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Abstract Genome shuffling is an efficient approach for

the rapid improvement of the yield of secondary metabo-

lites. This study was undertaken to enhance the yield of

surfactin produced by Bacillus amyloliquefaciens ES-2-4

using genome shuffling and to examine changes in SrfA

expression of the improved phenotype at the transcriptional

level. Six strains with subtle improvements in lipopeptide

yield were obtained from populations generated by ultra-

violet irradiation, nitrosoguanidine, and ion beam muta-

genesis. These strains were then subjected to recursive

protoplast fusion. A strain library that was likely to yield

positive colonies was created by fusing the lethal protop-

lasts obtained from both ultraviolet irradiation and heat

treatments. After two rounds of genome shuffling, a high-

yield recombinant F2-38 strain that exhibited 3.5- and

10.3-fold increases in surfactin production in shake flask

and fermenter respectively, was obtained. Comparative

analysis of synthetase gene expression was conducted

between the initial and shuffled strains using FQ (fluores-

cent quantitation) RT-PCR. Delta CT (threshold cycle)

relative quantitation analysis revealed that surfactin syn-

thetase gene (srfA) expression at the transcriptional level in

the F2-38 strain was 15.7-fold greater than in the ES-2-4

wild-type. The shuffled strain has a potential application in

food and pharmaceutical industries. At the same time, the

analysis of improved phenotypes will provide more valu-

able data for inverse metabolic engineering.

Keywords Genome shuffling � Bacillus

amyloliquefaciens � Antimicrobial lipopeptide �
CT (threshold cycle) � Housekeeping gene �
The gene of interest

Introduction

Bacillus strains produce many kinds of bioactive lipopep-

tides synthesized nonribosomally by a large multifunc-

tional enzyme complex [25]. Of these, the lipopeptide

surfactin is well characterized at the genetic level. Surf-

actin is biosynthesized by three NRPSs, SrfA–C [20]; the

thioesterase/acyltransferase enzyme SrfD stimulates the

initiation of this process [22].

Surfactin is an extraordinarily powerful biosurfactant

that is known to decrease the surface tension of water; it

exerts a detergent-like action on biological membranes [3],

and is distinguished by its exceptional emulsifying, foam-

ing, antiviral and anti-mycoplasma activities [20]. Surfac-

tin has a great number of potential applications in plant

disease biocontrol [18] and biomedicine [14]. Moreover,

lipopeptide can be widely used in the food [1], cosmetic

[13] industries and for enhanced oil recovery [21] and for

the bioremediation of oil-contaminated sites [17]. Both

Bacillus amyloliquefaciens and Bacillus subtilis have been

used as lipopeptide producers [24, 26]. There have been

many attempts to increase lipopeptide production in these

two organisms, but almost all of them have focused on

fermentation optimization [12], isolation and purification
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[7], or on the regulation of lipopeptide synthesis using

genetic engineering methods [2, 23].

Although rational methods and global techniques have

been successfully applied to strain improvement, the need

to engineer more complex phenotypes requires a more

combinatorial approach. The technology of genome shuf-

fling has been suggested as a novel whole-genome engi-

neering approach for the rapid improvement of complex

cellular phenotypes. Two rounds of genome shuffling were

shown to be sufficient to achieve results that had previously

required 20 rounds of mutagenesis and screening [30]. The

genome shuffling approach using recursive protoplast

fusion with multi-parental strains offers the advantage of

recombination throughout the whole genome without the

need for genome sequence data or network information

[10]. This method has been successfully used to improve

acid tolerance [19], glucose tolerance [27], and degradation

of pentachlorophenol in Sphingobium chlorophenolicum

[5] to increase the production of tylosin in Streptomyces

fradiae [30], hydroxycitric acid by Streptomyces sp. U121

[11], arachidonic acid in Diasporangium sp [31] and vita-

min B12 in Propionibacterium shermanii [29].

Genome shuffling is an exciting and promising approach

that can be used not only for producing improved strain but

also as a source of information and data on complex met-

abolic and regulatory networks for an enormous variety of

microorganisms. In the present study, genome shuffling

was used to increase the yield of surfactin from B. amy-

loliquefaciens. The mechanisms that gave rise to the

improved traits were explored by measuring the srf target

mRNA.

