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ABSTRACT The discovery of hyperthermophiles has dramatically changed our un-
derstanding of the habitats in which life can thrive. However, the extreme high tem-
peratures in which these organisms live have severely restricted the development of
genetic tools. The archaeon Pyrococcus yayanosii A1 is a strictly anaerobic and piezo-
philic hyperthermophile that is an ideal model for studies of extreme environmental
adaptation. In the present study, we identified a high hydrostatic pressure (HHP)-
inducible promoter (Phhp) that controls target gene expression under HHP. We
developed an HHP-inducible toxin-antitoxin cassette (HHP-TAC) containing (i) a
counterselectable marker in which a gene encoding a putative toxin (virulence-
associated protein C [PF0776 {VapC}]) controlled by the HHP-inducible promoter
was used in conjunction with the gene encoding antitoxin PF0775 (VapB), which
was fused to a constitutive promoter (PhmtB), and (ii) a positive marker with the
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase-encoding gene from
P. furiosus controlled by the constitutive promoter Pgdh. The HHP-TAC was con-
structed to realize markerless gene disruption directly in P. yayanosii A1 in rich me-
dium. The pop-out recombination step was performed using an HHP-inducible
method. As proof, the PYCH_13690 gene, which encodes a 4-�-glucanotransferase,
was successfully deleted from the strain P. yayanosii A1. The results showed that the
capacity for starch hydrolysis in the Δ1369 mutant decreased dramatically compared
to that in the wild-type strain. The inducible toxin-antitoxin system developed in this
study greatly increases the genetic tools available for use in hyperthermophiles.

IMPORTANCE Genetic manipulations in hyperthermophiles have been studied for
over 20 years. However, the extremely high temperatures under which these organ-
isms grow have limited the development of genetic tools. In this study, an HHP-
inducible promoter was used to control the expression of a toxin. Compared to
sugar-inducible and cold-shock-inducible promoters, the HHP-inducible promoter
rarely has negative effects on the overall physiology and central metabolism of mi-
croorganisms, especially piezophilic hyperthermophiles. Previous studies have used
auxotrophic strains as hosts, which may interfere with studies of adaptation and me-
tabolism. Using an inducible toxin-antitoxin (TA) system as a counterselectable
marker enables the generation of a markerless gene disruption strain without the
use of auxotrophic mutants and counterselection with 5-fluoroorotic acid. TA sys-
tems are widely distributed in bacteria and archaea and can be used to overcome
the limitations of high growth temperatures and dramatically extend the selectivity
of genetic tools in hyperthermophiles.
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Hyperthermophiles are a subset of extremophiles with optimum growth tempera-
tures of over 80°C that are capable of surviving in extremely hot environments,

thriving at temperatures of up to 122°C (1, 2). Many hyperthermophiles belong to
archaea, the third domain of life. This unique group has attracted much attention, since
its members occupy the deepest and shortest branches of a 16S rRNA gene sequence-
based phylogenetic tree (3). Many studies have focused on elucidating the extreme
environmental adaptation strategies of these organisms (4) and investigating the
industrial applications of thermostable enzymes (5, 6).

Genetic manipulations of model organisms in the domain Archaea have been
performed in methanogens, halophiles, Thermococcales, and Sulfolobales (7, 8). Al-
though the study of genetic manipulations in hyperthermophiles has increased over
the last 20 years, the diversity of available genetic tools, especially selectable markers,
is still limited, primarily due to the extremely high temperatures in which these
organisms live.

Currently available disruption systems for Thermococcus utilize amino acid/nucleo-
tide auxotrophy for selection after single- or double-crossover recombination (9, 10).
Thermococcus kodakarensis KOD1 was the first member of the order Thermococcales for
which a gene disruption system was developed, using pyrF as a marker and uracil
auxotrophic mutants as host strains in a synthetic medium consisting of 20 amino acids
(10). Later, several amino acid auxotrophic markers, e.g., the trpE mutation for trypto-
phan auxotrophy and the hisD mutation for histidine auxotrophy, were developed (11).
However, these markers could only be used in the amino acid medium. Subsequently,
a simvastatin/3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase overex-
pression system that could be used in rich medium was developed (12). Unfortunately,
a markerless gene targeting system that can be directly used for hyperthermophilic
archaea without the use of an auxotrophic host strain and marker gene has not yet
been reported in the literature. Auxotrophy can negatively affect the study of amino
acid or nucleotide metabolism. Currently, many genetic manipulations must be per-
formed in defined medium, which slows strain growth and thus requires a great deal
of time. Therefore, there is a great need for novel systems in which gene manipulation
can be carried out directly on wild-type strains in rich medium.

