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Abstract The epothilones are highly promising pro-

spective anticancer agents that are produced by the my-

xobacterium Sorangium cellulosum. We mutated the

epothilone producing S. cellulosum strain So0157-2 to

improve the production of epothilones. For evaluation in

high-throughput of a large number of mutants, we devel-

oped a simple microtiter method for primary screening.

Using the classical UV-mutation method plus selection

pressures, the production capacity was increased about

0.5~2.5 times the starting strain. The mutants with higher

production and different phenotypes were further subjected

to recursive protoplast fusions and the fusants products

were screened under multi-selection pressure. Furthermore,

the production was greatly increased by the genome shuf-

fling. For epothilone B, the production of one fusant was

increased about 130 times compared to the starting strain,

increasing from 0.8 mg l–1 to 104 mg l–1.

Keywords Epothilone � Sorangium cellulosum �
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Introduction

Epothilones, naturally produced by myxobacterium

Sorangium cellulosum [1, 2], are cytotoxic macrolides that

mimic the effects of paclitaxel on cancer cells (i.e.,

microtubule stabilization) [3]. Thus far there are at least

five Epothilones or their chemically modified derivatives

(i.e., ixabepilone, patupilone, BMS-310705, KOS-862 and

ZK-EPO) being used in early clinical trials for cancer

treatments [4]. Of the five epothilones that are in clinical

trials, two are fermentation products, i.e. Patupilone (epo-

thilone B) and KOS-862 (epothilone D); while the other

three are either chemically derived from epothilone B

(Ixabepilone and BMS-310705), or totally synthesized

(ZK-EPO). Epothilones may be the first drug to come from

myxobacteria. However, development of the epothilone

drugs is seriously limited by difficulties in their production.

The epothilones can be produced by the naturally produc-

ing S. cellulosum strains, mainly as epothilones A and B [2]

or the heterogeneously engineering producers Myxococcus

xanthus strains, mainly as epothilone D, a deoxy-derivative

of epothilone B [5]. Besides, Streptomyces coelicolor [6]

and Escherichia coli [7] were also used for expression of

the epothilone biosynthetic genes, but the yields are lim-

ited, mainly due to the toxicity of the epothilone or the lack

of substrates for the biosynthesis [5, 8]. In M. xanthus, after

optimization of the culture conditions, the yield of Epo-

thilone D reached 85 mg l–1 in a 22-day semicontinuous

production [9]. But there are no studies showing improved

productivity in the natural producer S. cellulosum.

Sorangium is among the best producers of metabolites

[10]. The genus produces nearly half of the bioactive

secondary metabolites that have been discovered from

myxobacteria [11]. Sorangium is also difficult to isolate,

cultivate [12], and genetically manipulate [13–16]. The

sorangial cells grow slowly, possess multiple antibiotic

resistance, produce abundant extracellular polysaccharides,

and tend to aggregate [12]. The protocols for genetically

altering Sorangium strains have not been adequately
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developed, and, therefore, the molecular genetic manipu-

lation of S. cellulosum is challenging [17].

Genome shuffling by recursive protoplast fusion of the

mutants with different phenotypes [18, 19], is an efficient

method for improving the production of metabolities by

microbes. The method is especially useful for those

microorganisms that lack efficient genetic protocols. The

technique was demonstrated to be successful in increasing

the production of tylosin in S. fradiae [18], acid tolerance

in Lactobacillus [20] and even improved the degradation of

pentachlorophenol in Sphingobium chlorophenolicum [21].

There have been no reports of genome shuffling or proto-

plast fusion in myxobacteria. In this paper, we developed a

protoplast fusion protocol and used the genome shuffling

technique to improve the production of epothilones by S.

cellulosum. To evaluate the production of a large number

of mutants, we developed a simple and high-throughput

microtiter method for primary screening. The starting strain

S. cellulosum So0157-2 was shown to produce epothilones

[22, 23], but at a low yeild. We improved the yield of

epothilone B by about 130 times.

