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Dynamic change of pH in acidogenic fermentation of cheese whey towards
polyhydroxyalkanoates production: Impact on performance and microbial
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A B S T R A C T

Polyhydroxyalkanoates (PHA) are a sustainable alternative to conventional plastics that can be obtained
from industrial wastes/by-products using mixed microbial cultures (MMC). MMC PHA production is
commonly carried out in a 3-stage process of acidogenesis, PHA culture selection and accumulation. This
research focused on the possibility of tailoring PHA by controlling the acidogenic reactor operating
conditions, namely pH, using cheese whey as model feedstock. The objective was to investigate the
impact that dynamically varying the acidogenic pH, when targeting different PHA monomer profiles, had
on the performance and microbial community profile of the anaerobic reactor. To accomplish this, an
anaerobic reactor was continuously operated under dynamic pH changes, ranging from pH 4 to 7, turning
to pH 6 after each change of pH. At pH 6, lactate and acetate were the dominant products (41–48% gCOD
basis and 22–44% gCOD basis, respectively). At low pH, lactate production was higher while at high pH
acetate production was favoured. Despite the dynamic change of pH, the fermentation product
composition at pH 6 was always similar, showing the resilience of the process, i.e. when the same pH
value was imposed, the culture produced the same metabolic products independently of the history of
changes occurring in the system. The different fermentation product fractions led to PHAs of different
compositions. The microbial community, analysed by high throughput sequencing of bacterial 16 S rRNA
gene fragments, was dominated by Lactobacillus, but varied markedly when subjected to the highest and
lowest pH values of the tested range (4 and 7), with increase in the abundance of Lactococcus and a
member of the Candidate Division TM7. Different bacterial profiles obtained at pH 6 during this dynamic
operation were able to produce a consistent profile of fermentation products (and consequently a
constant PHA composition), demonstrating the community’s functional redundancy.
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Introduction

Polyhydroxyalknoates (PHAs) are a bio-based and biodegrad-
able alternatives to plastic-based polymers. Their high production
cost has been limiting for PHAs implementation. Therefore, low
cost processes for PHA production, such as the use of mixed
microbial cultures (MMCs), have recently emerged [1]. MMCs
allow the use of industrial wastes or by-products, since the
microbial population can continuously adapt to changes in
substrate [1,2]. In fact, several studies have focused on the use
* Corresponding author.
E-mail address: af.duque@fct.unl.pt (A.F. Duque).
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of food and agricultural industries’ wastes/by-products as sub-
strates for organic acids (HOrgs) [3] and PHA production [1],
namely sugar cane molasses [4–7] and cheese whey [8,9]. Cheese
whey (CW) is a byproduct resulting from cheese manufacture. The
world production of CW is estimated to be around 85 million tons/
yr and only 60% of CW is currently valorised in food applications.
This by-product is an interesting feedstock for acidogenic
fermentation because it is composed mainly of lactose (an easily
fermentable sugar), and other compounds in minor amounts, such
as proteins, mineral salts and lipids, that can be used as nutrients
by microbial cultures. MMC PHA production from complex
feedstocks commonly involves a 3-stage process [8,10,11]: (i)
acidogenic fermentation, where the organic content of the
feedstock is biologically converted into fermentation products
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(FP), which are PHA precursors; (ii) culture selection, where an
MMC using FP is subjected to a high selective pressure for PHA
storage through the use of alternate short presence and long
absence of carbon (feast and famine (FF) regime); and (iii) PHA
production, where the selected MMC is fed with the FP produced in
the acidogenic fermentation aiming to accumulate PHA up to the
culture’s maximum capacity.

Composition of the FP can be manipulated by tuning the
acidogenic reactor operating conditions such as pH [4,9,12–14],
retention time [9,15], organic loading rate [16] and temperature
[15]. It is expected that different organisms are selected at different
pHs and consequently different metabolic pathways are activated/
deactivated, leading to different FP compositions [17]. It is known
that the FP profiles directly affect the PHA monomer composition
[4,8,11,18]. Thus, by changing the acidogenic reactor operating
conditions, such as pH, a large range of polymer compositions, with
different applications, can be obtained.

