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Growth and polymer synthesis were
studied in a recombinant E. coli
strain carrying phaBAC and phaP of
Azotobacter sp. strain FA8 using dif-
ferent carbon sources and oxygen avail-
ability conditions. The results obtained
with glucose or glycerol were completely
different, demonstrating that the meta-
bolic routes leading to the synthesis of
the polymer when using glycerol-do not
respond to environmental conditions
such as oxygen availability in’ the same
way as they do when other substrates,
such as glucose, are used. When cells
were grown in a bioreactor using glucose
the amount of polymer accumulated at
low aeration was reduced by half when
compared to high aeration, while glyc-
erol cultures produced at low aeration
almost twice the amount of polymer
synthesized at the higher aeration con-
dition. The synthesis of other metabolic
products, such as ethanol, lactate, for-
mate and acetate, were also affected by
both the carbon source used and aeration
conditions. In glucose cultures, lactate
and formate production increased in low
agitation compared to high agitation,
while poly(3-hydroxybutyrate) synthe-
sis decreased. In glycerol cultures, the
amount of acids produced also increased
when agitation was lowered, but carbon
flow was mostly redirected towards etha-
nol and poly(3-hydroxybutyrate). These
results indicated that carbon partition-
ing differed depending on both carbon
source and oxygen availability, and that
aeration conditions had different effects
on the synthesis of the polymer and other
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metabolic products when glucose or glyc-
erol were used.

Polyhydroxyalkanoates (PHAs) are accu-
mulated as intracellular granules by many
bacteria under unfavorable conditions."?
These polymers are carbon and energy
reserves and also act as electron sinks,
enhancing the fitness and stress resis-
tance “of bacteria, and contributing to
redox balance.>* Growing concern about
environmental pollution and dwindling
petroleum supplies has renewed in the last
decade the interest in PHAs, which have
thermoplastic properties, are totally bio-
degradable by microorganisms present in
most environments, and can be produced
from different renewable carbon sources.’

Escherichia coli is the best known bacte-
rial species. The physiology, biochemistry
and genetics of this microorganism have
been studied in great detail, and high cell
density cultivation strategies for numerous
E. coli strains have been established.® It is
a suitable host for the heterologous expres-
sion of foreign genes, that can be eas-
ily manipulated and improved by means
of recombinant DNA methodologies. It
grows fast and offers a well defined physi-
ological environment for the construction
and manipulation of various metabolic
pathways to produce different bioprod-
ucts, such as poly(3-hydroxybutyrate)
(PHB) from cost-effective carbon sources.
This facultative aerobe adjusts its metabo-
lism to optimize cell growth in each envi-
ronmental condition by using different
combinations of metabolic pathways. As a
result, the metabolic product distribution



varies according to growth conditions,
such as carbon source and terminal elec-
tron acceptor availability. There is an
intimate association between carbon and
electron flow, as carbon will be directed
towards the synthesis of more reduced
or more oxidized products according to
intracellular redox conditions. This has
to be considered when designing efficient
processes for the synthesis of compounds
derived from central catabolic pathways,
as the amounts of the metabolites pro-
duced can vary dramatically according to
growth conditions.

In this work we focused on the heter-
ologous synthesis of PHB, that consumes
both acetyl-coenzyme A (acetyl-CoA)
and reducing power, and is thus directly
affected by carbon flow and reducing
equivalents availability. Both aeration
conditions and carbon source have been
observed to influence the synthesis of
the different metabolic products in the
recombinants, including PHB. The E. coli
strain used in this work, K24KP, carries
phaBAC, the structural genes responsible
for PHB synthesis, from Azotobacter’sp.
strain FA8.” It also carries phaP, encoding
a granule associated protein that has been
shown to promote growth and polymer
synthesis in the recombinants.