Toxin-antitoxin (TA) systems have been successfully used as selection markers to
develop genetic tools in bacteria (13–15). Especially in type II TA systems, toxins and
antitoxins are proteins that directly interact with each other. Toxins inhibit replication,
transcription, or translation, resulting in growth inhibition (16), and are neutralized by
the formation of a TA complex with corresponding antitoxins. Thus, toxin proteins are
potentially useful as counterselectable markers in hyperthermophiles.

Pyrococcus yayanosii is a strictly anaerobic hyperthermophile that can grow at 80 to
108°C (optimum, 98°C) and at pressures of 0.1 to 120 MPa (optimum, 52 MPa) (17, 18).
The complete genome sequence of P. yayanosii has been determined (19), and a gene
replacement technique for P. yayanosii was established by deleting the pyrF gene,
yielding an auxotrophic host that can be selected using simvastatin (20).

In the present study, we developed a novel markerless gene disruption method
based on a high hydrostatic pressure (HHP)-inducible toxin-antitoxin cassette (HHP-
TAC) that can be used to directly manipulate the strain P. yayanosii A1. The toxin gene
is under the control of a novel HHP-inducible promoter, while the antitoxin gene is
under the control of a constitutive promoter (Pgdh) to neutralize background growth.
The TA genes were amplified from Pyrococcus furiosus, a member of the same genus as
P. yayanosii A1. The HHP-inducible promoter was identified from the transcriptomes of
P. yayanosii A1 grown under different hydrostatic pressures and found to control a
dramatically upregulated operon under HHP compared to atmospheric pressure.

To demonstrate the feasibility of our system, the PYCH_13690 gene, which encodes
a 4-�-glucanotransferase, was successfully deleted from the strain P. yayanosii A1.
Compared to the auxotrophic strategy, TA genetic manipulations can be realized in all
hyperthermophiles using an appropriate TA system. Thus, a genetic strategy using a TA
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system under the control of an inducible promoter has potential for applications in all
hyperthermophiles and precludes the need for an auxotrophic marker.

RESULTS
Searching for an HHP-inducible promoter. Based on the transcriptomes of P.

yayanosii strain A1 grown at different pressures, three of the most-transcribed neigh-
boring genes were identified, namely, hhpA, hhpB, and hhpC (Table 1 and Fig. 1A). The
quantitative PCR (qPCR) results confirmed that the transcription of these three genes
was higher under HHP (52 MPa) than under atmospheric pressure (Fig. 1B). In addition,
cotranscription analysis showed that these genes were cotranscribed, indicating that
they likely constitute an operon (Fig. S1). Thus, our analysis indicated that this gene
cluster is potentially regulated by a strong HHP-inducible promoter. Next, a 190-bp
intergenic sequence and a 488-bp upstream sequence (Phhp2 and Phhp1, respectively)
containing the putative HHP-inducible promoter were selected to verify the activity of
the promoter (Fig. 1A).

Verifying the function of the HHP-inducible promoter. To verify the function of
the promoter, recombinant plasmids were constructed using a shuttle vector,
pLMO12102, that can replicate in both Pyrococcus abyssi GE5 and Escherichia coli
(Xiaopan Ma, unpublished data). The recombinant plasmids pLMOS011 and pLMOS012,
which were derived from the shuttle vector pLMO12102, contained the putative Phhp1

and Phhp2 promoter regions, respectively, fused to a heterologous 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reductase gene from P. furiosus (Fig. 2A). The
recombinant plasmids were introduced into P. yayanosii A1, and the transformants
were cultured under different pressures with simvastatin. The results showed that the
transformants grew well at 52 MPa, and the activity of promoter Phhp1 was stronger
than that of Phhp2 (Fig. 2B), which indicated that the HHP-inducible promoter can be
used to control gene transcription under different pressures.

