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Abstract 

Background: Bacterial strains of the genus Geobacillus grow at high temperatures of 50–75 °C and could thus be 
useful for biotechnological applications. However, genetic manipulation of these species is difficult because the cur‑
rent techniques for transforming Geobacillus species are not efficient. In this study, we developed an easy and efficient 
method for transforming Geobacillus kaustophilus using the conjugative plasmid pLS20cat.

Results: We constructed a transformation system comprising (i) a mobilizable Bacillus subtilis–G. kaustophilus shuttle 
plasmid named pGK1 that carries the elements for selection and replication in Geobacillus, and (ii) a pLS20cat‑har‑
boring B. subtilis donor strain expressing the dam methylase gene of Escherichia coli and the conjugation‑stimulating 
rapLS20 gene of pLS20cat. This system can be used to efficiently introduce pGK1 into G. kaustophilus by mobilization in 
a pLS20cat‑dependent way. Whereas the thermostable kanamycin marker and Geobacillus replication origin of pGK1 
as well as expression of dam methylase in the donor were indispensable for mobilization, ectopic expression of rapLS20 
increased its efficiency. In addition, the conditions of the recipient influenced mobilization efficiency: the highest 
mobilization efficiencies were obtained using recipient cells that were in the exponential growth phase. Furthermore, 
elimination of the origin of transfer from pLS20cat enhanced the mobilization.

Conclusions: We describe a novel method of plasmid mobilization into G. kaustophilus recipient from B. subtilis donor 
depending on the helper function of pLS20cat, which enables simple, rapid, and easy transformation of the thermo‑
philic Gram‑positive bacterium.
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Background
In general, bacteria reproduce asexually and their genetic 
traits are inherited vertically from mother to daugh-
ter cells. However, they can also acquire different traits 
from other species via horizontal gene transfer (HGT), a 
mechanism that contributes importantly to the genetic 
diversity of bacteria [1–4]. Three different mecha-
nisms are mainly responsible for HGT: transformation, 

transduction, and conjugation. Transformation involves 
the acquisition of naked DNA from the extracellu-
lar environment [5], transduction involves transfer of 
genetic information through bacteriophage infection [6], 
and conjugation involves physical cell-to-cell contact for 
DNA transfer, mediated by conjugative elements that can 
be embedded in the bacterial genome (named Integra-
tive Conjugative Element, ICE) or present on plasmids 
(named conjugative plasmids) [7]. A conjugative element 
renders a complete set of genes required for DNA trans-
fer. A cell harboring a conjugative plasmid can act as a 
donor to transfer the plasmid to a recipient cell lacking 
the plasmid. Conjugation has important environmen-
tal and medical implications. In addition, conjugation is 
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exploited as a tool for genetic modification of bacteria 
thereby serving research and industrial purposes. Plas-
mids can be classified into two categories: conjugative 
and non-conjugative; of which only the former can trans-
fer themselves to recipient cells (Fig.  1; in most cases, 
only one DNA strand of the conjugative plasmid is trans-
ferred into the recipient cell through a pore that connects 
the donor and recipient cells). One of the initial steps of 
the conjugation route involves so-called relaxosome pro-
teins processing the DNA to generate the single-stranded 
DNA, which is transferred to the recipient cell. The key 
enzyme of the relaxosome complex is a relaxase that rec-
ognizes and binds to specific sequences in a region on 
the plasmid named the origin of transfer (oriT). After 
binding, the relaxase cleaves the DNA in a strand- and 
site-specific manner at a specific position, named the nic 
site, and remains covalently attached to the 5′-end of the 
nicked strand. Elongation of the DNA at the generated 
hydroxyl group at the 3′-end of the nic site causes dis-
placement of the strand at which the relaxase is attached. 
The relaxase and its attached DNA is delivered to the 
pore and subsequently transferred into the recipient cell. 
As may be expected, many plasmids lacking the conju-
gation genes cannot be transferred. However, despite 
lacking the conjugation genes, a rather large group of 
plasmids can be transferred when they are co-resident 
with a conjugative plasmid via a process named mobi-
lization (Fig.  1). Mobilizable plasmids can be divided 

into two groups. Members of both groups transfer their 
ssDNA strand through the connecting pore generated 
by the conjugative plasmid. Plasmids belonging to one 
of these groups encode their proper relaxase that acts on 
the cognate oriT present on the plasmid; the relaxase and 
oriT of the plasmids are unrelated to those present on the 
conjugative plasmid. Plasmids of the other group do not 
encode a relaxase gene; they merely contain a copy of the 
oriT that is present on the conjugative plasmid.

The genus Geobacillus was first described in 2001 [8]. 
It comprises thermophilic bacteria that were previously 
included in the genus Bacillus. Geobacilli are Gram-
positive, endospore-forming, aerobic or facultative 
anaerobic thermophiles and are isolated from various 
environments, such as soil, hot springs, oilfields, and hay 
compost [9–12]. Geobacilli grow optimally at 50–75  °C. 
This feature makes them beneficial for biotechnological 
applications. For instance, the high temperature prevents 
the growth of possible contaminant mesophilic bacteria, 
and also saves energy and costs to remove fermentation 
heat. In addition, it can facilitate the recovery of volatile 
products from culture media. Successful use of bacte-
rial species for biotechnological applications requires 
efficient ways to modify it genetics in order to engineer 
strains with desired and/or optimized features. A few 
techniques to modify Geobacillus species are available 
[13]. For example, a protoplast method for Geobacillus 
stearothermophilus NUB36 [14] and an electroporation 
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Fig. 1 Schematic presentation of conjugation and mobilization. Conjugation refers to transfer of a conjugative plasmid from donor to recipient 
(a), whereas mobilization refers to mobilization of a mobilizable plasmid from donor to recipient mediated by the helper function of a co‑resident 
conjugative plasmid (b). Large light circle, conjugative plasmid; small bold circle, mobilizable plasmid; light rounded rectangle, donor cell; and bold 
rounded rectangle, recipient cell
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method for Geobacillus thermoglucosidasius DL44 [15] 
have been reported. However, besides that these tech-
niques are not efficient, transformation by the protoplast 
technique is laborious and the electroporation method 
requires the optimized conditions for each strain. Here, 
we describe a novel method to modify Geobacillus 
kaustophilus strain HTA426 that is based on interspe-
cies mobilization. The technique is simple, rapid and 
reproducible.

