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Abstract 19 

 20 

Many bacteria produce storage biopolymers that are mobilized under conditions 21 

of metabolic adaptation, for example, low nutrient availability and cellular stress. 22 

Polyhydroxyalkanoates (PHA) are often found as carbon storage in Bacteria or Archaea, 23 

and polyhydroxybutyrate (PHB) is the more frequent. Bacteria usually produce PHB upon 24 

availability of a carbon source and limitation of another essential nutrient. Therefore, it is 25 

widely believed that the function of PHB is to serve as a mobilizable carbon repository 26 

when bacteria face carbon limitation, supporting their survival. However, recent findings 27 

indicate that bacteria switch from PHB synthesis to mobilization under stress conditions 28 

such as thermal and oxidative shock. The mobilization products, 3-hydroxybutyrate and 29 

its oligomers, show a protective effect against protein aggregation and cellular damage 30 

caused by reactive oxygen species and heat shock. Thus, bacteria should have an 31 

environmental monitoring mechanism directly connected to the regulation of the PHB 32 

metabolism. Here, we review the current knowledge on PHB physiology together with a 33 

summary of recent findings on novel functions of PHB in stress resistance. Potential 34 

applications of these new functions are also presented. 35 

 36 
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INTRODUCTION 43 

Poly-3-hydroxybutyrate (PHB) is an aliphatic polyester member of the 44 

polyhydroxyalkanoates (PHA) family, synthesized by many prokaryotes as a carbon and 45 

reducing equivalents storage (Anderson and Dawes 1990; Steinbüchel and Valentin 1995; 46 

Madison and Huisman 1999). Usually, bacteria produce PHB upon carbon excess and 47 

low levels of nitrogen, phosphate or oxygen (Hervas et al. 2009). In 1988, Edwin Alfred 48 

Dawes, who dedicated his scientific career to studying microbial biochemistry, published 49 

the review Polyhydroxybutyrate: An intriguing biopolymer (Dawes 1988). Now, thirty-50 

two years later, the physiological role of polyhydroxybutyrate (PHB) in bacteria is still 51 

intriguing, due to recent advances and discoveries made in the field. Beyond the eminent 52 

biotechnological potential as bioplastics with similar physicochemical properties to 53 

petrochemical materials, while highly degradable in the environment, PHB has been 54 

demonstrated to be a critical biopolymer for microbial physiology (Kim et al. 2013; Alves 55 

et al. 2016; Koskimäki et al. 2016; Nowroth et al. 2016; Batista et al. 2018). Several 56 

studies have associated PHB synthesis and degradation to positive fitness in bacteria and 57 

protection against abiotic and biotic stressors (Ayub et al. 2009; Nowroth et al. 2016; 58 

Madueño et al. 2018; Obruca et al. 2018; Alves et al. 2020; Tribelli et al. 2020). Herein, 59 

we present an overview of the biogenesis of PHB granules and their protective role 60 

against stressors, the stress-relieving mechanisms, and recent data on how bacteria control 61 

the cycle of PHB synthesis and degradation, opening an important window of opportunity 62 

to engineer unique microbes for bioprocesses, bioremediation of pollutants, and 63 

biofertilization of plants. However, the physiological roles of low molecular weight PHB 64 

and complexed PHB are not subject of this overview (for a detailed review on this topic 65 

please refer to (Reusch 2012)). 66 

 67 
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PHB SYNTHESIS AND SUPRAMOLECULAR STRUCTURE OF GRANULES 68 

To understand the complexity of cellular mechanisms involved in PHA 69 

metabolism, we will first review the composition of PHA and PHB granules. PHA are 70 

polymers synthesized by esterification of coenzyme-A activated hydroxyalkanoate 71 

monomers (Anderson and Dawes 1990). Occurrence of PHA in bacteria was reported for 72 

the first time by Maurice Lemoigne in 1926 in Bacillus megaterium as a polymer 73 

generated by dehydration and polymerization of 3-hydroxybutyrate (Lemoigne 1926). 74 

The polymer was named poly-3-hydroxybutyrate (PHB), which is produced by bacteria 75 

as an intracellular carbon reserve (Bourque, Pomerleau and Groleau 1995; Jendrossek 76 

2009; Ochsner et al. 2015). PHB is classified as scl-PHA (short chain length PHA, 3 to 5 77 

carbon atoms in the monomers). Some bacteria, such as Pseudomonas species, synthesize 78 

mcl-PHA (medium chain length PHA), esterifying hydroxyalkanoate monomers of 6 to 79 

14 carbon atoms (for a detailed review, please refer to (Anderson and Dawes 1990) and 80 

(Madison and Huisman 1999)). 81 

The PHA polymers are generally stored intracellularly in the form of water-insoluble 82 

inclusions, often designated as PHA granules. Due to the complexity of proteins on the 83 

PHA granule surface, and their importance for bacterial physiology, the granules were 84 

also named carbonosomes (for a review, please refer to Jendrossek 2009). We will first 85 

review the most recent findings on PHA granules biogenesis achieved by studying 86 

Ralstonia eutropha H16 (also designated as Hydrogenomonas eutropha H16, Alcaligenes 87 

eutrophus H16, Wautersia eutropha H16, and Cupriavidus necator H16). Most 88 

statements apply to PHB granules of other species and to PHA granules consisting of mcl-89 

PHA (for earlier overviews on PHB/PHA granules, see the following references (Pötter 90 

and Steinbüchel 2006; Kuchta et al. 2007; Jendrossek and Pfeiffer 2014; Prieto et al. 91 

2016; Tarazona et al. 2020). 92 
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PHB granules in vivo do not have phospholipids 93 

PHB granules of all prokaryotic species studied consist of a polymer core and a 94 

surface layer of a species-dependent number of proteins. The exact composition of this 95 

surface layer has been discussed controversially. Previously, it was assumed that there is 96 

a phospholipid monolayer around the PHB granules. However, the assumed phospholipid 97 

layer was shown to be an in vitro artefact that had occurred during PHB granule 98 

preparation (for detailed background see Bresan et al., 2016, 2017). The current model of 99 

a PHB granule is shown in Fig. 1. 100 

 101 

PHB granule-associated proteins 102 

PHB granules in vivo are covered by a surface layer comprising of four classes of 103 

proteins. These so-called PHB granule-associated proteins (PGAPs) can be categorized 104 

into different functional groups: (i) the key enzyme of PHB biosynthesis, the PHA 105 

synthase (PhaC1) is covalently linked to the growing PHB molecules via a cysteine 106 

residue in the active site (Cys319 in case of PhaC1 of R. eutropha) (Stubbe et al. 2005; 107 

Wittenborn et al. 2016; Kim et al. 2017), therefore being the most important PGAP. 108 

Recent findings have shown that PhaC can detach from PHB granules at later stages of 109 

granule growth (Bresan and Jendrossek 2017). The detachment is thought to represent an 110 

aging phenomenon, preventing disruption of the cell by indefinitely growing granules 111 

under permanent PHB-permissive culture conditions.  112 

(ii) The intracellular PHA depolymerases (PhaZs) represent the second group of 113 

catalytically active PGAPs. PhaZs are responsible for hydrolysis (cleavage with water) 114 

and thiolysis (cleavage of PHB with coenzyme A to 3HB-coenzyme A) of PHB under 115 

carbon starvation (Handrick et al. 2000; Uchino et al. 2007; Uchino et al. 2008; Eggers 116 

and Steinbuchel 2013; Adaya et al. 2018). R. eutropha can express seven PHB 117 
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depolymerase isoenzymes, most of which are bound to PHB granules in vivo (Kobayashi 118 

and Saito 2003; York et al. 2003; Uchino et al. 2008; Sznajder and Jendrossek 2014). 119 

(iii) The third group of PGAPs constitutes the phasins (PhaPs) (Wieczorek et al. 120 

1995; Pötter et al. 2004; Pfeiffer et al. 2011; Pfeiffer and Jendrossek 2012; Mezzina and 121 

Pettinari 2016). Phasins are amphiphilic polypeptides of low molecular mass, but their 122 

function is still unknown. Recently, the tridimensional structure of PhaP from Aeromonas 123 

hydrophila was solved, revealing that each subunit has two opposite hydrophobic and 124 

hydrophilic surfaces (Zhao et al. 2016). The phasin PhaP1 is the major PGAP in R. 125 

eutropha and determines the surface to volume ratio of formed PHB granules. It is 126 

assumed that phasins mediate between the hydrophobic core of the PHB granules and the 127 

hydrophilic cytoplasm, thus preventing other proteins with hydrophobic surfaces from 128 

binding to PHB. Up to seven phasins have been identified in R. eutropha (PhaP1 – PhaP7) 129 

(Pfeiffer and Jendrossek 2012; Sznajder et al. 2015). Comparative proteome analysis has 130 

revealed that additional proteins of so far unknown function are present on PHB granules 131 

in vivo in R. eutropha (Sznajder et al. 2015). One of them (H16_A0225) has a patatin-132 

like phospholipase motif, but the function of this protein is unknown. A patatin-like 133 

enzyme has also been identified as a PGAP in the archaeon Haloferax mediterranei (Liu 134 

et al. 2015). 135 

The last group of PGAPs refers to proteins that have two physiologically relevant 136 

locations, they can bind to DNA in addition to binding to the PHB granule surface. In the 137 

case of R. eutropha, these are PhaR and PhaM. PhaR is a transcriptional repressor of 138 

phasin gene phaP1 (Pötter et al. 2002; York et al. 2002). PhaM is a multifunctional 139 

protein that binds not only to the PHB granule (via binding to PhaC) but also to the 140 

nucleoid, thus linking both (Pfeiffer et al. 2011; Pfeiffer and Jendrossek 2014; Bresan and 141 

Jendrossek 2017). Consequently, PHB granules are attached to the nucleoid and 142 
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distributed to daughter cells during cell division (Wahl et al. 2012). These 16 PGAPs 143 

constitute the PHB proteome in R. eutropha, representing highly organized 144 

multifunctional units (carbonosomes) (Jendrossek 2009; Jendrossek and Pfeiffer 2014) 145 

