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Abstract. Klebsie l la  aerogenes  NCTC 418 was grown anaero- 
bically in chemostat culture with glycerol as source of carbon 
and energy. Glycerol-limited cultures did not ferment the 
carbon source with maximal efficiency but produced con- 
siderable amounts of 1,3-propanediol. The fraction of glyc- 
erol converted to this product depended on the growth rate 
and on the limitation: faster growing cells produced 
relatively more of this compound. Under glycerol excess 
conditions the energetic efficiency of fermentation was de- 
creased due to the high 1,3-propanediol excretion rate. Evi- 
dence is presented that 1,3-propanediol accumulation exerts 
a profound effect on the cells' metabolic behaviour. 

When steady state glycerol-limited cultures were instan- 
taneously relieved of the growth limitation a vastly enhanced 
glycerol uptake rate was observed, accompanied by a shift 
in the fermentation pattern towards 1,3-propanediol and 
acetate. This observation was consistent with the extremely 
high glycerol dehydrogenase activity that was measured in 
vitro. Some mechanisms that could be responsible for the 
energy dissipation during this response are discussed. 
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When growing anaerobically, many organisms are able to 
ferment the carbon source to a variety of end products by 
means of branched fermentation pathways. The different 
branches of the fermentation generally are not equivalent 
with respect to the generation of energy or reducing equiva- 
lents. For instance, Klebsie l la  aerogenes  has the biochemical 
potential to ferment glucose to products as different as 
acetate, 2,3-butanediol, ethanol, succinate, D-lactate and 
formate (or COz and H2) (Gottschalk 1979). However, 
glucose-limited chemostat cultures ferment this carbon 
source solely to acetate and ethanol (plus formate). This 
fermentation pattern yields net 3 ATP per glucose, which is 
the maximal attainable energetic efficiency that is 
compatible with maintenance of a redox balance in this 
organism (Teixeira de Mattos and Tempest 1983). Under 
all glucose-sufficient conditions a branched fermentation, 
leading to the additional production of 2,3-butanediol, 
D-lactate and succinate, was observed with an associated 
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decreased efficiency of ATP formation from glucose dis- 
similation. This loss in energetic efficiency was more than 
compensated for by an increased rate of carbon substrate 
catabolism. Moreover, the apparent YATP values (gram cells 
formed per mol of ATP generated net) of all cultures growing 
(at a fixed rate) in the presence of excess glucose were sub- 
stantially lower than those of a glucose-limited culture. This 
can be partly explained by the increased energetic demands 
of biosynthesis when anabolic substrates such as ammonia 
are present in low concentrations only (Tempest and Neijssel 
1984). However, it was concluded that under certain carbon- 
excess conditions ATP dissipation (energy-spilling) also must 
occur (Teixeira de Mattos and Tempest 1983). 

This was even more apparent with glucose-limited 
cultures that were transiently relieved of the growth limita- 
tion. Here, the rate of glucose catabolism doubled whilst the 
growth rate remained constant, and now D-lactate also was 
formed. Subsequent studies (Teixeira de Mattos et al. 1984) 
revealed that this D-lactate arose from dihydroxyacetone 
phosphate (DHAP) via methylglyoxal with a concomitant 
uncoupling of glucose fermentation from net ATP forma- 
tion. It should be pointed out that this mechanism of 
bypassing substrate-level phosphorylation can be functional 
anaerobically only when the uncoupling sequence as a whole 
is redox neutral. This is indeed the case for lactate formation 
from glucose. 

When K. aerogenes  is growing anaerobically on glycerol 
an additional branching point of fermentation exists: after 
glycerol has entered the cell by (facilitated) diffusion, it 
can be either oxidized to dihydroxyacetone (DHA), and 
subsequently phosphorylated to yield DHAP, or it can be 
dehydrated to 3-hydroxypropionaldehyde. The latter com- 
pound is then reduced to 1,3-propanediol (Lin 1976). From 
the scheme shown in Fig. 1 it can be calculated that when 
glycerol is the carbon source the most efficient fermentation 
would be to ethanol (or succinate), yielding I ATP/glycerol. 
This efficiency cannot be attained by growing cells, because 
the formation of biomass [with an approximate elemental 
composition of CgHTO2N (Herbert et al. 1971)] from glyc- 
erol generates reducing equivalents that can only be re- 
oxidized via the formation of 1,3-propanediol, a process 
that does not generate ATP. The stoichiometry of net ATP 
formation must therefore be lower than 1 ATP per glycerol 
fermented. 