PHA producing industries have to comply with market
demands in terms of PHA composition, depending on the target
application. To be able to respond to a dynamic market demand,
several strategies may be proposed when using MMCs to obtain
different FP compositions depending on the PHA monomer
composition requirements: (i) alternate operation with different
feedstocks [8]; (ii) several systems working in parallel at different
operating conditions (e.g. pH) producing different FP profiles; or
(iii) a single system fed with a single feedstock working
continuously by dynamically changing the key operating con-
ditions to obtain several FP compositions. The latter option, while
simpler and likely less costly than (ii) and (iii), relies on the
resilience of the system to alterations in the operating conditions
to comply with the targeted FP profile. Thus far, the effect of
dynamic change of pH on acidogenic fermentation is unknown.
Therefore, this study has investigated the possibility of manipu-
lating PHA composition by altering the operating conditions
(namely pH) of the acidogenic stage, while operated in continuous
mode. The impact of dynamic pH changes on the acidogenic
fermentation of cheese whey, namely on performance stability,
reproducibility and microbial community structure, and on final
polymer composition was evaluated.
Table 1
Performance of the acidogenic reactor operated under dynamic pH change.

Phase pH [FP]
(gCOD-
FP L�1)

YFP/S

(gCOD-FP
gCOD�1)

YX/S

(gCOD-X
gCOD�1)

rFP
(mgCOD-
FP L�1 h�1)

-rs
(mgCO
CW L�

I 6 13.7
(3.0)

0.65
(0.12)

0.15
(0.04)

566.7
(123.4)

842.4
(85.7)

II 5 14.1
(0.7)

0.58
(0.11)

0.11
(0.03)

568.3
(26.9)

883.7
(62.8)

III 6 15.1
(0.7)

0.63
(0.12)

0.13
(0.04)

593.9
(67.3)

824.4
(115.4

IV 4.5 11.0
(2.0)

0.59
(0.11)

0.12
(0.03)

435.4
(55.3)

730.4
(212.2

V 6 11.9
(2.2)

0.55
(0.08)

0.12
(0.03)

504.9
(111.9)

822.1
(185.4

VI 7 12.7
(3.6)

0.54
(0.14)

0.13
(0.05)

514.8
(150.4)

985.1
(286.9

VII 6 10.7
(1.8)

0.67
(0.06)

0.13
(0.02)

448.5
(86.4)

666.0
(141.5

VIII 4 4.3
(0.8)

0.33
(0.04)

0.06
(0.02)

190.6
(42.8)

593.8
(157.7

IX 6 11.6
(1.2)

0.68
(0.13)

0.11
(0.02)

513.3
(51.9)

769.9
(155.0

The values listed are averages � standard deviation (values in brackets).
a Degree of fermentation.
Material and methods

Reactor setup

A lab-scale continuous stirred tank reactor (CSTR) with a
working volume of 1.25 L was operated under anaerobic con-
ditions. The CSTR was inoculated with biomass from an anaerobic
wastewater treatment plant (Mutela, Cacilhas) and acclimatised
with cheese whey (CW). The CW powder was supplied by a
Portuguese dairy industry plant (Lactogal- Produtos Alimentares S.
A, Porto) and is mostly composed by lactose (78.4%, w/w), proteins
(13.6%, w/w) and fats (1.2%, w/w) (source: Lactogal). The CW
powder was diluted with tap water at a concentration of 15 g
sugars L�1 and was maintained at 4 �C in a refrigerated vessel. As
previously reported by Duque et al. [8], no extra nutrients were
added to the feeding solution. The average C:N ratio was 100 C-
mol:6.3 N-mol.

The CSTR hydraulic retention time (HRT) and, consequently, the
sludge retention time (SRT) were controlled by overflow in order to
be kept at around 1 day (1.0 � 0.1 day). The feed flow rate was set
up so that the organic loading rate was maintained at about15 g
COD L�1 d�1 (15.9 � 5.9 gCOD L�1 d�1). Flow rates were daily
monitored.