(Figure 1). 146 

Identification of proteins attached to PHB granules of other species of bacteria 147 

suggest that even more PGAPs might be associated with PHB granules (Tirapelle et al. 148 

2013; Narancic et al. 2018; Moreno et al. 2019). The PHA granules of mcl-PHA 149 

accumulating species have a similar structure consisting of a polymer core and several 150 

polymer surface-attached proteins. Most studies on the structure and composition of mcl-151 

PHA granules have been made on Pseudomonas putida (Prieto et al. 2016; Tarazona et 152 

al., 2020). 153 

 154 

THE PROTECTIVE ROLE OF PHB AGAINST ABIOTIC AND BIOTIC 155 

STRESSORS 156 

PHB has been considered a carbon storage for bacteria since its discovery 157 

(Lemoigne 1926), but several studies have correlated the synthesis and degradation 158 

of the polymer with stress resistance. For instance, the importance of PHB for 159 

bacterial colonization in carbon-limited environments has been well documented 160 

(Matin et al. 1979; James et al. 1999; Handrick et al. 2000; Jendrossek and Handrick 161 

2002; Lopez et al. 2015). The ability to produce and store PHB is generally linked 162 

with an improved survival under stressful conditions, or competition (Kadouri et al. 163 

2003; Zhao et al. 2007; Ratcliff et al. 2008; Aurass et al. 2009; Tribelli et al. 2012), 164 

and the capacity for PHB biosynthesis is a common trait for bacteria adapted to 165 

abiotic (Kadouri et al. 2003; Zhao et al. 2007; Tribelli et al. 2012; Nowroth et al. 166 

2016) or biotic stresses (Aneja et al. 2005; Aurass et al. 2009; Kim et al. 2013; 167 
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Balsanelli et al. 2016; Quelas et al. 2016). The association of PHB with bacterial 168 

stress-resistance in harsh environments, and during plant colonization, has been 169 

reported in several studies (Tal and Okon 1985; Kadouri, Jurkevitch and Okon 2003; 170 

Aneja, Zachertowska and Charles 2005; Calderon-Flores et al. 2005; Ratcliff et al. 171 

2008; Ayub et al. 2009; Juengert et al. 2017; Obruca et al. 2020). 172 

The synthesis of PHB is increased in bacterial cultures exposed to moderately 173 

elevated levels of oxidative stress (≤ 10 mM H2O2) (Obruca et al. 2010b, 2010a), and 174 

heavy-metal stress (Cu2+) (Kamnev et al. 2012). However, after a certain threshold, 175 

a decrease of PHB content is typically observed in response to a greater severity of 176 

the stress (Obruca et al. 2010a). The ntrC mutant of Herbaspirillum seropedicae 177 

defective in the master transcriptional activator of nitrogen regulation (Ntr) stress 178 

response of the NtrBC two-component system, accumulates more PHB and survives 179 

better than the wild type when challenged with H2O2 (Sacomboio et al. 2017). 180 

Furthermore, mobilization of PHB in H. seropedicae SmR1 was activated by a heat 181 

shock at 45°C, and mutants that lacked the capacity to synthesize or mobilize PHB 182 

were more susceptible to heat shock (Alves et al. 2020). Recent results showed that 183 

Pseudomonas extremaustralis, a highly stress-resistant strain, exhibits a high UV 184 

radiation resistance in conditions favoring PHB accumulation. However, the PHB-185 

deficient mutant, and a mutant incapable of producing mcl-PHAs, were sensitive 186 

towards UVA exposure (Tribelli et al. 2020). 187 

When Escherichia coli, which is unable to synthesize PHB, was bioengineered 188 

for PHB biosynthesis and degradation, the strain showed an improved tolerance 189 

against various stresses (Wang et al. 2009). The authors suggested two possible 190 

factors to justify the better stress-tolerance phenotype in E. coli synthesizing and 191 

degrading PHB: (i) PHB (or their degradation products) could increase synthesis of 192 
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the alarmone ppGpp (guanosine tetraphosphate) and mRNA translation of stationary 193 

phase sigma factor rpoS (Brown et al. 2002) and (ii) the PHB accumulation could 194 

activate some endogenous chaperone mechanism. During stressful conditions, E. coli 195 

and other bacteria increase the cellular concentration of RpoS. RpoS up-regulates 196 

expression of genes at high concentration, leading to general stress resistance in 197 

bacteria (Battesti, Majdalani and Gottesman 2011). Supporting this, mcl-PHA 198 

degradation was positively correlated with ppGpp levels in Pseudomonas oleovorans 199 

under carbon starvation (Ruiz et al. 2001). 200 

 201 

Involvement of ppGpp in PHB synthesis and degradation 202 

Deletion of the genes spoT1 and spoT2 encoding enzymes with ppGpp 203 

synthetase activity in R. eutropha H16 resulted in inability to synthesize detectable 204 

levels of ppGpp and accumulation of minor amounts of PHB (Juengert et al. 2017). 205 

The effect of ppGpp on PHB accumulation in R. eutropha was dependent on PhaZa1 206 

depolymerase, whereas in the ΔspoT1+ΔspoT2 mutant, deletion of phaZa1 restored 207 

the PHB levels. In contrast, the ΔspoT1+ΔspoT2 mutant of R. eutropha 208 

overexpressing spoT2 (encoding a ppGpp synthase without ppGpp hydrolase 209 

activity) had high ppGpp levels and accumulated extremely high amounts of PHB 210 

(Juengert et al. 2017). Involvement of ppGpp in PHA degradation has been reported 211 

in P. oleovorans (Ruiz et al. 2001), suggesting that ppGpp has various species-212 

specific effects on PHB metabolism. 213 

 214 

Phasins acting as chaperones in E. coli 215 

Accumulation of PHB in E. coli is stressful, revealed by high expression of 216 

several heat shock proteins (HSP) and binding on the surface of the PHB granules 217 
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(Han et al. 2001; Han et al. 2006; Tessmer et al. 2007). The hydrophobic surface of 218 

the granules potentially interacts with cytoplasmic proteins of E. coli, resulting in 219 

protein denaturation. Association of HSPs with PHB granules reduces protein 220 

aggregation and denaturation, and high HSP expression could therefore help E. coli 221 

to resist the heat shock stress (Han et al. 2006). E. coli cells expressing the granule-222 

associated phasin gene phaP from Azotobacter sp. FA8 grows better and produces 223 

more PHB using glycerol as a carbon source (de Almeida et al. 2007). Furthermore, 224 

expression of phaP from Azotobacter sp. FA8 in a non-PHB accumulating E. coli 225 

strain showed that PhaP protects the cells against heat shock and oxidative stress 226 

caused by paraquat (N,N′-dimethyl-4,4′-bipyridinium dichloride), a redox-active 227 

heterocycle compound widely applied as herbicide (de Almeida et al. 2011). The 228 

expression of phaP also reduced RpoH levels during heat shock, indicating reduction 229 

in the levels of misfolded proteins (de Almeida et al. 2011). 230 

When phaP from Azotobacter sp. FA8 was co-expressed with GFP (phaPAz-gfp) 231 

in E. coli expressing the PD domain, an insoluble domain of TolR from Azoarcus sp. 232 

CIB, the PhaPAz-GFP colocalized with inclusion bodies of PD. The expression of 233 

phaPAz significantly reduced the content of PD inclusion bodies and increased the 234 

solubility of thermal aggregates of citrate synthase in vitro (Mezzina et al. 2015). 235 

These findings suggest that PhaP can protect bacteria against heat shock by chaperone 236 

activity. Apart from PHB granules, the protective effect of PhaP has not yet been 237 

addressed in naturally PHB-producing bacteria, because of the challenge of avoiding 238 

the association with PHB granules (York et al. 2001, 2002; Pötter et al. 2002; 239 

Neumann et al. 2008). This could be accomplished by using mutants defective in 240 

synthesis of PHB and synthetic promoters controlling the expression of phaP. 241 

 242 
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PHB METABOLISM IN METHYLOTROPHIC BACTERIA AND ITS 243 

ANTIOXIDANT ROLE 244 

Methylotrophs represent an important bacterial group typical for having the 245 

capacity for PHB biosynthesis. Methylo- and methanotrophic bacteria are globally 246 

important for their ability to fix the greenhouse gas, methane, in addition to metabolizing 247 

methanol and other plant volatiles as carbon sources (Fall 1996; Freyermuth et al. 1996; 248 

Kip et al. 2010). For example, bacteria of the genus Methylobacterium naturally 249 

synthesize PHB from methanol, presenting a growing interest to couple sustainable 250 

production of chemicals with methane emission mitigation. In optimized nitrogen-limited 251 

fed-batch cultures, PHB production by Methylobacterium strains can reach up to 149 252 

grams per liter (64% of dry cell weight) (Suzuki et al. 1986; Bourque, Pomerleau and 253 

Groleau 1995; Ochsner et al. 2015). The key enzyme enabling methylotrophic growth is 254 

methanol dehydrogenase (MDH), which is responsible for the oxidation of methanol to 255 

form formaldehyde in the bacterial periplasmic space (Goodwin and Anthony 1998). 256 

Formaldehyde is then either oxidized to CO2, or assimilated through the serine cycle, or 257 

channeled into polyhydroxybutyrate (Chistoserdova et al. 2003). There are 15 genes 258 

involved in the oxidation of methanol in M. extorquens strains AM1 and PA1 259 

(Chistoserdova et al. 2003; Nayak and Marx 2014). Upstream of the mxaF gene, there is 260 

a methanol-inducible promoter controlling transcription of the whole 14-gene cluster as 261 

a single operon (Zhang and Lidstrom 2003). The operon consists of genes for the large 262 

and small subunits (MxaFI) of MDH, and for proteins involved in transport, assembly, 263 

and electron transfer (Chistoserdova et al. 2003; Zhang and Lidstrom 2003). Previous 264 

studies on methylotrophic bacteria have revealed that the mxaF promoter is highly active 265 

in plant epiphytic or nodule-bound lifestyles (Jourand et al. 2005; Sy et al. 2005). The 266 

methylotrophic bacteria can store the methanol-fixed carbon in high quantities as 267 
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endogenous PHB granules by PhaC-catalyzed polymerization of the PHB precursor 3-268 

hydroxybutyryl coenzyme (Valentin and Steinbüchel 1993; Bourque, Pomerleau and 269 

