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Abstract Polyhydroxyalkanoates (PHAs) are bio-based, bio-
degradable polyesters that can be produced from organic-rich
waste streams using mixed microbial cultures (MMCs). To
maximize PHA production, MMCs are enriched for bacteria
with a high polymer storage capacity through the application
of aerobic dynamic feeding (ADF) in a sequencing batch re-
actor (SBR), which consequently induces a feast-famine met-
abolic response. Though the feast-famine response is general-
ly understood empirically at a macro-level, the molecular level
is less refined. The objective of this study was to investigate
the microbial community composition and proteome profile
of an enriched MMC cultivated on fermented dairy manure.
The enriched MMC exhibited a feast-famine response and
was capable of producing up to 40 % (wt. basis) PHA in a
fed-batch reactor. High-throughput 16S rRNA gene sequenc-
ing revealed a microbial community dominated by
Meganema, a known PHA-producing genus not often ob-
served in high abundance in enrichment SBRs. The applica-
tion of the proteomic methods two-dimensional electrophore-
sis and LC-MS/MS revealed PHA synthesis, energy genera-
tion, and protein synthesis prominently occurring during the
feast phase, corroborating bulk solution variable observations

and theoretical expectations. During the famine phase, nutri-
ent transport, acyl-CoA metabolism, additional energy gener-
ation, and housekeeping functions were more pronounced,
informing previously under-determined MMC functionality
under famine conditions. During fed-batch PHA production,
acetyl-CoA acetyltransferase and PHA granule-bound phasin
proteins were in increased abundance relative to the SBR,
supporting the higher PHA content observed. Collectively,
the results provide unique microbial community structural
and functional insight into feast-famine PHA production from
waste feedstocks using MMCs.

Keywords Aerobic dynamic feeding (ADF) . Feast-famine
response . Polyhydroxyalkanoates (PHAs) . Volatile fatty
acids (VFAs) . Gel-basedmicrobial community proteomics .

LC-MS/MS . Illumina sequencing

Introduction

Polyhydroxyalkanoates (PHAs) are linear polyesters synthe-
sized by bacteria that can functionally replace many conven-
tional petroleum-based plastics (Keshavarz and Roy 2010).
Current PHA production practices generally rely on pure mi-
crobial cultures cultivated under axenic conditions and fed
synthetic, food-based substrate (i.e., corn sugar) (DiGregorio
2009). To expand commercial PHA production while concur-
rently reducing the environmental footprint and production
costs, the use of mixed microbial cultures (MMCs) and inex-
pensive waste feedstocks of agricultural or industrial origin
has been proposed (Dias et al. 2006; Serafim et al. 2008).
For this approach to be successful, MMCs must first be
enriched for PHA-producing bacteria with high PHA storage
capacity. Once MMCs are physiologically conditioned for
polymer accumulation, a portion of the culture is used to
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inoculate separate bioreactors wherein commercial quantities
of PHA are produced (Dias et al. 2006; Serafim et al. 2008).
When waste feedstocks are used, a fermentation step is incor-
porated upstream to convert the complex organic material
therein (e.g., carbohydrates, proteins, and lipids) to volatile
fatty acids (VFAs), which are the preferred precursors for
PHA synthesis in these MMCs (Reis et al. 2003). This
multi-stage PHA production approach has been successfully
evaluated for multiple waste feedstocks, including paper mill
effluent (Jiang et al. 2012), olive oil mill effluent (Dionisi et al.
2005), and molasses (Albuquerque et al. 2007). The overall
success of this multi-stage PHA production approach is highly
dependent on the enrichment of PHA-producing bacteria and
their conditioning for high PHA storage.

The enrichment of MMCs for PHA production is most
effectively accomplished through inducing and maintaining
a particular metabolic response via the application of cyclic
feast-famine conditions (referred to specifically as aerobic dy-
namic feeding, ADF) in a sequencing batch reactor (SBR)
(Dias et al. 2006; Majone et al. 1996; Serafim et al. 2008).
For a typical SBR cycle, substrate is added at the beginning of
the cycle creating an excess of PHA precursors in solution
(i.e., the feast phase). During the feast phase, PHA-
producing bacteria simultaneously synthesize PHA (storage)
and new biomass (growth), whereas bacteria lacking the PHA
synthesis capacity simply grow (Dias et al. 2006; Reis et al.
2003; van Loosdrecht et al. 1997). For the remainder of the
cycle following exogenous substrate depletion (i.e., the fam-
ine phase), bacteria with PHA mobilize their endogenous
stores for carbon and energy to support continued growth
and cellular maintenance, while bacteria lacking PHA stores
decay (van Loosdrecht et al. 1997). Accordingly, PHA-
producing bacteria exhibiting this feast-famine metabolic re-
sponse can be enriched by combining short periods of exog-
enous substrate availability with long periods of exogenous
substrate dearth (Johnson et al. 2009; Reis et al. 2003; van
Loosdrecht et al. 1997).

The microbial community composition and associated
physiology of MMCs in enrichment SBRs are recognized
as being pivotal to PHA process performance. Considering
microbial ecology, efforts to characterize the microbial
community composition in SBRs have relied on the appli-
cation of classical molecular methods including fluores-
cence in situ hybridization (FISH) coupled with PHA
staining (Oehmen et al. 2014), clone library construction
(Albuquerque et al. 2013), or denaturing gradient gel elec-
trophoresis (Carvalho et al. 2013). In some investigations,
links between microbial community composition and
macro-level process performance were established
(Albuquerque et al. 2013; Carvalho et al. 2013), with re-
sults that could be translated into engineering terms to im-
prove PHA production (e.g., the development of segregat-
ed metabolic models accounting for substrate preferences

by dominant populations (Albuquerque et al. 2013)). As
such, resolving the microbial community composition of
MMCs with respect to process performance may serve as
an additional tool in guiding the determination of optimal
bioreactor operating conditions. However, traditional mo-
lecular identification techniques may not be well suited for
studies involving previously undefined microbial commu-
nities in SBRs cultivated on complex waste feedstocks,
given the potential limitations in the depth of microbial
community characterization. With advancements in high-
throughput DNA sequencing technologies, enhanced reso-
lution of microbial community composition is obtainable.

The microbial community functionality associated with a
feast-famine response is dictated by the microbial community
composition and physiological state. A conceptual basis for
the microbial feast-famine response under ADF conditions
has been established (as described above); however, little
protein or enzymatic evidence is available to corroborate the
observed feast-famine response in MMCs at a macro-level
(i.e., bulk solution observations), as the direct characterization
of microbial community functions has been limited.
Nevertheless, to ultimately advance MMC PHA production
using waste feedstocks, knowledge of microbial community
functionality during an ADF SBR cycle and subsequent PHA
production is required. In this regard, proteomics is a promis-
ing approach to characterize and elucidate microbial commu-
nity functions (VerBerkmoes et al. 2009; Wilmes and Bond
2009). Indeed, the successful application of proteomics to
obtain functional insight into microbial communities in
engineered environments has been demonstrated in other stud-
ies, including activated sludge (Wilmes et al. 2008), mem-
brane bioreactors (Kuhn et al. 2011; Zhou et al. 2015), and
anaerobic digestion (Abram et al. 2011).

In the present study, genomic and proteomic tools were
employed to investigate the microbial community compo-
sition and function in an enrichment SBR operated under
ADF conditions using fermented dairy manure as the feed-
stock. 16S rRNA gene sequencing was performed using an
Illumina MiSeq to characterize the microbial community
composition of the MMC. Two-dimensional electrophore-
sis (2DE) was used to resolve MMC protein mixtures,
allowing for the visualization and quantitative comparison
of proteome dynamics during the SBR cycle as well as fed-
batch PHA production assessments. Proteins of interest
were excised from the 2DE gels and identified by nano-
LC followed by QTOF mass spectrometry (LC-MS/MS).
By integrating the microbial community composition and
proteome-level data with bulk solution variables, a detailed
examination of the MMC relative to PHA synthesis was
made possible. To the authors’ knowledge, this study is the
first microbial community proteomic profiling of an MMC
enriched under ADF conditions as part of a multi-stage
PHA production system.
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Materials and methods

Waste feedstock preparation

The fermented dairy manure liquor (FDML) feedstock for the
PHA enrichment SBRwas obtained from a 20-L dairy manure
fermenter operated under conditions as previously described
(Stowe et al. 2015). Briefly, manure was supplied from lactat-
ing Holstein cows at the University of Idaho Dairy, Moscow,
ID. Effluent from the fermenter was poured through a stainless
steel screen to remove large solids then centrifuged at 7650×g
for 5 min to remove fine solids. The supernatant (i.e., the
FDML) was then sterilized by autoclaving. To compensate
for phosphate precipitation during autoclaving, equimolar
KH2PO4 and K2HPO4 were added aseptically after cooling.
The range of soluble VFA, ammonia, and phosphate concen-
trations in the final FDML feedstock are provided in Table 1.

