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transcriptional activity and the mechanisms that regulate 
gene expression in T. thermophilus HB27. We also showed 
that the crtB gene cassette could be used in repeated gene-
disruption experiments to screen transformants by colony 
colour, thus eliminating the need for antibiotic resistance 
markers.
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Introduction

Extreme thermophiles are of great biological interest 
because of the biotechnological potential of the thermo-
stable enzymes they produce (Cava et al. 2009; Taylor 
et al. 2011). Thermus spp. are an important source of such 
enzymes, and these bacteria, especially Thermus ther-
mophilus HB27, are experimentally manipulable owing 
to their natural transformation properties (Koyama et al. 
1986). Various tools for the genetic manipulation of T. 
thermophilus had been developed (de Grado et al. 1999; 
Hashimoto et al. 2001; Brouns et al. 2005; Nakamura et al. 
2005; Cava et al. 2009; Fujita et al. 2012, 2013; Carr et al. 
2015). However, an efficient reporter gene system is still 
needed for the studies of various transcriptional regula-
tion. Plasmid vectors containing promoterless reporter 
genes have been used to analyse gene expression in many 
systems. In Escherichia coli, the β-galactosidase gene 
has been widely used to monitor in vivo gene expression 
because β-galactosidase activity can be easily and precisely 
quantified in liquid assays (Miller 1972). Several attempts 
have been made to use a β-galactosidase-based assay sys-
tems to detect promoter activities in T. thermophilus HB27 
(Moreno et al. 2002; Park and Kilbane 2004). However, 
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these previously reported systems showed high background 
levels of β-galactosidase due to the existence of three 
β-galactosidase-encoding genes, TTP0042, TTP0220 and 
TTP0222. In a previous study, the β-galactosidase activ-
ity of the TTP0042-encoded protein was shown biochemi-
cally (Park and Kilbane 2004), and TTP0220 and TTP0222 
were predicted to encode β-galactosidases based on their 
amino acid sequence similarities to known β-galactosidases 
(Henne et al. 2004). Thus, β-galactosidase-based reporter 
systems might not be suitable for precise measurement of 
promoter activity in T. thermophilus.

In this paper, we describe the construction of a pro-
moter reporter plasmid incorporating a thermostable 
β-galactosidase gene from Thermus spp. strain T2, and 
the construction of a suitable host strain that has no 
β-galactosidase activity (generated by disrupting all three 
genes encoding proteins with β-galactosidase activity) 
and produces no carotenoid (by disrupting carotenoid syn-
thesis). This reporter gene system will be very useful for 
understanding the regulation of gene expressions in T. 
thermophilus.

In addition, we showed that overexpression of carot-
enoid 1 (ocr1) mutant strains and a cassette expressing 
the phytoene synthase gene (crtB) from the slpA promoter 
(PRslpA-crtB) can be utilized for multiple gene disruptions 
without the use of antibiotic resistance markers.

Materials and methods

Genetic methods, medium, strains and transformation

Growth media and all genetic manipulations of Escherichia 
coli DH5α were as previously described (Maniatis et al. 
1982). All T. thermophilus strains including HB27 and 
derivative strains used in this study are listed in Table 1. T. 
thermophilus was grown at 68 °C in TM medium (Koyama 
et al. 1986). To select transformants, transformed T. ther-
mophilus HB27 cells were grown on TM agar plates con-
taining 40 μg/mL kanamycin (Km) or 40 μg/mL hygromy-
cin (Hyg) and were grown for 24 h at 68 °C.

