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Background: Alginates are polysaccharides used in a wide range of industrial applications, with their
functional properties depending on their molecular weight. In this study, alginate production and the
expression of genes involved in polymerization and depolymerization in batch cultures of Azotobacter
vinelandii were evaluated under controlled and noncontrolled oxygen transfer rate (OTR) conditions.

Results: Using an oxygen transfer rate (OTR) control system, a constant OTR (20.3 = 1.3 mmol L 'h~') was

ileywordslr maintained during cell growth and stationary phases. In cultures subjected to a controlled OTR, alginate
Algiggi yase concentrations were higher (5.5 + 0.2 g L™') than in cultures under noncontrolled OTR. The molecular

weight of alginate decreased from 475 to 325 kDa at the beginning of the growth phase and remained
constant until the end of the cultivation period. The expression level of alyA1, which encodes an alginate
lyase, was more affected by OTR control than those of other genes involved in alginate biosynthesis. The
decrease in alginate molecular weight can be explained by a higher relative expression level of alyAl
under the controlled OTR condition.
Conclusions: This report describes the first time that alginate production and alginate lyase (alyAl)
expression levels have been evaluated in A. vinelandii cultures subjected to a controlled OTR. The results
show that automatic control of OTR may be a suitable strategy for improving alginate production while
maintaining a constant molecular weight.
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levels of alginate lyase (alyAl) by control of the oxygen transfer rate in Azotobacter vinelandii cultures
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1. Introduction

Alginates are polysaccharides with variable proportions of
(1-4)-B-p-mannuronic acid (M) and o-L-guluronic acid (G), and they
are used as food additives and encapsulation agents in biotechnol-
ogy [1]. Alginates can be produced by Azotobacter vinelandii [2],
and several Pseudomonas sp. [3]. A. vinelandii is a nitrogen-fixing
bacterium with a high respiration rate that can synthetize the polye-
ster poly-3-hydroxybutyrate (PHB) [2]. A. vinelandii is able to pro-
duce alginates with different compositions and characteristics,
mainly in terms of their G/M distribution, molecular weights and
degree of acetylation [4]. Alginate biosynthesis in A. vinelandii cells
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is an energy-demanding process characterized by different stages
thatoccurin the cytoplasm and periplasm. The alginate biosynthesis
steps of the precursor (GDP-mannuronic acid) have been described
[4] while the molecular mechanisms of polymerization and modifi-
cation are less understood [5]. In the periplasm, starting from the
precursor, the nascent polymer is polymerized and modified. The
polymerization of the precursor is carried out by the enzymes
glycosyltransferase/polymerase (Alg8, encoded by alg8) and copoly-
merase (Alg44, encoded by alg44), located in the inner membrane.
Modifications are carried out by different enzymes which depoly-
merize (AlgL, encoded by algL; AlyA1-3, encoded by alyA1, alyA2
and alyA3), acetylate (AlgV, encoded by algV) and epimerize
(AlgE1-7) [5]. In particular, AIgE7 (encoded by algE7) is a bifunc-
tional enzyme with lyase and epimerase activity [6].

Some studies have evaluated the expression of particular genes
involved in alginate biosynthesis [7,8,9,10]. In batch cultures of A.
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vinelandii at a constant dissolved oxygen tension (DOT) of 1%,
higher expression levels of alg8 and alg44 were obtained than in
cultures with 5% DOT [9]. On the other hand, in cultures performed
in continuous mode, the alginate mean molecular weight (MMW)
and alg8 gene expression levels were found to be higher at a lower
oxygen transfer rate (OTR) [7]. However, further study is required,
especially to understand the polymerization and depolymerization
in alginate synthesis.

In batch cultures of A. vinelandii it has been established that the
alginate molecular weight increases during the cell growth period
and decreases in the stationary phase [9,11,12]. Different strategies
for alginate production by A. vinelandii have been evaluated
[13,14,15], demonstrating that it is possible to produce alginates
of different molecular weights by varying the OTR of the cultures.
In batch cultures of A. vinelandii the OTR reaches a maximum level
then remains constant during the cell growth phase, later decreasing
when the cells are in stationary phase [14,16]. Therefore, in the sta-
tionary phase a decrease in the alginate molecular weight can be
related to variations in the OTR or the oxygen uptake rate (OUR)
[12].To overcome the limitation of producing alginate with different
molecular weights during cultivation, from a technological perspec-
tive, it is possible to produce alginate at a constant OTR during the
cultivation of A. vinelandii. Recently, we reported the design of a con-
trol system for maintaining a constant OTR in batch cultures of A.
vinelandii [17]. Previously, Beronio and Tsao [ 18] developed oxygen
transfer rate control during oxygen-limited culture to enhance the
production of 2,3-butanediol by K. oxytoca. The aim of this study
was to evaluate alginate production in batch cultures carried out
under controlled OTR conditions using an automatic control system
based on variation of the oxygen gas input to the bioreactor. Alginate
production (concentration and molecular weight) and the expres-
sion of genes involved in alginate polymerization (alg8, alg44) and
depolymerization (algE7, algL and alyA1) were evaluated under con-
ditions of controlled and non-controlled OTR.