From the above it will be clear that when glycerol and 
glucose are compared as carbon sources for the growth of 
K. aerogenes,  they show a number of differences, in both 
uptake characteristics and catabolism. Moreover, during 
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Fig. 1. Fermentation pathways of glycerol by Klebsiella aerogenes. 
DHA dihydroxyacetone, DHAP dihydroxyacetonephosphate, 1,3- 
PDIOL t,3-propanediol, 2,3-BDIOL 2,3-butanediol, GAP glyceral- 
dehyde-3-phosphate, PEP phospho-enol-pyruvate, HSUC succinic 
acid, HPYR pyruvic acid, HLAC lactic acid, AcCoA acetyl-co- 
enzyme A, HFOR formic acid, HAC acetic acid, ETOH ethanol, 
MGO methylglyoxal, Pi inorganic phosphate, [H] NADH2 

growth on glycerol anabolism may be affected by the need 
for gluconeogenesis. 

In the present study we investigated the metabolic 
behaviour of K. aerogenes growing anaerobically in 
chemostat culture with glycerol as the sole source of carbon 
and energy under steady state and transient state conditions. 

Materials and methods 

Organism 

Klebsiella aerogenes NCTC 418 was maintained by monthly 
subculture on tryptic meat-digest agar slopes. 

Growth conditions 

Organisms were cultured in a 500 ml Porton-type chemostat 
(Herbert et al. 1965), in a 500 ml Modular Fermenter 500 
Series II or 700 ml Series III (L. H. Engineering Co. Ltd., 
Stokes Poges, Bucks, England). Carbon-limited conditions 
were obtained by using simple salts media as specified by 
Evans et al. (1970), containing 15 g/1 glycerol or 10 g/1DHA. 
For glycerol excess conditions 20 g/1 glycerol was used unless 
specified otherwise. The concentration of the growth- 
limiting nutrient was usually half that prescribed by Evans 
et al. (1970). The pH value of the culture was maintained 
automatically at 6.8 + 0.1 and the temperature was set at 
36 ~ C. The cultures were stirred at 1000-1400 rpm. Silicone 
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antifoaming agent (BDH, Poole, England) was added to 
glycerol sufficient cultures to prevent excessive foaming. 
Anaerobiosis was maintained by the method described pre- 
viously (Teixeira de Mattos and Tempest 1983). 

Analyses 

Steady state bacterial dry weight was measured by the proce- 
dure of Herbert et al. (1971). Glycerol, dihydroxyacetone, 
D-lactate, acetate, succinate and ethanol were assayed 
enzymatically by the methods of Wieland (1974), Wieland 
and Witt (1974), Gawehn and Bergmeyer (1974), Holz and 
Bergmeyer (1974), WiUiamson (1974) and Bernt and 
Gutmann (1974), respectively. 2,3-Butanediol and 1,3-pro- 
panediol were assayed by gas chromatography according 
to Carlsson (1973). The above-mentioned compounds and 
formate were also determined by HPLC (LKB, Bromma, 
Sweden) with an Aminex HPX 87H Organic Acid Analysis 
Column (Biorad, Richmond, USA), using an 2142 Re- 
fractive Index Detector (LKB, Bromma, Sweden), an 
SP4270 Integrator (Spectra Physics, San Jose, USA) and 
5 mM H2SO4 (Merck, Darmstadt, FRG) as eluent, at a 
temperature of 55~ Carbon dioxide production by the 
cultures was determined by passing the effluent gas from the 
fermenter through an Infralyt T carbon dioxide analyzer 
(Junkalor, Dessau, GDR). Protein was assayed according 
to Gornall et al. (1949). 