Vectors and plasmids

Plasmid pOS103 contains the Thermus spp. strain T2 
β-galactosidase gene (bglT2) (Koyama et al. 1990). 
pTRK1T is an E. coli–T. thermophilus shuttle vector (Fujita 
et al. 2012). pTRK1-PRslpA is a vector used for overex-
pression (Fujita et al. 2013). pTRK1-crtBmcs-PP is a vector 
for promoter probe (Fujita et al. 2013). The gene cassette 
containing the crtB ORF (encoding phytoene synthase) 
fused to the slpA promoter was amplified by PCR using 
pTRK1-PRslpA-bglT2 as a template and primers PEV1 and 

PEV2 (see Table S1 for the sequence of all primer used in 
this study, Online Resources). The resultant PCR products 
were digested with EcoRV and ligated to EcoRV-digested 
pUC13T (Fujita et al. 2012) to generate pUC13T-PRslpA-
crtB. The PRslpA-crtB gene cassette, which expresses the 
crtB gene from the slpA promoter, can be used for colony-
colour screening of gene disruptions (Fig. 1a, b) Plasmid 
DNA was isolated from E. coli and T. thermophilus, using a 
PI-50 auto-plasmid-isolator (KURABO, Japan). To prepare 
plasmids, overnight liquid cultures of E. coli (1 mL grown 
at 37 °C) and T. thermophilus (4 mL grown at 68 °C) were 
used.

Constructs for gene disruptions

The DNA region containing TTP0042 was amplified by 
PCR using T. thermophilus genomic DNA and prim-
ers P5388 and P5389 (Fig. 1a). The resultant PCR prod-
ucts were digested with EcoRI/HindIII and ligated to 
EcoRI/HindIII-digested pUC13 to generate pUC-TTP42 
(Fig. 1a). pUC-TTP42 was digested with EcoNI and 
NaeI, and filled in, and then, a Kmr or Hygr marker was 
ligated between the two sites to generate pUC-TTP42DK 
or pUC-TTP42DH, respectively (Fig. 1a). These con-
structs were used to disrupt the TTP0042 region. The 
PRslpA-crtB gene cassette, which expresses phytoene 
synthase, under the slpA promoter, was also ligated into 
the plasmid used to disrupt the TTP0042 region for col-
ony colour-based selection (white vs. deep-yellow). pUC-
TTP42 was digested with EcoNI and NaeI, filled in and 
self-ligated to generate pUC-TTP42del (Fig. 1a). This 
plasmid was used to remove the PRslpA-crtB cassette 

Table 1  Strains used in this study

* ocr1 (overexpression of carotenoid 1) (Fujita et al. 2013)

Strains Genotype

HB27 Wild-type

TAF193 TTP0042Δ::Hygr

TAF195 TTP0220Δ::Hygr

TAF197 TTP0222Δ::Hygr

TAF201 TTP0220Δ::Kmr TTP0222Δ::Hygr

TAF200 TTP0042Δ::Kmr TTP0222Δ::Hygr

TAF199 TTP0042Δ::Kmr TTP0220Δ::Hygr

TAF236 TTP0042Δ::Kmr TTP0220-TTP0222Δ::Hygr

TAF181 ocr1*

TAF221 ocr1 litR-crtBΔ

TAF227 ocr1 litR-crtBΔ TTP0042::PRslpA-crtB

TAF232 ocr1 litR-crtBΔ TTP0042::PRslpA-crtB TTP0220-
TTP0222Δ::Hygr

TAF233 ocr1 litR-crtBΔ TTP0042Δ TTP0220-TTP0222Δ::Hygr

TAF250 ocr1 litR-crtBΔ TTP0042Δ TTP0220-TTP0222Δ
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from TTP0042Δ::PRslpA-crtB by colony-colour selection 
(deep-yellow vs. white, Fig. 1b). The DNA region contain-
ing TTP0220 was amplified by PCR using T. thermophilus 
genomic DNA and primers P5990 and P5991 (Fig. 1c). 
The resultant PCR products were digested with EcoRI/SalI 
and ligated to EcoRI/SalI-digested pUC13 to generate 
pUC-TTP220 (Fig. 1c). pUC-TTP220 was digested with 
Acc65I and filled in, and then, a Kmr or the Hygr marker 

