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Polyhydroxyalkanoates (PHAs) are biopolymers with properties similar to synthetic plastics 

and with an important position in the market. PHAs can be produced from 

wastewater/waste/surplus feedstocks by mixed microbial cultures (MMC). The work 

presented in this article was pioneer and a step forward in engineering the microbial 

ecology of MMC PHA producing systems. 

 
 
 
Outline  
Polyhydroxyalkanoates (PHAs) are 
biopolymers stored by numerous bacteria as 
a carbon and energy source, with similar 
properties to synthetic plastics. These 
polymers have been conquering an important 
position in the market as an ecological 
alternative to conventional oil-based plastics, 
since they are both biobased and 
biodegradable. However, the costs 
associated to PHA production are still too 
high to make them truly competitive. One 
option to cut down PHA production costs is 
the use of wastewater/waste/surplus 
feedstocks and mixed microbial cultures 
(MMC).  
 
This alternative reduces operation costs 
associated to pure cultures (e.g. aseptic 
conditions, defined substrates) while 
simultaneously reducing the ecological 
footprint of disposing off wastes, thus being 
an economically viable and environmentally 
sustainable alternative to the current 
industrial PHA production processes (Gurrief 
and Lant, 2007). 
 
Not all organisms are able to store PHA. In 
an open mixed culture system, it is important 
to maximise the enrichment of the MMC on 
PHA-storing microorganisms in order to 
increase the volumetric PHA productivity, as 
well as to reduce downstream separation and 
purification costs. Efficient PHA-storing 

organisms have been enriched in systems 
based on domestic and industrial feedstocks 
through the application of feast and famine 
(FF) conditions, where organic carbon is 
provided to the biomass during the feast 
phase, which is followed by a prolonged 
period without organic carbon feeding. This 
transient substrate availability induces an 
internal growth limitation that triggers the 
channelling of substrate to storage (Reis et 
al., 2011).  
 
The PHA polymer produced via MMCs is of 
suitable quality for a wide range of 
applications, depending on its monomer 
composition, whereby a hydroxybutyrate 
(HB)-rich polymer is stiff, and the introduction 
of a hydroxyvalerate (HV) fraction results in a 
less brittle polymer. The relative monomer 
fraction can be regulated, via adjustments to 
e.g. the volatile fatty acid (VFA) composition 
of the substrate, in order to optimise the 
mechanical properties of the bioplastic 
(Albuquerque et al., 2011). Furthermore, the 
VFA composition of the feed has also been 
found to influence the PHA production 
capacity by MMC (Albuquerque et al., 2010), 
which is likely linked to the composition of the 
microbial community enriched. 
 
The use of MMC in biotechnology processes 
is common in environmental applications, 
namely for waste or wastewater treatment 
purposes. The use of this approach for 
resource recovery and waste valorisation, 
such as PHA production, is more recent, thus 
only few studies concerned the microbial 
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characterisation of these systems. Being 
open systems, and therefore prone to rapid 
changes in microbial population composition 
and their relative proportion, it is important to 
understand the community ecology and 
dynamics in function of the bioreactor 
conditions. Linking this information with 
process data, as well as with pure culture and 
metagenomic data, can be used to improve 
the prediction of microbial performance and 
competition. This knowledge can be further 
incorporated to mathematical metabolic 
models used for process design and control, 
thereby improving the capacity to optimise 
the PHA production process. 
 
Microbial population composition of MMC 
PHA producing systems 
Previous studies investigating the microbial 
community structure of MMC PHA producing 
processes have revealed a wide phylogenetic 
diversity and functional redundancy (Dionisi 
et al., 2006; Lemos et al., 2008; Villano et al., 
2010; Reis et al., 2011; Albuquerque et al, 
2013). Members of the genera Thauera, 
Azoarcus, Amaricoccus, Zooglea, 
Meganema, and Paracoccus (belonging to 
the Proteobacteria phylum) have been 
implicated as abundant PHA producing 
organisms in engineered systems (Reis et al.; 
2011, Albuquerque et al., 2013), with distinct 
microbial groups being found in processes 
with different operating conditions.  
 