Materials and methods

Microorganism and media

Bacillus amyloliquefaciens ES-2 was an endophytic bac-

terium isolated from the Chinese medicinal plant Scutel-

laria baicalensis Georgi [24]. B. amyloliquefaciens ES-2-4

was obtained with N? ion beam implantation (20 keV of

energy and 2.60 9 1015 cm-2 in dose) [8]. The concen-

tration of the lipopeptides in fermentation broth increased

by 15.2% compared to ES-2. These microorganisms were

conserved by Key Laboratory of Food Processing and

Quality Control of Food Science and Technology College

in Nanjing Agricultural University. B. amyloliquefaciens

ES-2-4 was cultured in standard potato dextrose agar

(PDA) media at 37�C. All microbial strains were main-

tained in BPY supplemented 20% (v/v) with glycerol and

stored at -70�C. The regeneration medium (RM) was PDA

with NaCl (0.6 mol/l). Seeds medium (BPY) (beef extract

5.0 g/l, peptone 10.0 g/l, yeast extract paste 5.0 g/l,

glucose 10.0 g/l, NaCl 5.0 g/l) and modified Landy med-

ium (glucose 42.0 g/l, L-sodium glutamate 4.0 g/l, MgSO4

0.5 g/l, KCl 0.5 g/l, KH2PO4 1.0 g/l, FeSO4 0.15 mg/l,

MnSO4 5.0 mg/l, CuSO4 0.16 mg/l) were adjusted to pH

7.0. SMM, adjusted to pH 6.5, contained sucrose 171.14 g/

l,MgCl2�6H2O 4.07 g/l, and maleic acid 2.32 g/l as a sta-

bilizer. Lysozyme was purchased from Sigma and prepared

with SMM, sterilized by filtration through a 0.22-lm

membrane filter and stored at -20�C. PEG 6,000 (40%)

was prepared with SMM. Surfactin standard sample was

purchased from Sigma.

Mutagenesis

ES-2-4 cells were mutagenized with either nitrosoguani-

dine (0.5 mg/ml, 37�C, 30 min), ultraviolet irradiation (20

w, 30 cm, 60 s), or ion implantation [15] (implantation

sources were produced by an ion-beam bioengineering

instrument devised by Chinese Academy of Sciences,

Institute of plasma physics) and then spread on PDA agar

plates. The plates were incubated at 37�C for 24 h. The

colonies were selected, diluted, and then spread on PDA

plates and incubated in an incubator at 32�C for 36 h. The

agar-well diffusion method [6] was used for its advantages

of time savings, labor savings, and effectiveness. For lip-

opeptide production, Escherichia coli was used as an

indicator [24]. The colonies with the largest killing halos

were selected to carry out shake-flask analysis. The strains

with the highest production were obtained and taken as the

starter for genome shuffling.

Preparation of protoplasts

Strains were cultured at 37�C for 5 h in 50 ml BPY. Cells

were harvested by centrifugation, washed, suspended and

diluted in SMM buffer to give a suspension with an optical

density of 2.0 at 600 nm. Lysozyme was then added to a

final concentration of 0.2 mg/ml. After incubation at 37�C

for 15 min, protoplasts of each strain were prepared. The

appearance of spherical cells, as judged by light micros-

copy, was used as an indicator of protoplast formation.

Protoplasts were collected by centrifugation at 2,5009g for

10 min and suspended in SMM.

Genome shuffling

An equal number of protoplasts from different populations

were mixed and then divided equally into two fractions.

One fraction was inactivated with UV for 60 min, and the

other was heat treated at 100�C for 30 min. Both inacti-

vated protoplast fractions were mixed in a cell ratio of 1:1,

centrifuged, and resuspended in 0.2 ml of SMM. Nine

volumes of 40% PEG 6000 in SMM were added to the
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resuspended protoplast mixture and incubated for 12 min

at 37�C. To terminate the effect of PEG, 5 ml SMM was

added and the fused protoplasts were centrifuged, washed

with SMM, resuspended in 2 ml of SMM, and serial

dilutions of the suspension were spread on RM plates and

incubated for 36 h at 37�C. The colonies that could

regenerate on the RM plates were selected and a pooled

library was built. The colonies with the biggest clearing

halos were selected to carry out shake-flask analysis and

the strains with the highest production were obtained and

named F1. Two successive rounds of protoplast fusion

were carried out; after each round, the production of lip-

opeptide increased. The yield of lipopeptide was analyzed

using shake flasks. Samples from each of the fusion strains

were saved for further analysis. Nonshuffled controls were

prepared by the recursive formation and regeneration of

protoplasts without any exposure to PEG.

