 °C is highly comparable. Community data

Table 1 Overview of observed
variables, model-derived yields
and biomass specific rates, and
characteristic values derived
from online measurements
during normal SBR operation
(averages and standard deviation
of ten consecutive cycles).
Dominant microorganisms
based on 16S gene sequencing
results. PHB content results
from normal cycle operation
(PHBend-feast) and accumulation
experiments (PHBmax)

Bioreactor R20A R20B R25 R30A R30B R35 R40A R40B

SBR cycles

Observed

Feast length [min] 140 ± 3 143 ± 8 77 ± 4 50 ± 4 54 ± 4 46 ± 3 53 ± 1 65 ± 4

PHBend-feast [wt%] 4 ± 2 30 ± 3 51 ± 1 52 ± 1 51 ± 1 48 ± 1 0 ± 0 0 ± 0

Model

qs,max [Cmol/Cmol h] 0.7 0.8 1.9 2.3 2.3 2.8 3.5 1.9

qphb,max [Cmol/Cmol h] 0.0 0.2 1.1 1.6 1.5 1.7 0.0 0.0

μfeast [Cmol/Cmol h] 0.37 0.16 0.07 0.08 0.09 0.14 1.54 0.65

Ysx [Cmol/Cmol] 0.51 0.47 0.50 0.48 0.47 0.45 0.41 0.40

kd [Cmol/Cmol h] 0.01 0.00 0.00 0.01 0.01 0.02 0.06 0.02

Characterization

Groupfunctionality Grow Mixed Hoard Hoard Hoard Hoard Grow Grow

OTRratio [−] 0.52 0.71 1.0 1.0 1.0 0.95 0.19 0.35

O2,feast% [mol/mol] 80 61 53 50 51 55 80 76

dominant m.o.a

Growing a.spp. a.spp. a.spp. a.spp. a.spp.

Hoarding z.sp. p.a. p.a. p.a. 2 sp.b

Crypticpotential f.spp. f.spp. cl. sp. ch.spp. ch.spp. 2 sp.b b.spp. b.spp.

Thermophilic m.sp.

Accumulation

PHBmax [wt%] 53 ± 2 75 ± 2 86 ± 1 91 ± 1 90 ± 1 90 ± 1 55 ± 2 46 ± 3

PHB:X [gPHB:1gX] 1.1 3.1 6.1 10.5 9.4 9.4 1.2 0.9

Acinetobacter (a.spp.), Zoogloea (z.sp.), Plasticicumulans acidivorans (p.a.), Flavobacterium (f.spp.),
Cloacibacterium (cl.sp.), Chryseobacterium (ch.spp.), Bergeyella (b.spp.), Meiothermus (m.sp.)
aDominant microorganisms as derived from relative abundance
bHoarding: Plasticicumulans acidivorans and Nesiotobacter, potentially cryptic growth: Chryseobacterium
and Alicycliphilus
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analyses (Supplementary Figs. S1–S2) suggest that both
bioreactors demonstrate a strongly variable microbial
community structure throughout the first 100 cycles. No
clear enrichment of a limited number of species is
observed, as opposed to most other operational tempera-
tures. The observed functional shift after 100 cycles is
associated with the appearance of Zoogloea in both bior-
eactors (Pearson r= 0.659 and r= 0.816, respectively,
with p < 0.01 and p « 0.001 and n= 18). Whereas Zoogloea
remained abundant in R20B, a decrease in Zoogloea
abundance in R20A after 20 cycles was observed and
aligns with the drop in OTRratio. The eventual community
composition of R20B seems stable and is composed of
multiple members, resulting in a combined growing and
hoarding functionality.

Response to temperature shifts

Short-term temperature shift experiments were carried
out to investigate the temperature dependency of the
processes observed. During the experiments, the tem-
perature was either increased or decreased by 5 °C for two
cycles, indicated with red and blue triangles in Fig. 4.
Biomass in bioreactors R30A and R35 was strongly
affected by the temperature disturbance during the second
cycle, and required approximately ten cycles to recover.
No change of functional strategy was observed during the
first feast phase of the temperature shift experiments, but

kinetic changes could readily be identified from online
measurements.