Geobacillus kaustophilus HTA426 can grow in lysogeny 
broth (LB) medium at high temperatures ranging from 42 
to 74  °C under aerobic conditions as rapidly as Escheri-
chia coli at 37 °C. Growth has low nutrient demands and 
various carbon sources can be used, which include glyc-
erol, casamino acids, hexoses (d-glucose, d-galactose, 
d-mannose, and myo-inositol), pentoses (l-arabinose and 
d-xylose), oligosaccharides (cellobiose, maltose, sucrose, 
soluble starch, and xylooligosaccharide), and alcohols 
(ethanol, 2-propanol, and n-butanol) [16]. Previously, a 
technique for the genetic manipulation of G. kaustophi-
lus HTA426 was described that is based on the transfer 
of mobilizable plasmids from E. coli to HTA426 mediated 
by the broad host-range conjugative plasmid pUB307 
[16]. This technique involved an elaborate device to over-
come the redundant restriction-modification (RM) sys-
tems. Three restriction modification (RM) systems are 
reported to be functional in HTA426: system one com-
posed of genes GK0343 (M subunit), GK0344 (S subunit) 
and GK0346 (R subunit); system two composed of genes 
GK1380 (M subunit), GK1381 (S subunit) and GK1382 (R 
subunit); and system three comprised by genes GKP09 
(endonuclease) and GKP08 (methylase). GKP08 meth-
ylates a sequence that is very similar to the one recog-
nized by the E. coli dam methylase, which is responsible 
for a methylation pattern similar to that of E. coli dam 
(5′-GN6mATC-3′), and the use of an E. coli donor strain 
that is dam+ functionally compensates for the GKP08 
methylase [16]. However, the methylases of the other two 
RM systems needed to be expressed in the E. coli donor 
cell to properly methylate the corresponding recognition 
sites. To circumvent this inconvenience, a derivative of 
HTA426 was constructed and named MK244, that lacks 
the RM systems one and two [17]. The use of this engi-
neered recipient strain alleviated the use of the special 
E. coli expressing the corresponding methylases. Besides 
the transfer of mobilizable plasmids into G. kaustophi-
lus, a modification of this method was also developed 
to manipulate regions of the bacterial genome involving 
a counter-selection system [18]. Nevertheless, despite 
these advances the transformation efficiencies obtained 
with this method were low and not always successful 
in the case of the counter-selective system. Moreover, 
the method was very laborious and time-consuming, 

requiring at least 6  h of incubation on solid media for 
mating.

pLS20, a conjugative plasmid isolated from B. subtilis 
natto [19], can transfer itself to various B. subtilis-related 
Gram-positive bacteria, including Bacillus anthracis, 
Bacillus cereus, Bacillus licheniformis, Bacillus megate-
rium, Bacillus pumilus, and Bacillus thuringiensis [20]. 
pLS20cat, a derivative of pLS20 carrying a chloram-
phenicol resistance gene possesses the outstanding abil-
ity of rapid transfer: after simply mixing liquid cultures of 
donor and recipient cells the plasmid is efficiently trans-
ferred within 15 min [21–26]. In addition, pLS20cat can 
mobilize a co-resident plasmid if it contains a functional 
copy of the oriT of pLS20cat (oriTLS20) [26, 27]. Plasmid 
pLS20 or a derivative has been used to mobilize plasmids 
in various studies [20, 28–30]. Moreover, it was recently 
used to mobilize a large chromosomal segment [31].

In this study, we exploited the features of pLS20cat to 
develop a versatile, rapid, and easy transformation system 
for G. kaustophilus. We show that pLS20cat enabled the 
mobilization of a plasmid into G. kaustophilus. Efficiency 
of mobilization could be enhanced in three ways; (i) by 
ectopically expressing the pLS20cat rapLS20 gene, which 
encodes the anti-repressor of the conjugation operon, in 
the donor cells, (ii) by using exponentially growing recip-
ient cells, and (iii) by elimination of oriTLS20 on pLS20cat.

Methods
Bacterial strains and growth conditions
Bacterial strains and plasmids used in this study are listed 
in Table 1. Synthetic oligonucleotides used as PCR prim-
ers are shown in Table  2. Bacterial strains were grown 
on LB medium (Difco). When needed, the medium was 
supplemented with antibiotics: 5-mg L−1 chlorampheni-
col, 1-mg L−1 erythromycin, 100-mg L−1 spectinomycin, 
8-mg L−1 phleomycin, or 10-mg L−1 kanamycin.

Construction of B. subtilis strains
Bacillus subtilis was transformed by its natural compe-
tence as previously described [32]. Bacterial cells were 
cultured on LB plates overnight at 37 °C and inoculated 
into 10-mL MDCH medium containing 2% (w/v) glu-
cose, 3  mM  MgSO4, 11-mg  L−1 ferric ammonium cit-
rate, 10.7-g  L−1  KH2PO4, 6.0-g  L−1  K2HPO4, 1.0-g  L−1 
trisodium citrate, 0.005% l-tryptophan, 0.1% casamino 
acids, and 0.05% yeast extract. Cells were grown to an 
optical density of 0.2 at 600  nm  (OD600) and incubated 
with shaking at 180 rpm at 37 °C. When  OD600 reached 
1.3–1.5, 10-mL MD medium containing 2% glucose, 
3  mM  MgSO4, 11-mg  L−1 ferric ammonium citrate, 
10.7-g  L−1  KH2PO4, 6.0-g  L−1  K2HPO4, and 1.0-g  L−1 
trisodium citrate was added, and cells were incubated 
further at 37  °C for 1 h. Subsequently, 1-mL the culture 
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was taken to a new tube and incubated with 100–1000-ng 
DNA (PCR fragment, extracted genome, or plasmid) at 
37 °C for 1 h. Next, cells were plated on LB medium sup-
plemented with appropriate antibiotics and incubated at 
37 °C overnight.

