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Abstract �-Poly(malic acid) (PMLA) has attracted
industrial interest because this polyester can be used as a
prodrug or for drug delivery systems. In PMLA production
by Aureobasidium pullulans ipe-1, it was found that PLMA
production was associated with cell growth in the early
exponential growth phase and dissociated from cell growth
in the late exponential growth phase. To enhance PMLA
production in the late phase, diVerent fermentation modes
and strategies for controlling culture redox potential (CRP)
were studied. The results showed that high concentrations
of produced PMLA (above 40 g/l) not only inhibited
PMLA production, but also was detrimental to cell growth.
Moreover, when CRP increased from 57 to 100 mV in the
late exponential growth phase, the lack of reducing power
in the broth also decreased PMLA productivity. PMLA
productivity could be enhanced by repeated-batch culture
to maintain cell growth in the exponential growth phase, or

by cell-recycle culture with membrane to remove the pro-
duced PMLA, or by maintaining CRP below 70 mV no
matter which kind of fermentation mode was adopted.
Repeated-batch culture aVorded a high PMLA concentra-
tion (up to 63.2 g/l) with a productivity of 1.15 g l¡1 h¡1.
Cell-recycle culture also conWrmed that PMLA production
by the strain ipe-1 was associated with cell growth.

Keywords �-Poly(malic acid) · Aureobasidium pullulans · 
Cell-recycle culture · Culture redox potential

Introduction

�-Poly(malic acid) (PMLA) has attracted industrial interest
because this polyester can be used as a prodrug or for drug
delivery system [2, 4, 5]. PMLA can be produced by either
chemical synthesis [10] or microbial fermentation [17]; the
latter approach has been extensively investigated. Leathers
et al. [17] did signiWcant work on PMLA production by
strains of Aureobasidium pullulans representing genetically
diverse phylogenetic clades, some of which included strains
produced relatively high levels of PMLA. Zhang et al. [24]
also reported a new strain, characterized as the candidate of
A. pullulans on the basis of the morphology and phyloge-
netic analyses of internal transcribed spacer sequences; this
strain was isolated from fresh plants samples and gave a
high PMLA productivity of 0.35 g l¡1 h¡1 in a 10-l bioreac-
tor. However, there are discrepancies regarding the rela-
tionship between cell growth and PMLA production in the
literature. Nakajima-Kambe et al. [18] reported the highest
PMLA production (80 g/l) by the non-growing cells of
Aureobasidium in Xasks with a long cultivation time up to
12 days, and found that PMLA production was dissociated
from cell growth. Lee and Holler [11] also reported the
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dissociation between cell growth and PMLA production by
Physarum polycephalum in Xasks, showing that cell growth
was minimal in culture medium devoid of nitrogen source,
while PMLA was produced at a substantial rate. In their
studies, the cells could be regarded as a whole-cell enzyme
system for catalyzing the synthesis of PMLA, wherein the
cultivation in the early phase aVorded cells with high cata-
lytic activity for subsequent PMLA production. On the
other hand, some confusing phenomena relating to cell
growth and PMLA production have been reported to occur
in bioreactors. Zhang et al. [24] found the cell growth of
A. pullulans and PMLA concentration in a 10-l bioreactor
rapidly increased during the exponential and stationary
phases, whereas Liu and Steinbüchel [15] reported that
PMLA production was almost unrelated to cell growth and
PMLA was largely yielded in the late exponential growth
phase when A. pullulans CBS 591.75 was cultivated in a 1-l
fermenter. Unfortunately, no detailed explanation was pre-
sented in their work. Therefore, there is a need to identify the
main factors aVecting PMLA production in the late exponen-
tial growth phase so as to further promote PMLA production.

Doig et al. [6] and Zambianchi et al. [25] found that the
whole cells could be used as biocatalysts for the biosynthe-
sis of metabolites, whereas the catalytic activity [22] was
highly aVected by the culture redox potential (CRP), which
expresses the sum of all oxidoreduction processes in a fer-
mentation, especially for the metabolic processes in cells.
CRP was determined by reversible oxidoreduction couples
and irreversible reducing agents coupled with the action of
free oxygen and hydrogen. For example, with addition of
potassium ferrocyanide, CRP could be maintained between
280 and 80 mV [1] to obtain a high citric acid productivity
in Aspergillus niger fermentation. In addition, CRP played
an important role in the cellular physiology of microorgan-
isms such as growth capacity [12, 14, 16] and thermal resis-
tance [8, 20]. However, there was no literature about the
eVects of CRP on the production of biopolymers, such as
�-polylysine, poly(�-D-glutamic acid), and PMLA. Since
CRP could be artiWcially controlled by adding a reducing
agent to aVect the oxidoreduction couples in cells [13, 19],
this may be an eVective way to examine the eVect of CRP
on the dissociation between PMLA production and cell
growth in the late exponential growth phase.

