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Introduction

Research on archaea has long been limited by the lack of

genetic tools to study gene functions in vivo. The major

reason is that the antibiotics used in microbial genetics as

selectable markers are readily degraded at the conditions at

which various archaea live [14]. Genetic systems were

described for hyperthermophilic archaea in the early 2000s

and have constantly improved since then. In Thermococcus

kodakariaensis, an effective gene deletion system was

established by Sato et al. [20, 21] for which also a

complementary expression vector using prototrophic

(arginine/citrulline, tryptophan, agmatine, or uracil) or

antibiotic (simvastatin or mevinolin) selection markers has

been optimized [12, 19]. Recently, the trials for construction

of a stable shuttle vector and selection of targeted mutants

from Pyrococcus furiosus have been carried out [8, 9, 26].

Hence, nowadays, genetic toolboxes are available for a

variety of hyperthermophilic euryarchaeota.

In crenarchaeota, only Sulfolobales genetic systems have

been developed. The first shuttle vectors and a gene

deletion method were based on the β-galactosidase, LacS,

as a selection marker in Sulfolobus solfataricus [2, 3, 29] and

this method was employed in a number of studies [10, 15,

22, 23, 25, 33]. A system for gene deletion mutants

including a shuttle vector has also been reported based on

the pyrEF selection in S. islandicus [7, 16] and successfully

used in different studies [11, 30]. The antibiotic simvastatin

has also been used to select for the shuttle vector and a

knockout system in this strain [31, 32]. Other Sulfolobus

shuttle vectors that rely on pyrEF selection were constructed

based on the virus SSV1 and the plasmid pRN1 [3, 13]. In

S. acidocaldarius, pyrEF was employed as a selectable marker

to obtain the insertional deletion mutants and persistence

of a shuttle vector with a constitutive or inducible promoter

for expression [4, 27]. Recently, we also developed the

shuttle vector using the pyrE gene for the expression of

foreign genes in S. acidocaldarius. However, the segregrational
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With the purpose of facilitating the process of stable strain generation, a shuttle vector for

integration of genes via a double recombination event into two ectopic sites on the Sulfolobus

acidocaldarius chromosome was constructed. The novel chromosomal integration and

expression vector pINEX contains a pyrE gene from S. solfataricus P2 (pyrE
sso

) as an auxotrophic

selection marker, a multiple cloning site with histidine tag, the internal sequences of malE and

malG for homologous recombination, and the entire region of pGEM-T vector, except for the

multiple cloning region, for propagation in E. coli. For stable expression of the target gene, an

α-glucosidase-producing strain of S. acidocaldarius was generated employing this vector. The

malA gene (saci_1160) encoding an α-glucosidase from S. acidocaldarius fused with the

glutamate dehydrogenase (gdhAsaci) promoter and leader sequence was ligated to pINEX to

generate pINEX_malA. Using the “pop-in” and “pop-out” method, the malA gene was inserted

into the genome of MR31 and correct insertion was verified by colony PCR and sequencing.

This strain was grown in YT medium without uracil and purified by His-tag affinity

chromatography. The α-glucosidase activity was confirmed by the hydrolysis of pNPαG. The

pINEX vector should be applicable in delineating gene functions in this organism.
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and structural instability of the plasmid sometimes made it

difficult to obtain stable expression of foreign genes [17].

Therefore, we established an alternative method to

express homologous or heterologous target genes, relying

on homologous recombination with a chromosome using

the pop-in and pop-out method. A novel plasmid vector,

pINEX, was generated and included the pyrE gene from

S. solfataricus P2 (pyrE
sso

) for selection, a multiple cloning

site with histidine tag, and the internal sequences of malE

and malG for homologous recombination in S. acidocaldarius,

as well as regions of the pGEM-T vector, for the replication

in E. coli. For the testing of the successful expression of

foreign genes, the malA gene (saci_1160) encoding an α-

glucosidase from S. acidocaldarius was selected and examined

for the stable expression in this strain. 