In recent years, a significant increase in
the production of biodiesel has caused a
sharp fall in the cost of glycerol, the main
by-product of biodiesel synthesis. As a
result, glycerol has become a very attractive
substrate for bacterial fermentations, espe-
cially for reduced products, such as PHB.®
However, only a few studies have focused
on the metabolism of PHB synthesis from
glycerol in recombinant E. coli. Previous
reports have described the use of glycerol
for the synthesis of PHAs using different
bacteria. In these studies, the M_of PHAs
obtained using glycerol was found to be
significantly lower than those obtained
from other substrates, typically less than
1 MDa. A low M_is undesirable for indus-
trial processing of the polymer, so the
results available in the literature pointed
to a drawback in the use of glycerol as a
convenient substrate for the microbial
production of PHAs. This prompted
us to investigate the physical proper-
ties of PHB produced by strain K24KP
in bioreactor cultures grown in different

conditions using glycerol. Cells from 24
h cultures stirred at 125 rpm reached a
PHB content of 30.1% (wt/wt) with a M,
of 1.90 MDa, while those stirred at 500
rpm attained a polymer content of 16.9%
(wt/wt) with a M_of 1.71 MDa. The M
of PHB produced in a 48 h fermentation,
in which cells accumulated 51.9% (wt/wt)
polymer,” was even higher (2.04 MDa).
These results indicate that it is possible to
obtain PHB from glycerol with M s simi-
lar to those of the polymer obtained from
other carbon sources, such as glucose or
lactose, by using adequate bacterial strains
and culture conditions. Additionally, these
darta suggest a possible correlation between
the amount of polymer accumulated and
its M, as the values were slightly higher
in cultures accumulating more PHB.
Previous results that analyzed PHB for-
mation from glycerol proposed that this
compound affects the elongation of the
polymer by a process termed end capping,
that results in premature chain termina-
tion." The M of the PHAs can be affected
by numerous factors, such-as the bactetial
strain’ and carbon source used;" -and the
presence of granule: associated proteins
such as PhaP’ In experiments-performed
using glucose, for instance, variations in
the pH of the medium were observed to
affect PHB M_."* Our results suggest that
the M of the polymer obtained from glyc-
erol is affected by other parameters apart
from the carbon source. In particular, the
findings open the possibility of further
increasing the M of the polymer obtained
from glycerol by optimizing PHB yields.
Thesynthesisof PHB notonly consumes
acetyl-CoA but also reducing power. The
reducing power scavenging nature of PHB
synthesis in E. coli has been demonstrated
in arcA mutants, that are unable to inhibit
NAD(P)H generating pathways when the
availability of terminal electron accep-
tors decreases. The use of excess reducing
power for the synthesis of PHB enabled
these redox mutants to grow in the pres-
ence of toluidine blue, a redox dye which
inhibits growth of the mutants by increas-
ing the production of reactive oxygen spe-
cies.* High aeration conditions, which
increase reducing power availability, are
known to favor the synthesis of PHB.!*14
However, recent research has been done
in several E. coli strains demonstrating
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that the polymer can be synthesized in
E. coli under reduced aeration condi-
tions''® using either glucose or glycerol as
substrates. In some of these strains, both
mutations in the redox regulator arcA,
resulting in augmented reducing power
generation, and constitutive mutations in
the carbon regulator creC, that increase
carbon consumption, enhanced polymer
production from glucose and glycerol in
microaerobiosis, conditions in which the
wild-type strains were only able to pro-
duce minimal amounts of PHB."”

The majority of studies on PHB pro-
duction use glucose or other sugars such
as lactose as a substrate. High aeration
conditions normally favor high polymer
accumulation from these carbon sources,
as low aeration promotes the synthesis of
other metabolic products derived from
fermentation pathways, such as acetate!®
(Fig. 1). While studying the accumulation
of PHB in strain K24KP using glycerol or
glucose in shaken-flask experiments, we
observed that the relationship between
oxygen availability and relative PHB con-
tentwas notalways the same, and depended
on the carbon source used.'® When cells
were grown at four different aeration con-
ditions, we observed that while there was
a direct relationship between growth and
aeration, increased aeration was followed
by an increase in PHB content only in the
glucose cultures. In the glycerol cultures,
a correlation between aeration and poly-
mer accumulation was only observed at
relatively low aeration, but the amount of
PHB accumulated surprisingly decreased
in more aerated conditions.