Materials and methods

Microorganisms and culture conditions

Sorangium cellulosum So0157-2 [23] produces low-level

of epothilone A and B (1.7 and 0.8 mg l–1). The strain was

routinely inoculated on M26 agar [24] and cultured at

30�C. For convenience, the starting strain was frozen in

aliquots [25]. It was cultured in liquid M26 at 30�C with

shaking at 200 rpm until the cells reach the exponential

growth stage. The cells were centrifuged (3,000g, 5 min,

4�C), and resuspended in a 20% (v/v) sterile glycerol

solution. One-ml aliquots containing 1 · 109 cells were

frozen in cryo-vials and stored at –80�C. For epothilone

production, the cells were inoculated at the final concen-

tration of 2 · 107 cells ml–1 in 50 ml EPM medium in a

250-ml Erlenmeyer flask. The cells were shaken at

200 rpm and grown at 30�C for 6 days. EPM medium

contains potato starch 2.0 g; glucose 2.0 g; soy powder

2.0 g; skim milk powder 1.0 g; MgSO4 1.0 g; CaCl2 1.0 g;

and trace element solution [12] 1.0 ml; VB12 0.5 mg; dis-

tilled water 1,000 ml; Amberlite XAD-16 resin (Rohm and

Haas) 2% (v/v); pH 7.2.

Preparation of the starting mutants

Sorangium cellulosum So0157-2 was mutagenized with

UV radiation and the mutants were screened under the

selection pressure of high concentrations of epothilones or

precursors of epothilones. One cryo-vial was used to

inoculate 50 ml M26 medium, and the culture was shaken

at 200 rpm at 30�C for 3–4 days. The cells were gently

homogenized with glass beads (3 mm in diameter), col-

lected by centrifugation (3,000g, 5 min, 4�C), and resus-

pended with sterilized water at approximately

1 · 107 cells ml–1. Then they were vortexed for 2 min to

form a homogeneous suspension. The cell suspension was

UV-treated with a kill rate of 95–98%. After several hours

of incubation in dark, the cells were spread on VY/2 [12]

plates, which were then incubated at 30�C for 7 days. The

colonies appeared were pooled and inoculated in liquid

M26 medium containing 1.2 mg ml–1 epothilones. The

cultures were incubated with shaking at 30�C for 3 days.

Then the cells were mutagenized again and transferred to a

fresh M26 liquid medium supplemented with a higher

concentration of epothilones (>1.2 mg ml–1). This proce-

dure was repeated about ten times with gradual increases in

the concentration of epothilones. Using the same proce-

dure, mutants with resistance against a mixture of precur-

sors were also selected. The highest concentration for

selection was 2.4 mg ml–1 epothilones or 0.4 mol l–1 of

epothilone precursors. After the gradual increasing selec-

tion, the surviving cells were diluted and spread onto VY/

2-agar containing 2.4 mg ml–1 epothilones or 0.4 mol l–1

of the precursor mixture. More than 400 single clones of

each selection group were transferred to fresh M26 plates

and evaluated for their production of epothilones and for

their resistant characteristics to the precursors or products.

The mutants with higher epothilone yields were subcul-

tured in liquid M26 medium without selective pressure for

more than 100 generations to confirm stability of the mu-

tants. The minimal inhibitory concentration (MIC) value

was determined as the lowest concentration of epothilones

or precursors on which the cells were unable to grow. The

values were obtained from triplicate experiments. We also

screened mutants with higher epothilone production di-

rectly from the cells that survived UV radiation were not

grown with selection pressure. Strain So0157-2 was able to

produce detectable amounts of epothilones A and B, and

the amounts and the ratios of epothilones in the mutants

were changed. In our strain improvement project, high

yield of epothilone B were screened for.