was ligated into the site to generate pUC-TTP220DK or 
pUC-TTP220DH, respectively (Fig. 1c). These constructs 
were used to disrupt the TTP0220 region. The DNA region 
containing TTP0222 was amplified by PCR using T. ther-
mophilus genomic DNA and primers P5992 and P5993 
(Fig. 1c). The resultant PCR products were digested with 
EcoRI/SalI and ligated to EcoRI/SalI-digested pUC13 
to generate pUC-TTP222 (Fig. 1c). pUC-TTP222 was 
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Fig. 1  Schematic of the three chromosomal β-galactosidase genes in 
T. thermophilus HB27 (TTP0042, TTP0220 and TTP0222) and their 
disruptions. Yellow triangles indicate the primers used to amplify 
various DNA regions. a Structure of TTP0042 (green arrow) and its 
disruption. The DNA region containing TTP0042 was amplified by 
PCR and cloned into pUC13 (pUC-TTP42). The coding region of 
TTP0042 was digested with EcoNI and NaeI, and was replaced with 
a Kmr or Hygr marker (blue box), or PRslpA-crtB cassette (orange 
box). The constructs used for the gene disruptions were pUC-
TTP42DK, pUC-TTP42DH, and pUC-TTP42DcrtB, respectively. 
b Deletion of the PRslpA-crtB cassette in TTP0042Δ::PRslpA-
crtB region using pUC-TTP42del, a construct for the deletion of 
TTP0042 containing no maker. c Structure of TTP0220 (red arrow), 
TTP221 (grey arrow), and TTP0222 (yellow arrow), and their gene 
disruptions. The DNA region containing TTP0220 was amplified by 
PCR and cloned into pUC13 (pUC-TTP220). The coding region of 

TTP0220 was digested with Acc65I and was replaced with a Kmr 
or Hygr marker (blue box). The constructs used for the gene disrup-
tions were pUC-TTP220DK and pUC-TTP220DH. The DNA region 
containing TTP0222 was amplified by PCR and cloned into pUC13 
(pUC-TTP222). The coding region of TTP0222 was digested with 
XhoI and was replaced with a Kmr or Hygr marker (blue box). The 
constructs used for the gene disruptions were pUC-TTP222DK and 
pUC-TTP222DH. d Disruption of the region between TTP0220 
and TTP0222. The coding region for the three chromosomal genes 
(TTP0220, TTP221, and TTP0222) was replaced with a Hygr marker 
(blue box). The upstream region of TT00220 and the downstream 
region of TTP0222 were amplified by PCR and cloned into pUC13 
(pUC-TTP220-222). The construct used to delete the TTP0220-
TTP0222 region was pUC-TTP220-222DH. TTP0221 was estimated 
to encode α-glucosidase; however, its disruption did not affect cell 
growth
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digested with XhoI and filled in, and then, a Kmr or the 
Hygr marker was ligated into the site to generate pUC-
TTP222DK or pUC-TTP222DH, respectively (Fig. 1c). 
These constructs were used to disrupt the TTP0222 region. 
The upstream region of TTP0220 was amplified by PCR 
using T. thermophilus genomic DNA and primers P6328 
and P6329 (Fig. 1d). The resultant PCR products were 
digested with EcoRI/EcoRV (Fig. 1d). The downstream 
region of TTP0222 was amplified by PCR using T. ther-
mophilus genomic DNA and primers P6330 and P6331 
(Fig. 1d). The resultant PCR products were digested with 
EcoRV/SalI and ligated to EcoRV/SalI-digested pUC13T 
(Fujita et al. 2012) to generate pUC13T-TTP222DOWN. 
pUC13T-TTP222DOWN was digested with EcoRI and 
EcoRV, and the upstream region of TTP0220, which was 
digested with EcoRI/EcoRV was ligated between these 
two sites to generate pUC-TTP220-222. pUCTTP220-222 
was digested with EcoRV, and the Hygr marker was ligated 
into the digested plasmid to generate pUC-TTP220-222DH 
(Fig. 1d). This construct was used to delete the TTP0220-
TTP0221-TTP0222 region.