To construct strain TSU077, the dam methylase gene 
of E. coli was inserted into the epr locus of B. subtilis 
168 as follows. Upstream and downstream regions of 
the epr gene were amplified from the B. subtilis 168 
chromosome by PCR using primer pairs of epr-uF/
epr-uR and epr-dF/epr-dR (Table  2), respectively. The 
promoter region of rpsO was amplified from the B. sub-
tilis 168 chromosome using the rpsO-F/rpsO-R primer 

pair (Table  2). The coding region of dam was ampli-
fied from the DNA of E. coli DH5α using the dam-F/
dam-R primer pair (Table  2). The phleomycin resist-
ance gene (ble) was amplified from pUC19-K7010 [33] 
using the phleo-F/phleo-R primer pair (Table  2). The 
five PCR fragments were designed to be connected by 
recombinant PCR, which resulted in a single DNA frag-
ment with the following configuration: (i) upstream epr 
region, (ii) rpsO promoter, (iii) dam gene, (iv) phleo-
mycin resistance gene ble, and (v) downstream epr 
region. This DNA fragment was used to transform B. 
subtilis 168. One of the randomly selected phleomy-
cin resistant transformants, whose correct construc-
tion was confirmed to contain the dam gene under the 
control of rpsO promoter at the epr locus, was named 
strain TSU077. Plasmid pLS20cat was introduced into 
TSU077 by conjugation from PKS11 [22] to yield strain 
STM1.

Construction of plasmids
The mobilizable plasmid pGK1 was constructed as fol-
lows (Fig. 2). pGR16B is a mobilizable plasmid contain-
ing oriTLS20 constructed previously (Table  1) [24]. A 
PCR fragment corresponding to linearized pGR16B was 
amplified from circular plasmid DNA of pGR16B as tem-
plate with the specific primer pair of inverse-F/inverse-R 
(Table  2). Another fragment containing the replication 

Table 1 Strains and plasmids used in this study

Strain 
and plasmid

Description Source or  
references

Strain

 B. subtilis

  GR138 trpC2 pLS20cat pGR16B [27]

  GR23 trpC2 amyE::(Pspank–rapLS20 spc) 
pLS20cat

[27]

  PKS11 trpC2 pLS20cat [22]

  PKS86 trpC2 amyE::(Pspank–rcoLS20 spc) 
pLS20rco

[23]

  STM1 trpC2 epr::(PrpsO–dam ble) pLS20cat This study

  TSU077 trpC2 epr::(PrpsO–dam ble) This study

  YNB051 trpC2 amyE::(Pspank–rapLS20 spc) 
epr::(PrpsO–dam ble) pLS20cat pGK1

This study

  YNB052 trpC2 amyE::(Pspank–rapLS20 spc) 
epr::(PrpsO–dam ble) pLS20cat pGK2

This study

  YNB059 trpC2 amyE::(Pspank–rapLS20 spc) 
epr::(PrpsO–dam ble) pLS20cat

This study

  YNB042 trpC2 amyE::(Pspank–rapLS20 spc) pLS‑
20cat pGK1

This study

  YNB032 trpC2 epr::(PrpsO–dam ble) pLS20cat 
pGK1

This study

  YNB101 trpC2 amyE::(Pspank–rapLS20 spc) 
epr::(PrpsO–dam ble) pLS20catΔoriT 
pGK1

This study

 G. kaustophilus

  MK244 ΔpyrFR ΔGK1378–GK1390 ΔGK0343–
GK0346

[17]

  MK72 ΔpyrFR [18]

Plasmid

 pGK1 pGR16B containing the replication 
origin of pUCG18T and kan (thermo‑
stable)

This study

 pGK2 pGR16B containing kan (thermostable) This study

 pGR16B erm kan (thermostable) oriTLS20 [27]

 pLS20cat cat [25]

 pLS20rco cat rcoLS20::kan [23]

 pUCG18T kan (thermostable) [16]

 pUC19‑K7010 ble [33]

Table 2 Oligonucleotides used in this study

Oligonucleotides Sequence (5′ → 3′)

inverse‑F CAT GAT TAC GAA TTC GAG C

inverse‑R GTC ATA GCT GTT TCC TGT GTG 

ori‑F GGA AAC AGC TAT GAC CAT ATG TTC CTT AAG GAA CGT 
ACAG 

kan‑F GGA AAC AGC TAT GAC TCG ACC GAA AAA TAA ATA TAA 
ATC 

kan‑R GAA TTC GTA ATC ATG CAT ATG TCA AAA TGG TAT GCG 

epr‑uF CCG GAA TCG GCA AGC TCG 

epr‑uR GCT CAG TTA ATT CTT TGA TGC CAT GTG CCG TCT GAC 
AGC ACT TTG 

epr‑dF GCA ATC GCC CTA ATA TAT GGA AGA CGG CAC AGC AAT 
CCG 

epr‑dR CGG CTT GTT CAT CGT ATC AAATG 

rpsO‑F ATG GCA TCA AAG AAT TAA CTG AGC 

rpsO‑R CCA AAT CAT ATT TAG CCC CAG TTA CC

dam‑F CTA AAT ATG ATT TGG AGG TGA AAC AGG ATG ATG AAG 
AAA AAT CGC GCT TTT TTG AAG 

dam‑R CCG AAT AGC AAA AAA CTG GCT GTT TCA TCC GCT TCT 
CCT TGA G

phleo‑F CCA GTT TTT TGC TAT TCG G

phleo‑R CAT ATA TTA GGG CGA TTG C
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origin region and thermostable kanamycin resistance 
gene was amplified from plasmid pUCG18T (Table  1) 
using the ori-F/kan-R primer pair (Table 2). The two frag-
ments were connected and circularized using NEBuilder 
HiFi DNA Assembly Master Mix (New England Bio-
labs) to obtain pGK1. Plasmid pGK2 was constructed in 
a similar way as pGK1, except that the latter fragment 
was designed to contain only the replication origin of 
pUCG18T using the kan-F/kan-R primer pair (Table 2).

