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Abstract The L-phenylalanine (L-Phe) production by
Escherichia coli WSH-Z06 (pAP-B03) was frequently
prevented by bacteriophage BP-1 infestation. To cope with
the bacteriophage BP-1 problem for an improved L-Phe
production, one bacteriophage BP-1-resistant mutant,
E. coli BR-42, was obtained from 416 mutant colonies of
E. coli WSH-Z06 after N-methyl-N’-nitro-N-nitrosoguani-
dine (NTG) mutagenesis by selection for resistance to
bacteriophage BP-1. The recombinant E. coli BR-42-
carrying plasmid pAP-B0O3 had a high capacity in L-Phe
production and a remarkable tolerance to 1 x 10' pfu
(plaque-forming unit)/ml bacteriophage stock. For an
enhanced L-Phe production by E. coli BR-42 (pAP-B03),
the effects of different feeding strategies including pH—stat,
constant rate feeding, linear decreasing rate feeding, and
exponential feeding on L-Phe production were investigated,;
and a two-stage feeding strategy, namely exponential
feeding at jie = 0.18 h™" in the first 20 h and a following
linear varying rate feeding with F = (—0.55 x t + 18.6)
ml/h, was developed to improve L-Phe production. With
this two-stage feeding approach, a maximum L-Phe titer of
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57.63 g/1 with a high L-Phe productivity (1.15 g/l/h) was
achieved, which was 15% higher than the highest level
(50 g/1) reported so far according to our knowledge. The
recombinant E. coli BR-42 (pAP-B03) is a potential L-Phe
over-producer in substantial prevention of bacteriophage
BP-1 infestation compared to its parent strain WSH-Z06
(pAP-B03).

Keywords vr-phenylalanine - Bacteriophage-resistant -
Fed-batch culture - Glucose feeding

Introduction

Among the essential amino acids, L-phenylalanine (L-Phe)
is known for its commercial value in pharmaceutical and
food industries. Recently, its production has been stimu-
lated by the great demand for the low-calorie sweetener
aspartame (L-aspartyl-L-phenylalanine methyl ester) [17].
For the large-scale production of L-Phe, fermentation
processes based on glucose-consuming L-Phe-producing
mutants, especially metabolically engineered strains of
Corynebacterium glutamicum or E. coli, seem to be eco-
nomically superior to the alternatives such as the chemical
synthesis from substrates (benzaldehyde, glycine, acetan-
hydride, etc.) and the chemo-enzymatic processes [10, 21].

In E. coli, the tight regulation on L-Phe biosynthesis is
primarily through end-product feedback inhibition and/or
repression in three successive enzymatic steps catalyzed
by 3-deoxy-p-arabino-heptulosonate-7-phosphate synthase
(DS), chorismate mutase (CM), and prephenate dehydra-
tase (PDT) in the biosynthetic pathway [21]. To achieve
the over-production of L-Phe, researchers have adopted
numerous metabolic engineering strategies in manipulat-
ing the metabolic pathways and dampening the control
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architecture in the cells [2, 18, 28]. In 1990, Backman et al.
[3] engineered E. coli for L-Phe production through over-
expression of feedback-resistant DS (encoded by aroF™"
gene) and feedback-resistant CM and PDT (encoded by
pheA™ gene). Combining an efficient fermentation process,
they achieved a final L-Phe titer of 50 g/l and a yield on
glucose of 0.25 mol/mol after 36 h. This has been the
highest level reported so far, however, the genetic basis of
the L-Phe over-production is unrevealed. In our previous
work [29], a metabolically engineered strain, E. coli WSH-
706 (pAP-B03), was constructed by introducing a recom-
binant plasmid pAP-BO3 carrying a novel pheA™" gene as
well as a wild-type aroF gene [encoding L-tyrosine (L-Tyr)-
sensitive DS]. This strain exhibited strong resistance to
high-level L-Phe and good potential for over-production of
L-Phe: 35.38 g/l L-Phe with a yield coefficient of 0.26 mol/
mol glucose in pH-stat fed-batch culture within 58 h.
A further improved titer of around 55 g/l at 50 h has been
achieved via the optimization of fermentation conditions
of L-Phe production by E. coli WSH-Z06 (pAP-B03)
(unpublished data).

