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Counterselection systems facilitate marker-free genetic modifications in microbes by enabling positive selections for both the
introduction of a marker gene into the microbe and elimination of the marker from the microbe. Here we report a counterselec-
tion system for Geobacillus kaustophilus HTA426, established through simultaneous disruption of the pyrF and pyrR genes. The
pyrF gene, essential for pyrimidine biosynthesis and metabolization of 5-fluoroorotic acid (5-FOA) to toxic metabolites, was dis-
rupted by homologous recombination. The resultant MK54 strain (�pyrF) was auxotrophic for uracil and resistant to 5-FOA.
MK54 complemented with pyrF was prototrophic for uracil but insensitive to 5-FOA in the presence of uracil. To confer 5-FOA
sensitivity, the pyrR gene encoding an attenuator to repress pyrimidine biosynthesis by sensing uracil derivatives was disrupted.
The resultant MK72 strain (�pyrF �pyrR) was auxotrophic for uracil and resistant to 5-FOA. MK72 complemented with pyrF
was prototrophic for uracil and 5-FOA sensitive even in the presence of uracil. The results suggested that pyrF could serve as a
counterselection marker in MK72, which was demonstrated by efficient marker-free integrations of heterologous �-galactosi-
dase and �-amylase genes. The integrated genes were functionally expressed in G. kaustophilus and conferred new functions on
the thermophile. This report describes the first establishment of a pyrF-based counterselection system in a Bacillus-related bac-
terium, along with the first demonstration of homologous recombination and heterologous gene expression in G. kaustophilus.
Our results also suggest a new strategy for establishment of counterselection systems.

The genus Geobacillus comprises aerobic or facultatively anaer-
obic, Gram-positive, thermophilic bacilli that were reclassified

from the genus Bacillus in 2001 (24). Members of this genus have
been isolated from a wide range of environments, including tem-
perate soils, as well as natural and artificial hot environments (4,
21, 35). This implies great environmental adaptability, which is
supported by the remarkable properties of isolated Geobacillus
species, such as ethanol tolerance (10), arsenate resistance (7), and
the ability to degrade long-chain alkanes (35) and herbicides (21).
Because of these properties, along with their thermophilicity and
catabolic versatility, Geobacillus spp. have attracted interest as
high-temperature bioprocessing tools, exemplified by ethanol
production using genetically engineered Geobacillus thermogluco-
sidasius (6, 32). High-temperature bioprocesses have many ad-
vantages compared with temperate bioprocesses, including re-
duced risk of contamination, low energy expenditure for agitation
and cooling, and easy removal of volatile products (36).

Geobacillus kaustophilus HTA426, isolated from deep sea sedi-
ments of the Mariana Trench (29), can grow aerobically between
42°C and 74°C, with an optimum growth temperature of 60°C
(30, 31). This thermophile can grow even in media containing
more than 3% NaCl (28–30). Its growth is as rapid as that of
Escherichia coli and Bacillus subtilis. Its low nutrient requirements
and high ability to utilize various carbon sources have also been
observed (28). The published genome sequence of G. kaustophilus
HTA426 (31) and our abundant knowledge of related bacilli, such
as B. subtilis, enable us to predict gene functions in strain HTA426.
Thus, strain HTA426 has great potential as a thermophilic host for
various high-temperature bioprocesses and as a model for biolog-
ical studies of this genus. However, this strain has not yet been
utilized effectively, primarily because of inadequate genetic tools.

We have undertaken to develop genetic tools for the effective
utilization of strain HTA426. We previously reported plasmid

transformation of this strain using conjugative transfer from E.
coli (28). In the present study, we have established a pyrF-based
counterselection system, which enables positive selections for
both introduction of a pyrF marker into the microbe and elimina-
tion of the marker, thereby facilitating marker-free genetic mod-
ifications. The pyrF gene (ura3 in eukaryotes) encodes orotidine
5=-phosphate decarboxylase, which is involved in de novo biosyn-
thesis of pyrimidine-related metabolites, such as UMP, UDP, and
UTP (Fig. 1). In Saccharomyces cerevisiae, ura3 deficiency causes
starvation for these essential metabolites, although this can be
circumvented by uracil supplementation because uracil is con-
verted to UMP by uracil phosphoribosyltransferase. ura3 is also
responsible for the toxicity of 5-fluoroorotic acid (5-FOA). One
reason for this is that 5-fluorouridine 5=-monophosphate pro-
duced from 5-FOA by Ura3 is further metabolized into 5-fluoro-
deoxyuridine 5=-monophosphate, a potent inhibitor of thymidy-
late synthetase (2). Therefore, ura3 deficiency confers uracil
auxotrophy and 5-FOA resistance, permitting counterselection
using a ura3 marker in ura3-deficient microbes (3). Following its
use for counterselection in S. cerevisiae, pyrF- or ura3-based coun-
terselections have been demonstrated in many microbes (5, 11, 19,
20, 25, 27, 33). However, there are no reports of pyrF-based coun-

Received 28 May 2012 Accepted 2 August 2012

Published ahead of print 10 August 2012

Address correspondence to Hirokazu Suzuki, hirokap@xpost.plala.or.jp.