Shake flask and bioreactor cultivation

Colonies from PDA (including 0.6 mol/l NaCl) plates were

used to inoculate overnight cultures in 100 ml of BPY

medium. The 200-ml fermentation medium in shake flasks

(1 l) was inoculated with 10 ml of the overnight cultures at

150 rpm at 32�C. Each strain was cultured in three shake

flasks. Precultures for bioreactor cultivations were grown in

BPY medium at 37�C for 24 h. Two preinoculation steps

were required before bioreactor cultivation. Bioreactor cul-

tivation was performed in a 19-L bioreactor using 12 l of

fermentation medium; inoculation was done at 32�C. During

the course of pH-controlled batch fermentations, an agitation

speed of 250 rpm was maintained. The fermentation pH (pH

7.0) was maintained with the automatic addition of 4.0 mol/l

NaOH; silicone oil served as the anti-foam additive.

Extraction and detection of lipopeptide

Overnight cultures of B. amyloliquefaciens were inoculated

(5%, v/v) into 200 ml of modified Landy medium, and then

shaken 150 rpm for 36 h. At the end of cultivation, 200 ml

of supernatant was treated with 6 mol/l HCl to adjust the

pH to 2.0. The antibacterial peptides were then extracted

with 5 ml of methanol for different times and adjusted to

pH 7.0. The supernatants were analyzed by reversed-phase

HPLC (C18 column, ODS 4.6 9 250 mm, AGILENT

1100 series). Lipopeptide was determined by high-perfor-

mance liquid chromatography (HPLC) (AGILENT 1100

series) using a C18 column (ODS 4.6 9 250 mm) with a

UV detector. The lipopeptide were eluted with acetonitrile-

trifluoroacetic acid at a flow rate of 0.84 ml/min and

monitored at 210 nm. The injection volume of the samples

was 20 ll. For surfactin production, sheep blood was used

as an indicator.

From the HPLC chromatograms, the peak areas of the

lipopeptide were determined. The relation between con-

centration of surfactin (y) and the peak area (x) was

expressed by the following criterion curve: y = 0.1302 x-

23.578 (R2 = 0.9983). By the above standard equation, the

concentration of surfactin was calculated.

Analyses for antimicrobial lipopeptide, glucose,

and dry cell weight

Total lipopeptide was determined by high-performance

liquid chromatography (HPLC) with a UV detector. Glu-

cose was estimated with DNS reagent by measuring the

optical density at 540 nm with a Unic 7200 spectropho-

tometer (Unic, Shanghai, China). Dry cell weight was

determined after centrifuging 10 ml of fermentation broth,

washing once with distilled water, and drying to constant

weight at 80�C. This was repeated three times for each

sample.

Total RNA extraction

RNA was isolated using the EZgeneTM Bacterial RNA Kit

(BIOMIGA R6616). RNA quality was determined before

downstream application. Purity of the total RNA extracted

was determined as the 260/280 nm ratio (an A260/A280

ratio of 1.8–2.0 corresponds to 90–100% pure nucleic acid)

and the integrity was checked by denatured agarose gel

electrophoresis with ethidium bromide staining. Several

sharp bands for 28S and 18S ribosomal RNA and certain

populations of mRNA should appear on the gels.

Reverse transcriptase reactions

A standard Super MLV RT-PCR kit (Biouniquer BU304)

was applied to complete the reverse transcription reactions.

The reactions contained the RNA template, 25 lmol/l

random primer, 5 9 super MLV buffer, 10 mmol/l of each

of the dNTPs, 200 U/ll super MLV reverse transcriptase

and 20 U/ll RNase inhibitor. The 20-ll reactions were

incubated in a Bio-Rad Peltier Thermal Cycler in a 96-well

plate for 10 min at 30�C, 50 min at 42�C, and 15 min at

70�C. All reverse transcriptase reactions were run in trip-

licate. cDNA was diluted 50-fold in nuclease-free water

and stored at -20�C.

