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Abstract

Coproduction of poly-B-hydroxybutyrate (PHB) and exopolysaccharides
(EPS) was investigated with Azotobacter chroococcum strain 6B isolated from
soil samples. The bacterium was cultured using various carbon sources solely
or with 0.1 g/L of ammonium sulfate. Ammonium addition resulted in
reduced PHB and EPS production with glucose, fructose, and sucrose media,
but cellular mass remained constant except for sucrose. Protein was nearly
twofold higher in ammonium-grown cultures. Glucose and fructose alone
biosynthesized high amounts of EPS (maximum 2.1 and 1.1 g/L, respec-
tively, at 72 h), whereas PHB was accumulated only in glucose-grown cells.
Sucrose almost did not produce EPS. Conversely, PHB content was the high-
est obtained from all experimented conditions (1.1 g/L at 48 h, 40% cell dry
wt). When a complex carbon source such as sugar cane molasses was uti-
lized, PHB was accumulated concomitant with EPS production from the
initial time to 48 h (0.75 g/L, 37% cell dry wt and 0.6 g/L, respectively), and
then PHB decayed at 72 h (0.2 g/L). On the other hand, EPS continued to be
biosynthesized (1.1 g/L, 72 h). PHB fractions of total intra- and extracellular
biopolymers were calculated. Sucrose-modified Burk’s medium without
ammonium addition is suggested as a medium capable of diverting the
carbon source for the production of intracellular PHB rather than EPS with
A. chroococcum 6B.

Index Entries: Poly-B-hydroxybutyrate; exopolysaccharides; coproduction;
Azotobacter chroococcum; complex carbon.
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Introduction

Poly-B-hydroxybutyrate (PHB) is a biopolyester produced in bacteria
under unbalanced nutrient conditions, such as nitrogen, oxygen, or phos-
phorus deficiency (1). PHB is an intracellular carbon and energy storage
polymer with industrial applications, because it is biodegradable, ther-
moplastic, and biocompatible (2,3). Microbial exopolysaccharides (EPS)
are commercially useful for their applications as gellifying agents and have
the potential to replace alginate polysaccharides from marine algae now
used in food and pharmaceutical industries (4,5). Azotobacter chroococcum
has been reported to produce alginate-like EPS, and enzymes involved in
itsbiosynthesis have been studied (6). Azotobacter vinelandiibiosynthesized
extracellular polysaccharides with galacturonic acid and glucose as the
major component of the slime, and EPS components were identical when
the energy source provided for the cells was sucrose, glucose, fructose, or
ethanol (7).

Within the polyhydroxyalkanoate type of biopolyesters, Azotobacter
sp. usually biosynthesizes PHB (8). However, the copolymer poly-3-
hydroxybutyrate-co-3-hydroxyvalerate has been produced by a mutant
strain of A. vinelandii (9). Extensive biochemical research has been con-
ducted on the regulation of the tricarboxylic acid cycle, glucose metabo-
lism, and PHB biosynthesis in Azotobacter beijerinckii (10,11), and the effect
of ammonium addition and oxygen (12). PHB production and molecular
weight has been studied in two strains of A. chroococcum (13,14). However,
little has been reported for simultaneous production of both types of
biopolymers. This coproduction obviously reduces PHB yields. PHB and
EPS are competing metabolites for the carbon source utilized by bacteria,
and their coproduction hasbeen studied in two strains of Rhizobium meliloti.
It was concluded that growth in a nitrogen-deprived media was limited
and favored EPS production rather than PHB production (15). Because EPS
can make up for a large proportion of the biosynthetic product of the bac-
teria and the Azotobacter genus is predominantly mucoid when isolated
from its natural soil habitat (16), biochemical and fermentative conditions
need to be well established in order to obtain a relative higher PHB content.

The present study examines simultaneous synthesis of EPS and PHB
utilizing different simple carbon sources and a complex one, such as sugar
cane molasses, combined with the effect of ammonium sulfate addition, to
obtain a favorable condition for PHB production. The results indicate that
sucrose, without nitrogen addition, is the best condition for diverting the
carbon source to PHB biosynthesis with A. chroococcum strain 6B.