Groleau 1995). 270 

 271 

PHB and ME-3HB oligomers as antioxidant defense 272 

PHB can work as a sink of reducing equivalents and maintain redox 273 

homeostasis by controlling cellular NAD(P)H/NAD(P)+ ratios (Senior et al. 1972; 274 

Senior and Dawes 1973). Haces et al. (2008) showed that the monomer of PHB, 3-275 

hydroxybutyrate (3HB), possesses antioxidant activity. Recently, a new trait for 276 

products derived from degradation of PHB was discovered. The degradation 277 

products, methyl-esterified 3-hydroxybutyrate (ME-3HB) oligomers, were found 278 

with antioxidative activity against the hydroxyl radical (Koskimäki et al. 2016). The 279 

hydroxyl radical is the most cytotoxic among ROS species, and there is no known 280 

enzymatic system for its detoxification. In general, bacterial enzymatic ROS 281 

defenses, such as catalases, peroxidases, and SODs, together with metal chelating or 282 

transporting systems, are responsible for preventing the formation of hydroxyl radical 283 

in living cells. However, in stressful conditions, these cellular ROS defenses can be 284 

overwhelmed, resulting in oxidative damage (Imlay 2013). 285 

The ME-3HB di- and trimers, isolated from Methylobacterium extorquens 286 

DSM13060, showed 3- and 2.8-times higher HO· scavenging activity than 287 

glutathione (GSH) in a fluorometric hydroxyl-radical scavenging capacity (HOSC) 288 

assay. In this assay, the antioxidative activity of ascorbic acid (AA) and 3-289 

hydroxybutyrate (3HB) was more than 10-times weaker than that of ME-3HB 290 

oligomers (Koskimäki et al. 2016). When the cytoprotective potential of ME-3HB 291 

oligomers was tested using hydroxyl radical growth-arrest bioassays on yeast cells, 292 



 13 

the ME-3HB oligomers, at concentrations of 50-200 µM, protected cells from 293 

HO· stress. Yeast mutants deficient in GSH synthesis (gsh1Δ and gsh2Δ), displayed 294 

approximately a ten-fold higher hypersensitivity to hydroxyl radical stress when 295 

cultured in a medium not supplemented with these antioxidants (Koskimäki et al. 296 

2016). 297 

 298 

ME-3HB oligomers are products of PHB degradation 299 

The ME-3HB oligomers are most likely produced in M. extorquens mainly by 300 

degradation of the PHB polymer, due to a significant increase in expression of the 301 

bacterial depolymerases phaZ1 and phaZ2 and degradation of PHB granules in 302 

bacterial cells upon hydroxyl radical stress application. However, a concurrent 303 

biosynthesis of PHB due to elevated activity of the PHB synthase gene phaC was 304 

observed in the bacteria (Koskimäki et al. 2016). Earlier, a parallel degradation and 305 

biosynthesis of PHA have been reported for Pseudomonas putida and R. eutropha 306 

(Doi et al. 1990; Taidi et al. 1995; Ren et al. 2009). 307 

The biosynthesis of PHB involves several enzymes and a carbon source, 308 

whereas mobilization of the pre-synthesized PHB requires only one depolymerizing 309 

enzyme (Fig. 2). The structural characteristics that govern the specificity of PHA 310 

depolymerases are not yet fully understood (Jendrossek et al. 2013). Bacterial PHA 311 

depolymerases produce various hydrolysis products that can be easily separated and 312 

detected after mild derivatization with bromo-phenacyl bromide (Gebauer and 313 

Jendrossek 2006). Depending on species, the products are typically monomers only, 314 

or monomers and dimers, or a mixture of oligomers (Lee et al. 1999; Jendrossek and 315 

Handrick 2002). In addition, some bacterial strains can express hydrolases that cleave 316 

the 3HB-oligomers and 3HB-dimers to the monomeric end-product (Sugiyama et al. 317 
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2004). The rapid degradation of the substantial amounts of cellular PHB, to produce 318 

significant antioxidative power, can provide a fast adaptation to stressful conditions 319 

for bacteria. The ME-3HB oligomers are produced in the cells of M. extorquens 320 

DSM13060 at high concentrations of 200-500 µM, even without optimization of 321 

culture conditions for carbon accumulation (Koskimäki et al. 2016). Considering the 322 

reports of depolymerized PHB content being able to reach 146 mM of released 3HB 323 

in optimized cultures (Kawata et al. 2012), the functional PHB cycle can likely 324 

maintain an endogenous 3HB and oligomer pool higher than 100 mM (Obruca et al. 325 

2016), providing a robust protective buffer against stress. 326 

The 3HB belongs to the group of ketone bodies in mammalian cells, being produced 327 

as an energy source in the liver during starvation (Klocker et al. 2013). Besides 328 

involvement in protection from oxidative stress (Haces et al. 2008), 3HB has been linked 329 

with other cellular mechanisms, such as epigenetic regulation (Shimazu et al. 2013), anti-330 

inflammatory signaling (Youm et al. 2015), mitochondrial protection (Maalouf et al. 331 

2007), and prevention of apoptosis in mammals (Cheng et al. 2013). In addition to the 332 

various cytoprotective capacities found for 3HB, its methylated form (ME-3HB, 3-333 

hydroxybutyrate methyl ester) shares similar capacities (Zhang et al. 2013). Methyl-334 

esterification can prevent re-polymerization of 3HB and its oligomers and increase the 335 

stability of these molecules (Park et al. 2004). The hydroxyl group of the 3HB molecule 336 

was earlier suggested to be responsible for antioxidant capacity (Haces et al. 2008). 337 

However, like 3HB, there is only one hydroxyl group present in the ME-3HB dimer and 338 

trimer molecules yet having a significantly higher hydroxyl-radical scavenging capacity 339 

than 3HB. Therefore, a different explanation must exist for the higher activity of the 340 

oligomeric forms. 341 

 342 
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HOW DO BACTERIA SENSE OXIDATIVE STRESS AND MOBILIZE PHB AS 343 

A RESPONSE? 344 

Due to the important role as an energy reservoir, mobilization of PHB is likely 345 

initiated in parallel with other bacterial adaptations, such as the stringent response. In R. 346 

eutropha, ppGpp-mediated stringent response leads to PHB production or mobilization 347 

very rapidly, depending on ppGpp levels (Juengert et al. 2017). The non-phosphorylated 348 

form of regulatory protein EIIANtr of the phosphotransferase system (PTS) interacts with 349 

the bifunctional ppGpp synthase/hydrolase SpoT1 (Karstens et al. 2014). Since the 350 

EIIANtr phosphorylated to non-phosphorylated ratio is influenced by the level of the 351 

phosphoryl donor phosphoenolpyruvate (PEP), it is likely that the level of PHB synthesis 352 

and degradation is controlled by the cellular energy status and the metabolic rate, as these 353 

processes directly interfere with carbon and nitrogen availability, as well as ppGpp 354 

synthesis and degradation (Ronneau et al. 2016) (Fig. 3). 355 

In R. eutropha H16, the ∆ptsI and ∆ptsH mutants accumulated lower amounts of 356 

PHB when cultivated with gluconate as carbon source. The genes ptsI and ptsH encode 357 

EI and HPr components of the PTS system, respectively (for a detailed review on the PTS 358 

system, please refer to Deutscher et al. (2014). The ∆ptsI mutant accumulated 1.5-fold 359 

less PHB at the early stationary phase and degraded PHB faster in the stationary phase 360 

than the wild type, and the ∆ptsH mutant presented a similar pattern when cultivated with 361 

gluconate (Kaddor and Steinbüchel 2011). However, when H16_A0384, a homologue of 362 

ptsN encoding the EIIANtr protein of PTS was mutated, the mutant accumulated 10% 363 

more PHB than wild type at the early stationary phase and degraded PHB slower than the 364 

∆ptsI and ∆ptsH mutants (Kaddor and Steinbüchel 2011). These results suggest that 365 

unphosphorylated EIIANtr favors PHB degradation, while its phosphorylated form 366 

supports PHB synthesis. The increase of PHB has also been determined for ptsN mutants 367 
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in Azotobacter vinelandii (Noguez et al. 2008) and Pseudomonas putida (Velázquez et 368 

al. 2007). In A. vinelandii, RpoS is necessary for expression of PHB synthesis genes 369 

(Hernandez-Eligio et al. 2011), and the RpoS levels decrease in a ∆ptsP mutant due to 370 

degradation by ClpAP protease (Muriel-Millan et al. 2017). Deletion of ptsN restores the 371 

levels of RpoS and PHB accumulation, indicating that unphosphorylated EIIANtr induces 372 

ClpAP and proteolysis of RpoS (Muriel-Millan et al. 2017). 373 

Since PHB synthase and PHB depolymerase are constitutively expressed, allosteric 374 

regulation and posttranslational modification of PhaC and PhaZa1 are regulatory 375 

mechanisms to control PHB synthesis and mobilization (Juengert et al. 2018). Recently, 376 

Juengert and co-workers demonstrated that the Thr373 of PhaC1 from R. eutropha is 377 

phosphorylated in the stationary growth phase but unmodified in the exponential and PHB 378 

accumulation phases. Activity of a phosphomimetic Thr373Asp PhaC1 variant was 379 

significantly lower than that of wild type, showing the phosphorylation is relevant for 380 

PHB synthesis. The Ser35 of R. eutropha H16 PhaZa1 was phosphorylated during the 381 

exponential and stationary growth phases. Strains carrying the PhaZa1 Thr26Asp and 382 

Ser35Asp phosphomimetic variants exhibited reduced PHB mobilization in the stationary 383 

growth phase (Juengert et al. 2018). Post-translational control of PhaC and PhaZ activities 384 

would be an appropriate switch for rapid modulation of the PHB metabolism in bacteria. 385 

Identification of the phosphorylase and phosphatase acting in the PhaC and PhaZ 386 

modifications will allow a deeper understanding of the PHB metabolism control at the 387 

molecular level. 388 

 389 

PHB accumulation and mobilization is important for bacteria colonizing specific 390 

environments 391 
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PHB accumulation has been reported as a common trait among bacteria from soil 392 

and aquatic environments (Balsanelli et al. 2016; Props et al. 2019). Also, Archaea 393 

adapted to colonize extreme environments often accumulate PHB (Liu et al. 2013). 394 