Enrichment SBR operation

The enrichment SBRwas operated under ADF conditions and
with an operating volume of 1.8 L, a solid retention time
(SRT) of 4 days, a hydraulic retention time (HRT) of 4 days,
and a cycle length (CL) of 24 h. The cycle consisted of a fill
phase (2 min), a react phase (1433 min), and a draw phase
(5 min). Mixing was maintained throughout the cycle by a
magnetic stir bar. House air was introduced into the SBR at
a rate of approximately 1 L min−1 through a stainless steel
diffuser to achieve aeration during the fill and react phases.
FDML and autoclaved tap water were added to the reactor
simultaneously during the fill phase, at a volumetric ratio of
40:60, respectively. The pumps and aeration were controlled
by a programmable logic controller. The enrichment SBRwas

operated in a temperature-controlled room (20–26 °C) and the
pH was monitored, but not controlled. When necessary (ap-
proximately once every 2 weeks), foaming was controlled
with the addition of Antifoam A Concentrate (Sigma-
Aldrich, St. Louis, MO, USA). The enrichment SBR was
inoculated from a 20-L SBR (same SRT, HRT, and CL but
fed non-sterilized FDML) that had been stably operated for
4 years (originally inoculated with an MMC from the
Moscow, ID, wastewater treatment facility). After inoculation,
the enrichment SBR was operated for approximately
2.5 months (equivalent to 18+ SRTs) to ensure the SBR had
reached an equilibrated state. During that time, preliminary
assessments of bulk solution variable changes (viz. VFA con-
sumption, oxygen consumption, PHA accumulation, and bio-
mass generation) were completed to confirm the enrichment
SBR MMC was exhibiting a typical feast-famine response
(i.e., for the feast phase, rapid VFA uptake, rapid decrease in
dissolved oxygen (DO) concentration, and PHA synthesis; for
the famine phase, steady increase in DO and depletion of PHA
stores (Beun et al. 2002; Dionisi et al. 2004; Serafim et al.
2004)). Once the feast-famine response was stable, three in-
dependent sampling events (sampling #1, sampling #2, and
sampling #3; sampling events were spaced two SRTs apart)
spanning an operational cycle were completed.

Fed-batch PHA production assessments

During each of the three sampling events, the enriched MMC
from the SBR was also subjected to a fed-batch PHA produc-
tion capacity assessment. Using the 450 mL of daily effluent
from the enrichment SBR, the fed-batch assessments were
conducted in a separate 1-L beaker under fully aerobic and
completelymixed conditions using the same substrate (FDML
feedstock and autoclaved tap water at a volumetric ratio of
40:60, respectively) that was used for the enrichment SBR
cultivation. A total of three pulse additions of the substrate
were applied at intervals determined by manually monitoring
the DO concentration and adding the next feedstock pulse
when the DO began to increase (Dias et al. 2006). The volume
of each pulse addition was selected such that the VFA con-
centration in the fed-batch PHA production assessment after
addition would approximate that in the enrichment SBR at the
beginning of the feast phase (i.e., 112, 140, and 175 mL). The
fed-batch assessments were carried out in the same
temperature-controlled room (20–26 °C) and the pH was
monitored, but not controlled.

Analytical procedures

DO, pH, and temperature were monitored using a Hach HQ40
meter with LDO101 and PHC101 probes (Hach, Loveland,
CO). Total and volatile suspended solids (TSS and VSS, re-
spectively) were determined in accordance with standard

Table1 Characterizatio-
n of fermented dairy
manure liquor

Constituenta Concentrationb

HAc 43.2 mM ± 3.6

HPro 16.0 mM ±1.1

HBu 9.7 mM ±1.5

HiBu 1.6 mM ± 0.2

HVa 1.8 mM ± 0.2

HiVa 1.4 mM ± 0.5

HCa 0.6 mM ± 0.2

NH3-N 24.2 mM ± 4.5

PO4
3− –P 0.07 mM ± 0.03

COD 10,066 mg L−1 ± 1287

aHAc acetic acid, HPro propionic acid,
HBu butyric acid, HiBu iso-butyric acid,
HVa valeric acid, HiVa iso-valeric acid,
and HCa caproic acid
b The concentration and standard deviation
are indicated; n = 9 for all constituents
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methods (Eaton et al. 2005). Soluble VFAs (viz. acetic,
propionic, butyric, valeric, caproic, iso-butyric, and iso-
valeric acids) were quantified using a gas chromatograph
equipped with a flame ionization detector as previously de-
scribed (Coats et al. 2011). Soluble chemical oxygen demand
(COD), phosphate (PO4

3− –P), ammonia (NH3-N), nitrite
(NO2

−N), and nitrate (NO3
−N) concentrations were deter-

mined after sample filtration through a sterile 0.22-μm syringe
filter (Millipore Corp., Billerica, MA) in accordance with
standard methods (Eaton et al. 2005). The active biomass, X,
was determined as the difference between the VSS and PHA
(X = VSS − PHA) and was assumed to have the stoichiometric
formula of C5H7O2N (Henze et al. 1995). Biomass PHA con-
tent was determined as methyl es ters using gas
chromatography-mass spectrometry (GC-MS) with minor
modifications to procedures previously described (Dobroth
et al. 2011). The maximum PHA content was calculated on
a cell dry weight basis (i.e., mg PHA/mg TSS) and expressed
as a percent. For consistency with other works in the field,
VFA and PHA data is presented on a carbon millimole basis
(i.e., Cmmol) (Roels 1983).

Microbial community analysis

Microbial genomic DNAwas isolated from biomass samples
using the PowerSoil DNA Isolation Kit (MOBIO, Carlsbad,
CA) following the manufacturer’s instructions. Genomic
DNA yield and purity were quantified using a Synergy H1
Multi-Mode Reader (BioTek, Winooski, VT). Bacterial 16S
rRNA gene fragments were amplified and sequenced follow-
ing previously described methods (Dai et al. 2015; Liang et al.
2015) with minor modifications. Briefly, DNA amplicons
were generated using two rounds of PCR: PCR1 amplified
the targeted V1–V3 regions (Escherichia coli positions 27F-
533R of the 16S rRNA gene) and PCR2 attached sequencing
adapters and sample barcodes. PCR1 used the following prim-
er sets listed according to position and direction:

27F-1:ACACTGACGACATGGTTCTACAGT
AGAGTTTGATCCTGGCTCAG;
27F-2:ACACTGACGACATGGTTCTACA
CGTAGAGTTTGATCATGGCTCAG;
27F-3:ACACTGACGACATGGTTCTACA
ACGTAGAGTTTGATTCTGGCTCAG;
27F-4:ACACTGACGACATGGTTCTACA
TACGTAGAGTTTGATTCTGGCTCAG;
533R-1:TACGGTAGCAGAGACTTGGTCT
TTACCGCGGCTGCTGGCAC;
533R-2:TACGGTAGCAGAGACTTGGTCT
GTTACCGCGGCTGCTGGCAC;
533R-3:TACGGTAGCAGAGACTTGGTCT
TGTTACCGCGGCTGCTGGCAC;

533R-4:TACGGTAGCAGAGACTTGGTCT
ATGTTACCGCGGCTGCTGGCAC.

The underlined sequences denote universal tag sequences
CS1 (ACACTGACGACATGGTTCTACA; tag on the for-
ward pr imer) and CS2 (TACGGTAGCAGAGAC
TTGGTCT; tag on the reverse primer), the bold sequences
denote the universal 16S rRNA primers 27F and 533R, and
the italicized bases denote the added bases to the template-
specific primers in order to introduce variability of base calls
during Illumina sequencing. For PCR2, the adapter primers
included the Illumina-specific sequences P7 and P5 for dual
indexing:

P7-CS2: CAAGCAGAAGACGGCATACGAGATNNN
NNNNNTACGGTAGCAGAGACTTGGTCT;
P5-CS1: AATGATACGGCGACCACCGAGATCTAC
ACNNNNNNNNACACTGACGACATGGTTCTACA,
where the unique sequence barcodes were denoted by the
eight italicized N’s and the underlined sequences denote
the universal sequences CS1 and CS2.

Amplicon concentrations were determined using the
PicoGreen assay (Molecular Probes Inc., USA) and a fluo-
rometer (SpectraMax Gemini XPS 96-well plate reader,
Molecular Devices, Sunnyvale, CA). The amplicons were
pooled into a single tube in approximately equal amounts
(∼100 ng). The amplicon pool was then cleaned to remove
short, undesirable fragments following the procedures previ-
ously reported (Dai et al. 2015; Liang et al. 2015). Finally,
sequences were obtained using an Illumina MiSeq paired-end
300 bp protocol (Illumina, Inc., San Diego, CA).

