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P(3HB) Accumulation in Alcaligenes eutrophus H16
(ATCC 17699) under Nutrient-Rich Condition and Its

Induced Production from Saccharides and-Their Derivatives
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Poly(3-hydroxybutyrate)(P(3HB)) accumulation under nutrient-rich condition with various amounts of
(NH,4).S0O, was systematically investigated. The results of the electron-microscopy and the solvent extrac-
tion showed that the P(3HB) accumulation is unavoidable even under nutrient-rich condition. This indica-
tes that in a two-step culture of Alcaligenes eutrophus H16, the researches should be careful in interpreting
the data of polyhydroxyalkanoates(PHAs) accumulation in terms of the carbon-source fed in the second
step because the two-step culture product contains the P(3HB) produced under nutrient-rich condition.
The polyester production capability in a two-step batch culture of A. eutrophus H16(ATCC 17699) was
also investigated using various saccharides and their derivatives such as glucose, fructose, gluconic
acid, glucaric acid, sorbitol, lactose, galactose, and mannose. The polyesters synthesized were characteri-
zed by 500 MHz 'H-NMR spectroscopy, intrinsic viscosity[n] measurement in chloroform and differential
scanning calorimetry(DSC). 500 MHz 'H-NMR analysis showed that all polyesters synthesized generally
contained 1~2 mol% of 3HV. Another finding is that the glucose utilization can be increased by changing
the autoclaving procedure of the substrate to enhance the P(3HB) production yield up to 46 wt% of

P(3HB) in dry cells.

A wide variety of bacteria make and store lipophilic
inclusion bodies mainly composed of poly(3-hydroxybut-
yrate)(P(3HB)) or other types of polyesters{polyhydroxy-
alkanoates; PHAs) (2,7, 8, 17). These microbial polyes-
ters have attracted much aftention as environmentally
degradable thermoplastics which can be used for a wide
range of possible applications. It also has various poten-
tial medical applications such as for the uses as surgical
sutures, biodegradable matrices for controlled drug re-
lease and etc. Many authors have been trying to find
new biodegradable polyesters by changing the bacterial
strain, carbon-source and culture condition (4-8, 14, 16,
18, 23).

The P(3HB) or PHAs production of A. eutrophus H16
has been studied extensively by Doi et al. using various
organic carbon-sources (7, 8). A two-step culture techni-
que was often employed in their study; the first step
was to obtain the maximum amount of cells and the

*Corresponding author
Key words: PHB Biosynthesis, A. eutrophus H16, enhancement
of glucose utilization

second step to induce the accumulation of various types
of polyesters from various organic carbon sources under
nitrogen limitation condition. In order to see what type
of polyester derives from the carbon-source fed in the
second step, first of all, the P{3HB)-free cells have to
be recovered after they were grown under nutrient-rich
condition.

It is well known that most bacteria accumulate P(3HB)
even when they are not limited by factors such as nitro-
gen or phosphate, albeit at a lesser rate (2, 13, 22). Thus,
the first-step culture biomass may contain some P(3HB)
homopolyester before transferring to the second accu-
mulation stage. Doi et al., on the contrary, reported that
in A. eutrophus H16, P(3HB) accumulation was not ob-
served at the first-step with their nutrient-rich medium
{9,11,12,15). They assumed that most polyesters in
cells may be derived from the carbon sources fed at
the second-step cultivation. In this paper, we report our
systematic experimental result that the P(3HB) accumu-
lation of A. eutrophus H16(ATCC 17699) is unavoidable
under nutrient-rich condition even in the presence of
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{NH,);S04. We, also, report the result of the PHAs syn-
thesis of A. eutrophus H16(ATCC 17699) from various
saccharides and their derivatives such as fructose, glu-
cose, gluconic acid, glucaric acid, sorbitol, lactose, galac-
tose, and mannose.