Construction of an HHP-inducible toxin-antitoxin cassette (HHP-TAC). Type II
TA systems in P. yayanosii (see Table S1 in the supplemental material) and P. furiosus
(Table S2) were identified using TAfinder (21). The results showed that the expression of
either of the identified toxin genes from P. yayanosii or highly similar exogenous toxin
genes from P. furiosus was neutralized by the endogenous antitoxins in P. yayanosii
(Fig. S2). Next, we selected four exogenous TA systems from P. furiosus (PF0776,
GenBank accession no. AAL80900.1; PF0775, GenBank accession no. AAL80899.1; PF0812,
GenBank accession no. AAL80936.1; PF0813, GenBank accession no. AAL80937.1;

TABLE 1 Strains and plasmids used and constructed in this study

Strain or plasmid Origin or genetic features Source or reference

P. yayanosii strains
A1 Facultative piezophile, derivative strain of P. yayanosii CH1 20
A1/pLMOS776TA A1 with plasmid pLMOS776TA This study
A1/pLMOS812TA A1 with plasmid pLMOS812TA This study
A1/pLMOS839TA A1 with plasmid pLMOS839TA This study
A1/pLMOS1206TA A1 with plasmid pLMOS1206TA This study
Δ1369 mutant A1 with ΔPYCH_13690 This study

Plasmids
pLMO12102 Shuttle plasmid replicated in both P. abyssi GE5 and E. coli X. Ma, unpublished data
pLMOS01 pLMO12102::Pgdh-HMG-CoA from P. furiosus This study
pLMOS011 pLMO12102::Phhp1-HMG-CoA from P. furiosus This study
pLMOS012 pLMO12102::Phhp2-HMG-CoA from P. furiosus This study
pLMOS776TA pLMO12102::HMG-CoA-Pgdh-PhmbB-PF0775-PF0776-Phhp1 This study
pLMOS812TA pLMO12102::HMG-CoA-Pgdh-PhmbB-PF0813-PF0812-Phhp1 This study
pLMOS839TA pLMO12102::HMG-CoA-Pgdh-PhmbB-PF0883-PF0839-Phhp1 This study
pLMOS1206TA pLMO12102::HMG-CoA-Pgdh-PhmbB-PF1207-PF1206-Phhp1 This study
pLMOS507Tpy pLMO12102::Pgdh-HMG-CoA-Phhp1-PYCH05070 This study
pLMOS1312Tpy pLMO12102::Pgdh-HMG-CoA-Phhp1-PYCH13120 This study
pLMOS1772Tpy pLMO12102::Pgdh-HMG-CoA-Phhp1-PYCH17720 This study
pLMOS944Tpf pLMO12102::Pgdh-HMG-CoA-Phhp1-PF0944 This study
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PF0839, GenBank accession no. AAL80963; PF0838, GenBank accession no. AAL80962.1;
PF1206, GenBank accession no. AAL81330.1; PF1207, GenBank accession no.
AAL81331.1) with low similarities (toxin identities, �36%) to their P. yayanosii counter-
parts. The toxins were controlled by the inducible promoter Phhp1, while the corre-
sponding antitoxins were under the control of the constitutive promoter PhmtB, which
was obtained from pTS535 (22), with the two elements oriented in opposite directions

FIG 1 Searching for an HHP-inducible promoter. (A) Details of the high hydrostatic pressure (HHP)-
responding operon in A1. The HHP gene cluster, which was identified from transcriptome analysis,
consisted of hhpA (black), hhpB (light gray), and hhpC (dark gray). Phhp1 is a putative 488-bp promoter.
Phhp2, the intergenic sequence, is a putative 190-bp promoter. (B) qPCR results for the HHP gene cluster
at different pressures. The results are from three independent experiments, and the error bars represent
the standard deviations. RQ, relative quantity.

FIG 2 (A) Map of the recombinant plasmids. Phhp1 and Phhp2 are the HHP-inducible promoters. The HMG-CoA
reductase gene from P. furiosus was used as a reporter gene. (B) Biomasses of the recombinant strains at different
pressures. A1/pLMOS011 and A1/pLMOS012 indicate the A1 strain containing the plasmids pLMOS011 and
pLMOS012, respectively. The strains were cultured in TRM supplemented with 10 �M simvastatin at different
pressures. The results are from three independent experiments, and the error bars represent the standard
deviations. **, P � 0.01.
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to avoid transcriptional interference. The fused fragments were cloned into the shuttle
plasmid pLMO12102 with the HMG-CoA reductase gene under the control of a consti-
tutive promoter (Pgdh), and the resulting plasmids were named pLMOS776TA,
pLMOS812TA, pLMOS839TA, and pLMOS1206TA. The recombinant fragments were
used to construct an HHP-TAC (Fig. 3A). The recombinant plasmids were introduced