Pulse procedures 

In order to relieve instantaneously the growth limitation 
extant in a steady state glycerol-limited culture, 5 ml of a 
sterilized glycerol solution was injected by means of a syringe 
into the culture, providing an end concentration of about 
40 mM. Simultaneously the medium pump was switched off. 
Every 2 min samples were withdrawn from the culture. The 
optical density was measured at 540 nm (OD5r176 (Ultrospec 
4051 Spectrophotometer, LKB, Bromma, Sweden), and cells 
were sedimented within 1 min using an Eppendorf 5412 
bench centrifuge. Supernatants were decanted and re- 
frigerated to be analyzed later. Growth rates were calculated 
from the O D  54~ and checked by measuring bacterial dry 
weight before and after the pulse. 

Enzyme activities 

To obtain cell-free extracts, cells were taken from a steady- 
state culture, centrifuged (5000 rpm, 10 rain), washed with 
50 mM phosphate buffer (pH = 7.0), sonified 6 times for 
30 s at 75 W on a B 12 Sonifier (Branson, Danbury, USA) 
with intermittent 30 s periods of cooling in an ice-water 
mixture, and centrifuged at 20,000 rpm for 10 min. The 
supernatant was used for the determination of enzyme activi- 
ties. Incubations of cell-free extracts with methylglyoxal 
(5 mM) were performed both in the presence and absence 
of 0.125 mM NADH. Otherwise the procedure of Cooper 
and Anderson (1970) was followed. Glycerol dehydrogenase 
activity was measured by determining the enzymic re- 
duction of DHA (50 raM) in a 50 mM phosphate buffer 
(pH = 7.0) by 0.125 mM NADH on a Model 24 Double 
Beam Spectrophotometer (Beckman, Fullerton, USA). The 
enzymic reduction of acetol, methylglyoxal and pyruvate 
was measured by identical procedures. The enzymic oxida- 
tion of 50 mM glycerol and 1,2-propanediol in the presence 
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Table 1. Rates of glycerol utilization and of product formation 
expressed in anaerobic glycerol-limited chemostat cultures of 
Klebsiella aerogenes at various dilution rates 

q D 

0.10 0.18 0.30 0.44 0.62 

Glycerol 18 31 49 60 101 
Acetate 2.8 5.9 9.7 12 20 
Ethanol 7.1 9.0 11 13 18 
1,3-Pdiol 6.6 13 23 25 50 
Succinate 0.4 1.0 1.5 1.7 2.0 

NADH2/NAD 1.05 1.08 1.00 1.20 0.96 
C-rec 101 102 100 96 97 

Eft 0.84 0.84 0.80 0.81 0.73 
]"glycerol 5.4 6.0 6.2 7.4 6.1 
YATt, 6.8 7.6 8.4 10 9.1 

Specific rates (q) are expressed in mmol. g cells- 1. h- 1. Yield values 
with respect to glycerol consumed (Ygly~e,o~) and ATP net synthesized 
(YATP) are expressed in g cells-mol-1. Carbon recovery (C-rec) is 
given as percentage of the glycerol consumed that is retrieved in 
carbon products. Stoichiometry of energy generation (Eft) is ex- 
pressed in tool ATP synthesized per mol glycerol fermented. 
Abbreviations as in Fig. 1 
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Fig. 2. The relationship between the 1,3-propanediol/ethanol pro- 
duction ratio and the growth rate of anaerobic, glycerol-limited 
cultures of Klebsiella aerogenes 

of 0.125 mM NAD was measured in 0.4 M hydrazine, 0.2 M 
glycine (pH = 9.8). 