Besides identifying the organisms that prevail 
in FF conditions, in order to maximise PHA 
production in MMC systems, it is important to 
understand the link between microbial 
composition and function, as well as the 
operation conditions that select for those 
specific organisms. In the future, this 
information will contribute towards the 
development of process operational 
strategies designed to optimise the structure 
of the microbial community, and thereby 
attain a specific goal (improved productivity, 
polymer with specific composition, etc.). 
 

Relationship between microbial 
composition and PHA production 
performance 
Recently, a study was carried out to establish 
the link between microbial population 
abundance and the performance of PHA 
producing MMCs, as a function of the 
operational conditions applied (Carvalho et 
al., 2013). A PHA producing MMC was 
operated under different organic loading rates 
(OLR) for over 400 d using fermented 
molasses as the substrate, comprised of 
acetate (in average 56±6% on a Cmol basis), 
propionate (14 ± 5%), butyrate (24 ± 5%) and 
valerate (6 ± 2%). The biomass used to start-
up the reactor had been previously 
acclimatised with an OLR of 60 Cmmol 
VFA/L.d, which then was changed from 60 to 
120 Cmmol VFA/L.d and then 90 Cmmol 
VFA/L.d.  
 
The microbial community dynamics of the 
PHA-storing MMC was monitored through 
16S rRNA gene PCR-DGGE (polymerase 
chain reaction - denaturing gradient gel 
electrophoresis) for overall assessment of the 
community changes, and through quantitative 
fluorescence in situ hybridisation (FISH) for 
determination of the relative abundance of 
the most dominant PHA-storing populations. 
It was found that, throughout the study, the 
community was dominated by a combination 
of Azoarcus, Thauera and Paracoccus, 
covering 83±12% of the bacteria, where the 
former two groups were present in highest 
abundance. The changes observed in the 
microbial community through DGGE analysis 
were particularly apparent after a change in 
the OLR (Fig. 1). This was confirmed by FISH 
data, which showed a clear shift in population 
structure after imposing a different OLR in the 
reactor, where Thauera was dominant at 120 
Cmmol/L.d and Azoarcus gained relevance at 
90 Cmmol/L.d. 
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Fig. 1. Microbial population changes (% change as per DGGE data and % biovolume of total 
bacteria of the FISH-targeted PHA-producing organisms) observed during operation at OLR 120 
Cmmol/L.d and 90 Cmmol/L.d, and corresponding feast to famine ratios (F/F) and maximum 
specific PHA production rates (qP). Reprinted from Carvalho et al., 2013 with permission.
 
Interestingly, upon comparing the PHA 
storage and biomass growth yields per VFA 
in the enriched bioreactor, more VFAs were 
diverted to growth (high YX/VFA and low 
YPHA/VFA) when Thauera was dominant, 
whereas a higher abundance of Azoarcus 
was linked to higher PHA production yields 
(Fig. 2).  
 

 
 
Fig. 2. Relationship between microbial 
composition (determined through FISH as 
%biovolume of total bacteria) and PHA 
production yield per VFA substrate 
consumed. 
 
This finding explains why Thauera was more 
selectively enriched at OLR of 120 
Cmmol/L.d, since the longer feast periods 

promoted the enrichment of organisms that 
prioritise biomass growth over PHA storage. 
In contrast, when the F/F ratio decreased in 
OLR of 90 Cmmol/L.d, Azoarcus thrived due 
to their better storage capacity, which 
provided them with a competitive advantage 
throughout the longer famine periods. 
Furthermore, the Azoarcus enrichments had 
higher maximum specific PHA production 
rates (qP) than Thauera enrichments (Fig. 1). 
This finding, coupled with the higher PHA 
production yield of Azoarcus enrichments, 
suggests that MMC PHA production 
processes should select for Azoarcus over 
Thauera in order to optimise the PHA 
production efficiency of the biomass. 
 