FIG 3 Construction and selection of an HHP-inducible toxin-antitoxin cassette. (A) Genetic organization of the HHP-inducible toxin-antitoxin cassette (HHP-TAC).
Phhp1 and Phhp2 are the HHP-inducible promoters. PhmtB and Pgdh are constitutive promoters. The HMG-CoA reductase gene (PF1848 gene) from P. furiosus (P.fu.)
was used as a positive selection marker. Antitoxin (PF775) and toxin (PF776) from P. furiosus were used as a counterselectable marker fused with the promoters. The
sequence of the shuttle plasmid pLMO12102 is in boldface. RBS, ribosomal binding site. (B) Biomasses of the recombinant strains with different type II TA systems at
different pressures. A1/pLMOS776TA, A1/pLMOS812TA, A1/pLMOS839TA, and A1/pLMOS1206TA indicate the A1 strain with the plasmids pLMOS776TA, pLMOS812TA,
pLMOS839TA, and pLMOS1206TA, respectively. Black indicates the biomasses of the strains at atmospheric pressure. Dark gray indicates the biomasses of the strains
at 52 MPa. The results are from three independent experiments, and the error bars represent the standard deviations. **, P � 0.01.
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into strain A1, and the biomass of the recombinant strains was measured under
different pressures. Under HHP, the recombinant strains A1/pLMOS812TA, A1/
pLMOS839TA, and A1/pLMOS1206TA grew normally, whereas strain A1/pLMOS776TA
grew poorly. These results showed that the growth of A1/pLMOS776TA was signifi-
cantly inhibited by toxin PF0776 (Fig. 3B), indicating that the toxin-antitoxin cassette
controlled by an HHP-inducible promoter could be used as a counterselection marker
in the genetic manipulation of piezophiles.

Markerless gene disruption using TA as a selection marker. We performed
markerless gene disruption of the PYCH_13690 gene, which encodes a 4-�-
glucanotransferase, using the HHP-TAC. The constitutively overexpressed gene HMG-
CoA was used as a selectable marker, and the HHP-inducible TA system was used as a
counterselectable marker. To avoid reverse mutation, linearized fragments were PCR
amplified from the suicide plasmid pUS776TA1369 (see Materials and Methods) using
the primers M13-47 and M13-48. The linearized fragments were then inserted into the
strain P. yayanosii A1 using the CaCl2 procedure described in Materials and Methods
(Fig. 4). After the first recombination, single colonies were picked and cultured in liquid
Thermococcales rich medium (TRM). Diagnostic PCR was used to identify the targeted
fragment insertions in the genome (Fig. 5A). The confirmed intermediate strains were
then cultured under HHP (approximately 50 MPa) to promote a second recombination
(Fig. 4). The Δ1369 mutant was isolated and verified by PCR. As shown in Fig. 5B, two
bands were visible: a 3,501-bp band corresponding to the wild-type allele and a
1,554-bp band corresponding to the mutant allele. Primers for the internal fragments
were designed, and the results showed that no amplification of the target gene
occurred in the deletion mutant (Fig. 5C). These results confirmed that the PYCH_13690
gene was successfully deleted by markerless gene disruption.

FIG 4 Schematic diagram of targeted gene disruption in P. yayanosii A1. PCR fragments were amplified
from the gene disruption plasmid pUS776TA1369 using the primers M13-47 and M13-48 for gene
disruption. The pop-in recombination step was performed using a positive selectable marker in TRM
supplemented with simvastatin. The pop-out recombination step was performed using a counterselect-
able marker in TRM under HHP.
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Efficiency of gene disruption using the HHP-TAC. The selection efficiency of gene
disruption using the HHP-TAC was calculated in two independent experiments. When
the second recombination was selected under 52 MPa, 32 of 33 positive colonies were
proven to harbor the expected genotype, judging from diagnostic PCR. However, when
the second recombination was selected under 45 MPa, only half (5 out of 10) of the
positive colonies were correct (Fig. S3). This result showed that the counterselection
efficiency of HHP-TAC was significantly higher under 52 MPa than under 45 MPa.