The present work is a part of our ongoing project aimed
at developing a practical approach for the biotechnological
production of PMLA by A. pullulans ipe-1. The objectives
of this work were to identify the relationship between cell
growth and PMLA production by the strain ipe-1 in the late
exponential growth phase and then to develop a strategy to
enhance PMLA production in this phase. DiVerent fermen-
tation modes, namely fed-batch culture, repeated-batch
culture, and cell-recycle culture with membrane, were
examined, with a focus on the role of CRP in PMLA

production. To our knowledge, this is the Wrst reported use
of CRP as a controlling parameter in the production of bio-
polymers.

Materials and methods

Microorganism

Aureobasidium pullulans ipe-1(CGMCC no. 3337) used
throughout this study was stored in the China General
Microbiological Culture Collection (CGMCC), Institute of
Microbiology, Chinese Academy of Sciences. The strain
was maintained on potato-glucose agar slant at 4°C.

Culture medium

The seed culture medium contained (w/v) 8% glucose,
0.2% NaNO3, 0.01% KH2PO4, 0.02% MgSO4·7H2O,
0.05% KCl, and 0.1% tryptone (Oxoid LP0042) in deion-
ized water. For the production of PMLA in the bioreactor
(BioFio®110), the following medium was used (w/v): 19%
glucose, 1.5% tryptone, 0.6% NaNO3, 0.5% yeast extract
(Oxoid LP0021), 0.05% KH2PO4, 0.02% MgSO4·7H2O,
0.05% KCl, and 5 ppm ZnSO4·7H2O in deionized water.

Culture method

In all fermentation experiments, the seed culture of strain
ipe-1 was prepared by inoculating cells grown on potato-
glucose agar into 500-ml Erlenmeyer Xasks containing
100 ml of seed culture medium, followed by incubation at
25°C for 2 days on a rotary shaker. The seed culture broth
(400 ml) was transferred to a 7.5-l bioreactor (BioFio®110)
containing 4 l of the fermentation culture medium. The
temperature, aeration rate, and pH in the bioreactor were
kept at 25°C, 0.25–2.5 vvm, and 6.0, respectively; the pH
was kept constant automatically by adding 2 M Na2CO3 or
1 M H2SO4. Dissolved oxygen (DO) was controlled by agi-
tation and detected by a DO electrode. When DO dropped
to the set value of 70%, the agitation rate was automatically
increased on the basis of the value of DO concentration.
Each experiment was performed at least twice, and the data
reported are the average value with a standard deviation
within §10%.

For chemostat experiments with a working volume typi-
cally around 4 l, this equipment was completed by a perma-
nent volume measurement of both the Wlled bioreactor and
the feed bottle. This kind of level control allowed dilution
rates to be respectively controlled very accurately at 0.03,
0.04, and 0.05 h¡1. Fed solution had the same composition
as the fermentation medium, with the exception of 7 g/l
yeast extract and 21 g/l tryptone.
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For repeated-batch fermentation, when initial batch fer-
mentation arrived at the end of exponential growth, 3 l of
the broth was removed, and 3 l of the fresh medium was fed
into the bioreactor. The fermentation was restarted under
the same conditions as the batch fermentation.

For cell-recycle fermentation, a CéRAM INSIDE (UF)
tubular ceramic module membrane was coupled to the bio-
reactor. The molecular weight cutoV (MWCO) of the mem-
branes was 300 kDa, and the eVective surface area of the
membrane was 0.16 m2. After 48-h cultivation in batch fer-
mentation at 25°C, the broth was pumped into the mem-
brane module to recycle the cells and remove the Wltrate at
the same time. Once 2 l Wltrate had been removed by mem-
brane Wltration in cross-Xow mode also at 25°C, the cells
were washed with 2 l sterile water. In the washing process,
the broth with the added sterile water (2 l) was Wltered
through the membrane module also in cross-Xow mode for
40 min till 2 l Wltrate was pooled. The cells were washed
three times and 6 l sterile water in total was used. The
whole washing process lasted for 2 h. After the cell were
washed, 2 l of the fresh medium, having the same composi-
tion of the initial 4-l fermentation medium, was fed into the
bioreactor and then the fermentation was restarted under
the same operating conditions as the batch fermentation.