Koskimäki et al. (2016) found that phaC and phaZ genes are typically present in bacteria 395 

of the plant-associated families Rhizobiaceae, Bradyrhizobiaceae, Phyllobacteriaceae, 396 

Xanthobacteraceae, Rhodospirillaceae, Burkholderiaceae, and Pseudomonadaceae 397 

(Koskimäki et al. 2016). In addition, phaC and phaZ genes were identified in genomes of 398 

bacteria adapted to extreme environments, such as high salinity, high metal 399 

concentrations, low pH, high or low temperatures. These bacteria belonged to genera 400 

Acidiphilium, Cupriavidus, Glaciecola, Halomonas, Janthinobacterium, 401 

Magnetospirillum, Marinobacter, Oceanicola, Polaromonas, Sulfitobacter, and 402 

Thiothrix. The phaC and phaZ genes were also typical for human intracellular pathogens 403 

of the genera Bordetella, Burkholderia, Legionella, Mycobacterium, Rickettsia, and 404 

Vibrio (Koskimäki et al. 2016). 405 

Transcription of phaC and phaZ genes has been found under stress in Aromatoleum 406 

aromaticum, Dinoroseobacter shibae, Ensifer meliloti and Pseudomonas oleovorans 407 

(Ruiz et al. 2001; Krol and Becker 2004; Trautwein et al. 2008; Wang et al. 2014), 408 

suggesting that the protective mechanisms based on PHB are widespread. Specifically, in 409 

cold environments, the increased solubility of oxygen and the stability of oxygen radicals 410 

force bacteria to adapt and survive high levels of oxidative stress (Medigue et al. 2005; 411 

D’Amico et al. 2006; Ayub et al. 2009). Ayub et al. (2009) showed that the ∆phaC mutant 412 

of the cold-resistant P. extremaustralis cannot grow in temperatures below 10°C. The 413 

cold-shock increased lipid peroxidation by 25-fold due to oxidative stress in the mutant 414 

compared to wild type bacteria. When antioxidants, such as glutathione, were added to 415 

the cultures, the cold sensitivity could be reversed. There was also a rapid mobilization 416 
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of intracellular PHB reserves in the wild type during cold shock (Ayub et al. 2009). 417 

Similarly, the ∆phaC mutant of R. eutropha is reported to be more sensitive to low 418 

temperature than the wild type (Nowroth et al. 2016). 419 

Alves et al. (2020) demonstrated that PHB mobilization is the key to survival of H. 420 

seropedicae under heat shock, as addition of excess 3HB to ∆phaZ1.2 culture rescued the 421 

mutant. Heat sensitivity was also observed in ∆phaC1, indicating that the complete PHB 422 

cycle is needed for protection of H. seropedicae against heat stress. The heritability of 423 

PHB granules is also affected by stress. When cells of field-isolated Bradyrhizobium were 424 

starved, PHB reserves were asymmetrically shared between replicating cells (Muller and 425 

Denison, 2018). Similar bet-hedging has previously been shown in Sinorhizobium 426 

meliloti (Ratcliff and Denison, 2010). Although the isolates with higher PHB content 427 

depolymerized more PHB within the first month, they maintained a PHB reserve during 428 

dormancy, which suggests that PHB supports both short and long-term adaptation (Muller 429 

and Denison, 2018). 430 

Recent works have addressed the importance of PHB for bacterial colonization of 431 

plants. Attached bacteria of H. seropedicae SmR1, colonizing wheat roots, expressed the 432 

phaC1 1.5-fold higher than the planktonic bacteria in hydroponic medium (Pankievicz et 433 

al. 2016). However, the attached bacteria expressed phaZ1 2-fold higher than planktonic 434 

ones for three days after inoculation, indicating a fast mobilization of the stored PHB. 435 

Likely, the quantity of stored and mobilized PHB by plant-attached bacteria or bacteria 436 

colonizing internal tissues is dependent on carbon sources exudated by the host and the 437 

extent of host defenses faced by bacteria in the early stages of infection. For example, 438 

during the early stages of pine host colonization, hydroxyl radicals generated by Fenton 439 

reaction accumulated in the host tissue, and concurrent activation of the promoters of 440 

phaC and phaZ1 and degradation of PHB granules was observed in M. extorquens 441 
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DSM13060 (Koskimäki et al. 2016) (Fig. 4). Similarly, several species of rhizobia deplete 442 

stored PHB during plant colonization (Charles et al. 1997), and PHB degradation is 443 

important to sustain bacterial infection and cell proliferation before forming the 444 

symbiosome between legumes and rhizobia (Trainer and Charles 2006; Wang et al. 445 

2007). H. seropedicae colonizing the surface of the C4 model grass Setaria viridis roots 446 

expressed phaC1::gfp four days after inoculation, while the phaZ1::gfp and phaZ2::gfp 447 

were expressed only ten days after inoculation. In this case, PHB synthesis was active at 448 

the initial steps of colonization, and PHB mobilization was activated later to support 449 

bacterial survival within the plant (Alves et al. 2019). 450 

Due to the importance of PHB in plant colonization, bacteria with high quantities 451 

of PHB should perform better at colonizing host plant. The S. meliloti phaZ deletion 452 

mutant was equally competent to wild type in colonizing alfalfa (Medicago sativa) roots 453 

from rhizosphere (Trainer et al. 2010), but S. meliloti strains typically have ≥ 2 copies of 454 

phaZ gene, and likely another isoform was able to compensate for the deleted one. In 455 

Sinorhizobium fredii NGR234 the double mutant lacking PHB synthases genes phbC1 456 

and phbC2 showed reduced shoot dry weight of inoculated Vigna unguiculata plants, 457 

whilst strains with single gene deletions of phbC1, phbC2 or phaZ (encoding a PHA 458 

depolymerase) had no effect (Sun et al. 2019). 459 

Transcriptome sequencing of the grass-endophyte H. seropedicae SmR1 showed 460 

12 - 16-fold induction of phaZ gene expression at the early stages of host infection. The 461 

mutants unable to synthesize PHB demonstrated 32-fold and 18-fold lower capacity for 462 

epiphytic and endophytic colonization, respectively (Balsanelli et al. 2016). 463 

Availability of PHB reserves upon plant colonization not only affects bacterial but 464 

also plant fitness. Alves et al. (2019) inoculated several H. seropedicae mutants with 465 

various levels of accumulated PHB into S. viridis. The strains producing high quantities 466 
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of PHB significantly increased root area and the number of lateral roots of the host 467 

compared to the PHB-negative mutants. Interestingly, the double mutant 468 

∆phaZ1+∆phaZ2 colonized S. viridis plants, but with a significant reduction of root area 469 

and number of lateral roots in the host compared to the parental strain. Field experiments 470 

of grasses inoculated with Azospirillum brasilense have also shown that high PHB-471 

accumulating strains promote plant growth on wheat, maize, rice, sorghum, and barley 472 

(Fibach-Paldi et al. 2012; Oliveira et al. 2017), and the shelf life of the inoculant is longer 473 

(Kadouri, Jurkevitch and Okon 2003). 474 

 475 

MEDICAL APPLICATIONS OF 3HB OLIGOMERS AS ANTIOXIDANT 476 

COMPOUNDS 477 

The finding of ME-3HB oligomers with antioxidant capacity has drastically 478 

changed our understanding of bacterial physiology regarding PHB, potentially explaining 479 

how PHB-producing bacteria can retain their cellular homeostasis in extreme conditions 480 

and during infection of host cells (Koskimäki et al. 2016; Batista et al. 2018). Similarities 481 

between plant and animal early defense responses to microbial infection can permit 482 

extending the knowledge on ME-3HB oligomers and their antioxidant activity to the 483 

PHB-producing bacteria involved in human diseases. Many human pathogens belonging 484 

to the genera Bordetella, Burkholderia, Legionella, Mycobacterium, Rickettsia, and 485 

Vibrio with capacity for PHB synthesis can cause persistent intracellular infections that 486 

are difficult to treat (James et al. 1999; Sikora et al. 2009; Grant et al. 2012). Therefore, 487 

the knowledge on the importance of PHB for intracellular infection can provide new 488 

targets for antibacterial therapies. From another point of view, a recent study identified 489 

antimicrobial activity against non-PHB producer strains by hydroxybutyrate oligomers 490 
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(Ma et al. 2019), which suggests that these compounds will have numerous applications 491 

in medicine. 492 

In mammalian in vitro and in vivo models, the therapeutic effect of 3HB is 493 

associated with free radical scavenging and improvement of mitochondrial respiration 494 

(Kashiwaya et al. 2000; Maalouf et al. 2007; Haces et al. 2008; Shimazu et al. 2013). 495 

Specifically, 3HB has been shown to inhibit histone deacetylases in human HEK293 cells 496 

and mouse models (Shimazu et al. 2013), and to protect rat mesencephalic and 497 

hippocampal cells from oxidative stress (Kashiwaya et al. 2000). Moreover, 3HB inhibits 498 

cell apoptosis under glucose deprivation and rescues activities of mitochondrial 499 

respiratory chain complexes in mouse Parkinson’s disease model (Tieu et al. 2003), in rat 500 

PC-12 cells, and mouse Alzheimer’s disease model (Zhang et al. 2013). The 3HB is 501 

patented and under development as treatment for Parkinson’s and Alzheimer’s diseases 502 

(Clarke and Veech; Henderson; Veech). 503 

Like Alzheimer’s and Parkinson’s diseases, oxidative cellular damage is obvious in 504 

many ophthalmic disorders. The complex visual signal transduction in the retina creates 505 

a need for high energy, which makes the eye specifically vulnerable to oxidative stress. 506 

For example, age-related oxidative stress ultimately results in pathologies such as 507 

glaucoma or age-related macular degeneration (AMD) (Payne et al. 2014). Another 508 

ophthalmic disorder involving oxidative stress at the ocular surface is dry-eye-disease 509 