Materials and Methods

Strains and Growth Conditions

S. acidocaldarius uracil auxotroph MR31 was provided by Dennis

W. Grogan (University of Cincinnati, USA) and aerobically grown

at 77°C in Brock medium supplemented with 0.1% (w/v) tryptone,

and 0.005% (w/v) yeast extract containing uracil (50 µg/ml),

adjusted to pH 3.0 [18]. After cell transformation, the cells

containing pINEX vector were selected on Brock medium

supplemented with 0.1% NZ-Amine (Sigma, St. Louis, MO, USA),

and 0.2% (w/v) xylose as a carbon and energy source. E. coli strain

DH5α was used for the propagation of plasmids and was incubated

in Luria-Bertani (LB) medium (1% (w/v) Bacto-tryptone, 0.5%

(w/v) yeast extract, and 0.5% (w/v) NaCl), containing ampicillin

(100 µg/ml), at 37°C.

pINEX Vector Construction

For construction of the ectopic integration plasmid, the internal

regions of the malE (saci_1165) and malG (saci_1163) genes were

amplified using primers SA1165_F/SA1165_R and SA1163_F/

SA1163_R, respectively. The oligonucleotide primers used are

shown in Table 1. For the malE region, the forward primer

introduced an ApaI restriction site at the 5’-end, whereas the

reversed primer was designed to incorporate the multiple

restriction enzyme sequence. For the malG region, the forward

primer was designed to incorporate the complementary strand of

the multiple restriction enzyme sequence with a six-histidine tag

sequence of SA1165_R primer, and the reverse primer contained a

SacI restriction site. Two PCR fragments were fused via an

overlapping PCR, and the resulting amplified PCR fragment was

digested with ApaI and SacI, and ligated into the pGEM-T vector,

yielding plasmid pSM27. To add a selection marker by pyrE gene

insertion, a DNA region from 280 nucleotides upstream to 71

nucleotides downstream of the pyrE gene from S. solfataricus P2

(pyrEsso) was amplified using the primers KH71 and KH72 [6]. The

770 bp PCR product was digested with BamHI and cloned into

pSM27 to generate pINEX (Fig. 1). The transcription direction of

the pyrE gene was confirmed by PCR using primers SA1165_F and

pyrEF as well as DNA sequencing.

pINEX-malA Construction

For the construction of pINEX_malA, first, an overexpression

cassette controlled by the promoter of gdhA encoding glutamate

dehydrogenase (saci_0155) was constructed using a fusion PCR

technique. Using the genomic DNA of S. acidocaldarius as a

template, the gdhA promoter and N-terminus region containing

403 nucleotides upstream of the gdhA coding sequence was

amplified with the primers Gdhsac_F and Gdhfus_R. The forward

Table 1. The oligonucleotide primers used in this study.

Primer Nucleotide sequencea (5´ → 3´) Remarks

SA1165_F TATCGGGCCCTACACGTTCAAGTCA malE internal region with ApaI

SA1165_R CTGCAGTGCGGCCGCCCGCGGCCATGG 

GCATGCGACGTCGGATCCCATAAGTTAAGTTGT

malE internal region with MCS at C-terminus

SA1163_F CCGCGGGCGGCCGCACTGCAGCATATG 

CACCACCACCACCACCACTGACTGTGGCTACTGTAA

malG internal region with MCS and 6 histag at N-terminus

SA1163_R AAATGAGCTCTTACTTACCTCCTGA malG internal region with SacI

KH71 GGATCCAATGAAAACTACTTTCCCTGATAGATAA pyrE from S. solfataricus P2, with BamH1

KH72 GGATCCCTACTTTTCAACATTCTTCACCAAA pyrE from S. solfataricus P2, with BamH1

Gdhsac_F AGTCCGCGGTTCTCCACTGTTTACGTT Promoter of gdhA with SacII

Gdhfus_R TGCTTTAATCTCCACCGCAGAAGAATTCATATTTTA Leader of gdhA following N-terminus of malA

MalAfus_F TATGAATTCTTCTGCGGTGGAGATTAAAGCAGAG malA with gdhA leader

MalA_R GTTCTGCAGACCCTTATTCGGTCTCCTC malA with PstI

PyrEF TTTCGTTTTAACATCAGGTAAGG Internal region of pyrE from S. solfataricus P2

PyrER TGTGAAGCCCCTTCTTGTCT Internal region of pyrE from S. solfataricus P2

aThe restriction enzyme sites are written in bold, and complementary sequences for overlap extension PCR are underlined. 
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primer was designed to incorporate a SacII restriction site, and the

reverse primer was designed to incorporate a gdhA leader

sequence (15 nucleotides of the gdhA start region) and 15

nucleotides of the malA (saci_1160) start region. PCR was carried

out using 2.5 U of PrimeSTAR HS DNA polymerase (Takara,

Japan) using the following conditions: 94°C for 3 min; 30 cycles of

98°C for 10 sec, 55°C for 5 sec, and 72°C for 50 sec; 72°C for 5 min.