2. Materials and methods
2.1. Microorganism and culture medium

Azotobacter vinelandii ATCC 9046 (wild-type strain) was used in
this study. The bacterium was cultivated under nitrogen fixation
conditions. The strain was cryopreserved at —80°C in a 30% glyc-
erol solution. The culture medium used contained 20 g L~! sucrose,
0.66 g L™! K;HPO,4, 0.16 g L~ KH,PO,4, 0.05 g L~! CaSO,, 0.2 g L™!
NaCl, 0.2 g L~! MgS0,4-7H,0, 0.0029 g L' Na,Mo0O,4-2H,0, and
0.027 g L~! FeS0,4-7H,0. Sucrose, K;HPO4, and KH,PO, were dis-
solved in a bioreactor and autoclaved at 121°C for 20 min. CaSO4
was sterilized separately (121°C for 20 min) and added to the med-
ium. Solutions of NaCl, MgS047H,0, Na,Mo04-2H,0, and FeSO4-
-7H,0 were separated and sterilized in an autoclave at 121°C for
20 min. The initial pH was adjusted to 7.0 with 2 M NaOH [10].

2.2. Inoculum preparation

Cells from cryopreserved vials were transferred to Erlenmeyer
flasks (500 mL) containing 100 mL of culture medium and cultured
at 200 rpm and 30°C in an orbital incubator shaker (shaking radius
20 mm) (Daihan LabTech CO, Korea). Cells in the growth phase
(10% v v~!) were collected and transferred to the bioreactor [12].

2.3. Cultivation conditions

Batch culture was performed in a 3 L bioreactor (Applikon,
Schiedam, Netherlands) using a working volume of 1.5 L. The bac-
terium was grown in the culture medium described previously.
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The bioreactor was equipped with 3 Rushton turbines (4.5 cm
diameter). Culture was carried out at 30°C with an air flow of 1.5
L min~! (1.0 vwm) at pH 7.0 = 0.1, controlled automatically by
the addition of 2 M NaOH. Culture was conducted under controlled
OTR and noncontrolled conditions. The bioreactor was operated at
300, 500 and 700 rpm under noncontrolled OTR conditions and
500 rpm under controlled OTR conditions. The DOT was measured
with a polarographic oxygen probe (Ingold, Mettler-Toledo) and
was not controlled. Culture samples (10 mL) were collected from
the bioreactor. The batch cultures were carried out in triplicate.

2.4. Description of an automatic system for OTR control

In A. vinelandii cultures under some conditions, alginate molec-
ular weight decreases during the stationary phase of culture [11].
In addition, it has been reported that OTR affects alginate produc-
tion [15], and that OTR decreases during the stationary phase
[12,14]. Consequently, we evaluated alginate production in cul-
tures subjected to controlled OTR during their culture period. To
control the OTR throughout the culture, an OTR control system
for batch cultures of A. vinelandii was previously designed [17].
Briefly, a PI control algorithm for the OTR was established based
on the relationship between oxygen gas concentrations measured
with a gas analyzer. The analyzer is a closed-loop control system
modulating oxygen gas output and input. The manipulated vari-
able is the oxygen input to the bioreactor and the controlled vari-
able is the oxygen gas output of the fermenter, indicative of
bacterial oxygen consumption. Under non-controlled OTR condi-
tions, oxygen input corresponds to the composition of air (i.e.,
20.9%), and this value varies depending on the development of
the culture. After 12 h of cultivation the OTR control system was
initiated and the oxygen input was varied to control output at
20.3% [17]. This control approach permits the OTR to be controlled
indirectly through oxygen output. Thus, the batch cultures for pro-
ducing alginate were evaluated under controlled OTR and noncon-
trolled conditions.

2.5. Respiration parameters

The OTR and carbon dioxide transfer rate (CTR) were calculated
by measuring oxygen and carbon dioxide in the exit gas using a gas
analyzer (Teledyne Instruments, model 7500), according to previ-
ously described methods [12]. The OTR and CTR were determined
according to Equation 1 and Equation 2:

CFin ) 1— Xin _ Xin )
OTR = — G [ Xin _ xout( 02 "0z Equation 1
ViV ( %2 T (1 — X3 - X% Fa ]

CEM [ [(1-X8 —X& . ,
CTR = Vv (choz (1 — Xnglzt - XE‘(‘EZ - X, [Equation 2]

where C is the unit conversion factor (1000), FiGn is the volumetric
inlet air flow under standard conditions (L h™!), Vi is the working
volume (L), Vi is the mol volume of the ideal gas under standard
conditions (L mmol 1), xig;2 is the molar fraction of oxygen in the
inlet air (mol mol™1), X‘(’)it is the molar fraction of oxygen in the out-
let gas stream of the bioreactor (mol mol 1), X‘C“02 is the molar frac-
tion of carbon dioxide in the inlet air (mol mol '), and X¢j is the
molar fraction of carbon dioxide in the outlet gas stream of the
bioreactor (mol mol~1).