The biomass specific substrate uptake rates (qs)
changed during the temperature shift experiments (Table 2).
Generally, all biomass specific rates increased at higher
temperatures and decreased at lower temperatures [38]. The
only exception was the decrease (up to 40%) in biomass
specific conversion rates when the temperature of the
bioreactors operated at 35 and 40 °C was increased to 40
and 45 °C, respectively.

The biomass in R25, when shifted to 20 °C achieved a
biomass specific substrate uptake rate 80% higher than the
highest rate observed with biomass enriched at 20 °C. The
same occurred for the shifts from 30 to 35 °C, achieving a
70% higher biomass specific substrate uptake rate than the
enrichment at 35 °C.

Maximum PHB storage capacity

To assess the maximum PHB production capacity of the
cultures, ammonia-limited fed-batch experiments were
performed at the end of the enrichment. The limitation of
growth due to ammonia limitation constrains the metabo-
lism of cells to nongrowth-related pathways, such as PHB
production. All eight enrichments yielded biomass that
produces the storage compound PHB (Table 1 and Sup-
plementary Fig. S10). The four highest performing bior-
eactors, R25, R30A,B and R35, reached 86–91 ± 1 wt%

Fig. 4 Characteristic normalized change in oxygen transfer rate
throughout the feast phase (OTRratio) for eight bioreactors over 150
cycles of enrichment (light) and 58 cycles of temperature disturbance
experiments (dark). OTRratios below 0.5 indicate cell decay, OTRratios

close to 1 indicate PHB production. The intermittently measured PHB
fraction (gPHB/gVSS) at the end of the feast phase is plotted as solid
green squares
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(gPHB/gVSS). This is in the range of previously highest
reported PHB storage capacities [14, 39]. The three lowest
performing bioreactors, R20A, R40A, and R40B reached
46–53 ± 2 wt%. For reference: a 90% PHB accumulation is
nine times more PHB per cell than a 50% PHB accumula-
tion (PHB:X= 9:1 vs 1:1).

The two biological replicates operated at 20 °C, R20A
and R20B, reach a PHB content of 53 ± 2 wt% and 75 ± 1
wt%, respectively. R20B produces three times as much
PHB as its biological replicate, while the replicates at 30
and 40 °C do not differ significantly, and show very com-
parable production capacities.

Discussion

Culture enrichments and bioreactor operation

All bioreactors established a feast–famine regime within
two operational cycles. As is shown in the overview plots,
the competition for the limiting carbon substrate leads to a
decreasing feast length demonstrating the enrichment of a
faster community (Fig. 3 for R30A and Supplementary
Figs. S1–S8 for other systems). There are two strategies for
effective competition for acetate: the growing strategy and
the hoarding strategy. Two online data derived functional
indicators—OTRratio and O2,feast%—allow for a direct
interpretation whether PHB is produced as intermediate

storage polymer, and differentiation between the growing
and hoarding strategy. In time, microbial communities
grown at temperatures from 25 to 35 °C changed towards
the hoarding strategy (Table 1). In general, higher biomass
specific rates and decreased overall biomass yield values
were identified at increasing temperatures, in line with the
generalizations proposed by Heijnen and Kleerebezem [40].
The temperature shift experiments resulted in a typical
increase and decrease of the biomass specific rates, except
above 35 °C, where a temperature increase of 5 °C resulted
in decreased biomass specific rates (Table 2). In addition,
the hoarding biomass enriched at 25 °C, when incubated to
20 °C, had a biomass specific substrate uptake rate two
times higher than biomass enriched at 20 °C. This suggests
that the reactors operated at 20 °C could also have enriched
the faster hoarding microbial community as obtained at
25 °C. This observation, and the surprising absence of the
hoarding strategy at 40 °C, and only intermittently at 20 °C
form the basis of further discussion.