The malA gene along with gdhA leader sequence containing

1,906 bp was amplified using the primers MalAfus_F and

MalA_R. The forward primer contained 31 nt 5’ overhanging ends

(underlined) complementary to the 3’ end of the primer Gdhfus_R,

whereas the reverse primer was designed to incorporate a PstI

restriction site. Both fragments were fused by overlap PCR to

obtain the fusion gene PgdhA-malA. Overall, a 2,001 bp fragment

was purified using a PCR purification kit (ELPIS Biotech, Korea)

and cloned into pINEX to generate pINEX_malA. The construction

and sequence of pINEX_malA is shown in Fig. 2. The sequence of

the overexpression cassette was confirmed by DNA sequencing.

Fig. 1. Map of plasmid pINEX. 

The unique restriction sites from the multiple cloning sites are indicated outside of the map.

Fig. 2. Map of plasmid pINEX_malA and the nucleotide sequence of the overexpression cassette of the fusion gene PgdhA-malA.
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Transformation of S. acidocaldarius

S. acidocaldarius MR31 was transformed with plasmids by

electroporation, as described previously [6]. The non-methylated

or methylated pINEX_malA DNA (1 µg) for the chromosomal

integration was electroporated in electrocompetent MR31 using a

Gene Pulser II electroporator (Bio-Rad), with input parameters

1.25 kV, 1000 Ω, and 25 µF in 1 mm cuvettes. Following

electroporation, an equal volume of 2× recovery solution (1%

sucrose, 10 mM MgSO4, 0.18% (w/v) β-alanine, and 0.27% (w/v)

DL-malic acid, adjusted to pH 4.5 with 10 N NaOH) was

immediately added to the pulsed cells, and the mixture was

transferred to a 1.5 ml microcentrifuge tube and incubated at 75°C

for 30 min. The cells were then spread on solid medium

containing 0.1% (w/v) N-Z-Amine and 0.2% (w/v) xylose without

uracil. The plates were sealed in plastic bags to avoid drying-out

and incubated for 8 days at 77°C. Single colonies were picked and

identified by colony PCR using the primers pyrEF and pyrER,

which are specific to gene pyrE.

Chromosomal Integration of the malA Gene

After the transformation of S. acidocaldarius MR31 by a

pINEX_malA plasmid, two steps were needed to carry out the

replacement of the malEFG gene by overexpression cassette

including the target gene: a pop-in (vector insertion) by one

crossover event, and a pop-out recombination (Fig. 3A). For this

purpose, the colonies that contained the pyrE gene by colony PCR

were grown in uracil-free YT medium containing 0.2% xylose to

eliminate the false positives as well as induce the second pop-out

recombination at this step. PCR amplification using primers

Pgdh_F and SA1163_R was performed to check whether the pop-

out recombination resulted in a replacement of the overexpression

cassette or wild-type (MR31) genotype recurrence.

Expression and Purification of MalA from S. acidocaldarius

S. acidocaldarius integration mutant SMmalA carrying the MalA

overexpression cassette into its chromosome was grown in YT

medium containing 0.2% (w/v) sucrose at 77°C for 24 h. The cells

were harvested by centrifugation (8,000 ×g for 30 min at 4°C), and

resuspended in 20 mM sodium phosphate buffer (pH 7.4) containing

0.5 M NaCl. The cells were lysed by sonication on ice, and after

centrifugation (15,000 ×g for 50 min at 4°C), the supernatant was

applied to a Ni-NTA affinity column (GE Healthcare, Freiburg,

Germany). The column was washed with wash buffer (20 mM

sodium phosphate buffer (pH 7.4), 500 mM NaCl, and 80 mM

imidazole), and the bound proteins were eluted using elution

buffer (20 mM sodium phosphate buffer (pH 7.4), 500 mM NaCl,

and 160 mM imidazole). All fractions were collected and dialyzed

against the same buffer without imidazole and concentrated using

Centricon-10 microfilters (Millipore, Darmstadt, Germany). Protein

concentration was determined using the Bradford method [5] with

bovine serum albumin as a standard. The molecular mass and

purity of the purified MalA were estimated by 12% SDS-PAGE.

