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Summary

Electroduction is a method which allows direct transfer of plasmid DNA between do-
nor and recipient under conditions of electroporation. The application of this technique al-
lows significantly faster analysis of streptomycetes transformants by omitting plasmid
DNA purification. Here, we describe improved procedure with substantial modifications
which allows direct plasmid shuttling between Streptomyces spp. and E. coli. Three differ-
ent Streptomyces spp. (S. lividans, S. rimosus and S. coelicolor) and three E. coli strains were
effective donors or recipients. The method was successfully applied to transfer three dif-
ferent bifunctional vectors: pFD666, pZG5 and pRMS5, varying in size from 5 kb to 21 kb.
The efficiency of plasmid transfer by novel method was significantly increased in compari-
son to our previously published results. In addition, we succeeded for the first time: a) to
transfer plasmid of 21 kb, and b) to transfer plasmid DNA directly from S. lividans to S.
Timosus.
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Introduction

Electroduction is a useful technique that permits di-
rect transfer of genetic material between bacteria.
Though simple, this method is still not widely exploited.
Under conditions of electroporation two processes occur
independently. Cells exposed to high voltage could re-
lease (1) or accept (2) DNA molecules. Electroduction
basically involves cellular suspension of donor and re-
cipient exposed to a short-duration, high-amplitude
electrical pulse, resulting in the reversible permeabili-
zation of the cell membrane. Transfer of DNA molecules
can occur both intraspecifically (3) or interspecifically
(4). The effect of the external electrical field on the cre-
ation of the non-specific pores in the cell membrane was
observed on all kinds of organelles and cells. A system-

atic investigation of E. coli electrotransformation was
described in a series of scientific papers (5,6). Although
actual mechanism by which large molecules as DNA
pass through cell membrane is still not completely un-
derstood, recent studies describe this process as a simi-
lar multistep pathway always observed on prokaryotic
and eukaryotic cells in spite of significant differences be-
tween cell types (7). Some biological and physical pa-
rameters must be examined with respect to the species.
Nevertheless, pulsing the cells has become convenient
way to mediate direct gene transfer from donor to recip-
ient cells.

We previously reported application of the electro-
duction method to transfer plasmid DNA molecules di-
rectly from Streptomyces spp. to E. coli bypassing plas-
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mid DNA purification (8). The basic method described
earlier is useful, but it is limited for some Streptomyces
species and unsuccessful in transferring plasmids larger
than 15 kb in size. The extensive use of this method
could simplify analysis of Streptomyces transformants
considerably. This prompted us to examine different pa-
rameters in order to broaden the application of this
method. Here, we describe a novel electroduction me-
thod. We examined the substantial modifications that al-
lowed transfer of plasmid DNA from E. coli to Strepto-
myces rimosus and between different Streptomyces
species. We also succeeded to transfer plasmid over 20
kb in size.

Materials and Methods

Bacterial Strains and Plasmids

S. lividans TK24 (9), S. rimosus R6-593 (10), S. coeli-
color CH999 (11), E. coli GM119 (12), E. coli XL1-Blue (13)
and E. coli S17.1 (14) were used as donors or recipients
in this study. Bifunctional plasmids pFD666 of 5.2 kb
(15), pZG5 of 7.4 kb (16) and pRMS5 of 21 kb (11) were
used for direct transfer by electroduction.

Media and Growth Conditions

Two different solid media were prepared for the
growth of Streptomyces. TCA medium that contains (in
g/L): bactopeptone 2; MgCl, 1; yeast extract 2; glucose
10; casamino acids 2.5; and agar (17); and TSB that con-
tains 30 g/L triptone soya broth. Streptomyces spp. were
regenerated in CRM medium as previously described
(17). Growth conditions for E. coli were as described
(18). SOC medium (19) was added for regeneration of E.
coli immediately after pulsing the cells. Media were sup-
plemented with kanamycin (25, 50 or 350 pg/mL),
ampicilin (100 pg/mL), tetracycline (50 pg/mL) or
thiostrepton (20 pg/mL) as required.

Plasmid Isolation and Analysis

Plasmids were isolated with Qiagen Isolation kit
(Qiagen Inc., Chadworth, USA) according to the manu-
facturer’s instructions or by standard alkaline lysis
method as previously described (18). The presence of
plasmids in electroductants was analysed by standard
gel electrophoresis method (18).