For sequence analysis and taxonomic classification, raw
DNA sequence reads from the Illumina MiSeq were
demultiplexed and subsequently processed to identify and as-
sign reads by both expected barcode and primer sequences
using the python application dbcAmplicons (https://github.
com/msettles/dbcAmplicons). Briefly, barcodes were
allowed to have at most one mismatch and primers were
allowed to have at most four mismatches (as long as the
final four bases of the primer matched the target sequence
perfectly). Reads were then trimmed of their primer
sequence and joined into a single amplicon sequence using
the application FLASH (Magoč and Salzberg 2011). Finally,
the Ribosomal Database Project (RDP) Bayesian classifier
was used to assign sequences to phylotypes (Wang et al.
2007); reads were assigned to the first RDP taxonomic level
with a bootstrap score ≥50. The relative abundance of individ-
ual phylotypes in each sampling event was determined as the
percentage of the corresponding sequence reads among all
sequence reads. The sequencing data is available through the
National Center for Biotechnology Information Short Reads
Archive (http://www.ncbi.nlm.nih.gov/sra) identifier
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SRA307139. Microbial community data analysis was
performed using R v3.2.2 software (http://www.r-project.
org/) using the vegan package.

Protein extraction, purification, and 2DE

Samples for proteome profiling during the SBR cycle were
collected at 1, 4.5, 11.5, 17.5, and 23.5 h from the start of the
cycle (Fig. 1). The 1-h sample represented activity within the
feast phase of the SBR cycle, and the remaining samples rep-
resented activity within the famine phase of the SBR cycle.
For fed-batch proteomic profiling, a sample was collected
approximately 1 h after the third feedstock addition. The three
sampling events therefore constitute three biological replicates
for each of the time points.

Bacterial protein extraction from the biomass, purifica-
tion, and 2DE were performed following methods previ-
ously described (Hanson et al. 2016). Briefly, bacterial
cells were first separated from MMC biomass samples by
Accudenz gradient centrifugation. Bacterial cell disruption
and sequential protein extraction were performed by soni-
cation and bead mill beating. Protein concentrations were
determined using the RCDC Protein Assay (Bio-Rad,
Hercules, CA) following the manufacturer’s instructions
using bovine serum albumin as the protein standard.
Protein purification for 2DE was performed using the
ReadyPrep 2DE Cleanup Kit (Bio-Rad), and 400 μg of
purified protein was loaded onto 7 cm immobilized pH
gradient (IPG) strips with a pH range of 4–7 (Bio-Rad),
which were passively rehydrated for 16 h at 22 °C. IPG
strips were focused in a PROTEAN isoelectric focusing
(IEF) cell (Bio-Rad) at 250 V for 15 min, followed by
linear ramping to 4000 V in 2.5 h, after which 4000 V
was held for approximately 3.25 h (total of 13,000 Vh).
Immediately following IEF, IPG strips were equilibrated

and subjected to SDS PAGE for protein separation by mo-
lecular weight. After SDS PAGE, gels were washed twice
in double-deionized H2O for 5 min, fixed in ethanol/acetic
acid/water (40:10:50, v/v) for 30 min, stained with
Coomassie Brilliant Blue G-250 (Bio-Rad) for 20 h, and
de-stained with double-deionized H2O for several hours
prior to imaging.

2DE gel image acquisition and statistical analysis

2DE gels were scanned using an Odyssey Imaging System
(Li-COR Biosciences, Lincoln, NE) with the following set-
tings: resolution, 42 μm; quality, medium; channel, 700 nm;
and focus offset, 0.5. These settings generated 16-bit, 600
DPI images which were saved as TIFF files. Gel images
were analyzed using REDFIN 3 Solo Software (Ludesi,
Malmö, Sweden, http://www.ludesi.com). After image
quality control checks were passed, anchor points were
manually set using features shared by all gel images. The
software was used to warp each of the gel images to a
reference based on the shared anchor points, creating a
composite image. Protein spot intensities were calculated
with background correction and normalized to correct for
systematic differences in gel intensity. Replicate gel
variability was assessed by constructing a correlation
matrix based on the spot intensities using Pearson’s
product moment correlation coefficient (Wilmes and Bond
2004). The feast phase (1 h) was compared to the individual
time points of the famine phase (4.5, 11.5, 17.5, and 23.5 h),
and protein samples from the fed-batch PHA production
assessments were compared to protein samples from the
enrichment SBR; ANOVAwas applied to determine protein
spots exhibiting statistically significant differential abun-
dance (taken to be at least a twofold change in protein spot
intensity with an accompanying p value <0.05).

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Time into SBR cycle (h)

FDML

added

VFAs depleted &

max PHA content

PHA stores

depleted

Proteome

sample

Proteome

sample

Proteome

sample

Proteome

sample

Proteome

sample

feast phase famine phase

Proteome

sample

Feed #1

Feed #2

Feed #3

SBR effluent

(inoculum for fed-batch reactor)

SBR Fed-batch

Fig. 1 Proteomic sampling
scheme for enrichment SBR and
fed-batch PHA production
samples. Approximate times are
shown for VFA depletion,
maximum PHA content reached,
and PHA depletion. The times at
which proteome samples were
taken during the SBR cycle are
indicated by the solid circles. The
proteome samples for the
fed-batch PHA production
assessments were taken
approximately 1 h after the third
feedstock addition
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In-gel trypsin digestion, LC-MS/MS, and proteomic data
analysis

Protein spots of interest were manually picked from gels using
a 1.5-mm OneTouch Plus Spotpicker (The Gel Company, San
Francisco, CA) with disposable tips and transferred to
microfuge tubes. In-gel trypsin digestion was performed with
minor modifications following previously described proce-
dures (Shevchenko et al. 2006). Gel pieces were de-stained
overnight with light shaking in approximately 500 μL 50 %
acetonitrile (v/v in H2O) and 25 mM ammonium bicarbonate.
The extract was discarded and 50 μL 100 % acetonitrile was
added to completely dehydrate the gel pieces. After the gel
pieces became opaque, they were washed with 25 mM am-
monium bicarbonate and dehydrated again by adding 50 μL
acetonitrile; the acetonitrile was then evaporated. The dried
gel pieces were rehydrated in an excess volume of
12.5 ng μL−1 sequencing grade trypsin (Promega, Madison,
WI) solution for 1.5 h at 4 °C. Excess trypsin solution was
removed and a small volume (∼25 μL) of 25 mM ammonium
bicarbonate was added to cover the gel pieces to ensure no
evaporation occurred for the duration of the enzymatic diges-
tion. Gel pieces were then incubated for 16 h at 37 °C. The
water ext rac ts were re ta ined in LoBind 0.5 mL
microcentrifuge tubes (Eppendorf, Hauppauge, NY), after
which peptides were eluted from the gel pieces using 50 %
acetonitrile in water containing 0.1 % formic acid with light
vortexing for 15 min. Samples were centrifuged briefly and
the extracts were retained. The elution step was repeated and
extracts were concentrated using a SpeedVac until approxi-
mately 10 μL remained. Prior to analysis by liquid
chromatography-tandem mass spectrometry (LC-MS/MS),
approximately 10 μL of 5 % acetonitrile with 0.1 % formic
acid was added to the sample, which was then clarified by
centrifugation at 16,000×g for 10 min.

LC-MS/MS proteomic analysis was similar to reported
methods (Bansal et al. 2009; Checinska et al. 2012) with mod-
ifications. Peptides were separated using reverse-phase LC on
a nano-ACQUITY Ultra Performance Liquid Chromatograph
(Waters Corporation, Milford, MA) prior to analysis using a
QTOF Premier tandem mass spectrometry system equipped
with a nano-electrospray ionization (ESI) source. A 2-μL
sample was first loaded onto a Symmetry C18 trap column
(0.18 mm × 20 mm, Waters Corp. P/N 186002841) before
separation using a BEH 130 C18 analytical column
(0.100 μm × 100 mm; Waters Corp. P/N 186003546). Two
solvents were used: A, 0.1 % formic acid in water and B,
0.1 % formic acid in acetonitrile. Peptides were trapped using
100 % solvent A for 3 min with a flow rate of 8 μL min−1.
Separation was performed at 35 °C at a flow rate of
0.4 μL min−1 with the following conditions: (i) isocratic,
1 min, 95 % solvent A and 5 % solvent B; (ii) gradient,
10 min, solvent A concentration decreased from 95 to 85 %

and solvent B concentration increased from 5 to 50 %; (iii)
gradient, 10 min, solvent A concentration decreased to 73 %
and solvent B concentration increased to 27 %; (iv) gradient,
10 min, solvent A concentration decreased from 59 % and
solvent B concentration increased to 41 %; (v) gradient,
10 min, solvent A concentration decreased to 43 % and sol-
vent B concentration increased to 57 %; (vi) gradient, 14 min,
solvent A concentration decreased to 10 % and solvent B
concentration increased to 90 %; (vii) isocratic, 5 min, 10 %
solvent A and 90 % solvent B; and (viii) gradient, 10 min,
solvent A concentration increased to 95 % and solvent B con-
centration decreased to 5 %. The nano-ESI source was oper-
ated with the following settings: capillary voltage, 3.65 kV;
cone voltage, 42 V; source temperature, 110 °C; nebulizing
gas pressure, 0.17 bar; collision energy, 3.0 V; detector volt-
age, 2150 V. The data acquisition was performed using MS
survey mode with the following parameters: mass range, 300
to 2000 Da; scan time, 1 s; and interscan delay, 0.05 s. The
threshold of MS/MS acquisition was 15 counts per second
with the following settings: mass range, 50 to 2000 Da; 3 ions
selected from a single MS survey scan; scan time, 2 s; and
interscan delay, 0.05 s. [Glu1]-fibrinopeptide B (Sigma-
Aldrich, St. Louis, MO) was used for dynamic calibration
(lockmass) with a 30-s frequency.