Results 

Klebsiella aerogenes was grown anaerobically in chemostat 
cultures with glycerol as sole source of carbon and energy. 
Cultures were grown under glycerol limitation at various 
growth rates, or at a fixed growth rate that was limited 
by the availability of other nutrients. When steady state 
conditions had been attained, the amounts of  fermentation 

Table 2. Rates of glycerol utilization and of product formation 
expressed in variously limited anaerobic chemostat cultures of 
Klebsiella aerogenes growing at D = 0.35 h-1 

q Limitation 

Glycerol Phosphate Ammonia Sulphate 

Glycerol 60 80 89 75 
Acetate 11 18 20 16 
Ethanol 11 2.4 12 12 
1,3-Pdiol 30 54 53 42 
Succinate 1.2 0.8 0.9 0.8 

NADHz/NAD 0.87 0.74 0.83 0.90 
C-rec 97 100 100 100 

Eft 0.72 0.57 0.66 0.69 
Yglyeerol 5.8 4.4 3.9 4.7 
YArP 8.8 8.1 6.3 7.2 

Abbreviations as in Fig. 1 and Table 1, parameters expressed as 
in Table 1 

products were quantitatively determined, and carbon- and 
redox-balances were constructed. The specific rate of  glyc- 
erol consumption (qgly .... 1) and the specific rates of forma- 
tion of all products were calculated. 

In contrast to previous findings with cultures of  K. 
aerogenes growing anaerobically on glucose (Teixeira de 
Mattos and Tempest 1983), glycerol-limited cultures did not 
ferment glycerol with maximal efficiency (Table 1). For the 
observed yield of biomass, it can be calculated that the 
maximal stoichiometry of energy generation would be 0.92 
ATP/glycerol fermented. Instead, only 0.74 to 0.84 ATP/ 
glycerol was generated, due to the formation of 1,3-pro- 
panediol. Since the most efficient fermentation pathway 
would yield ethanol, the propanediol/ethanol ratio 
quantifies the loss of efficiency. It is noteworthy that this 
ratio increases with increasing growth rate (Fig. 2). 

Glycerol-excess cultures excreted the same fermentation 
products as did glycerol-limited cultures, but the relative 
amounts of the various products were dependent on the 
nature of the growth limitation (Table 2). Whilst in 
phosphate-limited cultures almost the entire catabolic flux 
was directed to 1,3-propanediol and acetate, ammonia- and 
sulphate-limited cultures showed a fermentation pattern that 
was intermediate between phosphate and glycerol limitation. 
As with glucose-grown cells (Teixeira de Mattos and 
Tempest 1983) the Y~arb . . . . . . . .  (g cells synthesized/mol sub- 
strate fermented) and the YATP (g cells/mol ATP synthesized 
net) were invariably lower under carbon-excess con- 
ditions. 

Under potassium limitation it was found that the 
fermentation pattern was similar to that found under 
phosphate limitation, and the YATP was the lowest observed 
(Fig. 3). However, increasing the glycerol input caused the 
specific uptake rate of glycerol to increase, even when as 
much as 40 mM glycerol was present in the culture fluid. 
Yet, the culture dry weight remained constant. This implies 
that a well-defined potassium limitation was not established. 

In order to investigate whether this behaviour of 
potassium-limited cultures could be due to the high levels 
of 1,3-propanediol that were present in these cultures, 1,3- 
propanediol was added to the medium-supply of  a glycerol 
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Fig. 3. The relationship between the glycerol input concentration 
(g/l) and qgly ..... l (mmol - g cells- 1. h-  1) (�9 the extracellular glyc- 
erol concentration ([glyc], g/l) ([]) and YATP (g/mol) ( � 9  expressed 
in potassium-limited chemostat cultures of Klebsiella aerogenes 
growing at a dilution rate of 0.175 h -~, with a potassium input 
concentration of 0.5 mM 

Table 3. Rates of glycerol utilization and of product formation 
expressed in glycerol-limited anaerobic chemostat cultures of 
Klebsiella aerogenes growing at D =0.12 h -1 in the presence of 
various concentrations of 1,3-propanediol 

Input 1,3-Pdiol 

0 100 200 

1,3-Pdiol ext 65 155 238 
Glycerol e~t 0.25 1.2 3.9 

q 
Glycerol 30 36 43 
Acetate 5.4 5.1 2.5 
Ethanol 11 15 29 
1,3-Pdiol 13 12 6.6 
Succinate 0.9 1.6 1.6 
o-Lactate 0 0.2 0.3 