Phenotypic analyses of the gene disruption strains. The PYCH_13690 gene,
which encodes a 4-�-glucanotransferase (NCBI accession no. WP_013906095.1), be-
longs to glycoside hydrolase family 57 (GH57) and catalyzes the formation of cycloamy-
lose from amylose, a key step in starch metabolism. Previous studies confirmed that an

FIG 5 Analysis of the gene disruption strain (Δ1369). (A) PCR analysis of fragments from the upstream and
downstream regions of the PYCH_13690 gene. Lane M, 1-kb marker; lane 1, A1; lanes 2 to 5, the intermediate strain.
(B) PCR analysis of fragments from the upstream and downstream regions of the PYCH_13690 gene. Lane M, 1-kb
marker; lane 1, A1; lane 2, Δ1369 mutant. (C) PCR analysis of internal fragments of the PYCH_13690 gene. Lane M,
1-kb marker; lane 1, A1; lane 2, Δ1369 mutant. (D) Measurement of residual starch via Lugol’s iodine method after
36 h at 95°C. Lane 1, TRM with 2‰ (wt/vol) soluble starch; lane 2, strain A1 cultured in TRM with 2‰ (wt/vol)
soluble starch; lane 3, Δ1369 mutant cultured in TRM with 2‰ (wt/vol) soluble starch; lane 4, TRM.
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enzyme from Thermococcus litoralis, which shares 76% amino acid sequence similarity
to PYCH_13690, catalyzes the transglycosylation of maltooligosaccharides (23). To
measure residual starch levels after culturing, mutant strains were cultured in medium
supplemented with soluble starch, and Lugol’s iodine was then added. In contrast with
the brown color produced in the medium of the wild-type A1 culture, a blue-violet
color was produced in the medium of the cultured Δ1369 mutant (Fig. 5D). These
results indicate that the ability of the Δ1369 mutant to hydrolyze starch was greatly
reduced compared to that of the wild-type strain.

Universality of the HHP-inducible promoter Phhp in other Thermococcales. To
confirm that the promoter Phhp works in other Thermococcales species, it was fused with
HMG-CoA from Thermococcus eurythermalis, inserted into the shuttle plasmid pS341
(Xiaopan Ma, unpublished), and then introduced into T. eurythermalis. We observed
that the recombinant strain could survive at 20 MPa when supplemented with 4 �M
simvastatin, while no biomass was detected at atmospheric pressure (data not shown).
Thus, these results showed that the HHP-inducible promoter Phhp can also be used in
T. eurythermalis. However, Phhp was not regulated by changing pressure in T. kodaka-
rensis.

DISCUSSION

In this study, we performed markerless gene disruption of the PYCH_13690 locus
directly in P. yayanosii A1 by utilizing an HHP-TAC that uses an HHP-inducible TA system
as a counterselectable marker. Although several studies using TA systems have been
published (24–26), this report describes the development of a novel markerless gene
disruption system in a hyperthermophilic archaeon in rich medium.

The auxotrophic strain P. yayanosii A1 containing a pyrF deletion, named A2, was
previously constructed and used by our laboratory (20). However, uracil-based negative
selection or counterselection suffers from a lack of efficiency in P. yayanosii, which has
also been observed in other piezophilic hyperthermophiles (27). Although we opti-
mized the construction of a new uracil auxotrophic strain (As1), the biomass of the
auxotrophic strain reached no more than 80% that of strain A1, even in cultures
supplemented with 10 �g/ml uracil (Fig. S4). Thus, a markerless gene disruption
strategy for strains without an auxotrophic marker is needed.

For selectable markers, overexpression of the HMG-CoA reductase gene under the
control of a strong constitutive promoter is an efficient choice to confer simvastatin
resistance. Because of the risk of homologous recombination using the HMG-CoA
reductase-encoding gene from P. yayanosii (20), the heterologous HMG-CoA reductase-
encoding genes from P. furiosus and P. abyssi, placed under the control of the
constitutive promoter Pgdh, were selected as positive markers. The results showed that
the biomass of the recombinant strain with the HMG-CoA reductase from P. furiosus
cultured in the presence of 10 �M simvastatin reached 5 � 107 cells/ml, which is almost
equal to that of cells overexpressing homologous HMG-CoA reductase. However, the
biomass of the recombinant strain with the HMG-CoA reductase from P. abyssi reduced
to half when selected with 10 �M simvastatin.

Inducible systems allow for dose-dependent responses and are ideal for studying
controlled expression. In Thermococcales, only two types of inducible promoters are
known: a cold shock-inducible promoter (28, 29) and a sugar-inducible promoter (30).
The cold shock-inducible system has potential industrial applications, but this induction
strategy dramatically affects the physiology of organisms due to the requirement for a
nearly 30°C drop in temperature. The sugar-inducible system provides a variety of
choices for the use of multiple sugars but may interfere with the central metabolism of
the organism of interest, which must be taken into consideration. Recently, an archaeal
fluoride-responsive riboswitch composed of the Tk-FRR cassette was also constructed
as an inducible expression system for hyperthermophiles (31). In our study, we iden-
tified an HHP-inducible promoter (Phhp) in P. yayanosii. The results confirmed that the
genes were overexpressed under the control of Phhp under HHP. Furthermore, the
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strength of the HHP-inducible promoter Phhp1 was stronger than that of Phhp2, making
HHP-TAC an ideal potential inducible system for metabolic studies.