The epothilones used for selection were prepared by

cultivating S. cellulosum So0157-2 in EPM medium. The

XAD-16 resin was collected from the culture and extracted

with methanol. The extract was concentrated in a vacuum

at 30�C and then eluted through a LH-20 resin (Pharmacia

Co.) column with methanol. The eluate containing epo-

thilones was collected, further concentrated under vacuum,

and used as the stock solution (60 mg ml–1, containing

approximately 10% (w/w) of epothilones). The epothilone

precursors acetate, propionate and cysteine [26, 27] were

dissolved in distilled water with a molar ratio of 5:4:1 at a
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total concentration of 1.0 mol l–1. The mixture was ad-

justed to pH 7.0–7.2 with KOH and used as the stock

solution.

Protoplast preparation

Different combinations of the mutants possessing different

phenotypes, i.e., resistance to the precursors, resistance to

epothilones, and no resistance to both but with higher

yields, were used for the recursive protoplast fusion. The

optimized protocol for preparation of sorangial protoplasts

was as follows. The mutants were grown in 50 ml M26

medium for 3–4 days. The cells of each mutant were har-

vested by centrifugation (3,000g, 5 min, 4�C), gently

homogenized with glass beads, and washed three times

with 0.01 M Tris–HCl (pH 8.0). The cells (1 · 108 ml–1 of

each mutant) were then mixed and centrifuged at 3,000g

for 5 min at 4�C. The cell mass was resuspended in 30 ml

MMM buffer containing 0.3 M mannitol, 0.02 M

MgCl2�6H2O and 0.02 M maleic acid buffer (pH 6.5) [28].

Potassium ethylene diamine tetraacetate (EDTA, 0.1 M,

pH 8.0) was added slowly to a final concentration of

0.01 M. The mixture was shaken at 100 rpm for an addi-

tional 10 min at 30�C. Then the cells were collected by

centrifugation (3,000g, 5 min, 4�C), washed twice with

MMM buffer, and resuspended in 30 ml MMM buffer

containing 2 mg ml–1 lysozymes (Sigma Co.) for enzy-

matic digestion of the cell wall. The cells were shaken at

100 rpm for 30 min at 30�C. The efficiency of protoplast

formation was determined by microscopy.

Protoplast fusion and regeneration

The prepared protoplast mixtures were washed twice with

MMM buffer, and resuspended in 15 ml PEG-MMM buf-

fer containing 40% (v/v) PEG6000, 10 mM CaCl2 and 5%

(v/v) DMSO in MMM buffer. After gentle shaking for

15 min at 30�C to allow the protoplast fusion, 15 ml fresh

MMM buffer was added and the cells were centrifuged at

2,000g for 20 min at 4�C. The fusants were resuspended in

liquid regeneration medium (liquid VY/2 containing 0.3 M

mannitol), and immediately spread on regeneration plates

(liquid regeneration medium plus 1.5% agar). The regen-

eration plates were incubated at 30�C for 7–10 days. Some

of the individual colonies that appeared were transferred to

fresh agar for evaluation of their epothilone yield; while the

remaining colones were mixed and used as the multi-

parental strains for subsequent rounds of protoplast fusion,

which were performed following the same protocol. The

number of fusion rounds depended on, and usually equal to

the number of starting mutants. After several rounds of the

recursive protoplast fusion, the regenerated cells from the

last round were inoculated onto the selective medium-VY/

2 supplemented with 2.4 mg ml–1 of the raw epothilones

and 0.4 mol l–1 of the precursor mixture. Most of the

individual colonies that appeared on the selection medium

were removed for evaluation.

Alternatively, the protoplasts were prepared separately,

and the fusants were screened with no selection pressure

using the following procedure. After preparation, the pro-

toplast cells were divided into two aliquots. One was killed

by UV irradiation (30 W, 235.7 nm, 15 cm, 3.5 min),

while the other was killed by heat treatment (55�C,

10 min). Either of the treatments left no viable cells when

we cultured them separately on regeneration medium. The

protoplasts were then fused in PEG-MMM buffer. After

regeneration of the cell wall, the cells were spread on non-

selection VY/2 medium and colonies were removed for

evaluation. Colonies that produced higher yields of epo-

thilone were selected for the next round of fusion.