* Present address: Hirokazu Suzuki, Department of Bioscience and Biotechnology,
Faculty of Agriculture, Graduate School, Kyushu University, Fukuoka, Japan.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AEM.01669-12

7376 aem.asm.org Applied and Environmental Microbiology p. 7376–7383 October 2012 Volume 78 Number 20

http://dx.doi.org/10.1128/AEM.01669-12
http://aem.asm.org


terselections in Bacillus-related bacteria, possibly because of their
resistance to 5-FOA (26).

Here we report the first establishment of a pyrF-based counter-
selection in a Bacillus-related bacterium, along with the first dem-
onstration of homologous recombination and heterologous gene
expression in G. kaustophilus. This was achieved through disrup-
tions of pyrF and also of pyrR, which encodes the negative regula-
tor of pyr expression (34). Our results not only increase the po-
tential of strain HTA426 for biological studies and bioprocessing
applications, but also suggest a new strategy for establishing coun-
terselection systems in pyrR-possessing microbes.

MATERIALS AND METHODS
Bacterial strains, culture conditions, plasmids, and primers. Table 1
lists the strains and plasmids used in this study. Table 2 lists the primers
used. E. coli strains were grown at 37°C in Luria-Bertani (LB) medium
supplemented with the appropriate antibiotics. G. kaustophilus strains
were grown at 60°C overnight in LB medium or in minimal medium
(MM) comprising 0.3 g/liter K2SO4, 2.5 g/liter Na2HPO4 · 12H2O, 1 g/liter
NH4Cl, 0.1% (vol/vol) trace element solution (1), 1 g/liter Casamino Ac-
ids (Difco), 0.4 g/liter MgSO4, 3 mg/liter MnCl2 · 4H2O, 5 mg/liter CaCl2
· 2H2O, 7 mg/liter FeCl3 · 6H2O, 10 mM Tris-HCl (pH 7.5), and 10 g/liter
D-glucose. Kanamycin (5 mg/liter), uracil (10 mg/liter), and 5-FOA (50
mg/liter) were added as required.

Plasmid introduction into G. kaustophilus. Plasmids were intro-
duced into G. kaustophilus by conjugative transfer from E. coli BR408, as
described previously (28). This method allows the transfer of oriT-con-
taining plasmids from E. coli donors to G. kaustophilus recipients. Briefly,
E. coli donors and G. kaustophilus recipients were grown in LB medium
and mixed. Cells were collected and incubated on LB plates at 37°C over-
night. The resultant cells were spread on the appropriate media and incu-
bated at 60°C to isolate transconjugants.

Construction of plasmids pCR4B-TK101 and pCR4B-pyrF. An up-
stream region of dnaG to sigA (GK2483 to GK2482) that encodes house-
keeping proteins (14) was amplified from the HTA426 chromosome using
primers sigAF1 and sigAR1. This region was used as the sigA promoter
described below. The TK101 gene, encoding thermostable kanamycin
nucleotidyltransferase (18), was amplified from pSTE33 (23) using prim-
ers tk101F and tk101R. Two amplified fragments were combined by over-
lap extension PCR (15) and cloned into pCR4Blunt-TOPO to give

pCR4B-TK101 containing the sigA promoter-TK101 sequence flanked by
BamHI sites.

To obtain pCR4B-pyrF, the sigA promoter was amplified using prim-
ers sigAF2 and sigAR2. The pyrF (GK1155) gene was amplified using
primers 1155F and 1155R. The two fragments were combined and cloned
into pCR4Blunt-TOPO, resulting in pCR4B-pyrF. This plasmid con-
tained sigA promoter-pyrF sequence flanked by BglII sites.

Construction of plasmids pGKE11T, pTK19, p�pyrF, and p�pyrR.
Figure 2 is a schematic representation of the plasmid construction proce-
dure. The oriT region (essential for conjugative transfer) was amplified
from pRK2013 (9) using primers oriTF and oriTR and cloned into the PciI
site of pUC19. To obtain pGKE11T, MunI, FbaI, and BglII sites were
introduced into the resulting plasmid using the QuikChange site-directed
mutagenesis kit (Stratagene) and primers mfbF and mfbR. The TK101
marker was excised from pCR4B-TK101 with BamHI and cloned into the
BglII site of pGKE11T to yield pTK19.

p�pyrF was constructed for a pyrF in-frame deletion in strain
HTA426. The pyrF upstream region (2.0 kb) was amplified using primers
1155upF and 1155upR and trimmed with EcoRI and BamHI. The down-
stream region (2.0 kb) was amplified using the primers 1155dwF and
1155dwR and trimmed with BamHI and SphI. The upstream fragment
was cloned between the EcoRI and BamHI sites of pTK19, and the down-
stream fragment was cloned between the BamHI and SphI sites, to yield
p�pyrF. This plasmid contained a defective gene with the sequence 5=-G
GATCC-3= replacing pyrF codons 11 to 202.

p�pyrR was constructed for a pyrR in-frame deletion. The pyrR
(GK1147) upstream region (1.3 kb) was amplified using primers 1147upF
and 1147upR and trimmed with PstI and SalI. The downstream region
(2.0 kb) was amplified using primers 1147dwF and 1147dwR and
trimmed with SalI and BamHI. The upstream fragment was cloned be-
tween the PstI and SalI sites of pTK19, and the downstream fragment was
cloned between the SalI and BamHI sites, to yield p�pyrR. This plasmid
contained a defective pyrR gene lacking codons 62 to 168.