The construction of markerless gene disruption systems in Thermococcales still relies
on auxotrophic host strains (10, 27). Auxotrophy complicates the study of strain
adaptation and metabolism, especially for studies of whole metabolic networks. In
addition, the uracil marker results in a high background due to uracil contamination or
thermal degradation of the utilized drugs (10, 27). In our study, the piezophilic strain P.
yayanosii A1 served as an ideal model for studying high-pressure adaptation. High-
pressure adaptation is believed to be achieved by a common adaptation strategy used
with multiple other stresses (32). The use of auxotrophic strains as hosts may interfere
with studies of the relationship between target genes and high-pressure adaptation. In
addition, for Thermococcales, high temperature limits the usability of selectable mark-
ers. Thus, in Thermococcales, there is an urgent need to develop novel counterselect-
able markers and to construct a markerless gene disruption system without the need
to develop auxotrophic host strains.

TA systems are widely distributed in bacteria and archaea and affect cell growth.
Type II TA systems consist of toxin and antitoxin proteins that directly interact with each
other (16). Type II TA systems are potential selectable markers that can greatly enrich
the available choices of markers, especially in Thermococcales. Recently, type II TA
systems have been used as counterselectable markers in bacteria (14, 15).

In the present study, we used Phhp1 to construct an HHP-TAC. In addition, to reduce
the effects of background expression on recombination efficiency (15, 33), an antitoxin
protein controlled by the constitutive promoter PhmtB was constructed to neutralize
toxins (Fig. 3A). To identify workable TA systems, several candidate type II TA systems
from P. yayanosii and P. furiosus were examined, as described in Results. Finally, the
gene encoding toxin PF0776, a hypothetical protein with a virulence-associated protein
C (VapC)-like PIN domain, was selected as a counterselectable marker associated with
the gene encoding antitoxin PF0775 (VapB). The VapBC protein family induces the
dormancy and resuscitation of strains by regulating translation (34).

The HHP-TAC developed in this study permits markerless gene disruption directly in
P. yayanosii A1 in rich medium. It is a powerful genetic tool to study the function of
nonessential genes. In particular, the HHP-inducible promoter Phhp can also be used to
induce the overexpression of proteins derived from piezophilic microorganisms.

MATERIALS AND METHODS
Strains, media, and growth conditions. Escherichia coli strains were cultured in Luria-Bertani (LB)

medium at 37°C. P. yayanosii A1, a derivative strain of P. yayanosii CH1, was cultured under anaerobic
conditions in TRM at 95°C (17–20). When necessary, TRM was supplemented with simvastatin at a final
concentration of 10 �M for positive selection, and growth in TRM under HHP (approximately 50 MPa) was
used for negative selection. The liquid medium was supplemented with sulfur and Na2S·9H2O. The solid
medium in a roll tube was supplemented with a polysulfide solution (12) as an electron acceptor and
maintained under anaerobic conditions.

General DNA manipulations. Plasmids were constructed and replicated in E. coli strain DH5�.
Plasmids were extracted using the plasmid DNA minikit I (Omega). DNA fragments were PCR amplified
using Pfu DNA polymerase (Tiangen, Beijing, People’s Republic of China) for amplicons less than 1,000 bp
and with PrimeSTAR Max DNA polymerase (TaKaRa, Dalian, People’s Republic of China) for amplicons
longer than 1,000 bp. The fragments were purified from agarose gels using a gel extraction kit (Omega).
Linearized DNA fragments were fused via fusion PCR and ClonExpress II one-step cloning kits (Vazyme,
Nanjing, People’s Republic of China).