MATERIALS AND METHODS

Carbon Sources and Other Materials

All chemicals used were reagent grade. Yeast extract
and nutrient broth for growth media were purchased
from Difco Laboratories. Gluconic and glucaric acids
were purchased from Sigma Chemical Co. and used
as received. Glucose, fructose, sorbitol, lactose, mannose,
(NHg)2S04, and other inorganic salts were from Junsei
Chemical Co..

Bacterial Strain and Culture Media

The strain ATCC 17699 of Alcaligenes eutrophus
H16 used in this study was purchased from the Ameri-
can Type Culture Collection(ATCC). Culture was main-
tained on nutrient broth (1% yeast extract, 1.5% nutrient
broth) agar plates at 4°C and was subcultured every
three weeks.

Two kinds of media were used in this study. Medium
1 used for exponential culture was a nutrient-rich me-
dium containing 10 g of yeast extract, 15 g of nutrient
broth, and 5 g of (NH4);SO4 per liter of distilled water.
The pH was adjusted to 7.0 with 5 M NaOH before
the medium was autoclaved. Medium 2 used in the ex-
pedition of polyesters accumulation was a nitrogen-free
medium containing a carbon source. The composition
of the nitrogen-free medium was as follows (per liter of
distilled water); 2.3 g of KH:PO4, 7.3 g of NagHPO,-
12H.0, 0.25 g of MgSQ4*7H0, 0.02 g of Fe(NHa)e-
citrate or FeCls* 12H:0, 0.5 g of NaHCOs, 0.2 g of CaCl,-
2H;0 and 1 ml of a microelement solution. The pH
of the medium was adjusted to 7.0. The microelement
solution contained 0.15 g of ZnSO4-7H;0, 1 g of MnCl,-
4H;0, 0.3 g of H3BOs, 0.8 g of CoS04-7H;0, 0.04
g of CuCly'2H;0, 0.02 g of NiCly'6H;O and 0.03 g
of NaMoQ4+2H,0 per liter of distilled water.

Polyhydroxyalkanoates(PHAs) Synthesis

PHAs synthesis was performed by a two-step batch
culture. First, 5 m! of inocula were transferred onto 500
mi of a nutrent-rich medium and cultivated at 30°C
and 160 rpm. Cells were harvested by centrifugation
(6,000 rpm, 10 min) after 22-hr cultivation time corres-
ponding to the late log phase and washed with sterilized
water. In the second step, the washed cells were transfer-
red onto a nitrogen-free medium (500 ml) containing
a carbon source to promote polyester accumulation, and
were cultivated for 48 hrs at 30°C and 160 rpm. The
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cultivated cells were harvested by centrifugation (6,000
rpm, 10 min), washed with acetone and finally dried
under vacuum at 30~40°C.

Electron Microscopy

A 10 m/ of culture broth was centrifuged and washed
with distilled water. The washed cells were fixed doubly
with 2.5% glutaraldehyde and 1% osmium tetraoxide
{OsO4) (19) and the fixed cells were washed with a phos-
phate buffer {pH 7.3). The cells were dehydrated in a
graded series of ethanol and acetone, and embedded
in a epon resin (19). Ultrathin sectioning was performed
with a LKB-Ultratome with a diamond knife. Sections
were collected on a copper arid coated with a Formvar-
carbon film and were poststained with lead citrate and
uranyl acetate. Electron micrographs were taken with
a HITACHI H-600 electron microscope under accelera-
tion voltage of 75 kV.

Polyesters Extraction and Purification

Dried cells were weighed and transferred onto an ext-
raction thimble filter (28 X100 mm, Advantec; Toyo Ro-
shi Kaisha, Ltd.}). Polyesters were extracted from the dried
cells with hot chioroform in a Pyrex Soxhlet apparatus
for 6 hrs. The solvent extract was concentrated under
reduced pressure on a rotary vacuum evaporator (EY-
ELA; Tokyo Rikakikai Co.) and precipitated in a rapidly
stirring cold methanol. The precipitate was separated
by suction filtration and dried overnight under vacuum
at 30~40°C. Dried polyesters were redissolved in chlo-
roform and filtered. Polyesters were reprecipitated with
cold methanol, washed with 80% methanol +20% chlo-
roform solution to completely remove lipid components
in the polyester and dried under vacuum at 30~40°C.