Preparation of Donor and Recipient for Electroduction

Donor

Streptomyces strains were grown on solid media con-
taining the required antibiotic. A loopfull of mycelial
fragments obtained by scraping small area was carefully
removed from the plate to avoid contamination with
agar. Therefore in some of our experiments Streptomyces
spp. were grown on agar plates covered with cellophane
membrane. Collected cell biomass was suspended in 80
pL of 10 % ice cold glycerol with no further treatment or
it was treated with lysozyme (200 ng/mL) at 37 °C for
30 min. Treated cells were washed twice by centrifuga-
tion at 5000 rpm with 1 mL of 10 % glycerol and finally
resuspended in 80 pL of ice cold 10 % glycerol.

E. coli colonies were used directly from LB plates
supplemented with the required antibiotic. The cells
were resuspended in 80 uL of 10 % ice cold glycerol and
used as donors in electroduction experiments.

Recipient

Electrocompetent myecelia of S. rimosus R6-593 were
prepared as described previously (17). Transformation
efficiency was 6.4 - 10* transformants per 1 ug of pFD666.
E. coli cells were prepared for electroporation according
to BioRad manual. The strain E. coli XL1-Blue showed
electrotransformation efficiency of 1.5-107 transformants
per 1 ug of pFD666, twice as high as the efficiency of E.
coli GM119, when transformed with the same plasmid.

Electroporation

Gene Pulser Unit equipped with Gene Pulse Con-
troller (BioRad) was used in all experiments. Electropo-
ration cuvettes were EUROGENETEC with interelectrode
distance of 2 mm. Gene Pulser parameters for pulsing
Streptomyces spp. were set at 10 kV/cm, 400 Q and 25 uF
and for pulsing E. coli strains were set at 12.5 kV/cm,
200 ©Q and 25 pF

Electroduction procedure

Transfer of plasmid DNA from
Streptomyces spp. to E. coli

Donor biomass was resuspended in 10 % ice cold
glycerol and treated with lysozyme when required as
previously described. 80 uL of donor suspension was
placed in prechilled cuvette and pulsed twice. Two
times pulsed donor suspension was frozen at —80 °C for
30 min then thawed at 4 °C, transferred to prechilled
cuvette and centrifuged at 13000 rpm for 15 min at 4 °C.
Donor supernatant obtained as described was mixed
with 40 pL of recipient cells prepared for electroporation
and pulsed again. 1 mL of SOC medium was added and
the mixture was incubated for 1 h at 37 °C and then
plated on selective plates.

Transfer of plasmid DNA from S. lividans to S. rimosus

S. lividans (pFD666) was grown on selective solid
medium supplemented with 50 pg/mL kanamycin. The
mycelium to be used as donor was prepared and pulsed
as described above. Electrocompetent mycelium of S.
rimosus was mixed with donor supernatant and pulsed
again. 1 mL of ice cold CRM medium was added, the
cells were grown for 3 h at 30 °C and then plated on se-
lective plates (17).

Transfer of plasmid DNA from
E. coli to Streptomyces rimosus

E. coli GM119 harbouring pFD666 was used as a
plasmid donor. The cells were pulsed under conditions
as described in Electroporation. Supernatant was mixed
with electrocompetent mycelium of S. rimosus R6-593
and pulsed again. The cells were regenerated and plated
on selective medium as described above.

Results and Discussion

Direct transfer of plasmid DNA between Strepto-
myces spp. and E. coli were performed as described in
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Methods. Due to our previous data (8), electrical param-
eters were not varied. Fields strength intensity and
pulse length were kept at optimum values for our
model system, as described in electroduction procedure.
The time constants for E. coli electroporation were typi-
cally 4-4.5 ms and for Streptomyces electroporation 7-9
ms. From the recent reports (6), it is known that the
pulse duration, and consequently cell permeabilization,
is a critical parameter for the gene transfer.