The raw data files from the peptide sequencing were con-
verted to peak list files by ProteinLynx Global Server 2.3
software (Waters Corporation) using the following parame-
ters: (i) smooth channels, 4; number of smooths, 2; smooth
mode, Savitzy-Golay; (ii) peak height to calculate the centroid
spectra, 80%; (iii) baseline subtraction, none allowed; and (iv)
peptide tolerance, 100 ppm. Mascot (v2.5, Matrix Science,
London, UK) was used for MS/MS ions matching and protein
identification. The peak list files were searched against the
NCBInr database (October 2015; 73,055,898 protein se-
quences) with no species restriction and the following search
parameters: (i) specific enzyme, trypsin; (ii) peptide window
tolerance, ±0.4 Da; (iii) fragment mass tolerance, ±0.4 Da; (iv)
missed cleavage sites, 1; and (v) variable modifications,
carbamidomethyl C, deamidated NQ, and oxidized M. The
decoy option was included for each search to determine the
false discovery rate. For protein identification, protein hits
with at least two peptide matches and individual protein scores
above the significance score calculated by Mascot (p < 0.05;
the individual ion score is −10 × log(p), where p is the prob-
ability that the observed match is the random match) were
accepted. In instances when more than one protein was
assigned from a single protein spot (a well-established occur-
rence for 2DE (Thiede et al. 2013)), the highest scoring pro-
tein was accepted and the other proteins meeting the search
criteria were recorded. When a hypothetical protein was the
highest scoring Mascot result, the corresponding protein ac-
cession number was searched using Blastp for homology-
based protein identification; the protein match with the highest
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percent similarity based on the number of identical amino
acids to a known bacterial protein was considered for identi-
fication. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the PRIDE
partner repository (Vizcaino et al. 2013) with the dataset iden-
tifier PXD003126 (http://dx.doi.org/10.6019/PXD003126).

Results

Enrichment SBR and fed-batch PHA production
performance

To induce a feast-famine response in the MMC, ADF condi-
tions were applied to an enrichment SBR using fermented
dairy manure as the feedstock. Shortly after startup (9 days),
the DO began to exhibit the characteristic feast-famine profile
(Beun et al. 2002; Dionisi et al. 2004; Serafim et al. 2004).
During the 2.5-month SBR stabilization period, VFA deple-
tion from solution typically occurred within 2–3 h and the
maximum PHA content ranged from 4–14 % (wt. basis; data
not shown). Concerning the composition of the FDML during
sampling (summarized in Table 1), seven different VFAs were
consistently identified in the FDML, with acetate and propio-
nate dominating at 50 and 23% (wt. basis), respectively, of the
total VFA content. In total, the VFAs accounted for approxi-
mately 70 % (wt. basis) of the COD. The ammonia and
phosphate concentrations were 24.2 mM ± 4.5 and
0.07 mM ± 0.03, respectively.

Representative profiles of select bulk solution parameters
are depicted in Fig. 2 (all sampling data is provided in
Figs. S1–S6). During the feast phase, VFA consumption was
zero order (Fig. 2a), with acetate being consumed at the
highest rate (average specific uptake rate for all three sampling
events was 0.040 ± 0.010 Cmmol HAc Cmmol X−1 h−1)
followed by propionate (average specific uptake rate for all
three sampling events was 0.030 ± 0.007 Cmmol
HPro Cmmol X−1 h−1); the average total specific VFA uptake
rate was 0.091 ± 0.024 Cmmol VFA Cmmol X−1 h−1. All
measured VFAs were depleted within 2.5 h (which
corresponded with the apparent depletion of readily
biodegradable COD; Fig. S1), at which point the DO exhibit-
ed the first notable increase (Fig. 2c). Coinciding with VFA
depletion, the maximum PHA content was observed (8–16 %
wt. basis; shown in Fig. 2b as Cmmol PHA L−1); the PHA
yield ranged from 0.36 to 0.88 Cmmol PHA Cmmol VFA−1

for the three sampling events. The average TSS during
the feast phase for the three sampling events was
2758 ± 377 mg L−1. A copolymer of HB and HV was consis-
tently synthesized, with average HV fractions throughout the
cycle of 0.70 ± 0.07, 0.60 ± 0.10, and 0.70 ± 0.05mol HVmol
PHA−1 for sampling #1, sampling #2, and sampling #3,

respectively. Ammonia, nitrite, and nitrate consumption was
also observed during the feast phase (Fig. S2), and the VSS
concentrations remained approximately constant (Fig. S3).
The pH decreased slightly with substrate addition to approx-
imately 8.6, before increasing to approximately 9.1, and the
temperature increased slightly (Figs. S4–S5).

The famine phase commenced with the depletion of VFAs
and the first notable increase in DO concentration. Within the
famine phase, PHA stores were depleted approximately 4.5–
10 h after VFA exhaustion. The depletion of PHA
corresponded to the next notable increase in DO concentration
(Fig. 2c). Near-complete ammonia removal was realized by
the end of the SBR cycle (Fig. S2; final concentrations ranged
from 0.017 to 0.28 mM). Both nitrite and nitrate gradually
increased during the famine phase (Fig. S2; final
concentrations ranged from 1.04 to 4.36 mM and 0.41 to
1.01mM for nitrite and nitrate, respectively). Continuing from
the end of the feast phase, COD and VSS remained approxi-
mately constant (Figs. S1 and S3, respectively; final concen-
trations ranged from 875 to 1242mgL−1 for COD and 1267 to
2700 mg L−1 for VSS). The average TSS during the famine
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Fig. 2 Concentration profiles of select bulk solution variables during an
SBR cycle. a Total VFAs, b total PHA, and c dissolved oxygen. Note the
break and scale change in the abscissa at 6 h

Appl Microbiol Biotechnol (2016) 100:7957–7976 7963

Author's personal copy

http://proteomecentral.proteomexchange.org/
http://proteomecentral.proteomexchange.org/
http://dx.doi.org/10.6019/PXD003126


phase for the three sampling events was 2653 ± 571 mg L−1.
The pH decreased to approximately 8.5, increasing to approx-
imately 8.8, whereas the temperature slightly decreased
(Figs. S4–S5).

For each of the enrichment SBR sampling events, a parallel
fed-batch PHA production assessment was completed to eval-
uate the PHA production capacity of the enriched MMC. The
maximum PHA content measured during the fed-batch assess-
ments ranged from 22 to 40 % (wt. basis; shown as Cmmol
PHA L−1 in Fig. S6); the highest PHA content was achieved
on sampling #1 (40 %). The PHA yield ranged from 0.55 to
1.14 Cmmol PHA Cmmol VFA−1 and was determined at the
time of maximum PHA content as the total amount of PHA
produced divided by the total amount of VFAs consumed
from the start of the fed-batch assessment. Similar to the en-
richment SBR, the copolymer PHBV was produced with av-
erage HV fractions throughout the production assessment of
0.75 ± 0.03, 0.67 ± 0.06, and 0.59 ± 0.09 mol HV mol PHA−1

for sampling #1, sampling #2, and sampling #3, respectively.

Microbial community analysis

To characterize the microbial composition of the MMC in the
enrichment SBR, amplicons of the V1–V3 region of the 16S
rRNA gene were sequenced and assigned to phylotypes. A
total of 70,004 high-quality sequences from the three sam-
pling events (average of 23,334 reads per sample) were ob-
tained; sequencing coverage depth was considered sufficient
for each sample based on rarefaction analysis (Fig. S7). An
overview of the microbial community composition (from
sampling #1) is shown in Fig. 3a (the other sampling events
are displayed in Figs. S9–S10), and the best classification of
phylotypes from all sampling events is shown in Fig. 3b. A
total of 24 bacterial phyla were identified in the MMC
(Table S1). Proteobacteria was the most abundant phylum
(73–75 %) for each sampling event, followed by
Bacteroidetes (15–18 %). Less abundant phyla included
Verrucomicrobia (0.6–3 %) and Planctomycetes (0.5–3 %),
Actinobacteria (1.2–1.8 %), and Chloroflexi (0.7–1 %).
Eighteen minor (each <1 % of the total abundance) bacterial
phyla accounted for the approximately 1.5 % remaining of the
total abundance at the phylum level. At the class level
(Table S2), within Proteobacteria, Alphaproteobacteria was
t h e mo s t a b u n d a n t ( 4 3 – 6 8 % ) , f o l l ow e d b y
Betaproteobacteria (5–21 %), Deltaroteobacteria (1.5–9 %),
and Gammaproteobacteria (1–7 %). Within Bacterioidetes,
Sphingobacteriia was the most abundant class (10–11 %),
followed by Flavobacteriia (3–6 %). Forty-one minor (each
<1 % of the total abundance) classes comprised the approxi-
mately remaining 3 % of the total abundance at the class level.

