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Abstract: Polyhydroxyalkanoates (PHA) are microbial biopolyesters utilized as “green plastics”. 10 
Their production under controlled conditions resorts to bioreactors operated in different modes. 11 
Because PHA biosynthesis constitutes a multiphase process, both feeding strategy and bioreactor 12 
operation mode need smart adaptation. Traditional PHA production setups based on batch, 13 
repeated batch, fed-batch or cyclic fed-batch processes are often limited in productivity, or display 14 
insufficient controllability of polyester composition. For highly diluted substrate streams like it is 15 
the case for (agro)industrial waste streams, fed-batch enhanced by cell recycling were recently 16 
reported as a viable tool to increase volumetric productivity. As emerging trend, continuous 17 
fermentation processes in single-, two-, and multi-stage setups are reported, which bring the kinetics 18 
of both microbial growth and PHA accumulation into agreement with process engineering, and 19 
allow tailoring PHA´s molecular structure. Moreover, we currently witness an increasing number 20 
of CO2-based PHA production processes using cyanobacteria; these light-driven processes resort to 21 
photobioreactors similar to those used for microalgae cultivation, and can be operated both 22 
discontinuously and continuously. This development goes in parallel to the emerging use of 23 
methane and syngas as an abundantly available gaseous substrates, which also calls for bioreactor 24 
systems with optimized gas transfer. 25 

The review sheds light on the challenges of diverse PHA production processes in different 26 
bioreactor types and operational regimes using miscellaneous microbial production strains such as 27 
extremophilic Archaea, chemoheterotrophic eubacteria and phototrophic cyanobacteria. Particular 28 
emphasize is dedicated to the limitations and promises of different bioreactor-strain combinations, 29 
and to efforts devoted to upscaling these processes to industrially relevant scales. 30 

Keywords: Batch; Biopolyesters; Bioreactor; Cell recycling; Continuous; Chemostat; Fed-batch; 31 
Fermentation; pH-stat; Polyhydroxyalkanoate (PHA) 32 

 33 

1. Introduction 34 

The old definition “La fermentation, c´est la vie sans l´air", as Luis Pasteur once wrote, shows an 35 
old ambiguity in the terminus "fermentation” [1]. Originally used sensu stricto exclusively for 36 
anaerobic biotechnological processes like manufacturing of ethanol by yeasts, lactic acid by lactic acid 37 
bacteria, or acetone, butanol, and ethanol (“ABE”) by Clostridia, the terminus “fermentation” is more 38 
and more in use also for strictly aerobic cultivations in bioreactors such as for oxygen-demanding 39 
production of acetic acid or yeast biomass, or, as the topic of this review, the production of 40 
polyhydroxyalkanoate (PHA) biopolyesters [2]. In this context, it has to be stressed that an 41 
overwhelming majority of “fermentation” processes dedicated to PHA production is carried out in 42 
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aqueous phase; solid-state fermentation to generate PHA is, although described in the literature [3], 43 
still in its infancy as comprehensively summarized by Sindhu et al. [4]. 44 

PHA, polyoxoesters of hydroxyalkanoates, are typical prokaryotic reserve materials; they are 45 
produced as intracellular products of the secondary metabolism of various Gram-negative or Gram-46 
positive bacteria and several extremophilic Archaea. Here, currently emerging trend is the isolation 47 
of novel halophilic microbial species of marine origin, which often display powerful PHA producers 48 
based on the conversion of inexpensive substrates [5-8]. Stored in the cell´s cytoplasm, spherical in 49 
shape and light-refractive, PHA granules consist of an hydrophobic core of coiled PHA chains and 50 
water acting as plasticizer; this core is covered by a more hydrophilic membrane, which harbors 51 
various enzymes and structural proteins. This core-membrane system is often referred to as 52 
“carbonosomes” in order to underline that PHA granules are by far more than simple polymer 53 
inclusions, but rather functional organelles-like inclusion bodies with various biological functions [9]. 54 
For the producing cells, PHA primarily serve as storage compounds for energy and carbon to better 55 
survive periods of starvation. However, other biological roles of PHA were elucidated during the last 56 
years [10]. Besides their role for sporulation in Bacilli, their interaction with the nitrogen fixation 57 
metabolism, and others, they exert protective function to cells when exposed to hazardous 58 
environmental conditions [11], such as toxic solvents [12], oxidative stress [13, 14], heat [14], hyper-59 
salinity [15-17], freezing [18], or UV-irradiation [19]. From the application-oriented point of view, 60 
PHA attract attention as biodegradable packaging materials, e.g., in the food sector [20, 21], for 61 
biomedical and pharmaceutical application [22-25], or, more recently, as materials for slow-carbon 62 
release to enhance bioremediation of contaminated environments [26]. 63 

Regarding the molecular architecture of PHA, these macromolecules are of helical structure, 64 
with the PHA-helix being stabilized by hydrogen bonds between the carbonyl groups of the 65 
individual monomers [27]. These monomers are hydroxyalkanoates (or, for some exotic cases, also 66 
hydroxyalkenoates) of three to five (“short chain length PHA”, scl-PHA) or six and more (“medium 67 
chain length PHA”, mcl-PHA) carbon atoms. The best described PHA, namely the homopolyester 68 
poly(3-hydroxybutyrate) (PHB), is the most prominent representative of the scl-PHA group, which 69 
are materials characterized by rather high crystallinity, thermoplasticity, and pronounced brittleness 70 
[28]. Crystallinity and brittleness of scl-PHA can be decreased by incorporation of additional 71 
monomers into the PHB matrix, e.g., 3-hydroxyvalerate (3HV) or 4-hydroxybutyrate (4HB); the 72 
resulting copolymers (recently also referred to as “bipolymers” [27]) and terpolymers display a 73 
broader “window of processibility”, which is defined as the difference between melting and 74 
decomposition temperature; this makes them more convenient for processing towards marketable 75 
products. In most cases, scl-PHA producing microbes convert simple carbon sources like sugars, 76 
alcohols or lipids via acetyl-CoA towards 3HB; production of 3HV or 4HB normally requires 77 
structurally related precursor substrates such as the 3HV-precursors propionic acid [29], valeric acid 78 
[30], levulinic acid [31-33], the cocktails of ozonolytically splitted fatty acids [34] or non-oxygenated 79 
polyethylene wax [35], or 4HB-precursors like γ–butyrolactone (GBL), 4HB sodium salt, or 1,4-80 
butanediole [36, 37]. Among extremophic Archaea, a number of strains such as Haloferax mediterranei 81 
[38] or Halogeometricum borinquense [39] have been identified, which produce copolyesters of 3HB and 82 
3HV (PHBHV) from simple, structurally unrelated substrates such as carbohydrates or glycerol, 83 
which in turn safes precursor costs for copolyester synthesis. Among eubacteria, PHA copolyester 84 
production from unrelated substrates is a scarce feature and reported, e.g., for the Gram-positive 85 
strain Bacillus licheniformis PL26 [7] and the Gram-negative strain Hydrogenophaga pseudoflava [40]. 86 
Mcl-PHA, in most cases, are heteropolyesters of different randomly distributed hydroxyalkanotes 87 
with an odd or even number of at least six carbon atoms. They are typically synthetized by Gram-88 
negative bacteria from the Pseudomonads family, and, in contrast to scl-PHA, display low 89 
crystallinity and low glass transition temperature; macroscopically, they appear as highly elastic 90 
“bio-latexes” [41]. The generation of mcl-PHA homopolyesters such as poly(3-hydroxyhexanoate) 91 
(PHHx) or poly(3-hydroxyoctanoate (PO) is mainly described by genetically engineered production 92 
strains [42]. A new class of PHA are the so called “quarterpolymers“, which consist of at least four 93 
different types of PHA monomers, among them scl-PHA monomers differing in both side chains and 94 
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backbones, and mcl-PHA building blocks. A recently described example is a quarterpolymer 95 
produced by Cupriavidus eutrophus strain B10646; this PHA consists of the chiral building blocks 3HB, 96 
3HV (scl-PHA), and 3-hydroxyhexanoate (3HHx) (mcl-PHA), and the achiral scl-PHA building block 97 
4HB [27]. Other researchers refered to such quarterpolymers as “quadripolymers”, and designed 98 
them by genetic engineering of production strains, as shown for poly(glycolate-co-lactate-co-3HB-co-99 
4HB) production by metabolic engineering of Escherichia coli [43]. Whether a strain produces scl- or 100 
mcl-PHA, respectively, depends on the type of PHA synthase active in the organism. While scl-PHA 101 
production is catalyzed by PHA synthases of Class I (prototype organism C. necator), and, to a lower 102 
extend Class III synthases (prototype organism Allochromatium vinosum), mcl-PHA production resorts 103 
to Class II synthases (prototype organisms: Pseudomonas sp.). The first organism ever described as 104 
PHA producer, namely Bacillus megaterium, possesses a PHA synthase differing from the others 105 
which, therefore, is often referred to as Class IV synthase. Mixed scl-mcl heteropolymers can be 106 
biosynthetized either by strains with specialized Class III synthases, such as Thiocapsia pfeningii or 107 
Aeromonas caviae, or by means of genetic engineering, hence, by designing cells harboring both Class 108 
I and Class II synthase [44, 45]. Figure 1 shows the general chemical structure of PHA and the most 109 
important PHA monomers discussed in this review. 110 

 111 

 112 

Figure 1. Schematic of a PHA-rich microbial cell in a schematic bioreactor and the general chemical 113 
structure of PHA; the structure of monomers 3HB, 3HV, 3HB, 4HB, 3HHx, and 3HO is detailed in the 114 
illustration. 115 