Fig. 3. Strategy for the integration of malA into the malE and malG loci in the chromosome of S. acidocaldarius. 

(A) After transformation, the plasmid was integrated into the genome by a first crossover event in the homologous-region fragment. The second

step was the pop-out recombination (or excision) event. There are two possibilities: a recombination between the other homologous fragments,

resulting in the replacement of the overexpression cassette, or a recombination between the same homologous fragments of the first

recombination, which gives the wild-type genotype. (B) To verify the different genotype configurations, PCR amplification was performed with

the primers matching Gdhsac_F and SA1163_R regions: primers for identification of pyrE and target gene insertion. Lane M, 1 kb size marker;

lane 1, PCR result of MR31 (wt) strain; lane 2, PCR result of integrant transformants (int); lane 3, PCR result of colony obtained from the second

single crossover of int transformant (SMmalA).
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Assay for α-Glucosidase Activity

α-Glucosidase activity was measured by enzymatic determination

of D-glucose liberated from maltose, using a glucose oxidase assay

kit (Sigma). The reaction mixtures (50 µl) containing 5 mM

maltose in 20 mM sodium acetate buffer (pH 5.0) were incubated

with 0.1 µg of enzyme at 95°C for 5 min. One hundred microliters

of glucose oxidase assay reagent was added to the mixture and

incubated at 37°C for 30 min. The reaction was stopped by the

addition of 100 µl of 12 N H2SO4, and 200 µl aliquots were

measured at 540 nm. The assay for p-nitrophenyl α-glucopyranoside

(pNPαG) hydrolysis was performed in 100 µl of 20 mM sodium

acetate buffer (pH 5.0) containing 5 mM pNPαG and 0.1 µg of

enzyme. The mixture was incubated at 95°C for 5 min and the

reaction was stopped using 100 µl of 1 M sodium carbonate.

Absorbance of the p-nitrophenol (pNP) released from pNPαG was

determined at 420 nm. 

Results 

Characteristics of pINEX

To facilitate the process of gene expression and integration

into specific regions of the S. acidocaldarius chromosome,

we constructed plasmid pINEX (Fig. 1). It carries the pyrE

promoter and structural gene of S. solfataricus as a selection

marker and a multiple cloning site (MCS) with unique

restriction sites for target gene expression flanked by malE

and malG loci, thus enabling excision by host RecA family

recombinase. pINEX also contains the β-lactamase coding

sequence and ori site from the pGEM-T vector for the

cloning and propagation of this plasmid in E. coli. The

region including expression sequences, cloned gene(s), and

the pyrE cassette can be amplified by PCR and ligated into

the regions of homology to cause integration into a specific

chromosomal site in an MR31 strain.

Construction of a Strain Expressing MalA from the

Chromosome

pINEX_malA, a plasmid that harbored the malA gene

under the constitutive S. acidocaldarius gdhA promoter, was

constructed and used to transform the host strain MR31, a

uracil auxotroph derived from S. acidocaldarius DSM639.

For efficient expression under the gdhA promoter and easy

purification by affinity chromatography, the malA gene

was fused to five amino acids of glutamate dehydrogenase

at the N-terminus and six histidines at the C-terminus

(Fig. 2). A transformant exhibiting uracil prototrophy was

selected in medium lacking uracil, and the integration of

the plasmid into the S. acidocaldarius chromosome was

confirmed by colony PCR using pyrE internal primers

pyrEF and pyrER, and this led to an amplification of a band

corresponded to 400 bp. After PCR verification, selected

clones were incubated in uracil-free medium for 2 days at

77°C to derive the second pop-out recombination. The

second crossover event was verified by PCR amplification

of a 2,807 bp fragment by using primers Gdhsac_F and

SA1163_R (Fig. 3B).

Characterization of a Strain Expressing MalA

The transformant SMmalA harboring the malA gene was

grown in YT medium containing 0.2% sucrose for 24 h.

