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Abstract The aim of the study was to investigate the use
of dark fermented paperboard mill wastewater (PMW)
containing volatile fatty acids for polyhydroxyalkanoates
(PHA) production. Six sequencing batch reactors (SBRs)
were initially fed with synthetic feed containing acetate and
operated at different organic loading rates (OLRs) of 0.5,
1.0, 1.5, 2.0, 2.5, and 3.0 gCOD 1! da)Fl for PHA-storing
bacteria enrichment. The maximum PHA content and yield
(Ypuass) were 67.44 £ 5.88 % and 0.45 £ 0.39 C-mol C-
mol ' at OLR of 1.5 gCOD 1" day ™', respectively. The
synthetic feed was replaced by dark fermented PMW
effluent rich in acetate, butyrate, propionate, and lactate at
the accumulation stage resulting in a PHA content and
yield of 58.57 + 4.02 % and 0.46 + 0.09 C-mol C-mol ™',
respectively. The maximum specific PHA production rate
(g ) amounted to 0.29 + 0.1 C-mol C-mol™" X' h™'.
Illumina MiSeq sequencing of bacterial 16S rRNA gene
showed that Proteobacteria and Bacteroidetes increased
from 37.4 to 77.6 % and from 2.49 to 17.66 % at enrich-
ment and accumulation stages, respectively. Actinobacteria
(15.44 %), Chloroflexi (8.15 %), Planctomycetes (7.46 %),
and Acidobacteria (6.0 %) were detected at the enrichment
SBRs.
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Introduction

The paperboard industry is considered not only from the
largest polluting sources in developing countries, but also
produces a huge amount of severe wastewater. The com-
position of paperboard mill wastewater (PMW) is largely
fluctuated and characterized by high chemical oxygen
demand (COD), biochemical oxygen demand (BODs), and
total suspended solids (TSS), which cannot be discharged
into the sewerage network and/or water streams (Farghaly
et al. 2015). PMW could be a promising substrate for
energy production in the form of hydrogen and/or methane
via dark fermentation processes (Foglia et al. 2011). The
produced biofuels represent a clean energy source and a
better alternative to the depleted fossil fuels (Al-Shorgani
et al. 2014). Nevertheless, considerable concentrations of

@ Springer


http://orcid.org/0000-0002-8014-3006
http://crossmark.crossref.org/dialog/?doi=10.1007/s10098-016-1286-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10098-016-1286-9&amp;domain=pdf

936

A. Farghaly et al.

organic matter, soluble metabolic products, and nitroge-
nous compounds remain in the dark fermented effluents
causing serious problems for the environment. Fortunately,
the volatile fatty acids (VFAs) contained in these effluents
could be easily utilized for value-added products such as
polyhydroxyalkanoates (PHA) (Shahzad et al. 2013). Fur-
thermore, PHA production from such wastewaters is
accompanied by considerable reductions in organics and
nitrogenous compounds (Bengtsson et al. 2008).

The PHA content and yield depends mainly on the
imposed organic loading rate (OLR) and the type of sub-
strate (Reddy and Mohan 2012a, 2012b; Khandpur et al.,
2012). Carvalho et al. (2014) found that the maximum
specific PHA production rate decreased from 0.11 to
0.05 C-mol C-mol~' X! h™! by increasing the OLR from
90 to 120 C-mmol 17! day ™', respectively. The excessive
available substrate deteriorated the PHA production
resulting in the death of the storing bacterial cultures
(Khandpur et al. 2012). On the other hand, using a syn-
thetic feed for PHA-storing bacteria enrichment was found
to provide a high PHA yield as compared to real dark
fermented effluents. For instance, Johnson et al. (2009)
achieved 89 % of polyhydroxybutyrate (PHB) using acet-
ate at a retention time of 7.6 h. Using a mixture of acetate
and lactate (1:1) for enriching the storing bacteria was
followed by 84 % of PHB accumulation after 8 h. In
addition, Chua et al. (2003) found that the supplementation
of municipal wastewater with acetate increased the PHA
content by 1.5-fold. However, only 48 % of PHA was
produced using dark fermented PMW effluent (Bengtsson
et al. (2008). This is related to the presence of non-VFAs in
the dark fermented effluents which affect negatively the
PHA-storing bacteria enrichment performance. In this case,
the cell growth is prioritized rather than PHA accumulation
and the growth of non-PHA-storing bacteria might take
place (Bengtsson et al. 2008; Tamis et al. 2014).