However, L-Phe production by the promising recombi-
nant E. coli WSH-Z06 (pAP-B03) was frequently chal-
lenged by bacteriophage attacks in the earlier period during
the induction phase, resulting in the retarded utilization of
glucose due to cell lysis, and consequently the dramatically
reduced L-Phe production. Control of phage problems in
the commercial arena requires preventing phage contami-
nation by employing strains that are resistant to phage
infection, and minimizing opportunities for the appearance
of new virulent phages [12]. In this work, we isolated one
mutant host strain E. coli BR-42, which were resistant to
bacteriophage BP-1 isolated from the contaminated fer-
mentation broth of L-Phe production by E. coli WSH-Z06
(pAP-B03) via N-methyl-N’-nitro-N-nitrosoguanidine (NTG)
treatment of E. coli WSH-Z06. Based on this resistant
host, a recombinant L-Phe-producing strain E. coli BR-42
(pAP-B03) was obtained.

Various fermentation strategies and techniques have
been developed to improve L-Phe production, such as
medium optimization [5], oxygen supply rate control
[23], substrate feeding rate control [8, 25], temperature
control [16, 22], on-line separation [7, 20], and non-
growing culture [5, 27]. Fed-batch cultivation is a fun-
damental method for industrial L-Phe production, during
which the substrate feeding rate is a key factor for
E. coli cultivation due to the fact that some inhibitory
metabolites, particularly acetic acid, can be excreted if an
inappropriate feeding strategy is adopted [14]. The pre-
vention of acetic acid excretion was achieved by con-
trolling the glucose feeding rate lower than a critical
glucose uptake rate and the rL-Phe production reached
46 g/l [14]. However, the critical specific glucose uptake
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rate calculated from an empirical relationship does not
represent the actual value in each case. To provide a
suitable nutrient level, Gerigk et al. [6] developed a
process for L-Phe production by recombinant E. coli F4/
pJF119EH aroF™" pheA™ aroL™" concerning the online
control of glucose and L-Tyr in fed-batch cultivation. As
reported, an optimum glucose concentration of 5 g/l was
identified and a higher L-Phe titer (34 g/l) was achieved.
As is known, the online control of glucose concentration
requires a sterile sample loop and glucose analyzer,
which is not considered robust enough for industry, even
though it has been used successfully in academic settings
[11].

In this work, with the bacteriophage-resistant mutant,
recombinant E. coli BR-42 (pAP-B03), different glucose
feeding strategies were examined for an improved L-Phe
production, such as pH-stat, constant rate feeding, linear
decreasing rate feeding, and exponential feeding. Finally, a
two-stage feeding, namely the exponential feeding in the
first 20 h, and a following linear decreasing rate feeding
was proposed based on the changes in specific growth rate
and cell physiology. In order to achieve high L-Phe pro-
ductivity, the effect of cell concentration at the beginning
of the induction on L-Phe production was also investigated
for a suitable induction in fed-batch cultures of recombi-
nant E. coli BR-42 (pAP-B03).

Materials and methods
Bacterial strain, plasmid, and bacteriophage

L-Tyr auxotrophic E. coli K12 WSH-Z06, a host for L-Phe
production in our previous work, was used as parent strain
for isolation of bacteriophage BP-1-resistant mutants after
NTG mutagenesis.

Plasmid pAP-B0O3 with E. coli genes aroF (encoding
L-Tyr-sensitive DS) and pheA™ (encoding L-Phe feedback-
resistant CM-PDT) under the control of the temperature-
inducible phage lambda promoters (pR and pL), respectively,
was constructed in our previous work [29]. Kanamycin (Kan)
resistance was employed as a selection marker for plasmid-
containing cells.

Bacteriophage BP-1 was isolated from the fermentation
broth of L-Phe production by E. coli WSH-Z06 (pAP-B03)
with the soft agar (0.7%) overlay method [1] and propa-
gated with strain WSH-Z06. BP-1 was a temperate bacte-
riophage and a member of the lambda-like bacteriophage
family. The particle of bacteriophage BP-1 was visualized
with a transmission electron microscope (H-7000, Hitachi,
Tokyo, Japan) to be tadpole-like with an isometric head
about 45 nm in diameter and a tail about 125 nm long and
6—8 nm in thickness, with no visible tail fibers.
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NTG Mutagenesis and isolation of bacteriophage
BP-1-resistant mutants

E. coli WSH-Z06 cells were grown in LB medium until log
phase, collected by centrifugation (8,000 rpm, 10 min at
4°C) and washed twice with 100 mM potassium phosphate
buffer (pH 7.0). The cells were treated with different
concentrations of NTG (0.2, 0.4, 0.6, and 0.8 mg/ml) for
30 min, collected, washed twice, resuspended in potassium
phosphate buffer (100 mM, pH 7.0) and incubated in LB
medium for 4-6 h to allow segregation and expression of
mutations. Different dilutions were spread on an LB agar
plate and cultured at 37°C for 24 h; single colonies with
various sizes, colors, or shapes were transferred to the
square grids of LB agar plates and incubated at the same
conditions for the short-times stocks and detection of
resistance to bacteriophage BP-1 in spotting method [19].