Conjugation and mobilization
Unless indicated otherwise, conjugation and or mobi-
lization experiments were performed by mixing late 
exponentially growing donor cells  (OD600 between 0.6 
and 1) with recipient cells from a culture whose  OD600 
was less than 2. Thus, donors were cultured overnight 
in 5 mL of LB liquid medium with appropriate antibiot-
ics with shaking at 180  rpm at 37  °C. Recipients were 
cultured overnight on LB plate at 65  °C. The donor 
culture was diluted to  OD600 0.05 in 5  ml of fresh LB 
medium supplemented with 1  mM IPTG and incu-
bated with shaking at 180  rpm at 37  °C. The recipient 
cells were harvested from a LB plate and suspended 
in 50 mL of LB medium in a baffle flask to give  OD600 
0.05. When the donor grew to  OD600 0.5–1.0, 1 mL of 

the donor culture was mixed with 9  mL of recipient 
culture at  OD600 less than 2.0. After incubation at 37 °C 
for 15 min, serially dilutions were plated onto LB agar 
plates containing appropriate antibiotic(s), and incu-
bated overnight at 37  °C to select the donor cells, and 
at 65  °C to select either recipients or transformants 
(transconjugants). Colony forming units (CFU) of total 
recipients and transconjugants were then determined 
to calculate mobilization efficiencies per recipient cell 
using the following formula: CFU of transconjugants/
CFU of total recipients × 106 (ppm).

Results
Inability of pLS20cat to transfer itself from B. subtilis to G. 
kaustophilus
pLS20cat, originally isolated from B. subtilis natto, has 
been known to transfer itself to other B. subtilis-related 
bacteria via conjugation [20]. A conjugation assay 
between B. subtilis donor strain STM1 [(Table 1); trpC2 
epr::(PrpsO-dam, ble) pLS20cat] and G. kaustophilus 
recipient strain MK244 (ΔpyrFR, ΔGK1378–GK1390, 
ΔGK0343–GK0346) [17] failed to form colonies on 
chloramphenicol-containing plates after incubation at 
65  °C in our repeated experiments (data not shown), 
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Fig. 2 Construction of plasmids pGK1 and pGK2. a The E. coli–B. subtilis shuttle vector pGR16B contains the ampicillin resistance gene (amp), the 
replication origin containing the Rep gene of rolling circle plasmid pTA1015 (BS ori), the replication origin of pUC19 (EC ori), the erythromycin 
resistance gene (erm), and oriTLS20. pGK1 was constructed from pGR16B by inserting the segment containing both the functional Geobacillus 
replication origin (GK ori) and the thermostable kanamycin resistance gene (kan) of pUCG18T. b pGK2 was also constructed from pGR16B by 
inserting only the segment containing kan of pUCG18T
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indicating that pLS20cat did not transfer itself to G. 
kaustophilus. At least three possible reasons may 
explain this failure: (i) pLS20cat could not transfer itself 
to G. kaustophilus, (ii) pLS20cat could transfer itself to 
G. kaustophilus but is unable to replicate in G. kaust-
ophilus, and/or (iii) pLS20cat could transfer itself to G. 
kaustophilus but the gene for chloramphenicol acetyl 
transferase (cat) did not function in G. kaustophilus at 
65  °C. Since we obtained positive results in a parallel 
strategy involving the mobilizable plasmid (see below), 
we did not investigate further the underlying mecha-
nism why pLS20cat was unable to transfer itself to G. 
kaustophilus.

Mobilization of pGK1 from B. subtilis to G. kaustophilus 
mediated by pLS20cat
Because pLS20cat is too large to be manipulated in vitro, 
we instead constructed a smaller mobilizable plas-
mid, pGK1. pGR16B contains oriTLS20 and was previ-
ously shown to be mobilized with the help of pLS20cat 
from donor B. subtilis to recipient B. subtilis [24, 27]. 
pUCG18T is an E. coli-Geobacillus shuttle plasmid with 
G. stearothermophilus pBST1 replicon, which shares 
homology with the family of theta replicons, and a ther-
mostable kanamycin resistance gene [16]. pGR16B was 
modified by inserting a fragment containing the Geoba-
cillus replication origin and the thermostable kanamycin 
resistance gene of pUCG18T to yield pGK1 (Fig. 2). On 
the other hand, we constructed the donor strain YNB051, 
which contains two chromosomal cassettes besides har-
boring plasmids pLS20cat and pGK1. The first cassette, 
located at the epr locus, contains a copy of the E. coli 
dam gene under the control of the strong and constitu-
tive rpsO promoter. As explained in the “Background” 
section, Dam-mediated methylation in the donor strain 
protects the DNA against digestion by the G. kaustophi-
lus restriction enzyme GKP09 [16]. The second cassette, 
located at the amyE locus, contains a copy of rapLS20 

