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Azotobacter vinelandii is a gram-negative soil bacterium that produces two biopolymers of biotechnological
interest, alginate and poly(3-hydroxybutyrate), and it has been widely studied because of its capability to fix
nitrogen even in the presence of oxygen. This bacterium is characterized by its high respiration rates, which
are almost 10-fold higher than those of Escherichia coli and are a disadvantage for fermentation processes. On
the other hand, several works have demonstrated that adequate control of the oxygen supply in A. vinelandii
cultivations determines the yields and physicochemical characteristics of alginate and poly(3-hydroxybutyrate).
Here, we summarize a review of the characteristics of A. vinelandii related to its respiration systems, as well as
some of the most important findings on the oxygen consumption rates as a function of the cultivation
parameters and biopolymer production.
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1. Introduction

Respiration occurs in higher organisms, animals, and plants, as well
asmost bacteria. Respiration can be defined as the physiological process
in which reduced organic substrates are oxidized to release energy, and
it entails the flow of electrons through membrane-associated transport
systems from a donor to an electron acceptor [1]. The process in
eukaryotes occurs in the mitochondria, whereas in prokaryotes, it
occurs in the cytoplasmic membrane and involves the donation of
electrons by low-redox-potential electron donors, such as NADH [2].
This is followed by electron transfer through a range of redox
cofactors bound to integral membrane or membrane-associated
protein complexes. The process terminates with the reduction of the
high-redox-potential electron acceptor, oxygen. The energy released
during this electron transfer process is used to drive the translocation
of protons across the membrane to generate a transmembrane proton
electrochemical gradient or proton motive force that can drive the
synthesis of ATP [3]. The respiration processes of bacteria and archaea
Católica de Valparaíso.
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are often highly flexible. In these organisms, a diverse range of
electron acceptors can be utilized, including elemental sulfur [4,5],
nitrogen oxyanions and nitrogen oxides [6], halogenated organics [7],
metalloid oxyanions such as selenite, arsenate, Fe(III) and Mn(IV) [8]
and radionuclides such as U(VI) and Tc(VII) [9]. This respiratory
diversity has contributed to the ability of prokaryotes to colonize
many of Earth's most hostile microoxic and anoxic environments.

Azotobacter vinelandii is an obligate aerobe characterized by its high
respiration rate in comparison with other prokaryotes under similar
growth conditions. This bacterium exhibits a very high respiration rate,
and it also fixes nitrogen (N2), even when it is exposed to high oxygen
concentrations [10,11,12,13,14]; this process is performed by the
nitrogenase complex, which is highly oxygen sensitive [15,16,17]. Under
conditions of nitrogen fixation and high oxygen, the main mechanism
proposed to prevent nitrogenase inactivation is respiratory protection.
In this mechanism, the oxygen consumption rate is increased, allowing
the maintenance of low intracellular oxygen concentrations [18,19].

A. vinelandii exhibits wide versatility in its respiratory system because
A. vinelandii can regulate its oxygen consumption rates using different
terminal oxidases as a function of the culture conditions [20]. This
review aims to summarize the recent literature related to the
respiration process in several strains of A. vinelandii grown under
different cultivation conditions from a genetic and physiological point of
evier B.V. All rights reserved. This is an open access article under the CC BY-NC-ND license
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view, as well as the technological perspectives based on the
understanding of the differentmechanisms that operate in the bacterium.

2. Respiration in A. vinelandii

A. vinelandii is a soil bacterium characterized for its biotechnological
potential, since this microorganism produces alginate and poly(3-
hydroxybutyrate) (P3HB) and has the ability to fix atmospheric
nitrogen [17,21,22,23]. On the other hand, respiration is tightly
controlled at different levels in response to nitrogen and oxygen
availability [24,25]. Five terminal oxidases have been identified in the
genome of A. vinelandii: two copies of cytochrome bd and one copy of
cytochromes c, o and cbb3 [12]. These terminal oxidases can be
coupled with three different NADH dehydrogenases, which are able to
transfer reducing equivalents to ubiquinone-8: NADH dehydrogenase I
(NDHI), NADH dehydrogenase II (NDHII) and sodium-translocating
NADH dehydrogenase (Na+-NQR) [26].

2.1. NADH dehydrogenases

As in other bacteria, the NDH-I complex of A. vinelandii is formed by
the Nuo complex that is formed by at least 13 subunits [12,27], which
are encoded by genes from Avin28440 to Avin28560 [12]. A. vinelandii
NDH-I oxidizes NADH and dNADH but not NADPH [28]. The electron
transfer from NADH to Ubiquinone-8 through NDH-I is coupled to
proton exchange with a total H-/e- yield of 3 (one from NADH
oxidation and 2 from the Q-cycle) [29,30]. In A. vinelandii, it has been
suggested that this dehydrogenase is coupled to the high-efficiency
respiratory chains of the o, c or cbb3 types.

In contrast to NDH-I, the enzyme NDH-II can oxidize NADH and
NADPH but not dNADH, although the affinity of this enzyme for
NADPH is very low [28]. This enzyme is composed of a single subunit
lacking an energy coupling site [27]. In A. vinelandii, this enzyme is
encoded by the gene ndhII, which is downregulated by CydR and is
expressed when A. vinelandii is grown under high oxygen
concentrations and diazotrophic conditions [28].

