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Abstract  Caldicellulosiruptor bescii is an anaerobic
thermophilic bacterium of special interest for use in the
consolidated bioprocessing of plant biomass to biofuels. In
the course of experiments to engineer pyruvate metabolism
in C. bescii, we isolated a mutant of C. bescii that contained
an insertion in the r-lactate dehydrogenase gene (Idh).
PCR amplification and sequencing of the Idh gene from
this mutant revealed a 1,609-bp insertion that contained a
single open reading frame of 479 amino acids (1,440 bp)
annotated as a hypothetical protein with unknown function.
The ORF is flanked by an 8-base direct repeat sequence.
Bioinformatic analysis indicated that this ORF is part of a
novel transposable element, ISChe4, which is only intact
in the genus Caldicellulosiruptor, but has ancient relatives
that are present in degraded (and previously unrecognized)
forms across many bacterial and archaeal clades.
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Introduction

Transposable elements are virtually ubiquitous in bacte-
rial genomes. They consist of insertion sequences (1Ss) that
range in size from 600 to 3,000 bp and have been grouped
into 20 major families. These elements can be responsi-
ble for dramatic changes in genes and genomes by their
movement or their use as ectopic recombination sites [18,
23, 28]. They are also involved in shaping and reshuffling
genomes by facilitating horizontal gene transfer [23]. IS
elements typically contain a gene for a transposase with
inverted repeat (IRs) sequences positioned at both ends of
the IS. These sequences are recognized by the transposase
which cleavages the site catalyzing the movement of the
transposable element (TE) by a cut-and-paste mechanism
[1, 18], usually generating a target site duplication (TSDs)
at the site of insertion [1].

IS elements also have many important applied uses.
They may be used for insertional mutagenesis to iden-
tify the genes involved in virtually any scorable process.
For instance, their use for insertion mutagenesis has been
employed to identify virulence functions in many patho-
gens, including Escherichia coli [9], Vibrio cholerae [25],
Yersinia pestis [12], and Clostridium perfringens [4]. Their
relatively high level of instability has made them useful as
markers for restriction fragment length polymorphism stud-
ies, including genetic mapping and relatedness characteri-
zations [15, 17, 24].

IS finder (http://www-is.biotoul.fr) currently shows
that over 1,500 different ISs have been identified and are
distributed in almost all prokaryotes, including over 295
eubacterial and archaeal species [22]. Among the thermo-
philic bacterial species, many of these 1Ss have been found
in Clostridium thermocellum [15]. However, only a few
have been described in other Clostridial species, including
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four in Clostridium perfringens [4], one in Clostridium bei-
jerinckii NCIMB 8052 [16], and one in Clostridium ther-
mocellum [31]. Other thermophilic bacterial species, such
as Thermoanaerobacter tengcongensis and Thermotoga
maritime, contain elements annotated as 1Ss but none have
been shown to be active. We recently reported the discov-
ery of the first active element in Caldicellulosiruptor spe-
cies, C. hydrothermalis [6], and here we report the isolation
and identification of an active and novel IS element in C.
bescii. The element, previously annotated as a hypothetical
protein of unknown function, was discovered as an inser-
tion in the L-lactate dehydrogenase gene (Idh) of C. bescii.

Materials and methods
Strains, growth conditions, and molecular techniques

Caldicellulosiruptor bescii strains were grown in modi-
fied DSMZ 516 medium or LOD (low osmolality defined
growth medium) [11], at pH 7.0. Liquid cultures for
genomic DNA extraction were grown from a 0.5 %
inoculum or a single colony into anaerobic culture bot-
tles degassed with five cycles of vacuum and argon incu-
bated at 75 °C. Genomic DNA from C. bescii was puri-
fied using the Quick-gDNA MinPrep Kit (Zymo Research
Corporation, Irvine, CA, USA). Strains used in this study
were JWCBO001 (C. bescii wild-type DSM 6725) [26],
JWCBO005, (DSM 6725 ApyrFA) [8], and JWCBO018 (DSM
6725 ApyrFA Acbel::ISCbed) [7].

