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Abstract In the biotechnology sector, a main processing

goal is the production of high cell (and hence product)

yields. Therefore, little consideration is traditionally given

to the potential environmental impacts of excess culture

media ingredients. This study investigated the scope for

reducing the quantities of phosphorus (P) present in both a

complex terrific broth (TB) and semi-defined minimal

media 9/yeast extract (M9/YE) fermentation media used to

culture a model Escherichia coli strain engineered to pro-

duce a recombinant b-galactosidase. Reductions of up to

70 % did not adversely affect biomass yields attained;

however, further P minimization leads to a drop in dry cell

weight obtained, particularly in the case of semi-defined

media. P concentration in TB media had little effect upon

total recombinant protein expression levels achieved. In the

case of M9/YE media, reductions [70 % P negatively

affected product expression levels. Protein functionality,

assessed by km and Vmax, was not influenced by the type of

media nor the P concentration present. Overall, the results

indicate that P can be reduced by a minimum of 70 %

without adversely affecting the biomass yield, the recom-

binant protein yield or functionality. Such reductions

should lead to significant P savings in the large-scale

manufacturing of proteins produced by genetic engineering

in E. coli.

Keywords Phosphorus � Eutrophication � Waste

minimization � Biopharmaceutical

Introduction

Microbial fermentation, employed to produce various

biomolecules of industrial or medical use, remains a core

activity within the global biotechnology industry (Demain

and Vaishnav 2009). Among the most prominent examples

of such activity is the production of protein therapeutics

(biopharmaceuticals) in Escherichia coli via genetic engi-

neering. Examples of such recombinant proteins include

insulin, antibody fragments and various cytokines such as

interferons and colony-stimulating factors. Some industrial

enzymes (e.g., amidases, mammalian chymosin, lipases,

proteases) as well as proteins used for research purposes

(e.g., restriction endonucleases, DNA and RNA polymer-

ases, ligase) also are produced by recombinant means in

E. coli (Choi et al. 2006; Eiteman and Altman 2006). Such

manufacturing activity initially involves growth of the

producer cell by fermentation (upstream processing), fol-

lowed by product recovery and often further purification

(downstream processing) (Behme 2009). Spent fermenta-

tion media invariably represent the major waste stream

produced by such manufacturing practices.

Design of fermentation culture media composition has

traditionally focused upon maximizing product yield.

Media ingredients are relatively inexpensive and are often

added in excess. Potential environmental consequences of

unutilized media ingredients were generally given little

consideration during process development (Cliffe et al.

2010). Of particular environmental concern is the phos-

phorus (P) content of such waste media which, if not

properly treated, can lead to eutrophication in water bodies,

thereby leading to significantly reduced water quality

(Khan and Ansari 2005).

A preliminary study has indicated that the phosphorous

content of selected media used to produce a niche product
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(plasmid DNA) could be reduced without affecting product

yield (Cliffe et al. 2010). The current study investigates the

potential for P minimization in the context of what may

quantitatively be the most widespread global application of

modern microbial biotechnology, the production of

recombinant proteins in engineered E. coli. Results

obtained in the context of plasmid-based synthesis may not

automatically correlate to protein synthesis. Moreover,

protein production raises several additional issues not

pertinent to plasmid production, which necessitate addi-

tional investigation in terms of how/if such issues are

affected by phosphorous minimization. These include the

fact that proteins display an intrinsic functional activity and

that recombinant proteins produced in E. coli generally

accumulate as a mixture of biologically active, soluble

form and biologically inactive, insoluble form (inclusion

bodies). Finally, this study also incorporates investigation

of P minimization using a more chemically defined [min-

imal media 9 (M9) based] fermentation media, in line with

recent regulatory and manufacturing trends within the

biopharmaceutical sector. The research described in the

paper was carried out in laboratories in the University of

Limerick, Limerick, Ireland, in 2010–2011.

Materials and methods

Materials and microbial strains

Commercial b-galactosidase (G8511), EZBlue (G1041) as

well as all other chemicals employed were purchased from

Sigma-Aldrich, Dublin, Ireland, unless otherwise stated.