This unexpected finding prompted us
to investigate this effect further in biore-
actor cultures, in which higher biomass
and polymer accumulation levels can be
achieved. Cells were grown in a bioreac-
tor in different aeration conditions (125
and 500 rpm) using glucose or glycerol
as carbon sources. Growth was higher at
higher aeration rates, and the maximum
biomass production was observed at the
highest aeration condition using both sub-
strates, as expected. PHB accumulation
was observed to accompany growth in
glucose cultures, as the highest values were
observed for the most aerated cultures.
However, in glycerol-containing medium,
the highest PHB content was obtained at
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the low aeration condition. Cultures using
glucose produced 1.8 times more polymer
at 500 rpm than at 125 rpm, while those
grown on glycerol produced 1.8 times
more polymer at the lower aeration condi-
tion. These results indicated that carbon
partitioning differed depending on both
carbon source and oxygen availability,
affecting growth and polymer accumula-
tion from the two substrates used.

To further characterize these differ-
ences we measured the amounts of other
major metabolic products: ethanol, ace-
tate, lactate and formate (Fig. 2). Both the
carbon sources and the aeration conditions
used were observed to affect carbon dis-
tribution among the different metabolic
products assayed. Lactate and formate
concentrations were higher in the bioreac-
tor cultures stirred at low speed than in
strongly agitated cultures with both car-
bon sources, in accordance with results
obtained in other studies,” and higher
with glucose, the more oxidized carbon
source, in each aeration condition. The
increase in lactate was more pronounced,
probably due to the fact that its formation
consumes reducing power, while formate
synthesis does not.?” Accordingly, glucose
cultures produced more formate than
glycerol cultures.

In cultures grown on glucose, it
was observed that in low agitation the
amount of PHB and ethanol decreased
while lactate increased; and the produc-
tion of acetate, that does not consume
reducing power, decreased. The highest
agitation speed elicited a mostly oxida-
tive metabolism in glycerol cultures, with
low amounts of fermentation products,
except for ethanol. The reduction in oxy-
gen availability favored the formation of
PHB and ethanol, which were increased
2.6 and 2.2 times respectively. In these
cultures, carbon flow was redirected
towards fermentation acids, as observed
for the glucose cultures, but also towards
ethanol and PHB. A dramatic increase in
lactate formation was also observed. This
can be due to the fact that poorly agitated
cells growing on glycerol resort to lactate
synthesis to dispose of the excess reduc-
ing power. However, the overall amount
of acids produced from glycerol was lower
than in cultures grown on glucose.
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Figure 1. Carbon and electron flow in E. coli K24KP. Main metabolic pathways involved in glucose
and glycerol catabolism for recombinant strain K24KP, carrying phaBAC and phaP from Azoto-
bacter sp. strain FA8. Relevant native biochemical pathways and enzymes are shown by blue ar-
rows and boxes, respectively. The heterologous pathway for PHB synthesis and enzymes involved
are depicted in green. Dashed lines represent more than one biochemical step. Pathways that
generate ATP are indicated by yellow arrows, while reduction/oxidation of adenine dinucleotides
are represented by green and red arrows, respectively. Abbreviations used are as follows: PEP,
phosphoenolpyruvate; CoA, coenzyme A; LdhA,
lyase; Pdh, pyruvate dehydrogenase; Pta/AckA, phosphotransacetylase/acetate kinase; AdhE,
acetaldehyde/alcohol dehydrogenase; PhaB, 3-ketoacyl-CoA thiolase; PhaA, acetoacetyl-CoA
reductase; PhaC, poly(3-hydroxyalkanoate) synthase.