C-rec 103 99 97 

Eft 0.76 0.81 0.87 
Yglycerol 4.2 3.4 2.7 
YATt' 5.5 4.2 3.1 

The concentration of 1,3-propanediol in the growth medium (Input 
1,3-pdiol) and extracellular concentrations (1,3-pdiol ext and 
glycerol ext) are expressed in mM. Abbreviations as in Fig. 1 and 
Table 1, parameters expressed as in Table 1 

limited culture growing at a growth rate of  0 .12h  -1 
(Table 3). This caused a substantial increase in the steady 
state extracellular glycerol concentration, while the culture 
dry weight decreased. As a result, the rate of  ethanol forma-  
tion increased, whereas the format ion rates of  1,3-pro- 
panediol and acetate decreased. 
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Fig. 4. The relationship between the growth rate and the activity Of 
glycerol dehydrogenase ([]) and methylglyoxal disimilation [(�9 in 
the presence of NADH2, ( � 9  without NADH2], respectively, in cell- 
free extracts of Klebsiella aerogenes, grown anaerobically under 
glycerol limitation. Enzyme activites are expressed as Ixmol.mg 
protein - 1. min- 1 

An important  difference between carbon-limited growth 
on glycerol and glucose resides in the affinity of  the pr imary 
metabolic enzymes: glucose is taken up by the phospho-  
transferase system, which has a high affinity for glucose, 
the apparent  K~ being 10 ~tM (Postma and Lengler 1985). 
Glycerol, however, enters the cell by (facilitated) diffusion 
and the pr imary metabolic enzyme, glycerol dehydrogenase, 
has an apparent  Km of  2 to 45 mM, depending on the intra- 
cellular N H  + concentrat ion (Lin and Magasanik  1960). In 
glucose-limited chemostat  cultures growing at low dilution 
rates, the extracellular glucose concentrat ion is as low as 
2 pM (Rutgers et al. 1987). In order to investigate the effect 
of  the large differences in affinity of  the pr imary metabolic 
enzymes for glucose and glycerol, the extracellular glycerol 
concentration in a glycerol-limited chemostat  culture 
growing at a growth rate of  0.2 h -  1 was determined. This 
concentration was found to be only 0.3 mM.  Significantly, 
the glycerol dehydrogenase activity in glycerol-limited cells 
was extremely high and increased as the growth rate (i.e. the 
external glycerol concentration) decreased (Fig. 4). 
Although the in vitro glycerol dehydrogenase activity was 
measured in the absence of  N H  + and Mn 2+, which are 
known to markedly  activate this enzyme (Lin and 
Magasanik  1960; Hueting et al. 1978), the in vitro activity 
was about  25- (D = 0.1 h -1) to 1.4- (D = 0 .62h  -1) fold 
higher than the activity actually expressed in vivo. For  
comparison,  in ammonia-l imited cells growing at 0.2 h -  
the glycerol dehydrogenase activity was only half  that  found 
under glycerol-limitation for D = 0.62 h -a .  N o  glycerol 
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kinase activity, the primary catabolic enzyme during aerobic 
glycerol-limited growth, was observed, in accordance with 
the findings of Neijssel et al. (1975). 

When glucose-limited anaerobic cultures of K. aerogenes 
were relieved of their growth limitation, by a sudden addi- 
tion of a cell-saturating amount of glucose, the uptake rate 
of glucose increased instantaneously, and substantially, 
whilst, at growth rates below 0.5 h-1,  the rate of cell syn- 
thesis remained constant. This increased rate of substrate 
catabolism was not accompanied by an increase in the rate of  
ATP formation due to the functioning of the methylglyoxal 
bypass, leading to D-lactate excretion (Teixeira de Mattos 
et al. 1984). Similar results were obtained with anaerobic 
glycerol-limited cultures to which a saturating amount of 
glycerol was added: again, K. aerogenes possessed the poten- 
tial to consume carbon substrate (glycerol) at a vastly 
enhanced rate, without an increase in growth rate (Fig. 5). 
Indeed, often the growth rate was lower than in steady state 
and in a number of  experiments growth stopped completely. 
In the latter case, resumption of the steady state medium 
flow caused the culture to wash out. After relief of  the 
glycerol limitation, virtually all (typically 90%) glycerol 
could be retrieved as 1,3-propanediol and acetate, and 
ethanol formation stopped completely. 