Each colony in grid-plates was transferred into and
suspended in 1 ml of LB medium, and 100 pl of aliquots
were spread on the previously prepared TY [19] agar
plates, and 10 pl of 1 x 10" pfu (plaque-forming unit)/
ml phage stock was spotted into each of four quadrants
of the plates containing E. coli WSH-Z06 mutant strains
in the surface. After incubation at 37°C for 2448 h, the
plates were examined for the presence or absence of
plaques in the lawn of confluent cell growth. The tested
strains that grew well without any lysed areas on the
surface of their lawn were considered to be bacterio-
phage BP-1-resistant and were selected for further
examination of bacteriophage BP-1 resistance in soft agar
(0.7%) overlay method [1] in the following procedure.
The tested E. coli strains were inoculated into LB
medium and cultured at 37°C until log phase. One
hundred microliters of cell broth and 100 pl of different
viable concentrations of phage stock (1 x 10* 1 x 107,
and 1 x 10" pfu/ml) were added to 8 ml of TY soft
agar (0.7%, 40-50°C) and the mixture was poured onto
the base layer of TY plates. The cultivation conditions
and examination method of the results were the same as
in the spotted method. Strains that showed strong resis-
tance to bacteriophage BP-1 were selected for L-Phe
production.

Media and cultivation conditions

E. coli cells were routinely grown in LB medium for 12 h
at 37°C and 200 rpm on rotary shakers. Kan was used at
40 pg/ml as required.

Bacteriophage-involved experiments, including bacte-
riophage propagation, titer measurement, and the isolation
of E. coli mutant resistant to bacteriophage were performed
at 37°C and 200 rpm in TY medium [19]. The TY plate

was added with 2% (w/v) and 0.7% agar for base layer and
upper layer, respectively.

Production of r-Phe by recombinant E. coli was
conducted in a fermentation medium slightly modified
according to [7, 29] (g/1): 20 glucose, 5 (NH4),SO4, 3 KH,
PO,, 3 MgSO,47H,0, 1 NaCl, 1.5 Na-Citrate, 0.015
CaCl,.2H,0, 0.1125 FeS0,.7H,0, 0.075 Thiamine-HCI,
0.4 L-Tyr, 3 yeast extract, 40 pg/ml Kan, and 1.5 ml/l trace
elements solution (TES). TES contained (g/l): 2.0
Alx(SO4)5-18H,0, 0.75 CoSO4-7H,0, 2.5 CuSO4-5H,0,
0.5 H3BO;, 24 MnSO4-7H,0, 3.0 Na,MoO4-2H,0, 2.5
NiSO,4-6H,0, and 15 ZnSO,4-7H,0.

Shake flask fermentations were carried out in 500-ml
Erlenmeyer flasks containing 50 ml fermentation medium
inoculated with 10% (v/v) seed cultures at 33°C and
200 rpm on rotary shakers. Calcium carbonate (12 g/l) was
added to adjust the pH of the medium. After 12 h and at an
ODg, o of 1.5-2.0, the cells were induced by up-shifting the
temperature to 38°C. The fermentation lasted for 48 h.

Fed-batch cultures were performed in a 3-1 jar fermentor
(LiFlus GM BioTRON, Korea) with an initial broth volume
of 1.35 1 of fermentation medium. The batch culture was
initiated by inoculating 150 ml pre-culture grown to mid-
exponential phase (ODgy = 2-2.5) at 37°C and 200 rpm.
The culture pH was adjusted and controlled at 6.8 £ 0.1
with 20% (v/v) ammonia solution. The temperature was
kept at 33°C in the cell growth phase and 38°C in the
induction phase. The dissolved oxygen (DO) level was
maintained above 20% saturation by cascading the agita-
tion speed (400900 rpm) and aeration rate (1-4 vvm).
When the initial glucose was depleted as indicated by a
sharp increase of DO (approximately 12 h), fed-batch was
started by feeding 700 g/l glucose in different modes as
described below.

pH-stat feeding mode

Glucose was automatically added in pH-stat mode using a
computer-controlled pump. It started as the pH was above
the set-point of 6.8 and stopped as the pH was below 6.8
during the whole feeding period.