(DED). DED progress leads to visual disturbance and considerably lowers the quality of 510 

life. Some therapies currently exist to improve DED symptoms, mainly based on topical 511 

cyclosporine treatment with significant side effects (Yu et al. 2011). Due to strong 512 

antioxidative effects against the hydroxyl radical, the ME-3HB oligomers are being 513 

developed for the prevention of ophthalmic disorders such as macular degeneration and 514 

DED. Our unpublished data show that the human retinal cells are protected by ME-3HB 515 
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oligomers against oxidative stress and suggest that the observed cellular protection is 516 

induced through several innate cellular mechanisms (Koskimäki et al., unpublished). 517 

 518 

CONCLUSIONS AND PERSPECTIVES 519 

Herein, we demonstrate that PHB is important not only as a carbon stock but in 520 

supporting bacterial survival under adverse conditions. Thermal and oxidative shock 521 

protection emerge as important secondary roles for the PHB metabolism. The 3HB 522 

produced by degradation of PHB increases solubility of proteins susceptible to 523 

aggregation during thermal shock, whereas ME-3HB oligomers have high antioxidant 524 

activity. We also presented insights into PHB metabolism regulation and how the 525 

nucleotide ppGpp may be involved in the control of PHB synthesis and degradation. A 526 

complete picture of the regulatory mechanisms acting in the PHB cycle will be the key to 527 

engineer bacteria surviving better in hostile environments. Several PHB accumulation 528 

mutants exhibit lowered capacity of plant colonization, and the metabolism of PHB could 529 

be engineered towards more efficient bacterial symbionts interacting with plants. On the 530 

other hand, PHB metabolism provides new co-targets for severe (or persistent) bacterial 531 

infections. Bacteria of the genus Aeromonas, which infect and colonize the human 532 

intestine, also synthesize and store PHB. However, currently there is no knowledge on 533 

the role of PHB metabolism in the intestinal environment. Thus, the recent data reviewed 534 

here could be extrapolated to various models and applications both in human and plant 535 

health. 536 

 537 

 538 

Acknowledgments 539 



 23 

The work in the laboratory of MMS, LPS and EMS was funded by CNPq (Brazilian 540 

National Council for Scientific and Technological Development), project 541 

“Compreendendo os mecanismos de síntese e degradação de polihidroxibutirato (PHB) e 542 

o seu papel no controle redox em bactérias” process #313710/2018-0. LPS is also 543 

supported by CAPES (Coordination of Superior Level Staff Improvement), PNPD 544 

process 88882.306029/2018-01. DJ greatly acknowledges the longtime support by the 545 

Deutsche Forschungsgemeinschaft (DFG). Academy of Finland, project no. 308766 is 546 

thankfully acknowledged for JJK and AMP. The funders had no role in study design, data 547 

collection and interpretation, or the decision to submit the work for publication. 548 

 549 

REFERENCES 550 

Adaya L, Millan M, Pena C et al. Inactivation of an intracellular poly-3-551 

hydroxybutyrate depolymerase of Azotobacter vinelandii allows to obtain a 552 

polymer of uniform high molecular mass. Appl Microbiol Biotechnol 553 

2018;102:2693–707. 554 

de Almeida A, Catone M V, Rhodius VA et al. Unexpected stress-reducing effect of 555 

PhaP, a poly(3-hydroxybutyrate) granule-associated protein, in Escherichia coli. 556 

Appl Environ Microbiol 2011;77:6622–9. 557 

de Almeida A, Nikel PI, Giordano AM et al. Effects of granule-associated protein PhaP 558 

on glycerol-dependent growth and polymer production in poly(3-hydroxybutyrate)-559 

producing Escherichia coli. Appl Environ Microbiol 2007;73:7912–6. 560 

Alves LPS, Teixeira CS, Tirapelle EF et al. Backup Expression of the PhaP2 Phasin 561 

Compensates for phaP1 Deletion in Herbaspirillum seropedicae, Maintaining 562 

Fitness and PHB Accumulation. Front Microbiol 2016;7:739. 563 



 24 

Alves LPS, Plucani do Amaral F, Kim D et al. Importance of Poly-3-Hydroxybutyrate 564 

Metabolism to the Ability of Herbaspirillum seropedicae To Promote Plant 565 

Growth. Appl Environ Microbiol 2019;85:e02586-18. 566 

Alves LPS, Santana-Filho AP, Sassaki GL et al. 3-Hydroxybutyrate derived from poly-567 

3-hydroxybutyrate mobilization alleviates protein aggregation in heat-stressed 568 

Herbaspirillum seropedicae SmR1. Appl Environ Microbiol 2020; 86:e01265-20. 569 

Anderson AJ, Dawes EA. Occurrence, metabolism, metabolic role, and industrial uses 570 

of bacterial polyhydroxyalkanoates. Microbiol Rev 1990;54:450–72. 571 

Aneja P, Zachertowska A, Charles TC. Comparison of the symbiotic and competition 572 

phenotypes of Sinorhizobium meliloti PHB synthesis and degradation pathway 573 

mutants. Can J Microbiol 2005;51:599–604. 574 

Aurass P, Pless B, Rydzewski K et al. bdhA-patD operon as a virulence determinant, 575 

revealed by a novel large-scale approach for identification of Legionella 576 

pneumophila mutants defective for amoeba infection. Appl Environ Microbiol 577 

2009;75:4506–15. 578 

Ayub ND, Tribelli PM, Lopez NI. Polyhydroxyalkanoates are essential for maintenance 579 

of redox state in the Antarctic bacterium Pseudomonas sp. 14-3 during low 580 

temperature adaptation. Extremophiles 2009;13:59–66. 581 

Balsanelli E, Tadra-Sfeir MZ, Faoro H et al. Molecular adaptations of Herbaspirillum 582 

seropedicae during colonization of the maize rhizosphere. Environ Microbiol 583 

2016;18:2343–56. 584 

Batista MB, Teixeira CS, Sfeir MZT et al. PHB biosynthesis counteracts redox stress in 585 

Herbaspirillum seropedicae. Front Microbiol 2018;9:472. 586 



 25 

Battesti A, Majdalani N, Gottesman S. The RpoS-mediated general stress response in 587 

Escherichia coli. Annu Rev Microbiol 2011;65:189–213. 588 

Bourque D, Pomerleau Y, Groleau D. High-cell-density production of poly-β-589 

hydroxybutyrate (PHB) from methanol by Methylobacterium extorquens: 590 

production of high-molecular-mass PHB. Appl Microbiol Biotechnol 1995;44:367–591 

76. 592 

Bresan S, Jendrossek D. New Insights into PhaM-PhaC-Mediated Localization of 593 

Polyhydroxybutyrate Granules in Ralstonia eutropha H16. Appl Environ Microbiol 594 

2017;83:e00505-17. 595 

Bresan S, Sznajder A, Hauf W et al. Polyhydroxyalkanoate (PHA) Granules Have no 596 

Phospholipids. Sci Rep 2016;6:26612. 597 

Brown L, Gentry D, Elliott T et al. DksA affects ppGpp induction of RpoS at a 598 

translational level. J Bacteriol 2002;184:4455–65. 599 

Calderon-Flores A, Du Pont G, Huerta-Saquero A et al. The stringent response is 600 

required for amino acid and nitrate utilization, nod factor regulation, nodulation, 601 

and nitrogen fixation in Rhizobium etli. J Bacteriol 2005;187:5075–83. 602 

Charles TC, Cai GQ, Aneja P. Megaplasmid and chromosomal loci for the PHB 603 

degradation pathway in Rhizobium (Sinorhizobium) meliloti. Genetics 604 

1997;146:1211–20. 605 

Cheng B, Lu H, Bai B et al. d-β-Hydroxybutyrate inhibited the apoptosis of PC12 cells 606 

induced by H2O2 via inhibiting oxidative stress. Neurochem Int 2013;62:620–5. 607 

Chistoserdova L, Chen SW, Lapidus A et al. Methylotrophy in Methylobacterium 608 

extorquens AM1 from a genomic point of view. J Bacteriol 2003;185:2980–7. 609 



 26 

Clarke K, Veech RL. Hydroxybutyrate ester and medical use thereof. US Patent 610 

8,642,654 B2. 611 

D’Amico S, Collins T, Marx JC et al. Psychrophilic microorganisms: challenges for 612 

life. EMBO Rep 2006;7:385–9. 613 

Dawes EA. Polyhydroxybutyrate: an intriguing biopolymer. Biosci Rep 1988;8:537–47. 614 

Deutscher J, Aké FMD, Derkaoui M et al. The Bacterial 615 

Phosphoenolpyruvate:Carbohydrate Phosphotransferase System: Regulation by 616 

Protein Phosphorylation and Phosphorylation-Dependent Protein-Protein 617 

Interactions. Microbiol Mol Biol Rev 2014;78:231-56. 618 

Doi Y, Segawa A, Kawaguchi Y et al. Cyclic nature of poly(3-hydroxyalkanoate) 619 

metabolism in Alcaligenes eutrophus. FEMS Microbiol Lett 1990;55:165–9. 620 

Eggers J, Steinbüchel A. Poly(3-hydroxybutyrate) degradation in Ralstonia eutropha 621 

H16 is mediated stereoselectively to (S)-3-hydroxybutyryl coenzyme A (CoA) via 622 

crotonyl-CoA. J Bacteriol 2013;195:3213–23. 623 

Fall R. Cycling of Methanol between Plants, Methylotrophs and the Atmosphere. In: 624 

Lidstrom ME, Tabita FR (eds.). Microbial Growth on C1 Compounds: 625 

Proceedings of the 8th International Symposium on Microbial Growth on C1 626 

Compounds, Held in San Diego, U.S.A., 27 August – 1 September 1995. Dordrecht: 627 

Springer Netherlands, 1996, 343–50. 628 

Fibach-Paldi S, Burdman S, Okon Y. Key physiological properties contributing to 629 

rhizosphere adaptation and plant growth promotion abilities of Azospirillum 630 

brasilense. FEMS Microbiol Lett 2012;326:99–108. 631 

Freyermuth SK, Long RLG, Mathur S et al. Metabolic aspects of plant interaction with 632 