E. coli strain W3110 was purchased from DSMZ (Braun-

schweig, Germany). E. coli MC1061 and the pProEx-HTb

plasmid (available from Invitrogen, Carlsbad, USA) were

present in the laboratory collection of Professor Gary

Walsh.

Production of model strain

Genomic DNA from E. coli W3110 was prepared using the

Qiagen DNeasy Blood and Tissue kit. This template DNA

was employed to amplify the lacZ gene via PCR using

ExTaq (Takara Bio Inc., Shiga, Japan) polymerase. The

primers were designed to include restriction enzyme rec-

ognition sites for BamH1 (forward primer) and Hind III

(reverse primer). The amplified gene was restricted and

inserted into the restricted plasmid pProEx-HTb via T4

ligase. Ligated plasmids were transformed into the propa-

gation strain E. coli DH5a using the CaCl2 method

(Sambrook and Russell 2001). Resulting strains were tested

for presence of insert and the nucleotide sequence of the

lacZ gene. A suitable clone was selected, and the plasmid

DNA was purified and transformed into the expression

strain E. coli MC1061. Optimization of recombinant pro-

tein expression was carried out to achieve maximum sol-

uble recombinant protein concentration (Sambrook and

Russell 2001).

Cell growth, recovery and lysis

The model recombinant strain was initially grown in

Luria–Bertani broth (LB) for 15 h at 37 �C in a shaking

incubator (250 rpm). Aliquots (1.0 ml at an OD600 of 1.5)

were then used to inoculate (100 ml) the various media

employed during this study. Following inoculation, the

model strain was incubated at 37 �C in the various media

until an OD600 of 0.6 was attained, followed by addition of

IPTG to a final concentration of 75 lM in order to induce

expression of the recombinant protein. Expression was

allowed to proceed for 6 h at 25 �C. Samples were then

taken and stored (-80 �C) until used for biomass deter-

mination (section ‘‘Total phosphorus (TP) analysis’’) and

determination of recombinant protein production levels and

functionality (section ‘‘Biomass analysis’’).

Media composition and P minimization

The compositions of (LB) broth, terrific broth (TB) and

minimal media 9 supplemented with yeast extract (M9/YE)

are presented in Table 1 (Sambrook and Russell 2001).

Phosphorus minimization studies were undertaken by

reducing the amount of exogenous P salts (KH2PO4,

K2HPO4 and NaH2PO4�7H2O) added to TB and M9/YE

media by 0, 50, 70, 90 and 100 %. In addition, 100 %

P-reduced TB and M9/YE supplemented with bis–tris

propane buffer, final concentration 50 mM, were generated

and tested.

Table 1 Compositions of the media employed during this study

Component (g l-1) Medium

LB TB M9/YE

Tryptone 10.00 12.00 –

Yeast extract 5.00 24.00 2.00

NaCl 10.00 – 0.50

Glycerol – 4 % (v/v) –

Glucose – – 4.00

KH2PO4 – 2.31 3.00

K2HPO4 – 12.54 –

Na2HPO4�7H2O – – 12.80

NH4Cl – – 1.00

MgSO4 – – 0.20

CaCl2 – – 0.01
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Total phosphorus (TP) analysis

The TP of all fermentation media was determined by

4,500-P analysis as described in standard methods for the

examination of water and wastewater (APHA 1995).

Biomass analysis

Post-fermentation microbial dry cell weight (DCW) values

were determined via an adapted method described by Su-

árez et al. (1998). Culture samples (25 ml) were transferred

into pre-dried and pre-weight sterile tubes which were

subsequently centrifuged (7,500 rpm, 4 �C, 25 min). The

resulting cell pellets were washed with 10 ml sterile water

and again centrifuged (7,500 rpm, 4 �C, 15 min). The

pellets were then oven-dried (100 �C, 24 h), cooled to

room temperature and the DCW (g l-1 media) determined

using a four space Pioneer balance (Ohaus, Switzerland).