Constant rate feeding

Glucose was fed at a constant rate (F = 16 and 10 ml/h)
into the fermentor.

Linear decreasing rate feeing mode
Glucose was fed at a linear decreasing rate [F =

(—0.55 x t + 23) ml/h]. The feeding rates were changed
every 1 h.
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Exponential glucose feeding

Glucose was exponentially fed into the fermentor using a
computer-controlled pump with two different specific
growth rates (i, = 0.18 and 0.12 h™!). The feeding rates
were changed every 30 min and predetermined using the
following mass balance equation:

_ :usetX() Vo eXp (:usett)

F
YSo

where F' is the feeding rate (I/h), u,,., is the set specific
growth rate (h™"), X, and V, are the initial cell concen-
tration (g/1) and culture volume (1) at beginning of glucose
feeding, respectively. ¢ is the cultivation time after the
initiation of glucose exponential feeding (h). Y is the yield
coefficient (g DCW/g glucose) and is estimated from batch
culture, and S is glucose concentration (g/l) in the feeding
solution.

Two-stage feeding strategy

Glucose was supplied with 0.18 h™' of specific growth rate
in exponential feeding mode before 20 h, followed by a
linear decreasing feeding [F = (—0.55 x t 4+ 18.6) ml/h]
so as to avoid the excessive glucose in the medium.

For all fed-batch cultures, the glucose was fed until
glucose was accumulated up to 10 g/l and the induction
was started when cell concentration reached 9.5 g/l unless
otherwise specified.

Analytical methods

The cell concentration was measured as the optical density
at 610 nm (ODg;o) with a spectrophotometer-722 (Third
Analytical Instrument Factory, Shanghai, China) after an
appropriate dilution, where one unit of ODg;o Was equiv-
alent to 0.32 g/l dry cell weight (DCW) [29]. To determine
DCW, 10 ml of fermentation broth in a pre-weighed cen-
trifuge tube was centrifuged for 10 min at 10,000 rpm and
4°C. After the supernatant was poured off, the cell pellets
were washed twice with distilled water. The tubes con-
taining cell pellets were dried at 85°C to constant weight.
For the measurement of glucose, amino acids, and acetic
acid, 5 ml of fermentation broth was centrifuged at
10,000 rpm for 10 min. The supernatant was diluted and
filtered through a membrane (pore size = 0.22 pm). Glu-
cose concentration was determined by a glucose-glutamate
analyzer SBA-40C (Biology Institute of Shandong Acad-
emy of Sciences, Jinan, China). Amino acids were auto-
mated precolumn derivatized by o-phthaldialdehyde (OPA)
and were analyzed with an Agilent 1100 HPLC (Agilent,
Palo Alto, USA) equipped with a reverse-phase column
(Zorbax Eclipse-AAA) and UV detector at 338 nm
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according to the procedure established by Henderson et al.
[9]. Acetic acid concentration was measured by HPLC
(Agilent 1100 series, Santa Clara, CA) with a reverse phase
column (Zorbax SB-Aq) with an injection volume of 5 pl.
The mobile phase consisted of 0.1% phosphoric acid
aqueous solution flowed at a rate of 1.0 ml/min. The col-
umn temperature was maintained at 30°C. The detection
wavelength was 210 nm.

Statistical analysis

All the experiments were performed at least three times,
and the results were expressed as the mean =+ standard
deviation (SD). Statistical analysis was performed with
Student’s ¢ test. P values of < 0.01 were considered sta-
tistically significant.