The respiratory quotient (RQ) was determined according to
Equation 3:

CTR

RQ =omr

[Equation 3]
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In oxygen-limited cultures, the OUR is equal to the OTR, and the
specific oxygen uptake rate(q,) can then be calculated according
to Equation 4:

_OmR

X [Equation 4]

0,

where X is the biomass (g L") during cell growth.

2.6. Analytical measurements

The biomass concentration was quantified gravimetrically. The
culture broth (10 mL) was mixed with 1 ml of 0.1 N NasEDTA
and 1 mL of 1.0 N Na(l, followed by centrifugation at 7650 g for
10 min. The obtained pellet was dried at 80°C and weighed until
a constant weight was reached. The sucrose concentration was
determined through acid hydrolysis followed by determination of
reducing sugars with dinitrosalicylic acid (DNS) reagent [19].
PHB was extracted from the cells and quantified as crotonic acid
using HPLC-UV. The dry biomass (2-3 mg) was hydrolyzed with
concentrated H,SO, (1 mL) in a Thermo-Shaker (H5000-H-E,
Multi-Therm) for 1 h at 90°C and 700 rpm. Crotonic acid (Sigma-
Aldrich) was quantified using an HPLC-UV system with an Aminex
HPX-87H column (300 x 7.8 mm, 9 um, Bio-Rad). Elution was per-
formed with 5 mM H,SO, at 0.6 mL min~' and 55°C [10]. Alginate
concentrations were measured gravimetrically by precipitation
with 3 volumes of 2-propanol [14,20], and the resultant precipitate
was filtered (0.22-pm Millipore filters) and dried at 65°C to a con-
stant weight. Five milligrams of dry alginate was dissolved in 1 ml
of 0.1 M NaNOs followed by agitation for 1 h at 35°C, and then left
to stand for at least 12 h at room temperature. The samples were
filtered through 0.22 pm nylon membranes before being injected
into the HPLC system. The alginate MMW was determined using
gel permeation chromatography (GPC) using a serial set of Ultrahy-
drogel columns (500 A, 10 um, 7.8 x 300 mm, Waters) in an HPLC
system with a differential refractometer detector (Jasco, Japan).
Elution was performed with 0.1 M NaNOs at 35°C at a flow rate
of 0.9 ml min~! using pullulans from Aureobasidium pullulans (Sho-
dex) as molecular weight standards between 6.2 and 736 kDa [21].

2.7. Gene expression

RNA was isolated from cells grown using a High Pure RNA Iso-
lation Kit (Roche Life Sciences, Germany) and treated with RNase-
free DNase (Roche) according to the manufacturer’s recommenda-
tions. The RNA was quantified using a BioSpec-nano system. Rev-
erse transcription-real time PCR was performed with the primers
used for alg8, alg44, algL, alyAl, algE7 and gyrA (Table 1). cDNA
was synthesized using a RevertAid H Minus First Strand cDNA Syn-
thesis Kit (Thermo Fisher Scientific, USA) according to the manu-
facturer’s protocol. For RT-qPCR, 100 ng of total RNA was
retrotranscribed. Real-time PCR was performed in an AriaMx
Real-Time PCR system (Agilent Technologies, USA) using Brilliant
II SYBR@ Green QPCR Master Mix (Agilent Technologies, USA).
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The samples were denatured 5 min at 95°C. Forty cycles of ampli-
fication for reverse transcription-real time PCR were used (95°C for
15 s, 59°C for 15 s and 72°C for 15 s). Melting curve analysis con-
firmed the amplification of a single product for each primer pair.
The results were analyzed using the 2724¢ method [22,23]. Relative
gene expression values were normalized using gyrA as a housekeep-
ing gene [10], and are reported as the fold changes with respect to
the transcript levels of the cultures under noncontrolled OTR
conditions.

2.8. Fermentation parameters calculations

The specific growth rate (p), biomass produced/g sucrose (Yys),
alginate produced/g sucrose (Yags), alginate produced/g biomass
(Yag/x) and the specific sucrose uptake rate (q,) were calculated
as follows:

c(lT)t( = uX(l - (%)) [Equation 5]
Y: = Xg‘zx__s)t(" [Equation 6]
Yag = P’;‘ZX__SI?O [Equation 7]
Yag = )[z:“_" )_(HZ‘)’( [Equation 8]
q; = A%SX/ [Equation 9]

where X is the biomass (without PHB) concentration during the cul-
ture (g L), X, is the maximum biomass concentration (without
PHB) (g L™!), Xmax is the maximum biomass concentration (g L™1),
X, is the initial biomass concentration (g L), P, is the initial algi-
nate concentration (g L™!), Prax is the maximum alginate concentra-
tion (g L71), S, is the initial sucrose concentration (g L™!), and S; is
the sucrose concentration (g L~!) when the biomass or alginate con-
centration is maximum. The g, was calculated considering the slope
of sucrose vs time of cultivation curve (4%) during the cell growth
period, and X’ is the biomass (without PHB) produced (g L™!) in this
same period.

2.9. Statistical analysis

The results are expressed as the mean value for three indepen-
dent cultures. All data were analyzed using one-way ANOVA with
Tukey’s post hoc test (P < 0.05) after assessment of the fundamen-
tal assumptions of ANOVA regarding the normality of the distribu-
tion (Shapiro-Wilk test, p-value >0.05). The statistical software
Minitab® (version 18.1-© 2017 Minitab, Inc.) was used for all sta-
tistical analyses.