2. Kinetics of PHA Biosynthesis 116 

Talking about secondary metabolites, it is noteworthy that, for most production strains, PHA 117 
biosynthesis is boosted under conditions limiting the propagation of active microbial cell mass. 118 
Typically, a profile illustrating the time curves for growth and PHA production consists of two easily 119 
distinguishable phases; under nutrient-rich conditions, the concentration of microbial biomass 120 
increases in accordance to the kinetics of an autocatalytic process until the running out of a growth-121 
essential nutrient component, such as nitrogen source or phosphate. Now, the second cultivation 122 
phase is initiated, characterized by an almost constant concentration of catalytically active biomass 123 
(“residual biomass” is an often found expression in literature to express the PHA-free part of cells) 124 
and a linear increase of intracellular PHA according to 0-order reaction kinetics. In this second phase, 125 
PHA concentration increases until the external carbon source is depleted, or by steric factors 126 
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determined by the cell geometry, which hinder further increase of the intracellular mass fraction of 127 
PHA granules [46]. This case is described as the so called “non-growth associated PHA production” 128 
which, however, this model does not reflect the total truth; beside some PHA producers which 129 
produce high amounts of PHA already under nutritionally balanced conditions (“growth-associated 130 
PHA production”), also PHA-producers with typically clearly separated phases of biomass and PHA 131 
formation can contain significant amounts of PHA even without nutrient limitation. An extreme 132 
situation is described for so-called “PHA hyper-accumulators” such as Pseudomonas 2F, which show 133 
extraordinary high PHA accumulation rates after a period of starvation and subsequent refeeding of 134 
exogenous carbon source [47]. This makes clear that an optimized PHA production process needs to 135 
bring in accordance the process kinetics, the feeding regime for the different nutrient components, 136 
and the process engineering. Independent on the degree of growth association of PHA biosynthesis, 137 
the achievement of high cell density (high concentration of active biomass) is indispensable for 138 
obtaining a high volumetric PHA productivity as crucial economic factor; therefore, both the biomass 139 
formation and PHA accumulation phase have to be optimized to increase overall productivity [46]. 140 

Technologically, PHA are produced under controlled conditions of pH-value, dissolved oxygen 141 
tension (pO2), and temperature in bioreactors (“fermenters”) of different sizes and types. The most 142 
common type is the cylindrical stirred tank reactor (STR), an apparatus well known from yeast, 143 
vinegar, or ethanol production. For PHA production, these STRs can be operated discontinuously 144 
(batch, repeated batch, fed-batch, repeated fed-batch) or continuously (CSTR). The entire PHA 145 
production process is multifaceted and needs optimization of each single process step, such as strain 146 
selection, strain engineering, bioreactor design, process regime, substrate selection, or downstream 147 
processing, with the process engineering being among the most decisive factors, especially in large-148 
scale processes [48]. Particularly when inexpensive waste streams are applied as substrates for PHA 149 
production, upscaling to industrially relevant scales faces numerous challenges [49]. As a 150 
consequence, in order to reduce the number of cultivation experiments during process development 151 
and upscaling, and to identify metabolic bottlenecks of the bioprocess in development, kinetic 152 
analysis and mathematical process modelling gains more and more attention in the PHA-related 153 
R&D [50, 51]. The subsequent sections discuss in detail the theoretical background of discontinuous 154 
and continuous processes, describe the technological challenges in upscaling of different PHA 155 
production processes from lab- to large scale, and provide successful examples from literature for 156 
these approaches. Figure 2 provides simplified schematics of the individual process regimes detailed 157 
in the review. 158 

  159 
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 160 

Figure 2. Schematics of process regimes described for PHA biosynthesis in differently operated 161 
bioreactors: (a)-(d): Discontinuous processes; (a) Batch; (b) Repeated (Fed)-Batch; (c) Fed-batch; (d) 162 
Fed-Batch with cell recycle for biomass retention; e) PHA production on gaseous substrates (CO2, 163 
CH4, syngas); illumination is indicated for photoautotrophic processes on CO2 (cyanobacteria) or 164 
syngas (Rhodospirillum rubrum); (f)-(h): Continuous processes; (f) one-stage chemostat process, (g) 165 
two-stage chemostat process; (h) multi-stage continuous process in bioreactor cascade. Nota bene: The 166 
illustration below the bioreactor schemes symbolize microbial cells at the end of the individual 167 
processes, observed through symbolically indicated lenses; in dependence on the individual process 168 
regimes, cells are of different density and of different PHA mass fractions. 169 

3. Discontinuous PHA production processes 170 

3.1 Batch systems 171 

Batch cultivations for PHA production are simple in their operation, but intrinsically of low 172 
productivity; the maximum allowed concentration of nitrogen and carbon source at the beginning of 173 
the fermentation batch is restricted by physiological preconditions of the production strain; typically, 174 
nitrogen source at the beginning of PHA production processes amounts to about 2-3 g/L ammonia 175 
sulfate for the most important production strains, and carbon source concentrations to about 10-30 176 
g/L for simple substrates like glucose, sucrose, or glycerol. In the case of mcl-PHA, related substrates 177 
like fatty acids or 3HV precursor compounds, inhibiting concentrations often are even below 1 g/L, 178 
which drastically conflicts batch production strategies [30]. Moreover, the carbon source submitted 179 
at the beginning has to be in excess to the available growth-limiting substrate, and undergoes, 180 
analogous to other PHA-production processes, conversion towards biomass, PHA, CO2, and minor 181 
metabolites, thus resulting in a low overall conversion yield of carbon source towards PHA. 182 
Considering a theoretical conversion yield below 0.48 g/g towards biomass and PHA, respectively, 183 
one can easily imagine that such processes are far away from being economically feasible. As 184 
examples reported in literature, high PHA fractions in biomass were obtained in batch processes for 185 
cultivation of Chelatococcus daeguensis TAD1 on glycerol (81 g/g) [52], Halomonas campisalis on maltose 186 
(up to 0.81 g/g) [53], C. necator H16 on jatropha oil (0.9 g/g) [54], or Bacillus firmus NI 0830 on rice 187 
straw hydrolysate (0.89 g/g) [55]; however, volumetric productivity of these batch processes was not 188 
economically feasible, amounting to only 0.01 (C. daeguensis TAD1), 0.03 (H. campisalis), 0.17 (C. 189 
necator), or 0.02 (B. firmus) g/(L h). 190 

Only recently, Gahlawat and colleagues demonstrated a simple “repeated batch” approach to 191 
enhance the volumetric productivity of PHB biosynthesis by Azohydromonas australica DSM 1124, a 192 
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strain formerly known as Alcaligenes latus. This “drain-and-fill” strategy comprised the batching of 193 
the culture in a 7 L stirred tank bioreactor until two thirds of the carbon source sucrose, and all 194 
nitrogen source (ammonia sulfate) were depleted; at this point, cells were in stationary growth phase. 195 
During this batch phase, which lasted for 36 h, 8.71 g/L CDM and 6.24 g/L PHB were produced, which 196 
corresponds to a volumetric productivity of 0.17 g/(L h). Now, 20% of the fermentation broth was 197 
removed (“drain”) and replaced by the same volume of fresh cultivation medium, which was 198 
composed the same way as the batch medium and contained also nitrogen source, because PHA 199 
biosynthesis by this organism occurs in a growth-associated manner. Each time the sucrose 200 
concentration has dropped below 8 g/L, a replacement of 20% of the fermentation broth was carried 201 
out. Whereas the first repeated batch cycle took 21 h and resulted in a final PHB concentration of 202 
about 15 g/L, the second and third repeated batch cycle lasted only 12 and 9 h, respectively, and 203 
generated about 15 g/L and 19 g/L PHB, respectively. After the entire process (69 h), about 27.9 g/L 204 
CDM and 20.6 g/L PHB were obtained; volumetric productivity for PHB was highest with 0.31 g/(L 205 
h) for the first repeated batch cycle between 36 and 48 h; after this cycle, also the highest intracellular 206 
PHB fraction was observed with 0.82 g/g PHB in CDM; the second and third repeated batch cycle 207 
displays decreased metabolic activity compared to the first, but still performed superior than 208 
observed during batch phase. The entire process achieved a PHB productivity of 0.30 g/(L h). The 209 
authors emphasized that not only the increase of volumetric productivity can be considered as major 210 
advantage of this strategy over simple batch processes; moreover, this approach safes non-productive 211 
(“dead”) time for revamping of the bioreactor normally needed between individual batches [56]. 212 

At the moment, we witness increasing efforts to optimize the application of mixed microbial 213 
consortia (MMC) for PHA biosynthesis as inexpensive alternative to processes based on pure, 214 
monoseptic cultures. For such MMC-based processes, selective environmental pressure is exerted to 215 
a natural microbial consortium by employing suitable cultivation conditions [57-64]. As PHA are 216 
storage polymers naturally accumulated under dynamic environmental conditions, selective 217 
pressure to boost PHA biosynthesis can be achieved via so called “cyclic feast-and-famine feeding 218 
regimes”, which consist of a series of alternating availability (feast) and absence of nutrients (famine) 219 
[64, 65]. In the majority of cases, such systems are also operated in repeated batch cultivation mode 220 
[66]. Using MMC, PHA can be produced at high productivity and low costs due to minor sterility 221 
demands, reduced requirements for the equipment and control devices, and, most of all, MMC can 222 
utilize inexpensive, complex feedstocks such as carbonaceous domestic or industrial effluents [58, 65, 223 
67, 68]. Auspicious yields and specific productivity were described for MMC processes based on 224 
either defined substrates like acetate [64], or inexpensive, complex compounds from wastewater [69], 225 
olive oil mill effluents [68], sugar cane molasses [70], food waste [71], crude glycerol phase (CGP) 226 
[72], or even toxic phenolics [73]. These complex substrates can either be used directly for PHA 227 
production, or they have to be fermented in a first, anaerobic step towards volatile fatty acids (VFAs). 228 
Further, continuous feeding strategies enable PHA production with the additional effects of a more 229 
stable process and altered copolymer composition [58]. 230 