Isolation and identification of a transposable element
from C. bescii

PCR amplification of the C. bescii Idh locus used primers
DC352 (5-TCAACATAGAACCTCCCCA-3') and DC355
(5-TTGCAACAGCTCAAAGTAGCA-3'). All PCR ampli-
fications were performed using Pfu Turbo DNA polymer-
ase (Agilent Tech., Santa Clara, CA, USA). The PCR prod-
ucts were sent to Macrogen (Macrogen Corp., Rockville,
MD, USA) for sequencing. The annotated genomic DNA
sequences of the eight sequenced Caldicellulosiruptor spp.
were downloaded from EMBL-EBI (http://www.ebi.ac.
uk/). The DNA sequence of the insertion in the ldh locus
of C. bescii was used to query the database of all availa-
ble microbial genomes (total number 2,503 = 2,428 Bac-
teria 4+ 122 Archaea + 426 Eukaryotes) using the NCBI
blast server (http://www.ncbi.nlm.nih.gov/sutils/genom_
table.cgi). Homologous elements of the sequence were dis-
covered by BLASTN (E value = 10~°) analysis in four of
the eight Caldicellulosiruptor genomes but nowhere else
in the database. ldentities of the sequences were aligned
by MUSCLE [10] using default parameters and manual
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inspection to detected potential TIR (terminal inverted
repeats) and TSD (target site duplications).

Phylogenetic analysis and orthologous group construction

Multiple sequence alignments of DNA sequences of the
elements were constructed by MUSCLE [10] using default
parameters and poorly aligned regions were removed by
trimAL [5] with the option “automated1l”. MEGAS5 [27]
was then used to construct the un-rooted neighbor-joining
tree [22] (Model: Kimura 2-parameter model [14]; rate
and pattern: uniform rate and homogeneous pattern among
lineages; Gap/missing data treatment: pair-wise deletion).
Orthologous gene groups of C. bescii and C. kronotskyen-
sis, C. bescii and C. owensensis, and C. bescii and C. lac-
toaceticus were built by Inparaniod 4.1 [20]. Only one-to-
one orthologues (defined as the best hit in both directions)
were kept for subsequent sequence identity analysis.

Consensus sequences and global alignments

Consensus sequences of the four subfamilies were con-
structed using the cons program in the EMBOSS package
[21]. The identity values between consensus sequences and
regular orthologous genes were estimated by the Needle-
man-Wunsch algorithm [19] using the needle program in
the EMBOSS package [21].

Results and discussion

Isolation and identification of a transposable element
from C. bescii

During the course of constructing deletions by marker
replacement in C. bescii [7], we used PCR amplification to
check mutant constructions. Amplification of the Idh locus
in one of these mutants, JWCBO018, revealed an insertion of
1,609 bp in the middle of the Idh gene (Fig. 1a). This inser-
tion contained a single open reading frame of 476 amino
acids (Fig. 1b, ¢ and S1), previously annotated as a hypo-
thetical protein (Cbes_0092) of unknown function [13]. A
total of 68 intact homologous elements and 13 truncated
elements were found in the genomes of C. hydrothermalis
(1 intact, 1 truncated), C. kristjanssonii (1 intact, O trun-
cated), C. saccharolyticus (1 intact, 4 truncated), C. kronot-
shyensis (6 intact, 2 truncated), C. owensensis (27 intact,
2 truncated), C. lactoaceticus (23 intact, 1 truncated) and
C. bescii (9 intact, 3 truncated) and were grouped into two
families and four sub-families. Analysis of the ORF and the
sequence of the insertion itself revealed that it is actually an
active insertion sequence apparently unique to this genus
and that the ORF encodes a transposase, also unique to
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Fig. 1 Confirmation of IS
element insertion within Idh
(Cbes1819) open reading frame
in Caldicellulosiruptor bescii
and structure of ISCbe4. a Gel
depicting PCR products of the
Idh locus for an IS element
insertion and excision mutant
compared to wild type and the
parent strain using primers
DC352 and DC353. M, 1 kb
DNA Ladder; Lane 1, Idh