Materials and Methods

Microorganism and Culture Media

A. chroococcum strain 6B was isolated from rhizospheric soil samples
of the Agronomy Faculty Campus, Buenos Aires, Argentina; characterized
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and identified by biochemical tests; and deposited as strain 1691 in CCMA
WDC 307 Culture Collection. Modified productive Burk’s medium was
utilized: (10 g/L glucose, 0.4 g/L MgSO,-7H,O, 0.012 g/L FeSO,-7H,O,
0.11 g/L CaCl,-2H,0, 0.01 g/L Na,MoO,-12H,0, 1.0 g/L K,HPO,, and
0.2 g/L NaCl). In sucrose and fructose medium, glucose was replaced by
the corresponding carbon sources at the same concentration (10 g/L).
In ammonium-containing media, 0.1 g/L of (NH,),5SO, was added, and the
pHwas adjusted to 7.0. Molasses Burk’s medium was identical to modified
productive Burk medium with the exception that glucose was replaced
with raw molasses with an approximate composition of 1% sucrose,
0.25% glucose, and 0.25% fructose (Tucuman Province sugar cane refiner-
ies, Argentina) as the carbon source at 5% (w/v). This medium had an
ammonium content of 0.1 g/L. Molasses were autoclaved separately from
modified Burk’s medium. Stock cultures were maintained at 4°C by peri-
odic transfers on modified productive Burk medium agar slants.

Shake Flask Experiments

The organism was grown aerobically in 250- and 500-mL Erlenmeyer
flasks with one-third volume of the culture medium with the carbon sources
alone or supplemented with 0.1 g/L of (NH,),SO,. The flasks were incu-
bated in a rotatory shaker at 220 rpm at 30°C for 72 h.

Analytical Methods

Cell growth was monitored by measuring the optical density at
610 nm. Cell dry wt was measured by freeze-drying harvested cells from
2mL of culture broth. Residual glucose in the broth was determined by an
enzymatic method utilizing glucose oxidase/peroxidase (Wiener Labora-
tory, Rosario, Argentina). Fructose and sucrose consumption were assessed
utilizing the phenol-sulfuric method, and measuring absorbance at 488 nm
(17). Ammonium was determined using the phenol-nitroprussiate method
(18). Protein was determined by the Bradford method (17). PHB content
was determined using gas chromatography-flameionization detection after
methanolysis of freeze-drying cells from 4 mL of broth, according to
Braunegg et al. (19). A column filled with Reoplex 400 on Chromosorb
80/100 was used. Column temperature was 150°C. EPS were assayed in the
culture supernatant (0.5 mL) after trifluoroacetic acid (0.5 mL of 4.25 N)
hydrolysis in sealed tubes at 100°C for 3.25 h. Samples were freeze-dried
and resuspended in distilled water. Carbohydrates were determined
utilizing the phenol-sulfuric method and were referred to the initial
volume (15).

PHB Extraction and Purification Procedure

Lyophilized cells were extracted for 24 h in a Soxhlet apparatus.
Chloroformic extract (150-250 mL) was concentrated by simple distillation
toafinal volume of 25 mL (30). The concentrated polymer was reprecipitated
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twiceinto 10 vol of cold ethanol into anice bath. Reprecipitated biopolymer
was filtered, acetone washed, and centrifuged (15 min, 4620g). Purified
PHB was dried in an oven at 60°C until it reached constant weight. Struc-
ture was confirmed and purity was assessed by Fourier transform-infrared,
'H, and *C-nuclear magnetic resonance spectroscopy (spectra not shown).

EPS Extraction and Purification Procedure

Cells from 50 mL of broth were removed by centrifugation (5000g,
20 min). To the supernatant was added 0.05 g of NaCl and mixed. This
mixture was poured into 200 mL of acetone and stirred. Then it was main-
tained overnight at4°C. The material was centrifuged (10,000¢, 20 min) and
then dialyzed overnight at 4°C. EPS was recovered from the freeze-dried
pellet (17).

Results

Growth Curves and Specific Growth Rates

Simple and complex carbon sources were utilized in order to assess
PHB and EPS biosynthesis on batch cultures of A. chroococcum strain 6B.
Figure 1 shows growth curves on glucose, sucrose, fructose, and sugar cane
molasses. Figure 2 depicts growth curves with the simple carbon sources
plus ammonium sulfate (0.1 g/L). The molasses growth curve was not
experimented because molasses itself has an ammonium content of 0.1 g/L.
Growth on glucose and fructose with ammonium sulfate followed a similar
trend with respect to nitrogen-fixing conditions, while sucrose exhibited a
higher specific growth rate in the medium containing ammonium sulfate.
Molasses had a specific growth rate similar to glucose and was 30 and
35% higher than fructose and sucrose, respectively (Table 1). However, the
maximum final absorbances were obtained with fructose and molasses.
Growth curves for simple carbon sources with 0.1 g/L of ammonium sul-
fate had similar specific growth rates with glucose and sucrose, and were
nearly 60% higher than with molasses. The final absorbance with the com-
plex carbon source was again significantly higher than with glucose or
sucrose alone, and similar to that with fructose and ammonium sulfate.