Since the vast increase in glycerol uptake rate is not 
accompanied by an increase in growth rate, a question arises 
as to how energy is dissipated. Therefore we investigated 
whether the methylglyoxal bypass could play a role here. 
The enzymes of the methylglyoxal bypass, methylglyoxal 
synthase (data not shown) and glyoxalase (Fig. 4), proved 
to be present in glycerol-limited cell free extracts at levels 
comparable to those in glucose-limited cells. However, 
although often D-lactate formation was observed following 
a glycerol pulse, the formation rate was small compared to 
the high glycerol uptake rate. In view of the fact that 10% 
of the glycerol could not be accounted for, it may be that 

Table 4. Rates of DHA utilization and of product formation ex- 
pressed in DHA-limited anaerobic chemostat cultures of Klebsiella 
aerogenes growing at D = 0.34 h -1 

q DHA limitation 

DHA 24 
Acetate 13 
Ethanol 2.9 
1,3-Pdiol 4.6 
Succinate 1.0 
Glycerol 0.2 

NADH2/NAD 1.08 
C-rec 108 

Eft 1.56 
YDnA 14 
YATP 9.9 

Abbreviations as in Fig. 1 and Table 1, parameters expressed as in 
Table 1 

some unknown product was formed following a glycerol 
pulse. Particularly, since lactate formation from glycerol is 
not a redox neutral process, the possibility of methylglyoxal 
reduction was investigated. It  was found that cell-free ex- 
tracts from glycerol-limited cells were able to reduce 
methylglyoxal at the expense of N A D H  at a high rate, and 
that this activity correlated with glycerol dehydrogenase 
activity (Fig. 4), and not with the activities of other 
dehydrogenases, such as pyruvate reductase (soluble NAD- 
dependent D-lactate dehydrogenase). Furthermore, it could 
be shown that both cell free extracts from K. aerogenes and 
purified glycerol dehydrogenase from Enterobaeter 
aerogenes (Boehringer, Mannheim, FRG) were able to 
oxidize glycerol and 1,2-propanediol at the expense of NAD 
and to reduce DHA, methylglyoxal and acetol at the expense 
of NADH.  Of these reactions the oxidation of glycerol and 
1,2-propanediol and the reduction of DHA were stimulated 
by Mn 2 + in both enzyme preparations, whereas the reduc- 
tion of methylglyoxal and acetol were not (data not shown). 

To elucidate the effect of the specific properties of 
glycerol dehydrogenase on the metabolism of glycerol- 
grown organisms, K. aerogenes was grown on DHA, the 
product of the glycerol dehydrogenase reaction. It was found 
that DHA-limited cultures excreted substantial amount of 
1,3-propanediol, obviously with glycerol as intermediate 
(Table 4). It should be borne in mind that in this case forma- 
tion of 1,3-propanediol does not influence the stoichiometry 
of ATP generation, because its synthesis now consumes two 
reducing equivalents and thereby allows a compensating 
increase in acetate production. As a result, the maximal 
efficiency (1.5 ATP/DHA fermented) was reached. 

Discussion 

Under aerobic growth conditions, Klebsiella aerogenes will 
react to different limitations by excreting more or less 
specific partially oxidized end products, so called overflow 
metabolites (Neijssel and Tempest 1975). Overflow metab- 
olism can be seen as a mechanism for uncoupling catabolism 
from anabolism under conditions in which the energy source 
is present in excess of the growth requirement. Anaero- 
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bically, this type of metabolic flexibility is constrained by 
the need for balancing the flow of reductant. However, the 
occurrence of branched fermentation pathways can be in- 
terpreted as a similar mechanism. If the biochemical make- 
up of the organism is sufficiently known, it is possible to 
predict the energetically most efficient pattern for any given 
energy source. Overflow metabolism may then be defined as 
the departure from this pattern (Teixeira de Mattos et al. 
1987), 

For instance, 2,3-butanediol partly replaces acetate when 
glucose is supplied in excess of the growth requirement, and 
D-lactate is excreted in small amounts by glucose-limited 
cultures at high growth rates (Teixeira de Mattos and 
Tempest 1983). A similar fermentation shift can be observed 
with the so-called homolactic streptococci, which produce 
acetate and ethanol at low growth rates and lactate at high 
growth rates (Thomas et al. 1979). 