Protein quantification and analysis of functionality

b-Galactosidase quantification

The concentration of recombinant protein produced in

E. coli MC1061 was determined via SDS-PAGE analysis

coupled to densitometric scanning according to Crespo

et al. (2008) with some modifications. Cell pellets were

resuspended in 500 mM NaCl, 10 mM Na2HPO4, 2.7 mM

KCl, 1.8 mM KH2PO4, pH 7.0, 10 mM MgCl2, 10 mM b-

mercaptoethanol and 20 mg l-1 soybean trypsin inhibitor

to a cell concentration of 20 mg(DCW) ml-1. The cell

suspensions were sonicated (30 s bursts for 20 min with

intermittent cooling) and subsequently centrifuged

(10,000 rpm, 4 �C, 10 min). The soluble fractions (super-

natant), non-soluble fractions (pellet) and total protein

fractions (solution prior to centrifugation) were run on 7 %

SDS-PAGE gels (Sambrook and Russell 2001). This was

followed by staining of the protein bands with EZBlue

according to the product specification with the addition of a

fixing step for 15 min using 10 % (v/v) acetic acid and

50 % (v/v) methanol. Densitometric analysis was under-

taken using a UVP biospectrum 410 imaging system and

the Vision Works software (Ultra-Violet Ltd., Cambridge).

A standard curve of commercial b-galactosidase concen-

tration (0–200 lg ml-1) versus density of the protein bands

was generated for quantification.

Enzyme assay

b-Galactosidase activity was assayed according to the

method of Steers et al. (1971), with some modifications.

Ortho-nitrophenyl-b-D-galactopyranoside (ONPG) sub-

strate was dissolved to a final concentration of 5 mM in

100 mM sodium phosphate, 10 mM MgCl2 and 20 mg l-1

soybean trypsin inhibitor pH 6.5. The assay mixture con-

tained 0.4 ml ONPG and 0.1 ml of enzyme suitably diluted

in the same buffer. The reaction was allowed to proceed for

15 min at 50 �C and was stopped by the addition of 0.5 ml

of 1.0 M sodium carbonate, followed by determination of

absorbance at 420 nm. One unit of b-galactosidase activity

was defined as the amount of enzyme capable of releasing

1 lmol of ONP min-1 under the defined assay conditions.

Kinetic data were obtained by assaying the soluble crude

extract of the model strain expressed in the various media.

Determination of the kinetic constants was achieved by

monitoring the rate of ONPG hydrolysis over time at

substrate concentrations ranging from 0.1 to 2.0 mM. Li-

neweaver–Burk plots and initial velocity against substrate

concentration plots were constructed allowing determina-

tion of the kinetic parameters.

Statistical analysis

Data are reported as mean ± standard deviation (SD). The

generated data were evaluated using one-way analysis of

variance (ANOVA). The analysis was performed using the

statistical software package MINITAB Statistical software,

Release 15 for Windows, and the level of significance was

set at p \ 0.05.

Results and discussion

Generation of the model strain

b-Galactosidase was selected as the model recombinant

protein as its molecular biology and biochemistry have

been very extensively studied (Juers et al. 2000; Matthews

2005; Fowler and Zabin 1977; Jacobson et al. 1994; Nic-

hols et al. 2007). Moreover, the E. coli-derived b-galac-

tosidase used is a complex protein, its functionally active

form being a tetramer with overall molecular weight of

465 kDa (Juers et al. 2000). The enzyme also finds

industrial application in the production of galacto-oligo-

saccharides and is used as a digestive supplement for the

alleviation of lactose intolerance (O’Connell and Walsh

2007).

The model strain (E. coli MC1061) was chosen as it is

devoid of a b-galactosidase gene, rendering straightforward

the development of an engineered (recombinant) strain

capable of producing this enzyme via the introduction of a

b-galactosidase coding sequence derived from the b-

galactosidase-positive E. coli strain W3110.

Amplification of the predicted 3,093-bp DNA fragment

housing the b-galactosidase gene from E. coli W3110

genomic DNA was successfully achieved via PCR
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(Fig. 1a), with successful subsequent protein expression