The number of phylotypes classified by the RDP was 217,
298, and 342 for sampling #1, sampling #2, and sampling #3,
respectively. The Shannon index (selected for its value as a

general diversity measure considering both richness and even-
ness (Hill et al. 2003)) values were 2.20, 3.31, and 3.00 for
sampling #1, sampling #2, and sampling #3, respectively. As
shown in Fig. 3b,Meganemawas the most abundant genus in
all samples (31–61 %). For sampling #1, other genera includ-
ed Terrimonas (4.6 %) and Thauera (2.2 %); minor phylo-
types (each <1 % of the total abundance) comprised 15 % of
the total abundance. For sampling #2, other genera included
Thauera (8 %), Nannocystis (6 %), Flavitalea (6 %),
Hyphomonas (2.7 %), and Terrimonas (2.6 %); minor phylo-
types comprised 22 % of the total abundance. For sampling
#3, other genera included Thauera (12 %), a member of
Flavobacteriales (4.6 %), Terrimonas (3 %), Flavitalea
(2.7 %), and Nannocystis (2 %); minor phylotypes comprised
18 % of the total abundance.

2DE analysis and proteomic profiling

To visualize and quantify changes in protein abundance under
ADF conditions using FDML as a feedstock, 2DEwas used to
resolve protein mixtures from the MMC in the enrichment
SBR at five time points during an operational cycle, as well
as a single time point during the accompanying fed-batch
PHA production assessments. The average protein concentra-
tion in whole cell lysates ranged from 9.6 to 15.2 mg mL−1

(Fig. S11). An example set of 2DE gels is shown in Fig. 4; all
other gels are shown in Figs. S12–S13. The resulting 2DE
spot patterns for replicate gels exhibited a strong correlation
with coefficients ranging from 0.71 to 0.95 (Table S3). As
shown in Fig. 4, protein spots were well resolved and exhib-
ited a range of apparent molecular weights (∼10–190 kDa)
and isoelectric points (within pH 4–7). In total, 712 protein
spots were detected on the composite image of all 18 gels
created using the REDFIN 3 Solo software. Lastly, horizontal
streaking and diffuse background interference on the gels
were minimal.

Protein spots that displayed high abundance across all gels
and those that exhibited large, statistically significant abun-
dance changes between the feast and famine phases or between
the SBR samples and fed-batch samples were given priority in
selection for LC-MS/MS proteomic analysis. In total, 90 pro-
tein spots were selected for LC-MS/MS, 83 of which generated
peptide spectra that could be searched using Mascot. Overall,
157 proteins met the search criteria for an acceptable protein
match from the 83 successfully analyzed protein spots (some
spots hadmore than one identified protein). Of those, 74 protein
identifications were accepted in relation to the prioritized pro-
tein spots (Tables 2, 3, 4, and 5; a complete list with protein
identification information is provided in Table S5).Meganema
perideroedeswas the most common microorganism for protein
assignments with 149 of the 157 proteins assigned accordingly.
As 69 of the protein assignments were hypothetical proteins,
Blastp was used for homology-based identification (Table S6);
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49 of the hypothetical proteins were matched with >50 % ami-
no acid identity to known bacterial proteins, and the 20 remain-
ing hypothetical proteins were matched with 31–49 % amino
acid identity. Generally, the observed molecular weight and
isoelectric points of the selected protein spots were in agree-
ment with calculated values.

As stated previously, protein spots displaying high abun-
dance on gels were prioritized for LC-MS/MS analysis. Five

highly abundant protein spots, each observed with an individ-
ual average normalized volume >1 % of the total spot volume
on all 18 gels, were first selected for identification. In order of
average abundance of each protein spot on all gels, these pro-
teins were identified as a porin, superoxide dismutase,
bacterioferritin, and two ABC transport proteins (Table 2).

For the feast phase, 28, 30, 44, and 33 proteins exhibited
statistically significant abundance increases relative to the

a Minor No ID

domain 0.01% 0.45%

phylum 1.88% 1.69%

class 2.58% 3.12%

order 6.97% 5.46%

family 8.35% 8.04%

genus 9.22% 16.38%

Sa
m
pl
in
g
#1

Bacteria (99.5%)

Proteobacteria (75.3%)

Planctomycetes (3.4%)

Chloroflexi (1.1%)
Bacteroidetes (15.3%)

Actinobacteria (1.3%)

Gammaproteobacteria (1.1%)
Deltaproteobacteria (1.5%)

Betaproteobacteria (4.8%)

Alphaproteobacteria (67.5%)
Planctomycetia (3.4%)

Sphingobacteriia (9.9%)

Flavobacteriia (3.1%)Cytophagia (1.7%)

Actinobacteria (1.3%)

Myxococcales (1.2%)
Rhodocyclales (2.3%)

Burkholderiales (2.3%)
Rhizobiales (63.7%)

Planctomycetales (3.4%)Sphingobacteriales (9.9%)

Flavobacteriales (3.1%)Cytophagales (1.7%)

Nannocystaceae (1.2%)
Rhodocyclaceae (2.3%)

Comamonadaceae (1.6%)
Methylobacteriaceae (61.8%)

Planctomycetaceae (3.4%)

Sphingobacteriaceae (2.4%)
Chitinophagaceae (7.4%)

Flavobacteriaceae (1.9%)

Cytophagaceae (1.6%)

Nannocystis (1.1%)
Thauera (2.2%)

Meganema (61.8%)

Rhodopirellula (2.2%)
Terrimonas (4.6%)Flavobacterium (1.3%)

Persicitalea (1.2%)

b

Sampling #1 17.96% 0.45%

Nannocystis (genus, 1.1%)

Thauera (genus, 2.2%)
Meganema (genus, 61.8%)

Alphaproteobacteria (class, 1.5%)
Rhodopirellula (genus, 2.2%)

Sphingobacteriaceae (family, 1.2%)

Terrimonas (genus, 4.6%)
Chitinophagaceae (family, 2.2%)

Flavobacterium (genus, 1.3%)
Flavobacteriales (order, 1.1%)

Persicitalea (genus, 1.2%)

Bacteria (domain, 1.2%)

Sampling #2 25.88% 0.42%

Gammaproteobacteria (class, 2.6%)

Nannocystis (genus, 6.7%)
Thauera (genus, 8%)

Aquabacterium (genus, 1.4%)

Burkholderiales (family, 1.2%)
Hyphomonas (genus, 2.8%)

Meganema (genus, 31.9%)
Rhizobiales (order, 1.3%)

Alphaproteobacteria (class, 2.2%)
Proteobacteria (phylum, 1.3%)

Terrimonas (genus, 2.6%)
Flavitalea (genus, 6.4%)

Flavobacterium (genus, 2.2%)
Flavobacteriaceae (family, 1%)

Bacteria (domain, 2.1%)

Sampling #3 19.19% 0.45%

Verrucomicrobium (genus, 1.6%)

Aquimonas (genus, 1.4%)
Nannocystis (genus, 2.2%)

Thauera (genus, 12%)

Aquabacterium (genus, 1.5%)
Burkholderiales (family, 1.7%)

Betaproteobacteria (class, 1.1%)

Meganema (genus, 38.5%)
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Alphaproteobacteria (class, 1.2%)
Proteobacteria (phylum, 1.3%)

Terrimonas (genus, 3.4%)

Flavitalea (genus, 2.8%)
Ferruginibacter (genus, 1.2%)

Chitinophagaceae (family, 1.8%)
Flavobacteriales (order, 4.7%)

Bacteroidetes (phylum, 1.8%)

Bacteria (domain,1.5%)