Analytical methods

The culture broth (8 ml) was centrifuged at 10,000£g for
8 min and the resulting supernatants used for the measure-
ment of PMLA and glucose. For the measurement of bio-
mass content, the cells were washed three times with 8 ml
distilled water, then dried to constant weight at 90°C. To
measure the amount of PMLA, 1-ml samples of superna-
tants were incubated with 1 ml 2 M H2SO4 for 12 h at
90°C. After neutralization of the solution, L-malic acid con-
centration was measured by an HPLC apparatus (Shimadzu
LC20AT) equipped with an SPR-H column. Glucose con-
centrations of the supernatants were measured using a bio-
sensor with glucose oxide electrodes (SBA-40C, Institute
of Biology, Shandong Academy of Science, China). CRP
was measured by a platinum electrode and controlled by
exogenous addition of Na2S whenever required.

Results and discussion

Time proWles of PMLA production in a 7.5-l jar bioreactor

Time proWles of PMLA production by A. pullulans ipe-1,
cultivated in a 7.5-l bioreactor, are shown in Fig. 1. In the
early exponential growth phase, PMLA production was
associated with cell growth, whereas the dissociation
between the PMLA production and cell growth appeared

after 48 h of cultivation. The dissociation between PMLA
production and cell growth in the late exponential growth
phase was reported by Nakajima-Kambe et al. [18], Liu and
Steinbüchel [15], and Zhang et al. [24]. However, Nakaj-
ima-Kambe et al. [18] found that PMLA was mainly pro-
duced in the late exponential and stationary phases when
PMLA was produced by Aureobasidium sp. A-91 in Xasks;
Liu and Steinbüchel [15] reported PMLA production by
A. pullulans CBS 591.75 in a 1-l bioreactor was almost
unrelated to cell growth, and production of large amounts
of PMLA started only in the late exponential growth phase;
whereas Zhang et al. [24] found that PMLA concentration
in a 10-l bioreactor rapidly increased during the exponential
and stationary phases in batch fermentation with A. pullu-
lans ZD-3d. These diVerences could be caused by the
diVerent strains and experimental conditions used by diVer-
ent investigators. By summarizing previous literature,
Zhang et al. [24] also showed that the production levels of
PMLA varied a lot among the strains previously used, i.e.,
P. polycephalum, Aureobasidium sp. A-91, A. pullulans
CBS 591.75, and A. pullulans ZD-3d.

The results of kinetic analysis for PMLA production
(Fig. 2) show that the productivity of PMLA and biomass
and the glucose consumption rate increased with increasing
fermentation time up to 36 h, but thereafter they began to
decrease sharply. Three reasons could possibly result in
such a decrease. Firstly, the produced PMLA could be a
factor involved in the feedback inhibition of PMLA pro-
duction. Secondly, the remaining glucose concentration
might be too low for PMLA production. Thirdly, CRP
played an important role in PMLA production. As can be
seen from Fig. 1, when PMLA began to be largely pro-
duced after 12 h, CRP decreased signiWcantly from above
120 to 57 mV at 36 h, and then it started to increase till the
end of fermentation, whereas after culture for 48 h, PMLA
production almost ceased. DiVerent experiments were

Fig. 1 PMLA production in batch culture. PMLA (Wlled squares),
biomass (open squares), glucose (Wlled triangles), CRP (open circles)
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therefore performed to identify the main reasons for the
decrease of PMLA productivity.