under the control of the IPTG-inducible Pspank pro-
moter. The pLS20cat gene rapLS20 encodes an anti-repres-
sor that is necessary to activate the conjugation genes 
of pLS20. Thus, the conjugation genes are by default 
switched off due to repression of the main conjugation 
promoter  Pc by the pLS20cat-encoded repressor  RcoLS20. 
The anti-repressor  RapLS20 is required to activate expres-
sion of the conjugation genes [23, 34]. Ectopic expression 
of rapLS20 is therefore expected to stimulate expression of 
the pLS20cat conjugation genes and thereby favor mobi-
lization of pGK1. Next, experiments were performed to 
study possible pLS20cat-mediated mobilization of pGK1 
from B. subtilis donor strain YNB051 into G. kaustophi-
lus MK244 recipient strain (Fig. 3). In short, to mobilize 
pGK1, aliquots of cultures of the donor strain, grown in 
the presence of 1 mM IPTG, and the recipient strain were 
mixed and incubated for 15  min at 37  °C. Next, appro-
priate dilutions of the mixture were spread onto kanamy-
cin-containing LB agar plates and incubated overnight at 
65 °C. G. kaustophilus transconjugants were selected after 
overnight growth at 65  °C on LB plates supplemented 
with kanamycin. Since B. subtilis is unable to grow at 
65  °C, the resulting colonies correspond to G. kaust-
ophilus. In addition, control experiments in which cells 
of the G. kaustophilus strain MK224 were plated on LB 
agar plates supplemented with Km did not result in Km-
resistant colonies showing that the kanamycin marker 
used is a reliable marker. Moreover, G. kaustophilus and 
B. subtilis can be distinguished by their distinct colony 
morphologies. The presence of pGK1 in kanamycin-
resistant G. kaustophilus colonies obtained after over-
night growth at 65  °C was unequivocally demonstrated 
by performing colony PCR on randomly chosen colonies 
using three different sets of primers. One of these primer 
sets amplified a DNA region of pGK1, the second and 
third primer set amplified regions that are specific for 
G. kaustophilus and B. subtilis, respectively. PCR frag-
ments of the expected sizes were obtained for the pGK1 

Transconjugant
(G. kaustophilus)

Recipient
(G. kaustophilus)

Donor
(B. subtilis)

pLS20cat

pGK1/pGK2

Chromosome

Fig. 3 Schematic presentation of the mobilization process described in this study. Large light circle, conjugative plasmid pLS20cat; small bold circle, 
mobilizable plasmid pGK1 or pGK2; light rounded rectangle, Bacillus subtilis donor; bold rounded rectangle, Geobacillus kaustophilus recipient
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and G. kaustophilus-specific primer sets. However, no 
PCR product was obtained using the B. subtilis specific 
primer set, whereas a PCR product of expected size was 
obtained using this primer set when a colony of B. subtilis 
was used (data not shown). Together, these results dem-
onstrate that the kanamycin-resistant colonies grown at 
65 °C correspond to genuine transconjugants.

Requirements to mobilize pGK1 from B. subtilis to G. 
kaustophilus
The mobilization of pGK1 mediated by pLS20cat 
described above may require all or some of the four fac-
tors: (i) the thermostable kanamycin resistance gene, 
(ii) the Geobacillus replication origin on pGK1, (iii) 
dam expression, and (iv) rapLS20 overexpression in the 
donor. Because pGK1 possesses an erythromycin resist-
ance gene originated from pGR16B, erythromycin was 
used as the alternative antibiotic for selection, but no 
colony appeared on the plates incubated at 65  °C (data 
not shown). In addition, randomly selected kanamycin-
resistant colonies failed to grow on LB agar plates con-
taining erythromycin at 65  °C (data not shown). These 
results suggested that the erythromycin resistance gene 
was not functional in G. kaustophilus at high tempera-
tures and that the thermostable kanamycin resistance 
gene on pGK1 was indispensable.

To test the importance of Dam methylation and ectopic 
induction of rapLS20, the following two additional donor 
strains harboring both pLS20cat and pGK1 were con-
structed. First, strain YNB032, expressing the dam gene 
but lacking the inducible rapLS20 gene. And second, 
YNB042 containing the inducible rapLS20 gene but lack-
ing dam. In addition, to test the effect of the Geobacil-
lus replication origin, another derivative of pGR16B was 
constructed containing the thermostable kanamycin gene 
but not the replication origin for Geobacillus (Fig.  2). 
This plasmid, named pGK2, was introduced into the B. 
subtilis strain harboring pLS20cat, expressing the dam 
gene, and containing the inducible rapLS20 gene, to yield 
strain YNB052. When YNB032 (lacking the rapLS20 cas-
sette) was used as donor, pGK1 mobilization was approx-
imately 50-fold less efficient than when strain YNB051 
was used (Fig. 4). This demonstrated that ectopic expres-
sion of rapLS20 was not essential for pGK1 mobilization 
but significantly increased the pGK1 mobilization effi-
ciency. Contrary to our expectations, a stimulatory effect 
on pGK1 mobilization frequency was not observed when 
a pLS20cat derivative lacking a functional rcoLS20 was 
used (see “Discussion”). More dramatic outcomes were 
obtained for the other two factors studied: no transcon-
jugant appeared when strains YNB042 (lacking dam) or 
YNB052 (harboring pGK2 instead of pGK1) were used as 
a donor. These results suggested that Dam-methylation of 

the DNA as well as a replication origin that is functional 
in Geobacillus were essential for successful pLS20cat-
mediated mobilization of the mobilizable plasmid into G. 
kaustophilus.

The type I RM systems of G. kaustophilus did not affect 
pLS20cat‑mediated mobilization of pGK1
A major function of the RM systems is to digest and 
thereby inactivate incoming foreign DNAs that are not 
properly methylated. Thereby, RM systems are a first-
line defense mechanism of most bacteria to protect 
them against invading DNAs including bacteriophages 
and (conjugative) plasmids [35]. G. kaustophilus 
HTA426 possesses two type I RM systems: GK0343 (M 
subunit)-GK0344 (S subunit)-GK0346 (R subunit) and 
GK1380 (M subunit)-GK1381 (S subunit)-GK1382 (R 
subunit). In addition, it possesses a type II RM system, 
namely GKP09 (endonuclease)-GKP08 (methylase), 
which is responsible for a methylation pattern similar 
to that of E. coli dam (5′-GN6mATC-3′). As described 
above, dam expression in the donor B. subtilis was 
necessary for pGK1 mobilization to G. kaustophilus, 
indicating that pGK1 DNA has to be properly meth-
ylated by Dam to be protected from digestion by the 
type II restriction enzyme GKP09. G. kaustophilus 
strain MK244 used in the mobilization experiments 