3.2 Fed-batch systems 231 

3.2.1 General aspects of fed-batch processes for PHA production 232 

When running a fed-batch culture, substrate is added via substrate pulses when its concentration 233 
drops below a critical value without removing the culture fluid. In the PHA case, both nitrogen and 234 
carbon source can be refed in periodic intervals according to the consumption by the biomass, until 235 
a required concentration of active, PHA-poor biomass is reached. For nitrogen feeding during growth 236 
phase, one can resort to coupling the nitrogen feed to the change of the pH-value during the process; 237 
this is possible by profiting from the fact that biomass growth is directly proportional to a decline of 238 
pH-value. When using a solution of the inorganic nitrogen source ammonia as pH-regulating agent, 239 
both nitrogen level and pH-value are kept constant (“pH-stat”) without the need for excessive 240 
analytical control of the nitrogen source level [74-76]. To initiate the switch from growth phase to 241 
PHA production phase, nitrogen concentration is allowed to drop to zero by exchanging the 242 
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ammonia solution by a NaOH solution as pH-corrective agent [76]. Now, carbon source is fed by 243 
adding substrate pulses until the end of the process; the approaching process end may be heralded 244 
by a slowing down of the specific PHA production rate. Typical fed-batch PHA production setups 245 
resorting to pulses of different carbon sources as response to substrate depletion are reported for lab-246 
scale bioreactor processes for diverse strain/substrate combinations such as C. necator / soybean oil 247 
[76], Burkholderia sacchari / sucrose [36], or Hfx. mediterranei / CGP [77]; all these processes generated 248 
scl-PHA. Similar fed-batch processes for mcl-PHA production were described, e.g., by Muhr and 249 
colleagues, who tested different combinations of Pseudomonades (Pseudomonas citronellolis and 250 
Pseudomonas chlororaphis) and low-quality biodiesel made of animal waste lipids; due to difficulties 251 
in rapid biodiesel determination, substrate feed pulses in these setups were accomplished as response 252 
to increasing signals of the oxygen probe [78, 79]. A different fed-batch approach was chosen by 253 
Follonier and colleagues, who supplied the carbon source (50/50 mixture of octanoic acid and 10-254 
undecenoic acid) permanently in a linear feeding rate during the PHA accumulation phase. Linear 255 
substrate feeding matches well the 0-order kinetics of PHA accumulation (linear increase of PHA 256 
concentration with time) under conditions of constant concentration of residual biomass. This 257 
strategy avoids excessive concentrations of these substrates, which would occur after pulse feeding. 258 
Here, it should be noted that substrates like the carboxylic acids used in Follonier´s study on the one 259 
hand are needed to produce mcl-PHA of tailored composition, but, on the other hand, are toxic for 260 
the production strains already at low concentrations. In addition, these substrates are quite costly; 261 
this problem can at least partly be solved by running the biomass growth phase with an alternative, 262 
inexpensive substrate. In the case of the study by Follonier et al., this was accomplished by farming 263 
the bacteria in a first batch phase on the extract of “Gewürztraminer” grape pomace, a waste product 264 
of winemaking. Switching from the batch phase on pomace extract to linear feeding of the mcl-PHA 265 
precursors was initiated after surmounting defined peak signals for pO2 in fermentation broth and 266 
CO2 in the exhaust gas stream. The obtained mcl-PHA consisted of 53 mol-% saturated (deriving from 267 
octanoic acid) and 47% unsaturated (from 10-undecenoic acid) monomers, with a mass fraction of 268 
PHA in CDM of about 0.41 g/g. From the material point of view, the product was completely 269 
amorphous (no melting endotherm observed by thermoanalysis), with an outstandingly low glass 270 
transition temperature below -45°C [80]. 271 

Also carbon source feeding in fed-batch processes can be automatized by coupling the feed pulse 272 
additions to the typical increase of pH-value provoked by carbohydrate depletion; this was 273 
demonstrated by Ahn and colleagues, who carried out pH-stat fed-batch cultivation for PHB 274 
production using recombinant E. coli as production strain, and bovine whey powder solution as 275 
carbon source; both nitrogen and carbon feed were automatized as reactions to changing pH-value 276 
[74]. Also in the case of MMC applied for PHA production, substrate supply is often done by the 277 
above described aerobic dynamic feast/famine feeding strategy in a pulse-wise substrate addition 278 
[70]. 279 

In the ideal case, a fed-batch process is stopped by the operator at a current carbon concentration 280 
of almost zero in order to avoid unnecessary substrate loss, but well before intracellular PHA 281 
degradation starts. Knowing the ideal time point to refeed substrates requires a permanent control of 282 
the current substrate level. Here, one either resorts to periodic sampling and ex situ substrate analysis, 283 
or to modern online sensors enabling in situ substrate control; in the PHA case, such analytical online 284 
systems are described for the use of glucose or methanol as substrates. However, more advanced 285 
systems resort to the coupling of carbon source feeding to the actual concentration of dissolved 286 
oxygen in fermentation broth, or the CO2 level in the gas stream leaving the bioreactor; a lack of 287 
carbon source results in increased pO2 levels due to reduced metabolic activity, and decreased CO2 288 
levels in exhaust gas due to decreased aerobic respiration [81, 82]. 289 

Not only for fed-batch processes, but for PHA production in general, tools of mathematical 290 
modelling, encompassing low structured (formal kinetic), high structured (metabolic), cybernetic, 291 
dynamic, or hybrid-type models, are gaining importance by the scientific community due to their 292 
potential to accelerate the upscaling of lab-experiments to pilot- and industrial scale, to clarify 293 
preferred metabolic pathways for strain/substrate combinations, to identify metabolic bottlenecks, 294 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 March 2018                   doi:10.20944/preprints201803.0189.v1

Peer-reviewed version available at Fermentation 2018, 4, 30; doi:10.3390/fermentation4020030

http://dx.doi.org/10.20944/preprints201803.0189.v1
http://dx.doi.org/10.3390/fermentation4020030


 8 of 26 

 

and to reduce the required number of lab-experiments during process development; a 295 
comprehensive overview of mathematical modelling approaches in the PHA arena was recently 296 
provided by Novak and colleagues [50]. For fed-batch processes, a highly predictive, integrated 297 
dynamic model describing PHB production by A. lata, accounting for bacterial growth, PHB synthesis 298 
and degradation, substrate utilization, cell respiration, and molecular mass of PHB was recently 299 
developed and validated by Penloglou and associates. Model validation was done by comparison 300 
with control experiments, and delivered optimization protocols for enhancing productivity and 301 
polymer properties. Optimized cultivation regime resulted in a maximum PHB mass fraction in CDM 302 
of 0.94 g/g, and a volumetric PHB productivity of 4.2 g/(L h). In addition, the model suggested that 303 
different PHB qualities with weight average molecular weights (Mw) of more than 1,500 kg/mol could 304 
be achieved by selecting the optimal operating conditions for the fed-batch process [83]. 305 

3.2.2 Fed batch processes with cell recycling for biomass retention 306 

As the major drawback of fed-batch cultivation systems, the addition of feeding solution 307 
increases the fermentation volume, causing a concomitant dilution of the fermentation broth. In order 308 
to keep this dilution as low as possible, highly concentrated feed solutions containing several 309 
hundred grams of carbon source per liter are used; classical examples are glucose feeding solutions 310 
containing 500 g per liter. In the case of (agricultural) waste streams used as carbon sources, the 311 
substrate concentration is often considerably lower; e.g., whey from dairy industry, a convenient 312 
carbon source for many PHA producers, contains only between 40 and 50 g/L of carbon source 313 
(lactose) [38]. Such low substrate contents make a direct use technologically complicated due to the 314 
rapid volume increase and the too low cell-densities accessible by the fermentations. A potential way 315 
out is to concentrate the substrate by evaporation (e.g., using falling film evaporators like usual in 316 
milk industry) or membrane processes, e.g., based on ultrafiltration membrane modules. This is a 317 
typical strategy to separate carbohydrate-rich whey permeate from the low concentrated raw 318 
material whey. The permeate fraction, a well storable substrate to be used inter alia for PHA 319 
production, is about five-fold concentrated if compared to the raw substrate whey, and contains more 320 
than 200 g/L lactose. Unfortunately, this value is already close to lactose solubility in water; further 321 
concentration is only possible after prior hydrolysis of lactose into its monomers glucose and 322 
galactose, which requires an additional upstream processing step [38]. 323 