The PHA composition was found to consist of 
a combination of hydroxybutyrate (HB) and 
hydroxyvalerate (HV) monomers, each 
conferring different mechanical properties to 
the final product. It has previously been 
shown that the PHA composition is a function 
of the VFA profile in the feed (Albuquerque et 
al., 2010), where the HV fraction increases 
relative to the abundance of the VFAs with an 
odd number of carbon atoms, namely 
propionate and valerate in this case. In this 
study, while the proportion of HV monomers 
in the polymer was generally found to be 
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correlated to the propionate and valerate 
abundance in the fermented molasses, there 
were exceptions that correlated instead with 
the changes in the microbial community 
structure (Fig. 3).  
 

 
 
Fig. 3. Relationship between the HV content 
of the polymer and the Thauera population 
(squares and linear correlation). The 
corresponding propionate + valerate content 
of the influent VFA substrate is also shown 
relative to the %HV for comparison purposes 
(diamonds). Blue arrow indicates the point 
where Paracoccus was the dominant PHA 
producing organism. Red arrows indicate two 
points with similar propionate + valerate 
fractions, but different levels of Thauera 
abundance. Reprinted from Carvalho et al., 
2013 with permission. 
 
Furthermore, the Thauera abundance was 
found to correlate very well with the HV 
content of the PHA, even more strongly than 
the propionate+valerate fraction. Batch tests 
carried out with similar propionate+valerate 
fractions (e.g. 0.30 and 0.34 Cmmol/Cmmol, 
see red arrows in Fig. 3) resulted in a PHA 
polymer with markedly different HV fractions 
(34% and 22%, respectively) depending on 
the Thauera abundance (67% and 26% of the 
bacteria, respectively). 
 
Therefore, despite the fact that Thauera 
dominated cultures resulted in inferior PHA 
production yields as compared to Azoarcus 
(Fig.2), the presence of these organisms 
plays an important role in increasing the HV 
content of the PHA polymer. This might 
indicate that different metabolic pathways are 
prevalent in each microbial group for PHA 
production, such as the production of HV 
either from acetate and propionate uptake or 

from propionate uptake alone, involving a 
decarboxylation step. Thus, the same 
substrate feed composition could result in 
PHA with different %HV depending on the 
microbial community and its metabolic 
characteristics, as previously suggested by a 
metabolic flux analysis study (Pardelha et al., 
2013). 
 
The findings of this study suggest that MMCs 
targeting the enrichment of Azoarcus as the 
primary biomass fraction with Thauera as a 
minor fraction lead to optimal specific PHA 
production and polymers with high HV 
content, which is likely to improve their 
mechanical properties.  
 
Impact of VFA composition on microbial 
community composition 
Besides OLR, also the VFA composition of 
the feed was found to impact on the microbial 
population composition of a MMC PHA 
producing system. The same feedstock 
(fermented molasses) was used to feed a 
PHA culture enrichment bioreactor for over 
600 days. However, variations in the 
performance of the molasses fermentation 
process resulted in a temporary increase of 
butyrate for a period of 60 days up to 50% 
Cmol/CmolVFA, whereas otherwise acetate 
was the dominant fermentation product. After 
that period, the VFA composition of the 
fermented molasses shifted back to a higher 
acetate than butyrate concentration. These 
two consecutive shifts in substrate 
composition resulted in a substantial 
rearrangement in the PHA-storing population 
structure. There was an increase of the 
Paracoccus from <1% during the period with 
high acetate concentration, to 50% during 
high butyrate concentration, and a decrease 
in Azoarcus and Thauera to less than half (63 
to 26%) and about one third (25 to 8%) of 
their initial numbers, respectively, clearly 
demonstrating the direct impact of carbon 
source composition on population selection in 
PHA-storing systems. As a consequence to 
this microbial structure shift, the substrate 
uptake pattern also changed, with acetate 
being consumed at the highest rate by the 
first community and butyrate, by the second 
community (Albuquerque et al., 2010 and 
2013). 
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Substrate preference by PHA-storing 
organisms 
When searching for a better understanding of 
the relation between parameters influencing 
microbial selection, the resultant community 
structure and corresponding performance, 
substrate composition is one of the major 
factors, as illustrated by the results described 
in the previous section. The relationship 
between feed composition and microbial 
community selection is likely conditioned by 
the specific carbon source preferences of 
each population, which is ultimately reflected 
on the overall substrate uptake performance 
observed in the SBR. 
 