Determination of Remaining Glucose and
Biomass Increase with Time

To measure the change in biomass during cell cultiva-
tion, 10 ml of culture broth was centrifuged at 6,000
rpm for 10 mins, suspended in 10 m! of distilled water
and recentrifuged. The pellet was then transferred onto
a preweighed aluminum dish and dried to a constant
mass under vacuum at 100°C. For measuring the remai-
ning glucose in a culture solution, 3,5-dinitrosalicylic acid
(DNS) method was used (21).

Determination of P(3HB) Accumulation with
Time

About 10 mg of dried cells was sampled from the
culture under consideration every 4 hrs and transferred
onto a test tube with teflon-lined screw cap(Pyrex). A
5 ml of chloroform was added to this test tube to extract
P(3HB) from the dried cells. It was placed in a tempera-
ture-controlled water bath(EYELA,; SB-9 bath) at 50°C
for 12 hrs and cooled to room temperature. 50~100
w aliquots of the solvent extract were transferred onto
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another test tube and evaporated to dryness at 60°C.
Then, 5 ml of concentrated sulfuric acid was added to
the test tube containing the dried P(3HB), and the solu-
tion was heated in a boiling-water bath for 10 mins.
Finally, the solution was cooled to room temperature
and shaken thoroughly. The absorbance of the solution
was measured at 235 nm (Absgs) with concentrated
sulfuric acid as a blank.

Five standards containing 20, 40, 60, 80 and 100
ug of P(BHB), respectively were prepared in the same
manner as fhose in the above sample solution. The ob-
tained standard curve shows a linear relation between
the absorbance and the P(3HB) weight within the range
of 0~80 ug of P(3HB). Compared to the absorbance
on the standard curve, the amount of P(3HB) in the
cells was determined.

Nuclear Magnetic Resonance(NMR) Spectros-
copy

The 'H-NMR analysis of the polyester samples was
carried out on a Bruker AMX-500 spectrometer in the
pulse Fourier transform (FT) mode. The 500 MHz 'H-
NMR spectra were recorded at 25°C using CDCls solu-
tions of the polyester(5 mg/ml) with 4.0-s pulse repeti-
tion, 5000-Hz spectral width, 32 K data points and 16
accumulations.

Thermal Analysis of Polyesters

The melting transition temperature(Tm) was measured
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by using a DuPont 9900 differential scanning calorimeter
(DSC V2.2 A) equipped with a data station. Samples
for the DSC study were prepared by casting the polyester
into aluminum pans from a ~5% solution in chloroform.
The specimens were subjected to further drying under
vacuum at room temperature for 1 day or more. Sample
size was in the range of 10~15 mg. Experiments were
carried out at a heating rate of 10°C/min under a dry
nitrogen purge.

Determination of Polyesters Molecular Weight

P{3HB) molecular weight was determined from the
Mark-Howink equation which shows the relation bet-
ween molecular weight and intrinsic viscosity. The intrin-
sic viscosities of various PHB samples in chloroform at
30°C were measured in a capillary viscometer of the
Cannon-Fanske type{capillary No. 50) which was immer-
sed in a constant temperature bath. Molecular weights
were calculated from the Mark-Howink equation {20):

[nl=kM®
k; 7.7X1075 (cm®g™Y) {in chloroform)
a; 0.82
RESULTS AND DISCUSSION

Polyesters Accumulation under Nutrient-Rich
Condition

Table 1. Effect of ammonium sulfate on P(3HB) accumulation of A. eutrophus H16 under nutrient-rich condition®

batch amount of ammonium culture time wt. of dry wt% of PHB average wi% of PHB
No. sulfate (g/l) (hr) cells(g/)) in dry cells for 22hrs culture
1 0 18 24 15.0
1 0 22 3.0 164
2 0 22 3.8 170 16.7
3 25 22 29 12.2 122
4 5 18 30 5.0
4 5 22 32 92
5 5 22 3.3 9.0
6 5 22 34 7.0
7 5 22 34 87
8 5 22 33 84 85
9 7.5 22 33 8.0 80
10 10 22 30 1.7
11 10 22 30 5.0
12 10 22 28 32
13 10 22 29 28
14 10 22 32 43 34
15 12.5% 64 30 59 59
164 5 22 31 16.8
179 5 22 38 200 184