Finally, the sodium-translocating NADH dehydrogenase (Na+-NQR)
has six subunits (NqrA-F) that are encoded by the nqr operon [31]; from
these subunits, NqrF shows homology to several flavin-containing
oxidoreductases, and it also has an N-terminal domain with a [2Fe-2S]
cluster; thus, it has been suggested that NqrF has NADH:ferredoxin
oxidoreductase and ferredoxin [32]. Na+-NQR oxidizes NADH,
transferring two electrons to ubiquinone and pumping out 2 sodium
ions; thus, the energy conservation of this oxidoreductase is lower
than that generated by the NDH-I oxidoreductase [32].

2.2. Respiratory chains

2.2.1. Cytochrome bd and the uncoupled respiratory chain
Azotobacter sp. has been widely studied due to its ability to fix

nitrogen by the oxygen-sensitive enzyme nitrogenase, even when
grown under high oxygen concentrations. One of the most important
molecular mechanisms that protect the nitrogenase complex in this
bacterium is the process known as “respiratory protection”, which
involves an increase in the respiration rate when exposed to high
oxygen concentrations and diazotrophic conditions [33,34,35,36]. This
is due to the activity of the uncoupled respiratory chain, which is
composed of cytochrome bd and NDH II dehydrogenase [18].

Although two copies of cytochrome bd oxidase have been identified in
the genome of A. vinelandii, only the complex Cyd bdI, encoded by the
genes Avin19880 and Avin1990, has been widely studied [12]. This
respiratory complex is characterized by its low oxygen affinity (Km of
0.052 μM) but high oxygen consumption rates and low energetic yields;
it has been reported to produce a total yield of only 1 H-/e- [37]. This
cytochrome is essential for growth under diazotrophic conditions and
high oxygen concentrations, and its expression increases when A.
37
vinelandii is grown under these conditions [38,39]. The structural genes
of this respiratory chain (ndhII, cydAI and cydBI) are under the negative
control of CydR, which is positively regulated by the protein AlgU ([39];
Fig. 1). Therefore, mutant strains impaired in cydR overexpress the genes
cydAI and cydBI [39]; in this regard, the OP strain, which has a
spontaneous mutation in algU, overexpresses the gene cydAI in contrast
with its derivative algU+ [40].

2.2.2. Cytochromes o, c and cbb3 and the coupled respiratory chains
In addition to the uncoupled respiratory chains, based on the A.

vinelandii genome, three terminal oxidases have been identified:
cytochrome c (Cdt oxidase; Avin00950 to Avin01020), cytochrome o
(Cox oxidase; Avin11170 to Avin11180) and cytochrome cbb3 (Cco
oxidase; Avin19940 to Avin20010) [12]. These oxidases can undergo
ubiquinol-oxygen reduction in a single step pathway by transferring
electrons directly from the ubiquinone complex to one of the terminal
oxidases or through a two-step pathway that involves electron
transfer through cytochrome c reductase [12].

The difference between cytochrome bd and the o-type cytochrome
is the higher oxygen affinity (Km of 0.03 μM); cytochrome bd is
expressed when the oxygen concentration is low, suggesting that this
cytochrome contributes to maximizing energy conservation [38] due
to the transport of one electron from NADH to oxygen through the
chain formed by NADH dehydrogenase I, ubiquinone-8 and
cytochrome type-o, allowing translocation of up to 5 H+ (Fig. 1).
Another important characteristic is that this cytochrome is not
required for growth under diazotrophic conditions even in the
presence of air [41].

3. Design of mutant strains of A. vinelandii as a tool to understand
respiratory features

The construction ofmutant strains of A. vinelandii has been useful for
understanding the respiratory chains, as well as the efficiency of energy
conservation. In addition, the high respiration rates achieved by this
bacterium have been a disadvantage for its use at the industrial level;
consequently, an alternative means of dealing with the high
respiration rates of this bacterium is to design mutant strains with low
respiration rates. As previously mentioned, the respiratory chains of A.
vinelandii include five terminal oxidases. Table 1 summarizes some of
the mutant strains with the changes made on these oxidases. In this
context, Kelly et al. [42] evaluated the parental strain UW136 and its
derivative strains with three different phenotypes: expressing all the
cytochromes (MK1), with an impairment in cytochrome d (MK5) and
a mutant with increased content of cytochrome d (MK8). The study
observed that the parental strain and the MK1 strain grew well on
either Burk-Sucrose medium with ammonium (BSN) or Burk-Sucrose
medium without a fixed nitrogen source (BS) and incubated in either
air or under an atmosphere of 1.5% O2 [42]. In contrast, cytochrome d-
deficient mutants (MK5) grew on BSN at high oxygen concentrations,
whereas under N2-fixing conditions, this mutant was able to grow
only in an atmosphere with a low oxygen concentration (1.5%),
showing a higher sensitivity to oxygen when fixing nitrogen than its
parental strain (UW136) and the mutant strain MK1. Interestingly, as
shown in Table 1, the respiration rates with NADH and malate for
mutant MK5 were approximately 10- and 25-fold lower than those for
the parent strain UW136 [42]. In contrast, the mutant MK8, which
showed higher levels of cytochrome d (3-fold) but lower
concentrations of cytochrome c (60%) compared with the wild-type
strain, failed to grow in an atmosphere with low oxygen
concentrations (1.5%) on either BSN or BS medium [42]. In this line,
McInerney et al. [43], by chemical mutagenesis, generated a mutant
strain, TZN200, with a higher content of cytochrome d (5-fold) and
lower content of cytochrome c (46%) and cytochrome o (71%)
compared to the parental strain (OP). Using NADH and succinate as
substrates, the respiration rates of this mutant were 2.3- and 2.5-fold