In any case, described substrate concentration processes are energy and time demanding. 324 
Furthermore, toxic molecules of low molecular mass, e.g., hydroxymethylfurfural, furfural, 325 
carboxylic acids, aldehydes, etc., which are formed during thermal processing, can be co-326 
concentrated in parallel to the desired substrate, and negatively affect the fermentation performance 327 
of the production strain. This effect is especially obvious in the case of lignocellulose hydrolysates; 328 
lignocellulosics display the most abundantly organic carbon sources available for biotechnology, 329 
with their hydrolyzates typically containing in the range of about 40 g/L convertible carbon sources 330 
[84]. However, the removal of toxins generated during hydrolysis requires efficient and inexpensive 331 
solutions for a broad implementation of these materials as substrates for PHA production [85]. An 332 
alternative strategy is to operate the bioprocess in a cell-recycling mode by coupling a membrane 333 
module directly with the bioreactor. In the past, such cell-recycle approaches to enhance PHA 334 
production have been described by different authorships. Ahn et al. used highly concentrated whey 335 
powder solution for PHA production by the recombinant Escherichia coli strain CGSC 4401; this strain 336 
harbored the plasmid pJC4 containing the PHA biosynthesis gene from the well-known PHA 337 
producer A. latus (today: A. lata). In the first stage, a classical fed-batch fermentation using a carbon 338 
source feed of 210 g/L lactose was carried out in a 6.6-L bioreactor. Here, the nitrogen source feed 339 
was coupled to the pH-value increase during the growth phase, and, after stop of cell division, the 340 
lactose feed was performed as response to the pH-electrode signal (increase of pH-value by depletion 341 
of lactose); after reaching a pre-defined volume of fermentation broth, the cell recycle process using 342 
a 280 g/L lactose feed was started. Prior to each substrate feed, fermentation broth was pumped by 343 
peristaltic pumps through an external crossflow type membrane of poly(sulfone) hollow fibers with 344 
a molecular weight cut-off (MWCO) of 500 kDa in order to recycle the bacterial cells and to keep the 345 
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volume of the culture constant. During cell-recycle operation, the flow rate for cell-recycling was 346 
maintained at 350 mL/min, whereas the rate of cell-free permeate removal was increased from 10 347 
mL/min to 50 mL/min. This way, the authors were able to reach a CDM of almost 200 g/L with an 348 
intracellular PHB mass fraction of 0.87 g/g and an outstanding volumetric productivity of 4.6 g/(L h), 349 
which, according to the available literature, is still the highest value for volumetric PHA productivity 350 
[75]. Ienczak et al. reported a repeated fed-batch process with cell-recycling for PHB production by 351 
C. necator on a 50/50 mixture glucose/fructose. As primary aim, high cell density was aspired by these 352 
researchers by a repeated batch approach during growth phase with balanced medium (urea as 353 
nitrogen source); here, the first batch lasted 22 h, the second 3 h. After the first batch, 15 g/L residual 354 
cell mass was reached, and 25% of the nutrient-poor fermentation supernatant was withdrawn, cells 355 
were recycled, and withdrawn supernatant replaced by fresh concentrated balanced medium. For 356 
PHA accumulation, six repeated fed-batch cycles were carried out by replacing nutrient-poor 357 
supernatant by nitrogen-free feeding solution containing 90 g/L sugar. In this setup, cell recycling 358 
was carried out using two external parallel cross-flow type poly(propylene) membranes, operated at 359 
flow rates of 60 L/h. With this repeated fed-batch strategy, the authors reached a CDM of 61.6 g/L 360 
with an intracellular PHB mass fraction of 0.69 g/g, which corresponds to a volumetric productivity 361 
of 1.0 g/(L h) [86]. 362 

A similar approach was presented by Haas and colleagues, who used an external microfiltration 363 
membrane unit for cell recycling in C. necator DSM 545 cultivation setups. After a batch phase in a 5L 364 
STR, a synthetic nitrogen-free nutritional medium containing glucose as sole carbon source at rather 365 
low concentration (50 g/L) was fed into the bioreactor at a rate of 720 g/h as response to the oxygen 366 
consumption by the cells; in parallel to re-feed, cell-recycle occurred at the same rate, removing 367 
almost glucose-free supernatant and returning active cells into the bioreactor. By running this 368 
approach, high density of PHB-rich biomass and outstanding volumetric PHB productivity, namely 369 
148 g/L CDM, 0.76 g/g PHB in CDM, and 3.1 g/(L h), were achieved. The conversion yield of glucose 370 
to PHB amounted to 0.33 g/g, which is in agreement with most reported batch and fed-batch studies 371 
using this strain/substrate combination [87]. 372 

Lorantfy and colleagues used a similar cell retention system by installing a microfiltration unit 373 
for high productive biosynthesis of PHA by Hfx. mediterranei in a corrosion resistant lab-scale 374 
bioreactor containing highly saline cultivation medium (156 g/L NaCl); the authors reported a ten-375 
fold increase of volumetric productivity for the cell recycle system if compared to a continuous 376 
chemostat culture. Most importantly, this work demonstrates that, at lower cross flow rates, higher 377 
extracellular protein concentrations occur due to oxygen limitation, whereas at higher cross flow 378 
rates, excessive shear stress caused cell burst, as monitored by detected DNA fragments. Hence, the 379 
work can be considered pioneering for optimization of process regimes for extremophilic microbes 380 
in terms of robustness and scalability [88]. 381 

3.2.3 Repeated Fed-batch for PHA production 382 

As another extremophile, the thermophilic PHA producer Chelatococcus sp. MW10 was isolated 383 
by screening experiments carried out by Ibrahim and colleagues. In order to obtain high biomass 384 
concentrations and high volumetric PHA productivity, the organism was farmed using different 385 
advanced cultivation strategies. First, on a 2 L stirred tank bioreactor scale, a classical fed-batch 386 
fermentation processes were carried out, where glucose as the sole carbon source was added via pulse 387 
feeding in order to hold its concentration above 20 g/L. The authors argue the excess glucose feeding 388 
not only to increase both residual biomass and PHB concentration, but also to avoid intracellular 389 
PHA degradation. By this fed-batch strategy, a maximum CDM concentration of 5.2 ± 0.6 g/L was 390 
reached after 53 h of cultivation; at that time, 2.9 ± 0.7 g/L PHB were obtained as the maximum 391 
product concentration. The authors underlined that, despite the stable substrate availability, the 392 
intracellular PHB fraction steadily declined during the cultivation. To handle this deficiency, a 393 
repeated batch fermentation (in the article: “cyclic batch fermentation, CBF”) strategy was conceived; 394 
this CBF was tested in a 42 L stirred tank bioreactor at an elevated temperature of 50 °C; the glucose 395 
concentration amounted to 50 g/L. Based on the optimum results obtained by the fed batch 396 
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cultivations on 2 L scale, a cycling time of 50 h was chosen. The CBF was initiated with a volume of 397 
25 L; pO2 was maintained constant at 20 % of air saturation by adjusting the aeration rate and the 398 
stirrer speed. After the first 50 h cycle, a high maximum specific growth rate of μmax. = 0.125 1/h, and 399 
a CDM concentration of up to 12.7 ± 0.9 g/L were obtained, which was considerably higher than 400 
results obtained by the simple fed-batch process. However, only 55 ± 6 wt.-% PHB in CDM were 401 
obtained, which did not outperform results of the 2 L fed-batch cultivations. After this first cultivation 402 
cycle, a significant part of the cultivation broth, viz. 23 L, were removed from the bioreactor, and 403 
replaced by 23 L of fresh, non-sterilized nutrient medium, hence, the second cycle started with a 404 
strong inoculum density. This cycle brought similar CDM concentration like cycle 1 (about 11 g/L), 405 
but, notwithstanding the permanent glucose disposal, the intracellular PHB fraction in biomass 406 
decreased to 38 ± 6 wt.-%. A third cycle was carried out analogous to the second one; now the PHB 407 
fraction in CDM dropped to only 32 ± 3 wt.-%. Therefore, the performance of an adjusted semi-408 
continuous cultivation approach, namely a repeated fed-batch (in article: “cyclic fed-batch 409 
fermentation, CFBF”), was investigated on 42 L stirred tank bioreactor scale. CFBF is characterized 410 
by partially withdrawing the culture broth and subsequently refilling the bioreactor with fresh 411 
medium; CFBF prevents increase in concentrations of toxic by-products and in culture volume 412 
usually occurring during fed-batch processes. In the case of Chelatococcus sp. MW10, this approach 413 
resorted to the replacement of different volumes of cultivation broth by fresh nutrient medium; 414 
specifically, 20 to 40 % of the fermentation broth volume was recycled at irregular intervals as reaction 415 
to firstly the volume increase caused by the semi-continuous supply with feeding solution, and, 416 
secondly, to declined pO2 values caused by the high concentration of active biomass. Glucose and 417 
nitrogen source concentrations were selected based on the outcomes of the previous fed batch and 418 
CBF cultivation setups. The CFBF process was started in batch mode with 30 g/L of glucose. Fresh 419 
nutrient medium was supplied for the first time after 21 h; after 44 h, 5 L of fermentation broth were 420 
preplaced by fresh medium, when μ was relatively high with 0.070 1/h, and no intracellular PHB 421 
degradation was noticed yet. After this first cycling, feeding was performed continuously, and 422 
subsequent cycles of medium replacement were done as response to undue volume increase in the 423 
vessel. To prevent extreme dilution of the cultivation broth by fresh medium, 10 L of culture volume 424 
were removed and replaced by only 5 L of fresh medium; this completed the second fed batch cycle. 425 
The highest intracellular PHB mass fractions, more than 50 wt.-%, were obtained in the second cycle 426 
between 82 h and 143 h. After 181 h, also this cycle was completed. Here, a biomass concentration of 427 
43 ± 1 g/L, and a PHB fraction in CDM of 17 ± 4 g/L was obtained. After running the third cycle for 428 
14 h, a final addition of 5 L of fresh medium was carried out. Generally, biomass growth significantly 429 
increased until stopping the third cycle, when CDM reached remarkably 115 ± 4 g/L. Although a 430 
lower intracellular PHB fraction of 12 ± 4 wt.-% was obtained at the end of this process, the volumetric 431 
PHB productivity for the entire process of 14 ± 5 g/L displays a promising result [89]. 432 