Table 1

Primers design for gene expression by qPCR.
Gene Primers Gene Primers
alg8-F 5'-TGTTGAACCAGCTCTGGAAG-3’ alg8-R 5'-CCTACCCGCTGATCCTCTAC-3'
alg44-F 5'-CGACAACTTCACCGAAGGG-3' alg44-R 5'-TGACGAAGTAGAGGTCGTAGAG-3'
algE7-F 5'-AGATAGGTGCGGTTGGTTTC-3' algE7-R 5'-CTCCGACCTGATTCTCGATT-3'
algL-F 5'-GCCCAGTAGGAGTGGTTGTT-3’ algl-R 5'-CTGAAATTCTCCAGTTCGCA-3’
alyAl1-F 5-CGGTCGGTATTGCACATAGA-3’ alyA1-R 5'-CAAGATCCACCGTTTGAGTG-3'
gyrA-F 5'-ACCTGATCACCGAGGAAGAG-3’ gyrA-R 5'-AGGTGCTCGACGTAATCCTC-3'
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3. Results and discussion
3.1. Alginate production at different agitation rates

Batch cultures of A. vinelandii were grown at different agitation
rates (300, 500 and 700 rpm) under non-controlled OTR conditions.
Cell growth and alginate production were evaluated under the dif-
ferent tested conditions. Table 2 shows y, the maximum biomass
concentration, Yy, the maximum alginate concentration and the
maximum alginate MMW obtained. The maximum biomass concen-
tration (6.73 = 0.31 g L) was found in the cultures grown at
500 rpm, while the lowest biomass concentration (3.40 + 0.04 g
L~!) was obtained at 700 rpm. p was higher at 500 rpm (0.21 + 0.0
1 h™") than under the other conditions evaluated. At 300 and
500 rpm Yys was similar (approximately 033 g g'), but at
700 rpm, Yy/s decreased approximately 2.4-fold compared to the cul-
tures grown at 500 rpm. At 700 rpm the highest alginate concentra-
tion (4.17 £+ 0.18 g L~!) was obtained, which can explain the lowest
Yy/s observed at 700 rpm. Previously, Moral and Sanin [24] used
the same strain to produce alginate in cultures grown at 200, 400
and 700 rpm but under controlled DOT (5% DOT) conditions. In con-
trast to our findings, those authors found that in cultures grown at
400 rpm 4.51 g L' alginate was produced, while at 700 rpm lower
alginate production (1.46 g L™1) was achieved. Pefia et al. [25] and
Lozanoetal.[15] reported similar results to those of our study. These
authors demonstrated that in cultures grown under controlled DOT
the alginate concentration could be increased by increasing the agi-
tation rate. The agitation rate affects the OTR and has been demon-
strated to be important for alginate production [12,14,15]. In this
sense, it is possible that the differences observed with other authors
[15,24,25] concerning alginate production may be related to differ-
ent OTR levels reached in the cultures.

Cultures grown at 500 rpm yielded the highest alginate MMW
during cell growth (594 + 28 kDa). The properties of alginate depend
on the G-M content, degree of acetylation and molecular weight
[26]. Alginates are commercially important due to their viscosifying
power, which increases at a higher molecular weight [16,27]. There-
fore, for a particular application the evaluation of culture conditions
in which a higher molecular weight can be produced is of interest. As
higher p and alginate MMW were obtained in the cultures at
500 rpm (Table 2) the cellular growth and alginate produced in cul-
tures grown at 500 rpm under a controlled OTR will be analyzed
below.

3.2. Characterization under controlled OTR and non-controlled
conditions

To evaluate the biomass, PHB and alginate production under
controlled OTR and non-controlled conditions the growth of A.
vinelandii was conducted in batch cultures at 500 rpm. Fig. 1 shows
the OTR, DOT, biomass, sucrose, PHB, and CTR evolution in batch
cultures with and without OTR control. The OTR profile obtained
under non-controlled OTR conditions was typical of A. vinelandii

Table 2
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cultures [14,16], in which a constant OTR of 16.8 + 0.8 mmol L~ -
h~! was obtained from 12 to 40 h of cultivation (Fig. 1a). After 40 h
of cultivation, the OTR decreased until reaching values near
2.6 mmol L 'h~!. Under controlled OTR conditions, the OTR
remained constant from 20 h of cultivation onward at 20.3 + 1.3
mmol L 'h™!, kept constant during fermentation for 72 h
(Fig. 1a). This constant OTR for 52 h of cultivation demonstrates
the possibility of controlling the OTR in cultures. In cultures of A.
vinelandii and P. putida it has been demonstrated that oxygen
demand is so high that the DOT level decreases and approaches
zero [14,28,29]. The DOT increased after 50 or 55 h of cultivation
depending on the conditions evaluated. It is well established that
the dissolved oxygen concentration (C.) in cultures depends on
the OTR and oxygen consumption by microorganisms (OUR)
(dC./dt = OTR - OUR) [30]. Because in cultures grown under a con-
trolled OTR, the OTR remained constant (approximately 20 mmol
L~'h™1), after 52 h of cultivation, it is likely that the increase in
the DOT is due to a change in oxygen consumption by A. vinelandii.
Under the conditions evaluated (controlled and noncontrolled
OTR), different profiles of the biomass concentration were
observed (Fig. 1b). A higher biomass concentration (6.7 + 0.3 g
L~!) was obtained in cultures with non-controlled OTR. During
the cell growth phase the DOT was nearly zero (Fig. 1a), indicating
that the cultures were limited by oxygen, as has been reported for
A. vinelandii [12]. This finding demonstrates the high level of respi-
ration of A. vinelandii cells [2,31].