Fig. 1. In panel (a) a scheme of the coupled respiratory chain is shown. This is active in presence of NH3 and at low oxygen concentrations, due to expression of cydAB is repressed by CydR;
this chain has a global H+/e- yield of 5. The uncoupled respiratory chain of A. vinelandii is represented in panel (b), this is expressed in presence of atmospheric nitrogen and high oxygen
concentrations, due to the inactivated of the negative regulator CydR.
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higher, respectively, than the parental strain (OP) using the same
substrates; however, the respiration rate using Ascorbate + Ph(NMe2)
2, which is dependent on cytochrome c, was 94% lower in the TZN200
strain than in the parental strain. The growth rate and the H/O ratio
were similar for both strains (OP and the mutant TZN200) when they
were grown under nonlimiting oxygen conditions, confirming that the
growth of A. vinelandii under these growth conditions does not
require c- or o-type cytochromes. On the other hand, Hoffman et al.
[44] reported a mutant strain of A. vinelandii lacking cytochrome c
(AV-90); the respiration rate (Table 1) and the H/O quotient of this
strain with diverse substrates did not show significant differences
compared to that of the OP strain, suggesting that this cytochrome
does not play an important role in the oxidative metabolism or in
energy conservation of A. vinelandii. Regarding the cytochrome o-type
oxidase, Leung et al. [41] inactivated the gene cyoB, which encodes the
o-type oxidase. In the resultant strain (DL10), the respiration rate
decreased 47% with respect to its parental strain UW136, suggesting
that this cytochrome oxidase could play an important role in oxidative
metabolism. It has been proposed that due to its high affinity to
oxygen, under microaerobic conditions or during stationary growth
phase, the type-o cytochrome could be functionally more important
than cytochrome bd; in this line, at the early stationary growth phase
of cultivation, the cytochrome d content of the UW136 strain
decreases 4-fold, whereas the cytochrome d content of the
cytochrome o-impaired mutant increased two-fold.

4. Culture parameters affecting respiration in A. vinelandii

One of themain challenges of the cultivation of A. vinelandii at larger
scales is the inability to reach a high biomass because of its
characteristically high respiration rates. The respiration rates of A.
vinelandii are determined by the strain, the specific growth rate, the
oxygen availability, and the nitrogen source (Table 2). The nitrogen
source is one of the most important parameters that could have an
impact on the respiration rates of A. vinelandii due to the high
energetic cost that implies the cellular maintenance of cultures grown
under diazotrophy and at high oxygen concentrations because of
respiratory protection [17,23].

As shown in Table 2, several authors have reported that A. vinelandii
strains exhibit high respiration rates (qO

2
), specifically when they were

grown under diazotrophy and high oxygen concentrations (dissolved
38
oxygen tension (DOT) ≥ 10%) [25,45,46]. In chemostat cultivations,
Post et al. [25] observed a linear increase in qO2 values within a DOT
range of 0 and 30%. With DOT values above 30%, no significant
changes in qO2 values were achieved, and this behavior was observed
in cultures with NH3 or under diazotrophic conditions. These authors
observed that, at low concentrations of sucrose (3 g L-1) and a DOT of
25%, the qO2, under diazotrophic conditions, was two-fold higher than
the qO2 in the presence of NH3 [25]; however, when A. vinelandii OP
was grown with a higher sucrose concentration (15 g L-1), similar qO2

values were achieved with N2 or NH3, suggesting that under the latter
conditions, the C/N ratio has an important role. Similarly, Bühler et al.
[45] found that at low DOT (5%), the qO2 value in cultures of the OP
strain was only 24 mmol gp-1 h-1, and it was unaffected by changes in
the C/N ratio, which ranged between 5 to 10. In contrast, when the
same strain was exposed to a DOT of 60%, the qO2 increased by 45%
from 120 mmol gP-1 h-1 at a C/N ratio of 5 molS molNH4-1 to 174 mmol gP-
1 h-1 at a C/N ratio of 10 molS mol NH4

-1 . In this regard, Inomura et al.
[47] modeled the respiration rates and nitrogen fixation of A.
vinelandii at different C/N ratios and DOT values and found three
metabolic stages based on laboratory data: a carbon limited phase,
which is present for low C/N ratios and characterized by low
respiration rates; ammonium-limited growth for intermediate C/N
ratios, in which there is an increase in the respiration rates as a
function of the C/N ratio; and for high C/N ratios, growth based on
nitrogen fixation at which the highest respiration rate is achieved and
remains constant as the C/N ratio increases. In this model, the C/N
ratio at which nitrogen fixation occurs is oxygen dependent; thus, at
30% DOT, the C/N ratio at which nitrogen fixation occurs is 5, whereas
at 60% DOT, nitrogen fixation starts with a C/N ratio of 7 [47].