PHB Production

Figure 3 shows biopolymer profiles for the different carbon sources
solely or with added nitrogen. Ammonium sulfate addition resulted in a
reduction of PHB accumulation with glucose and sucrose. Also, final cel-
lular mass decreased 30% with sucrose but remained nearly constant with
glucose. Protein was twofold higher in ammonium-grown than in non-
nitrogen-added cultures, accounting for the similar biomass achieved
under both conditions (Table 1). Fructose did not produce PHB with or
without added nitrogen and, under our conditions, proved to be an inad-
equate carbon source for PHB production. PHB from sucrose-grown cells
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Fig. 1. Absorbance at 610 nm as a function of time for (M) glucose, (A) fructose,
(®) sucrose, and (®) molasses media for A. chroococcum strain 6B.
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Fig.2. Absorbance at 610 nm as a function of time for (M) glucose, (A) fructose, and
(®) sucrose media supplemented with 0.1 g/L of ammonium sulfate for A. chroococcum
strain 6B.

was the highest obtained from all experimented conditions (1.1 g/L at
48 h,40% cell dry wt). Cellsinmolasses medium accumulated high amounts
of PHB (0.7 g/L, 37%) comparable to that of glucose-grown cells (0.85 g/L,
48%). In all cases, maximum PHB accumulation was achieved at 48 h of
culturing.
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Table 1
Effect of Carbon Sources and Ammonium Sulfate Addition on pH,
Carbon Source Consumption, and PHB Content by A. chroococcum Strain 6B*

Carbon Cell PHB/ cell

Final consumption dry wt Protein  dry wt
Carbon source pH p () (g/L) (g/Ly  (g/L) (8/8)
Glucose 4.7 0.09 8.0 1.65 0.41 0.45
Sucrose 5.8 0.13 7.0 2.75 0.48 0.40
Fructose 5.8 0.06 5.0 1.80 0.45 NDr
Molasses 5.6 0.08 4.5 2.00 0.50 0.38
Glucose + NH,“ 7.2 0.13 9.5 1.80 0.75 0.28
Sucrose + NH,* 7.0 0.13 9.5 1.95 0.85 0.16
Fructose + NH;* 7.5 0.09 6.0 2.00 0.90 ND¢

“Measurements were taken at 48 h. Simple carbon sources were at 1% (w/v) and molasses
at 5% (w/v).

'uSpecific growth rate.

‘Final cell dry wt.

‘Initial concentration of ammonium sulfate was 0.1 g/L.

‘PHB not detected.
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Fig. 3. (O0) PHB and (O) EPS production as a function of time for glucose, fructose,
sucrose, and molasses media, showing the effect of ammonium addition with glucose
and sucrose media.
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EPS Production

With glucose and fructose, high amounts of EPS were biosynthesized
(maximum 2.1 and 1.1 g/L, respectively, at 72 h) whereas with sucrose
there wasno EPS production. When a complex carbon source such as sugar
cane molasses was utilized, EPS production started at 48 h and continued
to be biosynthesized to a maximum value of 1.1 g/L at 72 h. Interestingly,
EPS production was reduced when glucose medium was added with 0.1 g/L
of ammonium sulfate (2.1-0.3 g/L from 48 to 72 h). Ammonium addition
did not affect the EPS profiles of fructose (data not shown), but a small
increase was observed with sucrose after 48 h up to 72 h.

In nitrogen-fixing medium with glucose, pH diminished to 4.7, while
with fructose and sucrose final pH was 5.8. In ammonium-supplemented
media, pH remained near the neutrality. With fructose, a slight alkaliniza-
tion was observed. Carbon consumption followed growth curves (Table 1).
On the condition of maximal EPS production (glucose medium at 72 h),
20% of the initial carbon supplied was converted to EPS.