The reactor was subjected to a dynamic pH change as described
in Table 1. Firstly the CSTR was operated at pH 6 for 46 days (phase
I), then shifted to pH 5 for 25 days (phase II), then shifted back to
pH 6 for 22 days (phase III), changed to pH 4.5 for 31 days (phase
IV), back again to pH 6 for 24 days (phase V), changed to pH 7 for
46 days (phase VI), shifted back to pH 6 for 36 days (phase VII), then
at pH 4 for 30 days (phase VIII) and back to pH 6 for 43 days (phase
IX). Change in the pH value was performed after a pseudo-steady
state was reached, meaning constant FP composition. A decrease in
the total fermented products was observed between days 194 and
203 (pH 7). This was due to a temperature drop related to a power
failure, therefore the stability at pH 7 was considered between days
177 and 189. Acidogenic biomass was acclimatised at pH 6
(standard condition) and after each pH value shift, the reactor
always turned back to pH 6. pH was online controlled by dosing 2 M
NaOH. Mixing was provided at 300 rpm and temperature was kept
at 30 �C.
D-
1 h�1)

qFP
(gCOD-FP gCOD-
X�1 h�1)

-qs
(gCOD gCOD-
X�1 h�1)

DFa

(gCOD-FP
gCOD�1)

Protein
removal
(%)

0.18
(0.08)

0.34
(0.08)

0.56
(0.13)

46.4
(8.7)

0.25
(0.05)

0.35
(0.02)

0.50
(0.07)

49.5
(10.1)

)
0.27
(0.04)

0.43
(0.10)

0.61
(0.08)

40.1
(23.1)

)
0.22
(0.02)

0.37
(0.08)

0.45
(0.07)

41.8
(21.8)

)
0.23
(0.06)

0.38
(0.11)

0.42
(0.03)

41.2
(11.5)

)
0.22
(0.06)

0.40
(0.11)

0.48
(0.10)

31.4
(15.7)

)
0.24
(0.06)

0.35
(0.10)

0.53
(0.09)

49.5
(14.6)

)
0.17
(0.05)

0.52
(0.17)

0.18
(0.03)

59.3
(9.4)

)
0.33
(0.06)

0.50
(0.14)

0.57
(0.05)

42.9
(13.8)
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Samples from the reactor and CW feed were frequently
collected for further analyses.

PHA accumulation assays

PHA accumulation assays were performed in a fed-batch mode,
using the FP obtained in the acidogenic reactor at pH 4.5, 5, 6 and 7
(Table 2). Four batch assays were performed in a glass reactor
(500 mL working volume) under nutrients limiting conditions.
Experiments were conducted at room temperature (RT, 23–25 �C)
and pH was controlled at 8.5 through the automatic dosing of 0.5 M
HCl. Mixing was provided at 250 rpm, using a magnetic stirrer, and
air was supplied by a ceramic diffuser. Dissolved oxygen (DO) was
continuously acquired. These assays were inoculated with 250 mL
of a mixed PHA accumulating culture, previously selected in our
laboratories, collected at the end of famine phase (ca. 12 h from
cycle start). The selection of the PHA accumulating culture was
performed at RT and pH 8.5 using clarified fermented cheese whey
(1/56/3/14/22/2 Hlact/HAc/HPr/EtOH/HBu/HVa Cmmol fraction
percentages) and the HRT and SRT were kept at 1 and 4 days,
respectively. The same PHA accumulating enriched culture was
used in all accumulation assays. The FP pH was adjusted to 8, prior
to the assays, by adding NaOH pellets. All assays were carried out
by feeding the substrate in pulse wise controlled by DO. When DO
increased, a new pulse of FP was injected. Two pulses of 40C-mmol
FP L�1 were supplied during each batch assay.

At the end of each batch assay, 3 M HCl was added until pH 2 in
order to stop bioactivity. The biomass was harvested by
centrifugation at 8000 rpm for 15 min. The concentrated sludge
was washed and lyophilised.

Analytical procedures

The anaerobic reactor was characterised in terms of: organic
acids (HOrg) content (lactate, acetate, propionate, butyrate and
valerate); ethanol (EtOH); chemical oxygen demand (COD); total
nitrogen; proteins content; and biomass concentration as de-
scribed by Duque et al. [8].