being achieved (Fig. 1b–d). Expression studies in standard

LB media were used to maximize soluble b-galactosidase

while also minimizing non-soluble recombinant protein

inclusion bodies. The optimal conditions were determined

to be an expression temperature of 25 �C and an IPTG

concentration of 75 lM. Fig. 1b illustrates that at these

conditions nearly equal amounts of soluble and non-soluble

protein were produced. High-level expression of recombi-

nant protein in E. coli often leads to accumulation of

varying proportions of the recombinant product as insolu-

ble form, due to overwhelming of the endogenous protein

folding machinery (Wilkinson and Harrison 1991). The

band of the over-expressed protein shows the anticipated

molecular weight (116 kDa) of the b-galactosidase mono-

mer (Fig. 1b). Western blot analysis (Fig. 1c) confirmed

the presence of the poly-histidine tag at the expressed

protein, and activity gels (Fig. 1d) illustrate the recombi-

nant protein is functional (i.e., catalytically active). SDS-

PAGE and Western blot analysis (Fig. 1b, c) showed

another 90 kDa band which may be attributed to partially

degraded product variant commonly observed in prepara-

tions of both native and recombinant b-galactosidases

(Kosinski and Bailey 1991). The native activity gel

(Fig. 1d) also indicated the presence of higher-order

oligomeric forms of b-galactosidase which are commonly

observed during recombinant expression of this enzyme

(Juers et al. 2000).

Media analysis

TB was selected as a representative complex media as it

appears to be the more commonly employed media for the

production of recombinant proteins in E. coli at laboratory

scale (Sambrook and Russell 2001; Atlas 2004; Aristidou

et al. 1999). Similar media with complex carbon and

nitrogen sources are commonly employed to support high

productivity in industrial-scale fermentation systems

(Miller and Churchill 1986). M9 or variations thereof

(often containing YE in order to improve biomass yield),

on the other hand, is one of the most frequently used

chemically defined media for E. coli fermentation (Sam-

brook and Russell 2001). It was also included in this study,

as the use of more defined, as opposed to complex media is

likely to be a trend evident in the manufacture of recom-

binant therapeutic proteins. The use of chemically defined

media often results in more consistent titers; it allows

easier process control and monitoring and simplifies

downstream processing. The absence of animal-derived

raw materials makes these media the safer manufacturing

Fig. 1 Key electrophoretic analyses undertaken during the genera-

tion of the model strain. a Electrophoretic analysis of PCR

amplification at optimized conditions for lacZ gene from purified

gDNA; Lane 1 1-kb DNA ladder (Biolabs), Lane 2 PCR product.

b SDS-PAGE analysis of model strain fractions after expression of

recombinant protein at 25 �C for 6 h; Lane 1 Molecular mass marker,

Lane 2 non-soluble fraction of model strain, Lane 3 soluble fraction of

model strain. c Western blot stained for presence of His6-tag; Lane 1

negative control—crude extract from E. coli MC1061 with pProEx-

HTb (no insert), Lane 2 crude extract from E. coli MC1061 carrying

pProEx-HTb_lacZ-HT. d Electrophoretic analysis of native gels

stained for activity using x-gal; Lane 1 negative control—crude

extract from E. coli MC1061 pProEx-HTb; Lane 2 crude extract from

E. coli MC1061 pProEx-HTb_lacZ-HT. Arrow points to the

expressed recombinant protein
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option and reduces extensive testing of raw materials

(Zhang and Greasham 1999; Tripathi et al. 2009).

Direct TP analysis (section ‘‘Cell growth, recovery, and

lysis’’) of the individual components of TB and M9/YE

(made up as individual solutions to their final equivalent

concentration in finished media) predictably identified the

exogenous phosphate salts (KH2PO4, K2HPO4 and

Na2HPO4) as the major contributor of the overall media P

content (Table 2). The additional complex ingredients (YE

or tryptone) also contributed relatively minor amounts of

the TP.

For the P minimization study, only the amount of

chemically defined exogenous P (KH2PO4, K2HPO4 and

Na2HPO4�7H2O) added to the TB and M9/YE media was

reduced as any reduction in tryptone, and YE would also

reduce the concentration of all the other nutrients therein

essential for E. coli growth. The exogenous P was reduced

by 50, 70, 90 and 100 % in both types of media, resulting

in TP concentrations of 1.47, 1.12, 0.53 and 0.39 g l-1 for

TB and 0.93, 0.52, 0.21 and 0.02 g l-1 for M9/YE.

Effect of P minimization on biomass

Table 3 presents the findings of stepwise P reduction upon

cellular growth. The results indicate that a reduction in P

salts added to TB or to M9/YE of up to 70 % does not

impact upon biomass yield achieved, with no statistically

significant difference in the mean DCW values of 0, 50 and

70 % P-reduced media in either case.

