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Rapid short-term 
poly-P-hydroxybutyrate production by 
Thiosphaera pantotropha in the 
presence of excess acetate 
Ed W. J. van Niel, Lesley A. Robertson, and J. Gijs Kuenen 

Laboratory of Microbiology and Enzymology:y, Delft University of Technology, 
De&ii, The Netherlands 

During substrate-limited growth, some strains of Thiosphaera pantotropha nitrrfi heterotrophically and denitrfi 
aerobically. These processes are thought to be used as NADH overflow mechanisms, resulting from a restricted 
oxygen respiration capacity. In this study, the behavior of T. pantotropha regarding the NADH overf7ow in the 
presence of substantial concentrations of substrate was examined, Continuously grown (dilution rate 0.1 h - I), 
acetate-limited cultures of T. pantotropha (30-285 mg dry weight 1-t) were exposed for short periods (IO-90 
min) to excess acetate in batch. After the transition from acetate limitation to acetate excess, the growth rate 
immediately increased from 0.1 to 0.2 hh’. The acetate uptake rate was I .I-1.2 u.mol min-’ mg protein-‘, 
which would theoretically allow a growth rate of 0.35 h-t. Acetate appeared to be converted mainly to 
poly-P-hydroxybutyrate (PHB) (57% wtlwt-‘). The initial PHB production rate was 27 kg PHB mint mg 
protein-‘. Respiration measurements showed that only 29% of the total acetate taken up was oxidized. The 
remainder (14%) was used for biomass synthesis. After acetate (10 mM) was completel_y taken up, the cellular 
PHB content was 42% of the dry weight. During PHB synthesis no heterotrophic nitrtfication or aerobic 
dentrtfication could be detected. The results indicate that in acetate-limited cells when exposed to excess acetate. 
PHB formation serves as an NADH overflow metabolism. 
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Introduction 

Poly-P-hydroxybutyrate (PHB) is a common storage prod- 
uct in both Gram-positive and Gram-negative bacteria. It is 
generally observed when batch-grown cells enter the sta- 
tionary phase, and is synthesized under conditions of nutri- 
ent imbalance, such as when growth is limited by any es- 
sential nutrient except the carbon source. 1 Any excess or- 
ganic carbon substrate may then be taken up by the cells and 
converted into reserve material. PHB synthesis by carbon- 
and energy-limited continuous cultures during alternating 
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4-h periods of acetate and thiosulphate supply in the me- 
dium feed has been reported for Thiobacillus S LMD 
81.10.2 Thiobaciilus S was able to synthesize sufficient 
PHB during the acetate phases to meet its requirements for 
organic carbon when thiosulphate was the only substrate 
available. The production of reserve material may be caused 
by a bottfeneck in the respiratory metabolism or by a re- 
stricted assimilatory capacity.3 

Thiosphaera pantotropha is capable of denitrification, 
whether or not oxygen is present,4.5 although some strains 
appear to have lost this property.6 This organism is also able 
to nitrify heterotrophically.7 It has been suggested that both 
processes are mechanisms for overcoming redox problems 
in the cytochrome chain caused by a rate-limiting step in 
electron transport to oxygen5 Both processes allow a faster 
reoxidation of NAD(P)H to meet the NAD(P) + demand of 
the cells. Under oxygen or nitrogen limitation, or during 
growth with hydroxylamine, PHB was synthesized by 
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chemostat cultures growing on acetate.8 PHB formation 
also uses NAD(P)H, and was proposed as a process of last 
resort,5 when both aerobic denitrification and heterotrophic 
nitrification were not possible. It seems likely that a sudden 
surge of electrons into the cytochrome chain from a pulse of 
acetate might result in a rapid drop in the redox state of the 
cytochromes, triggering PHB formation, rather than an in- 
crease in either the nitrification or denitrification rates. With 
the electrons being channeled into PHB synthesis, the cy- 
tochromes would become less reduced, and therefore, no 
nitrification or denitrification will occur. 

This article describes the rapid formation of PHB by 
acetate-limited T. pantotropha when suddenly provided 
with excess amounts of acetate. This rapid PHB formation 
is hypothesized to be due to the combination of an overca- 
pacity for acetate uptake and a bottleneck in the respiration 
metabolism. 