@ Culture medium contained 10 g of yeast extract, 15 g of nutrient broth and the corresponding amount of ammonium sulfate
perliter, ®No cell growth occurred in 24 hrs, 9 Culture medium contained 10 g of yeast extract, 10 g of polypeptone, 5 g of
beef extract perliter (the medium composition proposed by Doi et al. to harvest polyester-free cells).
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In the two-step cultivation for polyester synthesis, it
is necessary to harvest healthy and polyester-free cells
to investigate what type of polyester derives from the
carbon-source fed in the second induction stage. As
shown in Table 1 and Fig. 1, when the cells were cultiva-
ted in the nutrient-rich medium containing additional
(NH4)2S04(see the footnote of Table 1 for the composi-
tion), increasing ammonium sulfate content decreased
the P(3HB) production yield while the dried total bio-
mass weights remained relatively constant. However,
when high (NH4);SO4 concentration(10 g/L) was used,
a lot of lysed cells were seen in the second-step medium.
Furthermore, our ATCC(17699) strain produced 18 wi%
of P(3HB) when we used the culture medium which
had the same composition. as in Doi et af’s experiment
(Table 1). Therefore, 5 g of (NH4):SOs was added to
the first step exponential culture medium of 1 liter to
minimize the P(3HB) production in a nutrient-rich me-
dium. The cells harvested under this condition contained
8.5 wt% of P(3HBY) in dry cells (Table 1). Fig. 2(a) shows
the electron micrographs of P(3HB) granules in A. eutro-
phus H16 which was cultivated in a nutrient-rich me-
dium for 22 hrs. A stronger evidence of the P(3HB)
production at the early stage of growth in a nutrient-
rich cultivation is the appearance of P(3HB) granules
in the cell division phase (Fig. 2(b)). These results clearly
demonstrate that in A. eutrophus H16 the P(3HB) accu-
mulates during cell growth even under well balanced
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Fig. 1. Effect of ammonium sulfate on production of
total biomass (®) and P(3HB) (O) by A. eutrophus H16
under nutrient-rich condition.

J. Microbiol. Biotechnol.

nuirient-rich condition, and can be stimulated under un-
balanced conditions such as a high C:N ratio and a nitro-
gen deficiency (2,17).

Electron Microscopy for Polyester Granules in
Cells

Fig. 3a and 3b show the electron micrographs of P(3
HB) granules in A. eutrophus H16 which was grown
on crotonic acid and gluconic acid, respectively, under
P(3HB) production condition. The size of individual gra-
nules in the cells was estimated to be in the range of
300 to 500 nm in diameter and they appeared to oc-
cupy more than 80% of the cell volume. They are gene-
rally spherical in shape. The 6 hrs of extraction was

(a) §

Fig. 2. Electron micrographs of P(3HB) granules in A,
eutrophus H16; (a) cultured in a nutrient-rich medium;
(b) during cell division.
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(b)

Fig. 3. Electron micrographs of P(3HB) granules in A.
eutrophus H16 cultured on (a)crotonate and (b)gluco-
nate under P(3HB) accumulation condition.

long enough to extract 98% or more of PHAs from
the cells. The solvent extraction of the cells in Fig. 3a
revealed the existence of 61 wt% of P(3HB) in them,
rather lower than expected from the electron microscopic
data. Recent NMR (1, 3) and X-ray ditfraction (1) studies
showed that the P(3HB) granules in vivo are in a mobile
state and amorphous in which water acts as a plasticizer
for the polymer.