Results and discussion

Isolation and fermentative performance
of bacteriophage BP-1-resistant mutants

To isolate mutants resistant to bacteriophage BP-1, single
colonies of WSH-Z06 after mutagenesis with four different
concentrations of NTG (0.2, 0.4, 0.6, and 0.8 mg/ml) were
tested for phage-resistance by the spotting method [19] and
rechecked using a soft agar overlay method [1]. Of 416
isolates of E. coli WSH-Z06 tested, two strains exhibited
strong resistance to BP-1, and no plaque was observed both
in monolayer cell culture and under overlay conditions.
These two isolates were selected and designated as BR-42
and BR-130. E. coli BR-42 and BR-130 were also resistant
against other lambda bacteriophages from our laboratory
collection. Both of them were unable to utilize maltose,
which was probably due to the fact that genetic mutation
rendering resistance to bacteriophage BP-1 was involved in
maltose metabolism. As is well known, adsorption of
bacteriophage lambda on E. coli cell receptor occurs
through specific binding between the phage tail fiber pro-
tein and the outer membrane protein LamB, a component
of the transport system for maltose, and E. coli with
inactive LamB could prevent infection by lambda bacte-
riophages [4, 24]. It was speculated that resistance to BP-1
resulted from the alteration in outer membrane protein of
E. coli BR-42 and BR-130 and the study on their defense
mechanisms against BP-1 infection are currently in pro-
gress (unpublished data). However, mutations involved in
the regulation of sugar metabolism may also present in
bacteriophage BP-1-resistant mutants resulting from NTG
treatment of E. coli WSH-Z06. This could drastically
influence L-Phe production. Therefore, it is necessary to
examine their capacity of glucose utilization, cell growth,
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and L-Phe production, and select one ideal strain for L-Phe
over-production.

As derivatives of E. coli K12 WSH-Z06, BR-42 and
BR-130 were L-Tyr auxotrophic, resulting in decreased
unwanted by-product L-Tyr and controllable biomass.
E. coli BR-42 and BR-130 transformed with plasmid pAP-
B03 were examined for their capacity of L-Phe production
in shake flask fermentation. There was a decrease of 48%
in the final DCW (3.67 £ 0.48 g/l) and 53% in L-Phe titer
(2.11 £0.13 g/1) of BR-130 (pAP-B03), respectively,
compared with a DCW of 7.05 £ 0.19 g/l and a L-Phe titer
of 4.47 £ 0.20 g/l of the parent strain WSH-Z06 (pAP-
B03), which implied a reduced metabolism possibly
resulted from NTG mutagenesis. In addition, the L-Phe
yield on glucose of E. coli BR-130 (pAP-B03) (0.16 +
0.01 mol/mol) decreased by 33% compared to that of the
parent strain (0.24 £ 0.01 mol/mol). By contrast, BR-42
(pAP-B03) showed no considerable differences in final
DCW (7.18 &+ 0.25 g/1) and L-Phe titer (4.24 + 0.11 g/l) in
comparison with the control. Moreover, the L-Phe yield on
glucose in the case of E. coli BR-42 (pAP-B03)
(0.24 4+ 0.01 mol/mol) was comparable to its parent strain
WSH-Z06 (pAP-B03).

In order to confirm the resistance of BR-42 (pAP-B03)
to bacteriophage BP-1 during L-Phe production, a further
examination in pH-stat fed-batch fermentation was car-
ried out in a 3-1 jar fermentor, in which approximately
1 x 10'° pfu/ml BP-1 suspension was supplemented at a
ratio of 1:100 (v/v). Figure la shows that the parent
strain WSH-Z06 (pAP-B03) could not grow in the pres-
ence of BP-1, and cell lysis occurred after 2 h of inoc-
ulation. Cell concentration was decreased to near zero at
14 h, leading to an irreversible cessation of fermentation.
No L-Phe was accumulated in the broth. Figure 1b shows
that BR-42 (pAP-B03) exhibited a strong resistance to
BP-1, and its high capacity of L-Phe biosynthesis was
unaffected. The maximum cell density and L-Phe titer
reached 15.41 £+ 0.62 g/l and 34.87 + 1.71 g/I, respec-
tively, which were comparable to those of WSH-Z06
(pAP-B03) in the absence of bacteriophage BP-1 [29].
These results suggested that phage-resistant recombinant
E. coli BR-42 (pAP-B03) was a promising L-Phe-pro-
ducer compared to its parent strain, and thus was applied
in the fed-batch processes for improved L-Phe production
in this work.

Effect of induction time point on L-Phe production
by E. coli BR-42 (pAP-B03)

The temperature-inducible expression system of E. coli is
extensively applied for producing various recombinant
proteins and biochemical products due to ease in induction
of expression by simply shifting the culture temperature.