Fig. 3 Relative abundance and taxonomic classification of the 16S
rRNA gene sequencing results using the RDP. The classified
phylotypes are depicted in terms of the taxonomic hierarchy (a) and as
the best classification (b). In both a and b, phylotypes which were not
identified by the RDP or those whose identification at a specific

taxonomic level was not statistically significant were aggregated,
denoted BNo ID,^ and depicted in red. Identified phylotypes with less
than 1 % of the total relative abundance were aggregated, denoted
BMinor,^ and depicted in gray. Phylotypes with at least 1 % relative
abundance are labeled
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famine phase samples at 4.5, 11.5, 17.5, and 23.5, respectively.
In total, 25 protein spots from the feast phase were identified
(Table 3). Of particular interest, PHA synthesis-related proteins,
namely acetyl-CoA acetyltransferase and a phasin protein, were

identified. Other identified proteins exhibiting increased abun-
dance during the feast phase included three associated with
protein synthesis , two TCA cycle enzymes, two
uncharacterized membrane proteins, aldehyde dehydrogenase,
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Fig. 4 Representative colloidal Coomassie-stained 2DE gel images for
the SBR and fed-batch PHA production MMC proteins. Gel images are
from sampling #3; a–e represent the samples taken throughout the SBR
cycle; f represents the sample taken during the fed-batch PHA production
assessment (as depicted in Fig. 1). The contrast for the 2DE gel images
was uniformly adjusted across all images. The molecular weight markers
(kDa) and pH ranges are depicted on each 2DE gel image. The colored

numbers highlight protein spots that were identified with the most
abundant protein spots in blue, proteins exhibiting increased abundance
during the feast phase in green, proteins exhibiting increased abundance
during the famine phase in magenta, proteins exhibiting increased
abundance in the fed-batch in violet, and proteins exhibiting increased
abundance in the SBR in orange (respective proteins are listed in
Tables 2, 3, 4, and 5 and the abundances are in Figs. S15–S88)
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methylmalonate-semialdehyde dehydrogenase, malyl-CoA ly-
ase, 2,5-didehydrogluconate reductase, and translocation pro-
tein TolB. Evaluating functionally related feast phase proteins
over the SBR cycle (Figs. S20–S39), phasin proteins generally
decreased in abundance until the end of the cycle (23.5 h). Both
TCA cycle enzymes appeared to decrease at 4.5 h and then
remain approximately constant until the end of the cycle.
Translation proteins (elongation factor Tu and 50S ribosomal
protein L6) appeared to decrease at 4.5 h and then remain ap-
proximately constant for the rest of the cycle. Other PHA
synthesis-related proteins (i.e., NADPH-dependent
acetoacetyl-CoA reductase and PHA synthase) were detected
(Table S5), but the abundance and temporal characteristics
could not be specifically determined, as the peptides originated
from combined samples of multiple protein spots.

For the famine phase, 24, 19, 25, and 13 proteins exhibited
statistically significant increased abundance at 4.5, 11.5, 17.5,
and 23.5 h, respectively, compared to the feast phase (1 h). In
total, 30 protein spots from the famine phase were identified
(Table 4). Identified proteins included 11 ABC transport pro-
teins, four enzymes associated with acyl-CoA metabolism,
two subunits of the ATP synthase complex, quinohemoprotein
amine dehydrogenase, glycerol kinase, fumarate hydratase,
quinone oxidoreductase, molecular chaperone GroEL, TelA,
2′3′-cyclic-nucleotide 2′phosphodiesterase, Fis family tran-
scriptional regulator, elongation factor Tu, and an
uncharacterized membrane protein. Evaluating the abundance
of functionally related famine phase proteins over the SBR
cycle (Figs. S45–S72), most of the ABC transport proteins
appeared to steadily increase as the famine progressed, with
the highest abundance at 23.5 h. Other protein groups (e.g.,
proteins involved in acyl-CoA metabolism, housekeeping
functions, and energy production) did not appear to exhibit a
common trend.

Finally, comparing the fed-batch to the SBR samples, 19
protein spots exhibited statistically significant increases in
abundance in the fed-batch compared to the SBR; of these
proteins spots, 10 were selected for LC-MS/MS analysis

(Table 5). Identified proteins included a phasin, two subunits
of ATP synthase, methylmalonate-semialdehyde dehydroge-
nase, malate dehydrogenase, an ABC transport protein, and
molecular chaperone GroEL. Inverting the comparison (i.e.,
comparing the SBR samples to the fed-batch PHA production
samples), six proteins were in higher abundance in all of the
SBR samples compared to the fed-batch PHA production
samples. Of those, four were selected for LC-MS/MS analysis
and identified (Table 5) as dihydrolipoamide dehydrogenase,
adenylate kinase, an amino acid transporter, and a
transcription/antitermination factor.

Discussion

Enrichment SBR and fed-batch process performance

The objective of this research was to develop an enhanced
understanding of MMC structure function associated with a
feast-famine PHA synthesis response when cultivated on
fermented dairy manure under ADF conditions. The establish-
ment of a feast-famine metabolic response using this feed-
stock and the applied ADF conditions was validated through
the observed bulk solution changes (e.g., VFA uptake, DO
profile, PHA synthesis, and mobilization). Bulk solution
MMC-influenced parameters in this study, including VFA
consumption rates, maximum PHA content, and PHA produc-
tion yields in the enrichment SBR, were in line with other
studies using fermented waste feedstocks (Morgan-
Sagastume et al. 2010; Oehmen et al. 2014). Consistent with
VFA uptake, COD was consumed during the feast phase;
COD remained approximately constant during the famine
phase, suggesting the residual COD was either recalcitrant
or too slowly biodegradable to be appreciably consumedwith-
in the SBR cycle. Thus, even though non-VFA carbon sources
were not monitored, the results suggested that the VFAs in the
FDML were the primary substrates driving PHA synthesis.

Table 2 Identification and functional characterization of the most abundant proteins observed on all 2DE gels

Spot Protein namea Accession Mascot score Matched peptides MWb pIc General function

1 Porin* WP_018631314 227 4 36,221 4.53 Nutrient transport

3 Superoxide dismutase* WP_018632695 209 4 21,878 5.89 Reactive oxygen
species destruction

5 Bacterioferritin WP_026310284 227 4 18,528 4.95 Iron homeostasis

4 Amino acid ABC transporter
substrate-binding protein*

WP_018632268 722 8 37,781 4.89 Nutrient transport

6 ABC transporter substrate-binding protein* WP_018631899 614 9 39,576 6.36 Nutrient transport

a An * indicates homology-based identification of a hypothetical protein using Blastp (see Table S6 for related information)
b The calculated molecular weight of the identified protein
c The calculated isoelectric point of the identified protein
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PHA production in a fed-batch reactor was evaluated to
assess the overall PHA production capacity of the enriched
MMC. The maximum PHA content reached in this study
(40 % wt. basis) was in the range of other studies using waste
feedstocks, including tomato cannery wastewater (∼20 %)
(Liu et al. 2008) and fermented paper mill effluent (∼48 %)
(Bengtsson et al. 2008), although lower compared to other
fermented feedstocks, such as molasses (∼74 %)
(Albuquerque et al. 2013) and paper mill wastewater
(∼77 %) (Jiang et al. 2012). The PHA yield in the fed-batch
assessments was generally lower compared to previous stud-
ies using fermented waste feedstocks (0.62–0.80 Cmmol
PHA Cmmol VFA−1) (Albuquerque et al. 2013; Jiang et al.
2012); the PHAyield observed for sampling #1 (1.14 Cmmol
PHA Cmmol VFA−1) indicated non-VFA substrates contrib-
uted to PHA production. Though not quantified, the non-VFA
readily biodegradable substrate may have included residual,
unfermented substrate from the first stage (considering the
original matrix was raw dairy manure, simple carbohydrates
and long chain fatty acids are logical candidates). Comparing
the aforementioned intracellular PHA content and production
yield values reported in the literature to this research suggests
further optimization of the reactors operated herein is possible.
Nevertheless, the enriched MMC was a suitable candidate for
the microbial community and proteomic profiling as the feast-
famine response was consistently observed and the PHA pro-
duction in the fed-batch reactor exceeded that in the enrich-
ment SBR in all three sampling events.

Microbial community analysis

The microbial composition of the MMC, interrogated through
high-throughput 16S rRNA gene sequencing, differed signif-
icantly at the genus level as compared with other ADF enrich-
ment investigations. Though the most abundant genus identi-
fied in this study (Meganema) has been observed in another
ADF enrichment SBR (Majone et al. 2006), the high abun-
dance ofMeganemawas in contrast to other studies that more
commonly reported dominant genera including Thauera
(Albuquerque et al. 2013; Carvalho et al. 2013; Lemos et al.
2008), Azoarcus (Bengtsson et al. 2010a; Bengtsson et al.
2010b; Waller et al. 2012), or Plasticicumulans (Jiang et al.
2011; Jiang et al. 2012; Marang et al. 2013). Additionally,
some of the PHA-producing genera identified in this study
such as Nannocystis, Hyphomonas, and Rhodopirellula have
not been reported in other ADF investigations involving waste
feedstocks. The number of taxa identified in this study was
also higher compared to previous studies, and the microbial
diversity (based on the Shannon index) was higher than that
reported for an ADF enrichment SBR cultivated on fermented
molasses (Shannon index ≤1.0) (Carvalho et al. 2013). High-
throughput DNA sequencing (i.e., a more sophisticated meth-
od as compared to FISH or DGGE DNA band sequencing)T
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may explain the more diverse MMC observed in this study,
but other possible explanations for the dissimilarity in micro-
bial composition include differing inoculum sources, feed-
stock composition, and applied operating conditions. More
importantly, independent of the marked differences in micro-
bial composition in this study relative to others, a similar feast-
famine response at a bulk solution-level was observed in the
SBR, indicating that the microbial composition may not be the
strongest determinant in eliciting a feast-famine response.
Rather, the functional capabilities of the taxa present may be
more pertinent.