In cultures under OTR control biomass concentration decreased
from 5.0 to 3.9 g L' during the stationary phase, not observed in
the cultures without OTR control. In light of this evidence, the con-
trol of the OTR affected the evolution of biomass during the sta-
tionary phase. From the start of the cultures PHB content
increased (Fig. 1c). A similar intracellular PHB evolution was
observed by Millan et al. [32] using the same strain in cultures con-
ducted with controlled DOT (1%) under oxygen limitation. Under
OTR control a lower accumulation of PHB was obtained, reaching
60 £ 2% (w/w) at 64 h of cultivation (Fig. 1c). PHB accumulation
was affected by OTR control, affecting the cell dry weight. Thus,
for cultures grown under controlled OTR, the resulting lower cell
dry weight (5.0 g L™, Fig. 1b) may be explained by a lower PHB
accumulation (60% of cell dry weight) (Fig. 1c) compared with that
obtained under non-controlled OTR.

Under both conditions, sucrose was totally consumed (Fig. 1b),
indicating that the carbon source limited cell growth. Under non-
controlled OTR a decrease in the OTR during the stationary phase
is indicative of the depletion of sucrose. Fig. 1d exhibits the CTR evo-
lution observed under both conditions. A similar profile for the CTR
was obtained under both conditions, reaching 14.0 + 1.0 mmol L~ '-
h~!in the culture without OTR control and 10.3 + 0.4 mmol L-'h~!
under OTR control. Interestingly, in both conditions, the CTR
decreased in the stationary phase (after 40 h of cultivation), and
because the OTR in this phase was higher under OTR control
(Fig. 1a), the RQ (= CTR/OTR) was lower under OTR control, as will
be presented below.

Cell growth and alginate production in batch cultures of A. vinelandii conducted at different agitation rates.

Agitation rate n Maximum biomass Yyjs Maximum alginate Maximum alginate MMW during the cell growth
(rpm) (h'") (gl (g2 (gl (kDa)

300 0.15 £ 0.01 6.10 £ 0.10 0.33 £ 0.02 3.09 £ 0.02 326 £22 (24 h)

500 0.21+£0.01° 6.73 £ 0.31 0.34 £ 0.02 2.87 £0.14 594 +28" (32 h)

700 0.14 £+ 0.01 3.30+0.18" 0.14 £ 0.03 417 £0.19" 187 £ 5 (16 h)

The values are means + standard errors for triplicate experiments.

" P < 0.05 was statistically significant between the three conditions assessed using ANOVA and Tukey’s HDS test.
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Fig. 1. Time-course profile of the OTR (a), DOT (a), biomass (b), sucrose (b), PHB (c) and CTR (d) in batch cultures of A. vinelandii conducted in a 3 L bioreactor at 500 rpm
under controlled and non-controlled OTR. In panel A: OTR profile under non-controlled OTR (fx1), OTR profile under controlled OTR (fx2), DOT profile under non-controlled
OTR (fx3), DOT profile under controlled OTR (fx4). In panel B: Biomass (circles), sucrose (square). DOT, OTR and CTR data are showed as mean value with differences of <10%.

OTR profile was adapted from Farias et al. [17].