Several attempts to transfer plasmid pRM>5 of 21 kb
from S. coelicolor CH999 to E. coli S17.1 by already pub-
lished electroduction method (8) have been unsuccses-
sful. This prompted us to examine the effect of freezing
and thawing on the pulsed donor cells as an improve-
ment of the basic protocol. Only by applying this addi-
tional step it was possible to transfer plasmid of 21 kb in
size directly from S. coelicolor to E. coli (data not shown).
We suggest that this process acts synergistically with
electrical pulse, probably by affecting the integrity of the
cell wall and thus enhancing the plasmid release from
the cell.

In order to examine the effect on the efficiency of
this and some other modifications in comparison to our
basic protocol (8), the same donor strain, S. lividans
TK24 harbouring pFD666 was used as a referent strain
throughout this study. With previously published proto-
col, we were not able to get more than 100 electroduc-
tants, though the method was used routinely. With the
same strain and by applying two additional steps we
were able to get significantly increased number of
electroductants. Table 1A, lane 1 shows the result of our
typical experiment with S. lividans TK24 harbouring
pFD666, when freezing and thawing of the donor cells
were applied to the basic protocol. Furthermore, four
times higher efficiency was obtained (Table 1A, lane 6)
when donor cells were additionally pre-treated with
lysozyme. The modified procedure described above was
also applied to transfer plasmid pFD666 from S. rimosus.
The number of electroductants was much lower (Table
1A, lane 4 compared to lane 1) when S. rimosus was
used as donor, nevertheless the method was reproduc-
ible. This discrepancy could be ascribed to the different
cell wall structure of these two Streptomyces species.

When pre-treatment with lysozyme was applied to
S. rimosus, electroduction efficiency (Table 1A, lane 7)
was slightly decreased. From our experience, fluctuation
of transformation efficiency up to 50 % is not significant

Table 1. (A) Results of typical electroduction experiments using
differently prepared donor suspensions. The plasmid DNA was
transferred from Streptomyces spp. to different strains of E. coli

Procedure Donor Plasmid  Recipient =~ Number of
electroductans
2p, S. lividans pFD666  XL1-Blue 422
-80°CY  TK24 pZG5 XL1-Blue 650
GM119 355
S. rimosus  pFD666  XL1-Blue 27
R6-593 pZG5 XL1-Blue nr.
lys, 2p,  S.lividans pFD666  XL1-Blue 1742
80 °C”  TK24
S. rimosus  pFD666  XL1-Blue 18
R6-593 pZG5 XL1-Blue 9

and it could be due to the amount of biomass taken by
loop. In order to test whether the collection of micelia
from the solid media would be easier, and to minimise
the possibility of arcing during electrical pulsing, S.
rimosus harbouring pFD666 was grown on cellophane.
We obtained up to four times higher number of
electroductants in comparison to results discussed above
(data not shown). We suggest that this approach could
be applied for the improvement of our electroduction
method.

The electrodution procedure was also applied to
transfer plasmid pZG5 from the same donors (S. lividans
and S. rimosus). The result of our typical experiment
when pZG5 was transferred from S. lividans is presented
in Table 1A, lane 2. When E. coli XL1-Blue was used as
recipient the result was two times better in comparison
to the number of electroductants obtained with E. coli
GM119. This result nicely correlates with the trans-
formation efficiencies (see Methods) of these two recipi-
ents. Application of freezing and thawing for transfer-
ring pZG5 from S. rimosus was fallible. Few electro-
ductants were obtained in one out of five performed
experiments and therefore we consider this result nega-
tive. Successful and reliable method was achieved when
pre-treatment of donor mycelia with lysozyme was in-
cluded as described in Methods (Table 1A, lane 8). Mi-
croscopy of mycelia after treatment with lysozyme in 10
% glycerol revealed no presence of protoplasts, however
the release of the plasmid was still sufficient for obtain-
ing the electroductants in all performed experiments.
Thus with minor modifications this method was suc-
cessfully applied to S. rimosus strain. Although we as-
sume that by pulsing the protoplasts more plasmid
DNA could be released, taking into account the time
needed for protoplast preparation with standard proce-
dure and additional exchange of the buffer in order to
avoid arcing (overheating), we suggest that protoplast
preparation should be applied only to special cases.