Scanning electron microscopy

The cells in protoplast preparation and fusion stages were

fixed in 2.5% (v/v) glutaraldehyde phosphate buffer (pH

7.0) overnight. After centrifugation, the cell pellet was

washed twice in the same buffer without glutaraldehyde

and dehydrated in a gradual series of ethanol solutions to

100% ethanol soaking for at least 0.5 h each. The samples

were dried, coated with gold using a Polaron SEM coating

system, and examined under a scanning electron micro-

scope (Hitachi H800, Japan).

Transmission electron microscopy

The cells were fixed in 2.5% glutaraldehyde phosphate

buffer (pH 7.0), then centrifuged, and washed twice in the

same buffer without glutaraldehyde. The samples were

incubated in phosphate buffer containing 1% osmium

tetroxide for 1 h at room temperature before immersion in

1% uranyl acetate for 2 h. The cells were dehydrated using

acetone and embedded in Spurr’s epoxy resin. Thin sec-

tions (60 nm thick) were collected on formvar-coated EM

grids and stained with uranyl acetate and lead citrate.

Images were produced with a transmission electron

microscope (Hitachi X650, Japan) operated at 60 kV.

Determination of epothilone production abilities

The strains were cultured in 250 ml Erlenmeyer flasks

containing 50 ml EPM medium and 1 ml XAD-16 resin.

After incubation at 30�C for 6 days with shaking at

200 rpm, the resin was harvested from the culture, washed

with water, air-dried, and extracted with 50 ml of metha-

nol. The extract was concentrated under vacuum at 40�C,

and then redissolved in 500 ll methanol for HPLC analysis
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(Shimadzu 10A-Tvp HPLC system, Japan). A 10 ll aliquot

was injected into a Shim-pack MRC-ODS analytical col-

umn (4.6 mm · 250 mm, 4.60lm, at 28�C column tem-

perature), eluted with 65% methanol (HPLC Grade, Merck

Co.) and 35% buffer (0.2% A.P. acetate acid/18MR Mil-

lipore Water) at a flow rate of 1.0 ml min–1. At 249 nm

wavelength, the absorption of epothilone A appeared at

12.5 min and epothilone B at 14.2 min. The epothilone

titer was defined using purified epothilones (a gift from G

Höfle, GBF, Germany).

To determine the time course for epothilone production

the cells were inoculated in M26 medium at a concentra-

tion of 2 · 107 cell ml–1 and shaken at 200 rpm and 30�C

for 3–4 days. Then 350 ml of the culture were removed

and inoculated into a 5-L automatic bioreactor (EASTBIO

GBCS-5, Eastbiotech Co. China) containing 3.5 L EPM

medium and 70 ml XAD-16 resin. The culture was grown

at 30�C with shaking at 200 rpm with an agitation rate of

5 l min–1. An aliquot of 50 ml cultivation broth containing

the resin was collected every 24 h. The resin was used to

determine the titers of epothilones using HPLC as de-

scribed above.

High-throughput screening method

For high-throughput (HTP) evaluation of the production

of epothilones, we developed a simple microtiter method

for primary screening based on the method used by Xu

et al. [29]. The detailed procedure is illustrated in Fig. 1.

The method combines micro-cultivation in 96-well mi-

crotiter plates and a high-throughput assay with a mi-

croplate reader. Each well of the microtiter plate (Corning

Inc., USA) was filled with 200 ll EPM-agar. Single col-

onies from the screening plates were transferred with

sterile toothpicks and directly inoculated into corre-

sponding wells of duplicate microtiter plates (A and B).