Materials and methods 

Organism 

Thiosphaera pantotropha LMD 82.5 was originally isolated from 
a denitrifying, sulphide-oxidizing wastewater treatment system.g 
Although its 16s rRNA is virtually identical to that of Paracoccus 
denitrifcans, ‘O T. pantotropha differs significantly as regards 
physiology and antibody reaction. Acinetobacter calcoaceticus 
LMD 79.41, a species known not to nitrify and denitrify, was 
obtained from Dr. B. J. van Schie. 

Growth 

The cells used as inoculum for the short-term batch experiments 
were grown in acetate-limited chemostat cultures at a dilution rate 
of 0.1 h-’ (JL,, = 0.35 h-1)4 and a dissolved oxygen concen- 
tration of 80% air saturation. The pH was maintained at 8.0 with 
1~ NaOH and 1~ H,SO,, and the temperature at 37°C. The me- 
dium contained (g I-‘): K,HPO,, 0.4; KH,PO,, 0.15: 

(NH&SO,, 1.32; MgSO, . 7H,O, 0.4; KNO,, 0.51; 
CH,COONa . 3H,O, 2.72 (20 KIM); and 2 ml of trace element 
solution.” When grown mixotrophically, 0.79 g I- ’ Na,S,O, was 
added to the medium. During heterotrophic growth on 20 mM 
acetate the yield was 220 mg dry weight I- ’ . 

Short-term batch experiments 

One liter of a steady-state culture (acetate concentration was below 
the detection limit at <5 pM) was aseptically washed with 50 mM 
potassium phosphate buffer, pH 8.0, before use. We suspended 
15-100 mg cells in l-1 Kluyver flasksI at 37”C, with a dissolved 
oxygen concentration above 80% air saturation. The medium con- 
tained (g 1-l): Na,HPO,, 4.19; KH2P0,, 1.5; NH&l, 0.3; 
MgSO, . 7H,O, 0.1; KNO,, 0.51; and 2 ml of a trace element 
solution.” The cultures were provided with 10 mu sodium acetate 
at the start of the experiment. The batches were stopped at the 
times given in the text. 

Analytical techniques 

Acetate was determined with acetyl-coenzyme A synthetase using 
a test kit (Boehringer, Mannheim, Germany), or as total organic 
carbon. PHB was extracted from dried cells (150-200 mg) with 50 
ml hot chloroform in a Soxhlet apparatus for 8 h.13 The chloroform 
was then evaporated and the dried PHB was then depolymerized to 
crotonic acid with concentrated sulphuric acid at 100°C. The cro- 

tonic acid concentration was determined at 235 nm according to 
Law and Slepecky I4 Protein was measured by means of the mi- 
crobiuret method.” The total organic carbon (TOC) of washed 
cells was determined with a Beckmann TOCA master 915-B. Car- 
bon, hydrogen, oxygen, and nitrogen (CHON) were measured 
with a Perkin Elmer 240 C. Electron microscopy with a Philips 
EM 400 was used to detect significant amounts of storage prod- 
ucts. Before sectioning, the cells were fixed in glutaraldehyde and 
stained with osmium tetroxide and ruthenium red. 

Respiration measurements 

Respiration rates of whole cells were measured polarographically 
with a Clark-type oxygen electrode (Biological Oxygen Monitor; 
Yellow Springs Instruments, Yellow Springs, OH, USA) at 37°C. 
The oxygen consumption rate was measured during the first 2-4 
min. The acetate-dependent oxygen uptake rate was corrected for 
endogenous respiration. The biomass concentration was 200 mg 
dry weight 1 - I, 

Estimation of the amount of storage compound 

The chemostate-grown inoculum did not contain significant con- 
centrations of storage compounds, and the CHON ratio from these 
cells was in good agreement with previous determinations from 
similar cultures.’ The ratio CH1~8100,54N0~2~ was therefore as- 
sumed to be representative of T. pantotropha biomass without 
storage products. Previous experiments revealed that the storage 
material shown on electron micrographs was PHB,5 which has a 
CHO ratio of CH, ,500.5. Thus, the total biomass composition is 
the sum of biomass plus the fraction (x) contributed by PHB, and 
is given by the equation: 

CH,.s10osJo.x + x CH,.,Oo., = C,WWo.x (1) 

CJWcNo.,, represents the element analysis found for the total 
biomass. Equation (1) is valid if PHB can be determined. After the 
calculation of x the amount of PHB in the biomass can then be 
estimated by: 

amount of PHB = x/( 1 + X) x DW 

where DW represents the total biomass. 

mg 1-l (2) 