Hoarding versus growth as dominant competitive
strategy

Enrichments with a short biomass retention time, based on
one carbon source and electron donor, such as acetate, and
oxygen as electron acceptor are highly selective and
therefore one may expect a low biological diversity if one
strain is outcompeting other microorganisms. Further-
more, the feast–famine strategy enriches microorganisms
with the highest overall substrate uptake rate, which is
directly reflected in the length of the feast phase. From a
reductionist point of view, we may argue that producing
catalytic biomass from acetate involves more complex
metabolic machinery and therefore has a larger chance of
being rate limiting than the relative short pathway from
acetate to the storage polymer PHB. Theoretically this
results in a trade-off between a high biomass specific
substrate uptake rate (qs) with PHB production (hoarding
strategy) versus a lower qs with an increasing number of
catalysts (growing strategy). As far as we can see there is
no intrinsic reason why this trade-off would be tempera-
ture dependent. Though, for the inoculum that was used in
this study, the hoarding strategy was only dominant in the
temperature range of 25–35 °C. Surprisingly, no PHB
hoarding species were able to dominate at 20 and 40 °C,
where the growth strategy prevailed. Although the
enrichments were operated for more than 75 generations
and the inoculum contained a highly diverse microbial
community (see Supplementary Materials), it is possible
that the observations are inoculum specific. Nevertheless,
all enriched communities were able to produce PHB when
exposed to ammonium limitation, demonstrating the
widespread abundance of the PHB production and the

Table 2 Short-term temperature change experiment. The middle
column represents the biomass specific substrate uptake rate of the
biomass culture that is obtained at the end of the enrichment (average
of ten consecutive cycles, standard deviation in parenthesis). The left
and right column represent the biomass specific uptake rates derived
for the temperature shifts experiments (−5 and +5 °C) (average and
standard deviation of two cycles). The cells in red did not follow the
general Arrhenius relationship. Cells in green did, with the different
shades representing how competitive the culture is with respect to
long-term enrichments

T -5 T0 +5 
20 0.4 (0.2) 0.7 (0.2) 1.2 (0.5) 

20 0.5 (0.2) 0.8 (0.2) 1.5 (0.6) 

25 1.5 (0.2) 1.9 (0.4) 2.2 (0.2) 

30 1.5 (0.1) 2.3 (0.2) 4.9 (0.2)

30 1.7 (0.1) 2.3 (0.2) 4.8 (0.2) 

35 2.2 (0.1) 2.8 (0.2) 2.6 (0.1) 

40 2.7 (0.1) 3.5 (0.3) 2.0 (0.1) 

40 1.4 (0.1) 1.9 (0.2) 1.1 (0.1) 
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degradation pathway in prokaryotes (Table 1 and Sup-
plementary Fig. S10). Evidently, the dominance of the
hoarding versus growing strategy results from different
kinetic properties and/or different pathway regulation in
the different communities enriched at different tempera-
tures. In other words, the competitive strength of both
strategies apparently is not homogeneously distributed in
all temperature domains. This means that no single com-
petitive strategy consistently leads to dominance in
feast–famine systems.

Functionality and abundance

The high number of sequence reads was successfully used
to analyze the dynamics within the microbial communities
throughout the enrichments. Logarithmic presentation of
the data allows a visual alignment of a change in time of
functional properties and populations within the reactors
(Fig. 3e and Supplementary Figs. S1–S8). The resulting
data suggest that much of the microbial community
dynamics cannot be explained only by differences in
kinetic and stoichiometric parameters. The general
absence of clear successions of dominant community
members and the persistent co-occurrence of microbial
species and their oscillating relative abundance, suggests
that processes like mutualism, adaptation, decay, and
predation may play a significant role in the enrichment
process [41, 42].

Even though changes in time can effectively be analyzed
with NGS based methods, a major limitation of the NGS
methodology used in this study remains that no reliable
quantitative distribution of OTU’s in time is possible.
Herewith we cannot distinguish between enrichment of one
strain with satellite populations, versus two or more domi-
nant strains, and the origin of functional interdependencies
remain unclear.

