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Abstract Genome shuffling is a recent develop-

ment in microbiology. The advantage of this tech-

nique is that genetic changes can be made in a

microorganism without knowing its genetic back-

ground. Genome shuffling was applied to the marine

derived bacterium Nocardia sp. ALAA 2000 to

achieve rapid improvement of ayamycin production.

The initial mutant population was generated by

treatment with ethyl methane sulfonate (EMS) com-

bined with UV irradiation of the spores, resulting in

an improved population (AL/11, AL/136, AL/213

and AL/277) producing tenfold (150 lg/ml) more

ayamycin than the original strain. These mutants

were used as the starting strains for three rounds of

genome shuffling and after each round improved

strains were screened and selected based on their

ayamycin productivity. The population after three

rounds of genome shuffling exhibited an improved

ayamycin yield. Strain F3/22 yielded 285 lg/ml of

ayamycin, which was 19-fold higher than that of the

initial strain and 1.9-fold higher than the mutants

used as the starting point for genome shuffling. We

evaluated the genetic effect of UV ? EMS-mutagen-

esis and three rounds of genome shuffling on the

nucleotide sequence by random amplified polymor-

phic DNA (RAPD) analysis. Many differences were

noticed in mutant and recombinant strains compared

to the wild type strain. These differences in RAPD

profiles confirmed the presence of genetic variations

in the Nocardia genome after mutagenesis and

genome shuffling.

Keywords Actinomycetes � Mutation � Genome

shuffling � Ayamycin � RAPD

Introduction

Over the past 30–40 years, marine organisms have

been a focus of worldwide efforts targeting the

discovery of novel natural products (Anada et al.

2006). Marine microorganisms (Actinobacteria) are

sources of novel compounds with often unique

structures and various potential therapeutic applica-

tions. The Actinomycetes are widely distributed in

natural and manmade environments and are well

known as a rich source of antibiotics and bioactive

molecules and these have been of considerable

importance in chemotherapy (Mirabelli et al. 1985;

Kanzaki et al. 2000). Nocardia species, which are

known antibiotic producers, are one of the most

promising sources of bioactive compounds. Of the
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sixteen Actinomycete strains that were tested for their

potential to produce bioactive compounds that inhibit

the growth of the pathogen Vibrio damsela, Nocardia

brasiliensis showed the largest inhibition zone and

highest activity (El-Sersy and Abou-Elela 2006). In

our previous work, the marine derived bacterium

Nocardia sp. ALAA 2000 was identified as a

producer of a novel antimicrobial agent ayamycin;

1,1-dichloro-4-ethyl-5-(4-nitro-phenyl)-hexan-2-one,

which is unique in containing both chlorination and a

rarely observed nitro group (El-Gendy et al. 2008).

The structure of ayamycin (Fig. 1) was elucidated by

single crystal X-ray diffraction studies. This com-

pound displayed potent antimicrobial activity against

both Gram-positive and Gram-negative bacteria as

well as fungi with MIC ranging from 0.1 to 10 mg/ml

(El-Gendy et al. 2008).

Classical strain improvement methods have suc-

ceeded in obtaining many industrial strains, but are

time-consuming and laborious due to the need for

many repeated rounds of random mutation and

selection. Recently, an efficient technology named

genome shuffling has advanced the construction of

mutants with significantly improved phenotypes

(Zhang et al. 2002). Genome shuffling involves the

generation of mutant strains that have an improved

phenotype, followed by multiple rounds of mating

among the mutants to allow recombination between

genomes; this is followed by selection to combine the

useful alleles of many parental strains into single

cells showing the desired phenotype (Zhang et al.

2002; Patnaik et al. 2002; Hida et al. 2007).

Recent studies have successfully demonstrated

increased production of the polyketide antibiotic

tylosin in Streptomyces fradiae (Zhang et al. 2002)

and improved acid tolerance in Lactobacillus (Pat-

naik et al. 2002) using genome shuffling. This

approach has also been used to improve the degra-

dation of pentachlorophenol in Sphingobium chlor-

ophenolicum (MingHua and Shelley 2004) and the

production of hydroxycitric acid in Streptomyces

(Hida et al. 2007). Moreover, Wang et al. (2007) and

Lei et al. (2008) applied genome shuffling to improve

the acid tolerance and volumetric productivity in

Lactobacillus rhamnosus. A library of shuffled bac-

teria with genetic changes is repeatedly used in the

above process. Where limited knowledge about

genome sequences impairs the rational application

of recombinant DNA techniques when manipulating

strains, genome shuffling has the advantage of

recombination between genomes in uncharacterized

organisms.