Estimation of acetate metabolism during 
PHB formation 

The data obtained from the short-term batch experiments were 
used to calculate to what extent the cells used the acetate to pro- 
duce PHB. Acetate is used in three pathways: one is for PHB 
synthesis, the second is assimilation, and the third is dissimilation 
to provide adenosine triphosphate (ATP) and NAD(P)H. The ac- 
etate is taken up by means of active transport, and is converted to 
acetyl-CoA. Both of these processes require ATP equivalents to 
drive the reactions.‘6.‘7 The production of P-hydroxybutyrate 
units (HB), the monomer of PHB, is given by the equation: 

2 acetyl-Coa + NAD(P)H + (HB) 
+ NAD(P) + + 2 CoA (3) 

Acetate dissimilation starts with acetyl-CoA and yields 2 NADH, 
1 NADPH, 1 FADH, and 1 ATP per acetate. 

Part of the reducing power is consumed by means of electron 
transport to oxygen to generate ATP. In view of the very low 
yields of T. pantotropha, a P:O ratio of 1:2 has been used in the 
calculations.‘6 Most of the remaining reducing power is used in 
P-hydroxybutyrate synthesis (Reaction 3). 
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Results and discussion 

Batch experiments 

Short-term batch culture experiments with direct measure- 
ment of PHB showed that its formation could be detected in 
T. pantotropha after only 5 min (Table 1). It can be seen 
that the proportion of protein in the total biomass decreased, 
and the ratio of C to N increased during the course of the 
experiment. Electron microscopy (Figure I a-c) revealed 
the presence of the distinctive inclusions previously identi- 
fied as PHB.5 When the PHB content was estimated from 
the increase in carbon content and then subtracted from the 
total biomass of the cells, the protein content of the cells 
was found to remain constant at about 45% to 50% (not 
shown). This value is in good agreement with protein data 
previously obtained from steady-state cultures that were not 
accumulating PHB (protein content 50%).5 

Two subsequent series (labeled 2 and 3 in Table I) of 
short-term batch culture experiments (lasting from 5 to 35 
min) were carried out during which the PHB content was 
measured directly. Acetate disappeared from the culture 
medium at a rate of about 1,100 to 1,200 nmol min- ’ mg 
protein - ’ Using Equation (2) (see Materials and Methods), 
the PHB content was also calculated for series 1. In Figure 
2, the percentages (wt/wt- ‘) of PHB in the biomass are 
plotted against the time at which the sample was taken. It is 
clear that PHB production started immediately. A maxi- 
mum PHB content of 42% (wt/wt- ‘) of the biomass was 
found during the experiments with 10 mM acetate (Fig- 
ure 2). 

Acetate-dependent oxygen uptake experiments 

To examine the stoichiometry of substrate-dependent oxy- 
gen uptake by T. pantotropha, cells were taken from aero- 
bic or anaerobic acetate-limited chemostat cultures. Pulses 
of acetate (10-40 PM) were given to T. pantorropha in an 
oxygen uptake chamber equipped with an oxygen electrode 
(biological oxygen monitor). Only 29% of the acetate was 
oxidized, as calculated from total oxygen uptake. Similar 
aerobic cultures of A. ralcoaceticus gave 80% of the ex- 

petted values derived from the stoichiometry of acetate ox- 
idation to carbon dioxide and water (Figure 3). The addition 
of dinitrophenol to the T. pantotropha cells to uncouple 
energy generation and biosynthesis did not result in in- 
creased oxygen uptake. It therefore appeared that not all of 
the added organic substrate was oxidized by this organism. 
That the problem was related only to organic carbon me- 
tabolism and not to the overall physiologic status of the cell 
was revealed using mixotrophically grown (simultaneously 
thiosulphate-acetate-limited growth in the chemostat) T. 
pantotropha. Although these mixotrophic cells showed the 
same amount of acetate oxidation as acetate-grown cells 
when provided with acetate, the oxidation of thiosulphate 
was nearly total (results not shown). 

Similar observations were reported by Taylor and 
Hoarei8 with Thiobacillus A2 (now Thiobacillus versutus). 
This organism also took up 25-28% of the oxygen expected 
for the oxidation of acetate. It appeared that the acetate was 
not completely oxidized. Despite an apparent increase in the 
optical density, they observed that the protein content of the 
cultures was relatively unchanged. It was concluded that the 
levels of PHB in the cells were increasing as the cultures 
entered the stationary phase. 