3.3 “Continuous fed-batch” systems 433 

3.3.1 Use of liquid substrates 434 

A special approach for producing PHA in “continuous fed-batch” was reported by Du and Yu, 435 
who coupled PHA production in a 1.6 L airlift-type bubble column bioreactor, as system operated 436 
without mechanical stirring, to an acidogenic, anaerobic bioreactor. In the anaerobic bioreactor, food 437 
waste was digested by a MMC, yielding a cocktail of organic acids, predominately acetate, 438 
propionate, butyrate, and lactate. Technologically, the acidic sludge from the anaerobic bioreactor 439 
was recycled by a peristaltic pump through a tubular membrane module; this module was immersed 440 
in the fermentation broth of the aerobically operated bubble column airlift reactor, and enabled 441 
permeation of low molecular mass compounds into the culture broth in the bubble column, but 442 
retained biomass. Due to the fact that substrates were supplied permanently in this study as response 443 
to the concentration gradient caused by consumption by the cells, but neither cells nor fermentation 444 
broth was removed from the bioreactor, it is suggested to term such systems as “continuous fed-445 
batch”. In the case of Du and Yu, two different membrane types were used for molecule diffusion 446 
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into the bubble column, in which PHA synthesis took place under aerobic conditions by C. necator 447 
ATCC 17699. Using a silicon rubber membrane, butyrate and acetate passed through, and resulted in 448 
accumulation of PHB homopolyester; CDM production amounted to 11.3 g/L, with a PHB mass 449 
fraction of about 0.6 g/g. Using a dialysis membrane enhanced the mass transfer of acids, and enabled 450 
also the passing through of lactate and propionate, which act as precursors not only for 3HB, but also 451 
for 3HV biosynthesis. 22.7 g/L CDM with about 0.73 g PHBHV copolyester were obtained in this 452 
dialysis membrane setup [90]. 453 

3.3.2 Use of gaseous substrates CH4, CO2, and syngas 454 

“Continuous fed-batch” processes for PHA biosynthesis are also described in the case of using 455 
gaseous carbon sources, namely CH4 (methanotroph production strains) and CO2 (autotrophs like 456 
cyanobacteria or “Knallgas bacteria”). Here, substrate availability is limited by the solubility of CH4 457 
or CO2, respectively, in the aqueous fermentation broth; this solubility of substrates and substrate 458 
availability for the cells are strongly influenced by parameters like temperature, pH-value, size of gas 459 
bubbles, etc. Similar to the well-known kLa value as quality parameter for oxygen transfer into 460 
bioreactor systems, mass transfer of CH4 or CO2 have to be charcterized for individual bioreactors 461 
and optimized for given strain-bioreactor combinations. Sufficient supply of biomass with gaseous 462 
substrates calls for a permanent (continuous) inflow of substrates into the bioreactor. For CH4, 463 
solubility in water amounts to 26 mL/L at room temperature and neutral pH-value; in the case of CO2, 464 
this value is reported with 1.7 g/L [91].  465 

CH4 as the major component of natural gas and biogas was suggested by Rostkowski and 466 
colleagues as substrate for PHA biosynthesis due to its potential to decrease PHA production costs 467 
[92]. In the meanwhile, a long-term process for PHA production based on CH4 was described by a 468 
Methylocystis-dominated enrichment culture obtained by repeated fed-batch supply with methane 469 
and oxygen [93]. Later, the strain Methylocystis sp. WRRC1 was isolated, an organism capable of 470 
producing PHB from CH4 alone, and PHBHV when co-supplied with CH4 and the 3HV precursors 471 
valerate or n-pentanol [94]. Only recenty, Lopéz and colleagues described aerobic microbial growth 472 
and PHA biosynthesis on biogas and VFAs using the type II methanotroph Methylocystis hirsuta. The 473 
strain was able to thrive on artificial biogas, and, under conditions of nitrogen deprivation, 474 
accumulated PHA up to 0.45 g per g biomass. When compared to control experiments with pure CH4, 475 
the presence of CO2, H2S, and VFAs in artificial biogas did not negatively impact growth or PHA 476 
biosynthesis. Adding 10% of the carbon source as VFAs resulted in formation of PHBHV 477 
copolyesters, and even boosted the maximum PHA yield and the intracellular PHA fraction [95]. As 478 
recently shown, this organism can efficiently be farmed in gas-recycling bubble column bioreactors 479 
[96]. 480 

Cyanobacteria are phototrophic bacteria, which, in older literature, are termed as “Cyanophyta”, 481 
“blue algae”, or “blue-green algae”; from the microbiological point of view, these old designations 482 
should nowadays finally be circumvented in order to underline the prokaryotic nature of these 483 
organisms, which are preferably cultivated in light-transparent photobioreactor (PBR) systems. As 484 
comprehensively reviewed in the recent years, some cyanobacterial species display considerable 485 
potential for PHA production. According to the present state of knowledge, PHA biosynthesis occurs 486 
in species belonging to the cyanobacterial orders Chroccocales, Nostocales, Oscillatoriales, 487 
Pseudoanabenales, and Synechococcales. Here, PHA accumulation can, dependent on the strain, 488 
occur photoautotrophically (Anabaena cylindrica, Chlorogloea sp., Oscillatoria limosa, Synechocystis sp., 489 
Synechococcus sp.), chemoheterotrophically (Spirulina sp., Nostoc muscorum, Aulosira sp., Synechocystis 490 
sp.), or mixotrophically (Anabaena cylindrica, Chlorogloea sp., Gloeothece sp., Spirulina sp., Nostoc 491 
muscorum, Aulosira sp., Synechocystis sp., Synechococcus sp.). Different bioreactor devices were 492 
investigated for cyanobacterial PHA production [97-99]. Despite the numerous studies on shaking-493 
flask-scale PHA production by cyanobacteria are reported, but only very few reports on such 494 
processes under controlled conditions in bioreactors are available [95, 96]. One such study 495 
investigated PHB biosynthesis by Anabaena solitaria in a flat panel PBR system. Cells in this PBR were 496 
airlifted and continuously substrate-supplied by bubbling CO2-enriched compressed air at a rate of 497 
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2.5 L/h from the PBR´s bottom, which makes this PBR a “flat plate bubble column” bioreactor. 498 
Halogen lamps served for external illumination and thermal energy needed for cyanobacterial 499 
growth. A working volume of 9.5 L was used to start the fermentation process. A. solitaria exhibited 500 
significant, yet not exceptionally high PHB production potential in this PBR system; PHA 501 
concentrations of up to 7 mg/L were reached after twelve days of fermentation at illumination and 502 
temperature of 500 µE/(m2 s) and 28°C; the same output was achieved after three days at the same 503 
illumination and 40°C [100]. 504 

Only recently, serious attempts were undertaken to make cyanobacterial PHA production 505 
industry-relevant. Researchers around Troschl et al. operated a 200 L pilot plant tubular glass PBR, 506 
located in a glass house, for about three years. In this setup, the authors tested robustness and 507 
potential of diverse PHA-producing cyanobacteria during long-term fermentations when supplied 508 
with CO2 from a local coal power plant; CO2 supply was automated by coupling to the increase of 509 
pH-value by substrate depletion. The illumination, supported by gas-discharge lamps, was 510 
accomplished by alternating day/night cycles. As major outcome of their pilot scale experiments, the 511 
authors highlighted Synechocystis salina CCALA 192 as the most suitable cyanobacterial production 512 
strain, because it turned out to be convenient to handle, and under examined cultivation conditions, 513 
reached final biomass and PHA fractions in biomass in the range of 0.9 to 2.1 g/L and 0.05 to 0.09 g/g, 514 
respectively [101]. Follow up studies with this PBR-strain combination revealed the feasibility of 515 
using inexpensive stillage digestate supernatant as additional carbon source; this mixotrophic 516 
feeding resulted in the production of 1.6 g/L CDM with about 0.055 g/g PHB in CDM [102]. Only 517 
recently, the authors presented a holistic study on the downstream processing of S. salina biomass 518 
produced in this process; fractionating the biomass into valued pigments, PHA and residual biomass, 519 
the latter undergoing application either as fodder or as feedstock for anaerobic biogas production, 520 
leads to a sustainable biorefinery concept, which could finally make cyanobacterial PHA production 521 
mature for the market [103]. Other current studies describe the recycling of residual cyanobacterial 522 
biomass as substrate for subsequent PHA-production processes; this was accomplished by da Silva 523 
et al., who cultivated the cyanobacterium Spriulina sp. LEB in a 1.8 L horizontal tubular PBR. After 524 
cell harvest and polymer extraction, the remaining liquid phase containing cell debris was fed to 525 
follow-up cultures in the same PBR system; cultivations were carried out under artificial illumination 526 
(12 kW/m²) and 12 h day/night cycles. As major result, follow-up cultivations based on Spirulina 527 
waste resulted in similar biomass production as observed when using pure autotrophic cultivation 528 
medium, whereas PHB content in cells reached its highest value of almost 11% in a minimal medium 529 
supplemented with 25% Spirulina waste [104]. Similar recycling experiments were carried out before 530 
with the extremophile chemoheterotrophic haloarchaeon Hfx. mediterranei. This organism requires 531 
about 200 g/L of NaCl for optimum growth and PHA production [38], hence, recycling of the highly 532 
saline residues accruing when producing PHA by this strain, namely salty spent fermentation broth 533 
(supernatant) remaining after cell harvest, and salty cell debris as left-over of the PHA recovery 534 
process, is needed; this reduces the excessive salt lots to be disposed of. As demonstrated by Koller, 535 
it is possible to run follow-up cultivations with this organism on spent supernatant, and to replace 536 
about 30% of expensive complex nitrogen sources like yeast extract by saline cell debris [105]. 537 