Therefore, acetate has been selected in this study to
achieve a high PHA production from the dark fermented
PMW effluent, where acetate is considered the most
assimilated carbon source for enriching the PHA-storing
bacteria as reported earlier by Chua et al. (2003). The
specific objectives of the present study were to 1. Investigate
the efficiency of the dark fermentation process by using an
anaerobic baffled reactor for VFAs production from PMW at
different OLRs. 2. Assess the capability of sequencing batch
reactors (SBRs) fed with a synthetic feed containing acetate
for PHA-storing bacteria enrichment. 3. Study the effect of
replacing the synthetic feed with dark fermented PMW
effluent on PHA accumulation, and 4. Identify the microbial
community at the enrichment and accumulation stages by
using the next generation sequencing (NGS) analysis (Illu-
mina MiSeq).
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Materials and methods
Paperboard mill wastewater (PMW)

The end-of-pipe effluent of the El-Dar Bidaa paperboard
manufacturing factory was daily collected and immediately
analyzed and fed to the anaerobic baffled reactor. The
factory is situated in new Borg Al-Arab city and generates
approximately 700 m® day ™' of PMW, which is discharged
into sewerage network without treatment. Recycled papers
and paperboard wastes are the main raw materials for
manufacturing processes. The factory produces approxi-
mately 60 ton day~' of paperboard. The physicochemical
characteristics of the PMW in g 17! are as follows: total
COD (1.19 + 0.16), soluble COD (0.92 £ 0.12), TSS
(0.96 £ 0.2), volatile suspended solids (VSS: 0.46 £ 0.07),
total VFAs (0.16 = 0.11), ammonium nitrogen (NH,4-N:
0.004 £ 0.003), total nitrogen (TN: 0.023 £ 0.004), and
pH (7.21 £ 0.04). The BODs/COD ratio was 0.57 which is
suitable for the dark fermentation process.

Dark fermentation of PMW at different organic
loading rates

An anaerobic baffled reactor (ABR) of 30 L was operated
for VFAs production from PMW via dark fermentation as
described earlier by Farghaly and Tawfik (2016) (Fig. 1).
The OLR was maintained at 0.75, 1.1, 1.5, and 2.2 gCOD
17" day~' by controlling the pump flow rate. The reactor
was continuously fed with PMW and operated at an
ambient temperature of (22-30 °C). The fermented PMW
effluents were collected and used as influents for the PHA
accumulation stage. The physicochemical characteristics of
the fermented PMW effluents at different OLRs are listed
in Table 1.

Sequencing batch reactors (SBRs)
for the production of polyhydroxyalkanoates

The use of synthetic feed containing acetate for PHA-
storing bacteria enrichment

The enrichment of PHA-storing bacteria was carried out by
using six identical sequencing batch reactors (SBRs) fabri-
cated from Perspex glass with a working volume of 4 1
(Fig. 1). The SBRs were equally inoculated with 2 1of aerobic
sludge harvested from a full-scale municipal wastewater
treatment plant (Alexandria, Egypt). The reactors were fed
with synthetic feed containing acetate and operated at differ-
ent OLRs of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 gCOD 1! day_l.
NH4CI and KH,PO4 ,,q were supplemented to the feed
resulting in C:N:P ratio of 100:8:1 (Carvalho etal. 2014). | M
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HCI and NaOH were occasionally supplied to the SBRs in
order to maintain the pH value at a level of 7.0 &= 0.2. The
SBRs were operated under the aerobiosis process (feast and
famine) at a hydraulic retention time of 24 h, two cycles per
day. Each cycle consisted of influent feeding (5 min), aero-
biosis (11 h), settling period (40 min), and supernatant
decanting (15 min). The SBRs were aerated by a fine bubble
diffuser at a flow rate of 0.9 ml min~"'. The sludge residence
time was kept constant at 10 days by intentionally with-
drawing the excess sludge (Albuquerque et al. 2010a, 2010b).
The steady state was achieved after about 1 month (62 cycles)
of operation when the TSS at the end of each cycle and the
length of the feast phase became stable.

PHA accumulation stage using acetate-enriched bacteria
supplemented with dark fermented PMW effluents

The steady-state enriched PHA-storing bacteria were fed
with the fermented PMW effluents at the end of the famine
phase as described by Albuquerque et al. (2010a, b). Prior
to starting the experiments, the suspended solids were
removed from the fermented PMW effluents by centrifu-
gation (6000x g, 10 min). The SBRs were aerated through
a fine bubble diffuser with a constant airflow rate of
0.9 ml min~" for 12 h, and the biomass was periodically
harvested and concentrated by using centrifuge (6000x g,
10 min). The pH value of the feed was adjusted at
7.0 £ 0.2 using 1 M HCI or 1 M NaOH, and the temper-
ature was maintained at 30 °C.