Calcium, magnesium, and iron (see Materials and Methods) con-
sumption did not show significant differences between glucose and
sucrose media alone or between glucose and sucrose with fed nitrogen.
Iron was completely depleted at 24 h of culturing in both conditions.
In glucose and sucrose media, 35% of the initial calcium and 50% of the
starting magnesium were consumed after 24 h, and then consumption
remained constant until 72 h. With added inorganic nitrogen, calcium
and magnesium consumption were 25 and 40% of the initial values at
24 h. Magnesium was assayed between 0.1 and 0.6 g/L and calcium
between 0.025 and 0.2 g/L of their corresponding salts. The optimal con-
centrations for PHB production were 0.4 and 0.11 g/L at 48 h of culturing,
respectively (data not shown).

PHB Fraction of Total Biopolymers Produced

The PHB fraction of the total amount of biopolymers produced (defined
as the ratio between PHB concentration and PHB plus EPS concentrations)
was calculated for the experimental conditions with and without ammo-
nium as a function of time (Fig. 4A,B). Fructose-grown cells showed the
same pattern either with or without added ammonium, and the PHB frac-
tion was almost zero. Cultures with glucose decreased their PHB fraction
continuously in time, but from 48 to 72 h, in ammonium-containing media,
the PHB fraction was markedly increased (from 0.45 to 0.61) (Fig. 4B),
reflecting the decrease in EPS production, even when PHB concentration
itself was also reduced. Sucrose-grown cells showed the higher values of
PHB fraction over the entire culture process. Only in ammonium-added
media, from 48 to 72 h, was the PHB fraction significantly reduced (from
1 to 0.28), consistently with an increased EPS biosynthesis (0.33 g/L).
This trend was inverse if compared with glucose plus ammonium-grown
cells, in which EPS production diminished from 48 to 72 h.
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Fig. 4. PHB fraction as a function of time for () glucose, (A) fructose, (<) sucrose,
and (O) molasses media for A. chroococcum strain 6B. (A) Without ammonium salt;
(B) 0.1 g/L of ammonium sulfate—supplemented media. (The PHB fraction is defined
as the ratio between PHB content [g/L] and the sum of PHB plus EPS content [g/L].)

Molasses showed a similar trend on the PHB fraction profile com-
pared to the sucrose plus ammonium medium, but with molasses a con-
tinuous decrease in the profile was observed.

Discussion

Concerning growth, sucrose and molasses were the best substrates for
final cell mass production under our experimented conditions. Although
molasses-grown cells had a relatively low specific growth rate, final absor-
bances (and cell dry wt) were higher than for cells growing with glucose,
and similar for those cells growing in fructose medium.

An extended lag phase observed with molasses can be attributed to an
inhibitory effect of molasses components, probably colloid or gum sub-
stances (which account for nearly 9 to 10% [w/v] of the composition of raw
molasses). However, this effect was overcome, and cells continued to grow
atahigher rate than with simple carbon sources. When ammonium was fed
to the cultures, final cell mass was slightly higher than in cultures grown
under nitrogen-fixing conditions, except for sucrose.

No clear correlation could be obtained between PHB and EPS
coproduction and calcium, magnesium, or iron consumption. The reduced
calcium consumption observed in ammonium-grown cells was also deter-
mined by Jacobson et al. (21), who found that lower amounts of calcium
were needed by A. vinelandii grown with combined nitrogen.

Fructose-grown cells produced high quantities of EPS (1.1 g/L, 72 h).
This is most likely because in the pathway for alginate biosynthesis,
the glycolytic intermediate fructose-6-phosphate is the first metabolite
converted to mannose 6-phosphate by the action of phosphomannose
isomerase (9).

It was shown that ammonium-depleted media favored EPS produc-
tion rather than PHB accumulation in our strain of A. chroococcum, with the
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exception of sucrose-grown cells, whose PHB accumulation overcame the
EPS biosynthesis. These results agree with those obtained using Pseudomo-
nas sp. Higher EPS yields were found in media with a high C/N ratio with
glucose and fructose as carbon sources. This was also observed in batch
cultures under carbon excess on Escherichia coli and Klebsiella aerogenes (17).
In addition, nitrogen limitation favored EPS production in continuous
cultures of A. vinelandii (22). Acidification was observed in cultures grown
under nitrogen fixation and with molasses, and was correlated with EPS
excretion, except for sucrose-grown cells. These results agree with the
observation that acid production is a common feature of Azotobacter and
are associated with slime formation (16). Conversions of approx 30% of the
initial carbon supplied to EPS production were reported with two strains
of A. vinelandii after 48 and 110 h of growth (16,23). These values are close
to those obtained in our work with A. chroococcum strain 6B.

