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Abstract
Polyhydroxyalkanoates, microbial polyesters produced in vivo starting from renewable resources, are considered the future 
materials of choice to compete recalcitrant petro-chemical plastic on the polymer market. In order to make polyhydroxyal-
kanoates market-fit, (techno)economics of their production need to be improved. Among the multifarious factors affecting 
costs of polyhydroxyalkanoate production, increased volumetric productivity is of utmost importance. Improving microbial 
growth kinetics and increasing cell density are strategies leading to a high concentration of catalytically active biomass within 
a short time; after changing cultivation conditions, these cells can accumulate polyhydroxyalkanoates as intracellular products. 
The resulting increase of volumetric productivity for polyhydroxyalkanoates can be realized by supplying complex nitrogen 
sources to growing microbial cultures. In the present study, the impact of different expensive and inexpensive complex nitro-
gen sources, in particular whey retentate, on the growth and specific growth rates of Hydrogenophaga pseudoflava was tested.

Based on a detailed kinetic process analysis, the study demonstrates that especially whole (not hydrolyzed) whey retentate, 
an amply available surplus material from dairy industry, displays positive effects on cultivations of H. pseudoflava in defined 
media (increase of concentration of catalytically active biomass after 26.25 h of cultivation by about 50%, increase of specific 
growth rate µ from 0.28 to 0.41 1/h during exponential growth), while inhibiting effects (inhibition constant Ki = 6.1 g/L) of 
acidically hydrolyzed whey retentate need to be overcome. Considering the huge amounts of surplus whey accruing especially 
in Europe, the combined utilization of whey permeate (carbon source) and whey retentate (complex nitrogen source) for bi-
opolyester production can be considered a viable bioeconomic strategy for the next future.

Keywords: Bioeconomy, biopolyesters, biopolymers, complex nitrogen sources, feedstocks, growth additives, industrial waste, 
polyhydroxyalkanoates (PHA), whey, whey retentate

Introduction
Current literature makes as familiar with the tremendously aggravating global plastic situ-
ation, which is reflected by an enormous current annual production of highly recalcitrant 
plastics of petrochemical origin, which is approaching the tremendous quantity of 0.4 Gt. 
A possible way out of this predicament is switching to biologically produced, biodegrada-
ble polymeric materials with plastic-like properties (1); especially microbial polyhydroxy-
alkanoates (PHAs) are considered auspicious candidates to fulfill this task (2,3). PHAs 
are biopolyesters accumulated by various prokaryotic organisms starting from renewable 
feedstocks; both heterotrophic and autotrophic PHA production is reported (4,5). PHAs 
can be processed to plastic items by various techniques established in polymer indus-
try, such as melt extrusion, injection molding, compression molding, wet spinning, elec-
trospinning, or 3D-printing (6). Selected examples for PHA application involve (food) 
packaging (7) or the pharmaceutical and biomedical field (8). Among heterotrophic PHA 
producers, Gram-negative strains currently outperform their Gram-positive counterparts 
in terms of scientific reports and (semi)industrial application for PHA production (9,10). 
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Beside extremophilic Gram-negative PHA producers thriving 
in challenging hot, hyper-saline, alkaline, or heavy metal-con-
taminated habitats (11,12), also various mesophilic bacteria are 
described as proficient PHA production factories. Among the 
myriad of investigated strains, especially those utilizing inex-
pensive feedstocks, growing fast, and accumulating high intra-
cellular PHA fraction attract most attention for bio-economic 
industrial-scale PHA production (4,5).