Construction of the pTRK‑bglT2mcsHEstop reporter 
vector

Previously we had developed an expression vector 
(pTRK1-PRslpA) (Fig. 2a) for overproducing a gene of 
interest from the slpA promoter (Fujita et al. 2013). First, 
the bglT2 ORF was amplified by PCR using pOS103 as a 
template with primers the P5946 and P5328. The result-
ant PCR products were digested with EcoRI/HindIII and 
were ligated into EcoRI/HindIII-digested pTRK1-PRslpA 
(Fig. 2a) to generate pTRK1-PRslpA-bglT2 (Fig. 2b). This 
construct could be used to overexpress the bglT2 gene. To 
convert this construct into a reporter vector, a BsrGI/EcoRI-
digested DNA fragment containing the multiple cloning 
site (MCS) of pTRK1-crtBmcs-PP (Fig. 2c) (Fujita et al. 
2013) was cloned into the BsrGI/EcoRI-digested pTRK1-
PRslpA-bglT2 (Fig. 2b) to generate pTRK1-bglT2mcsHEH 
(Fig. 2d). This plasmid has an MCS instead of the slpA pro-
moter. However, since this construct also had two HindIII 
sites, we eliminated the HindIII site downstream of bglT2. 
The MCS and bglT2 were amplified by PCR with primers 
P6543 and P6548 using pTRK1-bglT2mcsHEH (Fig. 2d) as 
a template. The resultant PCR products were digested with 
BalI and were ligated into the PvuII-digested shuttle vector, 
pTRK1T (Fig. 2e) (Fujita et al. 2012) to generate pTRK1-
bglT2mcsHE (Fig. 2f). The MCS in this vector can be used 
to clone various DNA fragments. However, when some 
DNA fragments are cloned into this vector, there is a pos-
sibility that peptide-β-galactosidase fusions are expressed. 
Thus, we introduced a stop codon just upstream of bglT2 
ORF. The DNA fragment containing the stop codon was 

amplified from pTRK1-bglT2mcsHE (Fig. 2f) using prim-
ers P6582 and P6548. The resultant PCR products were 
digested with EcoRI/AvrII, and cloned into EcoRI/AvrII-
digested pTRK1-bglT2mcsHE (Fig. 2f) to generate pTRK-
bglT2mcsHEstop (Fig. 2g). The sequence of pTRK-bglT-
2mcsHEstop has been deposited in the DDBJ Nucleotide 
Sequence Database (Accession Number: LC021516).

DNA construct for disruption of the litR‑crtB region

pUC-LRCB is a pUC13 construct that contains the litR-
crtB region (Fujita et al. 2013). pUC-LRCB was digested 
with Eco47III and BamHI, filled in, and self-ligated to gen-
erate pUC-LRCBdel. pUC-LRCBdel was used to disrupt 
the litR-crtB region, and transformants with litR-crtB dis-
rupted were selected by the change in colony colour (Sup-
plementary Fig. S1, Online Resources).

Cloning of the promoter regions  
of three T. thermophilus genes

The promoter regions of three genes (TTC0189, TTC0549 
and TTC1172) were cloned by PCR using T. thermophi-
lus genomic DNA. The promoter region of TTC0189 was 
amplified using primers P6597 and P6598; the promoter 
region of TTC0549 was amplified using primers P6591 
and P6592; the promoter region of TTC1172 was amplified 
using primers P6593 and P6594. These resultant PCR prod-
ucts for TTC0189, TTC0549 and TTC1172 were digested 
with EcoRI/HindIII, and ligated into the EcoRI/HindIII-
digested pTRK-bgl-T2mcsHEstop to generate plasmids, 
pTRK-PRTTC189-bglT2mcsHEstop, pTRK-PRTTC549-
bglT2mcsHEstop and pTRK-PRTTC1172-bglT2mc-
sHEstop, respectively.

β‑Galactosidase assays

Cells were grown in TM medium (a complex medium) 
(Koyama et al. 1986). β-Galactosidase activity was meas-
ured when the cells were in exponential growth phase. The 
cell samples were assayed for β-galactosidase activities at 
68 °C as described previously (Ulrich et al. 1972; Miller 
1972; http://biochemistry.ucsf.edu/labs/herskowitz/bgal2.
html) (Supplementary “Materials and methods”, Online 
Resources).