Estimations of acetate metabolism during rapid 
PHB formation 

The cells were pregrown at 0.1 h ~ ’ in the chemostat. From 
the series 1 and 3 data (Table I), it was calculated that the 
immediate growth rate in the batches was 0.2 h- I. Hence, 
the growth rate shifted two-fold in the presence of excess 
acetate. During acetate-limiting growth at 0.1 h - ’ , a min- 
imum acetate uptake rate of 303 nmol min - ’ mg protein _ ’ 
was necessary. This value should be at least twice as high in 
the batch cultures because of the two-fold increase of the 
growth rate. However, a maximum acetate uptake rate of 
1,100 to 1,200 nmol min- ’ mg protein _ ’ was found. The 
total acetate flow within the cells is the sum of three pro- 
cesses: oxidation with oxygen, synthesis of hydroxybu- 
tyrate, and assimilation. The flow of acetate to hydroxybu- 
tyrate synthesis is divided into substrate and NAD(P)H pro- 

Table 1 Poly-6-hydroxybutyrate (PHB) formation by Thiosphaera pantotropha during the early stages of batch growth 

Total 
Time Protein PHB biomass Protein 

Series (min) (mg I-‘) (mg I-‘) (mg I-‘) %(wt/bK’) C H 0 N 

1 0 
30 
60 
90 

2 0 
5 
10 

3 0 
10 
15 
25 147 
35 143 

14.9 
15.6 
19.6 
23.9 
125 
118 
133 
131 
123 
151 

W) 
(14.5) 
(22.2) 
(33.1) 

9.0 
14.2 
37.9 
0.1 

32.8 
74.5 
98.1 
103.2 

29.1 
41.8 
60.5 
79.1 

285 
297 
334 
262 
281 
377 
392 
389 

51 
37 
32 
30 
45 
40 
40 
50 
44 
40 
38 
37 

1.0 1.81 0.54 0.26 
1.5 2.66 0.84 0.26 
1.6 2.65 0.26 
1.7 2.91 0.87 0.26 

The total biomass was calculated from total organic carbon measurements and element analyses. The PHB was determined directly, 
except those given between brackets. Protein was calculated as the percentage of the total biomass 
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Figure 2 The amount of poly-8-hydroxybutyrate JPHB) formed 
by Thiosphaera pantotropha during the presence of excess ac- 
etate, expressed as a percentage of biomass (wt/vv-l), plotted 
against time. The initial rate of PHB formation was calculated 
from the first 25 min. Batch growth conditions: 10 mM acetate; 
10 mM nitrate; 80% air saturation, pH 8.0 

duction (via citric acid cycle) flows. The maximum specific 
hydroxybutyrate production rate was 3 14 nmol min - ’ mg 
protein-’ (628 nmol acetate min-’ mg protein-‘), as cal- 
culated from the data of series 2 and 3 during the first 25 
min. The biomass production rate was about 57 mg 1-r 
h- ’ Of the total acetate uptake, 29% was oxidized using 
oxygen as the terminal electron acceptor (Figure 31. From 
these figures, the relative flows of acetate to the different 
processes could be calculated (Table 2). Thus, of the total 
acetate flow, 57% went into the PHB synthesis and 14% 
was used for biomass production. The sum of the total 
acetate flow within the cells as calculated from the figures 
in Table 2 was 1,240 nmol min- ’ mg protein-‘, which is 
comparable to the measured rate of acetate uptake by the 
cells (1,100-l ,200 nmol min- ’ mg protein- I). 

Table 2 also shows the rate of ATP production necessary 

nmoi acetate 

Figure 1 Thin sections of Thiosphaera pantotropha cells taken 
from batch cultures after: 1) 0 min; b) 10 min; c) SO min. The 
white oval spheres indicate the presence of poly-8-hydroxy- 
butyrate (bar represents 0.5 pm). Growth conditions: 10 mM 
acetate; 10 mrv nitrate; 80% air saturation, pH 8.0 

Figure 3 Total oxygen uptake by cell suspensions in the bio- 
logical oxygen monitor by Acinetobacter calcoaceticus (closed 
triangles) and Thiosphaera pantotropha (closed circles). Line (A) 
represents the oxygen required for the complete conversion of 
acetate to CO, and H,O. Line (B) represents the oxygen required 
for the maximum conversion of acetate to 8-hydroxybutyrate 
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Table 2 Calculated values of the acetate flows and adenosine triphosphate (ATP) requirements in Thiosphaera pantofropha when 
provided with excess acetate 

nmol Acetate min -’ nmol ATP min ’ 
mg protein-’ mg protein ’ 