Construction of pGAM plasmids. pGAM plasmids were constructed
for marker-free integrations of heterologous genes at the GK0707 locus.
The GK0707 upstream region (1.2 kb) was amplified using primers
0707upF and 0707upR and trimmed with AatII. The GK0707 downstream
region (1.2 kb) was amplified using primers 0707dwF and 0707dwR and
trimmed with BamHI. The upstream and downstream fragments were
cloned into the AatII and FbaI sites of pGKE11T, respectively, in the
correct direction. The pyrF marker was excised from pCR4B-pyrF with

FIG 1 Proposed pathway of orotic acid metabolism in G. kaustophilus HTA426, based on the B. subtilis pathway. Orotic acid is metabolized to UMP by PyrE and
PyrF. These enzymes also convert 5-FOA to 5-fluorouridine monophosphate, which is further metabolized to the toxic metabolite 5-fluorodeoxyuridine
5=-monophosphate. pyrR encodes an mRNA-binding attenuator that negatively regulates pyr expression by sensing UMP or UTP (34). UMP is also produced
from uracil by uracil phosphoribosyltransferase.

Counterselection in G. kaustophilus

October 2012 Volume 78 Number 20 aem.asm.org 7377

http://aem.asm.org


BglII and cloned into the BglII site of the resulting plasmid, to yield
pGAM46 (Fig. 2).

The sigA promoter was amplified using primers sigAF3 and sigAR3.
The fragment was trimmed with HindIII and SphI and cloned into the
HindIII and SphI sites of pGAM46 to yield pGAM47. The bgaB gene
(GenBank accession no. M13466) (16) was amplified from the Geobacillus
stearothermophilus IAM11011 chromosome using primers bgaF and
bgaR. After being cloned into pCR4Blunt-TOPO, the bgaB sequence was
excised with SphI and BamHI and subcloned between the SphI and
BamHI sites of pGAM46 and pGAM47, to yield pGAM46-bgaB and
pGAM47-bgaB, respectively.

The amyE gene (GenBank accession no. M11450) (22) was amplified
from the G. stearothermophilus CU21 chromosome using primers amyF
and amyR. After being cloned into pCR4Blunt-TOPO, the amyE sequence
was excised with SphI and BglII and cloned between the SphI and BamHI
sites of pGAM46 and pGAM47 to yield pGAM46-amyE and pGAM47-
amyE, respectively.

In-frame deletions of pyrF and pyrR. p�pyrF was introduced into
strain HTA426 to obtain kanamycin-resistant transconjugants that had
integrated p�pyrF into the chromosome as a result of the first crossover. A
transconjugant was subcultured in kanamycin-free LB medium for the
second crossover to remove p�pyrF from the chromosome. After four
sequential subcultures, cells were colonized on kanamycin-free LB plates

and analyzed to isolate kanamycin-sensitive clones. PCR analysis of their
chromosomes revealed some �pyrF mutants, one of which was designated
mutant strain MK54.

p�pyrR was introduced into the mutant MK54 to obtain kanamycin-
resistant transconjugants. Following a procedure similar to that for MK54
construction, pyrR in MK54 was disrupted by reciprocal crossovers. One
of the mutants obtained was designated mutant strain MK72.

Southern hybridization. Chromosomal DNA was digested and sepa-
rated on a 0.8% (wt/vol) agarose gel by electrophoresis. DNA was trans-
ferred to a nylon membrane and hybridized with digoxigenin (DIG)-
labeled DNA probes that were synthesized using a PCR DIG probe
synthesis kit (Roche). Hybridized DNA was detected by the chromogenic
method using a DIG nucleic acid detection kit (Roche).

Transcription analysis. Total RNA was isolated from G. kaustophilus
cells according to a method used for B. subtilis (17). The purified RNA was
separated by electrophoresis, transferred to a nylon membrane, and hy-
bridized with digoxigenin-labeled RNA probes synthesized using a DIG
RNA labeling kit (Roche). The hybridized RNA was detected by the
chemiluminescence method using a DIG luminescence detection kit
(Roche).

Marker-free integration of heterologous genes. Gene integrations
were performed by pyrF-based counterselection using pGAM plasmids.
The plasmid was introduced into the mutant MK72 cells by conjugative

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant descriptiona Reference or source

Strains
G. kaustophilus

HTA426 Wild type JCM 12893
MK54 �pyrF This study (Fig. 3)
MK54c Mutant MK54 that integrates pGAM46 at GK0707 locus This study
MK72 �pyrF �pyrR This study (Fig. 5)
MK72c Mutant MK72 that integrates pGAM46 at GK0707 locus This study
MK95 Derivative of mutant MK72; GK0707::PsigA-bgaB This study (Fig. 6)
MK96 Derivative of mutant MK72; GK0707::bgaB This study (Fig. 6)
MK109 Derivative of mutant MK72; GK0707::PsigA-amyE This study (Fig. 6)
MK304 Derivative of mutant MK72; GK0707::amyE This study (Fig. 6)