As an example for microbial strains accumulating signifi-
cant quantities of PHAs, the yellow-pigmented betaproteobac-
terium Hydrogenophaga pseudoflava (formerly known as Pseu-
domonas pseudoflava before its taxonomic re-classification into 
Hydrogenophaga, a new genus of hydrogen-oxidizing bacteria, 
in 1989 (13)) was successfully tested on shaking flask scale as 
whole cell biocatalyst for synthesis of PHA from pure sub-
strates like glucose, fructose (14), lactose and sucrose (15). This 
strain is also an expedient PHA producer when supplied with 
the lactose-rich permeate fraction of whey, an amply avail-
able surplus product of dairy industry. On bioreactor scale, 
the strain showed a preference for hydrolyzed whey permeate 
(mainly an equimolar mixture of glucose and galactose) if com-
pared to the use of whole whey permeate (not hydrolyzed lac-
tose) for production of the rather low-quality PHA homopol-
yester poly(3-hydroxybutyrate) (16,17). Moreover, the strain 
produces high-quality PHA copolyesters when supplied with 
precursor compounds structurally related to the PHA building 
blocks 3-hydroxyvalerate (3HV; used precursors: valeric acid 
(16), γ-valerolactone (18,19), levulinic acid (20)) or 4-hydrox-
ybutyrate (4HB; precursor: GBL (18,19,21)). Remarkably, H. 
pseudoflava is able to produce poly(3HB-co-4HB) copolyesters 
with high fractions of 4HB monomers, which are not degraded 
intracellularly even under conditions of absence of exogenous 
carbon sources and abundant availability of nitrogen and phos-
phate source; for 4HB contents of 95 mol-% and higher, these 
copolyesters are not accessible towards interactions with the 
strain´s intracellular depolymerase enzymes (21). Later, these 
findings were substantiated by demonstrating that in intracel-
lular blends of PHB and poly(4HB) homopolyesters, only PHB 
is degraded according to a first order kinetic, while poly(4HB) 
remains intact; for poly(3HB-co-4HB) copolyesters, intracel-
lular degradability was only possible above a minimum 3HB 
fraction, evidencing the high substrate specificity of the depoly-
merases of H. pseudoflava, and the high impact of the polyester 
microstructure on degradability (19). When co-feeding γ-vale-
rolactone and γ-butyrolactone, the strain produced poly(3HV-
co-4HB) copolyesters, which constituted intracellular blends 
of 3HV-rich and 4HB-rich copolyester chains; in analogy to 
poly(3HB-co-4HB) copolyesters, high 3HV fractions favored 
degradability in contrast to 4HB. Moreover, poly(3HV-co-
4HB) with a 50/50 ratio of 3HV/4HB produced in this study 
turned out to be completely amorphous materials (22). Anoth-
er intriguing aspect was more recently described by Povolo et 
al., who detected small amounts of 3HV in PHAs accumulated 
by this strain on sucrose or lactose as sole carbon sources; when 
adding yeast extract, even traces of 4HB were detected without 

any precursor compound, which was also the case when using 
whole whey plus yeast extract; the authors assumed that com-
pounds present in whey and yeast extract might act as 3HV and 
4HV precursor compounds for this strain (15).

However, achieved results for volumetric PHA productivity 
and intracellular PHA fraction for H. pseudoflava from lab-
scale experiments are not yet competitive with the most wide-
ly used PHA production strain Cupriavidus necator (formerly 
known as Wautersia eutropha, Ralstonia eutropha, or Alcali-
genes eutrophus (23)). In this context, it was of interest to study 
the possibility to enhance volumetric PHA productivity by 
reaching higher amounts of catalytically active biomass with-
in a shorter time by adapting the composition of the nutrient 
broth during the phase of biomass growth; after switching the 
cultivation conditions (typically by provoking a limitation of a 
growth essential nutrient like nitrogen- or phosphate source), a 
higher total quantity of PHA can be produced per fermentation 
batch than in the case of low cell density (24). The present study 
was inspired by previous literature reports, which evidenced 
enhanced growth, especially reduced lag (adaptation) phase of 
growth and higher cell density, when adding complex nitrogen 
sources like yeast extract (25), fish peptone (26), casamino ac-
ids (27), or magnesium-rich pressed juices of fresh or ferment-
ed grass, which constitute a product from grass biorefinery 
processes (28,29), to cultures of PHA accumulating microbes.

Regarding whey retentate, the successful use of enzymati-
cally hydrolyzed whole whey as substrate in PHA production 
processes was reported some years ago for C. necator growing 
on plant oils as main carbon source by Obruca and colleagues; 
it was shown that additions of this growth additive enhanced 
PHA productivity from plant oils by a factor of 3-5 in shak-
ing flask setups, and increased conversion yield of plant oils to 
PHA by about 40% (30). As an absolute novelty, the study at 
hand investigated the effect of adding whey lactose as complex 
nitrogen source to cultivations of H. pseudoflava on hydrolyzed 
whey permeate as carbon source on the growth kinetics and 
biomass formation of the strain. 

Nota bene: Separation of whey into retentate and permeate 
allows providing the optimum C/N ratio in both phases of the 
cultivation, while using whole whey displays several disadvan-
tages: (i) Whey is too highly diluted (not suitable in fed-batch 
processes; would result in excessive volume increase in the 
bioreactor); (ii) no possibility to supply sufficient amounts of 
organic nitrogen source during growth phase (in comparison 
to carbon content), and no possibility to operate the system 
under nitrogen-free conditions in the second phase (PHA ac-
cumulation phase). Especially for future continuous cultivation 
processes (in particular when using at least two continuously 
operated bioreactors in series), a fine-tuned and independent 
continuous supply with nitrogen and carbon sources is indis-
pensable.