Briefly, HOrgs and EtOH were analysed by high performance
liquid chromatography (HPLC) on a Merck-Hitachi chromatogra-
pher with an Aminex HPX–87H pre-column and column (30 �C)
coupled to a RI detector. The eluent consisted of H2SO4 (0.01 N) and
was used with a flow rate of 0.5 mL min�1. The HOrgs and EtOH
concentrations were calculated through a standard calibration
curve (32–2000 mg L�1 of each organic acid and EtOH).

COD and total nitrogen were measured spectrophotometrically,
using standard test kits (Hach, Germany).

Protein content was determined using the colorimetric method
described by Lowry et al. [19]. Bovine serum albumin (BSA)
standards (0–200 mg L�1) were used for the determination the
protein content.

Biomass concentration was determined according to the
volatile suspended solids concentration (VSS) procedure described
in standard methods [20].

PHAs were determined by gas chromatography using the
method described by Duque et al. [8], which was adapted from
Table 2
Polymers’ composition produced in the PHA accumulation assays using FP
produced at different pH.

FP profile Polymer composition
HLac/HAc/HPr/EtOH/HBut/HVa (% Cmol basis) HB:HV (% Cmol basis)

pH4.5 80/18/0/1/1/0 95:5
pH5 67/30/2/0/0/0 83:17
pH6 48/40/10/0/2/0 70:30
pH7 56/37/6/1/0/0 75:25
Serafim et al. [21]. Briefly, centrifuged samples from the batch
assays were lyophilised and incubated for methanolysis in a 20%
methanol acidic (1 mL) and chloroform containing heptadecane as
the internal standard (1 mL). The resulting mixture was digested at
100 �C for 3.5 h. After the digestion, the organic phase was
extracted and 2 mL were injected into a gas chromatograph
equipped with a flame ionization detector (Bruker 430-GC) and a
BRSWax column (60m, 0.53 mm internal diameter, 1 mm film
thickness, Bruker, USA), using helium as carrier gas at 1.0 mL min�1.
Initial oven temperature was 40 �C, increasing to 100 �C at a rate of
20 �C min�1, to 175 �C at a rate of 3 �C min�1 and reaching a final
temperature of 220 �C at a rate of 20 �C min�1 for ensuring cleaning
of the column after each injection. Injector and detector were
maintained at 280 �C and 230 �C, respectively. P(HB-HV) calibra-
tion was performed with two calibration curves, one for
hydroxybutyrate (HB) and other for hydroxyvalerate (HV), using
a commercial P(HB-HV) standard (88%/12%) (Sigma). Calibration
curve ranged from 0.1–10 g L�1.

Calculations

The degree of fermentation (DF) was calculated by dividing the
detected fermentation products (FP) produced (HOrg + EtOH)
converted to COD units, by the influent soluble COD (SCODin):

DF ¼ FP
SCODin

ð1Þ

The yield of FP on substrate (YFP/S, gCOD gCOD�1) was
calculated by dividing the amount of FP formed by the total
amount of substrate consumed:

YFP=S ¼ FPout � FPin

SCODin � FPinð Þ � SCODout � FPoutð Þ ð2Þ

where, FPout is the detected concentration of FP produced (gCOD-
FP L�1), SCODin and SCODout are the influent and effluent soluble
COD (gCOD L�1), respectively. The yield of biomass on carbon (YX/S

in gCOD-X gCOD�1) was calculated as described in equation (2) but
FPout was replaced by the amount of biomass produced converted
to COD units (C5H7NO2; 1.41 gCOD/gbiomass).

The degree of fermentation and yield of FP on substrate
calculations were based on SCOD as the difference between SCOD
and total COD of cheese whey was negligible (20.0 vs 18.9 g L�1,
respectively).

Specific substrate uptake (-qS, gCOD gCOD-X�1 h�1) and
production rates (qFP, gCOD-FP gCOD-X�1 h�1) were calculated
by dividing the respective volumetric rates by the biomass
concentration. FP volumetric productivity (rFP, mgCOD-FP L�1 h�1)
and volumetric substrate uptake rate (-rS, mgCOD L�1 h�1) were
calculated by dividing the FP formed and substrate consumed,
respectively, converted to COD units, by the HRT [8]. Substrate
consumption was calculated as follows:

SCODconsumed ¼ SCODin � FPinð Þ � SCODout � FPoutð Þ ð3Þ
Hydrolysis was neglected and non-Horgs + EtOH soluble COD

was considered as substrate.