EVects of continuous fermentation on PMLA production

As shown in Fig. 1, about 15 g/l PMLA was produced from
36 to 48 h, whereas the PMLA productivity decreased as
fermentation went on. In order to relieve the feedback inhi-
bition of the newly produced PMLA on the production pro-
cess, thus maintaining the high PMLA productivity,
continuous fermentation with dilution rates of 0.03, 0.04,
and 0.05 h¡1 was carried out. The fed solution had the same
composition as the fermentation medium, with the excep-
tion of 7 g/l yeast extract and 21 g/l tryptone added. The
experimental results are shown in Fig. 3. At the dilution
rate of 0.04 h¡1 (Fig. 3a), average PMLA concentration in
the bioreactor was lower than that in the removed broth,
whereas the remaining concentration of biomass and glu-
cose in the bioreactor showed a reverse trend, suggesting
that the capacity of PMLA production by the remaining
cells was declining. However, the average concentration of
PMLA in the bioreactor was almost equal to that in the
removed broth at the dilution rate of 0.03 h¡1 (Fig. 3b) and
0.05 h¡1 (Fig. 3c). It can also be seen that the concentration
of PMLA was the highest at the dilution rate of 0.03 h¡1

and increased gradually, whereas the concentration of
PMLA decreased as continuous fermentation went on at the
dilution rates of 0.04 and 0.05 h¡1. Compared with the
batch culture, the Wnal quantity of produced PMLA
increased by 56.8, 49.6, and 37.5%, respectively, at the
dilution rates of 0.03, 0.04, and 0.05 h¡1 after 72-h cultiva-
tion. Given the fact that the concentration of cells was
higher at the dilution rate at 0.04 h¡1 than that at 0.03 h¡1

and the concentration of PMLA produced was higher at the

latter rate, this suggested that the cells should be incubated
with the substrate for a certain time to synthesize PMLA.
High concentrations of PMLA (above 40 g/l) in the broth
inhibited cell growth, thus decreasing PMLA productivity
in batch culture, whereas the PMLA productivity could be
enhanced by removing the newly produced PMLA in

Fig. 2 Results of kinetic analysis for PMLA production in batch cul-
ture. PMLA productivity (Wlled squares), biomass productivity (open
squares), glucose consumption rate (Wlled triangles)
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continuous-mode fermentation. The results indicated that
the dissociation of the cell growth and PMLA production
did exist in the late exponential growth phase.

EVects of repeated-batch culture on PMLA production

It could be seen that PMLA production was associated with
the cell growth in batch culture in the early exponential
growth phase, and the dissociation between the cell growth
and PMLA production occurred after 48 h in the late
exponential growth phase (Fig. 1). To further examine the
relations between cell growth and PMLA production,
repeated-batch culture was performed to maintain cells in
the exponential growth phase by supplying fresh medium at
48 h after about 75% of the fermented broth drained.
Repeated-batch culture of A. pullulans ipe-1 was imple-
mented for Wve cycles (Fig. 4). The glucose concentration
was consumed steadily with increasing time throughout the
fermentation, and cells of the strain ipe-1 continued to
produce PMLA from glucose in the exponential growth
phase, with much shorter lag period and higher volumetric
productivity than in the batch fermentation. With cell grow-
ing, PMLA could be synthesized with no dissociation
between cell growth and PMLA production during the
period even if the concentration of PMLA was high (up to
63.2 g/l) with a PMLA productivity of 1.15 g l¡1 h¡1 in the
broth. For comparison, the highest level of PMLA produc-
tivity in the available literature was reported recently to be
only 0.35 g l¡1 h¡1 [24]. In the Wve-cycle fermentation,
PMLA and biomass produced per unit glucose also had no
signiWcant diVerence, demonstrating that PMLA production
increased with cell growth in the exponential growth phase.
However, Liu and Steinbüchel [15] reported that PMLA
was mainly produced in the late exponential growth phase,
whereas Zhang et al. [24] found the cell growth of A. pullu-
lans and PMLA concentration could also be increased in

the stationary phase of cells. Therefore, fed-batch fermenta-
tion was further carried out to examine whether nutrition
supply could be the main factor aVecting the synthesis of
PMLA by the strain ipe-1 in the late exponential growth
phase.