The strong correlation of the online data with population
shifts allows for better sampling and 16S rRNA gene ana-
lysis strategies in future experiments (see Supplementary
Table 2 for Pearson correlations). For example, the func-
tionality shift from cycle 120 to 150 in bioreactor R35 is
currently not captured due to the predetermined 16S sam-
pling strategy. With the online parameter identification, it is
possible to collect frequent samples and analyze them at a
high resolution in order to capture the specific regions of
interest where functional shifts are identified with online
measurements.

With the current sampling strategy, the community
dynamics that occur within one cycle can also not be dis-
tinguished. More complex microbial community dynamics
could involve a combination of growth on acetate, hoarding,
decay, and cryptic growth. Analyzing multiple samples
throughout one cycle could help to distinguish and identify

the activity and abundance of specific populations by their
change in relative abundance throughout one cycle.

Cryptic growth as a third competitive strategy

Although the majority of the functional responses of the
bioreactors can be attributed to the presence of growers and
hoarders, there are three observations that suggest that cell
viability is a key biological factor that complicates the
interpretation of the results in terms of microbial competi-
tion in sequencing batch bioreactors. First, all bioreactors
show a decreased respiration ratio (OTRratio in Fig. 4) dur-
ing the initial cycles, and the higher temperature bioreactors
maintain these low respiration ratios throughout the culti-
vation period. OTRratio values lower than 0.5 indicate that
biological activity more than doubles throughout the feast
phase, while only half of the biomass is removed. This
suggests that some form of biomass inactivation, decay and/
or endogenous respiration takes place during the famine
phase, resulting in a lower respiration rate at the beginning
of the cycle than expected based on exchange ratios.

Second, the ammonia that is released during the famine
phases of bioreactors R40A and R40B, and to a lesser
extent in R35, is likely coming from respired proteins and
cell material. The biomass in bioreactor R40A, for example,
releases more than half of the ammonium consumed in the
feast phase, which suggests a viability of less than 40% at
the end of the cycle.

Third, the relatively high abundance of microbial spe-
cies, under which those from the family of Flavobacter-
iaceae, that are associated with growth on macromolecules
such as proteins and polysaccharides, suggest that cell lysis
and cryptic growth occur in many bioreactor systems (see
Supplementary Information) [43]. Further differentiation of
the abundance and strategies of the observed microbial
species and their role in the microbial community remains
unclear and would require a combination of metagenomic
and metatranscriptomic analyses or an analysis of the
community development during the cycle.

From these observations, we hypothesize that a third
competitive strategy emerges as a result of biomass decay,
lysis, and growth on the cellular constituents released in the
famine phase, i.e, cryptic growth. (Table 1). This could
explain the persistent microbial diversity that is observed in
very selective microbial ecosystems, as described in this
work, and the relatively high respiration rate in the famine
phase in R40A and R40B in the absence of PHB. The low
OTRratio observed in the initial cycles of all systems sug-
gests that cell viability and cryptic growth could play a
significant role in the biodiversity of pulse-fed bioreactors,
even at moderate temperatures. As mentioned before,
future research could specifically be aimed to elucidate
this behavior by, for example, utilizing whole genome

3122 G. R. Stouten et al.



sequencing techniques. In addition, the low cell viability of
biomass at higher temperatures allows for a mechanistic
explanation as to why hoarding is no preferred strategy at
higher temperatures in pulse-fed systems. A further dis-
cussion on this third competitive strategy can found in the
Supplementary Materials and Fig. S9.

Reproducibility of enrichments

The three pairs of biological replicates developed differently
throughout the enrichment, but reached comparable func-
tional outcomes after 150 cycles, with some notable dif-
ferences, as will be discussed below. During the cycle
measurements of R40A and R40B, two different growing
functionalities are observed: the shorter feast length and
lower cell viability of bioreactor R40A versus the longer
feast length and higher cell viability of bioreactor R40B.
Throughout the enrichments, both functionalities are
observed in both systems at varying times resulting in a
relatively stable length of the feast phase at variable OTR-

ratio values. The 16S rRNA gene analysis indicates that both
mesophilic and thermophilic bacteria are present in both
bioreactors (Supplementary Figs. S5–S6), which may indi-
cate that community members are competitive by either
having a fast biomass specific uptake rate, or high cell
viability.