The effect of adding whey retentate was compared with cul-
tivation batches using ammonia sulfate as sole, inorganic nitro-
gen source, and with setups supplied with additional complex 
nitrogen sources, namely yeast extract, malt extract, meat ex-
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tract, corn steep liqueur (CSL), hydrolyzed casein, and pressed 
juice of grass silage. Whey retentate was particularly selected 
for this study to complement the excellent performance of 
the strain in producing PHAs from whey permeate as carbon 
source (16,17); using both the permeate and the retentate frac-
tion in a PHA production process would pave the way towards 
a complete utilization of the surplus material whey, which, due 
to its high (bio)chemical oxygen demand, currently poses en-
vironmental threats when disposed as waste into aquatic envi-
ronments (29). In addition, this new application of whey reten-
tate for PHA biosynthesis can be considered a complementary 
strategy to other value-added applications of this material in 
the bioplastic field, such as coating of films made of non-degra-
dable petrochemical plastics to enhance oxygen barrier prop-
erties and reduce the plastic´s ecological footprint (31), or to 
fine tune gas barrier properties of films made of other biode-

gradable polymers (32). Fig. 1 visualizes the processing steps 
of whey towards a substrate for biotechnological PHA produc-
tion, while Table 1 summarizes the chemical composition of 
different types of whey.

After this basic experiment, the application of different con-
centrations of whole whey retentate and acidically hydrolyzed 
whey retentate were compared in terms of impact on growth 
kinetics and biomass formation of H. hydrogenophaga.

Materials and Methods
Strain
Hydrogenophaga pseudoflava DSM 1034 (formerly known as 
Pseudomonas pseudoflava) was obtained from DSMZ culture 
collection (Braunschweig, Germany). Culture maintenance 
was done on solidified agar slants containing a mineral medi-
um (H3) with the following composition (g/L): NaHCO3 0.5, 

Table 1. Chemical composition of milk and different types of whey (based on (33))

Compound
(% (w/w)) Milk Sweet 

Whey

Dry Sweet 
whey 

(powder)

Fermented 
whey 

(powder)

Dry sweet 
whey 

(powder)

Whey 
Permeate

(this study)

Whey 
Retentate

(this study)

Lactose ca. 4.8 4.7–4.9 73.5 4.5–4.9 65.6 23 14

Lactic acid - traces traces 0.5 7 n.d. n.d.

Proteins 3.4-3.5 0.75–1.1 12.9 0.45 12.3 0.75 13

Lipids >4.2 0.15–0.2 1.1 traces 1.0 n.d. 3-4

Minerals (e.g., 
calcium, phosphate) ~0.7 ca. 0.7 8 0.6-0.7 11 ca. 2.7 ca. 0.7

n.d.: not detected

Figure 1. Processing of whey towards a feedstock for PHA production (based on (34)).
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Na2HPO4 2.9, KH2PO4 2.3, agar-agar 15, MgSO4*7H2O 0.5, Ca-
Cl2*2H2O 0.01, NH4Fe(III)citrate 0.05, trace element solution 
SL6 5 mL (composition according to (27)), plus hydrolyzed whey 
permeate at a quantity resulting in a total sugar (glucose + galac-
tose) concentration of 10 g/L.

Cultivations
Preliminary testing of different complex nitrogen sources
Hydrogenophaga pseudoflava was inoculated from single col-
onies taken from agar slants with minimal medium H3 to 50 
mL LB medium (pH 7.0), and grown for 24 hours at 37°C. 10 
mL of this pre-culture was added to 250 mL of H3 medium in 
1 L shaking flasks, containing 2 g/L of the inorganic nitrogen 
source ammonium sulfate and hydrolyzed whey permeate at 
a quantity resulting in a total sugar concentration of 10 g/L; 
the pH-value was adjusted to 7.0. Different complex nitrogen 
sources (yeast extract, malt extract, meat extract, CSL, hy-
drolyzed casein, silage juice, and whey retentate) were added 
to the individual setups at concentrations of 2 g/L each, and 
compared with setups without complex nitrogen source; each 
experimental setup was carried out in duplicate. All shaking 
flasks were incubated on a rotary shaker at 37ºC operated at 
130 rpm for 24 hours.

Comparison of hydrolyzed and non-hydrolyzed whey reten-
tate as complex nitrogen source
Pre-culture: 100 mL of H3 containing hydrolyzed whey per-
meate (total sugar concentration 10 g/L) was inoculated with 
5 mL of the LB cultures (vide supra). After 21 hours, when the 
cells had reached the late exponential phase, 14 300 mL shak-
ing flasks, each containing 100 mL H3 medium, were inocu-
lated with 4 mL inoculum culture. Two flasks, the references, 
contained ammonium sulfate as sole nitrogen source, whereas 
hydrolyzed or not hydrolyzed whey retentate at concentrations 
of 0.5, 2 and 5 g/L were added to the other setups. All shak-
ing flasks were incubated at 37ºC with 130 rpm for 24 hours. 
All experimental setups were done in duplicate. Sampling was 
done every three hours.