Fig. 4 Mobilization of pGK1 and pGK2 with the help of pLS20cat. 
Liquid cultures of the recipient strain MK244 and one of the donor 
strains (YNB051, YNB032, YNB042, or YNB052) were mixed for pGK1 
or pGK2 mobilization and were plated on LB medium containing 
kanamycin (K) for transconjugants and no antibiotic for the recipient 
grown at 65 °C. CFU was determined to calculate mobilization 
efficiencies. Values are expressed as means with standard 
deviations from three independent experiments. ND not detected 
(< 1.0 × 10−2 ppm)
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described above was deleted for the two type I RM sys-
tems (ΔGK1378–GK1390 ΔGK0343–GK0346) [17]. To 
analyze the effect of the type I RM systems we com-
pared the pGK1 mobilization efficiencies from donor 
strain YNB051 into the two isogenic recipient strains 
lacking and containing the two type I RM systems 
(strains MK244 and MK72, respectively). Figure  5 
shows that similar pGK1 mobilization efficiencies were 
obtained with the two recipient strains, indicating that 
the two type I RM systems did not affect pGK1 mobili-
zation to a large extent.

Effects of growth phase of the donor and recipient 
on mobilization of pGK1
In B. subtilis, the conjugation efficiency of pLS20cat is 
affected by the growth phase of the donor, not the recipi-
ent [23]. We examined therefore whether the growth 
phase of either the donor or recipient strain affected 
mobilization efficiencies of pGK1. Thus, pGK1 mobili-
zation assays were conducted using donor YNB051 and 
recipient MK244 in different growth phases (Fig.  6). 
Similar pGK1 mobilization efficiencies were obtained 
when either exponentially or stationary growing donor 
cells were used for mating with exponentially growing 
recipient cells (Fig. 6). This suggests that ectopic expres-
sion of rapLS20 in the YNB051 donor overrules the native 
quorum-sensing regulatory mechanism responsible for 

repression of the conjugation genes during the station-
ary phase. Interestingly, about tenfold lower pGK1 mobi-
lization efficiencies were obtained when recipient cells 
harvested at stationary phase were mated with expo-
nentially growing donor cells. The affect was even more 
pronounced when stationary phase recipient cells were 
mated with stationary phase donor cells. In this latter 
set up, the mobilization efficiencies dropped more than 
100-fold compared to similar mating using exponentially 
instead of stationary phase recipient cells. These results 
show that the growth phase of the recipient cells cardi-
nally affects the efficiency of pGK1 mobilization, and that 
maximum pGK1 mobilization efficiencies are obtained in 
exponentially growing recipient cells.

Effect of oriTLS20 function in pLS20cat on mobilization 
of pGK1
Conjugation of pLS20cat occurs with a higher frequency 
than mobilization of co-resident elements [29]. In the 
case of heterologous relaxosome complexes, this may 
be explained by lower affinity/compatibility between the 
relaxosome complex, and/or affinity to the T4 coupling 
protein that is believed to recruit the relaxosome com-
plex to the pore. In the case of homologous relaxosome 
complexes (i.e. a mobilizable and conjugative plasmid 
containing the same oriT) it may be that the oriT of the 
conjugative plasmid is recognized with higher efficiency 

Fig. 5 pGK1 mobilization with or without two sets of type I RM 
system in G. kaustophilus. Liquid cultures of the recipient strain 
(MK244 or MK72) and the donor strain YNB051 were mixed for pGK1 
mobilization and plated on LB medium containing kanamycin (K) 
for transconjugants and no antibiotic for the recipient grown at 
65 °C. CFU was determined to calculate mobilization efficiencies. 
Values are expressed as means with standard deviations from three 
independent experiments

Fig. 6 pGK1 mobilization depending on the growth phase of the 
donor and recipient. Liquid cultures of the recipient MK244 and 
the donor YNB051 in different growth phases were mixed for pGK1 
mobilization and plated on LB medium containing kanamycin (K) 
for transconjugants and no antibiotic for the recipient grown at 
65 °C. CFU was determined to calculate mobilization efficiencies. 
Values are expressed as means with standard deviations from three 
independent experiments. ND not detected (< 1.0 × 10−2 ppm)
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by the relaxosome complex for instance due to differ-
ent local conformation of the DNA near the oriT. In any 
case, whatever the underlying reason, co-residence of a 
mobilizable element containing the same oriT as present 
on the conjugative element is expected to result in com-
petition for binding the limited amount of relaxosome 
proteins. In other words, the presence of a pLS20cat 
derivative lacking its oriT, may favor recruitment of the 
relaxosome proteins to the oriT of pGK1. Previously, we 
have constructed a derivative of pLS20cat lacking its oriT. 
As expected, this derivative, named pLS20catΔoriT, has 
lost its conjugative self-transfer ability [29]. To test the 
hypothesis mentioned above we compared pGK1 mobi-
lization efficiencies to G. kaustophilus MK244 mediated 
by pLS20cat or pLS20catΔoriT. The results presented in 
Fig. 7 show that pGK1 was mobilized about 30-fold more 
efficiently by pLS20catΔoriT than pLS20cat.

Discussion
Here, we present a novel, rapid and versatile technique 
in which a plasmid is mobilized from B. subtilis donor to 
a G. kaustophilus recipient mediated by the conjugative 
plasmid pLS20cat. Although successful transfer of pLS-
20cat to G. kaustophilus was not obtained, we showed 
that it could mobilize pGK1. pGK1 has an erythromycin 
and a kanamycin resistance gene. However, G. kaustophi-
lus transconjugants were only obtained when the mating 
mixtures were selected on kanamycin. The erythromycin 

resistance gene was derived from pE194 [36] isolated 
from mesophilic Staphylococcus aureus [37], suggesting 
that the erythromycin resistance gene does not function 
at 65 °C or in G. kaustophilus.