HB synthesis Total ATP production rate 

Assimilation Oxidation Total ATP 
HB NAD(P)H for biomass by 0, required P:O = 1 P:O = 2 

628 79 172 360 3,050-3,170 2,240 3,320 

HB, 8-hydroxybutyrate. Total ATP required = the ATP necessary for active transport and activation of acetate plus the ATP for biomass 
formation 

for transport and activation of the acetate that was used for 
PHB and biomass production. In bacteria, transport of one 
acetate molecule requires 0.33 to one ATP equivalent 
(H. W. van Veen, personal communication). Activation re- 
quires one ATP per acetate molecule. I6 The biomass pro- 
duction was calculated using a range of 50% to 100% of the 
theoretical value of YATP on acetate (10 g biomass mol 
ATP- *),16 because the experimental YATpmaX is always 
smaller than the theoretical. I7 Indeed, with a P:O ratio of 
approximately 2, and with a maximum acetate oxidation 
rate for T. pantotropha of about 360 nmol mini mg pro- 
tein’, the oxidation of acetate is sufficient to provide the 
cell with enough ATP to allow both the high PHB produc- 
tion rate and the biomass production rate (Table 2). 

The high value found for the acetate uptake rate is in the 
order required at maximum growth rate if it is assumed that 
the yield does not change ( pmax = 0.35 h- i, acetate uptake 
rate 1,060 nmol min- l mg protein- I). This means that T. 
pantotruphu has a high overcapacity for acetate uptake and 
metabolism at low growth rates during acetate-limiting 
growth. The maximum oxidation rate for acetate was 360 
nmol min-’ mg protein-’ (Table 2), which allowed T. 
puntotrophu to grow maximally at a growth rate of 0.2 h-i. 
Thus, it can be suggested that the respiration rate was re- 
stricted, resulting in a rapid turnover of acetate into PHB. 
This supports the theory of the existence of a bottleneck in 
the cytochrome chain of T. puntotropha.5 

Conclusion 

From these results, it can be concluded that when con- 
fronted with a sudden excess of acetate, T. puntotrophu is 
capable of rapid acetate uptake and immediate and rapid 
PHB synthesis. The rate of PHB formation (27 p.g PHB 
min-’ mg protein- ‘) is about five to 20 times higher than 
those found for organisms such as Azotobucter beijer- 
inckii 19+20 Azotobucter vinelundii, ’ Hydrogenomonus 
H16,2; and Thiobucillus S.* This tendency to form PHB 
rapidly may explain why mass spectrometry experiments 
involving acetate pulses and 15N0a - failed to demonstrate 
aerobic dentrification by T. puntotrophu (E. W. J. van 
Niel, L. A. Robertson and R. P. Cox, unpublished re- 
sults). Steady-state chemostat experiments using a mutant 
of T. puntotrophu were more successful.6 

It has already been suggested that aerobic denitrifiers 

may be favored in situations where the oxygen supply fluc- 
tuates. Rapid PHB formation as described here would be of 
similar value in an environment where the substrate supplies 
also fluctuate. The results reported here, when considered 
together with data already available on T. puntotrophu,5,8,” 
provide a picture of a versatile organism well adapted to life 
in a dynamic environment. 

Acknowledgments 

The authors thank E. Verwoerd and E. Bonnet for experi- 
mental assistance, W. H. Batenburg-van der Vegte for per- 
forming the electron microscopy, E. C. Bakker for the el- 
ement analysis, and Dr. B. van Schie for providing the 
Acinetobucter culture. 

References 

I. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Dawes, E. A.. and Senior, P. J. The role and regulation of energy 
reserves polymers in micro-organisms. Ad\,. Microbial. Physio[. 
1973, 10, 135-266 
Kuenen. J. G.. and Robertson. L. A. Interactions between obli- 
gately and facultatively chemolithotrophic sulphur bacteria. In: 
Continuous Culture 8: Biotechnology. Medicine and the Environ- 
ment (Dean, A. C. R., Ellwood, D. C. and Evans. C. G. T.. 
eds.). Ellis Hotwood Publishers, Chichester. 1984, 139-158 
Van Urk. H., Mak, P. R., Scheffers. W. A., and Van Dijken. 
J. P. Metabolic responses of Saccharomvces cerevisiae CBS 8066 
and Candida utilis CBS 621 upon transition from glucose limita- 
tion to glucose excess. Yeast 1988. 4. 283-291 
Robertson, L. A., and Kuenen, J. G. Aerobic denitrification: a 
controversy revived. Arch. Microbial. 1984, 139, 351-354 
Robertson, L. A.. Van Niel. E. W. J.. Torremans. R. A. M., 
and Kuenen. J. G. Simultaneous nitrification and denitrification in 
aerobic chemostat cultures of Thiosphaera pantotropha. Appl. 
&IV. Microbial. 1988. 54, 2812-2818 
Van Niel, E. W. J. Nitrification by heterotrophic denitrifiers and 
its relationship to autotrophic nitrification. PhD thesis, Delft Uni- 
versity of Technology. The Netherlands. 1991 
Robertson, L. A., and Kuenen, J. G. Heterotrophic nitrification 
in Thiosphaera pantotropha-xygen uptake and enzyme studies. 
J. Gen. Microbial. 1988. 134. 857-863 