Construction of shuttle and disruption vectors. The primers used in this study are listed in Table
2. The shuttle vectors used in this study were derived from the shuttle plasmid pLMO12102. To avoid
homologous recombination in the host strain, an HMG-CoA reductase gene from P. furiosus was
amplified using the primers HMG-Pfu-F/R and fused with the constitutive promoter Pgdh from P. furiosus
via fusion PCR to generate a positive selection marker. The promoter Pgdh was amplified using the
primers Pgdh-F/R. The positive selection marker was inserted into the EcoRI site of pLMO12102 using a
ClonExpress II one-step cloning kit (Vazyme) and was subsequently named pLMOS01. The putative
HHP-inducible promoters Phhp1 and Phhp2 were fused with the HMG-CoA reductase-encoding gene via
fusion PCR. The fragments were amplified using the primers Phhp1-F/Phhp-R, Phhp2-F/Phhp-R, and HMG-
Pfu-Phhp-F/HMG-Pfu-R, respectively. Next, the fused fragments were inserted into the plasmid
pLMO12102, resulting in pLMOS011/pLMOS012. To construct the recombinant shuttle plasmid,
pLMO12102 was fused with promoter Phhp1, a toxin gene, an antitoxin gene, the promoters PhmtB and
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Pgdh, and the HMG-CoA reductase gene, in a stepwise manner, using ClonExpress MultiS one-step cloning
kits (Vazyme). Four shuttle plasmids (pLMOS776TA, pLMOS812TA, pLMOS839TA, and pLMOS1206TA)
were each obtained by incorporation of a different toxin gene and antitoxin gene pair. The fragments
were amplified using the primers Phhp1-TA-F/Phhp-R; PF0776-F/R, PF0812-F/R, PF0839-F/R, or PF1206-F/R
(for one of the four different toxins); PF0775-F/R, PF0813-F/R, PF0838-F/R, or PF1207-F/R (for one of the
four different antitoxins); PhmtB-F/Pgdh-R; and HMG-Pfu-F/HMG-Pfu-2R, respectively. The plasmid
pLMO12102 was linearized by PCR and amplified using the primers plasmid-F/plasmid-2R.

To construct the suicide plasmid pUS776TA1369, the plasmid pUC18 was fused with the upstream
fragment 1369-up, the downstream fragment 1369-down, the HHP-TAC, and the target gene
PYCH_13690. The upstream fragment 1369-up (890 bp), the downstream fragment 1369-down (656 bp),
and the target gene fragment (820 bp) were all amplified using template DNA from strain A1 using the
primers PYCH1369-up-F/R, PYCH1369-dw-F/R, and PYCH1369-F/R, respectively. The plasmid pUC18 was
linearized by PCR and amplified using the primers plasmid-F (5=-TCGTAATCATGGTCATAGCTGTTTCCTGT
G-3=) and plasmid-R (5=-GGCATGCAAGCTTGGCACTGGCCG-3=). The HHP-TAC was PCR amplified using
pLMOS776TA as the template DNA with the primers HHP-TAC-F/R.

Transformation of P. yayanosii. Linearized fragments were PCR amplified from the suicide plasmid
pUS776TA1369 using the primers M13-47 (5=-AGGGTTTTCCCAGTCACG-3=) and M13-48 (5=-
GAGCGGATAACAATTTCACAC-3=). The linearized fragments were then introduced into strain A1 using the
CaCl2 method, as described previously (20). After transformation, the strains were spread on solid TRM
supplemented with a polysulfide solution in the presence of 10 �M simvastatin and cultured at 95°C for
approximately 1.5 days until colonies were observed. Several single colonies were picked and cultured in 5 ml
of liquid TRM with 10 �M simvastatin. PCR amplification was performed using primers PYCH1369-up-F and
PYCH1369-dw-R to determine whether the first recombination was successful. For the HHP-induced mark-
erless gene disruption method, the first recombination was performed as described above. Next, the