 27 

commensal methylotrophs. In: Lidstrom ME, Tabita FR (eds.). Microbial Growth 633 

on C1 Compounds: Proceedings of the 8th International Symposium on Microbial 634 

Growth on C1 Compounds, Held in San Diego, U.S.A., 27 August – 1 September 635 

1995. Dordrecht: Springer Netherlands, 1996, 277–84. 636 

Gebauer B, Jendrossek D. Assay of Poly(3-Hydroxybutyrate) Depolymerase Activity 637 

and Product Determination. Appl Environ Microbiol 2006;72:6094–6100. 638 

Goodwin PM, Anthony C. The biochemistry, physiology and genetics of PQQ and 639 

PQQ-containing enzymes. Adv Microb Physiol 1998;40:1–80. 640 

Grant SS, Kaufmann BB, Chand NS et al. Eradication of bacterial persisters with 641 

antibiotic-generated hydroxyl radicals. Proc Natl Acad Sci USA 2012;109:12147–642 

52. 643 

Haces ML, Hernandez-Fonseca K, Medina-Campos ON et al. Antioxidant capacity 644 

contributes to protection of ketone bodies against oxidative damage induced during 645 

hypoglycemic conditions. Exp Neurol 2008;211:85–96. 646 

Han MJ, Park SJ, Lee JW et al. Analysis of poly(3-hydroxybutyrate) granule-associated 647 

proteome in recombinant Escherichia coli. J Microbiol Biotechnol 2006;16:901–648 

10. 649 

Han MJ, Yoon SS, Lee SY. Proteome analysis of metabolically engineered Escherichia 650 

coli producing Poly(3-hydroxybutyrate). J Bacteriol 2001;183:301–8. 651 

Handrick R, Reinhardt S, Jendrossek D. Mobilization of poly(3-hydroxybutyrate) in 652 

Ralstonia eutropha. J Bacteriol 2000;182:5916–8. 653 

Henderson S. Use of medium chain triglycerides for the treatment and prevention of 654 

Alzheimer’s disease and other diseases resulting from reduced neuronal 655 



 28 

metabolism II. US Patent 8,445,535 B2. 656 

Hernandez-Eligio A, Castellanos M, Moreno S et al. Transcriptional activation of the 657 

Azotobacter vinelandii polyhydroxybutyrate biosynthetic genes phbBAC by PhbR 658 

and RpoS. Microbiology 2011;157:3014–23. 659 

Hervas AB, Canosa I, Little R et al. NtrC-dependent regulatory network for nitrogen 660 

assimilation in Pseudomonas putida. J Bacteriol 2009;191:6123–35. 661 

Imlay JA. The molecular mechanisms and physiological consequences of oxidative 662 

stress: lessons from a model bacterium. Nat Rev Microbiol 2013;11:443–54. 663 

James BW, Mauchline WS, Dennis PJ et al. Poly-3-hydroxybutyrate in Legionella 664 

pneumophila, an energy source for survival in low-nutrient environments. Appl 665 

Environ Microbiol 1999;65:822–7. 666 

Jendrossek D, Pfeiffer D. New insights in the formation of polyhydroxyalkanoate 667 

granules (carbonosomes) and novel functions of poly(3-hydroxybutyrate). Environ 668 

Microbiol 2014;16:2357–73. 669 

Jendrossek D, Hermawan S, Subedi B et al. Biochemical analysis and structure 670 

determination of Paucimonas lemoignei poly(3-hydroxybutyrate) (PHB) 671 

depolymerase PhaZ7 muteins reveal the PHB binding site and details of substrate-672 

enzyme interactions. Mol Microbiol 2013;90:649–64. 673 

Jendrossek D. Polyhydroxyalkanoate granules are complex subcellular organelles 674 

(carbonosomes). J Bacteriol 2009;191:3195–202. 675 

Jendrossek D, Handrick R. Microbial degradation of polyhydroxyalkanoates. Annu Rev 676 

Microbiol 2002;56:403–32. 677 

Jourand P, Renier A, Rapior S et al. Role of methylotrophy during symbiosis between 678 



 29 

Methylobacterium nodulans and Crotalaria podocarpa. Mol Plant Microbe 679 

Interact 2005;18:1061–8. 680 

Juengert JR, Patterson C, Jendrossek D. Poly(3-Hydroxybutyrate) (PHB) Polymerase 681 

PhaC1 and PHB Depolymerase PhaZa1 of Ralstonia eutropha Are Phosphorylated 682 

In Vivo. Appl Environ Microbiol 2018;84: e00604-18. 683 

Juengert JR, Borisova M, Mayer C et al. Absence of ppGpp Leads to Increased 684 

Mobilization of Intermediately Accumulated Poly(3-Hydroxybutyrate) in 685 

Ralstonia eutropha H16. Appl Environ Microbiol 2017;83:e00755-17. 686 

Kaddor C, Steinbüchel A. Effects of Homologous Phosphoenolpyruvate-Carbohydrate 687 

Phosphotransferase System Proteins on Carbohydrate Uptake and poly(3-688 

Hydroxybutyrate) Accumulation in Ralstonia Eutropha H16. Appl Environ 689 

Microbiol 2011;77:3582– 3590. 690 

Kadouri D, Jurkevitch E, Okon Y. Involvement of the reserve material poly-beta-691 

hydroxybutyrate in Azospirillum brasilense stress endurance and root colonization. 692 

Appl Environ Microbiol 2003;69:3244–50. 693 

Kamnev AA, Tugarova A V, Tarantilis PA et al. Comparing poly-3-hydroxybutyrate 694 

accumulation in Azospirillum brasilense strains Sp7 and Sp245: The effects of 695 

copper(II). Appl Soil Ecol 2012;61:213–6. 696 

Karstens K, Zschiedrich CP, Bowien B et al. The phosphotransferase protein EIIANtr 697 

interacts with SpoT, a key enzyme of the stringent response, in Ralstonia eutropha 698 

H16. Microbiology 2014;160: 711–22. 699 

Kashiwaya Y, Takeshima T, Mori N et al. D-beta-hydroxybutyrate protects neurons in 700 

models of Alzheimer’s and Parkinson’s disease. Proc Natl Acad Sci USA 701 



 30 

2000;97:5440–4. 702 

Kawata Y, Kawasaki K, Shigeri Y. Efficient secreted production of (R)-3-703 

hydroxybutyric acid from living Halomonas sp. KM-1 under successive aerobic 704 

and microaerobic conditions. Appl Microbiol Biotechnol 2012;96:913–20. 705 

Kim J, Kim Y-J, Choi SY et al. Crystal structure of Ralstonia eutropha 706 

polyhydroxyalkanoate synthase C-terminal domain and reaction mechanisms. 707 

Biotechnol J 2017;12:1600648. 708 

Kim JK, Won YJ, Nikoh N et al. Polyester synthesis genes associated with stress 709 

resistance are involved in an insect-bacterium symbiosis. Proc Natl Acad Sci USA 710 

2013;110:E2381-9. 711 

Kip N, van Winden JF, Pan Y et al. Global prevalence of methane oxidation by 712 

symbiotic bacteria in peat-moss ecosystems. Nat Geosci 2010;3:617. 713 

Klocker AA, Phelan H, Twigg SM et al. Blood beta-hydroxybutyrate vs. urine 714 

acetoacetate testing for the prevention and management of ketoacidosis in Type 1 715 

diabetes: a systematic review. Diabet Med 2013;30:818–24. 716 

Kobayashi T, Saito T. Catalytic triad of intracellular poly(3-hydroxybutyrate) 717 

depolymerase (PhaZ1) in Ralstonia eutropha H16. J Biosci Bioeng 2003;96:487–718 

92. 719 

Koskimäki JJ, Kajula M, Hokkanen J et al. Methyl-esterified 3-hydroxybutyrate 720 

oligomers protect bacteria from hydroxyl radicals. Nat Chem Biol 2016;12:332–8. 721 

Krol E, Becker A. Global transcriptional analysis of the phosphate starvation response 722 

in Sinorhizobium meliloti strains 1021 and 2011. Mol Genet Genomics 723 

2004;272:1–17. 724 



 31 

Kuchta K, Chi L, Fuchs H et al. Studies on the influence of phasins on accumulation 725 

and degradation of PHB and nanostructure of PHB granules in Ralstonia eutropha 726 

H16. Biomacromolecules 2007;8:657–62. 727 

Lee SY, Lee Y, Wang F. Chiral compounds from bacterial polyesters: sugars to plastics 728 

to fine chemicals. Biotechnol Bioeng 1999;65:363–8. 729 

Lemoigne M. Produit de deshydratation et de polymerisation de l’acide β-oxybutyrique. 730 

Bull Soc Chim Biol 1926;8:770–82. 731 

Liu G, Hou J, Cai S et al. A patatin-like protein associated with the 732 

polyhydroxyalkanoate (PHA) granules of Haloferax mediterranei acts as an 733 

efficient depolymerase in the degradation of native PHA. Appl Environ Microbiol 734 

2015;81:3029–38. 735 

Liu H, Luo Y, Han J et al. Proteome reference map of Haloarcula hispanica and 736 

comparative proteomic and transcriptomic analysis of polyhydroxyalkanoate 737 

biosynthesis under genetic and environmental perturbations. J Proteome Res 738 

2013;12:1300–15. 739 

Lopez NI, Pettinari MJ, Nikel PI et al. Polyhydroxyalkanoates: Much More than 740 

Biodegradable Plastics. Adv Appl Microbiol 2015;93:73–106. 741 

Ma L, Zhang Z, Li J et al. A New Antimicrobial Agent: Poly (3-hydroxybutyric acid) 742 

Oligomer. Macromol Biosci 2019;19:e1800432. 743 

Maalouf M, Sullivan PG, Davis L et al. Ketones inhibit mitochondrial production of 744 

reactive oxygen species production following glutamate excitotoxicity by 745 

increasing NADH oxidation. Neuroscience 2007;145:256–64. 746 

Madison LL, Huisman GW. Metabolic engineering of poly(3-hydroxyalkanoates): from 747 