Photosynthetic purple non-sulphur bacteria are currently also investigated as PHA producers 538 
from gaseous substrates. Especially Rhodospirillum rubrum attracts attention due to its capacity to 539 
produce PHA from syngas, a mixture of CO, CO2, CH4, H2, H2S, and N2. Syngas is formed by high-540 
temperature gasification and pyrolysis of organic materials, such as carbon-rich agricultural waste, 541 
and, after appropriate conditioning, can be used as biotechnological feedstock [106]. R. rubrum 542 
possesses the enzymatic machinery enabling the conversion of the toxin CO to less toxic CO2 and bio-543 
hydrogen; CO2, in turn undergoes anaerobic photosynthetic conversion to biomass and products 544 
such as PHA. Revelles and colleagues reported PHB homopolyester production by R. rubrum from 545 
syngas [107], whereas, starting from gasification of corn seeds, syngas-based PHA production by R. 546 
rubrum delivered PHBHV with 3HV contents of 0.14 mol/mol, however, obtained PHBHV 547 
productivity and intracellular fractions amounted only to 0.0002 g/(L h) and 0.09 g/g, respectively 548 
[108]. Nevertheless, PHBHV copolyester production from these simple, structurally unrelated C1-549 
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compounds, explained by the high intracellular propionyl-CoA pools in R. rubrum, makes this 550 
process stimulating. In addition, this strain utilizes also inexpensive heterotrophic substrates for PHA 551 
biosynthesis. As an example, Smith et al. cultivated the organism on distiller's condensed corn soluble 552 
(CCS), a by-product of ethanol production; these authors reported only inferior PHBHV productivity 553 
and modest PHBHV fractions in biomass [109]. Another example for PHA production from waste-554 
originating syngas resorts to household waste collected in the Spanish city Seville. In this process, 555 
syngas was generated from waste by microwave-induced pyrolysis in order to save time and energy. 556 
This article emphasized that syngas purity does not tremendously impact PHA productivity [110]. 557 
Choi and colleagues provided economic calculations, which estimate the production costs per kg of 558 
syngas-based PHA with less than 2 US-$ per kg. These calculations are based on a biorefinery concept 559 
using switch grass as feedstock for syngas production, and generating bio-hydrogen as a marketable 560 
by-product of this process; according to these authors, the fermentation process should be carried out 561 
in CSTRs [111]. Karmann and colleagues demonstrated a tailored platform for safe production of 562 
PHB from syngas using Labfors STRs, which can be operated in fed-batch and chemostat mode; the 563 
authors underlined the importance of safety measures to overcome the risks connected to CO as toxic 564 
substrate and biohydrogen as precarious co-product, and online analytical tools to make PHA 565 
production technologically feasible [112]. More recently, heterologous expression of PHA synthase 566 
genes in R. rubrum was studied by Klask and colleagues in order to enhance PHA productivity and 567 
to extent the range of types of PHA accessible by this strain. Different Class I and Class IV PHA 568 
synthases were investigated in PHA-negative R. rubrum as host organism; all of them revealed PHA 569 
biosynthesis. As major outcome, the authors proved that insufficient PHA synthase activity in R. 570 
rubrum wilde type displays the bottle neck of this process, which can be solved by means of genetic 571 
engineering [113]. As follow up, a genetically engineered R. rubrum strain harboring P. putida KT2440 572 
PHA synthesis genes was successfully used by these authors for mcl-PHA biosynthesis in simple 573 
flasks aerated with artificial syngas [114]. 574 

4. Continuous PHA production processes operated as chemostats 575 

4.1 General 576 

Continuous production processes are generally characterized by being operated under so called 577 
“steady state” conditions, were process parameters like substrate and product concentrations, but 578 
also factors like pH-value, pO2, working volume, etc., are kept constant. In accordance to the substrate 579 
conversion rate of the active biomass, substrate is continuously re-fed, and volume increase is 580 
compensated by continuous withdrawal of fermentation broth. The ratio between flow rate (volume 581 
into and out of the reactor per time) and working volume is known as “dilution rate” (D), which is a 582 
decisive parameter for continuous processes; too low D values will lead to insufficient supply of cells 583 
with substrates, resulting in low growth rates and productivities, while D exceeding a critical value 584 
will lead to “wash out” of the cultivation reactor. By carefully adjusting D, specific growth rate µ and 585 
product formation can be fine tuned, hence, the operator forces the system a process-engineering 586 
parameter in order to fix a physiological parameter (µ) of biomass. To reach fast cell growth and high 587 
productivity, D will be selected slightly below the experimentally determined values for µmax. and qp, 588 
respectively. The inverse value of D, the so called retention time τ, determines the time provided to 589 
the cells to convert substrate and accumulate PHA as intracellular product. Often, “continuous 590 
processes” are used in the same meaning as “chemostat” processes; merging these terminations is 591 
not correct in senso stricto, because “continuous” process regimes encompass, in addition to 592 
chemostats (“chemical environment remaining static”), also pH-stat, mass-stat, redox-stat, or 593 
volume-stat processes [115, 116]. In order to address the current trend in the literature, the expression 594 
“continuous PHA-production” in the subsequent paragraphs refers to chemostat studies for PHA 595 
production. 596 

In the context of MMC for PHA production, continuous feeding strategies are more and more 597 
implemented [117]; such processes allow PHA production with the additional benefit of a more stable 598 
process, and the possibility to adapt the PHA composition on the monomeric level, as demonstrated 599 
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by Albuquerque et al., who supplied MMCs both via pulse feeding (fed-batch) and continuously with 600 
differently composed mixtures of odd- and even numbered VFAs to study the effect of the feeding 601 
regime on PHA productivity, composition of obtained PHBHV copolyesters, and their material 602 
properties. The authors clearly emphasize the superiority of the continuous regime in terms of 603 
flexibility of polyester composition and productivity. In details, this process consisted of three stages: 604 
a first anaerobic stage was carried out for continuous fermentation of sugar molasses to VFAs in a 605 
STR, while a second, aerobic stage in a sequencing batch reactor (SBR) serving for enrichment of 606 
PHA-accumulating organisms under dynamic feast-and famine cultivation at C/N/P ratio in the feed 607 
stream amounting to 100/8/1; this second stage was operated for ten months in order to enrich a 608 
powerful MMC. The third stage contained enriched sludge from stage 2, which was supplied with 609 
micro-filtrated fermented molasses from stage 1, either by pulse feeding or continuously. Polymer 610 
composition was triggered by artificially changing the fatty acid profile in the fermented molasses 611 
stream [118]. Only recently, Marang et al. studied the impact of continuous substrate feeding on 612 
enriching PHA-accumulating microbes in two SBRs. In the first SBR, acetate was supplied 613 
continuously, resulting in the enrichment of Zoogloea sp. PHA was accumulated by exposure to excess 614 
acetate, but PHA productivity and PHA mass fraction (0.53 g/g) amounted to only about 20% of the 615 
values obtained for enrichment cultures in an established, pulse-fed SBR with the PHA producer 616 
Plasticicumulans acidivorans as dominating species. In the second SBR, half of the acetate was supplied 617 
at the beginning of the cycle, the rest was fed continuously. By this true feast phase, the enrichment 618 
of P. acidivorans was not inhibited by the continuous supply of acetate; a mass fraction of 0.85 g/g 619 
PHA in CDM was obtained. This displays a paradigm shift in running MMC-based PHA production 620 
processes under dynamic feast-and-famine feeding by showing that, for enrichment of bacteria with 621 
excellent PHA production capacity, a real feast phase by periodic substrate excess is indispensible, 622 
but not periodic famine phases [119]. 623 

4.2 One-stage chemostats 624 

4.2.1 One-stage chemostats based on pure cultures 625 

For continuously operated STRs, one-stage (“single-stage”) setups are not very productive for 626 
PHA production; as intracellular products of the secondary metabolism, boosted synthesis of PHA 627 
requires the limitation of a growth-essential nutrient; hence, it is not possible to continuously supply 628 
carbon source plus nitrogen and phosphate source at rates which result in both high biomass 629 
formation and expedient PHA accumulation. For high volumetric productivity, both biomass 630 
concentration and intracellular PHA mass fraction have to be optimized. The impact of τ on PHA 631 
productivity in one-stage continuous processes was for the first time demonstrated by Senior and 632 
colleagues, who cultivated Azotobacter beijerinkii NCIB 9067 in a continuously operated 2 L STR under 633 
restricted oxygen and nitrogen supply. Increasing τ by decreasing D from 0.252 1/h to 0.049 1/h 634 
boosted the intracellular PHA fraction in cells from 0.20 to 0.44 g/g. However, these values are still 635 
inferior compared to results obtained in batch setups, were the mass fraction of PHA in CDM 636 
amounted to 74% [120]. Later, Ramsay and colleagues demonstrated the viability of continuous 637 
operation mode to trigger the molar composition of PHA; these authors cultivated C. necator in one-638 
stage continuous mode, supplying glucose and the 3HV precursor propionic acid continuously at 639 
tailored ratio. Using a D of 0.15 1/h, the authors obtained a volumetric PHBHV productivity of 0.3 640 
g/(L h), with 3HV fractions in PHBHV of 0.05 mol/mol, and 0.33 g/g PHBHV in CDM. Regarding 641 
these productivity and PHA content values, continuous process mode in only one-stage without 642 
chronological and/or spatial separation of biomass formation and PHA accumulation was not 643 
competitive with fed-batch setups using the same production strain. However, these experiments by 644 
Ramsay´s group opened the door for triggering PHA composition by continuous process regime 645 
[121]. 646 