The random amplified polymorphic DNA (RAPD)

technique is based on the polymerase chain reaction

(PCR) and has been a commonly used molecular

technique for the development of DNA markers.

Random amplified polymorphic DNA markers are

amplification products of DNA sequences using short

and arbitrary oligonucleotide primers and do not

require prior knowledge of a DNA sequence. Unlike

other techniques, which are labour-intensive when

they are used for identification of organisms in

multiple microbiological samples, the RAPD tech-

nique is fast and reliable. Low cost, efficiency in

developing a large number of DNA markers in a short

time and a requirement for less sophisticated equip-

ment has made the RAPD technique very valuable

(Cocconcelli et al. 1995; Williams et al. 1990).

In the present study, we applied genome shuffling

to the marine derived bacterium Nocardia sp. ALAA

Fig. 1 X-ray crystal

structure (a) and chemical

structure (b) of ayamycin

(El-Gendy et al. 2008)
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2000 to achieve rapid improvement of ayamycin

production. Moreover, molecular analysis of the

genetic effect of UV ? EMS-mutagenesis and gen-

ome shuffling on nucleotide sequence by RAPD

analysis was also carried out.

Materials and methods

Microorganisms

The marine bacterium Nocardia sp. ALAA 2000 was

derived from the marine red alga Laurencia specta-

bilis collected off the Ras-Gharib coast of the Red

Sea, Egypt and is the producer of of ayamycin. This

species was used as the initial strain in subsequent

genome shuffling (El-Gendy et al. 2008). Escherichia

coli JM 109 carrying plasmid (PCBH1-hph-2.2)

which contains an ampicillin resistance gene (EL-

Bondkly 2002), E. coli NRRL B-766, Micrococcus

luteus NRRL 287 and Bacillus subtilis NRRL B-543

were used as indicator strains.

Preparation of the starting mutants for genome

shuffling

Nocardia sp. ALAA 2000 was used as the initial

strain and mutagenized with UV irradiation and ethyl

methane sulfonate (EMS) to obtain an initial mutant

library as follows: 10 ml sample of spore suspension

(slants 8 days old) in sterilized 0.2 M potassium

phosphate buffer, pH 7.0, was transferred to an

aseptic plate. The plate, with the cover removed, was

exposed to UV irradiation for 3 min at a distance of

25 cm from a UV lamp (Philips T–UV–30 W lamp

type number 57413). Then 50 ll/ml EMS (Sigma

Co.) was added into the suspension and the sample

shaken for 30 min. at 28�C in shaker water bath. The

mutagenized suspension was diluted and spread onto

agar culture medium and cultured at 35�C for 8 days.

The agar medium contained (per liter of 100% Sea

water) 10 g starch, 2 g peptone, 4 g yeast extract and

20 g agar and the pH was adjusted to 7.0–7.5.

Single colonies that grew on the plates were

transferred into a 250 ml Erlenmeyer flask with

50 ml fermentation medium. The medium contained

starch 1.0%, glucose 1.0%, glycerol 1.0%, corn steep

powder 0.25%, peptone 0.5%, yeast extract 0.2%,

NaNO3 0.1% and CaCO3 0.3% in 100% sea water,

and the pH was adjusted to 7.2 before autoclaving.

The culture was incubated at 35�C for 7 days on a

rotary shaker (180 rpm) (El-Gendy et al. 2008). After

fermentation, the ayamycin yield of each colony was

analyzed by a diffusion bioassay test using various

Gram-positive and Gram-negative target strains. The

mutants with high productivity were preserved and

selected as the starting strains for the genome

shuffling.

Antibiotic bioassay

The indicator strains were sensitive to ayamycin and

completely resistant to the other bioactive secondary

metabolites (chrysophanol 8-methyl ether, asphode-

lin; 4,70-bichrysophanol, justicidin B) which are

produced by Nocardia sp. ALAA 2000 (El-Gendy

et al. 2008). Consequently, the ayamycin antibiotic

bioassay was carried out according to the paper-disc

diffusion method using the fermentation broth of

mutant or genome shuffled isolates. Indicator bacteria

were grown in Luria Broth (LB) medium contains (g/

l) tryptone, 10; yeast extract, 5; NaCl, 10; Agar, 15

with the pH adjusted to pH 7.0. Antibiotic assay discs

(Whatman product No. 2017, six mm diameter) were

saturated with 25 ll of each isolate supernatant and

placed on the surface of indicator test plates then

incubated overnight at 37�C. The inhibition zone

diameter was measured in mm and the antibiotic

concentration (lg/ml) was determined using a stan-

dard calibration curve based on the purified antibiotic

(ayamycin). Ayamycin production in mutant or

fusant isolates was compared to the original strain.