Real-time PCR

16S rDNA was selected as the housekeeping gene; the srfA

gene is the gene of interest. The B. amyloliquefaciens

nucleotide sequences for these two genes were obtained

from the GenBank database at the National Center for
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Biotechnology Information (NCBI, http://www.ncbi.nlm.

nih.gov/). Primer pairs were designed from these sequences

(80–200 bp product length, optimal Tm at 60�C, GC%

between 40 and 60%) with the Primer Premier 5.0 software

(Applied Biosystems); the 16S rDNA primers used were

F341 (50CCTACGGGAGGCAGCAG30) and R518 (50AT

TACCGCGGCT GCTGG30) and the srfA primers were

F3726 (50GAAGTCTTCAGCGGCGAACTG C30) and

R3879 (50GGGTGGCTCCGTTTTTCTCG30). After each

run, melting curve analysis was performed to confirm the

specificity of the amplification and the absence of primer

dimers.

Real-time PCR was performed using a standard real-

time PCR Master Mix (SYBR Green) kit (Biouniquer

BU-Q002) on a Rotor-Gene 3000 RT-PCR System. The

25-ll PCR reaction mixture contained 12.5 ll 2 9 real-

time PCR Mix, 1.25 ll template DNA, 1.25 ll 10 lmol/l

forward primer and 1.25 ll 10 lmol/l reverse primer. All

reactions were incubated in a 36-well plate at 95�C for

10 min, followed by 40 cycles of 95�C for 10 s and 60�C

for 30 s with a single fluorescence reading taken at the end

of each cycle. Each reaction was run in triplicate. Fol-

lowing threshold-dependent cycling, melting was per-

formed from 60 to 95�C at 0.2�C/s melt rates with a smooth

curve setting averaging 1 point. Primer specificity was

verified by melt curve analysis. The negative first deriva-

tive of the melt curve (fluorescence versus temperature)

plotted against temperature should yield a single peak (Tm

of product) if the primers are specific to the gene of

interest.

The threshold cycle (CT) is defined as the fractional

cycle number at which the fluorescence passes a fixed

threshold. The CT values produced from real-time PCR

instrumentation were imported into a Microsoft Excel

spreadsheet. The data reported from a quantitative gene

expression experiment were imported to a spreadsheet. The

change in expression of the srfA target gene normalized to

the 16S rDNA expression was monitored. Real-time PCR

was performed on the corresponding cDNA synthesized

from the shuffled and initial B. amyloliquefaciens strains.

All samples including the minus controls were repeated

three times.

CT values were determined by the Rotor-Gene 6 soft-

ware using a fluorescence threshold manually set to

0.02051 for all runs and exported into Microsoft Excel for

analysis. After confirming that the amplification efficiency

of the reference gene was consistent with the gene of

interest, comparative delta–delta CT analysis was per-

formed. The data are presented as the fold change in gene

expression normalized to the endogenous reference gene

(16S rDNA) and relative to the initial control. The evalu-

ation of 2-DDCT indicates the fold change in gene expres-

sion relative to the initial control. The amount of target,

normalized to the reference and relative to the initial, was

calculated according to the following equation,

where, DDCT ¼ CT;srfA�CT;16S rDNA

� �
F2�38

� CT;srfA�
�

CT;16S rDNA ÞES�2�4.

F ¼ 2�DDCT ½16�

Results

Strain mutagenesis and mutant screening

Genome shuffling almost imitates the features of natural

evolution through the recursive genetic recombination.

Thus, a diverse population of mutants with the desired phe-

notype (improved compared with the initial strain) is

required as the starting point. NTG mutagenesis was used to

generate the first population of heavy producing variants of

ES-2-4. The cells of the initial strain were sensitive to

0.5 mg/ml NTG treatment for the clear inhibition zone and

then the cells were scraped from different places on the lawn

around the inhibition zone. About 38 colonies that showed

the biggest transparent haloes were further tested for anti-

microbial lipopeptide production in shake flasks. UV irra-

diation was used as the mutagenizing agent for the second

population of mutants of ES-2-4. The cells spread on plates

were exposed to UV irradiation at 20 W (30 cm) for 60 s

during which a killing rate of approximately 90% was

observed. The irradiated cells that characteristically pro-

duced the biggest zones of antimicrobial lipopeptide pro-

duction were chosen; 29 colonies conformed to this standard.

A third population of heavy producing variants was obtained

by ion implantation mutagenesis using the energy at 10 keV

and a dosage of 1.56 9 1015 N?/cm2 as the ion implantation

parameters of ES-2-4. About 53 colonies were picked. All

three mutant populations were assumed to possess the

capability for the high production of antimicrobial lipopep-

tide. During the secondary screening in shake-flask evalua-

tions, two NTG mutants, two UV mutants, and two ion

implantation mutants were selected from the NTG, UV, and

ion implantation populations. These six mutants showed

small increases, from 40.5 to 45.8 mg/l (Fig. 1) in the pro-

duction of surfactin. In addition, their high producing

capacity was stable and was maintained after at least 20

transfers in shake-flasks. Consequently, these six mutants

were used as the starting population for genome shuffling.