Plasmid replication can be divided into two types: roll-
ing circle replication and theta replication [38]. In theta 
replication, a replication initiator (Rep) protein recog-
nizes the replication origin of a plasmid and facilitates 
the melting of two strands. This step is followed by the 
recruitment of host factors to the replication origin and 
initiation and elongation of DNA. Most theta replication 
plasmids use a plasmid-encoded Rep, but some require a 
host-encoded Rep to initiate replication [39]. pLS20cat is 
classified as a theta replication plasmid [21]. The minimal 
region needed for its replication in B. subtilis identified 
previously did not contain any open reading frame, sug-
gesting that theta replication of pLS20cat depends on the 
host machinery. Despite several attempts, we were una-
ble to obtain successful conjugative transfer of pLS20cat 
from B. subtilis to G. kaustophilus. The apparent inability 
of pLS20cat to transfer itself to G. kaustophilus may be 
due to several reasons. However, since pGK1 is success-
fully mobilized, the failure of pLS20cat transfer is most 
likely neither due to the inability of pLS20cat-harboring 
B. subtilis donor cells forming stable mating pairs with G. 
kaustophilus nor to the inability of forming a functional 
connecting pore between the heterologous donor and 
recipient cells. We are currently investigating different 
possibilities that may cause the lack of successful pLS-
20cat transfer.

In this study, we have demonstrated that pLS20cat-
mediated mobilization is a useful strategy to modify G. 
kaustophilus. In addition, by testing various conditions 
we have achieved to improve the mobilization frequency 
of our test plasmid pGK1 to transform up to 20  ppm 
recipient cells. The ectopic overexpression of rapLS20 in 
the donor B. subtilis turned out to significantly improve 
the mobilization because under those conditions we 
found that the mobilization efficiency was about 50-fold 
higher (Fig.  4). We previously constructed a donor 
strain harboring rcoLS20-deficient mutant of pLS20cat, 
called pLS20rco [23].  RcoLS20 is the master repressor of 
the conjugation genes, and hence all conjugation genes 
are constitutively expressed in pLS20rco, which prob-
ably poses a burden to the plasmid and/or the donor 
cells [23]. To avoid this, a copy of rcoLS20 was placed onto 
the chromosome of strain PKS86 under the control of 
the IPTG-inducible Pspank promoter [23]. To examine 
pGK1 mobilization mediated by pLS20rco, the E. coli 
dam gene and pGK1 were introduced into PKS86 (har-
boring pLS20rco), which was maintained in the presence 
of 1  mM IPTG but mated with the recipient G. kaust-
ophilus without IPTG. In our repeated experiments, this 

Fig. 7 pGK1 mobilization with the help of pLS20cat or 
pLS20catΔoriT. Liquid cultures of the recipient strain MK244 and 
one of the donor strains (YNB051 or YNB101) were mixed for pGK1 
mobilization and plated on LB medium containing kanamycin (K) 
for transconjugants and no antibiotic for the recipient grown at 
65 °C. CFU was determined to calculate mobilization efficiencies. 
Values are expressed as means with standard deviations from three 
independent experiments
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donor exhibited no difference in pGK1 mobilization to 
G. kaustophilus compared with the donor YNB032 (data 
not shown). Thus, whereas pGK1 mobilization frequen-
cies increased when the expression levels of the pLS20cat 
conjugation genes were augmented by overexpressing 
rapLS20, the frequencies were not elevated in the absence 
of rco, which also causes an increase in expression of the 
conjugation genes. At present we do not have an explana-
tion for these latter results.

In the previous studies on conjugative plasmid transfer 
from E. coli to G. kaustophilus, dam-methylated plasmids 
exhibited more efficient mobilization than un-methylated 
ones, and inactivation of the two type I RM systems also 
increased the mobilization efficiencies [16, 17]. In this 
study, we conducted two experiments. Firstly, the two 
donor strains YNB051 (dam+) and YNB042 (dam−) were 
compared (Fig. 4) to show that dam methylation was nec-
essary to mobilize pGK1 (Fig. 4). Secondly, the two recip-
ient strains MK244 (type I  RM−) and MK72 (type I  RM+) 
were compared mating with the donor YNB051 to dem-
onstrate that inactivation of the two type I RM systems 
did not have major effects on pGK1 mobilization (Fig. 5). 
Although possible presence of putative type I RM systems 
in B. subtilis could provide a logical explanation for these 
results, it is quite difficult to imagine that these putative 
type I RM systems would have the same recognition sites 
as the two type I RM systems present in G. kaustophilus. 
Alternatively, pGK1 might not have the sequences recog-
nized by the two type I RM systems, which have not been 
defined yet. At this moment, therefore, we are unable to 
explain properly why the two type I RM systems did not 
affect pGK1 mobilization from B. subtilis to G. kaustophi-
lus. The results suggested that there could be unknown 
differences in the set ups between E. coli versus B. subtilis 
conjugation with G. kaustophilus.

Previous studies showed that the Phr*LS20 quorum-
sensing peptide is the determining factor to activate the 
conjugation process from B. subtilis donors to B. subti-
lis recipients by regulating de-repression of the of the Pc 
promoter for conjugation genes [23]. In standard conju-
gation experiments, the concentration of the Phr*LS20 
peptide secreted by donor cells was distributed evenly 
and continuously in the culture due to shaking. Conse-
quently, Phr*LS20 concentrations are low during expo-
nential growth and start to increase rapidly when the 
culture reaches stationary growth. The high Phr*LS20 
levels indeed cause a rapid inhibition in conjugation 
efficiencies when donor cells reach the stationary phase 
growth. However, this scenario does not explain the 
very low conjugation levels observed during the start of 
the experiment and why they built up to maximum lev-
els near the end of the exponential growth phase. This 
growth-dependent increase in conjugation efficiencies 