G. stearothermophilus
IAM11011 Source of bgaB ATCC 8005
CU21 Source of amyE ATCC 12980

E. coli BR408 Donor strain for conjugative plasmid transfer 28

Plasmids
pUC19 Cloning vector; Ampr TaKaRa Bio (Fig. 2)
pCR4Blunt-TOPO Cloning vector; Ampr Kmr Invitrogen
pCR4B-TK101 pCR4Blunt-TOPO carrying TK101 marker This study
pCR4B-pyrF pCR4Blunt-TOPO carrying pyrF marker This study
pGKE11T Derivative of pUC19; oriT Ampr This study (Fig. 2)
pTK19 Derivative of pGKE11T, oriT, Ampr, TK101 marker This study (Fig. 2)
p�pyrF pTK19 carrying �pyrF fragment This study (Fig. 2)
p�pyrR pTK19 carrying �pyrR fragment This study (Fig. 2)
pGAM46 Derivative of pGKE11T, GK0707 fragments, oriT, Ampr,

pyrF marker
This study (Fig. 2)

pGAM46-bgaB pGAM46 carrying bgaB between SphI and BamHI sites This study
pGAM46-amyE pGAM46 carrying amyE between SphI and BamHI sites This study
pGAM47 pGAM46 carrying PsigA between HindIII and SphI sites This study
pGAM47-bgaB pGAM47 carrying bgaB between SphI and BamHI sites This study
pGAM47-amyE pGAM47 carrying amyE between SphI and BamHI sites This study

a Ampr and Kmr are genes coding for resistance to ampicillin and kanamycin, respectively. oriT is the conjugative transfer origin from pRK2013 (9). PsigA is the sigA promoter from
G. kaustophilus HTA426. The TK101 marker represents the TK101 gene encoding thermostable kanamycin nucleotidyltransferase (18) under the control of the sigA promoter. The
pyrF marker is the pyrF gene from G. kaustophilus HTA426 under the control of the sigA promoter.
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transfer. Cells were grown on MM plates to obtain uracil-prototrophic
transconjugants that had integrated the pGAM plasmid at the GK0707
locus. A transconjugant was subcultured twice in LB medium for the
second crossover and then once in MM containing 1 mg/liter uracil and
5-FOA to reduce false positives (see below). Aliquots (102 to 103 cells)
were incubated on MM plates containing 10 mg/liter uracil and 5-FOA.
Chromosomes were isolated from grown colonies and analyzed for the
mutant genotype by PCR.

Sequencing analysis of pyrE and pyrF regions. During pyrF-based
counterselection, a significant number of 5-FOA-resistant, uracil-pro-
totrophic, false positives were observed. To analyze spontaneous muta-
tions in pyrE and pyrF genes in these clones, pyrF marker (sigA promoter-
pyrF) and pyrE (�pyrF-pyrE) regions were amplified by PCR using
primers 2400F and 3800R and �20F and 700R, respectively. The ampli-
fied fragments were cloned into pCR4Blunt-TOPO and sequenced.

In vitro �-galactosidase assay. G. kaustophilus was cultured in LB
medium until the late logarithmic phase. Harvested cells were sonicated in
buffer (50 mM sodium phosphate, pH 6.0) and centrifuged to remove cell
debris. �-Galactosidase activities in crude extracts were determined using
p-nitrophenyl-�-D-galactopyranoside as the chromogenic substrate. The
reaction mixture contained 50 mM sodium phosphate (pH 6.0) and 2 mM
substrate in 100 �l. Reactions were performed at 60°C for 30 min and
terminated by adding 100 �l ice-cold 2 M sodium carbonate. The amount
of p-nitrophenol released was determined by measuring the absorbance at
405 nm with reference to an experimentally derived standard curve. One
unit was defined as the amount of enzyme that released 1 pmol p-nitro-
phenol per s. Proteins were quantified by the Bradford method using a
protein assay kit (Bio-Rad) with bovine serum albumin as the standard.
Results are expressed as means � standard deviations (SD) from four
independent experiments.

In vitro �-amylase assay. G. kaustophilus was cultured in LB medium
for 24 h. Harvested cells were sonicated in buffer [100 mM 3-(N-morpho-
lino)propanesulfonic acid sodium, pH 6.9] and centrifuged. �-Amylase
activities in crude extracts and the culture supernatant were determined
using an EnzChek Ultra amylase assay kit (Invitrogen) according to the
manufacturer’s instructions. The amount of fluorescent substance re-
leased from starch substrates was determined by measuring fluorescence
(excitation at 485 nm and detection at 535 nm) with reference to an
experimentally derived standard curve. One unit was defined as the
amount of enzyme that released 1 pmol of fluorescent substance per s at

TABLE 2 Primers used in this study

Primer Sequence (5=¡3=)
tk101F GATACGGGGTTGTTCGTATGAGAATAGTGAATG
tk101R AGGATCCTCATCGTTCAAAATGGTATG
sigAF1 AGGATCCCTTCGCCTCATCCGCACGATTTC
sigAR1 CATTCACTATTCTCATACGAACAACCCCGTATC
sigAF2 AAGATCTCTTCGCCTCATCCGCACGATTTC
sigAR2 GAACGGCGTGTGCATACGAACAACCCCGTATC
sigAF3 GAAGCTTCTTCGCCTCATCCGCACGATTTC
sigAR3 GCCGCATGCGAACAACCCCGTATCGTATT
1155F GATACGGGGTTGTTCGTATGCACACGCCGTTC
1155R AAGATCTCTAAGTGGGGGTAGTTGAC
oriTF GCCACATGTCCGCCTTTTCCTCAATCGCTC
oriTR GCCACATGTAATGAAATAAGATCACTACC
mfbF GTATCAGCTCACTCAATTGCGGTGATCAAGATCT