 32 

DNA to plastic. Microbiol Mol Biol Rev 1999;63:21–53. 748 

Madueño L, Coppotelli BM, Festa S et al. Insights into the mechanisms of desiccation 749 

resistance of the Patagonian PAH-degrading strain Sphingobium sp. 22B. J Appl 750 

Microbiol 2018;124:1532-43. 751 

Matin A, Veldhuis C, Stegeman V et al. Selective advantage of a Spirillum sp. in a 752 

carbon-limited environment. Accumulation of poly-beta-hydroxybutyric acid and 753 

its role in starvation. J Gen Microbiol 1979;112:349–55. 754 

Medigue C, Krin E, Pascal G et al. Coping with cold: the genome of the versatile 755 

marine Antarctica bacterium Pseudoalteromonas haloplanktis TAC125. Genome 756 

Res 2005;15:1325–35. 757 

Mezzina MP, Wetzler DE, de Almeida A et al. A phasin with extra talents: a 758 

polyhydroxyalkanoate granule-associated protein has chaperone activity. Environ 759 

Microbiol 2015;17:1765–76. 760 

Mezzina MP, Pettinari MJ. Phasins, Multifaceted Polyhydroxyalkanoate Granule-761 

Associated Proteins. Appl Environ Microbiol 2016;82:5060–7. 762 

Moreno S, Castellanos M, Bedoya-Pérez LP et al. Outer membrane protein i is 763 

associated with poly-β-hydroxybutyrate granules and is necessary for optimal 764 

polymer accumulation in Azotobacter vinelandii on solid medium. Microbiology 765 

2019;165:1107–16. 766 

Muller KE, Denison RF. Resource acquisition and allocation traits in symbiotic rhizobia 767 

with implications for life-history outside of legume hosts. R Soc Open Sci 2018; 768 

5:181124. 769 

Muriel-Millan LF, Moreno S, Gallegos-Monterrosa R et al. Unphosphorylated 770 



 33 

EIIA(N)(tr) induces ClpAP-mediated degradation of RpoS in Azotobacter 771 

vinelandii. Mol Microbiol 2017;104:197–211. 772 

Narancic T, Scollica E, Cagney G et al. Three novel proteins co-localise with 773 

polyhydroxybutyrate (PHB) granules in Rhodospirillum rubrum S1. Microbiology 774 

2018;164:625–34. 775 

Nayak DD, Marx CJ. Genetic and phenotypic comparison of facultative methylotrophy 776 

between Methylobacterium extorquens strains PA1 and AM1. PLoS One 777 

2014;9:e107887. 778 

Neumann L, Spinozzi F, Sinibaldi R et al. Binding of the major phasin, PhaP1, from 779 

Ralstonia eutropha H16 to poly(3-hydroxybutyrate) granules. J Bacteriol 780 

2008;190:2911–9. 781 

Noguez R, Segura D, Moreno S et al. Enzyme INtr, NPr and IIANtr Are Involved in 782 

Regulation of the Poly-β-Hydroxybutyrate Biosynthetic Genes in Azotobacter 783 

vinelandii. J Mol Microbiol Biotechnol 2008;15:244–54. 784 

Nowroth V, Marquart L, Jendrossek D. Low temperature-induced viable but not 785 

culturable state of Ralstonia eutropha and its relationship to accumulated 786 

polyhydroxybutyrate. FEMS Microbiol Lett 2016;363:fnw249. 787 

Obruca S, Sedlacek P, Slaninova E et al. Novel unexpected functions of PHA granules. 788 

Appl Microbiol Biotechnol 2020;104:4795-4810. 789 

Obruca S, Sedlacek P, Koller M et al. Involvement of polyhydroxyalkanoates in stress 790 

resistance of microbial cells: Biotechnological consequences and applications. 791 

Biotechnol Adv 2018;36:856–70. 792 

Obruca S, Sedlacek P, Mravec F et al. Evaluation of 3-hydroxybutyrate as an enzyme-793 



 34 

protective agent against heating and oxidative damage and its potential role in 794 

stress response of poly(3-hydroxybutyrate) accumulating cells. Appl Microbiol 795 

Biotechnol 2016;100:1365–76. 796 

Obruca S, Marova I, Stankova M et al. Effect of ethanol and hydrogen peroxide on 797 

poly(3-hydroxybutyrate) biosynthetic pathway in Cupriavidus necator H16. World 798 

J Microbiol Biotechnol 2010a;26:1261–7. 799 

Obruca S, Marova I, Svoboda Z et al. Use of controlled exogenous stress for 800 

improvement of poly(3-hydroxybutyrate) production in Cupriavidus necator. Folia 801 

Microbiol (Praha) 2010b;55:17–22. 802 

Ochsner AM, Sonntag F, Buchhaupt M et al. Methylobacterium extorquens: 803 

methylotrophy and biotechnological applications. Appl Microbiol Biotechnol 804 

2015;99:517–34. 805 

Oliveira ALM, Santos OJAP, Marcelino PRF et al. Maize Inoculation with Azospirillum 806 

brasilense Ab-V5 Cells Enriched with Exopolysaccharides and 807 

Polyhydroxybutyrate Results in High Productivity under Low N Fertilizer Input. 808 

Front Microbiol 2017;8:1873. 809 

Pankievicz VCS, Camilios-Neto D, Bonato P et al. RNA-seq transcriptional profiling of 810 

Herbaspirillum seropedicae colonizing wheat (Triticum aestivum) roots. Plant Mol 811 

Biol 2016;90:589–603. 812 

Park SJ, Lee SY, Lee Y. Biosynthesis of R-3-hydroxyalkanoic acids by metabolically 813 

engineered Escherichia coli. Appl Biochem Biotechnol 2004;113–116:373–9. 814 

Payne AJ, Kaja S, Naumchuk Y et al. Antioxidant drug therapy approaches for 815 

neuroprotection in chronic diseases of the retina. Int J Mol Sci 2014;15:1865–86. 816 



 35 

Pfeiffer D, Jendrossek D. PhaM is the physiological activator of poly(3-817 

hydroxybutyrate) (PHB) synthase (PhaC1) in Ralstonia eutropha. Appl Environ 818 

Microbiol 2014;80:555–63. 819 

Pfeiffer D, Jendrossek D. Localization of poly(3-hydroxybutyrate) (PHB) granule-820 

associated proteins during PHB granule formation and identification of two new 821 

phasins, PhaP6 and PhaP7, in Ralstonia eutropha H16. J Bacteriol 822 

2012;194:5909–21. 823 

Pfeiffer D, Wahl A, Jendrossek D. Identification of a multifunctional protein, PhaM, 824 

that determines number, surface to volume ratio, subcellular localization and 825 

distribution to daughter cells of poly(3-hydroxybutyrate), PHB, granules in 826 

Ralstonia eutropha H16. Mol Microbiol 2011;82:936–51. 827 

Pötter M, Steinbüchel A. Biogenesis and Structure of Polyhydroxyalkanoate Granules. 828 

In: Shively JM (ed.). Inclusions in Prokaryotes. Berlin, Heidelberg: Springer 829 

Berlin Heidelberg, 2006, 109–36. 830 

Pötter M, Müller H, Reinecke F et al. The complex structure of polyhydroxybutyrate 831 

(PHB) granules: four orthologous and paralogous phasins occur in Ralstonia 832 

eutropha. Microbiology 2004;150:2301–11. 833 

Pötter M, Madkour MH, Mayer F et al. Regulation of phasin expression and 834 

polyhydroxyalkanoate (PHA) granule formation in Ralstonia eutropha H16. 835 

Microbiology 2002;148:2413–26. 836 

Prieto A, Escapa IF, Martínez V et al. A holistic view of polyhydroxyalkanoate 837 

metabolism in Pseudomonas putida. Environ Microbiol 2016;18:341–57. 838 

Props R, Monsieurs P, Vandamme P et al. Gene Expansion and Positive Selection as 839 



 36 

Bacterial Adaptations to Oligotrophic Conditions. mSphere 2019;4:e00011-19. 840 

Quelas JI, Mesa S, Mongiardini EJ et al. Regulation of Polyhydroxybutyrate Synthesis 841 

in the Soil Bacterium Bradyrhizobium diazoefficiens. Appl Environ Microbiol 842 

2016;82:4299–308. 843 

Ratcliff WC, Kadam S V, Denison RF. Poly-3-hydroxybutyrate (PHB) supports 844 

survival and reproduction in starving rhizobia. FEMS Microbiol Ecol 845 

2008;65:391–9. 846 

Ratcliff WC, Denison RF. Individual-level bet hedging in the bacterium Sinorhizobium 847 

meliloti. Curr Biol 2010;20:1740–4. 848 

Ren Q, de Roo G, Ruth K et al. Simultaneous accumulation and degradation of 849 

polyhydroxyalkanoates: futile cycle or clever regulation? Biomacromolecules 850 

2009;10:916–22. 851 

Reusch RN. Physiological importance of poly-(R)-3-hydroxybutyrates. Chem Biodivers 852 

2012;9:2343–66. 853 

Ronneau S, Petit K, De Bolle X et al. Phosphotransferase-dependent accumulation of 854 

(p)ppGpp in response to glutamine deprivation in Caulobacter crescentus. Nat 855 

Commun 2016;7:11423. 856 

Ruiz JA, Lopez NI, Fernandez RO et al. Polyhydroxyalkanoate degradation is 857 

associated with nucleotide accumulation and enhances stress resistance and 858 

survival of Pseudomonas oleovorans in natural water microcosms. Appl Environ 859 

Microbiol 2001;67:225–30. 860 

Sacomboio ENM, Kim EYS, Correa HLR et al. The transcriptional regulator NtrC 861 

controls glucose-6-phosphate dehydrogenase expression and polyhydroxybutyrate 862 



 37 

synthesis through NADPH availability in Herbaspirillum seropedicae. Sci Rep 863 

2017;7:13546. 864 

Senior PJ, Beech GA, Ritchie GA et al. The role of oxygen limitation in the formation 865 

of poly-β-hydroxybutyrate during batch and continuous culture of Azotobacter 866 

beijerinckii. Biochem J 1972;128:1193–201. 867 

Senior PJ, Dawes EA. The regulation of poly-P-hydroxybutyrate metabolism in 868 

Azotobacter beijerinckii. Biochem J 1973;134,225–38. 869 

Shimazu T, Hirschey MD, Newman J et al. Suppression of oxidative stress by beta-870 

hydroxybutyrate, an endogenous histone deacetylase inhibitor. Science 871 

2013;339:211–4. 872 

Sikora AE, Beyhan S, Bagdasarian M et al. Cell envelope perturbation induces 873 

oxidative stress and changes in iron homeostasis in Vibrio cholerae. J Bacteriol 874 