during early to late exponential growth phase are most 
probably due to the particular experimental set up in 
which the starting donor culture corresponds to a culture 
being inoculated with very late stationary grown donor 
cells (overnight grown culture). Phr*LS20 levels will 
have accumulated to very high levels in the medium and 
inside the cells, which caused inactivation of RapLS20 
until the intracellular levels of Phr*LS20 have dimin-
ished by, for instance, rapid cell growth. This view was 
supported was by the fact that high levels of conjugation 
were obtained throughout the exponential growth phase 
when the experiment was started using a donor culture 
that was inoculated with late exponentially growing 
cells instead of very late stationary cells. In these series 
of experiments, possible effects on the growth phase of 
the recipient cells were also tested. No indications were 
found that the growth phase of the recipient cells had 
a large effect on pLS20cat conjugation efficiency [23]. 
Here, we investigated possible growth phase effects on 
pGK1 mobilization from the rapLS20-overexpressing B. 
subtilis donor to the G. kaustophilus recipient (Fig.  6). 
When exponentially growing recipient cells were used, 
similar mobilization efficiencies were obtained for expo-
nentially and stationary phase donor cells, indicating that 
the ectopic expression of rapLS20 overruled the quorum-
sensing function of Phr*LS20 in the donor cells during the 
stationary phase as was also observed before [23]. How-
ever, whereas the growth phase of the recipient cells did 
not affect much the conjugation efficiency of pLS20cat, it 
did largely influence the mobilization efficiency of pGK1. 
The effects were especially pronounced in crosses using 
donor and recipient cells that were both in their station-
ary phase. It has to be taken into account that whereas 
the results obtained for pLS20cat conjugation concerned 
a homologous system (i.e. plasmid transfer between the 
same bacterial species), those obtained for pGK1 mobi-
lization concerned a heterologous system (i.e. trans-
fer from B. subtilis to G. kaustophilus). The initial step 
for conjugation/mobilization includes the formation of 
a mating pair by which the donor cell recognizes and 
establishes contact with the recipient cell, most probably 
by surface-located proteins present on the donor and 
recipient cell. The proteins involved in mating pair for-
mation are unknown for the pLS20 system. Possibly, the 
observed growth-phase dependent effects on mobiliza-
tion efficiency are because the G. kaustophilus receptor 
for mating pair formation is different from that encoded 
by B. subtilis and may be recognized less efficiently by the 
pLS20cat system. In addition, or alternatively, it may be 
that this receptor is not or less expressed during station-
ary phase in G. kaustophilus than in B. subtilis. In the 
same line of reasoning, it may be that stationary phase G. 
kaustophilus cells have an altered cell surface structure 
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causing that the receptor is not properly exposed for rec-
ognition by the pLS20cat system. Moreover, we cannot 
exclude that the lower mobilization efficiencies observed 
during stationary phase are due to other or additional 
reasons. In any case, whatever the underlying mechanism 
and how intriguing this may be, we show here that opti-
mum mobilization efficiencies are obtained using expo-
nentially growing recipient cells.

We also found that the use of a pLS20cat deriva-
tive lacking its oriT, pLS20catΔoriT, led to increased 
pGK1 mobilization efficiencies (Fig. 7). Our preliminary 
data suggest that, compared with pLS20cat, the use of 
pLS20catΔoriT also increases significantly (~ tenfold) the 
mobilization efficiency of large B. subtilis chromosomal 
regions (our unpublished results) [31], indicating that 
the enhanced mobilization efficiency is a general feature 
of pLS20catΔoriT. One possible explanation is that the 
absence of oriTLS20 on pLS20cat enhances formation of 
the relaxosome complex at the oriTLS20 present on co-
resident mobilizable element. Similarly, the co-resident 
mobilizable element containing oriTLS20 will not experi-
ence competition from pLS20catΔoriT to dock onto the 
cytoplasmic site of the connecting pore.

We have established the method to mobilize the plas-
mid pGK1 from B. subtilis donor into G. kaustophilus 
recipient, and identified various conditions that affect 
the mobilization efficiency. The optimal conditions to 
obtain maximum mobilization efficiencies are listed as 
follows: for the recipients, exponentially growing cells 
should be used; and for donors, cells should ectopically 
express both rapLS20 for the anti-repressor and the E. 
coli dam gene and in addition carry the helper plasmid 
pLS20catΔoriT. We need to define the best combination 
of the conditions, but at least we were able to make up to 
20 ppm of recipient cells transformed (Fig. 7). To develop 
further the transformation method of G. kaustophilus, 
the limited number of selection markers available for G. 
kaustophilus that are stable at high temperatures may be 
an issue. At this moment, three antibiotics in addition 
to kanamycin, including chloramphenicol, spectinomy-
cin, and thiostrepton, could be usable at 60 °C. However, 
respective resistance genes remain to be tested [32, 33, 
40]. Nevertheless, the transformation method demon-
strated in the current study has at least two advantages. 
First, plasmid mobilization is achieved within 15  min 
in liquid media, unlike the other conventional systems, 
which usually require more than 5-h incubation on solid 
media [41–44]. Second, various B. subtilis-related Gram-
positive bacteria, such as B. cereus, B. licheniformis, B. 
megaterium, B. pumilus, and B. thuringiensis, are sus-
ceptible to plasmid transfer mediated by pLS20cat, sug-
gesting that other species in addition to G. kaustophilus 

could be transformed using a method similar to the one 
implemented in this study.

Conclusions
We describe a novel method for transforming G. kaust-
ophilus using pLS20cat-mediated plasmid mobilization. 
The donor was modified to acquire DNA methylation 
mimicking the recipient, and the mobilizable plasmid 
was equipped with the additional replication origin and 
thermostable selection marker functioning in the recipi-
ent. In addition, ectopic expression of the anti-repressor 
of the conjugation genes rapLS20, exponentially growing 
recipient cells, and elimination of oriTLS20 from pLS20cat 
elevated the mobilization frequencies. This system is 
rapid and easy and enables pGK1 mobilization by simply 
mixing the donor and recipient in liquid media for only 
15 min. A similar concept may be applied to genetically 
manipulate other Gram-positive thermophilic bacteria 
that are reluctant to modification by standard techniques.
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