CCACAGAATCAGGGG
mfbR CCCCTGATTCTGTGGAGATCTTGATCACCGCAAT

TGAGTGAGCTGATAC
1155upF GCCGAATTCCTTTGCCGACATCGGCTAC
1155upR GGCGGATCCATCAAGCGCGACAATGAAC
1155dwF GGCGGATCCCGTGCGCTTGGTTCTGAC
1155dwR GGCGCATGCCCGTTCGCTAACAACAGCTG
1147upF GCCCTGCAGTAAGACACGATCACATTTCACATTG
1147upR GGCGTCGACGGACGCCCCTTCAATTTG
1147dwF GCCGTCGACGGCATCGATCAAGTCTCC
1147dwR GGCGGATCCATCCATCGGAATGCCGACCGCATG
0707upF GGACGTCCGCCGGCGGAACGGAC
0707upR GGACGTCATATTGTTAAACCGGTCGACC
0707dwF GGGATCCGACAAACGACCAGAACGTG
0707dwR GGGATCCTCCAATAAAAAGCCGCGCAG
bgaF GCCGCATGCAAGTGTTATCCTCAATTTGTTAC
bgaR CGGATCCCTAGTGGTGGTGGTGGTGGTGAACCT

TCCCGGCTTCATCATG
amyF GCATGCTAACGTTTCACCGCATC
amyR AGATCTAGATCAAGGCCATGCCACCAAC
2400F AACGACCAGCTGCCAAAAAACAAGGAACTG
3800R TCTTTCCTGCGTTATCCCCTGATTCTGTGG
�20F TCCGAATGCATAGGAAGGAGCTGGAAGACC
700R TTTTGCGTCAGCCCCTTTTCGCTTGCGTTG

FIG 2 Construction of plasmids pGKE11T, pGAM46, pTK19, p�pyrF, and p�pyrR. pGKE11T was constructed from pUC19 by introduction of oriT and
restriction sites. pGAM46 was constructed from pGKE11T by introduction of the pyrF marker and the GK0707 upstream (GK0707=) and downstream (=GK0707)
fragments. pTK19 was constructed by introduction of the TK101 marker into pGKE11T and was used for construction of p�pyrF and p�pyrR. p�pyrF contains
pyrF upstream (pyrF up) and downstream (pyrF dw) regions to form the �pyrF sequence. p�pyrR contains pyrR upstream (pyrR up) and downstream (pyrR dw)
regions to form the �pyrR sequence. The ampicillin resistance gene (Ampr), the replicon from pUC19 (ori), and the conjugative transfer origin from pRK2013
(oriT) are shown, along with the relevant restriction sites. “MCS” denotes the multiple cloning sites of pUC19.

Counterselection in G. kaustophilus

October 2012 Volume 78 Number 20 aem.asm.org 7379

http://aem.asm.org


60°C. Results are expressed as the means � SD from four independent
experiments.

RESULTS
pyrF disruption in strain HTA426. Strain HTA426 harbors pyr
genes that are homologous to those of B. subtilis (Fig. 3A), imply-
ing that these genes are involved in de novo biosynthesis of pyrim-
idine-related metabolites. The pyrF (GK1155) gene was disrupted
by a 0.6-kb in-frame deletion using p�pyrF. p�pyrF was introduced
into strain HTA426 by conjugative transfer from E. coli BR408. The
conjugation using 108 recipient cells yielded approximately 102 kana-
mycin-resistant transconjugants. Because p�pyrF did not contain
a functional replicon for G. kaustophilus, the plasmid should have
been integrated into the chromosome through homologous re-
combination (first crossover) at either the pyrF upstream or
downstream regions. After a transconjugant was subcultured un-
der nonselective conditions for the second crossover, cells were
analyzed for kanamycin sensitivity. Eight kanamycin-sensitive
clones were identified among the 1,040 analyzed clones. PCR anal-
ysis showed that four of the eight clones were revertants with the
wild-type genotype; however, the other four clones, including
MK54, were �pyrF mutants. Southern analysis of MK54 con-
firmed the correct 0.6-kb deletion in pyrF (Fig. 3B). Mutant strain
MK54 was auxotrophic for uracil and 5-FOA resistance, whereas
MK54 complemented with pyrF (MK54c) was prototrophic for
uracil (Fig. 3C). However, mutant strain MK54c and strain
HTA426, as well as mutant strain MK54, could grow on MM
plates containing uracil and 5-FOA (Fig. 4).

pyrR disruption in mutant strain MK54. In B. subtilis, pyrR
encodes an mRNA-binding regulatory protein that negatively reg-
ulates pyr expression by sensing UMP or UTP (Fig. 1) (34). The
pyrR gene in mutant strain MK54 was disrupted by a 0.3-kb in-
frame deletion using p�pyrR (Fig. 5A). The plasmid was intro-
duced with a conjugation efficiency of approximately 1 � 10�6

recipient�1. After a transconjugant that had integrated p�pyrR
into the chromosome was cultured under nonselective condi-
tions, 600 clones were analyzed to obtain 10 kanamycin-sensitive
clones. PCR analysis showed that eight of the 10 clones had the
MK54 genotype, and two clones, including MK72, were �pyrR
mutants. Southern analysis of mutant strain MK72 confirmed the
correct 0.3-kb deletion in pyrR (Fig. 5B). Mutant strain MK72 was
auxotrophic for uracil and 5-FOA resistant (Fig. 4). Mutant strain
MK72 complemented with pyrF (MK72c) was prototrophic for
uracil. Most importantly, MK72c was unable to grow on MM
plates containing uracil and 5-FOA.