Calculations

PHA
PHA content % = g0

x 100
gVSS

Fig. 1 A schematic diagram of
PHA production system using
acetate-enriched bacteria and
dark fermented PMW effluents
at different OLRs
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where VSS is the volatile suspended solids, Ypya/s is the
PHA yield, and Yy is the active biomass yield. Maximum
specific substrate uptake rate (¢™* in C-mol C-mol™' -
X 'h™") and maximum specific PHA production rate
(gm&% in C-mol C-mol™" X' h™") were calculated by
linear regression of the concentrations, divided by the
average active biomass concentration in the intervals. The
specific active biomass growth rate (iu) was determined
from the linear regression of the trend in InX versus time
over the batch experiments. The active biomass concen-
tration was converted from g 1~" into carbon moles per liter
(C-mol 17Y), assuming a composition of CH; 3O 5Ny, and
a molecular weight including ash of 25.1 g C-mol ' (Katja
et al. 2009). PHA concentration (in C-mol 17") corresponds
to the sum of PHB and PHV monomer concentrations (in
C-mol 171) (Bengtsson et al. 2008; Tamis et al. 2014). The
results of each experiment were assumed to be independent
with a different variance. The single-factor analysis of
variance (ANOVA) using Microsoft Excel 2010 was per-
formed, and the statistical significance was considered at a
p value <0.05.

Analytical methods
The VFAs, acetate (HAc), butyrate (HBu), propionate

(HPr), and lactate (HLa) were analyzed using a high-per-
formance liquid chromatography (HPLC) (LC-10AD,
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Table 1 Average

. . .. Parameters (mg 1~
physicochemical characteristics (mg 1)

OLRs (gCOD 17! day™") (average + STD)

of the fermented effluents 0.75 1.1 15 22

resulted at different OLRs
Total COD 746 £ 25.1 589 + 29.3 477 £ 12.8 247 £ 4.7
Soluble COD 482 + 424 318 £ 31 253 £+ 18.1 112 £ 9.5
Carbohydrates 142.7 + 10.2 121.5 + 10.2 83.2 £ 10.2 62.4 £ 10.2
Total VFAs 225 + 14.58 241 + 19.6 259 + 17.11 340 £+ 21.1
NH4-N 5.8 £ 0.41 7.7 £ 0.39 13.6 £ 0.57 16.1 £ 1.17
TN 31.3 £ 2.36 35.7 £ 0.76 39.6 + 0.95 43.6 £ 1.28

Shimadzu, Japan). It is provided with an ultraviolet
detector using a Shim-pack HPLC column (4.6 x 250 mm,
VP-ODS, vertical). The temperature of the column oven
was 40 °C. Four mM H, SO4 was used as a mobile phase
(flow rate 0.5 mlmin~') for 22 min followed by
0.4 ml min~' for 8 min. Sludge analysis, total COD, sol-
uble COD, BODs, MLSS, MLVSS, NH4-N, TN, and car-
bohydrates were determined according to APHA (2005).
Dissolved oxygen (DO), temperature, and pH were mea-
sured by using Thermo Scientific Orion StarTM Alll
meters.

Extraction and analysis of PHA

Samples harvested for PHA analysis were added to 15-ml
falcon tubes with five drops of formaldehyde to stop the
biological activity (Katja et al. 2009). Extraction and
estimation of PHA were performed based on the procedure
reported by Reddy and Mohan (2012a). The collected
biomass was separated from the substrate by centrifugation
(6000x g for 30 min), and the resulting pellets were con-
tinuously washed with acetone and ethanol individually for
the removal of unwanted materials. The pellets were sub-
sequently suspended in an equal volume of sodium
hypochlorite (4 %) and incubated at a room temperature
for 3 h. The resulting mixture was centrifuged (6000x g for
30 min), and the supernatant was discarded. After washing
simultaneously with acetone and ethanol, the pellets with
lysed cells were dissolved in hot chloroform and passed
through a glass fiber filter (0.45 pm pore size) to separate
the polymer from the cells debris. The chloroform filtrate
was used to estimate the PHA colorimetrically (Double-
beam V-630 UV-Vis Spectrophotometer, Japan). PHA
polymer extracted in chloroform was subjected to evapo-
ration followed by the addition of 10 ml sulfuric acid
(36 N) and heated at a temperature of 100 °C for 10 min.
The addition of sulfuric acid converts the polymer to cro-
tonic acid. The cooled solution was measured at an
absorbance of 235 and 285 nm for PHB and PHV con-
centration, respectively. The sulfuric acid was used as a
blank sample. The standard curve was prepared using pure
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poly-3 (hydroxybutyrate-co-hydroxyvalerate) (copolymer;
natural origin, Aldrich).