3.3. Evolution of the alginate concentration, q,, and RQ under
controlled OTR and non-controlled conditions

Fig. 2 shows the alginate concentration, q,, and RQ recorded
under the conditions evaluated. Under OTR contro, the alginate
concentration was higher (5.5 + 0.2 g L™!) than with a noncon-
trolled OTR, 2.9 + 0.1 g L~ (Fig. 2a). To our knowledge, the alginate
concentration that we obtained under OTR control is the highest
reported in batch cultures of A. vinelandii in a bioreactor under
nitrogen fixation [5]. During the cell growth phase (between 18
and 40 h, Fig. 1b) a significant difference in the alginate concentra-
tion was observed (Fig. 2a). Previous studies have reported that
alginate production is affected by the OTR of the culture [14,33].
Diaz-Barrera et al. [ 14] demonstrated that a change in the OTR (ap-
proximately 25%) increased alginate production by only 0.2 g L™ ;
instead, a variation of 67% in the OTR increased the alginate con-
centration approximately 3-fold. Similarly, Pefia et al. [33] showed
that an increase in the OTR from 2.6 to 6.0 mmol L~'h™! (increase
of 57%) improved the alginate concentration by 1.0 g L~!. Given
this evidence and considering that under the evaluated conditions
(controlled and non-controlled OTR), a difference of less than 15%
of the OTR was observed during cell growth, it is possible that the
higher alginate production obtained under OTR control (1.9-fold)
can be explained by other factors. There are some reports in the lit-
erature that have indicated that a different g,, or RQ could affect
alginate production in A. vinelandii [33,34]. Fig. 2b shows ¢q,, dur-
ing the cell growth. The g, in the cultures under OTR control var-
ied from 23.7 to 4.7 mmol g 'h~!, while under non-controlled
conditions it only varied from 8.3 to 3.0 mmol g 'h~'. The higher
value of q,, obtained under OTR control could indicate that the car-
bon flux through the tricarboxylic acid (TCA) cycle was enhanced,
as has been previously reported [35]. A more active TCA cycle could
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favor energy generation, fundamental for the synthesis of alginate
precursors [36]. A lower concentration of acetyl-CoA available for
PHB biosynthesis could explain the lower PHB accumulation under
controlled OTR conditions (Fig. 1c). Based on these observations,
under controlled OTR conditions a metabolic change determined
by the carbon entering the TCA cycle could explain the higher algi-
nate production observed (Fig. 2a). Jiménez et al. [37] compared
two strains of A. vinelandii (wild type and AT6, with impaired
PHB production) and observed that a higher gy, in cultures of the
AT6 strain (62% compared to the wild-type strain) could explain
a higher alginate production. Further studies must be developed
to evaluate the carbon flux in A. vinelandii under OTR control.

In cultures grown under OTR control a lower RQ was obtained
compared with that observed without OTR control. Under OTR con-
trol the RQ was constant between 12 and 31 h of cultivation, reach-
ing a value of 0.49 * 0.05 after which the RQ strongly decreased
(Fig. 2c). In contrast, under non-controlled OTR conditions a higher
RQ (0.79 £ 0.05) was obtained between 12 and 45 h of cultivation.
Notably, under OTR control the highest increase in alginate pro-
duction (2.4-4.3 g L', Fig. 2a) was obtained during the cell growth
period, indicating that the lowest RQ increased alginate production
under OTR control. Under this condition, the CTR decreased during
the stationary phase and, as the OTR was constant, the RQ was
lower under OTR control. In agreement with this evidence, a lower
RQ value could be associated with the highest conversion of
sucrose to alginate, previously described in A. vinelandii cultures
[33].

Table 3 shows the fermentation parameters obtained under the
evaluated conditions. Compared with noncontrolled OTR condi-
tions, OTR control strongly increased g, and alginate yields. In con-
trast, under controlled OTR conditions, p and Yy were lower,
indicating that without OTR control carbon is used mostly for
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Fig. 2. Time-course profile of alginate, qo, and RQ in batch cultures of A. vinelandii
conducted in a 3 L bioreactor at 500 rpm under controlled and non-controlled OTR.
Alginate profile was adapted from Farias et al. [17].

cellular growth. Under OTR control, q,, was higher (Fig. 2b) and the
cultures presented a higher g, (0.37 + 0.02 g g~ 'h~ '), in line with
higher alginate production (Fig. 2a). Accordingly, Pefia et al. [25]
and Lozano et al. [15] demonstrated that an increase in g
improved alginate synthesis.
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3.4. Evolution of alginate molecular weight

The evolution of the alginate MMW during culture was affected
by the controlled OTR (Fig. 3). Up to 24 h of cultivation the alginate
MMW was similar under the two experimental conditions, reach-
ing 475 + 16 kDa (controlled OTR) and 513 + 76 kDa (non-
controlled OTR). After 24 h of cultivation under controlled OTR
conditions the alginate MMW decreased to 325 + 19 kDa then
remained constant, while the molecular weight in cultures con-
ducted under non-controlled OTR increased to 607 * 43 kDa at
40 h of cultivation.

It is interesting to note that under OTR control it is possible to
keep the alginate MMW constant over 40 h of cultivation (Fig. 3).
From a production perspective it is desirable to improve alginate
production while maintaining a constant molecular weight during
cultivation. Thus, the use of an automatic control system to main-
tain a constant OTR could be a suitable strategy for producing more
alginate with constant quality (in terms of molecular weight) for a
longer time of cultivation. According to the application, bacterial
alginates with different molecular weights can be produced. For
example, alginates with a low MMW (approximately 200 kDa)
can be adequate as a prebiotic source, while as a viscosifier and
gelling agent, a polymer with a high molecular weight is recom-
mended. Based on the evidence, to produce alginates with a higher
molecular weight and maintain a constant value during the sta-
tionary phase, A. vinelandii can be cultured at a lower OTR level
under controlled OTR conditions.