Application of the genome shuffling technique

Genome shuffling was carried out using modifica-

tions of the described methods (Zhang et al. 2002;

Patnaik et al. 2002; MingHua and Shelley 2004). The

starting mutants for genome shuffling were grown in

25 ml of culture medium containing 1.0% glycine in

a 250 ml Erlenmeyer flask at 35�C for 36 h. Cells

were harvested by centrifugation at 5000 rpm for

10 min at 4�C, washed twice with 10 ml of P buffer

(Hopwood et al. 1985; EL-Bondkly and El-Gendy

2010) and treated with lysozyme (5 mg/ml in P

buffer) at 30�C for 1.5 h. After protoplast formation

had been observed by a phase-contrast microscopy,

the lysozyme was removed by washing twice with
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10 ml of P buffer and equal ratio from each highest

ayamycin isolate protoplasts pooled all of them

together as well as protoplasts fused for 5 min in

5 ml of 40% PEG 4000. Then the suspension was

diluted fivefold with P buffer, the protoplasts were

harvested by centrifugation at 3000 rpm for 5 min at

20�C and resuspended in 10 ml of P buffer. Next the

suspension was diluted and spread onto regeneration

medium and cultured at 35�C for 3–8 days. The

regeneration medium contained (per liter) 100 g

sucrose, 10 g glucose, 5 g yeast extract, 0.1 g pep-

tone, 10 g MgCl2�6H2O, 0.25 g KH2PO4, 3 g

CaCl2�2H2O, 20 ml N-Tris (hydroxymethyl) methyl-

2-aminoethanesulfonic acid (TES) buffer (5.73%,

adjusted to pH 7.2) (Hopwood et al. 1985) and 20 g

agar. The pH value was adjusted to 6.5 before

autoclaving. Colonies that grew on the regeneration

medium were selected for further fermentation tests

and the recombinants with the highest production

were used as the starter strains for the second and

third rounds of genome shuffling by the same

method.

Genomic DNA preparation

Genomic DNA was extracted and purified using the

QIAGEN DNeasy Tissue Kit following the manu-

facturer’s protocol for Gram-positive bacteria.

Random primers and polymerase chain reaction

(PCR) amplification conditions

Polymerase chain reaction was performed using

puReTaqTM Ready-To-GoTM PCR Beads (Amersham

Biosciences). Each bead contains all of the necessary

reagents, except primer and DNA template, for

performing a 25 ll PCR amplification reactions.

Table 1 presents the five different arbitrary primers

(10-mers) that were used in the present study and

supplied by Operon Technologies Company, Nether-

lands. To each Ready-To-Go PCR bead, 15 ng of the

used random primer and 50 ng of the purified DNA

sample were added. The total volume of the ampli-

fication reaction was made up to 25 ll using sterile

distilled water. The conditions for this PCR were:

initial denaturation (5 min at 94�C) followed by 45

cycles of primer annealing (40 s at 50�C), primer

extension (90 s at 72�C) and denaturation (40 s at

94�C), a final primer annealing (1 min at 42�C) and a

final extension phase (5 min at 72�C). The amplified

DNA products from the RAPD amplification were

separated by electrophoresis on a 1% Tris–borate–

EDTA (TBE) agarose gel (1% agarose, 8.9 mM Tris,

8.9 mM borate, 0.2 mM EDTA), stained with ethi-

dium bromide and visualized under UV illumination.

The different band sizes were determined against a

100 bp ladder and photographed using a Polaroid

Instant Camera with UV Transilluminator.

Results and discussion

Induction of genetic variations and selection

of starting mutants for genome shuffling

Genome shuffling accelerates directed evolution by

facilitating recombination within a diverse mutant

population. Utilization of this method thus requires,

as a starting point, a diverse population of bacterial

mutants that already show some improvement in the

trait of interest compared with the same trait in the

wild type strain (Hida et al. 2007; Xu et al. 2009). To

fulfill this need, genetic variability was introduced

using ultraviolet irradiation (UV) and EMS muta-

genesis. In spite of the fact that induction of

mutations is occasionally associated with appearance

of morphological differences and nutritional require-

ments compared with the parental strain, a multistep

Table 1 RAPD primers

used in this study that

produced reproducible

polymorphisms when the

mutant and recombinant

strains were compared to

the wild type strain

Serial No. Primer code No. Sequences of

primer 50 to 30
GC % of primer

1 OpB-13 TTCCCCCGCT 70

2 OpI-02 GGAGGAGAGG 70

3 OpJ-01 CCCGGCATAA 60

4 OpAW-08 CTGTCTGTGG 60

5 OpA-05 AGGGGTCTTG 60
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selection procedure was adopted. This method is

favored not only for the selection of high productivity

strains, but also has some practical advantages such

as stability, fast growth, and good sporulation that are

needed throughout the breeding programme. There-

fore either large initial population diversity or

original strains with superior performance need to

be used to start genome shuffling.