Microbial community analysis
Sample collection and extraction of genomic DNA

Samples at the best storage performance during the aero-
biosis and accumulation stages were collected from the
reactors for microbial analysis. Total genomic DNA was
extracted using fast DNA Spin Kit (MP Biomedicals, LLC,
Solon, OH) following the manufacturer’s instructions. Two
milliliters of the samples was centrifuged at 9600x g for
5 min, and the resulted pellets were washed twice using
1 x PBS. The latter step was repeated twice to remove all
the debris from the samples, after which the extraction was
performed. The quality and quantity of the extracted DNA
were assessed using a Nanodrop Spectrophotometer (ND-
1000), Qubit fluorimeter analysis and confirmed by agarose
(1 %) gel electrophoresis. The samples were subsequently
stored at —20 °C for further analysis.

lllumina MiSeq sequencing and bioinformatics analysis

The extracted DNA was analyzed using an Illumina MiSeq
sequencing platform, using the universal bacterial fusion
primer sets derived from the V3-V4 region of the 16S
rRNA with adapter primers attached to its 3’-end (Klind-
worth et al. 2013). The products of PCR were sequenced
using the Illumina (MiSeq) next generation sequencing
platform. The obtained sequence was analyzed using CLC
Main Bench software. The raw sequence dataset was
cleaned by removing all sequences containing ambiguous
nucleotides and low-quality reads using a based pipeline
for NGS data. The generated metagenomics dataset, raw
paired-end reads were trimmed by their quality with a
minimum quality score of 30 (Q > 30) and a minimum
read length of 50 bp (Meyer et al. 2008) with the remaining
clean reads used for further analysis. The obtained itags
were aligned and subjected to BLASTN against the known
16-18S rRNA gene tag database. The maximum E-value
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cutoff of 0.005 based on the entire available source data-
bases was used for the analysis through genomic CLC
software. The dissimilarity cutoff of 0.03 was used to
cluster the cleaned reads into operational taxonomic units
(OTUs) to yield more biologically meaningful OTUs (Chen
et al. 2013; IRTEL et al. 2015; Nguyen et al. 2016). A
group of taxa was manually searched in the National
Center for Biotechnology Information taxonomy browser
(http://www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.
html/). Taxonomic classification into domain, phylum,
order, class, families, and genus was performed with a set
confidence threshold based on OTU diversity and reads
(OTU abundance). The fastQ file has been uploaded to the
NCBI Sequence Read Archive.

Results and discussion

Organic loading rate controls volatile fatty acids
production from paperboard mill wastewater

Figure 2 shows the effect of organic loading rate (OLR) on
volatile fatty acids (VFAs) production from paperboard
mill wastewater (PMW). The tested OLRs were 0.75, 1.1,
1.5, and 2.2 gCOD 1" day~'. The VFAs concentration
increased from 0.225 4 0.015 to 0.340 + 0.021 g 17! by
increasing the OLR from 0.75 to 2.2 gCOD 17" day™!,
respectively. The yield of VFA (Yyga) transformed from
0.21 #+ 0.09 to —0.21 + 0.16 gVFA gCOD ™' by decreas-
ing the OLR from 2.2 to 0.75 gCOD 1" day ™', respec-
tively. This was concomitant with the pH decrease from
7.21 £0.06 (influent) to 5.33 + 0.08 (effluent) by
increasing the OLR from 0.75 to 2.2 gCOD 17! day ™!,
respectively. Increasing the OLR increased the VFA pro-
duction, and subsequently, the pH values dropped due to
the excessive activity of hydrolytic and acidogenic bacteria
(Basri et al. 2009; Kim and Kang 2015).