D-lactate dehydrogenase; Pfl, pyruvate-formate

Carbon in glycerol has a lower oxida-
tion state (-2) than glucose (0). As a con-
sequence, glycerol catabolism produces
more reducing equivalents (Fig. 1). This
has a significant effect on the intracellu-
lar NADH/NAD" ratio, that causes the
cells to direct carbon flow towards the
synthesis of more reduced products when
using glycerol compared to glucose in
order to achieve redox balance.”’ On the
other hand, the two different agitation
speeds provided the cultures with differ-
ent oxygen availability, which also affected
the oxidation state of the cells, resulting
in variations in the product pattern. The
ratio ethanol/acetate can be used as an
indicator of the redox state of the cells.???
An increase in ethanol production relative
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to a small decrease in acetate in cultures
grown in glycerol at 125 rpm resulted in
a high ethanol to acetate ratio, reflecting a
reduced internal state. These cultures had
the highest values (4.04 mol/mol), fol-
lowed by cultures grown in glycerol at 500
rpm (2.66), and cells grown in glucose at
125 rpm (1.03) (Fig. 2). The amount of
ethanol produced in the cultures grown in
glucose did not suffer major changes, but
acetate concentration decreased at lower
agitation. As a result, the lowest ethanol
to acetate ratio (0.75) corresponded to the
cultures grown with the more oxidized
carbon source (glucose) at the highest agi-
tation speed (500 rpm). Cultures growing
on glycerol produced much more ethanol
than those using glucose, and significant
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Figure 2. Metabolic product distribution for E. coli K24KP growing on glucose or glycerol at 125 or
500 rpm. Final concentrations of the metabolic products (PHB, ethanol, acetate, formate and lac-
tate) assayed in 24-h bioreactor cultures are shown as a function of the different carbon sources
and agitation conditions used. The ethanol to acetate ratio, that reflects the internal redox state of

amounts of ethanol were accumulated in
the glycerol cultures even at high aeration.

These results show that the effects of
using two different agitation speeds in
recombinant E. coli cultures were totally
different with the two carbon sources.
Reduced aeration favored the formation of
PHB and ethanol in the glycerol cultures,
probably as a result of redirecting carbon
metabolism to increase the consump-
tion of reducing power. The behavior of
the glucose cultures was clearly differ-
ent, as carbon flow was mostly directed
towards lactate and formate when oxy-
gen availability was lower, as previously
described, resulting in a decrease in PHB
synthesis. The internal redox state of the
cells is one of the main signals driving
the metabolic changes that result in the
differences in metabolic product distri-
bution. Cells growing on glycerol are in
a more reduced intracellular state than
when glucose is used in similar conditions
of oxygen availability. As a result, cultures
using these substrates will respond to the
same aeration conditions with different
metabolic profiles in order to tune their
metabolism, adjusting the consumption of
reducing equivalents. This occurs because
cells growing on glycerol will switch to
high reducing power consuming metabo-
lism in conditions in which glucose cul-
tures are still able to sustain an oxidative
metabolism.

In view of the results obtained in this
work, it can be concluded that even small
variations in oxygen availability, such as
the ones used in this study; can lead to sig-
nificantchanges in the metabolite distribu-
tion of E. coli cultures. These changes vary
when using carbon sources with different
oxidation states, for instance glucose and
glycerol, reflecting the metabolic adjust-
ments that take place in order to optimize
cell growth. Most metabolic studies are
performed using glucose, but many of the
effects observed in cultures using this sub-
strate cannot be extrapolated to other car-
bon sources. Because of this, the effect of
different culture conditions, such as oxy-
gen availability, must be carefully assessed
in order to optimize the production of
desired metabolites from other substrates,
such as glycerol. Moderate agitation led to
the highest amount of PHB and ethanol
from glycerol in the E. coli recombinants,
which is desirable in bioprocesses in order
to reduce aeration related problems and
associated costs, and opens the possibil-
ity for the joint production of these high
value biochemicals.
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