High throughput sequencing

Sample collection and DNA extraction
Samples were collected for microbial community analysis at the

end of each phase (i.e. over 3xSRT), to ensure enough time for total
microbial turnover/adaptation to the new pH setpoint.

Total microbial DNA was extracted from 6 mL of biomass using
the PowerSoil DNA Isolation Kit (Mo Bio, Solana Beach, CA, USA)
according to the manufacturer’s instructions. The amount and



Fig.1. Fermentation products obtained during CSTR operation. Detected fermentation products (organic acids (HOrg) + ethanol (EtOH)) (*), acetate (&), butyrate (�), lactate
(^), propionate (~), valerate ( ), and ethanol (EtOH) (^) concentrations are indicated.
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quality of the extracted DNA was analysed with NanoDrop
Spectrophotometer (Thermo Scientific) and on 1.5% agarose gels.

The microbial community composition of each sample was
analysed on a MiSeq Illumina by DNASense (Aalborg, Denmark).

Principal component analysis

Principal component analysis (PCA) was applied to two
different sets of data: results from microbial community analysis
(relative abundance of 16 S rRNA gene amplicons) and concentra-
tion of FP (g COD/L). The scores obtained for the first 2 principal
components (PCs) were analysed in search for similarities and
differences of the process operated at different pH.

PCA was implemented in Matlab using the PARAFAC function
[22].

Results and discussion

Impact of pH on the acidogenic stage

The possibility of tailoring polymer composition in a PHA
production process using an industrial by-product, cheese whey,
was investigated through manipulation of pH. A CSTR was operated
under dynamic pH and the corresponding FP produced were
assessed. The first phase (Phase I, pH 6) was operated for a longer
period of time compared to the other phases, as the reactor was
inoculated with unacclimatised biomass from an anaerobic
digestor (wastewater treatment plant Mutela, Cacilhas). Therefore,
more time was needed to acclimatise biomass to cheese whey and
to select an acidogenic population (ca. 23 days). The standard
conditions were considered as pH 6, which is the reason why the
reactor always retruned to pH 6 during all the experiments, as high
yields and conversion rates have been previously achieved for
cheese whey acidogenic fermentation at this pH value [8]. The
overall performance of the CSTR along this dynamic pH operation
is shown in Table 1 and Figs. 1 and 2.

The acidogenic reactor had an immediate response to the pH
changes, reaching on average stable FP concentration in c. 4 days
(Fig. 1). The FP concentration obtained at each pH value tested was
quite constant (c. 13 gCOD L�1), except at pH 4, where the FP
production dropped to c. 1/3 (ca. 4 gCOD L�1) (Fig. 1, Table 1). A
decrease in volatile fatty acids (VFA) production at pH lower than 5
has also been reported by Bengtsson et al. [9], who studied the
effect of pH on VFA production using cheese whey and paper mill
effluent. On the other hand, protein removal reached its higher
value at pH 4 (c. 59%) (Table 1). Proteins could have been used for
FP production and cell growth [17]. According to Duque et al. [8], as
no nitrogen (N) or phosphorus (P) were supplemented, proteins



Fig. 2. (a) Fermentation products profiles reached at the pseudo-steady state of each pH tested; (b) Scores plot for PC1 and PC2 obtained from PCA of the fermentation
products.
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were necessarily hydrolysed to release N and P in order to support
the observed cell growth (Table 1). However, FP concentration was
lowest at pH 4 and biomass concentration decreased, suggesting
some chemical hydrolysis. However, this has to be investigated
more thoroughly.