Expression of MalA was examined in the cell lysates. The

α-glucosidase activity was examined using maltose and

pNPαG as substrates. The cell-free extracts from the

SMmalA strain showed enzyme activity, whereas the cell-

free extracts from MR31 (which is the control strain) did

not show the enzyme activity. The hydrolysis of pNPαG

into pNP was detected by the appearance of a yellow color

in the reaction mixture, indicating that the expression was

successful (Fig. 4A). The recombinant MalA was tagged

with a 6×His-tag. This enabled us to test purification by His

affinity chromatography using this strain. His affinity

chromatography of MalA resulted in highly pure MalA in

one step (Fig. 4B). The purified MalA estimated by SDS-

PAGE was approximately 72 kDa, which is in good

agreement with the size obtained from the plasmid expression

vector pKHmalA [6]. The characteristics of the purified

Fig. 4. Enzyme activity measurement (A) and SDS-PAGE

analysis (B) of recombinant MalA. 

The α-glucosidase activity was measured using pNPαG. The yellow

color development by pNP produced from the hydrolysis of pNPαG

was observed in the S. acidocaldarius SMmalA strain. MalA was

purified by His affinity chromatography. Lane M, protein size

standards; lane 1, cell-free extract of SMmalA harboring malA; lane 2,

flow-through fraction; lane 3, elution fraction with 200 mM imidazole.
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MalA was exactly matched with recombinant MalA

expressed from a plasmid-based S. acidocaldarius strain [6].

Therefore, the integrative expression vector pINEX we

constructed can be used for the efficient expression of

archaeal genes whose protein products are rendered

insoluble when expressed in E. coli.

 

Discussion 

Hyperthermophilic archaea have been regarded as a

useful organism in the research for cellular aspects of the

archaeal kingdom and biotechnology owing to their

heat adaptation. In order to understand the physiology,

metabolism, and many other cellular aspects, the availability

of genetic tools for these organisms is essential. Sulfolobales

are the only family for the crenarchaeota that are amenable

for genetic manipulation so far. In the last few years,

various genetic systems in the Sulfolobales, including

S. solfataricus, S. islandicus, and S. acidocaldarius, have been

developed and proved to be successful [1, 24, 28, 29].

Although E. coli-Sulfolobus shuttle vectors have been used

for promoter studies and adapted for the homologous and

heterologous expression of tagged proteins in Sulfolobus

spp., the segregational and structural instability of the

plasmid sometimes made it difficult to obtain a stable

expression of foreign genes. 

As a part of the development of expression technology,

we constructed the pINEX vector based on pyrE selection

for chromosomal gene integration and expression. This

plasmid can be utilized as a typical expression vector

having a MCS at which the expression cassette including

the target gene, along with a strong constitutive or regulated

promoter, can be simply inserted into it by specific restriction

enzymes. In addition, pINEX was designed to facilitate the

process of chromosomal gene integration. Genes cloned in

this vector with a pyrE auxotrophic cassette can be integrated

into the chromosome by homologous recombination at the

malE and malG loci and selected by uracil prototrophy. The

integration of the target gene at the malE and malG loci causes

the disruption of a malEFG operon in the chromosome, thus

preventing the strain from growing in maltose or starch

medium [6]. As a result, the integration of the target gene

into the chromosome of S. acidocaldarius by transformation

of the pINEX vector can also be identified by growth defects

in the specific growth conditions. By employing various

useful promoters derived from Sulfolobales, the strain can

control the regulated or constitutive gene expression. As

this plasmid was designed to add a six-histidine tag at the

C-terminus of the target gene, the expressed protein can be

simply purified by affinity chromatography. To determine

whether the expression vector we constructed can work

efficiently in S. acidocaldarius, the malA (saci_1160) gene

encoding for α-glucosidase was tested. Enzyme activity

measurements (Fig. 4A) as well as SDS-PAGE analysis

(Fig. 4B) of the S. acidocaldarius SMmalA strain carrying the

malA gene revealed that the plasmid pINEX_malA was

successfully integrated into the chromosome of strain

MR31, and the integrated malA gene was stably expressed

in this strain. These results imply that in addition to being a

plasmid expression vector, the pINEX vector can be used for

the stable expression of foreign archaeal genes that are not

well expressed in the E. coli system.

In conclusion, we constructed a plasmid vector that can

genomically express target genes with tag. The expression

level of the target genes would be varied depending on the

selected promoters, and the His-tag fused at the C-terminus

would help the proteins to be easily separated from other

proteins in the genomic background. Therefore, vector

pINEX might be useful as a tool for the construction of

genetically stable and robust S. acidocaldarius strains that

express foreign genes.

Acknowledgments

This research was supported by the Basic Science Research

Program through the National Research Foundation of

Korea (NRF) funded by the Ministry of Science, ICT and

Future Planning (NRF-2013R1A2A2A01068096) and by the

“2013 Post-Doc. Development Program” of Pusan National

University. 