Transcription of pyr genes. Northern analysis (Fig. 5C)
showed that pyr transcription in strain HTA426 was promoted in
medium lacking uracil but repressed in a uracil-rich medium.
Similar repression was observed in mutant strain MK54. How-

FIG 3 pyrF deletion in strain HTA426. (A) Gene organization of the pyr
cluster (GK1147 to GK1157) in G. kaustophilus HTA426 and schematic dia-
gram of construction of mutant strain MK54. The 0.6-kb region of pyrF was
deleted by reciprocal crossovers. Probes 1 and 2 were used for Southern hy-
bridization. (B) Southern hybridization to verify the correct deletion. Chro-
mosomal DNA was digested with HincII. (C) Analysis of uracil auxotrophy.
Strain HTA426, mutant strain MK54, and pyrF-complemented MK54
(MK54c) were incubated on MM plates with and without 10 mg/liter uracil.

FIG 4 5-FOA sensitivity of strain HTA426 and mutant strains MK54, pyrF-
complemented MK54 (MK54c), MK72, and pyrF-complemented MK72
(MK72c). Overnight cultures (105 cells) were applied as spots and incubated
for 24 h on MM plates containing uracil and 5-FOA at the indicated concen-
trations (mg/liter).

FIG 5 pyrR deletion in mutant strain MK54. (A) Schematic diagram of the
construction of mutant strain MK72 from mutant strain MK54. The 0.3-kb
region in pyrR was deleted by reciprocal crossovers. Probes used for Southern
hybridization and northern analysis are indicated. (B) Southern hybridization
to verify the correct deletion. Chromosomal DNA was digested with PvuI. (C)
Northern analysis of pyr transcription in strain HTA426 and the mutant
strains MK54 and MK72. Cells were cultured in MM with (�) or without (�)
10 mg/liter uracil.
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ever, pyr genes were transcribed in mutant strain MK72 even in
uracil-rich medium.

Marker-free integration of bgaB. pGAM47-bgaB was intro-
duced into mutant strain MK72 to obtain uracil-prototrophic
transconjugants that had integrated the plasmid at the GK0707
locus of the chromosome. One transconjugant was subcultured
three times in LB medium and then incubated on MM plates
containing uracil and 5-FOA. More than 20 colonies were ob-
tained from a plate spread with approximately 103 cells. High-
density incubation (	105 cells/plate) did not give rise to any ap-
parent colonies. This may be attributed to the accumulation of
toxic metabolites produced from 5-FOA by background cells. Af-
ter colony isolation, eight colonies were analyzed for uracil aux-
otrophy. Four clones showed uracil auxotrophy, indicating
pyrF elimination, although the other four clones were false
positives that were uracil prototrophs (see below). PCR analy-
sis revealed that two of the four positive clones had the MK72
genotype and that the other two clones had integrated bgaB at
the GK0707 locus (Fig. 6A). A mutant was designated mutant
strain MK95 and analyzed further. Similarly, mutant strain
MK96 was constructed using pGAM46-bgaB. This construc-
tion also yielded 50% false positives.

Characterization of false positives. False positives observed
during mutant strain MK95 construction (see above) were pro-
totrophic for uracil, 5-FOA resistant in the presence of uracil, and
5-FOA sensitive in the absence of uracil. They were sensitive to
5-fluorouracil in the presence or absence of uracil. PCR analysis
showed that these false positives harbored the pyrF marker.
Among eight false positives, one had a nonsynonymous change in
the pyrF sequence (C¡T at position 215 in the pyrF open reading
frame [ORF], resulting in PyrF A72V), and another one had a
synonymous change (T¡A at position 12), but the other six

clones had no mutations. No mutations were observed in the pyrE
regions of the eight clones.

Marker-free integration of amyE. pGAM47-amyE was intro-
duced into mutant strain MK72. Following a procedure similar to
that used for the bgaB integrations, a uracil-prototrophic
transconjugant that had integrated pGAM47-amyE was subcul-
tured in LB medium three times and screened for clones from
which pyrF had been deleted. We analyzed 24 clones resistant to
5-FOA for uracil auxotrophy. However, all clones were false pos-
itives exhibiting uracil prototrophy.

Because the false positives were 5-FOA sensitive in the absence
of uracil, we assumed that false positives frequently occurred un-
der uracil-rich conditions and may be reduced under uracil-re-
stricted conditions. Thus, a uracil-prototrophic transconjugant
was subcultured twice in LB medium and then in MM containing
a small amount of uracil (1 mg/liter) and 5-FOA. Grown cells were
incubated on MM plates containing 10 mg/liter uracil and 5-FOA
and analyzed for uracil auxotrophy without colony purification.
All 48 analyzed colonies were uracil auxotrophs. Of these, eight
clones were analyzed by PCR. Three clones were revertants to the
MK72 genotype, and another five were mutants that had inte-
grated amyE in the GK0707 locus. One mutant was designated
mutant strain MK109 (Fig. 6A). By a similar procedure, mutant
strain MK304 was constructed using pGAM46-amyE.