To explore the potential implications of the microbial com-
position and associated functional capabilities with respect to
the bulk solution parameter observations, the major phylo-
types (those comprising at least 1 % of the total abundance)
during the sampling events were further scrutinized. Of note,
not all phylotypes were assigned at the species level, meaning
that the associated functional capabilities could not be
established with certainty. However, for the sake of specula-
tion, subordinate taxa (and their associated physiology) may
be considered as surrogates in the evaluation of bulk solution
changes. For example, the capabilities of the most abundant
genus identified (Meganema) may be evaluated by consider-
ing the only species currently in the RDP database, namely
M. perideroedes, as a proxy.M. perideroedes is a filamentous
organism that was identified in activated sludge (Thomsen
et al. 2006) and was shown to exhibit rapid substrate uptake
(including acetate, propionate, and butyrate) using various
electron acceptors (oxygen, nitrite, and nitrate) in addition to
a high PHA accumulation capacity (Kragelund et al. 2005;
Thomsen et al. 2006). These metabolic characteristics of
M. perideroedes, coupled with the observation of more than
half of the major phylotypes identified having at least one
member known to possess a subset of VFA assimilation,
PHA synthesis, or denitrification (at least one step), aligned
with the observed bulk solution changes.

Considering the three sampling events, the maximum PHA
content and PHA yield achieved in the fed-batch production
assessments corresponded to the MMC composition with the
lowest species richness and diversity (sampling #1), whereas
the lowest maximum PHA content and PHA yield
corresponded to the MMC with the highest species richness
(sampling #3). Comparatively, some of the highest maximum
PHA contents achieved (75–80 % PHA for waste feedstocks
(Albuquerque et al. 2010; Carvalho et al. 2013) and upwards
of 90 % PHB for synthetic substrates (Jiang et al. 2011;
Johnson et al. 2009)) were achieved with MMC enrichments
with low microbial diversity. Accordingly, lower microbial
diversity in enriched MMCs may be favorable for fed-batch
PHA production, particularly when increased microbial diver-
sity is associated with more non-PHA-producing bacteria—an
observation other investigations have also made (Jiang et al.
2012; Queiros et al. 2014; Tamis et al. 2014). Considering the

superior microbial community characterization obtainable
using high-throughput 16S rRNA gene sequencing, the tool
may provide a useful means to assess and troubleshoot overall
PHA process operations and performance.

Proteomic profiling

The application of proteomics to an ADF-driven system com-
plements the pre-existing, well-established macro-level char-
acterization of these systems by providing the protein and
enzymatic-level perspective necessary to enhance associated
process knowledge. Indeed, the high resolving power of 2DE
coupled with LC-MS/MS permitted the evaluation of highly
abundant proteins in the MMC and those exhibiting differen-
tial abundance during an SBR cycle and fed-batch PHA pro-
duction. Overall, the quality of the 2DE gels and number of
protein spots resolved in this study were comparable to other
studies involving processes with complex MMCs, such as
enhanced biological phosphorus removal (Wilmes et al.
2008) and anaerobic digestion (Hanreich et al. 2013). The
numerous assignments to M. perideroedes substantiated the
observed abundance of the genus as revealed by the 16S
rRNA gene sequencing. The detection of proteins associated
with other taxa may have been impeded by the lack of genome
sequences available for many of the genera identified, coupled
with potential biases towards proteins arising from the most
abundant species in the protein extraction procedure or 2DE
(Holmsgaard et al. 2011; Jehmlich et al. 2010). Nevertheless,
proteins physiologically relevant to the metabolic response of
the MMC to ADF conditions and PHA synthesis/degradation
were identified, supporting the macro-level observations and
microbial phylogenetic characterization.

Highly abundant proteins

Highly abundant protein spots shared by all gels were expect-
ed to provide insight into prominent functions in the MMC
which proceeded independent of exogenous substrate avail-
ability. The consistently high abundance of porin proteins may
be explained by the necessity to sustain nutrient (small mole-
cules <1000 Da; e.g., ions, carbohydrates, peptides, signaling
molecules, etc.) diffusion and transport into the cell (Koch
1990; Koch 1997; Konopka 2000), which was further sup-
ported by the high abundance of two amino acid transporters.
The high abundance of superoxide dismutase throughout the
SBR cycle was consistent with the need to destroy superoxide
anion radicals generated under the applied aerobic conditions
(White 2007). The high abundance of bacterioferritin may
have contributed to the destruction of the hydrogen peroxide
produced by superoxide dismutase, since these iron storage
proteins exhibit ferroxidation chemistry, in addition to contrib-
uting to iron homeostasis (Chiancone et al. 2004).
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Feast phase

The identification of proteins integral to PHA synthesis during
the SBR feast phase corroborated the VFA uptake and PHA
synthesis behavior consistently observed under ADF condi-
tions. The increased abundance of acetyl-CoA acetyltransfer-
ase (also referred to as β-ketothiolase) was logical, as this
enzyme catalyzes the first step of polyhydroxybutyrate syn-
thesis via the condensation of two acetyl-CoA moieties to
yield acetoacetyl-CoA (the precursor to HB) (Steinbüchel
and Schlegel 1991). This enzyme may have also been in-
volved in the condensation of acetyl-CoA and propionyl-
CoA to yield 3-ketovaleryl-CoA (the precursor to HV). The
presence of this enzyme for the entire SBR cycle (Fig. S21)
was in accordance with pure culture studies reporting the en-
zyme’s constitutive expression and involvement in other met-
abolic pathways (Brigham et al. 2012; Lawrence et al. 2005).
In fact, a basal level of acetyl-CoA acetyltransferase at the end
of the SBR cycle may be advantageous to PHA-producing
bacteria, as PHA synthesis could be initiated quickly in the
subsequent feast phase. Lastly, the presence of acetyl-CoA
acetyltransferase coupled with the detection of peptides from
NADPH-dependent acetoacetyl-CoA reductase and PHA syn-
thase (Table S5) provides the first experimental evidence of
the enzymes constituting the canonical PHA synthesis path-
way in anMMC cultivated under ADF conditions, supporting
the assumed similarity with pure cultures.

Also aligning with the observed PHA synthesis was the
detection of multiple phasin proteins, which are non-
catalytic structural proteins that envelope the surface of PHA
granules (Pötter and Steinbüchel 2005). Phasins have been
shown to be involved with diverse functions, including
preventing PHA granule coalescence upon contact with the
cytoplasm (Wieczorek et al. 1995), regulating the size and
number of PHA granules (Kuchta et al. 2007) and displaying
chaperone-like protection from heat and superoxide stress
(Mezzina et al. 2015). Apart from roles in PHA synthesis,
phasin proteins have also been shown to be involved in
PHA degradation (Kuchta et al. 2007). Additionally, in pure
culture investigations, distinct phasin proteins (Pötter et al.
2004; Wieczorek et al. 1995) and phasin isoforms (Smit
et al. 2012) have been identified in relation to PHA synthesis.
Considering some of the phasin protein spots detected in this
study displayed markedly different isoelectric points, some of
the phasin proteins may have been unique, potentially
exhibiting differential functionality in catabolic or anabolic
processes. Accordingly, phasin isoforms in the MMC may
have functioned in modulating the transport of PHA mono-
mers or oligomers across the PHA granule surface, making
them available for central metabolic processes.

Additional proteins identified from the feast phase rein-
forced the simultaneous occurrence of PHA synthesis and
growth often inferred from bulk solution parameter

assessments. Specifically, the detection of enzymes involved
with energy generation for growth and cellular maintenance
(viz. isocitrate dehydrogenase, malate dehydrogenase, malyl-
CoA lyase, and aldehyde dehydrogenase) supported the con-
cept that carbon substrates were used for respiration concur-
rent with PHA synthesis (Dias et al. 2006; Reis et al. 2003).
Related to cellular respiration and PHA synthesis, biochemi-
cal reactions generating reducing equivalents during the feast
phase were expected to occur. Indeed, NADPH, the electron
carrier supplying reducing equivalents to PHA, could have
been generated by the reaction catalyzed by isocitrate dehy-
drogenase (isocitrate + NADP+ ↔α-ketoglutarate + CO2 +
NADPH + H+) (White 2007) as well as by the activity of 2,
5-didehydrogluconate reductase (2-keto-D-gluconic acid +
NADP+ ↔ 2,5-didehydro-D-gluconate + NADPH + H+)
(Khurana et al. 2000). Additionally, the detection of proteins
involved in protein synthesis (viz. 50S ribosomal protein L6,
elongation factor Tu, chaperone GroEL) in increased abun-
dance during the feast phase supported biomass growth con-
current with PHA synthesis.