The initial strain So0157-2 was also inoculated as a

control. Plate B was incubated at 30�C for 5 days and

then stored at 4�C. A few XAD-16 resin beads were

added to the surface of the medium in each well of plate

A. For quantitative analysis of epothilone production,

plate A was incubated at 30�C for 9 days, and then heated

in an oven at 40�C for 24 h to dry the agar column. Then

200 ll methanol was added to each well. After gently

shaking at room temperature overnight, 20 ll of each

methanol extract was transferred into a new 96-well mi-

crotiter plate and immediately placed in Sigma SPEC-

TRAmax190 microplate spectrophotometer (St. Louis,

MO, USA). Plates were read at 249 nm, and the absor-

bance was recorded. Mutants with high absorption values

were recovered from plate B for further quantification

using the normal procedure, performed as described

above.

Results and discussion

Mutants with resistance to epothilone and its precursors

To start the genome shuffling process, the mutants with

different phenotypes were generated as the starting strains.

For the biosynthesis of microbial secondary metabolites,

inhibition by high concentrations of the precursors or

products is usually the main limitation [30–32]. In this

work, the mutation conferring higher tolerance for raw

epothilone products or the precursor mixture were pro-

duced and selected for. The MIC value of the Sorangium

strain So0157-2 was less than 1.2 mg ml–1 for epothilone

or 0.2 mol l–1 for the precursors. After ten rounds of

mutagenesis and gradually increasing selective pressure,

Fig. 1 An integrated procedure with micro-cultivation in 96-well

microtiter plates and high-throughput assay using a microplate reader
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the resistance of the surviving mutants increased more than

two times, but higher levels of tolerance were hard to

achieve. A large number of random mutants were analyzed

and those mutants that survived the pressure of selection

were shown to contain a large number of high yield epo-

thilone-producers than those from the plates with no

selection pressures (Fig. 2). Some mutants with higher

production of epothilone B and high tolerances to the raw

epothilone products (H8 series) or precursor mixture (H9

series) were selected for further analysis. We also used

some higher epothilone-producing mutants from the non-

selection pressure plates (Q7 series) for further shuffling.

The production of epothilone B in the selected mutants

increased 0.5–2.5 times compared with the starting strain

(see Table 1).

Preparation and fusion of Sorangium protoplasts

The myxobacterium Sorangium produces rich extracellular

polysaccharides, and tends to aggregate, which greatly

hampered the enzymatic digestion of the peptidoglycan

layer of the cell wall for producing protoplasts. We were

able to partly solve this problem by using the cells in the

early exponential growth stage and gently homogenizing

the harvested cells with glass beads. Long periods of

digestion with lysozymes decreased the regeneration of

Sorangium protoplasts. Before the digestion, treating the

cells with EDTA for short time (10 min) significantly de-

creased the time period of digestion with lysozymes, but

still allowed efficient preparation and regeneration of pro-

toplasts. Although high concentrations of sucrose, mannitol

or salts such as CaCl2 and MgCl2 were able to stabilize the

protoplasts [28, 33, 34], most of them were toxic for

Sorangium growth, even at rather low concentrations. At

the concentration of 0.3 M, only mannitol stabilized the

protoplasts and allowed the cells to grow in limited colony

size on agar. The limited colony size is, however, more

applicable for further screening of the fusants. Using the

protocol provided in the Materials and Methods, the effi-

ciency for preparation of protoplasts reached nearly 100%

(Fig. 3a, b) and the regeneration ratio was more than 60%.

The conditions for the Sorangium fusion were also

optimized, including degrees of polymerization and con-

centrations of PEG (polyethylene glycol), fusion time and

temperature. Using the optimized fusion conditions pro-

vided in Materials and Methods, the fusion ratio, measured

with a transmission electronic microscope, was about 10%

at 5 min, and then increased to 50% at 10 min, 80% at

15 min, and after that time increased more slowly. During

the fusion process, the protoplasts stuck together, allowing

the plasma membranes to dissolve at the points of contact

and fusion of the protoplasmic contents took place (Fig. 3c,

d). Finally, the fused protoplasts became single, large and

round or oval shaped structures. On the regeneration plate,

colonies were observed after 7 days. Some of the single

clones on the regeneration medium plates with or without

the pressure of products/precursors were evaluated for their

epothilone production.