Whey
Sweet whey (composition see Table 1), a by-product of the 
Asiago DOC cheese production, was provided by the Italian 
dairy company Latterie Vincentine S.c.a., Italy (LAVI). Sepa-
ration of whey into whey permeate and whey retentate was ac-
complished directly at LAVI via ultrafiltration. Lactose in whey 
permeate was hydrolyzed enzymatically by adding the enzyme 
formulation Maxilact LG 2000TM (DSM Food Specialities, UK; 
2.5 mL per L whey permeate) at a pH of 6.5-7 and a tempera-
ture of 37ºC and stirring for 24 hours according to a previously 
published protocol (35). The whey retentate fraction was sub-
jected towards acidic hydrolysis by adding 6 M HCl (1 mL per 
g retentate) and continuous magnetic stirring at 90ºC for 24 
hours. After cooling and monitoring completeness of hydroly-
sis, the pH-value of the hydrolysis cocktail was adjusted to 7.0 
by adding an adequate quantity of aqueous NaOH solution.

Optical density
Microbial growth of H. pseudoflava was monitored during the 
experiments by measuring the optical density at a wavelength of 
420 nm using a Spectronic genesys 2 PC UV/VIS spectropho-
tometer after each sampling; for each measurement, filtrated su-
pernatant was used as zero-reference.

Ammonium determination
Ammonium was measured electrochemically with an ion-sensi-
tive Orion electrode using ammonium sulfate standard solutions 
(30-3000 ppm) (27).

Cell dry mass determination
5 mL of liquid sample broth was centrifuged (4°C, 12,000 g; 
Megafuge 1.0R Hereus Sepatech) in pre-weighed glass tubes. The 
filtered supernatant was used for determination of carbon sourc-
es (glucose and galactose) and ammonium sulfate. The remain-
ing pellet was frozen and lyophilized (freeze-drying apparatus 
Christ Alpha 1-4 B) until mass constancy. After weighing, the 
difference between tubes containing dry cell pellets and corre-
sponding empty tube weights was defined as the cell dry mass 
(CDM) in 5 mL fermentation broth.

Determination of carbon sources
The concentrations of glucose, galactose, and lactose were meas-
ured with an HPLC equipment consisting of a thermostated 
Aminex HPX 87H column, an HP 7673 controller, a JASCO 
880-PU intelligent HPLC pump, and a BISCHOFF RI-Detector 
8110. The substrates to be analyzed were eluted in isocratic mode 
with 0.005 M H2SO4 at a rate of 0.60 mL/min. Solutions of pure 
sugars (glucose, galactose, lactose) and lactic acid were used for 
external calibration.

PHA determination
The frozen and lyophilized biomass pellets from the cell dry mass 
determination were used for measuring the PHA concentration 
in the biomass and PHA´s monomeric composition according 
to Braunegg´s method (36). Briefly, PHA in the lyophilized bi-
omass pellets was simultaneously extracted by chloroform and 
transesterificated by acidic methanolysis; hexanoic acid acted as 
internal standard. The methanolysis cocktail was analyzed using 
an HP 5890 Series II gas chromatograph (GC) equipped with a 5 
m HP 1 capillary pre-column and 30 m HP5 column and a flame 
ionization detector (FID) for detecting the volatile methyl esters 
of the PHA building blocks. Helium was used as carrier gas, H2 
and synthetic air (oxygen source) as detector gases, and nitrogen 
as auxiliary gas. The injection volume amounted to 1 µL, the split 
ratio was 1/10. Pure Biopol™ poly(3HB-co-3HV) copolyester 
with a 3HV content of 19.1% was used for external calibration.

Results
Preliminary testing of different complex nitrogen sources 
H. pseudoflava was grown for 24 hours in media with inorganic 
nitrogen (ammonia sulfate) and 2 g/L of different complex ni-
trogen sources. As reference, a culture with ammonium sulfate 
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as only nitrogen source was used. Figs 2 a-c show the OD val-
ues and concentrations of CDM and ammonium sulfate for all 
cultivation setups.

Increase of both OD and CDM with time demonstrate that 
most of the complex nitrogen sources tested definitely en-
hanced growth rate and biomass formation of H. pseudofla-
va. Highest OD and CDM values were reached when adding 
pressed grass silage juice, casein peptone or yeast extract as 
complex nitrogen sources. The lag phase (about 5 h) was how-
ever in the same range for all setups, though a bit shorter when 
using casein peptone and yeast extract. The higher CDM val-

ues for pressed grass silage juice at the end of the experiment 
could be explained by presence of complex sources, which can 
serve as additional substrate utilized only after the main carbon 
source (glucose and galactose from hydrolyzed whey perme-
ate) is already depleted (27).

Table 2 collects growth rates (rX) and specific growth rates 
(µ) calculated from the OD values. Both rX and µ calculated 
between 5 and 8 h are similar for all cultures except the ones 
supplied with yeast and meat extract. In these setups, growth 
rates and specific growth rates are higher compared to the oth-
ers, evidencing that the lag phase is shorter when yeast or meat 

Figure 2. Time patterns of OD (a), CDM (b), and inorganic nitrogen source ammonium sulfate (c). H. pseudoflava cultivated on 
shaking flask scale for 24 h on hydrolyzed whey permeate as carbon source and ammonium sulfate as inorganic nitrogen sources; 
comparison of growth patterns with addition of different complex nitrogen sources (yeast extract, CSL, casein hydrolysate, malt 

extract, pressed grass silage juice, meat extract, and not hydrolyzed whey retentate).