Decreasing the P salts further did lead to a fall in mean

DCW obtained. The reduction recorded in the case of TB

was moderate, as the mean g(DCW) l-1 values for 100 %

P-reduced TB declined by \15 % compared to unaltered

media.

The effect of P reduction by more than 70 % on the

semi-defined M9/YE media was more pronounced and led

to significant decrease in cellular mass. The DCW of the

90 % P-reduced semi-defined media resulted in a drop of

biomass by 35 and 100 % P reduced only gave about 30 %

of the overall cell yield.

The decrease in overall biomass yields upon reduction

of P in semi-defined media is most likely due to a drop in

pH during growth of the cells and expression of the

recombinant protein. The pH of the TB media pre- and

post-fermentation at all P concentrations remained rela-

tively constant (pH 6.8–7.3). In the case of the M9/YE

media, at P levels of 90 % and below, the post-fermenta-

tion media pH had dropped from 7.3 to pH B 5.

Escherichia coli produces acetic acid during aerobic

fermentation and without the P salts as a buffering com-

ponent the pH in the media drops (Cappucino and Sherman

2005). Ammonia-containing chemicals such as ammonium

chloride and ammonium sulfate also act as buffering

compounds in media, and their consumption during growth

slowly deceases the buffering capacity of the media,

thereby resulting in a further pH drop (Krause et al. 2010).

At the point of inoculation, the pH of the media was within

the optimum pH range for E. coli, but during the growth

Table 2 Contribution of individual media components to the total

phosphorus content of TB and M9/YE media (mean ± standard

deviation, n = 4)

Media component TP conc. (g l-1) TP total conc.

of media (g l-1)

TB

Tryptone 0.07 ± 0.003 2.76 ± 0.138

Yeast extract 0.26 ± 0.012

KH2PO4 0.50 ± 0.051

K2HPO4 1.92 ± 0.048

M9/YE

Yeast extract 0.03 ± 0.003 1.77 ± 0.114

KH2PO4 0.58 ± 0.080

Na2HPO4�7H2O 1.15 ± 0.048

Table 3 Reduction in phosphorus and its effects on mean dry cell weight values obtained for TB and M9/YE media 0 % P reduced = control

(complete) media, as per Table 1 (mean ± standard deviation, n = 12)

% P reduction TB M9/YE

Mean g(DCW) l-1 % Mean in comparison with control Mean g(DCW) l-1 % Mean in comparison with control

0 1.00 ± 0.09 100 0.87 ± 0.14 100

50 1.00 ± 0.06 99.9 0.83 ± 0.06 94.9

70 0.98 ± 0.09 97.4 0.83 ± 0.07 95.7

90 0.91 ± 0.09a 90.7 0.57 ± 0.09c 65.6

100 0.86 ± 0.10b 85.9 0.27 ± 0.09d 30.7

Bis–tris propane* 0.98 ± 0.07 97.7 0.64 ± 0.03 73.6

* Phosphate salts replaced by 50 mM bis–tris propane buffer
a p = 0.005, b p \ 0.001
c p \ 0.001, d p \ 0.001
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and expression of recombinant protein, the pH dropped to a

level at which the bacteria are no longer viable.

The complex ingredients in TB contain amino acids,

peptones and proteins, which are amphoteric compounds

and thereby act as natural buffers (Cappucino and Sherman

2005) preventing a considerable change in pH. The drop in

pH associated with the semi-defined media could likely be

counteracted at industrial level by continuous, automated

pH adjustment during fermentation, a facility associated

with industrial-scale fermentation systems.

Support for this hypothesis is provided by a supplemen-

tary study in which the 100 % phosphorous-reduced M9/YE

media was supplemented with 50 mM bis–tris propane buf-

fer, pH 7.4. Inclusion of this buffer resulted in a mean post-

fermentation pH witnessed of 5.6, as supposed to 4.7 (n = 3)

and decreased the mean drop in biomass observed (relative to

the 0 % P-reduced media) from 69.3 to 26.4 % (Table 3).