Application of lysozyme treatment and freeze thaw-
ing of the donor cells were substantial for successful
transfer of plasmid DNA from S. lividans to S. rimosus.
This is the first example of plasmid shuttling between
two Streptomyces species by electroduction. Five times
higher efficiency was obtained when donor cells were
pre-treated with lysozyme. The results are presented in
Table 1B. The described procedure was also successfully
applied to transfer plasmid from E. coli to S. rimosus
(data not shown). E. coli GM119 (dam-dcm-) strain, defi-

Table 1. (B) Results of electroduction of plasmid DNA transfer
from S. lividans TK24 to S. rimosus R6-593

Procedure Donor Plasmid Recipient Number of
electroductans

2p, S. lividans pFD666  S. rimosus 430

80 °C”) TK24 R6-593

lys, 2p, S. lividans pFD666 S. rimosus 2270

80 °C” TK24 R6-593

D stwo pulses — freeze donor — pulse« method

) »lysozyme treatment — two pulses — freeze donor — pulse«
method
n.r. — not reliable
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cient in DNA methylation was used as plasmid DNA
donor to avoid restriction barrier in S. rimosus.

Evidence for the presence of pFD666 in electroduc-
tants achieved in experiments described above (Table
1A,B) was also obtained directly. Whenever Streptomyces
were transformed by electroduction, the plasmid was
then transferred directly to E. coli to avoid tedious plas-
mid purification from Streptomyces as well as to get the
results faster (Fig. 1).

1 2 3

Fig. 1. Isolation of plasmid pFD666 from E. coli. Lane 1 — con-
trol pFD666; lane 2 — pFD666 isolated after shuttling from E.
coli GM119 to S. rimosus R6-593 and back to E. coli XL1-Blue;
lane 3 — pFD666 isolated after shuttling from S. lividans TK24 to
S. rimosus R6-593 and then to E. coli XL1-Blue

These fast shuttling of plasmid DNA from Strepto-
myces to E. coli and back, or from S. lividans to S. rimosus
reveals the power of the method. It can be routinely
used for manipulation with bifunctional vectors and
moreover, it is significantly time saving in analysis of
Streptomyces transformants.

Conclusions

A novel electroduction method significantly im-
proved direct transfer of plasmid DNA between dis-
tantly and closely related bacteria. Essential steps in-
clude freeze thawing of donor cells and pre-treatment
with lysozyme. Described modifications enabled suc-
cessful transfer of large size plasmid (21 kb). The
method was also successfully applied to transfer plas-

mid directly from S. lividans to S. rimosus. This is the
first example of shuttling bifunctional vector between
two Streptomyces spp.
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Velika ucinkovitost izravnog prijenosa plazmida
izmedu dviju streptomicetnih vrsta te izmedu
bakterija Streptomyces spp. i E. coli

Sazetak

Elektrodukcija je metoda koja omogucuje izravan prijenos plazmidne DNA izmedu
donora i recipijenta, pod uvjetima elektroporacije. Stani¢na suspenzija donora ili recipi-
jenta, izlozena kratkom i intenzivnom elektricnom pulsu, dovodi do reverzibilne pro-
pusnosti stani¢ne stijenke i membrane, Sto stanicama omogucuje slobodno otpustanje ili
primanje plazmidnih DNA molekula. Tako uzgoj stani¢ne biomase i prociS¢avanje plaz-
midne DNA postaju nepotrebni, pa zbog toga ta metoda omogucuje puno brzu analizu
streptomicetnih transformanata. U ovom je radu prikazana poboljSana metoda koja s do-
datnim izmjenama omogucuje izravan prijenos plazmidne DNA izmedu bakterija Strepto-
myces spp. i E. coli. Tri razli¢ite streptomicetne vrste (S. lividans, S. rimosus i S. coelicolor) te
tri soja bakterije E. coli sluzili su kao djelotvorni donori ili recipijenti. Metoda je uspjesno
primijenjena u prijenosu triju razli¢itih dvojnih vektora: pFD666, pZG5 i pRMS5, koji se
razlikuju po veli¢ini od 5 do 21 kb. Djelotvornost prijenosa plazmidne DNA ovom me-
todom bitno je povecana u usporedbi s dosada objavljenim rezultatima autora. Stovise, po
prvi su put autori uspjeli: a) izravno prebaciti plazmid veli¢ine 21 kb i b) prebaciti plaz-
mid izravno iz S. lividans u S. rimosus.