The impact of the oxygen concentration on the respiration rates of A.
vinelandii has also been described by Bühler et al. [45] and Linkerhagner
and Oelze [46]. Bühler et al. [45] explained that the qO2 values in the
cultivations conducted at the highest DOT (60%) were up to 10-fold
higher than those achieved at the lowest DOT (5%) (Table 2). On
the other hand, Linkerhagner and Oelze [46] reported that in
cultivations conducted under diazotrophic conditions, an increase
in the DOT from 27 to 54% was reflected in an increase in the qO2

from 168.6 mmol gP-1 h-1 to 258 mmol gP-1 h-1, respectively. In a
related study, Lozano et al. [48] reported that the qO2 value increased
3-fold as a function of the DOT (within a range between 0.5 and 5%)
in batch cultivations when the agitation rate was kept constant at 300

Image of Fig. 1


Table 1
Strains of A. vinelandii.

Strain Genotype Phenotype Main characteristics In vitro respiration rates Reference

O Native strain Mucoid N.D. N.D. [87]
OP Natural algU- mutant of O

strain
Non mucoid This strain is able to grow under diazotrophy at high oxygen

concentrations.
Quantified in membrane vesicles
with malate: 66.6 mmol g-1 h-1; with
NADH: 40.8 mmol g-1 h-1

[44]

Quantified in membrane vesicles
with succinate: 14.4 mmol g-1 h-1;
with NADH: 72 mmol g-1 h-1

[43]

OPN OP derivative ptsN::Km r Non mucoid P(3HB) overproducer N.D. [88]
OPNA Double OP mutant strain

ptsN::Kmr and rsmA::Spr
Non mucoid P(3HB) overproducer N.D. [86]

OP AlgU+ OP derivative algU::Km r AlgU+
Mucoid

This strain shows a similar alginate production as ATCC9046 N.D. [40]

UW136 Natural rifampin-resistant
mutant of OP

Non mucoid High recombination index Quantified in membrane vesicles
with malate: 15 mmol g-1 h-1; with
NADH 15 mmol g-1 h-1

[42]

Quantified in fresh cell suspension
with glucose: 0.52 mmol g-1 h-1.

[41]

MK1 UW136:Tn5-B20 RifR KmR This strain showed a similar content of cytochromes as
compared to its wild type.

N.D. [42]

MK5 UW136 cydB::Tn5-B20 RifR

KmR
Cyd- This strain was unable to grow in BS under high oxygen

concentrations.
Quantified in membrane vesicles
with malate: 0.6 mmol g-1 h-1;
NADH: 1.5 mmol g-1 h-1

[42]

MK8 UW136 cydR::Tn5-B20 RifR

KmR
Cyd+ Showed a higher level of cytochrome d was able to grow in air

on BSN and BS medium. It did not grow in an atmosphere
of 1.5% O2 on either BSN or BS medium.

N. D. [42]

DL10 UW136 cyoB::Tn903 RifR

KmR
cytochrome o- Showed a high level of cytochrome bd but no detectable

amounts of cytochrome o, this mutant was able to fix
dinitrogen in presence of air

Quantified in fresh cell suspension
with glucose: 0.27 mmol g-1 h-1.

[41]

AV-90 Ph(NMe2)2-oxidase- cytochrome c- This mutant was able to grow under diazotrophic conditions in
presence of air; showed a lower growth at low oxygen
concentrations as compared to its parental strain.

Quantified in membrane vesicles
with malate: 58.2 mmol g-1 h-1; with
NADH: 43.2 mmol g-1 h-1

[44]

TZN200 Mutant isolated after
treatment with N-methyl-N
′-nitro-N nitrosoguanidine.

Cyd+

Unable to
reduce
Tetrazolium
red

In this mutant, concentration of cytochrome d showed an
increase of 5-fold and a decrease of 46% of cytochrome c with
respect to the wild type OP.

Quantified in membrane vesicles
with succinate: 36.6 mmol g-1 h-1;
with NADH: 164.4 mmol g-1 h-1

[43]

ATCC
9046

Native strain Mucoid High alginate production N.D [89]

AT9 ATCC 9046 mucG::Tn5 Mucoid Hypermucoid-colony phenotype N.D [14]
ATCN4 ATCC 9046

nqrE::Tn5
Mucoid Hypermucoid-colony phenotype N.D [26]

AEIV
Also
known as
strain E

Native strain Mucoid Low alginate production N.D [26]

GG9 AEIV mucG::Tn5 Mucoid Hypermucoid-colony phenotype N.D [71]
GG101 AEIV ubiA::Tn5 Hypermucoid-colony phenotype N.D [74]
DSM
93-541b

Native strain Mucoid
Non-flagellated

High alginate production N.D [49]
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rpm. In contrast, these authors did not observe significant differences in
the qO2 value within the same DOT range but used an agitation rate of
700 rpm. In accordance with these results, Sabra et al. [49] observed a
linear increase in the qO2 values achieved by A. vinelandii in chemostat
cultivations for DOT values within a range of 0.5 to 5% (Table 2);
however, no significant differences were found for DOT values in the
range of 5 to 10% [49]. It must be emphasized that under these DOT
values (5–10%), the dilution rate in chemostat cultivations influences
the respiration rate. Sabra et al. [49] used diazotrophic and
phosphate-limited chemostats and observed that the qO2 value
increased 2.33-fold as a function of the dilution rate within a range
from 0.08 to 0.26 h-1 (Table 2).