Expression levels achieved

The model strain expressed the recombinant b-galactosidase

in two fractions, as soluble functional protein (soluble frac-

tion) and as non-soluble misfolded inclusion bodies (insol-

uble fraction). This is a common characteristic of

recombinant protein expression in E. coli (Sambrook and

Russell 2001). Electrophoretic analysis of the negative con-

trol (E. coli MC1061 pProEx-HTb no insert) showed that

there were no visible bands with molecular masses of

approximately 116 kDa (Fig. 2a). Therefore, the concentra-

tions (mg g(DCW)-1) of recombinant protein present in both

soluble and non-soluble fractions as well as the total b-

galactosidase concentration of the combined fractions were

determined as outlined (section ‘‘Protein quantification and

analysis of functionality’’). (Fig. 2b, c and Table 4).

There is no statistically significant difference between

the mean concentrations of total b-galactosidase (p [ 0.05)

produced when using TB at any P concentration although a

moderate fall in total recombinant protein (13.3 %) is

recorded (18.2 v 15.8 mg g(DCW)-1; control v 100 % P

reduced, respectively), caused by the reduced amount of

non-soluble recombinant protein produced only. The

recombinant protein production conditions used during this

study achieve high levels of b-galactosidase expression. It

is likely that the high local concentrations of the product

with insufficient amount of folding-promoting proteins lead

to the formation of inclusion bodies (Krause et al. 2010).

The reduction of P in the media may result in a marginally

reduced overall protein synthesis rate which slightly

decreases the overall protein concentration but allows the

same amount of soluble protein to be formed.

A reduction of up to 70 % P in the M9/YE media was

possible without causing a statistically significant differ-

ence in the concentration of recombinant protein produced.

Any further P minimization lead to a notable decline of

both soluble and non-soluble b-galactosidase fractions and

therefore total protein concentration as seen in Table 4.

Fig. 2 SDS-PAGE analysis of total protein fractions of model strain

during phosphorus minimization study. Amount of biomass loaded for

each sample normalized (20 mg(DCW) ml-1). Recombinant protein

is highlighted. a Negative control. Lane 1 Molecular mass marker;

Lane 2 total protein fraction of E. coli MC1061 pProEx-HTb (no

insert). b P-minimization study in TB media. Lane 1 Molecular mass

marker; Lane 2 total protein fraction of model strain expressed in TB;

Lane 3 total protein fraction of model strain expressed in TB 50 % P

reduced; Lane 4 total protein fraction of model strain expressed in TB

70 % P reduced; Lane 5 total protein fraction of model strain

expressed in TB 90 % P reduced; Lane 6 total protein fraction of

model strain expressed in TB 100 % P reduced; Lane 7 0.75 lg b-

galactosidase standard; Lane 8 1.5 lg b-galactosidase standard. c P

minimization study in M9/YE media. Lane 1 Molecular mass marker;

Lane 2 total protein fraction of model strain expressed in M9/YE;

Lane 3 total protein fraction of model strain expressed in M9/YE

50 % P reduced; Lane 4 total protein fraction of model strain

expressed in M9/YE 70 % P reduced; Lane 5 total protein fraction of

model strain expressed in M9/YE 90 % P reduced; Lane 6 total

protein fraction of model strain expressed in M9/YE 100 % P

reduced; Lane 7 0.75 lg/per lane b-galactosidase standard; Lane 8

1.5 lg/per lane b-galactosidase standard
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This may also be due to the decrease in pH observed

during fermentation. The drop in pH due to accumulation

of acetate not only impairs cell growth but can negatively

affect the rate of recombinant protein synthesis (Krause

et al. 2010).

Quality of recombinant protein

It was established from the DCW determination, and the

recombinant protein quantification that a reduction of P

salts up to 70 % in both TB and M9/YE was possible

without adversely affecting biomass or protein yields. The

routine industrial use of such P-reduced media would only

be applied in practice if the decrease in TP did not nega-

tively affect the recombinant protein’s functional quality.

Comparative kinetic analysis was therefore used to assess

the functionality of the recombinant b-galactosidase

expressed. The kinetic parameters (km and Vmax) were

determined from the soluble crude extract of the model

strain expressed in unaltered media and media with 70 % P

reduced. The results (Table 5) indicate that the km and Vmax

values recorded are not influenced by type of media or the

amount of P salts present in it. Therefore, expression of b-

galactosidase in P-reduced media did not negatively impact

on the quality of the recombinant protein.