For anaerobic growth on glycerol to proceed, 1,3-pro- 
panediol formation is required to oxidize the reducing equiv- 
alents set free during biosynthesis. It appears, however, that 
the amount of 1,3-propanediol that is synthesized is highly 
variable, and dependent on the growth rate and the nature 
of the limitation. The conversion of glycerol to 1,3-pro- 
panediol is maximal under phosphate limitation and in 
environments with a low availability of potassium. This 
regulatory pattern is highly reminiscent of that of glucose 
dehydrogenase in aerobically grown K. aerogenes (Hommes 
et al. 1985). This pattern has been interpreted as glucose 
dehydrogenase acting as a low impedance energy generating 
system, operating under conditions in which a high rate of 
energy generation is required. We suggest that 1,3-pro- 
panediol excretion serves a similar role: its synthesis does 
not generate ATP, but it lowers the impedance by increasing 
the rate of NADH oxidation, thereby allowing a higher rate 
of DHA, and ultimately acetate, synthesis at the expense 
of a lowered efficiency of ATP generation. Moreover, the 
observation that the relative amount of glycerol that is 
fermented to 1,3-propanediol increases with increasing 
growth rate, again indicates a role in sustaining high rates 
of energy generation. For these reasons 1,3-propanediol syn- 
thesis can be termed overflow metabolism in the sense de- 
fined above. 

The fraction of the glycerol that is fermented to 1,3- 
propanediol is minimal under glycerol limitation at low 
growth rates. However, even under these conditions, more 
1,3-propanediol is excreted than is necessary to regenerate 
NAD for biosynthesis. Thus, as opposed to the behaviour 
under glucose limitation, glycerol-limited cultures show 
overflow metabolism as well. It could be that this behaviour 
is a reflection of the specific kinetics of the enzymes acting 
directly on glycerol: whereas the glycerol dehydrogenase 
has an apparent Km for glycerol of more than 10 mM, the 
glycerol dehydratase has a Km of 40 -100  gM (Korsova et 
al. 1982). Thus, it can be argued that the combined action 
of glycerol dehydratase and 1,3-propanediol dehydrogenase 
serves to increase the overall affinity for glycerol uptake. 
This is very well illustrated by the fact that the presence of 
elevated levels of 1,3-propanediol in glycerol-limited cultures 
causes the extracellular glycerol concentration to increase. 
The concomitant decrease of the YATP may be explained 
by an additional energetic stress requiring a higher energy 
generation rate. At present, we cannot discriminate between 
a toxic effect of this product and an energy investment 
needed for its excretion. In either case it should be 

emphasized that the extracellular 1,3-propanediol concen- 
tration partly determines the metabolic behaviour which is 
therefore not completely dependent on the nature of the 
experimentally imposed growth conditions. A similar rea- 
soning holds for the metabolic behaviour of putatively 
potassium-limited cultures. 

During anaerobic growth on glycerol, glycerol dehydro- 
genase, DHA kinase, glycerol dehydratase and 1,3-pro- 
panediol dehydrogenase are induced (Lin 1976). It has been 
reported that DHA is the actual inducer of these four 
enzymes, therefore called the dha-system (Forage and Foster 
1982). Our observation that DHA-limited cultures excrete 
1,3-propanediol is in accordance with this regulation. How- 
ever, we also observed that the glycerol dehydrogenase is 
induced to extremely high levels under glycerol limitation at 
low growth rates. Whereas this metabolic reaction can be 
rationalized in terms of the selective pressure to optimize 
substrate scavenging capacity on the one hand and the extra- 
ordinarily low affinity of the glycerol dehydrogenase for 
glycerol on the other, it suggests that the mechanism of 
induction is more complex than previously appreciated, and 
that perhaps some form of derepression is involved. 