On the other hand, the effect of the phosphate concentration on the
qO2 value was evaluated by Linkerhagner and Oelze [46], who found
that, at the same DOT (54%), the highest qO2 (258 mmol gP-1 h-1) was
reached with a low phosphate concentration (5.8 mg L-1); while an
increase in the phosphate concentration to 580 mg L-1 was reflected
by a reduction in the qO2 value to 171 mmol gP-1 h-1. A similar
behavior was described when the DOT of cultivations decreased to 27%
39
(68 μM); at this oxygen concentration, the qO2 was 168.6 mmol gP-1 h-1

when the phosphate concentration was 5.8 mg L-1, but the qO2

decreased to 82.2 mmol gP-1 h-1 in those cultivations developed at the
highest phosphate concentration (580 mg L-1) [46].

From these results, it is clear that, in addition to the nitrogen
fixation and the high oxygen concentrations, the respiration rates
of A. vinelandii are also affected by the phosphate concentration,
as well as by the C/N ratios or the specific growth rates, and these
could be parameters for the design of cultivation strategies that
would allow the minimization of oxygen consumption rates,
ensuring that cultivations were not phosphate or nitrogen limited
either in chemostat or batch cultivations [50]. In this regard, Díaz-
Barrera et al. [51] reported on the cultivation of two different A.
vinelandii strains (OP and ATCC9046) grown in bioreactors with a
complex nitrogen source (yeast extract) and oxygen limitation
(DOT ≈ 0%), and qO2 values of 9.5 and 13.3 mmol g-1 h-1 were
obtained, respectively; these values are within the range reported
for other bacterial strains such as Bacillus thuringensis [52],
Escherichia coli [53] and Pseudomonas [54].



Table 2
Comparison of specific oxygen consumption rates (qO2) in A. vinelandii strains grown at different growth conditions. C/N ratios are expressed as mol of sucrose per mol of NH4. Values of
qO2 are expressed as mmol per gram of biomass per hour and (*) is for those qO2 expressed as mmol per gram of protein per hour.

Strain Nitrogen source Growth conditions qO2

(mmol g-1 h-1)
Reference

Chemostat cultivations
DSM 93-541b Diazotrophy D = 0.08 h-1

DOT = 0.5%
7.5 [49]

D = 0.26 h-1

DOT = 0.5%
15

D = 0.08 h-1

DOT = 5–10%
30

D = 0.26 h-1

DOT = 5–10%
70

ATCC9046 Diazotrophy 300 rpm
(1 vvm)
D = 0.08 h-1

2.2 [90]

500 rpm
(1 vvm)
D = 0.08 h-1

4.8

ATCC9046 Diazotrophy 600 rpm (1 vvm)
D = 0.09 h-1

15 [91]

ATCC9046 NH4 300 rpm
(1 vvm)
D = 0.08 h-1

3.7* [85]

700 rpm
(1 vvm)
D = 0.08 h-1

20*

ATCC9046 NH4 DOT of 8%
D = 0.1 h-1

45.3 [72]

OP Diazotrophy DOT = 25%
Sucrose concentration = 3 g L-1

120* [25]

DOT = 25%
Sucrose concentration = 15 g L-1

187*

OP Diazotrophy DOT = 27%
Phosphate = 580 mg mL-1

D = 0.1 h-1

82.2* [46]

DOT = 27%
Phosphate = 5.8 mg mL-1

D = 0.1 h-1

168.6*

DOT = 54%
Phosphate = 580 mg mL-1

D = 0.1 h-1

171*

DOT = 54%
Phosphate = 5.8 mg mL-1

D = 0.1 h-1

258*

OP NH4 DOT = 5%
C/N = 5

≈ 24* [45]

DOT = 5%
C/N = 10

≈ 24*

DOT = 60%
C/N = 5

≈ 120 *

DOT = 60%
C/N = 10

≈ 174 *

OP NH4 DOT = 25%
Sucrose concentration = 3 g L-1

≈ 60* [25]

DOT = 25%
Sucrose concentration = 15 g L-1

≈ 195*

Batch cultivations
ATCC9046 Diazotrophy 200 rpm

10 mL of filling volume/250 mL of total volume
55 [40]

ATCC9046 NH4 DOT of 5% (300 rpm) 24 [48]
DOT of 0.5% (300 rpm) 8.5
DOT of 5% (700 rpm) 29
DOT of 0.5% (700 rpm) 28

ATCC9046 Yeast extract 200 rpm
100 mL of filling volume/500 mL of total volume

12 [60]

100 rpm
100 mL of filling volume/500 mL of total volume

5.2

ATCC9046 Yeast extract 600 rpm (1 vvm) 13.3 [51]
OP Diazotrophy 200 rpm

10 mL of filling volume/250 mL of total volume
80 [40]

OP NH4 DOT of 4%
450 rpm
1.5 L min-1

148.9 [61]

OP Yeast extract 600 rpm
(1 vvm)

9.5 [51]

OPNA Yeast extract/Peptone DOT = 4% 700 rpm (1 vvm) 20* [86]
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5. Alginate and P(3HB) production as a function of oxygen
consumption and the relationship with their chemical properties

A. vinelandii is a microorganism of biotechnological interest because
of its ability to produce alginate, an extracellular polysaccharide with
properties as a viscosifyer and gelling agent. Alginate is formed by
units of mannuronic acid and its epimer guluronic acid, and
mannuronic units can be acetylated. It is important to point out that
the viscosifying and gelling capabilities of alginates largely depend on
the chemical structure, the relative content of the two monomers (G
and M), the degree of acetylation, and the mean molecular weight
(MMW) of the polymer [55,56].