Independently of the pH value, lactate was the dominant acid
produced. At pH 6, lactate and acetate were the dominant products
(41–48% and 22–44%, respectively), while propionate (8–17%) and
butyrate (0–6%) were present in smaller concentrations (Fig. 2a). A
previous study on cheese whey acidogenesis conducted at pH 6
reported intermittent lactate production related to perturbations
of the system [8], which was not observed in the present study as
lactate was produced continuously. The difference in operating
conditions between the studies can explain the presence/absence
of lactate, namely (i) different reactor configuration, anaerobic
membrane bioreactor vs CSTR (present study), (ii) different SRT,
3 days vs 1 day (present study), and (iii) different inoculum, cheese
whey adapted biomass vs biomass from a wastewater treatment
plant (present study).

At pH 4, 4.5 and 5, only lactate and acetate were produced,
though in different proportions. Valerate production was negligi-
ble throughout the pH range tested. In addition to HOrgs, minor
amounts of ethanol were also detected, which is in line with Duque
et al. [8] findings. When pH increased from 5 to 6 (phase II to III),
the production of propionate and butyrate increased. A similar
observation was reported in acidogenic fermentation of cheese
whey, where propionate also increased with pH [9]. At pH values
below 5, a higher percentage of lactate and a lower percentage of
acetate were observed (Fig. 2a). In fact, a linear relationship was
found between the production of acetate and lactate and the pH



Fig. 3. Correlation between the pH conditions in the anaerobic reactor and the corresponding fractions of (a) lactate and (b) acetate produced.

A.R. Gouveia et al. / New Biotechnology 37 (2017) 108–116 113
(Fig. 3). The predominance of acetate at higher pH and lactate at
lower pH during fermentation of dairy products had been
previously shown (see e.g. [17]), but these results further
demonstrate that these linear trends occur regardless of the
microbial community structure. The linear correlation between the
higher production of acetate and lactate with increase and
decrease of pH, respectively, may be due to the activation or
inactivation of different metabolic pathways, since pH influences
bacterial growth rate which affects the structure of the microbial
community and the production of VFAs [23].

Interestingly, the FP composition was always similar when the
reactor was operated at pH 6. PCA of the FP concentrations
(gCOD L�1) formed at each operating pH supports this observation
(Fig. 2b). This shows the resilience of the process, i.e. when the
same pH value was imposed, the culture produced the same
metabolic products independently of the history of changes
occurring in the system.

Generally, the yields were not significantly affected by pH
variations, except at pH below 4.5. The fermentation yields
obtained (0.59, 0.58, and 0.55-0.68 gCOD gCOD�1 at pH 4.5, 5
and, 6, respectively) were in the same range as those reported for
glucose by Tamis et al. [24] (0.66, 0.60 and 0.59 gCOD gCOD�1, at pH
4.5, 5 and 5.5, respectively). At pH 4 (phase VIII), the fermentation
and biomass yields decreased (Table 1). This was expected sunce
pH impacts the acidogenic community and metabolism, conse-
quently affecting fermentation yields [3]. A drop in the degree of
fermentation (DF) at pH 4 (0.33 gCOD gCOD�1) was also observed.
Other than at pH 4, the DF was not significantly affected during the
reactor operation under dynamic pH change (0.42-0.61 gCOD-FP
gCOD�1), indicating that despite the continuous changes in pH, the
system responds similarly. Moreover, the average DF (ca. 0.51
gCOD-FP gCOD�1) obtained here are in the same range of values
reported for cheese whey, which were operated at constant pH
[9,25].

Several studies demonstrated that low pH has a negative impact
on the conversion and growth rates of anaerobic fermentations
[12,24,26]. In the present study, the specific rates were not affected
by any pH tested except for pH 4 (phase VIII). Moreover, at this pH
there was substrate accumulation in the reactor, showing that the
efficiency of substrate conversion was low. This might be related to



Fig. 4. (a) Dynamics of the most abundant bacteria in the community throughout the different study periods, corresponding to operation at different pH setpoints; (b) scores
plot for PC1 and PC2 obtained from PCA of the microbial communities.
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the acidogenic microbial community that either changed or was
somehow inhibited by low pH [3]. Hence, although the specific
rates were not affected, pH 4 is not an interesting operating
condition to produce FP from cheese whey, as the yields,
volumetric productivity and DF are low and the FP profile is
dominated by just one acid, lactate (95%).