References

1. Albers SV, Driessen AJM. 2008. Conditions for gene disruption

by homologous recombination of exogenous DNA into the

Sulfolobus solfataricus genome. Archaea 2: 145-149.

2. Aucelli T, Contursi P, Girfoglio M, Rossi M, Cannio R. 2006.

A spreadable, non-integrative and high copy number shuttle

vector for Sulfolobus solfataricus based on the genetic element

pSSVx from Sulfolobus islandicus. Nucleic Acids Res. 34: e114.

3. Berkner S, Grogan D, Albers SV, Lipps G. 2007. Small multicopy,

non-integrative shuttle vectors based on the plasmid pRN1

for Sulfolobus acidocaldarius and Sulfolobus solfataricus, model

organisms of the (cren-)archaea. Nucleic Acids Res. 35: e88.

4. Berkner S, Wlodkowski A, Albers SV, Lipps G. 2010.

Inducible and constitutive promoters for genetic systems in

Sulfolobus acidocaldarius. Extremophiles 14: 249-259.

5. Bradford MM. 1976. A rapid and sensitive method for the

quantitation of microgram quantities of protein utilizing the



Development of Genetically Stable S. acidocaldarius Overexpression Strain 1509

November 2014⎪Vol. 24⎪No. 11

principle of protein-dye binding. Anal. Biochem. 72: 248-254.

6. Choi KH, Hwang S, Cha J. 2013. Identification and

characterization of MalA in the maltose/maltodextrin operon

of Sulfolobus acidocaldarius DSM639. J. Bacteriol. 195: 1789-1799.

7. Deng L, Zhu H, Chen Z, Liang YX, She Q. 2009. Unmarked

gene deletion and host-vector system for the hyperthermophilic

crenarchaeon Sulfolobus islandicus. Extremophiles 13: 735-746.

8. Farkas J, Chung D, Debarry M, Adams MW, Westpheling J.

2011. Defining components of the chromosomal origin of

replication of the hyperthermophilic archaeon Pyrococcus

furiosus needed for construction of a stable replicating

shuttle vector. Appl. Environ. Microbiol. 77: 6343-6349.

9. Farkas J, Stirrett K, Lipscomb GL, Nixon W, Scott RA,

Adams MW, Westpheling J. 2012. Recombinogenic properties

of Pyrococcus furiosus strain COM1 enable rapid selection of

targeted mutants. Appl. Environ. Microbiol. 78: 4669-4676.

10. Fröls S, Ajon M, Wagner M, Teichmann D, Zolghadr B,

Folea M, et al. 2008. UV-inducible cellular aggregation of the

hyperthermophilic archaeon Sulfolobus solfataricus is mediated

by pili formation. Mol. Microbiol. 70: 938-952.

11. Gudbergsdottir S, Deng L, Chen Z, Jensen JV, Jensen LR,

She Q, Garrett RA. 2011. Dynamic properties of the Sulfolobus

CRISPR/Cas and CRISPR/Cmr systems when challenged with

vector-borne viral and plasmid genes and protospacers. Mol.

Microbiol. 79: 35-49.

12. Hileman TH, Santangelo TJ. 2012. Genetics techniques for

Thermococcus kodakarensis. Front. Microbiol. 3: 195.

13. Jonuscheit M, Martusewitsch E, Stedman KM, Schleper C.

2003. A reporter gene system for the hyperthermophilic

archaeon Sulfolobus solfataricus based on a selectable and

integrative shuttle vector. Mol. Microbiol. 48: 1241-1252.

14. Leigh JA, Albers SV, Atomi H, Allers T. 2011. Model

organisms for genetics in the domain Archaea: methanogens,

halophiles, Thermococcales and Sulfolobales. FEMS Microbiol.

Rev. 35: 577-608.

15. Maaty WS, Wiedenheft B, Tarlykov P, Schaff N, Heinemann

J, Robison-Cox J, et al. 2009. Something old, something new,

something borrowed; how the thermoacidophilic archaeon

Sulfolobus solfataricus responds to oxidative stress. PLoS One

14: e6964.

16. Peng N, Xia Q, Chen Z, Liang YX, She Q. 2009. An upstream

activation element exerting differential transcriptional activation

on an archaeal promoter. Mol. Microbiol. 74: 928-939.