During alginate biosynthesis, permonomeric unit, one ATPmolecule
and one GTP molecule are consumed, and two molecules of NADH are
released. Thus, although this process has a high demand for energy, it
also contributes to reducing power generation, and it has been
suggested that alginate biosynthesis imposes a high rate of oxygen
consumption on the cell, correlated to the energy demand for the
synthesis of this polymer [57].

On the other hand, P(3HB), an intracellular biopolyester, can be used
as a substitute for conventional plastics derived from the petrochemical
industry. P(3HB) is a polymer composed of units of 3-hydroxybutyrate.
Each monomeric unit is synthesized from the condensation of two
molecules of acetyl-CoA into acetoacetyl-CoA and then reduced to 3-
hydroxybutyryl-CoA by oxidation of one molecule of NADPH.

It is important to point out that the genes algU and cydR, which are
involved in the transcriptional regulation of the genes cydA and cydB,
are also involved in the transcriptional regulation of the alginate and P
(3HB) structural genes. While alginate biosynthetic genes are
positively regulated by AlgU, CydR negatively regulates the genes
related to P(3HB) biosynthesis [58]. Thus, a cydR- mutant in A.
vinelandii causes overexpression of β-ketothiolase and acetoacetyl-coA
reductase, promoting the accumulation of P(3HB) throughout the
exponential growth rate [59], and in algU- mutants in A. vinelandii
Fig. 2.Model of alginate and P(3HB) production as a function of the oxygen uptake rates in A
alginate production, as well as the inverse correlation between OURmax and P(3HB) produ
[49,85,90,91].
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strains are defective in alginate production. Therefore, the
biosynthesis of both polymers is highly related to energetic
metabolism, in which oxygen has an important role, and the
evaluation of respiratory parameters could be of great importance for
understanding the distribution of carbon usage in this bacterium.

Along this line, several studies have demonstrated the importance of
oxygen availability and oxygen consumption on alginate and P(3HB)
biosynthesis ([14,48,60,61,62,63,64,65,66,67]; Fig. 2). Table 3 shows
data reported on biopolymer production by A. vinelandii growing
under different qO2 conditions.

Specifically, alginate production has been widely studied within a
range of DOT values from 0.5 to 10% [48,49,62,68,69]. In addition,
alginate production has been studied as a function of the maximum
oxygen transfer rate (OTRmax), which under constant DOT conditions
(dO2/dt ≈ 0) is equal to the maximum oxygen consumption rate
(OURmax) [48,65,70]. Interestingly, these parameters (OTRmax/OURmax)
and therefore the qO2 value not only determine the concentration but
also affect the mean molecular weight (MMW) of alginate produced
by A. vinelandii [14,65,71]. Sabra et al. [49] used chemostat
cultivations conducted at a constant DOT of 5% and different dilution
rates and observed that the specific alginate production (qAlg)
increased from 0.04 gAlg g-1 h-1 at a qO2 value of 30 mmol g-1 h-1 to
0.21 gAlg g-1 h-1 when the qO2 value was 70 mmol g-1 h-1 (Table 3).
These authors also observed that the MMW of the alginate increased
from 400 to 800 kDa within a qO2 range from 7.5 to 30 mmol g-1 h-1

([49; Table 3). In this line, Díaz-Barrera et al. [61] used chemostat
cultivations conducted at 0% DOT and observed that the MMW of the
alginate decreased from 1350 to 869 kDa when the qO2 value
increased from 2.2 to 4.8 mmol g-1 L-1. In contrast, when DOT was
controlled in chemostat cultivations at 8% DOT, the qO2 value
increased from 10.9 to 45.3 mmol g-1 L-1, and the MMW increased
from 450 to 800 kDa ([72]; Table 3).

In batch cultivations, Díaz-Barrera et al. [70] found that at 0% DOT,
the OTRmax increased, and therefore the OURmax, which increased
zotobacter vinelandii, in which is observed the direct correlation between the OURmax and
ction and alginate MMW. (○,Δ) batch cultures; [40,48,51] (●,▲) chemostat cultures;

Image of Fig. 2


Table 3
Comparison of biopolymer production in A. vinelandii strains grown at different growth conditions. Values of qO2 are expressed asmmol per gram of biomass per hour and (*) is for those
qO2 expressed as mmol per gram of protein per hour.