TABLE 2 Primers used in this study

Primer Sequencea (5=–3=)
Pgdh-F ATCCCCGGGTACCGAGCTCGTTGAAAATGGAGTGAGCTGA
Pgdh-R GTTCATCCCTCCAAATTAGGT
HMG-Pfu-F CCTAATTTGGAGGGATGAACATGGAAATAGAGGAGATTATAGAG
HMG-Pfu-R CAGCTATGACCATGATTACGTCATCTCCCAAGCATTTTAT
Phhp1-F ATCCCCGGGTACCGAGCTCGAGGGTCTTCCTCATCTCGGG
Phhp-R CTTTATCACCTTCTTTCATGACAGG
Phhp2-F ATCCCCGGGTACCGAGCTCGCTGGAGCTTTTCGAGGGAGTT
HMG-Pfu-Phhp-F CATGAAAGAAGGTGATAAAGATGGAAATAGAGGAGATTATAGAG
PYCH1369-up-F CGGCCAGTGCCAAGCTTGCATGCCATCCGTAACCTTGAGACAG
PYCH1369-up-R TAAGAAAGCTTCCCCACCTTATCACTTC
PYCH1369-dw-F TGGGGAAGCTTTCTTATTTTAGCTGGCTG
PYCH1369-dw-R CCCGAGATGAGGAAGACCCTCCTCCGTTTACGATGTCTC
HHP-TAC-F TCATCTCCCAAGCATTTTATGAGCC
HHP-TAC-R AGGGTCTTCCTCATCTCGGGATTCT
PYCH1369-F ATAAAATGCTTGGGAGATGAATGGAGAAGATAAACTTCATATTT
PYCH1369-R CAGCTATGACCATGATTACGACGAAGTAGGAGGCTATTGG
PF0775-F ATATCACGGAGGTGATGCATATGATTTATCTGTTCCTTC
PF0775-R ACATATGATCAATGATTATCACGAT
PF0776-F CATGAAAGAAGGTGATAAAGTTGGAACCACATGCCGT
PF0776-R ATCATTGATCATATGTACGCTACTTCCACTC
PF0813-F ATATCACGGAGGTGATGCATATGGGAATGGAAGTTAAGC
PF0813-R AAGACTGATCATTCATACTCCCCTGC
PF0812-F CATGAAAGAAGGTGATAAAGATGAGATTCATTGACAGCA
PF0812-R ATGAATGATCAGTCTTGGATCACCTC
PF0838-F ATATCACGGAGGTGATGCATATGAAACTGACGCATAAG
PF0838-R TTTTGTGATCAAGTCCTCCACTCCA
PF0839-F CATGAAAGAAGGTGATAAAGATGTTTCTTGTGGATACAAATGTT
PF0839-R GGACTTGATCACAAAAAGAGGATTTTTACATAAT
PF1207-F ATATCACGGAGGTGATGCATATGAAGACAATAGCAGTTGATGA
PF1207-R TAATCTAGTCATTTCCTGCTTCCCTCCT
PF1206-F CATGAAAGAAGGTGATAAAGATGAACCCAATGCCTCG
PF1206-R GGAAATGACTAGATTATTTTCTCCCTCTTTG
Phhp1-TA-F CAGCTATGACCATGATTACGAGGGTCTTCCTCATCTCGGG
PhmtB-F ATGCATCACCTCCGTGATATTATC
HMG-Pfu-2R ACCCTACGTTTCCATCAATCTCATCTCCCAAGCATTTTA
Plasmid-2R GATTGATGGAAACGTAGGGTAGTG
1369-F AAAGTTGCGGTCTTCCAC
1369-R ATCTTCTTGCCGAGTTCAT
1369ud-F GTGGAAAGAAGCCAAGAAGG
1369ud-R ATGCCGACCGAGGAAGA
aOverlap regions are indicated in boldface.
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recombinant strain that was confirmed by PCR amplification was inoculated into liquid TRM at 1%. The culture
was transferred into an injector with a rubber plug for anaerobic growth. The strain was cultured in a
high-pressure/high-temperature incubation system that was maintained at 52 MPa and 95°C. After 24 h, the
culture was diluted to approximately 104 to 105 cells/ml, 1 ml of which was subsequently transferred to a roll
tube with solid TRM supplemented with a polysulfide solution and rotated to achieve uniform distribution in
the tube. The superfluous liquid was then discarded to ensure single colony isolation. The tubes were
incubated at 95°C and atmospheric pressure. After 1.5 days, single colonies were selected and transferred to
5 ml of liquid TRM for further culturing. As an option, single colonies were inoculated in liquid TRM with 10 �M
simvastatin to exclude the first recombination strain. Total DNA was extracted from each single colony using
the phenol-chloroform method and detected by PCR amplification using primers PYCH1369-up-F/PYCH1369-
dw-R, PYCH1369-F/R, 1369-F/R, and 1369ud-F/R. The PCR fragments amplified with the primer sets 1369-F/R
and 1369ud-F/R annealed outside homologous regions to exclude amplification from plasmid contamination.

Measurement of amylase activity. The strains were cultured in liquid TRM supplemented with 2‰
(wt/vol) soluble starch at 95°C for 36 h. Next, 10 �l of Lugol’s iodine was added to 1 ml of cell suspension
culture to measure starch hydrolysis.

SUPPLEMENTAL MATERIAL
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