Albuquerque et al. (2013) investigated the 
carbon source preferences of a MMC PHA 
producing system fed with fermented 
sugarcane molasses. The microbial 
community enriched in this study was 
identified through sequencing of a 16S rRNA 
gene clone library, and the dominant 
organisms were quantified through FISH. The 
microbial enrichment was found to be 
composed of PHA-storing populations (84% 
of the microbial community) comprising 
members of the genera Azoarcus (26% of the 
Bacteria), Thauera (8%) and also Paracoccus 
(50%). The latter was shown for the first time 
to be a PHA-storing organism, through dual 
FISH and Nile blue staining (which stains 
PHA granules inside the cells). The dominant 
PHA-storing populations ensured the high 
functional stability of the system, 
characterised by high PHA storage efficiency, 
up to 60% PHA content. The different 
substrate uptake rates observed for the 
various VFAs (Fig. 4) seems to indicate that 
there are clear substrate preferences by the 
enriched culture.  
 

Differences in the substrate uptake 
capabilities for each of the dominant 
populations were further investigated by 
microautoradiography (MAR)-FISH, a 
technique which establishes an unequivocal 
link between FISH probe-targeted 
populations and the uptake of radiolabelled 
substrates (Table 1). 
 
The results showed that in the presence of 
multiple substrates, microbial populations 
specialised in different substrates were 
selected, thereby co-existing in the bioreactor 
by adapting to different niches. Azoarcus and 
Thauera primarily consumed acetate and 
butyrate, respectively, and Paracoccus 
consumed a broader range of substrates. 
 

 
 
Fig. 4. VFA uptake profile during feast phase 
of a PHA producing biomass enriched with 
fermented molasses. Reprinted from 
Albuquerque et al., 2013 with permission. 
 
These preferences were reflected in the 
substrate removal rates of different VFAs in 
the reactor.  

Table 1. Overview of substrate uptake by probe-defined populations determined by MAR-FISH. 
Reprinted from Albuquerque et al., 2013 with permission. 

 

Tracer Azoarcus Thauera Paracoccus 
3
H-Acetate + UL*              ++ - + 

14
C-Propionate+ UL       (+) (+) ++ 

14
C-Butyrate+ UL             + ++ ++ 

14
C-Valerate+ UL               (+) (+) ++ 

 
-: no substrate uptake; (+): moderate substrate uptake; +; moderate-to-high substrate uptake; ++: strong uptake. 
*UL; all unlabeled substrates added, (acetate, propionate, butyrate, and valerate). 
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Butyrate was consumed at the highest rate 
(0.18 Cmol/Cmol X.h), followed by acetate 
(0.07 Cmol/Cmol X.h), then propionate (0.03 
Cmol/Cmol X.h) and valerate (0.02 
Cmol/Cmol X.h). Combining the substrate 
uptake preferences revealed by MAR-FISH 
with the community composition determined 
through FISH, it can be hypothesised that 
acetate was primarily taken up by Azoarcus 
and Paracoccus, propionate by Paracoccus, 
butyrate by Thauera and Paracoccus, and 
valerate by Paracoccus. Only Azoarcus 
would prefer acetate in detriment of all the 
others (Table 1), thus it is not surprising that 
the uptake rate of this substrate was slower 
than butyrate despite being more abundant 
(Fig. 4), regarding that Azoarcus comprised 
only 26% of the population. Furthermore, a 
sudden increase of the acetate and 
propionate uptake rates was observed once 
the remaining VFA substrates were depleted 
(Fig. 4), suggesting that while present, other 
carbon sources were preferred in detriment of 

acetate and propionate. Most likely, 
Paracoccus and Thauera took up butyrate 
preferably (Table 1), and only shifted to 
acetate and propionate, respectively, after 
butyrate was depleted. This work was pioneer 
in clarifying links between microbial 
population structure and performance, which 
represents a step forward in engineering the 
microbial ecology of MMC PHA producing 
systems. 
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