Strain Type of cultivation Product Specific product production (g g-1 h-1) MMW (KDa) qO2 (mmol g-1 h-1) Reference

DSM 93-541b Chemostat Alginate 0.04 400 7.5 [49]
Alginate 0.04 800 30
Alginate 0.21 N. D. 70

ATCC9046 Chemostat Alginate 0.016 1350 2.2 [90]
Alginate 0.051 869 4.8

ATCC9046 Chemostat Alginate 0.06 500 15 [91]
ATCC9046 Chemostat Alginate

P(3HB)
1.01
1.15

N. D. 3.7* [85]

Alginate
P(3HB)

1.50
0.07

N. D. 20*

ATCC9046 Chemostat Alginate 0.2 450 10.9 [72]
Alginate 0.18 800 45.3

ATCC9046 Batch Alginate 0.018 150 24 [48]
Alginate 0.02 150 8.5
Alginate 0.032 200 29
Alginate 0.025 550 28

ATCC9046 Batch shaken flasks Alginate 0.5 N. D. 55 [40]
ATCC9046 Batch shaken flasks Alginate 0.05 2170 13.6 [14]
AT9 0.052 3112 16.4
GG9 0.037 2300 12.9
OPALgU+ 0046 2100 15.2
ATCC9046 Batch shaken flasks Alginate 1.14 1750 12 [60]

Alginate 0.83 1850 5.2
OP Batch P(3HB) 0.2 N. D. 9.5 [51]
OP Batch P(3HB) 0.42 N. D. 49.5 [61]

P(3HB) 0.63 N.D. 11.6
OPNA Batch P(3HB) 0.25 N. D. 20* [86]
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from 3 to 9 mmol L-1 h-1, positively affected alginate production;
however, there was an inverse correlation between the MMW of the
alginate and the OURmax, and the highest MMW value (1560 kDa)
was reached at the lowest OURmax (3 mmol L-1 h-1). Similarly, Lozano
et al. [48] found that in bioreactor batch cultivations conducted at the
same DOT (5%) but different OURmax, the highest alginate production
(3 g L-1) was achieved in cultivations conducted at the highest
OURmax (100 mmol L-1 h-1; qO2 = 29 mmol g-1 h-1), although the
highest MMW value (550 kDa) was achieved when the OURmax was
only 17 mmol L-1 h-1 (qO2 = 28 mmol g-1 h-1) (Table 3). This behavior
was also observed by Peña et al. [60] and Gómez-Pazarín et al. [73] in
shaken flask cultivations, in which they found a direct correlation
between alginate production and OURmax but an inverse correlation
between this parameter and the alginate MMW (Table 3). More
recently, García et al. [14] found that in shaking flask cultures grown
at high OTRmax (5 mmol L-1 h-1), the highest qO2 value was achieved
in cultures with the AT9 strain; this value was 25% higher than the
qO2 value reached by cultures of GG9 and ATCC 9046 and 8% higher
with respect to the culture of the OPAlgU + strain.

Interestingly, A. vinelandii mutant strains impaired in the respiratory
complex showed an improvement in alginate biosynthesis [26,74,75]. In
this regard, the mutant strain ATCN4 (Table 1), which has suppressed
Na+-NQR complex activity due to an insertion within the gene nqrE
encoding a subunit of this oxidoreductase, showed an alginate-
overproducing phenotype [26]. Similarly, the mutant strain GG101
(Table 1) has an interruption in the ubiA gene, which encodes the
enzyme of the second step of ubiquinone 8 (Q8), and this mutation
reduces the Q8 content that correlates with a decrease in the OURmax of
8% compared with the wild-type strain. Surprisingly, this mutation was
reflected in an increase in the specific alginate production of up to 14-
fold [74]. Although this positive effect on alginate production in both
mutants could be directly related to a decrease in oxygen consumption,
the molecular mechanisms that are involved remain unknown.

Some reports have been published on the influence of oxygen
availability on the acetylation degree [76,77]. Castillo et al. [76] used
chemostat cultures and showed that the acetylation degree of
alginates was higher in the steady-state at 9% DOT than those
developed at a low DOT (1%). Díaz-Barrera et al. [72] reported similar
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evidence in chemostat cultures of A. vinelandii. Those authors reported
that regardless of the dilution rate, the highest acetylation degree (6%
w w-1) was obtained in the chemostat cultures under a DOT of 8%
compared to 1%. It is possible that under low oxygen concentrations
(and lower oxygen consumption), some enzymes of the tricarboxylic
acid cycle (TCA), including citrate synthase and isocitrate
dehydrogenase (ICDH), could be downregulated by the accumulation
of NADPH+ and NADH+, reducing the flux of acetyl-CoA through the
TCA cycle [78] and increasing the availability of acetyl-CoA for alginate
acetylation processes.

In shaking flask cultures, Peña et al. [60] demonstrated that in
cultures conducted at a lower OTRmax (cultures at 100 rpm), an
alginate with a high degree of acetylation (5.8% w w-1) was obtained.
In contrast, in cultures with a higher OTRmax (cultures at 150 and 200
rpm), the acetylation of the alginate was found to be 4.2% w w-1 and
3.5% w w-1, respectively. Using metabolic flux analysis, Castillo et al.
[77] revealed that changes in oxygen availability have a considerable
impact on metabolic fluxes, which is reflected, among other factors, in
the degree of acetylation of alginate. Under low aeration conditions, it
was found that the tricarboxylic acid cycle was downregulated, while
the phosphoenolpyruvate/pyruvate/acetyl-CoA nodes and the
glyoxylate shunt were upregulated. These responses exerted an
important effect on both alginate and P(3HB) production, as well as
on alginate acetylation.