Table 2. Growth rates (rX) and specific growth rates (µ) of cultures from the exponential growth phase expressed based on OD values

  Time Only inorg. 
N-source

Yeast 
extract

Malt 
extract

Meat 
extract CSL Casein 

Hydrolysate

Pressed 
grass silage 

juice

Whey 
retentate

rX (dOD/dt) 5-8 h 0.52 1.05 0.70 0.94 0.63 0.60 0.31 0.44

rX (dOD/dt) 8-11 h 1.11 1.88 1.64 1.84 1.74 1.58 1.53 1.68

µ (1/h) 5-8 h 0.22 0.34 0.26 0.31 0.20 0.24 0.09 0.16

µ (1/h) 8-11 h 0.28 0.30 0.34 0.31 0.34 0.37 0.35 0.42

rX = dOD/dt; µ = rX/OD
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extract is added to the cultivation medium. However, when 
the rates are calculated between hours 8 and 11 (exponential 
growth phase), higher values for rX and µ were observed for 
all complex sources in comparison to setups containing only 
inorganic nitrogen source. For the novel complex nitrogen 
source whey retentate, rX was similar to the commercial com-
plex nitrogen sources (nota bene: among them, especially yeast 
extract significantly contributes to the cultivation costs!) and 
to pressed grass silage juice. µ for retentate (0.42 1/h) obtained 
for whey retentate setups, however, outperformed results for all 
other studied nitrogen sources during the phase of exponential 
growth.

Comparison of hydrolyzed and non-hydrolyzed whey 
retentate as complex nitrogen source
Hydrolyzed and not hydrolyzed whey retentate (HWR and 
NHWR, respectively) were added in different concentrations to 
a H3 medium containing hydrolyzed whey permeate as carbon 
source, and ammonium sulfate as inorganic nitrogen source. 
Hydrolysis was carried out in order to generate amino acids 
and smaller peptides, which might me more easily accessible 
by the cells than the whole whey proteins. Hence, the effect of 
HWR and NHWR on the growth phase of H. pseudoflava was 
comparatively studied. After 26.25 hours, the cultivations were 
stopped, as at that point all the cultures had already reached the 
PHA accumulation phase. Fig. 3a shows the time curves of OD 
for all setups during the phase of microbial growth (t = 0-15 h). 
Here, it can be seen that the exponential growth of H. pseudo-
flava, expressed as OD during time, is significantly enhanced 
by the addition of NHWR as complex nitrogen source. On 
the contrary, growth was somewhat inhibited when HWR was 
added, if compared to the cultures containing ammonium sul-
fate as sole nitrogen source. Time curves for the cultures with 
0.5 g/L HWR showed a trend almost identical to the ones con-
taining only inorganic nitrogen source. Fig. 3b shows the CDM 
values of the different cultivation setups after 0, 11.75 and 26.25 
h. CDM values obtained after 26.25 h are approximately equal 

in all cultures (about 4 g/L), except the culture supplied with 
5 g/L NHWR, where the CDM is higher (about 5 g/L). In the 
cultures supplied with NHWR, CDM did not significantly in-
crease in the period between 11.75 and 26.25 h. In the cultures 
with only inorganic nitrogen source (ammonium sulfate) and 
those supplied with HWR, the CDM values typically were low-
er after 11.75 h than for setups containing NHWR, indicating 
a slower growth rate; however, after 26.25 h, CDM reached val-
ues similar to those observed in setups supplied with NHWR.

The same conclusion can be made from Figs. 4a and b, 
which show the utilization of ammonium sulfate (Fig. 4a) and 
total sugars (Fig. 4b) during the cultivations. Studying the re-
sults presented in Fig. 4a, it is evident that ammonium is much 
faster utilized in those cultures containing NHWR as complex 
nitrogen source than in those containing HWR, indicating that 
growth is enhanced by this protein-rich additive. However, 
some important amino acids are maybe not present in retentate 
and therefore still have to be synthesized from the inorganic 
nitrogen source. The lower conversion rate for the inorganic 
nitrogen source in setups containing HWR also correlates with 
slower growth in these setups, and also evidences that the strain 
might resort to some components from HWR (amino acids, 
peptides) to synthesize its own proteins prior to synthesizing 
them de novo from inorganic nitrogen source. This matches the 
trend of sugar conversion, as displayed in Fig. 4b. Less sugar 
(sum of glucose and galactose) is utilized in the setups contain-
ing HWR (Fig. 4b). This lower sugar consumption correlates 
with the lower ammonium sulfate consumption rates shown in 
Fig. 4a. After 11.75 hours, most of the sugars had been depleted 
in the cultures with 2 and 5 g/L NHWR, while in the medium 
containing 2 and 5 g/L HWR, considerable amounts of sugar 
were still detected. At the end of the experiment (t = 26.25 h), 
sugar concentration was at a low level below 1 g/L for all set-
ups. Figs. 4c and d show the individual utilization of glucose 
and galactose, the two sugars obtained by hydrolyzing whey 
permeate (nota bene: lactose was not detected due to complete 
hydrolysis). After 11.75 hours, glucose was completely depleted 