EVects of fed-batch fermentation on PMLA production

Fed-batch fermentations were performed to examine
whether the medium composition was suYcient or not for
the cells to synthesize PMLA in the late exponential growth
phase. Additional fed solution was continuously supplied
from 36 h to keep the concentration of residual sugar con-
stant and oVer other medium components required for cell
growth. The fed solution had the same composition as the
fermentation medium, with the exception of 500 g/l glu-
cose. As shown in Fig. 5a, the Wnal PMLA and biomass
concentrations were almost the same as those in the batch
culture, indicating that the dissociation between PMLA

Fig. 4 PMLA production in repeated-batch culture. PMLA (Wlled
squares), biomass (open squares), glucose (Wlled triangles)
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production and cell growth was not due to the deWciency of
culture compositions. If one compares Figs. 4 and 5a, the
dissociation could be caused by the high concentration of
produced PMLA (above 40 g/l) in the broth, which not only
inhibited its production, but also was detrimental to cell
growth. By comparing the batch culture (Fig. 1) and the
fed-batch culture (Fig. 5a), the CRP in fed-batch culture
was just a little lower than that in the batch culture, but they
varied similarly, suggesting that the CRP could not be con-
trolled by the added glucose solution. It can also be seen
from Fig. 5 that the metabolic state changed to PMLA pro-
duction when CRP dropped to a characteristic value lower
than about 70 mV, and PMLA production increased with
cell growth. In the late exponential growth phase, the CRP
increased gradually above 100 mV till the end of fermenta-
tion, whereas PMLA production almost ceased during the
period. These results implied that CRP could be used to
monitor and optimize PMLA production. Since fed-glucose
solution could neither control the CRP nor increase PMLA
productivity (Fig. 5a), another fed-batch culture was carried
out with exogenous addition of Na2S to maintain CRP
lower than 70 mV in the late exponential growth phase
(Fig. 5b). Compared with the fed-batch culture without
CRP control (Fig. 5a), PMLA production and cell growth
increased by 21.2 and 11.7%, respectively, in the CRP-con-
trolled fed-batch culture (Fig. 5b), indicating that the disso-
ciation between PMLA production and cell growth partially
resulted from the lack of reducing power in the broth. The
results were not consistent with the work by Liu and Stein-
büchel [15] and Nakajima-Kambe et al. [18], as they found
that PMLA was mainly produced in the late exponential
and stationary phases. Again, this could be attributed to the
diVerent strains and experimental conditions used.

EVects of membrane cell-recycle on PMLA production

Nakajima-Kambe et al. [18] reported that the highest
PMLA production (80 g/l) could be produced by the non-
growing cells of Aureobasidium sp. in Xasks, whereas our
results discussed above in the present work showed that cell
growth was necessary for PMLA production, and high con-
centration of PMLA was detrimental to cell growth. In
order to validate the relationship between cell growth and
PMLA production, a cell-recycle experiment with mem-
brane was carried out (Fig. 6) to maintain the high concen-
tration of cells and remove the produced PMLA. In Fig. 6a,
about 95% of the fresh cells were recycled in the bioreac-
tor, and just 4 g/l PMLA remained in the broth at the begin-
ning of cell-cycle culture phase. In the fermentation phase
using the recycled cells (Fig. 6a), biomass and PMLA
increased similarly to those in the repeated-batch culture
but diVerently from those in fed-batch culture. Glucose was
consumed in the subsequent 48 h, during which time 87 g/l

biomass and 51.3 g/l PMLA were newly produced. Three
parameters—PMLA produced per unit glucose, the concen-
tration of newly produced PMLA, and the variation of
CRP—were almost the same as those in the batch culture
(Fig. 1), whereas biomass produced per unit glucose
increased by 10%. It is noteworthy that it was diYcult to
control the fermentation process because the Wnal concen-
tration of cells was too high, up to 150 g/l, and exogenous
supply of pure O2 was required to maintain the DO value.