2009;191:5398–408. 875 

Steinbüchel A, Valentin HE. Diversity of bacterial polyhydroxyalkanoic acids. FEMS 876 

Microbiol Lett 1995;128:219–28. 877 

Stubbe J, Tian J, He A et al. Nontemplate-dependent polymerization processes: 878 

polyhydroxyalkanoate synthases as a paradigm. Annu Rev Biochem 2005;74:433–879 

80. 880 

Sugiyama A, Kobayashi T, Shiraki M et al. Roles of poly(3-hydroxybutyrate) 881 

depolymerase and 3HB-oligomer hydrolase in bacterial PHB metabolism. Curr 882 

Microbiol 2004;48:424–7. 883 

Sun YW, Li Y, Hu Y et al. Coordinated regulation of the size and number of 884 

polyhydroxybutyrate granules by core and accessory phasins in the facultative 885 



 38 

microsymbiont Sinorhizobium fredii NGR234. Appl Environ Microbiol 886 

2019;85:e00717-19. 887 

Suzuki T, Yamane T, Shimizu S. Mass production of poly-β-hydroxybutyric acid by 888 

fully automatic fed-batch culture of methylotroph. Appl Microbiol Biotechnol 889 

1986;23:322–9. 890 

Sy A, Timmers AC, Knief C et al. Methylotrophic metabolism is advantageous for 891 

Methylobacterium extorquens during colonization of Medicago truncatula under 892 

competitive conditions. Appl Environ Microbiol 2005;71:7245–52. 893 

Sznajder A, Pfeiffer D, Jendrossek D. Comparative proteome analysis reveals four 894 

novel polyhydroxybutyrate (PHB) granule-associated proteins in Ralstonia 895 

eutropha H16. Appl Environ Microbiol 2015;81:1847–58. 896 

Sznajder A, Jendrossek D. To be or not to be a poly(3-hydroxybutyrate) (PHB) 897 

depolymerase: PhaZd1 (PhaZ6) and PhaZd2 (PhaZ7) of Ralstonia eutropha, highly 898 

active PHB depolymerases with no detectable role in mobilization of accumulated 899 

PHB. Appl Environ Microbiol 2014;80:4936–46. 900 

Taidi B, Mansfield DA, Anderson AJ. Turnover of poly(3-hydroxybutyrate) (PHB) and 901 

its influence on the molecular mass of the polymer accumulated by Alcaligenes 902 

eutrophus during batch culture. FEMS Microbiol Lett 1995;129:201–5. 903 

Tal S, Okon Y. Production of the reserve material poly-β-hydroxybutyrate and its 904 

function in Azospirillum brasilense Cd. Can J Microbiol 1985;31:608–13. 905 

Tarazona NA, Hernández-Arriaga AM, Kniewel R et al. Phasin interactome reveals the 906 

interplay of PhaF with the polyhydroxyalkanoate transcriptional regulatory protein 907 

PhaD in Pseudomonas putida. Environ Microbiol 2020;22:3922-36  908 



 39 

Tessmer N, König S, Malkus U et al. Heat-shock protein HspA mimics the function of 909 

phasins sensu stricto in recombinant strains of Escherichia coli accumulating 910 

polythioesters or polyhydroxyalkanoates. Microbiology 2007;153:366–74. 911 

Tieu K, Perier C, Caspersen C et al. D-beta-hydroxybutyrate rescues mitochondrial 912 

respiration and mitigates features of Parkinson disease. J Clin Invest 913 

2003;112:892–901. 914 

Tirapelle EF, Müller-Santos M, Tadra-Sfeir MZ et al. Identification of Proteins 915 

Associated with Polyhydroxybutyrate Granules from Herbaspirillum seropedicae 916 

SmR1 - Old Partners, New Players. PLoS One 2013;8:e75066. 917 

Trainer MA, Capstick D, Zachertowska A et al. Identification and characterization of 918 

the intracellular poly-3-hydroxybutyrate depolymerase enzyme PhaZ of 919 

Sinorhizobium meliloti. BMC Microbiol 2010;10:92. 920 

Trainer MA, Charles TC. The role of PHB metabolism in the symbiosis of rhizobia with 921 

legumes. Appl Microbiol Biotechnol 2006;71:377–86. 922 

Trautwein K, Kuhner S, Wohlbrand L et al. Solvent stress response of the denitrifying 923 

bacterium “Aromatoleum aromaticum” strain EbN1. Appl Environ Microbiol 924 

2008;74:2267–74. 925 

Tribelli PM, Pezzoni M, Brito MG et al. Response to lethal UVA radiation in the 926 

Antarctic bacterium Pseudomonas extremaustralis: polyhydroxybutyrate and cold 927 

adaptation as protective factors. Extremophiles 2020; 24:265-75. 928 

Tribelli PM, Raiger Iustman LJ, Catone M V et al. Genome sequence of the 929 

polyhydroxybutyrate producer Pseudomonas extremaustralis, a highly stress-930 

resistant Antarctic bacterium. J Bacteriol 2012;194:2381–2. 931 



 40 

Uchino K, Saito T, Jendrossek D. Poly(3-hydroxybutyrate) (PHB) depolymerase 932 

PhaZa1 is involved in mobilization of accumulated PHB in Ralstonia eutropha 933 

H16. Appl Environ Microbiol 2008;74:1058–63. 934 

Uchino K, Saito T, Gebauer B et al. Isolated poly(3-hydroxybutyrate) (PHB) granules 935 

are complex bacterial organelles catalyzing formation of PHB from acetyl 936 

coenzyme A (CoA) and degradation of PHB to acetyl-CoA. J Bacteriol 937 

2007;189:8250–6. 938 

Valentin HE, Steinbüchel A. Cloning and characterization of the Methylobacterium 939 

extorquens polyhydroxyalkanoic-acid-synthase structural gene. Appl Microbiol 940 

Biotechnol 1993;39:309–17. 941 

Veech RL. Therapeutic compositions. US Patent 8,101,653 B2. 942 

Velázquez F, Pflüger K, Cases I et al. The Phosphotransferase System Formed by PtsP, 943 

PtsO, and PtsN Proteins Controls Production of Polyhydroxyalkanoates in 944 

Pseudomonas putida. J Bacteriol 2007;189:4529–33. 945 

Wahl A, Schuth N, Pfeiffer D et al. PHB granules are attached to the nucleoid via PhaM 946 

in Ralstonia eutropha. BMC Microbiol 2012;12:262. 947 

Wang C, Sheng X, Equi RC et al. Influence of the poly-3-hydroxybutyrate (PHB) 948 

granule-associated proteins (PhaP1 and PhaP2) on PHB accumulation and 949 

symbiotic nitrogen fixation in Sinorhizobium meliloti Rm1021. J Bacteriol 950 

2007;189:9050–6. 951 

Wang H, Tomasch J, Jarek M et al. A dual-species co-cultivation system to study the 952 

interactions between Roseobacters and dinoflagellates. Front Microbiol 953 

2014;5:311. 954 



 41 

Wang Q, Yu H, Xia Y et al. Complete PHB mobilization in Escherichia coli enhances 955 

the stress tolerance: a potential biotechnological application. Microb Cell Fact 956 

2009;8:47. 957 

Wieczorek R, Pries A, Steinbuchel A et al. Analysis of a 24-kilodalton protein 958 

associated with the polyhydroxyalkanoic acid granules in Alcaligenes eutrophus. J 959 

Bacteriol 1995;177:2425–35. 960 

Wittenborn EC, Jost M, Wei Y et al. Structure of the Catalytic Domain of the Class I 961 

Polyhydroxybutyrate Synthase from Cupriavidus necator. J Biol Chem 962 

2016;291:25264–77. 963 

York GM, Lupberger J, Tian J et al. Ralstonia eutropha H16 encodes two and possibly 964 

three intracellular Poly[D-(-)-3-hydroxybutyrate] depolymerase genes. J Bacteriol 965 

2003;185:3788–94. 966 

York GM, Stubbe J, Sinskey AJ. New insight into the role of the PhaP phasin of 967 

Ralstonia eutropha in promoting synthesis of polyhydroxybutyrate. J Bacteriol 968 

2001;183:2394–7. 969 

York GM, Stubbe J, Sinskey AJ. The Ralstonia eutropha PhaR protein couples 970 

synthesis of the PhaP phasin to the presence of polyhydroxybutyrate in cells and 971 

promotes polyhydroxybutyrate production. J Bacteriol 2002;184:59–66. 972 

Youm YH, Nguyen KY, Grant RW et al. The ketone metabolite beta-hydroxybutyrate 973 

blocks NLRP3 inflammasome-mediated inflammatory disease. Nat Med 974 

2015;21:263–9. 975 

Yu J, Asche C V, Fairchild CJ. The economic burden of dry eye disease in the United 976 

States: a decision tree analysis. Cornea 2011;30:379–87. 977 



 42 

Zhang J, Cao Q, Li S et al. 3-Hydroxybutyrate methyl ester as a potential drug against 978 

Alzheimer’s disease via mitochondria protection mechanism. Biomaterials 979 

2013;34:7552–62. 980 

Zhang M, Lidstrom ME. Promoters and transcripts for genes involved in methanol 981 

oxidation in Methylobacterium extorquens AM1. Microbiology 2003;149:1033–40. 982 

Zhao H, Wei H, Liu X et al. Structural Insights on PHA Binding Protein PhaP from 983 

Aeromonas hydrophila. Sci Rep 2016;6:39424. 984 

Zhao YH, Li HM, Qin LF et al. Disruption of the polyhydroxyalkanoate synthase gene 985 

in Aeromonas hydrophila reduces its survival ability under stress conditions. 986 

FEMS Microbiol Lett 2007;276:34–41. 987 