Figure 3. (a) times curves of OD (420 nm) during the phase of microbial growth (t = 0-15 h); (b): CDM at time 0 h (black bars), 11.75 
h (grey bars), and 26.25 h (white bars); A: only inorganic N-source, B: 0.5 g/L HWR, C: 2 g/L HWR, D: 5 g/L HWR, E: 0.5 g/L NHWR, F: 2 
g/L NHWR, G: 5 g/L NHWR. H. pseudoflava on hydrolyzed whey permeate as carbon source and different additions of HWR or NHWR. 

Error bars indicate the deviations between two parallel cultivations.
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in the cultures containing 2 and 5 g/L whole whey retentate, 
while in cultures with HWR, only about 25% (5 g/L hydrolyz-
ed retentate) or 50% (2 g/L hydrolyzed retentate), respectively, 
of originally present glucose were converted. At the end of the 
experiments (t = 26.25 h), glucose was entirely depleted in all 
setups. The same trend was observed for galactose. In cultures 
containing only inorganic nitrogen or those supplied with 0.5 
g/L NHWR or HWR, very similar galactose utilization was ob-
served; for setups with 2 or 5 g/L NHWR, only about 1 g/L 
galactose remained after 11.75 h. Remarkably, some quantity of 
galactose was still detected in all setups at the end of the culti-
vations, indicating the preference of H. pseudoflava for glucose 
when supplied together with galactose.

Fig. 5 shows the PHA concentrations (Fig. 5a) and resid-
ual biomass (CDM minus PHA) concentrations (Fig. 5b) in 
the cultures at different times. Importantly, in all cases, PHB 
homopolyester was synthesized; 3HV or 4HB building blocks 
were not detected via GC-FID determination, which differs 
from a previous report on this organism (15), but substantiates 
older literature for this strain-substrate combination (16,17). 
In the cultures not containing complex nitrogen and in those 
containing 0.5 g/L HWR or NHWR, highest PHB concentra-
tions (range 0.6 to 0.8 g/L) were achieved only at the end of the 
experiment (t = 26.25 h), while for setups containing 2 and 5 
g/L HWR, PHB concentrations were by far higher after 11.75 h 

(0.4 to 0.5 g/L) than after 26.25 h (only traces of PHB); hence, 
the produced polymer was largely degraded. Setups containing 
2 or 5 g/L HWR displayed similar PHB concentrations (0.6 and 
0.5 g/L, respectively) after 11.75 and 26.25 h. Also production 
of residual biomass proceeded until the end of the experiment 
for all setups, with highest values (4-5 g/L) being obtained for 
setups supplied with 5 g/L NHWR (G). After 11.75 h, both sug-
ars and ammonium were still present in all setups; these sub-
strates can be converted to residual biomass (from conversion 
of sugars and ammonium) and PHB (only from sugars). As 
ammonium was present in these flasks even after 26.25 h, the 
cells were able to produce biomass in the period between 11.75 
and 26.5 h. However, also in these cultures, the concentrations 
of exogenous carbon source (sugars) were very low at the end 
of the experiment, evidencing that PHB accumulated within 
the first phase of the experiment (until t = 11.75 h) was remo-
bilized by the cells in the second phase (t = 11.75 to 26.25 h) for 
formation of residual biomass. This is well substantiated by the 
values for volumetric productivity shown in Fig. 5d; here, neg-
ative values for PHA productivity calculated for setups C and D 
(higher concentrations of HWR of 2 g/L and 5 g/L, respectively) 
indicate intracellular PHA degradation. The fact that cultures C 
and D still contained high amounts of ammonium sulfate after 
11.75 h (about 1 g/L and 2 g/L, respectively) also explains the 
lower PHA concentrations in these setups after 11.75 h (Fig. 