The biological replicates at 30 °C developed in a very
similar fashion, both functionally as well as structurally.
Both bioreactors shift at approximately the same time after
inoculation and take approximately ten cycles to shift from
growth to storage as main competitive strategy. The high
synchronicity of these bioreactors is likely due to the par-
allel enrichment of P. acidivorans in both bioreactors, as its
dominance is associated with a feast length reduction of
~30%. P. acidivorans is well-known for its superior PHB-
producing capabilities resulting in a maximum PHB content
of up to 90 wt% under nutrient (i.e., ammonium) limiting
conditions (Table 1 and Supplementary Fig. S10) [44].

The enrichments performed at 20 °C resulted in a mixed
characteristic of growth and hoarding after 150 cycles of
enrichment, with emphasis on growth for bioreactor R20A
and hoarding for bioreactor R20B. Both bioreactors also
show ongoing community dynamics throughout the
experimental period, indicating highly competitive condi-
tions. This is reflected in the highly comparable length of
the feast phase of bioreactors R20A and R20B. Jiang et al.
[14] managed to achieve a functionally stable enrichment at
20 °C within 50 operational cycles. Their microbial com-
munity was dominated by Zoogloea, as visually verified
with FISH, but no 16S rRNA gene analysis is available to
compare their findings with our community structure. Their
setup was highly comparable with ours, but was augmented
with enriched hoarding biomass, which may explain the

longer period required for Zoogloea to become dominant in
our bioreactor, but it does not explain why Zoogloea did not
become dominant from cycle 100 onwards.

In general, we observe significant variations in bioreactor
functionality and diversity in some temperature domains,
while other temperatures yield highly reproducible results.
This indicates that there are still many factors left unun-
derstood, already in these relatively simple systems. A
major improvement with this rigorous approach is that we
can pinpoint specific circumstances where our knowledge is
lacking.

Concluding remarks

Parallel cultivation from the same starting point (inoculum)
allows for effective investigation of the functional devel-
opment of microbial communities grown in variable
environmental conditions. By combining functional system
analysis based on online data with frequent community
structure analysis by 16S rRNA gene amplicon sequencing,
comparative system development upon variation of a single
variable can be studied in an effective way. Here we
investigated pulse-fed selective conditions at five different
temperatures in eight bioreactors. Exploration of competi-
tive strategies benefit from the rigorous approach described
here and will greatly contribute to our understanding of
microbial ecosystem development and functioning, and
subsequent development of bioprocesses.

The competitive strategies identified in pulse-fed bior-
eactors can be divided in three types: (i) direct growth on
the primary substrate, (ii) hoarding of primary substrate and
subsequent growth on storage polymers, and (iii) growth on
the primary substrate combined with subsequent decay and
cryptic growth. These three functional properties can, to a
large extent, be directly identified from online data.

All communities were able to produce PHB to at least 50%
dry weight when incubated in excess of carbon substrate and
ammonium limitation demonstrating the ubiquity of bacterial
PHB production. Still, the microbial communities established
in some bioreactors did not show any PHB production during
the enrichment and therefore their PHB production mechan-
ism played no role in the competition. Communities that
produced PHB during the cycles, were also able to reach the
highest PHB content during the accumulation experiments.
The utilization of the PHB machinery as functional strategy to
outcompete other microorganisms appears to have a tem-
perature optimum at 30 °C in pulse-fed bioreactors. Dom-
inance of the hoarding strategy is correlated with a high
relative abundance of P. acidivorans.

The different developments of biological replicates from
the same inoculum indicate that stochastic processes dom-
inate the initial enrichment period. Replicates generally
achieve comparable functional and microbial characteristics.
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Data availability

Sequence data collected for this study have been deposited in
GenBank with BioProject ID PRJNA448046 and SRA Study
SRP137048. Datasets of online measurements of 1824 cycles
(8 × 228) are available at https://doi.org/10.4121/uuid:
499ec85a-6d8c-4c02-85c1-f932df4452ef as HDF5 dataset.
All other data generated or analyzed during this study are
included in this published article and its supplementary
materials files, available at the ISME Journal’s website.
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