Results and discussion

β‑Galactosidase activity in T. thermophilus HB27

An efficient reporter gene system is a very important 
tool for studying the regulation of gene expression. In 

http://biochemistry.ucsf.edu/labs/herskowitz/bgal2.html
http://biochemistry.ucsf.edu/labs/herskowitz/bgal2.html
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Fig. 2  Overview of the construction of the β-galactosidase reporter 
vector used in this study. Details of the construction are provided in 
the “Materials and methods”. Arrows repA from pTT8 (Aoki and 
Itoh 2007) (green); Ampr (red); E.coli lacZ, (grey); thermostable Kmr 

(blue); Thermus T2 bglT2, (orange), and slpA promoter: PRslpA 
(pink). The positions of the primers used for PCR are shown as yel-
low triangles. The changed nucleotide sequence in the vicinity of the 
EcoRI site is shown in the box above pTRK1-bglT2mcsHEstop
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thermophilic species, a thermostable β-galactosidase 
gene can be used as a reporter to analyse expression 
in vivo (Koyama et al. 1990). Several attempts have 
been made to use β-galactosidase-based assay systems 
to detect promoter activity in T. thermophilus HB27 
(Moreno et al. 2002; Park and Kilbane 2004). How-
ever, Park and Kilbane showed that the gene product 
encoded by TTP0042 has β-galactosidase activity, and 
that a TTP0042-disrupted strain still had a high back-
ground level of β-galactosidase activity. This residual 
activity might be due to the existence of two other genes 
TTP0220 and TTP0222 which were predicted to encode 
β-galactosidases in the analysis of the complete genome 
sequence of T. thermophilus HB27 (Henne et al. 2004; 
Ohta et al. 2006). The T. thermophilus HB27 genome is 
divided between a 1.89 Mb chromosome and a 0.23 Mb 
megaplasmid called pTT27 (Henne et al. 2004). These 
three genes that encode proteins with β-galactosidase 
activities are located on pTT27.

Host strains used for β-galactosidase-based reporter 
systems should have no endogenous β-galactosidase activ-
ity. Therefore, we first constructed single-, double- and 
triple-gene-disrupted strains using a gene replacement 
technique with a Kmr or Hygr marker (Fig. 1; Table 1) 
(Hoseki et al. 1999; Ooga et al. 2009). We then measured 
the β-galactosidase activities of the wild-type and these 
disrupted strains (Fig. 3). The TTP0042-disrupted strain 
(TAF193) still had a β-galactosidase activity as was pre-
viously reported. Furthermore, the double-gene-disrupted 
strains (TAF201, TAF200 and TAF199) also had residual 
β-galactosidase activity. Only the triple-gene-disrupted 
strain (TAF236) had no β-galactosidase activity. Thus, this 
triple disruptnat was a suitable host strain for our reporter 
system.

Construction of a β‑galactosidase reporter vector for T. 
thermophilus HB27

For a promoter reporter vector, we used a β-galactosidase 
gene (bglT2) from Thermus spp. strain T2 (Koyama et al. 
1990; Vian et al. 1998). We compared nucleotide sequence 
of bglT2 to the that of the chromosome and megaplas-
mid (pTT27) of T. thermophilus HB27 using the BLAST 
program. No significant similarities were found in these 
sequences. Thus, we determined that it was an adequate 
reporter gene since we could eliminate the possibility of 
homologous recombination with the genome. The con-
struction of the vector pTRK-bglT2mcsHEstop for our 
β-galactosidase-based reporter system is described in the 
“Materials and methods”.