Studies about the influence of oxygen consumption on the G-M
content in alginate are limited [49,79,80]. Sabra et al. [49] used
continuous culture and demonstrated that an increase in the DOT led
to the formation of alginate with a higher molecular weight and a
greater guluronic acid content. Similarly, in cultures of A. vinelandii
grown to a high DOT (10%), the guluronic acid content was dominant
(65–100%) in the alginate structure [80]. Similarly, Moral and Sanin
[79] conducted batch cultures of A. vinelandii in a bioreactor and
demonstrated that GG blocks dominated at both low oxygen transfer
rate (cultures at 200 rpm) and high oxygen transfer rate (cultures at
700 rpm).

On the other hand, several studies related to P(3HB) biosynthesis
have proposed that oxygen limitation leads to high concentrations of
NADH and NADPH, inhibiting the citrate synthase and isocitrate
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dehydrogenase activities of the tricarboxylic acid cycle and increasing
the concentration of acetyl-CoA available for P(3HB) biosynthesis
[78,81]. In addition, iron scarcity has been reported to increase the P
(3HB) levels in A. vinelandii [82,83]. In this regard, Page and Knosp
[84] reported that the mutant strain UWD, which has a mutation in
respiratory NADH oxidase, resulted in the ability of the strain to
accumulate P(3HB) during the exponential phase without the need for
nutrient limitation, supporting the fact that an imbalance in reducing
power leads to P(3HB) accumulation [61].

More recently, it was confirmed that in chemostat cultivations of A.
vinelandii ATCC9046 under oxygen-limiting conditions and therefore
under low qO2 values (3.7 mmol gP-1 h-1), the metabolic flux from
pyruvate towards acetyl-CoA is enhanced, showing an increase in P
(3HB) production of up to 10-fold compared to the condition of
nonoxygen limitation with a qO2 of 20 mmol gP-1 h-1 ([85]; Table 3). It
has also been observed that in cultures of the OP strain, a lower qO2

(at least 30%) was obtained with respect to the alginate producer
strain ATCC 9046 cultured under the same growth conditions [51].
This behavior was also observed in the OPNA strain, a P(3HB)
overproducer mutant, when cultured in a bioreactor batch under
controlled oxygen conditions (4% of DOT) and with a complex
nitrogen source. García et al. [86] reported qO2 values 2.5-fold lower
than those obtained with the ATCC9046 strain grown under similar
DOT conditions, suggesting that under those growth conditions, the P
(3HB) producer strains had a lower demand for oxygen than the
alginate producer strain (Table 3).

6. Concluding remarks

This review highlights the importance of analyzing respiration
during the cultivation of A. vinelandii because this bacterium exhibits
rates of oxygen consumption higher than those determined for other
prokaryotes, offering a challenge for the cultivation of this bacterium
on a large scale. The respiratory system in A. vinelandii is very complex
and includes cytochromes and dehydrogenases, which are activated in
a synchronized way under conditions of limitation and not oxygen
limitation, as well as fixation and nonfixation of nitrogen, affecting the
energetic efficiency of the bacteria. It has been shown that among the
factors of cultivation that influence oxygen consumption in A.
vinelandii, one of the most important factors is dissolved oxygen
tension and the C/N ratio of the medium; it was found that under
nonoxygen limitation and nitrogen fixation, the respiration rate and
the activity of the uncoupled respiratory chain, which is composed of
cytochrome bd and NDH II dehydrogenase, of the bacteria increase. On
the other hand, cultures with low C/N ratios are characterized by low
respiration rates, whereas for high C/N ratios, growth based on
nitrogen fixation and high respiration rates are achieved and remain
constant as the C/N ratio increases. It is important to point out the
close relationship between respiration and the synthesis of alginate
and P(3HB). In the case of alginate production, the bacterium requires
high oxygen consumption due to the energy demand for the synthesis
of this polymer. However, at low oxygen consumption rates, the
accumulation of P(3HB) in the bacterium increases.

Undoubtedly, understanding the regulatorymechanisms controlling
respiration in A. vinelandii has helped some researchers construct
mutants that exhibit very low respiration rates similar to other
bacterial strains, such as Bacillus thuringensis, Escherichia coli and
Pseudomonas. For the OP and OPNA strains, P(3HB) producers exhibit
at least 30% less oxygen consumption than native alginate-producing
strains (ATCC9046).

From a commercial viewpoint, it is evident that the production of
alginate using A. vinelandii requires a high level of aeration to achieve
good polymer yield. This would require the use of energy-expensive
sparging techniques or advanced fermenters, such as overpressurization,
in which oxygen solubility increases by pressurizing the bioreactor. In
this sense, new culture strategies based on the use of mutant strains that
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exhibit a low consumption of oxygen coupled to cultivation under
nutritional conditions that allow the bacterium to reach a better
energetic balance in terms of the aeration conditions required during the
process can be designed for the production of both biopolymers. In this
way, the production costs will be reduced, making the process more
competitive and feasible to scale up for commercial use. On the other
hand, the possibility of manipulating the chemical characteristics of
alginate and P(3HB), and therefore their functional properties, by
controlling the availability of oxygen in the culture, offers an alternative
with potential for custom-made biopolymers, which can be used for
biomedical and pharmaceutical applications.
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