To determine the optimal initiation of induction, pH—stat
fed-batch cultures of E. coli BR-42 (pAP-B03) were
carried out, in which the induction was initiated at a dry
cell weight of 5.76 £ 0.16 (early exponential phase),
9.60 £ 0.31 (mid-exponential phase), and 13.44 + 0.28 g/l
(late exponential phase), respectively. Table 1 shows that
after being induced at DCW of 13.44 £ 0.28 g/l, cell
growth almost ceased throughout the post-induction pro-
cess, leading to a reduced maximum cell concentration
(14.23 £ 0.31 g/1), possibly due to the declined adapt-
ability of cells at late exponential to circumstance alter-
ation, resulting in significant changes in cellular physiology
and metabolism in the post-induction phase. Compared to
induction at 13.44 £ 0.28 g/l, cell concentration reached a
maximum DCW of 15.68 £+ 0.33 and 15.29 4+ 0.38 g/l
by induction at the cell densities of 5.76 4+ 0.16 and
9.60 = 0.31 g/l, respectively. Among the three cases,
induction at DCW of 9.60 4+ 0.31 g/l resulted in the
highest L-Phe titer (42.75 £ 1.37 g/1) and highest produc-
tivity (0.778 % 0.043 g/l/h). The L-Phe titer and produc-
tivity were 13% and 16% higher than those of induction at
DCW of 5.76 + 0.16 g/l, and 24% and 18% higher than
those of induction at 13.44 £ 0.28 g/l, respectively.

These results indicated that r-Phe production by
recombinant E. coli BR42 (pAP-B03) was significantly
affected by induction time. Induction at mid-exponential
phase was most favorable to L-Phe production.

Fed-batch cultures of E. coli BR-42(pAP-B03)
for L-Phe production by various feeding approaches

During the fed-batch fermentation process, an appropriate
feeding strategy is essential, because the starvation or the
accumulation of the restrictive nutrient substance will lead
to cell disruption or by-products accumulation. The pH-
stat is a simple feedback control scheme that couples
nutrient feeding with measurement of pH, based on the fact
that pH rises due to excretion of ammonium ions when the
principal carbon source is depleted [13, 15]. In this study,
with pH-stat feeding mode, the residual glucose levels
remained quite low (below 2 g/l) and no acetate accumu-
lation was detected throughout the fed-batch process
(Fig. 2). However, the pH did not respond immediately to
the glucose starvation in pH-stat cultures, leading to a long
lag time, which was reflected in the strenuous vibration of
DO (Fig. 2). The repeated depletion of carbon source in lag
period may induce considerable cell stress, and the exis-
tence of lag period inevitably required an increased
fermentation time to reach the maximum L-Phe titer.
As a consequence, the L-Phe productivity was undesirably
reduced (Table 2).

Two runs of fed-batch fermentation were conducted
with the constant feeding rates of 16 ml/h and 10 ml/h,
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Fig. 1 1-Phe production by
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Culture time (h) 56 £ 1.73 55 £1.32 52 +£1.32
Maximum DCW (g/1) 15.68 £+ 0.33 15.29 £ 0.38 14.23 £ 0.31
Maximum L-Phe concentration (g/1) 37.72 £ 1.17 4275 £ 1.37 34.35 £ 0.76
Cell productivity (g/1/h) 0.281 £ 0.014 0.278 £+ 0.013 0.274 £+ 0.011
L-Phe productivity (g/l/h) 0.674 £ 0.039 0.778 £ 0.043 0.661 £+ 0.013
Cell yield on glucose (g/g) 0.091 £ 0.002 0.086 £ 0.003 0.086 £ 0.004
L-Phe yield on glucose (mol/mol) 0.238 £ 0.008 0.253 £+ 0.01 0.227 £ 0.007
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Fig. 2 L-Phe production by E. coli BR-42 (pAP-B03) in pH-stat fed-
batch cultures. The agitation speed (dashed line) was set at 400 rpm
at the initial of fermentation and was adjusted between 400 and
900 rpm to keep the DO (solid line) above 20% during the entire
fermentation process. Glucose (filled square) (Glc); DCW (open
triangle); L-Phe (open diamond); acetic acid (open square)

respectively. In the case of F = 16 ml/h, the glucose
feeding was excessive after 30 h. The cell growth was
inhibited with a decline in DCW and L-Phe concentration
increased with a very low rate and reached a maximum
value of 29.12 £ 1.20 g/l at 34 h, which may result from
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the substrate inhibition and acetic acid accumulation
(Fig. 3a). For the constant rate of 10 ml/h, the glucose
concentration in the culture medium was maintained near
zero until 46 h and the formation of by-product acetic acid
was undetectable during the underfeeding period, after
which glucose accumulation and acetic acid excretion were
observed (Fig. 3b). Compared to the case of F' = 16 ml/h,
glucose feeding at F' = 10 ml/h resulted in a higher L-Phe
titer (45.10 &= 0.94 g/1), but L-Phe productivity (0.835 £
0.021 g/1/h) was slightly reduced due to a prolonged pro-
cess time, which can be explained by the constant exposure
to insufficient glucose supply in the first 46 h.