Effect of subculture conditions on pyrF elimination and gen-
eration of false positives. To analyze the frequencies of pyrF elim-
ination and false-positive generation, four uracil-prototrophic
transconjugants that had integrated pGAM47-bgaB were again
cultured in LB medium followed by MM containing 1 mg/liter
uracil and 5-FOA (procedure A in Table 3). 5-FOA-resistant
clones generated after subculture in LB medium accounted for

1% of the total cells, and approximately 63% of these were false

FIG 6 Marker-free integrations of heterologous genes and their expression.
(A) Gene organization surrounding GK0707 and a schematic diagram of con-
struction of mutant strains MK95, MK96, MK109, and MK304. Mutant strains
MK95 and MK109 had integrated bgaB and amyE, respectively, under the
control of the sigA promoter (PsigA). Mutant strains MK96 and MK304 had
integrated bgaB and amyE, respectively, without the promoter. (B) �-Galac-
tosidase assays of G. kaustophilus mutants. Cells were incubated for 48 h on an
LB plate containing 200 mg/liter X-Gal. (C) �-Amylase assays of G. kaustophi-
lus mutants. Cells were incubated for 24 h on an LB plate containing 1%
(wt/vol) soluble starch. Residual starch was stained with I2-KI solution.

TABLE 3 Effect of subculture conditions on pyrF elimination and
generation of false positives

Subculture Medium

Frequency of occurrence (%)a

5-FOA
resistantb

False
positivec Revertantd

Procedure A
1 LB 0.01 � 0.00
2 LB 0.45 � 0.42
3 LB 0.29 � 0.28 63 � 5
4 �5-FOAe 59 � 53 7.8 � 6.0 61 � 17

Procedure B
1 MMf 4.5 � 0.9
2 MM 5.5 � 3.9
3 MM 5.5 � 2.9 86 � 9
4 �5-FOA 9.4 � 5.6 8.1 � 13 68 � 12

a The values shown are means � SD from four independent experiments using
transconjugants that had integrated pGAM47-bgaB.
b The values shown are the number of colonies growing from subculture aliquots on
MM plates containing 10 mg/liter uracil and 5-FOA compared with the number on LB
plates (i.e., 5-FOA-resistant cells per total cells).
c The values shown are the number of clones growing on MM plates without uracil per
48 5-FOA-resistant clones (i.e., uracil-prototrophic cells per 5-FOA-resistant cells).
d The values shown are the number of clones exhibiting white colonies on LB plates
with 200 mg/liter X-Gal per 32 uracil-auxotrophic clones generated (i.e., MK72
revertant cells per total cells from which pyrF had been eliminated).
e MM containing 1 mg/liter uracil and 5-FOA.
f MM containing 10 mg/liter uracil.
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positives. The proportions of 5-FOA-resistant clones and false
positives were significantly increased and reduced, respectively,
after subculture in MM with 1 mg/liter uracil and 5-FOA. Approx-
imately 61% of the clones from which pyrF had been deleted were
revertants to the MK72 genotype. We also examined subculture in
MM with 10 mg/liter uracil (procedure B in Table 3). Procedure B
yielded 5-FOA-resistant clones faster and more frequently than
procedure A, although the ratio did not increase after further sub-
culture in MM with 1 mg/liter uracil and 5-FOA. The frequencies
of false positives and revertants were comparable in procedures A
and B.

bgaB expression. bgaB encoding thermostable �-galactosidase
was used to examine heterologous gene expression in G. kausto-
philus. Genes homologous to bgaB have not been identified in the
HTA426 genome. bgaB was integrated into mutant strain MK72
to generate the mutant strains MK95 and MK96 (Fig. 6A). Their
expression was analyzed by incubation on LB plates with 5-bro-
mo-4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal). Mutant
strain MK95 produced blue pigment on the plate, although
growth was slightly inhibited, whereas mutant strains MK72 and
MK96 did not produce pigment (Fig. 6B). These results suggested
that the heterologous gene was functionally expressed under the
control of the sigA promoter in mutant strain MK95. bgaB expres-
sion was further confirmed by an in vitro �-galactosidase assay.
The specific activity of crude extract from mutant strain MK95
was 74 � 17 U/mg protein. Cultivation in MM had a negligible
effect on specific activity (69 � 5 U/mg protein), implying the
functionality of the sigA promoter under multiple conditions. No
activity was detected in the culture supernatant of mutant strain
MK95 or in crude extracts of mutant strains MK72 or MK96
(
0.01 U/mg protein).

amyE expression. amyE encoding a heterologous �-amylase
was also used for expression analysis. This gene was integrated
into mutant strain MK72 with and without the sigA promoter, to
generate mutant strains MK109 and MK304, respectively. Expres-
sion was analyzed by soluble starch degradation on LB plates (Fig.
6C). Although putative �-amylase genes are found in the HTA426
genome, mutant strains MK72 and MK304 showed no �-amylase
activity. However, mutant strain MK109 degraded soluble starch,
indicating �-amylase production. An in vitro assay was used to
determine �-amylase localization. The total activity in the culture
supernatant was 1,500 � 250 U per 100-ml culture, while that in
the crude extracts was 13 � 1 U. Mutant strain MK72 had negli-
gible activity in both the culture supernatant and crude extracts
(
10 U). These results suggested that amyE was functionally ex-
pressed and that the product was secreted.