Fig. 6 PMLA production in repeated-batch cultures with cell-recycle.
Cell-recycle culture stared after the Wrst 48 h of batch culture time. The
added fresh medium had the same composition as the batch culture in
a, with the exception of organic nitrogen sources in b and with addition
of Na2S to maintain CRP below 70 mV in c. PMLA (Wlled squares),
biomass (open squares), glucose (Wlled triangles), CRP (open circles)
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To lower cell growth rate, organic nitrogen was added in
the fresh medium in the cell-recycle culture (Fig. 6b). Com-
pared with those in Fig. 6a, PMLA and biomass produced
per unit glucose decreased by 26.8 and 31.3%, respectively,
and the PMLA productivity decreased even up to 54.1%,
whereas CRP maintained above 100 mV during the period
of cell-recycle culture. To further identify whether the high
CRP led to the decrease, the cell-recycle experiment was
performed under conditions in which CRP was maintained
below 70 mV by extraneous addition of Na2S during the
period of cell-recycle fermentation (Fig. 6c). Compared
with those in Fig. 6b, PMLA produced per unit glucose and
PMLA productivity increased by 33.2 and 15.6%, respec-
tively, whereas biomass yielded per unit glucose decreased
by 15.9%. The results in Fig. 6 suggested that the PMLA
was produced by the growing cells even in the cell-recycle
phase. Though the concentration of the biomass in cell-
recycle phase was about twice that in batch culture, the
PMLA productivity did not increase, and the produced
PMLA was only associated with the newly increased bio-
mass. From Figs. 5a and 6, it was concluded that high con-
centration of PMLA (above 40 g/l) could inhibit cell
growth because the cells could continue to grow quickly
after removing the produced high concentration of PMLA.
Shimada et al. [21] also showed that PMLA was a naturally
occurring protease inhibitor; therefore, high concentrations
of PMLA would inhibit the assimilation of nitrogen be
cells. This could be the reason why cell growth rate
decreased in the late growth phase, and why there was no
diVerence in PMLA production between batch culture and
fed-batch culture without CRP control. In the late exponen-
tial growth phase, PMLA production could be eVectively
improved by maintaining CRP below 70 mV, and the addi-
tion of the reducing agent Na2S could oVer additional
reducing power in the broth. In an ongoing study in our lab-
oratory, it was found that PMLA biosynthesis was related
to a reducing pathway involving phosphoenolpyruvate for-
mation via oxaloacetate catalyzed by PEP carboxylase.
Therefore, it was an eVective way to promote PMLA pro-
duction by maintaining CRP below 70 mV no matter which
kind of fermentation mode was adopted.

Similar results were also reported by Holler et al. [9] in
batch culture of P. polycephalum, showing that the plasmo-
dia had a maximum intracellular level of PMLA when they
grew at maximum rate, and synthesis of PMLA was typical
for growing plasmodia [3, 7]. The dissociation between
PMLA production and cell growth of P. polycephalum, as
reported by Lee and Holler [11], only appeared under
extreme conditions such as addition of metabolic interme-
diates or omission of hematin or a nitrogen source. The rea-
sons may be that the added intermediates participated in the
biosynthesis pathway for PMLA or the cells could not grow
well because of the lack of nitrogen. In addition, by investi-

gating PMLA synthesis in vivo with plasmodia employing
the microinjection of L-[14C]malate and various inhibitors
of the enzymes involved in the synthesis, Willibald et al.
[23] found that PMLA was synthesized by an enzyme
complex reminiscent of nonribosomal peptide synthetase,
harboring malyl-AMP ligase and malyl-transferase (poly-
merase) activity, and PMLA was synthesized only during
cell growth and the synthesis was disrupted immediately
upon cell injury. For Aureobasidium pullulans, the synthe-
sis of PMLA may follow the same mechanism. The dissoci-
ation could only be detected in the late exponential growth
phase because of the inhibition by the high concentration of
PMLA and the lack of reducing power in the broth. The
Wndings in the present study could oVer an eVective
strategy to intensify PMLA production in the late exponen-
tial growth phase and provide a good reference for process
development and optimization for PMLA production.

Conclusion

In �-poly(L-malic acid) production by Aureobasidium
pullulans ipe-1, the dissociation between the cell growth
and PMLA production in the late exponential growth
phase could be attributed to the high concentration of pro-
duced PMLA (above 40 g/l) and lack of reducing power
in the broth. High concentration of PMLA (above 40 g/l)
not only inhibited its production, but also was detrimental
to cell growth, and lack of reducing power in the broth
also decreased the PMLA productivity. PMLA productiv-
ity could be enhanced by repeated-batch culture to main-
tain cell growth in the exponential growth phase, or by
cell-recycle culture with membrane to remove the pro-
duced PMLA, or by maintaining CRP below 70 mV no
matter which kind of fermentation mode was adopted.
With repeated-batch culture, PMLA concentration was
high (up to 63.2 g/l) with a productivity of 1.15 g l¡1 h¡1.
When CRP was adjusted to below 70 mV in the late expo-
nential growth phase, PMLA production and cell growth
in the fed-batch culture were increased by 21.2 and
11.7%, respectively. Under cell-recycle culture with
membrane and CRP-controlled conditions, PMLA produced
per unit glucose increased by 33.2%.
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