We evaluated the production of epothilones by more

than 1,000 regenerated fusants, and obtained many mutants

Fig. 2 Epothilone B production comparison among 100 random

mutants from epothilone products-selective pressure (a), precursor-

selective pressure (b) and non selective pressure (c). The horizontal
line is the production level of the initial strain So0157-2

Table 1 Epothilone B titers and sensitivity to epothilones and pre-

cursor of mutants and wild strain

Strains Epothilone B

titer (mg l–1)

Sensitivity

Epothilones Precursors

So0157-2 0.8 –a –

H8(3) 2.6 + –

H8(13) 2.7 + –

H8(38) 2.6 + –

H8(59) 2.2 + –

H8(70) 1.3 + –

H9(33) 2.3 – +

H9(39) 2.1 – +

H9(41) 1.8 – +

H9(50) 1.4 – +

H9(86) 1.4 – +

Q7(6) 2.1 – –

Q7(33) 1.9 – –

Q7(80) 1.5 – –

Q7(97) 1.3 – –

a + Resistant, – sensitive against raw products containing 2.4 mg ml–1

or 0.4 mol l–1 of the precursor mixture, measured on VY/2-agar

medium. The production of epothilones and the sensitivity to

epothilones and precursors were measured after 100 generations of

subculture
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Fig. 3 Electron micrographs of

Sorangium protoplasts and their

fusion products. a Sorangium
cells, b spherical protoplast,

c the protoplasts stuck together

during the beginning of fusion,

d an individual fusant formed

by fusion of two protoplasts.

The bar is 5 lm in a–c and

1 lm in d

Table 2 Epothilone B titers

and sensitivity to epothilones

and precursor of mutants

generated by genome shuffling

a The conditions and meanings

were the same as in Table 1

Strains Parent strains Epothilone

B titer (mg l–1)

Resistant character

Epothilones Precursors

GSUV3-205 H8(13) H8(38) H9(33) H9(39) 104 +a +

GSUV3-110 H8(13) H8(38) H9(33) H9(39) 98 + +

GSUV1-10 H8(3)H8(59) H9(39) H9(50) Q7(6) 82 + +

GSUV1-20 H8(3)H8(59) H9(39) H9(50) Q7(6) 50 + +

GSUV1-4 H8(13) H9(33) Q7(6) 64 + +

GSUV1-5 H8(13) H9(33) Q7(6) 56 + –

GSUV1-46 H8(3)H8(59) H9(39) H9(50) Q7(6) 29 + –

GSUV1-67 H8(3)H8(59) H9(39) H9(50) Q7(6) 42 + +

GS6UV1-22 H8(3)H8(59) H9(39) H9(50) Q7(6) 30 + +

GS6UV1-17 H8(3)H8(59) H9(39) H9(50) Q7(6) 50 + +

GS6UV1-59 H8(3)H8(59) H9(39) H9(50) Q7(6) 19 + +

GSUV2-5 H8(38) H8(70) H9(41) H9(86) Q7(33) 5.3 + +

GSUV2-45 H8(38) H8(70) H9(41) H9(86) Q7(33) 36 + +

GSUV2-1 H8(38) H8(70) H9(41) H9(86) Q7(33) 42 + +

GSUV2-10 H8(38) H8(70) H9(41) H9(86) Q7(33) 27 – –

GSUV2-48 H8(38) H8(70) H9(41) H9(86) Q7(33) 35 + –

GSUV2-28 H8(38) H8(70) H9(41) H9(86) Q7(33) 10 + –

GSUV2-32 H8(38) H8(70) H9(41) H9(86) Q7(33) 15 + –

GS-R52 H8(13) H9(33)Q7(80) Q7(97) 4.2 + –

GS-R21 H8(13) H9(33)Q7(80) Q7(97) 6.0 + +

GS-R24 H8(13) H9(33)Q7(80) Q7(97) 6.8 – +
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with high yields of epothilones. After being subcultured for

more than 100 generations, 21 mutants, produced five

times or more of epothilone B than the initial strain and

were shown to be stable. The epothilone B titers and the

resistant phenotypes of these fusants are shown in Table 2.