Construction of a host strain without β‑galactosidase 
and phytoene synthase activities

Thermus thermophilus HB27 synthesizes carotenoids 
called thermozeaxanthins, which are yellow pigments 
that result in the formation of light-yellow colonies. 
These yellow pigments produced by the host strain 
might affect β-galactosidase activity measurements. 
Thus, we constructed a host strain that cannot produce 
both carotenoids or β-galactosidases. Previously, we had 
isolated a mutant, TAF189 (ocr1), which overproduced 
carotenoids (Table 1) (Fujita et al. 2013). TAF189 cells 
formed deep-yellow colonies. The T. thermophilus crtB 
gene encodes phytoene synthase, which is required for 
carotenoid synthesis. First, we constructed a plasmid, 
pUC-LRCBdel (Fig. S1, Online Resources) to delete the 
litR-crtB region in TAF189 without an antibiotic resist-
ance marker. pUC-LRCBdel was digested with EcoRI. 
The resultant DNA was transformed into TAF189 cells 
to delete the litR-crtB region. Cells were plated on non-
selective medium, and one white colony was picked 
among the many deep-yellow colonies. Deletion of 
the litR-crtB region was confirmed by PCR. We named 
this strain as TAF221. Next, we disrupted TTP0042 
using colony-colour selection. Using the gene PRslpA-
crtB gene cassette, we constructed pUC-TTP42DcrtB 
(Fig. 1a). The SalI-digested pUC-TTP42DcrtB DNA was 
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transformed into TAF221 to delete TTP0042. Cells were 
plated on non-selective medium, and one deep-yellow 
colony was picked among the many white colonies. Dis-
ruption of TTP0042 was confirmed by PCR. We named 
this strain TAF227. Next, we deleted the TTP0220-
TTP0221-TTP0222 region using pUC-TTP220-222DH 
(Fig. 1d). pUC-TTP220-222DH was digested with SalI, 
and the resultant DNA was transformed into TAF227. 
One Hygr-colony was picked, and deletion of TTP0220-
TTP0222 was confirmed by PCR. We named this strain 
TAF232. Finally we deleted the PRslpA-crtB cassette of 
TAF232. EcoRI-digested pUC-TTP42del DNA (Fig. 1b) 
was transformed into TAF232 cells. Then, the cells were 
plated on non-selective medium, and one white colony 
among the many deep-yellow colonies was picked. Dele-
tion of the PRslpA-crtB cassette was confirmed by PCR. 
We named this strain TAF233, and used it as a host 
strain for our β-galactosidase-based reporter system. It 
should be noted that ocr1 (overexpression of carotenoid 
1) mutant strains, and a gene cassette expressing phy-
toene synthase, such as PRslpA-crtB, can be utilized for 
repeated of gene disruptions with colony colour-based 
selection instead of antibiotic resistance-based selection 
(Fig. 2).

Application of a β‑galactosidase‑based reporter system

We tested our reporter gene system in T. thermophi-
lus HB27 using three newly cloned three promoters of 
TTC0549 (encoding glyceraldehyde 3-phosphate dehydro-
genase, one of the enzymes in glycolysis and gluconeogen-
esis), TTC1172 (encoding isocitrate dehydrogenase, one of 
the enzymes in the tricarboxylic acid cycle), and TTC0189 
(encoding superoxide dismutase, an enzyme which catal-
yses the dismutation of the toxic superoxide radical). 
We also cloned the promoter region of a gene encoding 
S-layer protein (slpAp, TTC1532) as a strong promoter 
(positive control) (Fujita et al. 2013). The four plasmids 
containing these promoters were constructed in pTRK-
bglT2mcsHEstop (pTRK-PRTTC189-bglT2mcsHEstop, 
pTRK-PRTTC549-bglT2mcsHEstop, pTRK-PRTTC1172-
bglT2mcsHEstop, and pTRK-PRslpA-bglT2mcsHEstop), 
and these plasmid were transformed into TAF233 cells. We 
measured the β-galactosidase activity in these transformed 
cells (Fig. 4). We could precisely measure the promoter 
activities, as there was no background activity. As expected, 
the activity of the slpA promoter was very strong.