Even though the reactor was subjected to several pH fluctua-
tions, the rates, yields, fermentation degrees and protein removals
remained relatively constant during the experiment. Furthermore,
each time the reactor returned its operation to pH 6, the system
responded similarly to the first pH 6, corroborating the stability,
robustness and reproducibility of the acidogenic process.

pH impact on acidogenic microbial community

High throughput amplicon sequencing of the bacterial 16 S
rRNA gene allowed the identification of several bacterial pop-
ulations during the dynamic change of pH. Despite the changes
observed in the community composition over time, the most
abundant bacterial operational taxonomic units (OTUs), repre-
sented as relative abundance of amplicon reads (%), were always
Lactobacillus, Candidate division TM7 and Lactococcus. These three
organisms constituted more than 90% of the community through-
out the study, but their proportion varied drastically in the
different phases, related with the different pH environments.

Lactobacillus was the dominant population in most phases
(Fig. 4a). The presence of these organisms in acidogenic
fermentation is not surprising, particularly at low pH operation
values [23]. Lactobacillus is a well-known lactic acid bacterium
(LAB) typically used in dairy fermentation processes, thus using
lactose, the major carbon source in cheese whey, efficiently. The
production of lactic acid by several strains of Lactobacillus, using
CW, was largely described (e.g. [27]), and indeed, lactate was the
most abundant FP in this study.

The initial operation period (phase I), operated at pH 6, had also
a high abundance of an OTU belonging to the candidate phylum
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TM7, but this was outcompeted in the following phase, when the
reactor was operated at pH 5. When the pH 6 was re-established,
the microbial community was still largely composed of Lactobacil-
lus and did not vary substantially when the pH was lowered to 4.5
and returned to 6. Only in phase VI (pH 7) as there again an increase
in population diversity. The previous dominance of Lactobacillus at
pH �6 gave way to a community comprised of an equivalent
contribution of Lactobacillus and Candidate division TM7 at pH 7,
but also an Actinobacteria and Enterococcus. Interestingly, the
Candidate Division TM7 OTU became then dominant in the
following pH 6 period (phase VII), although it could not resist the
next decrease in pH to a set point of 4, even if the decrease was
gradual, as it was a consequence of the pH reduction due to acid
production and not pH adjustment by chemical addition. At pH 4,
the community was dominated by LAB, but with a contribution of
over 50% of Lactococcus, instead of the clear dominance of
Lactobacillus occurring e.g. at pH 4.5 and 5. Despite these two
LABs sharing very similar lactose genes [28], thus yielding also high
lactate concentration, their kinetics are probably quite different.
Possibly, Lactococcus, has a slower fermentation rate than
Lactobacillus, which would explain the slower FP production rate
observed at pH 4. The increase of LAB, which produce lactic acid as
a major metabolic product, at acidic pH is probably due to their
known high tolerance of acidic environments [29,30].

In addition, PCA analysis was performed to understand the
relationship between the microbial communities and the obtained
FP with the influence of pH. Fig. 4b shows the scores obtained from
PCA of the microbial communities found at different operating pH.
The data confirmed the sequencing results, demonstrating that
after the initial establishment of a Lactobacillus-dominated
community, it maintained a very similar composition until
diverging when pH 7 was imposed. At this pH, the community
diverged greatly due to the proliferation of other populations. This
affected the community in the next phase VII, at pH 6, shifting the
community away from the previous pH 6 profiles. Overall, the
community structure was similar for pH 4.5 to 6, and diverged for
the extremes of the studied range (pH 4 and 7). The exception for
this are phases I and VII, which, despite being carried out at pH 6
like phases II, V and IX, had markedly different microbial
compositions, showing that in each phase the starting community
composition determines the final profile of the enrichment.

Despite the changes observed in the bacterial community, the
profiles of the FP obtained in each phase, at pH 6 and pH 7, were
very similar. This indicates that the populations could be replaced,
maintaining similar fermentation performance, showing the
overall functional redundancy of the community. This means that,
despite of the impact that the dynamic change of the pH had on the
bacterial community, similar FP were obtained by different
microbial groups at pH 6.

