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AbstractAbstract
Replacing common plastic materials by biodegradable polyhydroxyalkanoates (PHAs) constitutes a promising approach to solve 
prevailing economic problems. Whey lactose from dairy industry, a surplus product with aggravating environmental impact, can 
be applied for production of these future-oriented biopolyesters. What was missing until recently was a detailed research resulting 
in an integral process for PHA production from whey by an organism, preferentially a wild type strain that is superior to other PHA 
producers from whey lactose. The process has to include the following features: optimizing the upstream technology for the feed 
stock whey, the conditions for growth and PHA formation from whey by the selected strain, gaining knowledge of triggering the 
polymer composition as a tool for triggering the polymer properties, optimizing the downstream processing, a detailed 
characterization of the produced biomaterials and an accompanying ecological and economic process assessment. Within the 
Growth program of the European Union, the project WHEYPOL was granted to realize the described ideas (Figure 2).

FromFrom WheyWhey to to thethe BiopolyesterBiopolyester

Annually 13 500 000 tons of whey containing 620 000 tons of lactose (D-
gluco-pyranose-4-�-D-galactopyranoside) constitute a surplus product 
in the EU, responsible for a huge disposal problem for the dairy industry 
[1]. The work aims at the solution of a waste problem and at the 
development of a future-oriented biotechnological process.
From the feed stock milk, casein is precipitated enzymatically or by acidification. This 
“transformation” results in curd cheese and full fat whey (liquid fraction). By subsequent 
skimming, the major part of lipids is removed, leaving over skimmed whey. From the 
sweet skimmed whey 80% of water is removed. This whey concentrate is separated via 
ultra filtration in whey permeate (lactose fraction) and whey retentate (protein fraction). 
Whereas the retentate is of interest due to the pharmaceutical industry [2], whey 
permeate constitutes a carbon source for biotechnological production of PHAs. 

The metabolic background
PHA biosynthesis via condensation of acetyl-CoA units stemming from substrate 
catabolism is well described. Under unfavourable growth conditions (limitation of 
essential nutrients, e.g.: nitrogen, phosphate or oxygen), several microorganisms 
redirect the carbon flux from biomass formation towards accumulation of PHA. The 
basic metabolic route is shown in Fig. 1. Only a restricted number of 
microorganisms directly converts lactose to PHAs. This can be overcome when 
whey lactose is hydrolyzed enzymatically or chemically to glucose and galactose; 
these monosaccharides are converted by a broader number of organisms. A third 
possibility arises from the anaerobic conversion of lactose in a first step 
fermentation by lactobacilli towards lactate with high yields; lactate can serve as 
substrate for PHA production (Fig. 1). The optimum strategy of applying whey for 
PHA production depends mainly on the selected production strain.

Table 1. Kinetic data for PHB – homopolyester and Poly-3(HB-co-3HV) Production using 
three different microbial production strains

Table 2: Results for Molecular mass determination and thermal characterization
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Potential of different strains as Polyhydroxyalkanoate ProducersPotential of different strains as Polyhydroxyalkanoate Producers from Wheyfrom Whey
The potential of three different microbial wild type strains potential as polyhydroxyalkanoate (PHA) production from 
whey lactose is compared. Homopolyester and co-polyester biosynthesis was investigated by the archaeon Haloferax 
mediterranei and the eubacterial strains Pseudomonas hydrogenovora and Hydrogenophaga pseudoflava. H. 
mediterranei accumulated 50 wt.-% of poly-3-(hydroxybutyrate-co-6%-hydroxyvalerate) in cell dry mass from 
hydrolyzed whey without addition of 3-hydroxyvalerate (3HV) precursors (specific productivity qp: 2.9 mg/g h). Using P. 
hydrogenovora, the final percentage of poly-3-hydroxybutyrate (PHB) amounted to 12 wt.-% (qp: 0.03 g/g h); co-
feeding of valeric acid resulted in the production of 12 wt.-%. P-3(HB-co-21%-HV) (qp: 0.02 g/g h). With H. 
pseudoflava, it was possible to reach 40 wt.-% P-3 (HB-co-5%-HV) on not-hydrolyzed whey lactose plus valeric acid as 
3HV precursor (qp: 9.1 mg/g h); on hydrolyzed whey lactose without addition of valeric acid, the strain produced 30 wt.-
% of PHB (qp: 0.16 g/g h). The characterization of the isolated biopolyesters completes the study. Among the microbial 
strains investigated during the research, the archaeon H. mediterranei turned out to be the most promising candidate 
for PHA production from whey [3,4,5]. The strain features high robustness and stability; the risk of microbial 
contamination during cultivation is restricted to an absolute minimum, thus a lot of energy can be saved by lower 
sterility demands. The partial conversion of whey sugars to 3HV units and the excellent polymer characteristics (low 
melting temperature, high molecular masses with narrow distribution) together with a viable cheap and simple 
downstream processing [6] make the strain of special interest. Recycling of the highly saline side streams has to be 
tested and optimized. 