Robertson, L. A. Aerobic denitrification and heterotrophic nitri- 
fication in Thiosphaera pantotropha and other bacteria. PhD the- 
sis. Delft University of Technology, The Netherlands, 1988 

Robertson, L. A.. and Kuenen, J. G. Thiosphaera pantotropha 
gen. nov. sp. nov., a facultatively anaerobic, facultatively au- 
totrophic sulphur bacterium. J. Gen. Microbial. 1983, 129, 2847- 
1855 
Ludwig, W., Mittenhuber. G.. and Friedrich, C. G. Transfer ot 

Enzyme Microb. Technol., 1995, vol. 17, November 981 



Papers 

11. 

12. 

13. 

Thiosphaera panzotropha to Paracoccus denitrificans. Int. J. Syst. 
Etacteriol. 1993, 43, 363-367 
Vishniac, W., and Santer, M. The Thiobacilli. Eacteriol. Rev. 
1957, 21, 195-213 
Robertson, L. A., and Kuenen, J. G. Aerobic denitrification-old 
wine in new bottles? Antonie van Leeuwenhoek 1984,50,525-544 
Doi, Y., Kunioka, M., Nakamura, Y., and Soga, K. Nuclear 
magnetic resonance studies on poly(B-hydroxybutyrate) and a co- 
polyester of B-hydroxybutyrate and B-hydroxyvalerate isolated 
from Alcaligenes eutrophus H16. Macromolecules 1986. 19, 
2860-2864 

14. 

15. 

16. 

Law, J. H., and Slepecky, R. A. Assay of poly-B-hydroxybutyric 
acid. J. Eacteriol. 1961, 82, 33-36 
Goa, J. A microbiuret method for protein determination: Deter- 
mination of total protein in cerebrospinal fluid. J. Clin. Lab. In- 
vest. 1953, 5, 218-222 
Stouthamer, A. H. A theoretical study on the amount of ATP 
required for synthesis of microbial cell material. Anronie van 
Leeuwenhoek 1973, 39, 545-565 

17. Stouthamer, A. H. The search for correlation between theoretical 

18. 

19. 

20. 

21. 

22. 

and experimental growth yields. In: Microbial Biochemistry 
(Quayle, J. R., ed.). University Park Press, Baltimore, 1979. 
147 
Taylor, B. F., and Hoare, D. S. New facultative Thiobacillus and 
a reevaluation of the heterotrophic potential of Thiobacillus nov- 
ellus. J. Bacterial. 1969, 100, 487497 
Senior, P. I., Beech, G. A., Ritchie, G. A. F., and Dawes, E. A. 
The role of oxygen limitation in the formation of poly-B-hydroxy- 
butyrate during batch and continuous culture of Azotobacter bei- 
jerinckii. Biochem. J. 1972, 128, 1193-1201 
Jackson, F. A., and Dawes, E. A. Regulation of the tricarboxylic 
acid cycle and poly-B-hydroxybutyrate metabolism in Azotobacter 
beijerinckii grown under nitrogen or oxygen limitation. J. Gen. 
Microbial. 1976, 97, 303-312 
Schlegel, H. G.. Gottschalk, G., and Von Bartha, R. Formation 
and utilization of poly-B-hydroxybutyric acid by knallgas bacteria 
(Hydrogenomonas). Nature 1961, 191, 463-465 
Robertson, L. A., and Kuenen, J. G. Combined heterotrophic ni- 
trification and aerobic denitrification in Thiosphaeru pantotropha 
and other bacteria. Antonie van Leeuwenhoek 1990, 57, 139-152 

982 Enzyme Microb. Technol., 1995, vol. 17, November 