®HAc "HBu mHPr mHLa
70

60
50 I
" L

30 I

VFAs composition %

20

10 =

0.75 1.10 1.50 2.20
OLR (gCOD/L.d)

Fig. 2 Volatile fatty acids composition in the fermented PMW
effluents at different OLRs. The error bars represent the standard
deviations from triplicates

The acetate (HAc), butyrate (HBu), propionate (HPr),
and lactate (HLa) concentrations varied at different OLRs
as shown in Fig. 2. The HAc and HBu increased from
353 £3.0 to 54.1 £ 6.3 % and from 30.5 £ 2.1 to
38.7 £ 4.6 % by increasing the OLR from 0.75 to 2.2
gCOD 17! day ™', respectively. This was not the case for
HPr and HLa as shown in Fig. 2. HPr and HLa in treated
effluent amounted to 3.3 £ 1.9 and 3.8 &+ 2.7 % at OLR of
2.2 gCOD 17! day™', which increased up to 18.1 + 1.8
and 16.1 £ 1.1 % at OLR of 0.75 gCOD 1" day™ !,
respectively. The metabolic pathways of HAc and HBu
production appeared to be favored at the pH value of 5,
while higher or neutral pH is believed to promote HPr
production (Farghaly and Tawfik 2015). Thanwised et al.
(2012) found that HAc increased from 1390.75 to
1726.85 mg 17! by increasing the OLR by 1.5-fold.

The results in Fig. 3 show the hydrogen production rate
(HPR), methane production rate (MPR), and soluble COD
(SCOD) concentration in effluent at different OLRs. It was
found that HPR decreased from 0.37 £0.02 to
0.14 £ 0.01 1 day ™" by reducing the OLR from 2.2 to 0.75
gCOD 17" day™', respectively. Low OLR exhibits poor
metabolic activity for the acidogens which is responsible
for H, production. Moreover, the bioconversion of SCOD
decreased from 0.72 £0.51 to 0.58 =023 g1™' by
increasing the OLR from 0.75 to 2.2 gCOD 17! day™!,
respectively (Fig. 3). The increasing trend of HPR with
decreasing the SCOD indicates the main contribution of
soluble organic carbon to H, production, which was con-
firmed earlier by Tawfik and El-Qelish (2014). However,
the MPR were 0.10 & 0.01 and 0.25 & 0.13 1 day™' at
OLR of 2.2 and 0.75 gCOD 17" day ', respectively. This
indicates that the OLR is a crucial design parameter for
energy production from PMW.

Polyhydroxyalkanoates (PHA) production

PHA-storing bacteria enrichment by using synthetic feed
containing acetate at different organic loading rates

Figure 4 shows the effect of OLR on the PHA production.
The produced PHA was the homopolymer polyhydroxybu-
tyrate (PHB) at all imposed OLRs. This can be due to the
conversion of acetate into acetyl-CoA, which represents a
direct precursor for PHB synthesis. The highest PHA con-
tent of 67.44 4+ 5.88 % was registered at an OLR of 1.5
gCOD 17" day™'. PHA content was relatively low
(26.61 + 3.11 %) at an OLR of 0.5 gCOD 1" day ™', which
was due to the insufficient substrate availability for the
bacterial consortium; therefore, it reduces the ability of the
PHA-storing bacteria to compete against other cultures in
storing PHA. On the other hand, the low PHA content of
37.01 £3.14 % was recorded at OLR of 2.0
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gCOD 17" day ™" and the process stability was negatively
affected at OLRs of 2.5 and 3.0 gCOD 17! day™' (Fig. 4).
High OLR > 2.0 gCOD 1" day~' exhibited no significant
successive feast and famine phases during the enrichment
period. The microorganisms which are only able to grow on
the high OLRs (either storing or non-storing cultures) could
survive and dominate in the system. Jia et al. (2013) reported
that high carbon source concentrations (OLRs) resulted in
substrate inhibition during PHA production.

The highest PHA yield (Ypyass) 0£0.50 £ 0.39 C-mol C-
mol ™" was registered at an OLR of 1.5 gCOD 1! day ™',
which dropped to 0.39 & 0.22 C-mol C-mol ™" by raising
the OLR up to 2.0 gCOD 17! day™'. This was consistent
with the PHA production and dissolved oxygen (DO) profiles
in the SBRs (Fig. 4). The selective pressure to enrich the
bacterial consortium to produce PHA reduced at OLRs
exceeding 1.5 gCOD 17" day™'. Similar results were
achieved by Karlsson (2010) who found that Ypy /s signifi-
cantly decreased from 0.42 to 0.19 C-mol C-mol™' by
doubling the OLR from 6 to 12 gCOD 1" day™ ', respec-
tively. However, the Yy,s showed a slight increase from
0.21 £ 0.08 to 0.31 £ 0.14 C-mol C-mol ™' by increasing
the OLR from 0.5t03.0 gCOD 1! day ™', respectively. This
implies that the bacterial consortium assimilates the most of
carbon source to store PHA in combination with the nutrients
uptake for biomass growth.