Figure 1: Metabolic pathway for Poly-3-hydroxybutyrate production from whey lactose

Figure 2: Cells of Wautersia eutropha harbouring
PHA granules (kindly provided by E. Ingolic´ from 
“Zentrum für Elektronenmikroskopie“, Graz, 
Austria)

Conclusion
According to the results, H. mediterranei constitutes the most promising candidate for industrial scale PHA production 
starting from the surplus feed stock whey among the investigated microbial strains. This is due to the strain’s high 
robustness and stability; the risk of microbial contamination during cultivation is restricted to an absolute minimum, 
thus a lot of energy can be saved by lower sterility demands. The partial conversion of whey sugars to 3HV units and 
the excellent polymer characteristics (low melting temperature, high molecular masses with narrow distribution) 
together with a viable cheap and simple downstream processing make the strain of special interest. Recycling of the 
highly saline side streams has to be tested and optimized. Although also producing homo- and co-polyesters with 
interesting properties, P. hydrogenovora features the disadvantage of low final polymer contents, low productivities 
and product yields due to redirection of the carbon flux towards unwanted by-products. Here, strain improvement by 
genetic engineering should be considered. Nevertheless, depending on the substrate supply, the strain is able to 
accumulate PHB and P-3(HB-co-HV). H. pseudoflava produces PHA homo- and co-polyesters of rather good quality 
directly from non-hydrolyzed whey lactose at acceptable production rates and yields, but is not competitive with H. 
mediterranei in terms of strain stability and robustness. 
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µ max. [1/h]  0.10 0.17 0.08 0.29 0.20 

qp [g/g h] 0.15 0.16 0.05 0.03 0.02 

Y (PHA / Whey 

sugars) 

0.29 0.12 0.20 0.08 0.07 

Y (3HV / Valerate) - - 0.19 - 0.09 

max. PHA 

concentration 

[g/L] 

12.2 4.1 2.7 1.3 1.4 

PHA / CDM [%] 73 30 40 12 12 

Vol. productivity 

PHA [g/L h] 

0.09 0.14 0.05 0.03 0.05 

µ  specific growth rate 
qp  specific production rate for PHA 
Y (PHA / Whey sugars) yield coefficient for PHA from whey sugars 
Y (3HV / Valerate) yield coefficient for PHA from whey sugars 
CDM  cell dry mass 
a) No additionof 3HV – precursor 
b) Addition of 3HV – precursor 
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Melting 

endotherm Tm 

[°C]  

150.8c) / 

158.9d) 

178.9 176.7 169.3 165.3 

Glass transition 

temperature Tg 

[°C] 

6.0 n.d. - 5.5 -15.3 

3HV / PHA [%] 6 - 5 - 21 

Mw [kDa] 1057 827 859 353.5 353.5 

PDI [Mw/Mn] 1.5 2.7  3.8 4.3 

Mw Weight average molecular mass 
Mn Number average molecular mass 
a) No addition of 3HV – precursor 
b) Addition of 3HV – precursor 
c) First melting endotherm 
d) Second melting endotherm 
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