PHB was obtained efficiently utilizing molasses, similarly to sucrose
medium. This result can be attributed to the fact that molasses medium
contained a high sucrose concentration. However, in molasses medium,
the PHB fraction decreased continuously after 24 h (parallel with an
increasing EPS). This effect canbe attributed to glucose and fructose present
in molasses medium, which were proved to produce high amounts of EPS.
However, the effect did not appear in sucrose-grown cells, which almost
did not produce EPS.

From our results, we can conclude that the sucrose medium was
the most suitable of the media experimented for PHB production with
A. chroococcum strain 6B, because the specific growth rate was the highest
obtained in our experimental conditions, PHB productivity was high
(0.4 g of PHB/g of cell dry wt at 48 h), and a PHB fraction of total biopoly-
mer close to 1 was produced during the 72 h of culture. However, addi-
tional work is necessary to understand the inverse effect of ammonium
addition on EPS production for glucose and sucrose-grown cells, and the
mechanisms that inhibit EPS production in sucrose-grown cells.

References

Anderson, A. and Dawes, E. A. (1990), Microbiol. Rev. 54(1), 450-472.

Holmes, P. A. (1985), Phys. Technol. 16, 32-36.

Hangii, U. J. (1995), FEMS Microbiol. Rev. 16, 213-220.

Sutherland, Y. (1985), Annu. Rev. Microbiol. 39, 243-270.

Sutherland, Y. (1986), Microbial Sci. 3, 5-8.

Paneque, A. and Pecifia, A. (1994), Appl. Biochem. Biotechnol. 49, 51-58.

Cohen, G. and Johnstone, D. (1964), |. Bacteriol. 88(2), 329-338.

Dawes, E., Ribbons, D., and Stockdale, H. (1968), J. Bacteriol. 95(5), 1798-1803.

Page, W., Manchak, J., and Rudy, B. (1992), Appl. Environ. Microbiol. 58(9), 2866—2873.

10. Jackson, E. and Dawes, E. (1976), |. Gen. Microbiol. 97, 303-312.

11. Senior, P. and Dawes, E. (1971), Biochem. J. 125, 55-66.

12. Parker, C. and Scutt, P. B. (1960), Biochim. Biophys. Acta 38, 230-238.

13. Lee, Y., Stegantseva, E., Savenkova, L., and Park, Y. (1995), . Microb. Biotechnol. 5(2),
100-104.

14. Quagliano, J. and Miyazaki, S. (1997), Appl. Microbiol. Biotechnol. 48, 662—-664.

O XN W=

Applied Biochemistry and Biotechnology Vol. 82, 1999



208 Quagliano and Miyazaki

15. Tavernier, P., Portais, J., Saucedo Nava, J., Courtois, J., Courtois, B., and Barbotin, J.
(1997), Appl. Environ. Microbiol. 63(1), 21-26.

16. Kamat, M., Kelkar, S., and Vermani, M. (1995), J. Ferment. Bioeng. 80(6), 599-602.

17. Gerhardt, P. (1994), Methods for General and Molecular Bacteriology, American Society
for Microbiology, Washington, DC.

18. Russel, J. A. (1944), J. Biol. Chem. 156, 457-461.

19. Braunegg, G.,Sonnleitner, B., and Lafferty, R. (1978), Eur. |. Appl. Microbiol. Biotechnol.
6,29-37.

20. Krieg,N.and Holt,]. (1984), Bergey’s Manual of Systematic Bacteriology, vol. 2, Williams
& Wilkins, Baltimore.

21. Jacobson, A., Zell, E., and Wilson, P. W. (1962), Arch. Mikrobiol. 41, 1-10.

22. Jarman, T., Deavin, L., Slocombe, S., and Rigaelato, R. (1978), ]. Gen. Microbiol. 107,
59-64.

23. Chen, W.P.,Chen,].Y.,Chang,S.C., and Su, C. L. (1985), Appl. Environ. Microbiol. 49,
543-546.

Applied Biochemistry and Biotechnology Vol. 82, 1999