DISCUSSION

The gene products of pyrF and pyrE are essential for de novo bio-
synthesis of pyrimidine-related metabolites and for conversion of
5-FOA to toxic metabolites (Fig. 1); thus, pyrF deficiency confers
uracil auxotrophy and 5-FOA resistance to microbes. This prop-
erty enables a pyrF-based counterselection system that has been
demonstrated in many microbes (3, 5, 11, 19, 20, 25, 27, 33). In
order to establish a counterselection system for strain HTA426,
the pyrF gene was disrupted using p�pyrF. This plasmid was effi-
ciently integrated in the chromosome, demonstrating homolo-
gous recombination in G. kaustophilus, and was then eliminated
along with the pyrF deletion to yield mutant strain MK54, which
was auxotrophic for uracil (Fig. 3C). A pyrF-complemented strain

(MK54c) was prototrophic for uracil; however, MK54c and MK54
were able to grow on MM plates containing 5-FOA and uracil (Fig.
4). A similar result has been described in B. subtilis (26). The
results showed that pyrF could serve as a genetic marker, but not as
a counterselection marker in mutant strain MK54.

Both strains HTA426 and MK54c were unable to grow on MM
plates containing 5-FOA without uracil (data not shown). This
suggested the possibility that G. kaustophilus may not be resistant
to 5-FOA, but rather the 5-FOA metabolism was repressed in the
presence of uracil due to repression of pyr expression. In fact, pyr
transcription in strain HTA426 and mutant strain MK54 was re-
pressed in the presence of uracil (Fig. 5C), supporting this hypoth-
esis. Since it is known that in B. subtilis, the pyrR product nega-
tively regulates pyr expression by sensing UMP and UTP (Fig. 1)
(34), we focused on pyrR as a key factor in the apparent 5-FOA
resistance of G. kaustophilus and constructed mutant strain MK72
(�pyrF �pyrR). As expected, pyr transcription in mutant strain
MK72 was insensitive to uracil (Fig. 5C). A pyrF-complemented
strain of MK72 (MK72c) showed 5-FOA sensitivity even in the
presence of uracil (Fig. 4). These results suggested that pyrF could
be used as a counterselection marker in mutant strain MK72.

Counterselection in mutant strain MK72 was demonstrated by
marker-free integrations of heterologous genes using pGAM plas-
mids. Integration and elimination of the plasmid were positively
selected by uracil prototrophy and 5-FOA resistance, respectively.
Although the counterselection produced significant numbers of
false positives, these were greatly reduced by additional subcultur-
ing in MM with restricted uracil and 5-FOA following subculture
in LB media. Detailed analysis indicated that the false positives
were reduced to 
10% by this procedure (Table 3). This counter-
selection system was very effective. It enabled us to obtain mutant
strains MK95, MK96, MK109, and MK304 by analyzing only a few
clones, whereas the obtaining of mutant strains MK54 and MK72
required analysis of more than 1,000 and 600 clones, respectively.
Thus, we have established a pyrF-based counterselection system
for G. kaustophilus HTA426 through pyrF and pyrR disruptions.
This is the first report of a pyrF-based counterselection in Bacillus-
related bacteria, although counterselections based on other strat-
egies have been reported in B. subtilis (8, 26). Our results suggest
that this approach may be applied to the establishment of pyrF-
based counterselection systems in the many other organisms har-
boring pyrR, including Desulfotomaculum, Listeria, Clostridium,
Enterococcus, and Bacillus-related bacteria.

False positives observed during counterselection were sensitive
to 5-fluorouracil. Therefore, it was likely that metabolism from
5-fluorouridine 5=-monophosphate to toxic metabolites was
functional in false positives. Grogan et al. (12, 13) reported that
5-FOA resulted in a low frequency of spontaneous mutations of
pyr genes in Sulfolobus acidocaldarius. Some of the spontaneous
mutants had a frameshift mutation in the pyrE gene and were
uracil prototrophic and 5-FOA resistant, suggesting that false pos-
itives observed in this study may arise from pyrE mutations. We
therefore analyzed the pyrF and pyrE regions of false positives;
however, mutations observed in these regions were negligible.
Thus, the 5-FOA resistance mechanism of the false positives is
unclear. One possibility is that G. kaustophilus may have a minor
mechanism for repressing pyrimidine biosynthesis and/or incor-
poration under uracil-rich conditions independently of pyrR. This
idea is consistent with the fact that false positives are 5-FOA sen-
sitive in the absence of uracil and are reduced in restricted uracil.
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In addition to counterselection, this study demonstrates heter-
ologous gene expression in G. kaustophilus (Fig. 6). The bgaB and
amyE genes were functionally expressed in mutant strains MK95
and MK109, respectively, under the control of the sigA promoter.
The amyE product was secreted into the culture supernatant, con-
firming the protein-secreting capability of this strain. These re-
sults raise the possibility that various thermostable proteins can be
produced intracellularly or extracellularly in G. kaustophilus. The
results of this study will facilitate genetic modification of G. kaus-
tophilus HTA426, including gene disruptions and gene overex-
pression, and therefore may contribute to the effective utilization
of this strain as a thermophilic host for various applications and as
a model for biological studies of the genus.
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