4.2.2 Dual nutrient limited chemostat cultivation to utilize “inefficient” carbon sources for PHA 647 
biosynthesis 648 
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Especially in the case of using toxic substrates like those usually needed for mcl-PHA 649 
biosynthesis, dual nutrient (carbon and nitrogen source) limited growth (DNL) in continuous 650 
cultures is suggested as a suitable method to produce different types of PHA. The concept of DNL 651 
originated from the biological law that growth rate, concentration and composition of biomass is not 652 
influenced by one limiting factor alone, but by the concerted action of two or more limiting nutrients 653 
(reviewed by [122]). Because toxicity of a substrate depends on its concentration, cell growth is 654 
usually not affected when the substrate is immediately metabolized, hence, when its concentration 655 
does not exceed a certain threshold. This was demonstrated in the case of mcl-PHA production by 656 
DNL cultivation of Pseudomonas putida GPo1 on gaseous n-octane [123], Pseudomonas oleovorans on 657 
octanoate [124, 125], or, in the case of scl-PHA production, for C. necator DSM 428 on mixtures of 658 
butyric acid and valeric acid, which normally display considerable toxicity already at low 659 
concentration. By changing the butyric/valeric acid ratio in the feed stream supplied at D = 0.1 1/h in 660 
a one-stage chemostat process, it was possible to produce PHBHV copolyesters of tunable monomeric 661 
composition, which allowed the reproducible fine-tuning of thermomechanical biopolyesters 662 
properties such as melting point (Tm), crystallinity, flexibility, or glass transistion temperature (Tg) 663 
[126]. By DNL continuous cultivation of P. putida GPo1 with multiple carbon sources, it was possible 664 
to produce mcl-PHA of unprecedented monomeric composition. Mixtures of 5-phenylpentanoate, 665 
octanoate, and 10-undecenoate were used at D = 0.1 1/h and C/N ratios of 15/1 in the substrate feed 666 
stream to produce diverse poly(3-hydroxy-5-phenylvalerate-co-3-hydroxyalkanoate-co-3-hydroxy-ω-667 
alkenoate)s consisting of aromatic, saturated, and unsaturated building blocks. The fraction of the 668 
aromatic monomer (3-hydroxy-5-phenylvalerate) ranged from 0 to 0.52 mol/mol. It was observed that 669 
increasing aromatic fraction results in a linear increase of the polymer´s Tg from -37.6°C to -6°C [127]. 670 
Later, DNL cultivation in a single-stage chemostat was carried out with mixtures of lactic acid and 671 
the aromatic compounds p-methylphenylvaleric acid or phenylvaleric acid. In the case of using p-672 
methylphenylvaleric acid as co-substrate, a poly(3-hydroxy-p-methylphenylvalerate) mcl-PHA 673 
homopolyester was obtained, which displayed considerable crystallinity and a sharp Tm at 99°C, 674 
which is in contrast to other described, often completely amorphous mcl-PHA biopolyesters. Poly(3-675 
hydroxy-phenylvalerate), the homopolyester produced by using phenylvaleric acid as co-substrate, 676 
displayed material properties typical for mcl-PHA. Again, the authors underlined that chemostat 677 
cultivation, especially using DNL regime, is the only possibility to culture PHA producing microbes 678 
on such “inefficient” substrates like described aromatic compounds, which exert considerable 679 
toxicity to the cells [128]. 680 

4.2.3 Non-sterile single-stage chemostat processes 681 

Continuous cultivation processes, especially those that run for extended periods, always carry 682 
the risk of microbial infection, which endangers the entire cultivation process. As a way out of this 683 
dilemma, extremophilic organisms can be used for PHA production under restricted sterility 684 
precautions, or even under non-sterile cultivation conditions in open reaction vessels; such processes 685 
can also be operated in continuous mode (reviewed by [115, 116, 129]).  686 

Already in 1990, Lillo and Rodriguez-Valera tested the extremely halophile archaeon Hfx. 687 
mediterranei in continuously operated long-term bioreactor experiments on glucose as carbon source 688 
and two different phosphate concentration levels at five different D ranging between 0.02 and 0.10 689 
1/h. At D = 0.02 1/h, best results were obtained; here, the intracellular PHA mass fraction amounted 690 
to 0.42 g/g, with the PHA concentration and volumetric productivity reaching 1.5 g/L and 0.03 g/(L 691 
h), respectively. The high robustness and long-term stability of this organism was revealed by taking 692 
only minimal sterility precautions during running the process continuously at D = 0.12 1/h for three 693 
months; no microbial contamination was observed during this long period [130]. Years later, this high 694 
resistance of Hfx. mediterranei against microbial contamination was confirmed by Hermann-Krauss 695 
and colleagues, who cultivated the strain in fed-batch mode on CGP, a waste stream from biodiesel 696 
production, and 4HB-precursors for about 200 h without sterilization of the bioreactor equipment; 697 
only the nutritional medium was heat-sterilized. Also in this process, no microbial contamination 698 
occurred [77]. 699 
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Halomonas campaniensis LS21, an alkalo-halophile Gram-negative bacterium, was cultivated in a 700 
seawater-based open, non-sterile and continuous process dedicated to PHA production. This process 701 
was based on a substrate cocktail of polysaccharides, lipids and proteins, mimicking nutrient-rich 702 
kitchen waste. Both the wild type H. campaniensis LS21 and its recombinant strain equipped with the 703 
phbCAB PHB synthesis genes were continuously cultivated for more than two months in artificial 704 
seawater containing the mixed substrates and 27 g/L NaCl at a pH-value of 10. At 37°C, the 705 
engineered strain accumulated about 0.7 g/g PHB in biomass until the process end, which is more 706 
than the double value of what was reached by the parental strain; both cultures did not reveal any 707 
microbial contamination [131]. 708 

4.3 Two-stage chemostats 709 

4.3.1 Two-stage chemostats under strict sterility precautions 710 

Even when using growth-associated PHA production strains like, e.g., A. lata, PHA mass fraction 711 
in cells is not exceptionally high when continuously supplying the carbon source and the growth-712 
limiting component like nitrogen source at balanced ratio; this generates active biomass at relatively 713 
high productivity, but with only modest PHA fraction [122]. Regarding the rates for microbial growth 714 
and PHA accumulation for a given strain-substrate combination, it becomes obvious that the 715 
autocatalytic growth typically occurs much faster than PHA accumulation, hence, it is impossible to 716 
carry out such processes in “one-pot-setups” at sufficient productivity. Therefore, it was 717 
demonstrated in the past that two-stage continuous processes are better suitable for this purpose. 718 
Here, in a first STR, active biomass is continuously generated by supplying a balanced nutrient 719 
medium; this dense cultivation broth is continuously transferred into a second STR, where carbon 720 
source is fed continuously, but no more growth limiting substrate is provided [121]. When optimizing 721 
such two-stage continuous PHA production processes, it is reasonable to adjust D in the first STR to 722 
a value slightly below the maximum specific growth rate µmax. of the strain under given cultivation 723 
conditions, to select concentrations of both the growth-limiting component and the carbon source 724 
slightly above the concentration levels which are converted in the first stage. In the second stage, 725 
residues of the growth-limiting component will immediately be consumed by the cells, which are 726 
continuously supplied with carbon source in order to provoke enhanced PHA accumulation. In this 727 
second stage, it is reasonable to adjust τ and carbon feed in such a way as to give the cells enough 728 
time for the biotransformation of carbon source to PHA, which results in higher intracellular PHA 729 
fractions, and to keep the actual carbon source at almost zero in order to avoid economically 730 
disadvantageous substrate losses. Ramsay et al. demonstrated for the first time the superiority of two-731 
stage chemostat processes. Using A. lata as production strain on sucrose and propionic acid in two-732 
stage setups, operated at D = 0.15 1/h in both stages, the authors obtained a mass fraction of PHBHV 733 
in CDM of about 0.38 g/g, and a 3HV share in PHBHV of 0.15 mol/mol in the first stage; nitrogen 734 
source and 3HV precursor were completely utilized by the cells. The second stage, continuously 735 
supplied with the fermentation broth from stage 1 containing residual sucrose, but no additional 736 
medium, served for ongoing conversion of sucrose to increase PHA fraction in cells, hence, in this 737 
stage, cells were allowed to take their time to go on accumulating PHA by completely depleting 738 
sucrose. Mass fraction of PHBHV in CDM increased to about 0.55 g/g in this second stage, while the 739 
3HV share in PHBHV decreased to 0.11 mol/mol due to the lacking supply with propionic acid in 740 
this stage [121]. In the context of two-stage continuous processes, additional strain/substrate 741 
combinations were reported in the past years, resulting in the production of different scl- and mcl-742 
PHA homo- and heteropolyesters (reviewed by [115, 132]). As a pioneering example, Du and 743 
colleagues were the first who selected drastically higher τ in the second stage than in the first in order 744 
to boost intracellular PHA fractions. Using Ralstonia eutropha (today: C. necator) strain WSH3 on 745 
glucose and nitrogen deprivation, maximum volumetric productivity for PHB amounted to 1.43 g/(L 746 
h) at D = 0.12 1/h; however, under these conditions, PHB mass fractions in biomass did not exceed 747 
0.48 g/g; at D = 0.075 1/h, the mass fraction increased to more than 72%, with only slightly decreasing 748 
productivity to 1.24 g/(L h) [133]. Similar attempts to run the first stage at rather high D (0.2 1/h) to 749 
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approach µmax. and lower D (0.06 1/h) in the second stage to enable high PHA accumulation were 750 
carried out by Mothes and Ackermann, who obtained a PHA copolyester consisting of 3HB and 4HB 751 
in two-stage continuous processes of Delftia acidovorans on acetic acid and the 4HB precursor GBL. 752 
Using the gaseous substrate n-octane, a two-stage continuous process was operated for mcl-PHA 753 
production by P. oleovorans, a strain featuring strict separation between the phases of microbial 754 
growth and PHA biosynthesis. Also here, D used for the first stage was close to the biological 755 
maximum determined by the strain´s µmax. (0.21 1/h), whereas the second stage was operated at a D 756 
of 0.16 1/h; 1.06 g/(L h) of poly(3-hydroxyhexanoate-co-3-hydroxyoctanoate) were reported for the 757 
volumetric productivity, with cells containing 0.63 g/g of the mcl-PHA [134]. 758 