locus amplification of wild
type (3.3 kb); lane 2, Idh locus
amplification of JWCB005
(pyrFA deletion strain, 3.3 kb);
lane 3, Idh locus amplification
of IS element insertion strain,
JWCBO018 (5.0 kb); lane 4, no
template for PCR native control.
b Structure of ISCbe4 in Idh. ¢
Diagrams of Idh loci in chromo-
somes of Caldicellulosiruptor
bescii strains

this genus. We have named this element ISChe4. ISCbe4 is
1,609 bp in length and contains terminal inverted repeats of
(TIRs) of 24 bp and a target site duplication (TSD) of 8 bp
(Fig. 1b, c). The identity between the two TIRs is 71 %. We
note that these IRs are not identical at the two most termi-
nal bases, making its movement something that would not
be predicted from sequence analysis. The element contains
an ORF of 1,440 bp (479 aa), hereafter called 1SCbhe4d
ORF. A genome-wide survey reveals that the standard size
of the TSD of this element is 9 bp (Table S1).

Elucidation of the structure of ISCbe4 and taxonomic
distribution of ISChe4 ORF

The structure of ISCbe4 was similar to eukaryotic TIR
DNA transposons. ISCbe4 ORF did not show conserva-
tion with any known transposase (blastp, E value = 10~°
against IS FINDER [23] and the in-house TE domain
database). 1SCbe4 ORF had 98 significant (tblastn, E
value = 10~°) hits in the NCBI microbial genome database.
The 98 sequences were from 42 genera that covered a wide
spectrum of bacteria, mainly in Firmicutes. Thermophilic
organisms accounted for ~60 % of all hits. The taxonomic
information of the 42 genera is represented in Table S3.
The conserved protein domain UPF0236 (pfam06782) was
identified in the ORF. This domain is found in 480 bacterial

and two archaeal species but the function of the domain is
unknown.

Although 1SCbe4-like proteins were widely distributed
in bacteria and some Archaea, nucleotide-level compari-
sons to all sequenced microbial genomes showed 1SChed
and related elements were only found in the genus Caldicel-
lulosiruptor. Blastn (hit size > 100 bp; E value < 1071
against the eight sequenced Caldicellulosiruptor genomes
identified 53 elements that had ISCbe4 TIRs and TSD, 15
had TIR but no TSD and 13 were truncated versions of the
element (Table S1). The 81 elements were distributed in
seven of the eight sequenced Caldicellulosiruptor genomes
but not in C. obsidiansis. The taxonomic distribution of
these elements was uneven (Table S1) in that three species,
C. owensensis, C. lactoaceticus, and C. bescii, contained
~80 % (65 of 81) of the copies.

Of the 68 elements that showed TIRs, 21 were assumed
to be non-autonomous elements because they are either
severely truncated (ORF size <70 % of ISChe4_ORF) or
contain no ORF similar to ISChe4 ORF. The other 47
elements are candidate autonomous elements. The 68 ele-
ments were classified into ten families according to their
DNA identity [29]. Copy numbers of families were highly
uneven: two families (family A and B) include 59 of the
68 elements while the other nine were assigned into eight
families. Families A and B formed two clades in the
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Fig. 2 Phylogeny of 68 TIR-intact elements. Only topology is pre-
sented. Bootstrap values are based on 100 replicates and are shown
above branches when >75 %. Black and white dots indicate the pres-
ence or absence of TSD, respectively. When observed, all intact TSD
were 8 bp in length and of >89 % identity. Host organisms of sub-
families were put in boxes with the species names

phylogenetic tree of the 68 elements (Fig. 2). By map-
ping host organisms onto the tree, families A and B could
further be split into two subfamilies each: seven elements
belonging to C. bescii formed a subclade of family A and
this subclade was thus assigned as subfamily Al. Similarly,
the clades containing three, 26, and 23 members from C.
kronotskyensis, C. owensensis and C. lactoaceticus were
named subfamilies A2, B1, and B2, respectively.