Isolation of DNA fragments that have strong promoter 
activity by colony‑colour screening

In E. coli, promoter-probe experiments are easily per-
formed as plate assays due to the change in colony 

colour in the presence of the chromogenic substrate for 
β-galactosidase, X-gal (5-bromo-4-chloro-3-indolyl-β-
d-galactoside) (Casadaban et al. 1980; Vieira and Mess-
ing 1982). In T. thermophilus, when random DNA frag-
ments were cloned into pTRK-bglT2mcsHEstop some 
of them showed promoter activity. Cells containing such 
plasmids exhibit bluish colony colour on medium con-
taining X-gal that is proportional to promoter activity. 
We tried to isolate DNA fragments with relatively strong 
promoter activity by colony-colour screening. We con-
structed a DNA library for a promoter-probe experiment 
using Saccharomyces cerevisiae genomic DNA. Since the 
AT-content of S. cerevisiae (62 %) (Goffeau et al. 1996) is 
much higher than that of T. thermophilus (31 %) (Henne 
et al. 2004), it has many EcoRI and HindIII sites. S. cer-
evisiae genomic DNA was digested with EcoRI and Hin-
dIII, and cloned into the EcoRI–HindIII-digested pTRK-
bglT2mcsHEstop. A pool of clones was transformed into 
TAF233 cells. As shown in Fig. 5a, unexpectedly, many 
colonies on medium containing X-gal were light blue, 
blue or deep-blue. The percentage of bluish colonies was 
about 15 %, and that of the deep-blue colonies was about 
0.5 %. Although the GC-content of S. cerevisiae DNA 
(38 %) (Goffeau et al. 1996) is very low compared to 
that of T. thermophilus (69 %) (Henne et al. 2004), many 
DNA fragments from S. cerevisiae are capable of driving 
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gene expression in T. thermophilus HB27. We picked five 
deep-blue colonies and rescued plasmids from these trans-
formants (pXG3, pXG8, pXG9, PXG11 and pXG13), 
and the β-galactosidase activities of these transformants 
were measured. Their β-galactosidase activities were 
about 30–70 MU (Fig. 5b). The nucleotide sequences of 
the inserted DNA fragments and their positions in the S. 
cerevisiae genome were determined (Table S2, Online 
Resources). We compared these nucleotide sequences to 
the consensus E. coli and Thermus-35 and -10 sequences 
(Hawley and McClure 1983; Maseda and Hoshino 1995); 
however, we could not detect any similarity. It should be 
noted that transformation efficiencies are sometimes con-
siderably lower on X-gal-containing mediums probably 
because of the accumulation of indoxyl derivatives that 
might inhibit the growth of T. thermophilus (Angelov et al. 
2013). Although we obtained some DNA fragments with 
strong promoter activity, this system is not suitable for 
large-scale screening of promoter-probe experiments.

Conclusions

Here, we constructed a reporter plasmid containing the 
β-galactosidase gene from Thermus spp. T2. We also 
constructed a host strain without β-galactosidase activ-
ity by disrupting all three genes predicted to encode 
proteins with β-galactosidase activity. We also disrupted 
the crtB gene to prevent the production of yellow pig-
ments. The host–vector system developed here is a pow-
erful tool for investigating the regulatory mechanisms 
of gene expression in T. thermophilus. In addition, 
we showed that the utilization of carotenoid synthesis 
genes enables repeated gene disruptions without using 
antibiotic resistance markers. The frequency of gene 
disruption by colony-colour screening is higher than the 
frequency of spontaneous carotenoid-less mutants. One 
disruptnat was found in approximately every 500–1000 
colonies. Carotenoid-less mutants were not found at 
such a high frequency. Thus, this colony colour-based 
strategy is usable for repeated disruptions of several 
genes.

It should be noted that, using of X-gal for the promoter-
probe experiments does not always work because T. ther-
mophilus growth is inhibited by the toxicity of indoxyl 
derivative accumulation resulting from the cleavage of 
X-gal (Angelov et al. 2013). Moreover, we recently deleted 
a Hygr maker of TAF233 to construct an antibiotic-sensi-
tive strain (TAF250; Table 1) by colony-colour screen-
ing. This strain is also usable in our β-galactosidase-based 
reporter system.
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