Genome shuffling to generate the antimicrobial

lipopeptide strains

Genome shuffling is dependent on the recursive fusion of

protoplasts to allow recombination. This recursive strategy

permits the phenotype of interest to be obtained quickly.
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The high frequency of protoplast formation and regenera-

tion is the basis of the efficiency of genome shuffling. A

suitable concentration of lysozyme was necessary to

improve the frequency of protoplast formation as judged by

osmotic fragility. The frequency of protoplast regeneration

was low and so, in a successful attempt to improve this, we

replaced sucrose in the RM with 0.6 mol/l sodium chloride.

The protoplasts of the NTG, UV, and ion implantation

mutants were subjected to a first round of pool-wise

recursive protoplast fusion. The resulting populations were

screened for individuals with improved antimicrobial lip-

opeptide production using the selective plates. After the

first fusion, four colonies from the F1 generation with the

biggest haloes on the PDA plates containing 0.6 mol/l

sodium chloride were identified as producing more anti-

microbial lipopeptide than the mutant parents in the shake

flask. These four strains were then used in an additional

round of shuffling. Four colonies from the second shuffled

library with the biggest haloes on the plates containing

0.6 mol/l sodium chloride were identified as the F2 gen-

eration after the shake-flask test. The F2-38 mutants

exhibited 124.1 mg/l (Fig. 1) surfactin yield, which is a

3.5-times improvement compared to the initial mutants.

Figure 2 shows that compared to B. amyloliquefaciens ES-

2-4, F2-38 produced more surfactin. These results clearly

show the differences in antimicrobial lipopeptide produc-

tion between the shuffled strain and the mutated strains.

One of the best performers in the shuffled strain from F2

was F2-38, and so this strain was selected for scale-up

fermentation. A control experiment was carried out using

the selected populations of NTG, UV, and ion implantation

mutants and F1 without exposure to PEG plated on the

PDA plates containing 0.6 mol/l sodium chloride. In con-

trast to the results using the shuffled strains, no colonies

were found on the corresponding plates under the same

cultivation condition. The exposure of the protoplasts to

PEG, which promotes fusion, would otherwise generate

recombinants on the plate.

Characterization of surfactin production, glucose

consumption and cell growth of ES-2-4 and F2-38

in a bioreactor

In an attempt to evaluate the effects of scale-up fermentation

on the genome-shuffled strain, surfactin production, glucose

consumption, and cell growth of F2-38 and ES-2-4 were

compared in a 19-l bioreactor. Consistent with the shake-

flask results, F2-38 yield of surfactin based on biomass (mg

surfactin/g biomass) and yield of surfactin based on glucose

(mg of surfactin/g glucose) were 58.1 and 10.0, respectively.

The maximum surfactin concentration was 350.1 mg/l

(Fig. 3), a 10.3-times increase compared to ES-2-4 at 42 g/l

glucose concentration after 36 h. Moreover, F2-38 also

exhibited better growth and more rapid glucose consumption

than ES-2-4 under the same conditions. The dry cell weight

of F2-38 was 6.0 g/l, whereas ES-2-4 was 5.1 g/l at the end

of fermentation. When determined from the beginning to the

end of the batch fermentation, the specific growth rate of

F2-38 was 18.2% higher than that of ES-2-4. The cell growth

rate was also consistent with the observed antimicrobial

lipopeptide production. There was 6.7 g/l glucose left in the

medium when cultivated with ES-2-4, while only 4.3 g/l

glucose was left with F2-38 at the end of the fermentation.

The rate of glucose consumption of the genome-shuffled

Fig. 2 Hemolytic activity of the supernatants obtained after growth

of Bacillus amyloliquefaciens ES-2-4 (A) and F2-38 (B) in modified

Landy medium. ES-2-4, wild-type of Bacillus amyloliquefaciens; F2-

38, a strain produced after two rounds of genome shuffling

Fig. 1 Comparison of the wild-type and mutant strains of Bacillus
amyloliquefaciens for surfactin production in BPY medium in shake

flasks. ES-2-4, wild-type of Bacillus amyloliquefaciens; UV, UV

mutant strains; N, NTG mutant stains; Ni, nitrogen ion implantation

mutant stains, F1, strains from the first round of genome shuffling;

F2, strains from the second round of genome shuffling
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strain was higher than that of ES-2-4 when 42 g/l initial

glucose was used.