NMR Spectroscopy for Polyesters Produced un-
der Nutrient-Rich Condition

The 500 MHz H-NMR spectrum of P(3HB) synthesi-
zed in a nutrient-rich medium is shown in Fig. 4. The
doublet resonance at 1.28 ppm is assignable to methyl
protons| HB(4)], and the methine proton[HB(3}] atta-
ched to the asymmetric carbon is a sextet centered at
526 ppm. The methylene [HB(2)] multiplet centered

POLYESTER BIOSYNTHESIS OF 4. EUTROPHUS H16 119

ﬁ”s
s E &C|H2 2
O CH—5CH - O_JC””TCHZTC‘Y_
3HB 3HV
HB(4)
H8(2)
HV(2)
HB(3)
l w1
(o) N A
L Il 1k 1 L 1 WS NUwES 1 i i’ 1oixal

L sl o
ppm 8.5 5.5 4.5 3.5 2.5 1.5 0.5

Fig. 4. 500 MHz 'H-NMR spectrum of polyester produ-
ced under nutrient-rich condition by A. eutrophus H16.

at 255 ppm consists of eight peaks due to the ABX
type coupling of two magetically inequivalent hydrogens
(10). The ratio of integrated areas was in good agree-
ment with the number of each type of proton in 3HB
within + 1% deviation. It was 3.0 (CHs): 2.0 (CHy): 1.0
{CH). As shown in Fig. 4, beside the three resonances
from P(3HB), two minor additional resonances can be
seen. These are the resonances of methylene protons
[HV@)] and methyl protons [HV(5)] in HV unit and
each chemical shift value of these protons are 1.63 and
0.90 ppm, respectively (9). The resonance of methylene
protons [HV(2)] overlaps the methylene resonance in
3HB unit. Thus, the monomer composition of copolyes-
ters can be determined by comparing the areas of the
peaks representing each constituent monomer. The me-
thylene proton resonance [HV(4)] peak in the HV unit
was not used for the quantitation of monomer composi-
tion since it overlapped the proton resonance (~1.6
ppm) of water which probably existed in deutrated sol-
vent as impurity (Fig. 4). The spectrum shows that the
polyester accurnulated under nutrient-rich condition also
contains a minor amount of 3HV unit (less than 1 mol%).

Polyesters Accumulation on Saccharides and
Their Derivatives

Table 2 shows the polyesters synthesis data for the
carbon sources of several saccharides and glucose deri-
vatives such as sorbitol, glliconic acid, and glucaric acid.
All polyester products from unrelated carbon sources
contained 2 mol% or less of 3HV monomer unit. The
polyesters accumulation time was allowed for 48 hrs
long enough to reach the steady state of accumulation,
which is suitable to common natural substrates. The
steady-state accumulation time will be discussed in the
next paragraph. It was reported that most saccharides
can not be utilized by A. eutrophus H16 (7). Fructose
is the only utilizable sugar (7), which is confirmed by
the polyester production yield data in Table 2. As shown
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Table 2. Biosynthesis of PHAs by A. eutrophus H16 from saccharides and their derivatives at 30°C.

carbon source wt. 0{1 dry \IgtH&f pﬁ(ﬁsqf PHAs com a)osition physical properties of PHAs
(gr{z’eﬁ?ﬂ%e n @) dry cells  3HB3HV Tm (CP [P Mux10-5

fructose 20 95 53 56.0 99 1

glucose 20 57 044 7.7 99 1 171 504 74
gluconic acid 10 6.2 284 458 98 2 172 227 28
sorbitol 10 31 0.08 26 99 1 167 216 27
glucaric acid 10 4.7 1.30 279 99 1 167 216 27
L-arabinose 10 27 0.20 6.1 99 1

lactose 10 26 <10

galactose 10 28 <10

mannose 10 23 0.023 10

° Calculated from NMR data, Peak temperature from DSC data, 9Intrinsic viscosity, #Viscosity molecular weight.