Figure 4. Remaining concentrations of ammonium sulfate (a), total sugars (sum glucose + galactose, b), glucose (c), and galactose 
at time 0 h (black bars), 11.75 h (grey bars), and 26.25 h (white bars). A: only inorganic N-source, B: 0.5 g/L HWR, C: 2 g/L HWR, D: 
5 g/L HWR, E: 0.5 g/L NHWR, F: 2 g/L NHWR, G: 5 g/L NHWR. H. pseudoflava on hydrolyzed whey permeate as carbon source and 

different additions of HWR or NHWR. Error bars indicate the deviations between two parallel cultivations.
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5a); at that point, these cultures were not exposed yet to nitro-
gen limitation generally favoring PHB biosynthesis (38). For all 
other setups, residual biomass production between hours t = 
11.75 and 26.25 h was insignificant. In setups containing 2 and 
5 g/L NHWR, both ammonium and sugars were almost deplet-
ed after 11.75 hours (Fig. 4a, b), which prevented formation 
of both residual biomass and PHB (Fig. 5a, b). Nitrogen limi-
tation in setups A (only inorganic nitrogen) is also evidenced 
by the highest intracellular PHA mass fractions (m) calculated 
as displayed in Fig. 5c; after 26.25 h, about 20 wt.-% were ob-
tained for setups without complex nitrogen source, which is in 
a similar range as for setups containing 0.5 g/L NHWR (E). 
At that time, the mass fraction of PHA in setups C and D was 
already below 1 wt.-%.

Based on measured OD values, rX and µ were calculated for 
these cultivations. rX and µ were first calculated between t = 5 
to 8.75 h, when biomass growth was exponential for all cultures 
(Fig. 6a, b). After 11.75 h, growth was still exponential for all 
cultures containing HWR as complex nitrogen source. There-
fore, growth rates and µ were calculated also for the period be-
tween t = 5 to 11.75 h (Fig. 6c, d). It can also be seen from Fig. 
6a and b that rX and µ for cultures containing NHWR increased 
with increasing concentration of this additive when adding it 
at a quantity of 2 and 5 g/L, while supplementation with 5 g/L 

NHWR further increased rX only insignificantly, and values for 
µ were almost the same when comparing setups with 2 and 5 
g/L NHWR. 

Mathematical modelling of both growth and product for-
mation phase PHA production process has recently become 
an emerging topic, helping to better understand and optimize 
such bioprocesses, which ultimately shortens the way towards 
industrial realization and helps avoiding technological dead-
locks already at a very early stage of process development 
(39,40). In this context, it is well visible from all time curves 
illustrated in Figs. 6a-d that HWR does not increase rX and µ, 
but, on the contrary, even displays inhibiting effects. Therefore, 
a Dixon plot was developed to calculate the inhibition constant 
Ki of HWR on H. pseudoflava thriving under described condi-
tions; based on this plot, Ki for HWR was determine to amount 
to 6.1 g/L (Fig. 7a).

For the setups containing NHWR as complex nitrogen 
source, Haldane and Monod kinetics, which reflect the de-
pendence of µ on substrate concentration, were modelled us-
ing the solver function in Microsoft excel program (Fig. 7b, 
c). Here, it should be emphasized that the calculated kinetic 
constants do not refer to NHWR alone, but to the combination 
of the inorganic nitrogen and NHWR. The substrate concen-
trations used in the calculations only reflect the concentration 

Figure 5. Concentrations of PHA (a), residual biomass (CDM minus PHA, b), mass fraction m of PHA in CDM (c), and volumetric PHA 
productivity at time 0 h (black bars), 11.75 h (grey bars), and 26.25 h (white bars). A: only inorganic N-source, B: 0.5 g/L HWR, C: 2 g/L 
HWR, D: 5 g/L HWR, E: 0.5 g/L NHWR, F: 2 g/L NHWR, G: 5 g/L NHWR. H. pseudoflava on hydrolyzed whey permeate as carbon source 

and different additions of HWR or NHWR. Error bars indicate the deviations between two parallel cultivations.
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Figure 6. Growth rates rX and specific growth rates µ for time interval between t = 5 and 8.75 h (a and b, respectively), and for time 
interval between t = 5 and 11.75 h (c and d, respectively). H. pseudoflava on hydrolyzed whey permeate as carbon source and dif-
ferent additions of HWR or NHWR. Full lines with full symbols: NHWR; dashed lines with open symbols: HWR.  rX = dOD/dt; µ = rX/OD

Figure 7. a) Dixon plot to determine inhibition constant Ki for HWR on growth of H. pseudoflava; b) Monod kinetics, c) Haldane 
kinetics for utilization of NHWR. H. pseudoflava on hydrolyzed whey permeate as carbon source and different additions of HWR H. 

pseudoflava on hydrolyzed whey permeate as carbon source and different additions of HWR or NHWR.
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of NHWR. Therefore, the kinetic constants calculated cannot 
be directly compared with situations where whey retentate acts 
as sole nitrogen source. The equations for Haldane and Monod 
kinetics are shown in equations 1 and 2, respectively.
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maxµ 		       equation 2: Haldane kinetics

µ: specific growth rate; µmax. = maximum specific growth 
rate; KS = growth constant; S = substrate concentration; Ki = 
inhibition constant