Comparative mRNA analysis between the shuffled

and initial strains

The initial strain and shuffled strain were assayed using

real-time PCR and the melt curves for the reference gene

(16S rDNA) and for the gene of interest (srfA) were

obtained at 60–95�C. Melt-curve analysis showed only one

reference gene melting peak and one melting peak for the

gene of interest. The two melting peaks were consistent

with the Tm of the amplicons generated by the gene-spe-

cific primer pairs. After each run, melting-curve analysis

was performed to confirm the specificity of the amplifica-

tion and the absence of primer dimers.

The normalized expression was calculated by averaging

three CT values for the reference gene (16S rDNA) and for

the gene of interest (srfA). As shown in Table 1, the

expression of srfA in the shuffled strain was 15.7-fold times

its expression in the initial strain.

Discussion

Genome shuffling can be integrated with rational methods

to promote the evolution of complex phenotypes, such as,

in this case, increasing the yield of secondary metabolites.

In this study, we used this approach to improve the pro-

duction of lipopeptide in B. amyloliquefaciens. Compared

to classical strain improvement strategies and rational

genetic methods, genome shuffling offers more advantages.

The efficiency of genome shuffling for phenotypic

improvement is significantly higher than that of classical

strain improvement methods. First, it was very important to

obtain a diverse protoplast of mutants that already shows

some improvement in the trait of interest, as compared to

the same trait in the initial strain. Then UV, NTG, and ion

implantation were used to amplify the genetic diversity of

the population in later generations. UV radiation can lead

to the DNA molecules to form thymine dimers, NTG-

induced mutations mainly GC–AT conversion. More

attention is now being paid to implanting low-energy ions

into industrial microorganisms to produce mutants with

improved properties [28]. Accumulating evidence has

shown that three factors including energy absorption, mass

deposition, and charged ion exchange may play an essential

role in low-energy ion bio-effects. Previous studies showed

that the mutation effects of low-energy ion bombardment

led to high product yield and wide mutation spectrum [4].

This may be the main advantage of our approach, which

made it much more efficient for strain improvement.

Before fusion, the protoplasts were divided into two equal

groups and then inactivated either in a boiling water bath or

using ultraviolet, which can cause lethal damage to phys-

iological structures without actually killing them. Only the

fusants that possessed the functions of the parents could

regenerate on the regeneration medium. Thus, genome

shuffling can be used to enhance lipopeptide production in

B. amyloliquefaciens. A high-yield recombinant F2-38

strain was obtained after two rounds of genome shuffling.

In a 19-l bioreactor the yield of surfactin in F2-38 reached

350.1 mg/l, 10.3-fold higher than surfactin production in

the initial strain.

The technology of genome shuffling has been presented

as a novel whole-genome engineering approach for the

rapid improvement of cellular phenotypes without the

necessity for genome sequence data or network informa-

tion. It is well known that the profile of an ideal cell

depends on the expression of a large number of genes that

are often poorly understood, mostly unknown, and broadly

distributed throughout the genome. Recombinant B. sub-

tilis fmbR-1 was obtained by replacing the native surfactin

Table 1 Delta–delta CT relative quantitation analysis of the shuffled and initial strains of B. amyloliquefaciens

Replicate name GOI CTa Norm. CTb Delta CT Delta–delta CT Relative conc.

ES-2-4c 21.5 ± 1.16 15.88 ± 0.49 5.62 ± 0.67 0 1.00

F2-38d 17.70 ± 1.12 16.05 ± 0.65 1.65 ± 0.47 -3.97 ± 0.2 15.72 ± 0.34

a GOI CT, CT (threshold cycle) of the gene of interest (srfA). b Norm. CT, CT of the reference gene (16S rDNA). c B. amyloliquefaciens ES-2-4

(initial strain). d The recombinant F2-38 strain obtained after two rounds of genome shuffling. For each measurement, n = 3