4.3.2 Non-sterile two-stage chemostat cultivation for PHA production 759 

Similar to the open, single-stage continuous processes by H. campaniensis LS21 described above 760 
[131], Halomonas TD01, another Gram-negative bacterial isolate populating Chinese salt lakes, was 761 
cultivated by Tan and associates for two weeks in an open, unsterile, and continuous two-stage 762 
process. In the first stage, containing a saline glucose and nitrogen medium, CDM reached an average 763 
value of 40 g/L; the intracellular PHB fraction in biomass amounted to 0.60 g/g. The fermentation 764 
broth was continuously transferred from the first to the second, nitrogen-deficient stage. Although 765 
this transfer diluted the biomass concentration, a constant intracellular PHB mass fraction between 766 
0.65 and 0.70 g/g was obtained. The authors explicitly suggested this open, continuous fermentation 767 
process as the ultimate step forwards to achieve cost-efficient PHA production [135]. This organism 768 
was later genetically engineered to make it more stable by inhibiting its DNA restriction/methylation 769 
apparatus. Moreover, the stable plasmid pSEVA341 was constructed to induce the expression of 770 
multiple pathway genes. This construct was further engineered by deleting genes encoding 2-771 
methylcitrate synthase and three PHA depolymerases within its chromosome. The resulting strain 772 
Halomonas TD08 displayed overexpression of enzymes responsible for threonine synthesis, which 773 
enabled the strain to accumulate PHBHV copolyesters harboring 4–6 mol.-% 3HV from structurally 774 
unrelated carbon sources. Overexpression of the cell division inhibitor MinCD during biomass 775 
growth elongated the cells´ shape by about 1.4 times, which resulted in boosting PHA mass fraction 776 
in biomass from 0.69 to 0.82 g/g, further enabling a simplified process for cell harvest [136]. 777 

4.4 Multi-stage chemostats 778 

Described two-stage processes can be expanded to multi-stage processes, hence, CSTR-779 
bioreactor cascades. This approach was demonstrated for the first time by Atlić and colleagues, who 780 
used a five-stage bioreactor cascade consisting of one CSTR serving for generation of active biomass 781 
under permanent feeding of a nutrient-rich medium, and four subsequent CSTRs for high productive 782 
PHA accumulation under nitrogen-limited conditions [137]. As previously suggested by Braunegg 783 
and colleagues, this series of four CSTRs serving for the same purpose (PHA accumulation) resembles 784 
the process engineering characteristics of a tubular plug flow reactor (TPFR), which, based on 785 
theoretical considerations, was suggested almost three decades ago to be highly suitable for 786 
generation of intracellular bioproducts of the secondary metabolism; the more vessels the cascade 787 
consists of, the more the flow characteristics resemble the plug flow characteristics of a TPFR [46]. 788 
Above the potential of a TPFR, the cascade setup offers the additional benefit of adaptability of the 789 
process conditions (pH-value, dissolved oxygen concentration, co-substrate supply) in each of the 790 
individual cascade stages; this enables the production of PHA biopolyesters of pre-defined 791 
composition and molecular mass. When operated with C. necator on glucose as the sole carbon source, 792 
the system generated high volumetric and specific PHB productivity of up to 2.31 g/(L h) and 0.105 793 
g/(g h), respectively, with PHB biopolyesters displaying highly uniform molecular masses under 794 
steady state conditions. Nitrogen source remaining in the effluent of the first vessel (dedicated to 795 
biomass growth) was completely depleted in vessel number two, which was used as “transient stage” 796 
between growth and product formation, whereas vessels 3 to 5 were exclusively dedicated to product 797 
formation. Such multi-stage CSTR-bioreactor cascades were suggested by the authors as a precious 798 
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process-engineering tool for producing tailor-made blocky structured PHA (b-PHA) by supplying 799 
selected precursor substrates to the individual stages [137]. 800 

Based on the obtained experimental data, this multi-stage cascade system was later subjected 801 
towards different investigative studies based on diverse mathematical modelling tools [51]. First, a 802 
formal kinetic mathematical model was developed by Horvat et al. in order to get deeper insights 803 
about how to best operate such systems. Here, the first vessel of the cascade (R1) was considered a 804 
nutritionally balanced continuous biomass production system. R2 was modelled as process governed 805 
by two substrates (glucose, nitrogen), while vessels R3-R5 were committed to PHA biosynthesis 806 
under continuous glucose fed, but enduring nitrogen limitation. The developed model consisted of 807 
20 differential equations and 49 model parameters: 20 initial values for PHA, biomass, glucose, and 808 
nitrogen concentration, 10 flow parameters for in- and outflow for R1-R5, 7 kinetic constants for 809 
substrate saturation and inhibition, 5 parameters related to tank volumes R1-R5, 4 conversion factors, 810 
and 3 inlet stream substrate concentrations. For fine-tuning the parameters and for model validation, 811 
three experimental runs were carried out in the cascade, differing in the feeding strategy (supply of 812 
glucose to all stages or not) and D in individual stages. Simulated results predicted well the 813 
experimental data for glucose, biomass, and PHA if glucose is continuously supplied to all five 814 
vessels. The authors provide calculations showing that volumetric productivity and µmax. in the 815 
cascade could be further boosted from experimentally obtained 2.14 g/(L h) to the modeled value of 816 
9.95 g/(L h), and 0.25 1/h (experimental) to 0.85 1/h (simulated), respectively; these theoretical values 817 
are based on suggested optimization of certain experimental conditions, such as the overall D, the 818 
substrate inflow rate, and substrate concentration in the feed streams to all individual stages. Under 819 
such optimized conditions, up to 164 g/L biomass and 123 g/L PHA could be obtained [138]. 820 

Insights into the metabolic fluxes of C. necator in such multi-stage cascade PHA production 821 
processes were provided by Lopar et al., who developed a high structured metabolic model of this 822 
process. The model covers a metabolic network of 43 mass balance equations for 43 intracellular 823 
compounds. The metabolic conditions of bacteria in the individual cascade vessels (R1-R5) were 824 
studied via two-dimensional yield space analysis of elementary flux modes for biomass and PHA 825 
formation from glucose. From each elementary mode, an overall reaction containing substrates 826 
(glucose, ammonia, oxygen) and products (biomass, PHA, CO2) with the related stoichiometric 827 
coefficients was obtained. All possible metabolic states of cells in different cascade vessels were 828 
illustrated by applying experimental yields and metabolic flux calculations. The metabolic model 829 
revealed excellent agreement with experimental results regarding biomass and PHA yields in all five 830 
stages of the cascade. This high-structured model provided additional hints to optimize the operation 831 
of the cascade by further adapting the feeding strategy; consistent with the outcomes from the formal 832 
kinetic modelling (vide supra), glucose feeding in all five stages turned out as the most suitable 833 
strategy to perform multi-stage continuous PHB synthesis [139]. 834 

Only recently, Vadlja and colleagues carried out electron microscopic studies on the statistical 835 
distribution of number of PHA granules (“carbonosomes”) per cell, cell size, and PHA granule size 836 
in all individual cascade stages R1-R5; this opened deep insight into cell morphology and 837 
carbonosome formation under balanced (R1), transient (R2), and nutrient-limited (R3-R5) conditions. 838 
Electron microscopic pictures of cells from Atlić et al.´s experiments [136] were converted to binary 839 
images using the software tool Image J, thus visualizing PHA (white) and non-PHA biomass (black) 840 
footprint areas. For each cascade stage, results for μ and qP correlated well with experimentally 841 
determined kinetics. Log-normal and gamma distribution best described granule size distribution in 842 
the individual cascade stages. In R1, predominately cells with rather small granules were found; with 843 
increasing τ, granule sizes gradually increased, approaching an upper limit, which seems to be 844 
determined by steric hindrance factors when the ratio of carbonosomes/cell volume comes near to its 845 
biological maximum. Generally, granule-to-cell area ratios increased along the cascade until a value 846 
of 64% is reached in R5. Moreover, it was noticed that the increase of the intracellular PHA content 847 
and the granule-to-cell area ratio slow down along the cascade from R1 to R5; moreover, also the 848 
number of granules per cell decreases with increasing τ. These data support the optimization of the 849 
cascade system, mainly by evaluating the optimum number of stages [140]. 850 
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5. Conclusions 851 

The review illustrates the huge variety of different bioreactor systems and diverse cultivation 852 
regimes already tested to produce PHA biopolyesters of different molecular architecture by a 853 
plethora of different microbes. It becomes clear that different combinations of production strains and 854 
substrates require different fermentation equipment, bioreactor facilities, and feeding regimes. The 855 
cultivation regime and process design have to be adapted to the physiological and kinetic 856 
particularities of the biological system in order to optimize PHA productivity and product quality. 857 
As a conclusion of the most recent studies, it can be expected that the future trend in fermentative 858 
PHA production will combine the operation of continuous chemostat process, the application of 859 
robust, extremophilic production strains needed to run these processes with a minimum of energy 860 
input, the use of inexpensive carbon-rich feedstocks to safe substrate costs, and the large scale 861 
implementation of sustainable downstream processing methods for PHA recovery and purification. 862 
Only this combination will allow for sustainable and economic production of PHA biopolyesters of 863 
on-demand quality as a decisive step forwards into efficient White Biotechnology. 864 
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