Overall, the pH has two effects: (1) selection of the microbial
community, shown by the microbial dynamics, and (2) regulation
of metabolic pathways, such as the lactate pathway that is
expressed at acidic pH (65–95% of total FP) and less active at pH
close to 7 (ca. 40% of total FP) [17,31].

Dynamic pH impact on polymer composition

The variations imposed on pH led to different FP profiles, which
are precursors of different PHA monomers, such as HB and HV.
Therefore, it is expected to produce PHAs with different
compositions. Therefore, PHA accumulation assays were per-
formed in order to corroborate that different polymer composi-
tions are produced using different HOrgs compositions. It was not
intended to achieve maximum storage capacity of the culture. Fed-
batch PHA accumulation assays were carried out using fermented
cheese whey (fCW) produced in the acidogenic stage at pH 4.5, 5, 6
and 7. The fCW produced at pH 4 was not used in the accumulation
assays, as its FP profile was very narrow (95% lactate). PHAs
produced with fCW obtained at pH 6 and 7 had similar
compositions in terms of HV (30% and 25%, respectively) and HB
(70% and 75%, respectively) content, since these two feeds had
similar FP profiles (Table 2). With the fCW produced at pH 5, a
polymer composition of 83% HB and 17% HV was obtained. The fCW
produced at pH 4.5 led to a PHA composition of 95% HB and 5% HV.
The results obtained in this study showed that polymer composi-
tion can be manipulated by controlling the acidogenic reactor pH
in order to produce different FP profiles (Table 2). If more HV is
required, the acidogenic reactor should be operated at higher pH
(> 6), as more propionate (HV precursor) is produced. This finding
is in agreement with Costello et al. [31], who developed a dynamic
model describing an anaerobic reactor. Contrarily, if the higher HB
content is targeted, the acidogenic stage should be operated at
lower pH (< 6) in order to produce more acetate, which is a HB
precursor. The manipulation of polymer composition by varying
the feed composition through the manipulation of the acidogenic
reactor operating conditions, such as pH, HRT, feedstock shift, has
been demonstrated [4,8,9,18]. However, the reported strategies
were performed in a static way, meaning that each factor was
evaluated one at a time, except in Duque et al. [8]. The latter
studied the effect of a dynamic feedstock shift on a 3-stage PHA
producing process.

In a real case scenario of a PHA producing industry, PHAs with
different monomers composition according to their clients
requirements have to be produced and at a low cost. Therefore,
a potential economically feasible option of a PHA producing
company to produce polymer is to use a single process, the same
feedstock, and manipulate the operational conditions of the
acidogenic stage. Thus, one reactor working continuously, varying
the pH, without the need to restart, can be used in order to obtain
the required FP profile necessary for a certain PHA composition.
However, in order to completely control the process, a great
knowledge on the acidogenic process, namely microbial com-
munity’s metabolism, is envisaged. In this study it was demon-
strated that different polymers can be produced using the same
feedstock and the same acidogenic culture just by controlling the
pH of the acidogenic process without introducing significant
perturbations in the system output. Furthermore, it was proven
that the system is robust, stable and reproducible as every time the
reactor turned back to the standard condition (pH 6), the response
was similar to the first pH 6. Hence, the observed changes in the FP
profiles are reversible. Using this strategy, a PHA producing plant
may be operated at standard conditions and if there is a different
PHA composition demand, the FP profiles can be manipulated by
controlling the pH of the acidogenic stage and then return to the
standard conditions without any system perturbations. Overall
these results show that a MMC culture process is stable and
predictable.

Conclusions

The change in pH had an impact on the microbial population,
but there was a high level of functional redundancy, since similar
FP profiles were achieved by different microbial groups. The FP
composition could be manipulated by controlling the pH in the
acidogenic fermentation, without restarting the system. These
results indicate that despite the complexity of the feedstock and
diversity of the microbial composition, the culture was found to be
robust (supporting large pH variations) and predictable (constant
product composition for the same pH), which are important
aspects in a production process. Therefore, it is possible to tailor
PHA composition through the manipulation of the acidogenic
reactor operating pH and using the same feedstock.
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