In this work, the marine Nocardia sp. ALAA 2000

was used as the initial strain and its production of

ayamycin in a shaking flask culture was only 15 lg/ml.

Consequently, we generated an initial library of marine

Nocardia sp. ALAA 2000 mutants and selected

mutants that showed a higher yield of ayamycin than

the wild type strain. UV irradiation and EMS were used

to generate populations of mutants of Nocardia sp.

ALAA 2000. After UV irradiation and EMS mutation,

338 colonies were randomly selected and examined for

ayamycin production by shake-flask fermentation test

and antibiotic assay. Results are presented in Fig. 2,

and after application of UV irradiation and EMS to

generate population of mutants, the mutants formed

four ranges. A total of 110 mutants (32.5%) had lost

completely their ability to produce ayamycin (class A).

On the other hand, 135 mutants (39.9%) produced

as much or more ayamycin than original strain

(ranging from 10 to 50 lg/ml, class B) and 78 mutants

(23.1%) produced ayamycin in titres ranging from 51

to 100 lg/ml (class C). Furthermore, 15 mutants

(4.4%, class D) produced a much higher yield of

ayamycin (101–150 lg/ml) than the original strain.

Amongst these were seven mutants with the highest

ayamycin production (AL/11, AL/28, AL/136, AL/

178, AL/213, AL/277and AL/332) which were

selected, and their ayamycin yields were quantified

in triplicate to be 150, 125, 150, 130, 150, 150 and

145 lg/ml, Fig. 3. Four mutants (AL/11, AL/136, AL/

213 and AL/277) produced tenfold more ayamycin

than the original strain. Consequently, these were

selected as the starting population for genome

shuffling.

Improvement of ayamycin production by genome

shuffling

Four mutants (AL/11, AL/136, AL/213 and AL/277)

were subjected to three rounds of protoplast fusion.

Genome shuffling amplifies genetic diversity by

homologous recombination using protoplast fusion

within the selected mutant population. The selected

four mutants of our starting population showed

different growth rates and morphological characters;

therefore we prepared individual protoplasts, counted

their numbers with a compound light microscope, and

pooled all of them together in 1:1 ratio.

All of the single colonies that appeared on the

regeneration medium after genome shuffling were

selected for fermentation analysis. In the first round

of genome shuffling, 135 colonies tested for ayamy-

cin production and all produced more ayamycin than

the original strain. The values ranged from 51 to
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200 lg/ml ayamycin (classes C, D and E, Fig. 2).

Five recombinants (F1/27, F1/53, F1/87, F1/95, and

F1/121) exhibited a further improvement in the yield

of ayamycin (195, 180, 180, 190, and 195 lg/ml,

respectively, Fig. 3). These recombinants were then

used as the starter strains for the second round of

genome shuffling.

The second round of genome shuffling produced

115 colonies that were assayed for ayamycin produc-

tion. As shown in Fig. 2 the results indicated that, 7

isolates (6.1%), 27 isolates (23.5%), 44 isolates

(38.3%) and 37 isolates (32.2%) of the tested isolates

produced ayamycin within the ranges of 51–100,

101–150, 151–200 and 201–250 lg/ml, respectively

(class C, D, E and F, respectively, Fig. 2). In total, five

of these recombinants (F2/13, F2/33, F2/47, F2/72 and

F2/101) showed a further improvement in the yield of

ayamycin (235, 245, 250, 245 and 250 lg/ml, respec-

tively, Fig. 3). These were subjected to a third round of

genome shuffling producing 85 colonies that were

assayed. The obtained results showed that, 3 (3.5%), 21

(24.7%), 28 (32.9%) and 33 isolates (38.8%) exhibited

ayamycin productivity within the ranges of 101–150,

151–200, 201–250 and 251–300 lg/ml (class D, E, F

and G, respectively, Fig. 2). Three recombinants

(F3/22, F3/42, and F3/65) had a further improvement

in yield of ayamycin (285, 275, and 275 lg/ml,

respectively, Fig. 3) over the second round. Strain

F3/22 yielded 285 lg/ml of ayamycin, which is 19-fold

higher than that of the initial strain and 1.9-fold higher

than that of initial starting parent mutants AL/11,

AL/136, AL/213 and AL/277 with a yield of 150 lg/ml.