17. Popov M, Petrov S, Nacheva G, Ivanov I, Reichl U. 2011.

Effects of a recombinant gene expression on ColE1-like

plasmid segregation in Escherichia coli. BMC Biotechnol. 11: 18.

18. Reilly MS, Grogan DW. 2001. Characterization of intragenic

recombination in a hyperthermophilic archaeon via

conjugational DNA exchange. J. Bacteriol. 183: 2943-2946.

19. Santangelo TJ, Cubonová L, Reeve JN. 2008. Shuttle vector

expression in Thermococcus kodakaraensis: contributions of cis

elements to protein synthesis in a hyperthermophilic archaeon.

Appl. Environ. Microbiol. 74: 3099-3104.

20. Sato T, Fukui T, Atomi H, Imanaka T. 2003. Targeted gene

disruption by homologous recombination in the

hyperthermophilic archaeon Thermococcus kodakaraensis KOD1.

J. Bacteriol. 185: 210-220.

21. Sato T, Fukui T, Atomi H, Imanaka T. 2005. Improved and

versatile transformation system allowing multiple genetic

manipulations of the hyperthermophilic archaeon Thermococcus

kodakaraensis. Appl. Environ. Microbiol. 71: 3889-3899.

22. Schelert J, Dixit V, Hoang V, Simbahan J, Drozda M, Blum P.

2004. Occurrence and characterization of mercury resistance

in the hyperthermophlic archaeon Sulfolobus solfataricus by

use of gene disruption. J. Bacteriol. 186: 427-437.

23. Schelert J, Drozda M, Dixit V, Dillman A, Blum P. 2006.

Regulation of mercury resistance in the crenarchaeote

Sulfolobus solfataricus. J. Bacteriol. 188: 7141-7150.

24. She Q, Singh RK, Confalonieri F, Zivanovic Y, Allard G, Awayez

MJ, et al. 2009. The complete genome of the crenarchaeon

Sulfolobus solfataricus P2. Proc. Natl. Acad. Sci. USA 98: 7835-7840.

25. Szabo Z, Sani M, Groeneveld M, Zolghadr B, Schelert J,

Albers SV, et al. 2007. Flagellar motility and structure in the

hyperthermoacidophilic archaeon Sulfolobus solfataricus. J.

Bacteriol. 189: 4305-4309.

26. Waege I, Schmid G, Thumann S, Thomm M, Hausner W.

2010. Shuttle vector-based transformation system for Pyrococcus

furiosus. Appl. Environ. Microbiol. 76: 3308-3313.

27. Wagner M, Berkner S, Ajon M, Driessen AJ, Lipps G, Albers

SV. 2009. Expanding and understanding the genetic toolbox

of the hyperthermophilic genus Sulfolobus. Biochem. Soc.

Trans. 37: 97-101.

28. Wagner M, van Wolferen M, Wagner A, Lassak K, Meyer BH,

Reimann J, Albers SV. 2012. Versatile genetic tool box for the

crenarchaeote Sulfolobus acidocaldarius. Front. Microbiol. 3: 214.

29. Worthington P, Hoang V, Perez-Pomares F, Blum P. 2003.

Targeted disruption of the α-amylase gene in the

hyperthermophilic archaeon Sulfolobus solfataricus. J. Bacteriol.

185: 482-488.

30. Zhang C, Guo L, Deng L, Wu Y, Liang Y, Huang L, She Q.

2010. Revealing the essentiality of multiple archaeal pcna

genes using a mutant propagation assay based on an improved

knockout method. Microbiology 156: 3386-3397.

31. Zhang C, Whitaker RJ. 2012. A broadly applicable gene

knockout system for the thermoacidophilic archaeon Sulfolobus

islandicus based on simvastatin selection. Microbiology 158:

1513-1522.

32. Zheng T, Huang Q, Zhang C, Ni J, She Q, Shen Y. 2012.

Development of a simvastatin selection marker for a

hyperthermophilic acidophile, Sulfolobus islandicus. Appl.

Environ. Microbiol. 78: 568-574.

33. Zolghadr B, Weber S, Szabó Z, Driessen AJ, Albers SV.

2007. Identification of a system required for the functional

surface localization of sugar binding proteins with class III

signal peptides in Sulfolobus solfataricus. Mol. Microbiol. 64:

795-806.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 900
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