Potential savings of P during large-scale manufacturing

The study provides laboratory-scale proof of principle that a

reduction in added P of up to 70 % bears no negative effect

upon production levels or functionality of a model recom-

binant protein. Phosphorous is not a component of the amino

acids from which proteins are synthesized nor is it subse-

quently incorporated as a post-translational modification

into any commercial protein produced in E. coli. Hence, it is

very likely that the results presented would be broadly

applicable to the production of most if not all recombinant

proteins in E. coli. Phosphorous is a core cell nutrient, which

therefore will almost certainly primarily effect cell biomass

production as opposed to, e.g., protein production indepen-

dently of cell biomass production. Previous studies have

shown that, for E. coli, the generalized relationship between

growth rate and nutrient consumption is similar between

shake flask experiments and batch fermentation (Luli and

Strohl 1990; Li et al. 1990; Aristidou et al. 1999). Variations

of process parameters such as variations in growth conditions

(e.g., exact nutrient composition, pH, temperature, dissolved

oxygen concentration) or fermentation format/scale, when

undertaken in a 70 % reduced P-containing media, while

almost certainly affecting the biomass yield attained, would

therefore likely have little effect upon the ratio of protein to

biomass produced.

Quantitative data concerning total annual global E. coli-

based fermentation capacity are not available. However, a

significant proportion (likely the majority) of E. coli-based

fermentation is used to produce recombinant therapeutic

proteins. The total quantity of finished (purified final

product) microbial-derived biopharmaceuticals produced in

2010 was estimated at 17,880 kg (Ransohoff 2011).

Assuming a maximum downstream processing yield of

30 % and an expression level of 5 g recombinant protein

per liter media (Ho 2010), this quantity of finished product

equates to some 11.92 9 106 l of fermentation media used.

A reduction of 70 % of exogenous P levels in this quantity

of TB media would equate to a saving of 20,192 kg, while a

70 % reduction in the exogenous P levels of M9/YE media

would equate to a 14,435-kg savings in total P, respectively.

Table 4 Percent phosphorus reduction and its effects on recombinant protein expression in TB and M9/YE media 0 % P reduced = control

(complete) media, as per table 1 (mean ± standard deviation, n = 6)

% P

reduction

TB M9/YE

Concentration of total b-galactosidase

[mg b-gal/g(DCW)]

% Mean in comparison

with control

Concentration of total b-galactosidase

[mg b-gal/g(DCW)]

% Mean in comparison

with control

0 18.2 ± 2.4 100 13.2 ± 0.5 100

50 17.5 ± 2.1 96.5 13.4 ± 0.7 101.7

70 17.5 ± 2.8 96.1 12.8 ± 1.2 97.4

90 15.9 ± 2.8 87.6 8.5 ± 1.5a 64.3

100 15.8 ± 2.2 86.7 5.5 ± 0.6b 41.6

a p \ 0.001, b p \ 0.001

Table 5 Effect of phosphorus reduction in recombinant protein

functional quality as assessed by determining selected kinetic values

(mean values ± standard deviation; n = 4)

% P

reduced

TB M9/YE

km (lM) Vmax

(lM min-1)

km (lM) Vmax

(lM min-1)

0 0.76 ± 0.11 28.21 ± 3.07 0.84 ± 0.05 27.66 ± 1.67

70 0.66 ± 0.14 24.77 ± 2.72 0.68 ± 0.01 26.35 ± 2.84
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Conclusion

It has been shown that the P concentration in two com-

monly used E. coli fermentation media can be reduced very

significantly before a negative impact on biomass yield and

recombinant protein production is observed. If translated to

industrial scale, a 70 % reduction in exogenous P added to

such media would result in the saving of 14,000–20,000 kg

P on an annual basis in the biopharmaceutical sector alone.

Such reductions would result in a much cleaner manufac-

turing process, placing significantly less pressure on waste

stream treatment facilitates and reduce the risk of eutro-

phication if accidental waste stream discharge was to

occur. It would also result in manufacturing cost savings

and assist in slowing the rate of depletion of natural P

resources.
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