The maximum specific substrate uptake rate (gg™
increased in a polynomial relationship (R* = 0.8620) by
increasing the OLR during the feast phase, which was
comparable to Wang et al. (2010) findings. The highest
g™ of 7.43 4+ 5.51 C-mol C-mol~ X' h™' was obtained
at an OLR of 3.0 gCOD 17" day~'. This corresponds to the
specific growth rate (u) trends, which increased from
0.18 + 0.08 to 0.29 + 0.09 h™' by raising the OLR from
1.5 to 3.0 gCOD 17" day™', respectively. However, this
was not accorded to the maximum specific PHA production
rate (gps) of 0.46 £ 0.18 Cmol Cmol ™' X~' h™' that
was achieved at an OLR of 1.5 gCOD 17! day™'. The

graa™ significantly (p < 0.005) dropped by a value of
—0—SCOD effluent (g) —0—HPR (1d) MPR (1/d)
10 05
< 08 04 5
3 g
£ 06 03 &
5 Py . =
5 v <
2 04 02 E
: : :
@ 02 5 01 E
0.0 0.0
075 110 150 22
OLR (gCOD/L.d)

Fig. 3 Effect of OLR on SCOD bioconversion, hydrogen production
rate (HPR), and methane production rate (MPR). The error bars
represent the standard deviations from triplicates
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77.48 % at an OLR of 3.0 gCOD 17! day™'. This indicated
that the substrate was mainly consumed for cell growth not
for PHA storage at an OLR exceeding 1.5 gCOD 17! -
dayfl. In addition, the results show that there was no
substrate inhibitory effect, which explained the increasing
of p with increasing OLR (polynomial relationship,
R* = 0.86). The biomass growth inhibition occurred due to
either insufficient carbon source concentrations or the lack
of nutrients (Muller et al. 1999). Therefore, it can be
concluded that increasing the OLR up to 1.5 gCOD 17" -
day~' changed the biomass response from storage to
growth.

Feast/famine (F/F) ratio is a key parameter for PHA-
storing performance and was found to have a profound
effect by changing the imposed OLR. The F/F ratio
increased from 4.4 + 1.2 to 14 £ 2.2 % by increasing the
OLR, respectively, from 0.5 to 1.5 gCOD 17" day~!, which
coincided with the PHA production trends (Fig. 4). The
highest PHA contents were registered at the end of the feast
phase as shown in Fig. 4. Long famine phases (at OLR of
1.5 gCOD 17" day™") resulted in physiological adaptation
of the bacterial consortium and thus enhanced the PHA
storage performance. Lower OLRs (low substrate concen-
trations) exhibited the culture to utilize the stored PHA for
synthesis and respiration (Jia et al. 2013). Subsequently, it
ceased to accumulate PHA and stepped into the famine
phase as the carbon source was depleted (Reddy and
Mohan 2012a). Dionisi et al. (2007) and Albuquerque et al.
(2010a, 2010b) found that the F/F ratio should be lower
than 22 % to improve the PHA-storing process perfor-
mance (Fig. 5).

PHA accumulation stage using acetate-enriched culture
fed with PMW rich in VFAs

The acetate-enriched culture at an OLR of 1.5 gCOD 17" -
day ' was used for PHA accumulation experiments. The
maximum PHA content and yield of 58.57 £+ 4.02 % and
0.46 4+ 0.09 C-mol C-mol~"' were achieved using the fer-
mented PMW at OLR of 1.5 gCOD 17! day~'. The maxi-
mum specific PHA production rate gpjja amounted to
0.29 + 0.10 C-mol C-mol™' X" ' h™! (Table 2). The
obtained PHA content in the present study was higher than
the percentage reported (48 %) by Bengtsson et al. (2008)
using the fermented PMW effluent. This resulted from their
use of the fermented PMW effluent that contained acetate,
butyrate, propionate, and valerate as well as non-VFAs as
substrate at both enrichment and accumulation stages. This
showed that acetate-enriched conditions were more favor-
able and increased the ability of the PHA-storing bacteria in
the reactor, since acetate is the easiest assimilated carbon
substrate for culture enrichment; thus, a better performance
would be obtained.
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Nevertheless, the PHA content dropped by a value of
8.87 %, due to shifting the feed substrate from acetate
(synthetic) to fermented PMW effluent (real) during the

enrichment and accumulation stages, respectively. The
acetate-enriched culture stored the residual carbohydrates
in the fermented PMW as glycogen rather than PHA pro-
duction (Albuquerque et al. 2010a). Subsequently, the
growth of a side population and the accumulation of non-
PHA compounds might take place in the reactor.