To our knowledge, this is the first time that the concentration of
alginate and its molecular weight have been analyzed under OTR
control in A. vinelandii cultures. Previously, Trujillo-Roldan et al.
[11] reported the use of an A. vinelandii mutant lacking alginate
lyase (SML2) to produce alginate. Those authors found that in
batch cultures under DOT control (3%) it was possible to obtain a
constant alginate molecular weight during the stationary phase.
Nevertheless, the alginate concentration obtained by Trujillo-
Roldan et al. [11] (3.3 g L) was lower than that obtained here,
although yeast extract was used as a nitrogen source in their cul-
tures. Previous reports have indicated that the alginate molecular
weight can be increased by decreasing the OTR, principally to
OTR below 10 mmol L~'h~!, whereas in cultures grown at higher
OTR, generally, the alginate molecular weight seems to be indepen-
dent of the OTR [38]. In light of this evidence the different alginate
molecular weights obtained between 30 and 40 h of cultivation
(Fig. 3) could be more related to the q,, than the OTR since the
OTR was approximately 17 mmol L~'h~! (non-controlled OTR)
and 20 mmol L~'h~! under controlled OTR.

Under non-controlled OTR conditions, the alginate MMW
decreased dramatically from 607 to 385 kDa between 40 and
48 h of cultivation. A decrease in the alginate MMW during culture
can be explained by the action of alginate lyases [9,11] encoded by
six alginate lyase genes in A. vinelandii [39]. As in our study, a
decrease in alginate molecular weight was observed at different
times of cultivation (Fig. 3) depending on OTR conditions (con-
trolled or noncontrolled), and it is possible that changes in lyase
genes could explain this behavior. Therefore, the transcription of

Table 3

Parameters of fermentation obtained in batch cultures of A. vinelandii conducted under controlled and non-controlled OTR.
Culture m Yy/s qs Yaig/s Yalg/x
conditions (h™h) (gg") (gg'h") (gg") (gg")
controlled OTR 0.16 £ 0.02 0.23 £ 0.02 0.37 £ 0.02 0.21 £ 0.02 0.99 + 0.08
Non-controlled OTR 0.21+0.01" 0.34 +0.02° 0.27 £ 0.02 0.14 £ 0.01 0.41 £ 0.03

The values are means + standard errors for triplicate experiments.

™ P> 0.05 was statistically significant between the conditions assessed using ANOVA and Tukey’s HDS test.
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Fig. 3. Comparison of alginate molecular weight obtained in batch cultures of A.
vinelandii conducted in a 3 L bioreactor at 500 rpm under controlled and non-
controlled OTR.

genes involved in alginate polymerization and depolymerization
under controlled OTR and noncontrolled conditions was evaluated.

3.5. Gene expression related to alginate biosynthesis

The relative expression of the genes involved in alginate biosyn-
thesis under controlled and noncontrolled OTR conditions was
studied. Fig. 4 shows the relative gene expression of the genes
related to polymerization in three stages of cultivation: the cell
growth phase (24 h), the pre-stationary phase of growth (40 h)
and the stationary phase of growth (72 h). Regardless of the stage
of cultivation transcription levels of alg44 were lower under OTR
control. After 30 h of cultivation a lower alginate MMW was pro-
duced under controlled OTR (Fig. 3). During this period a low tran-
scription level of alg44 (low polymerase activity could be expected)
could be associated with the lower molecular weight observed.
Similarly, Flores et al. [9] reported that a high alginate molecular
weight obtained at low DOT (1%) was associated with the high
expression of alg44.

In the cell growth phase (24 h), the transcription levels of alg8
were higher (1.7-fold) under OTR control but lower in the station-
ary phase under the same conditions. It was previously found that
in chemostat cultures, a decrease in the gene expression of alg8
was related to an increase in the OTR [7]. Considering that in cul-
tures under OTR control, the OTR was constant, changes in the
transcription level of alg8 could be more closely related to the
phase of culture than to the OTR level. One possible approach for
addressing this question is to evaluate how the specific growth rate
could affect alg8 gene expression, which might be studied in che-
mostat culture.

Fig. 5 shows the relative gene expression of alglL, alyA1 and algE7
under controlled and noncontrolled OTR. The expression of these
genes was evaluated in the same three stages of cultivation. In the
cell growth phase (24 h), similar gene expression of algl was
observed, whereas the transcription of algE7 was lower under OTR
control (Fig. 5a). AIgE7 is a bifunctional enzyme with lyase and epi-
merase activity, introducing G-blocks into alginate [6]. In the sta-
tionary phase (72 h) higher gene expression of algE7 (1.6-fold) was
obtained under OTR control (Fig. 5¢), whereas during the cell growth
phase, lower transcription levels of algE7 were observed. Based on
this evidence, a relationship between the changes in the alginate
molecular weight and the transcription levels of algE7 is not clear.
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Fig. 4. Gene expression of genes involved in polymerization (alg8 and alg44), during
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and non-controlled OTR. The level of the alg8 and alg44 transcripts was normalized
according to the level of the gyrA mRNA as described in Section Materials and
Methods. The data are presented as fold changes respect of calibrator value
(noncontrolled OTR condition). Results are presented as the means + standard error.
“P > 0.05 was not statistically significant and “'P < 0.05 was statistically significant
using ANOVA and Tukey’s HDS test.

One possibility is that changes in the transcription levels of algE7
could be related to changes in the guluronic composition in alginate.
Further studies must be performed to examine alginate composition
(G/M ratio) under the conditions evaluated.