in Table 2, the polyester production vields from glucose
and sorbitol were less than 10wt% [(wt. of polyester/wt.
of dry cells)X100] whereas those from gluconic acid
and glucaric acid were about 46 and 28 wt%, respecti-
vely. This indicates that the incorporation of carboxyl
group into the glucose molecule may generally enhance
the accumulation of polyesters. Compared to the average
8.5 wt% of residual P(3HB) accumulated under nutrient-
rich condition, the bacterium accumulated a negligible
amount of P(3HB) from glucose during the second indu-
ction period. This is reasonable because of the incapabi-
lity (7) of glucose utilization for growth by A. eutrophus
H16. This was also substantiated in the time course study
for the glucose consumption, O.D., biomass increases,
aand P(3HB) production yield {Fig. 5). Only 1g of glu-
cose was consumed during the second step cultivation.
However, Doi et al. (8) reported 21 wi% accumulation
on glucose.

In addition, when 6 g of glucose and 4 g of gluconate
in 500 m/ were used as cosubstrates, the amount of
glucose consumption{(~1 g) was comparable to the case
in which glucose was an only carbon source. The increa-
sing rates of the biomass, the O.D. value and the P(3HB)
production yield were very similar for initial 28 hrs. Fina-
lly they all reached the stationary phase (Fig. 6). This
indicates that the P(3HB) production yield data obtained
after 48 hrs of cultivation are steady-state results. This
also shows that the biomass increase from 1.7 to 3.8
g/500 m! with time is almost totally due to the P(3HB)
accumulation{net P(3HB) weight increase of ~1.2 g).
It can be seen from Fig. 6 that the P(3HB) accumulation
also affects the O.D. (at 660 nm) value.

For other carbon sources of sorbitol, arabinose, lactose,
galactose, and mannose, the polyester contents in cells
were even lower than the control value of 8.5 wt% obtai-
ned under nutrient-rich condition. For the carbon sources
showing such a lower or similar level of polyester content
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Fig. 5. Time courses of biomass ({), remaining glucose
(©), O.D. at 660 nm (®) and P(3HB) production yield
(2) during the second step culture of A. eutrophus H16
in the nitrogen-free medium containing 20 g of glucose
per liter.

to the control value during the accumulation period,
it can be surmised that when using these substrates,
a concomitant synthesis and degradation of polyesters
in cells would occur (8).

Enhancement of Glucose Utilization for P(3HB)
Production

It is well known that A. eutrophus H16 does not grow
on glucose (7). However, it is interesting to note a signifi-
cant difference of P(3HB) production vield between two
autoclaving procedures; the separate autoclaving of glu-
cose and buffer medium and the at once-autoclaving
of glucose-in-buffer (Table 3). The simultaneous autocla-
ving of glucose-in-buffer increased the P(3HB) produc-
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Table 3. Enhancement of P(3HB) production owing to changing autoclaving procedure®.

autoclaving amount of wit%. of dry wt. of P(3HB) wi% of P(3HB)
procedure glucose (g/l) cells (a/h {a/l) in dry cells
separate 20 57 044 77
autoclaving 20 43 044 101
of glucose 20 48 044 93
and buffer 20 39 0.26 64
20 54 047 89
average (8.5)
at once- 20 65 30 463
autoclaving 20 7.6 32 425
of glucose-in-buffer 20 74 26 348
average @12

“No additional (NH4),SO,; was added in the first step culture under nutrient-rich condition.
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Fig. 6. Time courses of biomass (), remaining glucose
(©), 0.D. at 660 nm (®) and P(3HB) production vield
(») during the second step culture of A. eutrophus H16
in the nitrogen-free medium containing 12 g of glucose
and 8 g of gluconate per liter.

tion yield up to 46 wi%, very high in comparison with
the 8 wt% obtained when glucose and buffer were auto-
claved separately as usual. It is uncertain what happened
to cause such a significant increase in P(3HB) produc-
tion. Further study on this accidental finding is presently
under way.
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