The composition of the accumulated PHA of 92:8 and
84:16 % (PHB:PHV) % was obtained by using the fer-
mented PMW effluent at OLR of 1.5 and
0.75 gCOD 17! day ', respectively. This can be attributed
to the concentration of the produced soluble metabolites
which were 1.51-fold at OLR of 1.5 gCOD 17! day™' as
compared to 0.75 gCOD 17" day™'. Furthermore, the low
accumulated PHV content was related to the dominance of
HAc and HBu with low HPr levels in the fermented PMW
effluents. Taken into consideration the complexity of the
metabolic pathway of HPr utilization by active biomass,
which is the main precursor for PHV production (Carvalho
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Table 2 PHA accumulation stage performance for PHA production and nitrogen removal

Fermentation OLR Enrichment OLR

PHA accumulation R %

(gCOD 17" day™) (gCOD 17! day™")

Yprass (C-mol C- gpiia (C-mol C- NH,-N TN

mol—") mol™! X' h™h
0.75 15 0.28 & 0.008 0.11 £ 0.007 50.66 + 3.72  52.14 + 6.09
1.1 0.39 + 0.01 0.18 & 0.11 4429 + 492 46.05 + 4.86
15 0.46 + 0.09 0.29 + 0.1 4298 + 4.14 445 + 333
22 0.38 & 0.012 0.17 £ 0.08 30.14 + 2.11  34.76 + 2.83

et al. 2014). In addition, using acetate for storing bacteria
enrichment might promote the growth of specific bacteria
favors PHB production rather than PHV. These results are
comparable to those obtained by Albuquerque et al.
(2010a) using fermented molasses effluent containing HAc,
HBu, and HPr, where (PHB:PHV) % amounted to 87:13 %
at the end of accumulation stage. Indeed, when mixtures of
HAc, HBu, and HPr are used for PHA production, acetyl-
CoA and propionyl-CoA are formed as precursors for PHA
production, resulting in a copolymer of P(HB-co-HV)
(Katja et al. 2009).

COD removal of 63.4 + 4.2 % was achieved using the
fermented PMW effluent at an OLR of 1.5 gCOD 17" -
day~'. Nonetheless, this was not the case for nitrogen
compounds removal (Table 2), where the NH4-N and TN
removal peaked at 50.66 &+ 3.72 and 52.14 £ 6.09 %,
respectively, using the fermented PMW at OLR of 0.75
gCOD 17" day™'. This was due to the decrease in the C/N
ratio from 23.83 £ 4.02 to 5.67 £ 2.22 by increasing the
OLR from 0.75 to 2.2 gCOD 1" day ™', respectively. As
reported by Johnson et al. (2010), the high carbon uptake
rates were found at an average C/N ratio of 9.6, whereas
C/N ratio (=19.5) was characterized by high nitrogen
uptake rates.

Microbial community

Diverse microbial communities of storing and non-storing
bacteria were detected in the present study at the general
level. However, only the dominant sequences with the
highest hits were selected for further analysis, due to the
huge number of data generated at the genus level. The most
dominant species detected at the two different stages (ac-
cumulation and aerobiosis) are represented in Fig. 6a, b,
respectively. The most dominant phyla were found to belong
to Proteobacteria (37.4 %) including (Alpha-, Beta-, Delta-,
and Gamma-Proteobacteria), Armatimonadetes (21.78 %),
Actinobacteria (15.44 %), Chloroflexi (8.15 %), Plancto-
mycetes (7.46 %), Acidobacteria (6.0 %), and Bacteroidetes
(2.49 %) at an OLR of 1.5 gCOD 17! day~'. However,
Proteobacteria (77.6 %), Bacteroidetes (17.66 %), Nitro-
spira (175 %), and Armatimonadetes (1.30 %) were

@ Springer

Fig. 6 a Taxonomic classification of core OTUs in the 16S rRNAp
gene sequences from bacterial communities at the accumulation
stage. The evolutionary history was inferred using the neighbor-
joining method, and the analyses were conducted in MEGAG6 (Saitou
and Nei 1987). b Phylogenetic tree based on nucleotide sequences of
16S rRNA gene generated during aerobiosis stage at the highest PHA
production (OLR 1.5 gCOD ~' day™"). The evolutionary history was
inferred using the neighbor-joining method, and the analyses were
conducted in MEGAG (Saitou and Nei 1987)