Moreover, it has been suggested that the dha-system 
serves to dismutate two molecules of glycerol to one mole- 
cule of 1,3-propanediol and one molecule of DHA in an 
overall redox neutral process, after which fermentation of 
DHA to ethanol and acetate can proceed (Forage and Foster 
1982), leading to a 1,3-propanediol/ethanol ratio of 2. That 
this is too rigid a model for the role of 1,3-propanediol 
excretion is suggested by the observation that Lactobacillus 
species form 1,3-propanediol from glycerol, but cannot use 
glycerol for growth (Schutz and Radler 1984). Furthermore, 
our results indicate that for K. aerogenes this ratio only 
is observed with glycerol-limited cultures growing at high 
growth rates: at lower growth rates glycerol-limited cultures 
produce less 1,3-propanediol, whilst glycerol-excess cultures 
produce more. Finally, this model obviously does not hold 
true for the conversion of DHA to 1,3-propanediol under 
DHA-limited growth conditions. 

The YATP values of glycerol-grown cells are low as 
compared with cells grown on glucose (Teixeira de Mattos 
and Tempest 1983). Only under carbon limitation at low 
growth rates are they similar. The YATP value reflects the 
energetic demands of both biosynthesis and the environ- 
ment. Biosynthesis from glycerol requires gluconeogenesis, 
while biosynthesis from glucose does not. The need for 
gluconeogenesis can explain the observed differences in the 
values of YATP only if faster growing cells contain relatively 
more of a polymer for which gluconeogenesis is required. 
Indeed, with aerobic glycerol-limited cultures of K. 
aerogenes it was found that at higher growth rates cells 
contained more RNA whereas the amounts of DNA and 
protein remained almost constant (Herbert 1961). However, 
since over the range of growth rates investigated the RNA 
content increases only twofold, it cannot account completely 
for the observed discrepancy. 

Our results suggest that the presence of 1,3-propanediol 
exerts a negative effect on the value of YATP. First, addition 
of this compound to a glycerol-limited culture caused a 
lowering of the YATP. Second, the increase in the 1,3- 
propanediol/ethanol ratio with increasing growth rate cor- 
related with an increase in the discrepancy between the YATP 
values expressed in glycerol- and glucose-limited cultures. 
Third, glycerol-excess cultures expressed lower YATP values 
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than cultures growing on glucose with the same growth 
limitation, and under the former conditions the rate o f  
formation of  1,3-propanediol was high. Finally, it was the 
major fermentation product  after relief of  glycerol limita- 
tion, when some form of  ATP dissipation must take place. 
This suggestion is compatible with the observation that the 
diol dehydratase of  K. pneumoniae, which is very similar 
to glycerol dehydratase [though not  identical (Toraya and 
Fukui 1977)] is membrane-associated on the cytosolic side 
(McGee and Richards 1981), as is the diol dehydratase from 
Clostridium glycolicum (Hartmanis and Stadtman 1986). 
In addition to the above-mentioned arguments, it is 
noteworthy that DHA-limited cells, for which the require- 
ment for gluconeogenesis can be assumed to be similar to 
that under glycerol limitation, show YATP values inter- 
mediate between glycerol- and glucose-limited cells. Under  
these conditions, 1,3-propanediol is excreted at much lower 
rates. 

With glycerol-limited cells that are relieved of  their 
limitation, an alternative possibility for dissipating energy 
would be the methylglyoxal bypass. Al though in these cells 
the activity in vitro of  this sequence is comparable to that 
under glucose limitation, lactate formation was not  always 
observed. However, it should be realized that a low activity 
in vivo of  the methylglyoxal bypass would be sufficient 
to dissipate energy along with 1,3-propanediol formation. 
Moreover, we have shown that glycerol dehydrogenase is 
able to reduce methylglyoxaI at the expense of  N A D H ,  
which, if the mechanism is similar to the reduction of  DHA,  
would yield lactaldehyde as a product,  in an overall redox- 
neutral process. This latter compound may not be detectable 
with the methods used in this work. Whatever its nature, it 
is clear that an effective mechanism of  energy dissipation 
must exist in view of  the fact that the glycerol uptake 
rate increased vastly, and reached extremely high absolute 
levels, while the growth rate remained constant or even 
decreased. 
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