Based on the Haldane model, a KS value of 0.18 g/L was cal-
culated; this signifies that, when the concentration of the inor-
ganic nitrogen source ammonium sulfate amounts to 2 g/L, the 
value for µ is half of the maximum which could be achieved 
when adding whole whey retentate at a concentration of 0.18 
g/L. Ks calculated based on Monod´s model was somewhat 
lower (0.11 g/L); hence, when relying on Monod, less substrate 
is needed for an equally fast growth. µmax., which reflects the 
maximum specific growth rate that can be achieved by a given 
strain-substrate combination, had similar values (0.46 1/h and 
0.42 1/h) when using either Haldane or Monod, respectively. 
In addition, an inhibition constant for NHWR can be calculat-
ed when applying the Haldane equation, which amounted to 
about 15 g/L. Table 3 summarizes the calculated kinetic con-
stants for the two kinetic equations.

Discussion
Preliminary testing of different complex nitrogen sources 
With all complex nitrogen sources (except malt extract, which 
may contain inhibiting compounds (37)) H. pseudoflava grew 
faster and achieved higher OD and CDM values; this attracts 
the attention on these complex additives to be used in culti-
vations of H. pseudoflava under controlled conditions on bio-
reactor scale. The cost of such additives must, however, be set 
in relation to the de facto achievable increase of biomass and 
overall productivity compared to ammonium sulfate when ap-
plied as sole nitrogen source to critically assess their economic 

feasibility; this will require detailed techno-economic calcula-
tions from bioreactor cultivation setups.

As discussed above, when whey permeate is used as carbon 
source, it would be convenient to use also the whey retentate 
fraction as nitrogen source. In an optimized scenario, PHA 
will be produced in the same factory as cheese whey, which 
means that both the permeate and the retentate would be avail-
able for the PHA production in house without generating any 
transportation costs (29). That way, reduction of a waste mate-
rial stream (whey) from the cheese production process would 
conveniently be combined with enhanced growth of the PHA 
producing bacteria. For this reason, the subsequent experiment 
was carried out for a more in depth analysis of whey retentate 
as biotechnological nitrogen source. 

Comparison of hydrolyzed and non-hydrolyzed whey 
retentate as complex nitrogen source
Growth and growth rate of the auspicious PHA production 
strain H. pseudoflava can be enhanced by adding rather low 
quantities (up to 5 g/L) of NHWR to a H3 medium contain-
ing hydrolyzed whey permeate as carbon source and 2 g/L of 
ammonium sulfate as inorganic nitrogen source. According to 
Haldane´s kinetics calculated in this study, whey retentate be-
comes inhibiting only at concentrations exceeding 15 g/L. The 
kinetic effect of adding either 2 g/L or 5 g/L is negligible; thus, 
supplementation of 2 g/L NHWR can be considered sufficient 
to positively impact the process.

In contrast, the experimental results clearly show that addi-
tion of HWR results in lower rX and µ for this strain, and should 
therefore not be used in its present form as complex nitrogen 
source for H. pseudoflava. The reason for this inhibiting effect 
might be the higher salt concentration of HWR (6 M NaCl 
added to 1 kg of retentate via HCl for hydrolysis and NaOH 
for neutralization) and/or formation of growth inhibiting sub-
stances, which might be formed during the acidic hydrolysis 
as reported in previous literature (41). The calculated Ki value 
(6.1 g/L) is rather high in comparison to other additives used 
on shaking flaks scale for cultivations of PHA producing or-
ganisms; in the case of Pseudomonas hydrogenovora (today: 
Paraburkholderia fungorum), a Ki of 1.84 g/L was determined 
for the addition of the 3HV-precursor sodium valerate, when 
hydrolyzed whey permeate was used as main carbon source 
(42). Hence, the inhibiting effect of HWR obtained by acidic 
treatment of whey retentate is not exceptionally high.

However, it appears logical that, after hydrolysis of whey 
retentate, its amino acids and small peptides should be better 

Table 3. Kinetic constants for whey retentate for H. pseudoflava in a medium with 2 g/L ammonium sulfate as inorganic 
nitrogen source established according to Haldane and Monod

Equation Ks µmax Ki

Haldane 0.18 0.46 14.98

Monod 0.11 0.42 -
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available for the strain if compared to whole proteins, which 
have to hydrolyzed by the strain before being accessible for uti-
lization. With acidically hydrolyzed retentate, this was however 
not the case. Therefore, it should also be tested in follow-up 
experiments if enzymatically (proteases) hydrolyzed whey re-
tentate would be advantageous compared to NHWR. In addi-
tion, desalination of acidic hydrolysates and simple methods 
for detoxification to remove inhibitors should be tested as sub-
sequent steps. Such detoxifications, based on overliming, active 
carbon, and lignite, performed successfully in the past when 
hydrolyzing, e.g., lignocellulose materials to generate inexpen-
sive substrates for other PHA production strains, as described 
in various literature reports (43-45).
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