Although the L-Phe productivity in both cases of con-
stant rate feeding (F = 16 ml/h and 10 ml/h) was slightly
improved, with an increase of 10.03-7.33% compared to
that of pH-stat, respectively, these feeding rates were not
able to supply the necessary level of nutrients required for
maintaining acceptable cell growth and L-Phe production.
So, a linear decreasing feeding rate [F = (—0.55 x t +
23) ml/h] based on the analysis of constant rate feedings
was proposed. As shown in Fig. 3c, glucose was well
controlled between 0.75 and 10 g/l and the formation of
by-product acetic acid was kept below 2 g/I. Table 2 shows
that, the L-Phe production was significantly improved and
the fermentation time was remarkably shortened, reaching



J Ind Microbiol Biotechnol (2011) 38:1219-1227

1225

Table 2 Comparison of L-Phe production by E. coli BR-42 (pAP-B03) with different glucose feeding patterns

Two-stage feeding

(23—0.55 x t) ml/h Exponential feeding

F =

Constant rate feeding

pH-stat

Parameters

=0.18 h7!

0.12h7 ! .,

Hser

10 ml/h

F =

16 ml/h

F =

84.30 £ 3.50 23747 £+ 6.74

89.19 £ 2.61

152.20 +£3.99  202.83 £ 8.03 22592 +9.29

184.27 £+ 4.57

Glucose consumption (g/1)

Culture time (h)

50 +£ 1.0
15.36 + 0.33
57.63 + 1.29

2.00 £ 0.07
0.370 £+ 0.008
0.090 £ 0.003
0.100 £ 0.002
0.307 £ 0.008
1.153 £ 0.033
0.065 £ 0.002
0.264 £+ 0.011

24 +£ 1.0
15.43 £+ 0.31
19.37 £+ 0.54

325 +£0.12
0.369 £ 0.008
0.142 £+ 0.004
0.095 £ 0.003
0.643 £ 0.035
0.807 £ 0.035
0.183 £ 0.008
0.250 £ 0.006

28 £ 1.0
14.73 £ 0.44
20.26 £ 0.58

275 £0.13
0.312 £+ 0.009
0.113 £+ 0.003
0.075 £+ 0.004
0.526 £+ 0.027
0.724 £+ 0.035
0.165 £ 0.009
0.248 £ 0.007

524+ 13
15.58 £ 0.33
53.12 £ 1.31

54+ 13
15.42 £ 0.34
45.10 +£ 0.94

34 +£13
15.62 £+ 0.37
29.12 £+ 1.20

3.20 £ 0.15
0.441 £+ 0.010
0.127 £ 0.003
0.058 £ 0.003
0.459 £ 0.009
0.856 £+ 0.019
0.103 £ 0.005
0.208 £ 0.011

55+ 1.5
15.29 £+ 0.31
4275 + 1.06

0.00 £ 0.00
0.279 £ 0.006
0.092 £+ 0.030
0.070 £+ 0.002
0.278 £+ 0.013
0.778 £ 0.039
0.083 £ 0.004
0.253 £+ 0.012

Maximum DCW (g/1)

Maximum L-Phe concentration (g/1)

1.60 £ 0.08
0.423 £+ 0.012
0.089 £ 0.004
0.089 £ 0.003
0.300 £+ 0.013

2.50 £ 0.11
0.312 £+ 0.007
0.084 £ 0.002
0.072 £+ 0.002
0.286 £ 0.008
0.835 + 0.021
0.076 £ 0.005
0.242 £+ 0.005

Maximum acetic acid concentration (g/1)

Average specific glucose consumption rate t™h

Average specific growth rate (h™")

Average specific L-Phe production rate (h~')

Cell productivity (g/1/h)

1.022 £+ 0.052
0.069 £ 0.002
0.256 £+ 0.013

L-Phe productivity (g/1/h)

Cell yield on glucose (g/g)

L-Phe yield on glucose (mol/mol)

a maximum titer of 53.12 £ 1.31 g/l and a high produc-
tivity of 1.022 £+ 0.052 g/l/h. The L-Phe titer and produc-
tivity were 1.82 and 1.19-fold of those in the case of
F = 16 ml/h, and 1.18 and 1.22-fold of those in the case of
F = 10 ml/h, respectively.