The results illustrates that genome shuffling is an

efficient means by which organisms can be obtained

with improved traits. Genome shuffling is based on

genetic recombination without knowledge of detailed

genetic information. The different genes, which may

be associated with production, can be recombined

over several rounds of genome shuffling and the

desirable phenotypes can be selected (Hida et al.

2007; Xu et al. 2009; Gong et al. 2009; Zhanga et al.

2010). The recombinants obtained after genome

shuffling show substantial improvement in ayamycin

production. Moreover, the genetic stability of the

highest ayamycin productivity recombinant F3/22

was evaluated by twenty-five successive subcultiva-

tion tests. The yield of ayamycin among the twenty-

five generations ranged from 280 to 285 lg/ml which

indicate the hereditary characteristics of this high

ayamycin-producing recombinant F3/22 strain are

stable.

Random amplified polymorphic DNA (RAPD)

analysis

Random amplified polymorphic DNA is a PCR-based

system that can be used to provide DNA fingerprints

to identify differences between strains and species.

The process uses single primers of arbitrary sequence,

usually ten bases long, and these can be used on any

DNA target irrespective of any knowledge of its DNA

sequence. This offers a substantial time saving as

DNA regions need not be identified, cloned, and

sequenced before these use a DNA markers. The

genetic effect of the mutagenic treatment and proto-

plast fusion on the DNA nucleotide sequence of the

mutants and protoplast fusants was compared to the

original strain Nocardia sp. ALAA 2000 by RAPD

analysis. Five primers were used (Table 1) with a GC

content 60–70% to amplify genomic DNA fragments

with reproducible polymorphisms suitable for strain

differentiation in the marine Nocardia sp. isolates. Of

the total amplified products, product size ranged from

225 to 2000 bp; with the highest number of bands (85)

within the 250–550 bp range, followed by 64 bands

within the 700–2000 bp range. Primers OpB-13 and

OpI-02 with GC content 70% were found to produce

more polymorphic bands than the other primers and

was used to obtain RAPD profiles of the selected

marine Nocardia sp. isolates (Figs. 2, 3).

Nine amplified bands could be clearly observed

when DNA from the original strain was used as a

template with primer OpB-13 (Fig. 4a). The band

sizes were 2000, 1100, 700, 650, 500, 475, 450, 425

and 225 bp as shown in lane 4. Furthermore, the first

band 2000 bp did not appear in mutants AL/11 and

AL/213 (lane 5 and 6) and derived strain F1/27 (lane

3) and the second band (1100 bp) was not detected in

the mutant AL/11 (lane 5). On the other hand, one

mutant (AL/213) and three derived strains (F1/27, F2/

47 and F3/22) contained a new band with a size of

1500 bp (lanes 6, 3, 2 and 1) which was not present in

the original strain or parental strains. In addition, two

new amplified bands of 550 and 325 bp in size were

detected with all tested isolates. Using the primer

OpI-02 (Fig. 4b), it was clearly noticed that most of

the tested mutants and derived strains contained two

distinct amplified bands (375 and 325 bp) that were
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identical to the original strain. Moreover, all mutants

and derived strains presented with different banding

patterns, when compared with the original strain

Nocardia sp. ALAA 2000. The above differences in

RAPD profiles confirm that genetic variation had

been obtained in the Nocardia sp. ALAA 2000

genome after the UV-mutagensis and three rounds of

protoplast fusion. Furthermore, some of these differ-

ences, based on the RAPD technique, could be used

as genetic markers for an analysis of genetic diversity

relative to ayamycin productivity.

Conclusion

The successful application of genome shuffling was

demonstrated by showing an improvement in aya-

mycin production by the marine derived Nocardia sp.

ALAA 2000. Isolation of mutants by treatment of

EMS combined with UV contributed to an initial

improvement in ayamycin production and these high

producing mutants were used as a starting point for

three rounds of genome shuffling. Genome shuffling

was able to achieve a further increase in ayamycin

production, with strain F3/22 yielding 285 lg/ml

ayamycin (19- and 1.9-fold higher than that of the

original strain and the highest starting mutants,

respectively). Random amplified polymorphic DNA

analysis identified many differences in mutant and

recombinant strains compared to the wild type strain.

These differences in RAPD profiles confirmed the

presence of genetic variations in the Nocardia

genome after mutagenesis and genome shuffling.

Moreover, these differences may be useful as genetic

markers when studying the effect of genetic diversity

on ayamycin production.
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