The epothilone B titer (104 mg l–1) of the highest-pro-

ducing mutant (GSUV3-205, a fusant from two mutants

resistant to the raw epothilones and two mutants resistant to

the precursor mixture) was about 130-fold greater than the

starting strain So0157-2. Besides, the yield, the mutant

GSUV3-205 also grew faster and more dispersed in liquid

fermentation medium than So0157-2. In a 5-L bioreactor,

the mutant also produced epothilones earlier than the initial

strain So0157-2, and the peak yield of epothilone B oc-

curred as early as day 5 of the cultivation, whereas the

initial strain peaked at about 8 days (Fig. 4).

HTP method for screening epothilone production

Normally, an evaluation of the yield of epothilones re-

quires many time-consuming and costly steps. These steps

include transferring the mutant colonies to a fresh slant/

plate, preparation of seeds, cultivation, extraction of the

products from the resin, and finally HPLC analysis (the

HPLC analysis of a sample usually requires 10–30 min

dependent on the protocol). The procedure requires a

large amount of time and is not practical for high-

throughput screenings. In our work, the yields of different

mutant clones were pre-evaluated using a simple and

high-throughput microtiter method, which was followed

by a more exact determination. The fusants that appeared

on the regeneration plates were inoculated in two parallel

96-well microtiter plates: one was cultivated for epothi-

lone yield, while the other was used to maintain the

mutants. After culture, the production of epothilone by

colonies on the microtiter plate was measured by moving

the palte to a 40�C oven to dry the cultured agar. The

resin beads then dropped into the bottom of the wells.

After a simple extraction with methanol, the epothilone

production of each mutant was measured at 249 nm

wavelength in a microplate spectrophotometer. Using the

pre-evaluation procedure, we were able to roughly mea-

sure the production of epothilone by nearly all the

regenerated fusant colonies (usually hundreds) in a 10-day

time. Then only strains in the top 8% with high OD249

values were further evaluated using the normal evaluation

Fig. 4 Specific epothilone B

production (open square) and

culture growth (open square)

comparisons between the wild

strain and a mutant. a the

mutant GSUV3-205; b the wild

strain So0157-2. The error bars
represent the standard deviation

of the epothilone titer and cell

concentrations
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method. The reliability of the pre-evaluation method was

determined with 100 randomly selected colonies using the

normal method (Fig. 5). This demonstrated a good cor-

respondence between the two methods.

Sorangium is among the best producers of secondary

metabolites [10], and also among the bacteria that are dif-

ficult to manipulate [17]. It appears that the genome shuf-

fling technique is an efficient, simple approach for strain

improvement. However, there are not many phenotypes that

can be used as the selectable marker for the products of

secondary metabolism. Thus, screening a large number of

mutants is necessary. Stephanopoulos [19] proposed that

the success of the genome shuffling depends on the initial

selection of the variants, the efficiency of the genetic

recombination process, and the power of the screening

methods for the shuffled mutants. It is significant to develop

a high-throughput method for evaluating the production of

secondary metabolites, such as the production of epothil-

ones. With the help of a high-throughput primary screening

method, genome shuffling can then be achieved.

In this paper, we, for the first time, explored the genome

shuffling technique for the improvement of myxobacteria.

This technique included a high-throughput screening

method. The research provides methods for genetically

manipulating Sorangium. With the technique we devel-

oped, we demonstrated enhanced production of epothilone

B from mutants of strain S. cellulosum So0157-2. A mutant

produced 130-folds (104 mg l–1) more epothilone than the

wild strain (0.8 mg l–1).
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