detected and dominated at the accumulation stage. Minor
phyla belonged to Actinobacteria, Acidobacteria, Verru-
comicrobia, ODI, Planctomycetes, Chloroflexi, and an
unknown culture was identified and detected in the SBRs
(Fig. 7). Increasing the relative abundance of Proteobacteria
at the accumulation stage might be due to the use of fer-
mented PMW effluent containing VFAs. Wang and Liu
(2013) found the dominance of Proteobacteria (Beta-,
Gamma-), Arcobacter spp, Bacteroidetes sp., and Bacil-
lus sp. during PHA production. Other researchers have also
demonstrated the association of these species and other
diverse PHA-storing bacterial communities such as Aci-
dobacteria, Actinobacteria, and Alpha-Proteobacteria in the
reactors (Reddy and Mohan 2012b; Dai et al. 2015).
Moreover, different species of genus Paracoccus, order
Rhodobacterales that are known as PHA-storing bacteria
were detected in the sequence reads generated from a
sample taken during the aerobiosis stage. These organisms
are known to utilize a broad range of substrates for PHA
production.

Different genera were detected during the accumulation
stage as shown in Fig. 6a. Particularly, fifteen species of
Pseudomonas (P. putida, P. taiwanensis, etc.), Thauera
aromatica, Azoarcus denitrificans, Methylocaldium szege-
diense, and others were detected and identified, and this
was mainly due to phosphorus and nitrogen limitation.
Pseudomonas putida KT2442 and P. oleovorans ATCC
29347 have been found to accumulate PHA (Lee et al.
2000; Lageveen et al. 1988). Other taxa were detected in
this study such as Plasticicumulans acidivorans and Plas-
ticicumulans lactativorans of class Gamma-Proteobacteria
(Jiang et al. 2011 2014).
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Fig. 6 continued
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Fig. 7 Structure of bacterial
community in PHA production
system using Illumina MiSeq
sequencing
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The taxonomic distribution showed that there was a
significant shift in the composition of bacterial communi-
ties between the aerobiosis and accumulation stages.
Burkholderiales, family Comamonadaceae of the genus
Delftia, Ralstonia, Caldimonas, Zhizhongheela, Paracoc-
cus, and others were detected at the aerobiosis stage
(Fig. 6b). Interestingly, Deftia acidivorans are known as a
wild PHA-storing bacterium containing high fractions of
4-hydroxybutyrate (4-HB) and potential strains for the
synthesis of PHA used in medical applications (Loo and
Sudesh 2007). Likewise, Ralstonia sp., especially R.
eutropha, are known to capture and utilize CO, for the
production of chemicals that are of commercial value, thus
contributing to the organic carbon removal. Moreover, they
store PHA in the form of short chains of copolymer (PHB-
co-PHV) within the cytoplasm. As expected, most of the
dominant bacteria belonged to HAc- and HBu-utilizing
groups were identified at the accumulation stage. This
could be explained by the presence of high concentrations
of accumulated PHB as compared to PHV in this stage.
Although TM7 phylum and Bacteroidetes as protein-
hydrolyzing organisms contributed to the organic carbon
removal improvements (Ibarbalz et al. 2013), their ability
in storing PHA has yet to be explored. Other dominant
bacterial phyla were detected among the other communities
including Nitrospira and Actinobacteria. Several studies
have shown the dominance of these bacterial phyla in
biological industrial wastewater treatment systems of
nitrogen removal, but no report on the accumulation of
PHA has been found in the literature (Ibarbalz et al. 2013).

Conclusions

The present study showed that an acetate-enriched culture
plays a key role for PHA production from fermented PMW
effluents; however, the PHA content and yield were OLR
dependents. The highest PHA yield (Ypyas) of
0.50 + 0.39 C-mol C-mol~" was registered at OLR of 1.5

30%

40% 50% 60% 70% 80% 90% 100%

gCOD 17" day™',  which significantly  dropped to
0.39 + 022 C-mol C-mol~' by raising the OLR to
2.0 gCOD 17! day~'. Nevertheless, the PHA content in the
SBRs fed with fermented PMW effluent dropped by a value of
8.87 %, due to shifting the feed substrate from acetate (syn-
thetic) to fermented PMW effluent (real) during the enrichment
and accumulation stages, respectively. The most dominant
phyla belonged to Proteobacteria (37.4 %), Armatimonadetes
(21.78 %), Actinobacteria (15.44 %), Chloroflexi (8.15 %),
Planctomycetes (7.46 %), Acidobacteria (6.0 %), and Bac-
teroidetes (249 %) at an OLR of 1.5 gCOD I~' day™".
However, Proteobacteria (77.6 %), Bacteroidetes (17.66 %),
Nitrospira (1.75 %), and Armatimonadetes (1.30 %) were
detected and dominant at the accumulation stage.
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