Variation within and between families

We built nucleotide and peptide consensus sequences of
the four subfamilies and calculated identity values between
them through global alignment. Nucleotide (NT) and amino
acid (AA)-level identity between consensus sequences of
Al and A2 were 99 and 96 %, and between B1 and B2
were 90 and 87 %, while between family A and B were 74
and ~62 %, respectively (Table S2). Since four subfami-
lies were unique to specific species, they are not likely to
result from lateral transfer. This facilitated the analysis of
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the evolutionary rate (here measured by identity: less iden-
tity indicates fast variation) of sequence change in these
elements. We compared the sequence identity of subfami-
lies between species to that between regular orthologous
genes of host genomes to see if the transposons were more
variable than regular genes. A comparison of subfamilies is
shown in Table S2.

As shown in Fig. 3, the distribution of identity between
orthologous genes from C. bescii and C. kronotskyensis
were 0.95 4+ 0.08 (NT) and 0.95 + 0.11 (AA). The degree
of identity of Al vs. A2 (NT 99 %; AA 96 %) was close
to the peak values of regular genes, indicating no obvious
signs of rapid TE evolution. In contrast, the mean AA iden-
tities of Al vs. B1 (64 %) and Al vs. B2 (60 %) elements
were significantly (p values of 0.06 and 0.07, respectively)
lower than the mean identities of orthologous genes from
C. bescii vs. C. owensensis (0.88) and C. bescii vs. C. lac-
toaceticus (0.87). The lack of more rapid evolution in the
Al and A2 clades was unexpected, but might be a result of
the very recent divergence of their host species such that
the degree of variation had not yet reached a statistically
significant level.

The relationships between the species C. bescii, C. kro-
notskyensis, C. owensensis, and C. lactoaceticus have been
previously reconstructed as [((C. bescii, C. kronotskyen-
sis), C. owensensis), C. lactoaceticus] [3]; [(C. bescii, C.
kronotskyensis), (C. lactoaceticus, C. owensensis)] [2]; or
[((C. bescii, C. kronotskyensis), C. lactoaceticus), C. owen-
sensis] [30]. The first two phylogenies were based on 16s
rRNA sequences while the last was from a nontraditional
alignment-free method using composition vectors gen-
erated with whole gene sets. Although the phylogeny of
this genus has not been well resolved, C. bescii was more
closely related to C. kronotskyensis than to C. owensensis
and C. lactoaceticus in all three trees. Consistent with this
topology, we found that the number of strict one-to-one
orthologous counterparts of C. bescii genes were 2,063,
120, and 69 in C. kronotskyensis, C. owensensis, and C.
lactoaceticus, respectively. Considering these relationships
between genomes, our results indicate more rapid evolution
of ISChe4 and related elements than normal genes, with the
higher mutation rate becoming more recognizable when
examining organisms that diverged from a common ances-
tor at earlier dates.

Despite the many hundreds of prokaryotic genomes that
have been sequenced, only 20 classes of IS elements have
been found. This study uncovers the 21st class, in a clade
of organisms that has received very little genomic inves-
tigation. Even when a new class of bacterial TE is dis-
covered, the odds of finding active elements are not high,
yet 1SChe4 was identified as an apparently recent inser-
tion in C. bescii Idh, given that Idh was otherwise fully
intact and the presence of polymorphism for this insertion
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Fig. 3 Inter-species identity of
regular orthologous genes and
consensus sequences of trans-
posons. Histogram of identity
values between orthologous
genes. X axis coordinates of
x4 and “$” mark the
identity between consensus
sequences of subfamilies [Al
and A2], [Al and B1], and [Al
and B2], respectively. Y axis
coordinates does not correspond
to frequency. be, C. bescii; kr,
C. kronotskyensis; ow, C. owen-
sensis; la, C. lactoaceticus; NA,
nucleotides; AA, amino acids

within C. bescii. In fact, the immediate parent of the strain
containing the insertion was wild type at the Idh locus.
These results indicate the value of venturing into untested
waters, and we predict that additional novel TE fami-
lies will be found in the thermophilic bacteria. For now,
the presence and mutational activity of 1SCbe4 provide
a new tool for Caldicellulosiruptor genetics and genome
characterization.
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