Fig. 3 Comparison of cell growth (triangle), glucose consumption

(circle), and surfactin production (square) by Bacillus amylolique-
faciens ES-2-4 (open) and Bacillus amyloliquefaciens F2-38 (closed)

in a 19-l bioreactor. Samples of the experiments with initial glucose

concentrations of 42 g/l were analyzed every 4 h. DCW dry cell

weight
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promoter with the inducible Pspac promoter and this

increased surfactin production by about fivefold [23]

compared to the wild-type. In signal factor mutants, the

production of lipopeptide was increased to about threefold

[2] more than that of the wild-type. In the present study,

genome shuffling increased the production of surfactin by

10.3-fold over its production in the initial strain. Therefore,

we can conclude that to improve the strain, genome shuf-

fling is better than direct genetic manipulation through the

control of a specific gene. Compared to other molecular

breeding techniques genome shuffling is convenient and

easy to use and, because the technique is based on proto-

plast fusion, the strains produced by genome shuffling are

not considered to be ‘‘genetically modified’’. Importantly,

therefore, the public distaste reserved for genetically

modified organisms (GMOs) can be avoided if genome

shuffling is used.

Genome shuffling can also be used to obtain information

on desired phenotypes. The recombination of genetic traits

among multiple parent strains can be completed in the pro-

cess of genome shuffling. Evolved phenotypes from shuf-

fling experiments are very likely to have altered network

regulation, rebalanced fluxes, altered transport mechanisms,

and/or increased substrate availability [10]. Until now, the

only related research that explores the mechanisms of

improved phenotypes is that of Zhang Ying et al. [29] who

reported improved vitamin B12 production in Propioni-

bacterium shermanii by genome shuffling and who carried

out a comparative proteome analysis. Currently, RT-PCR is

routinely used to amplify cDNA products reverse transcribed

from mRNA and to study low abundance gene expression

[9]. In this study, 2-DDCT relative quantitation analysis was

used, which revealed that the mRNA of the shuffled strain

was 15.7-fold that of the initial strain. These mRNA tran-

scriptional level changes explained the enhanced flux to

lipopeptide in the shuffled strain compared to in the initial

strain. Comparative analyses of the initial and shuffled

mRNA showed that over-production of lipopeptide was

accompanied by significant changes of a key synthetase

involved in the surfactin biosynthesis pathway. Genome

shuffling resulted in an increase in the transcriptional level of

the synthetase SrfA, an important enzyme in the biosynthesis

of surfactin in B. amyloliquefaciens. These results may

provide information that can be used for the metabolic

engineering of B. amyloliquefaciens for overproduction of

surfactin and this research is proceeding in our groups. In

addition to the development of this platform, the analysis of

improved phenotypes will provide more valuable data for

inverse metabolic engineering.

In summary, we have demonstrated that genome shuffling

can be used for rapid strain improvement in B. amylolique-

faciens. We showed that the production of lipopeptide in

B. amyloliquefaciens can be improved by genome shuffling

and, for the first time, rationally explored the mechanisms of

the improved phenotype at the transcriptional level. By

combining the use of ion implantation to create genetic

diversity, the advanced technology for inducing protoplast

fusion and high-through-put screening method to select

desired strains, genome shuffling is poised to play a very

important role in strain improvement in the future [10].
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Cardayré S (2002) Genome shuffling leads to rapid phenotypic

improvement in bacteria. Nature 415:644–646

31. Zhao M, Dai CC, Guan XY, Tao J (2009) Genome shuffling

amplifies the carbon source spectrum and improves arachidonic

acid production in Diasporangium sp. Enzyme Microb Technol

45:419–425

896 J Ind Microbiol Biotechnol (2012) 39:889–896

123


	Genome shuffling of Bacillus amyloliquefaciens for improving antimicrobial lipopeptide production and an analysis of relative gene expression using FQ RT-PCR
	Abstract
	Introduction
	Materials and methods
	Microorganism and media
	Mutagenesis
	Preparation of protoplasts
	Genome shuffling
	Shake flask and bioreactor cultivation
	Extraction and detection of lipopeptide
	Analyses for antimicrobial lipopeptide, glucose, and dry cell weight
	Total RNA extraction
	Reverse transcriptase reactions
	Real-time PCR

	Results
	Strain mutagenesis and mutant screening
	Genome shuffling to generate the antimicrobial lipopeptide strains
	Characterization of surfactin production, glucose consumption and cell growth of ES-2-4 and F2-38 in a bioreactor
	Comparative mRNA analysis between the shuffled and initial strains

	Discussion
	Acknowledgments
	References