Finally, the detection of methylmalonate-semialdehyde de-
hydrogenase during the feast phase was intriguing, as this
enzyme can generate acetyl-CoA and propionyl-CoA
(PHBV precursors) from malonate semialdehyde and
methylmalonate-semialdehyde, respectively, which are inter-
mediates of valine degradation (Bannerjee et al. 1970).
Though the presence of valine in the FDML was undeter-
mined, PHBV synthesis has been reported for a pure culture
mutant that overproduced valine in the presence of sufficient
ammonia (Steinbüchel and Pieper 1992), suggesting the ami-
no acid may be a suitable precursor for PHBV synthesis in
MMCs. Accordingly, supplementing waste feedstocks with
valine may offer a strategy to increase the HV content of
PHA and thus improve polymer material properties
(Dekoning 1995).

Famine phase

The ability to sequester exogenous nutrients while concurrent-
ly utilizing endogenous reserves to support growth and cellu-
lar maintenance during the famine phase is expected to be a
critical aspect of the MMC functional response to ADF con-
ditions. In this regard, the detection of ABC transporters in
multiple discrete protein spots, many of which increased in
abundance as the SBR cycle progressed (Figs. S45–S55),
aligned with the use of binding protein-dependent systems
for nutrient acquisition (Ferenci 1999). More specifically, ex-
ogenous amino acids may have been in decreased abundance
since at least three of the assigned ABC transporters were
specific for amino acids and an enzyme involved in serine
biosynthesis (D-3-phosphoglycerate dehydrogenase) was de-
tected. Beyond the value of obtaining nutrients to support
growth and cellular maintenance during the famine phase,
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the presence of many ABC transporters in high abundance at
the end of an SBR cycle provides an additional explanation for
the rapid substrate uptake in the subsequent feast phase.
Previous descriptions concerning the feast phase have empha-
sized that PHA storage facilitates rapid substrate uptake
(Johnson et al. 2009; Reis et al. 2003; van Loosdrecht et al.
1997), but the results presented herein suggest the abundance
of transport proteins may also be important in facilitating rapid
substrate uptake.

Another central concept concerning the functional response
to ADF conditions includes the famine phase mobilization of
PHA stores to support growth and cellular maintenance. The
increased abundance of acetyl-CoA synthetase, propionyl-
CoA synthetase, and succinyl-CoA:3-ketoacid-CoA transfer-
ase corresponded with the observed PHA depletion. As PHA
was hydrolyzed, liberated PHA monomers could have been
activated by the aforementioned acyl-CoA synthetases to me-
tabolites suitable for oxidation (Ruth et al. 2008), possibly
through the TCA cycle as evidenced by the detection of fuma-
rate hydratase in increased abundance (coupled with the
presence of TCA cycle enzymes identified from the feast
phase, Figs. S27, S29, S30, S33). The resulting acetyl-CoA
could immediately enter the TCA cycle, whereas propionyl-
CoA could either enter the TCA cycle as succinyl-CoA (via
methylmalonyl-CoA) or be converted to pyruvate via the
methylcitrate pathway (Textor et al. 1997). The detection of
succinyl-CoA:3-ketoacid-CoA transferase further supported
PHA monomer utilization via the TCA cycle, as this enzyme
is involved in the reversible condensation of acetoacetyl-CoA
and succinate to yield succinyl-CoA and acetoacetate.

Because MMCs must respond to diminishing exogenous
nutrients in ADF SBRs during the famine phase, energy gen-
eration and substrate scavenging are anticipated to be crucial
functions. The necessity of generating energy during the fam-
ine phase was supported by the detection of two ATP synthase
subunits, quinone oxidoreductase and aldehyde dehydroge-
nase, in increased abundance. Regarding substrate scaveng-
ing, the increased abundance of quinohemoprotein amine de-
hydrogenase, an enzyme that deaminates primary aliphatic
and aromatic amines, suggested the utilization of amines as
a source of carbon, nitrogen, and energy (Takagi et al. 2001).
Additionally, though the detection of glycerol kinase in in-
creased abundance was not expected (as glycerol was not
anticipated to be present in the FDML), the enzyme can phos-
phorylate other substrates including dihydroxyacetone, D-
glyceraldehyde, and L-glyceraldehyde (Hayashi and Lin
1967), which could contribute to the generation of biomass
precursors, thus supporting growth.

Cellular maintenance and housekeeping functions are ex-
pected to occur during the famine phase. The detection of
chaperone GroEL in increased abundance may have been
partly attributed to new protein synthesis that may have oc-
curred during the famine phase. Additionally, an increase in

chaperone GroEL during the famine phase may have been in
response to potential protein misfolding caused by physiolog-
ical stress, as observed in another study wherein an increase in
chaperone GroEL was detected in response to starvation
(Patrauchan et al. 2012). Lastly, the identification of proteins
involved in other housekeeping functions (e.g., transcription
and DNA processing) in increased abundance supported
existing descriptions of maintenance functions occurring in
the famine (Albuquerque et al. 2010; Dias et al. 2006).

Fed-batch PHA production

The proteome profile for the fed-batch PHA production as-
sessments was expected to share commonalities with the feast
phase of the SBR cycle, with potential increased abundance of
critical PHA synthesis-related proteins. Indeed, acetyl-CoA
acetyltransferase and multiple phasin proteins were in in-
creased abundance during the fed-batch PHA production as-
sessments, which was in agreement with the higher PHA con-
tent achieved therein. Also similar to the feast phase proteome
profile for the SBR, the detection of methylmalonate-
semialdehyde dehydrogenase in increased abundance during
fed-batch PHA production suggested valine may be a poten-
tially useful substrate for fed-batch PHA production to in-
crease PHA content and HV fraction. Comparing the SBR in
its entirety to fed-batch PHA production, dihydrolipoamide
dehydrogenase, adenylate kinase, and a transcription/
antitermination factor were detected in increased abundance,
reinforcing the activity of central metabolic pathways, energy
homeostasis maintenance, and housekeeping functions in the
MMC in the enrichment SBR. Additionally, the increased
abundance of an amino acid transporter in the SBR indicates
that amino acid transport may be less crucial during fed-batch
PHA production, supporting the characterization of the fed-
batch condition as an extended feast phase (section BFeast
phase^). Though these four proteins provide limited insight
into the differences in performance between the fed-batch and
SBR, their detection does contribute to a larger perspective.
Considering the proteomic results presented herein in aggre-
gate, it is apparent that the MMC functionality under ADF
conditions extends beyond the reductionist models commonly
adopted. By expanding the coverage of identified proteins, the
range and implications of this functional diversity may be
elucidated, revealing not only the physiological differences
between the ADF enrichment and PHA production conditions
but also additional insight for overall process design and
operation.

In conclusion, this study investigated, for the first time, the
microbial community proteome of an enriched MMC as part of
a multi-stage, ADF-driven PHA production system cultivated
on a waste feedstock. Despite differing operating conditions
and microbial community composition relative to other inves-
tigations using fermented waste feedstocks, a feast-famine
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metabolic response was established in the MMC, which high-
lights the flexibility in implementing ADF conditions. Many of
the proteins detected in this study could be directly linked to
aspects of the existing conceptual descriptions of the MMC
feast-famine metabolic response under ADF conditions, pro-
viding evidence in support of conventional bulk solution vari-
able observations. In addition, new insight was gained regard-
ing particular microbial physiological features that have gener-
ally been overlooked in the context of ADF-drivenMMC PHA
production. For example, the observation of several discrete
phasin proteins exhibiting differential abundance during the
SBR cycle and fed-batch PHA production suggested these
PHA granule-bound proteins may have potentially unique roles
in both MMC enrichment via ADF and PHA production. The
abundance dynamics of ATP-binding dependent transport pro-
teins during the SBR cycle underscored the significance of
nutrient transport under ADF conditions, in relation to both
scavenging nutrients to withstand famine conditions and facil-
itating rapid substrate uptake upon commencement of the sub-
sequent feast phase. Lastly, this proteomic analysis may provide
an enhanced basis from which future studies may expand. For
example, particular proteins detected in this study (e.g.,
phasins) may be the focus of further biochemical, functional,
and regulatory characterization in relation to PHA process per-
formance. Ultimately, the enhancement of the fundamental un-
derstanding of MMC functionality under ADF and fed-batch
PHA production conditions may contribute to the optimization
of large-scalemulti-stage PHA production schemes usingwaste
feedstocks and MMCs.
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