Regardless of the state of cultivation a higher level of alyAT tran-
scription (5.8- and 12-fold) was obtained under OTR control. The
transcription levels of alyA1 were more strongly affected by OTR
control conditions. In contrast, Flores et al. [9] reported that in
the stationary phase in batch cultures grown under a constant
DOT, the alyAl gene was not expressed. Those authors developed
cultures under controlled DOT conditions and used a culture
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Fig. 5. Gene expression of genes involved in depolymerization and acetylation
(algE?7, algL and alyA1) during growth phase (24 h cultivation), prestationary phase
(40 h cultivation) and stationary phase (72 h cultivation) A. vinelandii batch cultures
under controlled and non-controlled OTR. The level of the algE7, algL and alyA1
transcripts was normalized according to the level of the gyrA mRNA as described in
Section Materials and Methods. The data are presented as fold changes respect of
calibrator value (non-controlled OTR condition). Results are presented as the
means + standard error. *P > 0.05 was not statistically significant and "P < 0.05 was
statistically significant using ANOVA and Tukey’s HDS test.

medium that prevented nitrogen fixation (containing ammonium
acetate), which could explain the different behaviors observed.

In bioreactors there is no comparative experimental evidence
about alginate production (or the expression level of genes) under
fixation and nonfixation of nitrogen in cultures grown under sim-
ilar cultivation conditions. Tec-Campos et al. [40] developed a
genome-scale metabolic model for Azotobacter vinelandii D] to
evaluate metabolic processes associated with nitrogen fixation
and ammonium assimilation. These authors demonstrated that
the average flux distributions of carbon and nitrogen decreased
under diazotrophic conditions, which can be due to low available
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nitrogen due to the high energy cost of nitrogen fixation. Likewise,
the proposed model also predicted an increase in the cell growth
rate (28%) and alginate production rate (27%) when ammonium
was used as the nitrogen source. Further studies must be per-
formed to evaluate alginate production and molecular composition
under fixation and nonfixation of nitrogen under controlled OTR
conditions.

Alginate biosynthesis is a process that has a high energy
demand, and it has been suggested that alginate biosynthesis
imposes a high rate of oxygen consumption on the cell, correlated
to the energy demand for their synthesis [36]. Furthermore, the res-
piratory system in A. vinelandii is very complex, with cytochromes
and dehydrogenases activated differently under fixation of nitro-
gen, thus affecting the energetic efficiency [2]| and possibly alginate
synthesis. Based on these antecedents and considering that under
our conditions of cultivation the cells have a higher energy cost
for nitrogen fixation, it is possible that using ammonium as a nitro-
gen source could result in higher alginate production.

Considering that under controlled OTR conditions during the
cell growth phase a decrease in the alginate MMW (from 475 to
325 kDa) was observed (Fig. 3), it is possible that higher transcrip-
tion of the alyA1 gene could explain this decrease in the molecular
weight. The high gene expression of alyAl observed under con-
trolled OTR (Fig. 5) could be determinant to maintain a constant
molecular weight between 32 h and the end of cultivation.

As a higher q,, was obtained under OTR control (Fig. 2b), it is
possible that higher transcription of the gene that encodes alyAl
could be related to higher cellular respiration by A. vinelandii. To
analyze this possibility, a derivative alyA1- could be built by inser-
tion of an antibiotic resistance marker [39]. This strain mutant
could be assayed in cultures conducted to high q,,, evaluating
the alginate molecular weight and the G/M ratio of the polymer
produced. Alginate biosynthesis has been studied using genetic
and regulatory approaches, since most of the genes involved in this
metabolic pathway are regulated by the presence of oxygen [41]. In
particular, information about the signals that modulate alginate
production and polymerization is limited. Recently, Ahumada-
Manuel et al. [42] demonstrated that OTR (and hence the qo,)
affects c-di-GMP accumulation, regulating the production and the
molecular weight of alginate produced by A. vinelandii.

Diaz-Barrera et al. [43] previously suggested that higher oxygen
availability affects lyase expression levels in chemostat cultures. In
A. vinelandii it has been suggested that AlyA1 is an intracellular
enzyme [39], but its function is unknown. Some studies on gene
expression involved in the biosynthesis of microbial polysaccha-
rides have been reported [44,45]. Zhu et al. [44] demonstrated that
increasing the OTR by adding a water-immiscible organic phase
(oxygen vector) can stimulate the transcription levels of genes
involved in welan gum biosynthesis. The evidence obtained thus
far permits the identification of genes more affected by OTR control
and has a greater influence on the determination of the character-
istics of alginate, particularly its molecular weight. Further studies
must be carried out to evaluate other characteristics of alginate
produced under OTR control, such as the degree of acetylation or
the G/M distribution. These results contribute to an understanding
of alginate biosynthesis, with the understanding that regulation of
biosynthesis is critical to production of tailor-made alginates.

4. Conclusion

A control system based on oxygen gas composition allowed the
maintenance of a constant OTR during the cell growth and station-
ary phases in batch cultures of A. vinelandii. Alginate production
was improved under controlled OTR conditions. The transcription
levels of alyA1 were more strongly affected by OTR control than
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those of other genes involved in alginate biosynthesis. OTR control
during the culture of A. vinelandii can be a suitable strategy for
enhancing alginate production while maintaining a constant
molecular weight during cultivation.
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