Exponential feeding strategy supplies nutrients into the
fermentor based on a pre-determined feeding rate without
considering the actual glucose concentration in the fer-
mentor, assuming that cells will grow at a constant specific
growth rate regardless of cell concentration and physio-
logical conditions [26]. Based on the previous experimental
data from various fed-batch cultures, it was observed that
the specific growth rate reached a maximum value of
0.35 h™' at approximately 8—10 h in the batch stage and
decreased gradually to a very low value (near zero) at 20 h
during the feeding stage (Data not shown). Accordingly, an
exponential feeding strategy at two predetermined specific
growth rates (use, = 0.12 and 0.18 h_l) was applied in fed-
batch cultures of recombinant E. coli BR-42 (pAP-B03) for
L-Phe production.

With pge = 0.12 h™!, the highest L-Phe concentration
(20.26 £ 0.58 g/l) was achieved at 28 h with a L-Phe
productivity of 0.724 &£ 0.035 g/l/h. Glucose was detected
below 5 g/l until 24 h, after which accumulation in glucose
was accompanied by the decrease in cell growth, L-Phe
production, and the formation of acetic acid (Fig. 3d).
Increasing the feeding rate at i = 0.18 h™' can slightly
enhance L-Phe production with a high L-Phe productivity
(0.807 £ 0.035 g/l/h). However, a shortened period of
L-Phe biosynthesis (24 h) greatly limited L-Phe titer
(19.37 £ 0.54 g/1) due to a rapid accumulation of glucose
in the medium after 20 h (Fig. 3e).

It seemed that simple exponential feeding was not
suitable for the entire fed-batch culture of the recombinant
E. coli BR-42 (pAP-B03) for r-Phe production in
comparison to the linear decreasing feeding rate [F =
(—0.55 x t + 23) ml/h. However, as shown in Table 2, an
exponential feeding strategy at fi = 0.18 h™' resulted in
a higher average specific L-Phe production rate (0.095 &
0.003 h™"). Thus a two-stage feeding strategy, namely
exponential feeding at p, = 0.18 h™! before 20 h and a
following linear varying rate feeding with F = (—0.55 x
t + 18.6) ml/h, was developed. Figure 3f shows that glu-
cose was constantly maintained at a low level (0.5-10 g/1)
during the entire feeding process by this two-stage feeding
strategy, with less than 2 g/l acetic acid formation at the
late stage of fermentation process. The fermentation time
was shortened to 50 h and a maximum r-Phe titer of
57.63 £ 1.29 g/l was achieved, resulting in a 1.11-fold
higher L-Phe productivity and a 1.12-fold higher average
specific L-Phe production rate than those of linear
decreasing rate feeding with F = (—0.55 x t + 23) ml/h,
respectively.

@ Springer
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Fig. 3 L-Phe production by 60

60

E. coli WSH-BR-42 (pAP-B03)
in fed-batch cultures using
different glucose feeding
strategies. F' = 16 ml/h (a);

F = 10 ml/h (b), Linear
decreasing feeding rate with

F =(—0.55 x t + 23) ml/h
(¢), Exponential feeding at

lisee = 0.12 h™'(d), Exponential
feeding at pge = 0.18 h~!(e),
and two-stage feeding (f).
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Conclusions

In this work, a bacteriophage BP-1-resistant E. coli BR-42
was isolated. After transforming the L-Phe synthesis-related
plasmids pAP-BO3, E. coli BR-42 (pAP-B03) exhibited
satisfactory performance in cell growth and L-Phe produc-
tion in the presence of 1 x 10'" pfu/ml bacteriophage
stocks. Various glucose feeding strategies were investigated
to further improve L-Phe production by recombinant E. coli
BR-42 (pAP-B03). A two-stage feeding approach, namely,
exponential feeding at i, = 0.18 h™"in the first 20 h and a
linear varying rate feeding with F = (—0.55 x ¢ + 18.6)
ml/h was an efficient method for enhanced L-Phe production,

@ Springer

40 50 60

Time (h)

achieving the maximum L-Phe titer of 57.63 £ 1.29 g/l with
a high productivity of 1.153 £ 0.033 g/I/h, which was the
best result obtained so far. The recombinant E. coli BR-42
(pAP-B03) is a potential L-Phe over-producer in substantial
prevention of bacteriophage BP-1 infestation compared to
its parent strain WSH-Z06 (pAP-B03).
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